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Abstract

Small-scale solid biomass-fuelled cookstoves are highly important to satisfy the en-
ergy demand of nearly half the world’s population. With this as a main application,
biomass provides the majority of renewable energy worldwide. However, traditional
cookstoves, which emit vast amounts of emissions from incomplete combustion, are
still the most widely used stoves. Furthermore, recently developed types of cook-
stoves may not be more efficient than traditional types of stoves, highlighting the
necessity for more in-depth research into such combustion systems. Emissions from
incomplete biomass combustion have been linked to a number of human health and
environmental problems. Particulate matter (PM) emissions contribute substantially
to respiratory diseases and black carbon, the second most influential anthropogenic
climate forcing emission. These problems can be addressed through widespread use
of more efficient and less polluting cookstoves. One type of cookstove, called a gasifier
stove, has been identified as providing great potential to achieve the required drastic
reduction in emissions from incomplete combustion. Gasifier type cookstoves utilise
a staged combustion process. This allows the thermochemical conversion of the solid
fuel to form gases, liquids (tars) and solid char, to be separated in time and location
from the combustion of the released gases and tars. A much deeper understanding of
the ongoing fundamental processes in gasifier stoves is required to enable emissions
reductions in future designs, which is the aim of this research.

In gasifier stoves, the separation of the thermochemical conversion process of the
fuel and the combustion of the released products is achieved through a staged pro-
cess. Air staging may be performed by providing a limited amount of primary air
from below and secondary air downstream of the solid fuel bed. When lit from the
top of the fuel bed this is called a reverse downdraft process. The air supply has a
major influence on both the conversion and combustion processes, but the necessary
amounts of, and relationships between, the air supply stages are not fully understood.

At a low primary air supply, as is mostly the case in reverse downdraft gasifier
cookstoves, the fuel consumption in the thermochemical conversion process scales
linearly with the air supply. Increasing air flows lead to higher temperatures in the
fuel bed, which in turn alter the product distribution across gases, tars and char.
Combustible gases are the preferred product over tars, which may be toxic if released,
and soot precursors if combusted. Thus, an intrinsic decomposition of tars may be
beneficial. The product distribution can be influenced by specific mechanisms; for
example tars can decompose to form gases at high temperatures and this conversion
may be supported by the presence of char. In reverse downdraft gasifier stoves, the
released tars and gases, together called producer gas, propagate through a layer of
hot char where the tar decomposition may be enhanced, but this influence has not
been established for small-scale systems. Furthermore, the product composition is
dependent on the biomass feedstock and, in application, a wide variety of fuels are
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being used. The ash content in fuels has been found to be detrimental in many
combustion applications and, although the ash and moisture contents can vary sub-
stantially between biomass fuels, when comparing the major elements in the com-
position (i.e. C, H and O) on a dry-ash-free basis, most biomass fuels are similar.
The influence of using different fuels with varying ash contents on the conversion
and combustion processes in gasifier stoves is largely unknown.

In the present thesis, four studies form the main body and focus on various
aspects of the combustion processes in reverse downdraft gasifier stoves. The first
study addresses the influence of the draft type (natural or forced) and the relation-
ship between the air supply stages on the overall combustion efficiency. The second
and third studies focus on the batch-fed thermochemical biomass conversion process
within the solid fuel bed. Specifically, the focus is the influence of an increasing
fuel bed depth, thus an increasing char layer thickness to facilitate tar conversion,
and the utilisation of various feedstocks, with varying ash contents. The fourth
study investigates the secondary combustion process with a particular emphasis on
the influence of changing conditions in thermochemical conversion, as provided by
the previous two studies. Furthermore, two additional research articles, which were
published prior to the official commencement of the degree, on the influence of the
air supply, as well as two conference articles, are included in the Appendices.

When investigating the draft type, it was confirmed that utilising forced air
achieves a much higher combustion efficiency throughout the different combustion
phases in gasifier cookstoves. A relationship of 1:4, of primary to secondary air, pro-
vided the best combustion conditions for the utilised wood chips. While focussing on
the thermochemical conversion process of wood pellets, a fivefold increase of the pri-
mary air led to a rise from approximately 800°C to 1100°C, of the peak temperature,
and from 33% to 73%, of the cold gas efficiency. A fourfold extension of the fuel bed
depth, at one specific air supply rate, led to an increased production of permanent
gases and a rise of the cold gas efficiency by approximately 10%. Similarly, when util-
ising higher ash content fuels, wheat straw, sheep manure and cow manure, a higher
primary air flow was associated with greater process temperatures and a rise in the
cold gas efficiency. Conversely, a threefold increase of the air supply led to double the
PM; 5 combustion emissions from wood pellets and a more than tenfold increase from
cow manure. Lower primary air supply rates were associated with lower emissions
from incomplete combustion, especially when utilising high ash-content fuels.

Foremost, the combined production of producer gas and char at low air supply
rates, when utilising forced air with sufficient secondary air, has been identified to
substantially reduce the emissions of incomplete combustion. The conversion of tars
and the retention of ash constituents in the produced char contribute to pollutant
emissions reduction. By utilising these mechanisms low value agricultural residues
and even manures may be burned almost as cleanly as high value wood pellets. Care-
ful reactor design based on the presented results and conclusions may facilitate the
development of more efficient and more fuel flexible reverse downdraft gasifier stoves.
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Chapter 1. Introduction

1.1 Biomass Fuelled Cookstoves

Solid biomass fuels provide the majority of the renewable energy worldwide [1],
supplying ~10% of the total primary energy [2]. A major application is in biomass
fuelled cookstoves, which are used by approximately 2.7 billion people [3], making
them one of the most widely used combustion systems. Despite this, there has
been limited progress in our understanding of the fundamental combustion processes
to enable the design of appropriate and technologically advanced cooking systems.
Current cookstoves often use traditional or ad hoc improved designs, which may
still emit substantial amounts of pollutant emissions [4]. Therefore, a much deeper
understanding of the combustion processes in such systems is needed to enable the

systematic and reliable development of more efficient designs.

Pollutant emissions, mainly particulates released from incomplete combustion,
are the main cause of household air pollution (HAP). HAP contributes considerably
to the global burden of disease and it is estimated that approximately 3.8 million
people die prematurely from attributed illnesses annually [5]. In particular, air pol-
lution from solid fuels affects women, for whom it is the second highest risk factor
worldwide after high blood pressure [6], and children, for whom it is responsible
for 50% of premature deaths under five years of age [5]. A recent study has also
suggested a link between particulate matter (PM) emissions and Type II diabetes
[7]. To achieve any health benefits, a substantial reduction of particulate emissions
of nominal diameter <2.5 pm (PMy ;) is necessary [8]. Discrepancies in cookstove
performance determination add difficulty to the analysis of the benefits of particular
stove designs [9-12]. Even if current cookstoves designs were optimised and widely
used, it is unclear if this alone would achieve the emission reduction goals. There-
fore, the investigation of potential systems that could mitigate this significant human

environmental health issue is of mortal importance to many.

Particulate matter, together with carbon monoxide (CO), is the main emission
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of incomplete combustion and has also been recognised as having a significant en-
vironmental impact [13, 14|. Black carbon, a major component of PM, for which
residential cooking systems are a main cause [15, 16], has been identified as the sec-
ond most important anthropogenic emission in terms of its climate forcing potential
in the present-day atmosphere [17]. Thus, highly efficient cooking systems, in com-
bination with programs for their dissemination [18, 19|, could effect a far-reaching,

short-term impact on the environment and the quality of life therein [20].

In order to achieve health and environmental benefits, cleaner-burning cookstoves
than are currently in widespread use are needed [8, 21|. One type of cookstove that
has been recognised as having great potential to achieve this goal is widely called
a “gasifier stove” [22]. A process schematic diagram of a reverse downdraft gasifier
stove is presented in Figure 1.1 (a background on gasification technologies is provided
in Section 2.2.5). Its main features are a batch-fed solid fuel bed to which primary
air is supplied from below and secondary air downstream of the bed. In this type of
gasifier stove the thermochemical conversion of the solid fuel and the combustion of
released products are separated through the staged provision of air. While nearly all
cookstoves rely on natural convection to supply air for combustion, a pathway for
the optimisation of gasifier type cookstoves stems from the potential for the simple
integration of forced air. Indications have been found that gasifier stoves using a
forced air supply achieve better control and more consistent conditions, with the
potential to increase the stove’s efficiency [23, 24|. The benefit of forced air over

natural convection has not been clearly established to date.

In this specific type of gasifier stove, the fuel batch is lit on its top surface. This
leads to the formation of a reaction front that moves opposite to the air low down
the fuel bed, which is called a reverse downdraft configuration. In the reaction front,
producer gas is released from the solid biomass feedstock, leaving char as a solid
product [25]. This combined production of producer gas and solid char in gasifier

stoves is enabled by both the staged air supply and the batch-fed configuration,

3
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Secondary

1 Secondary
Air

Air

Reaction Front

Biomass

XK

Primary Air

Figure 1.1: Process schematic diagram of reverse downdraft gasifier stoves.

which is a distinction from other types of cookstoves. The processes in the reaction
front are sustained by heat released from partial oxidation with the limited air supply
and is therefore called an autothermal process [26]. The conversion of the solid fuel
in the reaction front is dependent on a multitude of parameters which are not fully
understood, while the fuel composition and air supply are of central importance. In
the reverse downdraft configuration, which is also called top-lit up-draft (TLUD),
the producer gas propagates through a layer of the solid char before being combusted
with the secondary air. In the char layer, tars (hydrocarbon compounds released from
the conversion process) may decompose to combustible gases [27]. The influence of
tar decomposition in the char layer on the composition of the released producer gas
from the fixed bed is unclear. The combustion of the producer gas with secondary
air occurs in a non-premixed jet flame downstream from the solid fuel bed. The
produced solid char can be used as a subsequent energy source [28-30], as well as for
soil amendment applications, where it is termed biochar [31]. Further understanding
of the conversion and combustion processes is necessary to enable environmental and

user health benefits.



1.2 Aims

Many different biomass fuels are used in cookstoves, including wood, agricultural
residues and manures. Users may change their fuel source due to availability. Gath-
ering or purchasing of fuel has a substantial impact on low income communities and
a reduction in fuel consumption due to the higher efficiency of a stove could provide
user benefits [32, 33]. Furthermore, the fuel composition, especially the moisture
and ash content [34], can vary widely in between fuels. Optimisation of a particular
combustion system for a multitude of solid fuels poses a particular challenge, which
may be mitigated by a separation of the conversion and combustion processes, as is

the case in gasifier cookstoves.

1.2 Aims

The goal of this thesis is to generate a deeper understanding of the fundamental ther-
mochemical conversion processes within a solid fuel bed and the combustion process
of the released products in a batch-fed autothermal reverse downdraft reactor. Par-
ticular focus is placed on its application in solid biomass-fuelled cookstoves. This

thesis specifically aims to:

1. Examine influences of the supply and distribution of air on the combustion prc-
cesses.
The air supply is of central importance in gasifier cookstoves. The influence of
the air supply on the conversion as well as the combustion processes has previ-
ously been identified [35-39], but many aspects remain unclear. The influence
of the mode of air supply, via natural or forced draft, as well as the relationship
between the primary and secondary air, is assessed here. The focus of this as-
sessment is placed on measures that reduce emissions resulting from incomplete

combustion.

2. Investigate the impact of the air supply, the fuel type, and the bed geometry on
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the autothermal thermcchemical conversion process.

Previous work has provided a basic understanding of the autothermal reverse
downdraft solid fuel conversion process utilised in reverse downdraft gasifier
cookstoves for a number of fuels [40-44|. The products of this process provide
the fuel for the subsequent combustion process and the parameters that control
their release require a more in-depth understanding. This is addressed by
studying highly influential parameters, the air supply and type of fuel, as well
as the heights of the fuel bed and their contribution to the release of products.

3. Eatend the understanding of the producer gas combustion process downstream
of the fuel bed, particularly mechanisms that control the emissions.
The majority of studies in the literature on gasifier cookstoves focus on the
overall combustion process and performance [35-38|. An analysis of the sec-
ondary combustion process in isolation, with prior knowledge of the products
of the thermochemical conversion of the solid fuel, expands this previous body

of work.

1.3 Thesis Outline

This research project was initiated by the author before the start of candidature and
the preceding work can be found in Appendices A—C. Chapters 2 and 3 provide a
background and a literature review tailored to the specific topics addressed in the
four research articles in Chapters 4-7 of this thesis by publication. Chapter 4 is an
extension of the study presented in Appendix A, with a focus on the air supply mode
and the relationship between the primary and secondary air supplies in the system.
Subsequent to these studies, the experimental facilities were upgraded. To ensure
the validity of measurements taken in these facilities, a computational fluid dynam-
ics (CFD) study was performed, with its main results presented in Appendix D.

Furthermore, a new experimental reactor was designed and fabricated for the subse-

6
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quent investigations. The new reactor enabled variation of the fuel bed depth, which
is investigated in Chapter 5. Here, the ongoing processes in the fuel bed are scruti-
nised. In particular, the influence of an increasing char layer thickness, downstream
of the reaction front, on subsequent reactions of released products is investigated. In
Chapter 6, the thermochemical conversion process in the fuel bed remains a critical
focus, concentrating on the influence of a variety of fuels and the influence of the ash
content. Chapter 7 investigates the combustion process downstream of the fuel bed,
with regard to previous results on the conversion process in the fixed bed, as well
as to the composition of the combusted fuel. The results and implications of all the

studies are concluded in Chapter 8.
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Chapter 2. Background

2.1 Solid Biomass Fuel

2.1.1 Definition and Composition

Solid biomass is a widely available fuel for combustion providing up to 90% of energy
in certain regions [1| and can be utilised without further preparation. Biomass has
been used for millennia [2]| and with nearly half the world’s population still relying
on biomass-fuelled cookstoves [3] it remains likely to be the most widely used fuel.
To understand the combustion behaviour of biomass, knowledge of its constituents

and composition is essential.

Biomass, used as fuel for combustion processes, can be subdivided into six source
groups: 1. Wood and woody biomass; 2. Herbaceous and agricultural biomass; 3.
Aquatic biomass; 4. Animal and human biomass waste; 5. Contaminated biomass
and industrial biomass waste (semi-biomass); and 6. Biomass mixtures [4]. In the
present research, those fuels categorised as groups 1, 2 and 4 are of interest. Specif-
ically, woody biomass, agricultural biomass and animal waste, are widely available

for utilisation and are the focus of this research.

Both groups 1 and 2 can be further defined as lignocellulosic materials with
the three main constituents being cellulose, hemicellulose and lignin. Cellulose is
the carbohydrate that forms the structural framework of the plant [5]. Cellulose
is a glucose polymer of recurring C¢H19O5 units, bonded by (-glycosidic linkages
[5]. The B-glycosidic linkages form linear chains which are supported by hydrogen
bonding, leading to high stability and resistance to breakage. Hemicellulose is a
highly branched polymer consisting of five sugars (C5: D-xylose and L-arabinose; Cg:
D-galactose, D-glucose, and D-mannose) and uronic acid. Lignin has a polyphenolic,
highly aromatic structure that stabilises cell walls and holds cells together [5]. Group
4, specifically animal manures, is much more heterogenous than those in groups 1

and 2, and can contain faeces, urine, bedding materials and waste feed, as well as
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2.1 Solid Biomass Fuel

fermentation products [6]. Hydrocarbon compounds are the main constituents of
all biomass, while it also contains minerals such as Na, P, Ca, and Fe, which are
considered as the ash fraction [7].

The composition of the six biomass groups can be highly variable due to ditfer-
ences in the lignocellulose (excluding group 3), moisture, or ash content. Therefore,
to classify the biomass composition further, proximate analyses (the determination
of the moisture, volatile matter (VM), fixed carbon (FC), and ash content) and
ultimate analyses (the determination of the elemental composition of C, H, N and
often S) are widely performed. The volatile matter content is the fraction of the
original fuel mass that evolves as gases and liquids, in the form of an aerosol, when
the fuel is heated to high temperatures. The fixed carbon is the mass of carbon
that remains after the volatiles have escaped and ash is the solid product after the
carbon is oxidised. All three fractions and their yields are substantially influenced
by the heating rate and process temperature, which determine not only the amount
but also the physical characteristics of the resulting char [8]. Biomass fuels can also
be classified by their heating value (energy content). Extensive databases of biomass
compositions are available [9].

The atomic ratios of elements of ditferent fuels can be displayed in a van Krevelen
diagram, as shown in Figure 2.1. The atomic ratios of a fuel decrease as its geological
age increases, which generally means that the older the fuel, the higher its energy
content |7]. When looking at Figure 2.1, this includes a reduction of the O/C ratio.
The heating value of a fuel rises also with the increasing H/C ratio, while this ratio
decreases with geological age. It can be seen that biomass covers a very wide range

of H/C and O/C ratios, and a case-by-case approach is necessary [10].

2.1.2 Fuels in Small-Scale Application

In small-scale applications, the utilised fuel is often determined by its local avail-

ability. Woody biomass is likely to be most widely used and the focus of a large
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Figure 2.1: The molar H/C ratio as a function of the molar O/C ratios of
various solid hydrocarbon fuels in a van Krevelen diagram, adapted after [7].

proportion of combustion research [11]. However, the combustion properties of other
biomass fuels have yet to be explored [12, 13]. In certain locations, for example
India, agricultural residues and animal manures are used in large quantities as an
energy source for domestic application [14, 15|, but a relatively small number of
investigations have focused on such fuels. Additional fuels utilised in small-scale ap-
plications include biomass such as straw [16, 17|, husks [18], kernels [19] or manure
[20-22].

Table 2.1 presents the structural composition of biomass fuels, with their three
constituents: cellulose, hemicellulose and lignin. Most biomass can be classified
as containing cellulose>hemicellulose>lignin, including woody biomass, as well as
herbaceous and agricultural biomass (grasses, straws, stalks, fibres, shells/husks,
residues) [4]. The composition of manures is largely influenced by diet, as well
as methods of collection [23]. The decomposition of each structural lignocellulose

component behaves differently when exposed to heat.

Table 2.2 presents the proximate and ultimate analyses of commonly used fuels.

Although there are many significant differences between biomass fuels, the elemental
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2.1 Solid Biomass Fuel

Table 2.1: Contents of structural components—cellulose, hemicellulose and
lignin—of selected biomass on a dry basis (% g/g).

Biomass Cellulose Hemicellulose Lignin Reference
Softwood 30-50 10-40 1530 [24-26|
Hardwood 40-75 10-40 1525 [24-26]
Wheat Straw 30-31 28-50 15-16 [26, 27|
Cattle Manure 3.2 2.3 4.2 [28]

composition on a dry-ash-free basis of a multitude of biomass materials appears
quite similar [4]. Wide variations in fuel composition, which can be noticed from the

proximate analyses, mostly stem from variations in the ash and moisture contents.

Table 2.2: Proximate (db) and ultimate analyses (dab), and the higher heating
value (MJ-kg™1) of selected biomass fuels.

Fuel M VM FC Ash C H O N HHV Reference
Wood 20.0 82.0 17.0 1.0 51.6 6.3 415 0.1 20.2 [25]
Wheat Straw 7.8 746 185 6.8 492 58 440 06 16.3 [27]
Cow Manure 139 70.3 13.8 159 54.0 64 36.7 08 174 [29]
Sheep Manure 5.2 53.5 12,5 339 481 54 430 35 120 [22]

Apart from the composition, the biomass particle size is a very important param-
eter in combustion applications [30] and is mostly fuel specific. For example, wood
is a solid, dense material (ppur = 200-500 kg'm_S) and can be formed into various
sizes and shapes. Conversely, straws are hollow (ppur = 80-150 kg-m™3) and often
only cut, but usually available in much smaller particle sizes than wood. Husks,
pits or kernels are mostly combusted in their original form. Manures may be formed
into hand-ball-size pellets. Pellets or briquettes can be fabricated to achieve a more
homogeneous particle size, but the biomass feedstock also influences the ability with
which and size into which pellets can be formed [31, 32]. When small particle sizes are
coupled with low bulk density, for example in the case of rice husks or straw, larger
combustion chamber sizes may be required. The use of varying biomass feedstock

in any cookstove is still challenging and further understanding of the influencing
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Chapter 2. Background

parameters is necessary to ensure efficient utilisation.

2.2 Thermochemical Conversion and

Combustion of Biomass

2.2.1 Overview

Thermochemical decomposition of biomass involves a multitude of chemical species
and reactions, which are interconnected. Its complexity stems not only from the
heterogeneity of the fuel, but is also highly dependent on the process parameters, such
as peak temperature, heating rate, or oxidiser availability, leading to wide ranges of
product yields. Furthermore, the reactor-specific fluid dynamics and thermodynam-
ics can play a determining role, adding difficulty to reactor designs and up-scaling;
therefore, only the basics of the fundamental processes involved and their interplay in
the thermochemical biomass conversion are identified. The fundamental processes are
drying, pyrolysis, devolatilisation and gasification. In Figure 2.2 the basic subsequent
processes in staged combustion are presented. As these fundamental processes may
be defined differently in the literature, a short discussion of the use in this thesis is

included.

2.2.2 Drying

All biomass include a fraction, and in many cases a substantial amount, of water.
Untreated biomass can have a moisture content of up to 98% on a wet basis, in the
case of sewage sludge |7], and more commonly values up to 60% for freshly harvested
green woody biomass [33]. Drying is considered to occur at temperatures <100°C. In
many applications, the feedstock is air-dried before introduction into the conversion
reactor, as the drying process consumes large amounts of energy. A low moisture

content is desired for most combustion processes.
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Biomass, wet: CH, ,0, (N, S, Ash) + H,0 Atmosphere
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Secondary Air (O,+ N,)—— | Incomplete CO +C,H,
Combustion Soot

Oxidation )

Desired products: CO, + H,O (+ N,)
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Figure 2.2: Overview of the thermochemical conversion and combustion of
biomass in an air staged process, adapted after [12].

In gasifier stoves, irrespective of pre-drying of the fuel, additional drying occurs
upstream of the reaction front. A higher moisture content of the fuel is linked to
lower burning rates and reaction front velocities, due to the consumption of large
amounts of energy by vaporisation [34]. In the present study, the influence of the
moisture content is not the focus of attention and thus a similar moisture content is

ensured for the investigated fuels.

2.2.3 Pyrolysis

Pyrolysis can be referred to as the thermochemical conversion of biomass, either

in an inert environment [35, 36] or under sub-stoichiometric conditions [7, 37|. In
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numerical models, pyrolysis is more clearly defined by reaction R1, which does not
involve oxygen [38], as presented in Table 2.3, and this definition is adopted in
this thesis. The three product fractions: gaseous, liquid, and solid are formed [39].
The yields of the different products depend on a multitude of factors, while peak

temperatures and heating rates are of central importance [40].

Table 2.3: Simplified chemical reactions of the processes: pyrolysis, gasification,
combustion and tar cracking/reforming |7, 41].

Reaction
Pyrolysis Biomass — C,, + C,H,0, + CO2 + CO + Hy + CHy + HoO R1
Heterogeneous C+05-09— CO R2
gasification C + COq2 = 2.CO R3
C + HyO = CO + Hy R4
C + 2-Hy = CHy R5
2.-C + Hy = CyH, R6
Homogeneous CO + 0.5 09 — COq R7
gasification CHy + 0.5-:09 — CO + 2-Hy RS&
CO + Hy0 = COy + Hsy R9
COy + 3-Hy— CH4 + HO R10
CH, + HyO= CO + 3-H» R11
2-CO + 2-Hy — CHy + COq R12
Combustion C,Hy + (x +0.5-y) - Oy = COz + H20 R13
C + Oy — CO9 R14
Hs + 0.5 - O3 — H50O R15
Tar Cracking C.H, — C + C,H,, + gases R16
Tar Reforming CzH, + x-H20 — x-CO + (n + 0.5-m)-Hy R17
C,H, + x-COy — 2:x-CO + (0.5-y)-Hs R18
CzHy + 2:x-H0 — x-:CO2 + (0.5-y + 2-x)-Hs R19

The pyrolysis process is most commonly divided into slow, intermediate and fast
pyrolysis, based on the thermal environment, leading to different distributions of
the product fractions [7]. Under fast pyrolysis conditions, the fine biomass—particle
size in the millimetre range—is heated at high rates, of approximately 1000°C/s,
to reaction temperatures of >400°C, with vapour residence times of 0.5-2 s. High
cooling rates are employed to reduce thermal post-decomposition to achieve liquid

production of up to 75%. Intermediate pyrolysis occurs at heating rates of 100—
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2.2 Thermochemical Conversion and Combustion of Biomass

500°C/min of coarser materials of several 10 millimetres in size, with a particle
residence time <10 min at a temperature of ~350-550°C. The vapour residence time
is ~2-4 s and high cooling rates are employed to achieve a ~55% liquid fraction. Slow
pyrolysis can use whole, log-size fuel, with residence times of hours or even weeks,
at heating rates of several °C/min, leading to a nearly even distribution between
the char, liquid and gaseous products [35]. Boundaries and definitions of the above-
mentioned divisions of pyrolysis vary in the literature and further divisions such as
flash, intermediate or vacuum pyrolysis [5] are often included, but these are of less
importance here.

In the fuel bed of gasifier stoves, pyrolysis occurs once the drying process is
concluded and the temperature increases further. The heating rate is in the range of
intermediate pyrolysis and peak reaction temperatures are generally >600°C. As the
reaction front is only a thin region, the vapour residence time is very short and thus
conditions in between fast and intermediate pyrolysis are present. These conditions
will lead to thermochemical conversion with a presumably high prevalence of liquid

products.

2.2.4 Devolatilisation

Devolatilisation is the release of volatile matter from a solid fuel. This term is
often not clearly defined, as it appears to be expected to be self-explanatory and is
widely used interchangeably with the term pyrolysis [42, 43]. The distinction made
in terms of pyrolysis in this thesis is based on the availability of oxygen, a definition
that is widely accepted [44]. When a limited amount of the oxidiser is present,
partial gasification (R2-R12; refer to Table 2.3), and partial combustion (R13-R15)
of the products can occur simultaneously to the pyrolysis (R1) of the feedstock.
Devolatilisation then describes the concurrent occurrence of multiple processes with
the dominant one being the thermochemical conversion of the feedstock via pyrolysis

(R1). Therefore, in this thesis, pyrolysis is considered a subset of devolatilisation.
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The products released from devolatilisation are a complex composition of volatile

products: a mixture of gases and tars, termed producer gas.

2.2.5 Gasification

Gasification is the thermochemical conversion of a solid carbonaceous feedstock into
primarily gaseous products. The most basic chemical reactions involved are the
heterogeneous reactions of the oxidiser with the solid carbon (R2-R5), as well as
homogeneous gas phase reactions (R6-R11) [45]. Extensive research on gasification
technology has previously been published |7, 42, 46]. The literature on gasification
technologies is mainly focused on coal as the fuel, due to its wider application, while
here the focus is on the conversion of biomass.

The term gasification is widely used for any process where an oxidiser is added
to a solid fuel to produce gases and liquids. Traditionally it was established for the
conversion of coal by limited addition of air, steam or a mixture of air and steam, to
generate a producer gas mainly containing CO as a combustible species. When fuels
with a higher volatile matter content are being used, pyrolysis and the production
of liquid products increases, making it more difficult to create a clean product gas,
but simultaneously enabling alternative applications. As the product composition
is not only feedstock, but also reactor design dependent, the term gasification is
often used in conjunction with the reactor type and the air supply. Reactor types
can be distinguished between batch-fed systems, mainly fixed-bed gasification, and
continuously-fed systems, including fixed-bed, moving-bed, fluidised bed and en-
trained flow gasification [47]. The air supply is then further refined: for example, for
fixed-bed gasification, it can be up-draft, downdraft or cross-draft. The processes
within the solid fuel bed in gasifier stoves can be compared most closely with those
in fixed-bed downdraft gasification, because devolatilisation products move through
a layer of produced char. Therefore, although the primary air supply moves up-

wards (updraft), the processes in gasifier stoves are widely called reverse downdraft.
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2.2 Thermochemical Conversion and Combustion of Biomass

The advantages of downdraft gasification are a comparatively low tar content in the
producer gas, the relative simplicity of the process and low cost operation [45].

In the literature, cookstoves using the described process (refer to Section 1.1) are
widely called gasifier [48, 49|, semi-gasifier [50-53| or micro-gasifier [54] cookstoves.
One main difference is that in reverse downdraft gasifier cookstoves the oxidiser
is supplied directly to the reaction front where devolatilisation of the fuel occurs,
while in downdraft gasifiers, air is supplied to the produced solid char and pyrolysis
occurs upstream of the air supply. In gasifier cookstoves this leads to two subsequent
processes, separated in time and location. First, the devolatilisation of the supplied
fuel to form gases, liquids and char, and second, the gasification of the produced
char. It could be argued that only the second process, where the conversion of the
char occurs, would be classified as gasification. Therefore, especially when char is
seen as a solid product, gasification of the produced char may only play a secondary

role in the conversion process—hence the name “gasifier stoves” may be a misnomer.

2.2.6 Combustion

Combustion refers to the complete oxidation of chemical species, involving a multi-
tude of chemical reactions. The most basic chemical reactions of the combustion of
hydrocarbon compounds are R13-R15, in Table 2.3, with more detailed descriptions
provided elsewhere [8, 55, 56].

Combustion can occur in many forms, from explosion [8], with high localised
heat release, to flameless combustion [57-59|, with more homogeneously distributed
reactions and heat release. In gasifier stoves, two main forms of combustion are
present at different locations: (1) Within the fuel bed, the thermochemical conversion
process is sustained by partial oxidation of the released products, which can be
referred to as smouldering combustion; (2) Downstream of the fuel bed, the released
aerosol is burned in a non-premixed laminar jet flame.

Smouldering combustion involves the same chemical reactions as gasification and
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the main difference is that gasification occurs in a specifically designed reactor, while
smouldering combustion is generally uncontrolled in oxygen vitiated locations in
the open environment, mainly seen in forest or building fires [60-62]. As these
reactions occur in a controlled environment in gasifier stoves, they will be referred
to as gasification or partial oxidation.

In non-premixed laminar flames, mixing of fuel with the oxidiser, here air, occurs
in the combustion region. Such flames exhibit the entire range of mixture fractions
from pure air to pure fuel, including fuel lean to fuel rich combustion, respectively,
whilst the highest temperatures are achieved where stoichiometric combustion occurs
[63]. The complexity of this kind of flame is exacerbated by the wide range of

compounds included in the fuel, which will be discussed subsequently in more detail.

2.2.7 Discussion

The complexity of the interplay of the process pyrolysis, devolatilisation, gasification
and combustion in application is reflected by the difficulty in forming clear differenti-
ation of these processes. The phenomenon of the moving reaction front, in the gasifier
stoves, has been described as stratification and stratified gasification |38, 64-66|. If
char is a product of the process, as stated in Section 2.2.5, technically gasification re-
actions do not contribute substantially to the process and the term gasification could
be misleading. Additionally, the term oxidative pyrolysis is widely used for condi-
tions as found in this reaction front, where pyrolysis occurs while oxygen is available
[24, 67-70]. The term oxidative pyrolysis appears to refer to the simultaneous oc-
currence of pyrolysis and further oxidising reactions of released products within the
reaction front. In cookstove-specific literature, the term migrating pyrolytic front
[71] can also be found as a synonym for the reaction front. In this thesis, the term
devolatilisation will be used in preference for the conversion process in the reaction
front. When referring to pyrolysis, gasification or combustion, the definitions based

on the chemical reactions in Table 2.3 are used. A clearer definition and a deeper
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understanding of the interconnection between these processes in gasifier stoves is
of importance to the development of more efficient cookstoves and is a goal of this

thesis.
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3.1 Thermochemical Conversion

3.1.1 Process Description

In an autothermal reverse downdraft process, air is supplied to a fuel bed from below.
To start the thermochemical conversion, a kindling material is supplied to the top
surface of the fuel, leading to the incineration of the top layer and the formation of
a reaction front that propagates opposite the air flow down the bed [1], as presented
in Figure 1.1. With increasing air mass flux (¢4), three subsequent regimes have
been identified, as presented in Figure 3.1: (1) the oxygen-limited regime, where
the fuel conversion increases nearly linearly up to ¢p; with the air supply < @a1;
(2) the reaction-limited regime, between w41 and @40, where a further increase of
the air supply leads to a stagnation of the fuel conversion increase, between ¢pg;
and ¢pe and; (3) the regime where the fuel conversion is reduced due to cooling
by convection, at > @40, finally leading to extinction at ¢a3 [2—4|. These regimes,
with different terminology of classification, can be found elsewhere [5-7|. In gasifier
cookstoves, generally, low air supply rates are employed, within the oxygen limited
regime, allowing for variations in the fuel consumption rates and the linked heat

release by adjusting the air supply rate.

Especially in the oxygen-limited regime, the air supply has a defining influence on
the fuel conversion, and many related parameters, such as the process temperature,
the reaction front velocity and product composition [8]. The thermochemical conver-
sion process is also dependent on a multitude of other input parameters, as follows:
Smaller fuel particle sizes have been shown to increase the internal heat transfer in
the bed due to a higher bed porosity [2, 5] and thus achieve higher reaction front
propagation rates [5, 6]. A larger particle size leads to lower peak temperatures in
the reaction front, but a wider range of air supply rates, before the process is cooled

by convection [5, 6]. An increasing moisture content in the fuel has been shown to
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Figure 3.1: Fuel consumption mass flux, ¢p (kgpu-m™2s™!), behaviour in
the batch-fed reverse downdraft process as a function of the air mass flux, ¢4
(kgqir-m~2s71), adapted after [3].

influence the heat transfer [9], reduce the propagation rate and the reaction front
thickness [10]. Greater moisture contents also extends the applicable air supply
range and increases the char reactivity [10]. An increasing fuel ash content, up to
13% (g/g), has been shown to influence the fuel consumption and propagation rate
of the reaction front |2]. Further impacts on the reaction front, especially from high

ash content biomass fuels, such as manures, have yet to be investigated.

With a limited air supply, devolatilisation of the solid fuel in the reaction front
(refer to Section 2.2.4) leads to a multitude of products, which can be divided into
the three states: (1) a wide variety of gases (CO, CO,, Hy, CHy CoHsy, CoHy, CoHg,
ete.) [11]; (2) liquid tars and water [12]; and (3) solid char (mainly carbon and ash)
[13] (as described in Section 2.2).
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3.1.2 Gaseous Products

The concentration of each gaseous product is dependent on a multitude of influences,
including the type of feedstock, the elemental and chemical composition of the feed-
stock, the gasifying agent and its availability, as well as the kinetics of chemical
reactions under specific process conditions [14]. Gaseous products are mainly pro-
duced within the reaction front, but can also be formed through the degradation of
tars within the char layer downstream of the reaction front, which will be discussed
in more detail in Section 3.1.3.2.

A wide range of the producer gas compositions can be found from gasifier stoves.
Reported concentrations of mainly CO, CO,, CHy, Oy and Hs, for a variety of fu-
els [15, 16] are presented in Table 3.1 [17-20|. The Ny concentration is typically

>50% and the producer gas heating value is in the range 3-6 MJ-m~3.

A deeper
understanding of the decisive parameters that lead to the production of certain gases
would be beneficial to enable an a priori prediction of the producer gas composition.

Table 3.1: Producer gas compositions from gasifier stoves using a variety of
fuels. Gas concentrations are provided on a molar basis.

Fuel TBed (OC) H2 CO CH4 COQ OQ Tar
Wood chips 723933 1.6 7.5 813 1525 1820 0828 -  [17]
Corn cob
: 600 02 912 015 1220 05 N
chips
Eucalyptus 750 04 821 03 815 038 - [18]
chips
Douglas fir = 7, 27 817 02 914 07 T
chips
Lodgepole 800 911 1416 2 1015 05 T
pine pellets
Rice hulls  700-850 2.8-4.4 1416 -  12-13 - (3/173> [19]
g/m
ood chips  650-850 3.3-6.6 14-15 - 13-14 - (e/m®) [19]
g£/m
Wood chips 700 138 176 4.1 16 ; (Stg} | [20]
WT1U7/0
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3.1.3 Liquid Products

3.1.3.1 Tars from Biomass Conversion

The liquid product fraction from biomass decomposition consists of tars and wa-
ter. Tar generally refers to a wide range of hydrocarbon compounds and many
definitions, such as “all organic compounds with a molecular weight larger than
benzene (excluding soot and char)” [21] exist. A widely accepted definition fur-
ther classifies tars from biomass conversion into the categories: (1) Primary prod-
ucts: cellulose-derived products such as levoglucosan, hydroxy-acetaldehyde, and
furfurals; analogous hemicellulose-derived products; and lignin-derived methoxyphe-
nols; (2) Secondary products: phenolics and olefins; (3) Alkyl tertiary products:
methyl derivatives of aromatics, such as methyl acenaphthylene, methylnaphtha-
lene, toluene, and indene; (4) Condensed tertiary products, polycyclic aromatic
hydrocarbons (PAH) without substituents: benzene, naphthalene, acenaphthylene,
anthracene/phenanthrene and pyrene [12, 22|. The production of the different tar
fractions is mainly dependent on the process temperature [23|. It has been found that
while a wide range of products can be present, the primary and tertiary products are
mutually exclusive in producer gas from the thermochemical conversion of biomass
[12]. In Figure 3.2 the influence of the process temperature on the type and yield of
the product is presented. It can be seen that with increasing process temperatures,
the overall product yield of tars decreases. However, increasing temperatures also
cause the complexity of products to increase until the formation of highly stable long
chained PAHs at temperatures >900°C. Tars produced at lower temperatures can be
decomposed at higher temperatures, through a process called thermal cracking (refer
to Table 2.3). In any biomass conversion process, spatial inhomogeneities can lead
to a wide variety of tars being produced and a case by case approach is currently
necessary to investigate particular systems.

In autothermal reverse downdraft processes, the temperatures increase abruptly
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Figure 3.2: Temperature dependence of biomass tar production, adapted from
[12, 23].

in the reaction front, where devolatilisation occurs in a thin layer (refer to Sec-
tion 2.2), as described previously. With a char layer at elevated temperatures down-
stream of the reaction front, further reactions may be occurring, but at lower tem-
peratures than those in the reaction front. The peak process temperature in the
reaction front and the temperature of the char layer are mainly dependent on the
air supply. In a 150 mm high reactor with wood chips, increasing the air flow led to

an increase in process temperatures from 650 to 850°C and a corresponding decrease
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in tar content in the producer gas from 90 to 10 g'm ™ [24]. In the same reactor, a
variation in the particle size had no clear influence on the tar production, while an
increasing moisture content led to a reduction of tars [16]. In a similar reactor, using
four different species of wood chips, tar yields from 2-6% (g/g), at process temper-
atures of ~800°C have also been reported [25]. Tars, if not combusted downstream
may be released from the combustion system as volatile organic compounds. Further
work will be necessary to identify the tar production from gasifier stoves at different
temperatures using a variety of fuels to enable the analysis of their influence on the

combustion process and the overall performance of the stove.

3.1.3.2 Tar Reduction Mechanisms

Tar production from biomass conversion has been identified as problematic for sub-
sequent processes [26]. Tars are much more difficult to oxidise completely than
combustible gases, leading to a multitude of difficulties in combustion applications.
Tars can lead to the release of products from incomplete combustion and their re-
duction in the producer gas could contribute to more efficient combustion and thus
process optimisation.

Tar reduction mechanisms can be classified as primary mechanisms, where mea-
sures are taken to reduce the amount released from the conversion process, and
secondary mechanisms, which reduce the amount of tars in the producer gas down-
stream of the solid fuel bed [11|. Primary mechanisms rely on optimising the reactor
design and the operating conditions, such as the temperature regime, pressure, oxi-
diser supply or additive catalysts. Secondary mechanisms can consist of a multitude
of physical, mechanical or thermal methods, but these are not an option for gasifier
stoves and are therefore beyond the scope of this thesis. An overview of primary and
secondary mechanisms has previously been presented [27-29].

Primary mechanisms mainly take advantage of the decomposition characteristics

of tars. Tars can crack when exposed to certain temperatures; reform in the presence
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of CO, or HyO, or oxidise, as per reactions R13 and R17-R19 in Table 2.3 [30—
32]. These reactions can be influenced by the process conditions. For example, the
presence of char can enhance the decomposition of tars [33-35]. The wide variety of
products released from biomass conversion leads to such complexity that most studies
on thermal or catalytic decomposition are being performed on model compounds.

Extensive reviews of such studies have been conducted [36-38].

In the autothermal reverse downdraft process, higher primary air supplies lead to
higher temperatures in the reaction front, as well as in the char layer downstream of
the reaction front. For thermal cracking, it has been found that oxygen-containing
compounds (such as phenol, cresol and naphthols) are converted at temperatures of
700-850°C, while non-oxygen-containing aromatic compounds, which are formed at
higher temperatures, also decompose at higher temperatures, of >850°C [37| (refer
also to Figure 3.2). Generally lower yields of tars and higher yields of gases [28] are
accompanied by higher yields of larger 3- and 4-ring aromatics, which can be found at
high process temperatures (>900°C). Increasing the residence time at consistently
high temperatures can also reduce tar yields [39]. For example, tars from wood
chip pyrolysis were decreased by 88% by passing them through a region of 900°C
with 0.12 s residence time in this region [40]. Thus, increasing temperatures will
decrease the tar yield, but increase the complexity of the tars, which could prove
either beneficial or detrimental to the subsequent combustion process and requires

further scrutiny.

When hot char is present, it has been suggested that it can catalyse or enhance
the cracking of tars directly, as they are released within the biomass particle and
once they have been released from the biomass particle [11, 41]. Char has been
shown to catalyse not only cracking, but also isomerisation and aromatisation of
aliphatic compounds (alkanes, alkenes, alkanoic acids, ketones, alcohols and amines)
at temperatures between 300°C and 600°C [33] and is generally less effective for con-

version of larger molecular compounds [34]. The addition of CO5 or HyO, upstream

44



3.1 Thermochemical Conversion

of a char bed, has been found to increase the free radical content, such as OH and
H, and the oxidation of tars from rice straw pyrolysis with those species [35]. The
supply of Oy causes oxidation and reduction of pyrolysis tar compounds, which can
be further reduced if a char bed is present [30, 42|. The influence of the produced
char in gasifier stoves on the release of tars has yet to be established.

In the autothermal reverse downdraft process, tars released during devolatilisa-
tion in the reaction front enter an atmosphere containing CO,, H,O and possibly O,
and then pass through a layer of char at elevated temperatures downstream, before
being released from the fuel bed. It has been suggested that the extent of tar crack-
ing due to the presence of char is limited in gasifier stoves because of the thin char
layer thickness [17]. Furthermore, it is unclear if temperatures and residence times

downstream of the reaction front are sufficient to affect tar concentrations.

3.1.4 Solid Products

3.1.4.1 Char

Char is the solid carbonaceous residue obtained when biomass is exposed to heat
under inert or oxygen-deficient conditions. It is called “biochar” if designated for use
in environmental management [43]. It contains a large fraction of the fuel carbon and
ash content. Biochar has potential as a soil amendment, for nutrient supply and con-
ditioning [44]; it can be an income generator in resource-constrained communities; a
waste management system, especially relevant for water treatment; and an opportu-
nity for a carbon negative energy supply through carbon sequestration [13, 45-47].
The yield, composition and morphology of biochar depends significantly on the feed-
stock, as well as the conditions of the thermochemical conversion, particularly in
terms of the process temperature |1, 48-51].

For comparability and classification of different grades of biochar, guidelines have

been proposed in the European Biochar Certificate (EBC) by the European Biochar
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Foundation [52| and the International Biochar Initiative (IBI) [53]. Both sets of
guidelines require a molar H/C,,, ratio <0.7 (similar to coal, refer to Figure 2.1),
a determination of the nutrient content, the pH value, the bulk density, the mois-
ture content, the ash content, the PAH content, the heavy metal content and the
specific surface area. The EBC also requires an O/C,,, of <0.4. While the EBC
classifies biochars as either basic or premium grade, based on the PAH and heavy
metal contents, the IBI distinguishes biochars on the basis of their organic carbon
content (Class 1: >60%); Class 2: 30-60%; Class 3: 10-30%; minimum: 10%). The
classification of chars produced in gasifier cookstoves is seldom performed [45, 54|
and could provide further insights into the potential of the technology.

The production of char has many process implications. Primarily, it allows for the
separation of devolatilisation/gasification and combustion dominated reaction zones
and retains a large fraction of the ash within its solid structure. These influences on
ongoing processes are not well understood, as, generally, when producing char, this
is the sole process purpose and the conversion chemistry is of little importance or, as
is the case in nearly all biomass applications, complete consumption of the feedstock
is desired and char is simply a product of incomplete combustion. A more in-depth
analysis of the combined production of producer gas and biochar in an autothermal

reverse downdraft process would be beneficial to enable process optimisation.

3.1.4.2 Ash

Ash refers to the solid product from complete combustion. In biomass, a large
number of elements and inorganic compounds are present in a wide range of concen-
trations. Two main fractions can be distinguished in fixed bed combustion systems,
namely fly ash, which is volatilised in the process or entrained by the gas phase in the
reactor, and bottom ash. The impact of both fractions on the combustion process
is not yet fully understood, but overviews of current knowledge can be found in the

literature [55-59].
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Minor elements in biomass include N, Ca, K, Si, Mg, Al, S, Fe, P, CI, Na, Mn
and Ti [56]. These elements can occur in the form of various compounds, that
can change over the thermochemical conversion process. A large fraction of the
ash may be retained in the solid char structure, placing greater importance on the
volatility of ash constituents, as well as the melting behaviour of solids, in gasifier
stoves. Thermodynamic equilibrium calculations for wood, at 900°C in a fluidised
bed and entrained flow reactor, suggest that ten elements (N, S, Cl, Zn, Hg, Cd,
Pb, Se, F, Sb) volatilise completely, either in elemental (Zn, Hg, Cd, Pb), hydride,
or oxihydride state [60]. However, five elements (Ca, Si, Al, P, Ti) remained as
oxides in the condensed phase [60]. Ashing of biomass feedstock has shown that
increasing the temperature between 450°C and 1000°C leads to lower ash yields,
mainly due to the release of K and Na in the form of chlorides [61-63]. Based on the
elemental composition, ash melting points of <900°C have been suggested for most
biomass feedstock [58]. Devolatilisation and melting behaviour of ash constituents
can substantially influence the performance of a combustion system [64, 65] and
its overall impact, especially for the combined production of producer gas and char

requires consideration.

In gasifier stoves, a large fraction of the ash constituents may be retained in
the solid structure if char is produced, which could potentially mitigate detrimental
impacts on the combustion process. The utilisation of high ash content fuels, such as
agricultural residues or manures, can aggravate potential impacts that have yet to be

investigated for the type of stove under consideration at different process conditions.
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3.2 Combustion of Thermochemical

Conversion Products

3.2.1 The Producer Gas Combustion Process

In gasifier cookstoves, the fuel at the secondary air inlet is provided by the producer
gas released from the thermochemical conversion of the solid fuel (as presented in
Figure 1.1). It contains the combustible gases CO, Hy, CH4 and other hydrocarbon
gases, as well as a wide variety of tars [66], as discussed in more detail in Sections 3.1.2
and 3.1.3. Other species, mainly Ny from the air, and oxidised species such as CO,
and HO can also form a substantial fraction of the producer gas [67]. Traces of S, Cl,
Na, K and other fuel ash constituents may also be present [67], as described in Sec-
tion 3.1.4.2. The wide variability of combustible compounds released from the ther-
mochemical conversion process, especially when varying the feedstock as presented
in Table 3.1, poses a challenge for the identification of combustion mechanisms. This
is necessary to generate an in-depth understanding of the interplay of various pro-
cesses, as well as for efficient combustor design [68]. When investigating producer
gas combustion, most studies focus on cleaned producer gas—tars and particulates
are removed to achieve a pure gas mixture—from continuous coal gasification (also
termed synthesis gas or syngas) [69]. Large discrepancies between models and mea-
sured values [68] underline that the reaction mechanisms, even in highly controlled
systems, are not yet fully understood. In the present system, these difficulties are
exacerbated by the presence of tar species and fuel ash constituents. Furthermore,
most investigations focus on premixed combustion, while in the presented system
non-premixed laminar combustion occurs in the secondary flame front.

Studies on producer gas combustion focus mainly on its application in engines
and turbines, therefore, the focus is on premixed combustion in high pressure sys-

tems with controlled stoichiometry [70]. A vast amount of literature is available,
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while only selected aspects are presented here, with detailed investigations provided
elsewhere [69, 71]. It has been found that the combustion behaviour of gas mix-
tures can be markedly different from that of its constituents and small changes in
mixture fractions can have a substantial influence [72]. The presence of H in a gas
mixture in particular has been highlighted [72]. When H is present, the main oxi-
dation mechanism is via CO + OH = CO, + H (R20), which reacts much faster
than the oxidation of CO alone (refer to R7 in Table 2.3) [72]. CO oxidation via OH
then influences ignition and extinction limits, as well as flame propagation velocities
[72]. The presence of small amounts of NO, has been recognised as providing an
alternative route for HO5 consumption and provision of OH, which can significantly
increase the overall chemical reaction rates [69]. The presence of diluents No, COy
and HyO in the combustible gas mixture generally decreases the flame speed through
a reduction in the reaction rates [73|. Ny dilution, rather than CO4 or HyO, reduces
the flame extinction strain rate [74]. Increasing concentrations of COy have been
identified as reducing flame speeds due to reverse reaction R20, which becomes espe-
cially influential in low Hy gas mixtures [75]. Conversely, the absorption of radiation
by COy and HyO has been shown to increase flame speed and extend flammabil-
ity limits |73, 76]. As the product composition from biomass conversion can vary
throughout the process and small changes in the feedstock composition can change
the mixture fractions, the producer gas composition should be identified as it may
have a substantial impact on secondary combustion in gasifier cookstoves. Once the
producer gas reaches the secondary air inlet in gasifier stoves, sufficient air may be
supplied, and they can oxidise if an ignition source is present. The influence of the
producer gas composition from various types of feedstock on the combustion process

has yet to be established.
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3.2.2 Gaseous Products

The products from complete hydrocarbon combustion are HyO and COs, typically
in the gas phase, accompanied by incomplete combustion leading to the release of
CO and Hy as well as hydrocarbon gases [77], as per reactions R7-R19 in Table 2.3.
As a result of gas-combustion, and compared with other cookstoves, the separation
of the thermochemical conversion and producer gas combustion processes have been
shown to produce low CO and particulate matter (PM) emissions under laboratory

conditions |78, 79].

In combustion processes where air is the oxidiser, a significant pollutant stems
from the oxidation of nitrogen (NO,) [80, 81]. In a flame, thermal NO, is formed
when temperatures >1600°C for seconds or >2000°C for only milliseconds are present
[82]. Prompt NO, is formed when fuel-derived radicals react with Ny [83]. In solid
fuel combustion, NO, can also be derived from fuel bound N. During devolatilisation,
N is mainly retained in the char, as in this process a C-N matrix is formed [83].
Subsequently when the char is combusted, NO, and the NO, precursors, HCN and
NHj, are released [83|. The impact of this mechanism may be reduced if the char is
a product, but a detailed investigation of NO, emissions from gasifier cookstoves is

outside the scope of this thesis.

Small amounts of S can also be present in the biomass feedstock, which leads
to the formation SO,. The concentrations of S in biomass are generally quite low,
compared with coal or other fossil fuels, and its influence and contribution to the

combustion process is therefore considered minor.
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3.2.3 Particulate Matter

3.2.3.1 Soot

Soot is widely defined as comprising of combustion-generated particulates whose
main constituent is carbon [80]. It is also referred to as black carbon or carbon
black, because of its light absorbing properties [84]. Soot is characterised by its form:
small carbon spherules with strong absorption properties across the visible spectrum
[84]. Furthermore, it has a very high vaporisation temperature which makes it sta-
ble at high temperatures and ensures its insolubility in other atmospheric aerosol
components [84].

General requirements for soot formation are high temperatures, in the range of
1800-2800°C, sufficient oxygen availability for substantial combustion of the fuel
and residence times in the order of a few milliseconds [85]. Formation of initial
soot particles can occur via surface reaction mechanisms or through nucleation from
collision and coalescence of PAH molecules [86]. It has been suggested that for low
temperature flames, nucleation plays a significant role, while surface reactions are
dominant at higher flame temperatures [86, 87|. Subsequently the formed particles
can grow further, through the attachment of gaseous species to their surfaces or by
coagulation, via coalescence, condensation or collision of particles [85]. Indications
suggest that the surface growth rate is much larger than the coagulation rate [88|.

Figure 3.3 provides a general overview of the organic products from incomplete
combustion from biomass and coal combustion processes, with a focus on soot for-
mation mechanisms. It can be seen that after the formation of gases and tars in the
thermochemical conversion process (as described in Section 3.1), two main surface
reaction mechanisms, namely H-abstraction-CyHy-addition (HACA) and reactions of
cyclopent-adiene (CPD), are proposed as being of particular importance [89]. Poly-
cyclic aromatic hydrocarbons (PAH) are considered to be the main soot precursors in

biomass combustion. Soot can form from PAHs via two main pathways: (1) HACA
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evolves through two principal steps: (i) abstraction of a hydrogen atom, mostly
identified as being caused by a gaseous hydrogen atom, A;+ H — A;_+ H,, which
causes the molecule to be activated to a radical, and enables further growth; (ii)
a gaseous acetylene molecule is then added to the radical site, A, + CyHy — to
form the products [90-92]; (2) reactions with cyclopentadienyl (CPDyl = C5H;) in a
combustion system result in the formation and growth of PAH products [93]. Inter-
mediate volatile organic compounds (refer also to Section 3.1.3) may be co-emitted
with soot and may condense on the soot carbon spherules, together with volatile
ash constituents [83]. Further investigations of a variety of hydrocarbon fuels would
provide a more in-depth understanding of soot formation pathways [94, 95|, but this
is outside the scope of this thesis. However, the above presented findings highlight
the importance of tars in soot formation mechanisms. Therefore, an identification
of tar reduction mechanisms from the thermochemical conversion process in the fuel
bed of gasifier stoves could prove beneficial for soot reduction from producer gas

combustion.
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Figure 3.3: Potential routes for the release of products from incomplete biomass
combustion, adapted after [89].
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The presented studies provide an overview of the influencing parameters and
fundamental mechanisms of soot particle formation in hydrocarbon combustion. It is
apparent that the formation of the soot of a homogeneous fuel under highly controlled
conditions is extremely complex. The inhomogeneity of producer gas utilised in a
simple atmospheric combustor will therefore not enable a detailed investigation of
soot formation mechanisms. However, particulate matter measurements from the
producer gas combustion could provide valuable information and enable combustion

optimisation.

3.2.3.2 Ash Constituents

The ash constituents present in the secondary combustion region, also called fly
ash in fixed bed combustion, will consist of devolatilised and entrained compounds,
as described in Section 3.1.4.2. These compounds can influence the combustion
chemistry and inhibit or catalyse oxidation reactions [96].

Figure 3.4 presents possible routes for the release of mainly K, Cl and S com-
pounds from the solid fuel and indicates the interplay across released tars [55]. It can
be seen that the release of ash constituents from the fuel evolves either within the
organic tars, or through devolatilisation and the entrainment of ash constituents.
Subsequent reactions then lead to the formation of larger fly ash particulates, to
which aerosols can stick, or which may form furnace deposits. For different fuels,
changing particulate emissions have been identified, for example for corn stover, two
types of particles, (1) an agglomerate of soot with condensed organics and ash species
(including potassium, chloride, sulfates and phosphates), and (2) a spherical organic
particle, have been found [97|. Two mechanisms, (1) the entrainment of coarse ash
particles (>10 pm) in the gas stream [98, 99| and (2) the vaporisation and nucleation
of submicron-sized minerals [98, 100-103], have been shown to contribute to fly ash.
It has also been found that during transient events organic compounds dominate the

emissions, whilst during steady-state combustion inorganic compounds are of greater
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importance [83].

It has been suggested that trace quantities of S, Cl, K or Na can affect the overall
producer gas combustion process and have a significant impact on the formation of
SO,, HCI, NO,, PAH, and soot [96]. Experiments using KCl-doped biomass have
shown that Cl can interact with fuel methoxyl groups, leading to the formation of
CH;Cl1 [104] and that HCI [105, 106] as well as CH3C1 [107], already at low concentra-
tions, strongly inhibit the oxidation of CO. Phosphorous-containing compounds have
shown strong flame-inhibiting characteristics [108, 109]. Furthermore, the addition
of Fe (200 ppm) and Mn (140 ppm) to a laminar, sooting, premixed ethylene-oxygen-
nitrogen flame has been shown to cause a potential threefold increase in soot [110].
The influence of specific ash constituents on a staged combustion process requires
further scrutiny; however, this is outside the scope of the present investigation.

The impact of fuel ash constituents on the secondary combustion process and
the particulate emissions is largely unknown. Due to the complexity and interaction
of ongoing processes, an analysis of the particulate matter emissions from direct
producer gas combustion could provide further insights into the influence of ash

constituents.

3.3 Small-Scale Application in Cookstoves

3.3.1 Cookstove Development

In small-scale applications, emissions reduction can often only be performed through
the optimisation of the combustion process itself. Downstream gas cleaning, which
is generally performed in large-scale or high-tech applications, such as power plants
or internal combustion engines may not be possible. In some small-scale devices a
flue is used to transport the exhaust stream outside the building, but as these rely

on buoyancy, implementing gas cleaning will be challenging. Therefore, a deeper
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Figure 3.4: Pathways leading to particulate emissions and emissions from in-
complete combustion, with a focus on ash constituents [55].

understanding of the combustion process itself and measures that increase efficiency

are necessary.

The air supply is a defining parameter. Its supply and regulation has a profound
influence on performance. As mentioned previously, most cookstoves rely on natural
draft for their air supply, which then depends on the buoyancy force, hence temper-
ature differences and the reactor geometry. It has been suggested that already small
ambient disturbances impact buoyancy-driven air supplies and can therefore affect
the efficiency of cookstoves [111]. Shielding of the combustion region, as seen in many
improved cookstoves [112-114], can mitigate this issue. Many natural draft stoves,
especially gasifier or rocket type stoves (a stove that is continuously fed from the
side and features conventional combustion), have shown clear improvements in com-
parison with three stone fires [78, 115]. The use of forced draft has been suggested
to provide the potential for further emissions reductions. However, the feasibility of

using forced draft is substantially limited by the requirement for electricity, which
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results in a more complex and costly system [111]. Increasing emissions, as well as
heat transfer efficiency [116], suggested for forced draft stoves, could compensate for

the additional complexity due to the use of electric fans.

Air staging has also been shown to increase burn-out in many combustion sys-
tems and therefore reduce emissions from incomplete combustion [117]. In a rocket
type stove, the introduction of air downstream of the fuel bed achieved a reduction
in the emissions from incomplete combustion, but care must be taken as over-supply
of air can lead to flame quenching and an increase in pollutant emissions [118|. The
geometry of the air supply and its potential invasiveness into the combustion region
can also be of importance and must be accounted for in design considerations [119].
A number of research articles have shown that a forced air supply leads to greater
mixing of air and combustible species, and thus increased combustion performance
[115, 120-124]. Conversely others have found no reduction of emissions from incom-
plete combustion when using forced draft [116]. Furthermore, transients at start-up,
shut-down and refuelling, have a substantial impact on the total emissions [125] and
may also be influenced by the air supply. A deeper understanding of combustion in
small-scale atmospheric systems, and particularly the influence of the air supply, is

necessary to ensure consistent emissions reductions.

Emissions from incomplete combustion from cookstoves are often related to the
supplied fuel and, within the widely used biomass fuels, wood is generally regarded
as a better fuel than agricultural residues, which in turn are regarded as better than
manures, based on the experimental findings in the literature [126, 127|. The cause
of the discrepancy between different biomass fuels is largely unknown and requires
further investigation.

Additionally, emissions reductions can be achieved through processing of the
fuel, for example through pelletisation [128, 129], retained heat cooking [130], or
automation of the combustion process to reduce user influences [131]|. User practice

has been shown to be of substantial importance for the efficient utilisation of a
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cookstove [120, 132-134|. Furthermore, mathematical modelling approaches can be
used to better understand and complement experimental work [135-137|. Such topics

also need further consideration but are outside the scope of the present investigation.

3.3.2 Gasifier Cookstoves

Research which focuses on the specific processes in reverse downdraft gasifier stoves
is widely dispersed and can consist of scientific articles and theses [15, 138, 139], as
well as there being much work presented in the grey literature [140]. A brief overview
of the most relevant findings is presented here. This work provided the basis for the
reactor design and the developmental framework of the present investigation.

A natural draft gasifier stove with a gas wick downstream of the secondary air
inlet was used to investigate and describe the working principle of this type of stove
by Reed et al. [141]. Further work was performed on the importance of the primary
air supply using forced air [1] and tests were undertaken with a variety of fuels [50].
This work helped to establish the benefit of separating the combustion of volatiles
and char, in the particular manner of gasifier stoves.

A forced draft Oorja gasifier stove, using wood as fuel, was investigated by
Varunkumar et al. [7, 17, 142]. The influence of increasing the air supply and
the classification of subsequent regimes of the solid fuel conversion process was ex-
amined. Based on the superficial velocity (v4) (the mean velocity of the primary
air within the reactor) two regimes were suggested: (1) “gasification dominated” for

! correspond-

vs<170 mm-s~! and (2) “char oxidation dominated” for v,>170 mm-s~
ing with Figure 3.1. In this thesis, these regimes will be termed (1) oxygen-limited
and (2) reaction-limited, as described in Section 3.1.1. The conversion behaviour
was described: In the oxygen-limited regime, as similar to single particle conversion,
where mainly volatile release and oxidation occurs. Simultaneously char is produced.

Here, a thinning reaction front can be noticed with the increasing air supply. In the

reaction limited regime, char and volatile oxidation occur concurrently as sufficient
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oxygen availability overcomes the char conversion-limiting oxygen diffusion to the
particle [7]. Furthermore, it has been shown that in the char combustion stage,
within the oxygen-limited regime, the conversion depends largely on the char den-
sity [142]. During devolatilisation, the producer gas constituents were measured and
the tars estimated to simulate secondary combustion and heat transfer to the vessel
on top of the stove. It was shown that inducing swirl in the secondary combus-
tion zone had no effect, but that the stove geometry and pot size influence the heat

transfer properties strongly [17].

Tryner et al. studied a variety of natural draft stoves and a forced draft experi-
mental reactor using multiple fuels [18, 143, 144]. A comparison of three modifica-
tions of the Jingilin natural draft stove, a Philips HD 4008 natural draft stove, and
a Peko Pe natural draft stove, with wood pellets and corn cobs as fuels, presented
a wide variation in performance from small design differences [143|. The profound
effect of the fuel type and test procedure on the release of emissions and especially
the impact of transients, during start-up, re-fuelling and shut-down, is highlighted
[143|. The forced draft experimental reactor was used with corn cob chips, eucalyp-
tus chips, Douglas fir chips and lodgepole pine pellets as fuels. Multiple primary and
secondary air supplies rates were investigated, with SA:PA ratios of 3—4 presenting
low emissions from incomplete combustion during the devolatilisation of the solid fuel
[18]. Other ratios of 1 to 3.1, 5.7, 6.2 [50] and 2.3 [145] have been reported, but no
investigation of the related efficiency was performed. Confirming a ratio of primary
to secondary air, which provides high performance would be a priority, as it could
then underpin all emergent gasifier stove designs. Furthermore, a smaller hole size at
the secondary air inlet led to a reduction of emissions, while the swirl of secondary
air had a negligible impact [18]. The emissions of sub-micron particulate emissions
from wood chip combustion in the forced draft experimental reactor showed a bi-
modal size distribution with peaks at 10 nm and 40 nm during normal operation,

with a pot on the stove [144]. Once the pot was removed, only a unimodal peak at
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10 nm was noted. This may indicate that the pot has an influence on the secondary
combustion zone, most likely due to flame quenching. Flame quenching by the pot
can potentially be mitigated through optimising the stove geometry to avoid contact
between the flames and the cooking surface. Transient events, when refuelling and
during shut-down, accounted for approximately 29% and 59%, respectively, of the
total mass of released particulate matter [144].

When comparing the various investigations presented above, as well as related
studies |45, 146, it can be noticed already that small variations in the stove geometry
or the utilised fuel may have a significant impact on the stove’s performance. Basic
design principles, such as the air inlet ratios or the bed depth therefore require further
attention to enable the design of more efficient stoves in the future, especially in terms

of the use of a variety of fuels and their impact on the combustion process.

3.4 Research Gaps

For this thesis four specific research gaps have been identified:

1. Research Gap: In gasifier stoves the air supply is of central importance,
but its influence is still not fully understood. While primary air sustains the thermo-
chemical conversion, further complexity is added to the combustion process as the
relationship between the two air stages must be considered. Complete combustion

is a requirement only in the secondary combustion region.

e Aim: FEzamine the influences of the air supply and distribution on the com-

bustion processes.

e Objective: Examine the influence of variations of the draft type (natural- or
forced-draft), the amount of primary and secondary air supply, as well as their

relationship and relative locations, in terms of the released gaseous emissions.
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2. Research Gap: The presence of char, downstream of the reaction front,
may influence the composition of the producer gas released from the thermochemical
conversion of the solid fuel. It has been suggested that the char may facilitate the
decomposition of tars but a verification of this mechanism in small-scale gasifier
stoves and an investigation into the nature of such influences could be beneficial.
Decomposition of tars to combustible gases within the solid fuel bed could provide

desirable implications for the producer gas quality.

e Aim: Investigate the impact of the char layer on the autothermal thermochem-

ical conversion process.

e Objective: Study the influence of an increasing fuel bed depth and the re-
sulting increase of the char layer thickness during the conversion process on

the release of products from the solid fuel conversion process.

3. Research Gap: In application, a wide variety of fuels are being combusted in
cookstoves, while most research focuses on the use of woody biomass. A deeper un-
derstanding of the influence of different feedstocks, with a wide range of ash contents,

on the thermochemical conversion process is of interest.

e Aim: Investigate the impact of a variety of fuels with a wide range of ash

contents on the autothermal thermochemical conversion process.

e Objective: Investigate how different fuels and fuel compositions affect the pro-
cess conditions. Analyse products from the thermochemical conversion process,

with a particular focus on potential influences of the fuel ash content.

4. Research Gap: The producer gas released from the thermochemical con-
version of the solid biomass provides the fuel for the secondary combustion process
in gasifier stoves and its composition may vary widely in between different fuels.

An analysis of the combustion products with more information about the producer
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gas may provide a more in-depth understanding of the combustion processes and

mechanisms that control the emissions.

e Aim: Fxtend the understanding of the producer gas combustion process down-

stream of the fuel bed, particularly mechanisms that control the emissions.

e Objective: Analyse how different fuels and fuel compositions affect the prod-

ucts from the secondary combustion process, downstream of the fuel bed.

These gaps are individually addressed in independent research articles. Each

article forms one of the four main chapters of this thesis.
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Influence of Primary and Secondary Air Supply on Gaseous
Emissions from a Small-Scale Staged Solid Biomass Fuel Combustor
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School of Mechanical Engineering, ¥School of Chemical Engineering, and *Humanitarian and Development Solutions Initiative, The
University of Adelaide, Adelaide, South Australia 5005, Australia

ABSTRACT: The emissions from traditional biomass combustion systems for cooking and heating are, globally, the main cause
for premature mortality as a result of air pollution. A staged combustion process that separates the thermochemical conversion of
the solid fuel and the combustion of the released products offers potential to reduce harmful emissions for solid fuel combustion
and could, therefore, help mitigate the issue. In the present study, the fundamental combustion behavior of a small-scale staged
combustor was investigated, with a focus on an independent systematic analysis of relevant parameters. Natural and forced draft
conditions as well as a combination of both were tested. The relative location of primary to secondary air was also varied. When
lighting the fuel, higher air flows lead to faster ignition and lower emissions. A steady-state combustion phase is achieved when
gasification products are burned with secondary air, which occurs mainly while the solid fuel is being pyrolyzed. After the steady-
state phase, char remains as the solid pyrolysis product. Gasification of the remaining char was found to release great amounts of
CO, which are emitted from the combustor, in the case of natural draft secondary air (SA). With higher air flows of forced SA, an
exceptionally high nominal combustion efficiency [NCE = X0,/ (Xco + Xco2)] can be achieved in the steady-state phase. Forced
SA flows cause a longer duration of the steady-state phase from the combustion of raw biomass gasification products into the
combustion of char gasification products. This extension leads to a significant reduction of emissions of incomplete combustion.
Additionally, smaller distances between the SA inlet and the fuel stack caused lower emissions of incomplete combustion. The
combination of forced draft primary air and natural draft SA presented worse combustor performance than under natural draft
conditions.

1. INTRODUCTION material and also the supply of forced air can be beneficial."’
Approximately 2.8 billion people currently rely on solid biomass Lighting causes the coml?ustion of the top layer OfSOIid bi.oTnass
fuel to satisfy their cooking and heating needs.' Globally, and consumes oxygen in the corjlbustor, creating a v1tla”ted
emissions caused by the use of traditional open fires or simple environment, leading to a so-called “migrating pyrolysis front” to
cookstoves are the main cause of premature mortality as a result establish, in which only partial oxidation occurs. This front moves
of air pollution.” This includes 2.89 million and 2.93 million opposite to the primary air (PA) flow, down the fuel stack.
premature deaths annually related to household air pollution Simultaneously, the pyrolysis products are burned separately at a
from solid fuels and ambient particulate matter (PM) pollution, secondary air (SA) inlet."" This separation of pyrolysis and
respectively.3 These findings illustrate the need for clean-burning combustion processes is illustrated in Figure 1. The remaining
cooking devices. A reduction of the amount of pollutant char, which accounts for 20—30% of the initial mass,"*~"* can
emissions released from incomplete combustion through subsequently be burned or used for other purposes, such as soil
traditional cooking methods could lead to not only health amendment.'® Three successive processes are most prominent in
improvements but also social as well as environmental benefits. " staged biomass combustors: the lighting of kindling material at
Staged combustors have demonstrated promising results as the top of the fuel stack, the migrating pyrolysis, where the
cookstoves in laboratory studies compared to other cookstoves. release and combustion of volatile compounds prevails, and the
This type of combustor has been shown to produce low char gasification, where the remaining char is converted into CO
emissions of incomplete combustion, carbon monoxide (CO) and CO, through surface oxidation. A systematic analysis of each
and PM, in cooking applications.”” Other emissions, such as of these phases could aid in decoupling processes to analyze
nitric oxides (NO,), can also be reduced through staged individual parameters in isolation.
combustion.® The main feature that sets them apart from other The migrating pyrolysis front propagation and, thus, the fuel
types of combustors is the use of pyrolysis and gasification to conversion as well as the heat release are controlled by the supply
transform the batch-fed solid biomass fuel into combustible of PA.'>'5723 1t has been shown that forced air can lead to a
gases, which are subsequently burned separately in time and reduction of emissions of incomplete combustion.?*~%° Con-

location.” The measurement of gaseous combustion products
can provide valuable information to gain a better understanding
of the ongoing processes.

The two-staged combustion process is initiated by lighting the

Special Issue: 6th Sino-Australian Symposium on Advanced Coal and
Biomass Utilisation Technologies

fuel from the top with the aid of a kindling material. Lighting has Received: October 15, 2017
been identified as a major source of emissions of incomplete Revised: ~ November 29, 2017
combustion, where the higher heating value of the kindling Published: December 12, 2017
ACS Publications  © 2017 American Chemical Society 4212 DOI: 10.1021/acs.energyfuels.7b03152
A4 Energy Fuels 2018, 32, 4212-4220



Energy & Fuels

M

Secondary
Air

Secondary

=2 willy’

Pyrolysis

Batch
Fed
Fuel

Stack

Primary Air

Figure 1. Schematic illustration of the combustion process in the staged
combustor.

versely, in some cases, it is possible that forced air staged
combustion stoves, although energy-efficient, may not necessar-
ily reduce emissions.”” These contradictory findings reinforce the
need for a deeper understanding of the underlying processes to
ensure emission efficiency of future stove designs.

There is widespread belief that forced air compared to natural
draft leads to greater mixing and, thus, increased perform-
ance.”**” Many forced draft stoves are equipped with one single
fan that supplies air to both the PA and SA inlets. The ratio of
PA/SA is then fixed, dependent upon the stove geometry."'
However, a few studies have been concerned with the influence
of PAZ%39732 or the ratio of PA/SA*®**332 on the combustion
properties of the combustor. There is a paucity of scientific
understanding of such systems and the parameters that control
the emissions. In particular, the influence of SA flows as well as
the relative location to the PA flow are poorly understood in
small-scale staged combustion systems. In continuously fed
domestic biomass boilers, iterative parametric investigation of
the staged air supply has been found to provide means to
decrease specific emissions”>** and could provide similar
benefits for the studied combustion system.

The present parametric study was carried out in a research
combustor to study and gain a deeper understanding of the
ongoing fundamental processes in small-scale staged combustion
devices. Preliminary tests under natural draft conditions set a
baseline against which alterations can be compared. Sub-
sequently a combination of forced PA and natural draft SA are
tested. Because the required air supply will change throughout
the different combustion phases, it might be advantageous to
entrain the SA via natural draft. Further tests are conducted with
a specified PA flow and variable SA flow, to study the influence of
an increasing air flow on the emissions of the combustion
process. The relative location of the SA inlet to the fuel stack is
also considered. With a fixed location of the SA inlet, a varying
distance of the air supply to the fuel might have an influence on
the stove performance.

In most research on cooking devices that use biomass fuel, the
overall stove efficiency is determined through tests that emulate
user practices. This approach is dependent upon a multitude of
variables, including the combustion and heat transfer properties
as well as handling by the user, which has been shown to lead to
high variability of results.*>*® This paper focuses solely on the
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fundamental combustion properties of a small-scale staged
combustor, enabling a more independent analysis of relevant
parameters. Specifically, the focus of the current work is on the
role of the PA and SA supply and their locations relative to the
fuel bed. A deeper understanding of the underlying combustion
properties could enable future optimization of such devices,
which is the motivation of this research.

2. EXPERIMENTAL DETAILS

2.1. Staged Combustor. The research combustor used in the
current work has previously been presented®>*” and shown in Figure 2.
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Figure 2. Schematic diagram of the combustor, with inlet locations for
thermocouples (A and B) and measuring location of the outer
combustor body temperature (C), with the air flow direction and all
numeric values in millimeters.

It incorporates the principal features of a PA inlet at the bottom of the
combustor and a lateral SA inlet in the upper region. Its dimensions were
chosen to be slightly larger than many commercial products [e.g., the
Champion top-lit up-draft (TLUD)''], especially the height. This
increased size enables an investigation of scaling effects over a wider
range of combustion-relevant parameters, such as the fuel grate (FG)
location. Importantly, the large diameter of the vessel provides a nearly
one-dimensional reactor to facilitate subsequent modeling. The research
combustor has been designed to advance the fundamental-level
understanding and to study the underlying physical processes. Thus,
the combustor will be used to assess the combustion properties and not
the cooking performance. It is important to recognize that the current
system does not include a pot on top of the stove. If the secondary flame
front was to interact with such a pot, localized quenching could occur
and, subsequently, lead to an increase in the emission of the products of
incomplete combustion. However, with proper design and operation of
a stove, such effects would ideally not occur in an operational stove.
The steel cylinder combustor body has a diameter of 206 mm, a
height of 600 mm, and a wall thickness of 8 mm. Inside the combustor
body, the FG, on which the fuel is placed, is held via three hooks. These
are attached to the rim of the combustor body; the FG location is
variable by adjusting the length of these hooks between 50 and 570 mm
below the SA inlet. The hooks enable the grate to be easily removable
from the combustor for post-combustion analysis of the solid residual
matter as well as cleaning. The grate is perforated with 3 mm diameter

DOI: 10.1021/acs.energyfuels.7b03152
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holes, with an open-area ratio of 26%, which allows PA from beneath the
grate to enter the fuel stack. The combustor body is placed on top of the
PA inlet chamber.

2.1.1. PA Configurations. The PA inlet chamber (dimensions of 248
X 248 X 150 mm) is equipped with removable side walls. When the side
walls are taken off, the air can enter freely over the whole combustor
body diameter via natural draft, and if closed off, air can be applied
through a controlled inlet. In the natural draft configuration, the amount
of air that enters is determined by the buoyancy force as a result of the
pressure difference over the combustor height during the combustion
process. In the forced air configuration, the sides of the chamber are
closed off and the inlet is connected to dry compressed air. The in-flow is
controlled by a needle valve and a rotameter upstream of the inlet.
Downstream of the inlet, air passes through a diffuser ring with ten 1 mm
diameter holes. These holes in the diffuser are directed downward,
which forces the air flow to be inverted before entering the combustor
body. The inversion of the PA flow leads to less swirl and a more uniform
air flow through the combustor body. Subsequently, the flow through
the combustor body is influenced by the porous fuel bed. The air flow
through the direction in the combustor is presented in Figure 2. In the
present study, tests were performed in the natural draft as well as the
forced air configuration.

2.1.2. SA Configurations. The SA enters the combustor through
three 190 mm long, 20 mm high, lateral openings. These are located 285
mm below the top of the combustor extension and 55 mm above the exit
plane of the combustor body. There are two different configurations that
allow air to enter either via natural draft or forced by introducing
compressed air. For the natural draft configuration, the three openings
of the combustor extension, shown in Figure 2, are open to the
surroundings. In the forced air configuration, the inlet is enclosed by a
diffuser skirt. The forced air combustor extension has four inlets. All four
inlets are connected by hoses of equal length to a manifold. The
manifold is situated downstream of a needle valve and rotameter by
which the inflow of dried compressed air is regulated. These measures
were taken to ensure a uniform flow throughout the skirt to enter the
combustor extension. In all forced air configurations, PA and SA are
separately controlled via independent air supply lines.

2.2. Data Collection. The data collection setup consists of emission
data being collected in one central location, while temperature data were
constantly measured in two locations. The research combustor was
placed under a fume hood, which was connected to an extraction duct
and a fan to ensure that all emissions from the combustor were directed
outside of the laboratory. The measuring probe of a Testo 350XL gas
analyzer was placed 830 mm above the exit plane, along the central axis
of the research combustor. This sampling location is at the interface of
the fume hood and the extraction duct. The released gases from the
research combustor will expand upon leaving the combustor, mix with
the surrounding air, and enter into the fume hood. The hood acts as an
aerodynamic contraction, reducing the 1060 mm intake down to a
diameter of 185 mm at the point that the measurements are collected.
The diameter of the fume hood intake compared to the research
combustor diameter ensures that all emissions from the reactor are
collected. The high contraction ratio of the fume hood promotes intense
mixing of the gases, such that the emissions from the combustor are well-
mixed by the time that they reach the measurement point. The gas
analyzer was used to measure the CO, CO,, and H, emissions at 1 Hz,
on a dry basis. The resolution was 1 ppm for low emission levels (<2000
ppm) and S ppm for high emission levels (>2000 ppm) of CO
measurements. The resolution for CO, measurements was 0.01%. For
all measurements, unburned hydrocarbons (methane, propane, and
butane) were below the detection limit, namely, 100 ppm. Temperature
data were collected, at 1 Hz, via two K-type thermocouples inside the
combustor body and the combustor extension, shown in Figure 2 at
locations A and B, respectively. For procedural purposes, temperatures
were measured in location C, when needed, via an infrared
thermometer.

2.3. Test Procedure. The research combustor, with a wall thickness
of 8 mm, has a higher thermal mass than usual cookstoves. It therefore
was deemed necessary to ensure that only preheated tests were
recorded, to minimize any influence on the combustion performance,

4214

although the process can also be achieved with a cold start. After
preheating the combustor, a new batch of fuel was introduced when the
outer wall temperature in location C, shown in Figure 2, measured 150
°C. For kindling, S mL of methylated spirits (96% ethanol, CAS Registry
Number 67-63-0) was poured over the fuel stack and ignited when the
outer wall temperature reached 135 °C. The chosen starting wall
temperature of 135 °C is below the temperature encountered later in the
burn cycle. Therefore, thermal energy from the combustion goes toward
increasing the body temperature. However, it is not possible to preheat
to a higher temperature both for manual handling safety during the
reload process and also to avoid volatilization of the biomass fuel, which
starts at approximately 200 °C.*°

The fuel for each test consisted of 700 g of dried locally sourced pine
chips (Pinus radiata). The wood chips were obtained from various
locations across the Mount Lofty ranges of South Australia. They were
sourced in bulk, as pre-chipped material, and sieved through a 25 mm
aperture, resulting in an average particle size of 24 X 8 X 3 mm (length X
width X height). The bulk density of the dried pine chips is
approximately 210 kg m™. This density and amount of fuel used led
to a fuel bed height of 100 mm and a test duration of approximately 600
s. While a greater amount of fuel would extend the time spend in the
steady-state and char phases, it would not impact the findings. The
proximate analysis of the pine chips provided a composition of 16.8%
fixed carbon, 82.9% volatile matter, and 0.4% ash mass fractions on a dry
basis. The ultimate analysis yielded mass fractions of 51.2% C, 6.2% H,
42.0% O, and 0.2% N on a dry basis. Pine chips were chosen as fuel
because wood is the most commonly combusted biomass.*® The
influence of the moisture content has previously been studied"® and is
outside the scope of the presented research study. To avoid the influence
of inconsistent moisture content on the burning rate and the
emissions,"® all of the chips were dried prior to testing. This was
performed by keeping them for 16 h in a confined space at a constant
temperature of 37 °C, created by an air conditioning unit. The drying
process resulted in a fuel moisture content of approximatelgr 7%
determined via the ASTM D4442-92(2003) standard procedure.”

Four sets of tests were conducted with various different
configurations presented in Table 1. The first set of tests are performed

Table 1. Configurations of the Natural Draft (ND), Varying
PA, Varying SA, and Varying FG Location below the SA Inlet
Cases That Were Tested

PA flow SA flow loclzgon equivalence
repetition (L min™') (L min™") (mm) ratio (®)

both ND 8 ND ND 470
varying PA N 78 ND 470
4 98 ND 470
6 118 ND 470
6 138 ND 470

varying SA 4 118 328 470 1.11

3 118 410 470 0.94

3 118 492 470 0.81

3 118 574 470 0.71
varying FG 4 118 ND 180
location 3 118 ND 270
3 118 ND 370
6 118 ND 470

with both the PA and SA inlet in natural draft configuration. These
natural draft tests can be considered as a baseline against which the
various alterations of PA and SA flow can be compared. The following
sections provide details about the respective variations within each set of
tests.

2.3.1. PA Testing. The PA flow is varied, while SA is introduced
through natural draft. The PA flow rates are 78, 98, 118, and 138 L
min~?, corresponding to 47.0, 59.0, 71.0, and 832 g m™? s},
respectively. The flow rates are reported at standard temperature and

DOI: 10.1021/acs.energyfuels.7b03152
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pressure (STP) conditions, namely, 0 °C and 10° Pa. These values were
chosen in accordance with previous studies on fixed-bed reactors and
provide an oxygen-limited environment for the migrating pyroly-
sis.' 0718292 They are also similar to values and extending the range of a
previous study on a similar combustor.*

2.3.2. SA Testing. For the SA tests, the PA flow was set to a value of
118 L min~!, while SA flows of 328, 410, 492, and 574 L min~! were
injected into the combustor extension. No previous studies have been
found in which specified flow rates of SA were introduced into a staged
combustor. Therefore, an approximation was performed on the basis of
previous findings. It has been reported that, during the migrating
pyrolysis, the PA to fuel (A/F) mass ratio settles at about 1.5 for different
PA flow rates.”” From the ultimate analysis, a mole fraction of
C1ro0H145006, can be derived for the pine chips, with a respective
stoichiometric A/F mass ratio of 6.2 for complete combustion.
Assuming an A/F mass ratio of 1.5 during the migrating pyrolysis,”
the overall fuel equivalence ratio (¢)) would be 1.11, 0.94, 0.81, and 0.71
for the different SA air flows. Therefore, fuel-rich conditions can be
expected for the 328 L min~" case, but fuel-lean conditions are expected
for all other flow rates.

2.3.3. Varying FG Location Testing. The location of the fuel stack
within the combustor was varied to change the residence time of the
gases within the combustor body. The tests were performed with the FG
at distances of 180, 270, 370, and 470 mm below the SA inlet, as
presented in Figure 2. The PA flow was set to a constant value 118 L
min~", and the natural draft combustor extension was attached to the
combustor body.

2.4. Data Processing. To account for dilution and determine a
quantitative value for the combustor efficiency, the measured emissions
were normalized. This normalization was performed by relating the
measured concentrations to all gaseous carbonaceous combustion
products. This include the calculation of the nominal combustion
efficiency [NCE = X¢o,/(Xco + Xco,), where X is mole fraction], which

has been previously established for the evaluation of cookstoves.*’ The
only gaseous carbonaceous species that were considered in the
normalization were CO and CO,, because the hydrocarbon emissions
were below the detection limit.

The three expected phases of operation are (1) the lighting phase, (2)
the steady-state phase, and (3) the char phase. Rigorous analysis
identified that all three phases could be identified on the basis of the
transition between phases. A mathematical decision rule was used to
separate the three phases, to be able to analyze each phase separately.
When the temporal derivative of the normalized CO profile exceeded a
value of +0.002 s, a change in phase was identified. This value was
established to be a robust identifier of a change in phase. Figure 3
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Figure 3. Normalized CO emission profile with separated phases by the
mathematical decision rule. The phase change was identified when the
temporal derivative of the normalized CO profile [Xco/(Xco + Xco,)]

exceeded a value of +0.002 s,

presents an example emission profile, divided into the three phases by
the mathematical decision rule. For each of the three phases, peak values
or time-weighted-average (TWA) values were calculated. In the lighting
phase, the average of the peak values over all repeat runs was calculated
because this measure is best suited to the transient processes where
peaks occur. For the steady-state phase, TWA values provide an average
value for the steady emissions. For the char phase, both average peak
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values and TWA values were calculated to account for multiple emission
peaks experienced in this phase.

3. RESULTS

3.1. Natural Draft. Preliminary tests were conducted with
the research combustor in its natural draft configuration. The
results from these natural draft conditions are presented within
the figures of the results from the other sets of tests, such that the
natural draft case serves as a reference point. In this way, it is
possible to see if changing operating parameters can enhance the
performance and mitigate emissions of incomplete combustion.

The natural draft tests were used to identify the different
combustion phases, the lighting phase, the steady-state phase,
and the char phase (as previously described in detail'"). In the
lighting phase, the kindling material is lit on top of the fuel stack,
leading to the combustion of the top layer of the solid biomass
fuel. In this phase, high emissions of incomplete combustion,
namely, CO and H,, were detected, as seen in Figure 4. In the
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Figure 4. Average normalized emission profiles of H,, the nominal
combustion efficiency [NCE = X, /(Xco + Xco,)], and measured gas-

phase temperature profiles inside the combustor body and the
combustor extension for various PA flows and the natural draft case.

steady-state phase, the NCE is very high, accompanied by low
emissions of products of incomplete combustion. In the char
phase, the NCE decreases significantly and the emissions of CO
rise.

3.2. Variation of PA. The emissions and gas-phase
temperature profiles with varying PA flows and natural draft
SA flow are presented in Figure 4. As explained previously, the
three combustion processes of lighting in the first 76—102 s, the
steady-state combustion in the following 178—281 s, and after
that the char gasification were identified. For the measured
emissions, average peak values were calculated for the lighting
phase and TWA values were calculated for the steady-state as well
as char phases, as presented in Table 2.

It can be seen in Figure 4 that, in the lighting phase, the
normalized peak NCE and the measured gas-phase temperature
inside the combustor body rise, while the normalized H,
emissions subside substantially with an increase in PA flow.
This is consistent with a previous study,'® which also showed that
higher air flows lead to a higher rate of combustion. In the natural
draft case, the emissions of products of incomplete combustion
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are much higher than those in all of the forced air cases, except
the 78 L min~" case. To start the process, the fuel is placed inside
the combustor body and lit from the top. The initial combustion
of kindling material and the top layer of biomass consume the
surrounding oxygen inside the combustor body. In the forced
draft cases, the air flow through the fuel bed provides necessary
oxygen for further combustion, while in the natural draft case, the
flow has to be established by the buoyancy force. Thus, to start a
flow through the fuel stack, the buoyancy force has to exceed the
pressure drop imposed by the fuel stack. This pressure drop
could lead to a lower PA flow in the beginning, causing the high
emissions in the lighting phase. A comparison of the natural draft
and varying PA test results suggests that the average natural draft
flow rate is close to 98 L min™".

Increasing the PA leads to a higher fuel conversion and a
shorter time in the steady-state phase. This is supported by the
increase of TWA NCE values up to 0.9968, while the time in this
phase as well as normalized H, emissions decrease to 0.00005, as
presented in Table 2. The gas-phase temperature profiles
increase slightly with the PA compared to the natural draft
case, except for the case of 118 L min~!, in which the
temperatures exceed all other measurements by approximately
150 °C. This increase in the temperature is related to the higher
fuel conversion and the decrease of emissions of incomplete
combustion, which will lead to a greater heat release in the
system. Further addition of air leads to cooling as a result of air
dilution.

As shown in Table 2, the TWA NCE values decrease from
0.9271 to 0.7773 in the char phase with higher PA flows. It is
hypothesized that, with a higher air flow, the products of the
gasification process, mainly CO, are not subsequently burned in
flaming combustion on top of the fuel stack. The flames observed
on top of the fuel stack in the gasification phase consume a higher
proportion of the CO emissions in the natural draft case than
with higher PA flows. The higher flow rates appear to allow for
insufficient residence time for complete oxidation within the
flaming region. This is supported by the gas-phase temperature
profiles inside the combustor body. Temperatures increase with
higher forced PA flow but are consistently much lower than in the
natural draft case. In addition, it can be assumed that the higher
velocity of the migrating pyrolysis front, with higher PA flow,
results in a higher initial heating rate of the solid fuel.”” The initial
heating rate has been shown to be decisive for the reactivity of the
char.*>* Therefore, the high CO emissions, especially at the
beginning of the char phase, could be caused by a higher
reactivity of the remaining char after the steady-state phase.

3.3. Variation of SA. Figure S presents the normalized
emissions and temperature profiles with varying SA as well as the
natural draft case. It can be seen that, in all phases, the emissions
are reduced substantially and the NCE is, except for the lowest
value of SA, consistently higher than in the natural draft case. The
initial peak of emissions in the lighting phase is reduced, and the
gas-phase temperatures inside the combustor body rise
significantly.

In the steady-state phase, it can be seen that the flow rate of
328 L min ™! leads to higher emissions than all of the other cases,
including the natural draft case. Thus, it can be assumed that a
flow rate of 328 L min™' provides, as expected from the
calculations presented in section 2.3.2, fuel-rich conditions and
insufficient oxygen for complete combustion of the pyrolysis
products. NCE is consistently higher for all other air flows
compared to the natural draft case. In accordance, the gas-phase
temperature inside the combustor extension is consistently
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Figure 5. Average normalized emission profiles of H,, nominal
combustion efficiency [NCE = Xco,/(Xco + Xco,)], and measured

gas-phase temperature profiles inside the combustor body and the
combustor extension for various SA flows at 118 L min™! PA flow and
the natural draft case.

higher. It should be highlighted that, with the forced SA flows of
492 and 574 L min~', up to approximately 300 °C higher
temperatures can be measured.

In the char phase, the reduction of emissions is especially
significant, in relation to the natural draft case. TWA NCE, as
presented in Table 2, rises for all flow rates above 0.92 and up to
0.96, while the normalized H, value sinks as low as 0.00003.
Values of such high efficiency had previously not been achieved
in the char phase. This indicates that, with higher SA flow rates, a
significantly greater proportion of CO emissions from the char
gasification are oxidized. It should be stressed that, only in the
case of the two higher air flow rates, the gas-phase temperatures
inside the combustor body reach temperatures similar to the
natural draft case. These high temperatures were only achieved
with both air flows in natural draft configuration and with high SA
flows, while temperatures with forced PA and natural draft SA
were lower. Thus, it can be assumed that the higher SA flow rates
lead to a higher heat release from combustion in this phase.

A noticeable increase in efficiency is noted between the flow
rates of 328 and 492 L min ™" but only a slight increase above that.
This could mean that increasing the SA flow beyond a specified
air/fuel ratio has only a marginal influence on the performance. It
can be assumed that an optimal ratio of the PA/SA exists and
that, for a specific PA flow, lower SA flow values might lead to
insufficient mixing of combustible gases with air, while an
oversupply might lead to cooling and potentially quenching of
the flame front. A ratio of PA/SA flow of about 1:4 appears to
achieve a very high combustion efficiency for this configuration.
Previously ratios of 1 to 3.1, 5.7, 6.2,>° and 2.3* have been
reported, but no relationship to the efficiency was established.
Ratios of 1:3 and 1:4 have also been reported to achieve low CO
emissions in the steady-state phase, while the char phase has not
been considered.’’ Further investigation coupling the combus-
tion efficiency with the heat transfer efficiency would be helpful
in finding an optimal PA/SA flow ratio.

3.4. Variation of the FG Location. The normalized
emissions and temperature profiles of various FG locations are
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presented in Figure 6. It can be seen that a reduction of the fuel
stack distance to the SA inlet leads to higher measured
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Figure 6. Average normalized emission profiles of H,, nominal
combustion efficiency [NCE = X /(Xco + Xco,)], and measured
gas-phase temperature profiles inside the combustor extension for
varying distances of the FG below the SA inlet at 118 L min~' PA flow
and the natural draft case.

temperatures inside the combustor extension ranging from 150
to 250 °C above the natural draft case. The increased
temperature compared to the natural draft case of about 150
°C with a FG distance of 470 mm can be attributed to the supply
of forced PA. The further temperature increase can be assumed
to be due to the smaller distances of the FG. With a smaller
distance between the fuel and the SA inlet, there will be less heat
loss of the gasification products before combustion, leading to an
increase in the combustion temperature and, thus, efficiency. The
higher temperatures will cause a greater buoyancy force at the SA
inlet, increasing the amount of entering air, which, in turn, will
affect the combustion efliciency. Decreasing emissions of
products of incomplete combustion were recorded in the
lighting and char phases, with smaller distances of the FG. FG
locations of 180 and 270 mm provided a NCE value of 0.9988 in
the lighting phase, which was the highest of all measured
configurations. A smaller distance of the FG location also
prolonged the high-efficiency steady-state phase significantly,
with a minor reduction of the NCE. In the char phase, a smaller
distance of the FG caused a higher NCE but only the lowest
distance of 180 mm achieved a higher NCE than the natural draft
configuration.

4. DISCUSSION

In comparison of the profiles, presented in Figures 4 and 5, it
needs to be kept in mind that, in the set of varying SA flow rates,
PA was fixed to the value of 118 L min~" and the FG location was
at 470 mm below the SA inlet. Of special interest when relating
these profiles to one another is that, with higher SA flows, the
steady-state phase is longer and the emissions of incomplete
combustion in the char phase are extensively mitigated, as seen in
Table 2.

It has been established that the migrating pyrolysis is primarily
governed by the PA flow.'” Direct influence of SA on the fuel
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stack is highly unlikely, even at the highest air flows, because of
the large distance between the SA inlet and the fuel stack. This
leads to the assertion that, with a specified PA flow, the migrating
pyrolysis is of similar intensity and length. This raises the
question of how the introduction of forced SA prolongs the
steady-state phase. From the temperature profiles and NCE
profiles in Figure 4, it can be deduced that the flame front at the
SA inlet cannot be sustained at the end of the migrating pyrolysis;
it extinguishes, and subsequently, high proportions of CO are
emitted in the configuration in which SA is introduced by natural
draft. In the forced SA cases, if the migrating pyrolysis is assumed
to be of similar length as in the natural draft SA and 118 L min™"
PA configuration, the flame does not extinguish at the end of this
phase. With a flame present at the SA inlet, the CO emissions,
which were emitted in the natural draft SA case, are oxidized
further. Therefore, it appears that, with forced SA flow, sufficient
mixing of entering air and combustible gases, in conjunction with
much higher temperatures in the combustor extension, can be
achieved to sustain a flame at the SA inlet. With a flame present at
the SA inlet, a greater part of the CO emissions produced by the
gasification process of char is burned in steady-state combustion,
as seen in Figure S. The combustion of CO from char gasification
with increased SA at the SA inlet presents an extension of the
steady-state combustion at this location, which was previously
achieved only during the migrating pyrolysis.

A similar trend as with higher SA flows can be observed with
smaller distances of the FG in the steady-state phase. The steady-
state phase lasts much longer, for 419 s, with the lowest distance
of the FG, as compared to 179 s with the greatest distance.
Similar to the forced SA air cases, much higher gas-phase
temperatures were also measured in the combustor extension. In
Figure 6, it can be seen that the measured gas temperature inside
the combustor extension is approximately 100 °C higher with a
FG distance of 180 mm compared to 470 mm. When the gas
temperature is higher, there is an increase in buoyancy-induced
flow as a result of the greater density difference between the gases
inside the combustor extension and the cold SA. Accordingly, the
higher air flow, with a smaller distance of the FG, in conjunction
with the higher temperatures appears to keep a flame present at
the SA inlet during the combustion of gasification products from
mainly raw biomass and into the combustion of mainly CO from
char gasification. This extension of the steady-state combustion,
to include combustion of char gasification products, seems to be
the reason for a longer duration of this phase and a reduction of
overall CO emissions.

In the char phase, the reduction of emissions, especially CO,
with the higher SA flow is a result of a combination of the longer
steady-state phase and the influence of SA on the air flow inside
the combustor body. A higher efficiency and the combustion of
char gasification products at the end of the steady-state phase will
lead to a much lower amount of char remaining after this phase.
The lower amount of remaining char alone cannot explain the
much higher NCE in the char phase with increasing SA flow.
Therefore, SA must also have an influence on the flow field inside
the combustor body. The increasing amount of forced SA being
introduced will lead to better mixing and more complete
combustion in the secondary flame front. Future studies of the
influence of SA on the flow field inside staged combustors could
provide deeper insights.

The direct application of the current findings in cookstoves is
primarily limited by the chosen research approach, which is
focused specifically on the combustion science of the
thermochemical process. In this study, measurements were

DOI: 10.1021/acs.energyfuels.7b03152
Energy Fuels 2018, 32, 4212—4220



Energy & Fuels

carried out without emulating user practice or performing
cooking tasks. Therefore, the influence of a cooking pot on top of
the stove on the combustion performance is unknown. Similarly,
with a smaller diameter reactor, the influence of quenching by the
cold walls may become more pronounced. In an optimized
system, it is aspirational for combustion to be completed before
contact with the cooking surface or walls. The heat transfer to the
pot would then be exclusively achieved by hot flue gases. Hence,
in such a system, the combustion properties would be
independent of the cooking performance. To achieve such a
system, further fundamental research on the gasification and
combustion behaviors of staged combustors, using different fuels
and air supply conditions, as well as the heat transfer properties
would be beneficial.

5. CONCLUSIONS

The present study investigates the influence of PA and SA with
natural draft as well as forced draft in various relations to each
other on the combustion process in a staged combustor. The
location of fuel within the combustor was modified to simulate
the variation of the relative position of the PA and SA inlet to the
fuel stack. This study presents general insights into the
combustion processes in small-scale staged combustion devices.
The combustor used for this research was custom-made for the
purpose of studying the ongoing combustion processes and is
not being used for cooking, which limits the comparability to
commercial products, which are usually tested while performing
certain cooking tasks.

In the lighting phase, emissions of incomplete combustion can
be significantly reduced by providing a sufficient air supply. This
can be achieved by either ensuring that the top of the fuel stack is
always as close as possible to the SA inlet, which achieves the
highest efficiency, or introducing SA by forced draft. When using
forced draft, the peak NCE rises by increasing the PA flow, from
0.84 with natural draft up to 0.96, but even more so by increasing
the SA flow, up to 0.99.

The migrating pyrolysis is governed by the PA flow, with
higher flows increasing the heat release. During the migrating
pyrolysis, the products are oxidized in steady-state combustion at
the SA inlet. When using a combination of forced PA supply and
natural draft SA, an increase of PA leads to a shorter time in this
steady-state phase with higher combustion temperatures and a
higher NCE. Introducing forced SA in combination with forced
PA leads to longer steady-state combustion, extending it from
primarily combustion of volatile pyrolysis products to
combustion of primarily carbon monoxide from char gasification.
This provides a drastic reduction of products of incomplete
combustion and a significant increase in efficiency. A
considerable increase in combustion efficiency was identified
for PA/SA flow ratios of up to 1:4 for the wood chips fuel.
Reducing the distance between the SA inlet and the fuel stack,
with SA introduced by natural draft, had a similar effect to
increasing SA via forced draft. Therefore, an adjustable FG, to be
able to use a variable amount of fuel without increasing the
release of emissions of incomplete combustion, should be
considered for any staged combustor design. Future work
including the influence of the fuel stack depth on the combustion
process would be beneficial.

In the char phase, increasing the PA flow produced
significantly more emissions of incomplete combustion. With
the addition of an increased amount of forced SA, these
emissions could be burned cleanly.
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In the present study, different air requirements for the three
phases of lighting, steady-state, and char have been identified.
The application of dynamic air control rather than a constant air
supply to suit each phase could be the topic of future research.
Furthermore, it could be shown that forced PA in combination
with natural draft SA is not a beneficial option. To achieve low
emissions in this configuration, it would require attentive
handling to reduce the PA flow after the steady-state phase.
Forced draft for the PA as well as SA flow increases the
controllability and efficiency in all phases. To achieve low
emissions of incomplete combustion, fuel-lean conditions must
be ensured in the secondary flame front. The combustion
efficiency is also greater with a smaller distance between the fuel
and the SA inlet.
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ABSTRACT: The producer gas composition and the thermochemical conversion process of a small-scale reverse downdraft
reactor has been investigated under ten operating conditions with different fuel bed depths and air supply rates. The operating
principle of this research reactor is a batch-fed reverse downdraft process, using wood pellets as the solid biomass fuel. The
oxygen-limited regime, where the fuel consumption increases nearly linearly with the air supply, has been identified, and four
flow rates over the range of this regime have been investigated. The fuel bed depth was varied between one and four reactor
diameters (1D (100 mm)—4D (400 mm)). The results demonstrate that increasing the primary air mass flux leads to both
greater fuel consumption and higher temperatures as well as heating rates in the reaction front. Greater air supply rates and the
resulting higher temperatures lead to a substantial increase in fuel conversion into permanent gases, rather than tars or char, and
a rise in the cold gas efficiency (CGE) from 33% to 73%, from the lowest to highest air flow rate at a 4D fuel bed depth.
However, the temporal producer gas heating value is similar in all configurations. With increasing depth, it is evident that H,
production is promoted by the char layer downstream of the reaction front and that a certain layer thickness is necessary to
achieve the potential near steady-state product flow at a specific flow rate. Interestingly, a greater fuel bed depth enhances the
hydrogen conversion rate to permanent gases by more than 20% and the CGE from 48% to 53%, while the fuel consumption
and temperature profiles remain similar. A general trend of increasing performance was identified at the 3D and 4D depths,
when compared with the 1D and 2D fuel bed depths. The produced char exhibits a high fixed and elemental carbon content.
Therefore, the conversion efficiency of this process can be increased both through increasing the fuel bed depth and, even more,

through adjusting the air supply, promoting the yield of permanent gases and the conversion of produced tars.

1. INTRODUCTION

Solid biomass fuels provide the majority of renewable energy
worldwide' and are often used in small-scale devices for
localized heat generation. Unfortunately, current small-scale
devices typically have low efficiency and high emissions from
incomplete combustion.” An alternative reactor type features
reverse downdraft, whereby the thermochemical conversion
process of the solid biomass fuel is separated in time and
location from the combustion of the product gas. These types
of reactors achieve lower emissions of incomplete combustion”
and show potential for small-scale heat and power
generation.”” However, despite the potential applications, a
deeper understanding of the ongoing thermochemical
conversion processes in such systems is needed for the
systematic improvement of future designs.’

Packed-bed reverse downdraft reactors are lit from the top,
which leads to the ignition of the surface of the solid fuel, while
air is supplied from underneath the fuel bed.” Subsequently, a
reaction front propagates against the air flow and down the fuel
bed, causing the release of volatile matter and leaving a solid
layer of char.® The devolatilisation process in the reaction front
is sustained by heat from partial oxidation of the volatile gases
with the limited air supply and is therefore called an
autothermal process.” The gaseous products (producer gas)
rise through the solid layer of hot char, leave the fuel bed, and
can subsequently be burned with secondary air.'”"" Once the

i i © 2018 American Chemical Society
~g7 ACS Publications
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reaction front reaches the bottom of the fuel bed, the majority
of the volatile matter has been released, and char, consisting
mainly of fixed carbon, is left as a solid product.'” At this stage,
the process can be quenched and the char can be collected. If
the process is not quenched, an updraft process starts where
the char is oxidized, with the air supply from underneath. This
can release high concentrations of CO. The process continues
until only the ash is left behind as a solid product. If the
process is quenched before the updraft process starts, the char
product can be collected and used for other purposes,
depending on its properties. In order to increase the quality,
quantity, and range of application of the char, it is necessary to
further develop understanding and optimization of the process
for producer gas as well as char production."

For batch-fed systems, three combustion regimes have been
identified, with increasing air supply: (1) an oxygen-limited
regime, where the fuel consumption is nearly linearly
dependent on the oxidizer supply; (2) a reaction-limited
regime, where the solid fuel mass loss is independent of the air
flow rate; and (3) a regime where the process is cooled by
convection and finally quenched.'* The limits of these regimes
are fuel dependent and are influenced by characteristics such as
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the fuel moisture content and particle size."*™"® In the oxygen-
limited regime, the conversion process is controlled by the air
supply, thereby enabling the heat release via this parameter.
Small-scale reverse downdraft reactors mostly operate in the
oxygen-limited regime, but limited research has been
concerned with the products of the thermochemical con-
version process released under these conditions; instead the
focus has primarily been on the air supply and the overall
system performance, including the subsequent combustion
process.’

With limited air supply, the products of the devolatilisation
process are (1) a wide variety of gases (CO, CO,, H,, CH,
C,H,, C,H, CH, CiHy etc);"” (2) liquid tars, heavier
hydrocarbons, and water; and (3) solid char (mostly carbon
and ash). The producer gas composition (on a volumetric
basis) of batch-fed autothermal gasification has been reported
in the range of 1-9% H,, 8—13% CO, 11-20% CO,, and 1—
3% CH,”*" The main factors influencing producer gas
composition are the air supply, heating rate, final temperature,
and the type of initial biomass fuel,”* coupled with the design
and pressure of the reactor.” The fuel bed depth as a design
parameter is not well understood and could be influential on
the producer gas composition.

While the gaseous and solid devolatilisation products are
desired, the liquid products, and especially the tars, are
generally not desired, since these hydrocarbon compounds
have been identified as soot precursors.”’ In the reverse
downdraft configuration, the hot temperatures and catalytic
properties of char downstream of the reaction front can
influence those products that are released from the
devolatilisation process. While maximum reaction temper-
atures are dependent on the air supply, the char layer thickness
above the reaction front increases as the reaction propagates
down the fuel bed. Thermal cracking (decomposition)
reactions of tars released from biomass pyrolysis have been
shown to increase with temperature”*”* and can achieve 80—
90% tar reduction at temperatures above 1000 °C.*® Primary
and secondary tars have been reduced at temperatures over
1100 °C, due to cracking reactions, although more tertiary tars
are formed.”*™*" Thermal tar cracking reactions are expected
to increase the production of CO and H,.** These reactions
can be enhanced in the presence of char,"”**~*" which can
lead to a further reduction of tar after the released products
pass through a hot char bed.” The maximum char layer
thickness is dependent on the initial fuel bed depth as it
increases with the propagation of the reaction front. It has been
suggested that cracking processes due to the presence of char
are limited in small-scale reverse downdraft reactors because of
the limited thickness of the char layer.”> A variation of the air
supply and the fuel bed depth can therefore yield further
insights into the effects of thermal cracking and the presence of
a hot char layer on the composition of the producer gas in
reverse downdraft reactors.

This research article aims to contribute to a deeper
understanding and further classification of the ongoing
processes in small-scale batch-fed reverse downdraft reactors.
Two parameters, the fuel bed depth and the air supply rate, are
investigated. While the air flow rate has previously been
identified as reaction limiting at low supply rates, the influence
of the fuel bed depth has not yet been extensively studied, and
further information can be gained from an in depth analysis of
the products released from the thermochemical conversion
process. A combined study of both parameters allows a
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comparison and determination of the degree to which the fuel
bed depth and the air supply influence the released products.
Producer gas, as well as solid char, are considered as products,
and their properties are investigated through an analysis of
their composition. The findings of this work could provide
alternative means by which to analyze reactor designs in terms
of process optimization for the combined production of
producer gas and char.

2. EXPERIMENTAL SETUP

2.1. Reactor. A schematic diagram of the batch-fed reactor is
presented in Figure 1. Fuel was loaded from the top and placed on a

~—100— Extraction Probe
Tar Trap HGas Analyser

Figure 1. Schematic diagram of the reactor and measuring equipment
setup. All distances in millimeters.

grate mounted above an air plenum. For this arrangement, the air
entering from the bottom was purposely insufficient to oxidize all of
the producer gas within the length of the reactor. A small portion of
the released gases from the devolatilisation process were extracted
from the reactor, and the remainder were subsequently combusted in
a non-premixed flame immediately above the exit plane of the reactor.
It is important to note that the measurements are sampled from
within the potential core of the jet, upstream of the flame, and are not
influenced by the secondary combustion process.

The supply of dry compressed air was regulated through a flow
meter and introduced into the reactor via a distribution ring, with its
nozzles facing downward to create an even flow pattern. Based on
preliminary experiments to span the combustion regimes of interest,
air mass fluxes of 0.025, 0.050, 0.075, and 0.125 kg m™2 s7! were
chosen for the present study. For simplicity, these flow rates will be
referred to as FR025, FR050, FR075, and FR12S5, respectively, from
here on.

Up to eight K-type thermocouples (labeled T1-T8) are inserted
into the fuel. Thermocouple 1 was mounted at a distance of 30 mm
beneath the initial top of the fuel bed, with distances of 50 mm
between each of the subsequent thermocouples, while the last
thermocouple was placed at 20 mm above the fuel grate. The reactor
was mounted on a weighing scale (Radwag WLC 20/A2) with a
maximum capacity of 20.0 kg and a readability and repeatability of
107 kg.

The reactor has an inner diameter of 98 mm. The external wall was
covered with 25 mm-thick thermal insulation. The grate has a 67.2%
open area and adjustable feet, so that its location can be adjusted
within the reactor to accommodate diverse fuel bed heights between

DOI: 10.1021/acs.energyfuels.8b01699
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100 and 400 mm. In all cases, the top of the fuel stack was always
initially at the entrance plane of the extraction probe.

An extraction probe, for sampling the released devolatilisation
products, was situated at the top of the fuel bed. The probe was
curved with a 90° bend to penetrate the reactor wall, where it is then
led into a heated line which was subsequently introduced into a
cooled tar trap. The tar trap was used for the retention of all
nongaseous products. A feasible method for the gravimetric
measurement of the produced tars could not be established in the
research facilities. Downstream of the tar trap, an adjustable flow rate
vacuum pump regulated the flow of sample extraction and was
manually set to correspond to the gas analyzer flow rate.
Subsequently, the flow was passed through the gas analyzer (Section
2.2).

2.2. Gas Analyzer. The gas analyzer downstream of the tar trap
was an MRU Vario Plus Industrial Analyzer, which measures
volumetric composition on a dry basis. CO,, CO, and C,H,, reported
as a CH, equivalent, were measured using NDIR sensors with a range
up to 30% (v/v) and an accuracy +3% of the reading. O, and H, were
measured using an electrochemical sensor with a range up to 21% and
an accuracy of +0.2% of the absolute value and a range up to 100%
and an accuracy +0.02% of the reading. CO,, CO, CH,, H,, and O,
were measured by the analyzer, with N, determined by subtraction.
Calibration of the gas analyzer was performed daily. Measurements
were recorded continuously at a rate of 0.5 Hz.

2.3. Fuel. Cylindrical wood pellets, with a nominal diameter of 6.5
mm and nominal length of 40 mm (resulting in 5—40 mm length),
produced from timber waste in multiple timber mills around Australia,
were used as fuel. The pellets consisted of hammer-milled wood
shavings, from multiple wood species, to which pine saw dust was
added before compression, resulting in a bulk density of
approximately 700 kg m™>. Pellet Heaters Australia manufacture the
product which was purchased from Barbeques Galore (Adelaide,
Australia). The proximate analysis of the pellets yielded a dry-basis
mass composition of 76.5% volatile matter, 17.6% char, and 5.9% ash.
The moisture content of the raw fuel was 4.3% (g/g), using an
established method.>* The mass-based ultimate analysis resulted in
47.4% C, 6.4% H, and 0.1% N, and the higher heating value of the fuel
was 17.6 MJ kg™’ as determined in a bomb calorimeter.

2.4. Procedure. Two main parameters, the air mass flux and the
fuel bed depth, were controlled in the present study, as presented in
Table 1. To avoid any influence from the thermal mass of the reactor

Table 1. Experimental Configurations, Number of
Repetitions Performed, and Experimental Code

fuel bed depth  fuel mass air mass flux  repetitions code

(mim) ()  (gm?s™)

100 0.525 0.025 3 1D FRO02S

0.050 3 1D FROS0

0.075 S 1D FRO75

0.125 3 1D FR125

200 1.05 0.075 6 2D FRO2S

300 1.575 0.075 S 3D FRO2S

400 2.1 0.025 S 4D FRO25

0.050 6 4D FROSO

0.075 S 4D FRO75

0.125 7 4D FR125

(cold start) on the process, it was preheated prior to use. Fuel was
introduced into the reactor at inner reactor temperatures <100 °C to
avoid effects from fuel drying. For each experiment, the preweighed
fuel batch was placed into the reactor and the air mass flux was preset
on the flow meters. The top of the fuel bed was lit, with the aid of 10
mL of methylated spirits (96% ethanol, CAS 64-17-S) and one paper
towel for ignition, when the outer reactor wall was approximately 50
°C.
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The experiment was stopped when the reaction front reached the
fuel grate. The end time was determined by calculating the average
reaction front velocity (the distance over time between the
thermocouples reaching 600 °C) for each configuration and
extrapolating from the time after thermocouple T8 measured 600
°C. The process was then stopped by shutting off the air supply and
introducing one-third of the estimated char mass as iced water into
the reactor, to rapidly cool the process. To further quench all
reactions, nitrogen (>99.99% N,) was supplied through the air inlet at
the bottom of the reactor and passed over the char layer.

Four fuel bed depths and four flow rates were tested, with each
configuration being repeated multiple times, as presented in Table 1.
The fuel bed depths of 100, 200, 300, and 400 mm are set in relation
to the inner diameter of the reactor, 98 mm, and are referred to as 1D,
2D, 3D, and 4D, respectively, hereafter. At 1D and 4D four air flow
rates were used, while all four depths were tested at 0.075 kg m™ s™".
The clear trend established at 1D and 4D is consistent, and therefore,
it was not necessary to repeat measurements at 2D and 3D for all four
flow rates.

After each test the remaining char, as the solid product of the
process, was extracted from the reactor. In the case of the 4D fuel bed
depth, the remaining char was extracted in three distinct portions.
The three portions describe the top, middle, and bottom third of the
char bed in the reactor.

2.5. Analysis. A weighing scale was used to measure the fuel mass
loss, which was expected to present a linear profile over time.** The
measured weight loss confirmed the linear profile, and a linear fit of
the fuel mass flux was determined by the mass loss over time in
relation to the cross-sectional area of the reactor. Preliminary data
were gathered at the 1D fuel depth (0.525 kg of fuel) to establish the
limits of the oxygen-limited air mass flux regime for the utilized fuel.
The flow rates were increased into the reaction-limited regime to
establish the limits of the oxygen-limited regime and the subsequent
transition into the reaction-limited regime. In these preliminary
experiments only weight loss data and temperature measurements
were recorded. These results are compared with values from the
literature.'* It should be kept in mind that the values found in the
literature'*'® were calculated based on thermocouple data,
represented by the reaction front velocity and the fuel bulk density
(Mgyel = Vot X Pruet) because the fuel mass loss was not measured. In
this approximation, the remaining char was not considered and will
therefore lead to an overestimation of the fuel mass flux, when
compared with direct measurement of the fuel mass loss, as performed
here.

A total of eight thermocouples, situated along the center of the
reactor, were measured via a thermocouple data logger. Mean
maximum temperatures are determined as an average of the highest
temperatures of the thermocouples used in the experiment. Maximum
temperature measurements of the lowest thermocouple (20 mm from
the fuel grate) were disregarded, since an influence of the temperature
due to proximity to the fuel grate was identified. For each
thermocouple, the heating rate was calculated based on the time
taken for the thermocouple to be heated from 100 °C to 70% of the
maximum temperature. The mean heating rate for each test was
calculated from the heating rates of all the used thermocouples, and
the value reported for each configuration was the mean of all the
repeat tests.

The producer gas composition was measured for the four different
air mass flux rates at 1D and 4D, as well as for FR075 at 2D and 3D.
Figure 2 presents a representative plot of one experiment (4D
FR125), with the start and end points of the considered measure-
ments. A uniform starting point had to be chosen, after which the
profiles of multiple experiments provided similar trends. This enables
the calculation of an average value for each time point after the
starting point, leading to one average plot for each configuration. The
O, concentration was chosen to determine the beginning and end
points of the producer gas measurements. A threshold of 0.75% (v/v)
O, was established as a reliable value. The start and end points of the
measurement duration were determined when the O, concentration
initially and at the end of the process passed this threshold, as shown
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Figure 2. Example of volumetric concentration profiles of the
continuous measurement of gaseous devolatilisation products at 4D
FR125, with start and stop points marked by stars.

in Figure 2. Mean values of the average plot for each configuration are
calculated, resulting in an average producer gas composition. The
heating value of the producer gas was calculated on the basis of the
higher heating value of the constituents. To calculate the product flow
of gaseous species, N, was considered to be conserved. This takes into
account that, since the amount of N, in the air supply and the
concentration of N, in the producer gas was known, the amount of
each gas species can be calculated from the molecular balance, as
performed previously.>> The continuous flow of products was
calculated via eq 1.

. xgﬂs .
ngas X nNzair

1)

For the calculation of the fuel constituent conversion in the
thermochemical conversion process, the supply of N, via air was
considered to be conserved. The conversion of carbon and hydrogen
from the fuel into the gas phase, as well as into specific gas species,
was determined by eqs 2 and 3.

x N,measured

mair‘”Nm/MNZ(xcoZ + xco t+ xCH4)/xNz

Mg awc/Mc

()

My X 0.767/My, X (xH2 + 2xcH4)/xN2

H =
2—gas M
mfuela)H/ H

3)

The cold gas efficiency, which describes the energy content of the
producer gas relative to the energy content of the converted fuel, was
calculated using eq 4. This provides a measure of the loss of energy
within the system, specifically the energy to sustain the autothermal
process, heat loss from the reactor, and latent heat of the products. As
the energy contained in the char is not lost and is available for
subsequent processes, it is subtracted from the energy of the provided
fuel. The energy content of the producer gas was calculated based on
the measured gas concentrations, while other hydrocarbon com-
pounds, which are condensed in the tar trap and have not been
quantified, were not included. The higher heating values (HHV) of
the fuel and the char were measured using a bomb calorimeter, and
those of the producer gas species were determined based on the
composition measurements and using values reported in the
literature.*®

VA, —air/ ®N, —measured. X (12.6xcq + 39.8xcy, + 12.8xH2)
HH\’pelletsmfuel - HH\Icharmchar

CGE =

(4)

The biomass, along with the char samples from each configuration,
were tested for their ultimate analysis (CHN composition), proximate
analysis (moisture (M), volatile matter (VM), fixed carbon (FC), and
ash content), and their HHV. The proximate analysis, using
thermogravimetric analysis techniques, was based on a method
previously reported.**

3. RESULTS AND DISCUSSION

3.1. Mass Flux. The results of the mean fuel consumption
rate as a function of the air supply are presented in Figure 3;
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Figure 3. Fuel mass flux versus air mass flux for different experimental
configurations, preliminary data, and data found in the literature."*
Error bars display the standard error of the mean.

both parameters are reported on a mass flux basis, herein
referred to as the fuel mass flux and the air mass flux. The error
bars in Figure 3, as well as in all following figures, display the
standard error of the mean.’” As outlined in Section 1, in this
type of reactor, the three fuel mass flux regimes can be defined
as a function of the air mass flux. The focus of the current work
is on the oxygen-limited regime. Preliminary experiments were
performed at one fuel bed depth (1D). Only the weight loss
and temperature measurements were recorded in order to
identify the upper-limit of the air mass flux (as described in
Section 2.5) and are shown in Figure 3, where they are
compared with those values reported in the literature.'* More
detailed experiments were performed at other fuel bed depths
(1ID—4D), and the gaseous product composition data were
also collected and are presented in Figure 3. Further
information on the stoichiometry of the process is provided
in the Supporting Information.

In the oxygen-limited regime, the fuel mass flux increases
linearly with the air mass flux, which Figure 3 indicates is for an
air mass flux of $0.1 kg m™2s™" (up to approximately FR100).
This range is in agreement with the literature for wood
pellets." "> Also apparent from Figure 3 is that the linear
relationship between air and fuel mass flux is independent of
the fuel stack depth (between 1D and 4D). A transition from
the oxygen-limited to the reaction-limited regime is apparent
around FRI12S, beyond which the fuel mass flux is nearly
independent of the additional air supply. In the present study,
the air mass flux was not further increased into the third regime
(cooling), since in small-scale applications low air supplies are
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Figure 4. Heating rate (a) and mean maximum temperature (b) over the air mass flux. Error bars indicate the standard error of the mean.
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Figure 5. Flow of gaseous devolatilisation products over the period under consideration.
dominant. The ability to control the conversion process and maximum temperature increases linearly for the air flow rates
heat release via the air supply is of particular interest here. FR025—FRO075.

3.2. Reactor Temperature. The heating rate and the Increasing temperatures have multiple influences on the
maximum reaction front temperature of the packed bed at the process, as presented in Section 1. At temperatures greater
center of the reactor are presented in Figure 4 (calculated as than 1000 °C, low tar yields are generally expected.” It has
presented in Section 2.5). In this figure the greater heat release previously been described that particles undergoing devolati-
at larger air supply rates is confirmed, as the mean maximum lisation have a slightly lower temperature than that measured
temperature and the heating rate increase with the air mass in the backed bed, because oxidation of the volatiles occurs in
flux. A nearly linear increase of the mean maximum the gas phase surrounding the particles."** Therefore, the
temperature of approximately 35% is noted over the S-fold heating rate of the embedded thermocouples presented in
increase in air mass flux, while the heating rate more than Figure 4 is that of the packed bed, which will be similar to that
quadruples. As with the mass loss data (Section 3.1), the mean of the particle itself. Therefore, the higher temperatures and
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heating rates in Figure 4 occur with the higher air flux cases
FRO7S and FR12S, and thus these cases are expected to have
lower tar yields.

3.3. Influence of Air Supply. 3.3.1. Gaseous Products. In
autothermal reactors the fuel mass flux, the temperature
profiles and the producer gas composition are coupled and
dependent on the supplied air mass flux. In Figure S the
molecular flow of the measured gaseous products (CO,, CO,
H,, and CH,) released over the duration of the process is
presented. These products result from reactions in the reaction
front and downstream before the extraction probe is reached.
Possible reactions are presented in Table 2. In the reaction

Table 2. Process Reactions*>**

heterogeneous C + 050, =» CO R1
C + CO, = 2CO R2
C+H,0 = CO+H, R3
C+H, = CH, R4

homogeneous CO + 0.50, = CO, RS
H, + 050, = H,0 R6
CH, + 050, = CO + 2H, R7
CO + H,0 & CO, + H, R8
CO, + 4H, —» CH, + H,0 R9
CH, + H,0 = CO + 3H, R10
2CO + 2H, — CH, + CO, Rl

tar cracking tars = C + C,H,, + gases R12

tar reforming C,H,, + nH,0 — nCO + (n + 0.5m)H, R13
C,H,, + nCO, = 2nCO + (0.5m)H, R14
C,H,, + 2nH,0 — nCO, + (0.5m + 2n)H, R1S

front, while oxygen is available, exothermic reactions R1—R7
will be most influential and lead to substantial heat release.
Once the oxygen is consumed and higher concentrations of
CO, and H,0 (from combustion and fuel drying) are present,

reactions R8—R1S5 will have a greater impact and the gas
composition exiting the reaction front will depend on the
thermochemical interaction between the presented reactions at
the process temperature. As the reaction front moves down the
fuel bed, along the temporal axis, more char is accumulated
downstream of the front. While the devolatilisation products
are released from the biomass and char is formed, the solid
weight decreases, but there is only minimal change in the
occupied volume in the reactor. Therefore, for example, when
half the duration of the process has passed, the products from
the reaction front move through approximately half the initial
fuel bed depth of char. Thus, changes over time of released
products can be related to an increasing char layer thickness,
downstream of the reaction front, and ongoing reactions in this
char layer. In Figure 5 the two main influences investigated in
this article—the fuel bed depth and the air mass flux—are
presented with all the flow rates for 1D and 4D cases. The plot
for each configuration is an average of multiple repetitions of
the experiment, as described in Section 2.5.

When changing the flow rates, FR025—FR12S, at 1D and
4D depths, a complex influence on the different gaseous
products is identified, as shown in Figure S. In all cases it can
be seen that the flow of the measured gaseous species increases
initially until it reaches a near steady-state flow. There is a
gradual increase of product flow with increasing air flow. The
well-known increasing of the CO/CO, primary product ratio
with increasing temperatures* can be noticed in the oxygen-
limited regime (FR025—FR075) and is much more defined in
the transition to the reaction-limited regime (FR12S).

The release of CH, does not seem to follow the clear trend
of increasing flow at higher air supplies. There is no notable
flow increase between FR050—FR07S, which suggests that
with higher temperatures in the range of 1150—1250 K, an
increase in the reaction rates of CH, producing reactions is

iy
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Figure 6. Time-weighted volumetric average concentrations (% v/v) of gaseous devolatilisation products at fuel bed depths of 1D and 4D for the
different air mass fluxes, as well as the higher heating values of the gas (MJ my’). Error bars indicate the standard error of the mean.
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compensated by increasing consuming reactions. Importantly,
in all the 4D cases the CH, flow increases as a function of time,
suggesting that a greater char layer thickness affects the CH,
production, via methanation or tar cracking reactions (R9—
R12).

For the H, concentration, it takes between 1000 and 2000 s
to reach a near steady-state concentration. Increasing the air
mass flux and, thus, the process temperature does not reduce
the time but does increase the value of the near steady-state
concentration substantially, mainly influenced by reactions R7
and R8 as well as R12—R15. This initial time suggests that a
certain char layer thickness is necessary to promote the release
of H,. Increasing H, values at higher flow rates and fuel bed
depth suggest that increasing amounts of char downstream of
the reaction front as well as higher temperatures increase the
release of this product.

The volumetric time-weighted average producer gas
constituent concentrations and the calculated HHV of the
producer gas at the four different air mass flux configurations
for 1D and 4D depths are shown in Figure 6. Very low oxygen
concentrations were measured in all cases, confirming that the
oxygen supply is a reaction limiting variable. All concentrations
are notably influenced by the air supply and the fuel bed depth.

The mean concentrations (Figure 6) reflect and clarify the
results presented in Figure 5. Although the produced flow of
the gaseous products increases, mean CO, and CH,
concentrations decrease in the producer gas with increasing
air mass flux but increase with the fuel bed depth (with the
exception of CH, in the FR050). At 1D, the CO concentration
is similar for all air mass fluxes, while at 4D it increases with the
air supply, suggesting an influence of the greater fuel bed
depth. The H, concentration increases with the air flow for
both depths, by as much as 8—14% (v/v) at 4D. The trends of
both the CO and H, concentrations, the main products of tar
cracking and reforming reactions, for R12—R1S, show the
combined influence of increasing process temperatures and a
greater char layer.

Similar systems have been studied previously with
comparable fuels.”””' The producer gas composition for
similar air mass fluxes has been found to be quite different.
Lodgepole pine pellets and Douglas fir chips were tested at
1.6D fuel bed depths. Compared with the results presented
here, both fuels produced similar CO and CO, concentrations,
but lower CH, and H, concentrations, at an air mass flux of
0.052 kg m™2 s™.*' Wood pellets have also been tested in a 1D
depth reactor at air mass fluxes of 0.032 and 0.051 kg m™2 s™".
Much lower CO and H, concentrations of 8.0% and 1.6%,
respectively, were found at FR032,”" compared with 16.8% and
7.0%, respectively, at FR025 1D, as seen in Figure 6. In both
cases no thermal insulation of the reactor was used; a resultant
10—20% lower reaction front temperature could be the cause
of this discrepancy. Conversely, pine bark chips were tested at
higher flow rates and higher reaction temperatures but also
exhibited lower concentrations of all gaseous products.'” A
moisture content of >10%, compared with <5% in the used
pellets here, will have an influence on this difference in
concentrations, as the moisture evaporation will consume
released energy and the greater steam concentration will
influence ongoing reactions. Very similar conditions and
gaseous concentrations were achieved using Casuarina
(Casuarina equisetifolia) wood in a thermally insulated
reactor.”® These wide variations in measurements show that
small differences in the reactor design or fuel composition can
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have a significant influence on the producer gas composition
and that deeper insights into the batch-fed autothermal
conversion process are necessary for efficient reactor design.
3.3.2. Biomass Conversion. Figure 7 presents the molar
conversion of biomass carbon (C) into the different products,
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Figure 7. Conversion of initial carbon in the biomass into the
different products for increasing flow rates, FR025—FR125, for 1D
and 4D fuel bed depths and at FR075 for 2D and 3D fuel bed depths.
Error bars indicate the standard error of the mean.

CO,, CO, CHy, and char, with increasing flow rates for both
the 1D and 4D cases. “Other” is determined by subtraction and
accounts mainly for hydrocarbons (tars) and carbonaceous
particles, which were not measured. The amount of carbon
converted to “Other” decreases from 34 + 3% at FR02S to 1.8
+ 1.8% at FR12S. This decrease of “Other” products provides
an indication of increased tar cracking occurring with a greater
air supply and the resulting higher temperatures (Section 3.2).

At 4D, a greater air supply results in increasing CO, and CO
yields from 14.2 + 0.1% to 35.5 + 4.5%. The increase in the
CO/CO, product ratio at higher air supply rates can be related
to carbon oxidation at higher temperatures* (see Section
3.3.1). Furthermore, the char yield decreases by nearly half in
the 4D configuration. The increase in the CO and CO, yield
reflects increasing heterogeneous char gasification (R1—R4)
and thus a reduction in char yield. Tar cracking reactions
(R12) will also contribute to the increase in gaseous
carbonaceous products, mainly of CO.

The conversion to CH, shows lower values at FR02S and
FRO7S, and higher at FR0S0, but the peak value is reached at
FR12S. A higher air mass flux leads to an increase of the CH,
and CO gas yields which are the desired species for further gas-
phase combustion. This increase in conversion will most likely
be the result of increasing tar cracking reactions due to higher
process temperatures with the air supply, as suggested in
Section 3.2.

Figure 8 presents the molar conversion of hydrogen (H)
from the biomass into the different hydrogen-containing
products. “Other” accounts primarily for water and tars. The
H, and CH, yield increases with the air mass flux. With the air
mass flux, the H, yield rises from 7.4 + 1.4% to 35.7 + 2.7%,
from FRO2S5 to FR12S. Increasing yields of CH, as well as H,
with rising temperatures are expected (see Section 3.3.1), due
to tar cracking reactions (R12—R15).”® A trend of increasing
hydrogen conversion is visible with the greater fuel bed depth
and higher flow rates.

3.3.3. Cold Gas Efficiency. Gasification systems can be
evaluated by their cold gas efficiency (CGE), which describes
the energy content of the producer gas relative to the energy
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Figure 8. Conversion of the fuel hydrogen into the different products.
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released from the converted fuel,”’ as per eq 4. Here, only the
measured gases (CO, CO,, H,, and CH,) are considered in the
calculation of the CGE; other hydrocarbon species, which have
not been quantified in this study, notably tars, are not included.
Statistical analysis suggests a significant difference between
FR025—FRO0S50 and FRO75—FR125, but between FR050 and
FRO75 a lower statistical difference was apparent.

The increased conversion yields of permanent gases,
presented in Section 3.3.2, are mirrored in the CGE as
presented in Figure 9. The CGE increases nearly linearly from

80

B

70

60 f 1

501

e

40 f

CGE (%)

301 1

| o 10|
| * 4D

0.125

20

10

0.05 0.075 0.1
Air Flux (kgs™'-m™)

0 "
0 0.025 0.15

Figure 9. Cold gas efficiency (CGE) as a function the air mass flux for
two fuel bed depths. Error bars indicate the standard error of the
mean.

29.3 + 4.2% to 70.5 £ 2.7% between FR02S and FR12S, for
1D and 4D. The low values of the CGE at FR02S can be
explained by the high tar content, while at FR12S a large
fraction of tars, as well as char, are converted into permanent
gases that contribute to the CGE.

Different shapes of Jacaranda Copaia wood were used in a
similar reactor at air supply rates approximately 10% lower
than FR12S, achieving CGE values between 31—38% which
are much lower than the results presented here.”” In that work
it was not stated if char was produced, or also consumed in the
process, and how the CGE was calculated, making a direct
comparison difficult. In a similarly sized continuous downdraft
gasifier, a CGE over 70% was reported, at an air supply
comparable with FR050.**Although, the peak process temper-
ature and the producer gas composition appear similar, the tar
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yield here seems much higher and the CGE is more than 20%
lower.

3.4. Influence of Fuel Bed Depth. 3.4.1. Gaseous
Products. Figure 10 presents the temporal evolution of gaseous
products for varying fuel bed depths (the average producer gas
composition is provided in the Supporting Information). The
profiles at 4D and 3D achieve more steady profiles, rather than
at 2D and 1D. It is evident that at greater fuel bed depths, the
steady propagation of the reaction front occupies a larger part
of the process, while at lower fuel bed depths, the effects of
transients at start-up and shut-down are more prominent.

In all cases the flow of CH, increases as a function of time,
suggesting increasing methanation or tar cracking reactions
(R9—R12) with a greater char layer thickness (see also Section
3.3.1). The value of H, of the near steady-state flow does not
change notably between 2D and 4D. In the 1D configuration
the flow remains much lower in the limited time of the process.
The time to reach the near steady concentration occupies a
larger proportion of the process duration at lower depth. This
indicates that a depth greater than 1D is necessary to reach the
potential of the H, release in this process.

3.4.2. Biomass Conversion. Figure 7 presents the molar
conversion of carbon (C) in the biomass into the different
products. When comparing the yields with the concentrations,
it should be noted that conversion yields consider the species
concentration, the process duration, and the amount of
produced gases, as explained in more detail in Sections 2.5
and 3.3.2. The amount of carbon converted to “Other”, mainly
tars, decreases from 19.2 + 1.6% to 16.4 + 1% between 1D
and 4D fuel bed depths, at FR07S. This provides an indication
of increased tar cracking with greater char layer thickness. A
general trend of greater conversion yields of permanent gases
and char can be seen at 3D and 4D, when compared with 1D
and 2D.

Figure 8 presents the molar conversion of hydrogen (H) in
the biomass into the different products. The “Other” species,
mainly water and tars, are reduced from 67.0% to 61.0%
between 1D and 4D. With depth, there is a change in H, yield
from 1D to 2D of 18.7% to 21.5%, while it further increases to
23.5% (mol/mol) at 4D. The increase with depth can be
related to the temporal profiles, as discussed previously and
presented in Figure 5. Cracking of tars will have an influence
on the increase of H,.

3.4.3. Cold Gas Efficiency. The CGE with increasing fuel
bed depth is presented in Figure 11. It can be seen that the
CGE increases from 48.4% to 54.6% from 1D to 4D, at FR07S.
Generally higher efficiencies are achieved at 3D and 4D. These
higher efficiencies are the result of greater conversion to
combustible permanent gases in the presence of a larger char
layer thickness in the system. Statistical analysis confirmed a
very low statistic difference between 1D—2D and 3D—4D, with
a much higher difference when comparing 1D and 2D with 3D
and 4D.

In the conversion yields in Figure 8 (and in the Supporting
Information), where only H, shows a substantial increase, the
influence of the fuel stack depth seems to have a rather
negligible impact on the process. However, the cold gas
efficiency in Figure 11 confirms that 1D and 2D are not
sufficient and that a quite substantial 10% increase can be
achieved when increasing the depth to 3D or 4D.

3.5. Char Layer. Tables 3 and 4 present the mass-based
proximate and ultimate analyses, the H/C and O/C ratios, the
char product yield, and the higher heating value of the

DOI: 10.1021/acs.energyfuels.8b01699
Energy Fuels 2018, 32, 8507—-8518



Energy & Fuels

(b) CO

- x10°

@
S
E
=
[=]
I=

o
(o)
]

1 i
\
05} I

o

o
3

wm

o
(3]

&
CO Flow (mal/s)

ot
o

CH4 Flow (mol/s)

———— 04
|—— 1D FRO75|
—+=-2D FRO75/| -|
—— 3D FRO75[ 0.2
|- 4D FRO75|

e b L P T 1

] I T T I
2000

Time (s)

0

0
4000 0

Figure 10. Flow of gaseous devolatilisation products over the period under consideration.

58

56

54

CGE (%)

50

48

46

1D 2D 3D

Fuel Bed Depth

4D

Figure 11. Cold gas efficiency (CGE) over the fuel bed depth at
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produced chars for all configurations. The chars are separated
into the top, middle, and bottom of the bed for the 4D cases,
as explained in Section 2.4. In all cases, the fixed carbon (FC)
and the elemental carbon content are very similar, with
changing depths and flow rates. All produced chars exhibit a
high carbon content, with values greater than 92% for FC and
84% for C.

The volatile matter (VM) and elemental hydrogen content
decrease with increasing flow rates, as well as fuel bed depths.
This trend of reducing elemental hydrogen and hydrogen
compounds can be explained by the longer exposure to high
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Table 3. Proximate and Ultimate Analyses Results for the
Wood Pellet Fuel and Chars from the Different Test
Configurations, in Addition to H/C Mass Ratios, O/C Mass
Ratios, Char Yield with Standard Error (SE), and HHV
Values

. FC VM Ash HC Yield HHV
Configuration C H N OC SE MJ/kg
178 715 48 7.6
Wood Pellets 74 64 01
937 54 09 03 186 329
1D FR025 903 20 02 006 (0.1)
947 45 08 02 150 321
1D FR050 912 13 03 006 (0.1
B9 34 28 02 138 305
1D FR075 884 16 02 008 (02)
950 42 09 01 119 318
1D FR125 920 10 03 005 (05)
98 36 06 02 139 305
2D FRO75 877 12 03 009 (02)
854 07 139 01 143 321
3D FRO75 B3 11 02 004 (0.1)

temperatures and higher maximum reaction temperatures. A
similar behavior has been established for pyrolysis processes.*’

In the conversion process the mass-based char yield, as well
as the carbon and hydrogen bound in the char, decreases with
increasing air mass flux. With increasing fuel bed depth, the
char yield generally increases, which also suggests that char
downstream of the reaction front does not participate in
subsequent reactions. At 4DFR02S5, nearly all FC is retained in
the char, while at FR12S, only about half is retained.
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Table 4. Proximate and Ultimate Analyses Results for Chars from the Different Test Configurations, in Addition to the H/C
and O/C Mass Ratios, Char Yield with Standard Error (SE), and HHV Values

. . EC VM Ash FC VM Ash EC VM Ash H:C Yield HW
Configuration —=——p— N ¢ H N C H N OC SE M/kg
Bottom Middle Top
4D FRO25 941 46 13 943 37 20 941 41 18 03 199 32.5
87 19 02 9.2 18 02 85 21 02 008 (02)
951 35 14 949 29 22 90 25 14 02 166 32.0
4DFROS0 g4 15 03 923 13 02 82 18 03 008 (03)
933 27 40 927 42 31 931 37 32 02 144 31.2
4D FR075 943 11 03 91.6 12 02 847 15 02 007 (0.3)
940 24 36 8.2 19 129 88 28 84 01 101 31.6
4DFRI2ZS  “g97 09 03 933 09 02 80 12 03 007 (03)

All produced chars would be regarded as Class 1 biochars ' T T
based on their CHNO composition if used as a soil T T % B ::Egg;g |
amendment. In all cases the H/C and O/C ratios are much \ ! FRO75
lower than the thresholds proposed by the European Biochar T2 o ;\ kg > FRi25| |
Foundation of 0.7 and 0.4, respectively.’””" Generally these §i3
ratios are calculated on the basis of the organic carbon (OC) T3T \’\ X B |
fraction in the char, but because of the high temperatures in %. \ \\
this particular conversion process and a carbon fraction of R T4 \*\ L8 .
>84% (g/g) for all configurations, all elemental carbon can be g \ \\
assumed to be OC. é L L o

3.6. Discussion. The autothermal process in the studied e i
reactor displays an interrelationship of many parameters, such L § e, ¥
as the air supply, fuel consumption, composition of released N
products, subsequent exothermic or endothermic reactions of 7T B * "
released products, and the process temperature. In this process P
the composition of released products, for a specific fuel, e - i i a——
depends not only on the supply of the oxidizer but also on the 0 200 400 600 800 1000
internal heat transfer in the fuel as well as the external heat loss Temperature (°C)

from the reactor. This complex interrelationship leads to great
difficulty in isolating specific influences on the final producer
gas composition. Multiple indicators for particular trends in the
presented study need further discussion.

When trying to isolate the impact of different influences, it
has been observed here that heterogeneous reactions do not
seem to occur downstream of the reaction front. The
indications for the absence of heterogeneous reactions found
in this study are that toward the end of the process, when the
char layer thickness is greatest, the flow of carbonaceous
products does not increase and greater fuel bed depths lead to
a greater yield of char, except at the highest flow rate. The
exception of the highest flow rate supports the argument made
in Section 3.1 that this flow rate is a transition between the
oxygen- and reaction-limited regimes. Char gasification with
CO, or H,0, downstream of the reaction front, requires high
reactant concentrations as well as high temperatures,”* which
seem to be present only at the highest flow rate. Figure 12
presents the temperature profile in the reactor, from the top
(T1) to the bottom (T8) (see Figure 1), for the 4D cases at
the time when thermocouple T7 (70 mm above the fuel grate)
reached the maximum temperature. Downstream of the
reaction front it can be seen that, while for FR12S four
thermocouples exceed 800 °C, which is considered within the
range of gasification processes,’” this is only the case for one
thermocouple for FRO75 and none at lower air flow rates.
These relatively low temperatures downstream of the reaction
front will lead to low reaction rates of char gasification.”
Furthermore, even at FR12S5, where the highest temperatures
are achieved downstream of the reaction front, it is possible
that the increase in heterogeneous reactions of the char are due
to gasification in the reaction front with oxygen, rather than
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Figure 12. Reactor temperature profile for the 4D cases when
thermocouple T7 reached the maximum temperature.

downstream with CO, or H,O. Therefore, heterogeneous
reactions (R1—R4 in Table 2) downstream of the reaction
front can be neglected as possible contributors to increasing
conversion yields to permanent gases with depth.

It can be shown that the conditions in the reaction front do
not vary with depth and that heterogeneous reactions do not
influence the release of producer gas components downstream.
Therefore, the varying producer gas composition and yield
with depth could relate to ongoing subsequent processes
downstream of the reaction front. Possible downstream
reactions, RS—RI1S, are presented in Table 2. Higher
temperatures, as achieved at higher air flow rates, will favor
reactants of the exothermic water gas shift and homogeneous
methanation reactions, R8—R11, in accordance with Le
Chatelier’s principle, while higher reaction rates for the tar
degradation and reforming reactions, R12—R1S, are
achieved.”” It can be assumed that the presence of char
promotes tar cracking reactions.”* A greater residence time in
the char bed at elevated temperatures (see Figure 12), which
results from the propagation of the reaction front down the
fuel bed over time, will influence these subsequent reactions.
The increase of CH, flow, representing all gaseous hydro-
carbon species along the temporal axis as noted in all
configurations (see Figures S and 10), supports the assertion
of increasing tar cracking reactions in the char layer as it
increases in depth. A combination of the reactions, presented
in Table 2, will lead to the notable increase in the conversion
products H,, CH,, and CO, while tar cracking and reforming
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reactions are most likely to have the greatest influence. Future
work on gravimetric determination of the amount of tars and
an analysis of the produced species could provide further
information.

Experimental investigations on the degradation of tars are
generally performed at similar or higher temperatures than the
conversion temperature at which the tars are produced. In the
present system, thermochemical conversion occurs at the
maximum temperature in the reaction front, while degradation
is assumed to occur downstream in the char bed at elevated
temperatures. The high temperatures in the reaction front will
lead to the formation of products that are more thermally
stable at these temperatures.”® Therefore, the limited increase
in conversion to permanent gases with increasing fuel bed
depths could be partially due to tar cracking downstream of the
reaction front, occurring at lower temperatures than those at
which the tars are produced.

One possible application of the new knowledge from this
study is in small-scale domestic stoves. In this application, a
fuel bed depth of 3D and 4D is expected to lead to a more
steady conversion process, with lower tar yields and greater
conversion to permanent gases. Tar and permanent gas yields
could be influenced by tar cracking reactions in the char bed
downstream of the reaction. Furthermore, with a greater fuel
bed depth, a longer time is spent in the steady-state
propagation of the reaction front, while lower depths are
more strongly affected by transients at start-up and shut-down.
This could be of particular interest since typically commercial®
as well as experimental designs of this type of reactor are in the
range 1D—2D fuel bed depths, while this research suggests that
increasing this parameter has a beneficial effect on the
conversion process.

4. CONCLUSIONS

The presented study investigates the influence of the air supply
and the fuel bed depth on the conversion process in a small-
scale batch-fed reverse downdraft reactor. Four flow rates, from
0.025—0.125 kg m™* 57/, and fuel bed depths, from 100—400
mm (1D—4D), were used in the experiments.

Increasing the air supply also increases the fuel con-
sumption, the temperature, and the conversion processes to
permanent gases in the reaction front. Substantially higher
combustible gas yields and cold gas efficiencies (CGE) are
achieved with higher temperatures at greater air supply levels.
With higher temperatures, the increase in combustible gas
yields can be explained by greater rates of tar conversion
reactions and an increase in the CO/CO, product ratio.

When increasing the fuel bed depth, the conditions in the
reaction front, such as the fuel consumption and temperatures,
are not affected; however, it needs to be kept in mind that, as
the reaction front moves down the fuel bed, a char layer, of
increasing depth, accumulates downstream. It was confirmed
that this char layer downstream of the reaction front does not
participate in heterogeneous gasification reactions with the
gaseous products released from the reaction front. However,
conversion of tars appears to be enhanced by a hot char layer
which leads to increasing concentrations and yields of
permanent gases, especially of CO and H,, with increasing
fuel bed depth. For all gaseous products, transients at start-up
and shut-down of the process are more dominant at lower fuel
bed depths, and generally higher conversion to permanent
gases can be noted at 3D and 4D, rather than at 1D and 2D
fuel bed depths. The increase in the permanent gas yield with
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greater fuel bed depths provides a strong indication that there
is a reduction in the release of tars.

The CGE can therefore be improved by increasing the fuel
bed depth and improved even more by providing a greater air
supply, or a combination of both. A higher producer gas quality
for subsequent combustion applications is achieved with
increasing CGE.

For applications in cookstoves, the increase in efficiency with
greater fuel depth, larger than one reactor diameter, could
provide a simple tool for optimization without compromising
on the simplicity of the system. The high efficiency of the
investigated process and the potential for further optimization,
in combination with the opportunity for the production of high
quality biochar, make this process especially attractive.
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1 Experimental Setup

1.1 Analysis

As in any combustion device, the relationship between the fuel consumption and the
oxidiser supply, here air, is of central importance. This relationship can be presented

in the form of; the air-to-fuel ratio (A/F = my;,/myye), fuel-air equivalence ratio (® =

(mfuel/moz)

W) or air-fuel equivalence ratio (A = ((moz/mf uet) ). Equivalence ratios ® and
ue /S

A relate the oxygen and fuel consumption to the stoichiometric value. Traditionally, in
continuously-fed gasifier literature, these values are calculated by the supplied air flow
rate and the biomass mass flow rate. For the batch-fed systems presented here, it has been
calculated using the supplied biomass less the produced char, thus the volatile fraction
of the biomass, is used as the fuel input. Since the char was a desired product that was
extracted at the end of the experiment, and was not intended to participate in the combus-
tion process, taking all the supplied biomass as fuel would provide a misrepresentation,
especially when considering the stoichiometric oxygen requirements. Therefore, ® was
calculated using the volatile matter: determined by subtracting the char (Ch) composi-
tion from the supplied biomass (B) as fuel is shown below in Equation 1. It should be

noted that the subtraction of char from the global equivalence ratio was not related to any

efficiency calculations.

(mCB "Wcy + Mpg - WHy — Mcg, * Wee, — MH, * wHCh)/(mo + Moy - wOB)

P — supply
(mCB ) wCB + mHB ’ wHB - mCCh ) wCCh - mHCh ) wHCh)/mostoichiametric

1)



2 Results

2.1 Stoichiometry

Figure 1 presents the equivalence ratio (®), calculated using Equation 1, as a function of
the supplied air mass flux. In this context, ® represents the factor by which the oxygen
supply needs to be multiplied to completely combust all products released from the sup-
plied biomass. In the presented process the stoichiometry is not actively regulated, as is
the case in most thermochemical conversion and combustion processes, but a result of
the autothermal reverse downdraft process. It can be seen in Figure 1 that ® decreases
with an increasing air mass flux. This shows that as more air is supplied, relatively less
biomass is converted to volatile matter, and that the oxygen supply approaches its stoi-
chiometric value for the combustion of the released volatile matter. Therefore, a relative
increase in conversion to oxidised products can be expected at greater air flow rates, since
more oxygen is consumed per unit of volatile matter released. This assertion would in-
fer a greater heat release occurs, as well as a greater yield of products of the exothermic

oxidation reactions (viz. CO, CO, and H,0O).
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Figure 1: Equivalence ratio, at all measured configurations. Error bars indicate the stan-
dard error of the mean.



2.2 Influence of Fuel Bed Depth - mean producer gas composition

The volumetric time-weighted average producer gas composition at the different fuel bed
depths, with constant air supply, is presented in Figure 2. A minor increase in the CO,
concentration is noted above 2D, while the CO level is similar at all fuel bed depths. The
mean Hj value increases more than 20% with greater fuel bed depths, from 9.8% at 1D to
12.3% at 3D. The concentrations of hydrogen-containing molecules, H, and CHy, are most
significantly influenced by an increasing char layer thickness, providing an indication that
these are affected by the presence of char. Overall, it can be seen that increasing the fuel

bed depth increases the quality and HHV of the producer gas.
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Figure 2: Time-weighted volumetric concentration (% vol/vol) of gaseous devolatilisa-
tion products at the different fuel bed depths, as well as the higher heating values of the
gas (M]-m;ﬁ). Error bars indicate the standard error of the mean.
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wood pellets is addressed. Two air supply rates within the oxygen-limited regime, where the
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1. Introduction

The difficulty with achieving fuel flexibility in any combustion system is evident even in highly
advanced systems, such as internal combustion engines [30] and gas turbines [49]. These need to
be adapted significantly to achieve acceptable efficiency when switching between different ho-
mogeneous fuels. This inherent difficulty is much more pronounced when using inhomogeneous
solid fuels. However, it remains common practice for users of small-scale domestic combustion
systems for cooking and heating to alternate their fuel source according to availability and/or
season [63]. This includes nearly half the world’s population who rely on such systems for basic
survival [9]. In order to minimise adverse health and environmental implications of incomplete
combustion, a deeper understanding of the combustion properties of a wide range of utilised fuels
is necessary to enable more efficient combustor design for small-scale solid fuel systems.

Small-scale combustion systems that use a batch-fed autothermal reverse downdraft process,
called gasifer stoves, have been shown to exhibit high potential to reduce emissions of incomplete
combustion, compared with similar sized conventional systems [34, 48]. In these improved sys-
tems, the fuel batch is lit on its top surface, leading to the formation of a reaction front that moves
in the opposite direction from the air supply down the fuel bed [12, 39]. The propagation veloc-
ity of the reaction front for a specific fuel is mainly dependent on the air supply. Three regimes
are identified, dependent on the air flux, namely; the oxygen-limited regime, the reaction-limited
regime, and the regime where the process is cooled by convection [17, 44, 21, 40, 41, 38, 56]. In-
creasing the air supply rate results in increasing process temperatures, which in turn influences
the product composition of the thermochemical conversion in the reaction front. The products
are a complex mixture of gases, liquids (forming an aerosol with the gases, called producer gas)
and solid char, with increasing yields of gases and decreasing yields of liquids and char, at higher
temperatures [16]. The aerosol which is produced is subsequently burned with secondary air for
heat generation, while the char can be extracted at the end of the process [28, 29]. This process
is widely used with limited understanding of the biomass conversion process and especially the
influence of using various fuels with different compositions. Previously wood fuels and rice hulls
have been studied [22, 23, 50, 54], however, a more comprehensive investigation with a variety of
fuels is needed to provide insight of the key parameters and to influence future designs.

The need for an assessment of fuel types and characteristics for small-scale applications has

previously been identified [53]. However, most previous investigations in comparable systems



have focussed on woody biomass [27, 23, 50, 51, 35, 32, 19, 33]. Other widely used fuels in practice
include agricultural residues and animal manures, which are burned in great quantities per house-
hold in countries such as India [37], but have not been studied extensively. Generally, the appro-
priacy of manure as fuel is debatable since it reduces its availability as a fertiliser. In the autother-
mal reverse downdraft reactor, this effect is minimised because biochar is produced which can be
used as an alternative soil amendment. Few studies have focussed on the use of manure as fuel
[59, 3, 7]. High emissions have been reported for direct combustion [52], while the thermochemi-
cal conversion process has not specifically been addressed. Continuous downdraft gasification of
cow manure has not been found feasible, because of the low heating value of the product gas and a
satisfactory process could only be achieved when mixed with sawdust [45]. The use of agricultural
residues, such as wheat straw, which are often disposed of by field burning [63, 43] could provide
another widely available fuel source. Continuous gasification of straw has been indicated to only
be possible with pelletised fuel, as chopped straw led to air blockages [20]. The main difference
between woody biomass, agricultural residues and animal manures are the bulk density (depend-
ing on particle size and density), the ash content and the related energy density. While wood has
a low ash content, it is greater in agricultural residues and is generally much higher in manure.
The main topics discussed when dealing with high ash content fuels are melting, fusing and slag
formation [61, 24]. It has been suggested that the high K and Si concentrations in straw ash could
lead to slag formation [25], but when producing char the high unburned carbon concentrations
and the integrity of the initial particle structures could minimise these possible effects. Therefore,
general concerns with the use of high ash content fuels in thermochemical conversion processes do
not necessarily apply to the presented system. The influence of a high ash content in fuels on the
thermochemical conversion process and the quality and efficiency of combustible gas production
is not well understood.

The combined production of char and clean-burning combustible gases could provide bene-
ficial implications for the process as well as the environment. Not only can the solid char lower
the concentration of tars in the producer gas and retain a large fraction of the ash [29] to reduce
particulate emissions, the biochar is also a product that can be used for a variety of subsequent ap-
plications. The specific characteristics of the biochar, such as surface area and high carbon content,
make it a particularly valuable for soil amendment purposes [62]. Biochar is widely produced in a

variety of systems, such as earth pits or rotary kilns, where only a portion of the released volatile



products from the biomass feedstock are utilised to sustain the thermochemical conversion pro-
cess and the remainder vented [10]. A process that combines the production of biochar with the
full utilisation of the volatiles for heat generation could substantially increase the efficiency of the
system. The quality of char produced from small-scale reverse downdraft gasification is seldom
assessed though and needs further investigation for the application as a soil amendment, espe-
cially when utilising unconventional non-woody biomass feedstock.

The focus of this article is to assess various value biomass feedstocks for the combined pro-
duction of producer gas and solid char in small-scale applications. Four fuels, namely wood
pellets, wheat straw, sheep manure and cow manure, have been investigated at two air supply
rates. Novel insights into the batch-fed autothermal reverse downdraft conversion process when
utilising high ash content fuels are gained. The products and product distribution are investi-
gated through the continuous measurement of the produced gases, in combination with main
constituent identification of the supplied fuel and produced char. These measurements enable an
in-depth process analysis of the thermochemical conversion process, the release of combustible
products as well as the quality of produced char, for multiple fuels representing a wide range of
ash-contents. The resultant deeper understanding of the influence of biomass fuel composition,
especially the ash content, on the autothermal thermochemical conversion process and its prod-
ucts, may additionally provide valuable information for downstream applications of the producer

gas, as well as the char.

2. Materials and Methods

2.1. Reactor

The utilized small-scale thermochemical conversion and combustion reactor has been described
previously [29]. Its main features, in the order of air flow are: an air supply chamber, a fuel grate
on which the fuel rests, a reactor with ports for inserting thermocouples into the fuel bed, and
a probe for the extraction of products above the fuel bed. Volatile products are combusted in a
non-premixed flame, open to the environment, downstream of the extraction probe, however, the
combustion process is not considered in this study.

Air is delivered at a constant flow rate during each of the experiments, resulting in the air mass

flux specified in Table 1. The grate on which the fuel bed rests has 67.2% open area. The inner



diameter of the reactor is 98 mm and is insulated with a 25-mm-thick thermal blanket. Eight K-
type thermocouples (T1-T8) are situated along the length of the reactor. The entire device is placed
on a weighing scale, Radwag WLC 20/A2, with a readability as well as repeatability of 10~* kg
and a maximum capacity of 20.0 kg.

The probe used to extract volatile products is situated at the top of the initial fuel bed. This
probe is connected to a tar trap, which is used for the retention of all non-gaseous products. Sub-

sequently, the gas sample is analysed, described in §2.2.

2.2. Gas Analyser

The gas stream was sampled with a MRU Vario Plus analyser. It measures CO,, CO and CHy4
up to 30% (vol./vol.) and an accuracy £3% of the reading, using NDIR sensors. The measurements
of Oy and Hj are measured with electrochemical sensors with a range up to 21% (vol./vol.) and an
accuracy +0.2% of the absolute value, and a range up to 100% (vol./vol.) and an accuracy £+0.02%
of the reading, respectively. N is determined by subtraction. The analyser was calibrated on a

daily basis.

2.3. Fuels

Wood pellets, wheat straw, sheep manure and cow manure were tested in the present study.
The results of the proximate and ultimate analyses for all fuels are presented in Figure 1. The
ternary plots each enable the presentation of three constituents: (a) volatile matter (VM), fixed
carbon (FC) and ash; and the three main elements: (b) carbon (C), hydrogen (H) and oxygen (O).
Further information about the fuel and the tabulated values of the proximate and ultimate analy-
ses are available in the Supplementary Material in Section 51.2. Due to the fuels bulk density 2.1 kg

of wood pellets, 0.5 kg of wheat straw and 0.9 kg of manure were used for individual experiments.

2.4. Procedure

Prior to performing the experiments, the reactor was preheated and subsequent tests were
started at inner reactor temperatures of <100 °C. Preheating was performed to avoid an influence
from the large thermal mass of the reactor and reactor temperatures of <100 °C were chosen to
minimise the influence of moisture evaporation when re-fuelling. Fuel was supplied in batches
and the air mass flux was pre-set on the flow meters, prior to each experiment. Lighting was

performed with the aid of 10 mL of methylated spirits (96% ethanol, CAS # 64-17-5) and a paper
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Figure 1: The fuel composition in terms of proximate analysis on a dry basis and ultimate analysis on a dry ash-free basis.
The fuel types are: wood pellets (WP), wheat straw (WS), sheep manure (SM) and cow manure (CW). Axes show the three
constituents of (a) the proximate analysis, fixed carbon (FC), ash, and volatile matter (VM), and (b) the ultimate analysis,
carbon (C), oxygen (O), and hydrogen (H).

towel supplied to the top surface of the fuel bed. The temperature within the fuel bed was recorded
throughout the process. The reaction front velocity for each configuration was determined in pre-
liminary experiments (determined by the time taken between subsequent thermocouples reaching
600 °C) and the process was quenched once the reaction front reached the grate at the bottom of
the fuel bed. Quenching was achieved by introducing ice water into the reactor from the top
and by the provision of nitrogen (>99.99% N,) instead of air to cool and prevent reactions inside
the fuel bed. The remaining char was subsequently extracted. Multiple repeats for each tested
fuel were performed at the two air supply rates, as presented in Figure 1. Air supply rates of
0.025 kg'm 2571, for wood pellets, wheat straw and cow manure, and of 0.03 kg:m~2-s! for
sheep manure, will be referred to herein as “low” and for all fuels 0.075 kg-m~2-s~! as “high”.
These two air supply rates were chosen on the basis of preliminary experiments and a previous
study [29], which have shown that these represent a high and low value within the oxygen lim-
ited regime. The exception of 0.030 kg-m’z-s’l had to be made for sheep manure, since at lower
flow rates no gaseous product measurements were possible, because excessive release of tar lead

to repeated clogging of the tar trap.



Table 1: Experimental configurations, the number of repetitions performed and the experimental code.

Fuel type Air Mass Flux = Repetitions  Code
(kg:m~2s7))

Wood pellets 0.025 5 WP-L

0.075 5 WP-H

Wheat straw 0.025 4 WS-L

0.075 4 WS-H

Sheep manure 0.030 4 SM-L

0.075 5 SM-H

Cow manure 0.025 3 CM-L

0.075 4 CM-H

2.5. Analysis

For each experiment, the reactor is placed on a weighing scale to measure the fuel mass loss
during the conversion process. The fuel mass loss was expected to display a linear profile with
changes to air supply, based on previous research [40, 55]. The two air supplies at the focus of this
study are 0.025 and 0.075 kg-m~2:s~ 1. These two flow rates were chosen on the basis of air supply
regimes determined from mass loss measurements during preliminary experiments in the range
0.010-0.200 kg-m 25~ 1. Only mass loss was measured during the preliminary experiments, whilst
gas sampling was performed during all subsequent tests. It should to be noted that comparable
values found in the literature [41] are not based on weight measurements but calculated on the
basis of thermocouple data, represented by the reaction front velocity and the fuel bulk density
(itEuel = UFront * Pruer)- All figures presenting measured values include error bars that display the
standard error of the mean [8].

Eight thermocouples recorded the gas phase temperature within the reactor. Mean maximum
temperatures are determined as an average of the highest temperatures of the thermocouples T1-
T7 and the value reported for each configuration was the mean of all repeat tests. Measurements
of the lowest thermocouple T8 (at 20 mm from the fuel grate) were disregarded, since an increase
of temperature due to the proximity to the fuel grate was observed.

An elemental balance was performed for carbon (C) and hydrogen (H) in the thermochemical
conversion. The supply of N, via air was considered to be conserved, allowing the calculation
of molecular C and H in the measured gas via the relationship between the supplied N, and the
analysed Ny, as per Equation 1. Equations 2 and 3 present the overall calculation of molecular C

and H in the measured gas, while the equations can be adapted for individual gas species. The



content of tars and water in the producer gas was not measured.

Xgas

flogs = ————— AN 4i (1)
8 XNymeasured 207
c._ Mair WN,, / MN, - (xco, + Xco + xcH,)/ XN,
gas = 2)
(mfuelfdaf cWC — Mepgr—qf - WC)/MC
Maiy - WN.. /Mn, - (xg, +2 - x X
Hzgus — arr Nmr/ Nz ( Hz CH4)/ N2 (3)

(M fuel—daf - WH — Mepar—af - WH)/Mpu

Where 71 is the molecular gas flow and x is the molecular gas concentration. The provided or
product mass is represented by m, the mass fraction by w and the molecular mass by M.

To evaluate the process performance, the cold gas efficiency (CGE) was calculated on the basis
of the energy content of the produced gases relative to the energy content of the converted fuel, as
presented in Equation 4. The measured gas concentrations are considered as the energy content of
the producer gas, while other hydrocarbon compounds and carbonaceous particles that might be
released from the fuel bed are not included. The higher heating value (HHV) of the fuel and the
char were measured using a bomb calorimeter and that of the gaseous species were based on well

characterised values found in the literature [60].

VNo—air/XN2 - (xco - 12.6 + XcH, - 39.8 + xy, - 12.8)
HHVfuel TMfyel — HHV jay - Mgy

CGE = (4)

Fuels, as well as produced char samples from each configuration, were analysed for their ul-
timate (CHN), proximate (moisture (M), volatile matter (VM), fixed carbon (FC) and ash content)
composition and their HHV. The proximate analysis was performed via thermogravimetric analy-
sis (TGA), using a previously established method [47]. For both fuel and char samples, the ash con-
tent was also determined following ISO 18122:2015 [1] and the moisture content following ASTM
D4442-92(2003) [4]. The reported proximate analyses therefore consist of the moisture content, via
the ASTM standard, the VM fraction, via TGA analysis, the ash content, via the ISO standard, and

the fixed carbon fraction is calculated via subtraction.



3. Results

3.1. Mass Flux and Process Temperature

Figure 2 shows the fuel mass flux—the consumption of fuel per time and reactor area—as a
function of the supplied air mass flux, for each of the fuels considered in this study. Preliminary
experiments were performed over a wide range of conditions, where only one repetition was per-
formed. Also shown are the experimental results at the two air supply rates used for the majority
of this work, as well as values found in the literature [41] for wood pellets. Previous research has
shown that with increasing air flow, under sub-stoichiometric conditions, the fuel consumption
increases initially linearly (oxygen-limited regime), then less severely until a further increase does
not change the fuel consumption (reaction-limited regime) and at super-stoichiometric air supply,
leads to cooling of the process until extinction (refer to §1). Cookstoves generally operate in the
initial regime, where the fuel mass flux is linearly dependent on the air mass flux, and this regime
is therefore the focus of the present study.

All fuels investigated behave similarly and the fuel mass flux increases linearly in the oxygen-
limited regime in Figure 2 up to an air supply rate of ~0.1 kg-m~2-s~ 1. In this regime, the value of
the fuel mass flux (WP>WS>CM>SM) is notably lower when the fuel contains a high amount of
ash. This lower fuel mass flux can be explained by a lower oxidiser-fuel contact, lower diffusion of
gas species and the lower energy content of the bed, due to the high ash content, as hypothesised
previously [40]. The lower fuel mass flux at a given air mass flux also results in a higher air to fuel
ratio (A/F), which has previously been found to be similar for various biomass types with lower
ash content [56]. This shows that the high ash content in manures has an impact on the conversion
speed, but also that the conversion regimes are dependent on the superficial velocity (air mass flux
/ air density) and thus the oxygen availability as well as residence time.

For WP and WS, increasing the air mass flux to >0.1 kg-m~2:s~! leads to a transition to the
reaction-limited regime and the fuel mass flux increases less rapidly with increasing air mass flux,
until it reaches a plateau. For SM and CM, higher air flows exceeding >0.125 kg-:m 25~ ! lead to
a slight decrease in the fuel mass flux. This decrease is caused by a variety of factors including ash
melting, which substantially alters the fuel bed properties. At such high air supply rates little to
no char is produced. Therefore, the utilisation of this type of system outside the oxygen-limited

regime is not advisable, as further discussed in Sections 3.3 and 3.4.
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Figure 2: The fuel mass flux, the fuel consumption per time and reactor area, is presented as a function of the air mass flux
for different experimental configurations, preliminary data and data found in the literature [41]. The error bars display the
standard error of the mean.

The relationship between the mean peak temperature and the bulk density of the fuel bed is
shown in Figure 3. The peak temperature is recorded at the centre of the fuel bed. It can be seen
that there is a slight bulk density dependence of the mean peak temperature, similar to previous
studies [40, 46]. With a lower bulk density, the total heat release per reactor volume is much lower
and the thermal mass of the reactor wall and volume will have a greater influence on the peak
temperature, compared with fuels with higher bulk density. Previously a higher bulk density
has been related to a decreasing reaction front propagation velocity through the fuel bed [40],
which also corresponds with a higher heat release per reactor volume. Here, no influence of other

potentially related parameters, such as ash content, volatile matter content or particle size was
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Figure 3: The mean peak conversion temperature at the reactor centre is presented in relation to the initial bulk density of
the fuel. The error bars display the standard error of the mean.

3.2. Gaseous Products

The time-weighted average species concentration over the duration of the experiment, as well
as the calculated HHV of the producer gases (refer to §2.5) are presented in Figure 4. The mean
volumetric concentration of the main product species from the thermochemical conversion process
and O, are shown for all four fuels at high and low air supply. It can be noted that for each
configuration, the O, concentration is low and re-evaluation of the concentrations on a 0% O,

basis did not change the trends in between configurations. In terms of application in small-scale
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combustion systems, it needs to be kept in mind that the producer gas presented here is the fuel
for the subsequent combustion process.

In Figure 4 it can be seen that increasing the air supply has contrary effects for CO;, and CO.
At higher air supply rates, less CO, and more CO is produced, which may be explained by a
shift in the biomass conversion chemistry to an increasing primary product ratio of CO/CO; with
increasing process temperatures [31]. Furthermore, previous research suggests that higher process
temperatures [5] as well as higher temperatures in the char layer downstream of the reaction front
[29] promote the conversion of tars (hydrocarbon compounds with higher boiling points than
benzene [36]) to form mainly CO and Hj (via reactions R13-R16, presented in the Supplementary
Material in Table S3). This conversion of tars contributes to an increasing CO yield with greater
air supply. As the combustible gases are more easily burned completely than the tars, greater
conversion yields of these products may be beneficial for subsequent combustion.

Similar to the CO and CO; results, the hydrogen-containing species, H, and CHy, also follow
contrary trends with increased air flow rate. The mean H; concentration is higher with increas-
ing air supply and process temperatures, while the CH4 concentration decreases. This trend can
be explained by a combination of the decomposition of hydrocarbon compounds at higher tem-
peratures (R13-R16, see Supplementary Material in Table S3) and the interplay of homogeneous
gasification reactions (R7-R12, see Supplementary Material in Table S3).

When comparing the different fuels with one another it can be seen that the highest concentra-
tions of all combustible species is released from the WP, hence also exhibiting the highest HHV.
CM exhibits the lowest HHV, while WS and SM are quite similar. Therefore, WP provides the
highest quality gas for subsequent combustion. Whilst this supports the previous work that has
focussed on woody biomass as a feedstock, it also highlights the challenges associated with the

use of lower-grade fuels that are widely used.
2

In a previous study, wheat straw had been tested at an air supply of approximately 0.065kg-m ™=

and it was found that it exhibited a similar process temperature, but higher peak CO and CO, con-
centrations [25]. Although the previous system [25] is very similar to the one presented here, the
comparison is limited because the char was consumed, leading to a higher prevalence of heteroge-
neous gasification reactions (R2-R5) and higher carbon oxide fractions in the producer gas. Sim-
ilarly, higher temperatures and higher concentrations of all combustible gaseous products (CO,

H; and CHy), have been found with complete wheat straw fuel conversion elsewhere [61]. In
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a similar, but continuous process, with char production, higher H, and CO concentrations were
achieved with a simultaneous decrease in tars when using wood chips and wood pellets as fuel
at 0.022 kg:m~2.s~1 [11]. In this continuous reactor the product gas passed through a constant
layer of char at elevated temperatures [11], where tar cracking may occur, while here the char

layer thickness increases as the reaction front propagates down the fuel bed and initially no char

is present.
18 1 + -5
16 I P-L 145
I wWP-H
T ws-L 44
14 I ws-H
I sv-L 135
12 P b [ sM-H { '
éo/ I:lCM'L i 3 (?AZ
» CICM-H I =
o 10 I t 2
S 125 =
Q_ N—
n 8 >
6
11.5
4 11
2 lﬂlﬁ hﬂim N
0 0
CO, cO H, CH, 0, HHV

Figure 4: The time-weighted average volumetric producer gas composition, over the duration of the conversion process, as
a mean of all replicates and the resulting HHYV, of the gaseous products, are presented. The error bars display the standard
error of the mean.

3.3. Biomass Conversion

The molecular conversion balance of carbon from the different fuels into the gaseous products,
solid char and “other” (accounting mainly for tars and released particles) are presented in Fig-

ure 5. With increasing air flow, a general trend of increasing gaseous products accompanied by a
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reduction of tars and char can be seen. This trend can be explained by higher process temperatures
and has been well documented for biomass conversion processes [16, 6].

Focussing on a comparison of the conversion to permanent gases it can be seen that the com-
bined yield of CO,, CO and CHy, at low flow rate follows the relation of WP > WS > CM > SM. At
high air supply, the relation changes to CM > SM > WP > WS. The release of combustible gases,
CO and CHy, from the manures are particularly sensitive to changes in the air supply: from <40%
at low air supply to >50% at high air supply. The higher increase of gas yield for the manures ap-
pears to be due to greater conversion of the fixed carbon fraction, with a simultaneous reduction of
the char yield. For WP and WS both the char and other yields change more similarly, between low
and high air supply. When considering that all fuels have a very similar carbon content, on a dry
ash free basis (see Figure 1), the larger ash content in the manures appears to facilitate a greater
conversion of fixed carbon to gaseous products at high air supply.

The char-carbon yield is lowest for the manures with high air flow. Thus, there will be less car-
bon available to form the structure of the char. This will be even more pronounced when further
increasing the air supply, as described in Section 3.1. As char is a desired product of this pro-
cess, a further increase of the air supply is not suitable for its production, especially when using
manures as fuel—however, the higher proportion of producer gas in the high air supply case is
advantageous.

The “other” fraction primarily includes tars, which are generally considered an undesirable
product because they have been identified as a soot precursor for the subsequent combustion [18].
The fraction of tars is notably highest in SM, therefore explaining why this fuel was prone to clog-
ging of the sampling line at 0.025 kg:m ~2-s~! and instead required an air supply of 0.030 kg-m 25~
to ameliorate this issue (as described in §2.4). The lowest yields are achieved from WS, supporting
the potential of this widely wasted fuel in this type of thermochemical conversion process.

Figure 6 presents the molecular balance of the supplied hydrogen in the fuel, into the mea-
sured gases and solid char, as well as “other”, which accounts for mainly tars and water. For
both air supply rates, WS presents the lowest conversion to gaseous products. It can be assumed
that the low gas yield is due to lower peak process temperatures, when compared with the other
fuels (see Figure 3). For both low and high air supply, it should also be noted that while the gas
yields are similar for WP and SM, they are highest for CM. This trend cannot be explained by a

temperature influence, as WP achieved the highest process temperature. Similar to the conversion
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Figure 5: Conversion of fuel carbon to the gaseous products, CO,, CO and CHy, “other”, accounting mainly for tars but
also for carbonaceous particles that could be ejected from the fuel bed, and the solid char. The error bars display the
standard error of the mean.

of carbon, the relatively high conversion yield of hydrogen-containing gases from the manures
could be caused by the influence of the ash constituents. While the release of CHy appears to be
consistent in between fuels at low and high air supply, the release of Hy seems fuel dependent.
This could be due to the presence of ash, since H; is highest in the manures.

The thermochemical conversion process can be evaluated through the cold gas efficiency (CGE),
which provides a measure of the energy in the produced gas relative to that consumed from the
supplied fuel (see §2.5). In Figure 7 the CGE is presented in relation to the mean peak process
temperature. The efficiency appears to have a near-linear response with temperature, irrespective
of fuel type.

In a similar-sized continuous downdraft gasifier using woody biomass pellets, at an air supply
rate of ~ 0.050 kg:m~2-s7!, a CGE of over 70% was reported [26]. Although, the peak process
temperature is higher at 0.075 kg-m~2:s~'here and the producer gas composition appears similar,

the CGE is more than 20% lower. Complete conversion of the char and a larger fraction of tars to
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Figure 6: Conversion of fuel hydrogen to the gaseous products, H, and CHy, “other”, accounting mainly for water and
tars, and the solid char. The error bars display the standard error of the mean.

producer gas in the continuous gasifier will contribute to this higher CGE.

3.4. Biochar

In Figure 8(a) the proximate-, and in 8(b) the ultimate-, analyses of the produced chars are
shown as ternary plots (the respective values are provided in the Supplementary Material in Ta-
bles 54 and S5). The ternary plots enable the presentation of (a) the three constituents; volatile
matter (VM), fixed carbon (FC) and ash; and (b) the three main elements: carbon (C), hydrogen
(H) and oxygen (O).

The largest differences between the fuels can be seen in (a) along the fixed carbon and ash
axes and in (b) along the carbon and oxygen axes. It can be noted that the carbon and the fixed
carbon fractions generally decrease when increasing the air supply and are especially low for the
manures. At 0.075 kg:m~2-s~! only approximately 10% and 20% of fixed carbon remain in the
char for CM and SM, respectively. At higher flow rates, the fixed carbon fraction is too low to

retain a carbon structure, which is the basis of the char. Without the supporting carbon structure
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Figure 7: The cold gas efficiency (CGE) versus the mean peak temperature in the reaction front for all tested configurations.
The error bars display the standard error of the mean.

and temperatures in excess of 900 °C (refer to Figure 3), ash melting occurs, which substantially
alters the porous structure of the fuel bed and has negative process implications (refer to § 1). The
impact of ash melting on the solid product can be seen in photographs which are included in the
Supplementary Material in Figures S5 and Sé.

Table 2 presents the higher heating value, the weight-based yield and the energy yield of the
char. At low air supply for wood pellets, the char yield is 20% and the energy yield is 37%, which
agree well with literature values under pyrolysis conditions of 220% and 240%, respectively [16,

62]. Similarly, wheat straw under low air supply conditions gives 230% char yield and >40%
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Figure 8: In (a) the proximate analyses, on a dry basis (db), and in (b) the ultimate analyses, on a dry ash free basis (daf),
are presented. All values are on a mass basis.

energy yield in both Table 2 and pyrolysis literature [16, 62]. Therefore, the results indicate that
at low air supply, pyrolysis conditions of temperatures >700°C are approached. In contrast, at
higher air supply, the yields of both char and energy are lower by nearly a factor of two. Generally,
it can be seen that increasing the air supply leads to a reduction in yields as well as heating value,

because of the increasing ash fraction in the char.

Table 2: The mass yield (g/g), the energy yield (M]J/M]) and the bulk calorific value (MJ/kg) of the produced char.
l Airsupply WP WS SM CM ‘

Mass yield (g/g)
low 020 032 040 050
high 014 024 031 037
Energy yield (MJ/M])
low 037 044 033 039
high 026 027 021 0.12
HHV (M]/kg)
low 325 226 111 98
high 312 182 92 39

When considering a molecular balance, rather than a mass balance as presented by the prox-
imate and ultimate analyses, generally a decrease of both the molecular H:C and O:C ratios has

previously been identified with increasing process temperature, for woody biomass as well as
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wheat straw [62] (H:C and O:C ratios for produced chars as well as the fuels are presented in
the Supplementary Material in Figure S7). This trend can also be found in the present study and
similarly applies to the SM and CM chars. The difference in O:C ratio, between the fuel and the
char, is less severe in the case of the manures, as oxygen can be expected to be present within the
ash [58]. All produced chars fall within the category of Class 1 biochars, based on their molecu-
lar composition, with H:C and O:C ratios lower than 0.7 and 0.4 respectively, as proposed by the
European Biochar Foundation [2, 15] . Therefore, even the high ash content chars could attain the
highest classification biochars for soil amendment purposes, but future work regarding further

classification criteria will address this issue in more depth.

4. Discussion

As mentioned in Section 1, three regimes have been identified for the thermochemical conver-
sion of many biomass materials with increasing air supply, namely: oxygen-limited, where the
fuel conversion is linearly dependent on the air supply; reaction-limited, where the fuel conver-
sion plateaus with respect to increasing air supply; and the regime where the process is cooled
by convection. The present study focusses on the oxygen-limited regime, since char is mainly
produced in this regime, however, preliminary experiments were also performed in the reaction-
limited regime and the findings may aid in defining ongoing processes in these regimes more
clearly.

When little oxygen is supplied to the ignited fuel, the conversion of the solid biomass is domi-
nated by devolatilisation, leading to the formation of solid char (as defined by reaction R1 in the
Supplementary Material in Table S3) with a lower influence of heterogeneous gasification reac-
tions R2-R5 of the resultant char. When the air supply is increased, there is a general rise in fuel
consumption, accompanied by higher process temperatures (see §3.1), higher yields of permanent
gases and a reduction of the tar (see §3.3) and char yield (see §3.4), caused by a stronger influ-
ence of reactions R2-R5 (refer to the Supplementary Material in Table S3). This is supported by a
comparison with the relevant literature reporting pyrolysis experiments [16, 62] (see §3.4), where
similar char yields have been reported at comparable process temperatures for low air supply,
while higher yields are reported at high air supply, when heterogeneous gasification reactions are

more prominent if oxygen is supplied to the conversion process.
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At low air supply, it should be noted that the molecular yield of C and H in the char is some-
what similar (interestingly WP and SM, and WS and CM, exhibit similar yields) while the re-
duction of yields at high air supply is more severe in the manures (see §3.3) compared with the
lignocellulose fuels (WP and WS). Previously, it has been suggested that a higher lignin content,
the most stable lignocellulose component, promotes the formation of char during pyrolysis [13].
While this will contribute to a similar carbon conversion yield of char for WP and WS, which
generally have a similar lignin content [57], the fraction in manures is generally very low [42].
Furthermore, it is shown that the duration of the conversion per unit mass of supplied fuel was
very similar for all fuels, although in the case of the high ash content fuels, much less dry ash-free
fuel is available (see §3.2). This shows that the dry ash-free conversion process occurs more slowly
in high ash content fuels but a larger fraction of the FC is consumed, leading to nearly complete
conversion of FC under oxygen-limited conditions.

In the manure and WS chars for high and low air supply rates, more than 50% and 20% (g/g),
respectively, of the product is ash. This ash is retained in the solid structure which minimises the
influence of elutriation or ash melting, from these high ash containing fuels. In all cases, even for
CM at high air supply where the char contains only 10% (g/g) FC (see §3.4), the carbon structure
largely remains but loose ash can be noticed on the char surface (refer to the Supplementary Mate-
rial in Figure S5). This shows that through the production of the char, not only is a valuable solid
(see §3.4) created, but also beneficial process implications are achieved. Furthermore, the clear
separation of a devolatilisation and a char conversion phase, which becomes less pronounced as
lower char yields are achieved, will cease at higher air supply rates for high ash content fuels.

The high ash content in the manures does not appear to have a negative influence on the con-
version to permanent gases, within the oxygen-limited regime (see §3.3). The presence of char has
previously been shown to increase tar conversion to permanent gases [29] (as per reactions R13-
R16, see Supplementary Material in Table S3). While this influence has not specifically been stud-
ied for chars with a high ash content, it can be assumed to be influential on the release of gaseous
products. Overall, the molecular conversion to permanent gases and its evaluation through the
CGE, appears to be mostly process temperature dependent, while the fuel type plays a secondary
role.

In the reaction-limited regime, the conversion reactions of biomass devolatilisation and hetero-

geneous gasification of the produced char body (R1-R5, see Supplementary Material in Table S3)
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occur more concurrently. This leads to a more simultaneous conversion and release of the volatile
matter and fixed carbon fractions from the fuel batch. For all fuels, this causes a substantial reduc-
tion in the char yield and a change in bed morphology. The absence of the char structure at high
air supplies leads to ash either being expelled in the form of fly-ash or exposed to high process
temperatures exceeding the ash melting point [14] leading to product melting and particle fusing,
which alters the fuel bed properties and causes problems within the reactor (refer to the Supple-
mentary Material in Figures S5 and S6). This is of little importance for low-ash fuels but can be
detrimental to high-ash fuels, such as manures. Problems occurring in the reactor include channel
forming, which changes the combustion characteristic from a near homogeneous reaction front to
locally differing conversion conditions, or ash fusing to walls. Furthermore, the plateau of the fuel
conversion with a simultaneous increase of the air supply, in the reaction-limited regime, leads to

increased dilution of combustible products.

5. Conclusions

The presented study investigates the conversion behaviour of four different biomass fuels in an
autothermal reverse downdraft process, which is often used in gasifier cookstoves. The influence
of two air supplies on the biomass conversion within the oxygen-limited regime, where the fuel
conversion is linearly dependent on the air supply, is the focus of this study. Process implications

of higher air supplies are also addressed.

® The conversion behaviour is similar for all fuels, irrespective of the ash-content, but the fuel

conversion is inversely proportional to the ash-content.

¢ With increasing air supply and increasing process temperatures more fuel carbon is con-
sumed and the possibility of ash-melting increases. By limiting the air supply, where more

char is produced and peak temperatures are lower, ash-melting can be avoided.

¢ The fuel conversion to gaseous products in the oxygen-limited regime is mainly temperature
dependent and independent of fuel type. Thus gaseous product estimation from this process

could be based on the peak process temperatures.

¢ All produced chars achieve the highest classification, through international protocols, for

soil amendment purposes, based on their elemental composition.
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Overall it is shown that the thermochemical conversion of a high value biomass fuel, wood pel-
lets, exhibit the best performance, but similar results can be achieved even with the lowest value
biomass fuels, manures, and the agricultural by-product, wheat straw. The issue of ash melting
and fusing, which is often detrimental to traditional combustion of high ash-content fuels can be
avoided here through limitation of the air supply and the production of char. This highlights the
potential for utilisation of low value fuels in the presented system for a combined production of

producer gas for heat generation and biochar for soil amendment applications.
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S1. Materials and Methods

S§1.1. Reactor

Figure S1 presents a schematic diagram of the 98 mm inner diameter reactor used in the pre-
sented investigation. In this reactor air is supplied from below the fuel bed, through an air plenum.
Air is provided by dry compressed air, which passes through a downwards facing distribution
ring to achieve homogeneous flow characteristics when entering the fuel bed. Eight thermocou-
ples (T1-T8) are mounted within the fuel bed at equidistance of 50 mm from one another. The
fuel bed extends over a heights of 400 mm. Aerosol samples are extracted at the top of the fuel
bed and are subsequently passed through a heated line (> 250°C) into a tar trap. All non-gaseous
constituents are retained in the tar trap, before the clean gas enters the gas analyser.

S1.2. Fuels

Four fuels, namely wood pellets (WP), wheat straw (WS), sheep manure (SM) and cow ma-
nure (CM), were utilised in the present investigation. Pictures of these four fuels are presented in
Figure S2. The particle size distribution is shown in Table S1. The particle size distribution was
established by thieving 500 g of the WS, SM and CM, and by measuring the length of the WP
with a nominal diameter of 6.5 mm. The results of the proximate as well as ultimate analyses are
presented in Table S2.

The wood pellets, with a nominal diameter of 6.5 mm and length of 40 mm, were produced
from timber waste from multiple timber mills around Australia. The pellets consist of hammer-
milled wood shavings, to which pine and saw dust were added before being compressed. Pellet
Heaters Australia is the manufacturer of the product, which was purchased from Barbeques Galore
(Adelaide, Australia).

The wheat straw was harvested in the third week of November 2017 by Belvedere Ridge in
Reynolds, South Australia, Australia. It was air dried in the field for 10 to 14 days and steam cut
to a nominal length of 5 to 10 mm. In the steam cutting process by Belvedere Ridge, the straw
is heated and moist by the steam before cutting and subsequently dried and cooled. Preliminary

*Corresponding author
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Tar Trap = Gas Analyser

Figure S1: Schematic diagram of the research reactor, all measurements in (mm).

experiments using initial length material, as well as a previous study [1], have shown increased
channel forming and an influence on steady reaction front propagation derive from this feedstock.
When uncut material is used, the conversion process will propagate more quickly along individual
stalks than in between stalks, leading to a discrepancy where some parts of a horizontal fuel bed
plane consist of horizontally aligned stalks, while other parts consist of vertically aligned stalks.
Therefore, the cut material was chosen as fuel.

The sheep manure was collected from grazing animals at a shearing station near Mallala, South
Australia, Australia. No bedding material was used and contamination with soil was low. The
natural particle size of the manure was used in the experiments. The particle size distribution of
all fuels is presented in the Supplementary Material.

Cow manure was provided by the Minko North Dairy Farm at Korunye, South Australia, Aus-
tralia. The manure was manually processed to achieve a similar size distribution as the sheep
manure to reduce differences in particle size and enable closer comparability. The dairy cows
were fed a daily diet of 4.5 kg wheat/canola meal, 10.8 kg potatoes, 4.5 kg lucerne hay, 14.25 kg
brewers grain, 3 kg mill run, 13.66 kg faba bean silage, 1 kg of oaten hay and 2 kg of dairy grain.
Hay was used as bedding material.

Both manures were dried at 105 °C overnight, before being stored for the experiments. By uni-
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formly drying the fuels, the effects of moisture content were eliminated.” The resulting moisture
content of all fuels was within 7.2+2.1 % (g/g).

@ (b) © o )

Figure S2: Pictures of the four fuels, wood pellets (a), wheat straw (b), sheep manure (c) and cow manure (d) as used in the
experiments, with a ruler as reference (mm).

Table S1: Fuel size distribution.

Fuel Particle size (mm) Bulk density
<05 05-10 10-20 20-40 40-67 67-95 95-267 >267 (kg- m~3)

Wood Pellets 0.6 74 449 45.8 1.4 0.0 0.0 0.0 696.0
Sheep Manure 1.3 0.8 2.4 43 49 26.5 58.6 1.2 166.0
Cow Manure 0.4 0.3 1.2 5.1 10.6 23.8 58.6 0.0 300.0
Wheat Straw 0.2 1.3 8.8 58.9 29.6 1.2 0.0 0.0 300.0

S§1.3. Reactions

In Table S3 the basic chemical reactions that occur in the utilised reactor are presented. These
reactions provide the basis for the process discussed in the main article.

S2. Results

S2.1. Gaseous Products

Figure S3 presents the molar flow of the produced gaseous products, CO,, CO, Hy and CHy,
over the duration of the process. It can be seen that for all fuels at low air supply, a steady release
of each gaseous species is achieved, apart from transients at start-up and shut-down. At high
air supply the release is much more variable, suggesting more variation of conversion conditions
within the reaction front.

S3




Table S2: Proximate and ultimate analyses results and the calorific value of the fuels. All measurements reported on a mass
basis and volatile matter (VM), fixed carbon (FC) and ash reported on a dry basis. The ultimate analysis (CHNO) and the
higher heating value (HHYV) are reported on a dry ash free basis.

Fuel Moisture VM FC Ash HHV

(@] H C N Mj/kg

Wood Pellets 71403 824+12 173405 0.3+0.0 18.8
45.9 64+01 4754+0.0 0.1£0.0

Wheat Straw 79403 7474+31 200428 53+04 20.1
459 64+01 435+04 1.5+0.1

Sheep Manure 83 +05 586407 168+03 24.6=+0.6 21.1
41.3 63+01 49.0+05 3.3+£0.0

Cow Manure 62+04 508409 158403 333+23 20.6
42.5 59+00 475+0.1 414+0.0

Table S3: Process reactions [2, 3].

Reaction
Devolatilisation Biomass — C, +CyH,O; + CoHy + CO, + CO+Hy + HHO  R1
Heterogeneous gasification C+05-0, —+CO R2
C+COp; =2-CO R3
C+H,O=CO+H, R4
C+H,; =CH, R5
Homogeneous gasification CO+05-0; = COy R6
Hz +0.5- 02 — H20 R7
CHy +0.5-0, - CO +2-Hy R8
CO + HzO = COZ +H, R9
C02 + 4~H2*} CH4 + H20 R10
CH, + H,O= CO + 3-H; R11
2-CO + 2-Hy — CH4 + COZ R12
Tar Cracking Tars — C + C,H,, + gases R13
Tar Reforming CyHy, + n-HyO — n-CO + (n + 0.5-m)-Hj R14
CyHy; + n-:COy; — 2:n-CO + (0.5-m)-Hp R15
CyHy + 2n-HyO — n-CO; + (0.5-m + 2-n)-Hp R16
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Figure S3: Molar flow of the main gas species, CO,, CO, H, and CHy, released from the thermichemical conversion process,
over the process duration (s).

Figure 54 presents the molecular balance of the product yields of gaseous, solid and liquid
fractions over the mean peak process temperature. It can be seen that there is a dependence of
increasing gas, with simultaneous decreasing solid and liquid, production at higher temperatures.
Especially the gas yield appears nearly linearly dependent of the process temperature. This trend
has previously been identified [4].

S2.2. Biochar

Figure S5 presents pictures of the chars of all four utilised fuels at the two air supply rates under
investigation. It can be seen that for the lignocellulosic fuels, WP and WS (Figures S5(a)—(d)), chars
from both air supply rates appear quite similar. In the case of the manures, greater ash built-up on
the particle surface is visible in Figures S5(e)—(h) and supported by lower yields of fixed carbon
in the particle at high air supply, as discussed in the article. While for CM, at high air supply in
Figure S5(h), only more ash can be noticed on the surface, for SM in Figure S5(f) indications of ash
melting and fusing of particles can be seen. For all fuels a comparison between the initial fuel and
the char shows that the particle structure is largely retained throughout the process.

Figure S6 displays selected chars from preliminary experiments performed at higher air sup-
ply rates. These chars show the result of ash melting and particle fusing. At higher air supply
rates a larger fraction of the fixed carbon is consumed, leaving chars with higher ash content
as a result. This effect increases with increasing ash content in the fuel. For WP, ash melting
was not noticed within the investigated air supply rates. WS exhibited ash melting behaviour
at 0.175 kg-m~2.s~ !(Figure S6(a)) but only for a limited amount of the produced char. As de-
scribed in the previous paragraph, for SM, indications of ash melting can already be identified
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Figure S4: Molar conversion yields of the three product fractions, gases, char and liquids, over the mean peak process
temperature.

at 0.75 kg-m~2-s~'and for both CM and SM these became more prominent at 0.1 kgm 2571, as
seen in Figure S6(b). At 0.15 kg-m~2:s 'mainly ash is produced and nearly all of the solid prod-
uct extracted at the end of the process exhibited ash melting and fusing characteristics, as seen in
Figures S6(c) and S6(d).

Figure S7 presents the molar H:C over the O:C ratios of all produced chars and fuels. Interest-
ingly when comparing the WP char values to results for biochar from woody biomass produced
via slow pyrolysis they are more similar than those of biochars produced from gasification [5]. The
mass based results of the proximate analyses are presented in Table 54 and those of the ultimate
analyses in Table S5.

Table S4: Proximate of the produced chars. All measurements reported on a mass basis and volatile matter (VM), fixed

carbon (FC) and ash reported on a dry basis.

Code VM FC Ash

WP025 414+00 9404+00 19+0.1
WP075 31+04 944+13 25+01
WS025 144 +21 666=+3.6 189+04
WS075 171 4+0.8 55.7+30 272413
SM025 112405 305+19 584+09
SM075 1144+26 155+43 731416
CM025 104 +12 213+03 683+03
CM075 72406 844+15 844+£3.1
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Figure S5: Pictures of the chars from each fuel at low and high air supply, WP025 (a), WP075 (b), WS025 (c), WS075 (d),
SMO030 (e), SMO075 (f), CM025 (g) and CMO075 (h), with a ruler as reference (mm).
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Figure S6: Selected pictures of the chars at higher air supply rates, WS175 (a), SM100 (b), SM150 (c) and CM150, with a
ruler as reference (mm).

Table S5: Ultimate analyses results of the produced chars. The ultimate analysis (CHNO) is reported on a dry ash free
basis.

Code C H N O

WP025 905 19 0.2 7.3

WP075 925 13 02 6.0
WS025 774 26 15 185
WP075 705 23 15 257
SM025 738 1.7 35 21.0
SM075 711 14 31 244
CM025 889 28 35 438
CM075 738 21 23 218
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Abstract

The present study investigates the combustion process of the producer gas from a gasifier cook-
stove, for four solid biomass fuels: wood pellets (WP), wheat straw (WS), sheep manure (SM) and
cow manure (CM). It was found that a higher primary air supply and/or a deeper fuel bed re-
duces tars in the producer gas and increases the combustion efficiency, especially from low-ash-
containing WP. At higher air supply rates, indications of a strong influence from the fuel ash con-
tent on the emissions were found. Although more combustible gases and fewer tars are produced
in the conversion process, a substantial increase in particulate matter (PM) emissions is noted. At
low air supply rates, the emissions of particulates with a nominal diameter <2.5 ym (PM;5) re-

leased from the combustion process are in the range of 6-30 mg-M];elle 1sed (WP<WS<EM<CM),
low when compared with similar devices. However, when the air supply is increased by a factor
of three, the PM, 5 emissions almost double for WP and increase more than ten fold for CM. At
lower air supply rates, low emissions of both PM and CO are achieved. This is likely due to lower
peak temperatures (reducing ash devolatilisation) and larger char yields (to retain ash particu-
lates) from the thermochemical solid biomass conversion process. This shows that low air supply
rates and the combined production of heat, for cooking, and char, for subsequent application, may

achieve substantial benefits for the emissions of pollutants from gasifer cookstoves.
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1. Introduction

The emissions from cookstoves burning solid biomass contribute considerably to anthropogenic
emissions, causing a multitude of adverse effects on the present-day climate [1] as well as human
health [2, 3]. These effects are mainly caused by products from incomplete combustion. Variation
in feedstock has been linked to increasing emissions from incomplete combustion, with animal
manures tending to be higher than agricultural residues and woody biomass [4]. These feedstocks
are widely being used to fuel cookstoves, and are known to produce high levels of pollutant emis-
sions. Therefore, investigating approaches to mitigate pollutant emissions when using a variety of
fuels is an important area to improved combustion performance.

One particular type of cookstove, called gasifier stoves, is recognised as having potential for
efficient and fuel flexible applications [5, 6]. In this type of stove, the thermochemical conver-
sion of the solid fuel is separated from the combustion process of the released products. They
tend to be batch-fed systems, where the fuel bed is lit on its top surface, while limited air is
supplied from beneath the bed. This leads to the formation of a reaction front in which an au-
tothermal reverse downdraft process converts the solid biomass to form gases and liquids, which
are released from the bed as producer gas, leaving solid char as residue [7]. The producer gas
is combusted with additional air downstream of the fuel bed. Many studies have investigated
the overall efficiency of particular stoves while emulating user practices (i.e. performing cooking
tasks) [8, 9, 10, 5, 11, 12, 6, 13, 14, 15]. When emulating user practices, the analysis of the com-
bustion process itself is limited as there are additional influences on the process, such as flame
quenching on the surface of the pot or inconsistent user fire tending, which impede the study
of the underlying combustion process and their quantification is problematic [16]. Whilst such
testing methodologies are critical for establishing the suitability of a particular stove for practical
application, fundamental studies using well-controlled environments and conditions are needed
to provide a deeper understanding of the combustion processes in such systems. In particular, by
focusing only on the thermochemical conversion and combustion processes [17].

Investigations of the thermochemical conversion process within the fuel bed have shown that
small changes of process parameters, such as reactor diameter or air supply, and fuel, including
wood, miscanthus or rice hulls, can lead to a large variation in the producer gas composition
[18,19, 20, 21]. The influence of the fuel bed depth or the utilisation of high ash content fuels, such
as manures, has yet to be performed. The complexity of producer gas combustion in small-scale
applications stems from the presence of a multitude of chemical compounds, including gases,
complex organic compounds (tars) and ash constituents, in the thermochemical conversion prod-
ucts [22, 23, 24, 25, 26]. The combustion process of such producer gas from biomass fuels is highly
complex, particularly due to the presence of a wide variety of tars, which have also been identified
as soot precursors [27], and due to ash, which can have an influence on the combustion chemistry
[28]. To enable cookstove improvement, establishing a possible relationship between the producer
gas combustion products and organic compounds in the producer gas, as well as ash constituents
in the fuel, is necessary.

Previous work by the authors has investigated the thermochemical conversion process and
product composition for wood pellets [29] as well as wheat straw, and sheep and cow manure [30]
as fuels, in a particular research gasifier cookstove. The air supply was varied for all fuels and
additionally the fuel bed depth for the wood pellets. The release of producer gas was the specific
focus in those studies. In gasifier cookstoves the producer gas released from the thermochemical
conversion process provides the fuel for secondary combustion process, which occurs in the form
of a non-premixed jet flame when secondary air is added. In the present study the focus of the



analysis is placed on the secondary combustion process of the products from the thermochemical
conversion process.

The emissions released from the combustion process from a small-scale gasifier stove are anal-
ysed in this study. Four biomass fuels, with a wide range of ash contents, up to four air supply
configurations and for one fuel also four fuel bed depth are investigated. The main focus is on
CO and particulate matter emissions, because of their particular interest for human health and
environmental pollution. A deeper understanding of the producer gas combustion process and
the influence of gaseous, organic and ash constituents and their contribution to the combustion
emissions is the aim of this study. The influence of the combined production of heat, for cooking,
and biochar, for subsequent utilisation, on the combustion emissions when utilising a variety of
biomass fuels is investigated. The novelty of this work consists of the analysis of the secondary
combustion process while considering the composition of the combusted producer gas as well as
the produced char.

2. Materials and Methods

2.1. Fuels

Four biomass fuels, were utilised in the present investigation, namely wood pellets, wheat
straw, sheep manure and cow manure. These have previously been analysed and described in
detail [29, 30]. The proximate and ultimate analyses of all fuels, as well as their calorific value are
provided in Table 1.

Wood pellets (WP), with a nominal diameter of 6.5 mm and length of 40 mm, were produced by
Pellet Heaters Australia and were purchased from Barbeques Galore (Adelaide, Australia). These
pellets consist of compressed hammer-milled wood shavings and saw dust. The wheat straw
(WS) was from Reynolds, South Australia, Australia, and had been cut to a nominal length of
5 to 7 mm. Sheep manure (SM) was collected at a shearing station at Mallala, South Australia,
Australia. Cow manure (CM) was provided by the Minko North Dairy Farm at Korunye, South
Australia, Australia. Prior to testing, both manures were dried at 105 °C overnight, before being
stored for the experiments, to achieve a comparable low moisture content.

Table 1: Proximate and ultimate analyses results and the calorific value of the fuels. All measurements are reported on a
mass basis and volatile matter (VM), fixed carbon (FC) and ash reported on a dry basis. The ultimate analysis (CHNO) and
the higher heating value (HHV) are reported on a dry ash free basis. For the proximate and ultimate analyses the standard
error of the mean is provided. The mean bulk density is also included.

Fuel Moisture VM FC Ash HHV  Bulk Density

Q) H C N MJkg™1) (kg-m~3)

Wood Pellets 71+£03 824+12 173405 03+0.0 18.8 696
459 64+01 475400 01=£0.0

Wheat Straw 79+£03 747+31 200+28 53+04 20.1 166
459 64+01 435+04 1.5+0.1

Sheep Manure 83 +£05 586+07 168+03 246+0.6 21.1 300
413 63+01 49.04+05 33=£00

Cow Manure 62+04 508+09 158403 333423 20.6 300
425 59+00 475401 41+0.0




2.2. Test-facilities

Figure 1(a) shows an outline of the facilities, consisting of a square enclosure of 600 mm by
600 mm with a height of 1800 mm, and a 45° inclined hood that contracts into a 150 mm diameter
duct in which two baffles are inserted. Isokinetic sample extraction was performed at 12 diameters
(1800 mm) downstream of the second baffle. These facilities adhere to specifications provided in
ISO 19867-1: 2018. The validity of gaseous measurements at the measurement location has been
investigated using computational fluid dynamics and shown to be accurate in the current config-
uration [31].
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Figure 1: (a) The schematic diagram of the exhaust system is presented, including the emissions monitoring set-up. Dis-

tances in the exhaust system are provided in relation to the duct diameter

2.3. Reactor

The reactor is presented in Figure 1(b) and has previously been described, by Kirch et al., in
detail [29]. It has an inner diameter of 98 mm (1D) and a variable fuel bed height of 100-400 mm
(1D—4D). A primary air flow is provided from below and secondary air is supplied downstream
of the fuel bed, by dry compressed air. The secondary air inlet consists of a total of 36 X 6-mm
diameter holes, evenly spaced around the circumference in three vertically-aligned rows 30 mm
apart. Previous studies [30, 29] have presented measurements upstream of the secondary air inlets,
to focus on the characterisation of the producer gas only.



2.4. Analysis Equipment

The gas analyser utilised was a Testo 350XL. This analyser uses an infra-red sensor, with a
resolution of 0.01%, for the measurement of CO,. CO is measured via an electrochemical sensor
with a resolution of 1 ppm for low emission levels (<2000 ppm) and 5 ppm for high emission levels
(>2000 ppm). Both CO and CO, emissions concentrations were recorded at 1 Hz, on a dry basis.
The analyser was calibrated daily.

Optical particulate concentration measurements of the fraction with an aerodynamic diame-
ter (d) 0.1<d<2.5 ym were performed using a TSI DustTrak II aerosol monitor model 8531. This
provides real-time particulate concentrations in the exhaust flow at 1 Hz, with a readability of
0.001 mg-m~3, a resolution of 0.1% of the reading and a range <400 mg-m~>. Blank measure-
ments showed a time-weighted average ambient particle concentration of 0.031 mg-m 2 and real-
time concentration measurements were calibrated to the gravimetric particle measurement (more
details are provided in Section S 1.1 in the Supporting Information).

2.5. Gravimetric Particulate Measurements

Gravimetric measurements of all particulates and the fraction with an aerodynimc diameter
<2.5 ym were performed. Sample extraction occurred isokinetically at 12 duct diameters down-
stream of the second baffle, as indicated in Figure 1(a). An external filter holder upstream of the
Testo 350XL gas analyser was used to collect all particulates, while an internal filter holder in the
DustTrak II provided the fraction <2.5 ym. In both cases, PTFE membrane filters with a pore size
of 0.22 ym and a diameter of 37 mm were used. The filter media was desiccated and weighed with
a readability of 0.01 mg. After the experiment, the filter media was desiccated for >24 h, weighed,
returned to the desiccator for >24 h and weighed again. If the second measurement was within
£0.05 mg of the first, the first measurement was accepted, in accordance with ISO-19867-1:2018.
Blank measurements of the ambient particle concentration were performed and the measurements
were found to be below the gravimetric limit of detection of 0.01 mg.

2.6. Procedure

The test procedure has been described previously [29] and is only briefly outlined here. To
avoid influences from the large thermal mass of the reactor when performing replicate tests, the
reactor was initially preheated and all tests where started with reactor wall temperatures <100 °C.
Fuel was supplied to the reactor in batches. To ignite the fuel batch, 10 mL of methylated spirits
(96 % ethanol, CAS # 64-17-5) and a paper towel were supplied to the top of the fuel bed. When
the entire fuel batch was converted to char, the process was quenched by adding water ice from
the top of the reactor and nitrogen (>99.99 % N), instead of air, from below the fuel bed to cool
the process and end all ongoing reactions. Multiple repeats for each tested fuel were performed
at two to four air supply mass flux and multiple fuel bed depths in the case of wood pellets, as
presented in Table 2.

2.7. Analysis

The total amount of CO released was calculated on the basis of the concentration and the total
duct flow rate. The total amount of CO released as well as the gravimetric PM measurements
are mean values of all replicate tests (refer to Table 2) and were normalised to the amount of
energy released from the fuel (E;¢jeqsed = Efuel - Ecnar), as described previously [29, 30]. Gravimetric
measurements of PM, 5 and total PM were collected and PM-» 5 was calculated as the difference
of the two measurements.



Table 2: Experimental configurations: the fuel type, the fuel bed depth (BD, reported in (mm) and in relation to the reactor
diameter (D)), the primary air supply (PA), the secondary air supply (SA), the total air supply (A), the number of repetitions
performed.

Fuel type BD PA SA A Repetitions

(Abbreviation) (mm) (D) (kg-rrf2 ) (kg~m’2~s’1) (kg-rrf2 )

Wood pellets 100 1 0.025 0.100 0.125 2

(WP) 100 1 0.050 0.200 0.250 3

100 1 0.075 0.300 0.375 8

100 1 0.125 0.500 0.625 4

200 2 0.075 0.300 0.375 5

300 3 0.075 0.300 0.375 4

400 4 0.025 0.100 0.125 6

400 4 0.050 0.200 0.250 7

400 4 0.075 0.300 0.375 6

400 4 0.125 0.500 0.625 7

Wheat straw 400 4 0.025 0.100 0.125 4

(WS) 400 4 0.075 0.300 0.375 4

Sheep manure 400 4 0.025 0.100 0.125 4

(SM) 400 4 0.075 0.300 0.375 7

Cow manure 400 4 0.025 0.100 0.125 3

(C™M) 400 4 0.075 0.300 0.375 4

To account for dilution in the exhaust system and determine a quantitative value for the com-
bustor efficiency, the measured gaseous emissions were normalised. The utilised normalisation
relates the carbonaceous products of complete combustion to all gaseous carbonaceous combus-
tion products. It must be considered that the only gaseous carbonaceous species considered in
the normalisation were CO and CO;, because the hydrocarbon emissions were below the detec-
tion limit of 100 ppm. The nominal combustion efficiency has been previously established for the
evaluation of cookstoves [32] and was calculated using the mole fraction (x) of CO and CO; via
Equation 1:

XCO,

NCE= ———=—
Xco, + Xco

@

Average profiles of the NCE for each configuration were calculated. To achieve this, real time
NCE values for each individual test were calculated over the duration of the process and mean
values established for each configuration. The NCE results are presented in the Supporting Infor-
mation.

3. Results

3.1. Particulate Emissions

Figure 2 reports profiles of the PM; 5 mass concentration in the exhaust stream over the dura-
tion of the experiments, for a range of fuels and primary air supply flux. A representative plot of
one experiment for each configuration is shown, although all cases were repeated multiple times



(refer to Table 2). The PM; 5 mass concentration (mg-m’3) in the exhaust gas flow is presented as a
function of time for the four fuels in (a) WP, (b) WS, (c) SM and (d) CM. Measurements of multiple
primary air supply mass flux, 0.025-0.125 kg-m~2-s~!, are shown as indicated in the respective
legends. The air supply mass flux is provided on the basis of the reactor cross sectional area.

For wood pellets (WP), the PM; 5 concentration decreases as a function of time for all air sup-
ply flux. Previously reported findings of the thermochemical conversion process in the solid fuel
bed have shown that as the reaction front propagates down the bed and char accumulates down-
stream of the reaction front, the produced tars can crack [29]. This transforms tars into simpler
combustible gases upstream of the secondary air inlet as the reaction front moves down the bed
over time. Therefore, the noticeable decrease of PM; 5 emissions along the temporal axis could be
due to lower tar concentrations in the producer gas. Increasing primary air supply flux have
been shown to lead to greater conversion temperatures throughout the fuel bed and a reduc-
tion in the overall tar yield [29]. Simultaneously higher temperatures will also cause a change
in the composition of tar constituents. It is well understood that the tar fractions which have
been identified as a soot precursor are polycyclic aromatic hydrocarbons (PAH) [33, 27, 34]. PAHs
are formed within the solid fuel bed at temperatures of >800°C with increasing complexity at
higher temperatures [35]. For all fuels investigated these temperatures only occur at air sup-
ply flux of >0.050 kg:m~2:s7![29, 30]. Therefore, the similar real-time concentrations of PM, 5
at 0.025 kg:m2-s~'and 0.050 kg:m~2-s~'and the subsequent slight increases may be related to an
increasing PAH concentration in the producer gas.

Wheat straw (WS) exhibits a slightly different profile in Figure 2, compared with WP. While
at 0.025 kg-m~2-s~ lprimary air supply, similar to WP, a reduction of the PM, 5 over time can be
noticed, which is not the case at 0.075 kg-m~2-s~!. This suggests that either tar cracking in the
char bed occurs only at low primary air supply flux or more likely that at high air supply, other
influences, such as the fuel ash content, become more influential.

For both manures, sheep (SM) and cow (CM), the trends appear similar in Figure 2. There is no
reduction of the PM, 5 concentration over time at 0.025 kg-m~2-s~!, which suggests that tar crack-
ing with an increasing char layer downstream of the reaction does not notably influence the emis-
sions. Similarly to WS this suggests that other influences, such as the fuel ash content, are more in-
fluential. The overall trend of lower PM, 5 concentrations over time at all flow rates for WP, lower
PM, 5 concentrations over time only at low primary air supply flux for WS and no reduction in
PM, 5 concentration for the manures, suggests that an increasing ash content (CM>SM>WS>WP)
has a greater influence on the emissions than the combustion of tars, or potentially the ash could
inhibit tar cracking in the produced char layer. It must be considered that with increasing ash con-
tent in the fuel, the conversion of fuel carbon to char decreases substantially when increasing the
air supply, as presented previously [30]. This leads to a rapid decrease of the fixed carbon content
of the produced char. It is possible that either or both mechanisms may influence tar cracking in
the char layer, but this is beyond the current scope of work.

Figure 3 presents the mean gravimetric measurements of: (a) PM 5 and (b) total PM for each
configuration under investigation. For each configuration, the quantity of particulates released
has been normalised to the mean energy released from the fuel (E,eicoses = Efuer - Ecnar) for each
configuration. A logarithmic representation of the normalised particulate emissions was chosen
to accommodate large variations in between configurations (numerical values are provided in the
Supporting Information in Table S1).

In Figure 3(a), the PM; 5 emissions from WP are similar at one diameter fuel bed depth (1D)
with an increasing air supply flux, while they increase at 4D. The discrepancy of PM, 5 between
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Figure 2: Temporal concentration of PM, 5 mass in the exhaust gas stream, for all fuels: (a) wood pellets, (b) wheat straw,
(c) sheep manure and (d) cow manure. The fuel bed depth is 4D. Air supply flux of 0.025-0.125 kg-m~2-s~'are indicated
in the respective legends.

1D and 4D could be due to a lower influence of transients, during lighting and quenching. With
only 1D, transients are particularly influential due to the short length of the overall duration of
the process (refer to Table S1), leading to a greater effect on the total emissions. Previous research
has also found that during transient events, organic compounds dominate the emissions, while
during steady-state combustion, inorganic compounds are of greater importance [36]. At 4D, the
increase in the PM; 5 emissions from WP with increasing air flow rate could be related to soot
formation (which contributes mainly to PMj 5 rather than larger particulates). Soot formation
could be the result of an increasing PAH content in the producer gas, as discussed earlier in this
section. The results also suggest that mechanisms apart from soot influence the PM; 5 emissions.
Similar trends have previously been observed for incomplete combustion emissions from biomass
fuels, such as CO and soot [37]. It can be seen that for WP the release of CO decreases while the
related nominal combustion efficiency (refer to Figure S1) increases with the increasing air supply,
as described in more detail in the subsequent section. Thus more complete combustion, leading
to less CO and soot, would be expected, as discussed in more detail in the following section.
Therefore, the increase in PM emissions with the air supply could be due to influences other than
incomplete combustion. Two mechanisms, namely the entrainment of ash particles in the gas
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Figure 3: The gravimetric particulate emissions of (a) the PMy5 and (b) the total PM, normalised to the energy released
from the fuel, are presented on a logarithmic scale for all investigated configurations and fuels. The error bars present the
standard error of the mean.

stream and increasing devolatilisation of fuel ash constituents, could be influential [38]. Especially
at high air supply flux, when little fixed carbon remains in the char product, ash constituents will
become loose on the particle surface, as described previously [30]. These loose ash particles can
be entrained more easily by the surrounding gas flow, for which the velocity also increases with
the amount of air supplied. Furthermore, an increasing air supply leads to increasing fuel bed
temperatures which will cause an enhanced devolatilisation of fuel ash constituents [39, 40, 41].

For WS, SM and CM a more substantial increase in the PM emissions can be noted with an
increasing primary air supply. In Figure 4 the PM,5 and PMs, 5 emissions are presented as a
function of the fuel ash content. At high air supply, the overall trend of PM; 5 can be related to
the fuel ash content and follows the relationship WP<WS<SM<CM. As stated previously, ash
constituents can be entrained in the gas stream or devolatilised from the fuel bed. Previously it
has been suggested that especially S, Cl, K and Na, which are typically contained in many biomass
fuels, even if present only in trace amounts in a combustion process, can have an impact on the
formation of emissions, including CO and PM [42, 28]. The effects of certain compounds on the
combustion chemistry, especially on producer gas combustion are largely unknown. Therefore,
an increasing amount of ash in the fuel may lead to higher concentrations of ash constituents
participating in the combustion process, which may contribute to the increasing PM, 5 emissions.

The trends of the total PM in Figure 3(b) appear only slightly different, in comparison with
PM; 5. For all fuels a higher air supply flux leads to greater emissions. This increase in total PM
emissions can also be related to greater entrainment of coarse fly ash (>10um) particles with higher
gas stream velocities. This contribution to total PM has previously been demonstrated for fixed-
bed wood pellet combustion at similar primary air supply flux [43] and could affect the results here
similarly. In Figure 4 for the PM,; 5 emissions it can be noticed that while they are very similar
for all non-woody biomass fuels at 0.075 kg-m~2-s~ lair supply, WS exhibits the largest emissions
at 0.025 kg-m 2.5~ 1.

Overall, it can be noticed that low air supply flux lead to very efficient combustion and low
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Figure 4: The mean PM; 5 and PM.; 5, normalised to the energy released from the fuel, as a function of the fuel ash content
are presented.

emissions of PM from all fuels. The production of char and the retention of a large fraction of
the ash in its structure appears to enable the much cleaner combustion of high ash-content fuels
compared with high air supply flux [17, 29]. Therefore, it would be beneficial to design cookstoves
to utilise a low air supply flux, while providing sufficient fire power for cooking, by adjusting the
cross sectional area and to aim at producing char as a solid product rather than combusting it.

3.2. Gaseous Emissions

Figure 5 presents the accumulated CO emissions, normalised by the energy released from the
fuel, for all investigated fuels and process configurations. CO is the main gaseous emission from
incomplete combustion and a significant health concern for users. An analysis of real-time gaseous
emissions measurements and their relationship to the efficiency of the combustion process is pro-
vided in the Supporting Information in Section S2.

Increasing the air supply flux for WP leads to a reduction in CO, however, the opposite trend is
apparent for the manures, and no clear trend is measured for WS. Extremely low CO emissions can
be seen in all cases for WP, especially when increasing primary air supply flux >0.025 kg-m 2.5},
as well as with increasing fuel bed depths. A lower tar fraction from the conversion process before
secondary combustion and higher cold gas efficiencies with increasing air supply flux as well
as fuel bed depths, have been presented previously [30] and the resultant higher gas quality for
combustion, leading to lower CO emissions, corroborates those findings here.

The trend of greater CO emissions with increasing air supply flux for the manures, and to
some degree for WS, is similar to the PM emissions (refer to Figure 3). This suggests that partic-
ulate matter constituents, presumably ash constituents, influence the combustion process and the
release of CO emissions. In regard to the producer gas composition, all fuels have been shown to
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behave similarly, with lower tar yields and higher gas quality at higher primary air supply flux
[30]. This strengthens the argument that fuel ash constituents influence the formation of emissions
from incomplete combustion. When focusing on the manures, it can be seen that especially low
CO emissions are released at 0.025 kg-m~2-s~!from SM but higher emissions are released from
CM, while at high air supply flux the values are similar for both manures. The particularly low
emissions at low air supply flux highlight the potentially high efficiency of the combustion process,
even when utilising high ash content fuels.
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Figure 5: The emissions of CO normalised to the energy released from the fuel are presented on a logarithmic scale for all
investigated configurations and fuels. The error bars present the standard error of the mean.

4. Discussion

The three mechanisms for PM emissions discussed here are; (1) incomplete combustion, lead-
ing to carbonaceous products, and release of ash constituents via (2) devolatilisation, and (3) en-
trainment. To achieve a reduction in PM emissions, each must be considered as individual but in-
terconnected mechanisms. Different approaches are necessary for their mitigation, while currently
the main approach for emissions reduction from cookstoves is to achieve more complete hydro-
carbon combustion, while often disregarding the influence of ash constituents. As noticed here, a
higher primary air supply can reduce tars in the producer gas and reduce incomplete combustion
leading to lower CO emissions, notably from low ash content wood pellets. Simultaneously, the
emissions of PM in all cases and CO for the higher ash content non-woody biomass fuels increase
with the air supply, which can be related to the fuel ash content.

A previous investigation of multiple wood species, crop residues and cow manure, completely
combusted in a traditional Indian stove [44], has shown that an elemental analysis of the PM; 5

11



emissions could account for ~50% of the total mass (the rest is assumed to be oxygen). These
~50% were made up about half by C—lowest from cow manure—and ash constituents, mainly
ions, K and Cl as well as ammonia—all highest from cow manure [44]. This demonstrates the sig-
nificance of ash constituents in the PM emissions, especially from manures, while their influence
on the combustion process [28], as well as their total contribution for a particular fuel, are largely
unknown. This fraction of the PM, containing ash constituents, cannot be addressed through an
increase in efficiency of the combustion process [45], but necessitates alternative approaches and
considerations. Alternative approaches may include air control or the production of char, as in-
vestigated here, but also others such as fuel additives or the integration of advanced materials or
even filters into the stove design. Here low air supply flux lead to very efficient combustion and
low emissions of CO and PM for all fuels. Adapting the reactor cross sectional to accommodate
low air supply flux, while still providing sufficient fire power for cooking, could be an approach
to reduce pollutant emissions. This would lead a larger reactor diameter, while the height might
need to be reduced. As it has also been shown here that a greater reactor height leads to lower
emissions, its reduction might be a drawback. Additionally, the reactor dimensions would then
only be adapted to a specific fuel. A modular cookstove design where multiple reactor sizes may
be utilised could be a solution, but would substantially increase the systems complexity. Further-
more, it has been shown here that the production of char and the retention of a large fraction of
the ash in its structure enables much cleaner combustion of high ash-content fuels. Since the char
contains large amounts of energy it might not be in the user will need a clear incentive, most likely
a economic benefit, for the production of char. More rigorous investigation and in-depth discus-
sion of the fate of ash constituents in biomass combustion and mechanisms for their mitigation are
therefore of importance.

To demonstrate the benefits of avoiding flame quenching by the pot and of the production of
solid char in the presented gasifier cookstove these results are compared with values found in
the literature from similar gasifier cookstoves, which were tested while performing cooking tasks.
Figure 6 presents a comparison of the CO and PM;, 5 emissions of the present investigation and
results found in the literature from similar devices with similar fuels. One study investigated
the combustion process in a medium-size gasifier stove and reports the emissions on the basis
of energy released from the fuel [46], similar to the present study. The remaining studies utilise
standardised test protocols to evaluate the stove performance, either through the international
[11, 47, 48, 5] or the Chinese [10, 9, 12] Water Boiling Test, where the emissions are reported on the
basis of energy delivered to a cooking vessel contents. For better comparability, a moderate heat
transfer efficiency of 35% [47] is applied to the results from the present investigation.

It can be seen in Figure 6 that very low emissions of PM and CO are only reached with wood fu-
els in literature, mostly pelletised, while here this can also be achieved using non-woody biomass.
Lowest emissions are achieved in stoves specifically designed for experimental purposes with
>1D fuel bed depth. Very consistent conditions in the experimental stoves and a reduction of
the influence of transients, due to the larger depth, will contribute to their better performance.
Furthermore, the present investigation is the only case where insulation material surrounds the
combustion chamber, leading to lower heat loss and presumably higher efficiency of the thermo-
chemical conversion. The apparent direct relationship between the PM, 5 and CO emissions, as
they increase simultaneously and not independently, in Figure ll should be noted. This further
suggests that both CO and PM emissions cannot only be related to incomplete combustion of the
carbonaceous fuel, but also that CO emissions may be influenced by the same mechanisms that
lead to the release of particulates, as described in the Gaseous Emissions Section. Additionally, two
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Figure 6: Results from the present investigation, under the assumption of a moderate thermal efficiency of 35%, as well
as values found in the literature for PM,5 and CO emissions normalised to the energy delivered to the cooking vessel
contents are presented. Three types of gasifier stoves: forced draft stoves (FD), forced draft experimental reactors (FD-E)
and natural draft stoves (ND), using woody biomass (WB) or non-woody biomass (NWB) are included. Multiple stoves
and fuels are investigated: Present investigation, (1-4) 1D, wood pellets (WP); (5) 2D, WP; (6) 3D, WP; (7-10) 4D, WP;
(11-12) 4D, wheat straw; (13-14) 4D, sheep manure; (15-16) 4D, cow manure; (17-20) [11]; (21-22) [46]; (23-25) [10]; (26-27)
[47]; (28-29) [48]; (30) [9]; (31-33) [12]; (34-39) [5].

general trends can be noticed in Figure 6: (1) forced draft stoves perform better in terms of emis-
sions than natural draft stoves and (2) woody biomass achieves lower emissions than non-woody
biomass.

For both CO and PM emissions, better results are achieved using forced draft, particularly
in well-controlled experimental stoves. Similar to previous studies, this suggests that a constant,
rather than buoyancy driven, air supply achieves better mixing of air with the combustible gases to
aid more complete combustion [17]. While the emissions of PM can be due to multiple influences,
as discussed earlier in this section, CO is released as a result of inefficiency of the combustion
process. Lower emissions achieved in the present study (Figure 6 1-16), when compared with
investigations emulating user practices (Figure 6 17-22 and 26-39), could also be due to the ab-
sence of a pot in the secondary combustion zone. In theory, the combustion process should be
completed upstream of a pot and only hot gases would get in contact with the pot. If at any time
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the secondary combustion zone extends to the surface of the pot, local flame quenching will occur
leading to the release of increasing products from incomplete combustion, which is avoided in the
present investigation.

When considering the difference between woody and non-woody biomass, especially the very
low ash content of woody biomass in comparison with other biomass fuels, must be considered.
As the influence of ash constituents on the combustion process is still largely unknown, as de-
scribed above, this adds complexity to the discussion of fuels with increasing ash content. Many
more parameters, such as bulk density, moisture content or fuel particle size could be of influence,
but their discussion is outside the scope of this work. It is shown here, though, that in highly
controlled conditions, very low emissions may be achieved with all investigated fuels, including
the manures and wheat straw at low primary air supply flux. This demonstrates that a high fuel
ash content is not necessarily a problem, but it appears that the production of char to retain a
large fraction of the ash will be required to achieve low emissions from such fuels. It needs to be
stressed that the results from the present study show that low value agricultural residues and even
manures can be burned almost as cleanly as high quality wood pellets under controlled conditions
in gasifier cookstoves. Therefore, gasifier cookstove designs should endeavour to accommodate
low primary air flow rates, maximum reactor heights and promote the production of solid char,
which have been shown as effective measures for emissions reduction.

5. Conclusions

The present study investigates the secondary combustion process in a small-scale batch fed
cookstove. Multiple fuels, namely wood pellets, wheat straw, sheep manure and cow manure,
have been tested, while the producer gas composition upstream of the secondary combustion zone
has previously been reported. The products of the combustion process are analysed in light of the
fuel, producer gas, and char product composition.

* Low tar concentrations in the producer gas from wood pellets reduces the emissions of CO.
This is achieved with increasing air supply flux or greater fuel bed depth.

¢ Interestingly the previous trend does not extend to the PM emissions. Generally higher PM
emissions have been found with increasing air supply, presumably due to the influence of
the fuel ash constituents.

¢ Low air supply flux lead to very efficient combustion and low emissions of CO and PM for
all fuels, in comparison with values found in the literature. Low primary air flow rates are
therefore desired to minimise pollutant emissions.

¢ From all non-woody biomass fuels, the higher ash content, leads to increasing emissions of
CO as well as PM with increasing air supply.

* A large fraction of CO and PM emissions is released during transient events at start-up and
shut-down. In application PM emissions released at shut-down could be avoided by an
isolated quenching method. Generally the reduction of emissions during transient events
needs further scrutiny.

The strong influence of the ash fraction of the fuel is apparent. Especially at high air supply
the influence of devolatilised and entrained particles leads to much greater emissions of PM for all
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fuels and of CO in case of the non-woody biomass. It was shown that a larger yield of carbon in
the produced char retains a greater fraction of the ash and substantially improves the combustion
performance. It appears that the production of char, or other measures to retain the ash in the
bed, will be necessary to achieve low emissions from cookstoves, especially when using high ash
content fuels.
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S1. S1 Materials and Methods

S§1.1. S1.1 Particulate Measurements

As described in the paper the validity of the gaseous measurements at the measurement loca-
tion has been numerically investigated and shown to be highly accurate in the current configura-
tion [1]. The same cannot be assumed for the particulate measurements. Particulates may deposit
on walls end bends of the exhaust hood. Further losses can be expected from impaction and diffu-
sion on the baffles in the exhaust system. Sampling lines were kept as short as possible to minimise
the associated losses.

§1.2. 51.2 Analysis

For the PM, 5 emissions an estimation of the fraction of emissions released during shut-down
is provided. This is calculated on the basis of the real-time PM measurements. The time step when
the emissions increase substantially at the end of the process, was estimated, and the fraction of
emissions released after this time time step was calculated.

S2. S2 Results

Figure S1 presents the average nominal combustion efficiency (NCE) for all four fuels under in-
vestigation at various air supply rates, over the duration of the combustion process. In all configu-
rations, transients at start-up and shut-down are apparent, while a continuous process is achieved
in between those transients.

Lighting has previously been identified as a substantial source of emissions of incomplete com-
bustion [2] and can be seen in the initial 500 s in all profiles, similar to Figure 2. Once a reaction
front is formed in the solid fuel bed, it moves steadily downwards through the bed, releasing a
continuous flow of combustible producer gas which is burned with high efficiency in all cases.
Including transients, time weighted average NCE values > 0.97 are achieved for all fuels as pre-
sented in Table S1, demonstrating the high efficiency of the combustion process.

The highest performance can be noted when using WP as fuel. For fuel bed depths larger than
one reactor diameter, time weighted average NCE values > 0.99 are achieved at all air supply
rates. It can also be noticed in Figure S1(a) that the NCE increases over time. As it is more diffi-
cult to achieve complete combustion of tars than combustible gases, this reduction over time can
be related to a decreasing tar content in the producer gas, similar to the PM; 5 concentration in
Figure 2.

For both manures, a high efficiency can be achieved at a low air supply, while it is lower at a
high air supply rate. The influence of the high ash content of these fuels could lead to increasingly
incomplete combustion. Although a lower NCE is achieved at high air supply rates for all fuels
but WP, generally high average NCE values are recognised for all fuels, similar to those reported
for pine pellets [3] and wood chips [4] burned in a comparable reactors. When comparing the
presented results with those achieved with traditional stoves, using wood fuels and performing
cooking tasks, higher values can be achieved here [5]. NCE values for all investigated fuels were
within the range of a wide variety of stoves performing cooking tasks using only wood pellets
as fuel, where transients, which generally lead to a reduction of the NCE, were not included [6].
Furthermore, all mean NCE values achieved here are higher than those reported not only for
traditional stoves performing cooking tasks with wood, crop residues or dung as fuel, but also
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Figure S1: Temporal profiles of the nominal combustion efficiency (NCE = CO, / (CO, + CO)) are presented, for all fuels
(a) wood pellets, (b) wheat straw, (c) sheep manure and (d) cow manure, with 4D fuel bed depth and the indicated air
supply rates.

for an LPG burner [7]. These comparisons show that in the investigated reactor, high combustion
efficiencies can be achieved even when non-woody biomass feedstock, WS, SM and CM, is utilised.

In Table S1 the approximate release of PM, 5 during quenching is shown, based on the con-
tinuous measurements. It can be noticed that the impact of this transient is quite substantial but
lower at higher air supply rates. It can also be seen that it is especially influential in the case of WS
and SM, and for CM only at low air supply. In application, these emissions could be avoided by
initially covering the combustion system with a lid before adding sufficient water for quenching.
Therefore, it must be considered that in application lower emissions than presented here could
ideally be achieved.
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Chapter 8. Conclusions

8.1 Summary

This thesis investigated various aspects of the staged combustion process in gasifier
cookstoves. Specifically designed research reactors were utilised to enable controlled
air supplies of primary air to the fuel bed and secondary air downstream of the
fuel bed, to the released products from the conversion process. Experimental fa-
cilities were developed for the measurement of products from the thermochemical
conversion of the solid fuel, as well as from the secondary combustion process. The
experimental work, presented in four independent research articles, contributes to
our understanding of: the mode of air supply, in particular, via natural or forced
draft; the relationship between the staged air supply, of primary to secondary air
and the relative locations thereof; the fuel bed height; and the utilisation of a variety
of fuels, with a wide range of ash contents. Specific attention has been paid to the
overall combustion process and, in isolation, to the thermochemical conversion pro-
cesses of the solid fuel and the oxidation of the released products in the secondary
combustion region. The combined generation of heat and biochar is a central focus

of this work and this should also be applicable to research more widely in the field.

8.2 Main Findings

An investigation of the mode of air supply found that providing a forced rather
than natural draft air supply achieves a more steady and more efficient combustion
process. Especially at start-up, it appears that a steady forced flow has beneficial
implications for the release of emissions of incomplete combustion. When relying
on a natural, buoyancy driven flow in the stove, initially temperature and thus
density gradients are low, resulting in a low gas flow, which could be the cause of
insufficient air supply to the igniting fuel. Different air supply requirements have

been identified for the three subsequent phases of lighting, steady-state combustion
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8.2 Main Findings

and char combustion, if the entire fuel is oxidised. In particular, high air requirements
have been found for the conversion and efficient combustion of char in gasifier stoves.
In the secondary combustion region, fuel lean conditions must be achieved for efficient
combustion and a ratio of the primary to the secondary air supply of 1:4 has been
found to provide these conditions. Furthermore, an increasing distance between
the top of the fuel bed and the secondary combustion region reduces the efficiency
of the combustion process, due to heat loss of the combustible gases. Therefore,
an adjustable fuel grate, to adapt the depth of the fuel bed to the amount of fuel

necessary for a specific cooking task, is suggested.

When focusing on the thermochemical conversion process within the fuel bed
it was found that at low air supply rates to the fuel bed, substantial amounts of
tars and char are produced, as expected. When increasing the air supply the fuel
conversion is accelerated, leading to greater heat release and higher peak temper-
atures. However, the increase in fuel consumption is less severe when fuels with
increasing ash contents are being utilised. Although generally higher reaction front
temperatures are achieved when increasing the air supply, the peak reaction front
temperature at a specific air supply rate may be related to the fuel bulk density.
Higher reaction temperatures in the bed cause a reduction in tar and char yields,
while greater amounts of gases, especially Hs, are released. This leads to an appar-
ently feedstock-independent, nearly linear increase in the cold gas efficiencies, with
higher peak reaction front temperatures. The conversion of tars to form gases can
also be enhanced through the influence of the produced char. By increasing the
fuel bed depth, for wood pellets in particular, tars released in the reaction front can
decompose to form gases when passing through the layer of char at elevated temper-
atures. Greater fuel bed depths also reduce the impact of transients where the fuel
conversion is less efficient. For manures, increasing the air supply leads to a more
severe reduction in the conversion of fuel carbon to form char, when compared with

wheat straw or wood pellets. With decreasing carbon and increasing ash content in
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the char, the solid structure becomes less stable. Initially, ash appears liberated at
the surface of the char particle. When there are further increases to the air supply,
the ash becomes exposed to high temperatures, which leads to melting and fusing.
Ash melting in the fuel bed is detrimental to the process. By limiting the air supply,
the peak fuel bed temperature and the char consumption are restricted, and thus ash
melting can be avoided. From all the investigated fuels, the produced biochars were
found to be of highest classification. This was based on analyses of their elemental

composition and evaluation, conforming to international guidelines.

The emissions from the producer gas combustion process downstream of the solid
fuel bed were found to be relatively independent of variations in the combustible gas
contents. Rather, they appear to be influenced by ash constituents. Although ash
constituents were not specifically measured, clear trends in the emissions profiles
from the tested fuels and observations of the produced chars enable deductions of
their potential influence. For the low ash content wood pellets, a reduction in emis-
sions of incomplete combustion can be related to the tar content in the producer gas.
This impact is overshadowed by other mechanisms for higher ash content fuels, pre-
sumably that of the ash constituents. The influence of ash becomes apparent at high
air supply rates, where little carbon remains in the solid char bed after conversion
and the ash becomes liberated at the char particle surface, as described in the pre-
vious paragraph. Liberated ash can then be entrained by the surrounding gas flow.
Increasing fuel bed temperatures will also lead to greater devolatilisation of certain
ash constituents. Ash constituents present in the secondary combustion region may
influence the combustion chemistry. At low air supply rates, where a larger fraction
of ash constituents remains in the solid char, very high combustion efficiencies and
low CO and PM emissions can be achieved for all the fuels investigated here. The
substantial benefit of low air supply rates and moderate conversion temperatures

needs to be highlighted.
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8.3 Overall Conclusions

In each study of this thesis, the benefit of the combined production of char and
producer gas in gasifier stoves is apparent. In Chapter 4 it is shown that even
when utilising a forced air supply, where relatively clean combustion is achieved, the
conversion and combustion of the char may lead to inefficiencies. These inefficiencies
lead to the release of vast amounts of CO from gasifier stoves, due to incomplete
combustion during the char combustion phase. Chapter 5 presents the influence of
the char downstream of the reaction front on the conversion of tars and concludes
that higher conversion to combustible gases, rather than tars, can be achieved. In
Chapter 7, this conversion to combustible gases is found to reduce emissions of
incomplete combustion. In Chapter 6 the production of char from high ash content
fuels then avoids ash melting and fusing in the system. This is beneficial as ash
melting has exhibited detrimental effects on the process performance and feasibility.
Furthermore, the devolatilisation and entrainment of ash constituents is suggested
in Chapter 7 to affect the combustion process substantially. An intact char body
produced at low air supply rates and with moderate conversion temperatures may
retain most of the ash. The retention of ash could be the reason for the very low
emissions of CO and PM from the system, in comparison with similar devices. These
findings combined show the great potential for emissions reductions, especially for
the utilisation of high ash content fuels, due to char production. Furthermore, it
is established that when producing char, even low value agricultural residues and
manures can be combusted nearly as cleanly as high quality wood pellets under
controlled conditions in gasifier stoves.

It has been confirmed that a substantial fraction of the emissions of incomplete
combustion are released during transient events, at (1) start-up and (2) shut-down,
or (3) during the combustion of the produced char. Here, it has been shown that

a substantial mitigation of the release of pollutants can be achieved, by providing
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sufficient air at start-up, via a forced air supply and by producing char as a solid prod-
uct. Furthermore, it can be deduced that by quenching the process in an enclosed
container further emissions reduction, particularly those of PM, could be achieved

during shut-down.

8.4 Future work

In this thesis it has been shown that very low emissions from gasifier stoves can
be achieved through the provision of certain controlled conditions. However, a fur-
ther reduction is desired to achieve environmental as well as human health benefits.
Significant work will be necessary to establish mechanisms that enable further re-
ductions in pollutant emissions.

It has been shown that a forced air supply can reduce the emissions from the
combustion process in gasifier stoves. Different air requirements have been identified
for the three subsequent combustion phases, but here only constant air supply rates
were investigated. The implementation and impact of a variable air control through-
out the combustion processes, potentially automated, could be beneficial and worthy
of investigative effort.

To enable a more in-depth understanding and potentially representative mod-
elling of the secondary combustion process in gasifier stoves, a more detailed descrip-
tion of the products of the thermochemical conversion process would be beneficial.
While the gaseous and solid products are analysed in this thesis, an investigation
of the specific constituents of released tars could provide more detailed information
again. Here, indications were found that cracking of tars in the char layer down-
stream of the fuel bed, which has been shown to occur for wood pellets as fuel,
might be inhibited in higher ash content biomass fuels. The mechanisms that lead
to tar conversion in gasifier stoves need further consideration.

Addressing the fate of fuel ash constituents is also a topic worthy of further work.
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An investigation into the contribution of ash constituents to the PM emissions, po-
tentially for specific particle sizes, would be beneficial. Simultaneously, a detailed
analysis of the ash composition of the initial fuel and the produced char could enable
an overall ash balance for the process. This could be followed by a more detailed
discussion of measures that can achieve a reduction in the contribution of ash con-
stituents to the PM emissions. As shown here, increasing the air supply, causes a
reduction in the carbon content of the produced char and may lead to the libera-
tion of ash constituents from the char particle surface. The potential limits of, for
example, a minimum carbon content in the char, a maximum conversion tempera-
ture or a maximum superficial gas velocity in the fuel bed to reduce the influence of
entrainment and devolatilisation of ash constituents, could be of significant interest
in moving forward to optimised gasifier stove designs. Furthermore, a cold char bed
in between the solid fuel bed and the secondary combustion region, to facilitate tar
and ash deposition could be advantageous.

The benefit of the combined production of producer gas and char, in terms of
pollutant emissions, has been demonstrated in the present thesis. From a user per-
spective, this is not necessarily a primary desire, as large amounts of the fuel’s energy
is being retained in the char, therefore users will need more fuel when producing char.
Thus, clear incentives for users to produce char will certainly be necessary for this

technology to be utilised and to achieve user acceptance.
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high efficiency and low emissions of incomplete combustion can only be achieved with high control-

lability of the air flow in the different phases of combustion.
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1. Introduction

Energy consumption in private households in developing
countries is still primarily based on biomass fuels. This directly
affects 2.7 billion people [1] who rely on traditional cooking
methods, which typically have a very low efficiency and produce
harmful emissions through incomplete combustion. This results in
approximately 4.3 million premature deaths worldwide each year
from cooking-related illnesses caused by household air pollution
[2]. In order to achieve substantial health benefits, cleaner burning
cookstoves than are currently in widespread use are needed [3,4].
One type of cookstove that has been recognised as potentially able
to achieve this goal are “gasifier” stoves [5]. These stoves force
volatile gases out of a solid fuel and burn them separately from the
solid body [6]. This can reduce harmful emission production;
however, there is a lack of scientific understanding to enable stove

* Corresponding author.
E-mail addresses: thomas.kirch@adelaide.edu.au (T. Kirch), paul.medwell@
adelaide.edu.au (P.R. Medwell), cristian.birzer@adelaide.edu.au (C.H. Birzer).

http://dx.doi.org/10.1016/j.biombioe.2016.05.003
0961-9534/© 2016 Elsevier Ltd. All rights reserved.

optimisation.

Gasifier cookstoves can be distinguished by the direction of the
gasification air. Available designs of cookstoves use either updraft,
downdraft or inverted downdraft, also called top-lit up-draft
(TLUD), flow [7]. A TLUD stove is investigated in this study. To
operate as a TLUD, the stove is filled with batches of fuel and lit
from the top. Firstly, the top layer of biomass is ignited, typically by
a kindling material, before a pyrolytic front forms, which moves
downwards, opposite to the gas flow, through the fuel-stack, as
illustrated in Fig. 1. In the enclosed space of the stove, the oxygen is
quickly consumed in the oxidation process of the lighting phase.
The heat released from the top layer causes lower layers to pyro-
lyse, which means that volatile matter is released from the fuel in
an inert atmosphere [8]. This process is called a migrating pyrolytic
front [9], which moves, in relation to the primary air, down the fuel-
stack [10]. The pyrolysis products are liquids (water, heavier hy-
drocarbons, and tars), gases (such as CO, CO,, or CHy) and solid char
[11]. The pyrolytic front is sustained by simultaneous gasification,
in which the pyrolysis products can partially oxidise with the pri-
mary air into gases (CO, CO,, H, and lesser quantities of
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Fig. 1. Schematic diagram of TLUD operation.

hydrocarbon gases) [12]. In inverted downdraft gasifiers, heavier
hydrocarbons and the liquid tar can crack into lighter components
as they move through the high temperature zone of the char layer
[10,13]. This process is highly complex, in part due to the thin char
layer [14], and therefore the scientific understanding of these re-
actions in TLUD stoves is limited. Greater scientific understanding
of the tar cracking processes for TLUD stoves is needed to ensure
optimisation of systems in terms of emissions production.

The combustible pyrolysis products leave the fuel-stack at
temperatures of =600 °C [15], and are mainly composed of CO, Hy,
CHy4 and some heavier hydrocarbons (CxHy) [16]. Once these gases
reach the secondary air inlet, they are mixed with air and can be
combusted if an ignition source is present, as shown in Fig. 1. As a
result of gas-combustion and compared with other cookstoves,
gasifier stoves have been shown to produce low CO and particulate
matter (PM) emissions under laboratory conditions [17,18]. It has
been shown that variations in the stove geometry and the utilized
fuel have a significant impact on the stove’s performance [19,20]. It
has been observed that the heat transfer, to a vessel on the stove, is
a strong function of the vessel diameter, while swirl of secondary
air has a negligible impact [14]. It is clear that the design of the
stove to optimise gas production for combustion, and for subse-
quent heat transfer are limited.

From the pyrolysis processes, char remains as a solid product.
The char yield is mainly dependent on the superficial velocity,
which is determined by the gas flow over the cross-sectional area
[10] and the moisture content of the biomass [21,22]. This char can
be further gasified and combusted in the stove or, if no further air is
supplied and the oxidation process is quenched, it can be collected.
If collected, the char can be used as either fuel or as a soil
amendment (termed biochar). When using it as a soil amendment,
the whole process could be seen as a mechanism for carbon
sequestration [19,23]. If the quenching process is not conducted
early enough, the char can continue to burn, producing high levels
of harmful emissions, as well as produce ash, which cannot be used
as a solid enhancer. It is therefore necessary to further develop the
understanding of quenching of char for subsequent use, or for
improved combustion in a process beneficial to the end user.

Uncertainty in the existing results is exacerbated by the influ-
ence of different standardised tests and kindling materials on the

performance of TLUD cookstoves. Arora et al. assessed different test
protocols, and determined that, for given conditions, the emissions
factors, (primarily of CO and PM), varied leading to differences in
the cookstove performance. Wood, mustard stalks and kerosene
were tested as kindling materials and it was observed that CO peaks
would increase with lower calorific values of the kindling materials
[24]. All of these studies have evaluated specific designs and ana-
lysed their performance while performing cooking tasks.

The previous paragraphs show that there are many gaps in
scientific understanding of basic TLUD operation and design. These
unknowns are extended when considering various fuel types and
fuel quantities. Additionally, it is also known that these stoves can
be used under natural draft conditions or with the assistance of a
fan that creates a forced airflow. Altering the available flow rates
can be beneficial, or detrimental, to the combustion processes. How
these modifications influence the heat transfer, emissions pro-
duction and burn rates are all crucial in development improved
cookstoves and thus helping increase the quality of life for billions
of people. However, much of the research has been conducted on
stoves that do not allow for modification of these aspects. It is for
this reason that a TLUD analogous furnace has been developed to
allow for systematic studies of TLUD combustion. What is not
completely known is how accurate the analogy is across all aspects
of TLUD stove design.

The aim of the current paper is to present results from
commissioning a TLUD analogy furnace and determine if forced
draft flows can be used to simulate natural draft. Specifically, the
study includes analysis of emissions and temperature profiles in
natural draft as well as forced primary air TLUD operation, in order
to characterise, understand and evaluate subsequent combustion
processes.

2. Materials and methods

The research furnace, previously presented in Kirch et al. [25],
was revised as a TLUD stove with the general characteristics of a
primary air inlet at the bottom of the furnace, and a lateral sec-
ondary air inlet in the upper region. The furnace’s dimensions were
chosen to be larger than most extant commercial products and
stoves in order to address scaling issues and achieve greater vari-
ability of the adjustable parameters. The furnace enables various
combustion-relevant parameters to be controlled. The increased
size of the research furnace allows the amount and location of the
fuel to be widely altered which in turn permits the scaling from use
in private households to use in communal kitchens to be studied,
although this is outside the scope of the present study. The prin-
cipal components of the research furnace are a stove body, a pri-
mary air inlet chamber and a secondary air inlet stove extension,
which are shown in Fig. 2.

2.1. The TLUD research furnace

The central component of the research furnace is a 600-mm-tall
steel cylinder with an inner diameter of 206 mm and 8 mm wall
thickness, illustrated in Fig. 2. Inside the stove body, a grate is
located, which holds the fuel-stack in place. The circular grate is
perforated with 3-mm-diameter holes, with 26% open-area ratio.
This allows air from beneath the grate to enter the fuel-stack. The
fuel grate is located 420 mm below the top of the stove body and is
easily removable for post-combustion analysis of the solid residual
matter, as well as cleaning. The steel cylinder, in combination with
the fuel grate, forms the stove body. It is placed on top of a steel
frame that serves as the primary air inlet chamber.

The steel frame of the primary air inlet chamber has the
following dimensions: 248 mm x 248 mm x 150 mm
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Fig. 2. Schematic TLUD research furnace configuration for natural draft conditions (all
measurements in millimetres).

(length x width x height). The frame allows all sides to be closed
off, so that air can be applied through only one inlet. The inlet can
be connected to compressed air and the airflow is controlled by a
needle valve and a rotameter. If the sides are not closed off, air
enters freely.

The secondary air inlet is provided by a detachable stove
extension to the top of the stove body. This extends the furnace
height by 340 mm and is equipped with three 20 mm wide and
190 mm long lateral air inlets. The centre line of the air inlets is
situated 55 mm above the top of the stove body as shown in Fig. 2.
In all the tested configurations the secondary air inlets are unob-
structed which allows secondary air to enter via natural draft
induced by buoyancy.

2.2. Set-up of the data collection

Emissions data were collected at one central location while the
temperature data were constantly measured at two locations. For
emissions testing, the research furnace was placed under a hood,
which was, in turn, attached to an extraction duct and a fan. The
measuring probe of a Testo 350XL gas analyser was placed in the
centre of the fume hood inlet at a distance of 830 mm above the exit
plane of the research furnace extension, as presented in Fig. 3. The
probe is located in the centre of the collection area of the fume
hood and thus in the focus point of the emissions from the stove.
The Testo 350XL was used to record the CO, CO, and H; concen-
trations at an interval of 1 Hz, on a dry basis. The resolution was
1 ppm for low emission levels (<2000 ppm) and 5 ppm for high
emission levels (>2000 ppm) of CO measurements. The resolution
for CO, measurements was 0.01%.

A normalisation process was performed for all the gathered
emissions concentrations. This was necessary because the quanti-
tative measurements were taken at a location of 830 mm above the
stove, where flue gas from the combustion process is mixed with
the surrounding air. The emissions data are related to the sum of all
carbon emissions, here CO and CO,. Other carbon-containing spe-
cies were below the detection limits of the apparatus. Various
emissions are each normalised with respect to the sum of the
carbon emissions, because these can be attributed to the combus-
tion process and provide the key relationship between the intensity
of the combustion process and the release of certain products.

[ 1]

EXTRACTOR
HOOD \
0.83m
1.18m
155mm
100mm
150mm
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Fig. 3. Data collection set-up of the TLUD research furnace.

The temperature data were collected constantly via two K-type
thermocouples, at locations A and B, and, when needed, via an
infra-red thermometer at location C on the outer surface of the
stove body. Both thermocouples were positioned in the centre of
the stove body, as illustrated in Fig. 3. Location A, above the sec-
ondary air inlet, was chosen because it is expected to detect high
temperatures when pyrolysis products burn with the secondary air
inside the stove extension. The thermocouple at location B, in the
stove body, is closer to the fuel-stack. Therefore it can capture when
combustion occurs at the fuel-stack and can measure the temper-
ature of the pyrolysis products during the migrating pyrolysis
phase. The infra-red thermometer is used to measure the outside
wall temperature of the stove, which is needed for the testing
procedure, presented in Section 2.3.

2.3. The commissioning process

A testing procedure was established for the research furnace. To
account for the influence of the thermal mass of the research
furnace, with its wall thickness of 8 mm, on the combustion per-
formance, it was ensured that the furnace is either pre-heated, or
starts cold. For each test, a batch of 700 g of fuel was placed on the
fuel grate and evenly distributed to achieve a level surface. The
furnace was run once to pre-heat. Then for the pre-heated tests,
which are presented here, the furnace was re-fuelled when the
outer wall temperature at location C (see Fig. 3) reached 150 °C. As
kindling material, approximately 5 mL of methylated spirits (96%
ethanol) was poured evenly over the fuel. When the outer wall
temperature at location C measured 135 °C a lit paper towel
(approximately 190 mm x 100 mm) was dropped into the furnace
to ignite the kindling material. The initial temperatures were cho-
sen for the commissioning process to prevent volatilisation in the
fuel, which starts at approximately 200 °C [26]. Data were recorded
until only ash was left on the fuel grate. This meant that the biochar,
as the solid pyrolytic product, was also gasified in order to obtain
emissions data of all combustion phases.

Natural draft as well as various forced draft primary air flow
configurations were tested in the present study. For the natural
draft case, all sides of the primary air inlet chamber were open, as
shown in Fig. 2 and air could enter the furnace freely. In the forced
draft configuration, the sides of the primary air inlet chamber were
closed off and controlled air flows of 0.048, 0.059, 0.071 and
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0.083 kg m~2 s~ ! respectively, were introduced into the furnace
from the start of each test, as presented in Table 1. These air flow
values were chosen as they should provide an oxygen-limited
environment for the migrating pyrolysis, in accordance with pre-
vious studies on fixed bed reactors [27—31]. The same testing
procedure was used for the natural draft and forced primary air
configurations.

2.4. The tested fuel

The fuel for each test consisted of Radiata Pine (Pinus radiata)
wood chips obtained, in 2014, from various locations across the Mt
Lofty ranges of South Australia. They were sourced in-bulk, as pre-
chipped material, and sieved through a 25 mm aperture, resulting
in an average particle size of 24 mm x 8 mm x 3 mm
(length x width x height). The bulk density of the fuel is approx-
imately 210 kg m~3. To avoid the influence of the wood chips’
differing moisture content on the burning rate and the emissions
[21], all the chips were dried to achieve a uniform moisture content
throughout testing. This was done by keeping them for 16 h in a
confined space at a constant temperature of 37 °C, created by an air
conditioning unit. The drying process resulted in a fuel moisture
content of approximately 7%, as determined by the American So-
ciety for Testing and Materials (ASTM) D4442-92(2003) standard
procedure [32].

3. Results

Preliminary results were gathered through visual assessment. In
further tests, emissions and temperature profiles were also recor-
ded. By relating all the findings (visual, emissions and temperature
measurements) to one another, a full picture of the process can be
drawn.

3.1. Visual assessment

For the visual assessment, the stove extension was not con-
nected to the stove body. This meant that the gasification products
were burned as a non-premixed jet flame, issuing from the stove
body into the surrounding air, which could, in turn, be observed
without obstruction. Visual assessment is a powerful tool, espe-
cially for on-site use where other tools might not be available. Here
it is applied to present and discuss visual indicators that can be
observed in TLUD combustion. The key features are illustrated in
Fig. 4.

After lighting, combustion takes place directly at the fuel-stack.
This can be seen by flames spreading from the kindling material
over the surface of the biomass. Once the upper layer of the fuel-
stack is ignited, the temperature increases and small amounts of
smoke start to be released, which can be seen in Fig. 4 (a). This
suggests that the remaining water in the fuel evaporates and vol-
atile compounds are released from the fuel.

A change can be observed once thick white smoke is released
from the fuel-stack, as shown in Fig. 4 (b). The thick smoke is
subsequently ignited and clean-burning, as displayed in Fig. 4 (c).

Table 1
Air flow and repetitions of the different test configurations.
Repetitions Primary air flow (kg m~2 s~ 1)
Natural draft 8 Natural draft
Varying primary air 5 0.0472
4 0.0590
6 0.0708
6 0.0826

This indicates that a second phase, termed migrating pyrolysis, has
begun. In the transition period from the lighting phase to the
migrating pyrolysis, increasingly volatile compounds and the
remaining moisture are released from the fuel, observable as thick
white smoke. This thick white smoke was especially prominent in
some cold start tests, where it was observed that the flames on top
of the fuel-stack would not ignite a flame at the top of the stove
body without an external influence (i.e. it was necessary to light
manually), as is presented in the supplementary material. Supple-
mentary video related to this article can be found at http://dx.doi.
org/10.1016/j.biombioe.2016.05.003.

Once the volatile compounds are ignited, a bright yellow flame
establishes that burns very cleanly, as shown in Fig. 4 (c). Above the
flame, no smoke can be visually observed. The separation between
the migrating pyrolysis taking place in the fuel-stack and the py-
rolytic products being burned separately in time and location, at
the secondary air inlet, is a distinctive characteristic of TLUD stoves
[33]. The black char that can be seen on the fuel grate, while the
bright yellow flame is present at the top of the stove body, reveals
this separation.

The extinction of the flame at the secondary air inlet indicates
the end of the migrating pyrolysis phase and the onset of char
gasification. This phase begins because insufficient combustible
gases are released from the fuel-stack to sustain the flame at the
secondary air inlet. Although not presented, during testing, it could
be seen that hot glowing char is left on the fuel grate, with small
irregular flames above the char bed. If no more air were supplied or
the process were quenched, the biochar, could be collected, as
displayed in Fig. 4 (d). For the purposes of this research, however,
the measurements and assessment of the emissions of the char
gasification process are desired. Therefore the process is not ended,
and it can be seen that the amount of hot glowing char decreases
until only ash remains on the fuel grate.

3.2. Normalisation and mathematical phase separation

As described in Section 2.2, all emissions profiles were nor-
malised to account for the influence of test-specific ambient con-
ditions. This included the calculation of the so-called nominal
combustion efficiency (NCE), which is defined as CO,/(CO + COy)
[17]. The NCE is a key indicator of the stove’s efficiency because it
displays the proportion of products of complete combustion over
the overall carbon emissions. Therefore the higher the NCE, the
cleaner and more efficient the burning process.

Three phases can be identified in each of the four profiles pre-
sented in Fig. 5. The three phases are the lighting phase, the
migrating pyrolysis phase and the char gasification phase. A
mathematical separation of these three phases was performed. The
combustion process in each phase is different and thus it is
important to generate independent averaged data. A change in
phase was identified when the temporal derivative of the nor-
malised CO profile exceeded 0.002 s~ . This value was determined
following a rigorous verification based on inspection of the profiles
and was found to be reliable at identifying each phase. To account
for the differences in the combustion behaviour, with steady
emissions profiles in the migrating pyrolysis phase as opposed to
peak values in the lighting phase and multiple peaks in the char
gasification phase, peak values as well as time-weighted-average
(TWA) values are calculated. The average peak values were calcu-
lated for the lighting phase and the average TWA for the migrating
pyrolysis phase. For the char gasification phase, average peak
values, as well as average TWA values, were calculated. Table 2
presents the results of the above mentioned calculations with the
standard deviation in parentheses underneath.
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Fig. 4. Visual assessment: (a) smoke starts to be released, (b) thick smoke rising from fuel-stack prior to ignition of gaseous products, (c) combustion of volatiles after mixing with

secondary air, (d) remaining biochar.
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Fig. 5. Normalised emissions data of CO,, CO and H, measurements for eight individual tests.

3.3. Natural draft emissions profiles

It is apparent from Fig. 5 (a) that in the lighting phase, the NCE
can be extremely low, with one peak reaching below 0.6 compared
with an average of 0.9965, as presented in Table 2, in the migrating
pyrolysis phase. This in turn means that there are high amounts of
the products of incomplete combustion, seen in the CO and Hj
profiles in Fig. 5 (b, c).

At the onset of the migrating pyrolysis phase, a flame-front es-
tablishes at the secondary air inlet. The NCE simultaneously rises to
an average of 0.9965, which is much higher than in the other
phases, while the CO and H; emissions remain consistently low. In
this phase, the migrating pyrolytic front moves steadily down the
fuel-stack, which provides the necessary gaseous products for the
flame at the secondary air inlet to be sustained. This phase is highly
efficient and exhibits extremely low emissions of incomplete

combustion.

Table 2

Averaged normalised peak values and time-weighted-average (TWA) values for the
three phases, with the standard deviation of eight repeat tests in parentheses

underneath.
Lighting Migrating Char
pyrolysis gasification
Time in Phase [s] 95.1 2854 2215
(9.9) (27.7) (17.1)
Minimum NCE peak 0.8404 — 0.6572
(0.1658) (0.0569)
Maximum CO/(CO; + CO) peak 0.1596 - 0.3428
(0.1658) (0.0569)
Maximum H;/(CO, + CO) peak 0.0418 — 0.0556
(0.0538) (0.0240)
TWA - NCE — 0.9965 0.8518
(0.0006) (0.0427)
TWA — CO/(CO; + CO) — 0.0035 0.1482
(0.0006) (0.0427)
TWA - Hy/(CO, + CO) - 0.00013 0.01368
(0.00015) (0.00727)

In the char gasification phase, CO and H; emissions are relatively
high, resulting in an NCE as low as 0.8518.

3.4. Natural draft temperature profiles

The temperature profiles, presented in Fig. 6, reflect the results
from the emissions data. The three phases can be identified, based
on the gradient of the temperature profiles. In the lighting phase,
the gas temperature inside the stove body heats up much more
quickly than in the stove extension because combustion takes place
on top of the fuel-stack. Once the migrating pyrolysis phase starts
and a flame-front establishes at the secondary air inlet, the gas
temperature in the stove extension rises above the gas temperature
in the stove body. Towards the end of the migrating pyrolysis phase,
when the flame-front at the secondary air inlet extinguishes and
combustion starts taking place on top of the fuel bed, the temper-
ature inside the stove body starts increasing until it peaks in the
char gasification phase.

3.5. Forced draft profiles

The time frames of the different air configurations are presented
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Fig. 6. Mean temperatures in the stove and in the stove extension.
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in Fig. 7. The lowest air flow causes the lighting and char gasifica-
tion phase to be longer than in the natural draft case, while the
migrating pyrolysis phase is shorter. For all configurations, the char
gasification phase is longer in the forced draft case, while the
lighting and migrating pyrolysis phases are shorter. Thus it can be
seen that it is not possible to simulate natural draft conditions by
introducing a constant primary air flow. With higher airflows it can
be observed that the standard deviation, of the time spent in a
phase, subsides significantly leading to a higher repeatability of the
test conditions.

The emissions from the system under forced draft conditions are
illustrated in Fig. 8. In the lighting phase, the normalised peak NCE
values are only considerably higher than in the natural draft
configuration when the highest primary air flow is provided, and
are significantly lower with the lowest air flow. The TWA NCE in the
migrating pyrolysis phase is similar in both configurations, around
the value of 0.9965 in the natural draft case. In contrast, in the char
gasification phase, the influence of an increase in the primary air
flow has a visible effect. The TWA NCE steadily falls, with the lower
two values of the primary air flow achieving a higher efficiency,
than the natural draft case, while the higher two values exhibit a
lower efficiency.

A comparison of the emissions profiles in relation to the time
frames spent in each phase provides further evidence that natural
draft conditions cannot be simulated by introducing a forced pri-
mary air flow. The emission profiles of, for example, the migrating
pyrolysis phase, in Fig. 8 (b), suggest that natural draft similar
conditions are achieve with a forced air flow of 0.059 kg m~2 s,
while the time frames in the phase, in Fig. 7 (b), suggest that a lower
value than 0.048 kg m~2 s~! would be necessary. Similarly con-
tradicting results are noted for the lighting and char gasification
phase.

4. Discussion

In the lighting phase, the profiles, seen in Fig. 5, can be related to
the incomplete combustion of the kindling material and the top
layer of the biomass. The combustion of the kindling material and
the top layer of biomass takes place inside the stove body where the
surrounding oxygen is rapidly consumed and insufficient primary
air enters through the fuel-stack for complete combustion. As
described, this CO peak in the lighting phase had previously been
observed to increase with a lower calorific value of the kindling
material [24]. Furthermore, it had been detected that the lighting
phase contributed a large amount of the overall PM; 5 emissions,
which can also be the result of incomplete combustion [34]. It
should be noted, though, that only three of the eight tests show
very high CO peak values, which suggests that consistently lower
emissions in this phase could be achieved. These deductions are
supported by the results from the forced draft primary air tests,
which are presented in Fig. 8 (a). It can be seen that the peak NCE
rises with higher air flows achieving a maximum value of 0.9631 for

the highest air flow, which provides sufficient oxygen inside the
stove body for more complete combustion.

The thick smoke, which was observed at the onset of the
migrating pyrolysis phase, in Fig. 4 (b), indicates that there are high
amounts of vaporised pyrolysis products, such as tars, heavier hy-
drocarbons and water, in the gas stream. This suggests that the
process of cracking pyrolytic products into lighter hydrocarbons,
which occurs at high temperatures and for which hot char particles
act as a catalyst [11,13], is restricted. This observable amount of
volatile compounds supports the hypothesis that cracking in
gasifier-based stoves might be restrained due to the limited char
bed thickness above the migrating pyrolysis front, resulting in a
very short residence time of pyrolysis products in the char layer
[14]. The released combustible products in the migrating pyrolysis
phase, which exit the fuel-stack as thick smoke, are only partially
oxidised inside the stove body because of the insufficient oxygen
supply from the primary air inlet, and rise to the secondary air inlet.
At the secondary air inlet, the thick smoke would typically be
ignited, once it mixes with oxygen from the entering air, by the
flames which were established in the lighting phase on the fuel-
stack. This implies that the flames that establish in the lighting
phase need to bridge the distance between the fuel-stack and the
location where a combustible mixture of secondary air with gasi-
fication products from the fuel is present. Cases in which the flames
on top of the fuel stack do not bridge this distance to ignite flames
at the secondary air inlet were experienced when the stove
extension was not connected to the stove body, as presented in the
supplementary material, and also in some cold starts, when pre-
heating the furnace. This has not previously been observed when
testing smaller TLUD stoves and needs to be considered when
designing larger TLUD stoves, where the distance between the fuel
and the secondary air inlet increases.

Comparing the profiles of the migrating pyrolysis phase, in
Figs. 5 and 8 (b) with the results of Johnson et al. [35] and Jetter
etal. [17] it can be seen that very few stoves can achieve NCE values
of this magnitude. It should be borne in mind, however, that this
comparison is limited because Johnson et al. [35], presented aver-
ages of the NCE over water boiling tests (WBT) and minute-by-
minute NCE ratios for normal stove use in homes, while Jetter
et al. [17] measured the NCE over the high-power (cold start)
phases of the WBT. Their results are only compared with the
average of the migrating pyrolysis phase of this study. This com-
parison still verifies the high efficiency of the research furnace and
the potential of this type of stove.

During the pyrolysis phase the endothermic reactions inside the
stove body are mainly sustained by the heat released from the
gasification of the pyrolysis products, which causes the tempera-
ture at location B to drop, as can be seen in Fig. 6. The gas tem-
perature at location B, inside the stove body, reduces to below
400 °C, which means that the temperature of the pyrolysis prod-
ucts, once they reach the secondary air inlet, will be below this
value. This drop of pyrolysis product temperature from =600 °C,
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when leaving the fuel bed [15], to below 400 °C when reaching the
secondary air inlet, suggests a cooling effect. This cooling effect can
be assumed to be due to a combination of endothermic reactions of
the gasification products and the heat loss through the furnace
walls. Reducing this heat loss, either by insulating the stove body or
by using released heat from the outer surface of the combustion
chamber to pre-heat the secondary air, as is done in some TLUD
designs, could further influence the combustion at the secondary
air inlet positively.

The high CO emissions, which can be observed in the char
gasification phase in Figs. 5 and 8 (c), were to be expected and had
previously been detected [15]. An increase in the surface oxidation
due to a higher relative surface area of the char particles can be
assumed to cause these high CO emissions [36]. The lower NCE with
a higher primary air flow, as seen in Fig. 8 (¢), could be a result of
more CO, the main gasification product, being transported out of
the high temperature reaction zone of the char bed before being
fully oxidised. This conclusion is supported by the results from the
natural draft case. The highest CO emissions, as presented in Fig. 5
(b), were measured when the gas temperatures inside the stove, as
illustrated in Fig. 6, were at their peak, thus when it can be assumed
that the buoyancy force, and in turn the primary air flow, was at its
greatest.

The high H; emissions in the char gasification phase, in Fig. 5 (c),
should also be noted carefully because they cannot necessarily be
explained by char gasification. These emissions might indicate that
the release of hydrocarbons in the migrating pyrolysis phase is
incomplete. Therefore it might be possible, through further study,
to optimise the migrating pyrolysis phase to achieve a higher
overall efficiency of TLUD stoves.

5. Conclusions

In order to better understand the combustion process in TLUD
stoves, and to enable future optimisation of TLUD designs for
various conditions, a research furnace has been commissioned. In
the lighting phase, high primary air flows lead to an increase in
peak NCE values and are therefore desirable to reduce emissions of
incomplete combustion during this phase. In the migrating pyrol-
ysis phase, an increase in forced primary air flows has little
advantage over natural draft conditions in terms of NCE values, but
lower primary air flows lead to higher CO emissions.

In the char gasification phase, the NCE values are significantly
higher with low forced draft primary air flows, as compared with
natural draft or with high forced draft primary air flows, due to the
reduced residence time within the high temperature reaction zone
of the char be facilitating less complete oxidation to CO,. These
findings demonstrate that high controllability of the air flow in
each of the distinct combustion phases of a TLUD enables an
improvement in the efficiency of the combustion system and a
reduction in the emissions of incomplete combustion.
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ABSTRACT ARTICLE HISTORY
A two-stage solid fuel research furnace was used to examine the claim that Received 28 December 2015
through forced draught greater mixing and more complete combustion Accepted 5 March 2016
could be achieved. By varying the primary air (PA) and secondary air (SA)
flow the influence on the combustion process was investigated. In the KEYWORPS .

. . Cookstove; forced air;
first part of the combustion, when the release of volatile compounds combustion

predominates, the variation of neither PA nor SA had a significant
influence. In the second part when mainly char is oxidised an increase in
both PA and SA lead to a rising nominal combustion efficiency
(NCE = CO,/(CO; + CO)), with a greater impact observed with SA.
Furthermore higher air flows caused the heat transfer, to a pot above the
furnace, to decline. Therefore forced draught does lead to greater mixing
and mitigation of emissions, but in the presented configuration a trade-
off between a higher NCE and a lower heat transfer needs consideration.

1. Introduction

Currently, and consistently over the last three decades, 2.9 billion people rely on solid fuels as a pri-
mary source for cooking (Bonjour et al. 2013). Traditional open fires or basic cookstoves, that are
primarily used for burning solid fuels, result in the emission of significant amounts of toxic products
of incomplete combustion leading to health, social, and environmental problems. Worldwide, house-
hold air pollution from solid fuels is a major contributor to the burden of disease, especially for
women, for whom it is second only to high blood pressure in disability-adjusted-life-years (Lim
2012), and children, for whom it is responsible for 50% of premature deaths under five years of
age (WHO 2014). Addressing the issue of pollution from open fires and basic cookstoves is therefore
important to help improve the quality of life for billions of people.

To reduce the problems related to traditional cooking methods there are a multitude of improved
cooking systems on the market (Urmee and Gyamfi 2014), with some showing promising results
(Jetter et al. 2012; Johnson et al. 2013). However, as noted by MacCarty, Still, and Ogle (2010),
not all new stove designs necessarily improve the emission of products of incomplete combustion,
such as carbon monoxide (CO) and particulate matter (PM). To ensure the optimisation of cook-
stoves for the future, the development of improved combustion science for these systems is essential
(Simon et al. 2014).

It is widely known that a key attribute for complete combustion is to create sufficient mixing of
oxygen with the fuel. Without adequate mixing, and the necessary feedback from the hot combustion
products, emissions of incomplete combustion will remain high. Recognising the importance of mix-
ing in the improvement of efficiency and reduction of pollutants, an increasing number of improved
cookstoves seek to incorporate forced draught. Stoves that apply the assistance of blowers or fans

CONTACT Thomas Kirch ) thomaskirch@gmail.com
© 2016 Informa UK Limited, trading as Taylor & Francis Group
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increase the stove price dramatically, however with low-cost computer-based blowers being available
now this problem can be ameliorated (Kshirsagar and Kalamkar 2014). It has been observed that
when using forced air the heat transfer to a vessel would increase, and products of incomplete com-
bustion, foremost CO and PM, would decrease, compared to other cookstoves (MacCarty, Still, and
Ogle 2010; Aprovecho Research Center 2011; Kumar, Kumar, and Tyagi 2013; Raman, Ram, and
Gupta 2014). The increase in the heat transfer is related to higher velocity of hot flue gases
around the cooking vessel while the emissions reduction is believed to be caused by greater mixing
of air with combustible gases. On the contrary it has been found that forced air stoves, though more
energy efficient, are not necessarily more emission efficient (Kshirsagar and Kalamkar 2014) and
although emitting relatively less PM, 5 mass the number of ultra-fine particles can increase (Jetter
et al. 2012).

There is an increasing trend for improved cookstoves to feature forced air (Kshirsagar and Kalam-
kar 2014) with the widespread belief that forced air necessarily leads to greater mixing and thus
increased performance. The analysis of the validity of this claim over a range of conditions is the
purpose of this study. A two-stage solid fuel research furnace, analogous to a cookstove, which allows
the air flow rate through a primary and a secondary inlet to be controlled was used to investigate
advantages and disadvantages of forced draught in cookstoves. The measurement of emissions
from the combustion and the temperatures inside the furnace enable the evaluation of the process.
Especially the incorporation of secondary air (SA), also called over-fire air, which is a key feature of
gasifier type stoves could be beneficial for the presented combustion furnace.

2. Equipment and techniques
2.1. Research furnace

Experiments were conducted in a research furnace, shown in Figure 1, which was designed to pro-
vide control over multiple air flow rates, geometry, and fuel/air locations. The furnace has an inner

[—206—>
Chimney —> 310
A——>
-\ -
/ RN

[ ] (o] D [e] C (o] ] 1
|:Secondary Air / o N

12 Injections Streams

1200

Stove Body ———»

Fuel Grate
Location

o o

. j ) Blower

Figure 1. Schematic research furnace (all measurements in ( mm)).
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diameter of 206 mm and a height of 1200 mm. This size is larger than most stoves which are designed
for household use, to be able to address scaling issues and to enable a greater variability of adjustable
parameters. These parameters include the location and the depth or amount of the fuel, which can
have an influence on the combustion process, but an investigation of these parameters is outside the
scope of the present study which is focused on the effect of the air supply. The research furnace con-
sists of the primary air (PA) inlet chamber, the stove body, in which the fuel grate is located, and the
furnace extension, as presented in Figure 1. On top of the research furnace a pot and pot-stand were
added to the set-up. The pot was filled with 2 L of water, and the water temperature was monitored
with a K-type thermocouple. The tip of the water thermocouple was inserted through a small hole in
the top of the lid of the pot to ensure that it was submersed in the water.

The PA flow rate can be controlled by using a small blower situated on the outside of the furnace,
as shown in Figure 1. This blower is designed for the purpose of cooling personal computers. It was
chosen for this application because for in-field construction of forced draught cookstoves the use of
this kind of blower could achieve a far reaching impact. Personal computer blowers are readily avail-
able in many parts of the world and have previously been used for the purpose of providing forced
draught in cookstoves (Anderson and Reed 2004). The blower can be adjusted using a pulse width
modulator with five settings to adjust the PA flow rate in relation to the maximum airflow of 14.6 L/s.

To control the global equivalence ratio of the furnace, without changing the air flow rate through
the fuel bed, compressed air was injected into the furnace as SA. The SA flow enters the furnace
downstream of the fuel bed via 12 equi-spaced radial injection streams. The injection streams consist
of 290 mm long pipes, with an inner diameter of 12 mm, and a 1.2 m long flexible hose. All hoses are
connected to a manifold to ensure uniform flow rate through the SA injection streams. The flow rates
are controlled using a rotameter situated upstream of the manifold.

2.2. Fuel

Wood chips were the fuel used for the experiments reported in this paper. These wood chips were
produced from Radiata Pine (Pinus Radiata) trees sourced from a timber processing plant in James-
town, South Australia. Pine bark also accounts for a small portion of the chips (less than 10%). A
sample tested was found to include chips varying from 75 x 25 x 3mm to 8 x 5 x 2 mm with
the average size approximately 30 x 20 x 3 mm. A controlled moisture content of approximately
10% was established for all experiments. Wood chips were chosen as fuel because wood is the
most commonly combusted biomass (Yevich 2003). The mass of fuel used for all tests was 1.0 kg.

2.3. Measurements

Emissions were measured using a Testo 350 Flue Gas Analyser. Measurements included oxygen
(0,), CO, and carbon dioxide (CO,). The flue gas measurements were taken at 830 mm above
the exit plane of the furnace extension, along the central axis of the furnace. All concentrations
recorded are on a dry basis. Mean gas-phase temperature measurements were obtained using a K-
type thermocouple mounted in location A, as shown in Figure 1 and the water temperature inside
a pot was measured, as described in Section 2.1.

2.4. Test procedure for varying PA

Investigations into the effect of PA flow rate were conducted with a furnace extension height set
at 310 mm, a distance from the furnace extension to the pot of 50 mm and the SA flow rate set at
6.4 L/s. Tests were conducted at the PA flow rates of 14.6 , 8.8 , and 5.9 L/s, each repeated three
times. To minimise thermal variations between tests, the furnace was pre-heated to approximately
65°C. For each experiment 1 kg of fuel was loaded onto the fuel grate. During testing the research
furnace was placed under a fume extraction duct and the pot containing 2 L of water was placed



Downloaded by [UNIVERSITY OF ADELAIDE LIBRARIES], [ThomasKirch] at 15:48 01 April 2016

4 (& T.KIRCHETAL.

above the exit plane of the furnace extension. The pot was placed onto the pot-stand and visually
aligned with the flue to ensure the exhaust gases flowed evenly around the outside of the pot. The
temperature of the water in the pot, and the time taken to achieve water boiling, give an indication
of the heat transfer from the hot gases issuing from the furnace to the pot.

To ignite the biomass, approximately 50 mL of methylated spirits (96% ethanol) was poured into
the furnace over the biomass fuel. The PA and the SA were turned on after 1 min to the predeter-
mined value for each experiment. The experiments were conducted for 13 min, with both airflows
turned off after 11 min. The experiments were run in a continuous cycle to ensure that the furnace
always started at the same temperature, being pre-heated by the previous experiment. For each set of
parameters the test was repeated three times and the arithmetic mean of the results is presented. Due
to the variability of stove testing more tests would be advantageous (Wang et al. 2014) but the obser-
vations were found to be repeatable, such that the trends are not affected by a bias due to the limited
sample size.

2.5. Test procedure for varying SA

Consistent with the test procedure for varying PA presented in Section 2.4, the same procedure was
used for a second set of experiments, but instead the SA was varied. The PA was kept constant at
14.6 L/s and the SA was adjusted. Experiments were performed at SA flow rates of 1.3, 3.8, 6.4,
and 9.0 L/s.

3. Results and discussion
3.1. Varying PA flow rate

3.1.1. Oxygen profile.

Figure 2 shows the mean oxygen concentration from three independent test measurements, at each
of the three various PA flow rates. At the beginning of the burn-cycle the initial concentration of
oxygen (O,) is approximately 21%, as expected. During the combustion process the O, concen-
tration decreases as a function of time for all levels of PA until it reaches a minimum at approxi-
mately 350 s. It can be assumed that at this point, after 350 s, the combustion intensity is
greatest, consuming the oxygen and leading to these low values. In all cases it is noted that the lowest
O, concentration is greater than 5% (on a volumetric basis). This measurement is influenced due to
the fact that the emissions were measured at 830 mm above the top of furnace extension, where they
have been mixed with surrounding air. The high O, concentrations suggest though that with all the
PA flow rates the system operates fuel-lean.

Of particular note from Figure 2 is that the oxygen concentration returns to 21% at approximately
the same time for all PA flow rates. This indicates that the burn-time for all cases is approximately
650 s. The average air to fuel ratios (A/F = kg, /kg;, ., ), for the complete combustion of all fuel over
the time period of 650 s are presented in Table 1. These values are calculated assuming a molar ratio
of the biomass fuel of approximately CH, 4O, as has been suggested to be an average for woods,
with a resulting A/F of 6.3 for complete combustion (Saravanakumar et al. 2007). The presented cal-
culations in Table 1 are highly simplified, since they are based on many assumptions, such as a uni-
form fuel consumption during the combustion process. Bearing these assumptions in mind the
values in Table 1 give an indication which supports the suggestion of constantly fuel-lean conditions.
In all cases, except for a PA flow of 5.9 L/s, overall fuel-lean conditions appear to be achieved by the
PA flow.

The SA is introduced downstream of the flame front, such that the PA flow rate should control the
combustion of the solid fuel. The addition of SA serves predominately to create mixing of air and the
primary combustion products, and is aimed to lead to the complete combustion.
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Figure 2. Mean O, concentrations with varying PA.

3.1.2. The nominal combustion efficiency.

Figure 3 presents the nominal combustion efficiency (NCE), the relation of CO, emissions normal-
ised by the sum of CO and CO, emissions (Jetter et al. 2012), for varying PA flows. This normal-
isation procedure was performed because the emissions were measured at a position of 830 mm
above the furnace where they have been mixed with surrounding air. Due to this mixing effect
the measured concentrations have been diluted and could be misleading. The NCE provides a
relation of the carbonaceous emissions of complete combustion, CO,, to the intensity of the com-
bustion process, represented by the sum of all measured carbonaceous emissions, CO and CO,.
This normalisation is independent of location of the measurement and therefore allows an evalu-
ation of the combustion process. High NCE values, which can be seen in the first part of the process
up to approximately 450 s, represent a high combustion performance and low emissions of incom-
plete combustion. The rapid fall of all curves after the initially steadily high values is assumed to be
due to the transition from primarily volatile combustion to primarily char combustion (Jones et al.
2014). In the second part of the process mainly charcoal remains as fuel, which usually accounts for
about 20-30% of the initial mass (Huangfu et al. 2014). The produced charcoal has a highly porous

Table 1. The PA and SA flow, the average air/fuel (A/F) ratio for the PA flow as well as the overall A/F ratio for the consumption of all
fuel over the whole burn-cycle of 650 s and the average NCE for all configurations.

Air flow A/F ratio NCE
Primary ( L/s) Secondary ( L/s) Primary ( kgair/kgsyel ) Overall ( kgair/Kdfyel )
Varying PA flow
5.9 6.4 5.1 10.6 0.919
8.8 6.4 7.6 13.2 0.916
14.6 6.4 12.7 18.2 0.944
Varying SA flow
14.6 1.3 12.7 13.8 0.923
14.6 38 12.7 16.0 0.932
14.6 6.4 12.7 18.2 0.944

14.6 9.0 12.7 204 0.951
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Figure 3. NCE values for varying PA.

structure and it consists primarily of carbon. The carbon reacts with oxygen on its surface, largely
inside the porous structure (Emmons and Atreya 1982). This surface oxidation causes high emis-
sions of CO which can subsequently oxidise further to form CO, if sufficiently high temperatures
and oxygen are available (Glassman, Yetter, and Glumac 2015). Although with all three PA flows
sufficient oxygen is supplied for complete combustion, as shown in Section 3.1.1, the CO emissions
are high in the char combustion phase. Table 1 presents the average NCE over the burn-time for the
respective tests, which shows that the NCE value increases only by 2.5% with a 2.5 times greater PA
/fuel ratio. This shows that by only increasing the PA flow no drastic reduction of emissions of
incomplete combustion can be achieved. In the first two cases, of 5.9 and 8.8 L/s PA, the average
NCE is similar to the average of an open fire during a day of in-home use (Johnson et al. 2010).
This lead to the choice of 14.6 L/s of PA for the tests of varying SA, as the goal is to achieve a
NCE as high as possible.

3.2. Varying SA flow rate

3.2.1. Carbonaceous emissions.

Figure 4 presents the NCE profiles from varying SA flow rates. It shows that the NCE, similar to the
profiles of varying PA, is relatively high in the first part and low in the second part of the burn-cycle.
In the beginning, predominantly combustion of volatile compounds, that are released from the fuel
stack, is taking place. The consistently high NCE shows that a variation in SA air flow does not have
an influence on this part of the combustion process. Towards the end, when most of the volatiles
from the fuel are combusted, char remains. The NCE falls during the char combustion, which occurs
after the peak intensity of combustion (~ 350 s, as mentioned in Section 3.1.1). The CO levels are
highest for the lowest SA flow rate of 1.3 L/s SA.

When char combustion occurs in the fuel bed, the oxidation process could be assumed to be con-
trolled by the PA flow rate rather than the SA. This is reflected in the 3.8, 6.4, and 9.0 L/s SA cases,
which all show similar profiles. Table 1 shows that the average NCE increases with a higher SA air-
flow. This indicates that there is a relationship between the SA and the fuel bed. It is hypothesised
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Figure 4. NCE values for varying SA.

that at the higher SA flow rates some of the air is directed downward onto the fuel bed, assisting in
the char combustion and thus reducing the CO emissions.

3.2.2. Flue gas temperature and heat transfer profile.

Figure 5 shows in part (a) the gas-phase temperature in the furnace extension and in part (b) the
water temperature inside the pot for the four SA flow rates considered. It can be seen in Figure 5
(a) that when the SA flow rate of 1.3 L/s was used, the flue temperature was considerably higher,
up to 200°C greater than at 9.0 L/s SA. The lower temperature with the higher SA flow rates does
not indicate lower heat output, but that the heat is diluted by the additional air (thus lowering
the temperature). Depending on the application, the additional air (thus increased gas velocity)
may be advantageous, while other applications may require the higher temperature. The average
of the water temperature, as presented in Figure 5(b), reaches boiling point at 1.3 L/s SA (100°C)
approximately 200 s before the measurements at 9 L/s SA. This shows that at 1.3L/s SA flow,
with the highest flue gas temperatures, the heat transfer is greatest in this combustion system.

3.3. Discussion

In Figures 3 and 4 it can be seen that in all cases the emissions of incomplete combustion are low in
the first part of the combustion process and high in the second part. The first part of the process
appears to be influenced by the variation of neither PA nor by SA. The volatile compounds which
are released from the fuel are burned cleanly. The combustion in the second part of the process
is, opposite to the first part, influenced by both PA and SA flow. With an increase of PA flow the
NCE also increases, as can be seen in Figure 3, and the lowest SA flow displays the lowest NCE
in Table 1. These emissions profiles need to be related to the information that the heat transfer to
the pot, presented in Section 3.2.2, is significantly greater with lower SA. This finding is in agreement
with previously reported lower heat transfer with higher air flows in a biomass combustion furnace
(Selim et al. 2011). Therefore a trade-off needs to be considered between a higher NCE and lower
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Figure 5. (a) The gas temperatures in the furnace extensions and (b) the water temperatures during varying SA tests.

heat transfer with a greater air flow against a higher heat transfer and lower NCE with a lower air
flow.

4, Conclusions

The present study was performed on a two-stage research furnace to investigate the influence of the
application of PA as well as SA on the combustion process of cookstoves. Two sets of experiments
were performed. In one set the SA was held constant while the PA was varied. In another set the PA
was held constant while the SA was varied. This allowed the influence of air flows over a range of
conditions to be studied.

The results show that the first part of the combustion process, where the combustion of volatile
compounds prevails, exhibits similar emissions profiles for all air flow applications, with low emis-
sions of incomplete combustion. In the second part of the process, where mostly char combustion is
taking place, higher PA flows cause a higher NCE, but even an excessive supply of air does not lead to
a significant reduction of products of incomplete combustion. Furthermore although an increase in
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SA supply steadily raises the NCE it has to be considered that it also lowers the heat transfer to a pot
on the stove.

Thus it has been shown that both forced PA and forced SA do have an influence on the stove
performance. The increase of PA and laterally introduced SA aid in the mixing of fuel and air
and lower the emissions of products of incomplete combustion, but also they cause a lower heat
transfer. Therefore the application of forced draught for PA as well as SA should be further inves-
tigated to achieve greater mixing and higher NCE values without increasing the amount of air, intro-
duced into the system. Also it should be considered that different air flow rates in the first and second
part of the combustion process could be advantageous.
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Abstract

Worldwide, over four million people die each year due to emissions from cookstoves. To address this problem advanced cookstoves
are being developed with one system, called a top-lit up-draft (TLUD) gasifier stove, showing particular potential in reducing the
production of harmful emissions. A novel research furnace analogy of a TLUD gasifier stove has been designed to study the TLUD
combustion process. A commissioning procedure was performed under natural draft conditions. This included an assessment to
establish the design operates as a TLUD gasifier and described the visual attributes of the TLUD's performance for in-field evaluation.
Emissions profiles were recorded to identify combustion phases. The efficiency was evaluated through the nominal combustion
efficiency (NCE = CO,/(CO, + CO)) which is very high in the migrating pyrolysis phase, averaging 0.997. A value of this magnitude
has previously not been reported for a cookstove. In the lighting phase and char gasification phase the NCE falls to 0.841 and 0.657
respectively. High H, emissions are also found in the lighting and char gasification phases, the latter indicating incomplete pyrolysis.
The low NCE in the lighting and char gasification phase, compared to the NCE of an open fire, clearly demonstrate the need for
combustion optimisation and emissions mitigation of these phases. The precise description of all the combustion phases, in
combination with the emissions profiles and efficiency evaluation provide the means for in-field stove evaluation, aid in determining

stove deficiencies and set baseline measurements against which TLUD stove designs can be compared.

Keywords: Top-lit up-draft, Natural draft, Gasification, Pyrolysis, Cookstove.

1. Introduction

Energy consumption in private households in
developing countries is still primarily based on biomass
fuels. Over the last three decades, and into the
foreseeable future, 2.7 billion people [1] consistently rely
on traditional, open fires and simple cookstoves to
satisfy their cooking needs. These methods have very
low efficiency and produce harmful emissions through
incomplete combustion. In addition to the potential
environmental consequences of deforestation and the
contribution to climate change, there are major health
problems related to traditional household cooking
methods.

Worldwide, approximately 4.3 million premature
deaths occur each year from cooking-related illnesses:
more than 50% of premature deaths of children under the
age of five years are the result of household air pollution
[2]. The implementation of more efficient cookstoves
that could decrease the consumption of biomass fuels
would reduce the environmental consequences as well as
people's exposure to pollutants, offering both health and
environmental benefits [3].

In order to achieve substantial health benefits,
cleaner burning cookstoves than are currently in use are
needed [4,5]. One type of cookstove that has been
recognised as potentially able to achieve this goal are
gasifier stoves [6]. These use the thermochemical
process of gasification to transform the fuel into
combustible gases and burn them separately in time and
location [7].

Gasifier stoves can be used under natural draft
conditions, as in the present study, or with the assistance

* Corresponding author:
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of a fan that creates a forced airflow. Compared with
other cookstoves, gasifier stoves have been shown to
produce low carbon monoxide (CO) and particulate
matter (PM) emissions under laboratory conditions [8,9].
Specific studies on the TLUD combustion behaviour are
limited but it has been shown that variation in stove
geometry and the utilized fuel have an important impact
on the stove performance [10,11]. It has been observed
that the burn rate of wood increases with the initial wood
density [12] and that the heat transfer to a vessel on the
stove is a strong function of the vessel diameter while
swirl of secondary air has a negligible impact [13]. Arora
et al. [14] compared the influence of different
standardised tests, kindling material and fuel feeding
intervals on the cookstove performance. With different
test protocols as well as fuel feeding intervals the
emissions factors, primarily of CO and PM, showed
variation and increased with lower calorific value of the
kindling material. All of these studies have evaluated
specific designs and analysed the performance while
performing cooking tasks. An analysis of the
unobstructed combustion process could lead to a deeper
understanding and present further optimization
possibilities to reduce harmful emissions consistently.

In the current study, a research furnace was
specifically designed to study the operational properties
of TLUD stoves in order to optimise for combustion and
fuel efficiency. The designed furnace allows for various
combustion-relevant parameters to be individually
altered and is larger than normal household stoves, to be
able to address scaling issues for stoves for communal
use versus stoves for private households. Furthermore
the increase in size enables a greater variability of
adjustable parameters, such as amounts and locations of
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the fuel within the combustion chamber, to be studied.
Through the commissioning test procedure, under
natural draft conditions, the combustion phases will be
determined, both visually and through emissions testing
over the whole burning cycle. Furthermore, the phases
will be clearly separated and analysed individually. This
will allow future studies on TLUD cookstoves to be
compared with these basic natural draft conditions to
determine how design alternations affect the combustion
process. An investigation of what is visually perceptible,
in addition to the emissions profiles of all combustion
phases, is especially relevant for in-field stove
assessment. This article, therefore, provides the means to
relate visual findings to emissions profiles and sets a
baseline against which to compare TLUD stove designs.

2. Experimental details

The research furnace was designed as a TLUD stove
with the general characteristics of a primary air inlet at
the bottom of the furnace, and a lateral secondary air
inlet in the upper region, as shown in Fig. 1.

The central component of the research furnace is the
stove body, consisting of a cylindrical steel cylinder
(600 mm tall, 206 mm inner diameter, 8 mm wall
thickness) and a fuel grate. The perforated fuel grate
(26% open-area ratio) is located inside the cylinder to
hold the fuel stack in place. The depth of the fuel grate is
adjustable. The stove body is placed on top of a steel
frame, which serves as the primary air inlet chamber.
The steel frame of the primary air inlet allows all sides to
be closed off, so air can be applied through only one
inlet. If the sides are not closed off, air enters freely. In
the present study air can enter freely via natural draft
over the whole stove diameter. The secondary air inlet is
provided by a detachable stove extension to the top of
the stove body. There are two possible stove extensions.
The first extension is equipped with a diffuser ring
around the air inlet that it can be attached to compressed
air to control the in-flow. The second extension, which
was used for testing in this study, allows air to enter by
natural draft.

Emissions data was collected in one central location
while the temperature data was constantly measured in
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Figure 1: Schematic TLUD research furnace configuration for
natural draft conditions

two locations. For emissions testing a measuring probe
of a Testo 350XL was placed in the centre of a fume
hood inlet at a distance of 0.83 m above the exit plane of
the extension. The Testo 350XL was used to record the
CO, CO,, H, concentrations, on a dry basis. Temperature
data were collected via two K-type thermocouples
(locations A and B in Fig.1) and via an infra-red
thermometer (location C).

A normalisation process was performed for all
gathered emissions concentrations. The emissions data
are related to the sum of all carbon emissions, here CO
and CO,. The emissions are each normalised with
respect to the sum of the carbon emissions because these
can be attributed to the combustion process and provide
the relationship between the intensity of the combustion
process and the release of certain products.

The fuel for each test consisted of 700 g of dried
locally sourced pine bark chips. Bark chips were chosen
as fuel because wood is the most commonly combusted
biomass [15]. In every test the furnace was pre-heated,
supplied with one batch of fuel and lit at the top, using
5 mL of methylated spirits to aid ignition.

3. Results

Preliminary results were gathered through visual
assessment. In further tests, emissions and temperature
profiles were also recorded. Through the emissions
measurements, the performance of the stove in terms of
the nominal combustion efficiency (NCE) (defined as
CO,/(CO + CO,) [9]) was evaluated and a mathematical
separation of the combustion phases was conducted. By
relating all the findings (visual, emissions and
temperature measurements) to one another, a full picture
of the process could be drawn.

After lighting, combustion takes place directly at the
fuel stack. This can be seen by flames spreading from the
kindling material over the surface of the biomass. Once
the upper layer of the fuel stack is ignited, the
temperature increases and small amounts of smoke start
to be released. This suggests that the remaining water
evaporates and volatile compounds are released from the
fuel. A change can be observed once thick white smoke
is released from the fuel stack which is subsequently
ignited and clean burning. This indicates that a second
phase, termed migrating pyrolysis, has begun.

In the transition period from the lighting phase to
the migrating pyrolysis volatile compounds are released
from the fuel, observable as thick white smoke. The
thick smoke indicates that there are high amounts of
vaporised pyrolysis products, such as tars, heavier
hydrocarbons and water, in the gas stream. This suggests
that the process of cracking pyrolytic products into
lighter hydrocarbons, which occurs at high temperatures
and for which hot char particles act as a catalyst [16], is
restricted. Varunkumar et al. [13] hypothesised that
cracking in gasifier based stoves might be restrained due
to the limited char bed thickness.

The thick smoke released from the fuel rises to the
secondary air inlet where it should be ignited, after
mixing with oxygen from the entering air. In the pre-
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heated tests the flames that established on the fuel stack
in the lighting phase ignite the thick smoke at the
secondary air inlet. In some cold start tests, it was
observed that the flames on top of the fuel stack would
not ignite a flame at the secondary air inlet. This implies
that the flames that establish in the lighting phase need to
bridge the distance between the fuel stack and the
location where a combustible mixture of secondary air
with gasification products from the fuel is present. This
has previously not been observed when testing smaller
TLUD stoves and needs to be considered when
designing bigger TLUD stoves, where the distance
between fuel and secondary air inlet increases. Once the
thick smoke is ignited a bright yellow flame establishes
that burns very cleanly. This separation between the
migrating pyrolysis taking place in the fuel stack and the
pyrolytic products being burned separately in time and
location, at the secondary air inlet, is a distinctive
characteristic of TLUD stoves [17].

The end of the migrating pyrolysis phase is
indicated by the extinction of the flame at the secondary
air inlet. The char gasification phase begins because
insufficient combustible volatiles are released from the
fuel stack to sustain the flame at the secondary air inlet.
It can be seen that hot glowing char remains, with small
irregular flames above the char bed until only ash is left
on the fuel grate.

Tests were carried out with the natural draft stove
and emissions concentrations were recorded, as
presented in Fig. 2. Three phases can be identified in
each of the profiles presented in Fig. 2. The three phases
are the lighting phase, the migrating pyrolysis phase and
the char gasification phase. Numerically, a change in
phase is identified here when the temporal derivative of
the normalised CO profile exceeds #0.002s™. This
value was determined following a rigorous verification
based on inspection of the profiles and found to be
reliable at identifying each phase. Table 1 presents the
results of the combustion phase specific calculations of
time weighted average (TWA) values for all emissions
and peak values for the nominal combustion efficiency
(NCE) and H, emissions.

It is apparent from Fig. 2 that in the lighting phase,
the NCE can be extremely low, with one peak reaching
below 0.6 compared to an average of 0.9965 in the
migrating pyrolysis phase (see Table 1). These profiles
can be related to incomplete combustion of the kindling
material and the top layer of the biomass. In the lighting
phase the combustion of kindling material and the top
layer of biomass takes place inside the stove body where
the surrounding oxygen is quickly consumed and
insufficient primary air enters through the fuel stack for
complete combustion. It should be noted, though, that
only three of the eight tests show very low CO, peak
values, which suggests that a consistently higher NCE in
this phase could be achieved. To find ways to ensure
lower emissions in this phase requires further
investigation.

Once a flame front establishes at the secondary air
inlet, the NCE rises to an average of 0.9965, which is
much higher than in the other phases, while the H,

Table 1: Averaged normalised data for the three phases, with the
standard deviation of eight tests in parentheses underneath

TWA - Hy/(CO, + CO)

Lighting Migrating Char
pyrolysis gasification
e o 95.1 285.4 221.5
Time in Phase [s] (9.9) @77) (17.1)
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Min NCE .
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Figure 2: Normalised emissions data of CO, and H, measurements
for eight tests

emissions remain consistently low (Fig. 2). In this phase
the migrating pyrolytic front steadily moves down the
fuel stack, which provides the necessary gaseous
products for the flame at the secondary air inlet to be
sustained. This phase is highly efficient and exhibits
extremely low emissions. Comparing these with the
results of Jetter et al. [9] and Johnson et al. [18] it can be
seen that only very few stoves can achieve a NCE of this
magnitude. It should be borne in mind, though, that this
comparison is limited because the test conditions in the
compared studies are different. The comparison still
clearly verifies the high efficiency of the research
furnace and the potential of this type of stove.

In the char gasification phase, average CO and H,
emissions are higher than in the other phases, resulting in
a low NCE. The high CO emissions were to be expected
and were also detected by Mukunda et al. [19]. These
emissions can be explained by an increase in the surface
oxidation due to a higher relative surface area [20]. The
high H, emissions should be noted carefully in this phase
because they cannot necessarily be explained by char
gasification. These emissions might indicate that the
release of hydrocarbon compounds in the migrating
pyrolysis phase is incomplete. Therefore it might be
possible, through further study, to optimise the migrating
pyrolysis phase to achieve a higher overall efficiency.

The temperature profiles presented in Fig. 3 reflect
the results from both the visual assessment and the
emissions data. The three phases can be identified, based
on the slope of the temperature profile. In the lighting
phase, the gas temperature inside the stove body heats up
much more quickly than in the stove extension because
combustion takes place on the fuel stack.

Once the migrating pyrolysis phase starts and a
flame front establishes at the secondary air inlet, the gas
temperature inside the stove extension rises above the
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temperature in the stove body. In the stove body, the
endothermic (energy absorbing) pyrolysis is mainly
sustained by the released energy from the partial
oxidation of the pyrolysis products, which causes the
temperature to drop. The gas temperature inside the
stove body reduces to below 400 °C, which means that
the temperature of the pyrolysis products, once they
reach the secondary air inlet, can be below this value.
This drop of pyrolysis product temperature from
~ 600 °C, when leaving the fuel bed [19], to below
400 °C when reaching the secondary air inlet suggests a
cooling effect. This cooling effect can be assumed to be
due to the heat loss through the furnace walls and would
increase with the size of the stove. Especially when
increasing the size, beyond the size of the presented
research furnace, the condensation of liquid pyrolysis
products could occur. This cooling effect needs to be
considered when designing large stoves. Towards the
end of the migrating pyrolysis phase, the gas temperature
inside the stove body starts increasing until it peaks in
the char gasification phase. This can be explained by the
decline of endothermic, pyrolytic reactions with a
simultaneous increase of exothermic, char gasification
reactions inside the fuel bed. Highest temperatures can
be achieved in the char gasification phase within the

stove body, as has previously been observed [11, 12].

4. Conclusions

In order to better understand the combustion process
in TLUD stoves, and to enable future optimisation of
TLUD designs for various conditions, a research furnace
has been designed, built and commissioned. A visual
assessment presented the attributes of TLUD stoves that
can be observed; primarily the separation of the solid
fuel and the combustion of the gasification products.
Furthermore, the emissions profiles were normalised and
presented to show the combustion behaviour of TLUD
stoves under natural draft conditions. Three distinct
phases: the lighting phase, the migrating pyrolysis phase
and the char gasification phase, were identified. The
lighting and char gasification phases are characterised by
low nominal combustion efficiency (NCE) and high
emissions of incomplete combustion. It has been seen
that a consistently shorter and more efficient lighting
phase should be possible to achieve. Also scaling issues
are shown to occur when increasing the distance between
the fuel bed and the secondary air inlet. These issues
include ignition problems at the secondary air inlet and
heat loss between the fuel bed and the secondary air
inlet. The migrating pyrolysis phase, conversely to the

other two phases, displayed an extremely high NCE.
High traces of H, emissions in the char gasification
phase suggest that the pyrolysis process is incomplete in
the migrating pyrolysis phase. The high emissions in the
lighting phase and char gasification phase are in contrast
to the low emissions in the migrating pyrolysis phase.
This leads to the conclusion that further research to
prolong the migrating pyrolysis phase, while mitigating
the release of emissions of incomplete combustion in the
lighting and char gasification phases, could be of benefit
to future stove designs.

These results identify research topics that need to be
addressed to optimise stove performance and shed light
on relevant parameters that need to be considered when
designing larger TLUD stoves for communal use.
Additionally they enable the in-field visual assessment
of TLUD stoves and set a baseline against which such
stoves can be compared.
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Abstract

Exhaust hoods are commonly used to capture all emissions from
stationary combustion systems that are open to the environ-
ment, such as residential heaters or stoves. For experimental
purposes, emissions are sampled at one, or more, discrete lo-
cations downstream in the exhaust duct. Point-wise measure-
ments in the duct are often taken with the assumption that the
emissions are homogeneously distributed across the duct cross-
section, because the flow is turbulent and therefore believed to
be thoroughly mixed. However, the length of such systems is
rarely sufficient to ensure fully-developed flow, and the actual
homogeneity is seldom assessed. In the present work the mix-
ing within the duct is investigated by simulating the emissions
distribution within various hood and duct configurations. The
simulations include a straight duct with and without baffles and
two different exhaust hood configurations, namely at the Stove
Testing Lab at Lawrence Berkeley National Laboratory (LBNL)
and at the University of Adelaide that meet standard require-
ments. The air flow in the ducts was simulated using Reynolds-
averaged (RANS) turbulence modelling, with carbon monoxide
(CO) as a representative combustion product, injected at three
locations in the straight duct and two locations (centre and side)
in the exhaust hoods. Simulations predict that, in isolation, nei-
ther a straight duct without baffles, nor a hood with a 90° el-
bow followed by a straight duct without baffles, provide suffi-
cient mixing to achieve a near uniform distribution of CO at the
sampling locations. However, simulations show that adequate
mixing of dilution air and CO is achieved with baffles-induced
flow detachment and recirculation, not from turbulent mixing
in the straight section of the duct itself. The simulations also
suggest that elbows, baffles, expansions or other geometrical
features are needed to induce thorough mixing. For example,
in the Stove Testing Lab at LBNL, flow disturbance is induced
by an expansion into a larger diameter straight duct immedi-
ately downstream of the hood and the 90° elbow. Although
these two systems demonstrate sufficient mixing of CO within
the exhaust, the RANS simulations in this study suggest that
other systems relying solely on mixing within a specified duct
length (viz. 8-12 diameters) may not be sufficient.

Introduction

The evaluation of the combustion properties and efficiency of
stationary appliances, such as cookstoves, is often based on
measurements of emissions. In order to provide representative
measurements of these emissions, the released products typi-
cally need to be captured. In laboratory studies, exhaust hoods
are often used to capture all emissions of combustion systems
that do not have a flue or other exhaust system, which are then
transported outside via ducting. The hood generally spans over
a larger area to ensure it captures all the emissions from the ap-
pliance, which is often quite a localised source. In the region
under the hood, the draft velocity is low to avoid disturbing the
combustion itself. The flow velocity increases in the contrac-

tion of the hood, is turbulent within the duct and is therefore
believed to be thoroughly mixed. Nevertheless, large spatial
inhomogeneities of the emissions under the hood could persist
throughout the duct if sufficient mixing is not ensured. Within
the duct, point-wise measurements rely on homogeneous emis-
sions distribution to determine the performance of the combus-
tor in a representative, repeatable and affordable manner. The
present study numerically investigates the mixing behaviour of
a representative gaseous combustion product within different
exhaust systems to evaluate the validity of measurements taken
at specific locations in exhaust ducts.

An exhaust hood typically includes a contraction hood, fol-
lowed by ducts, of various geometries, and a blower or fan, to
create a forced air flow. The necessary requirement—as well as
the challenge—is to measure representative combustion emis-
sions within the duct. Existing designs of exhaust hoods for
emissions measurements are represented in standard methods,
such as AS/NSZ 4013:2014 or US EPA Title 40 §60. While
both suggest two 90° elbows and a straight section before the
measuring location, US EPA guidelines suggest two baffles
(semi-circular obstruction) in between the 90° elbows; but also
allows for alternative measurements after eight or, if not feasi-
ble, after two diameters of straight ducting. A specific test pro-
tocol for cookstoves (ISO 19867-1, 2018), stipulates one 90°
elbow followed by baffles and 12 diameters (12D) of straight
duct upstream of the sampling location. With these different
options, and many more found in the literature for the design of
exhaust hoods, it is unclear which specifications achieve com-
parable and representative measurements. The evaluation of the
mixing behaviour of gaseous emissions through computational
fluid mechanics could therefore provide insights into the neces-
sary flow characteristics to achieve sufficient mixing.

To assess the mixing behaviour in an exhaust system, initially
an understanding of mixing in a straight pipe is required. Previ-
ously, it has been suggested that in turbulent straight pipes, fully
developed flow can be achieved at 100-130 diameters down-
stream of any disturbance [1]. While the turbulence properties
of fully-developed flow are not a necessity for a well-mixed gas
flow, turbulence is the dominant mixing mechanism in a straight
pipe. A shorter length could be insufficient to achieve homo-
geneous distribution of constituents in ducts. Furthermore, it
has been shown that tracer gas measurements in a straight duct
at 9D downstream of a 90° elbow deviate approximately 20%
from the mean and obstructions or mixing elements need to be
introduced to reduce this value [2]. The lack of certainty in the
mixing of various systems may render any data erroneous or
misleading. Simulations enable a deeper understanding of the
influence of the length of the straight pipe section, as well as ge-
ometrical specifications on gaseous mixing in the duct to ensure
reliable point-wise measurements.

A numerical study of mixing of emissions from stationary com-
bustion systems with dilution air in exhaust hoods is provided



to investigate the validity of point-wise measurements within
ducts. Point-release of a tracer gas is used to investigate the im-
pact of non-homogenous release of pollutants across the duct
inlet, to assess the mixing homogeneity and to identify a re-
liable sampling measure at a single point downstream in the
duct. Specifically, the influence of flow obstructing baffles, in
a straight pipe and a representative exhaust hood, as well as
geometrical specifications, elbows and expansions, in two rep-
resentative exhaust hoods are addressed. While the focus of the
present study is the mixing behaviour in exhaust hoods, the re-
sults might also be relevant for direct emissions measurements
within flues or exhaust pipes.

Methods

Modelling

Three exhaust systems were modelled, specifically; the gas flow
in a straight pipe with and without baffles; the facilities at the
Stove Testing Lab at Lawrence Berkeley National Laboratories
(LBNL); and those used at the University of Adelaide (UofA)
with and without baffles. Model specifications and boundary
conditions for all five variations are presented in Table 1.

The steady Reynolds-averaged Navier-Stokes (RANS) simula-
tions were conducted with ANSYS CFX 17.2, using the shear-
stress transport (SST) turbulence model [3]. All simulations
employ a second-order coupled solver for turbulent flows and
convergence was better than 104, The inlet turbulence inten-
sity was 5%. Smooth, no slip walls were employed. For the
more complex hood structures, transitional turbulence using the
Gamma Theta model [5] with reattachment modification was
used. In the region of the elbow and baffles the boundary layer
was resolved, while in the straight duct of all models, a low
0.0002-0.0007 mm first inflation layer thickness and a subse-
quent growth of 1.2 was employed. A structured, quadrilateral,
computational mesh, was created in the straight duct while the
enclosures and duct intersection in the UofA cases were un-
structured, based on mesh independence studies. In the duct
yT<5 was widely achieved. The wall-treatment switched be-
tween resolving the boundary layer for sufficiently low y*, and
standard k—o wall functions. Transport of CO is modelled us-
ing binary Fickian diffusion and a turbulent Schmidt number of
0.9, which has previously been validated [6].

Table 1: Model specifications of the geometries the straight
pipe with (SP-B) and without (SP-N) baffles, the LBNL, and
the UofA with (-B) and without (-N) baffles.

Outlet Tracer flow  Elements Re

kg-s~! L/min 106 103
SP-N 0.112 Isokinetic 7.45 30
SP-B 0.112 Isokinetic 1.37 30
LBNL 0.112 100 L/min 2.83 30
UofA-N 0.078 Isokinetic 4.30 35
UofA-B 0.078 Isokinetic 4.81 35

Straight pipe

The straight pipe model has an inner diameter of 250 mm and
30 m length. CO is introduced separately in three locations (L1—
L3) in a 10° wedge, spanning from 100 mm<r<250 mm, as
presented in Figure 1(c). The entrance plane is defined as an
opening to ensure isokinetic flow, while the mass flow through
the pipe is specified at the outlet. Simulations were also per-
formed with baffles, 300 mm and 600 mm downstream of the
inlet, oriented such that the first baffle obstructs half the flow
path (B1), while the second obstructs the opposite half (B2).
The three cell thick baffles were removed from the geometry.

Exhaust system at Lawrence Berkeley National Laboratories

The exhaust system used at LBNL consists of a hood with verti-
cal walls, of different height, and a door at the front [7, 8]. The
front is of 460 mm height, partially covered by 300 mm high
doors, while the back wall extends to 760 mm below the hood.
As the back wall extends further than the front from the hood,
the sides are of trapezoidal shape, with the diagonal side ex-
tending from front wall corner to the back wall corner. Air can
enter into the hood from all sides from below the walls. The
1,370 mm by 860 mm hood contracts into a 152.4 mm (6 in)
diameter duct. The hood is followed by a 90° elbow and a step-
wise expansion to 254 mm (10 in) duct. To assess the unifor-
mity of the mixing, the tracer gas, CO, is introduced in two
different locations, (1) coaxial (along the centre line of the duct
connected to the hood), and (2) circumferential (off the centre
line, on the side of the hood). The tracer gas inlet is modelled as
a square opening with an equivalent area to the 6 mm hose used
in validation experiments previously published by LBNL [4].

Exhaust system at The University of Adelaide

The UofA hood covers a square enclosure of 600 mm by
600 mm with a height of 1800 mm. Three sides of the enclo-
sure are sealed, while the front consists of a door spanning from
600 mm above the floor to the top. Thus a 600 mm by 600 mm
opening below the door allows air to enter. The hood has a 45°
inclination leading into a 150 mm diameter duct at its centre.
At the top of the square contraction, a 90° elbow into a straight
vertical duct with an inlet for dilution flow (which is considered
closed in all simulations). The straight duct extends 40 diame-
ters (6 m). When baffles are introduced, the first baffle is located
downstream of the elbow, obstructing the top half of the duct,
and the second baffle is located 300 mm downstream of the first,
obstructing the bottom half of the duct. CO is introduced along
the centre of the enclosure at a height of 700 mm from the floor.

Results

Straight pipe

In Figure 1 the normalised CO mass concentration (the local
mass fraction divided by the mean mass fraction across the duct
cross-section) profile is presented across cross sectional slices
of the pipe at certain locations. Pipe cross sectional planes at
12 and 100 diameter (D) length downstream of the inlet are pre-
sented in Figures 1(a) and 1(b), respectively. Three configura-
tions of the straight pipe with baffles at 12 D downstream of the
second baffle are also shown. In the configuration with baffles,
three separate injection locations (L1-L3) were simulated, with
respect to the baffle locations, as shown in the profile in Fig-
ure 1(c). The three locations at the circumference of the inlet
are L1 at the centre of the first baffle (B1), L2 at the centre of
the second baffle (B2), and L3 at the edge of the baffles, with
the results presented in Figures 1(d), 1(e) and 1(f), respectively.

Normalised CO concentration

Figure 1: Normalised CO profiles at in the straight pipe: (a)
no baffles, 12D; (b) no baffles, 100D; (c) profile indicating
baffle and tracer locations; (d) baffles, tracer L1, 12D; (e)
baffles, tracer L2, 12D; (f) baffles, tracer L3, 12D.
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Figure 2: The normalised CO profiles along the centre plane, (a) and (b), and at the measuring location 8 diameters downstream
of the expansion, (c) and (d), for circumferential (Ci) and coaxial (Co) tracer injection respectively LBNL facilities. The graph
(e) shows the simulated normalised CO value along the x- and y-axes at the measuring location.

In case of the unobstructed spatially developing flow, it can be
seen in Figure 1(a) that the CO distribution is biased towards the
tracer injection location at 12D, with notable CO concentrations
extending approximately 0.4D from the circumference. Previ-
ously, approximately 100 D have been suggested to ensure fully
developed pipe flow [1], which is often believed to be sufficient
to ensure homogeneous mixing of gas phase constituents. In
Figure 1(b) it can be seen that even at 100D downstream of the
inlet the CO mass fraction displays a bias toward the side of
the tracer injection: with a variation of over £35% across the
duct in x-direction. Therefore, although fully developed pipe
flow can be assumed after 100D of a straight pipe, this does not
mean that all gaseous constituents are homogeneously mixed.

Adding baffles to the pipe enhances mixing, but the effects are
dependent on the tracer injection location. The most homoge-
neous CO profile can be noted when injecting in location L2,
while the greatest bias results from location L3 where the im-
pact of the baffles is lower, because of less path obstruction.

It is evident that to achieve sufficient mixing, extremely large
pipe length or specific flow disturbing elements are necessary to
promote mixing. In the straight pipe at 100D downstream of the
inlet, there is still a substantial bias in the tracer gas concentra-
tion, which demonstrates that under turbulent flow conditions,
homogeneous constituent distribution cannot be assumed, even
if the flow is fully developed.

Exhaust system at Lawrence Berkeley National Laboratories

Figure 2 presents the system at LBNL that has been exten-
sively used for cookstove emissions testing [4, 7, 8]. The cross-
sectional plane along the length of the system, for the two dif-
ferent injection strategies: circumferential injection and coaxial
injection, are shown in Figures 2(a) and 2(b), respectively. Ad-
ditionally, the normalised CO profiles in the duct cross sectional
area at the measuring locations (viz. 8D downstream of the el-
bow) are shown in Figures 2(c) and 2(d). Figure 2(e) presents
the simulated normalised CO mass fraction at the measuring
location 8D downstream of the expansion, across the x- and y-
axes (refer to 2(c) and 2(d)).

In Figure 2(a) and 2(b) it can be seen that flow detachment and
a large recirculation zone is induced by the expansion down-
stream of the elbow. Flow detachment, especially at the bottom
of the duct, leads to the formation of a substantial recirculation
zone. While in 2(a) the coaxial release of CO leads to recircu-
lation of low CO concentration gas, the opposite is the case for
the circumferential CO release. Downstream of the flow distur-
bance, low and high concentration gases mix more rapidly.

At the measuring location shown in Figures 2(c) and 2(d), a low
bias of the normalised CO mass fraction can be noted for both
cases. A more uniform profile is achieved for coaxial tracer
injection compared with circumferential injection. This shows

the dependence of the mixing outcome on the source location,
as also noted in the straight pipe simulations. It is evident that
in both cases, the CO mass fraction is especially close to the
mean value around the centre of the duct, where samples are
generally extracted. A comparison with previously performed
experiments [4] and the numerical results show qualitatively
similarity, supporting the validity of the presented results and
underlining that sufficient mixing is achieved.

Exhaust system at the University of Adelaide

Figure 3 shows the normalised CO mass fraction along the
central cross-sectional plane of the UofA exhaust system (Fig-
ures 3(a) and 3(b)) and across the measuring plane within the
duct at 12D downstream of the elbow or second baffle in Fig-
ures 3(c) and 3(d), respectively. Additionally, the values of the
normalised CO mass fraction along the x- and y-axes at the
measuring location are presented in 3(e).

When considering the configuration without baffles in Fig-
ures 3(a), 3(c) and 3(e) a largely inhomogeneous profile can be
seen. Values of the normalised CO concentration along the x-
axis range from 0.67 to 1.52 and a value of 0.76 can be noted at
the centre of the duct, the typical location of sample extraction.
It can be seen that the combination of the vertical front opening
with the 90° elbow of the duct leads to a substantial bias of the
CO concentration towards the front and top side of the duct. In
this geometry, no zone of intensive mixing is created. Extending
the measuring location further downstream, better mixing can
be seen at 20D and 30D but with diminishing returns. A bias is
still notable at 40D, which marks the boundary of the simulated
domain. This shows that a 90° elbow followed by a straight
duct, without flow disturbing elements, does not achieve suffi-
cient mixing of gaseous constituents in this exhaust duct.

When baffles are incorporated into the duct, the first baffle, con-
stricting the top section of the duct, leads to build up of high CO
concentration flow and mixing as this flow is directed towards
the low CO concentration flow at the bottom of the duct (see
Figure 3(b)). The second baffle then leads to build up of the
remaining low CO concentration flow. Flow detachment and
recirculation in the wake of both baffles causes further mixing
of CO within the flow. With baffles, a discrepancy between
opposite sides of duct of less than 5% is achieved, as shown
in Figure 3(d) and 3(e). Especially at the centre of the duct,
values are particularly close to the expected mean concentra-
tion. Therefore, sufficient mixing at the measuring location is
achieved when baffles are introduced into the system.

Discussion

In all simulations, the tracer gas is introduced in small concen-
trations and specific locations into the system and must there-
fore be considered “worst case” scenarios. In application, a
combustion appliance is a much more dispersed source and
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Figure 3: The normalised CO profiles of the UofA system along the centre plane, (a) and (b), and at the measuring location
12D downstream, (c) and (d) for the cases without and with baffles, respectively. In (e) the values along the x- and y-axes of the

measuring location are presented.

more homogeneous mixing can be expected.

The influence of flow disturbing elements on multi-phase flows
(combustion appliance exhaust gases generally contain substan-
tial amounts of particulate matter) have not been considered in
the simulations. For example, the Stokes number of < 10 ym
diameter particles (density ~ 2250 kg-m~3), in the UofA sys-
tem, is < 0.1. Particles with a Stokes numbers of < 1 are con-
sidered to respond and follow flow. Therefore, valid particle
measurements are expected, as most particles from cookstoves
are of sub-micron size [9]. However, this considers neither the
influence of the dilution air on particle morphology and size
distribution [10] nor the Stokes number dependence of particle
size distribution within the duct [11]. Furthermore, when baffles
are introduced, the large surface area of impaction might have a
more substantial influence on the particle size distribution and
reduce measured concentrations. Further research regarding the
influence of dilution air and flow disturbing elements on partic-
ulate measurements is required.

Conclusions

Simulations of multiple exhaust geometries and the exhaust sys-
tems used at the Stove Testing Lab at the Lawerence Berke-
ley National Laboratories (LBNL) and the University of Ade-
laide (UofA) were performed to evaluate the mixing behaviour
within ducts. Large spatial inhomogeneities between localised
emissions sources and the surrounding area underneath exhaust
hoods could propagate throughout the duct if sufficient mixing
is not ensured. Sufficient mixing is required to enable valid
point-wise measurements within the ducting. Results show
that a straight duct or a 90° elbow followed by a straight duct
achieve insufficient mixing of combustion products and dilution
air within reasonable duct length. To enhance mixing, specific
flow disturbances need to be introduced into the exhaust system.
Sufficient mixing is achieved through a duct expansion after an
elbow and the introduction of baffles into the straight duct sec-
tion, in the LBNL and UofA systems respectively. These results
highlight the necessity to verify the mixing patterns within a
specific hood geometry when being used for exhaust sampling.
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