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Minimizing carbon monoxide (CO) emissions from the combustion of solid biofuels is essential to improve
thermo-chemical conversion efficiencies and avoid impact on human health. This review focuses on the for-
mation mechanisms and subsequent oxidation of CO within the combustion process; for this, the different phases
of biomass combustion (i.e., heating up, pyrolysis, gasification, and homogeneous gas-phase oxidation) are
considered separately. The comprehensive analysis shows that CO emissions can be mitigated by fuel-related
measures (e.g., washing and leaching to eliminate K components) as well as by (mineral) additivation of the
fuel to repress the K-release by binding it in temperature-stable components within the ash. Furthermore, the
addition of sulfur results in the sulfation of critical K-compounds to less corrosive and non-radical interfering

1. Introduction

Solid biomass currently contributes with more than 65 % to the
overall use of renewable sources of energy within the German heating
sector [1]. Biomass utilization is and will most likely remain an essential
component for decentralized energy systems/local heat provision, even
though general acceptance of using wood as a fuel has decreased at least
in Germany [2]. Simultaneously, incentives (i.e., mainly subsidies) for
biomass deployment in the heating sector are available in many Euro-
pean countries [3]. For instance, in Germany, federal funding for effi-
cient buildings (BEG) supports households in switching to eco-friendly
heating, including biomass heating systems. Here, additional bonuses
are provided when total particulate matter (TPM) emission limits of 2.5
mg/m° are met [4]. Energy derived from solid biofuels undoubtedly has
some advantages; for instance, it can be used with existing technology
and is well-known in rural areas [5]. Additionally, the use of solid
biomass combustion is generally considered a carbon
neutral/low-carbon. Nevertheless, there is a tradeoff between these
gains, air pollution and associated health issues (e.g., due to the release
of organic gaseous compounds (OGC), or the formation of carbon
monoxide (CO), particulate matter (PM), and NOy during the
thermo-chemical conversion of solid biofuels). To avoid or at least
minimize such negative aspects, next to technical approaches for
improving the combustion processes, the focus in research is often on the
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mitigation of TPM emissions (e.g., Refs. [6-12]). The reduction potential
for CO emissions from lignocellulosic biomass on the other hand is
neither fully understood nor fully explored. Still, legally defined
threshold values for these emissions are in place, and at least for Ger-
many, it can be expected that these legal limits will be more strict in the
time to come [13]. In addition to the regulatory framework, the
reduction in CO emissions is essential due to its toxicity and its impact
on human health; also reducing CO emissions or promoting a higher
degree of CO oxidation will improve combustion efficiencies and the
overall performance of combustion units.

The efficiency and formation of pollutants during the combustion of
biomass depends on the fuel composition and properties, as well as on
the combustion unit itself. Various measures can be considered to reduce
CO and other emissions, generally categorized into fuel-related, pri-
mary, and secondary measures. Table 1 provides examples of these
measures and their CO mitigation potentials.

o Fuel-related measures address the fuel itself to allow for low CO
emissions during combustion. This includes adjusting factors such as
water content, chemical composition (e.g., through leaching), fuel
particle size, fines content, or the addition of (mineral) components.
The effort and additional cost for these measures vary depending on
market prices (e.g., for the additives) and/or the energy intensity of
the measure (e.g., for drying or milling.) Fuel-related measures can
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Examples of fuel-related, primary, and secondary measures and their effects on CO emissions during biofuel combustion. Unless otherwise specified, the first number in

the “Values” column is the reference for the respective CO mitigation effects.

Measure Values Fuel Furnace CO mitigation Reference
Fuel-related Pellet length 10.3, 15.5, and 17.0 mm Wood pellets 6 kW stove Decrease in CO emissions of 25 and 38 % for [27]1
measures medium and long pellets, respectively
15 kW boiler No effect for medium pellets, 50 % rise for long [271
pellets
Moisture content 3.3, 6.8, and 10.2 wt% Wood pellets 6 kW stove For 6.8 and 10.2 wt% a decrease of 47 % and 46 %, [271
respectively
9, 14, 19, and 25 wt% Wood chips 83 kW boiler Decrease of 13 %, 9 %, and a rise of 46 % for a [28]
moisture content of 25 wt%
Fines content 0.1, 3, and 10 wt% Wood pellets 6 kW stove Rise in CO emissions of 132 % and 354 % for the [271
higher fines contents, respectively
Washing 6 h with deionized water  Fir, beech, and 1.3-6.3 kW stove Decrease of 32, 24, and 48 % for unwashed wood [29]
oak pellets compared to washed wood, respectively
Additivation 0.2 and 2.0 wt% kaolin Spruce/willow 12 kW boiler 54 % and 67 % decrease for pellets with additive [8]
mixture compared to unadditivated pellets
0.5 wt% kaolin and Wood chips 33 kW boiler Decrease of 56-70 % for kaolin and 72 % for 9]
kaolinite kaolinite
Oxygen carrier Ilmenite as bed material Biomass 19 MW bubbling 50 % CO reduction during the first day of operation ~ [30]
aided combustion (unspecified) fluidized bed with ilmenite in the bed
Primary Primary air mass 0.03-0.6 kg/m?s Simulated waste Fixed bed reactor (I  Decrease of up to 87 % [14]
measures flow =1.5m,d = 200
mm)
Air-staging - Wood pellets 15 kW fixed bed 50 % reduction of CO emissions compared to non-  [31]
reactor staged air supply
Secondary Catalysts Platinum (Pt) and Wood logs 18 kW stove Average decrease of 26 % with catalysts [32]

measures palladium (Pd) as a pack
of nets

Pt, Pd, and cerium (Ce)
on cordierite and metal

structure

13 kW fireplace Decrease of 65-70 %. With heating system of fume: [26]
decrease of 80 % and 90 % during ignition and low-

charge phase, respectively

be particularly advantageous for small-scale combustion units due to
their low capital costs in contrast to secondary measures and offer
additional reduction potential when primary measures reach their
mitigation limits.
e Primary measures focus on improving the combustion process by
adopting more efficient combustion technologies (e.g., optimizing
combustion unit geometry, insulation, heat exchangers, and draught
control [14-18]). Moreover, parameters like air staging, fuel load,
and air-fuel ratio A have an impact on the CO content within the flue
gas [15,19].
Secondary measures for CO emission reduction may sometimes be
combined with the reduction of other airborne emissions like OGC,
TPM, and NOx [20]. These measures involve flue gas treatment, such
as catalytic downstream conversion processes, mostly with precious
metals [21-25]. Here, CO conversion efficiencies of up to 100 % can
be achieved [21]. Since secondary measures handle only the flue gas,
they offer flexible implementation, though electric heating of the flue
gas might be necessary in order to reach the high temperatures
required by the catalysts [26].

Over the past years, various measures beyond conventional ap-
proaches for emissions reduction and combustion enhancement have
been studied in fixed bed combustion as well as fluidized bed systems.
The methods range from co-combustion with other fuels [16,33,34],
pre-treatment of the feedstock to reduce the content of certain elements
(e.g., K, Na, Si, Mg, Ca through washing/leaching with acid and water
[12,29,35-38]) or the pre-treatment with alkali metals for catalytic
combustion [39-41]. Other approaches include adding gaseous and
solid/mineral compounds to bind specific elements within the gas phase
or from into the ash [8-11]. An additional motivation for adding min-
erals in combustion processes is their capacity to function as oxygen
carriers [33-39]. Many of these measures have also been reported to
reduce CO emissions; however, the mechanism behind these observa-
tions is often unclear.

Against this background, the aim of this review is the assembly of
fragmented knowledge of isolated processes relevant to the formation

and subsequent complete oxidation of CO during the combustion of solid
biofuels. The objective is to bridge the gap between understanding in-
dividual mechanisms and their collective impact on lignocellulosic
biomass combustion, thereby exploring holistic optimization possibil-
ities. Within this context, the origin of CO emissions in lignocellulosic
biomass combustion, starting from the pyrolytic degradation processes
(section 2.1), the discussion of governing mechanisms and limitations in
heterogenous solid-gas reaction and char oxidation (section 2.2), as well
as homogenous gas-phase reactions of the released chemical compounds
and CO oxidation (section 2.3) will be discussed. In addition, the in-
fluence of different combustion-related parameters (i.e., p, T, O, Ho0,
CO,, and hydrocarbons in section 3), as well as inorganic elements
contained naturally in lignocellulosic biomass will be depicted (section
3.3). Subsequently, this background information is transferred to
analyzing fuel-related and primary measures for CO emission reduction
in combustion processes (section 4).

2. CO emissions during solid biofuel combustion

In order to gain a clear understanding of the governing mechanisms
of CO release and oxidation during the combustion of lignocellulosic
biomass, the overall decomposition behavior of the solid biofuel must
first be understood. This thermo-chemical decomposition of solid bio-
fuels can be divided into four phases, in each of which different in-
termediates are formed (Fig. 1). During the complete thermo-chemical
conversion, these phases can occur sequentially and/or partly in
parallel.

e The first combustion phase consists of the heating-up phase. Free and
cell-bound water is released into the gas-phase surrounding the solid
fuel particle.

e This is followed by a phase called pyrolytic degradation (air-fuel
ratio A ~ 0, endothermic), where the macromolecules the solid bio-
fuel consists of (i.e., lignin, cellulose, hemicellulose) are broken
down. The resulting fragments (e.g., CO, hydrocarbons CpHp,
oxygenated hydrocarbons CyHyO,) are released from the solid
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Fig. 1. Simplified phases of thermo-chemical conversion of solid biomass (CyH,0O,) with essential intermediate products. The boxes represent conversion phases
(light: predominantly endothermic, dark: primarily exothermic). Adjusted from [19].

biomass/the fuel particle into the ambient gas-phase, creating a
boundary layer around the fuel particle hindering reactions with the
surrounding proximate gas-phase/combustion air, leaving behind
(pyrolysis) char. Char (coal) is inevitably formed since lignocellu-
losic materials naturally have higher carbon contents relative to their
oxygen and hydrogen content, preventing the complete trans-
formation of the carbon into the gas phase during this pyrolytic
decomposition phase.

The subsequent phase for the remaining solid (char) is called gasi-
fication (0 < A < 1). Here, the solid carbon (i.e., char/coke) is
transferred from a solid into a gas (i.e., CO, CO2, Hy, and CHy).
Therefore, oxygen or another oxidizing agent (e.g., H2O, CO3, Hy) is
mandatory.

Under (over)stoichiometric conditions, the remaining, not fully
oxidized gas compounds and previously formed intermediate prod-
ucts coming from the two previous phases are then fully oxidized
within this final phase called oxidation (A > 1, exothermic) [19]. Due
to thermodynamic and chemical reasons, the oxidation of these in-
termediates does not necessarily occur directly. Larger molecules, e.
g., released during the pyrolytic decomposition phase, are frag-
mented into smaller molecules and further cracked and or oxidized
within exothermal processes. This may be heat-induced, through
(partial) oxidation and/or secondary gas-phase oxidation of gaseous
and/or liquid products (e.g., CO, ChHp, CxHy0,)),

CO emissions are typically the result of incomplete carbon oxidation.
Related to solid biofuels, they can originate from either the pyrolytic
decomposition of the lignocellulosic biomass, from the gasification of
the char, and/or from secondary gas-phase reactions of the decompo-
sition/conversion products. Accordingly, CO is formed in different
phases during the thermo-chemical conversion of solid biofuels.

2.1. Phase “pyrolytic decomposition” (Solid reactions)

Lignocellulosic biomass, respectively solid biofuels, consist mainly of
the three biopolymers cellulose, hemicellulose, and lignin (i.e., these
biopolymers account for a share of 40-45 wt%, 20 to 35 wt%, and 15 to
30 wt% of dry wood, respectively) [19]. Due to the different structures
and compositions of cellulose, hemicellulose, and lignin, the
heat-induced decomposition of those components occurs within
different temperature ranges.

e Cellulose has the largest macromolecule share within wood and
herbaceous biomass and consists of linear and unbranched chains
through p 1-4 D-glycosidic bonds.

e Hemicellulose comprises different monomer units, forming branched
polysaccharides that serve multiple functions in the biogenic
material.

o Lignin is a three-dimensional cross-linked aromatic polymer formed
by units of alkylbenzenes and serves as a filler in biomass [19,42].

The decomposition of these polymers can be linked to their thermal
stability (i.e., hemicellulose < cellulose < lignin). The decomposition
temperatures are at approx. 220-320 °C for hemicellulose, 320-400 °C
for cellulose, and the widest temperature range for lignin from 160-
900 °C [43-45]. During the thermo-chemical decomposition of these
biopolymers, volatile gases (e.g., CO, CyHy,, CxHyO,), condensable gases
(e.g., CoHm, CxHyO,), and liquid tars (e.g., ChHpy, CxHyO,) are formed,
released by the solid biomass at sufficiently high temperatures into the
surrounding gas atmosphere. Assuming thermally thin particles for
uniform reaction temperatures and neglecting secondary reactions
leading to further heat-induced cracked products (e.g., ChHm, CxHyO,),
the release of these volatiles from the solid biomass follows first-order
Arrhenius kinetics [46].

CO,, release is caused mainly by cracking, reforming, or cleavage of
carbonyl (-C=0), carboxyl (-COOH), acetyl (-COCHs), and ester
(-COOR) functional groups being part of hemicellulose, cellulose and
side chains of lignin. CO is mainly produced by cracking and reforming
of ether bonds (C-O-C) and carbonyl groups (-C=0) [44] and from
cleavage of -COOH and formyl (-CHO) radicals/fragments [47,48].

The characteristics of hemicellulose, cellulose, and lignin pyrolysis
can be investigated with a thermogravimetric analyzer (TGA) and dif-
ferential thermogravimetric analysis (DTG) while measuring the
released gases using Fourier transform infrared (FTIR) spectroscopy (e.
g., Refs. [43,44]). According to TGA results [47], CO5 released during
biomass pyrolysis can be mainly attributed to hemicellulose at temper-
atures below 500 °C and lignin at higher temperatures related to the
realized experimental conditions. Looking at the release of CO [47], the
yield can again be attributed to hemicellulose at relatively low tem-
peratures (<600 °C) and high peaks of CO above 700 °C to lignin, pre-
sumably evolved from secondary pyrolysis of tar residues in the solid
sample. Here, pyrolysis of cellulose contributed only to a small part to
the release of CO and CO,, while for fixed bed combustion, they obtained
the highest CO yield for cellulose. This also agrees with the published
results [35,41,42], suggesting hemicellulose and cellulose as the origin
of CO and CO,, release at lower temperatures.
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Su et al. [49] studied the degradation behavior, the carbon oxide (i.
e., CO and CO3) production, and the heat properties of wood pyrolysis
within different oxygen concentrations. Mass loss ranges in the TGA for
inert atmospheres can be divided into dehydration, devolatilization or
pyrolytic decomposition, and carbonization. In oxidative environments,
the mass loss ranges in the TGA can be defined as dehydration, pyrolytic
decomposition, and char oxidation (i.e., gasification and subsequent
oxidation) (Fig. 2). Besides differences in mass loss, temperature in-
tervals are also shifted forward with increasing oxygen content. That is
due to different reasons: oxygen overcomes the diffusion resistances in
the boundary layer resulting from the efflux of volatiles to reach and
eventually react with the surface of the char/coke of the pyrolyzed fuel
particle. This exothermic reaction then leads to an increase in surface
temperature and further biomass decomposition. Another reason for
promoted pyrolytic decomposition due to higher oxygen content is the
increased oxyradical concentration, such as hydroxyl (*OH) or peroxy
radicals (ROO®) in the gaseous phase [49].

The above findings all result from batch decomposition experiments
with defined temperature profiles. In real-world combustion processes,
the phases of thermo-chemical conversion cannot be strictly separated
since the temperature levels after the heating-up phase are typically at a
level of 800 to 1000 °C in the core of the combustion zone of the
respective combustion unit; outside this core, there might be a lower
temperature level. This situation will lead to different decomposition
behaviors, complex and overlapping reaction mechanisms, and thus a
different product distribution visible within the gas phase [50]. In order
to understand those mechanisms, reactive force fields (ReaxFF) have
been used during molecular dynamics (MD) simulations. Reactive force
fields (ReaxFF) are bond-order-dependent force fields providing insight
into bond breaking and formation, allowing the investigation of complex
reactions and molecular dynamics (MD) simulations (e.g., in large hy-
drocarbon (Cjpo) systems over long time scales (i.e., hundreds of pi-
coseconds)) [51]. While simulated temperature levels are often elevated
well beyond those encountered in actual combustion processes (e.g.,
1750 to 4000 °C) to expedite computational efforts, these simulations
can offer insights into the formation mechanisms, pathways, and influ-
ential parameters governing CO emissions. In literature, the simulations
performed revolve around either hydrocarbon systems [51,52], pyrol-
ysis and/or combustion or gasification of cellulose [48,53], lignite or
hard coal [54-57], and less often around lignocellulosic biomass [47,
58].

By investigating the pyrolysis mechanism of wheat straw using
reactive force fields (ReaxFF) with molecular dynamics (MD) simula-
tions, it has been found that high temperatures result in higher gas and
tar species generation rates [47]. The primary sources for the production
of CO and CO; were cellulose and hemicellulose, with slightly more CO
from cellulose and more CO» from hemicellulose due to the presence of
more carboxyl and carbonyl groups. This also aligns with the results
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described above. CO and CO, were mainly produced from the cleavage
of *CHO>, radicals.

Chen et al. [58] conducted a model of the combustion process of
biomass under various conditions, including different temperatures,
oxidative levels, and humidity. Among other things, they observed
increasing biomass decomposition in fuel-lean conditions and facilitated
CO release at higher temperatures. In Ref. [48], the CO release mecha-
nism in cellulose combustion was investigated using reactive force fields
(ReaxFF). Based on dissociation energies and equilibrium bond dis-
tances, C-O bonds in cellulose are less thermally stable than C-C bonds.
Cellulose was initially decomposed into smaller molecules such as
C2H304, CoH20, CH20,, and CH0, leading to the formation of the main
free radicals *CHO, and °CHO, influencing the concentration of CO.
Also, the decomposition of cellulose was significantly influenced by free
*OH radicals.

2.2. Phase “gasification” (Heterogenous solid-gas reactions)

When lignocellulosic biomass devolatilization reaches the final
stages, gasification of the remaining solid char/coke, consisting mainly
of carbon (C), occurs; i.e., the solid carbon is transferred into the gas
phase with the help of a gaseous gasification agent (e.g., oxygen from
ambient air). Thus, necessary heterogenous reactions are usually slower
than homogenous reactions and depend strongly on the particle surface
area. They can be limited by external and internal diffusion, convection
of the oxidant to the particle, or reaction kinetics. At a temperature level
where the gasification phase is typically realized, the former usually is
the case, while at lower temperature levels with enough oxidant, the
reaction kinetic determines the reaction progress.

Char gasification typically accounts for 20 % of the total weight loss
from the biomass in combustion (volatile release accounts for 80 %), but
high gross calorific values compensate for the smaller fuel consumption.
Such char gasification primarily yields CO and COs; however, the gasi-
fication temperature of char is typically lower (<800 °C) than the
necessary temperature level for complete CO oxidation [15]. The
respective reaction mechanisms and selected influencing factors of such
char gasification are given below (e.g., Ref. [59]).

Biomass char is heterogeneously bound to heteroatoms (e.g., H, O, N,
S) influencing combustion properties; especially inorganic elements (i.
e., d-block elements as well as alkali and alkaline earth metals) might
have catalytic effects on carbon gasification. This biomass char is
oxidized by Oz, CO,, and H,0 as expressed in the reaction equation (1) -
(4) [59-61].

C (S) + 02 = C02 (1)

2C (s) + 0, = 2CO )

Dehy- o

dration a

=

Pyrolytic BN

Decomposition 3

in Oxidative "
Atmosphiere

............................... o

8000

Temperature in °C 800

Fig. 2. Examples of TGA and DTG profiles and reaction phases of pyrolysis in inert (left) and oxidative (right) atmosphere. Adjusted from Ref. [49] for pine wood.
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C (s) + CO, = 2CO 3)
C (s) +H,0 = CO + H, (€)]

Reaction enthalpies AH® and standard Gibb’s energies AG? over a wide
temperature range of equations (1) and (2) are negative, meaning the
reactions are exothermic and thus favored. The Boudouard reaction (3)
is endothermic (as is the water-gas reaction (4)) and becomes thus only
relevant for temperature ranges above 700 °C [59].

Unlike homogenous reaction kinetics, transport phenomena often
limit heterogenous solid-gas reactions/char combustion. Depending on
the concentration of the locally available oxidant, overall reaction ki-
netics might differ from intrinsic reaction kinetics depending on tem-
perature; further macroscopic insights into transport phenomena in the
bulk phase and boundary layers, along with their dependence on par-
ticle pore structure, can be found, e.g., in Refs. [59,62].

e For relatively low gasification temperatures (<600 °C), char gasifi-

cation reactions are slow. Under these circumstances, sufficient ox-

ygen will be transported to the particle surface, and diffusion

limitations can be neglected.

In regimes with higher temperatures, reaction kinetics and thus ox-

ygen consumption increase; transport mechanisms and oxidant

diffusion become more relevant. For temperatures above 1000 °C,

diffusion dominates [62]. This dependency can be expressed using

parameters such as the effectiveness factor (1) and Thiele modulus

(¢) in chemical reaction kinetics.

o For ¢ <« 1 and n = 1, the reaction is dominated by the intrinsic
reaction rate (kinetic regime).

o For ¢ > 1, the effectiveness factor is expressed as n = 1/¢, and
diffusion limitations must be accounted for [63].

Fig. 3 shows the fundamental steps of carbon/char gasification; ox-
ygen diffuses toward the char surface through the bulk phase and
boundary layers, allowing the adsorption of dioxygen molecules and
oxygen atoms on active surface sites (e.g., defects, edges, dislocations,
inorganic impurities, oxygen, hydrogen functional groups) [61]. Sub-
sequently, dioxygen is split and reacts with the carbon surface atoms,
leading to the primary formation of CO and CO, desorbing from the
surface and diffusing back through the boundary layer.

When investigating the mechanisms behind CO and CO, formation
during char/coke gasification, the Langmuir-Hinshelwood model be-
comes pertinent, describing the adsorption and desorption processes
relevant to oxidation. This model involves the adsorption of O, onto the
particle surface and the desorption of CO and CO,. This ad- and
desorption can occur through single or dual side mechanisms, necessi-
tating one or two adjacent free carbon sites [61].

The understanding of CO formation mechanisms in char gasification
with O, requires extending the reactions according to equation (1) - (4)
to include intermediate adsorbed species like C(O) and active and
available carbon sites Ct. The extended mechanisms for char oxidation
with Oy and CO; are depicted in equation (5) - (9) [60,62,64]. The re-
action (9) is reported to be much slower than the former reactions (5) -

(8.

o8 ‘°
QBUW phase
_— Bound
A @\
00 @ _

1. Diffusion through boundary layer
to particle surface

Adsorption, dissociation
Chemical reaction

Desorption of products

Diffusion of products through
boundary layer

@c
@o

Qb wn

Fig. 3. Steps of carbon oxidation reactions (partly according to Ref. [59]).
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2G; 4 0, = 2C(0) 5)
C(0) - CO (6)
2C(0) = CO, + Cf %)
3C(0)+0, — 2CO, + C(0) ®
Cr+CO, = CO + C(0) ©)

Considering the influence of inorganic metals on char gasification,
their effect on reaction (9) (e.g., acceleration by K) is expressed in re-
actions (10) and (11), followed by CO desorption (reaction (6)). Avail-
able metal sites are represented by "*" [60].

*+COy = CO + Ox (10)

0+ +Ct = C(0) + (11)

Similar reaction pathways can be formulated for Os, Hy, and Ho0O
[60]. The C(O) complexes serve as oxygen reservoirs, building surface
oxide complexes that might be mobile but not always reactive. This
indicates that not all chemisorbed oxygen species may react; some
complexes may be mobile yet unable to desorb [59].

The presence of CO also has inhibiting effects on the C(O) complexes
[64]. Generally, CO, generation is prominent at lower temperatures,
whereas CO gains significance at elevated temperatures, reduced pres-
sures, and typically under conditions of low oxygen availability. This
may be attributed to different reasons, including surface chemistry,
factors like sequential series of reactions related to lactone formation
[591, or the favored formation of CO3 on inorganic sites and heightened
catalytic performance at lower temperatures. In contrast to this, CO
formation occurs at carbon edges, which is favored at higher tempera-
tures [61].

2.3. Phase “oxidation” (Homogenous gas-phase reactions)

The gases released from the solid biomass during the phase of py-
rolytic degradation make up for 80 % of the total weight loss of ligno-
cellulosic biomass. The released large macromolecules are broken down
into smaller components, including condensable gases such as acetic
acid, aromatic compounds, phenolic derivates, and aldehydes or non-
condensable gases such as CH4, CO9, Hp, CO, volatiles (summarized as
CxHy0,) and other hydrocarbons (C,Hp,) [42]. While the oxidation of
volatiles leads to flaming combustion in the gas-phase, char oxidation
typically occurs as smoldering [65].

Most of the released heat in combustion is attributed to exothermic
gas-phase oxidation reactions [66]. The main gaseous components
present in the gas phase, where the oxidation phase takes place, include
CO, COy, H20, CHy4, and other hydrocarbons that are volatile under these
temperature conditions [31]. In the presence of an oxidizing agent (i.e.,
ambient air/oxygen), previously emitted hydrocarbons and other vola-
tiles can be rapidly oxidized to CO5 and H2O. The start of the respective
oxidation reactions requires ignition with a spark, flame, or self-ignition
at sufficiently elevated temperatures [65]. Self-ignition temperatures for
hydrocarbons vary in the range of approx. 530-630 °C, 230-280 °C, and
340-500 °C for CH4, Hy and CO, respectively [67]. In stable flaming, the
combustion occurs directly in the gas phase outside the solid phase [65].

Equilibrium compositions in the gas phase of such combustion/
oxidation processes can be easily calculated. However, since equilibrium
conditions in such (fast) homogenous gas phase oxidation reactions are
usually not reached due to short residence times, reaction kinetics have
to be considered [15]. In this context, the oxidation of volatile com-
pounds (CxHyO,) can be expressed according to equation (12), with f
being a dimensionless factor between 0 and 1 (f = 0 and f = 1 promoting
only CO and CO, formation, respectively). This factor is linked to the
specific oxidation conditions and parameters, including temperature,
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pressure, and the system composition (i.e., fuel and gas phase compo-
sition) [19,46,59].

CH,O,+ (F(F+1)+ %%) 02 = X(1)CO + XfCO, + JHa0 a2

Several approaches for kinetic mechanisms of gas-phase reactions of
hydrocarbons have been made, ranging from one-(or multi-)dimen-
sional single particle models [50,68] to (semi-)detailed (multi-step) ki-
netic modelling [69,70], lumped kinetic models [70-72], simulation of
turbulent reactive flows based on the eddy dissipation concept (EDC)
[73,74] and studies of isolated reaction mechanisms (e.g., those of al-
kenes and alkanes) [75]. Even though oxygenated species formed from
biomass decomposition may differ from fossil fuel-based hydrocarbons,
the same relevant reactions can and will be considered in the following
[76].

The oxidation mechanisms for hydrocarbons and n-alkanes involve
complex chain radical processes with multiple reactions, intermediate
radicals, and molecular species. Governing reactions are different clas-
ses of primary propagation reactions, including isomerization and
B-decomposition of alkyl radicals, Oy and H abstraction, Oy addition,
yielding peroxy radicals (ROO?®, e.g., hydroperoxy HO%), and many more
[771.

Considering, for instance, the oxidation of C; hydrocarbons in a
simplified oxidation system, methane is attacked by H®, O**, and *OH
radicals, resulting in °CHjs radicals. The °CHjz partly recombines,
yielding CyHg, CoHs and CoH4 that again will be attacked by the
respective radicals. Likewise, *CH3 reacts with oxygen atoms to form-
aldehyde (CH20) and formaldehyde radicals (*CHO) by H® abstraction.
The latter can decompose to form CO, simultaneously forming HO3 or
H,, depending on the reaction partner (i.e., Oy or H®) [75]. For higher
hydrocarbons, the amount of possible formation, consumption, and
recombination reactions increase enormously, still neglecting influ-
encing parameters such as temperature, pressure, and system
composition.

In the gas-phase, CO, whether as a primary product from hydrocar-
bon oxidation, fuel decomposition, or partial char oxidation, is further
oxidized. This reaction is relatively slow compared to the preceding
reactions [19,75,78]. Direct oxidation of CO (equation (13)), sometimes
also referred to as “dry oxidation™ as opposed to “wet oxidation” for the
absence of hydrogen-containing compounds [79,80], is often considered
a simplified global reaction for combustion modeling. However,
although this reaction is possible, it will not be considered further in
detail here; this reaction is substantially slower than reactions involving
radicals [81], has a high activation energy, and is usually performed as a
heterogenous reaction with metal catalysts [21-24,82].

2C0O + 0, =2CO0, (13)

The actual prevailing reaction of CO oxidation in combustion sys-
tems (i.e., systems with Hy and HoO concentrations larger than 1 % [75])
follows the radical reaction pathways in the presence of a *OH radical
according to equation (14) [75,80,83].

CO+°OH = CO, + H* 14)

Thus, to understand the mechanisms of hydrocarbon combustion as
well as wet CO oxidation in detail, H>~O, reaction submodel systems
have to be considered, producing the radicals involved in the respective
oxidation reactions. For radical reactions, once initiation reactions have
occurred, chain branching, propagation reactions providing the radical
pools, and termination reactions will take place. A summary of relevant
reactions in Hy-O4 and Ho—02-CO reaction systems is given by equation
(15) - (21) [80,84-89]. In Ho—O, reaction systems, potential initiation
reactions encompass the creation of alkyl radicals, unimolecular bond
breaking resulting in the formation of two radicals [71], or the disso-
ciation of hydrogen as illustrated in equation (15), where “M" denotes an
unspecified third body component or collision partner, playing a role in
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supplying the necessary energy to stabilize the reactant combination.
Usually, this reaction takes place at very high temperatures (>1700 °C).
Still, since main reactions are based on chain propagation reactions,
only a few initial radicals are required, making this not a
rate-determining step [86]. Another initiation step is shown in equation
(16) and usually occurs in higher-pressure systems under the formation
of the stable hydroperoxy radical (HO3) [80,90].

Hy + M = 2H* + M (15)
Hs + Oy = HO3 + H® (16)

As for Ho—O5 chain reactions, reaction (17) is most important — the
reaction is strongly endothermic (thus slower at low temperatures),
leading to further chain branching reactions forming H®, O** (oxygen
biradical), and *OH radicals. Equations (17) and (18) are chain
branching steps; two radicals are formed while only one is consumed.
Chain termination steps can be due to wall collision [80,90] or the
recombination of two radicals.

0, +H* =°OH + 0" a7
H, +0"="OH + H" 18
H,+°0H = H,0 + H* 19
H,0 + 0" = 2°0H (20)
H,O0+H*<°0 H+H, @n
H*+ 0, +M = HO; + M (22)

For the oxidation of CO, the concentration of hydroxyl radicals is
essential, and reaction (14) prevails, as stated above. The radical re-
actions described by equation (23) - (26) are more or less significant
alternative oxidation routes depending on the conditions within the
combustion chamber. Reaction (26) for instance, may dominate in low-
temperature regimes [77].

CO + 0" = CO, (23)
CO+0" +M= CO, +M 24)
CO + 0, = CO, + O (25)
CO+HO; = CO,+ "0 H (26)

3. Parameters and compounds influencing CO emissions

After outlining the different mechanisms behind CO release during
the complete thermo-chemical conversion of solid biofuels, the influ-
ential factors governing final CO concentrations in the gas-phase/flue
gas of combustion processes will be depicted in the following chap-
ters. In addition to fuel properties such as chemical composition, water
content, and particle size [14,27,91], factors like combustion unit design
and systems parameters, air-fuel ratio A, temperature level, turbu-
lence/mixing of the gas phase, residence time within the reaction zone
[14-18], gas-phase composition and presence and concentrations of
water/water vapor, CO2, CyHy, CyHyO,, and inorganic compounds
significantly impact the concentration of the released CO and the final
concentration of CO in the flue gas [11,58,92-94]. This is mainly due to
two reasons.

e Chemical reaction mechanisms may be enhanced or inhibited
depending on the concurring reactions and concentrations of
participating elements.

e The occurrence of changes in equilibrium compositions might cause
shifts in the balances of specific reactions.
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However, reaching equilibrium is often unattainable due to (very)
short residence times within combustion systems. Generally, Le Chate-
lier’s principle can help predict some equilibrium systems’ responses to
external change, e.g., pressure, temperature, or concentration.

3.1. Influence of ambient conditions

Pressure. For domestic solid fuel appliance tests, specific draught
requirements must be met according to DIN EN 16510-1 [95]. A mini-
mum draught pressure of 12 Pa must be maintained during the nominal
heat output test, while to meet the safety requirements, the natural draft
pressure should not drop below 3 Pa during the entire test duration.
Under actual conditions, 12 Pa is sometimes undershot but often
exceeded [96-100]. A defined and controlled draught is usually realized
in modern small and large-scale combustion units (e.g., forced or
induced with ventilators and fans, as well as chimney draught regula-
tors); (very) small-scale combustion units that operate without access to
electricity, work with natural draught [15]. Depending on the furnace
and the distribution of the combustion air within the combustion
chamber, the draught conditions might strongly influence the efficiency
and CO emissions [96,97,99]. The volume flow of the flue gas and the air
supply changes depending on draught conditions, potentially resulting
in:

e increased CO emissions in case of cooling effects from high excess air,
lowering the temperature level (see next section) and influencing
homogenous gas phase reactions, or

e reduced CO emissions for accelerated pyrolysis, gasification, and
oxidation with higher oxygen supply.

Pressure variations within the combustion chamber of systems using
solid biofuels can arise from factors such as pressure drop within the fuel
bed due to pressure drops from dense fuel beds to the gas-phase, which
might lead to the channeling of gases around the side walls, resulting in
hot spots and higher emissions [91] and variables like particle size [27].

Temperature. Temperature influences all phases of thermo-
chemical conversion realized during the full combustion (i.e., heating-
up, pyrolytic decomposition, gasification, and oxidation; see chapter
2). Adiabatic combustion temperatures (i.e., temperatures a fuel theo-
retically reaches in case of complete combustion without heat loss) are
lowered by increasing fuel moisture and ash content [101].

e For drying during the heating-up phase, sufficient temperature levels
must be exhibited for water evaporation.

In the phase of pyrolytic decomposition, elevated temperatures lead
to greater yields of non-condensable gases, while lower temperatures
result in higher quantities of char, tar, and other condensable prod-
ucts [102,103].

Heterogenous reactions taking place during the gasification phase
also respond to temperature variations; notably for endothermic char
steam reforming (4) and the Boudouard reaction (3), CO and Hy, and
CO, respectively, are favored as the temperature rises (and pressure
decreases) [104].

Secondary homogenous gas-phase reactions (phase oxidation)
transforming and oxidizing long-chained hydrocarbons (i.e., tars) to
CO and H; are most pronounced in higher temperature ranges [19].

Chen et al. [58] conducted a reactive force fields (ReaxFF) model
simulation of the combustion process of solid biofuels under various
conditions, including different temperatures, oxidative levels, and hu-
midity. They observed that CO» production is favored at lower tem-
peratures, while CO production is facilitated at higher temperatures.
This also aligns with the behavior from char gasification (see chapter 2),
where lower temperatures promote the release of COy from char gasi-
fication, while higher temperatures shift concentrations towards CO
[58,59,61].
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The oxidation of CO to CO5 necessitates elevated temperature levels
[15,80]. In contrast, high temperatures, although independent from
pressure, shift reactions such as the exothermic water-gas-shift reaction
(27) towards CO and H,O [104].

CO +H;0 = CO, + H, 27)

3.2. Influence of gas phase composition

Oxygen (02). In thermo-chemical conversion systems, the minimal
oxygen demand determines the amount of oxygen/air necessary for
complete oxidation (i.e., to HoO and CO53). The air-fuel ratio A expresses
the mass ratio of actual and minimal air demand in such a system and
needs to be > 1 for sufficient oxygen availability; for overoxidized sys-
tems, the energy losses and temperature drops due to the heating of
excessive gas must be accounted for [80].

Su et al. [49] investigated the emission behavior of CO and CO; of
milled pine wood in thermogravimetric analysis (TGA) experiments. The
temperature was set from ambient temperatures to 800 °C, and the at-
mosphere (mixture of argon and oxygen) shows oxygen concentrations
of 0 %, 5 %, 10 %, 15 %, and 21 %. Regarding the evolution of CO and
CO5, from the pyrolytic decomposition and gasification of solid biofuels,
cumulative emissions of both CO and CO; increase with an increasing
oxygen content within the ambient atmosphere. However, the behavior
of the CO to CO; ratio differs depending on the oxygen concentration:
the highest ratio of CO/CO; is reached without oxygen (i.e., Oy con-
centration of 0 %, where the oxygen comes only from the solid biofuel)
and reaches a minimum at 10 % O, [49]. This phenomenon can be
attributed to the low oxygen concentration, not effectively reaching the
particle surface due to volatile efflux and the boundary layer (chapter 2).
As aresult, oxygen remains in the gas-phase and reacts with the released
decomposition (and gasification) products, enhancing the oxidation of
CO and CpHp, leading to higher amounts of CO,. For higher concen-
trations (i.e., oxygen concentrations of 15 % and 20 % [49]), more O,
molecules overcome the boundary layer, leading to increased reactions
with the remaining solid coke/char as well as exothermic reactions with
the solid char/coke, eventually promoting endothermic reactions
resulting in proportionally more CO (Le Chatelier’s principle).

For homogenous gas-phase reactions, Chanpirak et al. [105] also
showed inhibited CO oxidation for 5 % compared to 0.75 % O in a
system consisting only of CO-02-H50 as reactants. They explained this
with reaction (22) being the rate-limiting step for these O levels,
competing with the chain branching reaction (17) and the formation of
HO3 as a relatively unreactive radical compared to *OH from reaction
(22). Chen et al. [58] observed in reactive force fields (ReaxFF) model
simulations that higher concentrations of O, (fuel-lean conditions) led to
increased lignocellulosic biomass decomposition. In comparison,
fuel-rich conditions resulted in higher concentrations of Hy and CO.
Additionally, more CO formation occurred under a mixed H,O/O at-
mosphere [58].

Moisture (H20). Adiabatic combustion temperatures might be
lowered due to the moisture content of the fuel, as the energy required
for evaporation must be considered. Higher moisture content evidently
results in a higher moisture evaporation rate and lower devolatilization
rate, which is strongly dependent on the temperature: higher moisture in
fuels leads to a higher heat demand for evaporation, leaving less heat for
the devolatilization within the fuel and eventually to a reduced devo-
latilization rate leading to an overall decreased burning efficiency and
higher CO emissions [14]. Char gasification, on the contrary, may be
intensified for higher moisture contents, since O, consumption is lower
due to the reduced devolatilization rate. Very low moisture contents in
fuels (i.e., <3.3 wt.-%) have been reported to cause higher CO and TPM
emissions in pellet stoves [27,92]. This can be explained by the neces-
sary radical pool in section 2.3: the radicals *OH, H®, and O°®* are vital for
homogenous gas-phase oxidation reactions. High levels of HoO vapor
have been reported to promote the oxidation of CO due to the formation
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of *OH radicals [92]. On the other hand, extremely dry fuel conditions
and a low hydrogen content within the fuel may result in a low O/H
radical pool, leading to insufficient combustion and CO oxidation [15].

CO: and (Oxygenated) Hydrocarbons (C,Hp and CyHyO,). The
reactive force fields (ReaxFF) study [58] also reported more HyO and
fewer Hy molecules being generated from biomass decomposition and
gasification with increasing CO; concentrations. All findings are
attributable to the equilibrium concentrations of reaction (14), as well as
the concurrent radical formation reaction (17), where H® radicals
compete with the reverse reaction (14). Reaction (22) also becomes
more prominent in fuel-lean conditions [92].

In combustion processes, particularly in homogenous gas-phase re-
actions for hydrocarbon oxidation, CO is the principal primary product.
The gas-phase oxidation of CO to CO2 occurs later, often not until the
complete consumption/conversion of the initial fuel and intermediate
hydrocarbon fragments, since the latter is faster than the CO oxidation
and also competes for *OH radicals [80]. Consequently, the presence of
partially or incompletely oxidized compounds like CyHy, and CxHyO,
result in elevated CO concentrations.

Studies have also investigated the impact of CO3 on the gas-phase
oxidation behavior of CO to CO,. High CO, concentrations have been
reported to inhibit CO oxidation, more prominent in the presence of
higher H,O concentrations in the gas-phase [92].

3.3. Influence of inorganic components

As lignocellulosic biomass degrades and undergoes volatilization, it
releases not only organic elements but also alkali, alkaline earth metals,
and compounds containing these metals into the surrounding gas phase.
This results in the emission of inorganic particulates influencing the
thermo-chemical conversion properties, the conversion efficiency, the
slagging and fouling behavior, as well as the corrosion activities
[106-109]. The impact of these effects is closely linked to the concen-
trations of these elements, which, in turn, vary depending on the type of
solid biomass being used. For instance, herbaceous biomass generally
exhibits higher levels of inorganic compounds than wood. Especially
inorganic elements (i.e., d-block elements as well as alkali and alkaline
earth metals) have catalytic effects on the decomposition and gasifica-
tion of lignocellulosic biomass as well as on gas-phase reactions [59,
105].

3.3.1. Elemental associations and release of inorganic components

Although only the overall elemental content is often considered, the
chemical form and association of these elements within the solid biofuel
or plant tissues are essential for the underlying phenomena and chal-
lenges they provoke. Types of association of these elements can be in the
form of dissolved salts, organically bound species, included/incorpo-
rated mineral matter, and excluded/unincorporated mineral matter
[110]. The firsts are found as ions (e.g., K*, Na™, Ca®*, CI~, SO%") in the
fluid matter inside the plants, accumulating as precipitated salts.
Organically bound species (i.e., K™, Na®, Ca?*, Mg?*, Fe3*, AI** as well
as covalently bound S, P, and Cl) are mostly oxalates undergoing intri-
cate conversions leading to inorganic residues after combustion. Incor-
porated mineral matter consists of distinct inorganic particles
containing Ca, Mg, and Si. At the same time, unincorporated materials
include aluminosilicates (abundant in K, Na, Ca, and Fe), feldspars, and
quartz originating from soil contamination [110]. In lignocellulosic
biomass, more than 90 % of alkali metals are present in the form of
water-soluble and ion-exchangeable forms, making them readily avail-
able for release during thermo-chemical conversion [111]. Especially K
and Na mainly occur in the form of salts (e.g., chlorides, acetates, sul-
fates, and others).

The decomposition of alkali metals in solid biomass varies based on
their presence within organic or inorganic components [112], and
transformation occurs during the devolatilization and char conversion
phases. In lower temperature ranges, alkali metals associated with the
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organic phase (e.g., alkaline carboxylates or phenol-associated alkali
metals [113]) are released as devolatilization occurs, whereas for tem-
peratures above 500 °C inorganic metals (e.g., KCl for K) evaporate
[114]. At higher temperatures, reactions with K-silicates or alumino-
silicates occur and are dominant during devolatilization and char
burnout, though dependent on Si, Cl, and divalent cations (i.e., Ca®** and
Mg2+) [113]. For fuels that contain high levels of Cl, like straw, alkali
metals tend to be released as alkali chloride (e.g., KCl). In contrast, in
fuels with low chlorine (and low alkali) content, such as wood, alkali
metals are released through vaporization as alkali sulfates (e.g., K2SO4),
and alkali hydroxides (e.g., KOH) [115]. Inorganic compounds in the
char can also contribute to the formation of carbonates (e.g., K2COs in
the presence of CO, [112]), hydroxides (e.g., KOH in the presence of
water vapor), sulfates, and silicates.

3.3.2. Influence on thermo-chemical conversion

The following section will outline the influences of the primary
inorganic elements and metals during the thermo-chemical conversion
of solid biofuels.

3.3.2.1. Pyrolytic decomposition. Metals are known to act as catalysts
and exhibit catalytic properties in lignocellulosic biomass decomposi-
tion. Although research has focused on investigating the effects of metals
on cellulose, hemicellulose, and lignin [110] rather than biomass as a
whole, effects related to these metals have been evaluated. The experi-
ments are usually conducted on raw samples versus those treated with
HCI and H0 to reduce alkali metal content (e.g., Refs. [113,116,1171]).
Notably, these evaluations reveal that the presence of alkali and alkaline
earth metals during the pyrolytic decomposition phase results in gas
compositions featuring lower CO concentrations and elevated COq
contents [118,119]. Alkali and alkaline earth metals have proven to
accelerate the onset of decomposition reactions and the maximum
temperature of the degassing rate, promoting decomposition pathways
leading to higher yields of low molecular weight condensable com-
pounds and permanent gases (e.g., CO and CO5) and positively affecting
char reactivity [110].

K, in particular, is often referred to as the most relevant species for
catalytic reactions in lignocellulosic matter. This is not only because of
the overall amount present typically in biomass but also due to its high
catalytic activity during thermo-chemical conversion. The impact of K in
heterogeneous catalysis primarily involves the creation of oxygen-
containing functional groups and the conversion of small ring mole-
cules into more complex ring systems [93]. K has also been noted to
promote the breakdown of cellulose chains during the pyrolytic
decomposition of wood [120]. There is no consensus in the literature
about the active intermediate functioning as catalysts, but the proposed
species for K include KyOy, K20, K-O-C, K-C, and C,K (see Refs. [93,
121D.

3.3.2.2. Heterogenous solid-gas reactions. In biomass gasification with
CO9 and H20 as oxidizing agents, heterogenous catalytic controlled re-
actions involve oxygen transfer, active site mechanisms, and desorption
mechanisms. Alkali and alkaline earth metals, mostly solid alkali metals
in the char [122], catalyze the (steam) gasification reactions (2) and (3)
by CO» and H»0, respectively, most likely by the creation of active sites
and by catalyzing the subsequent desorption of CO [93]. Parts of alkali
metals are released into the gas-phase as volatiles, while the solid-phase
alkali metals remain within the char. At the same time, the char is sur-
rounded by volatile substances, including volatile alkali metals. The
vaporized alkali metals may simultaneously adsorb and migrate to the
char’s surface, partly diffusing through the internal pores. With oxygen,
they create stable oxygen-containing structures, which exhibit superior
catalytic activity compared to the alkali metal residues remaining in the
char [114,123].
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3.3.2.3. Homogenous gas-phase reactions. In homogenous gas-phase re-
actions, alkali and alkaline earth metals, especially the alkali metal and
more specifically K, as well as other elements (e.g., sulfur oxides, ni-
trogen oxides, chlorine species), affect reaction pathways, product for-
mation, equilibrium, and combustion efficiency. This is true even if they
are only present as trace species [94]. This may arise from either direct
chemical reactions of these elements or interactions with the radical
pool.

These interactions can result in a range of different effects on CO
oxidation, where some reactions may enhance the process while others
might inhibit it. The outcome depends on which overall reaction
pathway dominates under the actual given specific conditions (e.g. Refs.
[94,105,113,124-129]).

Catalytically enhancing reactions of trace species (T) in the gas-
phase can occur due to the radical branching reactions (28) and (29).
X and Y represent H®, *OH, O°® or alkyl radicals. The reverse reactions
terminate radical chain reactions [94].

T+XYsSTX+Y (28)
TX (+M) = T+ X (+M) 29

Potassium (K). Alkali metals play a significant role in gaseous com-
bustion and can act in two ways: as promoters or inhibitors. Their
inhibitory effect is related to flame propagation inhibition and the cat-
alytic removal of radicals, while the promotion effects arise from the
reverse (inhibition) reaction sequences, thus promoting radical forma-
tion [94].

K from solid biomass combustion may be released as KCl, KOH, and
K3S04. Gaseous KCl and KOH react mainly with H® to form atomic K and
HCI/H50 (reactions (30) and (31)). Atomic K reacts with *OH radicals
and Oy, forming KOH and KO3, from which the latter may also react with
°OH radicals to form KOH. K2SO4 may follow nucleation to form aero-
sols like KCl, leading to PM emissions [108]. However, unlike KOH and
KCl, no interactions with radicals have been reported for KoSO4 [105].
This is why the presence of sulfur may reduce the inhibition of CO
oxidation: sulfur reduces the formation of K atoms by sulfating KCl/KOH
to K»SO4 [124]. For KOH and KCl, the radical removal follows the re-
actions (30) - (34), where (30) and (32) correspond to the reverse re-
actions of equations (28) and (29) [129].

KOH +H* = K* + H,0 (30)
KCl+H* = K* +HCl [€2D)
K°+°*OH+M = KOH +M (32)
K'+0,+M=KO; +M (33)
KO3 +°0 H = KOH + O, 34

Other homogenous catalytic mechanisms involve mostly gaseous
alkali metals. Steam tends to react more with thermally stable macro-
molecular compounds within the volatiles, resulting in an increased gas
yield. Moreover, KCl is reported to activate and facilitate the water-gas
shift reaction [93].

Nitrogen (N). Even in small amounts, NO substantially influences
the oxidation of Hy, ChHy, CxHyO,, and notably CO. Nitrogen oxides in
combustion can result either from thermal formation pathways (thermal
NOy, generated at high temperatures through the reaction of molecular
nitrogen and oxygen from the combustion air), in the presence of hy-
drocarbon radicals (prompt NOy), via N3O intermediates or from
chemically bound N of the biofuel (e.g., from amines), often involving
H°®, *OH, and O°* radicals. Typically, high oxygen levels and high tem-
peratures promote fuel burnout but contribute to increased NOy emis-
sions [19].

Small NO concentrations in the gas-phase (i.e., 50 to 1000 ppm) may
promote the oxidation of CO by enhancing the conversion of HO3 into
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more reactive *OH radicals through reaction (35). At elevated NO con-
centrations or under reducing conditions, NO can hinder the oxidation
process by causing H® recombination, leading to a delay in CO oxidation
(reactions (36) and (37)) [94,128].

NO + HO$% = NO, + *OH (35)
X +NO +M = XNO + M (36)
Y + XNO = XY + NO 37)

Sulfur (S). S usually has a subordinate significance in solid biofuel
combustion due to a mostly low content within lignocellulosic material.
S from biomass can be bound within the ash as mostly sulfates or
released as gaseous components (e.g., H2S). The oxidation of H»S leads
to SOy composed mainly of SO; and, in small amounts, SO3. SOy is
formed via complex radical reaction routes involving H®, *OH, O°** and
intermediate species such as, e.g., *SH, SO, and HSO® [19].

The introduction of SO, leads to a minor inhibition of CO oxidation
[105], showing that SO, also acts as a radical sink, primarily due to
reactions with O°®*. Radical reactions with *OH play a small role due to
the instability of the intermediate product HOSO3, dissociating back to
*OH and SO, [127]. In systems where K is present, small amounts of SO;
can drastically decrease the CO emissions by indirectly interacting with
the radical pool and binding compounds concurring with radicals for
oxidation, e.g., by binding KCl and KOH to K3SO4, which, contrary to
KCI and KOH, does not promote radical recombination according to the
reactions (30) - (34) [105]. The overall reactions of K;SO4 from KCI and
KOH involving SO, and SOs, the latter formed by oxidation of SO,, are
shown in reactions (38) and (39), respectively [105,124,129]. The sul-
fation of KOH occurs more easily than the sulfation of KCl [105].

2KCl + SOz + %202 + H20 = K3SO04 + 2HCI (38)
2KOH + SO3 + M = KSO4+ H20 + M (39)

Chlorine (Cl). Cl is particularly relevant for herbaceous biomass and
is present primarily in the form of alkali salts (e.g., KCl, NaCl) [19].
During combustion, Cl undergoes an almost complete transition to the
vapor phase as alkali chloride or hydrogen chloride (HCI) [16]. Cl in-
hibits ignition and flame speed while promoting flame quenching in
gas-phase combustion.

Compounds like HCI and chlorinated hydrocarbons have been found
to hinder the oxidation of CO. The interaction of chlorine with the
radical pool is intricate, and its overall impact is determined by the
interplay between competing chain termination and chain propagating
steps [94]. In regards to the interaction with K and its inhibitory effects,
higher concentrations of Cl lead to the conversion of K to KCl, resulting
in lower amounts of K atoms in hot gas and lower CO and H, concen-
trations, eliminating the inhibition effects of K on CO and H; oxidation
[124]. At the same time, inhibitory effects of KOH and KCI on moist CO
oxidation have been reported.

4. Fuel-related measures for CO emission reduction

Different measures are possible for the reduction of CO release. The
following outlines primary measures (on the fuel side) for gaseous
emission reduction.

4.1. Biofuel properties

The physical-mechanical properties of solid biofuels have a signifi-
cant impact on the emissions generated during combustion. This influ-
ence depends e.g., on the form of the fuel (e.g., wood logs, pellets,
briquettes). Another critical characteristic affecting emissions from
biofuel combustion is the water content of the fuel. High fuel moisture
leads to lower temperatures in the combustion chamber and lower ef-
ficiency. In parallel, water can act as a catalyst in hydrocarbon and
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volatile oxidation within the gas phase [80], providing radicals for fuel
oxidation. Therefore, very dry fuel may again lead to a decrease in
conversion efficiency [11]. Another adjustable influenceable property of
biofuels is the particle size of the fuel; larger particles show thermal
insulation properties and therefore a lower devolatilization rate
compared to smaller particles [91].

The chemical composition of the fuel is also crucial. To change the
overall composition, a co-combustion with less “critical” fuels can be
carried out (i.e., fuels with lower inorganics such as alkali and alkaline
earth metals, Cl, S, and N). Additionally, a pre-treatment such as acid
and/or water leaching/washing is possible. These approaches can help
mitigate deposition and corrosion issues during combustion by modi-
fying the ash behavior, retaining inorganic volatiles within the ash, and
by adjusting the different ratios of elemental compositions [12].

Fuel indices have been developed, considering the physical behavior,
the chemical reaction pathways, and the interactions between elements.
These indices provide information on the extent of gaseous pollutant
emissions (e.g., the N content for NOy or the molar (K + Na)/(2S + CI)
ratio for HCl and SOy emission potential) and also address ash issues,
including inorganic particle emissions [130]. For the latter, the sum of K,
Na, Zn, and Pb indicates the aerosol emissions; during combustion, these
semi-volatile and volatile ash-forming elements are released into the gas
phase, where they nucleate (homogenously and heterogeneously) and
condensate heterogeneously, forming aerosols and PM emissions [131].
Since K usually reveals the highest concentrations of the elements
mentioned above, the molar Si/K and Cl/Si ratios additionally indicate K
release. High Si/K ratios suggest a reduced release of K due to the for-
mation of K silicates [130]. At temperatures above 500 °C, Cl has been
reported to enhance alkali metal release from solid biomass [111]. Thus,
increasing Cl/Si ratios in combustion processes might imply a higher
release of K. The S/Cl ratio is an indicator of high corrosion risk; high
ratios (i.e., S/Cl > 4) point to the formation of protective sulfate layers
on the inner surfaces of the combustion unit [130,132]. These indices
can also help estimate the CO emissions in biomass combustion systems
by estimating the evolution, formation, and retention within the ash of
influencing compounds and elements.

4.2. Fuel pre-treatment

One approach to improving the combustion properties of lignocel-
lulosic biomass is washing or leaching it with water or (diluted) acids. In
biomass leaching, the aim is to extract water-soluble elements from the
biomass, thus reducing corrosion and slagging properties during com-
bustion, increasing ash melting temperatures, and reducing TPM-
forming elements. Components of ash-forming substances and salts K,
Na, Ca, Mg, Cl, S, P, and N, present in the form of ions (e.g., K", Na*,
Ca2*, Mg?", NH{ and Cl~, SO5~, PO3~, HPOZ ") and partly Si, Ti and Al
are thus discharged from the biomass by washing [12,133,134].

In literature, the effects on the combustion behavior of pre-treated
lignocellulosic biomass are primarily reported regarding ash (melting)
behavior, slagging, and agglomeration [135,136]. Regarding gaseous
emission reduction, only within a limited number of studies airborne
emissions of treated and untreated material are compared. Dayton et al.
[137] measured the release of inorganic constituents as well as CO, CO,
and NO from leached straw samples during combustion and reported a
lack of HCl and alkali metal vapors and a similar amount of released CO2
and NO for leached straw compared to untreated straw. On the contrary,
CO was released about 12 times less during combustion, and the char
combustion phase was four times shorter for untreated straw. In a study
by Rachivhandran et al. [138], CO reduction of 50 % for leached agri-
cultural biomass briquettes as opposed to unleached briquettes was
observed in domestic wood stoves. Schmidt et al. [29] reported a
decrease in CO emissions between 32 % and 48 % for washed fir, beech,
and oak pellets in a 6.3 kW pellet stove. They attributed this to the
reduction of K, favoring the gasification of cellulose when present [139].
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4.3. Fuel additivation

The addition of catalysts in solid fuel combustion aims to enhance
burnout and reaction kinetics while adding additives to the solid
biomass might target several mitigation issues (e.g., total particulate
matter (TPM) emissions, corrosion, slagging, fouling). In the following,
both possibilities are outlined.

4.3.1. Catalytic combustion

Catalysts can be either used as secondary measures for downstream
flue gas treatment or, though less frequently applied, by the addition of
catalysts to the fuel. Catalytic combustion, referring to the latter, may
enhance combustion performance and efficiency, reduce emissions from
incomplete combustion, decrease ignition temperature, and increase
combustion rates [140]. Alkali, alkaline earth metals and transition
metals have been used for this [25,140-146]; however, due to the high
costs of the latter, their wider use is highly unlikely.

The catalytic effects result from the oxygen storage and redox
properties of metal oxides and, in the case of salts, from the first ioni-
zation energy, leading to improved oxygen transfer behavior [140,143].
The results from Wang et al. [141] and Vamvuka et al. [140] show that
ignition and combustion temperatures (i.e., peak and burnout temper-
atures in the TGA) were lowered with TiO, CuO, and MnO during wheat
straw combustion [141] and LiCl, NaCl, MgO, CaO, TiOj, V30s, Fe3Os,
and CuO during lignite and residual biomass (i.e., olive tree pruning,
cardoon, and sewage sludge [140]) combustion. Biomass has more
volatiles compared to coal [143]; thus, the positive effect on the burnout
quality, as reported for coal, might be compensated by the inhibitory
effects of alkali metals in the gas phase burnout for biomass. Nonethe-
less, catalytic combustion kinetics of alkali metal treated biomass (e.g.,
rice hull and bamboo [143]) have been investigated, reporting reduced
devolatilization temperatures, increased combustibility index, and
increased differential thermal peak area (DTG Analysis). Gaseous
emissions from alkali metal-treated biomass combustion have not been
reported so far.

4.3.2. Solid mineral additivation

Solid additives interact and react with components present in the
biomass, inducing alterations in the chemical composition of the
resulting ash. This leads to changes in the ash melting temperature and
binds alkali metals from volatile components (e.g., alkali chlorides and
alkali sulfates) within the ash, reducing alkali- (and silicate melt-)
induced slagging and agglomeration [147]. Regarding TPM and, more
particularly, PM, which primarily originate from K and, to a lesser
extent, from Na, for complete combustion, high mitigation potentials
have been demonstrated [148]. Typical solid additives include those
based on Al, Ca, P, and S, while less common options are Mg-, Zn-, and
Fe-based [12] and work by various mechanisms of action, often in
synergy. The following main effects can be distinguished.

e Chemical effects. Through (irreversible) chemical reactions with the
additives, low-temperature melting, highly volatile, ash- and PM-
forming elements from the biomass can be converted into high-
temperature stable compounds, remaining in the solid combustion
residue or ash.

Physical effects. Volatile, condensable and/or molten or liquid ele-
ments or compounds of the biomass can be adsorbed by suitable
porous additives with large specific surface area. In addition, the ash
melting temperature of solid biofuels can be increased by the addi-
tion of inert, high-temperature stable additives.

The effect and efficiency of the respective additives depend on the
chemical composition of biomass and additive, as well as the additive
concentration, leading to different mass and molar ratios in the biomass
combustion system. The Al-Si-based mineral Kaolinite (AlzSi2Os5(OH)4)
is often considered an effective additive (e.g., Refs. [148-153]),
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primarily functioning through chemical adsorption and reaction mech-
anisms. It reduces the release of K by binding KCl, K3SO4, and KOH into
stable K-Al-Si compounds, notably leucite (KAISi»Og, with a melting
temperature of T, > 1500 °C) and kalsilite (KAISiO4, T, > 1600 °C)
[154]. The reaction equations are depicted in equation (40) - (43).

AlySizOs(0H)4 + 2KCl — 2KAISiO4 + 2HCI + H20 (40)
Al5SizOs(OH)4 + K2SO04 — 2KAISiO4 + SO3 + 2H20 (41)
Al,Si05(0H)4 + 2KCl 4 2Si02 — 2KAISizO¢ + 2HCI + Ho0 (42)
AlySizOs5(0OH)4 + K2SO4 + 2Si0g — 2KAISizOp + SO3 + 2H20 (43)

Ca-based additives (e.g., CaO, CaCOs, Ca(OH)s) primarily operate
through chemical adsorption and reaction mechanisms, as well as the
increase of melting points and dilution effects. They capture predomi-
nantly Cl and S. When used in suitable quantities, they may retain K as
Ca-K compounds. However, excessively high concentrations of calcium-
based additives might inadvertently enhance K release [155]. (Solid)
additives with S-containing compounds sulfate alkali chlorides and hy-
droxides (as discussed above for homogenous gas phase reactions) in
order to reduce the risk of corrosion [148]. Although CO emission re-
ductions were not a direct focus in the conducted studies for fuel addi-
tivation and therefore not always reported, published data show
significant reductions of up to 90 %. Especially for the case of kaolin
(mainly consisting of kaolinite) as an additive, high reduction potentials
have been reported (e.g., Refs. [11,151,152,156]), some of which show
a strong link between K removal from the flue gas [9,157]. The under-
lying mechanisms for this phenomenon have not been thoroughly
investigated or understood, although some explanations in the case of
kaolin attribute this to possible catalytic effects of kaolin, improved fire
bed structure due to K-silicates embedded in the ash, preventing chan-
neling and the formation of CO layers [11]. Another explanation is that
the reduction of K release into the gas phase due to binding K into stable
K-Al-Si-compounds in the ash mitigates the interference of K on CO and
hydrocarbon oxidation [157]. Similar conclusions have been drawn
from biomass gasifiers using olivine, where the decrease in CO emissions
was linked to the incorporation of K into silicate structures, confirming
the role of K as an inhibitor for CO oxidation in their study [158]. In
other 12 MWy, experiments with Circulating Fluidized Bed (CFB) boiler
using silica-sand and Linz-Donawitz (LD)-slag as bed materials, the au-
thors attributed the rising CO emissions to the poor ash absorption ca-
pabilities of LD-slag, hindering alkali removal from the boiler [159,
160].

4.3.3. (Gaseous) sulfur additivation

While solid additivation prevents the release of K-containing com-
pounds, the addition of gaseous components (e.g., SO3) or solid pre-
cursor substances for gaseous components (e.g., elemental S and
ammonium sulfate ((NH4)2SO04) [159]) leads to an increased S/Cl ratio
and reactions with K-compounds such as KOH and KCl. These com-
pounds are sulfated into less corrosive K3SO4 (reactions (38) and (39))
[132] and also do not interfere with the radical pool, thus enhancing the
CO oxidation rate [105]. However, SO, may lead to high-temperature
corrosion of several metals and the increased need for flue gas clean-
ing [132]. Thus, the addition of S(-compounds) is not an established
method and only a limited number of studies have been published on
this subject. For example, in a 2 to 4 MWy, dual fluidized bed gasifier
system, elemental S was introduced into the boiler fuel feed [161]. Part
of the solid fuel is converted within this gasifier into a product gas, while
the rest is combusted in a connected boiler to meet the heat demands of
the allothermal gasifier (see Refs. [162,163]). Here, a decrease in tar
content, increased Hy and CO; yield of the system, as well as an
increased HjS yield were reported [161]. The latter is attributed to the
sulfation of K to K3SO4 in the boiler, which then is transported to the
gasifier and decomposed to HaS and catalytically active KOH and K2COs.
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Another approach involves the addition of ammonium sulfate
((NH4)2S04), which can be added to the afterburn chamber [164] or
sprayed into the cyclone outlet [159] and has been reported to effec-
tively reduce gaseous KCl and CO emissions, respectively. Elemental
sulfur must be first oxidized to SO, and subsequently to SO3 (equations
(44) and (45)). This reaction is slow in temperature ranges below 900 °C
[165]. In the case of (NH4)2SOy4, it is decomposed directly to SO3 and
NHj3 (equation (46)).

S+ 02— SO, 44
SO5 + 502 = SO3 (45)
(NH4)2SO4 — 2NH3 + SO3 +H50 (46)

5. Conclusion

Minimizing CO emissions in combustion processes is desirable due to
its toxicity and to improve combustion efficiency; additionally, CO
emissions are in some countries legally limited. These CO emissions
result from incomplete combustion and are formed during the thermo-
chemical conversion phases “pyrolytic decomposition”, “gasification”
of the residual carbon/coke, and/or during “oxidation” of the released
volatiles and gases. The main steps for CO formation in biomass com-
bustion and the influence of temperature, alkali (precisely K), and
alkaline earth metals are summarized below.

e During pyrolytic decomposition, CO results mainly from cracking
and reforming of ether bonds (C-0O-C) and carbonyl groups carbonyl
(-C=0) and from cleavage of carboxyl (-COOH) and formyl (-CHO)
fragments and radicals. During combustion, CO mainly originates
from cellulose and less from hemicellulose and lignin. Higher tem-
peratures during the thermo-chemical conversion provide a greater
yield of non-condensable gases (e.g., CO, CO2, CHy, Hy). Alkali and
alkaline earth metals accelerate the pyrolytic decomposition re-
actions, leading to higher yields of condensable products with low
molecular weight and permanent gases (e.g., CO and CO3). The
metals form intermediate groups, functioning as catalysts.
Transport phenomena and ad- and desorption kinetics significantly
influence heterogeneous solid-gas reactions (phase gasification).
Lower temperatures favor the formation of CO; whereas higher
temperatures promote CO formation; i.e., endothermic, heteroge-
neous reactions like steam reforming and the Boudouard reaction
leading to CO are favored in higher temperature regimes. Alkali
metals catalyze steam gasification reactions by catalyzing the
desorption of CO.

e In homogenous gas phase reactions (phase oxidation), previously
emitted hydrocarbons and other volatiles are rapidly oxidized,
leading to CO as a primary product from hydrocarbon oxidation. CO
oxidation in the gas phase occurs mainly with *OH radicals; i.e.,
radical reaction pathways are essential. Gas phase reactions and CO
oxidation are generally promoted at higher temperatures. Alkali
metals (e.g., K in the form of KCl and KOH) inhibit CO oxidation by
removing °OH radicals from the radical pool, limiting available
radicals for CO oxidation.

Numerous fuel-related measures for the mitigation of CO emissions,
or rather the complete oxidation of those, are possible. This can be an
alteration and modification of the fuel and its chemical composition, as
well as the addition of supplementary compounds. Depending on the
underlying mechanism of the respective measure, one way to minimize
CO emissions is maintaining a high radical availability by reducing their
interference with alkali compounds, i.e., mostly K, within the gas phase.
This can be a result of either:
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e The suppression of K-release into the gas phase. This can be realized
by minimizing the respective content within the solid biofuel (e.g.,
through washing) or binding K in temperature-stable compounds
within the ash (e.g., due to mineral additivation). Thus, inhibition of
CO oxidation due to K interference with the radical pool is

minimized.

e Krelease into the gas phase, but CO inhibition effects are diminished
due to gas-phase reactions with K (e.g., due to the sulfation of K to
K2S04, which does not interfere with the radical pool).

Minimizing CO emissions by fuel-related measures can be achieved
by reducing the interference of compounds with O/H radicals while
maximizing the radical pool. This can be accomplished by several
measures, ranging from fuel pre-treatment to the introduction of addi-

tives.

In various practical installations, the utilization of solid additives

has proven to be the most effective approach.
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