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Abstract: Fuel-related measures and modernization of small-scale combustion units has become
the focus of attention in the renewable heat generation sector, as a means to promote local biomass
utilization and fuel-flexibility while meeting strict environmental legislative requirements. With
the aim to mitigate total particulate matter emissions and ash-associated problems characteristic
of crop residue combustion, (1) corn cob pellets (with and without kaolin and binder) as well as
(2) fuel blends with wood pellets were combusted in a pellet oven under full load. Results show
that additivation or fuel blending (e.g., 50 wt. % wood and 50 wt. % corn cob pellets) reduce total
particulate and CO-emissions by 48 to 60 wt. % and 64 to 89 wt. %, respectively, in comparison
to baseline emissions from non-additivized corn cob pellets. Kaolin prevented sintering of corn
cob ash. However, considerable grate ash entrainment was observed. TPM consists of a “primary
network”—polyhedral and spherical particles approximately 1 µm in diameter (mainly KCl), and
a “secondary network” built on top of the primary network, consisting of square-prism-shaped
particles of approximately 200 nm in diameter. KCl and K2SO4 are main compounds in particles
from corn cob and wood pellet combustion, respectively. Effective measures demonstrated within
this study should be complemented with low-cost coarse ash removal systems.

Keywords: biomass; corn cob; combustion; additives; kaolin; particulate matter

1. Introduction

Bioenergy, as a CO2-neutral renewable energy source, makes up a large share of
renewable energy use today; it is expected to remain a significant fuel source in the future
with the potential to replace fossil fuels both in the energy sector, as well as in the production
of novel materials and biofuels [1,2]. Recent increased demand for wood as a fuel, coupled
with an a priori limited supply, is forcing the energy market to consider other affordable
herbaceous biomass as alternative solid biofuel source. In rural regions, crop residues
(wheat straw, rice straw, corn stover, corn cobs etc.) could prove as such in small-scale
units simultaneously promoting energy independence and economic development. Corn
residues are of particular interest for energetic utilization due to its energetic potential and
the need for adequate biowaste management. Corn is a major crop worldwide and its
production has been growing steadily ed from 568 Mio. t in 1994 to 1148 Mio. t in 2018 [3].
However, corn residues have a high ash content and increased concentrations of particulate
matter-forming elements such as K and Cl [4–6]. It has been shown that total particulate
matter (TPM) emissions are positively correlated with the amount of aerosol forming
elements in the fuel [7,8]. Increased pollutant emissions and ash-associated problems,
e.g., low ash melting temperatures, corrosion, deposition and fouling, make combustion of
crop residues very challenging [9–12]. In order to meet national and international climate
change adaptation goals by increasing the share of renewables in the heating sector [13],
the search for novel approaches and modern technical solutions for environmentally sound
solid biomass energetical utilization is further driven by legislation, policies and more strict
emission limits [14].
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Against this background, different approaches to mitigate aforementioned air-pollution
from small-scale combustion units have been in the focus of attention recently. Primary mea-
sures have been focused on pollution prevention and include fuel-design (fuel-upgrading)
measures such as: pelletizing, additives and fuel blending, to lock up these options in an
environmentally sound manner by impeding or promoting specific ash transformation
reactions [2,15–17].

As a first step in fuel-upgrading, densification of loose lignocellulosic biomass im-
proves the handling, storage, and transport properties [18–20], as well as enabling its use
in automated combustion units [21,22]. This in turn can lead to higher efficiencies and
reduction in air-borne emissions [23,24].

Another fuel-related measure which can be applied simultaneously with pelletization
is additivation. One of the main goals of additivation during crop residue combustion is
to bind aerosol-forming elements, mostly alkali, Cl, S, and Zn, in the grate ash. By doing
so, the release of ash forming volatile components into the gas phase can be avoided and
the solid-gaseous-particle pathway of particulate matter formation is suppressed [9,25–27].
Another important goal is to facilitate the incorporation of low-temperature melting K-
containing compounds (silicates) into more temperature stabile species as well as to increase
the ash melting point and prevent sintering [28]. In order to be considered as an addi-
tive these compounds need to meet specific requirements: high reactivity, high specific
surface and porosity, high melting point (temperature stability), no negative influence on
the combustion process such as reduction of efficiency or formation of new pollutants,
non-toxic, easy to handle, store, and transport, as well as low specific costs [27,29]. Kaolin
is an example of Al-silicate-based additive with large surface area which further facilitates
sorption of alkali metals into the bottom ash by forming high-temperature stabile com-
pounds (alkali-Al-silicates) [4,11,28]. In addition, kaolin has been proven successful during
wood biomass combustion in reducing particulate matter emissions [30–34], as well as
improving problematic ash melting behavior. Latest research on the application of kaolin
has reported PM-emission reduction up to 50 wt. % [16,20,28,30–34].

Production of biomass blends: (1) improves fuel properties of lower-quality fuels,
while promoting the use of local, renewable, low-cost and sustainable solid biogenic
waste (such as crop residues). Further, its application reduces market pressure for con-
ventional wood biomass as a fuel resource. There have been a number of recent studies
investigating biomass blends, such as follows: red canary grass and wood [34], vine and
industrial cork residue [35], grape pomace and Pyrenean oak [36], non-woody biomass and
wood [37–49], among them straw/grasses and wood [28,38,40,41,45], other crop residues
and wood [42–44,47,48], biomass and sludge [44,49], animal manure and lignocellulosic
biomass [50]. What they have found is that blending a “primary fuel” (fuel of interest)
with another secondary fuel of “higher-quality”, could influence particulate matter forma-
tion [42,45], secure stabile and efficient boiler operation [44], and prevent sintering (and
other unwanted ash-associated effects) [2,43]. Such mixtures seem to show quite a different
behavior during the combustion process compared to the mono-substrate, and sometimes
even have a synergistic effect [44].

Previous research on fuel engineering has demonstrated that combination of afore-
mentioned measures can be successfully used to reduce particulate matter emissions from
different feedstocks [17,28,42,51–53]. Existing studies on the topic of herbaceous biomass
combustion, fuel blending and the application of additives, ranged from laboratory-scale
studies, to pilot- and industrial scale applications and modelling. However, they mostly in-
vestigated wheat straw, both experimentally and theoretically. from. Nevertheless, as other
researchers on this topic concluded, each biomass requires an individual approach and a
specialized solution to reach the desired goals of emission reduction, efficient combustion
and the prevention of sintering (in most cases). Each specific feedstock and application
(technical design of the combustion unit) requires in-depth research toidentify an optimal
mix of primary measures, e.g., optimal fuel blend and additive content for that specific
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purpose [2]. This has not been conducted for corn cob combustion in small-scale units,
according to the authors’ knowledge.

In the study by [6] PM-emissions were kept in accordance with emission limit values by
using secondary flue-gas treatment (multi-cyclone); meaning, secondary flue gas measures
had to be applied. This is not cost-efficient in small scale units, which are the subject topic
of our investigation. In addition, Ref. [48] investigated combustion of corn stover pellets
with lime as additive in a 50 kW boiler. This measure has not proven effective, i.e., lime
was not useful as additive. The difference between aforementioned study and our study is:
(1) different fuel—corn cob and corn stover do not posess the same chemical nor physical
properties, (literature reference [28]), (2) different combustion technology, end user, and
scale (50 kW moving grate boiler versus 8 kW pellet oven) and (3) different additives (lime
versus kaolin). Moreover, Ref. [9] investigated the application of kaolin and calcite as
additives for the prevention of corn stover slagging, one of the ash-associated problems
during crop residue combustion. However particulate and gaseous emissions were not
monitored or evaluated. Furthermore, Ref. [54] performed laboratory-scale investigation
of corn stover fixed-bed combustion test rig and investigated the effects of air feeding and
ash content on the pollutant emissions; however, it did not consider particulate matter
emissions during combustion. Finally, Ref. [47] investigated effects of air feeding and
fuel size on the combustion behavior of blends of corn stover and pinewood in a small
fixed bed simulated moving grate furnace. Again in this laboratory-scale investigation
effects of aforementioned parameters on particulate matter emissions were not considered
or evaluated.

None of aforementioned studies investigated the joint application and effects of fuel
blending, additivation with kaolin and pelletization during corn cob for combustion in a
small-scale unit (<20 kW). Therefore, the results of this study will bring an original insight
into the effectiveness of primary measures (kaolin as additive) in a pellet oven specifically
for corn cob combustion. To add, the results could providea cost-effective approach to
improve air quality and reduce environmental burden of crop residue combustion in
regions where there is no strict legislative regulation on air-borne emissions from small-
scale units using alternative fuels. Based on the results of this study modern fuel-upgrading
processes at regional and local level can be developed, facilitating the incorporation of
alternative solid biogenic fuels in the heat generation sector in an environmentally friendly
way. The possibilities for application of such fuels in rural and suburban areas, where
individual heating is dominant over district heating, and where such agricultural residues
have long been used as fuel unfortunately in old- and inefficient stoves and ovens, will be
better evaluated.

Against this background, the overarching goal of this paper is to investigate the joint
implementation of different primary measures such as fuel-processing, additivation, and
fuel-blending on the process performance during corn cob combustion in a small-scale
fixed bed combustion unit, including reduction of total particulate matter (TPM-) emissions,
carbon monoxide (CO-) emissions, ash sintering, as well as the overall efficiency. For this
purpose, gaseous emissions, total particulate matter (TPM)-emissions and energy efficiency
are monitored and measured according to EN 303-5, VDI 2066-1, and ISO 14785 during
combustion of corn cobs pellets with and without kaolin (and starch-based binder) and in
blends with wood pellets in an 8 kW state-of-the-art commercially available pellet oven.
The solid combustion products grate ash (GA) and total particulate matter (TPM) are
further analyzed for elementary composition, micromorphology, and crystalline phases.
Emissions are compared with the requirements of EN 303-5 and European Ecodesign
directive.

2. Materials and Methods

An overview of the investigation procedure is found in Figure 1. Investigation begins
with feedstock characterization and processing (pelletizing), as well as investigation of
pellet properties. Produced pellets and fuel blends are then combusted in an 8 kW state-of-
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the art pellet oven, while gaseous and particulate matter emissions are monitored. Finally,
grate and particulate matter samples are further analyzed for elementary composition,
micromorphology, and crystalline phases in the laboratory.
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Figure 1. Investigation procedure.

2.1. Feedstock and Additive

Corn cob grit (3.8 to 5.0 mm average diameter) was purchased from a German com-
pany and pelletized with and without kaolin (and starch-based binder) at the premises
of the Hamburg University of Technology during the course of 2019 and 2020. Detailed
study on corn cob pelletizing and properties of corn cob pellets with and without kaolin
and starch-based binder addition can be found in another publication [55]. The amount of
additive has been chosen based on previous research and available literature [28]. Wood
pellets used in this study are commercially available DINPlus certified quality pellets
purchased locally in 10 kg bags.

Table 1 shows the properties of wood and corn cob pellets in comparison with standard
requirements for wood (DIN EN ISO 17225-2) and non-woody pellets (DIN EN ISO 17225-6),
as well as two types of kaolin (composition of Kaolin A and Kaolin B provided by manu-
facturers Merck and Dorfner). Kaolin A is a laboratory-grade chemical with high purity,
whereas Kaolin B is a commonly found material which is expected to be used in real-
life application. Kaolin A is used for all experiments except CCPB, CCPB0.5KAO, and
CCPB1.5KAO (where Kaolin B was used). Starch-based binder with starch content 80 wt. %
(RUF) in the amount of 2 wt. % was used to improve the properties of the corn cob pellets
with 0 wt. %, 0.5 wt. % and 1.5 wt. % Kaolin B. To test the potential effect of starch addition
on emissions, total particulate matter and CO-emissions from the combustion of corn cob
pellets with and without binder are compared.
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Table 1. Elementary composition of the feedstock and additives (* dm—dry matter, ** ar—as received).

Parameter Unit Kaolin A Kaolin B Corn Cob
Pellets

ISO 17225-6
Class A

Wood
Pellets

ISO 17225-2
Class A1

C

wt. %dm *

- - 48.88 - 50.15 -
H 1.56 - 7.77 - 6.49 -
N - - 0.11 ≤1.50 0.21 ≤0.30
S - - 0.11 ≤1.50 <0.22 ≤0.04
O 55.81 - 40.23 - 42.97 -

K/K2O

g/kgdm

- 0.02 7.66 - 0.58 -
Na/Na2O - 0.19 <0.06 - <0.20 -

P/P2O5 - 0.18 0.19 - <0.13 -
Mg/MgO - 0.01 0.19 - 0.16 -
Ca/CaO - <0.01 0.06 - 0.76 -

Al/Al2O3 20.94 37.50 <0.01 - 0.03 -
Cl - - 3.67 - <0.50 -

Si/SiO2 21.70 44.60 0.19 - <0.20 -

Zn

mg/kgdm

- - 14.00 - 9.00 -
Cu - - 4.70 - 5.50 -
Cd - - <0.20 - <0.40 -
Pb - - <0.50 - <1.00 -
Hg - - - - <1.00 -

Ash content wt. %dm * ≤15.00 14.30 1.83 ≤6.00 0.54 ≤0.70
Moisture content wt. %ar ** - 10.00 9.97 ≤12.00 6.97 ≤10.00

Lower heating value (LHV) MJ/kgar - - 15.48 ≥14.50 17.51 ≥16.50
Mechanical durability wt. % - - 95.87 ≥97.50 97.10 ≥97.50

Bulk density kg/m3 - - 659.00 ≥600.00 608.00 ≥600.00

2.2. Experimental Setup

Investigation begins with the fuel processing (Figure 1). Before producing cob pellets
in line with ISO 17225-6 quality standard (Table 1), corn cob grit was mixed with water,
kaolin, and starch-based binding agent (in some cases, see Section 2.1) and conditioned in
closed plastic containers for 24 h (for more details see [55]).

Fuel-processing is followed by the investigation of the effects of primary measures on
PM-emissions, ash melting behavior, and energy performance during combustion. With
this aim, following fuels are prepared (Table 2):

• Fuel blends made of corn cob pellets (no additive no binder) with wood pellets in
specific ratios, represented by WP, 12.5CCP (e.g., 12.5 wt. % or 1/8 of corn cob pellets
in the fuel blend), 25CCP, 50CCP, and CCP. This fuel group should asses the effect of
fuel blending as a primary fuel-related measure.

• Corn cob pellets with and without kaolin (and starch-based binder), which are repre-
sented by fuels CCP, CCPB, CCPB0.5KAO, CCP1KAO, CCPB1.5KAO, and CCP2KAO.
Fuels CCPB, CCPB0.5KAO, and CCPB1.5KAO are prepared with 2 wt. % starch-based
binder and Kaolin B, whereas all other corn cob pellets are produced without the
binder (additivized pellets) with Kaolin A. This fuel group should assess the effect of
additivation and pelletizing as primary fuel-related measures.

Table 2. Experimental list.

Fuel Abbreviation

Wood pellets WP
12.5 wt. % corn cob pellets and 87.5 wt. % wood pellets 12.5CCP

25 wt. % corn cob pellets and 75 wt. % wood pellets 25CCP
50 wt. % corn cob pellets and 50 wt. % wood pellets 50CCP

Corn cob pellets CCP
Corn cob pellets with 2 wt. % binder CCPB

Corn cob pellets with 0.5 wt. % kaolin B and 2 wt. % binder CCPB0.5KAO
Corn cob pellets with 1 wt. % kaolin A CCP1KAO

Corn cob pellets with 1.5 wt. % kaolin B and 2 wt. % binder CCPB1.5KAO
Corn cob pellets with 2 wt. % kaolin A CCP2KAO
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Experimental list including abbreviations is found in Table 2. All experiments were
conducted in duplicates, except CCPB, CCPB0.5KAO, and CCPB1.5KAO which were
performed once.

Combustion experiments were performed in line with DIN EN ISO 303-5 under full
load in a pellet oven Polly 2.0 (Austrotherm; 8.3 kW installed thermal capacity), which
was integrated into the test stand at TUH’s technical centre (Figure 2). Although the pellet
oven was designed for combustion of DINPlus certified wood pellets, it came equipped
with a hinged-grate, which enabled combustion of agropellets and pellet blends. Fuel is
entering the combustion chamber via a top-feed system, while combustion air is distributed
from the bottom up through the grate (both automatically controlled). Sintering and ash
agglomeration is prevented through occasional activation of the hinged grate (removing
the ash into a separate container), and through hourly chamber cleaning with clean air.
The following operating settings are used in all experiments: (1) full load, (2) medium
pellet quality 2 (1-best, 3-lowest quality pellets). Each experiment lasted approximately 6 h.
Gaseous and particulate matter emissions were measured during stationary combustion
(2 h after ignition).
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2.3. Measurement and Analysis Methods

Gaseous emissions were continuously measured and total particulate matter discon-
tinuously sampled during stationary combustion (minimum 2 h after ignition) and only
in between hourly cleaning intervals. After each experiment solid combustion products
(grate ash, (GA) and total particulate matter (TPM)) were sampled and further analysed in
the laboratory, and energy performance was calculated. Applied methods will be described
in this section.

Energy performance. At the beginning of each experiment fuel was prepared by siev-
ing with a 4 mm square mesh sieve (Retsch), weighed with 1 g precision scale (OHAUSI-10)
and loaded in the fuel hopper (25 kg capacity). After each experiment, leftover fuel was
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collected and weighed. The difference in mass (fuel consumption) is used for calculating
the energy efficiency (DIN EN ISO 14785).

Gaseous emissions. During combustion, gaseous products are passing above the grate
directly into the flue gas duct and chimney. Here, the gaseous and total particulate matter
(TPM) emissions are measured (Figure 2). Flue gas temperature, humidity and velocity are
monitored using a Pitot tube and differential pressure manometer with hygrometer (Testo
440 dp). Gaseous emissions (CO2, CO, NOx, H2, and O2) are continuously measured using
gas analyser (Wöhler A 550) in 10 s intervals. Excess air was calculated from volumetric
concentrations of O2 and CO in the dry flue gas (vol. %) [56] according to Equation (1).

λ =
21

21−O2 −CO
(1)

Total particulate matter (TPM). Particulates are discontinuously sampled according
to VDI 2066-1 iso-kinetic method using a titanium sampling probe with heated filter
unit (Paul Göthe). TPM, as well as gaseous emissions, were sampled in between hourly
cleaning intervals. Three TPM measurements, each with a sampling duration of 5 to 15 min
(depending on the pressure drop), were evenly distributed over duration of the experiment.
Before the measurement quartz filters (Macherey-Nagel QF—10, diam. 4.5 cm), plane filter
holders and cartridge filter are conditioned at 160 ◦C for 1 h and cooled down in the
desiccator for at least 8 h. Three conditioned filters are used for measurements whereas an
additional one is used for blank value determination (error). The filter unit is equipped with
a titanium nozzle and probe, enabling iso-kinetic sampling of the flue gas. During sampling,
the unit is heated to 160 ◦C in order to maintain approximately the same temperature as
in flue gas and to prevent any condensation of the gaseous species. After, the filter unit
sampling train contains a silica gel bottle to remove the moisture from the sampled flue
gas and a pump (Carpanelli) with a gas meter (GMT BK—G4T). During TPM sampling,
volumetric flow was kept constant by regulating the vacuum pump flow. The volumetric
flow of the sampled gas at the gas meter is calculated based on actual conditions during the
combustion experiment—temperatures at the sampling point (filter) and at the gas meter,
pressures at both points, and humidity at both mentioned points, according to VDI 2066-1.
The sampling plane filters (with sampled TPM) and holders were then heated at 160 ◦C for
1 h, kept in the desiccator for 8 h and weighed using analytical scale (Sartorius R300S).

Laboratory analysis of solid combustion products. After each combustion experiment,
samples of grate ash (GA) and particulate matter (TPM) are collected and analyzed. After
crushing and homogenizing the GA samples using mortar and pestle, crystalline phases
were investigated using powder X-ray Diffraction (Siemens Diffractometer 5000). Both GA
and TPM were analyzed for elementary composition using wet chemical analysis (for a
detailed description of the sample preparation and analysis see [28]). Selected samples of
TPM were coated with 8 nm gold layer to improve conductivity and analyzed by Scanning
Electron Microscope (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) analysis
(Zeiss Supra 55 VP FEG-SEM with Variable Pressure Mode (VP-Mode)).

3. Results and Discussion

The effects of applied primary measures on the overall combustion performance
will be presented and discussed in the first section, followed by the evaluation of the
effects of primary measures on ash sintering. Finally, the emissions and composition
of solid combustion residues will be comprehensively analyzed, focusing on CO- and
TPM-emissions and behavior of major ash-forming species.

3.1. Performance Indicators

Results. Combustion performance indicators are presented in Table 3 (means were
calculated based on values recorded during TPM sampling intervals). All pollutant con-
centrations are with regards to standard conditions (273 K and 1 bar) and 10 vol. % O2,
as stipulated by EN 303-5 and EcoDesign Directive. Fuel consumption ranges between
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1.2 and 2.0 kg/h, while efficiency values above 91% are calculated across the experimental
series, meeting standard requirements. However, excess air coefficient is higher than 2 in
all cases (with maximum at 3.1).

Table 3. Performance indicators and emissions (for list of fuel names and abbreviations see Table 2).

Fuel Fuel
Consumption

Efficiency
(η)

Excess Air
(λ) O2 NOx CO TPM

kg/h % - vol.
% mg/m3

WP 1.3 92.5 2.6 13.0 152 241 39
12.5CCP 1.4 93.0 2.5 12.7 157 342 88
25CCP 1.3 92.9 2.5 12.7 165 538 120
50CCP 1.2 93.0 2.3 12.0 160 725 184

CCP 1.8 92.2 2.3 11.7 170 2040 463
CCPB 2.0 90.5 3.1 13.9 163 2434 609

CCPB0.5KAO 1.8 90.3 2.8 13.5 149 2236 559
CCP1KAO 1.7 92.7 2.2 11.2 176 873 358

CCPB1.5KAO 1.9 93.0 2.2 11.6 161 357 317
CCP2 KAO 1.8 91.2 2.8 13.1 171 920 538

EN 303-5 class 3 - >89.0 - 10.0 - <3000 <150
EN 303-5 class 4 - >83.0 - 10.0 - <1000 <60
EN 303-5 class 5 - >75.0 - 10.0 - <500 <40

EN 14785 - >75.0 - 10.0 - <500 -
EcoDesign - ≥77.0 - 10.0 <200 <500 <40

Discussion. Higher consumption of corn cobs during combustion (in comparison
with wood pellet consumption) can be explained by lower LHV of corn cob. Excess air
in the range from 2.3 to 3 indicates incomplete combustion due to combustion air over-
feeding. Excessive air in the flue gas could be the result of non-uniform distribution of
combustion air, varying geometrical, chemical, and physico-mechanical pellet properties,
short residence time etc. [57]. In addition, lower heating values and moisture might
influence the combustion performance due to lower energy density of corn cob pellets.
However, since efficiency values from all experiments are higher than 90%, neither the
aforementioned pellet properties, nor the additivation and addition of binder seem to
negatively affect the combustion efficiency. Lower values of mechanical durability (higher
content of fines) in combination with higher ash content (additivated and non-additivated
corn cob pellets) are directly correlated with increased TPM-emissions from the combustion
of corn cob pellets, which will be discussed in detail in the following sections. Our results
are in line with findings by [23], where combustion efficiency was reported to range from
83 to 89% when using maize as a fuel, and in general efficiency varied between 79 and
91% when combustion agricultural residues in a 15 kW pellet oven, and higher than those
reported by [58,59] (64% and approximately 75%). High excess air values during small-
scale biomass combustion was also reported in a study by [60], where excess air value
ranging from 2.5 to 7.5 from wood pellet ovens were calculated. These results highlight the
need for more flexible combustion units which allow variation of operational parameters to
adjust to different fuel properties of agro-pellets. This could be achieved by more flexible
fuel and air feeding control.

3.2. Ash Sintering

Results. Experiments were conducted without interruptions. No issues with the
air-feeding through the grate or with the ash removal system have been observed. Some
sintering occurred during combustion of non-additivized corn cob pellets, but not severe
enough to cause issues within the 6-h experiment (Figure 3a). Kaolin prevented grate ash
sintering, which remained powdery. However, during combustion of additivized pellets
we observed significant grate ash entrainment into the flue gas followed by deposition in
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the combustion chamber and chimney (Figure 3c). This was further exacerbated during
cleaning intervals.
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Discussion. Although no sintering was recorded during the experiment with non-
additivized corn cob pellet (Figure 3a), such issues cannot be excluded during long-term
oven operation, and is expected to occur in real-life conditions (Figure 3b). A clear ten-
dency toward agglomeration is evident from the photographs and known from previous
studies [28], The characteristic greenish ash color and some weak agglomerations in the
ash were indeed present [55]. Ref. [61] reported a beginning of the melting of corn cob ash
at 600 ◦C and an inhomogeneous nature of the ash at this temperature. In order to extend
the operational life, avoid process disruptions and mitigate CO- and TPM-emissions, the
application of kaolin is effective. However, due to considerable entrainment of grate ash
with economic considerations in mind, additivation should be kept at minimum. Exacerba-
tion of ash entrainment with kaolin addition can be observed by comparing Figure 3c,d.
Entrainment of ash with kaolin had been previously reported as an issue during boiler
operation [53,62].

3.3. Emissions

Mean values of CO- and TPM-emissions, main pollutants from small-scale biomass
combustion, are presented and discussed in the following section.

3.3.1. CO-Emissions

Results. Mean CO-emission (Figure 4) is positively correlated with the share of corn
cob pellets in fuel blend (Pearson correlation coefficient 0.93) and is 10 times higher from
the combustion of corn cob pellets than from the combustion of wood pellets. Beside high
emission values, strong variations were recorded throughout the experiment (Figure 5).
Highest reduction in CO-emission of approximately 89 wt. % has been observed with
the addition of 1.5 wt. % of kaolin (and binder) to corn cob pellets, in comparison with
CO-emissions from corn cob pellet (and binder, CCPB) combustion. The addition of just
1 wt. % kaolin (no binder) an approximately 57 wt. % reduction has been measured,
in comparison with CO-emissions from pure corn cob pellet (CCP) combustion.
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Figure 5. Carbon monoxide (CO-)emission variation during combustion (for experimental list see Table 2).

Discussion. Clear difference can be seen in CO-emission profiles for wood pellets and
corn cob pellets with kaolin and binder (Figure 5). During combustion of wood pellets
consistently low CO-emissions were measured, except during hourly cleaning intervals.
On the other hand, stark variations and peaks were present during combustion of corn
cob pellets during the entire process. On the other hand, combustion experiment with
corn cob pellets with the lowest CO-emissions (CCPB1.5KAO) is clearly differentiated
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from original corn cob pellet combustion, with a CO-profile more resembling that of wood
pellet combustion.

There is considerable room for improvement regarding CO-emission reduction
(i.e., to reach a full oxidation of all fuel components), since excessive air feeding proba-
bly caused cooling in the combustion chamber, as indicated by relatively high values of
excess air coefficient. These CO emissions might result also from poor mixing of unburnt
components with combustion air and/or too short residence time. Presence of unburned
volatiles in the grate ash supports this (see Section 3.4.1). Fuel blending with wood pellets
has shown to be effective in reducing CO-emissions from agro-pellet combustion. More-
over, use of technical-grade kaolin and starch do not negatively affect combustion and
associated emissions. Based on mean CO-emissions, additivation with 1.5 wt. % kaolin
could replace approximately 75 wt. % wood pellets in the fuel blends, reducing the amount
of wood resources required to achieve CO-emission reduction.

Previous studies on crop residue combustion reported average CO-emission values
from 15.6 mg/m3 (13 vol. % O2) up to approximately 2000 mg/m3. Studies on maize
and triticale pellet combustion by [6,63] reported average CO values of just 15.6 mg/Nm3

(related to 13 vol. % O2 and dry flue gas) and 78 mg/Nm3 (13 vol. % O2), respectively,
which are lower than CO-emissions from our study. On the other hand, studies by [59,64]
reported CO emissions from small-scale wheat straw pellet and hay briquettes combustion
to be approximately 500 mg/Nm3 and 2000 mg/Nm3, respectively, more in accordance
with our results. In general CO emission values of >1000 mg/Nm3 are characteristic
of manual heating units. On a input energy basis, Refs. [23,65] reported average CO
emissions of approximately 100 mg/MJ and 5.2 g/kg during the combustion of maize
and corn stalk pellets, respectively, both being lower than 640 mg/MJ and 9.8 g/kg CO-
emissions from our study. This again highlights the aforementioned need for more flexible
combustion systems, or systems designed for agropellet combustion which will enable
more complete combustion.

Kaolin has previously been proven effective in reducing CO-emission during com-
bustion of wood fuels [30,33,45,62]. Recently its application in combustion of herba-
ceous biomass and crop residues has been in the focus of attention [62]. Refs. [30,62]
reported a 50% and 92% decrease in CO-emissions from small-scale wood and poplar
pellet combustion with kaolin, respectively. Furthermore, Ref. [37] reported a decrease
in CO emissions from combustion of mixed pellets (straw and peat) in a 60 kW moving
grate burner after addition of kaolin. Even though the reason for CO-emission reduction
with kaolin is still not fully clear, one explanation could be the catalytic effect of alkali
metals with kaolin [30,66,67]. Increase of specific surface and porosity of kaolin after calci-
nation [68]—heating and transformation into meta-kaolinite >585 ◦C, facilitates oxidation
of organic residues present in the ash, as well as ash-forming elements. However, further
research is needed. Mixing kaolin with feedstock before pelletization seems to be the ap-
propriate way of applying additives in pellet combustion, supported by findings from [62],
which recorded reduction of PM-emissions when kaolin was added to the feedstock before
palletization but an increase in emissions when kaolin was introduced to the pellets later
in the combustion chamber.

Based on aforementioned results, it can be concluded that the synergy of (1) modern
combustion systems—equipped with control and active ash removal systems and (2) fuel-
related measures such as additivation and fuel processing (pelletizing), can considerably
improve combustion efficiency thereby facilitating emission reduction. This was illustrated
by lower CO-emission values from combustion of additivized and pelletized crop residue
in a modern pellet oven.

3.3.2. Total Particulate Matter Emissions

Results. Analogue to CO-emissions, there is a strong correlation between TPM-
emissions and corn cob share in the fuel blend (Pearson coef. 0.98). Mean TPM-emission
from corn cob pellet combustion is 11 times higher than that from wood pellet combustion



Energies 2021, 14, 4548 12 of 23

(Figure 4). Reductions of approximately 48 wt. % and 36 wt. % were measured with
the addition of 1.5 wt. % of kaolin (with binder) and 1 wt. % kaolin (without binder)
respectively, in comparison with TPM-emissions from combustion of non-additivized corn
cob pellets with and without binder, respectively.

Discussion. Based on our results, only combustion of up to 25 wt. % corn cob pellets
in fuel blends would be in line with regulatory requirements. This allows for a strongly
limited fuel flexibility within the heating period and does not allow an independence
from the wood pellet market. Increased TPM-emissions from corn cob pellet combustion
could be traced back to lower mechanical durability, leading to increased fines content
generation from fuel manipulation and feeding, in combination with increased fuel ash
content [4,69,70]. Observed reductions with kaolin are in line with respective results on
CO-emissions. We observed no negative effects of applying technical-grade kaolin and
starch on TPM-emissions.

The largest reduction in TPM-emissions (achieved with 1.5 wt. % kaolin) is not in
line with stoichiometric calculations [53], according to which 2.8 wt. % kaolin should be
added for complete K sorption in the grate ash (based on K and Al content in biomass
and kaolin). Increased amount of ash in a relatively small combustion chamber could
have prevented full burnout, as suggested by the increase in CO-emissions with 2 wt. %
kaolin in comparison with CO-emission with lower amounts of kaolin (consequently also
lower amount of ash). It was shown in a previous lab-scale study that assessment of
optimal additive content based solely on stoichiometric considerations (of alkali binding
using kaolin) is not advisable [71]. Furthermore, it is known from experience in this
study and from previous studies [53,62] that increased contents of kaolin lead to grate
ash entrainment. This could be another reason for increased TPM-emissions with 2 wt. %
kaolin, even though this amount is closer to the theoretically optimal amount of 2.8 wt. %. If
additional real-scale related parameters are considered, such as loss of additive during and
after palletization and combustion technology (fuel- and air-feeding), stoichiometrically
optimal additive content could serve as a starting point. However, each case (fuel and
combustion technology) should be individually analyzed. With total particulate matter
emission reduction as the main goal and with experimental results in mind, the optimal
share of kaolin would be between 1 wt. % and 2 wt. %, possibly 1.5 wt. %. However,
detailed investigation for the verification of the attained results is needed.

In comparison with our results, Refs. [6,59] reported lower values of PM-emissions,
92 mg/Nm3 and 180 mg/Nm3 from corn cob (after the multi-cyclone) and hay briquette
combustion. Refs. [64,72] measured mass concentration of particles from combustion of
triticale pellets and wood pellets/briquettes to be 183 mg/Nm3 (13 vol.% O2) and between
34 and 240 mg/Nm3, more in line with our results. Ref. [73] reported PM-emissions
from agropellet combustion in small-scale units to range from 13.8 (for reed canary grass
pellets) to 657.7 mg/Nm3 (for sunflower husk pellets). Authors attribute low Si content
of sunflower husks as a potential cause of high emissions, due to a lack of silicates to
facilitate alkali sorption in the bottom ash. When comparing emissions on an input energy
basis, Ref. [23] reported TPM- emissions from maize combustion to be 90 mg/MJ, whereas
TPM-emissions from our study are 143 mg/MJ, somewhat higher than the values from
aforementioned study, but within a similar order of magnitude. TPM-emissions from the
combustion of corn stalk pellets by [65] were 88 g/kg, whereas those from our experiments
were lower, on average 2.2 g/kg.

Effectiveness of fuel blending for TPM-emission reduction matches previous findings.
Ref. [46] investigated the fuel blends of pinewood, Miscanthus, and straw and concluded
that increasing straw share in the blends coincides with an increase in total particulate
matter (PM) emissions (but not with CO emission increase). The optimal blend share was
found to be 70 wt. % wood with 30 wt. % Miscanthus. They also found that a blend of
50 wt. % wood with 50 wt. % Miscanthus meet the requirements (emission limit values) of
the EN 303-5 standard in real-life conditions.
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TPM-emission reduction of approximately 40 to 50% is supported by previous studies
on crop residue combustion with kaolin [30,33,42,45,62,74]. Previous studies support the re-
duction of particulate matter emission through the use of kaolin as an additive [30,47,65,75].
For example, Ref. [42] investigated the addition of kaolin to herbaceous biomass pellets and
discovered that 4 wt. % kaolin does indeed significantly reduce PM1 emissions (p < 0.01) in
Miscanthus and tall fescue pellets (with Miscanthus over 50% and with tall fescue pellets
over 40% from 300 mg/m3 to 200 mg/m3). Ref. [73] reported the reduction of PM1 emis-
sions during oat combustion with kaolin addition: from 0.49 g/kg to 0.29 g/kg, in line with
our findings. Our total PM emissions using isokinetic sampling and a filter unit amounted
to ca. 2.2 g/kg from corn cob pellet combustion and with 1 wt. % kaolin it was reduced
to 1.6 g/kg.

3.4. Composition of Solid Combustion Products

Distribution of major ash- and particulate matter forming elements can give insight
into reactions taking place in the ash during combustion, enabling the evaluation of the
effectiveness of applied measures. In the following section, chemical composition of solid
combustion residues will be presented and discussed, with the focus on alkali behaviour
during combustion.

3.4.1. Grate Ash

Results. Concentrations of K, Al, and volatiles in g per kg of fuel (g/kgFUEL) deter-
mined by wet chemical analysis (AAS and IC) are presented in Figure 6, whereas crystalline
phases identified by XRD are found in Table 4 Concentration of K (g/kgFUEL) in the GA
rises with increasing share of corn cob pellets in the fuel blend, as well as with kaolin
addition (indicating K sorption in the grate ash). Products of incomplete combustion are
detected in all GA samples, slightly increasing with increasing share of corn cob pellets and
further decreasing with the increasing share of kaolin. Most common crystalline phases
in fuel blends where wood pellets are dominant were SiO2, CaCO3, and CaMn14SiO24,
whereas KCl and K2CO3 replaced silicates in fuel blends.
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Table 4. Crystalline phases identified in the grate ash (GA) samples (for experimental list see Table 2).

Crystalline
Phase WP 12.5CCP 25CCP 50CCP CCP CCPB CCPB0.5KAO CCP1KAO CCPB1.5KAO CCP2KAO Literature

SiO2 x x x [43,76–81]
CaCO3 x x x [30,47,78,82–86]

KCl x x x [30,79,81,85,87–89]
MgO x x [30,43,47,81,83]

K2CO3 x x
CaMn14SiO24 x x x [90]

KAlSiO4 x x x [63,78,79,85]

Discussion. Increasing concentrations of K and unburned material with increasing
shares of corn cobs in the fuel blend can be traced back to higher contents of alkali in corn
cob and to the fact that pellet oven was designed and optimized for DINPlus-certified
wood pellet combustion. These findings are supported by the increase in CO-emissions
with increasing share of corn cob pellets in the fuel blends (incomplete combustion). Low
concentrations of volatiles in grate ash samples with kaolin are in line with CO- and TPM-
emission reduction after additivation. Increased contents of Al with increasing kaolin
content (Figure 3) illustrate the dilution of the grate ash with additive, which should also
be taken into consideration when assessing K enrichment and sorption in the GA.

Sorption of K in the grate ash with kaolin is supported by XRD findings (Table 4).
In the sample with 1.5 wt. % kaolin (CCPB1.5KAO) high-temperature stabile crystalline
K-Al-silicates, which are the products of kaolin decomposition into meta-kaolinite and
subsequent reactions with K-species, were identified, but not in the sample with 0.5 wt. %
kaolin (CCPB0.5KAO), indicating that 0.5 wt. % kaolin in the fuel is not enough to bind K
in the ash. Active mechanisms for the reduction of TPM-emissions with kaolin are chemical
reactions between alkali-compounds such as KOH, KCl, and K2SO4, and meta-kaolinite,
incorporating K into temperature-stabile silicates such as KAlSiO4 in the ash. Adsorption
of alkalis on meta-kaolinite is also dependent on intraparticle diffusion, which is enhanced
due to porous nature of additive after calcination [66–68]. The enrichment of K in grate ash
samples with 1.5 wt. % kaolin is supported by low TPM-emissions from this experiment.
However, despite the K enrichment in the grate ash with 2 wt. % kaolin respective TPM-
emissions were increased due to ash entrainment.

Other main ash-forming elements Ca, O and Si are possibly present in the form of
CaO, SiO2, and CaCO3 in the GA samples where wood pellets are dominant, supported by
XRD findings. Carbon is possibly present in the form of alkali- and earth alkali-carbonates,
whereas the rest could consist of K2O and CaO; supported by results from XRD, where
SiO2, CaCO3 and MgO were detected. Crystalline CaCO3, KCl, and K2CO3 found across
grate ash samples indicate lower temperatures in the combustion chamber, since their
melting points are 825 ◦C, 760 ◦C, and 891 ◦C [76–78], and are expected to be released
during combustion in the form of CO2, and KCl(g), leaving CaO in GA.

Results are in line with previous findings [30,41,79–81] regarding the presence of
products of incomplete combustion in the grate ash [62] as well as regarding K-Al-silicates
in the grate ash with kaolin [28,74] and K2O in the grate ash. The presence of silica, calcite,
and CaO is in accordance with the results from the combustion of wood [79–81]. Alumina
and magnesia are expected crystalline phases in ash samples from the combustion of wood
pellets; this is also in accordance with previous literature results [30,40].
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3.4.2. Particulate Matter

Results. Concentrations of K2O, Cl−, and SO4
2− in mg/m3 of dry flue gas at 10 vol. % O2,

determined by wet chemical analysis (AAS and IC) are found in Figure 7. All three
aforementioned particulate matter-forming species are enriched in the TPM with increasing
corn cob content, whereas this trend is reversed with the application of kaolin as additive
(with the exception of 2 wt. % kaolin).
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Figure 7. Concentrations of main components in TPM (for experimental list see Table 2).

Micromorphological scans of selected TMP samples determined by scanning electron
microscopy (SEM) are found in Figure 8. TPM sample from WP combustion (Figure 8a) is
characterized by a uniform structure of ultrafine particles (<100 nm), agglomerating to form
clusters of several µm. However, two distinct structures can be observed in SEM images
of TPM samples from the combustion of other fuels (Figure 8b–e): (1) primary network
made of larger polyhedral and spherical particles approximately 1 µm in size, on top of
which (2) smaller secondary network of square-prism-shaped particles of approximately
200 nm in size. In the case of additivized corn cob pellets, focused spot scans again
identified “primary network” structures as KCl, on top of which two distinct groups of
agglomerations or “secondary network” seem to be formed: (1) one bigger group formed
of KCl and K-Al-silicates (e.g., 4 ** in the Table 5 CCP1KAO TPM), (2) smaller groups
formed from K2SO4. Molar K/(Cl + 2S + Al) ratios of surface and spot scans indicate that
main PM-forming compounds are KCl and K2SO4, KCl being dominant in TPM samples
from CCP combustion, whereas K2SO4 is the main compound present in TPM from WP
combustion. According to surface and spot scans by Energy Dispersive X-ray Spectroscopy
(EDS), all samples contain C, besides K, S, O, and Cl (Table 5). For images of PM samples
with regions scanned by EDS, see Appendix A.
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(norm, wt. %) WP TPM 50 CCP TPM CCP TPM CCP1KAO TPM CCP2KAO TPM

1 * 2 ** 1 ** 2 ** 3 * 1 * 2 ** 3 * 1 * 2 * 3 ** 4 ** 5 ** 1 * 2 ** 3 ** 4 ** 5 **

K 19.1 22.2 57.4 36.1 43.1 35.9 36.0 35.0 38.2 39.4 54.5 35.9 59.5 26.7 24.3 45.0 46.3 40.9
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O 14.5 15.9 - 26.8 12.3 15.5 18.0 15.5 9.0 8.5 - 36.8 - 11.4 10.7 5.9 7.5 15.2
Cl 7.7 8.4 42.6 8.4 23.3 26.0 25.5 25.4 30.2 32.2 45.6 6.8 40.5 19.3 18.3 32.4 32.4 23.9

K/Cl *** 2.3 2.4 1.2 3.9 1.7 1.3 1.3 1.3 1.2 1.1 1.1 4.8 1.3 1.3 1.2 1.3 1.3 1.6
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Discussion. The correlations between fuel properties driving the TPM formation and
TPM-emission are illustrated in Figure 9. TPM-emissions in mg/m3 (standard conditions
and 10 vol. % O2) are compared with K recovery in the grate ash (concentration of K
in the grate ash relative to concentration of K in the biomass) in %, and molar ratio
K/(Cl + 2S + Al) in the biomass. There are strong correlations between aforementioned
molar ratio and TPM-emission as well as between the molar ratio and K recovery in the
ash (Pearson coef. 0.83 and 0.85, respectively). Point (1) in the Figure 9 with the lowest
TPM-emission and lowest molar K/(Cl + 2S + Al) ratio represents WP combustion (low K
content), whereas highest point in this plane (2) is associated with non-additivized CCP
combustion (high K content). After kaolin addition Si content of biomass increases enabling
even better K sorption in the corn cob GA (3) (lower molar ratio due to increased Si content).
On the other hand, K recovery in the grate ash shows a reverse trend, indicating that K is
massively released into the gaseous phase during wood combustion (due to low Si content
in the WP GA), whereas higher percentage of K is bound in the grate ash during corn cob
combustion (due to high Si content). This is why in some studies biogenic silica is added
to woody biomass to bind alkali in the GA [2]. However, even though there is increased
Si content in corn cob in comparison to wood, it is not enough to bind extremely high K
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amounts. This is where kaolin takes the role of external reactive Si source and binds alkali
in K-Al-silicates. Effect of kaolin addition is evident: both TPM-emission and molar ratio
K/(Cl + 2S + Al) are reduced, but K sorption (recovery) in the GA is increased.
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Increased contents of K, SO4
2−, and Cl− in TPM in Figure 7 with increasing share

of corn cob material in the fuel blends follow the same trend observed in GA samples
(Section 3.4.1) and can be traced back to the (1) content of ash forming matter in the fuel, and
(2) K speciation. Release of K, Cl, and S is generally reliant on vaporization-condensation
mechanism, which also depends on their speciation in the plant. K and Cl are mainly
found as free ions in the plant fluids’ solution and precipitate as salts during drying. Exact
association and distribution of K and Cl in the biomass, however, depend on plant species,
growth conditions, and handling (weathering, leaching etc.) [82]. If K is present in inorganic
form it is released as KCl at temperatures >700 ◦C, whereas if present in organic form, it is
released as gaseous K or K2O. These species then react with HCl, water vapor or CO2 to
form gaseous KCl, KOH, and K2SO4(g), which react with each other in the gaseous phase
(Equations (2)–(4)) and subsequently go through nucleation (during cooling), followed
by coagulation, heterogenic condensation and agglomeration, forming total particulate
matter, or are adsorbed on top of existing coarser particulates [64,83,84]. S is, on the
other hand, partially metabolized and incorporated into the organic matter of the plant.
Sulphation could potentially influence the formation of condensation structures even with
same amount of S in the biomass [85], e.g., deposits from corn stover combustion (major
association of S in organic form) are different than those from wheat straw combustion
(higher fraction of S in sulfate form) [85]. During combustion organically bound S is
released in the form of SO2 during devolatilization stage and less S is available to be released
later during thermal decomposition of inorganic matter (>700 ◦C) [86]. Therefore, since S is
mainly bound in organic matrix in corn plant, high-temperature release, sulphation and
condensation of S-compounds in the TPM will have a subordinate role to KCl [85].
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2 KOH(g) + SO3(g)+→ K2SO4(g) + H2O(g) (2)

KOH(g) + HCl(g) → KCl(g) + H2O(g) (3)

2 KCl(g) + SO2(g) + H2O(g) +
1
2

O2(g) → K2SO4(g) + 2 HCl(g) (4)

2 KOH(g) + SiO2 → K2O·SiO2 + H2O(g) (5)

2 KOH(g) + Al2Si2O7 → 2 KAlSiO4 + H2O(g) (6)

2 KCl(g) + Al2Si2O7 + H2O(g) → 2 KAlSiO4 + 2 HCl(g) (7)

K2SO4(g) + Al2Si2O7 → 2 KAlSiO4 + SO3(g) (8)

Silicates and aluminosilicates in the GA show great affinity towards gaseous K
(Equation (5)). K sorption in silicates occurs during char burnout phase when Si and
K are in contact after the destruction of the organic matrix [2]. However, the incorporation
of K in silicates is inhibited by the presence of Ca and similar cations in the cell wall [86]
and low content of Si, as is the case with wood pellet combustion. That is why only half
of total K amount is recovered in the grate ash during wood combustion. However, due
to overall lower K amount respective TPM-emissions are lower. The presence of Si in the
grate ash of corn cob in this case acts as K sorbent and prevents full K release in the flue gas.

On the other hand, decreasing trend of K, SO4
2−, and Cl− concentration (mg/m3) in

TPM samples (Figure 7) with increasing kaolin content indicates the reduction of K release
into the gaseous phase. This is achieved through chemical reactions between released
volatile species KOH(g), KCl(g), K2SO4(g) (Equations (2) and (3)) and meta-kaolinite in the
grate ash at temperatures 800–1200 ◦C (Equations (6)–(8)), forming KalSiO4 (supported
by XRD findings and results from Figure 9), whereas SO4

2−, and Cl− are released in the
gaseous form through reactions described in Equations (7) and (8). Increased values of
K, SO4

2−, and Cl− concentrations in the flue gas in the case of 2 wt. % kaolin are due to
increased overall TPM-emission with 2 wt. % kaolin (Table 3), which in turn influences the
specific concentrations of elements per m3 of dry flue gas.

Molar ratios from Table 5 indicate that TPM from WP combustion is mostly made
of KCl and K2SO4 (molar K/(Cl + 2S) ratio approximately 1 on surface scan), but addi-
tionally carbonaceous matter (probably soot) and possibly other K-species such as K2CO3
(K/(Cl + 2S + Al) ratio 2.4 in spot scan). According to calculations where KCl is preferably
formed, followed by K2SO4, and K2CO3, TPM WP sample is composed of approximately
23 wt. % K2SO4, 16 wt. % KCl, 4 wt. % K2CO3, and 6 wt. % K2SiO3, indicating that K2SO4
is the main component of TPM from wood pellet combustion. In fuel blends, KCl takes
on the dominant role: approximately 49 wt. % and 54 wt. % of the 50CCP and CCP TPM
samples is composed of KCl, followed with 34 wt. % and 17 wt. % by K2SO4, and C with
14 wt. % and 18 wt. %, respectively. Based on EDS scanning (Table 5), aforementioned
“primary network” is made of KCl, and the “secondary network” of >50 wt. % K2SO4,
18 wt. % KCl, 9 wt. % soot, and 4 wt. % K2CO3. Therefore, KCl is the main condensing
K-salt from the combustion of corn cob pellets, whereas K2SO4 seems to be more important
in the combustion of wood pellets. Similar results are observed for surface scans of addi-
tivized TPM samples, with and exception regarding targeted spot scans with molar ratio
of K/(Cl + 2S + Al) of 1.8, which reveal the presence of other K-species, more specifically
K-Al-silicates. The presence of Al and Si in the spot scan of total particulate matter from
samples with kaolin is most likely caused by fragmentation of K-Al-silicates, entrainment
into the flue gas, and coalescence.

The dominant role of KCl, the presence of KCl primary network, and our findings
regarding composition, association of elements, and microstructure of TPM are supported
by results from previous studies [6,72,86,88,89], which report presence of clinker-shaped
particles and cluster agglomerations dominated by KCl in PM1 from corn stover combus-
tion (KCl, K2CO3, and KOH which form through solid-gaseous-particle pathway), whereas
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PM2.5 is composed of Si, K, Ca, and Mg. Our findings are also in accordance with those
from [89], who reported that fine particles from wood combustion mainly consist of ag-
glomerates of few primary particles characterized by a compact structure. The presence of
K2SO4 and carbonaceous soot as main total particulate matter components from residential
wood combustion (soot release due to low temperatures in combustion chamber) are in
accordance with findings from [30,59,63,88,89]. The presence of carbonaceous matter in
PM is in accordance with previous studies regarding wood pellet combustion [30,63,89].
Soot was reported to be one of the main components of particulate matter from residential
wood combustion (due to incomplete combustion with low temperatures in small scale
units) [59,88]. Studies by [89,90] reported that alkali and earth alkali silicates are responsi-
ble for the formation of coarser TPM particles, further exacerbated via the entrainment of
kaolin from grate ash, supporting our findings. Reduction of K concentration in the TPM
with kaolin with contrasting information regarding SO4

2−, and Cl− behavior is supported
by previous studies [25,26,30,42,91].

4. Conclusions

In order to improve corn cob fuel properties, making it more appropriate for use in
small-scale heating units in rural areas, fuel-related measures such as additivation of corn
cob pellets with kaolin and fuel blending with wood pellets have been investigated in this
study. With the aim of mitigating total particulate matter (TPM) emissions, additivized
and non-additivized corn cob pellets, as well as fuel blends consisting of wood and corn
cob pellets, were combusted in a 8 kW state-of-the-art pellet oven under full load.

Fuel-related measures were successful in reducing TPM-emissions (in comparison
with non-additivized corn cob pellet combustion as reference), as follows:

• Blending 50 wt. % corn cob pellets with 50 wt. % wood pellets resulted in 60 wt. % and
64 wt. % reduction in TPM-emissions and CO-emissions, respectively. Fuel blending
influences TPM-emissions by reducing total K content of the fuel.

• Using 1.5 wt. % kaolin as additive, resulted in approximately 48 wt. % and 89 wt. %
reduction in TPM- and CO-emissions respectively, as observed. Kaolin binds volatile
alkali metals in high-temperature stabile K-Al-silicates in the grate ash, thereby min-
imizing TPM-emission and preventing ash sintering. However, entrainment of ash
into the combustion chamber was considerable due to increased ash content.

TPM from corn cob combustion consists primarily of KCl, whereas K2SO4 is the domi-
nant compound in the TPM from wood pellet combustion. Decreasing trend of K, SO4

2−,
and Cl− concentration in the TPM has been observed with kaolin addition. Morphologically
TPM consists of a “primary network”—polyhedral and spherical particles approximately
1 µm in size and mainly composed of KCl, and a “secondary network” built on top of the
primary network, consisting of square-prism-shaped particles of approximately 200 nm
in size.

Overall, it has been shown that low-cost fuel-engineering measures are effective in
reducing TPM- and CO-emissions and preventing ash sintering during combustion of
crop residues in small-scale combustion units. This in turn can not only contribute e to
increased air-quality and minimize associated health risks, but also facilitate renewable
heat provision and energy independence of rural regions. Based on the results of this
study, fuel-upgrading procedures can be further developed with the aim of enabling more
environmentally friendly thermochemical biomass utilization in small and medium scale
them in rural regions.

Further research is necessary to find the optimal amount of kaolin, which requires
adjustment of state-of-the-art method (stoichiometrically calculated amount of kaolin) in
pilot- and real-scale applications to take additional parameters such as combustion chamber
size and possible entrainment of grate ash into the flue gas into consideration. In addition,
the effect of kaolin on CO-emissions reduction and particle size distribution of emitted
particulate matter should be investigated in more detail. Moreover, even though significant
TPM-emissions has been achieved by applying primary measures, additional low-cost
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relatively simple secondary flue gas treatment appliances, such as cyclones, should be
investigated in order to meet emission limit values stipulated by the ever-stricter legislative.
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SEM images of surface and spot scans by EDS are found in Figure A1. 

    
(a) (b) (c) (d) 

   

 

(e) (f) (g)  

Figure A1. TPM samples with scanned regions (a) WP; (b) 50CCP; (c) CCP; (d) CCP1KAO (1); (e) CCP1KAO (2); (f) 
CCP2KAO (1); (g) CCP2KAO (2). 
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CCP2KAO (1); (g) CCP2KAO (2).
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