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This paper investigates the potential energetic utilization of wheat chaff via combustion

and necessary process steps such as pretreatment and pellet production as an example

of stramineous biomass. Chaff is one out of three main fractions during harvesting and

remains usually on the field. Vice versa, it is a potentially so far unexploited biomass

resource, which could serve as renewable energy source. Simultaneously, exploiting

wheat chaff could intensify the economic benefit of agricultural land use. The combustion

application requires choosing an applicable firing system adjusted to the properties of

chaff. The economic feasibility of the combustion application depends strongly on the

technical effort, which depends on the fuel. Chaff consists mainly of husks and straw.

Due to the low ash melting point and the high chlorine content of straw, it can be

advantageous for the combustion to remove short straw from the chaff by sieving.

To evaluate the combustion properties of presorted and original chaff the elemental

composition, the net calorific value, the volatiles and ash content and the ash melting

behavior were determined. The efficient logistic of chaff is decisive for its economic

exploitation. This is in conflict with the low bulk density of chaff and the resulting

high storage volume. Compressing chaff into pellets optimizes its handling. This vital

step for an economic exploitation of chaff was therefore investigated by this study.

Parameters such as water content of the feed, addition of binders and the geometry

of the pressing die bores influence the pelletizing success significantly. Thus, these

parameters were investigated in this study. The resulting pellets were characterized with

standardized methods and compared to the requirements of EnPlus standards in terms

of mechanical durability, amount of fines, bulk density and final moisture content. Finally,

combustion experiments in a Large-scale Oven for Kinetics Investigation characterized

the burnout behavior of the produced pellets. This was compared to pine wood pellets

as conventional fuel. The performed investigations show that the pellet production and

the subsequent combustion of wheat chaff pellets is a feasible approach for an energetic

utilization.

Keywords: wheat chaff, stramineous biomass, harvest residues, energetic utilization, weed reduction concept,

pellet production, densification, combustion behavior
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INTRODUCTION

Since the EU Directive on the promotion of electricity produced
from renewable energy sources has become effective in 2001,
exploiting renewable energy resources is at the center of
ecopolitical attention. To achieve the goal of covering 20% of the
final energy demand in the EU from renewable sources by 2020,
the energetic usage of biomass residuals and the mobilization
of new biomass potentials are of vital importance (Directive
2009/28/EC, 2009). Using biomass residuals have the essential
advantages of not requiring an additional acreage and of not
competing with the food industry. Wheat chaff is such a biomass
residual with unexploited energetic potential. It is a side product
of annual harvesting and remains usually on the field. There, it
serves as humus and nutrient supplier for the soil. Depending
on farming practices and local conditions, such as climate and
soil type, crop residuals can be collected with a different rate
without affecting the soil balance (Cherubini and Ulgiati, 2010;
Monteleone et al., 2015). Weiser et al. (2014) estimate a removal
rate of 0.33 in order to provide a stable soil balance. The total
harvested material consists approximately of 50 %(w/w) corn, 25
%(w/w) straw and 25 %(w/w) chaff (Stern, 2010). With an annual
harvest of 152 Mt wheat and spelt in the EU-28, chaff represents
a biomass potential of 38 Mt/a (EUROSTAT, 2017). The net
calorific value of spelt chaff varies in literature between 15.1 and
16.8 MJ/kg (Kiš et al., 2017; Wiwart et al., 2017). Considering the
lowest calorific value of 15.1 MJ/kg and the removal rate of 0.33,
wheat and spelt chaff have a theoretical potential of 191 PJ/a in
the EU.

However, collecting chaff comes with more advantages than
making an unexploited energy source available. Agricultural
production is increasingly fighting with weed infestation of
herbicide resistant weeds (Jacobs and Kingwell, 2016; Peterson
et al., 2017). According to the international survey of herbicide
resistant weeds, the number of resistant weeds doubled from
1998 until 2017 globally (Heap, 2018). During harvesting most
of the harvested weed seeds end up in the chaff fraction and
thus the collection of chaff prevents weed seeds of entering the
soil bank (Walsh and Newmann, 2007; Douglas et al., 2013;
Chauhan, and Mahajan, 2014). Collecting chaff can enhance the
crop yield by lowering weed pollution in the following years.
Simultaneously a new biomass potential is created. From an
ecological point of view, the energetic use of chaff contributes
to a CO2-neutral and sustainable energy supply. Furthermore, it
generates additional economic benefit of agricultural fields and
intensifies the agricultural land use.

Chaff is a heterogeneous mixture, consisting mainly of husks
and straw. While the combustion and energetic use of straw is
already well investigated and applied, for chaff it is so far not
sufficiently studied. Chaff is expected to be a beneficial fuel for
combustion processes due to a low chlorine content and a high
ashmelting point (Stern, 2010; Heidecke et al., 2014). The low ash
melting temperature, the high ash content and the high content
of Cl, N and alkali metals increase the technical effort for the
combustion application of straw (Salzmann and Nussbaumer,
2001; Kaltschmitt et al., 2009;Wang et al., 2014). Pre-sorting chaff
to sort out straw can therefore be beneficial for the combustion

properties. It leads potentially to a lower technical and monetary
effort for the combustion application. Untreated chaff has a low
bulk density of around 56 kg/m3 (McCarntey et al., 2006). Its
usage is therefore connected with high transport and logistic
costs. Pelletizing chaff can optimize the logistics by reducing the
transport and storage volume. To evaluate the pelletizability of
chaff, optimized parameters need to be found.

This work provides a first comprehensive study about the
feasibility of exploiting chaff energetically via combustion. First
investigations and insights of the effect of pre-sorting, the
pelletizability of chaff and the combustion behavior were done.

MATERIALS AND METHODS

Wheat Chaff
The examined material is winter wheat chaff from a harvest in
Germany in 2015. The chaff was harvested by the company Claas
Selbstfahrende Erntemaschinen GmbH and stored sealed since
then. At the time of investigation thematerial had a water content
of 7.5 %(w/w). The original chaff fraction consists mainly of
husks with a length of 0.8 cm and straw with a length of 1–20 cm.
The bulk density is 34 g/L.

Used Devices
Pellet Press
The used pelletizing device is the press 14-175 by Amandus Kahl.
It is a flat die press (Figure 1). Dies with different l/d-ratio can be
applied. The dies differ in the length of the bores (l) and have a
bore diameter (d) of 6mm. A thermocouple allows checking the
temperature at the outer side of the die. The press is fed manually
from the top. The produced pellets fall onto a vibrating sieve with
a mesh size of 4mm and a total length of 1.3m.

Large-Scale Oven for Kinetic Investigations (LOKI)
The combustion experiments were carried out in a Large-scale
Oven for Kinetics Investigation (LOKI). Figure 2 shows the
schematic layout of the oven. The reactor itself is a tube out of
quartz glass with a diameter of 198mm and a length of 1610mm.
A gas-permeable frit separates the tube into two oven zones (OZ1
and OZ2). The oven allows heating up to 900◦C with a heating
rate of maximum 40◦C/min. The heating elements of the two
oven zones are regulated separately. The reactor setup provides
a defined atmosphere inside the oven zones. The lower oven zone
(OZ1) can be supplied by technical air, nitrogen or a combination
of both. The upper oven zone (OZ2) can be supplied by technical
air and serves as secondary combustion chamber for the released
gases. A flow regulator can set the volume flow of the respective
gases. The reactor setup provides kinetic information about the
sample mass and the sample temperature under heat exposure.

The sample mass is measured by a scale system. Therefore,
a wide-meshed glass fiber basket is mounted on a sample
suspension, which is connected to the scale. The sample is
placed inside the basket. To prevent an impact on the scale,
the scale system is purged continuously by nitrogen during
the experimentation. The core temperature of the sample is
measured by sticking the sample on a thermocouple type k
(thermocouple 1). The thermocouple is fixed at a flange, which
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FIGURE 1 | Used flat die press 14-175 by Amandus Kahl.

closes the lower part of the reactor. The sample suspension
and the flange are moved by pneumatic linear systems. At the
beginning of the investigation the sample is moved up into the
middle of the OZ1. Moving up takes 3 s. Due to the movement
the signal of the scale is disturbed. After reaching the end position
the mass loss can be recorded without interruptions.

A gas-analysis unit allows the measurement of O2, H2O, CO2,
and CO in the exhaust gas. H2O, CO2, and CO are measured
by nondispersive infrared technology (NDIR). O2 is measured
electrochemically. The gas pipe is heated to prevent condensation
of the exhaust gases.

The scale works on the vibrating wire principle. A
tensioned wire vibrates at its natural frequency after being
electromagnetically induced. The mass of the sample changes the
tension of the wire leading to a change of its natural frequency.
This is converted into a mass.

Experimental Procedures
Pretreatment
As pre-treatment, wheat chaff was sieved using a drum screen in
order to sort out straw. The sieve holes of the first half of the drum
screen are circular with a diameter of 8mm. The sieve holes of
the second half of the drum screen are elongated with a length
of 21mm and a width of 8mm. By pre-sieving, 20 %(w/w) of the

FIGURE 2 | Schematic layout of the used Large-scale Oven for Kinetic

Investigations (LOKI).

original chaff fraction was sorted out as coarse fraction consisting
mainly of straw. The fine fraction consists mainly of husks and
small thin straw of up to 5 cm. The bulk density of the fine
fraction is 50 g/L. The pelletizing and combustion experiments
were performed with the original chaff and the fine fraction.

Pelletizing
Each pelletizing trial was performed with a feedstock of 3 kg.
Initially the raw material was dried in an oven at 80◦C to ensure
a defined water content for the experiments. The coarse chaff
fraction f was milled with a cutting mill to a maximum size of
8mm to ensure a smooth feeding of the pellet press. The fine chaff
fraction did not require milling. The dry material and potential
binders were mixed with tap water to adjust the intended initial
water content for the pelletizing experiments. The mixing was
done in a conventional cement mixer for at least 20min or until
homogeneity of the mixture.

Prior to each test, the die was preheated until the
thermocouple on the outer side of the die showed >50◦C,
because the glass transition temperature of straw is between 53
and 63◦C (Whittaker and Shield, 2017). The die was preheated
by adding pre-grinded initial material to the running pellet press
until the desired temperature was reached due to friction. Once

Frontiers in Environmental Science | www.frontiersin.org 3 June 2018 | Volume 6 | Article 36

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Weiß and Glasner Energetic Use of Wheat Chaff

the temperature was reached, the feed was switched to the desired
feedstock. The produced pellets were collected after 5–10min
of pelletizing to ensure that the initial material was flushed out
completely. The feeding was done manually and continuously.
The speed of the rollers was adjusted depending on the pelletizing
flow. The pellets cooled down at room temperature and were
stored in a sealed box.

Combustion
The combustion experiments were performed with pellets
produced with an initial feedstock moisture content of 20
%(w/w). The water content of fine fraction chaff pellets was 9.3
%(w/w) and 9.7 %(w/w) for original chaff pellets respectively. The
combustion behavior was compared to the combustion behavior
of commercial pinewood pellets produced by EcoPowerPlant
Sp. Z o. o. with a water content of 6.3 %(w/w) (product code:
6BFM15W100). The chaff as well as pinewood pellets have a
diameter of 6mm and a length of 16–17mm. The weight of a
single pellet differed between 0.57 and 0.61 g.

The combustion experiments included experiments to
measure the core temperature and the mass loss of a single
pellet as well as of a bulk of seven pellets. The combustion was
performed in technical air atmosphere with 21 vol.% O2 with
a sudden sample supply into the hot oven. The volume flow in
OZ1 was set to 10 L/min and in OZ2 to 5 L/min. OZ2 was heated
up to a temperature of 1,000◦C. OZ1 was heated up to 900◦C.

In order to stick the pellet on the thermocouple a hole
of 1mm width was drilled into the pellet so that the top of
the thermocouple is located at the core of the pellet. After
10min when steady conditions prevailed, the sample was moved
upwards into the hot oven. The combustion experiments of a
single pellet were switched off after 600 s and for 7 pellets after
1,400 s respectively. Thereafter no further mass loss and volatile
release were recorded. All experiments were performed twice.

Evaluation Methods
Characterization of Chaff Fractions
The fine and the coarse chaff fraction were characterized
with regard to their elemental composition and the relevant
combustion properties.

The parameters were determined according to following
norms:

Net calorific value: DIN 51900 (comparable to DIN EN ISO
18125)
Ash content: DIN EN ISO 18122
Volatiles: DIN 51720 (comparable to DIN EN ISO 18123)
H2O content: DIN 51718 (comparable to DIN EN ISO 18134)
C, H, N: DIN 51732 (comparable to DIN EN ISO 16948)
S, Cl: DIN 51724-1 and DIN 51727 (comparable to DIN EN
ISO 16994)
Heavymetals, nutrients: following DIN 51729-11 (comparable
to DIN EN ISO 16967)
Ash melting behavior: DIN CEN/TS 15370-1

The calculation of the net calorific value on a wet basis (qnet;wb)
into the net calorific value on a dry basis (qnet;db) was calculated

according to

qnet,db =
qnet,wb × 100+ 2.443× w

100− w
[MJ/kg] (1)

w = water content[%(w/w)]

following Kaltschmitt et al. (2009).

Evaluation of the Pelletizing Success
The moisture content, the pellet durability Index (PDI), the bulk
density (BD) and the amount of fines classify pellets. The pellet
formation rate (PFR) is relevant to assess the pelletizing process.

Moisture content
To determine the moisture content, a sample of 300 g (mw) dried
in an oven at a temperature of 80◦C. After 24 h the sample weight
was measured and the sample was placed back to the oven. After
48 h the sample was taken out of the oven and the weight (md)
was measured again. If there has been no further mass loss, the
moisture content (xm) was calculated according to

xm =
mw − md

mw
× 100 [%(w/w)] (2)

Pellet durability index (PDI)
To evaluate the mechanical stability of the pellets, the durability
of the produced pellets was determined according to DIN EN
ISO 17831-1. 500 g of pellets (m0) were placed in a rotating
box containing an impact crusher. The box rotated 50 times per
minute for 10min. Afterwards the sample was sieved with a hole
size of 3.15mm. The final weight of the coarse fraction (mf) was
measured and the PDI was calculated according to

PDI =
mf

m0
× 100 [%] (3)

Bulk density (BD)
The bulk density of pellets was determined by using a test volume
of 1 L. The mass, which filled a volume of 1 L after slight shaking,
was measured. This relation is the bulk density in g/L.

Amount of fines
To quantify the abrasion of the pellets the amount of fines (xf)
was determined following DIN EN ISO 18846. Approximately
500 g of pellets (m0) were sieved manually. The used sieve had
a hole size of 3.15mm. The sieve was filled so that the surface
was covered with one layer of pellets. The amount of fines was
calculated according to

xf =
mfines

m0
× 100 [%]

(4)

Pellet formation rate (PFR)
The PFR was evaluated by measuring the mass (mP), which
was collected behind the vibrating sieve as pellets and the mass
(mu), which trickled through the vibrating sieve as uncompressed
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material. The PFR is an orientation to quantify the pelletizing
success and is given as

PFR =
mP

mP +mu
× 100 [%] (5)

RESULTS

Characterization of Chaff Fractions
Table 1 shows the elemental composition of the fine and the
coarse chaff fraction as well as the weighted average of both. 80%
fine and 20% coarse fraction represent the original chaff. Pre-
sorting chaff decreases the Cl content significantly. In addition,
the content of the alkali metals K and Na are lower in the fine
fraction compared to the original chaff. The Si content in contrast
is increased. The N content of all chaff fractions is with 0.508
to 0.668 %(w/w) high in comparison to conventional biomass
fuel such as wood. Table 2 shows further determined properties
relevant for the combustion. The fine fraction has a 7% higher ash
content compared to original chaff. The slightly lower calorific
value of the fine fraction corresponds to the higher ash content.

Figure 3 shows the measured characteristic temperatures of
the ash melting behavior. The sintering starts for all fractions
below 800◦C. While the coarse fraction starts to deform at
temperatures below 1,000◦C, the fine fraction and the original
chaff have a significantly higher deformation temperature (DT)
of >1,300◦C. One determined DT of the fine fraction is
with 1,095◦C significantly lower than the DT of the other
measurement with 1,377◦C. This can be explained by the
determination procedure. For the determination a software
evaluates the shape of the sample and characterizes it using a
form factor. The software defines the DT as the temperature
at which the form factor of the sample is 15% different to the
form factor of the original sample. The change of the form factor
does not necessarily need to be caused by rounding of the edges
due to melting. Therefore, the determination of especially the
DT is subject to errors. Thus, this outlier is likely due to the
software evaluation. The hemisphere and the flow temperature
of pre-sieved chaff and the original chaff are above 1,500◦C.
These values are comparable with the flow temperature of wood
(Kaltschmitt et al., 2009). For the coarse fraction in contrary,
the flow temperature is only slightly above 1,200◦C. An effect of
sorting cannot be noted by the determined values. The high ash

melting temperatures of pre-sieved chaff and the original chaff
can be explained by the higher Si and the lower K content in the
fine fraction compared to the coarse fraction (see Table 1; Stern,
2010).

Pelletizing Experiments
The pelletizing success strongly depends on the used die and the
moisture content of the feedstock. Furthermore, binders can be
applied to improve the pelletizing success. The influence of the l/d
ratio of the die, the moisture content of the feed and the addition
of starch as a potential binder are discussed in the following.

Effect of l/d
Changing the die in an industrial pellet press requires high
technical effort. It is therefore preferable to choose a die, which
is suitable for a wide range of feedstock parameters. To decide
which die to use for further experimentation, the fine fraction
was pelletized using a die with a l/d-ratio of 4 (= die 4) and of
5 (= die 5) at initial moisture contents of 12, 16 and 20 %(w/w).

During pelletizing it was observed that a higher l/d-ratio leads
to increased evaporation and therefore to drier material. This is
confirmed by the final moisture contents of the produced pellets.
All determined pellet characteristics are summarized in Table 3.
In case of dry material with an initial feedstock moisture content
of≤ 16 %(w/w), a higher l/d-ratio decreased the pellet formation
and impeded the pelletizing process. At a moisture content of
12% the pelletizing process was difficult with both dies. The
pellet press often got jammed and dust trickled through the die
along with marginal pellet formation. With die 5 the process was
terminated as the press got jammed too often. At a moisture
content of 16% similar problems occurred with die 5. The
pelletizing process became difficult when the material becomes
too dry due to evaporation. With die 4 the problems diminished
and the pelletizing was smooth. At a moisture content of 20
mass-% the pelletizing was smooth with both dies. The pellets
produced with die 5 exhibited better durability, a higher bulk
density and a lower final pellet moisture content (see Table 3).

The experiments with different dies showed that pelletizing at
a moisture content of 16% with die 4 and at a moisture content
of 20% with die 5 exhibited good pellets in combination with
an easy pelletizing. Overall, the pellets produced at 20% with
die 5 showed the best characteristics of all produced pellets.
Considering that die 4 only exhibited acceptable results at a

TABLE 1 | Elemental composition of chaff fractions after sieving in %(w/w) on a dry basis (averaged values with standard deviation).

C H N S Cl K Ca Mg Na Si

Fine fraction 44.4

(±0.2)

5.430

(±0.08)

0.668

(±0.164)

0.070

(±0.009)

0.053

(±0.005)

0.526

(±0.025)

0.103

(±0.025)

0.043

(±0.010)

0.008

(±0.001)

3.450

(±0.19)

Coarse fraction 46.0

(±0.6)

5.519

(±0.096)

0.508

(±0.052)

0.095

(±0.008)

0.155

(±0.003)

0.852

(±0.05)

0.139

(±0.016)

0.044

(±0.003)

0.023

(±0.005)

1.788

(±0.213)

Chaff (Weighted average*) 44.7 5.448 0.636 0.075 0.073 0.591 0.112 0.043 0.011 3.117

Wood** 50.1 6.1 0.090 0.010 0.010 0.044 0.09 0.017 0.004 0.038

1 Fine fraction
Chaff

[%] −0.7 −0.3 +5.0 −6.7 −27.4 −11.0 −8.00 0 −27.3 +10.7

*80% fine chaff fraction and 20% coarse chaff fraction. **values taken from Amand et al. and referred to the dry material incl. ash (Amand et al., 2006).

C, carbon; H, hydrogen; N, nitrogen; S, sulfur; Cl, chlorine; K, potassium; Ca, calcium; Mg, magnesium; Na, sodium; Si, silicon.
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TABLE 2 | Determined parameters on a dry basis (averaged value with standard

deviation).

Net calorific

value [MJ/kg]

Ash content

[%(w/w)]

Volatiles

[%(w/w)]

Fine fraction 16.14 (±0.09) 8.36 (±0.31) 85.10 (±1.36)

Coarse fraction 16.83 (±0.30) 5.55 (±0.42) 86.89 (±0.63)

Chaff (Weighted average) 16.28 7.80 85.46

Wood* 18.6 0.5 81.49

*values taken from Amand et al. and referred to the dry material incl. ash (Amand et al.,

2006).

FIGURE 3 | Characteristic temperatures of the ash melting behavior of

different fractions (double determination).

TABLE 3 | Characteristics of produced pellets with different dies and from

feedstocks with different initial moisture content.

Water content 12% 16% 20%

l/d 4 5* 4 5 4 5

Final moisture content

of pellets [%(w/w)]

8.3 n/a 10 6.3 13.3 9.3

Bulk density [g/L] 631.0 n/a 624.7 700 434.4 677.5

PDI [%] 87.6 n/a 97.6 89.8 96.4 98.6

Amount of fines [%] 0.8 n/a ≤0.2 0.6 ≤0.2 ≤0.2

*Experiment aborted as the press got jammed too often.

moisture content of 16%, die 5 was chosen to examine a wider
range of initial moisture contents for the pelletizing process.
Furthermore, the difference of pelletizing the original chaff and
the fine fraction was examined using die 5.

Effect of Initial Moisture Content
To analyze the effect of the initial moisture content of the
feedstock only the experiments performed with the same die
(die 5) are compared. The effect was investigated for the fine
fraction as well as for the original chaff by varying the moisture
content from 8 to 28 %(w/w) in 4 absolute %(w/w) steps. The
performed experiments present a screening of the pelletizability

of chaff at different initial moisture contents. To evaluate the
reproducibility, the experiments at a moisture content of 20 and
of 24% were repeated.

The experiments showed that the pelletizing process becomes
easier with an increasing moisture content until a certain level.
Exceeding this level decreases the stability of the produced
pellets rapidly. If the material is too dry, the press often gets
jammed and the pellets crumble inside the bores to dust. This
shows the binding as well as the lubricating function of water
during pelletizing. If the initial moisture content is too high,
the densification is low and the final pellet moisture content is
too high. This results in an insufficient shelf life of the pellets.
At a moisture content of ≤16 %(w/w) for fine fraction chaff
and ≤12 %(w/w) for original chaff, the produced pellets are
bright and their lengths vary from 3mm up to 15mm. At a
moisture content of 16 %(w/w) uniform pellets with a length
of 14 to 16mm were produced from original chaff. At moisture
contents of 20 %(w/w) the pellets have a characteristic length
of around 16 to 18mm, are darker and have an external gloss.
At a moisture content of 24%, the pellets of the different trials
vary a lot. The pellets of one trial look the same as the ones
produced at 20%. The pellets of the other trial are shorter,
have no external gloss and are partly crumbly. One possible
reason for such variation is insufficient mixing of water and
dry feed during conditioning. Another explanation is a variation
in evaporation during pressing due to varying temperatures
inside the press. At a moisture content of 28 %(w/w) the pellets
are short, crumbly and fall easily apart. Table 4 summarizes
the determined parameters of the produced pellets. The low
bulk density confirms the insufficient densification at too high
moisture contents. The final pellet moisture content is depending
on the moisture content of the feed as well as the evaporation
during the pressing process. This explains the varying moisture
content of the produced pellets. Pellets produced with a feed
moisture content of 28 and 24% for the second trial exceed
the limit of 10 %(w/w) final moisture in the end product
clearly.

Successful pelletizing needs to offer a high PFR in combination
with durable pellets. Figure 4 shows the PFR as well as the
durability of the produced pellets. When pelletizing the original
chaff, a moisture content of 16 and 20% showed smooth
pelletizing in combination with a durability exceeding the EnPlus
standards. For the fine fraction this applies only for pellets
produced at 20%. The characteristics of the pellets produced at
24% vary strongly between the trials.

The different pelletizing results at 24% show the difficulty
to ensure a uniform process. Already small differences of the
conditions can influence the pelletizing process significantly.
Pelletizing at a moisture content of 20% showed a good
reproducibility. The produced pellets of both trials showed the
best results for the fine fraction as well as for original chaff and
are in good accordance with the EnPlus standards.

Effect of Binding Agent
To investigate the effect of a binding agent, 1 and 2 %(w/w)
starch was added on a dry basis at initial feedstock moisture
contents of 16 and 28 %(w/w). To examine if adding binder
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TABLE 4 | Characteristics of produced pellets from feedstocks with different initial moisture contents (l/d = 5).

Feed Initial moisture

content

[%(w/w)]

Final moisture content

of pellets [%]

Amount of

fines [%]

Bulk density

[kg/m3]

Fine fraction 12* n/a n/a n/a

16 6.3 0.6 700

20 9.6 (±0.3) ≤0.2 (±0.0) 733.8 (±56.3)

24 12 (± 2.0) 0.7 (±0.5) 561.5 (±129.8)

28 14.4 1.6 297.7

Original chaff 8 6.3 4.7 746.7

12 8.7 0.2 670.6

16 10.3 ≤0.2 647.5

20 9.8 (±0.1) ≤0.2 (±0.0) 705.5 (±6.3)

24 13.6 (±2.9) 0.6 (±0.4) 589.85 (±68.25)

28 15.04 1.7 388.75

EnPlus standards ≤10 ≤1 600 ≤ BD ≤750

*Experiment aborted as the press got jammed too often.

FIGURE 4 | Pellet durability index (PDI) and pellet formation rate (PFR) for

wheat chaff pellets of fine fraction chaff and original chaff at different moisture

contents (l/d = 5).

allows using a die with a smaller l/d-ratio while keeping the pellet
quality it was added to the fine fraction at a moisture content
of 16 %(w/w) using die 4. The pellets produced at 16 %(w/w)
water content showed no improved characteristics. To investigate
if starch requires a higher water content in order to develop
its binding function, it was also added at a moisture content
of 28 %(w/w). Here, also starch could not influence the pellet
properties positively as the same problems of a too high moisture
content occurred as well.

Combustion Behavior
During all combustion experiments the pre-sieved and the
original chaff pellets kept their form and only shrank in size.

The size of the ash pellets after the combustion was measured
in case they did not break after removing them from the
oven. The shrinkage of the pellets was around 20% in length
and 30% in diameter. Unlike wood ash, the ash of chaff was
dimensionally stable (see Figure 5). This observation fits to
the determined sintering temperature of <800◦C. The black
color of the chaff ash can be a sign that the pellet was not
completely oxidized. The TOC of the ash was determined as
0.67% (±0.12). The values were at the determination limit
due to the small sample weight. This shows that already small
amounts of oxidizable elements can be responsible for the black
color. Between the residuals at 800 and 900◦C combustion
temperature no difference was notable. The residuals after 1,400 s
had partly white spots and were slightly brighter than the ones
after 600 s. The color change may indicate that the longer
dwell time in the oven allowed a further burnout. Measuring
the core temperature revealed that the pellets of wood and
chaff heat up with the same speed (Figure 6). While the pellet
heats up pyrolysis and gasification reactions take place and
determine the heating speed of the pellet. The sudden drop
of the core temperature of wood pellets after around 160 s
indicates that the wood pellet lost its form and fell from
the thermocouple. In contrast, the chaff pellet stays on the
thermocouple during the whole experiment. This is shown by
the slow temperature decrease until the core temperature has
declined to ambient temperature. It stays constant after 260–
270 s. A constant temperature indicates that there is no further
oxidation.

During the devolatilisation in the first 45 s the mass loss
of chaff and of pinewood happens with the same speed. The
devolatilisation phase for chaff pellets is 5–10 s shorter than for
wood pellets due to its lower volatile content. The speed of
the char combustion is similar for both, chaff and wood. After
around 330 s no further mass loss is registered. The higher ash
content of chaff compared to wood is clearly visible by the
residual curves. Between the burnout of the original chaff pellet
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FIGURE 5 | Pellets before (left) and after (right) combustion at 900◦C; t =

1,400 s; above: chaff pellets of fine fraction; below: pinewood pellets.

FIGURE 6 | Core temperature and residual of one pellet during the

combustion at 900◦C with V̇tech.air = 10 L/min.

and the pre-sieved chaff pellet, no differences are observed. The
graph for the residual matches for all experiments. This shows
the repeatability of the experiments and allows evaluating chaff
pellets as potential fuel.

When combusting seven pellets as a bulk the different
phases during the combustion are clearly visible (Figure 7).
The endotherm release of free and bound water causes the
temperature drop above the sample during the first 6–9 s.
Afterwards the temperature increases. The temperature peak
indicates the oxidation of released gases outside of the pellet. The
temperature above the sample stabilizes after devolatilisation and
decreases to ambient temperature. The temperature stabilizes
earlier for chaff than for wood. This confirms the shorter
devolatilisation time of chaff due to a lower percentage of

FIGURE 7 | Temperature above the sample and residual of seven pellets

during the combustion at 900◦C with V̇tech.air = 10 L/min.

volatiles. The end of the devolatilisation phase is 15 to 20 s earlier
compared to wood. During the char combustion the oscillation
of the residual measurements is lower due to the higher residual
mass. After around 950 s there is no further mass loss for chaff
and for wood pellets.

DISCUSSION

In order to achieve a comprehensive study about the feasibility
of exploiting chaff energetically via combustion, this work
investigated pre-sorting, pelletizing and the combustion of
wheat chaff. The following evaluates the process steps pre-
treatment, pelletizing and combustion based on the performed
investigations. The combustion properties of chaff pellets are
compared with pine wood pellets in order to derive the
applicability of chaff for existing firing systems.

Pre-treatment
As potential pre-treatment, pre-sorting chaff and its effect on
the physical and chemical properties of the chaff mixture was
investigated. Sorting out straw increased the bulk density and
eased the handling. This effect is advantageous for the pelletizing
process. The pelletizing experiments showed that the small and
homogeneous particle sizes of pre-sieved chaff allow feeding the
pellet press without prior milling. Original chaff in contrary
requires milling prior pelletizing. Pre-sieved chaff has a 7%
higher ash content compared to original chaff. The ash content
of pre-sieved chaff as well as original chaff is with around
8% high compared to wood. Such a high ash content requires
special measures for the combustion application of pre-sieved as
well as original chaff. The higher ash content after pre-sieving
has therefore no direct effect on the required technical effort.
Furthermore, pre-sieved chaff has a 27% lower chlorine content.
The chlorine decrease combined with the decrease of the alkali
metals potassium and sodium lowers the risk of high temperature
chlorine corrosion in furnaces (Kaltschmitt et al., 2009; Ma
et al., 2017). High temperature chlorine corrosion has a direct
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influence on investment andmaintenance costs of a firing system.
Although sieving as pre-treatment means additional effort, it
is expected that it has a positive cost-benefit ratio due to the
lower chlorine content together with the improved handling of
pre-sieved chaff.

Pelletizing
Pelletizing chaff exhibits a homogeneous fuel with an energy
density of 9.7 MJ/m3. The storage and transport volume is
decreased by around 93% compared to uncompressed chaff.
As chaff accrues annually it needs to be stored throughout the
year. Considering the dimensions of storing, it is expected that
compressing is beneficial in order to improve the logistics even
though it requires an additional process step. The pelletizing
experiments showed that pre-sieved as well as original chaff
can be sufficiently pelletized at a moisture content of 20%. The
received pellets fulfill the ENPlus standards. Furthermore, the
pelletizing experiments showed that the success of the pelletizing
process requires uniform feed parameters regarding the moisture
content. Therefore, the moisture content of chaff needs to be
determined and maybe adjusted during processing at industrial
scale.

Combustion
The reaction kinetics of the chaff pellet combustion revealed
that the application of chaff as fuel in combustion plants
is in principle possible. The speed of the mass loss during
devolatilisation was the same for chaff as for pinewood.
Nevertheless, the devolatilisation time of chaff was overall shorter
due to a lower volatile content. The mass loss during char
combustion was similar for wood and for chaff. The type of
applicable combustion technology as well as the economy of
the combustion application depends strongly on the technical
effort required by the fuel. Chaff has with 0.61 %(w/w) a
significantly higher nitrogen content than wood (Amand et al.,
2006). This makes primary measures such as air or fuel staging
necessary to reduce the formation of NOx and to obey the legal
limits (Salzmann and Nussbaumer, 2001). The hemisphere and
flow temperature of chaff were determined as >1,500◦C and
are comparable with the characteristic temperatures of wood
(Kaltschmitt et al., 2009). Such high deformation and flow
temperatures can significantly lower the technical effort for the
combustion application. Nevertheless, the determined sintering
temperature of chaff was below 800◦C and the combustion
experiments showed the dimensional stability of the ash pellets
after combustion. Such dimensional stability caused by sintering
can lead to problems like inhomogeneous air distribution and
difficult ash discharge in furnaces. This needs to be counteracted
by stoking the material bed and by an optimized ash discharge
(Wang et al., 2014). Furthermore, the ash content of pre-
sieved and original chaff is with 8.4 and 7.6% significantly
higher than for wood. Due to the high ash content, the
technical application requires an optimized ash removal and
dedusting.

Due to the low sintering temperature and the high ash
content, it is expected that the application of a moving grate
is necessary for the chaff pellet combustion. Moving grates are

available for furnaces with a nominal heat output (NHO) of
>150 kW (Kaltschmitt et al., 2009). Besides grate firing systems
also bubbling fluidized bed furnaces (BFB) are applicable for
biomass combustion. Compared to grate firing systems they
require higher technical effort. The combustion of wheat chaff
in BFB was investigated by the Fraunhofer Institute for Factory
Operation and Automation IFF (Appelt and Brith, 2016). During
the combustion, problems occurred due to slagging of the ash,
which is why they recommend using additives to improve the
ash melting behavior. Due to the technical effort and required
auxiliary energy, BFB are economically feasible for plants with
a NHO of >5 MW (Van Loo and Koppejan, 2008; Kaltschmitt
et al., 2009). The decisions for a firing system, therefore depends
on the aimed plant size.

CONCLUSION

To evaluate the energetic use of wheat chaff via combustion,
a comprehensive characterization of chaff was done in this
research. Furthermore, potential treatment such as sorting and
pelletizing was investigated and evaluated according to its effects.
Finally, the combustion behavior was analyzed in order to derive
requirements for the technical firing system. Such comprehensive
investigations allowed assessing the feasibility of the energetic
utilization of chaff. This study showed that the combustion
of chaff, with pre-sorting and pelletizing as pretreatment, is a
feasible approach for the energetic use of chaff, which is worth
to pursue.

The pelletizing experiments revealed ideal pelletizing
parameters. Furthermore, they showed that the pelletizing
success is very sensitive to the water content of the feed. This
makes precise conditioning of the feed necessary. Although
the experiments present a broad screening of parameters,
experiments at industrial scale are necessary to evaluate
if pelletizing chaff can be a continuous process without
interruptions. Analyzing pre-sorted and original chaff revealed
that pre-sieving is advantageous to improve the handling as
well the combustion properties. To make a final judgement
about the implementation of pre-sorting and pelletizing,
an extended case study is necessary which takes required
energy, technical, transportation and storage effort into
account.

The investigations showed that chaff is a valuable fuel for
energetic utilization. Because of the combustion properties and
the observations during the experiments, it is concluded that
the combustion of chaff requires special measures such as
a moving grate and an optimized ash removal. Considering
these special measures, the combustion of chaff is expected
to be economical for furnaces with a nominal heat output of
>150 kW. To be able to evaluate the technical requirements
for an optimized burnout and ash discharge of the sintered
ash, the combustion in a small-scale oven under realistic
conditions is necessary. Furthermore, experiments measuring the
composition of the exhaust gases need to be done in order to
evaluate, if special measures are necessary to stay within legal
limits.
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