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Abstract: Recently, the conversion of livestock manure to solid fuel via torrefaction has brought more
attention to moving forward to a carbon neutral society. A proper design of livestock manure to
solid fuel is key for sustainable waste management. In this study, cow manure, as a representative
of livestock manure, was examined for solid fuel production, focusing on enhancing the heating
value. The torrefaction process was adopted as a main solid fuel generation process and compared
to simple drying. The heating value of the torrefied cow manure was increased as the torrefaction
temperature increased from 200 °C to 300 °C. The heating value was nearly saturated at around
30 min when the torrefaction temperature was increased from 20 min to 40 min. The heating value
was further increased when the cow manure was mixed with sawdust or rice straw. The sawdust,
which originally possessed a higher heating value, showed its potential as a candidate for additives
to the torrefaction of cow manure. Compared to simple drying, torrefaction showed a higher heating
value and energy density, successfully converting to stable carbon material.

Keywords: cow manure; sawdust; rice straw; torrefaction; drying; heating value

1. Introduction

The livestock farming industry is experiencing rapid growth, alongside the global
population [1,2], leading to a substantial increase in livestock waste worldwide. As of 2022
in Korea, major livestock species produced approximately 50.73 million tons of manure
annually, with cattle accounting for more than 34% of the total [3]. The enormous volume
of livestock manure not only generates unpleasant odors but also contributes to environ-
mental issues such as soil and water contamination by heavy metals and antibiotics and
the emission of greenhouse gases such as methane (CH4) and nitrous oxide (N,O) [4,5].
Therefore, there is an urgent need to investigate methods to mitigate the environmental
problems associated with livestock manure.

In the era of the circular economy, a comprehensive strategy to convert livestock
manure into renewable energy and/or resources is required, aiming for sustainable devel-
opment goals for environmental protection. Composting and liquefaction are the principal
technologies for converting livestock manure into valuable resources. However, the fertil-
ization of livestock manure poses significant challenges, including the requirement for a
large area as well as the potential release of greenhouse gases such as CH4 and N,O [6].
Additionally, the fertilizers applied to the crop fields can seep into groundwater, increase
biochemical oxygen demand, and cause algal blooms by elevating the phosphorus con-
tent, with detrimental effects on aquatic ecosystems. Furthermore, as livestock manure
can contain antibiotics and heavy metals, they can be transported to the soil crops when
used as a fertilizer and eventually affect both livestock and human health via the food
chain [7]. Though fertilization has been the conventional treatment of livestock manure as
a facile process in the field, concerns are rising with regard to its aggravating impact on the
environment, requesting endeavors to find more sustainable treatment options.

The conversion of livestock manure into biogas has garnered considerable interest,
not only as a viable biological treatment for livestock manure but also as a means of
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recovering renewable energy. The collection of biogas produced during the treatment
contributes to mitigate the greenhouse gas emissions that would otherwise be released
into the atmosphere [8]. The biogas production of livestock manure is based on the
decomposition of organic substances under anaerobic conditions, offering the advantage of
preventing contamination from livestock manure, nutrient recovery, and composting [9].
The biogas consists of CHy and other impurities such as CO, and Hj;S, meaning the
subsequent purification step is required to enhance CHy4 content that can be used as a fuel
for generating heat and electricity [10]. While biogas production from livestock manure
has primarily been developed and implemented in European countries, Asian countries
also possess promising potential for biogas generation from large-scale livestock farming
industries [11]. However, biogas production presents certain limitations, including the
comparatively extended treatment period, the supplementary expenses required for the
subsequent purification, and the deliberate management for microorganisms [12,13]. The
practical applicability of biogas production may be further constrained if impurities remain
even after the purification [14].

Recently, solid fuel production through carbonization in an oxygen-free environment
has drawn attention, primarily driven by the fundamental simplicity of the treatment
process and the stability exhibited by the resulting product, which facilitates its long-term
storage. Especially, this treatment is widely perceived as a significant step towards a
carbon-neutral society, as it results in low carbon emissions during carbonization. Exten-
sive investigations have been conducted on diverse organic wastes such as wastewater
sludge [15-17], food debris [18,19], coffee grounds [20-22], aquatic organisms [23-25],
grains, and fruit shells [26-29], yielding encouraging outcomes as a promising alternative
for the conversion of organic waste into renewable energy sources. Solid fuel produc-
tion from livestock manure has also been investigated [30,31]; however, more research is
needed to establish solid fuel production as a sustainable treatment method for livestock
manure, particularly regarding solid fuel quality improvements to possess sufficient heat-
ing values. Additionally, as livestock manure originally contains high moisture contents
from its generation, how to reduce the moisture content from the livestock manure in
a sustainable fashion is another obstacle to overcome to move solid fuel production via
carbonization forward.

The major challenge of the carbonization lies in establishing economic feasibility, as
the high energy consumption required for heating during the carbonization outweighs
the enhanced heating value of the resulting product [32]. In order to minimize the energy
consumption during the carbonization, a temperature of no more than 300 °C can be
selected for the carbonization, referred to as torrefaction [33]. Furthermore, in order to
enhance the heating value of the product, more consideration can be given to the selection
of raw materials to maximize their inherent heating potential. To improve the heating value
of the solid fuel derived from livestock manure, viable organic wastes that are combustible
and practically accessible, for example, rice straw and sawdust, can be the targeted for
co-torrefaction [34].

The objective of this study was to improve higher heating values by optimizing
torrefaction temperatures and times for the solid fuel derived from livestock manure as
well as mixing livestock manure with other organic wastes such as sawdust and rice
straw. The torrefied solid fuel was compared with the solid fuel produced via simple
drying to assess the feasibility of torrefaction in terms of solid fuel quality, especially on
heating values.

2. Materials and Methods
2.1. Experimental Materials

The cow manure obtained from a livestock farm in Goyang-si, Korea was investigated
as the primary raw material for the solid fuel production process in this study. The collection
was conducted in the summer season so that the moisture content of the livestock manure
was relatively low compared to the values in other seasons. Additionally, sawdust and rice
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straw were adopted as the additives for the solid fuel production process (Figure 1). Prior
to torrefaction, the sawdust was sieved to a size below 75 pm, and the rice straw sample
was pulverized into fine particles using a blender. The particulate sawdust or rice straw
was mixed with the cow manure. The characteristics of the materials in their original forms
are shown in Table 1. The moisture content was measured by adding 2.5 g of the sample
to a crucible and drying it at 105 °C for 24 h in a drying oven (C-DOD1, DaeyoungLab,
Seoul, Korea). The dried sample was then placed in the muffle furnace (SH-FU-5MGE, SH
Scientific, Sejong-si, Korea) and heated at 550 °C for 15 min, which was then cooled down
to room temperature to measure fixed and volatile solids. The higher heating value was
measured using a calorimeter (6100 Compensated Calorimeter, Parr Instrument company,
Moline, IL, USA).

(b)

(c) (d)

Figure 1. (a) Livestock farm site in Goyang-si, Korea; (b) cow manure, (c) sawdust, (d) and rice straw
used in this study.

Table 1. Properties of cow manure, sawdust, and rice straw.

Cow Manure Sawdust Rice Straw
Moisture content (%) 31.09 £2.19 9.47 +0.82 7.84 £ 0.09
VOlattlof )SOhdS 23.62 4 3.29 6.56 + 2.04 23.99 +3.17
lee‘({/s)ohds 40.78 + 1.65 83.96 + 0.67 68.11 + 3.78
(e
1
HHV 2168.65 + 18.2 4322.78 + 29.18 3562.54 + 62.58
(kcal/kg)

1 Higher heating value.
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2.2. Solid Fuel Preparation

Solid fuels were produced through either drying or torrefaction. For the drying
process, 20 g of the sample was dried at 105 °C for 24 h using a drying oven. The dried
cow manure, sawdust, and rice straw were named as DM (dry manure), DS (dry sawdust),
and DR (dry rice straw), respectively. For the torrefaction process, 20 g of the sample was
placed in the combustion boat (ULCB005, LK LabKorea, Gyeonggi-do, Korea), which was
then placed in the center of a tubular electric furnace (PTF-1203, UITECH, Gyeonggi-do,
Korea). During the torrefaction, high purity nitrogen gas (Purity > 99.999%, Seoul specialty
gases Co., Seoul, Korea) was kept flowing at a constant flow rate of 2 L/min in the furnace.
Torrefaction was conducted under varying temperatures of 200, 250, and 300 °C as well as
torrefaction times of 20, 30, and 40 min, respectively. The carbonized samples were named
as carbonized manure (CM), carbonized sawdust (CS), and carbonized rice straw (CR),
followed by the torrefaction temperature and time. The solid fuel was in the form of a dried
or torrefied blend of materials without palletization and compaction.

In the case of mixing materials, cow manure was mixed with sawdust or rice straw
in a blender at various ratios from 1:1 to 10:1. The mixed samples were also either dried
or torrefied and named as dry manure with sawdust (DMS), dry manure with rice straw
(DMR), carbonized manure with sawdust (CMS), and carbonized manure with rice straw
(CMR), respectively.

2.3. Characterization of Solid Fuel

The solid fuels produced were analyzed for their characteristics by measuring the
moisture content, ash content, volatile content, higher heating value (HHV), and elemental
composition. The moisture content was determined using a moisture analyzer (MB90,
OHAUES, Parsippany, NJ, USA). The volatile content was analyzed by igniting the dried
sample at 950 °C for 7 min in a muffle furnace and cooling down to room temperature,
followed by the calculation of the sample weight difference before and after the ignition.
The ash content was analyzed in the same way as the volatile content, except with heating
the sample at 550 °C for 120 min in the muffle furnace. The fixed carbon content was
calculated as below.

Fixed carbon (%) = 100 — moisture content (%) — ash content (%) — volatile content (%)

The higher heating value (kcal/kg) and the elemental composition (C, H, N, S, O)
were analyzed using a calorimeter and an elemental analyzer (Flash2000, Thermo Fisher
Scientific, Waltham, MA, USA), respectively.

Mass yields in the drying process and the torrefaction process were calculated with
the following equation.

. My
Mass yield (%) = YA x 100

1

where M; is the mass before drying or torrefaction, and My is the mass after drying or
torrefaction. Additionally, energy density was calculated as below.

HHV;
HHY;

Energy density =

where HHV; is the HHV of raw material, and HHVis the HHV of the dried or torrefied material.

3. Results
3.1. Effects of Torrefaction Temperature and Time

Table 2 shows the results of the carbonized cow manure (CM) and carbonized cow
manure mixed with sawdust at a 1:1 ratio (CMS) and rice straw at a 1:1 ratio (CMR)
under different torrefaction temperatures and times. When cow manure was carbonized
at 300 °C and 30 min, the mass yield decreased by 22.4% compared to 200 °C, increasing
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the ash content and decreasing the volatile content, resulting in a fixed carbon increase
of 6.25%. Similarly, the mass yield of CMS gradually decreased from 79.95% to 52.8% as
the torrefaction temperature increased from 200 °C to 300 °C, with a gradual increase in
the ash content and a decrease in the volatile content leading to the increase in the fixed
carbon by 16.46%. The CMR showed similar results to the cases of the CM and CMS; the
mass yield decreased from 76.69% to 50.33%, the ash increased from 20.45% to 31.51%,
the volatile content decreased from 73.66% to 52.3%, and the fixed carbon increased from
4.55% to 15.01% as the torrefaction temperature increased. At a torrefaction temperature of
300 °C, the fixed carbon values of the CM, CMS, and CMR increased over the torrefaction
time. Overall, the increase in both the torrefaction temperature and time led to the increase
in the fixed carbon, which would be favorable in the solid fuel quality. However, as
the energy consumption for the torrefaction should be saved as much as possible for
economic feasibility, the examination of the solid fuel quality based on the heating value is
also desirable.

Table 2. Proximate analysis of carbonized cow manure, cow manure with sawdust, and cow manure
with rice straw according to the test conditions.

Sample Temp. Time Mass Yield Moisture Ash Volatile Fixed Carbon

O (min) (%) (%) (%) (%) (%)

200 30 64.04 1.78 £1.21 28.69 + 0.11 69.22 £+ 3.00 0.31

250 30 64.47 1.8 +0.76 28.65 £ 0.31 69.42 £0.95 0.12

CM 300 30 52.30 1.39 £ 041 39.21 +0.82 52.83 £ 1.60 6.56
300 20 56.10 1.99 £ 0.12 36.22 +0.11 5822 +£2.76 3.57

300 40 46.43 1.36 +0.99 42.71 £0.14 44.10 £0.92 11.83

200 30 79.95 21+0.3 11.12 £+ 0.49 79.28 +£2.27 7.51

250 30 76.62 1.47 £ 0.53 11.73 £+ 0.49 71.80 £ 1.19 15.00
CMS (1:1) 300 30 52.80 2.024+0.23 17.87 £ 0.11 56.14 + 1.89 23.97
300 20 55.46 2.34 +£0.24 16.80 + 0.08 65.78 +0.92 15.09

300 40 51.52 223 +0.97 21.55+0.26 4729 £ 0.15 28.93

200 30 76.69 1.34 +£0.25 20.45 £ 0.39 73.66 + 0.08 4.55

250 30 74.52 19+0.23 20.51 + 0.001 71.29 £+ 0.08 6.31

CMR (1:1) 300 30 50.33 1.18 £0.23 31.51 +0.69 52.30 £ 1.07 15.01
300 20 49.21 1.08 £ 0.12 29.86 £ 0.33 59.61 £0.35 9.45

300 40 48.99 1.04 + 0.07 30.13 £ 0.67 49.98 + 1.88 18.85

As shown in Figure 2, all of the samples tested in this study showed increases in
heating values as the temperature increased from 200 °C to 300 °C. The heating value
increases in the CM, CMS, and CMR were 14.45%, 23.25%, and 13.53%, respectively. When
the torrefaction time was increased from 20 min to 40 min, with the temperature fixed at
300 °C, the heating value was increased; however, the increase between 30 min and 40 min
was not significant compared to the case of the temperature increase. When torrefied for
40 min, the CM, CMS, and CMR showed the highest heating values of 3785.2 kcal/kg,
4817.50 kcal/kg, and 4238.47 kcal/ kg, respectively.

Based on the response surface analysis using Minitap, as shown in Figure 3, the heating
value of CM was estimated a function of torrefaction temperature and time:

y =3669 — 15.52 x1 + 51.2 x5 + 0.0403 x12 — 0.566 x»2

where y is HHV (kcal/kg), x; is temperature (°C), and X, is time (min). Likewise, the
equations for CMS and CMR are as below.

y = 5251 — 33.4 x; + 102.8 x + 0.0873 x;% — 1.48 x,>

y = 4431 — 30.6 x; + 138.8 x + 0.0765 x;2 — 2.21 x,>
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Figure 3. Response surface analysis of (a) CM, (b) CMS, and (c) CMR according to torrefaction
temperature and time.

3.2. Effects of Mixing Ratio of Cow Manure with Sawdust or Rice Straw

When the cow manure was mixed with sawdust or rice straw in the various mixing
ratio, the mass yield of CMS and CMR was not significantly affected by the mixing ratio
(Table 3). However, ash content increased with an increase in the cow manure content,
whereas volatile content decreased (Tables 4 and 5). In case of CMS an CMR, the fixed
carbon was highest (23.97% and 13.77%) at a 1:1 mixing ratio, then tended to decrease to
9.5% and 8.01% at a 10:1 mixing ratio, respectively. This result indicated that the higher cow
manure content led to higher ash content, even without the noticeable mass yield change,
which would be undesirable for the solid fuel quality.
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Table 3. Mass yield of CMS and CMR (test condition: 300 °C, 30 min) under varying mixing ratios
(increase in ratio indicates the increase in cow manure content).

Mixing Ratio 11 2:1 3:1 5:1 6:1 10:1
CMS 52.8 £9.01% 53.98 £ 1.94% 50.68 £ 1.17% 51.06 & 0.58% 52.69 & 0.55% 51.67 £ 0.60%
CMR 50.58 £ 4.68% 49.93 £2.17% 52.66 £ 0.58% 52.44 + 1.45% 51.47 £ 0.39% 49.83 £ 0.66%

Table 4. Proximate analysis of CMS (test condition: 300 °C, 30 min) under varying mixing ratios.

Mixing Ratio 11 2:1 5:1 10:1
Moisture 2.02 +0.23 0.85 + 0.04 1.95 4+ 0.34 1.39 £ 0.61
Ash 17.87 £ 0.11 26.74 £0.22 32.10 £0.85 36.10 £ 0.68
Volatile 56.14 £ 1.89 56.12 + 3.89 53.10 £2.35 53.10 £ 1.29

Fixed carbon 23.97 16.29 12.06 9.50

Table 5. Proximate analysis of CMR (test condition: 300 °C, 30 min) under varying mixing ratios.

Mixing Ratio 11 2:1 5:1 10:1
Moisture 1.29 +£0.15 1.90 £+ 0.62 1.27 +£0.71 1.39 £ 0.36
Ash 27.78 £ 0.54 32.27 £0.31 35.99 £ 0.65 38.96 £+ 0.47
Volatile 5717 £0.15 55.06 + 0.48 53.34 £0.11 51.64 +0.78

Fixed carbon 13.77 10.77 9.40 8.01

Figure 4 shows the trend in heating values and moisture contents according to the
mixing ratio. The moisture content before the torrefaction gradually increased as the ratio of
cow manure increased in both the CMS and CMR. As the cow manure ratio increased from
1:1 to 10:1, the heating value of CMS decreased from 4810.85 kcal/kg to 3687.63 kcal/kg.
Similarly, the heating value of the 1:1 ratio of the CMR was 4324.84 kcal /kg, and the heating
value decreased to 3523.04 kcal at the 10:1 ratio. Such a trend was also observed in the
calculated heating value based on the CM, CS, and CR heating values. The slight deviation
was found as the mixing ratio moved away from 1:1, probably due to some of the heat used
for the moisture vaporization. Though the best material for the torrefied solid fuel was
sawdust, based on the results obtained in this study, the further test with the mixing ratio
lower than 1:1 was not conducted since the practical supply of sawdust would not be over
the cow manure generation.
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Figure 4. Effect of mixing ratio on HHV and moisture content of (a) CMS and (b) CMR.
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3.3. Comparison of Simple Drying and Torrefaction

Table 6 summarizes the differences in solid fuel properties between simple drying and
torrefaction. It turned out that the torrefaction process resulted in higher ash content and
a lower volatile content compared to the drying process. Additionally, the fixed carbon
content in the solid fuel was higher in the torrefaction process. As shown in Figure 5, the
torrefaction process showed higher heating values than the drying process. Overall, the
results suggested that the torrefaction process was more effective in producing solid fuel
with higher fixed carbon content and heating value compared to the simple drying process.

Table 6. Proximate analysis of dried and carbonized cow manure, sawdust, rice straw, cow manure
with sawdust, and cow manure with rice straw (test condition: 300 °C and 30 min).

Moisture Ash Volatile Fixed Carbon
3 o,

Sample  Mass Yield (%) (%) (%) (%) (%)
DM 69.17 3.71+0.34 28.57 £ 0.40 67.43 + 0.76 047
M 52.3 1.39 + 041 39.21 +0.82 52.83 4+ 1.60 6.56
DS 84.11 1.25+0.1 0.82 + 0.03 88.29 + 0.28 9.65
CS 62.11 2.00 + 0.28 0.98 + 0.002 8291 + 0.11 14.11
DR 79.48 3.16 £ 043 10.79 £ 1.75 85.78 + 0.45 0.27
CR 54.34 2.83 +£0.42 20.49 + 0.15 59.04 + 0.42 17.64

DMS 82.13 223+0.12 13.34 + 0.11 76.56 + 0.25 7.86
CMS 52.8 2.02 £0.23 17.87 £ 0.11 56.14 + 1.89 23.07
DMR 81.08 2.39 £ 0.06 20.05 + 0.03 73.22 £ 0.19 4.34
CMR 49.06 091 +0.14 29.71 £0.22 50.39 + 0.64 18.99
6000 B Dry BTorrefaction

5000

)
B~
o
(=]
IS

HHV (kcallkg

DS-CS DR-CR DMS-CMS DMR-CMR

Figure 5. Comparison of dried and torrefaction samples in terms of HHV (test condition: 300 °C and
30 min). Note that the torrefaction was carried out without drying in this study since the original
moisture content of the cow manure was affordable for the torrefaction without heat pretreatment.

Figure 6 highlights the difference in the energy density between the dried and torrefied
solid fuels. All of the samples, including the mixture of cow manure and sawdust (MS), cow
manure and rice straw (MR), unmixed cow manure, sawdust, and rice straw, show higher
energy densities when torrefied than dried. Specifically, the torrefied samples possessed
energy density increases of 69.18% for CM, 30.12% for CS, 36.83% for DR, and 20.52% and
11.47% for CMS and CMR, respectively. Energy density was the highest in CM, due to the
lowest HHV value (2168.65 kcal /kg) in the raw material, subsequently leading to the higher
increase rate of HHV with the solid fuel formed. The energy density growth rate between
drying and torrefaction was the highest with the unmixed rice straw, showing as 30.44%
higher in CR than in DR. In the case of the mixed samples of manure and sawdust and
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manure and rice straw, about 2.76% and 9.35% increases in energy densities were observed
with torrefaction. Though the mixed sample of manure and organic waste resulted in a
higher HHYV, the increase in the energy density was insignificant due to the high HHV of
the original materials. Based on these results, combustible additives such as sawdust and
rice straw can directly improve the HHV of the solid fuel via co-torrefaction; however, the
enhancement in the energy density would not be as much as HHV.

18 BmManure OSawdust HBERicestraw BMS GMR

16

14
212
-
L 1
=
D
Q
c
L

e e
[T NS R <

(=]

Dry Torrefaction

Figure 6. Comparison of dried and torrefaction samples in terms of energy density (test condition:
300 °C and 30 min).

Figure 7 shows the selected solid fuel quality on a val Krevelen diagram. While the
dried cow manure remained in the biomass region, the torrefied cow manure moved to-
wards the peat region. Additionally, the cow manure mixed with rice straw via torrefaction
became more coalized and reached the lignite zone. The results suggest that the torrefaction
process had a significant effect on the conversion of cow manure to quality solid fuel.
Further investigation on the coalization process could support the development of more
efficient and cost-effective solid fuel production methods.

o
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T
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£ 038
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Figure 7. Solid fuel quality of selected samples on the van Krevelen diagram.
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Though the solid fuel production of cow manure via torrefaction would be favorable
in terms of heating values as well as shorter processing times than drying, the economic
feasibility is still an issue for application on a field scale. The energy input for the heating
and the consumption of nitrogen gas during torrefaction should be compensated by the
condensed energy formed and the fixed carbon. Therefore, it is important to conduct
further research to develop more sustainable and economically feasible methods for solid
fuel production through torrefaction, as this solid fuel production presents a substantial
potential for the management of livestock manure if practically available.

Another critical point to obtain high-quality solid fuel is to utilize livestock manure
when it is as fresh as possible. In this study, it was found that the heating value of the
cow manure decreased from 3669 kcal/kg to 2321 kcal /kg as the storage period reached
almost 6 months. As carbon loss to the atmosphere due to microbial degradation might be
inevitable without torrefaction, rapid collection upon livestock excretion and immediate
torrefaction is desirable to enhance the heating value. Otherwise, the variations in the
storage conditions, such as temperature control, should be further investigated to keep as
much of the carbon in the livestock manure as possible.

4. Conclusions

Cow manure with and without sawdust and rice straw has been successfully converted
to solid fuel via torrefaction. The increase in the torrefaction temperature from 200 °C to
300 °C and a torrefaction time from 20 min to 40 min resulted in the noticeable increase
in fixed carbon and heating values. The optimal torrefaction temperature and times for
the CM, CMS, and CMR were determined to be 300 °C and 40, 34.55, and 31.31 min,
respectively, based on the highest heating value.

The mixture of cow manure and sawdust or rice straw showed a decrease in fixed
carbon contents and heating values as the cow manure contents increased. Solid fuel
produced through torrefaction had higher fixed carbon contents and heating values than
solid fuel produced through the drying process. Overall, cow manure was converted into
higher quality solid fuel, as it was processed via torrefaction, and this was mixed with the
additives of higher heating values. Further studies on economic feasibility and storage
effects are necessary to prove that solid fuel production via torrefaction is a sustainable
waste treatment process.

This study demonstrated torrefaction as more than just a waste-to-energy conversion
process, implying its potential as a carbon capture and storage process. The increase in
the fixed carbon content, as well as the heating value as a result of torrefaction, supported
the prospective use of torrefaction as a means of carbon sequestration. With the increasing
demand of low carbon emissions, torrefaction is expected to draw more attention as a
process towards a carbon-neutral society, as well as a circular economy.
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