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Abstract

Thermal treatment of biomass has been attracting attention for a decade or so,
especially torrefaction. However, for the past few years, wet pyrolysis, also
known as hydrothermal carbonization (HTC), has been getting some atten-
tion. Hydrothermal carbonization is a thermal treatment of biomass in the
presence of water in a temperature range of 180°C - 260°C. This method of
treating biomass has some benefits which others do not, such as it can handle
extremely wet biomass. However, treating biomass may not be enough for
practical use. It may need to be transported and stored. Thus, this study ex-
plored the idea of pelletizing the HTC biomass. The mechanical strength of
the HTC pellets was found to be 93%, whereas, higher heating value (HHV)
(dry basis) was found to be 4% higher than the corresponding white pellets.
The initial results with some limited parameters indicated that it would be
possible to pelletize without binder. However, extensive research on energy
balance and economic assessment would be necessary to achieve economic
feasibility.
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1. Introduction

Biomass has been recognized and promoted as a potential opportunity to reduce

carbon emissions from the energy sector. The complicated biomass properties
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such as lack of uniformity, high moisture content and low mass density, hinder
its wider applicability. However, pre-treatment and/or modification such as dry
and wet torrefaction of biomass are promising solutions to the aforementioned
difficulties [1].

Hydrothermal carbonization (HTC), also known as wet pyrolysis, is a ther-
mochemical treatment of biomass based materials taking place in the presence of
water at moderate temperature ranging from 180°C to 260°C [1] [2] [3]. HTC
may be more suitable for raw materials with varying moisture percentage be-
cause reaction takes place in a wet environment and eliminates the pre-drying
phase which could potentially eliminate the energy intensive phase [4]. As the
HTC involves a pressurized reaction environment in saturated water, it is signif-
icantly different than traditional dry torrefaction where biomass is pre-dried and
then torrefied in the dry and oxygen deficient environment. However, the final
product, hydrochar, is found to be homogeneous compared to raw material and
similar to torrefied biomass [1] [5]. According to the study by [6], —OH groups
in biomass are partly removed by dehydration reaction during wet pyrolysis,
which reduces its capacity to absorb water, thus, making the final product more
hydrophobic than the raw material is. Furthermore, the combustion behavior
of hydrochar is somewhat similar to lignite meaning they are suitable for
co-combustion [5] [6]. The viability of co-combustion with coal in large power
plants suggests a significant increase in its demand and subsequently a potential
to reduce fossil fuel consumption.

The bulk density of the biomass is one of the crucial factors in long distance
transportation because of the constraint payload and fuel consumption related
to it. Biomass pellets are the most traded biomass commodity due to their higher
energy density compared to the loose biomass (e.g. wood chips and saw dust)
[7]. In addition to economic benefits, diminished freight transportation means
less greenhouse gas (GHG) emissions. The bulk energy density of wood saw dust
(moisture ~50%) is about 540 kWh/m® whereas the bulk energy density of tradi-
tional white pellets is about 2.8 MWh/m? [8]. Furthermore, the bulk energy den-
sity of torrefied biomass pellets could be achieved up to 5.7 MWh/t [9]. The sig-
nificant increase in bulk energy density indicates that the transportation related
cost could be halved with torrefaction.

The purpose of this study was to analyze HTC biomass of grey alder (Alnu-
sincana) and the prospect of densification by means of pelletization. Grey alder
also known as thin-leafed alder is a deciduous tree. The wood chips of grey alder
are common for smoking fish and meat in cooking. The elemental analysis,
functional groups analysis using Fourier Transform Infrared Spectroscopy
(FTIR) and magnified pictures of components using Scanning Electronic Mi-
croscope (SEM) are analyzed for the potential differences due to varying resi-
dence time. In the case of pellets, properties such as mechanical strength and ca-
lorific values were analyzed. The grey alder was chosen as a raw material because

very little has been reported about it in biomass upgrading, especially HTC.
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Lignin is a natural polymer found in wood which acts as a glue [10]. It is one
of the crucial components in wood that helps as a binder in pelletization. Since
the primary aim of this study was to study the possibility of pelletization of HTC
hardwood (Alder) biomass, the aim is also to determine whether an additional

binder is necessary for the pelletization.

2. Materials and Methods

The packages of grey alder chips were bought from the supermarket for the ex-
periments because of uniform size and moisture of chips. The moisture content
of raw chips was 10.3%. The chemical composition of grey alder is lignin
(24.8%), cellulose (38.3%), glucuronoxylan (25.8%), glucomannan (2.8%) other
polysaccharides (2.3%), residuals (1.4%) and extractives (4.6%) [11]. The bio-
mass was purchased from the Finnish supermarket packaged in a polyethylene

bags. The size distribution of chips is illustrated in Table 1.

2.1. Hydrothermal Carbonization (HTC)

HTC of Alder was performed in a 230 ml reactor shown in Figure 1. The batch
reactor is made up of stainless steel with a PTFE inner vessel. For the reaction,
biomass was mixed with ionized water in 1:4 w/w ratio and enclosed in the

reactor. The mixture contained 30 g of biomass and 120 ml of ionized water. The

Table 1. Size distribution of raw chips.

Size class [mm)] Share % Cumulative %
<2.000 1.20% 1.20%
2.000 - 3.150 1.10% 2.30%
3.150 - 8.000 74.30% 76.60%
8.000 - 16.000 23.40% 100%
>16.000 0.00% 100%

Figure 1. The components of laboratory scale HTC reactor. (A): outer
chamber, (B): reactor, (C): outer cap, (D): mid-cover, (E): inner cap).
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oven was preheated to 220°C and placed in the oven for three different reaction
times (90 minutes, 120 minutes and 240 minutes). As the reactor was heated, the
pressure inside the reactor rises up to 4.6 MPa, according to Reza et al. (2012).
However, the pressure was not measured during this experiment. After the car-

bonization, the biomass was filtered and collected in an air-sealed plastic bag.

2.2. Pelletization

The hydrochar 220°C for 90 minutes was pelletized in the pelletizer (Aman-
dusKahl) as shown in Figure 2. The carbonized biomass, which is kept in sealed
plastic bags after the pyrolysis was dried at 70°C for 8 hours. The dry carbonized
biomass is then pelletized in a laboratory scale pelletizing machine shown in
Figure 3 with an 8 mm matrix with 34 mm length. For the sake of comparison,
raw alder chips are also pelletized but in a smaller matrix due to the stiffness of
the chips in a small-power pelletization machine. The stiffness in the matrix
caused the matrix to be overheated which causes an unnecessary effect on the
final result. The raw alder chips and HTC biomass and pellets are presented in

Figure 3 and Figure 4, respectively. The schematic process is shown in Figure 5.

Figure 2. Laboratory scale pelletization machine manufac-
tured by Amandus Kahl.

Figure 3. Carbonized biomass pellets with 8 mm diameter and
34 mm depth matrix. The circled pellets are visibly excessively
roasted in the matrix.
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Figure 4. Raw alder chips (left) and carbonized alder chips (right).

Wet Storage in Drying at 70°
pyrolysing 7| sealed bag C for 8 hours

A
A

Raw material

Y

Y

Pelletizing

Figure 5. Schematic diagram of an entire process of HTC implemented.

3. Results
3.1. Proximate and Ultimate Analysis

The appearance of the HTC biomasses is distinctive; as the reaction time in-
creased the color of the product which seems to be darker. Also, the texture of
the product appears to be softer as the reaction time increased. The proximate
and ultimate Ze. elemental composition, fixed carbon and ash content of white
pellets and HTC pellets have been performed according to the accredited me-
thods. From the analysis, it can be seen that volatile matter has decreased by
about 4.8% in HTC pellets compared to white pellets, whereas the amount of
fixed carbon is increased by 4.6%. The detailed similarities and differences, as
well as respective accredited methods, are shown in Table 2.

3.2. Mechanical and Energetic Analysis

The physical and calorific analysis of white and HTC pellets are presented in
Table 3. The mechanical strength, moisture content and bulk density were de-
termined following the accredited methods, however, the amount of the pellets
were less than is required in the standards. The moisture content of the white
pellet is significantly low (1.9%) because raw alder chips had a moisture content
of only 10.3%, unlike the industrial chips used for energy production purposes.
Their usual moisture content can be as high as 50% (weight). According to Li et
al (2012), an ideal moisture content of the wood pellets should be between 7%
and 9% [12] because lower moisture content may result in significantly lower
mechanical strength. In this study, the mechanical strength of white pellets was
found to be 64.4%. On the other hand, the mechanical durability of HTC pellets
is found to be 93.1% which is less than reported by Reza et al (2012) in their re-
search. However, the durability of HTC pellets is comparable to torrefied pellets
reported by Ranta et al (2016).

The bulk density of HTC pellets is found to be 685 kg/i-m’, which is 12%
higher than the corresponding white pellets. Similarly, HHV of the HTC pellets
is found to be 20.85 MJ/kg on a dry basis, which is 4% higher than the corres-
ponding white pellets. In contrast, LHV of the HTC pellets (as received) is 19.55
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Table 2. Proximate and ultimate analysis of white pellets and HTC pellets.

Whit HT
Analysis e c Standards
Pellets pellets

Ultimate analysis (dry, wt%)

EN ISO 16948, EN 15104,

C 49.3 51.9
EN 15407, ISO 29541
H 6 6 EN ISO 16948, EN 15104,
EN 15407, ISO 29541
EN ISO 16948, EN 15104,
N 0.22 0.33
EN 15407, ISO 29541
ASTM D 4239 (mod), EN
S 0.02 0.02
ISO 16994, EN 15289
O (calculated) 43.8 40.8 EN ISO 16993

Proximate analysis (dry, wt%)

EN ISO 18123, EN 15148,

Volatile 84.8 80
EN 15402, ISO 562
Fixed Carbon 145 191
(calculated) ’ ’
Ash 0.7 0.9 EN ISO 18122, EN 14775, EN 15403

Table 3. Proximate and ultimate analysis of white pellets and HTC pellets.

Analysis White HIC Standards
Pellets pellets

EN 14774-2, CEN/TS

Moisture content (%) 1.9 8.5
15414-2, ISO 589
Bulk density (kg/i-m?) 611 685 ENISO 17828
Mechanical Durability (%) 64.4 93.1 ENISO 17831-1
Gross calorific value (HHV)
20.04 20.85 EN 14918, EN 15400, ISO 1928
(MJ/kg, d)
Net calorificd value (LHV)
18.73 19.55 EN 14918, EN 15400, ISO 1928
(MJ/kg, d)
Net calorificd value (LHV)
18.33 17.68 EN 14918, EN 15400, ISO 1928
(MJ/kg, ar)
Bulk densit
energy density 311 336

(MWh/i-m?, ar)

M]J/kg, which is about 3% lower than the corresponding white pellets. The possi-
ble reason could be the significantly low moisture content in white pellets than
the HTC pellets.
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3.3.FT-IR

In order to understand type structural features and especially surface functional
groups, FTIR studies were performed. IR spectra of HTC treated hydrochars (Ze.
HTC 90, HTC 120 and HTC 240), and raw biomass was studied using FT-IR
(Bruker vertex 70). In this study, a reaction temperature of 220°C is kept con-
stant while reaction time varies from 90 minutes to 240 minutes The FT-IR
spectra analysis is shown in Figure 6.

Lignocellulosic materials are rather heterogeneous in which IR peaks are
reached from lignin, cellulose, and hemicellulose. The IR spectra of hydrother-
mally treated wood chips are presented in Figure 6. The IR spectra of all HTC
treated materials have similarities, however, increased temperature indicated
changes in the distribution of functional groups of the materials in which aro-
matic functionalities are more pronounced. All samples show a broad band at
3300 cm™" referring to the hydroxyl groups (~OH) and aliphatic structures at
wavelength 2919 - 2829 cm™ which is attributed to the —CH stretching of in
aromatic methoxy groups and in methyl groups from side chains [13]. Bands at
1700 - 1730 cm™ refer to the carbonyl/carboxyl groups which appear more pro-
nounced in the sample HTC 240 (Z.e. 1702 cm™') Bands at ~1600, ~1500 and

~1450 cm™! refer to the aromatic skeletal carbon structure. These peaks are more

Raw HTC 90

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™) Wavelength (cm™)

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™) Wavelength (cm™)

Figure 6. FT-IR spectra of raw material (Raw) and different hydrochars (ie. HTC 90, HTC 120 and HTC 240). Reaction time
during the HTC remained constant (220°C) but reaction time was altered.
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pronounced in HTC 240 (ie 1596 cm™, 1512 cm™ and 1452 cm™) than HTC
120 or HTC 90. This may be related to the reaction time during HTC which eas-
es the fragmentation of the lignocellulosic structure and further on the forma-
tion of aromatic end products typical to HTC [14]. Bands at wavelength 950 -

1225 cm™ refer to the aromatic C-H in plane band.

3.4. Scanning Electron Microscope (SEM) Picture Analysis

SEM studies allowed us to evaluate morphological changes of HTC treated hy-
drochars. Images of raw biomass, HTC biomass treated at 220°C for 90 minutes
(HTC90), 120 minutes (HTC120) and 240 minutes (HTC240) are shown in
Figure 7. All pictures shown in Figure 7 are 600 times magnified. A regular
pattern is visible in the raw biomass in picture A which is then distorted in pic-
ture B, HTC biomass (220°C, 90 minutes). However, as the reaction time be-
comes longer such as in picture C, which has a reaction time of 120 minutes, the

further integration of components is observable. Furthermore, picture D, which

59
! Ml 00 o0

DkV 4.9mm x600 SE(M) 50.0u@OkY §9mm x600 SE(M) : i ! \ A _ 50.0u
Figure 7. SEM images (magnification 600x) of raw wood (A), HTC90 (B), HTC120 (C), HTC240 (D) samples.
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is an HTC biomass (220°C, 240 minutes) shows indication of melting particles.

4. Discussion

4.1. Physical and Mechanical Properties

The visible appearance of the pellets looks compact, roasted and very similar to
torrefied pellets as reported by Ranta et al (2016). However, some of the pellets
are more roasted than others, shown as circled in Figure 3. The possible reason
could be overheating of the matrix of the laboratory scale pelletizer (5 kW). This
may potentially have affected negatively on the LHV of the HTC pellets. A simi-
lar impact may have occurred on the mechanical durability of HTC pellets which

is also comparatively lower than the torrefied pellets reported by Ranta et al (2016).

4.2. Thermal Properties

The effect of moisture content in both types of the pellet is visible as the LHV (as
received) of the HTC pellet is lower than the corresponding white pellets. How-
ever, the bulk energy density of HT'C pellets is 8% higher than that of white pel-
lets, meaning carbonization has increased the energy value of biomass which is
an encouraging and positive of the study.

The HHV of the HTC pellets is somewhat comparable to the results reported
by [3] where 200°C reaction temperature resulted in HHV of 21.6 M]J/kg. How-
ever, in the same study, 260°C reaction temperature has resulted in HHV 26.4
M]J/kg, which is significantly higher than the findings of this study. Similarly, [6]
has reported incremental HHV of various biomass according to the increasing
reaction temperature. However, none of the studies represented used Alder as a
biomass. Nonetheless, this development suggests that the reaction temperature
applied in this study may be too low for the optimum results. On the other hand,
it would be wise to remember that the ultimate parameters for the commerciali-
zation of energy product such as pellets are energy input, energy output and
production cost which are not within the scope of this study. Thus, a compre-
hensive study that includes the aforementioned aspects would be able to illu-

strate further about the viability of HTC pellets on a commercial scale.

4.3. Comparison of HTC Pellets with Torrefied Pellets

The SEM image (600 times magnified) of torrefied pellets (B) from the study by
Ranta et al (2016) and HTC pellets (A) from this study are compared and
shown in Figure 8. The HTC_PEL has visible similarities with torrefied pellets
(TOR_PEL). The lignin in pelletized biomass (Figure 8) shows binding unlike
the undisturbed fibers in non-pelletized HTC biomass (Figure 7). This indicates
that compression and temperature generated due to the pelletizing sieve may

have had an effect on binding the pellets.

5. Conclusions

From the experiments, it can be concluded that the pelletization of HTC biomass
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Figure 8. 600 times magnified SEM pictures of HTC_PEL (A) and TOR_PEL(B).

is possible and potentially beneficial compared to its wood chips counterpart.
Undestroyed particles in pelletized HTC biomass with intact bridges as com-
pared to torrefied pellet shown in Figure 7 indicate that additional binder may
not be necessary for the pelletization of HTC biomass with parameters of 90
minutes run time and 220°C reaction temperature.

However, further research would be necessary to identify optimum parame-
ters such as temperature and reaction time for the efficient energy yield. Fur-
thermore, chemical pretreatment before carbonization should also be assessed
for potential benefits. Identifying the behavior of lignin in different reaction
times is a major challenge. The solution to these challenges could be to isolate
the lignin from the material and experiment separately.

One of the potential challenges in this kind of thermal treatment of biomass is
to make it to the industrial scale and continuous process. The excessive amount
of heat needed in the process makes this challenging and leaves little room for
profitable business, thus, it needs thorough synergetic technical and economic

research.

Acknowledgements

The authors would like to thank Auramo Foundation for funding this project.

References

[1] Sermyagina, E., Saari, J., Kaikko, J. and Vakkilainen, E. (2015) Hydrothermal Car-
bonization of Coniferous Biomass: Effect of Process Parameters on Mass and Ener-
gy yields. Journal of Analytical and Applied Pyrolysis, 113, 551-556.
https://doi.org/10.1016/j.jaap.2015.03.012

[2] Romadn, S., Nabais, ].M.V., Laginhas, C., Ledesma, B. and Gonzalez, ].F. (2012) Hy-
drothermal Carbonization as an Effective Way of Densifying the Energy Content of
Biomass. Fuel Processing Technology, 103, 78-83.
https://doi.org/10.1016/j.fuproc.2011.11.009

[3] Reza, M.T., Lynam, J.G., Vasquez, V.R. and Coronella, C.J. (2012) Pelletization of
Biochar from Hydrothermally Carbonized Wood. Environmental Progress & Sus-

DOI: 10.4236/jsbs.2017.73010

147 Journal of Sustainable Bioenergy Systems


https://doi.org/10.4236/jsbs.2017.73010
https://doi.org/10.1016/j.jaap.2015.03.012
https://doi.org/10.1016/j.fuproc.2011.11.009

R.Kcetal.

(4]

(5]

(6]

(7]

(10]

(11]
[12]

(13]

[14]

tainable Energy, 31, 225-234. https://doi.org/10.1002/ep.11615

Hoekman, S., Broch, K.A. and Robbins, C. (2011) Hydrothermal Carbonization
(HTC) of Lignocellulosic Biomass. Energy Fuels, 25, 1802-1810.
https://doi.org/10.1021/ef101745n

Liu, Z. and Balasubramanian, R. (2012) Hydrothermal Carbonization of Waste
Biomass for Energy Generation. Procedia Environmental Sciences, 16, 159-166.
https://doi.org/10.1016/j.proenv.2012.10.022

Bach, Q. and Skreiberg, @. (2016) Upgrading Biomass Fuels via Wet Torrefaction: A
Review and Comparison with Dry Torrefaction. Renewable and Sustainable Energy
Reviews, 54, 665-677. https://doi.org/10.1016/j.rser.2015.10.014

Sénéchal, S. and Grassi, G. (2009) Logistic Management of Wood Pellets: Data Col-
lection on Transportation, Storage and Delivery Management. EUBIA—European
Biomass Industry Association, Brussels.

Thek, G. and Obernberger, I. (2012) The Pellet Handbook: The Production and
Thermal Utilization of Biomass Pellets. Routledge.

Ranta T., Fohr, J. and Soininen, H. (2016) Evaluation of a Pilot-Scale Wood Torre-
faction Plant Based on Pellet Properties and Finnish Market Economics. /nterna-
tional Journal of Energy and Environment, 7, 159.

Berghel, J., Frodeson, S., Granstrom, K., Renstrom, R., Stdhl, M., Nordgren, D. and
Tomani, P. (2013) The Effects of Kraft Lignin Additives on Wood Fuel Pellet Qual-
ity, Energy Use and Shelf Life. Fuel Processing Technology, 112, 64-69.
https://doi.org/10.1016/j.fuproc.2013.02.011

Sjostrom, E. (2013) Wood Chemistry: Fundamentals and Applications. Elsevier.

Li, Y. and Liu, H. (2000) High-Pressure Densification of Wood Residues to Form an
Upgraded Fuel. Biomass and Bioenergy, 19, 177-186.
https://doi.org/10.1016/S0961-9534(00)00026-X

Kong, L., Miao, P. and Qin, J. (2013) Characteristics and Pyrolysis Dynamic Beha-
viors of Hydrothermally Treated Micro Crystalline Cellulose. Journal of Analytical
and Applied Pyrolysis, 100, 67-74. https://doi.org/10.1016/j.jaap.2012.11.019

Falco, C., Baccile, N. and Titirici, M. (2011) Morphological and Structural Differ-
ences between Glucose, Cellulose and Lignocellulosic Biomass Derived Hydrother-
mal Carbons. Green Chemistry, 13, 3273-3281. https://doi.org/10.1039/cl1gc15742f

DOI: 10.4236/jsbs.2017.73010

148 Journal of Sustainable Bioenergy Systems


https://doi.org/10.4236/jsbs.2017.73010
https://doi.org/10.1002/ep.11615
https://doi.org/10.1021/ef101745n
https://doi.org/10.1016/j.proenv.2012.10.022
https://doi.org/10.1016/j.rser.2015.10.014
https://doi.org/10.1016/j.fuproc.2013.02.011
https://doi.org/10.1016/S0961-9534(00)00026-X
https://doi.org/10.1016/j.jaap.2012.11.019
https://doi.org/10.1039/c1gc15742f

o
+%%, Scientific Research Publishing

Submit or recommend next manuscript to SCIRP and we will provide best
service for you:

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.
A wide selection of journals (inclusive of 9 subjects, more than 200 journals)
Providing 24-hour high-quality service

User-friendly online submission system

Fair and swift peer-review system

Efficient typesetting and proofreading procedure

Display of the result of downloads and visits, as well as the number of cited articles
Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/
Or contact jsbs@scirp.org



http://papersubmission.scirp.org/
mailto:jsbs@scirp.org

	Hydrothermal Carbonization of Deciduous Biomass (Alnus incana) and Pelletization Prospects
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Hydrothermal Carbonization (HTC)
	2.2. Pelletization

	3. Results
	3.1. Proximate and Ultimate Analysis
	3.2. Mechanical and Energetic Analysis
	3.3. FT-IR
	3.4. Scanning Electron Microscope (SEM) Picture Analysis

	4. Discussion
	4.1. Physical and Mechanical Properties
	4.2. Thermal Properties
	4.3. Comparison of HTC Pellets with Torrefied Pellets

	5. Conclusions 
	Acknowledgements
	References

