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To increase the understanding of hydrothermal carbonization (HTC) of lignocellulosic biomass residues, four
feedstocks: giant bamboo, coffee wood, eucalyptus, and coffee parchment, were studied. The effect of operating
conditions on the products in terms of yield, composition and energy densification were quantified. Each
feedstock was treated for 3 h at temperatures of 180, 200, 220 and 240 ◦ C. For all samples, the higher heating
value (HHV), fixed carbon content and energy density increased with increasing reaction severity, while volatile
matter content and mass yield decreased. The HHV of hydrochar samples obtained at temperatures ≥220 ◦ C were
in the range of 24.6–29.2 MJ kg− 1 and indicated the high potential of these materials for fuel applications. The
mass yields varied in the range of 46.5–56.9%, with the exception for coffee parchment, where the lower values
of 34.4–46.0% were obtained. The fixed carbon varied from 33.8% to 53.0%. The HTC liquor had pH values of
2.9–4.4 due to organic acids. The results were used to model and evaluate different industrial-scale HTC
simulation cases. The overall efficiency was similar within all studied biomasses. The integration with a bio-fired
power plant allows simplification of the process while also bringing efficiency gains. All studied biomasses
appear to be suitable for energy and value-added products generation through HTC treatment. Coffee residues,
which have received little research consideration previously, responded well.

1. Introduction
The growing importance of sustainability and climate change miti
gation has vastly increased interest in biotechnology and the circular
economy. Nevertheless, in many areas, the bioeconomy can be consid
ered as being underdeveloped and not fully exploiting its considerable
potential. To enable full yet sustainable development of an effective
bioeconomy, new markets must be opened, and new materials produced
from available feedstocks. An important issue related to development of
the bioeconomy is the extensive volume of biomass waste from forestry
and agriculture, which has been estimated to be as much as 140 Gt
annually worldwide [1,2]. This waste holds significant potential for a
variety of applications, although currently only a small percentage is
used as a feedstock for industrial applications or as fuel, mainly due to
legal restrictions and the cost of collection and further processing [3].
These underutilized residues not only represent unused potential, but

landfilling or burning can have significant negative environmental im
pacts (e.g., emission of large quantities of volatile organic compounds in
the case of combustion, and contamination of groundwater in the case of
landfill) [3]. In this context of widespread availability, underutilization
and economic potential, many studies have been conducted on the use of
agro-forest solid residues for energy generation, for example [4–7].
Agroforest residues are mainly produced by wood-product industries
(i.e. paper mills, furniture industry and sawmills) and crops. Bamboo
and eucalyptus are two fast growing plants particularly common in
tropical and subtropical regions. Bamboo is distributed across approxi
mately 320 000 km2 of all global forested area [8,9]. Its naturals com
posite materials have made bamboo a widely used material, as timber,
for indoor carpentry, and as a raw material for the chemical industry
[10–12]. Different studies reveal the potential of bamboo as a raw ma
terial to produce dissolving pulp, cellulosic fibers for paper and starch
granules for saccharification and production of ethanol [13]. Eucalyptus
is a widely grown commercial plantations, which covered over 200 000
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Nomenclature
AC
ACP
BD
BFB
HTC
CW
CP
CHP
CPP
ESR
EW
FC
FCY
GB
HHV
HP
IC
LP
LY
M
MC
MP
MY
NVR

P
RB
RDD
SEM
SA
SD
T
TOC
VM

Ash content [wt%]
Aqueous co-product
Belt Dryer
Bubbling Fluidized Bed
Hydrothermal carbonization
Coffee wood
Coffee parchment
Combined heat and power
Condensing Power Plant
Energy saving ratio [-]
Eucalyptus wood
Fixed carbon [wt%]
Fixed-carbon yield [%]
Giant bamboo
Higher heating value [MJ⋅kg− 1]
High Pressure
Inorganic carbon
Low Pressure
Liquid yield [%]
Mass [kg]
Moisture content, wet basis [-]
Medium Pressure
Hydrochar mass yield [-]
Non-volatile residue [g⋅l− 1]

Power [W], [MW]
Recovery Boiler
Rotary Drum Dryer
Scanning electron microscope
Stand-alone
Standard deviation
Temperature [◦ C]
Total organic carbon
Volatile matter [wt%]

Greek letters
Φ
Heat rate [W], [MW]
η
Efficiency [-]
Subscripts
b
wb
co-gen
hc
l
db
daf
el,in
el,net
HC

km2 in 2019 [14]. The short, relatively uniform and simple cell structure
fiber and low degree of lignification are some of the properties that
makes eucalyptus one of the largest source of market pulp [15], as well
as for other uses such as building materials or charcoal production [16,
17].
From the agricultural sector, coffee is an economically important
commodity in producing countries, particularly Brazil, Vietnam,
Colombia and Indonesia, which together account for more than half of
global coffee production [18]. Coffee parchment is an agricultural res
idue from processing the coffee fruit and constitutes 12% (dry basis) of
the coffee cherry. Coffee wood residue, on the other hand, is produced
during pruning of the shrubs; typically, approximately 25% of the shrub
becomes residue in pruning [18]. In Brazil alone, over 31 million tons of
coffee wood and 0.6 million tons of parchment were generated in 2017
[18]. Coffee residues are considered suitable as feedstock for thermo
chemical conversion processes [18,19].
The significant use of species such as bamboo, eucalyptus and coffee,
large quantities of residues are generated every year, which are typically
either left in the land or burned [20]. Sustainable utilization of
agro-forestry residues by converting these waste streams into valuable
products offers considerable benefits, both environmental and eco
nomic. A typical use for biomass residues is as fuel, although in many
respects raw solid biomass compares unfavorably to other solid fuels
such as coal or peat; drawbacks include the low energy density of solid
biomass, its hygroscopic nature, poor grindability, a tendency to
degrade in storage, and a propensity for causing high-temperature
corrosion and slagging. These drawbacks can, however, be mitigated
by various pre-treatment processes [21].

solid feedstock
wet basis
co-generation
hydrochar sample
liquor sample
dry basis
dry ash free
electricity consumption of HTC plant
net electricity production
hydrochar

process for upgrading various woody and agricultural feedstocks. The
HTC process occurs in an aqueous environment at relatively low tem
peratures, usually in the range of 180–260 ◦ C, in a closed system under
autogenous pressures of 1–5 MPa and external heat supply [22]. The
HTC process involves mainly hydrolysis, an endothermic reaction. At
high temperatures (≥260 ◦ C), however, the exothermic reactions of
sugars such as monosaccharides will dominate the process [8]. The main
product of HTC is an energy-dense solid, which is called hydrochar,
biochar or HTC char; gases and liquids are also produced. The gaseous
product consists mainly of CO2, which can account for over 90% of the
total non-condensable gases produced, as well as small amounts of CO,
H2 and light hydrocarbons such as CH4 [23]. The liquid product includes
both aqueous co-products (ACP) and reaction water [24].
HTC char typically holds 55–90% of the initial mass of the feedstock
and 80–95% of its energy content. As a solid fuel, the properties of
hydrochar are similar to those of lignite [23]. In addition to its ability to
upgrade lignocellulosic biomass, HTC process removes alkali and alka
line metals from the biomass, unlike dry torrefaction, a currently pop
ular low temperature pre-treatment process which requires dry and
high-quality biomass as a feedstock. At present, HTC char is used as a
solid fuel, an absorbent for water purification, for soil amendment, and
in carbon sequestration [25,26].
Recent studies have mainly focused on the effect of HTC operational
parameters on mass and energy yields and hydrochar characteristics.
Differences in biomass composition result in significant variations in
decomposition behavior during HTC treatment. In general, the carbo
naceous structure of hydrochar becomes more stable and compact
compared to the feedstock. Although aromatic functional groups and
C–C and C–O bonds gradually increase during the thermal degradation
[27], characteristics such as ignition energy, reactivity, heating value
and morphological structure, and therefore potential uses of the final
product, depend greatly on the composition of the feedstock material.

1.1. Hydrothermal carbonization
Hydrothermal carbonization (HTC) is a relatively recent conversion
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Hydrochar produced by hydrothermal treatment of bamboo has been
shown as suitable for solid fuel use [28]. High concentrations of nutri
ents, especially nitrogen, phosphorus and potassium, have been found in
the aqueous solution of HTC treatment of bamboo [28]. Hydrochar
studies of eucalyptus bark have reported increased fixed carbon content
compared to the raw material and a higher heating value of approxi
mately 29.2 MJ kg− 1 [29], indicating potential as a solid fuel. For res
idues from coffee production, no significant information on HTC
experiments is available. Coffee residues, however, present different
characteristics such as high values of average volatile matter content
and heating value indicate high potential for energy applications. Coffee
wood and the parchment of coffee cherry have high anhydrosugars
content, increasing their thermal degradation at low temperatures [18].
Due to the relative novelty of the HTC process as a thermochemical
biomass conversion technology, detailed reaction mechanisms for
different feedstocks are not fully understood, and only a few compre
hensive reports have been published. A number of studies [26,30] have
investigated the properties of HTC liquor, which contains valuable
substances utilized in various industrial applications, such as organic
acids, furans and phenols. A few HTC pilot plants have already been
studied, mainly for wastewater treatment. Currently, the world’s first
HTC full-scale facility based on green technology have been built to
recycles wet pulp mill residual flows into useful energy and agricultural
nutrients while stopping greenhouse gas emissions and environmental
contamination [31].
This study aims to investigate the HTC conversion of residues from
bamboo, eucalyptus, coffee wood and coffee parchment into valuable
products and therefore find a potential solution for their management. A
specific focus was examination of the potential of coffee residues as a
fuel with enhanced properties after HTC processing, which remains an
under-researched topic. The importance of the coffee industry for the
local economies in producer countries leads to searching for a sustain
able destination of the coffee residues generation. The amount of coffee
residues can vary significantly depending on regions and climate con
ditions [19]. The discontinuity of coffee residues production would

result in low capacity utilization in dedicated treatment plants. A more
feasible solution would be industrial-scale treatment with other bio
masses to complement the coffee residues, particularly with industries
available in the regions to avoid high transport cost. Hence,
industrial-scale HTC plants were simulated in order to analyze the po
tential of HTC treatment as a biorefinery process using biomass residues.
In terms of circular economy, eucalyptus and bamboo side stream in the
pulp mill sector may play a significant role contributing to the growing
HTC plant additional unit operation into pulp mills. Integration of two
processes utilizing the same feedstock can often bring advantages in
terms of efficiency improvement, process simplification and cost sav
ings. Additionally, coffee residues typically generated in the same re
gions as eucalyptus and bamboo were considered as a potential
feedstock to be treated in the integrated HTC plant. Although other
thermochemical conversion processes such as fast pyrolysis or torre
faction [32] have been studied as potential additional revenue streams
for south American pulp mills, the potential of hydrochar production in
a pulp mill has not yet been investigated.
2. Materials and methods
2.1. Materials
The samples were provided by the University of Viçosa, Minas Gerais
state, Brazil. Coffee wood (CW) and parchment of coffee cherry (CP)
from coffea arabica species were collected from a rural farm in the mu
nicipality of Paula Candido, Minas Gerais state, Brazil. Eucalyptus sp.
wood (EW) and giant bamboo (GB) were collected from commercial
cultivation sites of the experimental units of the Federal University of
Viçosa, Minas Gerais state, Brazil. All samples were ground in an electric
hammer mill, with a fixed speed of 3520 rpm, linked to a sieve with a
mesh size of 1 cm. The grinding is required to ensure uniform size dis
tribution of the feedstock particles. After grinding, the biomasses were
stored in sealed polyethylene bags at room temperature.

Fig. 1. HTC experimental unit.
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2.2. Hydrothermal carbonization

(TOC) were determined for the HTC liquid of the samples. The samples
were filtered twice using a grade GF/F microfiber filter with a pore size
of 0.7 μm in order to reduce the presence of hydrochar particles and to
protect the analysis equipment from damage. In analysis of the NVR
content, approximately 4 ml of the samples were introduced into a
crucible. Once all the samples were weighed, the crucibles were placed
in an oven and kept at a temperature of 105 ± 5 ◦ C for 24 h in order to
vaporize all water [26]. The pH analysis was performed with a digital pH
meter; a triplicate was taken per sample and the average values used. For
total organic carbon (TOC) analysis, a Shimadzu TOC-Lcph/cpn
analyzer unit with a dilution function in the range of 10–100 mg L− 1
was used according to EN 1484-H3 standard procedure.

Hydrothermal carbonization of selected lignocellulosic biomasses
was performed in the laboratory facilities of Lappeenranta-Lahti Uni
versity of Technology LUT, Finland, in four main stages: feedstock
preparation and characterization, HTC treatment, liquid-solid separa
tion, and product characterization. The experimental procedure is
depicted in Fig. 1. For each experiment, a pre-weighed sample of the
biomass was dispersed in water and stirred manually.
The characteristics of a hydrochar product depend on the process
parameters selected: temperature, water-to-biomass ratio and residence
time. Of these, temperature has by far the greatest impact on process
severity [23,33,34]. The impact of water-to-biomass ratio is clearly less,
and that of residence time less still [33]. Similar thermal degradation
behavior, chemical structure and H/C and O/C ratios can be observed in
hydrochar when residence time is varied at constant temperature [33].
Consequently, the temperature was varied in the tests, with four values
considered: 180, 200, 220 and 240 ◦ C. Water-to-biomass mass ratio was
set at 8:1 (approximately 50 g of biomass dry matter and 400 ml of
water), and residence time was 3 h, which were considered typical
representative values.
The stainless-steel batch reactor used in the experiments had an inner
volume of approximately 1 L (705 mm height and 42 mm inner diam
eter) with a flange connection at the top and screw closing at the bottom.
The temperature inside the cylindrical reactor was monitored with two
thermocouples; one at 245 mm and one at 645 mm from the top of the
reactor. An additional thermocouple measured the temperature of the
outer surface of the reactor. A pressure sensor and a pressure relief valve
(set point pressure 40 bar, maximum temperature 300 ◦ C) were installed
for pressure measurements and safety purposes. The heat demand for the
process was provided by a heating jacket. The heater consisted of elec
tric resistance wire elements surrounded by a ceramic fiber insulation
and an outer steel cover. National Instruments LabVIEW software was
utilized for device control and measurement of the operating parame
ters. The required temperature level inside the reactor during the period
studied was maintained with a proportional-integral-derivative (PID)
controller.
At the end of each experiment, the hydrocarbonized biomass and
liquid products were collected and then separated by vacuum filtration
using a Büchner funnel with a Whatman glass microfiber filter paper of
grade GF/A (pore size: 1.6 μm). Hydrochar was subsequently dried
overnight in the oven at a temperature of 105 ± 2 ◦ C. All tests were
carried out at least in duplicate and average values were used. The
retrieved HTC liquors were stored in 100 ml disposable plastic sample
containers; 16 samples in total were taken for analysis.

2.4. Hydrochar quantification parameters
The variation of the mass yield (MY) of the solid product defined as
the dry solid mass ratio of hydrochar to that of the initial biomass,
together with fixed carbon yield (FCY), energy density factor (EDF) and
energy yield (EY) were calculated for the hydrochar samples according
to Eqs. (1)–(4) to evaluate the effectiveness of the hydrothermal
carbonization process. The energy density factor indicates the elevation
of HHV during the HTC process; it should be noted that this parameter
does not indicate the economic value addition gained in the process
since degradation of the samples is not considered in the equation, un
like in calculation of the energy yield [35].
Solid mass yield : MY =

(Mhc )db
× 100%
(Mb )db

(1)

Fixed − carbon yield : FCY = MY × (FC / 100)
(
Energy density factor : EDF =
Energy yield : EY = MY × EDF

HHVhc
HHVb

(2)

)
(3)
daf

(4)

Mass and energy yield correlations were evaluated in order to
describe the obtained yield results of all biomasses in a single equation.
Different simple models of diverse forms were run on the data in order to
select the best fit. First, the correlation curves were fitted by minimizing
the residual sum of squares of the error term using (X’X)− 1X’Y. A
comparison was then made on the basis of the R-squared values. A single
equation Eq. (5) defined the selected model that explained the highest
percentage of variation for all four feedstocks. The values of the co
efficients a, b and c and R-squared values are shown in section 3.2.
Y = 100 − a(T − b)c

(5)

Correlations proposed and/or applied for estimating the O/C and H/
C atomic ratios from HHV were collected from the literature, which are
summarized in Table 1. The correlations were carefully selected from
several available in the literature for the estimation of biomass HHV
using ultimate analysis approach. The accuracy of these correlation is
statistically evaluated based on a database of a large quantity of biomass
samples. In addition, the validation of the correlations through estima
tion errors were also considered in the selection of the equations,
including the mean absolute error (MAE), average absolute error (AAE)
and average biased error (ABE).
After each HTC treatment, the liquor was recovered for subsequent
characterization, i.e. determination of the non-volatile residue (NVR)
and liquid yield (LY). NVR and LY were defined as in Eqs. (8) and (9).

2.3. Biomass characterization
Both feedstock and hydrocarbonized biomass samples were charac
terized by proximate analysis and heating value measurements in
accordance with DIN EN 15148:2010–03 (2010), DIN EN
14775:2010–04 (2010) and DIN EN 14918:2014–08 (2014) standard
procedures for volatile matter (VM), ash content (AC) and higher
heating value (HHV), respectively. Fixed carbon (FC) was calculated by
subtracting from 100% the sum of VM and AC. Additionally, micro
structure pictures of the samples were analyzed using a scanning elec
tron microscope (SEM) to examine the morphological structure of the
hydrochar surface.
Non-volatile residue (NVR) content, pH and total organic carbon
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Table 1
Existing ultimate analysis-based correlations using the properties of low temperature conversion biomass.
Eq.

Ref.

Correlation (HHV, MJ•kg− 1)

MAE

AAE

ABE

Specification

(6)

[36]

HHV = 4.4804 + 0.3194⋅C

1.25

5.66

0.64

(7)

[36]

HHV = 32.7934 + 0.0053⋅C2 − 0.5321⋅C − 2.8769⋅H + 0.0608⋅C⋅H − 0.2401⋅N

1.13

5.01

0.49

Approximate heating value of biomass on a dry weigh
ash free basis, applied in low temperature treatments.
Empirical correlations study using multiple variables’
linear or non-linear regression analysis of many data
points of torrefaction biomass process.

NVR =

LY =

(Ml )db
[
]
(Ml − (Ml )db )⋅10− 6 mg⋅L− 1

flowsheet model is based on the simultaneous solution of mass and en
ergy balances together with specific equations describing the behaviour
of each component, and the simulation result represents a steady-state
operating point of a plant. The configurations of the simulated CHP
plants will be presented in Section 3.5.

(8)

(Ml )db
Ml

(9)

The results obtained from the gravimetric NVR analysis and the
liquid yields are summarized in Table 4.

2.6. HTC plant performance indicators

2.5. HTC plant modelling

LHV basis net efficiency, ηLHV , and energy saving ratio, ESR, were
used as key performance indicators for the simulated HTC plants. Net
efficiency is defined in Eq. (10) for the stand-alone HTC plant and in Eq.
(11) for the integrated plant.

Flowsheet models of industrial-scale HTC plants were developed
using commercial IPSEpro software in order to investigate the technical
performance of possible HTC plant configurations, and to quantify the
performance of the investigated cases. IPSEpro is a comprehensive
equation-oriented steady-state process simulation software widely used
as a decision support tool for complex plant designs [37]. In the IPSEpro
environment, the overall plant flowsheet models are constructed with
discrete modules representing individual components. The software
model library covers many common components, while user-defined
component models can be created for special tasks in a separate model
development kit (MDK) supplied with the software. The calculation of a

ηLHV =

ΦHC
Φb,boiler + Φb,HTC + Pel,in

(10)

ηLHV =

ΦHC + Pel,net
Φb,boiler + Φb,HTC

(11)

ESR is defined as:
(
)
)
(
Φb,boiler + Φb,HTC sep − Φb,boiler + Φb,HTC co−
(
)
ESR =
Φb,boiler + Φb,HTC co− gen

(12)

gen

Table 2
Chemical analysis of feedstock and hydrochar samples.
Biomass
Eucalyptus

Giant bamboo

Coffee wood

Coffee parchment

Properties
a

VM
ACa
FCa
HHVa
LHVa
MY
EY
EDF
VMa
ACa
FCa
HHVa
LHVa
MY
EY
EDF
VMa
ACa
FCa
HHVa
LHVa
MY
EY
EDF
VMa
ACa
FCa
HHVa
LHVa
MY
EY
EDF

Units
[wt%]
[wt%]
[wt%]
[MJ⋅kg−
[MJ⋅kg−
[%]
[%]
2
[-]−(×10
)
[wt%]
[wt%]
[wt%]
[MJ⋅kg−
[MJ⋅kg−
[%]
[%]
2
[-]−(×10
)
[wt%]
[wt%]
[wt%]
[MJ⋅kg−
[MJ⋅kg−
[%]
[%]
2
[-]−(×10
)
[wt%]
[wt%]
[wt%]
[MJ⋅kg−
[MJ⋅kg−
[%]
[%]
2
[-]−(×10
)

Feedstock

1

]
]

1

1

]
]

1

1

]
]

1

1

]
]

1

84.9(0.2)
0.2(0.05)
14.8(0.2)
20.0(0.1)
18.5(0.1)
–
–
–
83.5(0.5)
1.2(0.01)
15.3(0.5)
19.9(0.1)
18.7(0.1)
–
–
–
82.7(0.2)
1.8(0.1)
15.5(0.2)
20.2(0.1)
18.8(0.1)
–
–
–
76.3(0.1)
6.8(0.1)
16.9(0.3)
18.4(0.1)
17(0.1)
–
–
–

Reaction Temperature [◦ C]
180

200

220

240

79.1(0.4)
0.1(0.02)
20.8(0.5)
21.7(0.1)
20.4(0.1)
72.3(0.6)
78.8(0.7)
1.1(0.6)
73.9(2.7)
0.7(0.1)
25.4(2.8)
22.5(0.1)
21.1(0.1)
63.9(0.8)
73.0(0.9)
1.1(0.4)
77.6(0.3)
1.1(0.1)
21.3(0.6)
22.2(0.1)
20.7(0.1)
68.0(1.3)
75.0(0.7)
1.1(1.0)
73.9(0.3)
1.4(0.3)
24.6(0.6)
22.1(0.1)
20.7(0.1)
55.4(0.7)
66.4(0.7)
1.2(0.6)

65.6(1.5)
0.1(0.1)
34.3(1.8)
24.6(0.1)
23.3(0.1)
64.2(0.4)
79.1(0.6)
1.2(0.7)
66.5(4.3)
0.8(0.1)
32.6(4.0)
23.7(0.1)
22.4(0.1)
59.3(1.0)
71.3(0.8)
1.2(0.8)
73.9(0.5)
0.9(0.1)
25.2(0.7)
22.8(0.1)
21.3(0.1)
65.5(0.4)
74.0(0.3)
1.1(0.6)
69(0.7)
1.4(0.4)
29.6(0.6)
23.4(0.1)
22(0.1)
54.1(1.6)
68.8(1.6)
1.3(0.5)

56.5(0.7)
0.1(0.1)
43.4(1.0)
25.4(0.1)
24.1(0.1)
56.9(0.4)
72.1(0.5)
1.3(0.1)
56.6(1.6)
0.7(0.1)
42.6(1.8)
24.6(0.1)
23.2(0.1)
54.3(1.7)
67.9(1.4)
1.2(1.5)
64.6(3.8)
0.9(0.1)
34.4(4.0)
25.6(0.1)
24.1(0.1)
56.7(1.0)
71.9(1.2)
1.3(0.5)
61.4(1.0)
1.6(0.3)
36.9(0.8)
25.2(0.1)
23.9(0.1)
46.0(0.6)
63.0(0.8)
1.4(1.0)

47.9(0.4)
0.2(0.1)
51.9(1.0)
25.5(0.1)
24.2(0.1)
51.6(0.4)
65.9(0.5)
1.3(1.1)
44.6(3.2)
1.5(0.5)
53.9(3.0)
27.0(0.1)
25.7(0.1)
52.5(0.8)
69.4(1.4)
1.3(0.5)
53.1(0.9)
0.8(0.1)
46.04(1.2)
26.5(0.1)
25.1(0.1)
46.5(1.0)
61.3(0.6)
1.3(5.3)
49.5(1.6)
1.7(0.1)
48.8(1.4)
29.2(0.1)
28(0.1)
34.4(1.8)
54.6(2.5)
1.6(0.7)

a
dry basis. (…) Standard deviation. VM-Volatile Matter. AC-Ash content. FC-Fixed carbon. HHV-High heating value. LHV-Low heating value. MY-Mass yield, EYEnergy yield. EDF-Energy density factor.
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Table 3
Coefficients and R-squared for mass and energy yield equation adjustment.
Sample

Mass yield
a
0.313
3.516
5.166
0.622

HTC-CW
HTC-EW
HTC-GB
HTC-CP

b
99.209
143.315
108.835
84.007

c
1.035
0.575
0.458
0.918

R2
0.93
0.99
0.92
0.87

Energy yield
A
0.125
0.116
2.365
0.249

b
71.591
85.982
− 1.239
48.049

c
1.109
1.123
0.473
0.983

R2
0.86
0.87
0.89
0.78

Hydrochar from CW-coffee wood, EW-eucalyptus wood, GB-giant bamboo, CP-coffee parchment.

[28,41]. No information on HTC treatment results could be found for
coffee residues, i.e. coffee parchment and coffee wood. The HHV of the
hydrochar samples can be compared to the HHV of dry torrefied coffee
residues treated at 240 ◦ C for 0.5 h (21.9 MJ kg− 1) [41], eucalyptus
species treated at 160–230 ◦ C for 5–15 h (19.5–21.3 MJ kg− 1) [42] and
bamboo treated at 220–280 ◦ C for 1 h (19.3–24 MJ kg− 1) [43]. The
results indicate that the HTC process is more effective at upgrading the
HHV than dry torrefaction and can convert lignocellulosic biomass into
a more desirable value-added product for energy applications. Addi
tionally, HTC process is not affected by the high moisture content of the
feedstock, and therefore eliminates the pre-drying requirement, which
consumes high amount of energy that results in a financial load. How
ever, post-drying of hydrochar is required for energy applications. Ac
cording to Ref. [44] hydrochar produced via HTC from grass biomass
were found more hydrophobic compared to biochar sample produced
from torrefaction, which may have an economical advantage in the
post-drying stage.
The volatile matter content of the hydrochar decreased with
increasing HTC temperature as a result of devolatilization/depolymer
ization taking place during HTC. The decrease of absolute volatile
matter, VM, (fraction of VM multiplied by the mass yield, MY) in per
centages from feedstock to HTC240◦ C were 43.3, 46.4, 36.0 and 34.9%
for EW, GB, CW and CP, respectively. The FC values, on the other hand,
indicate potential for hydrochar generation from the devolatilized
biomass [18]. For all studied samples, the FC increased due to carbon
concentration resulting from devolatilization; this conversion increases
with increasing temperature. From feedstock to HTC240◦ C, the total
quantity of fixed carbon (FC multiplied by MY) increased by 82%, 85%
and 38% for EW, GB, and CW, respectively. For CP, no change of total
quantity of FC was observed, as mass loss and FC fraction increase
almost exactly compensated for each other. The changes in the VM and
FC contents were less pronounced with the coffee residues than with EW
and GB, which indicates that eucalyptus and bamboo samples are more
susceptible to thermal degradation, thus requiring less time for a ther
mochemical conversion, while coffee residues are more stable to HTC
process conditions, probably due to differences in the chemical and
structural composition.
Biomass degradation can also be explained by the structural
composition of the samples [18], because low molecular weight prod
ucts are released from the side chains of hemicelluloses and lignin, and
slight disintegration of water extractives also takes place at low tem
peratures of approximately 250 ◦ C [38,45]. Same coffee residues sam
ples used in this study were characterized previously in Ref. [18]; 18.25
wt% and 20.65 wt% of lignin and 29.57 wt% and 26.59 wt% of hemi
celluloses were obtained for CW and CP, respectively. For eucalyptus
and bamboo structural composition data was obtained from diverse
reports of samples collected in the same regions as the biomasses
considered in this study, average values of 22.5 and 31.4 wt% for EW
[46,47], and 21.5 and 23.4 wt% for GB [48] for lignin and hemi
celluloses, respectively were found. The values demonstrate the high
potential of these materials for hydrochar production, even though they
may have different resistances to thermal degradation during the pro
cess. The higher the lignin content and the lower the hemicellulose
content, the higher the resistance of the biomass to degradation at HTC
process conditions. According to Yang et al. [49], lignin is the chemical
constituent of biomass that contributes most to hydrochar yield.

Table 4
NVR and TOC of HTC liquor.
Biomass

Eucalyptus

Giant bamboo

Coffee wood

Coffee
parchment

T
[◦ C]

180
200
220
240
180
200
220
240
180
200
220
240
180
200
220
240

NVR Gravimetric
Analysis

TOC analysis [g∙L− 1]

NVR
[g∙L− 1]

LY
[%]

TOC

TC

IC
[∙10− 3]

14.74
12.25
9.88
7.43
22.66
19.64
16.62
13.61
12.31
11.76
11.97
11.67
31.82
27.27
27.34
24.29

1.45
1.21
0.98
0.74
2.22
1.93
1.64
1.35
1.22
1.16
1.18
1.15
3.08
2.65
2.66
2.37

20.00
20.53
17.78
17.22
27.15
24.96
21.93
19.46
18.37
20.83
31.05
36.09
24.80
24.80
25.52
22.51

20.02
20.55
17.80
17.24
27.17
24.98
21.95
19.48
18.39
20.85
31.06
36.11
24.82
24.82
25.54
22.53

15.14
15.25
19.61
21.14
16.94
16.67
17.01
16.94
15.44
20.66
14.76
16.27
17.37
15.52
17.53
16.43

where subscripts sep and co-gen refer to the fuel and feed consumption of
the separate stand-alone and integrated co-generation of hydrochar and
electricity, respectively. Boiler fuel consumption for non-integrated
production is defined as a sum of the boiler fuel consumption of the
non-integrated HTC plant and separate power plant boiler for produc
tion of the same amount of electricity as the integrated plant, accounting
for the consumption of the HTC plant.
3. Results and discussion
3.1. Properties of the biomass feedstock and hydrochar
Proximate and calorific analysis values of the biomass feedstocks are
listed in Table 2, as well as the mass and energy yields, and the energy
density factors. The last three indicators are explained in section 3.2. In
general, all the tested carbonization temperatures successfully upgraded
the quality of the raw material by increasing the heating value of the
final product.
Higher heating value is one of the most important parameters in
thermochemical conversion processes [18]. In addition to being an
important indicator of energy density and thus quality of the product,
the heating value in HTC typically tends to correlate with the severity of
the hydrocarbonization process. In this study, a gradual increase of HHV
with increasing temperature from feedstock to HTC240◦ C of 21.6, 26.3,
23.8 and 37% for EW, GB, CW and CP, respectively, was observed. The
increase in higher heating value demonstrated the energetic improve
ment of the hydrochar due to dehydration and decarboxylation [38].
The HHV of the HTC220◦ C and HTC240◦ C samples (except for GB at
HTC220◦ C) exceeded the higher heating value of commercial lignite
(25.0 MJ kg− 1) [39] and the HHV of CP at HTC240◦ C was slightly higher
than that of sub-bituminous coal (28.7 MJ kg− 1) [40]. The results ob
tained for HHV were close to the values reported in the literature for
earlier HTC experiments carried out with similar parameters for euca
lyptus sp. (20.2–29.2 MJ kg− 1) [29] and bamboo (17.5–28.7 MJ kg− 1)
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Ash is an inorganic solid residue, mostly in the form of oxides, con
tained in biomass as a result of normal plant growth process. Ash rep
resents a risk to biorefinery equipment due to its corrosive properties
[50]. In this study, HTC treatment of EW resulted in a slight reduction of
ash content in the hydrochar in comparison to the raw feedstock. Minor
variation was observed in GB treatments: in most cases a slight reduction
in ash content was found, but at HTC240◦ C there was a small increase
compared to the raw biomass. The AC increase in the hydrochar is
probably associated with the precipitation of minerals in the ash as the
temperature increases [29]. Some inorganic compounds may become
organically bound, form insoluble salts, adsorb on the hydrochar or
dissolve in liquid but remain in the hydrochar during thermal drying. In
general, removal of inorganics from the feedstock by the HTC process is
efficient, due to the inorganics becoming partially dissolved in the liquid
phase [51]. This phenomenon was more evident during the HTC con
version process of coffee residues, which showed a significant ash con
tent reduction of 75% for CP and 56% for CW for HTC240◦ C in
comparison to the raw feedstock. Section 3.3 shows that coffee hydro
char tends to exhibit higher porosity, which facilitates the circulation of
solvents and consequently the removal of inorganics. Alkali and alkaline
earth metals were likely removed from the samples, since the literature
is consistent about the effectiveness of HTC in their removal, e.g. 95% of
potassium was removed in all cases reported by Stirling et al. [52]. The
ash content is also related to the reactivity of the samples due to the
deposition of inorganic compounds on the sample surface, contributing
to hydrochar from higher HTC temperature being more reactive than its
lower HTC temperature counterpart.
Biomass is mainly composed of elements C, H, O, N and S, where the
former three are the main ones, representing up to 97–99% of the
biomass organic mass. Ultimate compositions of the biomasses studied
were calculated using the heating value correlations of Table 1; Eq. 6 for
C and Eq. 7 for H. Changes to N and S contents in HTC treatment of
different biomasses have been reported as insignificant in different
studies [53–55]. In this study, the feedstock N and S content of 0.05 and
<0.01 for eucalyptus [53], 0.6 and < 0.01 for bamboo [54], 1.86 and
0.21 for coffee wood [56], and 0.82 and 0.2 for coffee parchment [56],
respectively were used along the HTC process temperature variation.
The calculated values for the feedstock were compared to data available
in the literature for eucalyptus [53], bamboo [54] and coffee residues
[56]. Fig. 2 shows the fuel characteristics of biomass through ultimate
composition by means of a van-Krevelen diagram. Increasing HTC pro
cess temperature reduces the oxygen to carbon (O/C) and hydrogen to
carbon (H/C) ratios of the samples and makes them more comparable to
lignite and coal. A strong trend of dehydration with increasing HTC
temperature was observed, which indicates the hydrolysis reactions of
hemicelluloses and cellulose, probably of xylose and glucose

degradation, respectively. The average carbon content was 60 wt%
which can be considered as an indicator of successful biomass dehy
dration [57]. In general, the elemental carbon increased with higher
HTC temperature from 43 to 49 wt% to 66–77 wt%. Similar results were
observed for different biomasses under HTC treatments such as garden
prunings that increase C content from 56.45 wt% to 65.83 wt% [57] or
bamboo from 44.10 wt% to 66 wt% [54]. More carbon in the sample
indicates the potential of carbon-base materials production, carbon
sequestration, and soil amendment applications [58].
3.2. Mass and energy yields of hydrochar
Fig. 3 and Fig. 4 depict the mass and energy yields of hydrochar
together with the correlation curves, described by Eq. (5). Table 3 shows
the coefficients obtained from the regression analysis and the corre
sponding R-squared values of the mass and energy yield equations.
The mass yields obtained for the biomasses were considered satis
factory compared to previous findings. For example, the hydrochar yield
obtained for Eucalyptus sp. did not exceed 46.4% (conditions of
220–300 ◦ C for 0.5–10 h) [29], while MY values of approximately
50–71% have been found for wood samples [26], values supported by
pine wood studies [23]. For agricultural residues e.g. sugarcane bagasse,
corn stover and rice hulls, MY values of 36–72% at HTC temperatures of
200–300 ◦ C have been reported [26]. Similar trends of MY decrease with
increasing temperature were observed in this research.
For all four biomasses, increasing the temperature in the range of
180–240 ◦ C increased the mass loss, from 45% to 66%, 32%–54%, 28%–
48%, and 36%–48% for CP, CW, EW and GB, respectively. The mass
yield (MY) reduction is connected to the deoxygenating reactions and
VM conversion, as the hydrogen and oxygen contents become lower at
higher temperatures [59]. The lowest MY values were observed for the
agricultural residue (CP), and the lowest MY variation was found for GB
samples, followed by EW, CP and CW, in that order.
Total organic carbon (TOC) in HTC liquid consists mostly of organic
acids and sugars [60]. The higher anhydrosugar content of agricultural
residues compared to woody biomasses leads to increased degradation
of carbon compounds in the residues compared to wood. These accel
erate the hydrolysis process, further catalyzing the hydrocarbonization,
resulting in a lower MY for agricultural residues than woody biomass.
With the GB, the amount of TOC decreased at increasing tempera
ture. This is also consistent with the lowest MY variation observed in GB,
as the reducing catalytic effect could be expected to also reduce the
increase of reaction severity from increasing temperature. The liquid
from CP had the highest pH values, which led to increased hydrolysis
and consequently lower MY. HTC liquor is discussed in more detail in
section 3.4.
The energy yield, EY, of the process is a product of two factors: mass
yield and energy densification (relative increase of heating value). As
the HTC temperature increases, the mass yield decreases, and energy
densification increases for all feedstocks (Table 2). The total EY within
the studied HTC temperatures resulted in values ranging from 61 to 79%
for woody biomass and 54–69% for CP. The energy yields indicate solid
matter energy content reductions of 31%–45%, 25%–39%, 21%–34%
and 27%–31% for CP, WC, EW, and GB samples, respectively. The re
sults are consistent with literature reports for woody biomass (EY:
66–85%) [23,26,60] and agricultural residues (EY: 56–78%) [26].
The type of biomass influenced the yield distribution. As can be seen
in Figs. 3 and 4, woody biomass produces more solid matter and,
consequently, less tar, water and gas than agricultural residues. This
finding is in qualitative agreement with previous studies, where higher
energy and solid yields from wood residues were attributed to higher
lignin content and lower amounts of anhydrosugars and inorganics [61,
62].
Fixed carbon yield (FCY) is an indicator of the quality of the final
hydrochar product [46]. Fig. 5 shows the FCY values obtained for the
samples. FCY values of 13–18%, 13–23%, 14–27% and 15–29% were

Fig. 2. van-Krevelen diagram of hydrochars produced at various HTC tem
peratures.
Hydrochar from CW-coffee wood, EW-eucalyptus wood, GB-giant bamboo, C
P-coffee parchment.
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Fig. 3. Mass yield of hydrochar as a function of temperature at 8:1 water-to-biomass ratio.
Hydrochar from CW-coffee wood, EW-eucalyptus wood, GB-giant bamboo, C
P-coffee parchment. Bars represent standard deviation.

Fig. 4. Energy yield of hydrochar as a function of temperature at 8:1 water-to-biomass ratio.
Hydrochar from CW-coffee wood, EW-eucalyptus wood, GB-giant bamboo, C
P-coffee parchment. Bars represent standard deviation.

found for CP, CW, EW and GB, respectively. Fixed carbon yield has a
positive correlation with lignin content [46], which explains the dif
ferences in behavior of the feedstocks, especially the difference between
agricultural and woody biomasses. Wood biomass often has a higher
carbon content than agricultural materials, which tends to result in more
carbon assimilation during the conversion process, yielding a product

with good characteristics for energy applications as a solid biofuel [18].
3.3. Morphological structure analysis
Morphological transitions of the biomasses under different HTC
temperature conditions were studied with scanning electron microscopy
8
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Fig. 5. Fixed carbon yield of hydrochar Hydrochar
from CW-coffee wood, EW-eucalyptus wood, GB-giant bamboo, C
P-coffee parchment. Standard deviation (bars).

by the difficulty of dissolving and dispersing lignin and cellulose into the
aqueous phase at low temperatures. In summary, the formation of
hydrochar can be described as a conversion of non-dissolved lignin
and/or cellulose and dissolved fragments through homogeneous
hydrocarbonization [29].
It can be seen that the fibres were the most affected cells during the
hydrocarbonization and changes in the cell walls were easily discern
able. As temperature increased, the reduction in the cell wall thickness
of the fibres increased. The fibres exhibited a glassy and brittle
appearance after hydrocarbonization, which was also observed by Yildiz
and Gümüşkaya [68].

(SEM). The surface morphology micrographs for the feedstocks and the
hydrochars are shown in Fig. 6. As expected, the shapes, arrangement of
the pores and their radii, and the fibres of the samples were all modified
during the HTC treatment. Surface changes during HTC treatment are
associated with the reduction in organic compounds and volatilization,
which results in formation of the hydrochar matrix [63]. The feedstock
samples displayed the typical cellular structure of lignocellulosic
biomass with continuous smooth thick surfaces. As a consequence of the
HTC treatment, the lignocellulosic structure ruptured into small frag
ments, due to the presence of easily decomposable polymers such as
hemicelluloses in the samples. Protuberances in the hydrochar, which
are likely cell wall changes caused by thermal degradation, can also be
observed. Literature reports indicate that at high temperature dissolu
tion of anhydrosugars followed by polymerization of monomers and
fragments in the liquid phase can result in the formation of carbona
ceous spheres on the hydrochar surface [64,65]. These are known as
secondary hydrochar. The number of heterogeneous fragments increases
as the temperature is increased, and for the same temperature, new
microsphere structures and pores are formed on the hydrochar surface;
this behaviour can be seen by observing the SEM images. When the
cellulose and hemicellulose contents of the biomass are high, the
hydrochar becomes more fragmented, and the presence of carbonaceous
microspheres, esters and hydroxyl groups on the hydrochar surface in
creases [65]. The hydrochar from coffee residues, which have high
contents of polymers that are decomposable at low temperatures, as
noted in section 3.1, thus produce a higher density of carbon micro
spheres on the surface than bamboo or eucalyptus. The spheres from
coffee residue also exhibit lower integrity, resulting in more irregular
shapes. These characteristics also benefit the production of pores in the
material. The pores in coffee parchment hydrochar were also found to be
of lower diameter than in hydrochar from woody biomasses.
Porosity increases due to gas emissions from volatile matter, frag
mentation of biomass composition [29] and reduction of the paren
chyma cells. The parenchyma cells have thin primary walls and are
easily degraded by temperature [66]. The CP hydrochar showed higher
porosity than the hydrochar from the woody samples. Consequently, CP
hydrochar has good potential for soil amendment usage, since the pores
on the hydrochar can hold moisture and thereby increase the water
holding capacity of the soil [67]. The higher porosity can be explained

3.4. HTC liquid-phase products
During the HTC process, the liquid phase acts as a heat transfer
medium, solvent and reactant. This phase participates actively in the
degradation of carbohydrates during hydrolysis. Due to dehydration
reactions, the liquid content at the end of each HTC experiment is usu
ally higher than the original water input. The appearance of the
collected HTC liquor samples varies depending on the process parame
ters and the feedstock. In this study, the aqueous suspension had a
yellow/brown tone. The HTC liquors consist mainly of sugars, organic
acids, furfural and phenols, among other components [26,60]. Quanti
fication of the HTC liquor compounds from HTC treatment of biomass
should be considered for future research due to their importance as
valued-added products. Nevertheless, pH values, non-volatile residue
NVR, liquid yield LY and total organic carbon of HTC liquors were
measured in this study.
The results of pH measurements are shown in Fig. 7 pH was found to
vary from 2.9 to 4.4, due to organic acids production. The results are in
agreement with earlier literature, which also reported slightly more
acidic HTC liquors from woody biomass than from agro-based residue
feedstocks, although the difference was not statistically significant [12].
Hoekman et al. [26] observed a minor reduction in pH levels with
increased HTC process temperature, which was found in this study for
EW and GB but not with the CW and CP samples. The different behavior
of the CW and CP samples can be attributed to the lower amount of acid
production in general and a smaller amount of formic acid in the case of
CP [69]. Another reason may be the higher liquid alkali content of
9
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Fig. 6. SEM images: eucalyptus wood: (a) raw, (b) HTC180◦ C and (c) HTC240◦ C; bamboo: (d) raw, (e) HTC180◦ C and (f) HTC240◦ C; coffee wood: (g) raw, (h) HTC180◦ C
and (i) HTC240◦ C; coffee parchment: (j) raw, (k) HTC180◦ C and (l) HTC240◦ C.

agricultural residues compared to woody biomass [69]. The variation in
the pH level throughout the range of treatment temperatures in this
study can be considered relatively small: 3.1%, 4.6%, 4.2% and 7.5% for
CW, EW, GB and CP, respectively.
As a general trend, the non-volatile residue NVR and liquid yield LY
of HTC liquors decrease with increasing temperature. This happens as a
result of non-volatile organic products, which would remain in the li
quor at mild conditions, reacting further and breaking down into noncondensable gases at higher temperatures [26]. At HTC180◦ C to
HTC240◦ C, NVR content was between 7 and 31 g∙L− 1, with liquors from
treatment of CP having higher values than those from woody biomasses
or bamboo. The results are similar to those reported in Hoekman et al.
[26] for woody and agricultural feedstock.
In addition to NVR and LY, Table 4 includes also the total organic
carbon (TOC), inorganic carbon (IC) and total carbon (TC) concentra
tions in the HTC liquors. TOC values in the liquor samples ranged from
17 to 21 g∙L− 1, 19–27 g∙L− 1, 18–36 g∙L− 1 and 22–26 g∙L− 1 for EW, GB,
CW and CP, respectively. As the reaction temperatures increased from
180 ◦ C to 240 ◦ C, the TOC concentrations decreased by 13.9% in the EW
liquor and 28.3%, in the GB liquor. In the CP liquor samples, a smaller

Fig. 7. pH levels of HTC liquors. pH values in front of the bars, standard de
viation (SD) < 0.1.
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TOC change of 11% was observed, i.e. process temperature did not have
a strong influence on TOC. In the CW liquor, the temperature de
pendency of TOC was the opposite: a clear increase of TOC values with
increasing temperature. Unlike the other feedstocks, the liquid yield of
coffee wood also does not significantly reduce with temperature. It thus
appears that the organic compounds in the CW liquor are less prone to
thermally degrade into gaseous products than those of the other feed
stocks. Further analysis of the compounds in the liquid and gas phases
will be needed to fully explain this difference in liquor behavior. The
TOC concentrations found in this research appear clearly higher than
those found in the literature; the highest TOC concentration reported in
Elyounssi et al. [35] was approximately 18 g∙L− 1 for liquors from HTC
treatment of maize silage at 200 ◦ C for 0.3 h, and Hoekman et al. [26]
reported measured TOC levels for a selection of woody and herbaceous
biomasses in a narrow range of 7–13% of the starting mass. The results
indicate a high content of sugars (e.g. glucose or xylose) in the liquor.

kgevap heat consumption [19] and heat recovered from the product
slurry stream as flash vapour as the heat source, while case SA-D rep
resents a more efficient but also more complex plant utilizing a rotary
drum dryer at 0.9 kWh/kgevap heat consumption [70], using boiler flue
gas as a heat source. This SA-D scheme needs more depressurization
stages to prevent boiling in the feed stream (with a 5 ◦ C safety margin)
while simultaneously maintaining a pressure gradient from flash tank
towards the feed stream for vapour injection.
The boiler fuel is bamboo when bamboo is the HTC feedstock,
eucalyptus for other HTC feedstocks. Coffee residues were not consid
ered as boiler fuel due to inconsistent availability and, in case of coffee
parchment, also corrosive ash properties. The biomass dry matter spe
cific heat cp,d was estimated using correlations for woody biomass
(coffee wood and eucalyptus) [71], giant bamboo [72] and coffee
parchment [73]. For hydrothermal carbonization reaction enthalpy hf
available data is still sparse, but the net hf appears likely to be small but
exothermic. To obtain a conservative estimate for the energy needed, the
heat gained from the small and difficult-to-estimate hf was not consid
ered in the reactor model. Results obtained for the two stand-alone
plants with different feedstocks are presented in Table 5. Even with a
high-end efficiency estimate assumed for the drum dryer, only a small
boiler fuel saving could be achieved, and efficiency advantage is all but
lost due to the higher power consumption. As the cost of electricity likely
exceeds that of solid biomass fuel, the SA-D scheme is simpler, and the
drum dryers with high-temperature heat supply introduce a fire hazard
not present with belt driers, the SA-B case appears preferable as a
stand-alone concept.
Integration with steam power plants was evaluated in different
concepts. Two power plants were considered for integration: the steam
cycle of a large South American pulp mill recovery boiler, labelled RB
(Fig. 9), and a small-scale biomass-fired condensing power plant, CPP
(Fig. 10). The boiler and steam cycle modelling was performed as
described in Refs. [74,75].
The plant RB produces power and steam for the adjacent pulp mill.
Steam is available as 4 bar low-pressure (LP) steam, medium-pressure
levels of 16.5 bar MP1 and 10 bar MP2, and 28 bar high pressure (HP)
for boiler sootblowing. Steam remaining after mill and deaerator de
mands is expanded through a condensing turbine. The condensing tur
bine flow is throttled to maintain required pressure and flow to steam

3.5. Industrial-scale HTC plant simulation
In the second stage of the study, industrial-scale plants were simu
lated. Different plant configurations and operating schemes were
considered, including stand-alone, and integration to the steam cycle of
either a small biomass-fired condensing power plant, or the combined
heat and power (CHP) plant of a large kraft pulp mill. The HTC process
requires heating and pressurizing a large mass of water along with the
feedstock. Recovering most of this heat is vital for a reasonably efficient
process. Accomplishing this with a relatively simple plant configuration
was the main goal of the process design part of the study.
All cases consider a continuously operating plant with a Kamyr
feeder for feed slurry mixing, direct steam heated reactor, 1:8 dry-towater ratio, 3 h residence time, and 50% of HTC liquor recirculated to
the feed. Ambient temperatures of 20 ◦ C (water) and 25 ◦ C (air, biomass)
were assumed. Initial design focused on a relatively small stand-alone
plant, producing 2 t h− 1 of 10% MC (wb) hydrochar pellets at rate at
200 ◦ C temperature, amounting to approximately 4–6 t h− 1 of 40% MC
(wb) feedstock. Steam for final reactor heating to carbonization tem
perature was provided by a grate-fired boiler. Two variations, differing
in the heat recovery and final product drying, are considered, shown in
Fig. 8. SA-B represents the simpler case with a belt dryer at 1.2 kWh/

Fig. 8. Design model of the stand-alone HTC process schemes. KF - Kamyr feeder; FSH - feed slurry heater; SP - slurry pump; FT - flash tank; MD - mechanical
dewatering; RDD - drum drier; BD - belt drier; SG - steam generator; E - economizer; L - air preheater; F - furnace.
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Table 5
Energy inputs and outputs of stand-alone HTC plants SA-B and SA-D.
Case SA-B
Boiler fuel Φb,boiler [MWLHV]
HTC feedstock Φb,HTC [MWLHV]
Power consumption Pel,in [MWel]
Hydrochar output ΦHC [MWLHV]
Net energy efficiency ηLHV [%]

Case SA-D

EW

CW

CP

GB

EW

CW

CP

GB

2.53
13.31
0.39
11.51
77.1

2.57
13.84
0.39
10.51
68.6

3.06
15.22
0.40
10.87
63.5

2.44
14.61
0.39
10.43
64.4

2.47
13.31
0.45
11.51
77.2

2.78
13.84
0.45
10.51
68.7

2.86
15.22
0.46
10.87
64.1

2.63
14.61
0.46
10.43
64.6

Fig. 9. Steam cycle of a large south american pulp mill recovery boiler, Case RB. BFB-bubbling fluidized bed furnace; SH-superheater; E-economizer; L-air preheater;
SCAH - steam coil air heater; DA-deaerator; GS-governing stage.

Fig. 10. Steam cycle of a small condensing power plant, Case CPP. BFB-bubbling fluidized bed furnace; SH-superheater; E-economizer; L-air preheater; SCAH - steam
coil air heater; DA-deaerator; GS-governing stage.
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Fig. 11. Flowsheet model of the integrated HTC schemes case I-D. KF-Kamyr feeder; FSH–feed slurry heater; SP–slurry pump; FT-flash tank; MD-mechanical
dewatering; RDD - rotary drum drier; BD – belt drier.

Fig. 12. Flowsheet models of the integrated HTC schemes cases I–S and I–B. KF-Kamyr feeder; FSH–feed slurry heater; SP–slurry pump; FT-flash tank; MDmechanical dewatering; RDD - rotary drum drier; BD – belt drier.

consumers. Typically such plant produces considerable excess electricity
that can be sold to the national grid. For the purposes of this work, the
relative fractions of mill consumption and sold electricity are irrelevant,
and only the net power available after the boiler and steam plant own
auxiliary consumptions is considered.
The CPP plant is simpler and without process steam production; only
two extractions are thus available. The LP turbine valve is maintained
open, allowing LP bleed steam pressure to vary. The pressures are solved
according to the ellipse law as described in Ref. [74].
In addition to steam heating, feedwater and blowdown are consid
ered potential sources of hot water, and flue gas from CPP boiler back
pass, after superheater, is used as heat source for the drum dryer.
Recovery boiler flue gas, however, is fouling and corrosive due to high
ash and SO2 contents, and thus rejected as an option for dryer heating.
The main condensate stream and makeup water were considered po
tential heat sinks for the flash vapours from HTC product slurry
depressurization.
With the above heat source and sink options available, three basic

configurations of integrated HTC plant were designed. Integration with
the RB is depicted, except when flue gas drum dryer is used, which is
only considered with the CPP. Of the three integration schemes, I-D
(Fig. 11) and I–B (Fig. 12) represent variants of the stand-alone schemes
SA-D and SA-B, using gas-heated rotary drum and vapour/water heated
belt hydrochar driers, respectively. The I–S (Fig. 12) represents a
simpler, more integrated scheme using drum blowdown and feedwater
for feed slurry water, and makeup water or main condensate as product
slurry heat recovery heat sinks, without multi-stage feed slurry heating
or slurry pumps. 8:1 solids-to-water ratio, 200 ◦ C temperature, 2 t/h
hydrochar production, and 1:1 HTC liquor disposal-to-recirculation
ratio were evaluated for all process schemes and feedstocks.
The HTC process of the I-D integration scheme is similar to the
equivalent stand-alone SA-D. Aside from different heating steam pa
rameters resulting in slightly changed flows and flash tank pressures, the
main difference is in the heat recovery: the large flow of the CPP main
condensate permits more efficient cooling of the hot waste water. In the
RB cycle with it’s large makeup water flow, the heat recovery is even
13
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Table 6
Results of integration simulations with the recovery boiler cogeneration plant.
Scheme

no HTC

RB-I-S

Feedstock
RB
HTC

Φf [MWLHV]
Pel [MW]
ΔPel [MW]
Φf [MWLHV]
Pel,HTC [MW]
ΦHC [MWLHV]
ESR [-]
ηLHV [%]

1036.3
168.44
–
–
–
–
–
62.3

RB-I-B

EW

CW

CP

GB

EW

CW

CP

GB

1036.3
167.79
0.659
13.3
0.334
11.5
1.004
62.5

1036.3
167.78
0.665
13.8
0.334
10.5
1.004
62.4

1036.3
167.71
0.734
15.2
0.337
10.9
1.004
62.3

1036.3
167.77
0.675
14.6
0.335
10.4
1.004
62.3

1036.3
167.69
0.756
13.3
0.364
11.5
1.003
62.5

1036.3
167.68
0.760
13.8
0.365
10.5
1.003
62.4

1036.3
167.62
0.823
15.2
0.374
10.9
1.004
62.3

1036.3
167.67
0.774
14.6
0.367
10.4
1.003
62.3

Table 7
Results of integration simulations with condensing power plant.
Scheme

no HTC

Feedstock

EW

GB

EW

CW

CP

GB

EW

CW

CP

GB

EW

CW

CP

GB

30.59
9.686
–
–
–
–
–
31.7

30.59
9.740
–
–
–
–
–
31.8

30.59
8.942
0.744
13.3
0.338
11.5
1.098
46.6

30.59
8.935
0.751
13.8
0.334
10.5
1.098
43.8

30.59
8.833
0.853
15.2
0.342
10.9
1.111
43.0

30.59
8.965
0.775
14.6
0.335
10.4
1.107
42.9

30.59
9.002
0.684
13.3
0.364
11.5
1.103
46.7

30.59
8.999
0.687
13.8
0.365
10.5
1.103
43.9

30.59
8.938
0.748
15.2
0.374
10.9
1.118
43.2

30.59
9.047
0.693
14.6
0.367
10.4
1.113
43.1

30.59
8.960
0.726
13.3
0.364
11.5
1.100
46.6

30.59
8.954
0.732
13.8
0.365
10.5
1.100
43.8

30.59
8.874
0.812
15.2
0.374
10.9
1.114
43.1

30.59
8.989
0.751
14.6
0.367
10.4
1.109
43.0

CPP
HTC

Φf [MWLHV]
Pel [MW]
ΔPel [MW]
Φf [MWLHV]
Pel,HTC [MW]
Φhc [MWLHV]
ESR [-]
ηLHV [%]

CPP-I-S

CPP-I-B

more effective, as seen in the case of I–B depicted in the context of RB
plant integration. As this case is based on using much of the depres
surization vapour for belt drier heat supply, the feed slurry enters the
reactor considerably colder, needing more steam for final heating. In
direct feed slurry preheating with lower pressure steam is used to
minimize the use of higher-pressure steam in reactor heating to mini
mize power generation loss.
The simplest scheme, labelled I–S in Fig. 12, uses drum blowdown
water augmented with recirculated HTC liquor. In the RB plant, drum
water is sufficient, while in the CPP, where the HTC plant water need far
exceeds the blowdown, feedwater is also used. The pressurized water is
mixed with HTC feedstock in the Kamyr feeder. No slurry pumps or feed
slurry preheating are used. The product is depressurized in two stages so
that the final depressurization produces enough flash vapour to supply
the belt dryer, and all vapour from the preceding one is used to heat the
main condensate stream of the steam power cycle. As in scheme I–B, the
disposed liquid is cooled with the makeup water (RB) or main conden
sate (CPP).
The results of the baseline integration schemes are shown in Tables 6
and 7. The energy saving ratio ESR exceeds 1 for all cases, indicating an
efficiency benefit over stand-alone plants. In efficiency terms, the main
advantage shared by all integrated process schemes is the availability of
large, relatively low-temperature heat sinks facilitating more effective
cooling of the hot HTC liquor than what is possible with stand-alone
processes, reducing heat lost with the effluents from 0.5 to 1.0 MW
(stand-alone plants) to 0.1–0.3 MW (integrated plants).
The ESR is much higher for the CPP integration schemes than for the
pulp RB plant. Rather than showing superior performance, this is mainly
due to the HTC plant being relatively much larger in CPP integration and
thus affecting the performance indicators more. The loss of power
generation, ΔPel, is only slightly more for the RB-I-B at 0.76–0.82 MW as
opposed to the 0.68–0.75 MW for the CPP-I-B. For the simplified process
scheme I–S, the RB-I-S in fact superior at ΔPel of 0.66–0.73 MW, versus
0.74–0.85 MW of the CPP-I-S. Between the CPP-I-D and CPP-I-B, the flue
gas heated rotary drum dryer concept proved to perform poorly, with
very little advantage in generator power being completely lost through
higher power consumption.
Several factors influence the different behaviours of the RB and CPP
integration schemes. A drawback of the RB is that as a CHP plant, it must

CPP-I-D

supply LP steam to the mill at constant pressure, which requires throt
tling the condensing turbine. Additional steam consumers, such as the
HTC plant, will thus reduce not only the steam flow available, but also
the specific work of all steam flowing through the turbine. In the CPP,
pressure levels between turbine stages can be allowed to vary, and
throttling avoided. An advantage of the RB plant is the variety of steam
pressure levels available. This often permits a closer match of extraction
pressure to minimum pressure needed for HTC reactor heating, allowing
further expansion before extraction. This, and the large makeup water
flow for efficient HTC effluent cooling, alleviates but fails to fully
compensate for the effect of condensing turbine throttling in case I–B.
With the I–S scheme, the RB has an additional advantage due to
being much larger. Using high-pressure, high-temperature water as in
the I–S scheme is a fundamentally less efficient way of providing heat
and water to the feed slurry than heating with lower-temperature heat
sources over smaller temperature differences and pressurizing the only
as needed; however, the RB plant is large enough that the drum blow
down that is removed in any case is sufficient for HTC feed slurry. The
CPP variant uses mostly feedwater, thus needing significantly more
steam. The RB variant, for which the blowdown is sufficient, is slightly
more efficient.
The results indicate that the relative scale of the HTC process and the
power plant plays a role in the efficiency of the integrated schemes. The
availability of suitable extraction pressure levels is also a factor, and
related to HTC temperature. Consequently, the sensitivity of perfor
mance to the scale and process temperature was evaluated, by simu
lating the integrated schemes at 180 ◦ C and 220 ◦ C, and 4–6 t/h
hydrochar production rates. The results, obtained for EW feedstock, are
shown in Fig. 13. The specific loss of power generation per hydrochar
production can be seen to generally increase with increasing production
rate and temperature, as could be expected. The RB curves are at slightly
below and also increase at a slightly lower rate than those of CPP, as the
larger plant remains less affected by an HTC plant that even at 6 t/h
production is comparatively small relative to the RB steam cycle; RB-I-B
in particular maintains a constant specific loss of power generation with
increasing scale. The CPP-I-S, on the other hand, shows a particularly
dramatic loss of performance when 6 t/h production or 220 ◦ C is
reached, in both cases due to the same reason, requiring 90 bar live
steam for reactor heating. At 220 ◦ C, this is due to the required pressure
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Fig. 13. Specific loss of power generation as a function of HTC temperature and hydrochar production.

level, while at 6 t/h the steam demand is high enough that at reduced
flow, the HP bleed steam pressure falls below that required even for
200 ◦ C HTC process. It becomes clear, that the performance of an inte
grated plant is heavily influenced by the combination of HTC process
parameters, available steam pressure levels, and the scale of the process.

• The aqueous phase characterization was considered insufficient to
discuss possible HTC liquor application options. In contrast to the
hydrochar, the liquid products require extraction and fractionation
to identify the main compounds. However, the results obtained for
the parameters analyzed (pH, TOC and NVR) were in a similar range
to literature reports for the studied biomasses. Further analysis is
recommended. The liquid is likely to contain a variety of both
organic compounds and minerals, and these compounds may be
potentially valuable for a variety of applications, such as fertilizer
production or as adsorption agents.

4. Conclusions and recommendations
The hydrothermal carbonization (HTC) properties of four types of
globally important woody and non-woody residual biomasses were
analyzed and compared in this study. The work analyzes the behavior of
coffee residues in HTC treatment, which is a topic that has not previ
ously been reported in the literature. The following findings and con
clusions were drawn:

In general, all the biomasses studied could be considered suitable
feedstock for HTC treatment. Coffee wood and coffee parchment
hydrochars exhibit suitable properties for use as adsorbent agents,
activated carbon synthesis precursors or soil conditioners, while
bamboo and eucalyptus appear suitable for use as solid fuels.

• HTC produces a hydrochar with improved energy carrier properties
compared to the raw feedstock. As the HTC temperature increases,
the higher heating value and fixed carbon increase, the volatile
matter reduces, and the ashes become partially dissolved into the
liquid phase; this all combines to improve the characteristics of the
hydrochar as a solid biofuel.
• The type of biomass influences the characteristics of the product.
Higher energy and solid yields were obtained from woody biomasses
than from agricultural residues, which is likely attributable to the
higher content of anhydrosugars and inorganics in agricultural res
idues, and the higher lignin content of woody biomasses.
• Integrating the hydrothermal carbonization process with a Rankinecycle power plant can allow a simpler process design, and an effi
ciency benefit, provided that extraction steam is available at suffi
cient pressure levels. A pulp mill cogeneration plant can be a
particularly advantageous candidate for HTC plant location for the
combination of multiple steam pressure levels available, and large
enough plant scale that operation is not excessively affected.
• Removing the need for the pre-treatment drying required by most
thermochemical technologies is an advantage of HTC over other
thermochemical conversion processes. Drying with a belt drier
heated with flash vapour from product slurry depressurization
showed good performance while permitting simpler process design
than using a flue gas heated drier, even when the latter was assumed
to be clearly more efficient in heat use.
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