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Abstract
Hydrochars obtained by hydrothermal carbonization (HTC) of Lavandula straws have been studied as an eco-friendly and 
economical valorization route of residual biomass from cosmetic industry into solid fuels. HTC process has been performed 
in a temperature range from 180 to 260 °C and retention time ranging from 1 to 20 h. The two key parameters (time and 
temperature) were normalized to severity factor (SF) ranging from 4.74 to 7.79, in order to compare the fuel characteristics of 
hydrochars according to the thermal treatment conditions. Proximate and ultimate analysis and microscopy and thermal analy-
sis were used to characterize hydrochar surface, combustion behavior, and kinetics as a function of SF, and to compare them 
with those of the raw lavandin sample. Results showed that after HTC, hydrochar properties were close to sub-bituminous 
coal and lignite, and SF was a relevant optimization parameter for solid fuel application. In the case of Lavandula, SF = 6 
was the optimal value for the HTC process. Nevertheless, in addition to SF, it is important to consider that HTC-temperature 
is a more influencing parameter than HTC-retention time for the fuel properties of the resulting hydrochars.
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Introduction

France is a world leader in terms of perfume industry expor-
tations. Perfume plant cultivation and transformation have 
been performed since the seventeenth century, mainly in 
the southeast region of France. Grasse (Alpes Maritimes, 
France) is the international capital of perfume, and con-
centrates most of the national industrial activity related to 
perfume and cosmetics. The Lavandula genus (lavender and 
lavandin), a native from the Mediterranean area, is cultivated 

in Provence on around 20,000 ha of crops. Each year, more 
than 1000 tons of Lavandula essential oil is locally produced 
by water steam distillation. Lavandin essential oil production 
predominates over lavender due to its higher yield (100 kg/
ha vs. 15 kg/ha for lavender) and its lower price, making 
it of interest for industry [1]. Nevertheless, due to the low 
concentration of essential oil in the crops, a huge amount of 
plant is distilled, and consequently a huge amount of solid 
residual biomass is generated (20,000 tons in France, repre-
senting 90% of the worldwide generation).

Given the current problems of reducing waste volume and 
greenhouse gas emissions, the environmental and ecologi-
cal issues of straws from the perfume business are a major 
concern. Indeed, more than 40% of straws are discarded. 
Possible valorization routes of medicinal and aromatic 
plants biomass have been compiled in a recent review by 
Saha and Basak [2]. Among them, development of supple-
mentary extractions to isolate molecules of pharmaceutic 
interest such as bioactive phytochemicals and bioactive phe-
nolic antioxidants from the residual biomass was suggested 
to be more deeply investigated. Although this alternative 
seems very promising, it does not contribute to substan-
tially decrease the residual biomass volume. Digestion of 
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residual biomass by microbes or bacteria to produce biogas 
or enzymes also attracted high attention since the production 
costs are low. Valorization of residual biomass as biofuels, 
biogas, biosorbents, biochars, and biopesticides was also 
investigated, as well as reuse of residual biomass as soil 
amendment, organic mulch, and animal feed [2].

Concerning Lavandula straw (LS) valorization, utili-
zation as feedstock for producing high-added value com-
pounds (antioxidants, aroma), fungal oxidative enzymes to 
improve decomposition of lignocellulose into biofuel [3], 
and conversion into mycelium-based biomaterials [4] have 
been proposed as interesting issues. The use of LS as a co-
composting material mixed with cattle manure and barley 
straw has also been recently investigated and results showed 
that organic matter degradation was accelerated in the pres-
ence of LS despite some negative aspects such as increased 
C/N ratio and a decrease in germination index which have 
been pointed out [5]. To our knowledge, LS is for now in 
majority pyrolyzed in treatment units far away from their 
production site. LS valorization as solid fuel has never been 
investigated, whereas many kinds of biomass have already 
been investigated as solid fuel: wood and woody biomass, 
agricultural biomass, aquatic biomass, human and animal 
biowaste, industrial biomass—alone or mixed with other 
varieties of biomass [6].

The main processes for the production of solid fuel 
from biomass include pyrolysis, torrefaction, and hydro-
thermal carbonization. These thermal conversion tech-
niques result in carbon-rich materials whose properties 
depend on the type of process and the reaction parameters. 
Pyrolysis involves a thermal treatment at elevated tempera-
ture (300–650 °C) under inert atmosphere; in the torrefac-
tion process, biomass is heated in the absence of oxygen at 
200–300 °C for less than 1 h at ambient pressure, whereas 
HTC is performed in a closed vessel, under self-generated 
pressure (2–10 MPa) obtained by heating under moderate 
temperature (180–250 °C) for several hours [7, 8]. Many 
practical and economical advantages of HTC process can 
be enumerated, compared to pyrolysis and torrefaction, 
making this process a promising valorization route of bio-
mass into solid fuel. Indeed, wet samples can directly be 
processed by HTC, and to a lesser extent by torrefaction 
when the moisture content is lower than 15%, whereas a 
costly drying step is required for pyrolysis [9]. HTC results 
in a solid fuel (hydrochar) with properties comparable to 
the solid product obtained by torrefaction, such as mass 
yield and higher heating value (HHV). However, the tem-
perature applied during HTC is lower than for torrefaction 
for the same mass yield [9]. Compared to pyrolysis where 
the presence of water decelerates the process, the presence 
of water during HTC results in an increase of the rate of 
carbonization and a higher yield compared to pyrolysis 
process applied to samples without water [6]. The presence 

of water enhances biomass decomposition by hydrolysis 
reactions and results in a lower ash content by leaching 
[9]. HTC results in a more severe decomposition of bio-
mass and a higher increase of the HHV for a given mass 
of raw biomass than torrefaction [7].

On an economical and technical point of view, when scal-
ing up HTC process, solutions have to be found consider-
ing the complexity of the process (compared for example 
with torrefaction), the high pressure during HTC (in order 
to overcome the use of expensive, very resistant materials), 
and the energy required [8, 10]. A drying step after produc-
tion of the obtained hydrochar has also to be considered 
for an industrial process [8]. The batch process is the more 
commonly considered at scales ranging from bench level 
to pilot scale giving the ease of implementation and scale-
up, but one of its main drawbacks is the large energy con-
sumption. Semi-continuous processes have been proposed 
as fixed-bed, flow-through reactors, in which hot water is 
pumped through the reactor which retains biomass. They 
have proven to be cost-effective at small industrial scale with 
varied feedstocks. A continuous process is generally selected 
at large scale for economic reasons because of the lower 
energy associated with reactors with high solid contents and 
constant temperatures [10].

Factors affecting HTC process are (i) temperature, (ii) 
biomass composition, (iii) retention time (i.e., duration of 
thermal treatment), and (iv) water to biomass ratio. Among 
these factors, temperature and retention time have been 
pointed out to be probably the key parameter. When high 
temperatures were applied, solid fuel quantity was low but 
it presented high carbon content and elevated HHV. In con-
trast, when low temperatures were applied, the solid fuel 
production was higher due to an incomplete decomposition 
of cellulose and hemicellulose. Higher retention times also 
resulted in a better solid yield, as well as high values of 
autogenerated pressure [6]. These two variable parameters 
are usually reduced into one, called the severity factor (SF) 
initially proposed by Overend and Chornet (1987) [11] to 
describe the impact of liquid hot water treatments on lig-
nocellulosic components. Depending on retention time and 
temperature during HTC process, SF generally ranges from 
4 to 8 [12]. This range of SF values can be attained either 
through a combination of a high temperature/short reten-
tion time; or moderate temperature/high retention time, or 
moderate temperature/moderate retention time. Since a same 
SF can be reached by either a combination of short retention 
time/high temperature or long retention time/low tempera-
ture, there is a loss of interpretation especially regarding 
the weight of each parameter (retention time/temperature) 
when using SF. Nevertheless, for practical reasons, the 
reduction of the HTC conditions to one degree of freedom 
makes easier the comparison of hydrochar properties, and 
is generally used.
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Biomass valorization as solid fuel through HTC depends 
on the composition of the original biomass. During HTC of 
lignocellulosic biomass, which is mainly composed of cel-
lulose, hemicellulose, and lignin [7], reaction paths result in 
dehydration, decarboxylation, aromatization, hydrolysis, and 
condensation of these three different fractions, but the exact 
mechanisms are still under elucidation [13]. A higher lignin 
content in the samples resulted in a higher yield of the pro-
duction of solid fuel whereas a higher content of cellulose 
and hemicellulose increased the yield of the liquid phase [6]. 
Among the different sources of biomass, the fuel properties 
of hydrochars obtained from agricultural waste are noticeably 
improved compared to those of the agricultural waste before 
HTC treatment, with combustion properties similar of those 
of brown coal [14]. As an example, the HHV of corn silage is 
improved from 19.6 to 26.6 MJ·kg−1 while the HHV of dough 
residues is improved from 17.8 to 28.3 MJ·kg−1 [14]. The igni-
tion temperature, which is a key parameter when considering 
safety storage of fuels, also increases after HTC treatment of 
agricultural residues, as well as the coalification degree and 
the fixed carbon content, while the quantity of volatile matter 
decreases [15, 16].

The objective of this work is to evaluate the potential of HTC as 
an adapted conversion route from technical, economic, and envi-
ronmental perspectives for LS valorization as solid fuel, which has 
never been investigated before. The benefits of HTC treatment are 
nevertheless strongly dependent on the biomass; therefore, a com-
plete study of the physico-chemical and combustion characteristics 
of LS hydrochars has to be firstly performed. Then, to evaluate 
the relevance of using SF as unique parameter to determine the 
optimal HTC conditions for solid fuel production, an investigation 
on the weight of each parameter—SF, retention time, and tempera-
ture—is needed. These are the aims of this work. For that, HTC 
conditions were investigated under a constant water to biomass 
ratio and variables retention time (from 1 to 20 h) and temperatures 
(from 180 to 260 °C) in order to get SF ranging from 4.74 to 7.79. 
Proximate and ultimate analysis, scanning electron microscopy 
(SEM), and attenuated total reflectance infrared spectroscopy 
(ATR-FTIR) were performed on lavandin sample and hydrochars 
for characterization. Then, combustion behavior and combustion 
kinetics were studied with the help of thermogravimetric analysis 
(TGA), in order to evaluate the influence of each parameter, sever-
ity factor, retention time, and temperature, on the properties of 
hydrochars, in the context of their utilization as solid fuel.

Materials and Methods

Lavandin Sample and Hydrochar Preparation

Air-dried lavandin (L) samples were collected in 
the Alpes-Maritimes (GPS coordinates: 43.765533; 
7.345123), France. They were ground using a domestic 

blender then dried in an oven at 105 °C until a constant 
mass was reached (approximatively 24  h). A Fritsch 
Analysette vibrating sieve equipped with several sieves 
of different sizes was used to discriminate the ground 
dried particles by their size. The size fraction providing 
the most abundant volume of sample was 125–500 μm. It 
has been shown that hydrochars produced from samples 
with particle size under 250 μm had a higher HHV and the 
carbon content was higher in the solid phase [17]. Hence, 
in order to get hydrochars with high HHV and to valorize 
a large amount of biomass, L hydrochars were produced 
from 125–500-μm particles.

The hydrothermal carbonization (HTC) of the L was 
performed in a 600-mL sealed reactor (Series 4560 Mini 
Reactors, Parr Instrument Company) equipped with stain-
less steel vessel, polytetrafluoroethylene (PTFE) flat gas-
ket, and mechanical stirring device (Fig. S1). A constant 
initial solid/liquid ratio (S:L = 1:5) was chosen for all HTC 
experiments. For that, 20 g of L and 100 mL of deionized 
water were inserted in the reactor. This ratio has been fixed 
to 1:5 because it corresponded to the minimum amount 
of water to be added inside the reactor that allowed the 
stirrer to constantly homogenize the mixture, and allowed 
a sufficient humidity for an efficient and homogene-
ous heat transfer during HTC. In addition, it has been 
demonstrated that when S:L ratio was greater than 1:5, 
a decrease in hydrochar yield due to dissolved biomass 
components in the liquid fraction could occur [13]. The 
reactor was wrapped in an electric furnace, heated to the 
desired temperature (180–260 °C) with a heating ramp of 
6.8 °C/min (starting from 25 °C; Fig. S2), and maintained 
at the set point temperature for several hours (1–20 h). 
When the desired retention time was reached, the reactor 
was removed from the electric furnace to naturally cool 
at room temperature. Cooling occurred with a ramp of 
1.6 °C/min (Fig. S2). HTC reaction occurred under self-
generated pressure. The slurry after the HTC reaction was 
filtered by pre-weighed filter paper; the solid phase was 
separated and dried in an oven at 105 °C until a constant 
mass was reached and manually ground. Table 1 shows 
details of sample preparation during HTC. Raw L and 
its corresponding hydrochars were abbreviated as L and 
LHx-y, respectively. The retention time (in hours) and 
temperature (in °C) were represented by x and y, respec-
tively. These peculiar combinations of retention time and 
temperature have been chosen in order to discuss about the 
influence of retention time on one hand and temperature 
on the other hand on hydrochar properties and to conclude 
about the relevance of using SF as an optimization param-
eter for fuel application.

HTC treatments use water as reaction medium for biomass 
pretreatment. Temperature and retention time are the most 
important variables affecting the efficacy of pretreatment. 
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The combination of these two factors into a single one allows 
comparison of the experimental results. Overend and Chor-
net (1987) proposed the reaction ordinate concept (R

0
) to 

combine time and temperature parameters. In this concept, 
the assumption is done that (i) the reaction occurs in a single 
step, is irreversible, and its overall kinetics follow a first-
law concentration dependence; (ii) the rate constant has an 
Arrhenius-type dependence on temperature [11]. The reac-
tion ordinate is expressed by the following equation:

With R
0
 being the reaction ordinate (min), t  being the 

retention time (min), T  the temperature (°C), 100 °C is the 
reference temperature, and 14.75 °C is the temperature 
increase which has an exponential relation with reaction 
order to produce the same changes in the hydrochar [18]. 
The severity factor (SF), corresponding to logR

0
 , is generally 

used to evaluate the efficiency of the process.

Proximate Analysis

The proximate analysis including moisture ( M ), ash ( Ash ), 
and volatile matter ( VM ) contents of L and hydrochars was 
determined using a thermogravimetric analyzer (Mettler 
Toledo TGA2 Star System), based on American Society for 
Testing and Materials (ASTM) E871-82 [19], ASTM E1755-
01 [20], and ASTM E872-82 [21] methods, respectively. 
The fixed carbon ( FC ) content percentage was calculated as:

Depending on their fuel ratio ( FR ), the hydrochars can 
be ranked as alternative coal fuels. A low fuel ratio suggests 

(1)R
0
= t × exp

(

T − 100

14.75

)

(2)FC(%wt) = 100 −M(wt%) − VM(wt%) − Ash(wt%)

that the fuel easily ignites due to its high volatile matter 
content. Hence, an increased fuel ratio suggests that the fixed 
carbon content of the fuel is higher than its volatile matter 
content, providing better fuel properties. Hydrochar yield 
( HY  ) allows estimating how interesting the chosen biomass 
is, regarding the quantity of produced hydrochar from the 
initial biomass.

FR and HY  were calculated as follows:

Elemental Analysis

C and H measurements were performed on a C/H elemental 
micro-analyzer (ISA, CNRS, Villeurbanne). About 1.5 mg 
of sample weighted in silver cups was dropped into a flow 
of 50 mL min−1 of pure O2 into a unit combustion hold at 
1050 °C and half-filled with CuO. C and H were transformed 
into CO2 and water H2O, respectively, prior to be measured 
using a CO2/H2O non-dispersive infrared detector. The pre-
cision has been evaluated at ± 0.30% for C and H.

N analysis was taken into account using a nitrogen ele-
mental micro-analyzer (ISA, CNRS Villeurbanne). The 
sample weighted in silver cup falls in a similar unit com-
bustion previously described where N has been turned into 
nitrogen oxide in a flow of He and O2. The gasses pass 
through a copper wire tube held at 450 °C where nitro-
gen oxide was reduced in N2 followed by a CO2/H2O trap. 
The quantification of the resulting N2 has been done on a 
TCD (thermal conductivity detector). Precision has been 
established < 0.20%.

S determination has been performed using a C/S SC144 
analyzer (LECO, St Joseph, USA). About 10 mg of sam-
ples has been introduced into a horizontal combustion unit 
maintained at 1350 °C where C and S are turned into CO2 
and SO2 prior to quantifying using CO2 and SO2 non-dis-
persive infrared cells. Precision on S analysis was evaluated 
at 0.10%.

Calorific values ( HHV  ) were calculated from elemen-
tal analysis and ash content according to Channiwala 
et al. (2002) [22]. The validity of this correlation has been 
established for fuels ranging from gaseous, liquid, coals, 
biomass material, and char to residue-derived fuels hav-
ing a wide range of elemental composition (C: 0–92.25%; 
H: 0.43–25.15%; O: 0–50%; N: 0–5.6%; S: 0–94.08%, 
Ash: 0–71.4%). The versatility of this correlation has been 

(3)FR =
FC(%wt)

VM(%wt)

(4)HY(%) =
dried hydrochar mass

dried biomass mass
× 100.

Table 1   Details of sample preparation during HTC

Sample ID Retention time 
(h)

Temperature 
(°C)

SF S:L

L 0 NA NA NA
LH1-220 1 220 5.31 1:5
LH2-220 2 220 5.61 1:5
LH4-220 4 220 5.91 1:5
LH8-220 8 220 6.21 1:5
LH20-220 20 220 6.61 1:5
LH4-180 4 180 4.74 1:5
LH4-200 4 200 5.32 1:5
LH4-240 4 240 6.50 1:5
LH20-200 20 200 6.02 1:5
LH20-240 20 240 7.20 1:5
LH20-260 20 260 7.79 1:5
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demonstrated through a bias error of 0% and an average 
absolute error of 1.45%.

with HHV  in (MJ kg−1); C, H, S, O, N, and Ash in (% wt). 
According to Eq. 5, the high HHV value is correlated to high 
C, S, and H contents and low O, N, and Ash contents.

Energy densification ratio ( EDR ) of hydrochars was 
calculated from HHV  values of hydrochar and biomass as 
follows:

Energy yield (%) ( EY  ) was calculated from EDR and HY  
as follows:

Extractives and Klason Lignin Determination

Extractives in L, LH4-220, LH20-220, and LH-20–240 were 
determined according to [23]. Ethanol was used as sol-
vent. Seven grams of moisture-free biomass was weighed 
and placed in a thimble (filter paper). The thimble was 
placed in a 100-mL Soxhlet apparatus. Several boiling 
chips were placed in a 250-mL flask. The Soxhlet and 
flask were connected. In total, 160 mL of 190 proof etha-
nol (95% ethanol) was added to Soxhlet. The Soxhlet 
and condenser were connected. The system was heated 
at reflux for 6 h. After 6 h, the thimble was washed with 
50 mL of ethanol and filtrated. Then, the thimble and 
sample were dried at room temperature. The dried extrac-
tive-free sample was weighed. Extractive percentage was 
calculated by mass loss between the moisture-free sam-
ple and extractive-free sample.

Klason lignin in L, LH4-220, LH20-220, and 
LH-20–240 was determined according to [24]. The 0.5 g 
extractives – free sample was weighed and placed in a 
flask. A total of 7.5 mL sulfuric acid (H2SO4) (72%) 
solution was added to the flask. The flask was held in a 
water bath for 2 h at 20 °C. After 2 h, 280 mL distilled 
water and magnetic stirring bar were added to the flask. 
The f lask and condenser were connected. Flask was 
boiled for 4 h at 100 °C on a magnetic stirrer. After 4 h, 
the sample was washed until sulfate ion removal and fil-
trated. Then, the sample was dried at room temperature. 
The dried sample was weighed. Klason lignin percentage 
was calculated using mass loss between extractives-free 
sample and klason lignin-free sample.

(5)
HHV =0.349C + 1.1783H + 0.1005S − 0.1034O

− 0.0015N − 0.0211Ash

(6)EDR =
HHVhydrochar

HHVbiomass

(7)EY = EDR × HY

SEM, ATR‑FTIR

Surface morphologies of L and hydrochars were investigated 
with scanning electron microscopy (SEM). Observations 
were performed with a Tescan Vega3 SEM, using second-
ary electron with a 5-kV voltage and in high vacuum mode 
with various magnifications. Particle size distribution was 
determined from SEM images of each sample, using ImageJ 
free open-source software [25]. From each sample picture, at 
least 30 to 50 particles with clear and easily distinguishable 
outlines were selected for size measurement with ImageJ 
software.

Fourier-transform infrared (FT-IR) spectrometer (Nicolet 
iS50 FT-IR spectrometer with a GladiATR single diamond 
attenuated total reflectance system (PIKE Technologies, 
Inc.)) was used to ascertain the change of functional groups 
and chemical bonds on the surfaces of L and its hydrochars. 
For each sample, 32 scans were performed, in the wavenum-
ber range between 400 and 4000 cm−1 with a resolution of 
4 cm−1.

Combustion Behavior of Lavandin and Hydrochar 
Samples

Thermogravimetric analysis (TGA) of L and hydrochars 
was performed by Mettler Toledo TGA2 (operated with 
Star software) under constant air flow (150 mL min−1) at 
temperatures between 25 and 1000 °C with a constant heat-
ing rate (10 °C min−1), in order to evaluate the combus-
tion behavior of the samples. A mass of approximatively 
10 mg was inserted into TGA crucibles, and a heating rate 
of 10 °C min−1 was applied. These conditions were satis-
factory to limit the possible heat and mass transfers during 
TGA [26]. Ignition ( Ti ) and burnout ( Tb ) temperatures were 
determined according to the intersection method and con-
version method, respectively, as suggested by Lu and Chen 
[27]. Ti corresponds to the minimum temperature at which 
fuel spontaneously ignites without external source of igni-
tion, and Tb corresponds to the temperature at which 99% of 
the initial biomass is consumed. Both parameters are crucial 
for evaluating fuel properties and conditions for safe storage 
and transportation.

Combustibility index ( S ) reflects the ignition, combus-
tion, and burnout properties of fuel. This index can be cal-
culated from information extracted from the DTG curves as:

where 
(

dw

dt

)

max
 and 

(

dw

dt

)

mean
 were the maximum mass loss 

rate (% min−1) and the average loss rate (% min−1) from 

(8)S =

(

dw

dt

)

max

(

dw

dt

)

mean

Tb × T2

i



1161BioEnergy Research (2023) 16:1156–1172	

1 3

DTG curves, respectively, and Tb and Ti  the burnout and 
ignition temperatures (°C) respectively.

The larger the value of S , the higher combustion 
activity is. It is generally admitted that S higher than 
2 × 10–7%2 min−2 °C−3 corresponded to interesting material 
for fuel purposes [28].

Calculation of Kinetic Parameters [29]

To determine the kinetics parameters related to thermogravi-
metric experiments, it is generally assumed that the reaction 
rate of such processes can be kinetically described by Arrhe-
nius integral approach. Coats and Redfern [30] proposed a 
determination method of activation energy and preexponen-
tial factor based on the definition of a dimensionless thermal 
conversion factor ( � ): � =

(mi−m)

(mi−mf )
 , where mi,m , and mf  are ini-

tial, instantaneous, and final mass of a sample, respectively. 
This model assumes that only a single reaction occurs while 
a sample undergoes a certain temperature rise at a steady 
heating rate ( � ). Coats-Redfern model (CR model) has been 
widely used in the literature to determine activation energy 
( E ) and pre-exponential factor ( A ) of combustion reactions 
at a constant � [31, 32]. CR model has been applied to ther-
mogravimetric data. In this model, the mass change vs tem-
perature is described as:

where A is the pre-exponential factor (min−1), E is 
the activation energy (J mol−1), R is the gas constant 
(8.314 J mol−1 K−1), T  is the temperature (K),� the thermal 
conversion factor of the sample at a given time ( t ) calculated 
from TG/DTG curves, and n is the order of reaction.

Integral of Eq. 9 gives:

Considering the approximation proposed by Coats and 
Redfern integration of Eq. 10 gives [30]:

Or

Considering that E > 10 kJ mol−1 and T < 500 K, RT
E

≪ 1 , 
Eq. 11 and Eq. 12 are simplified as:

(9)
d�

dT
=

A

�
e

(

−
E

RT

)

(1 − �)n

(10)∫
�

0

d�

(1 − �)n
= ∫

T

T0

A

�
e
(−

E

RT
)
dT

(11)
ln

[

−ln(1−�)

T2

]

= ln

(

AR

�E

(

1 −
2RT

E

))

−
E

RT
for first − order reaction (n = 1)

(12)
ln

[

1−(1−�)1−n

(1−n)T2

]

= ln

(

AR

�E

(

1 −
2RT

E

))

−
E

RT
for ordern ≠ 1

(13)ln

[

−ln(1−�)

T2

]

= ln
AR

�E
−

E

RT
for order1

The l inear  regression equation of  plot  of 
ln

[

−ln(1−�)

T2

]

orln

[

1−(1−�)1−n

(1−n)T2

] vs 1
T
 allows the determination of activa-

tion energy ( E) and pre-exponential factor ( A) (Table S1).

Results and Discussion

Proximate and Elemental Analyses of L 
and Hydrochars

Table 2 presents proximate and elemental analyses of L and 
hydrochars. M content of L was initially low (< 3% wt) com-
pared to other biomass (eucalyptus, olive stones, triticale, 
cork, etc.) [33]. After HTC treatment, M content decreased 
below 1%. For hydrochars obtained at 220 °C, the influence 
of retention time (from 1 to 20 h) on M content can be dis-
cussed. M decreased as retention time increased from 1 to 
20 h, the minimum value for M being 0.4% for LH20-220. 
For hydrochars obtained at retention time of 4 h and tem-
perature ranging from 180 to 240 °C, M content decreased 
as temperature increased and the minimum M content was 
0.39% for LH4-240. A 50% decrease of M content was 
observed between LH4-200 and LH4-220, indicating that a 
temperature variation of 20 °C strongly reduced the M con-
tent. Such a decrease was not noticeable when the retention 
time was increased from 1 to 20 h at 220 °C. For hydrochars 
obtained at retention time of 20 h, and temperature ranging 
from 200 to 260 °C, the minimum M content was 0.33% 
for LH20-260. The minimum M content was obtained for 
hydrochars prepared under HTC conditions corresponding 
to SF > 6. Hence, HTC conditions corresponding to SF > 6 
allowed getting hydrochars with the lowest M content. Nev-
ertheless, between retention time and temperature, which 
are the two parameters used for SF calculation, temperature 
seems to be the more influencing one on M content.

At HTC-temperature of 220  °C, VM decreased from 
81 to 61% (LH20-220) in L and hydrochars respectively, 
depending on HTC-retention time increase. For hydrochars 
obtained at HTC-retention time of 4 h and HTC-temperature 
ranging from 180 to 240 °C, a 10% decrease of VM was 
obtained. The same VM decrease was obtained when HTC-
retention time was long (20 h) and the temperature ranged 
from 200 to 260 °C. The lowest VM contents were obtained 
for LH20-260, LH20-240, and LH20-220 corresponding to 
hydrochars obtained under HTC conditions corresponding 
to SF > 6. Temperature seemed to be the most influencing 
parameter for VM content reduction.

The trend for FC content was opposite to the one 
described for VM content. For hydrochars obtained at HTC-
temperature of 220 °C, FC increased from 22 to 34%, this 

(14)ln

[

1−(1−�)1−n

(1−n)T2

]

= ln
AR

�E
−

E
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for order ≠ 1
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content being much higher than FC content of initial bio-
mass content (8.5%). When HTC-retention time was 4 h and 
HTC-temperature ranged from 180 to 240 °C, the maximum 
FC content was reached for LH4-240 (33%), corresponding 
to SF = 6.5. A slightly higher FC content was obtained for 
LH20-260 (38%), when HTC-retention time was 20 h and 
the HTC-temperature ranged from 200 to 260 °C. Hence, 
hydrochars prepared under SF conditions superior to 6 pro-
vided the highest FC contents. Compared to retention time, 
temperature seemed to be the most influencing parameter for 
FC content increase.

Compensation of VM decrease by FC increase is repre-
sented by FR . High FR value is required for solid fuel appli-
cation since it points out better fuel properties with lower gas 
emission and efficient combustion.  FR was 0.11 for L and 
it ranged from 0.3 to 0.69 for hydrochars. These FR values 
were on the same order of magnitude as for rice and coconut 
husk hydrochars [34], and were higher than FR values of 
hydrochars obtained from filamentous algae (Hippeastrum 
reticulatum) and microalgae (Chlorella vulgaris), respec-
tively [35]. Evolution of FR depending on SF is presented on 
Fig. 1a, and is compared to FR from Liu et al. [28] for coco-
nut fiber and eucalyptus leaf hydrochars obtained with the 

same S:L conditions as the one used in this study. FR were 
in the same order of magnitude for lavandin hydrochars, 
coconut fiber hydrochars, and eucalyptus leaf hydrochars as 
well as SF. FR linearly increased with SF for the three kinds 
of hydrochars. The growth rate was the same for lavandin 
and coconut fiber hydrochars, and it was slightly lower for 
eucalyptus leaves. Evolution of fuel ratio indicated that at 
the highest SF values, FC content was the highest and VM 
content was the lowest. For hydrochars, sample LH20-260 
presented the highest FR , compared to other hydrochars. The 
highest FR were obtained for LH20-220, LH4-240, LH20-
240, and LH20-260, corresponding to hydrochars obtained 
under HTC conditions with SF > 6.

Ash content in L was around 7.6% and it was lower for all 
hydrochars (around 5%). The decrease in Ash content of LH 
compared to L is due to the release of inorganic elements 
into the liquid fraction that enhance the biomass conversion. 
For hydrochars obtained under HTC-temperature of 220 °C 
and retention times ranging from 1 to 20 h, no significant 
change in Ash content can be noticed. The same observation 
can be done about hydrochars obtained at HTC-retention 
time of 4 h and 20 h and temperature ranging from 180 
to 240 °C and 200 to 260 °C, respectively, except for Ash 

Fig. 1   Evolution of a fuel ratio; b HHV, %C, %O, %H, %N; c hydrochar yield; d energy yield as a function of severity factor
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content of LH20-260 that is much higher than the others 
(7%). This high Ash content under severe HTC conditions 
has been reported previously [34]. According to the authors, 
it could be due either to a dissolution and decomposition at 
a rapid rate of other components or to readsorption of some 
inorganic components on the surface of hydrochar. Hence, 
regarding Ash content, high SF conditions could negatively 
influence hydrochar properties for fuel applications.

From ultimate analysis, C content in hydrochars increased 
as SF increased, while O content decreased as SF increased. 
N and H variations were less noticeable (Fig. 1b), and S 
content was negligible (inferior to detection limit) both for 
LS and hydrochars.

Extractives and Klason lignin contents were reported 
for L, LH4-220, LH20-220, and LH20-240. Compared to 
L sample, the amount of extractives and Klason lignin was 
increased in hydrochars.

Calculated HHV  ranged from 21.43 MJ kg−1 for L to 
30.77 MJ kg−1 for hydrochars. These HHV  were in the 
same order of magnitude than hydrochars from mis-
canthus, eucalyptus bark, empty fruit brunches, pine 
wood meal, lignocellulosic biomass, eucalyptus leaves, 
and coconut fibers [6, 36]. Figure 1b presents evolution 
of HHV  versus SF for lavandin hydrochars, and coconut 
fiber and eucalyptus leaf hydrochars from Liu et al. [28], 
for comparison. HHV  obtained at different SF for differ-
ent kind of biomass and the same S:L initial condition 
were of the same order of magnitude and ranged from 25 
to 30 MJ kg−1. The trend of HHV  as a function of SF was 
directly correlated to the trend of C content in hydrochar 
and inversely correlated to the trend of O content. From 
SF 4 to 5, HHV  remained constant as well as C and O 
contents. Considering C, H, O, N, and Ash compositions 
from Table 2, hydrochars prepared under HTC conditions 
corresponding to SF 4 to 5 presented similar composi-
tions, and consequently presented similar HHV  . For HTC 
conditions corresponding to SF 5 to 6, HHV  increased 
from 25 to 30 MJ kg−1, indicating that HTC conditions 
were significantly different to provide hydrochars with 
different compositions of C, H, O, N, and Ash . For HTC 
conditions corresponding to SF 6, HHV  reached a plateau 
and remained constant whatever the SF value, indicating 
that above SF6 hydrochars presented similar compositions 
in terms of C, H, N O, and Ash . This described trend was 
the same for coconut and eucalyptus hydrochars, with an 
increase of HHV  for SF from 5 to 6, then above SF 6 HHV 
value did not change significantly and remained stable. In 
conclusion, regarding HHV value, optimal HTC condition 
could be proposed to provide hydrochars with interesting 
calorific values. EDR ranged from 1.2 to 1.4; the highest 
value was obtained for hydrochars obtained at SF > 6.5. 
Figure 1c presents evolution of HY  as a function of SF. 
Two distinct segments arose: the first one concerned SF 

from 4 to 6 where HY  strongly decreased with a slope near 
to 8%/SF unit; the second segment concerned SF above 6, 
where HY  decrease was slighter with a slope near 2%/SF 
unit. Regarding optimal HY  , SF around 6 seemed to be a 
good compromise for solid fuel application. Evolution of 
EY  as a function of SF is presented in Fig. 1d. In the range 
of SF studied, EY  of lavandin hydrochars decreased from 
68 to 53%, and the maximum value for EY  corresponded 
to the sample obtained at the lowest SF value. Compared 
with EY  for coconut fiber and eucalyptus leaf hydrochars 
[28], lavandin, coconut fiber, and eucalyptus hydrochars 
had EY  in the same order of magnitude and depicted a lin-
ear decrease trend as SF increased and the rates of decay 
were similar. The rate of decay was similar for lavandin 
and coconut fiber hydrochars, whereas it was higher for 
eucalyptus leaf hydrochars, indicating that the latter pre-
sented a less interesting EY compared to lavandin and 
coconut fibers for solid fuel application.

The atomic ratios H/C and O/C of lavandin and hydro-
chars are presented in Fig. 2, as the van Krevelen diagram, 
in order to compare biomass and hydrochars with fossil 
fuels. Pathways for dehydration and decarboxylation are 
also illustrated. L has high H/C and O/C ratios indicat-
ing that this biomass could not be used efficiently as solid 
fuel. On the contrary, hydrochars showed a wide range of 
quality ranging from sub-bituminous coal to lignite. HTC 
process allowed dehydration along with decarboxylation, 
with different extent depending on treatment conditions. 
When hydrochars were obtained at SF superior to 6.5, H/C 
and O/C ratios were close to coal. When hydrochars were 
obtained at SF < 6.5, H/C and O/C ratios were close to lig-
nite. Demethylation should depict a decrease of H/C atomic 
ratio with an increase of O/C atomic ratio. This trend was 
not observed for hydrochars. The effect of HTC-retention 
time and HTC-temperature on H/C and O/C ratio can be 
discussed. For hydrochars obtained at HTC-temperature 
of 220 °C, the increase of retention time from 1 to 20 h 
enhanced the dehydration and the decarboxylation process. 
When HTC-retention time was 4 h and HTC-temperature 
ranged from 180 to 240 °C, hydrochar quality was close to 
lignite except for LH4-240 which was close to both sub-
bituminous coal and lignite. When HTC-retention time was 
20 h and HTC-temperature ranged from 200 to 260 °C, 
hydrochar quality was close to sub-bituminous coal except 
for LH20-200, which was close to lignite. From the Van 
Krevelen diagram, it can be concluded that hydrochars 
obtained for HTC conditions corresponding to SF superior 
to 6.5 presented properties close to sub-bituminous coal. 
Regarding HTC-temperature and HTC-retention, it can be 
concluded that it is preferable to use a combination of high 
temperature/short retention time to reach SF close to 6.5. 
This confirms that temperature is the most influencing fac-
tor on hydrochar properties.
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SEM and ATR‑FTIR

The surface morphologies of L and its corresponding hydro-
chars are visualized in Figs. S3 and S4. Because of using the 
blender to crush the L, broken branches and broken flowers 
can be seen from Fig. S3 (a). In Fig. S4 (a), L showed fibrous 
structure with a smooth surface which is the typical structure 
of herbaceous biomass) [37].

After the HTC process, each hydrochar had different 
levels of decomposition. The flower part completely dis-
appeared after the HTC process. Corresponding to differ-
ent experimental conditions, a great quantity of large-sized 
fibrous structures in LH1-220, LH2-220, LH4-220, LH4-
180, and LH4-200 were preserved (Fig. S3 (b, c, d, g, h)), 
whose SF were less than 6. Further hydrolysis of cellulose 
or hemicellulose and partial hydrolysis of lignin, with the 
increase in SF, LH8-220, LH20-220, LH4-240, and LH20-
200 samples, was dominated by heterogeneous fragments so 
that only a few fibrous structures were observable as shown 
in Fig. S3 (e, f, i, g) [38]. When the SF were superior to 
7, which represented the hydrochars LH20-240 and LH20-
260 (Fig. S3 (k, l)), the fibrous structures were completely 
decomposed and disappeared, the heterogeneous fragments 
were reorganized into coal-like carbon particles, and it 
showed melted and agglomerated structures.

The fibrous structures in hydrochars are shown in Fig. S4 
(b–l). After the HTC process, the surface of fibrous structure 
became rough, even the LH4-180, which had the lowest SF, 
showed some wrinkles and cracks on the surface and the 
original shape of the fibrous structure has been preserved 
[39, 40]. After that, samples showed different degrees of 
decomposition depending on the experimental conditions. 
Overall, with the gradual increase in SF, the surface tended 
to be rough and decomposed step by step; the tubular 

structure as in Fig. S4 (e, f) and skeleton structure as in 
Fig. S4 (h) inside were revealed and further decomposed. 
Another manifestation of fibrous structure shrinking was 
that its diameter was greatly reduced as shown in Fig. S4 
(i, j). As shown in Fig. S3 (k, l), when SF were 7.2 and 
7.9, respectively, the reaction conditions were sufficiently 
severe. It caused that the fibrous structure was exhausted and 
replaced by dense particles after HTC.

The particle size of each sample was measured from SEM 
pictures using ImageJ software, and plotted as a distribu-
tion histogram (Fig. 3). Lavandin was mainly dominated 
by particles with sizes larger than 100 μm. Because of the 
degradation during the HTC reaction, a large number of 
particles smaller than 100 μm appeared in the hydrochars, 
and this proportion showed a trend of first increasing and 
then decreasing with the increase in SF. This trend can also 
be seen from the comparison of SEM images. As the HTC 
reaction progressed, large particles decomposed into smaller 
ones, then small particles reorganized and aggregated into 
larger particles. Finally, when the SF was higher than 7, 
corresponding to samples LH20-240 and LH20-260, the 
particle size distribution was similar. A higher temperature 
could lead to a more uniform average diameter and uniform 
size distribution [41].

Comparative ATR-FTIR spectra of L and its cor-
responding hydrochars are shown in Fig. 4. The band 
at 3600–3000 cm−1 is attributed to the O–H stretching 
vibration in the hydroxyl or carboxyl groups [42]. When 
SF increased, especially when higher than 7, the inten-
sity of the O–H stretching band decreased significantly, 
which indicates the results of dehydration and decarboxy-
lation reactions during the HTC. The peaks at 2930 and 
2850 cm−1 are ascribed to C-H stretching vibration in aro-
matic and aliphatic structure in L and hydrochars [43]. The 

Fig. 2   van Krevelen diagram for 
lavandin biomass and hydro-
chars
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characteristic C = O stretching of carboxylic acid groups 
in the hemicellulose appeared approximately at 1730 cm−1 
in the spectra of L. It disappeared in its corresponding 
hydrochars due to decomposition of hemicellulose [34, 
44]. The peak at around 1700  cm−1 in all hydrochar 
samples is ascribed to the C = O groups in cellulose and 
lignin. When the temperature increased, relative intensi-
fication in this peak occurred due to the disappearance of 
the band at 1730 cm−1 corresponding to the C = O bond 

in hemicellulose. The intensification points out that the 
decomposition of hemicellulose occurred at lower temper-
atures compared with cellulose and lignin [42, 45]. C = C 
stretching vibration is seen at 1600 and 1500 cm−1 and 
C-H bending vibration is seen at 1447 cm−1, indicating the 
presence of mononuclear aromatic structures in L and all 
hydrochars. The aliphatic ether C-O stretching vibration 
is observable at 1160, 1100, 1060, and 1030 cm−1 [40, 
46]. Although the exact mechanism of the HTC reactions 
is still being elucidated, it can still be inferred that dehy-
dration, decarboxylation, and hydrolysis reactions likely 
occurred during the HTC process.

Combustion Behavior and Thermal Properties 
of Lavandin and Hydrochars

Thermodegradation of L and hydrochars was performed 
under constant air flow (150 mL min−1) and constant heat-
ing rate (10 °C min−1), in order to evaluate the combustion 
behavior of the samples. TGA and DTG curves for lavandin 
(Fig. 5a) and its hydrochars obtained after a short retention 
time (from 1 to 4 h) (Fig. 5b to d), or a low temperature 
(below 220 °C) and a relatively short time (4 h) (Fig. 5g 
and h) depicted the same trend: at around 100 °C water 
evaporation and devolatilization of low molecular weight 
component occurred, followed by a first degradation stage 
between 200 and 400 °C attributed to devolatilization and 

Fig. 3   Statistics of particle size distribution

Fig. 4   ATR-FTIR spectra of 
lavandin and its corresponding 
hydrochars
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combustion, and finally a second degradation stage between 
400 and 650 °C attributed to char oxidation [28]. Thermo-
degradation of isolated hemicellulose, cellulose, and lignin 
has been recently studied [47]. Hemicellulose degradation 
occurred in a temperature range from 200 to 340 °C. More 
specifically, a peak and a shoulder were observed at 244 °C 
and 289  °C, corresponding to fragmentation reactions 
forming acetic acid and light volatiles, and depolymeriza-
tion reactions forming furans, respectively. Cellulose deg-
radation was almost complete (0.01% wt of solid residues) 
and occurred in a narrow temperature range from 300 to 
400 °C. Lignin degradation occurred at a very wide tempera-
ture range (138–780 °C) due to its abundant aromatic rings 
with various branches. The maximum weight loss rate was 
obtained at 254 and 350 °C, corresponding to the decompo-
sition of the polymer structure of the lignin and formation of 
aromatics hydrocarbons, and phenolics-OH groups, respec-
tively [44]. DTG curves obtained for L LH1-220, LH2-220, 
LH4-220, LH4-180, and LH4-200 (Fig. 5a to d, g, and h) 
presented a two-stage degradation process: the first one at 
300–400 °C presented a narrow peak with high intensity, and 
the second one at 400–650 °C presented a broad peak with 
a moderate intensity. The first degradation stage could be 
attributed to extractives and hemicellulose degradation, and 
the second stage could be attributed to cellulose, lignin, and 
char degradation. Considering that the SF for these hydro-
chars ranged from 4.74 to 5.91, the various time–tempera-
ture combinations chosen for HTC conditions provided the 
same kind of hydrochar in terms of thermal properties and 
composition. For 5.91 < SF < 6.5 (i.e., LH8-220, LH2-220, 
LH20-200), DTG curves (Fig. 5e, f, j) presented a small and 
narrow peak between 300 and 400 °C, with a small intensity 
and a broader one from 400 to 650 °C, with a moderate 
intensity. The same degradation scenario for SF < 5.91 can 
be proposed, but it is interesting to compare DTG curves 
obtained in the same temperature condition (i.e., 220 °C 
and 200 °C, respectively) and discuss about the effect of 
retention time on hydrochar composition. DTG curves for 
hydrochars obtained at HTC temperature of 220 °C (Fig. 5b 
to f) presented the same shape from 1 to 8 h, but the dif-
ference resides in peaks intensity and broadness: as the 
retention time is increased, the intensity of the first peak is 
decreased until it disappeared when retention time reached 
20 h. Broadness of the second peak was increased when 
retention time was superior to 8 h. Considering that the first 
peak corresponded to extractive/hemicellulose, at HTC tem-
perature of 220 °C, a retention time superior to 8 h should be 
applied during HTC for an efficient extractive/hemicellulose 

conversion. At HTC temperature of 200 °C (Fig. 5h and j), 
the first peak intensity strongly decreased between 4 and 
20 h but did not disappear, and the broadness on the second 
peak did not change significantly, meaning that a 20 °C dif-
ference in temperature (between 220 and 200 °C) is a more 
crucial parameter than retention time for biomass thermal 
conversion. This is confirmed by the observation of DTG 
curves for hydrochars obtained at constant retention time 
(20 h) and different HTC temperatures (from 200 to 260 °C) 
(Fig. 5f, j, k, l), the first peak from DTG curves disappeared 
as well as the second peak became flatter, when HTC tem-
perature rose from 200 to 220 °C. Regarding hydrochars 
obtained at SF superior to 6.5 (i.e., LH4-240, LH20-240, 
LH20-260), the distinction of several degradation stages is 
not obvious and the thermograms are drastically different 
from the previous ones (for SF inferior to 6.5). DTG curves 
(Fig. 5i, k, l) depicted a broad single-stage thermal conver-
sion covering a temperature range from 200 to 800 °C. From 
these curves, one can conclude that hemicellulose and cellu-
lose were totally degraded during HTC treatment, and lignin 
was degraded in a lesser extent during HTC treatment. The 
obtained thermograms corresponded to a large extent to char 
oxidation. From these three DTG curves, influence of HTC 
retention time and temperature on hydrochar thermal prop-
erties can be examined. At HTC temperature of 240 °C, no 
significant difference between DTG curves can be observed 
(Fig. 5i, k), meaning that the retention time selected during 
HTC has no significant influence on hydrochar properties. 
At HTC retention time of 20 h (Fig. 5k, l), no significant 
difference between DTG curves can be observed, meaning 
that above a certain temperature, retention time has no more 
influence on hydrochar properties.

Kinetics parameters were calculated from TG/DTG 
curves, using the CR model and considering order 0.5, 1, 
and 2 (Table S1). When DTG curves showed two distinct 
peaks, the kinetics parameters were calculated from the 
data corresponding to the temperature range of each peak. 
When DTG curves showed a single broad peak, the kinet-
ics parameters were calculated from the data corresponding 
to the whole temperature range. Order 1 reaction gave the 
best fit of experimental results for all hydrochars (R2 from 
0.93 to 0.99); this kinetic order is also in good accordance 
with similar studies from the literature [39, 40]. Activation 
energies and pre-exponential factors of order one kinetics 
are presented for L and hydrochars in Table 3. At constant 
HTC-retention time (4 h and 20 h), E value decreased with 
increasing HTC-temperature due to hemicellulose and cel-
lulose degradation (with higher E ) during HTC. At constant 
temperature (220 °C), E values corresponding to the first 
DTG peak decreased as HTC-retention time increased also 
due to hemicellulose and cellulose degradation during HTC. 
E values corresponding to the second DTG peak increased 
as HTC-retention time increased for hydrochars prepared 

Fig. 5   TGA and DTG curves of thermodegradation under air of a 
lavandin sample, and its hydrochars: b LH1-220, c LH2-220, d LH4-
220, e LH8-220, f LH20-220, g LH4-180, h LH4-200, i LH4-240, j 
LH20-200, k LH20-240, and l LH20-260

◂
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in conditions of SF < 6. Since the second DTG peak was 
attributed to lignin and char combustion, it can be concluded 
that combustion of hydrochars containing a non-negligible 
fraction of lignin necessitates a higher quantity of energy 
for oxidation. Hydrochars prepared in conditions of SF > 6 
have a low E value, meaning that, in these conditions, lignin 
has been degraded in a large extent during HTC, hydrochar 
being composed of degradation products (chars). The A val-
ues were in the range 185.4 – 0.001 min−1. At constant HTC-
temperature (220 °C), A values decreased as HTC-retention 
time increased. At constant HTC-retention time (20 h), A 
values decreased as HTC-temperature increased. This sug-
gests that the HTC process facilitates the collision frequency 
related to the combustion process [39]. The highest A values 
were obtained for the second DTG degradation stage, when 
DTG curves presented two degradation stages.

Ti and Tb were determined from TG/DTG curves fol-
lowing the intersection and conversion methods, respec-
tively (Table 3). Ti and Tb for L sample (230 °C and 505 °C, 
respectively) were lower than Ti and Tb for hydrochars (270 
to 330 °C and 553 to 950 °C, respectively), indicating that 
hydrochars were better biofuels than L. Low Ti means 
that the volatile matter amount is high. Then, high Ti val-
ues indicate that hydrochars used as solid biofuels could 
be safely stored at ambient temperature and transported 
without risk of auto-ignition. The highest Ti values corre-
sponded to hydrochars obtained for a retention time superior 
to 8 h at moderated HTC-temperature (180–220 °C), or at 

high HTC-temperatures (240–260 °C). Tb increased as the 
retention time and/or the HTC-temperature increased. The 
highest Tb values were obtained at the highest HTC-tem-
perature and the longest retention time (240–260 °C; 20 h). 
The increase of Tb is correlated with the increase of fixed 
carbon measured in hydrochars. The longer the retention 
time during HTC (and/or higher temperature) was, the more 
thermally stable the carbon components in hydrochars were. 
Considering Ti and Tb values, the most important parameter 
of HTC process was retention time, and in a lesser extent 
temperature. As shown in Table 3, when HTC temperature 
was 220 °C, Ti and Tb values increased as retention time 
increased. When retention time for HTC was 4 h, Ti and Tb 
values were constant whatever the HTC-temperature in the 
range 180–240 °C.

S values were calculated from the DTG curves and are 
presented as a function of SF used during HTC experi-
ments in Fig. 6. From this figure, differences in S val-
ues clearly appeared as two groups of datasets. The first 
one, corresponding to S values 1–1.4 10–7%2 min−2C−3, 
has been obtained for hydrochars prepared under HTC 
conditions with SF < 5.91. For these hydrochars, S value 
was inferior but close to 2 10–7%2  min−2C−3, indicat-
ing a satisfactory general combustion performance. The 
second group of data, corresponding to S values around 
3 10–8%2  min−2C−3, has been obtained for hydrochars 
prepared under HTC conditions with SF > 6. For these 
hydrochars, S value was almost tenfold lower than 2 

Table 3   Combustion kinetic 
parameters (E, A, n, R2) of 
lavandin (L) and hydrochars 
(LH) obtained at different 
temperatures and different 
retention times. Ignition 
temperature (Ti), maximum 
combustion rate temperature 
(Tm), and burnout temperature 

(Tb); S: combustibility index 

=
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 the maximum and 
mean weight loss rate (%/min), 
respectively

SF Temperature 
range (°C)

E (kJ/mol) A (min−1) n R2 Ti (°C) Tb (°C) S (10–8)
(%2 min−2 °C−3)

L NA 160–400 26.43 11.5 1 0.98 230 505 19.8
400–540 38.46 100.7 1 0.94

LH1-220 5.31 219–386 34.15 31.0 1 0.97 270 553 13.5
386–590 43.66 165 1 0.95

LH2-220 5.61 225–389 33.61 24.3 1 0.97 270 570 12.1
389–595 43.37 132.8 1 0.94

LH4-220 5.91 231–384 30.61 10.1 1 0.97 270 582 11.0
384–610 45.87 185.4 1 0.95

LH8-220 6.21 235–373 24.15 1.8 1 0.99 312 646 5.25
373–685 39.22 36.3 1 0.95

LH20-220 6.61 235–292 18.61 0.4 1 0.99 330 662 4.43
292–692 32.87 10 1 0.95

LH4-180 4.74 212–379 33.16 32.3 1 0.98 260 615 11.9
379–664 30.16 12.3 1 0.98

LH4-200 5.32 212–379 34.23 34.3 1 0.97 270 615 10.5
379–664 34.22 24 1 0.93

LH4-240 6.50 212–782 13.87 0.001 1 0.99 280 821 3.06
LH20-200 6.02 212–517 27.3 8.7 1 0.99 260 880 3.25
LH20-240 7.20 212–940 15.52 0.2 1 0.99 300 950 2.38
LH20-260 7.79 212–782 17.24 0.3 1 0.98 300 851 2.96
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10–7%2 min−2C−3, indicating a bad general combustion 
performance. Considering HTC conditions, at HTC-tem-
perature of 220 °C, S value of hydrochars decreased as 
retention time increased. Combustibility being linked to 
VM , the decrease of S could be due to the decrease in VM 
(approx. 10% reduction) in hydrochars. When HTC-reten-
tion time was 20 h, dependency of S value on temperature 
(from 200 to 260 °C) was less noticeable, and from Table 1 
variation in VM was inferior to around 5%. The same con-
clusion can be drawn when HTC-retention time was 4 h 
and HTC-temperature ranged from 180 to 220 °C. Regard-
ing HTC conditions, under HTC-temperature of 220 °C, 
retention time has a great influence on S value, while at 
high HTC-retention time (20 h) temperature effect is less 
noticeable on S value. At temperature superior to 220 °C, 
S value was low irrespectively on the HTC-retention time. 
Hence, combustibility was higher in hydrochars produced 
at a low temperature. Considering these results, SF is a 
confident parameter to evaluate combustibility of fuels. 
In the case of lavandin, hydrochar preparation under SF 6 
gave the most interesting combustibility property.

Conclusion

From this study, the following conclusions can be drawn: 
(i) Lavandin biomass is composed of extractives, hemi-
cellulose, cellulose, and lignin, and combustion occurred 
between 200 and 550 °C; (ii) HTC-temperature was a more 
influencing parameter on moisture, volatile matter, and 
fixed carbon, compared to HTC-retention time in biomass 
conversion during HTC; (iii) when HTC-temperature was 
above 220 °C and HTC-retention time superior to 4 h 
(i.e., SF > 6), extractives and hemicellulose were totally 

converted during HTC treatment, and HHV and hydrochar 
yield were the highest and hydrochars presented properties 
close to sub-bituminous coal and lignite; (iv) hydrochars 
prepared in HTC condition corresponding to SF < 6 gave 
the most interesting combustibility property. An optimal 
value of SF = 6 can be proposed to valorize lavandin bio-
mass into solid fuel through hydrothermal carbonization. 
Nevertheless, to reach SF = 6, it is preferable to use a com-
bination of short HTC-retention time/high HTC-tempera-
ture to get a valuable solid fuel.
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