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Abstract

A series of four different biomass feedstock was washed and hydrothermally carbonized at temperatures of 50 °C and
150-270 °C for four hours, respectively. For the first time both the resulting solid and liquid products were characterised and
evaluated in a comprehensive study. Concerning fuel properties, HT'C had a higher impact on the fuel quality than washing.
HTC yielded hydrochar with higher carbon content than the starting material leading to a significant increase in heating
value, while washing only had a minor effect on elemental composition and heating value. Treatment temperature was found
to have the highest impact on LHV and elemental composition. Both washing and HTC proved effective in reducing potas-
sium and chlorine content, while earth alkaline, phosphorous and silicon removal was limited. Process water characterisation
revealed that filtrates from washing and HTC are acidic, with acidity being increased by HTC. Electrical conductivity of the
effluent was found to correlate with the amount of electrolytes Na, K, Mg and Ca in the feedstock, thereby being feedstock
dependent. COD, BOD; and TOC values determined revealed that effluent from both washing and HTC is strongly con-
taminated by organic matter. The organic load was significantly higher in HTC effluents. Feedstock type was found to be the
main influencing factor on effluent characteristics rather than HTC temperature. Nutrients were found in low concentrations.
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Statement of Novelty

For the first time a comparison of biomass washing and
hydrothermal carbonization (HTC) including both the
characterisation of solid and liquid products is presented.

Introduction

Biomass plays a crucial role in developing a future sustain-
able energy system. Already today, about three-quarters of
the world’s renewable energy involve the use of biomass,
with more than half consisting of traditional biomass use.
Yet, there is a large untapped potential to further increase
energetic biomass utilization. In particular, the exploita-
tion of residual biomass waste streams seems favourable,
considering no additional land-use or competition with
food production is needed for its utilization. However, a
large portion of available feedstock exhibit poor fuel qual-
ity such as high moisture content, inhomogeneity and low
energy content which prohibit energy-efficient conversion
in direct combustion or gasification. Other challenges in
energetic biomass utilization arise from ash-related prob-
lems such as deposit formation, corrosion, ash-melting
and particle formation [1-3]. These phenomena can be
traced back to inorganic components like potassium (K)
and chlorine (CI) that are abundant in biomass feedstock.
Furthermore, about 90% of the alkali metals and chlorine
in biomass are present as water-soluble or ion-exchange-
able compounds and are therefore susceptible to release
during combustion [1, 4-7].

A possibility to overcome these shortcomings in fuel
properties is a pre-treatment of feedstock prior to its ther-
mal conversion. Washing and a thermo-chemical treatment
by hydrothermal carbonisation (HTC) have proven to be
effective in reducing the amount of alkali metals and Cl
in the upgraded biofuels. Therefore they can be applied
to control ash-related issues [8—17]. Both washing and
HTC alter the inorganic fuel composition by the dissolu-
tion of soluble inorganics in the process water. In addi-
tion, several factors further promote the mobilisation of
inorganic matter during HTC: In this process biomass is
treated in hot compressed water at a temperature range of
150-300 °C. The process mimics the natural coalification
process in a much faster time-scale and yields a sanitized
solid product known as hydrochar or biocoal. A variety
of different reactions occur during HTC, breaking down
structural biomass components like hemi-cellulose and
cellulose that contain a large proportion of the inorganic
biomass constituents [18]. Consequently, biomass deg-
radation might lead to a facilitation of inorganic species
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embedded in these structural components. Additionally,
water under hydrothermal conditions has a lower density,
viscosity and decreased polarity compared to water at
ambient pressure and temperature [19]. These properties
also potentially enhance removal of inorganics. Compared
to biomass washing, HTC also helps to overcome prob-
lems associated with high moisture and low energy content
of untreated feedstock. Hydrochar has increased heating
value, higher hydrophobicity, and enhanced dewatering
and storage properties.

A number of studies assessing the impact of washing
on fuel quality exist: Turn et al. [10] have shown that up
to 90% of K and 98% of Cl can be removed from banana
grass by a multi-step washing procedure at ambient tem-
perature. The impact of washing temperature from 30 to
90 °C and liquid-to-solid ratio (L/S ratio) on the removal
efficiency of ash-forming matter was investigated by Deng
et al. [15]. They found that higher washing temperatures
lead to higher removal of ash forming constituents, while
inorganic mobilisation was fluctuating at lower tempera-
tures. Recently, an in depth study on the effect of particle
size, washing temperature and duration as well as L/S ratio
on fuel properties of wheat straw was published by Sin-
ghal et al. [13, 17]. They concluded that washing tempera-
ture has a high impact on fuel quality, improving higher
heating value (HHV) and lowering fouling and slagging
propensity, while L/S ratio and particle size are decisive
parameters for the feasibility and efficiency of an industrial
application of a washing pre-treatment step.

Studies also investigated the impact of HTC in inor-
ganic biomass composition: Work by Smith et al. [11] and
Reza et al. [12] has shown that HTC can reduce K and
ClI contents by 80%—-90% and 79%—-100% respectively for
a wide range of feedstock like willow, miscanthus, oak,
greenhouse waste, food waste, secondary sewage sludge,
digestate, macro-algae, microalgae and municipal waste.
Smith et al. [20] also investigated the impact of pH during
HTC on the combustion properties of swine manure. They
found that pH had the highest impact on the mobilisation
of phosphorous and alkali earth metals that were removed
with higher efficiencies at lower pH levels.

To date, no comprehensive comparison between bio-
mass upgrading by washing and HTC exists in the litera-
ture. Studies published on washing and HTC of biomass
solely concentrate on the properties of the solid fuels while
putting aside the characteristics of the effluents produced
by both pre-treatment technologies. However, the charac-
terisation of effluent from HTC and washing is critical for
the economic and ecologic viability of the technologies.
For example, in HTC per dry ton of hydrochar produced
approximately 2 m® of waste water is generated that needs
to be treated at a cost [21-23].
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Some studies characterise process water from HTC: Ste-
mann et al. [24] and Wang et al. [25] investigated the effect
of process water circulation on the properties of liquid and
solid product from HTC of poplar wood and brown algae
respectively. They showed that recirculation of process water
increases mass yield and identified the main organic constit-
uents in process water from hydrothermal treatment. Broch
et al. [26] studied solid and liquid products from HTC of
algae with a focus on high value liquid products in the pro-
cess water. They showed that HTC converts approximately
1 wt.-% of the starting material to high value chemicals like
malonic or lactic acid. Several other investigations exist that
identify chemical constituents of process water [27-30].
Other studies focus on assessing the HTC carbon balance
and evaluating the anaerobic digestibility of the process
liquor by determining the biomethane production potential
(BMP) [31-36]. To the author’s knowledge up to now, no
comprehensive study exists on the characterisation of efflu-
ent from biomass washing. Abelha et al. [37] have deter-
mined COD and BMP for effluents from biomass washing in
their techno-economic assessment of biomass washing and
torrefaction, but do not explicitly report the obtained values.

Thus, the objective of the presented study is to compare
the performance of washing and HTC in fuel upgrading and
characterising the resulting effluents from the two pre-treat-
ment technologies. For the first time, both, fuel properties
and effluent characterisation is included. The study covers
a variety of feedstock and process conditions: four different
residual biomass substrates have been washed at 50 C and
hydrothermally treated at temperatures ranging from 150 to
270 °C for a duration of 4 h. The L/S ratio is kept constant at
1:10. Fuel properties of raw, washed and HTC-treated feed-
stock are investigated and improvements concerning heating
value and inorganic composition evaluated. Further, all fun-
damental waste water analysis parameters are covered. That
includes organic pollutants by total organic carbon (TOC),
chemical oxygen demand (COD), biological oxygen demand
(BOD), nutrient concentration, as well as basic characteriza-
tion of electrical conductivity (EC) and pH value. An assess-
ment of the use of effluents in anaerobic digestion (AD) is
provided on basis of COD and C/N ratio. The differences
between washing and hydrothermal treatment are discussed.

Materials and Methods
Feedstock

Four different residual biomass feedstock were investi-
gated in this study. Empty fruit bunches were imported
from Malaysia, grass clippings and leaf litter were picked
up from a local composting plant and olive pomace was
retrieved from an oil mill in France. All feedstock were dried

at ambient conditions and milled to a particle size below
1 mm prior to treatment.

HTC and Washing Experiments

Washing and HTC experiments were conducted in a stirred
Parr Mini Reactor with a volume of 600 mL that is heated by
three 700 W electrical heating jackets. In each experiment
30 g of dry feedstock and 300 mL deionized water were
poured into the reactor. The system was then pressurized
with argon and brought to reaction temperature at a heating
rate of 7 K min~'. Throughout the experiment the pressure
was kept constant with a backpressure regulator and temper-
ature was controlled with an accuracy of + 1 °C with a PID
controller. After 4 residence time the reactor is air-cooled to
room temperature and the slurry filtered to separate effluent
and solid product. In this study biomass was carbonized at
temperatures and pressure of 150 °C/20 bar, 180 °C/20 bar,
210 °C/40 bar, 240 °C/40 bar and 270 °C/80 bar. Water
leaching of biomass was conducted in the same experimen-
tal set-up. 30 g of dry feedstock were mixed with 300 mL of
deionized water. Water washing took place at 50 °C, ambient
pressure and atmosphere in a stirred vessel.

Fuel Characterisation

The isolated solid product from washing and HTC was
dried at ambient conditions prior to analysis. Proximate and
ultimate analysis were conducted according to industrial
standards: EN ISO 18134-3:2015 for the moisture content,
EN14775:2009 for determination of ash content and ISO
562:1998 for the volatile content using a moisture analyzer
Denver IR60 and a muffle furnace. The amount of fixed car-
bon was calculated by closing the mass balance. Ultimate
analysis was done according to industrial standard method
ISO/CD 12902:2006-11 using an elemental analyzer Vario
Marco Cube from elementar. The chlorine content was deter-
mined in a similar device vario MACRO cube, also from
elementar. The heating value was determined according to
ISO 1928:1995 with bomb calorimeter C 200 from IKA.
Ash compositions were determined by X-ray fluorescence
(XRF) after complete combustion of the samples at 550 °C
according to EN14775:2009. For ash composition analysis,
the instrument Shimadzu EDX-800 HS was used. For the
determination of ash composition Norm EN14775:2009 for
fuel ashes by means of compressed tablets was used. The
pellet contained 100 mg of the test ash and 20 mg of a wax
binder. All measurements were repeated at least two times
depending also on the required number of repetitions by the
industrial norms. The industrial norms have strict rules for
the threshold discrepancy between measurements above
with the measurements needs to be repeated more often.
The experimental repeatability was checked by repeating
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the treatment of EFB at 180 °C three times. The discrepancy
between different experiments was found to be within an
acceptable range (see supplementary material).

Effluent Characterization

Electrical conductivity and pH value were determined at
room temperature following filtration with conductivity
meter GMH 3431 and pH meter GMH 3511 from Greis-
inger. Subsequently, effluent samples were frozen and stored.
Additional water characterisation was carried out by an
external lab: TOC was determined according to EN 1484,
DEV H3, BODj according to DIN EN 1899-1. COD, total
phosphorous (P,,), total nitrogen (TN), nitrate (NO;-N),
nitrite (NO,-N) and ammonium (NH,-N) concentrations
were characterised using Lange cuvette tests.

Results and Discussion
Fuel Characterisation
Mass- and Energy Yield, Heating Values

Table 1 shows the obtained mass- and energy yields as well
as the results of proximate and ultimate analysis on dry
basis after washing and hydrothermal treatment, respec-
tively. Depending on the feedstock, around 72%-91% of the
initial mass is obtained after water washing and filtration.
After HTC, mass yield is lower and steadily decreases with
increasing treatment temperature. At the lowest HTC tem-
perature of 150 °C obtained mass yields are in the range
of 58%—-80%, while at the highest treatment temperature of
270 °C only 33%—-50% of the initial mass is retained in the
hydrochar. The mass loss after washing is a consequence
of removal of extractives, i.e. water soluble non-structural
biomass materials that are dissolved. Under hydrothermal
condition more severe structural changes are induced: at
around 150 °C decarboxylation of unstable carbonyl-groups
takes place. The degradation of hemi-cellulose and cellulose
starts at 180 °C and 220 °C respectively, leading to the for-
mation of smaller water soluble organics. These fragments
are removed with the process water, thereby decreasing
mass yield at higher HTC temperatures. These transforma-
tions also lead to changes in elemental composition in the
washed and HTC treated fuels respectively. Figure 1 shows
a van Krevelen plot of atomic H/C and atomic O/C ratios
that allows to identify the governing coalification mecha-
nisms. Typical regions for biomass, peat, lignite and coal
are indicated. The untreated biomass samples can be found
in the upper right corner of the diagram in the typical bio-
mass region. Washing leads to a slight decrease in atomic
H/C of the washed material. HTC leads to more extensive
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changes in atomic H/C and O/C ratios and with increas-
ing treatment temperature hydrochars become increasingly
similar to a low-rank coal in terms of elemental composi-
tion. As Fig. 1 indicates, the coalification mechanism dur-
ing HTC seems to be governed by dehydration and decar-
boxylation reactions, as previously described in detail [38,
39]. These transformations in elemental composition are
accompanied by changes in lower heating value (LHV).
HTC significantly increases LHV due to structural changes
that ultimately lead to a higher carbon content in the hydro-
char. LHV increases with increasing treatment temperature,
i.e. hydrochar from olive pomace treated at 150 °C exhibits
aLHV of 22.12 MJ kg~!, which increases to 30.52 MJ kg™!
for olive pomace treated at 270 °C. Similar increases in heat-
ing value have been reported in many other studies [11, 12,
21, 40, 41]. After washing, for EFB, grass clippings and
olive pomace the obtained LHVs are slightly increased from
19.12 to 19.40 MJ kg~!, from 20.65 to 20.73 MJ kg~! and
from 17.08 to 17.92 MJ kg™! respectively. This is in line
with the findings from Singhal et al. [13], who also reported
increased energy content after biomass washing. A reason
for this could be removal of energy deficient extractives and,
to a certain extent, removal of inorganic components. The
LHYV of fallen leaves was slightly reduced after washing.

The energy efficiency of both processes can be assessed
by considering the energy yield, that is calculated by mul-
tiplication of the obtained mass yield times the ratio of
LHYV of the treated and untreated biomass. After washing
energy yield is generally higher than energy yield after
HTC. For example, washing of olive pomace yields 85%
of the biomass energy input, while after HTC at 180 °C
73% of the feedstock energy are recovered in the solid
product. At higher HTC temperatures, the efficiency losses
due to the dissolution of organic material to the process
water can, to some extent, be compensated by a higher
energy densification during. For example, while mass loss
strongly decreases by 15 percentage points from 63 to 48%
after increasing HTC temperature from 180 °C to 270 °C,
energy yield only decreases by 7 points from 79% to 72%.

In conclusion one can say that HTC fundamentally
changes biomass structure. This leads to more favourable
fuel properties in terms of energy density, LHV and car-
bon content. Moreover, the structural changes also lead to
altered fuel properties that are not investigated within the
scope of this work but elsewhere [42—-44]: HTC treated
material has increased hydrophobicity, can be stored out-
doors, is resistant to microbial deterioration and requires
less milling energy. On the other hand, the changes of the
organic structure induced by washing are much smaller.
However, in most cases washing slightly increases LHV
and leads to a reduced atomic H/C ratio due to the removal
of extractives and ash forming matter.
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Fig. 1 Van Krevelen diagram showing the composition of empty fruit
bunches, grass clippings, leaf litter and olive pomace in raw condition
and after washing or HTC treatment at different temperatures for 4 h

Fate of Inorganic Elements

The ash content of untreated, washed and HTC treated bio-
mass samples are shown in Fig. 2a. It can be seen that the
development of ash concentration in the fuel is feedstock
dependent: For EFB and olive pomace washing and HTC
leads to a lower ash content after treatment. Washing EFB
decreases ash content from 8.9 wt.-% to 5.9 wt.-%. HTC at
150 °C further decreases ash content to 5.3 wt.-%. Further
increasing treatment temperature leads to a slight increase of
ash content in HTC treated EFB to 7.1 wt.-% at 270 °C. Sim-
ilar behaviour is noted for olive pomace. In contrast, when

ture above 150 °C increases the ash content of the treated
material steeply. For example, washing of grass clippings
increases ash content from 10.47 wt.-% to 11.44 wt.-%, after
a treatment at 150 °C the ash content is slightly decreased
to 9.37 wt.-%, before increasing to 15.82 wt.-% in biomass
treated at 270 °C. These observations can be explained
with two effects: On the one hand, the dissolution of solu-
ble inorganics like e.g. alkali metals leads to a reduction of
inorganics in the fuel and, thus, to a lower ash content after
treatment. However, at the same time organic material is dis-
solved in the process water during treatment as well, leading
to an increased relative inorganic concentration in the mate-
rial. Consequently, ash content decreases if the amount of
inorganic material removed exceeds the amount of organic
material removed during the treatment. It seems ash con-
tent after washing and HTC is decreased for feedstock that
exhibit a high concentration of soluble species like potas-
sium in their ash. For example, potassium content in ash
from EFB and olive pomace is 41.77 wt.-% and 59.52 wt.-%
respectively. In contrast, silicon, phosphorous and calcium
are main ash forming elements in substrates that show higher
ash content after treatment. These are elements that are
known to form less water soluble compounds in biomass
and therefore are extracted to a lesser extent by washing and
HTC. This observation is illustrated by Fig. 2b that shows
the removal efficiency of washing and HTC for the main
ash forming elements in EFB. The removal efficiency was
calculated by subtracting the ratio of the inorganic element
content of the hydrochar with the raw feedstock multiplied

Fig.2 Ash content of raw, (a) 100 (b)
washed and HTC treatec.l feed- 18 | Craw 2723 washing
stock (a). Removal efficiency of :f;;?:-gg M [_J1s0°c
washing and HTC in removing 16 4 TJ180°C M E;?g g
inorganic elements from EFB | EJ210°c 804 [N ¢ 11 [ 240°C
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by the mass yield from 100 percent, as also applied by Smith
et al. [11]. Ash analysis data for all other investigated feed-
stock is provided in the supplementary material. The fol-
lowing observations are discussed representatively for EFB.
70% of alkali metals are removed by washing of EFB. HTC
increases this proportion with increasing treatment tempera-
ture to 96% for feedstock treated at 270 °C. The efficiency of
washing and HTC in removing chlorine is also high: Wash-
ing removed 81% and HTC between 56-94% of chlorine
from the feedstock. However, in this case, no clear trend
with treatment temperature is observed. Consequently, the
risk of chlorine induced corrosion is reduced after washing
and HTC. Sulphur removal is 23% after washing of EFB.
HTC sulphur extraction is much stronger and removes 78%
at 150 °C and up to 88% at 270 °C. For earth alkali met-
als, phosphorous and silicon removal efficiencies are lower.
HTC is more efficient than washing in removing earth alkali
metals from EFB, increasing the proportion from 30% at
washing conditions to 60% at 270 °C HTC conditions. Phos-
phorous removal seems to be higher after washing (61%)
than after HTC, where the removed fraction of phospho-
rous decreases from 52% at 150 °C to 11% at 270 °C. This
suggest that after a dissolution at lower temperatures P is
reincorporated into the hydrochar during the treatment.
For Si also lower overall removal efficiencies are observed.
Washing removes 39% of the initially present Si. For HTC
treated EFB, the Si removal efficiency shows no clear trend
with treatment temperature and remains between 15% and
60%. Consequently, this study supports previous findings,
that the inorganic removal efficiency of inorganics is high-
est for alkali metals and C, while removal of earth alkaline
metals, Si and P is limited [9, 11, 12].

The effect of these changes in ash composition on fuel
quality and ash related challenges can be assessed using fuel

indices. Figure 3 shows the slagging index and base-to-acid
ratio, an indicator for fouling tendency of untreated, washed
and HTC treated samples. According to these indices, slag-
ging and fouling has to be expected for all considered fuels.
The highest slagging risk is expected for fuels from leaf
litter, EFB poses the lowest slagging risk. The impact of
washing and HTC on the slagging index is limited. Washing
grass clippings and leaf litter increases the slagging index
slightly, however for olive pomace and EFB a lower value,
indicating higher slagging risk, is obtained. Similarly for
HTC treated fuels for some substrates and process condi-
tions, a slight amelioration of the slagging index is reached,
while for others a higher risk of slagging after HTC has to
be expected. In light of the findings on element removal, it
is expected that the slagging index is not affected much by
washing and HTC. It is calculated on the basis of the con-
centration of Si, Ca, Fe and Mg in the fuel ash. As discussed
above, no strong removal on either of these inorganic spe-
cies is observed in washing and HTC, therefore the impact
of these pre-treatments on the slagging tendency is limited.
On the other hand, washing and HTC have a stronger impact
on fouling tendency, predicted by the base-to-acid ratio. For
grass clippings washing reduces the B/A ratio from 2.4 to
1.9. HTC further decreases the B/A ratio with increasing
treatment temperature, for example at 270 °C it is 1.3. Simi-
lar observations are made for the other substrates. However,
also after pre-treatment a value of B/A below 0.45 is not
reached, which is the threshold value for a low fouling risk.
Thus, washing and HTC lessen but do not fully prevent foul-
ing risk.

To sum up, both washing and HTC significantly decrease
K and CI concentration in biomass, ameliorating fuel proper-
ties with respect to ash-related challenges in biomass com-
bustion. This leads to a lower risk for corrosion and fouling
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for washed or HTC treated fuels, while slagging tendency as
indicated by the slagging index is not strongly altered after
pre-treatment.

Effluent Characterisation
pH Value

The full set of water analysis data is presented in Table 2.
The effluent pH value is in the acidic range for all sam-
ples. For effluents from washed materials the pH value lies
between 4.7 and 6.7. Effluent obtained from the HTC experi-
ments was generally more acidic with a range from 3.6 to
5.2. After HTC the obtained pH values are fairly similar
and only minor differences between different feedstock can
be observed. After washing differences between feedstock
are more pronounced. pH levels after HTC are fairly sta-
ble when increasing treatment temperature from 150 °C
to 270 °C. For EFB and leaf litter a slight decrease with
increasing treatment temperature can be observed. For grass
clippings and olive pomace on the other hand, pH slightly
increases for increasing treatment temperature. Overall, a
further increase in HTC temperature does not lead to further

significant changes in pH value. The decrease of pH after
HTC, as also reported by other researchers, can be explained
with biomass degradation during HTC that leads of the for-
mation of several organic acids such as acetic, formic, lactic
and propionic acid [24, 26, 35, 45].

Electrical Conductivity

The electrical conductivity (EC) of the investigated
effluent samples shows a high variability in the range of
1.9-6.3 mS cm™!. The highest conductivity is obtained for
effluent from HTC of grass clippings. Compared to washing
HTC yields higher EC in the effluent. Further increasing
HTC treatment temperature does not seem to have a strong
effect on the EC of the effluent obtained after reaction. Efflu-
ent from leaf litter and grass clippings shows a maximum in
EC at about 210 °C, it decreases again for higher tempera-
tures. EC slightly decreases in effluent form olive pomace
with increasing treatment temperature, while no clear trend
is seen for EFB. Compared to pH, a higher variability of EC
with feedstock type is observed. The range in which the EC
of sample effluent spreads seems to be feedstock dependent.

Table 2 Water analysis data of effluent obtained from washing and hydrothermal carbonisation at different temperatures of various feedstock

Biomass type Treatment pH Electrical con- TOC BOD;  COD P N NO;-N  NO,-N  NH,-N

Conditions (=) ductivity (mS (mgl™h (mgl™h) (mgl ™) (mg 1Y (mg 171 (mg h (mg Ih (mg Ih
cm™)

Empty fruit bunches Washed, 50 °C 5.78 4.71 3880 6380 11,805 75.4 216 30 1.34 18.90
HTC 150°C  4.54 4.83 9120 11,780 22,775 73.0 394 79 0.48 34.40
HTC 180°C 4.02 4.84 9315 15,040 24,640 644 452 122 0.30 0.88
HTC210°C 4.14 422 9870 15,440 24,940 19.0 398 119 0.30 1.36
HTC240°C 4.12 4.08 11,400 16,240 28,905 11.8 398 91 0.30 1.72
HTC270°C 4.12 5.07 11,370 19,840 29,170 10.8 320 94 0.96 4.22

Grass clippings Washed, 50 °C 594 4.43 9650 19,440 25,240 238.0 484 117 1.00 20.40
HTC 150°C 435 5.82 14,340 22,640 37,500 534 780 184 1.10 1.56
HTC 180°C 445 6.17 13,700 20,240 31,650 12.0 1022 136 0.90 1.26
HTC210°C  4.62 6.20 14,600 19,440 34,630 6.3 1010 141 0.98 1.34
HTC240°C 496 6.27 12,980 19,840 32,510 4.6 1006 113 0.70 2.06
HTC270°C 523 5.76 12,370 17,440 31,200 4.2 786 103 0.44 4.76

Leaf litter Washed, 50 °C 6.71 2.46 536 660 1602 18.2 33 13 0.36 2.92
HTC 150°C 491 2.72 7680 12,640 19,500 17.0 173 71 0.86 25.6
HTC 180°C 495 3.73 6565 9040 15,410 52 268 87 1.00 4.20
HTC210°C 4.55 3.43 8055 12,240 19,900 1.8 226 90 0.94 2.40
HTC240°C 4.44 3.78 8480 14,240 22,525 1.0 256 71 0.58 1.92
HTC270°C 4.75 3.22 8770 13,840 22,480 1.0 268 66 0.30 4.02

Olive pomace Washed, 50 °C 4.70 1.89 2390 2980 6545 49.8 25 46 0.64 0.54
HTC 180°C  3.56 2.57 10,850 18,240 25,840  57.6 152 163 0.30 0.56
HTC210°C  3.80 2.53 8860 14,640 21,975 48.0 134 120 0.30 0.70
HTC?240°C  3.77 2.25 9920 16,000 25,565 30.8 107 88 0.30 1.06
HTC270°C  3.65 2.29 9760 16,640 26,820  22.8 119 81 0.30 1.62
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EC is directly related to the concentration of ions in the
water. During washing and HTC soluble inorganics are
extracted from biomass and are dissolved in the effluent
water. Thus, the higher level of EC after HTC indicates that
HTC is more efficient in the extraction of inorganics from
the biomass matrix. After washing EC is lower compared to
the EC of HTC effluent. There is no clear further trend of EC
with temperature. Feedstock like EFB and grass clippings,
which are rich in soluble alkali and earth alkali metals while
also possessing high ash content, exhibit the highest EC in
the resulting HTC effluent and washing effluent. The lowest
ECs were measured for effluents from olive pomace that has
a low ash content of 5 wt.-%.

Organic Matter and AD Usability

Table 2 shows the measured concentrations for total organic
carbon (TOC), biological oxygen demand after 5 days
(BODs) and chemical oxygen demand (COD) in the effluent
from biomass washing and HTC treatment of biomass. TOC
values after washing lie within a range of 536-9650 mg 17!
Compared to this, TOC values are increased significantly
after HTC and are within 6565-14,600 mg 1=!. An excep-
tion to this is effluent from grass clippings where TOC of
effluent from washed material reaches equally high TOC
values as effluent originating from HTC. For comparison,
Erdogan et al. [35] reported equally high values between
15,000 and 25,000 mg 17! for effluent from HTC of orange
pomace. Berge et al. [46] found concentrations of TOC in
the range of 5000-35,700 mg 17! in effluent from HTC of
municipal biomass waste streams. These values indicate
a heavy pollution of process water with organic material
originating from biomass degradation processes during

Fig.4 BODj; to COD ratio a (a)

HTC. For EFB with increasing HTC temperature also an
increase in TOC is observed. For the other feedstock, no
clear development of TOC with temperature is noted. Again
differences in TOC are governed by feedstock type with leaf
litter exhibiting lower TOC values of up to approximately
15,000 mg I"! in comparison to effluent from grass cuttings,
olive pomace and EFB where TOC reaches values above
15,000 mg 1=, For BOD; and COD similar observations
can be made: COD of effluent obtained after washing is sig-
nificantly lower than COD of effluent obtained after HTC of
the same feedstock. COD values after washing show higher
variance and reach values between 1602 and 25,240 mg 17!,
whereas after HTC, COD values lie in a more narrow range
of 15,410-37,500 mg 1”!. COD of HTC effluents seems to
be determined by feedstock type rather than treatment tem-
perature. BODj; values follow the same trends. After wash-
ing BODjs values are significantly lower than after HTC.
For example, effluent from washing of EFB yielded a BOD;
of 6380 mg 1=! and more than doubled to 15,040 mg 17! in
effluent from EFB HTC treated at 180 °C. Compared to the
COD values the BODs values are relatively high. Conse-
quently, a good biodegradability of the organic substances
is to be expected. The BODs/COD ratio for effluent from
washing varies from 0.41 to 0.77, while the ratio is > 0.5 for
all effluents originating from HTC treatment as shown in
Fig. 4. If the ratio exceeds 0.5, the waste water is considered
to be readily treatable by biological means. Interestingly, the
ratio is increased after HTC for effluent from EFB, leaf litter
and olive pomace which could possibly be a consequence of
the breaking down of larger indigestible organic fragments
during HTC to a size that is more easily digested by bacteria.

Anaerobic digestion (AD) could help to access the chemi-
cal energy contained in the effluents from washing and HTC.
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Based on the presented data, a first indication on the poten-
tial biogas production from pre-treatment effluents can be
made. Biogas production related to COD is about 0.51 g~!
COD removed, corresponding to a methane production of
roughly 0.35 1 g} of COD removed [47]. For instance, for
a full conversion of COD to methane, AD of process water
could produce enough methane to cover between 10% and
20% of the thermal energy need of the process. This is
assuming 2 m> of effluent, a thermal energy consumption
of 1.2 MWh per ton of HTC fuel produced as proposed in
literature [21-23]. However a full COD conversion by AD
is unlikely. Previous studies have shown that AD is able to
eliminate between 50% and 75% of COD from HTC effluents
[32, 48]. For other feedstock, the C/N ratio can be used as
an indicator can be used to evaluate the possible efficiency
of an AD process [49-51]. Fig. 4b shows the C/N ratio of
the obtained effluents from washing and HTC of the dif-
ferent substrates. A value between 25 and 35 is considered
optimal. Higher values point to rapid N depletion, causing
lower gas production. A lower value indicates a protein-rich
substrate that results in a higher pH causing methanogenic
inhibition. Applying this criteria, an efficient AD conver-
sion is expected for effluent from HTC of EFB and leaf lit-
ter. Compared to washing HTC of these feedstock increases
C/N ratio to the desired range of roughly 25-35. C/N ratio
of is below the optimum range for effluent from grass clip-
pings and above the optimum range for effluent from olive
pomace. However, C/N ratio can only serve as a preliminary
assessment, the derived trends need to be verified by further
experimental investigations.

Nutrient Contents

Table 2 shows the concentration of nitrogen nutrients
(NO;-N, NH,4-N, NO,-N) and total nitrogen (TN) as well
as phosphorous (P,) determined in effluent samples from
washing and HTC of the five investigated feedstock. Com-
pared to the concentrations of organic matter their concen-
trations are significantly lower.

The most abundant nitrogen nutrient is NO5-N with a
concentration of 13-117 mg 17! in effluent from washing
and 71-103 mg 17! in effluent from HTC. When increas-
ing the temperature of leaching from washing at 50 °C to
150 °C, first an increase of NO5-N in the resulting effluent
is observed. When further increasing treatment temperature
the concentration of NO;-N decreases again.

Ammonia-N (NH,-N) was found in concentrations of
0.5-20.4 mg 17! and 0.6-4.8 mg 1~! were in effluent from
washing and HTC respectively. For EFB and leaf litter a
peak concentration of 34.4 mg 17! and 25.6 mg 1=! was meas-
ured in effluent from HTC at 150 °C. In effluent obtained
from HTC conducted at 180 °C and higher the concentra-
tion of NH,-N rapidly decreases to below 5 mg 17! for all

@ Springer

feedstock. This might indicate the precipitation of ammonia
salts under hydrothermal conditions at temperatures above
150 °C, as also suggested by Kruse et al. [52].

Nitrite (NO,-N) was detected in low concentrations for
washing 0.36-1.00 mg 1! and HTC 0.30—1.12 mg I=!. Fluc-
tuations in NO,-N concentrations are observed with treat-
ment temperature, but no coherent trend is observed.

Overall, values obtained for TN in effluent are higher than
measured NO;-N, NO,-N and NH,-N concentrations indi-
cating the presence of more organic nitrogen species. After
washing TN values are in the range of 25-484 mg 17!, being
lower than TN concentrations after HTC. In HTC effluent
TN concentrations of 107-1022 mg 1= were obtained. TN
concentration also is feedstock dependent: The highest TN
concentrations were measured in effluent from grass clip-
pings, which is also the feedstock that has the highest fuel-
N content in the ultimate analysis as presented in Table 1.
During washing and HTC nitrogen is released to the pro-
cess water. The increase in TN at washing conditions can be
explained by the dissolution of water soluble ammonium and
nitrite salt and some nitrogen containing compounds to the
washing water. At higher temperatures, i.e. at HTC condi-
tions, hydrolysis of nitrogen containing compounds leads to
a further increase of TN in the effluent.

Finally, P, values measured seem to be both temperature
and feedstock dependent. Highest P, values are detected in
effluent from grass clippings (up to 238 mg 17!), the lowest
in effluent from leaf litter (up to 18 mg 171). For all feed-
stock a decline in P, in effluent is observed with increasing
treatment temperature. For example at washing conditions
238 mg ml~! of phosphorous is detected in effluent from
grass clippings. This value drastically decreases to only
53.4 mg ml~! at HTC conditions of 150 °C and even lower
to a value of 4.2 mg ml~! in effluent originating from HTC
of grass clippings at 270 °C. This finding also supports the
observations made for phosphorous concentration in the
biomass ash which, after an initial decline at washing con-
ditions, increases again for higher treatment temperatures at
HTC conditions, as also described by Smith et al. [11]. This
suggests that at higher treatment temperature phosphorous
is precipitated and reincorporated to the hydrochar.

Conclusion

The presented study reveals the impact of washing and
hydrothermal carbonisation of several feedstock from dif-
ferent biomass types on fuel quality and process water char-
acteristics. Regarding energy density, washing of biomass
leads to minor improvements in heating value and elemen-
tal composition. In contrast, HTC fundamentally changes
the elemental composition of the treated feedstock and
increases LHVs drastically. Both washing and HTC alter
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the ash composition of treated feedstock and effectively
remove potassium and chlorine, thus reducing the risk of
ash-related issues in combustion processes like fouling and
corrosion. For the selected feedstock, filtrates from washing
and HTC are acidic and the measured electrical conductivity
correlates with the amount of electrolytes dissolved in the
process water. Both, washing and HTC yield process water
that is highly contaminated with organic matter, however
BOD;s to COD values indicate good biodegradability of the
effluent. AD of the effluents offers 10-20% potential energy
saving from methane production. However, for a reliable
assessment of AD for effluent valorisation further studies,
also investigating i.e. the formation of refractory substances
are required. Nutrients occur in low concentrations in the
effluent from washing and HTC.
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