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Fate of inorganic material during hydrothermal carbonisation of biomass: influence of

feedstock on combustion behaviour of hydrochar
Aidan M. Smith, Surjit Singit and Andrew B. Ro$%
#Energy Research Institute, School of Chemical and Process Engineering, University of Leeds
Abstract

A series of high moisture content biomass have been processed by hydrothermatai@ohqi TC)

in a batch reactor at two temperatures (200 °C and 250 °C). The feedstocks priomchsdedood

waste, secondary sewage sludge, AD press cake, microalgae, macroalgaebamdierified from
municipal derived wastes. In addition, three lignocellulosic biomass including nfissanillow and

oak wood have been processed under identical conditions. The yields and properties oftitige resu
hydrochars including their HHV, CHNS, mineral content and ash fusibility piepenave been
determined and compared with their starting biomass. Typical char yieldsrocditulosic material

range between 58-70 wt% at 200 °C and reduce to 40-46 wt% at 250 °C. The behavimasand
balance is however very feedstock dependent and the higher lignin biomass produce didger yi
hydrochar. There is a significant upgrading of the energy density dfytlrechars with calculated

HHV ranging from typically 24 MJkg at 200 °C to 28-31 MJKgat 250 °C for lignocellulosic
material. Theexception is for sewage sludge and AD press cake which result in a significant
solubilisation of organic matter. A significant removal of alkali metalshserved and this in turn
changes the ash chemistry upon combustion. This change in ash chemistry has been shown to change
the ash melting behaviour and the hemisphere temperatures (oxidizing conditioes(esr to
increase substantially. A number of predictive slagging and fouling indices have been used to evaluate
the influence of the ash chemistry on the fuel combustion behaviour and this combiiméidevash

fusion testing has shown that HTC reduces the potential fouling and slaggiogé of the resulting

hydochars if combusted.
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1. Introduction

Biomass is becoming an attractive energy resource as it offers benefits snakita potential
sustainability and carbon neutrality. However when compared to solid fossil fuels suchl,as co
biomass suffers due its low bulk density, high moisture content, low calorific aldehigh
hydrophillic nature. This combined with milling difficulties brought aboubtigh the fibrous nature

of biomass means that the handling properties of raw biomass negatively influercertbmies of
biomass. This has prompted considerable interest in pre-treatment of biomass whidtelmay
overcome some of these limitations. One such process is torrefaction which heesdreusieasing
interest in recent years. Torrefaction is a thermal process that involves tihg béaiomass between

250°C and 300°C in an inert atmosphere; driving out moisture and low calorific components to

increase the fuels calorific valyie (Ibrahim et al., 2013). Torrefaction howeyeires a dry feedstock

and enhances ash within the biofuel. Hydrothermal carbonisation (HTC) isamaglte option and

involves the processing of wet biomass in hot compressed ater (Funkeegted, 2010) It has

previously been used as a method to simulate natural coalification in codbgetbut with the
emergence of biomass as a future energy source, it now shows potential as a biomass pre-treatment, as

it produces a coal like product called hydrochar.

The aim of HTC is to produce a coal like hydrochar which is: (i) more energy diénsasily friable
and (iii) more hydrophobic than the starting material. This is achieved byimgdie oxygen and
hydrogen content of the feed (described by the molecular O/C and HIY; datstroying the colloidal
structures and reducing the hydrophilic functional groups. During HTC, theabfis submerged in
water and is subjected to high temperatures at pressures which prevent the wagxaporating.

Under these conditions, water undergoes changes at the molecular level whichiitildence its

solvation power, viscositgnd polarity |(Peterson et al., 2008). As the water is heated and compressed,

its density and polarity change reversing its properties from a hagitdy hydrogen-bonded solvent

to properties more like a non-polar solvent such as hekane (Peterson et gdl., 2008)thesaler




conditions, the water provides a medium for a complex series of reactions whicle itnealemoval

of hydroxyl groups through dehydration, removal of carboxyl and carbonyl groups though

decarboxylation, and cleavage of many ester and ether bonds through hydrolysisafdiiegler

2010).

For lignocellulose based biomass, the net result is the macromolecule becomegsiivyty
aromatised with phenolic structures derived from the dehydration of ligmdinasomatisation of
carbohydrates derived from the hemicellulose and cellulose. Condensation and isatjoneof the

fragments from the main macromolecules also occur, forming humic acid and bitumezh bas

molecules which tend to re-adhere to the hydro¢har (Funke and Zieglef, 2010). Tlee detare

and the relative significance of the above mechanisms appear strongly dependent pe trelty

composition of the feedl (Funke and Ziegler, 2010). Food waste and microalgae for exaveze

different biochemical composition (comprising of protein, carbohydrate and lipidjhat of
lignocellulosc biomass which comprise of hemicellulose, cellulose and lignin. The proportions of the
biochemical components also influence the degradation temperature. For lignacebidosass,

hemicellulose appears to degrade first, at temperatures generally 8610w, 2cellulose degrad at

200 - 230° C and lignin degrades between 220° C and 260° C (Pastor—ViIIe@aQ@O?iLibra et

al., 2011{Reza et al., 2013). In order to produce a coal like product using hydrothermalsprgee

reaction temperature of between 200° C and 250§ ypically used|(Funke and Ziegler, 2010)

Above 250° C the vyield of solid products decrease and give way to a crudes gkdduct as the
conditions favour a process known as hydrothermal liquefaction (HTL). The transitioeebetiy C
and HTL appears to be feedstock dependent, with some HTC studies using temperatures above

250<C. Temperature appears to be the most dominant parameter in HTC although the efficiency of the

hydrothermal process is also influenced by the percentage of solids in thle ifradetLal., 201fL

Funke and Ziegler, 2010), with increased carbon loss into the water phase wetsimgrwater

within the reactior) (Libra et al., 2011).

The benefits of the HTC process in terms of combustion are brought about throiml H€ and

OIC ratios along with the reduced fraction of volatile matter in thebostible carbon in comparison



to the starting biomass. These changes result in increased combustion efficiencwithlaaduced

pollutant emissions, smoke and water vapour during the combustion process (Liu et §Kh2016

al., 2009). The process has also been shown to influence the ignition tempearatupern out

temperatures of the hydrochar, with temperatures increasing with increasifg pricess

temperatures, while the activation energy, the critical energy required teatastistion, has been

shown to decreage (Parshetti et al., 2013). This can be of particular benefit @iaindolvith low

rank coals as it can improve the combustion of low rank|coal (Parshetti et a|., 2013).

While the handling improvements brought about though HTC are well documented, there has been
less research into the fate of inorganic material in the biomass during HT@aritsr are a particular

issue for biomass during combustion, pyrolysis and gasification as large amoueltsalbfand
alkaline metals, particularly potassium and sodium, along with sulphur and chlotirendaf ash

chemistry and influence the behaviours of the fuel in terms of its tendeoyrode equipment dn

cause slagging and fouling (Koppejan and Van Loo, ROX# main cause of slaggifgattributed to

the reactions of alkali metals with silica to form alkali silicates, whielt and soften at temperatures

as low as 700° € (Saddawi et al., 2012). The cause of the foulingibisitatd to the reaction of the

alkali metals with sulphur which form alkali sulphates which can be deposited orraresdiert and

combustor surfaces. Chlorine within the ash is very corrosive to stainlesarstezin also react with

silicates and the alkali metals to form an undesirably stable glag (Masial., 200Y).

Demineralization of the fuel through dissolution of these alkali saltstire process water during
HTC could potentially remove a large fraction of the fuel mineral contergliieeducing the above

mentioned ash problems.

Previous work by Saddawi et a‘l., (2012) has demonstrated that simple washing of bicigtdked

water (at room temperature and pressure) can remove simple ionic salts such aargtkahlorides
which dissolve easily. Washing in solutions such as ammonium acetate caniforisase recovery,
recovering inorganic elements which are bound to the organic structures of the biothassie

bonds, though ion exchange. Finally washing in a hydrochloric acid solugeahdis alkali earth

carbonates, sulphates and sulphides. Consecutive leaching using these three methods can subsequently



remove the ionic bonded inorganics from the biomass structure, leaving only silicatesraedsel

bound to the organic matrix with covalent bods (Saddawi et al.| 2012). During K €ylicritical

conditions of water have a lower density and viscosity than that of water nowieal conditions

Wagner and Pruf3, 2002) and as such, removal of simple ionic salts within the biombassamat

enhanced. The increased dielectric confent (Archer and Wang} 1990), increased iogiatidiss

constant| (Bandura and Lvov, 2006) and lower|pH (Funke and Ziegler, 2010) of the sulvesitiral

could also aid the removal of ionic bonded inorganics though ion exchange and dissolve #mcinorg
salts, thus removing iorlic bonded inorganics from the biomass structure. The modification of the

biomass structure during HTC will also further aid the removal of the inorganiciahater

Reza et al.} (2013) investigated the fate of inorganics during HTC foamtiges, corn stover, switch

grass and rice hull. The resultsveadhown reductions in the amount of calcium, sulphur, phosphorus,
magnesium and potassium in the original biomass when the biomass is processed unitheirimgdiro
conditions at 200° C, 230° C and 260° C. Removal of silicon appears limited at 200°2G0and
although there was some indication that silicon content starts to decrease whegnirthgtarts to
degrade at 260° C. It should be noted that despite a decrease in the inorgantcrelatitento the

starting biomass, the overall concentration of inorganics within the char can increase.

In addition to combustion, it has been suggested that HTC derived hydrochars couldheave o

applications in soil amendment or as absorbents for heavy metals due tohtrseitfége chemical

functionality |(Libra et al., 20131Hu et al., 2008|Titirici et al., 2007). This investigation has

investigated a large number of feedstock including wet biomass wastes such aadtmadinaerobic
digestion (AD) press cake, sewage sludge, fibre derived from organigadisased municipal wastes

and greenhouse waste, a number of terrestrial biomass such as miscanthus, oak and wiiew and t
aquatic biomass: microalgae and macroalgae. The feedstock investigated have didicleeseical
composition and wide ranging level of inorganics. This work seeks to understand theriatganfic
material, the production of high energy density biofuels, and following HT @rdgiction of fouling

behaviour during combustion.

2. Methodology



2.1.Materials

Samples of willow, miscanthus, oak, greenhouse waste, food waste, secondary sewagéBludge,
press cake, macroalgae (Laminaria Hyperborea), microalgae (Chlorellaas@dipre derived from
municipal waste were used in this investigation. The sample sizes ranged fram irl2x1 cm
cuttings for willow and oak, 1x1 cm cuttings for miscanthus, macroalgae, food wesjeeamhouse
waste, 600-1200 um for municipal solid waste derived fibre, sewage sludge gnegdxake anal
freeze died powder for microalgae. Samples were air dried before treatment duad vseeived for
HTC on the assumption that in an industrial process, HTC would be conducted on chiglped f
avoid energy-intensive size reduction prior processing taking advantage of theddhgrimd-ability.

For the quantification work a portion of each sample is ground to a size meeting the test requirement
2.2 .Hydrothermal carbonisation

HTC was performed in a 600 ml Parr bench top reactor (Parr, USA) at 200 °C an@ as@nh&ir

isobaric pressures of 16 bar and 40 bar respectfully. The temperature of thewaaatontrolled by

a PID controller. For each run, 24 g of biomass and 220 ml of distilled water wad iotal¢he

reactor giving approximately 10 % solid loading. The reactor was then htatdwe desired
temperature at approximately 8 °C mintiand the reaction temperature held for one hour. After one

hour the reactor was allowed to air cool. When cooled, the gas product was released to the atmosphere
and the solid and liquid products separated by filtration under gravity using 150 mm geatitatas
(Whatman, UK). The sample was not washed in water or organic solvent. The hydvastelowed

to air dry in a ventilated fume cupboard for a minimum of 48 hours.

2.3.Analysis

2.3.1. Inorganic analysis

The hydrochar and raw biomass were air dried and homogenised in a Retsch fadrdiEtermine
the inorganic elemental composition (excluding siliceamples were microwave digested (Aston
Parr, USA) with 200 mg of sample in 10 ml concentrated nitric acid HN€btassium, sodium,

calcium, magnesium and iron were determined by AAS (Valiant, USA), phosphorus and sili



determined using colorimetry and heavy metals determined by ICP-MS (Perkén, EI®A). The
AAS colorimetric methods as calibrated using standard elemental stock solution (Spectrosol, UK)
and two certified biomass reference materials (Elemental Microanalysisyel€)used to check the

calibration and extraction efficiency.

Phosphorus was determined by reacting the acid digested sample with ammonium molybdavanadate
solution (0.625 g ammonium matavanadate in 200 ml in 1:1 nitric acid added to 25 aframs
ammonium molybdate in 200 ml of deionised water and made up to 500 ml). The ¢@oge avas

allowed to develop for 30 minutes and meadust 430 nm ina UV-visible photo spectrometer
(Thermo Scientific, USA). The silicon content was determined by ashing the biomass avzhaydr
samples overnight in a muffle furnace then dissolving 50 mg of ash in a sodiumxitgdmelt (1.5 g

NaOH). Once cooled, 25 ml of distilled water was added and the sample heated on a steam bath for 30
minutes, the sample was then decanted and thoroughly rinsed @@ ml glass beaker and the
solution made up to approximately 400 ml with distilled water. 20 riit bhydrochloric acid (HCL)

is then added and the solution decanted and rinsed into a 1000 ml volumetric flaskswhacteiup

to volume using distilled water. 10 ml of solution was then transfertecic00 ml volumetric flask,

diluted to 50-60 ml with distilled water and 1.5 ml of ammonium molybdate solutisradded (7.5 g
ammonium molybdate, in 75 ml distilled water, followed by 10 ml 1:1 sulphagid and finally

made up to 100 ml). The solution was allowed to stand for 10 minutes beforeofitartaric acid

solution was added (10 g tartaric acid in 100 ml distilled water), followedediately by 1 ml
reducing solution (20 ml 45% sodium hydrogen sulphite solution in 90 ml water, mike®.w g

sodium sulphate and 0.15 g 4-amino 3-hydroxynaphthalene 1-sulphonic acid dissolved in 10 ml
distilled water). Solutions were allowed to develop for one hour and the concenthtsditon

determined by absorbance at 650 nra WV -visible photo spectrometer (Thermo Scientific, USA

2.3.2. Organic analysis and ash measurement

Carbon, hydrogen, nitrogen and sulphur content of the raw biomass and hydrochar was analysed using
a Flash 1112 CHNS analyser (CE Instruments, USA). The instrument was calibrated ckadl che

using calibration standards and certified biomass reference materials (Elementansliysis, UK)



Ash content within the raw biomass and hydrochar was calculated using both ashinguiffle
furnace and using thermo-gravimetric analysis (Mettler Toledo, SvetmBrl Oxygen content of the
biomass was calculated by difference and higher heating value (HHV) subsequentigtedl! by

Dulong’s equation (see equation one).
Equation one HHV = (0.3383 * % Carbon) + (1.422 * % Hydrogen{% Oxygen / 8)
2.3.3. Ash fusion testing

Ash fusion testing (AFT) was performed using a Carbolite digital ash fusion furnace. A digital camera
is fixed to the front of the furnace to capture images of the illuminated ashitisiheated from 550

°C to 1570 °C at 7 °C minute The tests were conducted in an oxidising atmosphere with an air flow
of 50 ml minute'. Cylindrical test pieces were formed using dextrin binder (Sigma-Aldrich,
USA) and were run in duplicat®hotographs were taken at 5 °C intervals but as the test was
performed in accordance with the standard method for the determination of aisiy imeltaviour

(DD CEN/TS 15370-1:2006) stages were given to the nearest 10 °C. Thad¢eyesnperatures are

as follows: beginning of shrinkage (SST), sample deformation temperature (DT), hemispher

temperature (HT) and flow temperature (FT).
2.3.4. Predictive slagging and fouling indices

To predict the likelihood of fouling during combustion, various slagging and foulitiges have
been derived based on the chemical composition of the fuels. The equations for alkgkipdexd
agglomeration index (BAIl), acid base ratiofllXRsIagging (Babcock) index (SI), fouling index (FI),
and slag viscosity index (SVI) are given as equations 1-6 in Table 1. For #meA«0.17 represents

safe combustion, an Al>0.17<0.34 predicts probable slagging and fouling and an Al>0.34 predicts

almost certain slagging and fouIiTg (Jenkins et al., 1998). For BAI, a 9aB&I<0.15 predicts that

bed agglomeration is likely to occyr (Bapat et al., 1997). For ghe Wlue of <0.5 indicates a low

risk of slagging and angal.o predicts a high to severe risk of slagging during biomass combustion
Sl values below SI<0.6 predict a low slagging inclination, SI>0.6<2.0 predicts a medigmglag

inclination and SI>2.0 predicts a high slagging inclination. For FI values below Hiwdicéte a low



fouling inclination FI>0.6<40.0 medium fouling inclination and FI>40.0 indicate high fouling
inclination. An SVI>72 indicates a low slagging indication where SVI>63<72esigga medium

indication and SIV<65 indicates a high slagging inclination.
2.3.5. Experimental replication and statistical treatment

Analyses were carried out using duplicate samples with errors given within this paper
calculated as standard errors. In addition to the analysis of duplicate samples, duplicate
analysisby multiple sample injections are performed for most analysis until a maximum
standard deviation of + 2% is achieved. Sampling time for the AAS is automatically
increased if the sample deviation within analyte concentration is observed. For colorimetric
analysis, a minimum of three separate readings is taken to determine the abortion of the
solution, with the abortion taken as the mean figure. For many feedstocks, particularly low
ash feedstocks, multiple runs were undertaken in order to obtain an appropriate amount of
sample for the analysis, with samples homogenisation performedRatsah grinder to

minimise sample variation

3. Results and discussion

3.1.Hydrothermal carbonisation yields

The mass yields of the HTC hydrochars shown in figure 1 are both feedstock and temperature
dependant. The vyields for the lignocellulosic biomass range between 58 % and 70 % at the
lower process temperature (200 °C) and between 40 % and 46 % for the higher process
temperature (250 °C). Greenhouse waste, which in this case is largely Paprika waste from
Almaria, Spain produces similar yields to lignocellulosics with 59 % and 46 % respectfully.
The food waste haa different biochemical composition to that of lignocellulosic material
mainly comprising of protein, carbohydrate and lipid, and has lower yields for both high and
low temperature HTC, with 40 % and 44 % respectfully. The smaller difference between the

two treatmentss linked to the different biochemical content of food waste. The results for the



meacroalgae and the microalgae, which have a similar biochemical content to the food waste,
exhibit a greater reduction in yield compared with food waste with 56 % and 36 % for the
macroalgae and 43 % and 28 % for the microalgae at 200 °C and 250 °C respectfally. The
yields are significantly lower than for the lignocellutbbased biomasses for both the lower
and higher temperature treatments, indicating biochemical composition is an important

variable influencing the yield of hydrochar.

For the AD press cake, sewage sludge and to a lesser extent the municipal solid wegteh@S
high yields are misleading due to the high ash content within the hydrocharsedtction in yield
between the lower and higher temperature treatments for the AD press cake appean®s$tly due

to a decrease in the inorganic fraction (ash) within the hydrochar as opposedeodggedation of

the organic fraction. The HTC of AD press cake however results in a sighsiclambilisation of the
organic content into the process water. For sewage sludge, the resultant reductda liretyieen
200 and 250° C is due to a combination of both degradation of the organic fraction and @moval
inorganic content. For the fibre derived from organically separated municipsyéhe difference is

largely due to degradation of the organic fraction of the hydrochar.

A decrease in ash relative to the starting biomass was observed in all samples, except the fibre derived
from organically separated municipal wastes which showed little change, hosegnercaution is
needed as the overall concentration of ash within the char can increasashloentents of the

hydrochars are given in Table 2.

The decrease in yields between the lower and higher temperature treatmenisvisd biel be
primarily due to degradation of different biochemical components at the highpertore. For

lignocellulosic based biomass, the significant degradation of cellulosaringcabove 210° C

Kumar et al., 201§0) explains the higher mass yields at 200°C, with the yield decreasing between 200

C and 250° C due to degradation of the cellulose and to a lesser extent lignin, which begins to degrade

between 220° C and 260° [C (Pastor-Villegas et al., g0Ba et al., 201[iReza et al., 2013)

Increasing the temperature from 200° C to 250° C also increases the phesauté bar to 40 bar,



which can exert an influence on the reaction equilibrium. Although this effast been

experimentally shown, it is thought to have a small impact during the HTC prpcess @ndike

Ziegler, 2010).

Reaction time can also influence mass yield. Generally, the mass yield decreghsae®astion time

increases. Results from the present HTC experiments together vatfratat the literature (Sevilla

and Fuertes, 201)F—Ioekman et al., 2011) suggest that the hydrochar is converted to gaseous and

liquid products in the first instance. The increased level of gas production,veitbnigpcreased char

yield with longer residence times could be explained by on-going polymerisatioluloiesvagments

in the liquid phase which finally lead to precipitation of insoluble sqlids (Ewamd Ziegler, 2030).

Kumar et al.,[ (201]1) investigated the HTC of organic carbon produced by hydrothwratadent of

switch grass and corn stover. It was observed that soluble oxygenated fragmeats fsuithial and
5HMF start to disappear with increasing reaction time from 1 h to 4 h.sliigests that these
compounds may undergo polymerisation via aldol condensation to form soluble polymers. The
aromatic clusters in aqueous solution precipitate as carbon rich microspheres through simomgdtisa

soluble polymers.
3.2.Ultimate Analysis

The ultimate analysis of the feedstock and hydrochars produced at 200° C and i339@&ted in

Table 2. The ultimate analysis (CHNS) shows an increase in the carbon content (6t tit® f
hydrochars at 200° C and 250° C compared to the raw feedstock (Table 2). Inteegsedtures

have been shown to favour higher carbon content, with carbon content increasing in all hydrochar
when calculated on a dry ash free basis. Higher HHV is also observed with an increase in temperature.
The exception to the rule is the processing of sewage sludge and AD press cakesuittich lower

HHV due to the large solubilisation of carbon proportional to the ash, although aherstill
significant increases in carbon density within the organic fraction fér feedstock when calculated

on a dry ash free basis. The oxygen content determined by difference showed a sigadigaitn

in all the hydrochars although the oxygen content of the sewage sludge and AD press p&e sam

maybe underestimated due to the high ash content. The decreased oxygen content is due mainly to



decarboxylation and dehydration reactions during HTC. Decarboxylation degrades the Icgrboxy
COOH) and carbonyl groups (C=0), forming £énd CO respectively. Dehydration removes
hydroxyl groups (-OH) from the feedstock leading to less hydrophilic functiormalpgr Both
reactions can therefore reduce the oxygen content significantly in turn upgtiagliagergy density.
Oxygen loss is of great importance, as its reduction increases the energy ddrtehtof the
hydrochars. The reaction temperature also has a clear influence on the reducing oxyggrandnt
increasing carbon content of the hydrochars. 250° C hydrochars contain higherotenteos when
compared to 200° C hydrochars (Table 2). This trend is further supported by the yieydisozhar
shown in Figure 1. Lower yields of hydrochar obtained at 250° C indicatéhthaecarboxylation
and dehydration reactions are more favourable, with significant reductions in ¢heflexygen at

the higher temperature.

The increase in temperature also has a marked influence on the HHV e§pleetive hydrochars.
The HHV is generally higher for hydrochars produced at 250°C. As discussed previbesytent

of decarboxylation and dehydration is temperature dependent. High temperatinesdomcentrate

the carbon, this coupled with a reduced oxygen content increase the HHV (T.alM&il2 higher
temperatures are associated with lower yields due to a greater amount of omanial mndergoing
decomposition, the enhanced removal of oxygen offsets this loss in energy termsgyfyesidr
However the energy yield at 200%an be higher than hydrochars produced at 250°C due to the

higher mass yields obtained at 200°C.

The O/C ratio and the H/C ratio of the hydrochars exhibit lower values when companedinitial
feedstock (Table)2 This will make the fuel more favourable as generally a fuel with |6@& &hd

O/C ratios have reduced energy losses due to smoke and water vapour duworgkibstion process

Liu et al., 2018). The reduction in the O/C and H/C ratios are a res@imaival of CQ and HO

indicating that the hydrochars possess a greater coal like behaviour thandgtecleeThis agrees
with the literature, which suggests that under hydrothermal conditions, biomasgaasdermoval of
hydroxyl groups through dehydration, removal of carboxyl and carbonyl groups though

decarboxylation, cleavage of ester and ether bonds through hydrolysis and for ligosediased



biomass, increasl aromatisation from the dehydration of lignin and aromatisation of carbohydrates

Funke and Ziegler, 2010).

3.3.Influence of HTC on hydrochar ash chemistry
Table 2 shows the ash content of the raw biomass and the resultant hydrochar on a dripdbasis. T
results have shown that for the lignocellulosic materials and algae, increampgyature results in a
decrease in ash content, while for the organic wastes, the reverse is true. Figure thehmats
removal of ash between the 200 °C and 2Z5Wydrochars, implying under hydrothermal conditions,
a proportion of ash is removed which increases with increasing reactierityseVhe reason ash
decreases in some hydrochars but increases in athéug to the feedstock specific ash chemistry,
with the lignocellulosics having a greater proportion of the inorganic magati@cted than organic
material, while the organic wastes have a greater proportion afrgla@ic material removed. Thus
even though inorganic material is removed, it can still become increasingly corezemirthin the

hydrochar.

The inorganic concentrations (wt%) within the biomass and the resijtairichars also appear to be
both element and feedstock dependent. Samples with higher silicon and iron contents appégr to res
in an increasingly high concentration of ash within the hydrochar, wiolee without high silicon

and iron have a decreasing concentration of ash within the hydrochar. The Majtrasg
elements within hydrochars and feedstock are given in table 3 and the net percentagal of met
remaining within the hydrochar for potassium (K), sodium (Na), calcium (@agnesium (Mg) and
phosphorous (P) is given in table 4. The net percentage of metal remaining vétiiydtiochar is
calculated based on the ratio of inorganic content of the hydrochar withwhfeedstock multiplied

by the mass yield at the given temperature. The percentage metal extracted iaioyidyed by

subtracting the percentage of original metal left within the hydrochar from 100.

Of the main inorganics investigated, potassium (K) and sodium g¢New the greatest

percentage reduction, which is consistent with the leaching experiments undertaken in

Saddawi et al.}| (2012). For potassium, excluding sewage sludge, between 84 % and 97 % of

the potassium in the raw biomass was extraate2b0 °C. For HTC at 200 °C removal of

potassium s less at between 60 % and 93 %. Sewage sludge had a reduction of



approximately 50 % K for both the 200 and 250 °C hydrothermal treatments. This smaller

reduction when compared to the other feedstock could be due to the chemical form in which

the potassium exists. The potassium reduction is consistent with Rezalet al., (2013), which

reported reductions in potassium ranging betweer’88@nd 90 % under hydrothermal

conditions at 200, 230 and 260 °C, processing miscanthus, albeit ground to between 600 and

1180 um. In Saddawi et al., (2012), a washing procedure was used at ambient temperature

involving water followed by ammonium acetate and hydrochloric acid resulting in a
potassium reduction of 46 % and 62 % for willow and miscanthus respectively compared to

the starting biomass using similar sized fuels to this investigation.

Removal of sodium was observed for all samples, with the higher temperature associated
with a greater reduction, although the percentage reduction appeared largely dependent on the
sodium content of the starting biomass. For willow, miscanthus and oak, reductions of
between 46 % and 74 % were observed at 200 °C and reductions of between 64 % and 79 %
were observedt 250 °C. The sodium content of the lignocellulosic material is however low

in comparison to the other feedstock. Higher sodium containing feedstock, such as AD press
cake, food waste, municipal solid wastes, microalgae and macroalgae resulted in far greate

sodium removal with between 74 % and 93 % removal at 200 °C and between 87 and 97 %

removal at 250 °C. In comparison, Saddawi et|al., (R012) reported a 30 % removal of sodium

from willow and a 53 % reduction in sodium from miscanthus. Reza gt al.,|(2013) reported

reductions in sodium ranging between 31 and 40 % under hydrothermal conditions at 200,

230 and 260 °C, processing ground miscanthus. The sodium content within the miscanthus

used in this investigation was similar to that in Saddawi ef al., {2012), 177 ppm and 192 ppm

respectfully. The sodium content within Reza etjal., (2013) was 1451 ppm.

While all the hydrochars have a lower sodium and potassium content than the starting
material, the alkaline metals magnesium (Mg) and calcium (Ca) along with phosphorus (P)
undergo more limited metal removal. For willow, all three metals are reduced at 200 °C but
there is a smaller reduction at 250 °C. For willow, the Mg, Ca and P concentration within the
hydrochars is lower than that of the starting biomass but the Mg, Ca and P reduction at 250
°C is almost proportional to the reduction in the organic fraction. The net removal of Mg, Ca
and P is also less at 250 °C. This phenomenon is common for the differing feedstock, with
only miscanthus, sewage sludge and microalgae having greater removal at 250 °C than 200
°C for Mg, Ca and P. This reduced inorganics removal efficiency is also evident within the

results for Reza et al., (20113) which showed the inorganic element yields for miscanthus were




substantially lower at 260 °C compared with 200 °C for all elements investigated other than

silicon. The reason behind this decrease in metal extraction at higher temperatures could be
due to increasing surface functionality of the hydrochars generated at higher temperatures
reabsorbing metals from the process waters. It is known that the large number of carboxylic

groups on the hydrochar surface which can theoretically increase the cation exchange

capacity (CEC) of the hydrochar (Libra et al., 2011). The increased retention of catifths c

be due to increasing CEC of 250 °C hydrochars. The reduction may also be as a result of
reduced extraction efficiency due to an increased build-up of hydrolysis derived products on

the outer surface of the biomass macro-molecule at the higher temperaisife/,pmthesised

in Mosteiro-Romero et al}, (20[L4), reducing the extraction efficiency of the lower solubility

salts. Finally lhere is also evidence that cations can play a role in polymerisation, with studies
into the HTC of alginate (structural compound in seaweed) finding that divalent cations, such

as calcium andmagnesium promote cross linking of alginates oligomers during char

formation|(Cheret al., 2012). It could be that under the more severe conditions these metals

are reincorporated into the hydrochar by this mechani$¥thile this higher retention of
cations in 250 °C hydrochars could be disadvantageous in terms of the final fuel properties of

the hydrochar, it could be of benefit if the chars are used in soil amendment.

Calcium extraction appears most efficient in miscanthus with 72 % removed at 200 °C and 89

% removed at 250 °C. Calcium extraction for miscanthus in Reza ¢t al.| (2013) was 88 % at
200 °C and 84 % removed at 260 °C. In contest, Saddawi ¢t al.| (2012) extracted 19 % of the
calcium using their washing technique. In this investigation 66 % of the calcium from willow

was removed at 200 °C and 51 % removed at 250 °C, while Saddawi|et al|, (2012) extracted

3 % of the calcium though biomass washing. For the remaining feedstock investigated
calcium varied as shown in table 4 and this resulted in an increase in the calcium content in

some of the hydrochars.
Magnesium extraction was most efficient for willow with 75 % extracted at 200 °C and 64 %

removed at 250 °C; miscanthus extraction was 60 % and 69 % respectfully. Reza et al.,

2013) extracted 88 % magnesium fromscanthus at 200 and 250 °C. Saddawi et|al., (2012)

extracted 14 % magnesium from willow and 56 % magnesium from miscanthus usingsbhiomas
washing. For the remaining feedstock in this study (excluding sewage sludge) betvléean8371

% magnesium was extracted at 200 °C and between 33 % and 67 % magnesium was dxX2#xrted a



°C. For the lignocellulosic biomass and greenhouse wastes a net reduction in magritdsiuthnev
char was observed while for the remaining feedstock, magnesium became more conceitiiated

the char.

Phosphorous extraction followed similar trends to that of calcium and magnesiunhevitighest
extractions associated with willow, miscanthus and microalgae. Phosphorous extractgliovor

was 72 % and 68 %; miscanthus was 50 % and 70 %; and microalgae 60 % and 2006 @and

250 °C respectively. Reza et gl., (2p13) extracted 90 % phosphorous from misca2®us@tand

58 % at 250 °C. Saddawi et gl., (2012) extracted 56 % phosphorus from willow &hddgnesium

from miscanthus using biomass washing.

For most biomass materials, the major element speciation can be divided into threeesat@por

water soluble ionic salts, (ii) organically associated metals ioniovalently bonded with tissue, and

(i) amorphous, crystalline or pure precipitated compoupds (Korbee €201l [Marschner and

Marschner, 201f2). Most of the sodium and potassium within the biomass is in the fonit cgalts

(>90%) such as sodium nitrate, sodium chloride, potassium nitrate and potassium chloride. For
magnesium, between 60 and 90 % is in the form of ionic salts comprising of nuagrésite,
chloride and phosphate, with a large proportion of the remainder being organisaltjatesd with
chlorophyll and the biomass macromolecule. For calcium, between 20 and 60 % dsfannhof

nitrate, chloride and phosphate ionic salts; a small proportion is incombdrdte the biomass
macromolecule, and the remainder is in the form of amorphous or crystalline comgeluwsfshorus

occurs in both its ionic form and organically associated in protein, phospholipidsueleit acids

Korbee et al., 20C|ll\/larschner and Marschner, 2Q01Zhe type of compound in which the metal is

associated within the biomass is likely to strongly influence the éxinaefficiency during HTC. A
large proportion of potassium and sodium within the biomass is in the fasolutifle ionic salts and
this corresponds to a larger extraction of these metals. The magnesiunmaahcl phosphorus

less easily extracted and corresponds to its association with organic matter in the biomass.

Limited leaching of silicon, titanium, iron and aluminium have been reported under hydrathe

conditions in Reza et al}, (2013) and several biomass washing experiments (Deng2ei3l.,




Werkelin et al., ZOln)\AiIes et al., 199p) using finely ground biomass, however due to theiloxgry

solubility [Miles et al., 199b) and the larger particle size used in thesdragpes it is assumed there

was only limited removal.
3.4.Influence of HTC on ash behaviour during combustion

The concentrations of the major ash forming elements within biofuels areitigtdale 3 and it is the
behaviour of these elements within the ash which is often a critical factmmmercial furnaces,
such as those used in steam power generation. The main issue with ash is the potértasifng
and foul within the furnace which can lead to reduced thermal efficiency, corrosiodificulties
associated with removal of ash from the furnace. As most furnaces are degigieedove ash as a

powdery residue, it is undesirable for an ash to become sticky or worse melt. If the ash
becomes sticky or fuses into a hard glassy slag, known as a clinker, it makes extraction
difficult and the furnace requires cleanindigh temperatures are advantageous as they can

increase the thermal efficiency of the furnace and reduce the formation of okidit®gen (NQ)

which form from fuel bound nitrogen at temperatures between 800 °C and 1J1w)|6ﬁ?ejan and

Van Loo, 2012).

The temperature at which the ash melts and fuses is strongly influenced by tharalkalkaline

metals which act as a flux for alumina-silicate ash (Koppejan and Van Loq, 2012). Generally speaking

calcium and magnesium increase the melting temperatures of ashes while potassiumuend sodi

decrease it, although due to complex interactions between potassium, chlorine, sulpborasdic

calcium each element cannot always be evaluated individually (Koppejan and®,a2012). Table

5 contains thédeformation’ temperature, the point the ash starts to become sticky and potentially
problematic, and th&low’ temperature, the temperature in which it melts, for the ash fusion results
for the raw feedstock and hydrochars as defined in DD CEN/TS 15370-1:2006: Method for
determination of ash melting behaviour. Figures 2a-d give the transition teunpsiaetween phases
defined in DD CEN/TS 15370-1:2006 for willow, miscanthus, macroalgae and micrdaégistock.

The results show that HTC has a strong influence on the ash fusion temperatures witcdbsed

fuels becoming sticky (deformation) and melting (flow) at higher temperatines the raw



feedstock. This finding would support the theory that a large proportithregfotassium and sodium
within the starting biomass is removed following HTC, reducing the fluxcteffeey have on ash
melting. The more limited removal of magnesium and calcium under HTC, espetiab0 °C has
been shown to result in increased concentrations of magnesium and calcium in tduobdrydrhis
could be advantageous as the change in alkali to alkaline ratio within the char shoedddnthe

melting /fusion temperature.

Slagging potential is largely determined though fusion temperatures, with a dearefission

temperature indicating an increase in slagging potential (Koppejan and Vagl®), The increase

in fusion temperatures observed via the HTC consequently indicates slagginigapisteatiuced by
HTC, with greater reductions brought about at higher temperatures. Table 5 contagstiltiseof a
number of predictive slagging indices used to evaluate the influence of the asstrghenith their

equations given in Table 1. These indices are based on the chemical compositidoiarhtss and

ranks the ash in terms of its propensity to form fused slag de;l)osits (Koppdjafaa Loo, 201pR)

HTC appears to result in a net improvement in the slagging indices hatilkali Index (Al)
improving for all feedstock, as it increases the calorific value of themuié reducing the potassium
and sodium content. The limited removal of iron (Fe) under HTC, resulting in its accumulitiion

the char, resulting in improvements in bed agglomeration index (BAl), slag vistaisty (SVI) and
base to acid ratio (R b/a). Some of the biomass however is predicted to have highg slagg
propensities, for example willow when calculated using BAI, SVI and R b/a predictskigging
propensity due to low silicon and titanium dioxide, despite high fusion temperatusegeooit the

furnace range (furnace limit 1570 °C).

Some caution is needed when interpreting chemical composition based slagging indices as these
indices are based on coal ash slagging and assume the ashes will behave like dloatenoesl

ashes. Biomass ash systems are chemically very different to alumino-silicad@daalre is needed

when comparing conventional slagging index values for biorlnass (Koppejan and Van Lgo, 2012). This

could explain the results for macroalgae, despite the 250 °C hydrochar having terfiparature

greater than that of the furnace limit, which suggests a low slaggiegtbt(see figure2c), all



slagging indices, indicate a high slagging inclination. The resultsl @sb be due to the form the
potassium takes in the fuel which may not be volatilised under these condlttengresence of
alginate, a carbohydrate consisting of alginic acid associated with gamoisalt, within the algae
cell wall, means that the chemistry of algae is slightly differetab of the other feedstock used in

this research. Due to the thermal stability of the alginate it is likelystrae of the alginate will have

remained in the ash (Ross et al., 2011) and this would have influenced howupotasdi sodium

behaves the ash. While previous reports of high slagging seaweeds in Rogs et al., (2608) bppe

verified, it appears that hydrothermally processes seaweeds may perforneaiggifbetter. The low
transition temperatures for microalgae could be due to the low silicon conthirt thi¢ feedstock.

Strain selection could yield significantly higher transition temperatures.

In addition to slagging, fouling is another major issue in commercial furnacesnd-@ilbrought

about when potassium and sodium, in combination with chlorine, partially evaporate during the
combustion process and form alkali chlorides which condense on the heat exchanger sindaees. T
deposits don’t just reduce the heat exchanger efficiency; they also play a major role in corrosion as

these deposits react with sulphur in the flue gas to form alkali sulphatesnglebkirine in the

process. This chlorine has a catalytic effect which results in the active oxidatiarorrosion of the

furnace material (Koppejan and Van Loo, 2012). HTC has been shown to reduce the potassium and

sodium within the hydrochar which based on the Al, reducing the risk of fouling. Hl$mdeen

suggested that HTC reduces fouling risk through the combination of decreaget @xd volatile

matter content of the hydrochafs (Liu et al., 2013) which can potentially reduceld¢ase of

inorganic vapours during combustipn (Khan et al., 2009). HTC should also reduce three chittrin

the fuel. Chlorine exists within biomass in the form of water soluble ionis @8hCl, KCI, CaG,

MgCl, and ionic chloride (C)) (Korbee et al., 20( Il\/\arschner and Marschner, 2012) with the ionic

salts making up a large proportion of the total inorganics extracted underTHi€CGextraction of
these chloride based salts will result in the extracted chlorine appearingoadechi the process

waters. Biomass washing experiments have shown that between 85 % and 100 % ofotatal ch

within the biomass is extracted though washing (Deng et al. |[ZaHlawi et al., 201{Miles et al,




1995). The fouling inclination calculated by the Fouling Index (FI) was shown to imaifter HTC

however a number of feedstock and hydrochar were calculated as having high fouliragiamctiue
to low silicon and titanium dioxide in the fuel.

4. Conclusions

It can be concluded that the hydrochar yields for lignocellulosics typiallye from between 58 %

and 70 % at the lower process temperature (200 °C) and between 40 % and 46 échigheh
process temperature (250 °C). The yields for the non-lignocellulosic materials ssshage sludge,

AD presscake and algae were significantly lower than for the lignocellulosid basaasses for both

the lower and higher temperature treatments indicating that biochemical compus#tiarsignificant
impact on hydrochar yield. The lower yields of hydrochar obtained at 250° C indicattheha
decarboxylation and dehydration reactions are more favourable, with significantioeslunt the

level of oxygen at the higher temperature. These decarboxylation and dehydration reactions

subsequently increase the energy content (HHV) of the hydrochars.

This study has shown that a large proportion of the potassium and sodium hétHeetstock is
extracted during HTC, while magnesium and calcium along with phosphorus undergamitect |
removal. The removal of these metals has a significant influence on the slaggirfgutingl
propensity of the fuel, demonstrating the importance of metal removal in terthe acbmbustion
behaviour of the resultant fuel. The results show that treatment of biomasd¥Myhas a strong
influence on the slagging propensity of the fuel, with ash fusion temperatutde forocessed fuels
melting at higher temperatures to that of the raw feedstock. This research detesitibat HT@an
produce a coal like hydrochar from a range of feedstock which is: (i) morgyahenmse, (ii) easily
friable and (iii) more hydrophobic than the starting material, it also could overconisstles of

slagging and fouling associated with the starting material.
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Figure 1: Hydrochar mass yields under hydrothermal conditions at 200° C and 250° C respectfully.
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Table 1: Predictive slagging and fouling indices

Slagging/fouling Expression Limit

index

Alkali Index A = K9 (K0 + Nay0) Al<0.17 safe

GJ .

combustion
AI>0.17<0.34 probable
slagging and fouling
Al>0.34 almost certain
slagging and fouling

Bed Agglomeration Index BAI = %(Fe,03) BAI<0.15 bed

%(K,0 + Na,0)

agglomeration likely

Acid Base Ratio

R — %(Fe,03 + Ca0 + MgO + K,0 + Na,0)
a %(Si0, + Ti0, + Al,03)

R2 <0.5 low slagging

risk

Slagging Index

%(Fez03+Ca0+MgO+K,0+Na,0)
%(Si02+Ti05+ Aly 03)

SI=(

)*%gdry)

SI<0.6 low slagging
inclination

SI1>0.6<2.0 medium

slagging inclination

SI1>2.0 high slagging

inclination

Fouling Index

%(Fe;03+Ca0+MgO+K,0+Na;0)

FI =
( %(Si02+Ti05+ Al, 03)

Y* %(K,0 + Na,0)

F1<0.6 low fouling

FI1>0.6<40.0 medium

fouling

FI>40.0 indicate high

fouling

Slag Viscosity Index

(% Si0, * 100)

SVI =
%(Si0, + MgO + CaO + Fe,03)

SVI>72 low slagging
indication
SVI>63<72 medium
slagging indication

SIV<65 high slagging

inclination




Table 2: Ultimate analysis results for feedstock and hydrochars

% C % H % N %S % O HHV % Ash H/C o/C Energy
Feedstock Yield

(db) (db) (db) (db) (db) (MJ/kg) (db) (daf) (daf) (%)
Willow 45.3+0.2 6.2+0.3 0.5#0.0 0.1+0.0 43.8 16.4 4.1 1.64 0.73 -
HTC 200 58.9+0.6 7.2+0.1 1.4+0.0 0.2+0.0 29.0 25.0 3.5 1.47 0.37 92.0
HTC 250 70.4+0.0 5.3x0.1 1.3x0.0 0.1+0.0 20.2 27.8 2.7 0.90 0.22 44.7
Miscanthus 46.0+0.0 5.7#0.1 0.5+0.0 0.1+0.0 42.8 16.1 4.9 1.49 0.70 -
HTC 200 61.1+0.6 6.2+0.1 0.8+0.0 0.1+0.0 28.3 24.5 3.5 1.22 0.35 88.0
HTC 250 71.0+0.6 7.9+0.0 1.1+0.0 0.2+0.0 17.5 321 2.3 1.34 0.18 58.5
Oak Wood 43.4+0.5 5.9+0.1 0.3#0.1 0.1+0.1 42.9 154 7.4 1.63 0.74 -
HTC 200 55.0+0.1 4.6+x0.1 1.0+0.0 0.0+0.0 32.7 19.3 6.7 1.00 0.45 88.1
HTC 250 72.2+0.6 6.6x0.0 2.2+0.0 0.2+0.0 15.2 311 3.6 1.10 0.16 71.8
Greenhouse waste 45.7#2.6 6.7+0.3 1.1+0.5 0.2+0.0 36.4 18.5 9.9 1.76 0.60 -
HTC 200 59.6+0.1 6.3x0.1 1.9+0.0 0.0+0.0 26.5 24.4 5.7 1.27 0.33 77.8
HTC 250 68.5+0.1 6.1+0.1 3.6x0.0 0.2+0.0 17.4 28.8 4.2 1.07 0.19 54.3
Foodwaste 46.7¢0.4 7.6x0.2 2.9+0.0 0.1+0.1 28.0 21.6 7.1 1.95 0.45 -
HTC 200 54.8+1.1 7.0£0.2 1.1+0.1 0.2+0.0 241 24.2 12.9 1.53 0.33 49.3
HTC 250 62.8+2.1 6.9+0.3 1.3x0.2 0.2+0.0 154 28.3 13.5 1.32 0.18 47.2
AD press cake 17.8+£1.3 2.3+0.1 0.3x0.0 0.0+0.1 12.1 8.8 63.9 1.55 0.62 -
HTC 200 14.0£0.4 1.4+0.2 0.5+0.0 0.1+0.1 9.3 9.1 74.8 1.20 0.50 25.7
HTC 250 225+0.1 1.8+0.0 0.7x0.0 0.0+0.0 7.1 7.7 72.2 0.23 0.33 30.0
Municipal wastes 38.8+0.5 5.8+0.1 1.3x0.0 0.0+0.0 19.8 17.9 28.3 1.79 0.38 -
HTC 200 38.8+0.1 5.2+0.1 1.1+0.0 0.1+0.0 36.3 14.1 18.6 1.61 0.70 57.7
HTC 250 50.0+0.2 6.3x0.1 2.7+0.0 0.1+0.0 7.2 24.6 33.7 1.51 0.11 56.9
Sewage sludge 13.1+0.4 3.7+#0.2 4.1+0.1 2.4+0.0 13.7 7.3 63.0 3.38 0.78 -
HTC 200 13.2#0.4 1.8+#0.1 1.1+0.0 0.1+0.0 5.2 6.0 78.7 1.61 0.29 61.4
HTC 250 11604 1.3+#0.2 0.9+0.0 0.1+0.1 4.6 5.0 81.5 1.37 0.30 52.8
Macroalgae 31.6+0.1 5.2+0.0 2.8+0.0 4.5£0.0 35.3 11.8 20.6 1.97 0.84 -
HTC 200 48.2+0.2 4.7+0.2 2.3+0.0 0.1+0.1 34.5 16.8 10.2 1.17 0.54 79.6
HTC 250 59.5+1.7 5.4+0.3 5.9+0.1 0.1+0.0 20.5 24.6 8.6 1.09 0.26 52.9
Microalgae 48.4+0.3 7.2+0.1 7.8#0.1 0.3+0.0 27.1 21.8 9.2 1.79 0.42 -
HTC 200 58.0+0.3 7.0£0.0 5.3x0.0 0.0+0.0 20.8 25.8 8.8 1.44 0.27 51.1
HTC 250 62.1+0.1 6.8+0.1 4.8+0.0 0.0£0.0 17.9 27.5 8.4 1.32 0.22 29.2




Table 3: Major ash forming elements within hydrochars and feedstock

Feedstock Na Mg P K Ca Fe Si S
(Wt%)  (wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Willow 0.01 0.12 0.05 0.28 0.20 0.01 0.03 0.10
HTC 200 0.01 0.05 0.02 0.07 0.11 0.01 0.01 0.16
HTC 250 0.01 0.11 0.08 0.11 0.24 0.01 0.02 0.10
Miscanthus 0.02 0.06 0.02 0.17 0.20 0.01 2.10 0.10
HTC 200 0.01 0.04 0.02 0.08 0.09 0.01 2.81 0.10
HTC 250 0.01 0.04 0.01 0.05 0.05 0.01 2.91 0.21
Oak Wood 0.01 0.08 0.02 0.16 2.37 0.01 0.02 0.02
HTC 200 0.01 0.06 0.01 0.07 3.25 0.01 0.08 0.01
HTC 250 0.01 0.07 0.03 0.06 2.67 0.02 - 0.21
Greenhouse waste 0.04 0.81 0.08 4.03 1.58 0.01 0.20 0.24
HTC 200 0.03 0.57 0.06 2.58 2.44 0.02 0.15 0.02
HTC 250 0.02 0.61 0.16 0.51 1.34 0.08 0.10 0.19
Foodwaste 0.73 0.11 0.12 0.76 1.58 0.04 0.50 0.09
HTC 200 0.11 0.07 0.15 0.12 0.85 0.22 1.37 0.15
HTC 250 0.07 0.18 0.26 0.05 2.78 0.13 1.19 0.15
AD press cake 0.19 0.59 0.17 0.87 1.92 0.82 52.70 0.00
HTC 200 0.04 0.50 0.14 0.35 1.56 0.88 - 0.00
HTC 250 0.03 0.93 0.18 0.22 2.18 0.96 47.22 0.00
Municipal wastes 0.54 0.54 0.09 0.53 3.84 0.60 10.19 0.50
HTC 200 0.19 0.50 0.09 0.26 3.34 0.57 7.69 0.10
HTC 250 0.05 0.88 0.17 0.15 2.45 0.86 15.92 0.11
Sewage sludge 0.10 0.65 0.28 0.89 1.73 3.33 33.24 242
HTC 200 0.04 0.81 0.35 0.64 2.28 4.14 48.17 2.86
HTC 250 0.04 0.86 0.23 0.69 2.26 4.29 42.21
Macroalgae 2.44 0.72 0.08 4.38 0.73 0.01 0.16 451
HTC 200 1.06 0.48 0.11 1.91 0.96 0.03 0.13 3.95
HTC 250 0.91 0.81 0.19 1.63 1.46 0.04 0.10 2.96
Microalgae 0.31 0.45 0.44 0.50 0.76 0.03 0.34 3.03
HTC 200 0.10 0.70 0.41 0.16 1.53 0.06 0.31 3.09
HTC 250 0.05 0.98 0.38 0.07 1.75 0.05 0.36 2.59




Table 4: The percentage of potassium, sodium, calcium, magnesium and phosphorous

remaining within the hydrochar after hydrothermal processing

Feedstock Na Mo P K ca
(Wt%)  (wt%) (wt%) (Wt%) (Wt%)
Willow - - - - -
HTC 200 54 25 28 16 34
HTC 250 36 36 59 16 49
Miscanthus - - - - -
HTC 200 26 41 50 29 28
HTC 250 21 31 30 12 11
Oak Wood - - - - -
HTC 200 54 50 57 31 97
HTC 250 30 37 82 16 52
Greenhouse waste - - - - -
HTC 200 48 44 41 40 91
HTC 250 22 26 67 4 30
Foodwaste - - - - -
HTC 200 7 29 53 7 14
HTC 250 4 64 85 3 42
AD press cake - - - - -
HTC 200 14 49 52 24 51
HTC 250 7 76 56 12 58
Municipal wastes - - - - -
HTC 200 26 67 71 36 64
HTC 250 3 67 77 12 26
Sewage sludge - - - - -
HTC 200 29 92 92 53 97
HTC 250 26 83 53 50 83
Macroalgae - - - - -
HTC 200 24 37 76 24 73
HTC 250 13 41 88 13 71
Microalgae - - - - -
HTC 200 14 67 40 14 86

HTC 250 5 60 24 4 63




Table 5: Fouling indices and ash fusibility flow temperature

Fouling and Slagging Indices

Ash Behaviour (°C)

Feedstock
Al BAI R b/a Sl FI SVI  Deformation Flow

Willow 0.16 0.03 2.1 0.2 39.4 6 131040 154040
HTC 200 0.04 0.11 0.6 0.1 9.9 4 1330£10 >1570
HTC 250 0.05 0.14 1 0.1 25.4 3 >1570 >1570
Miscanthus 0.11 0.06 0.3 0 1.7 84 980+10 1350+20
HTC 200 0.04 0.13 0.1 0 0.3 93 143040 155040
HTC 250 0.02 0.27 0.1 0 0.1 95 1430+0 >1570
Oak Wood 0.08 0.07 66.6 1.3 445 1 139040 142040
HTC 200 0.03 0.15 80.5 0.8 127 1 1360+10 14100
HTC 250 0.02 0.33 1.3 0.3 1.6 43 14800 15200
Greenhouse waste 2.45 0 2.1 0.5 94 1480+10 1550+0
HTC 200 1.28 0.01 37.8 0.8 1933 3 141040 14800
HTC 250 0.22 0.19 47 8.9 718 150040 1540+0
Foodwaste 0.71 0.03 7.2 0.7 180 18 157040 >1570
HTC 200 0.1 1.05 2.9 0.4 17.8 24 1450+10 >1570
HTC 250 004 12 5.1 0.8 104 13 1420+20 153040
AD press cake 1.14 0.9 0.1 0 0.2 92 1330+20 1430%10
HTC 200 095 2.62 3.2 0 2.1 0 1320+10 1530+10
HTC 250 0.3 4.65 0.1 0 0 89 1420420 1550+20
Municipal wastes  0.66  0.63 0.6 0.3 2.9 59 115040 120040
HTC 200 0.4 1.43 0.6 0.1 1.8 55 116040 119040
HTC 250 0.1 5.01 0.3 0 0.2 73 11800 12400
Sewage sludge 1.71 3.95 0.3 0.6 0.5 80 123040 143040
HTC 200 167 7.2 0.2 0.6 0.2 82 122040 14400
HTC 250 0.88 6.93 0.2 0 0.3 80 1240+0 1470+0
Macroalgae 9.49 0 16.2 73.2 1526 5 6700 730+0
HTC 200 203 0.01 111 44.1 412 131040 149040
HTC 250 1.28 0.02 141 41.8 523 149040 >1570
Microalgae 0.43 0.04 4.1 12.4 45.4 15 660+0 740+0
HTC 200 0.11 0.27 4.8 14.9 18.9 8 9700 102040
HTC 250 0.07 05 4.9 12.8 6 8 1180+0 102040







