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ABSTRACT

This study aimed to assess the role of hydrothermal carbonisation (HTC) in digestate processing in cen-
tralised biogas plants receiving dewatered sludge from regional wastewater treatment plants and produc-
ing biomethane and fertilisers. Chemically conditioned and mechanically dewatered sludge was used as
such (total solids (TS) 25%) or as diluted (15% TS) with reject water in 30 min or 120 min HTC treatments
at 210 °C, 230 °C or 250 °C, and the produced slurry was filtered to produce hydrochars and filtrates. The
different hydrochars contributed to 20-55% of the original mass, 72-88% of the TS, 74-87% of the energy
content, 71-92% of the carbon, above 86% of phosphorous and 38-64% of the nitrogen present in the
original digestates. The hydrochars’ energy content (higher heating values were 11.3-12.2 M]J/kg-TS) were
similar to that of the digestates, while the ash contents increased (from 43% up to 57%). HTC treatments
produced filtrates in volumes of 42-76% of the dewatered digestate, having a soluble chemical oxygen
demand (SCOD) of 28-44 g/L, of which volatile fatty acids (VFAs) contributed 10-34%, and methane po-
tentials of 182-206 mL-CH,4/g-SCOD without any major indication of inhibition. All 32 pharmaceuticals
detected in the digestates were below the detection limit in hydrochars and filtrates, save for ibuprofen
and benzotriazole in filtrate, while heavy metals were concentrated in the hydrochars but below the na-
tional limits for fertiliser use, save for mercury. The integration of HTC to a centralised biogas plant was
extrapolated to enhance the annual biogas production by 5% and ammonium recovery by 25%, and the
hydrochar was estimated to produce 83 GJ upon combustion or to direct 350 t phosphorous to agriculture
annually.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

amendment or combusted (Alvarenga et al., 2015). The reject water
is usually circulated to the wastewater treatment plant.

Municipal wastewaters are typically treated using an activated
sludge process that results in high amounts of sewage sludge,
including primary sludge consisting of wastewater solids and
biosludge consisting of aerobic microbes. In wastewater treatment
plants, sewage sludge is often gravimetrically thickened and then
stabilised in anaerobic digestion (AD), which recovers the energy
from the process as biogas, which is valued as a renewable energy
source. The digestated material is typically mechanically dewatered
using polymers into solid fraction and liquid fraction, referred to as
reject water. The solid fraction (total solids (TS) 15-30%) with high
organic and nutrient content may be composted to be used as soil
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The sewage sludge energy content recovered in AD has re-
cently been increasingly considered for upgrading into biofuel or
gas grid injection to promote energy transition; for economic rea-
sons, centralised biogas plants treating dewatered sludge from sev-
eral sewage plants are used. Furthermore, the recovery of sewage
sludge nutrients and residual carbon, especially that of phospho-
rous, is of major interest because of diminishing phosphorous re-
sources and to reduce the climate impacts of nitrogen fertilizer
production (Becker et al., 2019). However, in practice, the use of
sewage sludge digestates in agriculture is a concern because of
contaminants; thus, the use of sewage sludge-based nutrients is
facing major challenges. The concern is about certain contami-
nants, such as heavy metals, pharmaceuticals and microplastics,
which the biological processes alone are incapable of converting
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into something more harmless and part of which can also end up
in the digestate (Alvarenga et al., 2015).

Hence, to harness sewage sludge digestate in a safe manner, an
additional post-treatment step needs to be considered. One such
recently discussed sludge post-treatment is hydrothermal carboni-
sation (HTC) (Aragén-Bricefio et al., 2017). HTC is a thermal treat-
ment applicable for organic material and is conducted at tempera-
tures of 180-250 °C with residence times from 0.5 to several hours
(Libra et al., 2011). Particularly, HTC is considered for moist (TS 10-
50%) organic material, which differentiates it from other thermal
processes, for example pyrolysis, which typically requires a higher
solids content (TS>90%) (Bridgwater et al., 1999) and utilises com-
paratively high temperatures (500-800 °C) (Paneque et al., 2017).
HTC yields a moist carbonaceous solid fraction that is usually sep-
arated into a solid and liquid, i.e. hydrochar and filtrate, respec-
tively. In addition, HTC releases exhaust gas comprising primarily
of CO, but also of other compounds, such as hydrogen sulphide,
nitrogen dioxide, nitric oxide and ammonia, hence requiring fur-
ther treatment (Berge et al., 2011; Danso-Boateng et al., 2015). The
amounts and characteristics of the three fractions are affected by
the feedstock (e.g., Berge et al., 2011) and the used HTC conditions,
such as temperature and residence time. HTC has been studied for
a range of feedstocks to produce hydrochar, which could be used
as is or after downstream processing, for example, as a soil amend-
ment (Bargmann et al., 2014), for sequestrating atmospheric carbon
to soils (Libra et al., 2011), as an adsorbent (Sun et al., 2011), or for
combustion (Smith et al., 2016).

HTC treatment has also been studied for sewage sludge, for ex-
ample, to screen the effects of HTC on the treatment of sludges
from different phases of the plant (Merzari et al, 2020), to
compare with different feedstocks, including agricultural waste
(He et al., 2019), and to determine the effects of HTC treatment
conditions on hydrochar (Danso-Boateng et al., 2015). The AD pro-
cess affects the characteristics of the sludge in many ways; for
example, it lowers the carbon content of the sludge, impacts its
sulphur and phosphate chemistry, and increases the ammonium
concentration. Thus, the characteristics of the hydrochar and fil-
trate from the HTC treatment of digestate may differ from those of
the HTC-treated raw sewage sludge (Aragon-Bricefio et al., 2017).
There are several laboratory studies on the HTC treatment of di-
gested sewage sludge that have shown, for example, that the fil-
trate of HTC-treated digested sewage sludge at 240 °C has a clear
inhibition towards methane production (Marin-Batista et al., 2020),
whereas at lower temperatures, no clear inhibition has been re-
ported (Aragon-Bricefio et al., 2017). Regarding the effects of HTC
on digestate phosphorous, Marin-Batista et al. (2020) reported an
increase in phosphorous content in the filtrate with increasing HTC
temperatures, while Merzari et al. (2020) observed no increase, or
even a decrease, in the filtrate’s phosphorous content after HTC.
However, the studies on sewage sludge digestates differ, for exam-
ple, in the origin of the digestate (before or after dewatering), in
the HTC conditions studied and in the processing of the samples in
the laboratory before HTC. For example, Merzari et al. (2020) stud-
ied dewatered sewage sludge digestate (TS 25%) that they, how-
ever, diluted for the HTC treatment (15 g sludge and 10 g wa-
ter), resulting in ca. 17% TS digestate. Aragon-Bricefio et al. (2020),
on the other hand, studied sewage sludge digestate with an orig-
inal TS of 3% but processed the sample in the laboratory to study
HTC at eight different TS contents (2.5-30%). Thus, there is a lack
of information on the dewatered digestates representing real con-
ditions. Also, the separation techniques employed to obtain hy-
drochar and filtrate vary, including filtering through a cellulose fil-
ter paper (Merzari et al., 2020), vacuum filtration (0.9 mm) fol-
lowed by an additional supernatant filtration (0.45 pm) (Marin-
Batista et al., 2020) and through glass microfibre filters (Aragon-
Bricefio et al., 2020).
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The current work examined the effects of HTC process param-
eters on the amounts and characteristics of the hydrochar and fil-
trate produced from dewatered digested sewage sludge. The stud-
ied dewatered digestate was obtained directly from the centralised
biogas plant, and it was studied as such (TS of 25%) and after dilu-
tion with dewatering reject water to TS of 15%, using temperatures
of 210 °C, 230 °C and 250 °C and residence times of 30 or 120 min.
The separation of hydrochar and filtrate was conducted at a pilot
scale. The energy and nutrient characteristics and recovery of both
fractions were determined, and the mass balances were evaluated.
Results from the laboratory scale study are needed to assess the
technological and economic feasibility of scale-up applications for
centralised biogas plants.

2. Materials and methods
2.1. Digestates and reject water

In the HTC experiments, mechanically dewatered digestate from
an industrial thermophilic sewage sludge digester was used. Me-
chanical dewatering of digested sludge was done in the plant
with a decanter centrifuge, along with polymer addition. Also,
reject water from dewatering was used. The materials were ob-
tained from a centralised biogas plant in Topinoja (Turku, Finland),
which treated during the experiments annually 75,000 t (ca. 23%
TS, 16,500 t-TS/a) of mechanically dewatered sewage sludge trans-
ported from six regional municipal wastewater treatment plants,
producing 30,000 t of dewatered digestate (ca. 30% TS, 9000 t-
TS/a). For the biomethane potential (BMP) assays, the inoculum
was from a mesophilic municipal biowaste digestion facility (Ri-
ihimaki, Finland). All samples were anaerobically stored at 4 °C for
1-2 months until used. In the HTC experiments, the digestate was
used as such (TS 25%, referred to as digestate) or diluted to 15%
TS by adding 400 mL of reject water to 600 g of the digestate (re-
ferred to as diluted digestate). The dilutions were performed right
before the HTC treatments. The material characteristics are shown
in Table 1.

2.2. HTC treatments

The HTC treatment used a two-litre Parr® 4500 pressure reac-
tor with an external circulating cooling water system and internal
rotary mixer (initially 40 rpm). The final mixing speed increased as
a result of the viscosity decrease of the samples during the treat-
ments (Table 2). The sample wet weight for the experiments was
1 kg, and the treatment temperatures were 210 °C, 230 °C or 250
°C with residence times of 30 or 120 min (Table 2).

The heating of the reactor vessel to the target temperatures
was achieved within ca. 90 min. The temperature was manually
adjusted using Parr® 4848 reactor controllers. The vessel pressure
started to increase after the inside temperature reached 100 °C and
then increased to 20 to 40 bar depending on the applied tempera-
ture. The vessel was held at the target temperature for the pre-set
residence time. The realised temperatures fluctuated but remained
within +9 °C from the targeted temperature (Table 2). The 250 °C
runs started when the vessel temperature had reached 245 °C be-
cause of difficulties in attaining the targeted temperature within
90 min. In all the runs, after the residence time, the heating was
switched off, an arbitrary volume of gas was released, and cooling
water circulation was initiated in the water jacket. The gas release
reduced the inside pressure and temperature by 2-4 bar and 1-
4 °C, respectively, of which purpose was to prevent possible con-
densation. The water cooling lasted until the vessel temperature
had decreased to 40-70 °C, which was achieved within 30-40 min.
After the HTC treatments, the whole sample volume was weighed,
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Table 1
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Material characteristics. Total volatile fatty acids (TVFA) comprise of acetate, propionate, isobutyrate, bu-

tyrate, isovalerate and valerate.

Digestate Diluted digestate Reject water  Inoculum
pH 7.5 7.9 8 8.4
Total solids (%) 256 £06 145 +0.2 n.a. 5.1+ 0.1
Volatile solids (%) 14.6 £ 0.3 7.7 £0.8 n.a. 3.3 +0.1
VS/TS (%) 57 53 n.a. 64
Ash at 550 °C (%) 43.0 £ 01 43.0+04 n.a. n.a.
Ash at 815 °C (%) 409 +£ 0.1 41.1 £ 0.2 n.a. n.a.
SCOD (g/L) 2.1 £0.01 7.03 £ 0.1 10.3 £ 0.01 10.1 £ 0.01
TVFA (g/L COD) 0.0 £ 0.0 n.a. 14 + 0.1 0.6 £+ 0.1
Total nitrogen (g/kg-TS) 352 £ 0.1 31.0+ 04 39 n.a.
Ammonium-nitrogen (g/L) n.a. n.a. 2.91 n.a.
Total phosphorous (g/kg-TS) 37.2 315 2.30° 141
Phosphate-phosphorous (mg/L) n.a. n.a. 58.7 n.a.

n.a. not applicable
3 calculated (g/L)

Table 2

The target temperatures and realised HTC treatment conditions for digestate and diluted digestate.

HTC parameters

Sample

Min. treatment Max. treatment

Max. pressure Average treatment Final mixing speed

temperature (°C) temperature (°C) (bar) pressure (bar) (rpm)

Digestate HTC

210 °C,30min 202 215 29.4 22.7 43
210 °C, 120min 206 214 26.8 20.5 44
230 °C, 30min 229 232 38.8 322 45
230 °C, 120min 221 235 344 31.0 46
250 °C, 30min 242 251 43.7 42.6 46
250 °C, 120min 243 252 445 41.1 46
Diluted digestate HTC

210 °C, 30min 207 217 25.5 20.8 40
210 °C, 120min 203 214 19.4 23.1 40
230 °C, 30min 227 232 33.1 29.6 46
230 °C, 120min 226 232 30.2 28.2 46
250 °C, 30min 244 252 42,5 40.5 46
250 °C, 120min 243 252 42.7 40.1 46

recovered and stored at 4 °C prior to solid-liquid separation by fil-
tration.

Filtration for the HTC-treated sludges (called slurry) was con-
ducted in a small-scale pressurised filtration unit. The temperature
during filtration was ca. 60 °C, which was attained by warming up
the samples (ca. 1 kg) in a water bath before filtration. The heated
sample was placed onto a filter cloth inside a cylinder. The pres-
sure in the closed cylinder gradually increased: 5 min to 1 bar,
10 min to 4 bar and then to the final pressure of 15 bar. The total
pressing time for the digestate samples was about 20 min, whereas
for the diluted digestate samples, it was about 30 min. The end-
products of filtration are from now on called hydrochar (solid frac-
tion) and filtrate (liquid fraction). The hydrochar product is com-
prised of both moisture that was not removed by filtration and of
dry solids that are obtained after evaporation. The weights of the
recovered filtrate and hydrochar were recorded.

2.3. Biomethane potential assays

The BMPs of the filtrates of the HTC-treated digestates were de-
termined in static 37-day long batch assays in triplicate at 35 °C.
In all assays, 120 mL serum bottles and 3.4 g (wet weight) of in-
oculum were used. The SCOD concentration of the filtrate was set
to 2 g-SCOD/L. NaHCO3 (4 g/L) was used as a buffer, and dis-
tilled water was added to the bottles to reach the volumes of
64 mL. The initial pH was adjusted between 7 and 8 with HCl
(1 M), after which the bottles were closed with rubber stoppers.
Anaerobic conditions were created inside by flushing with nitro-
gen gas for 3 min. Assays containing only water, buffer and in-

oculum functioned as the control, and their methane production
was subtracted from the methane production of the sample assays.
The methane concentrations in the BMP determination were mea-
sured with a GC-FID (Perkin Elmer Clarus), as described previously
(Kinnunen et al., 2015) and the BMPs were calculated as presented
in Eq. S1.

2.4. Chemical analysis and calculations

The TS and volatile solids (VS) were gravimetrically determined
according to standard methods (APHA 2540). The ash content mea-
surements at 550 °C and 815 °C followed the same gravimetric
principle. The pH level was measured with a WTW pH 3210 me-
tre using WTW SenTix® 41 electrode. COD and SCOD were anal-
ysed according to Finnish standard methods (SFS 5504). Volatile
fatty acids (VFA) were determined with GC-FID, as described pre-
viously (Kokko et al., 2018). Prior to the analysis of VFA and SCOD,
the samples were filtered through a 0.45 pm filter (Chromafil Xtra
PET).

The total nitrogen and soluble ammonium-nitrogen in the liquid
phase were analysed using Hach Lange kits (LCK 238, LCK 338, LCK
305 and LCK 303) according to the instructions provided by the
company. The other cations than ammonium-nitrogen in the liquid
samples were analysed according to the ion chromatography stan-
dard SFS-EN ISO 10,304-1 using an ion chromatograph (Dionex DX-
120, USA) with AS40 autosampler, lonPac CS12A cation exchange
column and CSRS 300 suppressor (4 mm). The eluent contained
2 mM methane sulphonic acid, and the flow rate was 1 mL/min.
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Fig. 1. The mass distribution of digestate and diluted digestate after the HTC treat-
ments at different conditions into hydrochar, filtrate and gas fractions. Hydrochar
and filtrate were produced by filtration. The hydrochar mass fraction is expressed
as wet weight.

The solid phase total carbon, hydrogen, nitrogen and sul-
phur were determined by elemental analysis in Thermo Scientific
FlashSmart Elemental analyzer (CHNS/O) with TCD (Thermal Con-
ductivity Detector). Before the analysis, samples were properly ho-
mogenized; samples were first dried in oven at 100 °C overnight,
after which the dry samples were grinded with mortar to obtain
fine powder. The samples for CHNS analysis were weighted (2-
3 mg) on a microgram balance (Mettler Toledo WXTS Microbal-
ance) in tin cups. Calibration was evaluated analysing BBOT (2,5-
Bis(5-tert-butyl-2-benzo-oxazol-2-yl)) as a standard. Gases used
were helium as a carrier gas and oxygen as a gas for sample oxi-
dation. The total phosphorous and other elements in the solid and
liquid samples were determined with inductively coupled plasma
mass spectrometry (ICP-MS). For further details of this analysis, see
Supporting Information. The calorific values of the solid samples
were determined in duplicate with a Parr® 6725 Semi-micro Oxy-
gen Bomb Calorimeter, according to the ISO 1928 standard. Prior
to the analysis, the samples were dried overnight at 100 °C. The
sample weight for the analysis was 0.2-0.3 g.

The hydrochar yields (Y), energy densification (E4) and en-
ergy recovery of hydrochar were calculated as described previously
(Danso-Boateng et al., 2015). The energy content and energy recov-
eries of the filtrates were calculated based on the results of the
BMP and the mass distribution after different HTC runs. The mass
of digestate converted to gas during HTC treatment was calculated
by the difference in the masses of the input digestate and the ob-
tained slurry after HTC (Eq. S7). For further details of the calcula-
tions, see Supporting Information.

3. Results and discussion
3.1. Mass and TS recoveries

The HTC treatment yielded three fractions, the relative mass
yields of which depended on the applied HTC conditions (Fig. 1).
The produced hydrochar masses (wet basis) covered 30-55% and
20-34% of the original masses of the digestate and diluted diges-
tate, respectively (Fig. 1). The moisture content of the hydrochars
after filtration ranged between 37 and 61% and 46 and 65% for the
digestate and diluted digestate, respectively (Table 3). The VS/TS
ratio decreased from 57% of the digestates to 43-50% in the hy-
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drochars. The hydrochar yields (dry basis) were between 72% and
87% and between 72% and 88% for the digestate and diluted diges-
tate (Table 3), respectively, suggesting that the TS content of the
digestate does not affect the recovery of TS in hydrochar. With the
digestate, an increased treatment temperature decreased the hy-
drochar mass and TS yields and increased the yields of the filtrate
and gas (Fig. 1), while the effects were not so clear for the diluted
digestate. The mass of the filtrate varied between 42% and 60%
and between 60% and 76% for the digestate and diluted digested
(Fig. 1), respectively. The calculated gas formation ranged from 1
to 11% of the original digestate mass and was larger in the HTC of
the digestate than in the HTC of diluted digestate. The highest hy-
drochar TS yields of 87.6% and 88.3% were obtained at 210 °C for
120 min for the digestate and diluted digestate, respectively, while
the residence time had no clear effect on hydrochar TS yield.

The present study and other research (Aragon-Bricefio et al.,
2017) have shown that in processing mechanically dewatered di-
gestate, HTC treatment with subsequent solids separation can pro-
duce hydrochar with recoveries even above 70-85% of the original
TS while contributing to around 40-50% of the original mass. The
present hydrochar yields on a TS basis (72-88%) are at the upper
range of the hydrochar yields of 66-75% (at 220-250 °C) and 67-
74% (at 180-210 °C) reported in other HTC studies with digested
sewage sludge with a TS content of 17% (Merzari et al., 2020) or
16.5% (Marin-Batista et al., 2020), respectively, with decreased hy-
drochar yields at increased temperatures, which is also observed in
the current study. However, a hydrochar yield of 51% was obtained
at 240 °C (Marin-Batista et al., 2020), indicating that the original
characteristics of the sewage sludge digestate have a major effect
on the product characteristics. In HTC studies conducted with di-
gested sewage sludge at a lower TS content of below 5%, the hy-
drochar yields on a TS basis have varied from 47% (Berge et al.,
2011) to 56-78% (Aragon-Bricefio et al., 2017; Merzari et al., 2020)
without a clear effect of temperature on hydrochar yield, as what
is found at higher digestate TS contents. Thus, the hydrochar TS
yield may not be fully deduced from the TS content or the HTC
conditions, but also from the chemical characteristics of the sludge
(Merzari et al., 2020; Parmar and Ross, 2019). The hydrochar mass
yield in the present study (30-55% for digestate and 20-34% for di-
luted digestate) was considerably lower than the 66-88% obtained
for digested sewage sludge with TS content of 17% (Merzari et al.,
2020). However, it should be noted that the reported mass and TS
yields of hydrochar and filtrate are affected along with the diges-
tate characteristics by the separation technique used to separate
the hydrochar and filtrate, which vary by research.

3.2. Energy characteristics

3.2.1. Hydrochar

The energy content and solid fuel properties of the different
hydrochars and digestates were assessed using moisture content,
heating values, and the ash content, which is responsible for the
combustion furnace fouling (Jenkins et al., 1998). The energy con-
tent and solid fuel properties of the 12 hydrochars, and the diges-
tate and diluted digestate are presented in Table 3. The HHV of
all the hydrochars were of a similar range (11.3-12.2 M]/kg-TS) as
the digestates’ HHVs (11.5-11.9 MJ/kg-TS), with energy densifica-
tion values of 0.95-1.05. The HHV of the digestate hydrochars was
1.2-5.5% higher than the HHV of the digestate after all the treat-
ments, except for the mildest ones conducted at 210 °C. Conversely,
the HHV of diluted digestate hydrochar increased by 2.2% from the
digestate HHV only in the severest treatment (250 °C, 120 min),
while the other treatment conditions decreased the HHV by 0.6-
4.9%. The ash content (determined at 550 °C) of the hydrochars
increased from 50% to 57% with increasing treatment temperature
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Table 3
The characteristics of the digestates and their respective hydrochars.
Sample Proximate analyses Heating values Ultimate analyses Yield Energy
- (%) densification
Moisture ~ VS? Ash?® 550 °C  Ash?® 815 °C LHV? HHV? C H N S (0] P
(%) (%) VS[TS (%) (%) (Mi/kg) (M]/kg) (%) (% (% (% *" (%)
Digestate 75.00 14.00 57.00 43.10 40.90 10.60 11.49 3030 440 3,50 230 59.50 3.72 na. na.
Diluted digestate 85.00 8.0 57.0  42.90 41.00 11.10 11.90 28.60 420 3.10 230 61.80 3.15 na. n.a.
Hydrochars of HTC treated digestate
210 °C for 30min 60.70 19.80 50.40 49.60 47.70 10.56 11.33 31.07 387 254 1.83 60.69 5.33 86.46 0.99
210 °C for 120min  46.60 2590 48.50 51.80 49.60 10.60 11.38 31.00 3.69 257 1.80 6094 5.11 87.58 0.99
230 °C for 30min 56.40 21.10 48.40 51.60 49.60 10.83 11.63 3140 4.00 270 193 5997 4.65 8197 1.01
230 °C for 120min  46.30 2490 46.40 53.70 51.50 11.17 11.89 3030 3.58 240 177 6195 4.73 81.62 1.03
250 °C for 30min 39.80 26.80 44.50 55.50 52.50 11.10 11.85 30.03 378 226 216 61.77 4.94 7224 1.03
250 °C for 120min  37.30 27.10 43.20 56.70 54.30 11.43 12.12 3030 348 215 217 6190 5.67 7524 1.05
Hydrochars of HTC treated diluted digestate
210 °C for 30min 65.30 16.70 48.10 51.80 49.50 10.57 11.35 3041 398 258 191 61.12 4.95 78.65 0.95
210 °C for 120min ~ 52.70 22.60 47.80 52.20 50.20 10.61 11.38 30.01 3.80 238 2.00 61.81 3.74 8829 095
230 °C for 30min 57.00 2040 47.40 52.60 50.30 11.01 11.82 29.72 399 242 210 61.77 5.07 7740 0.99
230 °C for 120min  58.40 19.20 46.20 53.70 50.90 10.75 11.48 2959 366 214 218 6243 4.94 77.65 0.96
250 °C for 30min 56.90 20.00 46.40 54.00 51.60 11.05 11.86 3041 4.00 231 223  61.05 4.65 77.58 0.99
250 °C for 120min  46.00 23.20 43.00 57.00 54.20 11.42 12.19 3038 3.84 230 219 6129 5.02 72.00 1.02

VS: volatile solids, TS: total solids, LHV: lower heating value, HHV: higher heating value, C: carbon, H: hydrogen, N: nitrogen, S: sulphur, P: phosphorous.

2 reported against total solids.
b calculated as difference between 100 and total sum of C, H, N and S on dry basis.

and residence time, while the ash contents of both the digestate
and diluted digestate were 43%.

Based on the current study and what is reported in the liter-
ature, it appears that the effects of HTC treatment on the HHV
of the digestate are quite minimal (less than 4.5%). The HHV of
the digestates used in the present study (11.5-11.9 M]/kg-TS) was
much lower than reported in other studies with digestate TS con-
tent of 16.5% (14.9 M]/kg-TS; Marin-Batista et al., 2020) or 17%
(16.0 M]J/kg-TS; Merzari et al., 2020). A lower HHV of the diges-
tate (10.7 MJ/kg-TS) has been reported with 2.9% TS in the di-
gestate (Merzari et al., 2020). The HHVs of the hydrochars dif-
fered less than 2% (Martin-Batista et al., 2020) and less than 5%
(Merzari et al., 2020) from the HHVs of the digestates with a TS
content above 15%, which is in accordance with the findings of
the present study. Higher differences in the HHVs of the digestate
and hydrochar of 7.2-26% have been reported for digestates with
a lower TS content of 2.9-4.5% (Table 5). While a high ash con-
tent of the feedstock is related to decreased HHVs (Zhuang et al.,
2018), it does not explain the difference in the observed HHV for
the different digestate hydrochars between the present and previ-
ous studies (Marin-Batista et al., 2020; Merzari et al., 2020). Thus,
it seems that the HHV of the digested sewage sludge hydrochar
depends on the HHV of the digestate used as feedstock.

Although the effects of HTC treatment on the HHV are of-
ten negligible, HTC treatment results in higher ash content of the
hydrochar compared with the original digestate. In the present
study, the ash content of the digested sewage sludge increased
from 43% to as high as 50-57% on HTC treatment, while with
other digested sewage sludge, the ash content increased from 40%
to 42-48% (Marin-Batista et al., 2020) and from 28% to 35-43%
(Merzari et al., 2020) on HTC treatment of digestates with TS con-
tent of 16.5% and 17%, respectively. HTC treatment of digested
sewage sludge with a lower TS content of 2.9-3.0% has resulted
in an even higher increase in the ash content, from 35% to 55%
(Berge et al., 2011) and from 45% to 57-77% (Merzari et al., 2020).
Merzari et al. (2020) linked the lower ash content of the dewatered
digestate (28.4%) compared with the original digestate (45%) to the
removal of inorganic compounds, such as NH4-N, CaCO3, Mg and
Na, that end up in the reject water during conditioning and dewa-
tering.

In terms of fouling, slagging and corrosion, the inorganics con-
tained in the ash influence the fuel behaviour upon combustion,

thus affecting the choice of an appropriate combustion technology
(Smith et al., 2016). These ash-forming inorganic elements include
alkali and earth alkali metals (Na, K, Mg and Ca) as well as P, Fe,
Si and S (Smith et al., 2016). In the present study, the increase in
the concentrations of calcium with temperature of HTC treatment
in the hydrochars were similar for the digestate and diluted di-
gestate (from 22 to 24 to 23.2-35.1 g-Ca/kg-TS), whereas those of
sodium and potassium were decreased for diluted digestate (from
6.2 to 3.0-4.2 g-Na/kg-TS and from 2.4 to 1.5-2.0 g-K/kg-TS) and
were increased or unaffected for digestate (from 4.25 to 2.8-4.1 g-
Na/kg-TS and from 1.7 to 1.6-2.0 g-K/kg-TS) (Table S1). In the case
of iron, a larger decrease in concentration from 229 to 165-201 g-
Fe/kg-TS was observed with the digestate than with the diluted
digestate (from 184 to 133-182 g-Fe/kg-TS), which could be due
to the degradation of digestate particles and their extraction into
the liquid fraction (Wang et al., 2019). In addition, in the present
study, the HTC treatment slightly decreased the sulphur concen-
trations from 23 g-S/kg-TS of digestates to 18-22 g-S/kg-TS of hy-
drochars. These concentrations of sulphur were higher than in the
digested sewage sludge hydrochars reported elsewhere (maximum
sulphur concentration of 12 g-S/kg-TS; Aragon-Bricefio et al., 2017;
Parmar and Ross, 2019), which was because of their lower initial
digestate sulphur concentration when compared with the present
digestate. The comparatively high sulphur content in the present
digestate may arise from the addition of phosphorous precipita-
tion chemical, Fe(I[)SO4, at the WWTP, which is also supported
by the high iron concentrations in the hydrochars that are ca. 10-
fold higher than that reported for dewatered digestate by Marin-
Batista et al. (2020).

3.2.2. Filtrate

The HTC treatment produced filtrates with pH of 8.4-9.0 from
the digestate (initial pH 7.5) and with a pH of 9.3-9.7 for the di-
luted digestate (initial pH 7.9). HTC treatment of digested sewage
sludge results in alkaline filtrates (Aragon-Bricefio et al., 2017;
Marin-Batista et al., 2020), even though the degradation products
of hydrolysis generated during HTC often promote acidity rather
than alkalinity (Qiao et al., 2011). However, the final pH is also
impacted by volatilisation, for example, of ammonia, during HTC
treatment (Liu et al, 2019). Even though the pH values of the
filtrate are higher than those considered optimum for anaerobic
treatment, the treatment of the filtrates in AD may be managed
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Table 4

The characteristics of the reject water, filtrate of digestate and filtrates after HTC treatment.
Sample Energy content Nutrients

SCOD TVFA BMP N NH4-N P P04~
(g/L) (g/L COD) (L CHy/kg SCOD) pH (g/L) (g/L) (mg/L) (mg/L)

Reject water 103 14 n.a. 8.0 3.7 29 n.a. 58.6
Filtrate of digestate 2.1 n.d. 97 + na. 8.0 0.3 n.d. 1080 n.d.
Filtrates of HTC treated digestate
210 °C for 30min 38.9 3.9 183 £ 83 8.4 5.4 2.6 700 40
210 °C for 120min 44.4 5.1 126 + 48.4 8.7 6.1 32 810 49
230 °C for 30min 36.8 7.2 195 + 2.5 8.9 53 2.8 590 48
230 °C for 120min 40.3 124 191 + 23 8.9 5.6 33 800 99
250 °C for 30min 385 114 206 + 8.1 8.9 4.9 2.7 890 67
250 °C for 120min 38.8 12.8 185 + 18.8 8.9 5.0 29 510 68
Filtrates of HTC treated diluted digestate
210 °C for 30min 30 33 n.a. 9.3 4.6 23 730 129
210 °C for 120min 31.9 35 n.a. 9.4 4.8 2.6 770 97
230 °C for 30min 28 6.7 n.a. 9.6 4.3 25 330 87
230 °C for 120min 28.6 7.6 n.a. 9.7 4.6 2.8 1130 88
250 °C for 30min 28.8 6.0 n.a. 9.7 4.3 2.8 550 119
250 °C for 120min 28 9.5 n.a. 9.5 43 2.8 680 176

n.a. not analysed, n.d. not detected, SCOD: soluble chemical oxygen demand, TVFA: total volatile fatty acids, BMP: biochemical methane potential.

Digestate filtrate
—— Filtrate 210-30
—— Filtrate 210-120
Filtrate 230-30
— Filtrate 230-120
Filtrate 250-30
—— Filtrate 250-120
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Fig. 2. The cumulative methane production of the filtrates from digestate before
(digestate filtrate) and after the HTC treatment (filtrate obtained at HTC tempera-
ture between 210 and 250 °C and residence times of 30 or 120 min).

without pH adjustment because the process’ operation and co-
digestion can be adjusted.

The SCODs of the HTC filtrates ranged from 37 to 44 g/L and
from 28 to 32 g/L for the digestate and diluted digestate, respec-
tively, being 10-20 times higher than in the feedstocks. The SCODs
were slightly higher at higher HTC treatment temperatures, but no
major effects of the HTC conditions were obvious. However, even
though the SCOD changed only a little, its composition varied be-
cause total VFA contributed ca. 30% of the SCOD at higher tem-
peratures, while at 210 °C TVFAs were ca. 10% of SCOD. The higher
treatment temperature especially increased the propionate concen-
tration from around 0.4 g/L at 210 °C to 6.9 g/L at 250 °C, while
the changes in other VFA concentrations were low. Increased res-
idence time increased acetate concentration slightly (<1.8 g/L) at
all temperatures. Even though the SCOD composition varied in dif-
ferent filtrates, the cumulative methane production profiles of all
the filtrates were almost similar with an initial two-day lag phase
(Fig. 2). The resulting BMPs varied from 185 to 206 mL-CHy/g-
SCOD with little difference and without a clear impact resulting
from the HTC conditions (Table 4). The BMP yields of the HTC fil-
trates were around two-fold higher compared with the BMP yield
of the filtrate of the original digestate.

The present and previous studies have shown that HTC treat-
ment increases the SCOD of the filtrate several fold compared with
the SCOD of the sewage sludge digestate, resulting in reported
SCOD values ranging from 5.7 g/L up to 72 g/L for HTC filtrates
(Table 6). This increase in SCOD is a result from the hydrolysis of
fats, carbohydrates and proteins into smaller units, that is, fatty
acids, VFAs, sugars and amino acids (Qiao et al., 2011). With a
specific feedstock, the feedstock solids content used in the HTC
treatment affects the SCOD concentration. For example, HTC treat-
ment (250 °C, 30 min) of sewage sludge digestate increased fil-
trate SCODs from 9.7 g/L up to 72 g/L when the TS content of
the digestate used in HTC treatment was increased from 2.5% to
30% (Aragon-Bricefio et al., 2020). Contrary to our study, Aragon-
Bricefio et al. (2020) reported that HTC treatment decreased the
share of VFAs of the SCOD because it was around 15% for the di-
gestate and, at the highest, 10% for HTC filtrate. Furthermore, the
share of the VFAs of the SCOD decreased with increasing loading
from 10% to ca. 5% of the highest solids loading of 72 g/L (Aragon-
Bricefio et al., 2020). It should be noted that in HTC treatments,
some produced compounds may also volatilise and be discharged
in the gas phase.

Based on the current study and the literature, the HTC treat-
ment of digested sewage sludge has resulted in two- to three-
fold higher methane production per g-SCOD (Aragon-Bricefio et al.,
2017) compared with reject water from sewage sludge digestate,
even though the effects on SCOD composition vary. The batch as-
says used to determine methane production have not suggested
major inhibition in most of the studies (Aragén-Bricefio et al.,
2020; Parmar and Ross, 2019). On the other hand, severe inhibi-
tion was observed in BMP assays with a 240 °C filtrate (Marin-
Batista et al., 2020). However, it should be noted that the methane
potential is assayed in specific conditions (e.g., batch, with differ-
ent substrate dilutions) and care should be taken in practice if an
anaerobic process is used for the treatment of filtrates. It should
also be noted that the volume of the filtrate may be up to 76% of
the digestate and close to the feedstock volume. Furthermore, the
introduction of the filtrate into the digestor affects the composi-
tion of the reject water, the digestate to be treated in HTC and,
subsequently, the filtrate characteristics.

3.2.3. Overall energy balance

The combined energy contents (kWh/kg feed) and recoveries (%
of the original feed) of the hydrochars (as HHV) and filtrates (as
BMP) were assessed for the digestate and of the hydrochars for
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Fig. 3. The energy recovered (as kWh/kg feed) in the hydrochar and filtrate after
the HTC treatment of digestate and diluted digestate compared to the energy con-
tent of the digestate and diluted digestate, respectively. The energy yields (% of the
HTC feed) of the hydrochars are marked on the columns. The energy contents of
the filtrates originating from the diluted digestates were not determined.

the diluted digestate (Fig. 3). The values presented do not con-
sider the energy consumed in the HTC. The hydrochars covered
74-87% of the total energy content of the digestate and diluted
digestate, while the filtrates covered 4-6% of the total energy con-
tent of the digestate. The highest energy contents were obtained in
the digestate hydrochars from the treatments at 210 °C and 230 °C
(0.66-0.69 kWh/kg feed). Overall, the hydrochar energy content
was more influenced by the digestate TS content than the differ-
ent HTC conditions. It has been observed that the energy recov-
ery in hydrochar decreases with increasing temperature and time
(Aragén-Bricefio et al., 2017; Danso-Boateng et al., 2015) but, ac-
cording to the present results, also with the TS content of the orig-
inal digestate. The energy balance suggests that HTC downgrades
the energetic potential of digested sewage sludge by 7-20%. How-
ever, the benefit of the HTC treatment may not come from the
absolute energy recovery alone but from the improved suitability
for combustion, here considering that the moisture content and
a favourable ash composition may diminish fouling (Smith et al.,
2016).

3.3. Nutrients

To assess the fate of the nutrients present in the dewatered
sewage sludge digestate and diluted digestate, the hydrochars’ and
filtrates’ phosphorous and nitrogen contents were analysed for the
different HTC conditions studied (Tables 3 and 4).

For the total phosphorus concentrations, HTC showed an in-
crease by 25-52% and 19-61% compared with the original diges-
tate (37.2 g/kg-TS) and diluted digestate (31.5 g/kg-TS), respectively.
The filtrates from the digestate and diluted digestate had total
phosphorous concentrations of 510-890 mg/L and 330-1130 mg/L
and phosphate concentrations of 40-99 mg/L and 87-176 mg/L,
respectively. Although phosphate was increasingly formed during
the HTC treatments (not detected in the original digestate fil-
trate), the total phosphorous concentration of the filtrates de-
creased (1080 mg/L in the original digestate filtrate), indicating
that part of the total phosphorous was transferred to the hydrochar
fraction.

In the present study, the recovery of phosphorous in the hy-
drochar was higher or similar, as previously reported, even though
the initial phosphorous concentrations were at a lower range.
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Much like in our study, an increase in phosphorous concentra-
tions from 45.8 g/kg-TS to 52.8-63.0 g/kg-TS (with an increase of
15-38%) and from 9.2 g/kg-TS to 9.2-10.9 g/kg-TS (with an in-
crease of 0-18%) have been shown to occur with digestate TS con-
tents of 16.5% and 17%, respectively (Marin-Batista et al., 2020;
Merzari et al., 2020). The phosphorous content (g/kg-TS) of the hy-
drochar has been increased with increasing HTC treatment temper-
ature and residence time (Marin-Batista et al., 2020; Merzari et al.,
2020), as also reported in the current study. The difference in the
phosphorous concentrations in the hydrochars in different stud-
ies (Table 5) is dictated by the digestate phosphorus concentra-
tion and may also be affected by the phosphorous removal method
at WWTP. Phosphorous is often precipitated at WWTPs with alu-
minium or iron salts. In the present study, sewage sludge origi-
nated from WWTP using iron salts for phosphorous precipitation,
resulting in iron concentrations of 180-230 mg/g-TS in the digested
sewage sludge. The Al and Fe concentrations in the digestated
sewage sludge were 41.9 mg/g-TS and 15.8 mg/g-TS in (Marin-
Batista et al., 2020), whereas in (Merzari et al., 2020) the Al con-
centration in the digested sewage sludge, it was around 2-5 mg/g-
TS. However, in these two studies, the unit processes of wastewater
treatment, for example, phosphorous removal technologies were
not defined, making it difficult to interpret some nutrient results.

Phosphorous only exists either in a solid or liquid state; hence,
the phosphorous balance was created by summing the elemental
phosphorous analysed in the filtrate and hydrochar. The total phos-
phorous mass balance in Fig. 4B exceeded the input mass of phos-
phorous in nearly all treatments, which was due to heterogeneity
of the analysed material and a small sample amount in the ICP-MS
analysis. However, it can be concluded that the majority (>90%)
of the phosphorus was recovered in the hydrochar (Fig. 4A and
4B), to which the different HTC conditions gave little variety. The
dissolved phosphorous in the filtrates were slightly higher for the
HTC-treated diluted digestate (4-13%) than for digestate (2-5%).
It has been reported that lower solids loading (studied TS ranged
from 2.5 to 30%) of sewage sludge digestate promotes phosphorous
solubility which can be attributed to the decreased precipitation of
phosphorous with metal ions that are present in lesser amounts
with lower solids input (Aragén-Bricefio et al., 2020). The disso-
lution of phosphorous from the digestate was enhanced with the
longer treatment times, except for HTC-treated digestate at 250 °C.
Thus, to enable the utilisation of phosphorous, it should be either
leached from the hydrochar (Becker et al., 2019), or the hydrochar
should be amenable as a fertiliser (Bargmann et al., 2014).

The total nitrogen concentration in the hydrochars were 21.4-
25.8 g-TN/kg-TS and reduced by 23-39% and 17-31% relative to
the digestate and diluted digestate, respectively (Table 3). The to-
tal nitrogen concentrations in the filtrates varied in the range of
49-6.1 g/L for the digestate and 4.3-4.8 g/L for the diluted di-
gestate, while the ammonium-nitrogen concentrations presented
only slight variations between treatments (2.5-3.3 g/L). There was
a significant increase in the total nitrogen and ammonium-nitrogen
concentrations when compared with their concentrations in the
liquid fraction of the digestate (0.32 g-TN/L, <2 mg-NH4-N/L).
However, in the reject water used to dilute the digestate, the to-
tal nitrogen and ammonium-nitrogen concentrations were 3.7 g/L
and 2.9 g/L, respectively.

The present study has shown that HTC converts nitrogen from
the solid phase of the dewatered digestate into the liquid phase.
Similarly, a decrease in hydrochar nitrogen content compared with
the dewatered digestate has been reported in other studies from 51
to 41-42 g-TN/kg-TS at HTC temperatures of 180-240 °C (Marin-
Batista et al., 2020), from 40 to 19-28 g-TN/kg-TS at 250 °C
(Aragon-Bricefio et al., 2020), and from 58.1 to 31.2-42.7 g-TN/kg-
TS at HTC temperature of 190-250 °C (Merzari et al., 2020). With
a digestate without dewatering, a decrease in hydrochar nitrogen
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Table 5
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Comparison of different hydrochars from various HTC treatments obtained from literature with the hydrochars of the present study. The values are expressed against

total solids.

Hydrochar origin

HTC conditions

HHV (M]/kg)

Ash (%)

C (%)

N (%)

S (%)

P (g/kg)

30 min 60 min

30 min 60 min 30 min 60 min

30 min 60 min 30 min 60 min 30 min 60 min

Reference

Digested sewage 210 °C, 15% TS 1135 1138 51.80 5220 3041 3001 258 238 1.91 2.00 49.53 37.38 present study
sludge 1° 230 °C, 15% TS 11.82 1148 5260 53.70 29.72 29.59 242 214 210 218 50.71 49.40
250 °C, 15% TS 11.86 12.19 54.00 57.00 30.41 3038 231 230 223 2.19  46.50 50.18
Digested sewage 210 °C, 25% TS 1133 1138 49.60 51.80 31.07 31.00 254 257 1.83 1.80 53.27 51.15 present study
sludge 1° 230 °C, 25% TS 11.63 11.89 51.60 53.70 3140 3030 270 240 1.93 1.77  46.54 47.29
250 °C, 25% TS 11.85 12,12 5550 56.70 30.03 3030 226 215 216 217 4939 56.65
Digested sewage 180 °C, 16.5% TS  n.a. 1470 n.a. 4290 n.a. 30.80 n.a. 420 n.a. 1.00 n.a. 52.80 Marin-
sludge 2 210 °C, 16.5% TS n.a. 1490 n.a. 4390 n.a. 31.80 n.a. 410 n.a. 1.00 n.a. 53.20 Batista et al,,
240 °C, 16.5% TS  n.a. 15.10 n.a. 48.10 n.a. 3260 n.a. 4.10 n.a. 1.10 n.a. 63.00 2020
Digested sewage 160 °C, 4.5% TS 16.97 na. 38.63 na. 35.53 na. 5.11 n.a. 1.07 n.a. n.a. n.a. Aragén-
sludge 3 220 °C, 4.5% TS 1433 na. 4511 n.a. 3321 na. 2.01 n.a. 1.09 n.a. n.a. n.a. Bricefio et al.,
250 °C, 4.5% TS 17.80 n.a. 36.88 n.a. 38.03 na. 4.23 n.a. 1.19 n.a. n.a. n.a. 2017
Digested sewage 190 °C, 3% TS 9.27 7.97 57.21 67.1 19.22 14.16 1.58 1.07 n.a. n.a. 7.2 7.4 Merzari et al.
sludge 4 220 °C, 3% TS 8.96 786 7257 67.88 11.7 1021 0.8 0.66 n.a. n.a. 7.5 7.5 2019
250 °C, 3% TS 859 937 7342 7697 1251 12.02 0.7 0.69 n.a. n.a. 7.4 6.7
Digested sewage 190 °C, 17% TS 16.3 1596 35.66 37.05 36.61 35.07 4.27 3.95 n.a. n.a. 9.20 9.40 Merzari et al.
sludge 4 220 °C, 17% TS 15.7 15.47 4048 41.1 3519 3575 348 345 n.a. n.a. 10.50 10.60 2019
250 °C, 17% TS 1598 1533 43.36 43.14 353 3557 3.16 3.2 n.a. n.a. 10.80 10.90
Raw sewage sludge 1 190 °C, 3% TS 19.45 20.71 2491 2440 4456 46.11 223 2.10 n.a. n.a. 6.20 6.80 Merzari et al.,
220 °C, 3% TS 20.06 18.72 2858 31.20 44.86 43.15 1.87 1.86 n.a. n.a. 7.80 9.0 2020
250 °C, 3% TS 18.06 19.17 34.63 37.18 41.68 41.21 1.89 1.99 n.a. n.a. 9.90 10.2
Digested sewage 150 °C, 20% TS n.a. 15.00° n.a. 4380 n.a. 3340 na. 3.20 n.a. 0.30 n.a. n.a. Parmar K. and
sludge 5 200 °C, 20% TS n.a. 15.10° n.a. 4440 n.a. 3400 na. 2.40 n.a. 0.90 n.a. n.a. Ross A. 2019
250 °C, 20% TS n.a. 15.30° n.a. 47.50 n.a. 3470 n.a. 2.40 n.a. 0.70 n.a. n.a.
n.a. not applicable.
2 120 min instead of 60 min.
b theoretical.
Table 6
Comparison of different filtrates from various HTC treatments obtained from literature with the filtrates of the present study.
Total
BMP (ml CH,4 /g Soluble COD Total Nitrogen Phosphorous
Filtrate origin HTC conditions ~ SCOD) (g/h pH (g/) NH4-N (g/1) (mg/l) P0O42~ (mg/l)  Reference
30 min 60 min 30 min 60 min 30 min 60 min 30 min 60 min 30 min 60 min 30 min 60 min 30 min 60 min
Digested sewage 210 °C, 15% TS n.a. n.a. 30.00 3190 934 937 46 4.8 233 2.59 725.20 772.28 128.80 96.92 present study
sludge 1° 230 °C, 15% TS n.a. n.a. 28.00 2860 958 9.70 43 4.6 2,50 2.83  330.57 na. 86.51 87.92
250 °C, 15% TS n.a. n.a. 2880 28.00 970 950 43 43 2.83 276  545.71 688.12 119.34 176.16
Digested sewage 210 °C, 25% TS 183.1 182.6 38.90 4440 842 869 54 6.1 262 323 701.30 810.95 39.94 48.50 present study
sludge 1° 230 °C, 25% TS 190.5 194.8 36.80 40.30 8.95 8.95 53 5.6 2.85 335 59242 803.00 4839 99.11
250 °C, 25% TS  206.5 185.3 38.50 38.80 8.90 891 4.9 5.0 2.71 293  892.50 509.53 67.45 67.54
Digested sewage 180 °C, 16.5% TS n.a. 325"  na. 56.20 n.a. 7.40 n.a. 8.10° n.a. 4.90 n.a. 11.1¢  na. n.a. Marin-
sludge 2 210 °C, 16.5% TS n.a. 279  na. 61.50 n.a. 7.90 na. 9.00° n.a. 520 na. 19.2¢  na. n.a. Batista et al.,
240 °C, 16.5% TS n.a. <20°  na. 5390 n.a. 8.90 n.a. 9.70c n.a. 6.30 n.a. 2539 na. n.a. 2020
Digested sewage 160 °C, 4.5% TS 260 n.a. 12.60 n.a. 9.15 n.a. 11.11 na. 1.26° n.a. n.a. n.a. 94.03" na. Aragoén-
sludge 3 220 °C, 45% TS 277 n.a. 13.00 na. 714  na. 1231 na. 1.70° na. n.a. n.a. 72.60" n.a. Bricefio et al.,
250 °C, 4.5% TS 226 n.a. 12.20 n.a. 8.08 n.a. 6.56 n.a. 1.70° n.a. n.a. n.a. 103.83' n.a. 2017
Digested sewage 190 °C, 3% TS n.a. n.a. 6.40 6.70 7.10 6.80 130 1.20¢ 0.70 0.70 19.60 22.70 n.a. n.a. Merzari et al.
sludge 4 220 °C, 3% TS na. n.a. 670 6.70 6.80 6.20 1.40¢ 0.90° 0.80 1.00 19.80 17.80 na. n.a. 2019
250 °C, 3% TS na. na. 830 570 730 690 1.30° 1.50° 1.00 0.80 1930 1220 na. na.
Digested sewage 190 °C, 17% TS n.a. n.a. 49.80 55.10 6.00 6.00 450 4.10° 2.70 3.80 0.30 0.40 n.a. n.a. Merzari et al.
sludge 4 220 °C, 17% TS n.a. n.a. 4480 4570 6.00 590 2.40° 1.50° 440 460 020 020 na. n.a. 2019
250 °C, 17% TS n.a. na. 57.50 46.80 6.00 5.50 1.70¢ 1.40° 690 650 020 020 na. na.
Raw sewage 190 °C, 3% TS n.a. n.a. 10.50 13.40 6.00 5.30 0.10° 0.10¢ 0.40 0.60 3250 3840 n.a. n.a. Merzari et al.,
sludge 1 220 °C, 3% TS n.a. n.a. 1190 1350 6.00 6.10 0.10° 0.10° 040 050 20.20 1640 n.a. n.a. 2020
250 °C, 3% TS na. na. 1530 1370 580 6.00 0.10° 0.10° 0.60 0.60 16.10 11.10 na. n.a.
Digested sewage 150 °C, 20% TS n.a. 100.2 n.a. 31.00% n.a. 5.60 n.a. 2.40 n.a. n.a. n.a. n.a. n.a. n.a. Parmar K. and
sludge 5 200 °C, 20% TS n.a. 181.7 n.a. 38.90° n.a. 6.20 n.a. 4.50 n.a. n.a. n.a. n.a. n.a. n.a. Ross A. 2019
250 °C, 20% TS n.a. 1519 n.a. 43.60° n.a. 7.60 n.a. 4.70 n.a. n.a. n.a. n.a. n.a. n.a.

n.a. not applicable, COD: chemical oxygen demand.
2 120 min instead of 60 min.

b mL CH,/g-VS.

¢ Total Kjeldahl nitrogen.
d % of total phosphorous in digestate.

¢ mg-N/L.
f mg-P/L.
& total COD.
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Fig. 4. The phosphorous mass distribution in grams (A) and in percentages of the
input total phosphorous (B) into hydrochar and filtrate after the HTC treatment of
digestate and diluted digestate at different temperatures (210-250 °C) and residence
times (30 or 120 min). Digestates and hydrochars are presented as their total mass
after filtration including their moisture. The input phosphorous mass seemed to be
exceeded in a few treatments, which due to the heterogeneity of the analysed ma-
terial and a small sample amount in the ICP-MS analysis, causing some error.

content from 50.4 to 20.1-42.3 g-TN/kg-TS was observed at HTC
temperatures of 220 °C and 250 °C, while at an HTC temperature
of 160 °C, the nitrogen content increased from 50.4 to 51.1 g-TN/kg-
TS (Aragén-Bricefio et al., 2017). An increase in the HTC tempera-
ture decreased the nitrogen content in the solid fraction (Aragén-
Bricefio et al., 2017; Merzari et al., 2020), which was also found to
be the case in the current study. The observed increase of nitro-
gen percentage in the hydrochar fraction at a higher TS content of
the hydrochar, was also reported by Aragén-Bricefio et al. (2020),
who tested HTC treatment with digested sewage sludge TS con-
tents from 2.5 to 30%.

During HTC treatment, a decline in nitrogen content in hy-
drochars has been reported to occur because of the decomposition
of labile and organic nitrogen compounds, while the volatile ni-
trogen compounds are already devolatilised below temperatures of
220 °C to the liquid and gas phases (Zhuang et al., 2018). The in-
crease in ammonium-nitrogen concentration in the filtrate at in-
creased HTC temperatures has been connected to the hydrolysis
of proteins through peptides and amino acids to fatty acids and
ammonia (Marin-Batista et al., 2020). The volatilisation of nitrogen
compounds was observed in the current study (Fig. 5), both in the
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Fig. 5. The mass distribution of total nitrogen of unfiltered digestate and diluted
digestate into hydrochar, filtrate and gas phases after the HTC treatments at tem-
peratures of 210-250 °C and residence times of 30 or 120 min. Hydrochar and di-
gestates are presented in total mass including their moisture content. The recovered
total nitrogen in the product fractions compared to the total nitrogen in the input
digestate is marked in percentages on the columns.

filtrates and hydrochars upon increasing the HTC temperature and
time.

The original nitrogen content and its distribution to the HTC
products are presented in Fig. 5. The total nitrogen lost in the
gas phase varied between 3% and 20%, which, however, was cal-
culated by difference, therefore giving some room for error. The
nitrogen recovery into the product fractions depended on the di-
gestate TS because the digestate hydrochars retained 46-64% and
the diluted digestate hydrochars 36-46% of the total nitrogen. The
filtrates from the digestate and diluted digestate contained 26-40%
and 41-48% of the total nitrogen, respectively. High volumes of fil-
trate and high concentrations of nitrogen in the filtrate present an
interesting option for nitrogen recovery. If the filtrate was fed back
to the biogas digestor, the ammonium-nitrogen could be recovered
from the filtrate, in addition to that in the reject water from the
mechanical dewatering of digestate, for example, with ammonium
stripping. But then again, the unionised form of ammonium, am-
monia (NHs3), at too high concentrations can inhibit methanogens
in AD (Jiang et al., 2019), which could be avoided by treating the
filtrate directly in ammonium stripping. However, the hydrochar
also contained a large portion (21.4-27.0 g/kg-TS) of the total ni-
trogen.

The carbon contents of the hydrochars ranged from 29 to 31%
(Table 3), which is typical for hydrochars from digested sewage
sludge (Table 5). The carbon recoveries were on average 82+7% and
83+5% in the hydrochars from the digestate and diluted digestate,
respectively, decreasing with treatment severity.

3.4. Trace elements, heavy metals and pharmaceuticals

The trace elements (Cu, Zn, Al and Ni) and heavy metals (Au,
As, Cd, Cr, Hg and Pb) of the hydrochars and filtrates were anal-
ysed (Tables S1 and S2). All the concentrations were below the
permitted limit values dictated by the EU (86/278/EEC) and Finnish
authorities (Ylivainio and Turtola, 2016), except the limit concen-
tration of mercury for fertilisers used in Finland (0.001 mg-Hg/g
TS) was already exceeded in the digestates (0.02 mg-Hg/g-TS) and
its concentration increased in HTC to 0.02-0.03 mg-Hg/g-TS in the
hydrochars. Overall, the heavy metal and trace element concentra-
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tions (per TS) were slightly increased in all hydrochars from those
of the digestates, which could be attributed to the mass decrease
of the solid phase during HTC and/or to the precipitation of these
metal ions as salts in the hydrochar (Zhang et al., 2014).
Pharmaceuticals are known to be present in sewage sludge and
digestates (Radjenovic et al., 2009). The present results showed
two hormones and 23 pharmaceuticals in the digestate, for exam-
ple, 0.15 mg/kg-TS estrone, 2.4 mg/kg-TS tetracycline, 0.24 mg/kg-
TS diclofenac and 0.93 mg/kg-TS doxycycline in the solid frac-
tion and 8 pg/L tetracycline and 5.4 pg/L diclofenac in the lig-
uid fraction of the digestate (Table S3). After HTC treatment, no
hormones or pharmaceuticals analyszed were detected in the hy-
drochar fraction (below the detection limit). In the filtrate, only
two pharmaceuticals were detected: 330 pg/L benzotriazole and
230 pg/L ibuprofen, while the concentrations of the other phar-
maceuticals were below the detection limit. The detection limits
for most of the hormones and pharmaceuticals in the hydrochar
and filtrate were under 0.5 mg/kg-TS and1.0 pg/L, respectively,
while the detection limits after HTC were higher for ciprofloxacin
(<50 pg/L), tetracycline (<10 pg/L), and mirtazapine, sertraline,
norsertraline and cetirizine (<5 pg/L) in the filtrate. Thus, the pres-
ence of ciprofloxacin and tetracycline in the filtrate cannot be ex-
cluded. Benzotriazole is widely used in cosmetics and in corrosion
prevention, thus ending up in municipal wastewater (Zhang et al.,
2011). Although in the current study HTC treatment removed most
of the pharmaceuticals, not all possible hormones and pharmaceu-
ticals, nor their degradation products, were analysed. Other stud-
ies have also concluded that HTC has potential to degrade or-
ganic pollutants while emphasising its limitedness in complete re-
moval or detoxification of chlorinated aromatics and, for example,
phenazone (vom Eyser et al., 2015; Weiner et al., 2013).

4. Practical implications

The present results and previous information on HTC treatment
of digestate can be used to assess the potential of HTC for individ-
ual cases and, for example, to calculate a techno-economic analy-
sis. In each case, the utilisation of biogas, hydrochars and filtrates,
as well as the energy and nutrient contents in these streams, de-
pend on many local factors, which further affect the technologi-
cal system, its economics and sustainability. An example extrapola-
tion calculation for integrating HTC into a biogas process was done
for a centralised Topinoja biogas plant, from where the dewatered
sewage sludge digestate for the current study was obtained and
compared with the process at the time of the experiments (Fig. 6).
The biogas plant annually treats 75,000 t of sewage sludge (22%
TS) and produces 30,000 t of dewatered digestate (30% TS). The
HTC assessment was done by averaging the results from three HTC
runs with the digestate (210 °C for 120 min and 230 °C for 30 min
or 120 min) considered relevant for practical application. It was as-
sumed that ca. 40% of the digestate volume (36,000 t; 25% TS) ends
up in hydrochar and the rest to filtrate (minimal losses of mass to
the gas phase). In such a case, ca. 14,400 t of hydrochar would be
produced, which has a TS content of 50% and an energy content
of ca. 11.5 MJ/kg-TS. The hydrochar could currently be considered
for different end use applications, for example, used in agriculture,
where it would promote carbon and nutrient utilisation, thus ben-
efitting circular economy, or for co-combustion, with an annual en-
ergy production from the hydrochar of ca. 82,800 GJ (Fig. 6). The
economic benefit from the hydrochar production for energy recov-
ery has been reported to even exceed the profits from biogas pro-
duction per tonne of sewage sludge (Aragén-Bricefio et al.,, 2021).

If the filtrate, ca. 18,000 t/a, was fed to the biogas process, it
would enhance the annual methane production with ca. 140,000
m3 (1.4 GWh), that is, 4.5%, from the current annual methane pro-
duction of ca. 3 million m? (30 GWh). Furthermore, the feeding
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of the filtrate to the biogas process would enable the recovery of
the ammonium-nitrogen present in the filtrate (ca. 3.1 g-NH4-N/L)
from the reject water of the digestate after dewatering. In the Top-
inoja plant, ammonium is recovered from the dewatering reject
water via ammonia stripping (ca. 4000 t of ammonium water; 12%
NH4-N) and directing filtrate to the biogas process could increase
the volume of ammonium water up to 5000 t (Fig. 6).

It has been reported that the integration of HTC with AD has
potential to increase the profits for WWTP (Aragon-Bricefio et al.,
2021), which however is case-dependant as the required capital
costs for the investment to an existing WWTP vary and may not
be covered by the revenues from hydrochar utilisation (Medina-
Martos et al., 2020). Nevertheless, the utilisation of hydrochar may
have more potential in respect to digestate due to its higher phos-
phorous and lower pharmaceutical contents as well as decreased
end product volume, which decreases the transportation needs and
costs. Furthermore, directing the hydrochar to agriculture could
also promote carbon storage and carbon neutral agriculture, which
should be further evaluated. Returning the filtrate with readily
biodegradable organic and high ammonium-nitrogen contents to
the biogas process requires optimisation of its downstream pro-
cesses, e.g., the energy balance considerations and use of polymers
in digestate dewatering.

5. Conclusions

The current study evaluated HTC treatment (at 210-250 °C, for
30 or 60 min) and subsequent filtration of mechanically dewa-
tered digestate (TS 25%) from a full-scale centralised biogas plant
treating mechanically dewatered sewage sludge. The volume of dif-
ferent hydrochars was 30-55% of the dewatered digestate’s vol-
ume, and the TS content of the hydrochars was 53-64%. The hy-
drochars contained over 90% of the phosphorous in the digestate
(up to 56 g/kg-TS), ca. 30% carbon per TS, pharmaceuticals were
below detection limits, and heavy metals were under legislative
limits (apart from mercury). The high phosphorous content of hy-
drochars could favour its use in agriculture as fertiliser. The hy-
drochars could also be, for example, co-combusted, since the hy-
drochars’ HHV (11.3-12.2 M]J/kg-TS) was similar to that of the di-
gestate, although the high ash content (50-57%) may reduce its at-
tractiveness. As all the HTC conditions applied in this study gen-
erated hydrochars of little variations in properties, it could be rec-
ommended to use the lowest temperature (210 °C) and shortest
residence time (30 min) for hydrochar production from digestate.
Another HTC end product is filtrate, which had a high SCOD con-
tent of 39-44 g/L, of which 10-33% was VFAs, methane potential
of ca. 190 L-CH4/kg-SCOD and high nitrogen content of 4.9-6.1 g/L.
Feeding the filtrate to the biogas digester would enable increased
methane production and enhanced nitrogen recovery from the re-
ject water of the anaerobic digestor. The temperature of 230 °C
could be regarded as the optimum temperature for generating fil-
trates with the highest methane production potential and ammo-
nium content enabling ammonium recovery. Extrapolating the re-
sults to a centralised biogas plant, indicated that the integration
of HTC to a biogas plant could enhance the annual biogas produc-
tion by 5% and ammonium recovery by 25%, while the produced
hydrochar could be used to produce 83 GJ or to direct 350 t phos-
phorous to agriculture annually.
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Fig. 6. The process layout of the biogas plant at the time of the present experiments (A) and extrapolation on how the integration of hydrothermal carbonisation (HTC) to
the biogas plant would affect the overall scheme. For the hydrochar and filtrate characteristics, average values are taken from the following runs with digestate: 210 °C for
120 min and 230 °C for 30 min or 120 min. TS: total solids, TP: total phosphorous, TN: total nitrogen, NH4-N: ammonium-nitrogen.
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