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A B S T R A C T   

In recent years, extensive experimental research on hydrothermal carbonization (HTC) of sewage sludge has been 
performed, to study the effects of process conditions on hydrochar characteristics and nutrient, carbon, and 
energy recovery from sewage sludge. To promote the implementation of HTC, this study assessed HTC (230 ◦C, 
30 min) integration into an advanced centralized biogas plant by analyzing its theoretical effects on the fates of 
sewage sludge solids, nitrogen, phosphorus, and carbon. The study used the mass and nutrient flows and con-
centrations obtained from laboratory studies, and the studied biogas plant had an original layout that employed 
hygienization. HTC integration decreased the solid product volume by up to 56 % and, increased the recovery of 
ammonium in ammonia water by 33 % and methane by 1.4 %, while increasing the biogas plant energy demand 
by 4 %. The changes in the nutrient and solids flows and their recovery potentials show the need to consider the 
rearrangements of the liquid and gas flows in the biogas plant and the re-dimensioning of stripping process.   

1. Introduction 

Anaerobic digestion (AD) has been used traditionally in the treat-
ment of sewage sludges, as it stabilizes sludge and generates renewable 
energy in the form of biogas. The digestate from AD can be further used 
in agriculture as a source of nutrients and organic matter to promote 
nutrient recycling in societies and carbon neutrality in agriculture. 
However, digestates from municipal sewage sludge have limited 
approval for agricultural use due to possible contaminants such as heavy 
metals, microplastics, and medicine traces (Wang et al., 2019). To 
promote the valorization of sewage sludge, digestate processing tech-
nologies have been studied and increasingly implemented to recover 
nutrients and produce cleaner nutrient products. For example, the 
stripping of reject water from digestate dewatering is used to produce 
ammonium sulphate (Monfet et al., 2018). Other options include the use 
of digestate solids for either carbon storage or fuel production by 
decreasing moisture content and increasing carbon stability or the 
heating value (Cao and Pawłowski, 2012; Schimmelpfennig et al., 
2014). These trends, alongside developments to utilize the biogas 
components (methane and carbon dioxide), promote the introduction of 
centralized biogas plants that process large amounts of feedstock from 

several locations to improve the profitability of biogas and nutrient 
upgrading technologies. 

Hygienization (1 h at 70 ◦C) is commonly applied in biogas plants, 
especially those digesting animal residues, to destroy pathogens and 
promote the use of digestates as nutrient sources in agriculture (Luste 
and Luostarinen, 2010). In sewage sludge processing, hygienization is 
not typically used but could ensure the hygienic quality if sewage sludge 
digestate processed into nutrient products. However, the temperature 
used in hygienization (70 ◦C) is insufficient to increase the digestate 
value for other applications concerning carbon sequestration by stabi-
lizing carbon in the sludge or solid fuel production by increasing the 
sludge heating value. Other thermal treatments using higher tempera-
tures have been proposed for safer use of sewage sludge digestate nu-
trients and higher energy content of sewage sludge as a solid fuel 
(Aragón-Briceño et al., 2021a; Zhao et al., 2014). 

These high-temperature thermal treatments include pyrolysis, gasi-
fication, and hydrothermal carbonization (HTC). Pyrolysis and gasifi-
cation at 500–800 ◦C typically require feedstock of low moisture content 
(<50 %) which would increase expenses and energy demand derived 
from reduction of sewage sludge digestate moisture content (Libra et al., 
2011; Naqvi et al., 2021; Wang et al., 2019), making them potentially 
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unfeasible. By contrast, HTC represents an advantageous technology for 
sewage sludge digestate processing owing to its applicability to moist 
biomass (TS 1–25 %), which avoids the need for drying or even dew-
atering (Aragón-Briceño et al., 2021a; Wang et al., 2019). HTC deploys 
moderate temperatures of 180–250 ◦C. The residence times typically 
range from 0.5 to several hours (Lucian and Fiori, 2017), which are 
sufficient to remove sewage sludge-originating pathogens and possibly 
degrade labile pollutants, similarly to pyrolysis and gasification (Libra 
et al., 2011). HTC converts biomass feedstock into solid carbonaceous 
hydrochar, from which renewable energy, nitrogen, and phosphorous 
can be recovered and carbon can be stored to a more persistent form 
(Aragón-Briceño et al., 2021a; Breulmann et al., 2017; Zhao et al., 
2014). Alongside hydrochar, a liquid product, herein called HTC filtrate, 
that contains nitrogen and phosphorous in ionic forms and organic 
matter (chemical oxygen demand (COD)) in generated and can be 
exploited without pre-treatment in methane production through AD 
(Gaur et al., 2020; Hämäläinen et al., 2021). 

HTC integration into a centralized biogas plant that treats dewatered 
municipal sewage sludge could facilitate the recovery and recycling of 
nutrients in sewage sludge digestates and its storability and trans-
portation as hydrochar (Aragón-Briceño et al., 2021a; Medina-Martos 
et al., 2020). The integration of a novel unit process such as HTC em-
phasizes the need and potential to consider the arrangement of internal 
water circuits in the biogas plant. The effects of HTC integration on the 
biogas plant should be assessed to make conclusions about the potential 
of HTC to replace the current technologies such as hygienization and/or 
composting. The energy and economic efficiency of HTC integration into 
sewage sludge digesting AD plants have been evaluated (Aragón-Briceño 
et al., 2021b; Medina-Martos et al., 2020), and AD-HTC integration 
resulted in positive energy balance and improved energy recovery, but 
the capital investment costs of the existing infrastructure represented a 
challenging aspect. However, earlier studies that assessed the feasibility 
of HTC integration have not considered the fates of nutrients and carbon 
and their possible improved recovery, usability, and value in relation to 
energy consumption. Evaluation of the cost-effectiveness of HTC inte-
gration in the current situation is difficult because of the unpredictable 
long-term fertilizer, fuel, and electricity prices. However, HTC is 
economically viable for the treatment of waste streams, although the 
hydrochar market value should increase to increase its attractiveness 
(Erlach, 2014; Medina-Martos et al., 2020) by improving incineration- 
related properties and the stability of recovered carbon for carbon 

sequestration purposes (Medina-Martos et al., 2020). This present study 
can encourage sewage sludge designers and operators to invest in larger 
treatment units and in HTC technology to increase resource recovery 
without the risk of being energetically inefficient. 

The aim of the present study was to assess the feasibility of HTC for 
processing sewage sludge digestates, considering the amounts of nutri-
ents and carbon in the end-products and the effect of the HTC process on 
the biogas plant energy balances. The influence of HTC integration was 
assessed by comparing mass flows and energy demand between the 
biogas plant with HTC and that without HTC but with hygienization (1 h 
at 70 ◦C). For this purpose, the effects were assessed by calculating the 
mass flows for the original and HTC-integrated layouts for a centralized 
biogas plant that treats dewatered municipal sewage sludge from several 
WWTPs, produces vehicle fuel from biogas, and recovers ammonium by 
stripping. This type of centralized biogas systems is expected to become 
more common when the valorization of sewage sludge proceeds. 

2. Materials and methods 

2.1. Studied biogas plant layouts 

As a substitute for a milder thermal treatment (i.e., hygienization), 
HTC integration into a centralized biogas plant that treated dewatered 
municipal sewage sludge was evaluated on the basis of its effects on 
material flows and energy demands (Fig. 1). As a model of the central-
ized biogas plant an example case (modified from the Topinoja plant in 
Turku, Finland) was used which had four mesophilic anaerobic di-
gesters, digestate dewatering unit (decanter centrifuge), evaporator- and 
stripping columns, and biogas upgrading to liquefied biogas (LBG). 

For the centralized biogas plant, the incoming dewatered sewage 
sludge (95,000 t wet weight (ww)/a) was transported from several 
sewage treatment plants at a TS of 28 %. The sludge solid content was 
adjusted to 14 % TS with process waters (reject water and condensate), 
before it was fed to the AD. This homogenized the sludge through effi-
cient mechanical mixing. Four parallel ADs were operated with an 
organic loading rate (OLR) of 4 kg volatile solids (VS)/m3 d and a hy-
draulic retention time of 28 d. The generated biogas was upgraded with 
a membrane filtering system, yielding biomethane liquefied into LBG as 
transport fuel. The digestate was dewatered with decanter centrifuges, 
yielding dewatered digestate (30 % TS) and reject water. The reject 
water not used for the AD feed dilution was fed in an evaporator- 

Fig. 1. Process layout. The solid arrows represent the common material flows in both layouts; the dotted arrows, the material flows in the original layout inclusive of 
hygienization; the dashed arrows, the material flows in the HTC integration; and the orange dashed arrows, the possible locations and material flows of the CHP. TS: 
total solids, VS: volatile solids, LBG: liquefied biogas, CHP: combined heat and power, HE: heat exchanger, HTC: hydrothermal carbonization, WWTP: wastewater 
treatment plant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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stripping process for recovering ammonium nitrogen from the reject 
water into liquid ammonia water (approximately 15 % NH3) that can be 
used as a nitrogen source. Simultaneously, concentrate and condensate 
were produced. 

The centralized biogas plant currently uses digestate hygienization 
after AD and before dewatering, which represents the original layout in 
this study (Fig. 1). In the alternative layout, HTC was placed down-
stream of the dewatering unit to treat the solid fraction of the digestate, 
which is currently composted and thereafter used for landscaping pur-
poses. The HTC filtrate obtained from the filtration of the HTC slurry 
was used to dilute the incoming sewage sludge before AD, alongside the 
reject water and condensate. The hydrochar was used for nutrient and 
carbon recovery or combusted in an internal combustion engine heat 
and power unit (CHP). The digestate cake energy recovery in the CHP 
unit in the original layout was also assessed. The HTC and hygienization 
processing units were dimensioned to treat approximately 41,400 t 
(ww)/a of dewatered digestate (30 % TS) or 190,000 t (ww)/a of 
digestate (8 % TS), respectively, operating 24 h a day for 365 days a 
year. Only one HTC reactor and three parallel hygienization tanks were 
used. Each hygienization tank was coupled with a counterflow heat 
exchanger to preheat the digestate (6 % TS) to 65 ◦C before it enters 
hygienization (70 ◦C, 1 h) and recovers heat from the outflowing 
hygienized digestate. The hygienization tanks work batch-wise, with 
each batch including 90 min of feeding and product removal. 

In the HTC process, the dewatered digestate is fed to the HTC reactor 
at 30 % TS, where it is converted to gas and slurry that is mechanically 
separated into hydrochar and HTC filtrate. The HTC process was 
designed to comprise a counterflow heat exchanger to heat up the 
entering digestate (30 % TS) to 175 ◦C and to recover heat from the HTC 
slurry by simultaneously cooling it for filtration. The HTC conditions 
were selected based on the results of our earlier study (Hämäläinen 
et al., 2021): temperature of 230 ◦C, pressure of 30 bar, and residence 
time of 30 min. In addition, a sensitivity analysis was conducted for the 
effect of HTC treatment temperature changes on the nutrient recoveries, 
biogas yield, and digestate heating demand. The tested temperatures 
were 250 ◦C (Scenario High T) and 210 ◦C (Scenario Low T) (Table S5). 
According to the annual dewatered digestate volume (approximately 
41,400 t/a), only one HTC reactor was used, with a capacity to treat up 
of 113 t (ww)/d and dimensions which based on the HTC reactor design 
by Erlach (2014). The dewatered digestate was stored in a separate tank 
before feeding for HTC treatment, allowing for the batch-wise func-
tioning in the HTC process, with each batch lasting for 90 min, including 
feeding and product removal. 

2.2. Mass and nutrient flows 

Mass, solids (ww, TS) balances, carbon and nutrient (N, P) flows and 
concentrations in the biogas plant were determined for both layouts 
using systematic step by step procedures (flow charts for the calculations 
shown in Fig S1) using the material characteristics and yields analyzed 
earlier (Hämäläinen et al., 2022, 2021) and flow information from the 
centralized biogas plant. Owing to the circulating streams (reject water, 
condensate, and HTC filtrate) inside the biogas plant, the mass flows and 
balances of both layouts were iterated until the mass and nutrient flows 
and nutrient concentrations stabilized. The layout with HTC required a 
minimum of 29 rounds, whereas the original layout required 41 rounds 
to yield stable values (Fig S2). The stable values are presented in the 
Results section and were used in the flow and energy calculations. 

The liquid volumes needed to lower the TS content of the incoming 
sewage sludge (28 % TS) to 14 % before AD were calculated, assuming 
the reject water and condensate to cover 60 % and 40 % of the total 
diluting waters volumes, respectively. In HTC integration, all HTC 
filtrate was used for dilution, thus covering 21 % of the total diluting 
water volume, while reject water covering 39 % and the replaced reject 
water volume directed toward the evaporator-stripping unit. The mass 
and volume of the biogas generated in AD were calculated from its 

assumed composition (60 % CH4, 40 % CO2), its component densities 
(0.72 kg/m3 CH4 and 1.96 kg/m3 CO2), and the experimental methane 
potentials of sewage sludge (307 L CH4/kg VS) (Hämäläinen et al., 2022) 
and HTC filtrate (195 L CH4/kg COD) (Hämäläinen et al., 2021). The 
nutrients and solid contents in the diluting waters were included in the 
AD feed with the incoming sewage sludge. In AD, the nitrogen ammo-
nification was 50 %, increasing the ammonium nitrogen concentration, 
whereas the total nitrogen and phosphorus contents were unchanged. 
The digestate mass (8 % TS) was obtained by subtracting the biogas mass 
from the mass of the AD feed (approximately 201,000 t). The hygieni-
zation tanks in the original layout were assumed to have no material 
losses. 

The digested (and hygienized, in the original layout) sewage sludge 
was dewatered with a decanter centrifuge to a TS content of 30 %, and 
no polymers were applied in the dewatering. The centrifuge separation 
efficiencies based on the literature (Guilayn et al., 2019; Tampio et al., 
2016) and the material characteristics (dewatered digestate and reject 
water) analyzed in our previous study (Hämäläinen et al., 2021) are 
presented in Table S1. 

Part of the reject water from dewatering was refined by evaporation 
at 75–80 ◦C to produce a concentrate, containing all non-volatile ma-
terials in the reject water, and ammonia-rich condensate, which was 
assumed to contain only NH3 and H2O. The ammonia in the condensate 
was recovered into ammonia water by vapor stripping, with an ammo-
nium recovery efficiency of 95 %. The mass and nutrient content of each 
product were calculated, to produce a concentrate at 15 % TS and 
ammonia water at 15 % NH3 concentration. As the condensate after 
ammonium stripping was intended for further on-site use (incoming 
dewatered sewage sludge dilution), its nitrogen content was also 
considered. The surplus condensate was discharged to the WWTP. 

The mass and nutrient balances in the HTC treatment were calcu-
lated on the basis of the hydrochar and HTC filtrate characteristics 
analyzed in our previous study (Hämäläinen et al., 2021) (Table S2). At 
the selected conditions, the hydrochar (wet basis), filtrate, and gas mass 
yields were 40 %, 55 %, and 5 %, respectively. The gas fraction 
composition was assumed to contain 90 % of CO2, the remaining 10 % 
was composed of CO, CH4, and other short-chain hydrocarbons (Danso- 
Boateng et al., 2015). Approximately 6 % of the nitrogen in the dewa-
tered digestate ended up in the HTC gas (Hämäläinen et al., 2021). 

2.3. Energy demand 

The energy demand of the whole biogas plant for heat and electricity 
was estimated for both layouts with and without HTC. The heating en-
ergy required to heat up the AD and reactor feeds and the heat losses 
were calculated for the ADs, hygienization units, and HTC unit. The 
energy demand of the evaporator-stripping unit was calculated from the 
reject water volumes for treatment, which were 25 and 23 kWh/t for 
electricity and heat (in the form of steam), respectively. The electricity 
consumptions of AD, biogas upgrading, decanter centrifuge, and filtra-
tion were estimated on the basis of the feed mass using previously re-
ported values (Erlach, 2014; Lu et al., 2008; Tampio et al., 2016) and 
data from the centralized biogas plant. The heat demand of the AD unit 
included heating of the AD feed (incoming dewatered sewage sludge, 
reject water, condensate, and HTC filtrate) to the digestion temperature 
(40 ◦C) and the digester heat losses to the surroundings. The heating 
energy consumption calculation for hygienization and HTC was divided 
into three steps, including feed heating both in the heat exchanger and 
reactor, and heat losses during the treatment. Heat losses in the pipelines 
were not considered because no specific layout was fixed and they were 
thought to be negligible. All equations, values, and references used in 
the energy calculations are provided in Eq. S1 – S11 and Table S3. 

The amounts of recoverable energy from the hydrochar (after HTC) 
and digestate cake (after hygienization) were calculated using their 
conversion into heat and power in the CHP unit. The CHP was assumed 
to have conversion efficiencies of 25 % and 30 % for electricity and heat, 
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respectively, and consumed 5 % of the electricity produced (Brachi 
et al., 2022; Di Fraia et al., 2022; Tampio et al., 2016). The amount of 
energy needed to dry the hygienized digestate cake or hydrochar before 
CHP was calculated from the energy needed to first heat up the water in 
the feed to 100 ◦C and then evaporate it, using enthalpy of vaporization 
of pure water (2256.8 kJ/kg). The energy from the combustion of the 
dried digestate cake or hydrochar was calculated using the lower heat-
ing values in our previous study, (10.83 and 10.60 MJ/kg-TS, respec-
tively) (Hämäläinen et al., 2021). 

3. Results 

3.1. Mass, nutrient and carbon flows 

To evaluate the effect of HTC integration into the centralized biogas 
plant, the mass and nutrient flows inside the plant, and the amounts and 
concentrations of nutrients and carbon in the end-products were 
calculated. 

The outflow product amounts and nutrient contents from both biogas 
plant layouts are shown in Table 1. In the original layout, the amount of 
the solid product (i.e., digestate cake; 41,803 t/a (29 % TS)) accounted 
for 44 % of the incoming dewatered sewage sludge. The amount of 
biogas, consisting of 60 % CH4 and 40 % CO2, accounted for 14 % of the 
sewage sludge amount, resulting in an annual biogas production of 10.7 
MNm3/a (i.e., 64 GWh/a). The outflow products from the reject water 
refining evaporator-stripping unit were concentrate (11 % of the 
incoming sewage sludge), ammonia water (15 % NH3; 3 %) and 
condensate to WWTP (29 %). Of the total condensate volume, 69 % was 
recycled as a diluting stream to AD, and 31 % was discharged to WWTP. 

In the layout with HTC, hydrochar represented the solid product 
from the biogas plant, accounting for 17 % of the incoming sewage 
sludge amount (Fig. 2). In addition, HTC gas accounted for 2 % of the 
incoming sewage sludge amount. The amount of biogas produced 
increased by 1 % to 13,173 t/a (10.8 MNm3/a) but remained the same 
(14 %) relative to the amount of incoming sewage sludge. The amount of 
ammonia water (15 % NH3) was 3,177 t/a (3 % of sewage sludge), 
increasing by 33 % from the original, and that of concentrate increased 
by 28 % to 13,486 t/a (Fig. 1), accounting for 14 % of the incoming 
sewage sludge amount. The largest difference between the layouts was 
the increased amount of condensate discharged to WWTP by 71 % to 
46,539 t/a (Fig. 2). 

The differences in the amounts of the products can be explained by 

the inflows into the unit processes and circulating liquid streams inside 
the biogas plant (Table 2). In the original layout, the mass of AD feed 
comprised 47 % of the incoming dewatered sewage sludge (28 % TS), 32 
% of the recycled reject water, and 21 % of the recycled condensate 
(Table 2). In the layout with HTC, the dewatered sewage. 

sludge entering the AD was diluted with the recycled reject water 
(accounting for 20 % of the AD feed mass), condensate (21 %), and HTC 
filtrate (11 %) (Table 2). As the need of reject water in the dilution of AD 
feed was decreased by 37 % by HTC filtrate incorporation, the available 
volume entering the evaporator-stripping unit increased (from 41 % to 
53 % of the AD feed), resulting in the increased liquid products volumes 
by HTC (Fig. 2). 

As the HTC integration increased the amount of ammonia water 
produced by 33 %, ammonia water represented the most nitrogen- 
containing product in the layout with HTC, comprising 47 % and 94 
% of the total nitrogen and ammonium nitrogen, respectively. In addi-
tion, HTC integration increased the amount of nitrogen in the concen-
trate by 75 % from 79 t/a to 138 t/a (Table 1 and Fig. 2). In the original 
layout, the digestate cake contained most of the total nitrogen (56 %) 
and 47 % of the ammonium nitrogen, whereas ammonia water covered 
only 49 % of the total ammonium nitrogen. The total amount of 
recovered nitrogen was the same in both layouts (approximately 1022 t/ 
a). The proportion of ammonium nitrogen was 71 % in the original 
layout and 49 % with HTC. However, nearly half of the ammonium 
nitrogen in the original layout ended up in the digestate cake, whereas 
most of it was in the ammonia water in the layout with HTC. Although 
the amount of nitrogen discharged to WWTP within the condensate was 
increased from 7.3 t/a to 13.1 t/a with HTC the condensate contained 
only 2 % of the total nitrogen in both layouts (Table 1). Another dif-
ference attributed to the HTC integration was the nitrogen volatilization 
to the HTC gas that composed up to 4 % of the total nitrogen (37 t/a), 
decreasing the total amount of nitrogen recovered by 3.7 % compared 
with that in the original layout (Table 1). 

The total amount of phosphorous recovered was not affected by the 
HTC integration (Table 1); it was distributed only slightly differently: 23 
t/a (5 % of the phosphorus entering the biogas plant) and 29 t/a (6 %) of 
phosphorous were recovered in the concentrate in the original layout 
and layout with HTC, respectively. The digestate cake and hydrochar 
contained 95 % and 94 % of the recovered phosphorous, respectively. 
The amount of recovered carbon in the digestate cake was 3,646 t/a, 17 
% higher than the amount in the hydrochar (3,119 t/a), owing to the 
carbon dissolution to the HTC filtrate and evaporation to the HTC gas. 

Table 1 
Product outflows of the biogas plant in the original layout and HTC integration. Below each parameter, the mass (t/a) of the flow is indicated, and its amount (in %) 
relative to the dewatered sewage sludge inflow (95,000 t/a) is presented in brackets.  

Material Mass TS VS Ntot NH4-N Ptot 

t/a (% of total inflow)         

Outflow from original layout 
Solid (digestate cake) 41,803 (44 %) 12,032 (45 %) 6,389 (32 %) 566 (56 %) 347 (93 %) 463 (95 %) 
Ammonia water 2,388 (3 %) 0 (0 %) 0 (0 %) 358 (35 %) 358 (96 %) 0 (0 %) 
Concentrate 10,532 (11 %) 15,80 (6 %) 839 (4 % %) 79 (8 %) 0 (0 %) 23 (5 %) 
Condensate to WWTP 27,289 (29 %) 0 (0 %) 0 (0 %) 19 (2 %) 19 (5 %) 0 (0 %) 
CH4 4,614 (5 %) 4,614 (17 %) 4,614 (23 %) n.a. (n.a.) n.a. (n.a.) n.a. (n.a.) 
CO2 8,374 (9 %) 8,374 (31 %) 8,374 (41 %) n.a. (n.a.) n.a. (n.a.) n.a. (n.a.) 

Total out 95,000 (100 %) 26,600 (100 %) 20,216 (100 %) 1,022 (101 %) 724 (194 %) 485 (100 %)  

Outflow from layout with HTC 
Solid (hydrochar) 16,555 (17 %) 9,933 (37 %) 5,049 (25 %) 346 (34 %) 0 (0 %) 457 (94 %) 
Ammonia water 3,177 (3 %) 0 (0 %) 0 (0 %) 477 (47 %) 477 (128 %) 0 (0 %) 
Concentrate 13,486 (14 %) 2,023 (8 %) 1,094 (5 %) 138 (14 %) 0 (0 %) 29 (6 %) 
Condensate to WWTP 46,539 (49 %) 0 (0 %) 0 (0 %) 25 (2 %) 25 (7 %) 0 (0 %) 
HTC gas 2,069 (2 %) 1,471 (6 %) 900 (4 %) 37 (4 %) n.d. (n.d.) 0 (0 %) 
CH4 4,680 (5 %) 4,680 (18 %) 4,680 (23 %) n.a. (n.a.) n.a. (n.a.) n.a. (n.a.) 
CO2 8,493 (9 %) 8,493 (32 %) 8,493 (42 %) n.a. (n.a.) n.a. (n.a.) n.a. (n.a.) 

Total out 95,000 (100 %) 26,600 (100 %) 20,216 (100 %) 1,023 (101 %) 502 (135%) 485 (100%) 

TS: total solids, VS: volatile solids, Ntot: total nitrogen, Ptot: total phosphorous, WWTP: wastewater treatment plant, HTC: hydrothermal carbonization, n.a.: not 
applicable, n.d.: not determined. 
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3.2. Energy balance 

Through HTC integration, the annual amount of biogas produced in 
terms of its energy content in the biogas plant increased by 1.4 % from 
64.1 GWh/a to 65.0 GWh/a (Fig. 3) but the integration also increased 
the total energy demand of the plant by 4 %, from 15.5 GWh/a to 16.2 
GWh/a (Table 2). The small effect of HTC on energy balance can be 
explained by the small energy demand of the thermal unit processes 
compared with the other unit processes, requiring the least of the total 

energy demand: 1,183 MWh/a (7 %) (HTC and filtration) and 1,177 
MWh/a (8 %) (hygienization) (Table 3 and Fig. 3). In both layouts, 
biogas upgrading to LBG consumed the most energy (approximately 5.7 
or 5.6 GWh/a with or without HTC) consuming 35 % (layout with HTC) 
or 36 % (original layout) of the total energy demand. The evaporator- 
stripping unit had the second highest energy requirement (31 % with 
HTC and 26 % without). Its energy demand increased by 27 % to 5,073 
MWh/a because of the increased amount of reject water to be treated in 
the HTC layout. The AD digesters consumed approximately 16 % and 20 

Fig. 2. Mass balance of the centralized biogas plant employing hydrothermal carbonization for the treatment of dewatered sewage sludge digestates. The annual 
amount of imported sewage sludge is divided according to the percentages between the products. Where applicable, the percentual changes in tons of total solids 
(TS), total nitrogen (N), ammonium nitrogen (NH4-N), and phosphorous (P) relative to the original biogas plant layout without hydrothermal carbonization for each 
product stream are indicated. 

Table 2 
Mass flows entering each unit process in the original layout and HTC integration. Below each parameter, the mass (t/a) of the flow is indicated, and its amount (in %) 
relative to the amount of AD feed presented in brackets.  

Unit process Mass TS VS Ntot NH4-N Ptot 

t/a (% of AD feed)         

Original layout 
AD 203,000 (100 %) 27,842 (100 %) 20,876 (100 %) 1,381 (100 %) 680 (100 %) 503 (100 %) 

Sewage sludge (28 % TS) 95,000 (47 %) 26,600 (96 %) 20,216 (97 %) 1,011 (73 %) 372 (55 %) 485 (96 %) 
Reject water recycled 65,247 (32 %) 1,242 (4 %) 660 (3 %) 359 (26 %) 297 (44 %) 18 (4%) 
Condensate recycled 42,753 (21 %) 0 (0 %) 0 (0 %) 12 (1 %) 12 (2 %) 0 (0 %) 

Hygienization 190,011 (94 %) 14,854 (53 %) 7,887 (38 %) 1,381 (100 %) 1,021 (150 %) 503 (100 %) 
Digestate dewatering 190,011 (94 %) 14,854 (53 %) 7,887 (38 %) 1,381 (100 %) 1,021 (150 %) 503 (100 %) 
Evaporator-stripping 82,962 (41 %) 1,580 (6 %) 839 (4 %) 456 (33 %) 377 (55 %) 23 (4 %) 
Layout with HTC             
AD 201,300 (100 %) 27,955 (100 %) 21,164 (100 %) 1,506 (100 %) 704 (100 %) 497 (100 %) 

Sewage sludge (28 % TS) 95,000 (47 %) 26,600 (95 %) 20,216 (96 %) 1,011 (67 %) 372 (53 %) 485 (98 %) 
HTC filtrate recycled 22,763 (11 %) 569 (2 %) 524 (2 %) 235 (16 %) 124 (18 %) 0 (0%) 
Reject water recycled 41,047 (20 %) 786 (3 %) 425 (2 %) 249 (17 %) 195 (28 %) 11 (2 %) 
Condensate recycled 42,490 (21 %) 0 (0 %) 0 (0 %) 12 (1 %) 12 (2 %) 0 (0 %) 

Digestate dewatering 188,127 (93 %) 14,781 (53 %) 7,991 (38 %) 1,506 (100 %) 1,055 (150 %) 497 (100 %) 
Evaporator-stripping 105,692 (53 %) 2,023 (7 %) 1,094 (5 %) 640 (42 %) 502 (71 %) 29 (6 %) 
HTC and filtration 41,388 (21 %) 11,973 (43 %) 6,473 (31 %) 617 (41 %) 359 (51 %) 457 (92 %) 

TS: total solids, VS: volatile solids, Ntot: total nitrogen, Ptot: total phosphorous, AD: anaerobic digestion, HTC: hydrothermal carbonization. 
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% of the total energy demand in the layout with HTC and original layout, 
respectively. The decanter centrifuge accounted for approximately 10 % 
of the energy demand in both layouts. 

The energy needed for the heating of the feed for the thermal process 
(dewatered digestate in HTC or digestate in hygienization) to reach the 
treatment temperature required most of the total energy demand (8,366 
MWh/a in HTC and 6,339 MWh/a in hygienization), while the reactor 
heat losses were 142 and 21 MWh/a per reactor, respectively. The heat 
recovery by the heat exchangers from the HTC and hygienization reactor 
product outflows covered 71 % and 82 % of the heat demand in HTC and 
hygienization, respectively. In HTC the heat of the digestate carbon-
ization reaction contributed up to 29 % (2.5 GWh/a) of the heat de-
mand, resulting in HTC requiring only 28 MWh/a of energy, or 1 % of 
the plant total heat demand (Fig. 3B). 

To evaluate the amount of potentially recoverable energy from the 
solid end-products (i.e., hydrochar and digestate cake) and biogas, the 
heat and power generation potentials in the CHP process were calcu-
lated (Table 2). The electricity and heat from hydrochar (60 % TS) 
combustion were 6,356 and 7,627 MWh/a, respectively, which were 57 
% higher than those from the combustion of digestate cake (29 % TS; 

3,672 and 4,407 MWh/a, respectively). The amounts of heat and power 
from the biogas were 31.2 and 24.7 GWh/a with HTC, and 30.8 GWh/a 
and 24.4 GWh/a in the original layout (Table 2). The amount of energy 
produced as LBG was 63.0 GWh/a in the original layout and 63.9 GWh/a 
in the layout with HTC. 

4. Discussion 

4.1. Overview and mass balance 

The results show that the HTC integration into the centralized biogas 
plant that processed dewatered sewage sludge increased the ammonium 
recovery in ammonia water and biogas production, besides drastically 
decreasing the amount (60 % less than the original) and moisture con-
tent (by 70 %) of the solid end-product from the biogas plant. Further-
more, the carbon, phosphorous and nitrogen concentrations in the solid 
product promoted its storage, transportation, and use. Besides these 
benefits, the solid product had more efficient sterilization and stabili-
zation as hydrochar than as digestate cake (Aragón-Briceño et al., 
2021a). However, the HTC integration would slightly increase the 

Fig. 3. The energy balance of the original layout (A) and HTC integration (B). The total energy is the sum of heat and electricity, and the shares of each unit process 
of the total energy demand are indicated inside the unit process boxes. The distributions of heat and electricity between the unit processes are marked as percentages 
in the respective arrows. LBG: liquefied biogas. 
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energy demand of the biogas plant if hydrochar is not used for energy 
generation in CHP, and the wastewater load owing to the increased 
volume and amount of nitrogen in the discharged condensate. The study 
also shows the importance of managing the liquid and gas flows inside 
the biogas plant in different layouts, thus, HTC implementation is 
dependent on many local technical, economic, and legislative factors. 

One main advantage of HTC in digestate treatment at biogas plants is 
the drastically reduced amount of solid end-product, as the amount of 
hydrochar was less than half that of digestate cake, supporting its 
transportation. Reduced amount of sewage sludge digestate due to HTC 
integration has also been reported before (Medina-Martos et al., 2020). 
HTC treatment of digestates alters the digestate structure through 
chemical reactions that remove oxygen during carbonization, improving 
the efficiency of mechanical dewatering (Erlach, 2014; Wang et al., 
2019). This was also observed in practice in our previous study, in which 
the same separation equipment failed to dewater the digestate, which 
was easily dewatered up to 62 % TS after HTC treatment (Hämäläinen 
et al., 2021). HTC appears to be an effective and complementary dew-
atering process, the separated additional liquid side stream, i.e., HTC 
filtrate, being manageable inside the biogas plant to increase overall 
nutrient recovery. 

4.2. Nutrient recovery 

In the advanced centralized biogas plant investigated here, nutrients 
are recovered into three products (nitrogen rich ammonia water, and 
phosphorus and nitrogen containing concentrate and digestate cake or 
hydrochar). These products differ as quantitative and qualitative nitro-
gen and/or phosphorus sources, which determines their market value 
and end-use possibilities. 

The HTC integration shows potential to increase ammonium recov-
ery from reject water by 33 % (approximately 118 t-N/a) as ammonia 

water (15 % NH3), which is a valuable ammonia source for industries (e. 
g., as a sustainable nutrient source in aerobic industrial wastewater 
treatment). However, in the present study, HTC slightly decreased the 
total amount of sewage sludge nitrogen recovered in the end-products 
(961 t/a of nitrogen from 1003 t/a). This is mainly due to nitrogen 
evaporation as NH3 into the HTC gas (Zhuang et al., 2017), which 
decreased the nitrogen amount in the hydrochar or HTC filtrate 
compared with the digestate cake. This suggests the importance of 
considering nitrogen recovery also from HTC gas (e.g., by directing it to 
ammonium stripping where it would increase NH3 content in the input 
gas, and supply heat to the process). The nitrogen loss to the HTC gas is 
feedstock and temperature dependent (Hämäläinen et al., 2021), which 
indicates that less severe HTC conditions favor nutrient recovery over 
energy recovery (Aragón-Briceño et al., 2021a; McIntosh et al., 2022). If 
the HTC conditions changed, mass and energy balances would also 
change. To examine whether the nutrient recovery is sensitive to HTC 
temperature alterations, low and high temperature-cases were 
computed. These sensitivity results showed that increasing the temper-
ature to 250 ◦C, the total amount of nitrogen recovered at the plant 
would decrease by 0.03 % and ammonium nitrogen by 0.32 % 
(Table S5). By decreasing the temperature to 210 ◦C, total recovered 
nitrogen increased by 0.09 % and ammonium nitrogen by 1.05 % 
(Table S5). 

The increased ammonium recovery in the HTC layout was due to two 
factors: First, the nitrogen dissolution in the HTC filtrate enabled 35 % of 
the ammonium nitrogen in the dewatered digestate to be recovered, 
whereas without HTC, all the ammonium nitrogen remained in the 
digestate cake. Second, after HTC treatment, more mineralized nitrogen 
was recovered in the stripping unit, as the HTC filtrate replaced part 
(approximately 35 %) of the reject water used for dilution, enabling the 
direction of the reject water to the stripping for ammonium recovery. As 
a result, increasing the amount of ammonium nitrogen in the reject 
water sent to stripping increased from 56 % to 72 % with HTC. Such 
dilution water recycling is valid only at centralized biogas plants that 
import dewatered sludge for AD, and thus the need to adjust the solid 
contents. As the available reject water volume increased, the treatment 
capacity of the evaporator-stripping unit should be re-evaluated, and the 
scale of the unit might need to be enlarged, which would be further 
extended by the potential nitrogen and heat recovery from the HTC gas. 

As the reject water volume available for nitrogen recovery increased, 
the amount of concentrate from the evaporation also increased by 28 %, 
containing 75 % and 27 % more nitrogen and phosphorous, respectively, 
at higher concentrations (6.8 %-TS and 1.4 %-TS vs. 5.0 %-TS and 1.4 
%-TS of nitrogen and phosphorus, respectively), than the original 
concentrate (Fig. 2). The increased amount of concentrate could be used 
to increase the nutrient supply in fields (Tampio et al., 2016) by 
extending the annual fertilized field area by 62 % (assuming 100 kg-N/ 
ha). However, because the N:P ratio increased from the original 
concentrate and if the spreading amounts were standardized by the 
amount of nitrogen, the phosphorous amount would be 22.3 kg-P/ha 
instead of 28.5 kg-P/ha, which could decrease the value of the 
concentrate as a nutrient supplier. 

Most phosphorous was recovered in the hydrochar and digestate 
cake in both layouts, because of the phosphorous-precipitating iron salts 
used in the wastewater treatment for phosphorus removal (Huang et al., 
2017), and because HTC does not affect distribution of phosphorous 
when it is bound to salts (Breulmann et al., 2017), which was also 
detected in the sensitivity analysis examining the effect of low and high 
temperatures of HTC (Table S5). Although phosphorous was nearly fully 
recovered in hydrochar, the amount of plant bioavailable phosphorous 
could be reduced when the HTC temperature increased from 180 ◦C to 
240 ◦C due to changes in the size and surface properties of phosphorus 
mineral particles (McIntosh et al., 2022) and reduced pH, which 
decreased the plant sorption capacity (Libra et al., 2011). The available 
phosphorus recovery could be increased by avoiding the use of 
phosphorous-precipitating metals (Fe or Al) at WWTPs. As the amount of 

Table 3 
Energy demand and generation of different unit processes in the layout with 
HTC integration and the original layout with hygienization instead of HTC.  

Unit process Layout  

HTC Original with hygienization  

MWh/a 

Anaerobic digestion − 2,613 − 3,149 
AD feed heating − 653 − 1,198 
Heat lossesa − 1,310 − 1,310 
Electricityb − 650 − 641 

Digestate dewatering − 1,626 − 1,634 
Evaporator-stripping processd − 5,073 − 3,982 

Steam − 2,431 − 1,908 
Electricity − 2,642 − 2,074 

Thermal treatment − 1,183 − 1,177 
Digestate heating − 8,366 − 6,339 
Reactor heat losses − 142 − 64 
Heat of reaction 2,478 n.a. 
Heat recovered from outflow 6,003 5,226 
Electricity for filtration − 1,155 n.a. 

CHP for hydrochar/digestate cake 13,983 8,079 
Electricity 6,356 3,672 
Heat 7,627 4,407 

LBG-upgradingc − 5,679 − 5,599 
CHP for biogas 55,900 55,116 

Electricity 24,700 24,354 
Heat 31,200 30,762 

Totale − 16,174 − 15,541 

HTC: hydrothermal carbonization, AD: anaerobic digestion, CHP: combined 
heat and power, LBG: liquefied biogas, n.a.: not applicable. 
aThree/four parallel reactors/digesters. 
b3 % of the biogas energy content (Erlach, 2014). 
cConsists of membrane cleaning and methane liquefaction. 
dCalculated from realized demands in kWh/t reject water to be treated (Gasum 
Topinoja). 
eExcluding CHP. 
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the solid product decreased when HTC was applied, hydrochar had 
phosphorous and nitrogen contents of approximately 2.8 % and 2.1 %, 
respectively, whereas the digestate cake had 1.1 % and 1.4 %, respec-
tively towards wet weights. The applicability of the sewage sludge 
digestate cake as a nutrient source is negatively affected by its large 
annual amounts concerning the increasing transportation costs (Medina- 
Martos et al., 2020; Tampio et al., 2016). Carbonization reactions also 
increase the stability of the digestate as hydrochar in soils, preventing 
nitrogen runoff (Chu et al., 2020). For example, in rice paddy field trials, 
sewage sludge digestate hydrochar increased ammonium nitrogen 
retention and, subsequently, rice grain nitrogen content by 30 % and 
yield by 24 % compared with sewage sludge digestate (Chu et al., 2020). 
However, contaminants in sewage sludge can hinder nutrient reclama-
tion from hydrochar if used as such. 

4.3. Carbon sequestration 

HTC appears to be a potential future route for recovering and sta-
bilizing sewage sludge carbon for carbon sequestration in solid products, 
as the carbon content in hydrochar toward its wet weight (18.8 %) was 
double that of digestate cake (8.8 %). Most research about hydrochar in 
carbon storage concerns hydrochars of lignocellulosic and/or starchy 
origin (Catenacci et al., 2022). As hydrochar properties vary according 
to its origin and applied treatment conditions (Eibisch et al., 2013; 
Kammann et al., 2012) more studies specifically on hydrochar from 
sewage sludge digestate are needed. For example, hydrochar from the 
grass Miscanthus was more recalcitrant against carbon mineralization 
and decomposition in soil than untreated feedstock (Adjuik et al., 2020; 
Schimmelpfennig et al., 2014). Hydrochar from corn silage decomposed 
by up to 50 % after 100 d of soil application stimulating CH4 and CO2 
emissions (Malghani et al., 2013), while hydrochar increased CH4 up-
take and reduced CO2 emissions compared to digested Miscanthus sam-
ples in crop field studies (Adjuik et al., 2020). The increased carbon 
decomposition likely derives from the increased microbial activity due 
to the easily degradable carbon of hydrochar (Kambo and Dutta, 2015), 
which correlates with hydrophilic functional groups, high O/C and H/C 
ratios, and with C/N ratio and lignin content (Eibisch et al., 2013; 
Schimmelpfennig and Glaser, 2012). Suitable HTC conditions with 
possible catalysts and/or additives should be aimed at yielding hydro-
char with high carbon stability, such as hydrochars with high aromatic 
carbon structures with low O/C and H/C ratios (Eibisch et al., 2013; 
Schimmelpfennig and Glaser, 2012). 

Hypothetically, carbon sequestration could provide the economic 
viability of HTC deployment when promoting carbon neutrality in so-
cieties. The hydrochar carbon content would provide approximately 1.1 
M€ annually in the studied biogas plant when calculated as CO2 and 
considering the market price in emission trading (100 €/t-CO2; (Ember) 
for captured CO2. However, hydrochar use in fields or soil, either as a 
plain nutrient source or as carbon storage, can be hindered by the po-
tential adverse effects of potential contaminants such as plasticizer, 
heavy metals, or degradation products of medicines (Catenacci et al., 
2022; Kambo and Dutta, 2015). In addition, the long-term stability of 
carbon in sewage sludge digestate hydrochar requires further research, 
particularly concerning the effects of feedstock, treatment conditions, 
additives, and hydrochar activation (Kambo and Dutta, 2015). 

4.4. Energy balance 

HTC integration can have a minor positive effect on the net energy 
balance of biogas plants, as in the present study (499 vs. 502 kWh/t of 
sewage sludge). The higher temperature in HTC than in hygienization 
had a low impact on the plant energy demand, as the increased heating 
demand and reactor heat losses may compensate for the outflow heat 
recovery (by 70.6 %) and considering the heat of the reaction from 
digestate carbonization (by 28.7 %). The HTC integration into the 
centralized biogas plant mainly influenced the net energy balance by 

increasing the evaporator-stripping energy demand, and decreasing the 
AD feed heating demand and increasing the biogas production through 
HTC filtrate recycling to the AD. 

In both thermal treatments, heating the digestate to the treatment 
temperature required most of the energy demand (98–99 %) compared 
with the energy needed to maintain the treatment temperature 
(Table 2). Based on the sensitivity analysis, changing the HTC temper-
ature to 250 ◦C, increased the digestate heating demand by 6.5 %, while 
decreasing the temperature to 210 ◦C, decreased the heating demand by 
12 % from the present values in the layout with HTC (Table S5). 
Compared with the effect of changing the temperature to the nutrient 
recoveries, which was ≤ 1 % (Section 4.2), energy consumption was 
more sensitive to the temperature changes. The maintenance of the HTC 
temperature has been reported to account for 0.5–3 % of the total energy 
input of HTC (Danso-Boateng et al., 2015). Heat recovery from the 
cooling of the reactor products is essential for thermal treatments and 
for achieving an energetically and economically efficient process (Erlach 
2014). Without heat recovery, the energy needed to heat the HTC 
reactor with non-preheated digestate feed (25 % TS) could represent 
approximately 65 % of the total energy input to HTC. With heat re-
covery, the energy required to heat the reactor with preheated feed can 
be reduced by 59 % (Danso-Boateng et al., 2015). As exothermic 
carbonization reactions take place in HTC, the heat of the reaction 
represents approximately 19–35 % of the energy demand, depending on 
whether the feed had been preheated (Danso-Boateng et al., 2015), also 
determining the level to which the digestate is preheated (Erlach, 2014). 

The possibility of rearranging the liquid flow recycling inside the 
biogas plant with HTC integration can decrease the energy demand of 
the AD unit by 20 %. The feed heating for the AD temperature (40 ◦C) 
decreased by 45 % from the original demand because the HTC filtrate 
contributed to the heating of the AD feed by being warmer (70 ◦C) than 
the digestion temperature and the reject water (40 ◦C). The reject water 
flow rearrangement by HTC integration increased the energy demand of 
the evaporator-stripping unit by 27 % owing to the higher volumes of 
reject water to be treated. However, the increased ammonia water 
production did not affect the energy consumed by the evaporator- 
stripping unit against the nitrogen recovered, which was 21.3 kWh/ 
kg-N with HTC and 22.2 kWh/kg-N in the original layout. Ammonium 
nitrogen recovery from sewage sludge by stripping requires nearly 
double the energy of the Haber-Bosch process, which consumes 12.5 
kWh/kg-N to produce “fossil” ammonia from atmospheric nitrogen 
(Maurer et al., 2003). However, the energy demand of the evaporator- 
stripping unit is covered by the biogas produced at the biogas plant, 
which is an energy positive process. The nitrogen in the reject water 
without stripping would end up in the WWTP, where the costs of 
increased nitrogen flows could be remarkably higher than of the mere 
evaporator-stripping unit, as the removal of 1 kg nitrogen from waste-
water can consume up to 12.5 kWh/kg-N (Maurer et al., 2003). 

The HTC filtrate recycling to AD represents a viable disposal and 
upgrading route, although its effect on the biogas plant methane pro-
duction in the present study was small, increasing only by 1.4 % 
(Table 4). The suitability of the sewage sludge digestate HTC filtrate in 
AD has been demonstrated in the literature (Villamil et al., 2018; Wirth 
et al., 2012). A biomethane potential (BMP) of up to 236 L CH4/kg COD 
have been determined (Gaur et al., 2020). The BMP and COD of the HTC 
filtrate depend on the HTC conditions (Hämäläinen et al., 2021). 
Therefore, by HTC temperature optimization, improved methane pro-
duction could be attained. Despite HTC filtrate feeding to AD, the 
methane yield does not necessarily increase, pointing out that the 
advantage from HTC integration is the higher flexibility of hydrochar 
utilization for nutrient and/or energy recovery than that of digestate 
(Medina-Martos et al., 2020). Thus, the increase in biogas production by 
HTC filtrate recycling is not reliable productivity increasing factor; 
rather, HTC filtrate digestion is a feasible waste stream treatment 
method (Merzari et al., 2019). 

A. Hämäläinen et al.                                                                                                                                                                                                                           



Waste Management 173 (2024) 99–108

107

4.5. Solid fraction combustion 

Hydrochar and digestate cake could be considered as alternative to 
carbon and nutrient recovery for energy recovery, especially when 
agricultural use is not possible for quality and legislative reasons. Pro-
ducing energy from hydrochar or digestate cake via combustion in CHP 
favored HTC integration by resulting in nearly 1.7 times higher heat and 
electricity production than the digestate cake (Table 4). Energy recovery 
from hydrochar is vital for the self-sustainability of a biogas plant by 
increasing the plant own energy production. The CHP of hydrochar 
(produced from mixed sewage sludge) has represented 24–66 % of the 
overall biogas plant’s energy production by generating 82–176 kWh/t of 
sewage sludge (Aragón-Briceño et al., 2021b). Here, hydrochar com-
bustion represents 22 % of the LBG energy content, while digestate cake 
produced 13 % by producing 147 or 85 kWh/t of sewage sludge. This 
difference in energy recovery was attributed to the lower moisture 
content of hydrochar, requiring less moisture evaporation, rather than 
its heating value which was increased only by 1 % (Hämäläinen et al., 
2021). Furthermore, hydrochar combustion can release up to 50 % less 
NOx than sewage sludge combustion (Zhuang et al., 2017). 

If fossil fuels were substituted with hydrochar, HTC integration could 
also show better environmental performance by reducing the global 
warming impact from 72 to 18 kg CO2-eq/t of sewage sludge than the 
standalone AD (Medina-Martos et al., 2020). In practice, the energy 
recovery from digestate cake could be even lower than estimated here 
because drying the digestate can consume more energy than the theo-
retical need for moisture evaporation due to the difficulty of removing 
bound and interstitial water (Tunçal and Uslu, 2014). Nonetheless, 
sewage sludge digestate cake and hydrochar are currently classified as 
wastes in many European countries, which requires incineration in 
separate waste incineration plants with gate fees (Broberg et al., 2022). 

5. Conclusions 

The present study assessed the effectiveness of HTC integration for 
the processing of sewage sludge digestates at centralized biogas plants 
regarding carbon capture, nutrient flows, and energy balances. HTC 
integration decreased the solid product mass and increased the ammonia 
water and concentrate productions. It increased the wastewater volume 
and energy demand of the biogas plant by 4 % and biogas production. It 
produced hydrochar with higher energy recovery potential in CHP than 
digestate cake. Overall, HTC integration into the centralized biogas 
plant increased the digestate value for soil applications owing to its 
carbon capture potential and concentration of phosphorous, enabling 
the rearrangements of liquid flows inside the plant, thereby increasing 
nitrogen recovery from sewage sludge. 
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