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Research Paper

Can hydrothermal carbonization be used as a mean to increase the 
circularity of existing food waste anaerobic digestion plants?

Fabrice Tanguay-Rioux a,* , Kassem Ibrahim Al Houssaini b, Guillaume Majeau-Bettez b,  
Robert Legros b , Laurent Spreutels a,b

a Clean Energy Innovation Research Center, National Research Council Canada, 6100 av. Royalmount, Montréal, Québec H4P 2R2, Canada
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A R T I C L E  I N F O
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A B S T R A C T

Large-scale anaerobic digestion of food waste is often characterized by important material losses due to the pre- 
treatment steps required to remove impurities. Hydrothermal carbonization was used to increase the circularity 
of anaerobic digestion plants by converting the reject fractions, that would otherwise be discarded, into 
hydrochar and process water. The viability of this conversion was tested experimentally with samples collected 
from two commercial plants, and experimental results were used to verify the energetic performance of the 
process and realize a life-cycle assessment. While the hydrochar could be valorized as a fuel to replace coal, due 
to the high energy content (>20 MJ kg− 1 for the light rejects) or as a soil amendment, the process water can be 
converted into additional methane. For every reject fraction considered, an increase in the methane potential of 
the process water was shown, when compared to the initial fraction, showing a solubilization of the organic 
materials. This high methane potential leads to an additional production of energy for anaerobic digestion fa
cility. Overall, the conversion of the reject fractions by hydrothermal carbonization improves the environmental 
performance of anaerobic digestion plants for every scenario considered (1.2- to 1.6-fold reduction for climate 
change impact category), with the biggest gain when the hydrochar is used as a fuel to substitute coal.

1. Introduction

Anaerobic digestion (AD) is commonly seen as one of the most 
interesting processes for converting food waste (FW) into value-added 
products (Browne and Murphy, 2013; Chiu and Lo, 2016; Morales- 
Polo et al., 2018). During AD, FW is converted by microorganisms into 
biogas, which, once upgraded to methane, can be used as a low-carbon 
substitute for natural gas (Scarlat et al., 2018). In addition to biogas, AD 
leads to the production of digestate, which is mainly composed of 
partially degraded organic materials, inorganic materials, microorgan
isms and water (Dutta et al., 2021). Due to its relatively high concen
tration of macro- and micro-nutrients, digestate is commonly used as soil 
amendment to partially replace synthetic fertilizers (Duan et al., 2025; 
Dutta et al., 2021). However, source-separated FW is generally 
contaminated by important quantities of inorganic materials, which 
negatively affects the economics and the environmental impacts of the 
AD process (Le Pera et al., 2023). Since these inorganic materials are not 
biodegradable, they are directly transferred to the digestate, leading to 

an important contamination of this co-product, and reducing drastically 
its value (O’Connor et al., 2022). In order to limit this problem and 
ensure the production of a good quality digestate for effectively 
substituting synthetic fertilizers, AD of source-separated FW requires an 
important pre-treatment before the digestion process. This pre- 
treatment consists generally in a series of mechanical treatments, such 
as screening, sieving, shredding and pressing (Alessi et al., 2020; Bern
stad et al., 2013). It reduces the size of the FW and separate inorganic 
materials, which decrease the contamination of the digestate and pre
vent system failures by removing impurities that could clog or break 
downstream equipment (Alessi et al., 2020; Bernstad et al., 2013; Jank 
et al., 2017).

Mechanical separation of waste, which is based on the differences in 
size, shape and density of the materials, is however never perfect 
(Tanguay-Rioux et al., 2021). In the case of AD, this sub-optimal oper
ation means that even for well performing plants, small inorganic con
taminants are not removed by the pre-treatment step and that a 
significant quantity of organic materials suitable for AD is incorrectly 
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sorted and is lost in the reject streams (Bernstad et al., 2013; Shi et al., 
2024). This loss of organic materials is directly responsible for a cost 
increase of the AD plant, due to the rejected material that needs to be 
disposed of, for a reduction in methane production and for direct 
greenhouse gas emissions (Colazo et al., 2015; Le Pera et al., 2023; Shi 
et al., 2024). For wet AD, this loss of organic material can represent more 
than 15% of the theoretical methane production (Alessi et al., 2020; 
Colazo et al., 2015; Shi et al., 2024). It also represents an important cost 
since rejected materials can account for about 20% of the feedstock of an 
AD plant, particularly if it is processing commercial FW (Banks et al., 
2018; Bernstad et al., 2013). In general, there is a trade-off between the 
removal of inorganic materials and the loss of organic materials (Alessi 
et al., 2020; Bernstad et al., 2013).

Hydrothermal carbonization (HTC) could be used to recover part of 
the organic materials lost in the reject streams by solubilizing them in an 
aqueous phase, called process water (PW), while the rest would be 
converted in a solid phase called hydrochar. Due to the relatively mild 
conditions of HTC, most inorganic materials such as glass, metals and 
plastics are not transformed during the process and are transferred 
directly to the hydrochar (Berge et al., 2011; Lin et al., 2017; Lu et al., 
2012). The PW produced could be converted into additional methane by 
recirculating it in the digester. Several studies have previously demon
strated that PW produced from FW HTC can effectively be converted by 
AD (Ding et al., 2017; Lucian et al., 2020; Mannarino et al., 2022b; 
Rosas-Mendoza et al., 2024; Tanguay-Rioux et al., 2024; Tradler et al., 
2018; Zhou et al., 2018). Therefore, HTC of the reject streams could in 
theory be used to recover the incorrectly sorted organic materials from 
the reject streams by solubilizing them in an aqueous phase that can be 
converted into methane. In addition, another strategy to increase the 
circularity of AD plants is to valorize the digestate by HTC. Digestate was 
shown to be a suitable feedstock for HTC as it can be converted into 
hydrochar without drying (Dutta et al., 2021). This could be particularly 
interesting for low-quality digestates. The PW produced by HTC could 
be converted in the same digesters as the FW. Previous studies have 
shown the benefit of co-conversion of PW and organic residues for 
methane production (Suárez et al., 2024; Villamil et al., 2020; Wang 
et al., 2020). More specifically for FW treatment, its co-digestion with 
PW was shown to lead to synergistic effects by enhancing bacteria di
versity and methane production (Suárez et al., 2024). One advantage of 
co-digestion is the dilution of inhibitory compounds in the PW by the 
other substrate, thereby reducing their impact on the AD process (Suárez 
et al., 2024; Wang et al., 2020).

As for the hydrochar, depending on its quality, it could be used to 
substitute non-renewable products including fuels, fertilizers or cement 
additives (Khosravi et al., 2022; Ogunleye et al., 2024a). Hydrochar can 
enhance the physical properties of soil (i.e., water-holding capacity and 
porosity), contribute to carbon sequestration and act as a slow release 
fertilizer (Islam et al., 2021; Khosravi et al., 2022). This utilization is 
however strongly dependent on the quality of the hydrochar produced 
and the feedstock used.

While the valorization of AD reject streams by HTC could be a 
promising strategy to reduce waste, increase methane production and 
diversify products, the actual benefits of this approach depend largely on 
the quality of the products and the additional energy required. There
fore, decision-making tools, such as life cycle assessment (LCA), are 
needed to ensure that this valorization strategy does not lead to greater 
environmental impacts than AD alone, while also taking into account 
how the resulting products are utilized. Several LCA studies have 
examined the combination of HTC and AD for organic waste treatment 
and generally report favorable outcomes for this integrated approach 
(Mannarino et al., 2022a; Mayer et al., 2021; Zhao et al., 2024). For 
example, Mannarino et al. (2022a) evaluated four HTC-based scenarios 
for sewage sludge valorization against a composting benchmark and 
found that the scenario combining HTC with AD achieved the best 
environmental performance in 11 out of 16 impact categories, with 
climate change impacts reduced by up to 98% relative to the benchmark. 

Mayer et al. (2021) also concluded that adding an HTC step to an AD 
facility treating food waste can be environmentally beneficial when 
powered by a low-carbon energy source, highlighting the importance of 
local conditions in determining the environmental viability of integrated 
HTC–AD systems. Zhao et al. (2024) further demonstrated that treating 
food waste digestate via HTC and applying the resulting hydrochar as a 
soil amendment can reduce the global warming potential of the system 
by more than a factor of three compared to standalone AD. Furthermore, 
Lombardi et al. (2023) showed that integrating anaerobic digestion 
significantly improves the overall environmental performance of HTC 
compared to alternative treatment options for process water such as 
conventional wastewater treatment or reverse osmosis, primarily due to 
energy recovery through biogas production. Despite these encouraging 
findings, an important gap remains. None of these studies explicitly 
account for the management and potential valorization of reject streams 
arising from commercial AD operations. Since such reject streams can 
substantially affect mass balances, energy recovery, and downstream 
environmental burdens, the conclusions of previous LCAs cannot be 
directly extrapolated to real industrial configurations without redefining 
system boundaries and updating the life cycle inventory.

The objective of this study is to assess the feasibility of using HTC to 
valorize the reject streams and the digestate of full-scale AD plants 
converting FW. HTC could play an important role by solubilizing organic 
compounds that can be recirculated to the AD process for enhanced 
methane production, and by producing hydrochar from a feedstock that 
would otherwise be discarded, thus reducing the environmental impacts 
of the facility. This feasibility assessment was done by considering three 
aspects, which are the technical feasibility, the energetic balance and the 
overall environmental impacts. To do so, two different AD plants pro
cessing source-separated FW in Canada were considered as potential 
examples for the implementation of this technological strategy. Samples 
were collected from these plants and converted at lab-scale. Then, the 
experimental results were used to carry out an LCA. This was done for 
the two examples of implementation and considering different substi
tution scenarios for the hydrochar.

2. Materials and methods

Samples collected from two different AD plants were converted by 
HTC. The products (PW and hydrochar) formed during that step were 
characterized and the biochemical methane potential (BMP) of the PWs 
was measured. An LCA was also carried out to verify if the conversion of 
these samples leads to additional energetic or environmental benefits for 
the AD plants.

2.1. Description of the AD systems and feedstocks

Samples from two different AD plants located in Canada were 
collected for analysis. Both plants were sampled at the beginning of the 
summer. In both cases, they receive a mix of source-separated FW and 
commercial FW. For both cases, approximately 10 kg of the FW, the light 
rejects (LR) fraction, the heavy rejects (HR) fraction, and the digestate 
(D) were provided by the operators. Upon reception, the samples were 
directly frozen. FW samples were collected to compare the characteris
tics of the products after HTC to the ones obtained for the reject streams 
and the digestate.

Both processes start with a size reduction of the FW received, fol
lowed by a separation of light and heavy inorganic materials, and the 
anaerobic digestion (AD). Finally, a rotative press is used to dewater the 
digestate. Following that last step, the solid digestate is used for soil 
amendment and the wastewater is sent to treatment. While both plants 
have a similar process, they have different pre-treatment equipment, 
they are operated at different temperatures and they have different sizes. 
AD plant 1 receives more than 100,000 tons yr− 1, while AD plant 2 has a 
capacity approximately 5 times smaller. The separation of light and 
heavy rejects is done in two steps in plant 1, but it is done in only one 
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step in plant 2. Process flow diagrams of both plants are presented in 
Fig. 1.

In addition to the process differences, the sampling strategies slightly 
differed for both plants since they were determined by the operators of 
both sites based on availabilities at the time. For AD plant 1, food waste 
(FW1) was sampled before the hammer mill, while for AD plant 2, food 
waste (FW2) was sampled after the hammer mill. Also, the digestate 
from AD plant 1 (D1) was sampled after the dewatering step, while the 
digestate from AD plant 2 (D2) was sampled before the dewatering step. 
Hence, D2 has a moisture content significantly higher than D1. Due to 
these differences, the results are not intended for direct comparison, but 
rather as two distinct examples of implementation.

Finally, the effect of the dewatering step on the HTC conversion of 
digestate was further assessed by centrifugating D2 at 10,000 rpm for 10 
min, leading to the production of a liquid phase (D2L), corresponding to 
the supernatant, and a solid phase (D2S), corresponding to the pellet. 
Both were submitted to HTC.

2.2. Hydrothermal carbonization experiments

A total of 9 samples (i.e., FW1, LR1, D1, FW2, LR2, HR2, D2, D2L, 
D2S) were submitted to HTC. HR1 was not used since it was composed 
mainly of large inorganic materials and was considered not suitable for 
HTC conversion.

Since it was shown in the literature that the energy yield of a HTC-AD 
combined process is higher for low HTC temperature (180–190 ◦C) 
(Lucian et al., 2020; Marin-Batista et al., 2020; Sangaré et al., 2024), a 
temperature of 180 ◦C was fixed for all the experiments in this study. 
Experiments were done in a 1.8 L Parr pressure vessel (Parr Instrument 
Company, USA), with a working volume of 1–1.5 L. The samples were 
diluted with deionized water to an initial solid content of 3–5%. Due to 
the presence of several contaminants in the reject fractions, a low solid 
content was chosen to ensure a good agitation in the vessel during lab- 
scale trials. Despite being relatively low for HTC conditions, this solid 
content should have a smaller effect than other operating parameters on 
full-scale performance since previous studies have showed that this 

parameter has a lower or insignificant impact on the hydrochar yield 
and quality when compared to temperature and residence time (Mäkelä 
et al., 2015; Periyavaram et al., 2023). Then, the reactor was flushed 
with N2 to create anaerobic conditions. It was heated with an electric 
heating coil with an average heating rate of 5 ◦C min− 1. Once the 
temperature setpoint was reached, the temperature was maintained for 
1 h and the reactor was then cooled with tap water with a cooling rate of 
10 ◦C min− 1. During the duration of the experiment, the reactor was 
agitated at 250 rpm. Finally, the hydrochar and the PW were separated 
by filtration at 250 µm.

2.3. Biochemical methane potential tests

Biochemical methane potential (BMP) tests were done for the 9 PW 
samples obtained by HTC. In addition, BMP tests were done for 4 of the 
initial samples before HTC, corresponding to FW1, FW2, LR2 and HR2. 
These additional BMP tests were done to compare the potential methane 
production from the raw feedstock to the corresponding PW. BMP tests 
were not done directly on the digestate samples. Also, no BMP was done 
for LR1 since it was mainly composed of large plastic films and green 
residues.

The complete methodology used for the BMP tests is described in 
previous work (Tanguay-Rioux et al., 2024) and is based on the method 
described by Frigon et al. (2012). BMP tests were performed in 500 mL 
serum bottles (with 100 mL of liquid) that were prepared anaerobically 
in triplicates. The liquid contained 1 g of total volatile solids (TVS) for 
the feedstocks (samples collected from the AD plants) and 0.5 g of TVS 
for the PWs, granulated biomass with an inoculum to substrate ratio of 
2:1 on a TVS basis (w/w), 2 mL of defined media, 4 mL of bicarbonate 
buffer, 0.5 mL of 1.25% Na2S-cysteine solution and deionized water. The 
bottles were incubated at 35◦C and were agitated at 125 rpm. The BMP 
tests were stopped when production of CH4 became negligible (i.e., < 2 
mL d− 1). All methane production results are reported in standard con
ditions (1 atm, 0 ◦C) and the endogenous production was subtracted 
from the total methane production. The inoculum consisted of granular 
biomass collected from a full scale up-flow anaerobic sludge blanket 

Fig. 1. AD process flow diagrams for A) AD plant 1 and B) AD plant 2. Hydrolysis was considered as a step of the AD and was not represented here. Sampling points 
are identified in parentheses for both plants.
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(UASB) digester processing industrial wastewater.
BMP results are reported as the volume of CH4 produced for 1 kg of 

TVS (BMPTVS) for both the feedstocks and the PWs. However, it can be 
useful to also report the BMP for 1 kg of dry feedstock (BMPf) to account 
for the global yield. The conversion was done with Eq. (1) for the raw 
feedstocks (FW1, FW2, LR1 and LR2) and with Eq. (2) for the PWs. 

BMPf = BMPTVS
TVS
TS

(1) 

BMPf = VCH4

1
VPWa

VPWt

mf
(2) 

where VCH4 is the volume of CH4 produced during the BMP test from the 
PW (L CH4), VPWa is the volume of PW added to the BMP test (L), VPWt is 
the total volume of PW produced during the HTC (L) and mf is the mass 
of feedstock on a dry basis added to the HTC (kg).

2.4. Analytical methods

Total solids (TS) and total volatile solids (TVS) content were 
measured according to standard methods (APHA, 2005). The ultimate 
analysis was done with an organic elemental analyzer vario EL cube 
(Elementar, Germany). The proximate analysis was done with a Ther
mogravimetric Analyzer (TGA Q5000, TA Instruments, USA), to mea
sure the volatile matter (VM), the fixed carbon (FC) and the ash 
contents. The oxygen content in the solid samples was estimated as the 
difference between the VM and the CHNS content. The ultimate and 
proximate results are reported on a dry basis. Finally, the composition of 
the ash was measured with a benchtop sequential wavelength dispersive 
X-ray fluorescence (WDXRF) spectrometer (Supermini 200, Rigaku, 
Japan).

The chemical oxygen demand (COD) was measured using the stan
dard dichromate method (Hach, 2007). The pH was measured using an 
Orion Star pH meter (Thermo Scientific, USA). Gluconic acid, lactic acid, 
formic acid, acetic acid and succinic acid were quantified by high- 
performance anion-exchange chromatography (HPAEC) using a Dio
nex Integrion HPIC instrument (Thermo Scientific, USA) with a Dio
nexTM IonPacTM AS19 column (2 mm × 250 mm × 5 µm) and a KOH 
gradient as mobile phase. Other volatile fatty acids (VFAs), including 
propionic acid, butyric acid, valeric acid and caproic acid were quanti
fied by GC-FID using an Agilent 7890B gas chromatograph (Agilent 
Technologies, USA) equipped with a Nukol capillary column (30 m ×
0.25 mm × 0.25 µm). Seven alcohols (MeOH, EtOH, n-PrOH, i-PrOH, n- 
BuOH, sec-BuOH, and t-BuOH) and acetone were measured by head
space GC-FID using an Agilent 6890 chromatograph equipped with a 
CombiPAL Autosampler (CTC Analytics, Switzerland) and an Agilent 
J&W DB-ACL2 capillary column (30 m × 530 mm × 2 µm) for 
separation.

The quantity of gas produced during the HTC was measured 
following the cooling phase using a drum-type gas meter (Ritter, Ger
many). The composition was also analyzed with a GC Agilent 7820A gas 
chromatograph (Agilent technologies, USA) equipped with a ShinCar
bon ST micro-packed column (Restek Corporation, USA) coupled to a 
thermal conductivity detector.

2.5. Life cycle assessment

2.5.1. Goal and scope
This LCA evaluates the potential benefits arising from the integration 

of HTC and AD technologies, particularly for the valorization of reject 
streams and digestate from full-scale AD plants treating FW. It aims to 
identify key improvement pathways and major environmental hotspots, 
while ensuring that no major burden shifting occurs across impact cat
egories, and hence support its technology deployment. The results are 
therefore intended primarily to inform AD process designers and 

technology developers in guiding strategic decision making.
The primary function of the system is the treatment of source- 

separated FW in Quebec, Canada. In addition, the system delivers sec
ondary functions through the generation of energy and material co- 
products, notably heat from biogas combustion and hydrochar. Hence, 
the functional unit is quantified as “treat 1 kg of source-separated FW.” 
The system boundaries encompass all processes from pre-treatment to 
final use of recovered products, while excluding upstream waste gen
eration and collection. Simplified graphical representations of the 
product system boundaries are provided in Figs. S6 and S7 in the Sup
plementary Information.

In this study, multifunctionality was addressed through system 
expansion. This approach is recommended by ISO 14040 and 14044 
when subdivision is not feasible, as is the case here due to the integrated 
nature of the process. It is also consistent with common practice in waste 
treatment LCAs, particularly when waste streams are valorized into 
higher value materials and energy products. For example, biogas energy 
recovery is commonly modeled as substituting fossil energy, either 
through electricity or heat generation, or via upgrading to biomethane 
that replaces natural gas (Alengebawy et al., 2022; Natividad Pérez- 
Camacho et al., 2019). Similarly, several studies have explored potential 
applications for hydrochar, such as its use as a solid fuel or soil 
amendment, with energy recovery representing roughly 80% of all 
hydrochar valorization pathways examined (Ogunleye et al., 2024b).

Primary data for the foreground system was drawn from the exper
iments and complemented with relevant literature sources, while 
background processes were modeled using Ecoinvent v3.10 with the cut- 
off system model. Attributional modelling was implemented using 
average data.

In total, seven HTC–AD scenarios were evaluated. These include two 
baseline AD scenarios based on FW1 and FW2, two scenarios for the 
valorization of light rejects based on LR1 and LR2, one scenario for 
heavy rejects based on HR2, and two scenarios for digestate valorization 
based on D1 and D2. For each scenario, three alternative end uses of the 
produced hydrochar were assessed: substitution of hard coal as a fuel 
(denoted as Fuel), substitution of synthetic NPK fertilizer (NPK), or a no 
substitution case in which hydrochar is disposed of and assumed to have 
no market value (Nosub). This results in 15 HTC–AD configurations and 
two baselines, for a total of 17 configurations analyzed. For example, the 
configuration in which digestate after dewatering undergoes HTC and 
the resulting hydrochar substitutes hard coal is denoted as “D1-HC- 
Fuel”.

2.5.2. Life Cycle Inventory (LCI)
For the baseline AD systems (baseline-FW1 and baseline-FW2), it was 

assumed that 20% (0.2 kg per kg of input) of the material is removed as 
rejects, evenly split into light and heavy fractions, by the pre-treatment 
(Banks et al., 2018). These reject fractions are assumed to have the same 
composition as municipal solid waste (MSW) and are therefore sent for 
disposal in a sanitary MSW landfill in Quebec, Canada. For the AD stage, 
digester heating is assumed to be supplied by natural gas, consistent 
with current practice. The produced biogas is upgraded via pressure 
swing adsorption (PSA) to biomethane, which is subsequently com
busted and substitutes natural-gas-based heat. The dewatered digestate 
by-product is applied to land, where it replaces synthetic nitrogen, 
phosphorus, and potassium fertilizers. Biogas and digestate yields are 
taken from a comparable installation reported by Banks et al. (2018), 
with 0.197 kg of biogas produced per kg of FW (equivalent to 465 m3 

CH4 per tonne of volatile solids) and 0.34 kg of wet digestate generated 
per kg of FW. Digestate moisture content is assumed to be 85% after 
digestion, based on experimental results, and reduced to 70% after 
dewatering using a rotary press (Wellisch and Trépanier, 2024).

For the HTC-AD configurations, the feedstock fed to the HTC was 
assumed to have a moisture content of 80% (Lucian and Fiori, 2017). 
HTC treatment is done at 180 ◦C for 1 h. HTC heating was assumed to be 
powered by electricity, with the energy demand being 0.3 kWh per kg of 
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wet feed processed (Lucian and Fiori, 2017). The process water from 
HTC was recycled to AD to generate additional biogas. For scenarios 
where hydrochar substitutes a product, it was assumed to be dried to a 
moisture content of 10% before use, which is similar to previously re
ported values (Lucian and Fiori, 2017). The hydrochar drying energy 
requirement was estimated using the latent heat of vaporization of water 
with a drying efficiency of 70%, and was also assumed to be electricity- 
powered.

When hydrochar is used as fuel, a substitution factor is applied based 
on the ratio of its HHV to that of coal (27 MJ kg⁻1). Combustion is 
modeled using a simplified process derived from the Ecoinvent hard coal 
combustion dataset, with emissions not applicable to hydrochar 
composition removed (e.g., radioactive substances and heavy metals). 
Fossil carbon emissions are also converted to biogenic. SO2 emissions 
are calculated separately for each case based on the ultimate analysis of 
the hydrochars, assuming complete combustion.

When hydrochar substitutes synthetic fertilizers, its ultimate analysis 
is used to estimate the displaced mass of fossil-based N, P, and K fer
tilizers in Canada. This substitution includes production and delivery of 
fertilizers up to the farm gate. It assumes equivalent agronomic perfor
mance between nitrogen, phosphorus, and potassium supplied by 
hydrochar and those provided by synthetic fertilizers, with differences 
considered too small to significantly affect yield or nutrient runoff. In 
fact, a previous study showed that hydrochar can achieve comparable 
crop yield performance relative to synthetic fertilizers (Shrivastava and 
Laasri, 2025).

In the no-substitution scenario, hydrochar is not dried and is pro
vided for land application, either in agricultural systems or in low-value 
uses (e.g., roadside soil amendment). In this context, hydrochar does not 
displace any conventional products, reflecting a situation where it has 
no effective market value. This includes cases where hydrochar quality 
is insufficient for agronomic use, as well as cases where it is applied on 
agricultural land but does not lead to a reduction of fertilizer use, as 
farmers do not adjust their fertilization practices. This scenario is con
servative, as it does not account for the potential long-term carbon 
storage of hydrochar, which could act as a carbon sink (Luo et al., 2025).

2.5.3. Life Cycle Impact Assessment (LCIA)
This analysis covers all midpoint and endpoint indicators available in 

the Impact World+ (IW+) v2.1 method (Bulle et al., 2019). Modeling 
was conducted in OpenLCA 2.4.0, and the impact assessment was per
formed using both the midpoint and Expert versions of IW+.

3. Results

3.1. Characterization of the AD plants streams

Pictures of the 8 samples before treatment are provided in supple
mentary information (Figs. S1 and S2). The LR fractions from both plants 
had a similar appearance, consisting mainly of green residues, plastic 
films and other fibers. However, the granulometry differed as LR1 was 
mainly composed of large materials, while LR2 was composed of smaller 
and more homogeneous materials, reflecting the differences in the size 

reduction process. The HR fractions were visually different. HR1 was 
mainly composed of large pieces of bones, rocks, shells and metals, with 
little organic materials, while HR2, was composed of smaller materials 
that were trapped together, including organics and inorganics. This 
difference is due to differences in the pre-treatment and size reduction 
processes. As for the FW, FW2 was in a slurry form since it was collected 
after size reduction and dilution, while FW1 was made of bigger pieces 
since it was sampled before the size reduction step. Finally, as 
mentioned above, D2 was in a slurry form since it was collected before 
the dewatering step, while D1 was in a solid form since it was collected 
after. The main characteristics of the AD streams are presented in 
Table 1. HR1 was not characterized since it was mainly composed of 
large inorganic materials. Both the ultimate and the proximate analyses 
results strongly vary according to the stream and the plant, highlighting 
the differences between their respective operating conditions. There
fore, the HTC valorization of a given reject stream might be viable for a 
plant, but not for the other.

Despite being collected from two different plants, both FW1 and FW2 
had comparable compositions, indicating that both AD plants are pro
cessing comparable feedstocks. FW2 however has a higher moisture 
content, since it was collected after dilution, as well as a higher C and N 
content. Both FW compositions also align to the compositions reported 
elsewhere (Browne and Murphy, 2013; Pecorini et al., 2020).

As for the LR fractions, LR1 had a significantly lower moisture con
tent than LR2. Since HTC needs to be carried out in water to ensure the 
occurrence of hydrothermal reactions and a good mass and energy 
transfer (Heidari et al., 2019), LR1 would need to be diluted prior to 
HTC. Since AD plants produce a lot of wastewaters, dilution could be 
done with wastewater from the AD process, but the effect of this recir
culation would need to be assessed. As for LR2, no or little dilution 
would be needed. In addition, LR1 has a lower VM content, but a higher 
FC and ash content. Plastic waste has a lower ash and FC content than 
food and wood wastes (Zhou et al., 2014), which might contribute to the 
difference observed. As for the HR fractions, HR2 had the highest ash 
content of all the AD streams, due to the presence of several small 
inorganic materials. In addition, its moisture content was too low for 
direct HTC and would thus need dilution, like LR1.

D1 and D2 also had very different compositions. D2 had a much 
higher carbon and VM content than D1, but also had a significantly 
lower ash content (2.6%) than D1 (20.7%). This higher carbon content 
combined to the lower ash content might indicate that D2 is a more 
suitable feedstock for HTC valorization. The notable difference observed 
could be attributed to D1 being dewatered, unlike D2. The dewatering 
step might have contributed to concentrating the ash in the solid frac
tion, leading to an overall lower concentration of volatiles. Despite these 
notable differences, the C, N, P and K contents measured in both 
digestates are in agreement with the ranges reported in the literature for 
FW digestate (O’Connor et al., 2022).The high ash content measured for 
some of the AD streams (e.g., D1 and HR2), as well as the relatively low 
carbon content, might limit the utilization of the hydrochar produced. 
For example, high ash content in hydrochar can lead to fouling and 
corrosion of the combustion systems when used as a fuel (Benavente and 
Fullana, 2021). The high ash content in hydrochar therefore restricts the 

Table 1 
Results of the ultimate analysis, proximate analysis and XRF for the feedstocks and the reject streams of the 2 AD plants. Results of the proximate and ultimate analyses 
are provided on a dry basis. The K and P contents are provided as a percentage of the ash content.

Proximate analysis (%) Ultimate analysis (%) Ash content (%)
Moisture VM FC Ash C H N S K P

AD plant 1 FW1 81.1 80.8 8.8 3.7 41.1 6.0 1.8 0.0 4.0 4.2
LR1 24.1 79.5 8.8 6.0 47.8 6.2 1.4 0.0 3.5 0.7
D1 68.5 70.4 5.1 20.7 33.9 4.4 3.1 0.7 2.9 2.9

AD plant 2 FW2 87.8 84.1 6.9 2.6 44.7 6.8 3.3 0.5 3.7 7.0
LR2 76.4 88.4 5.6 2.7 49.2 6.8 1.5 0.1 7.2 3.4
HR2 46.8 65.7 1.6 31.1 20.3 3.0 1.9 0.2 1.0 2.6
D2 85.1 87.0 5.8 2.6 45.8 6.9 3 0.5 4.0 5.5
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possibility to fully replace coal, necessitating its use as a blend (Ro et al., 
2019). Overall, the large differences in composition measured for the AD 
streams will lead to significant differences of the quality of the hydro
char and the PW produced, which can affect the potential of sub
stitutions of these products.

3.2. Hydrothermal carbonization of the AD streams

3.2.1. Yields of the hydrothermal carbonization
Yields were calculated on a dry basis, and the liquid yield was 

calculated as the difference between the solid and gas yields (see 
Table 2). Overall, similar HTC yields were measured for the FW and the 
LR of both AD plants. Solid yields of 33.1% and 38.8% were obtained for 
FW1 and FW2, respectively, while solid yields of 55.0% and 56.2% were 
obtained for LR1 and LR2, respectively. However, larger differences 
were observed for the digestates, as solid yields of 62.6% and 44.5% 
were calculated for D1 and D2, respectively. This difference is due to the 
higher ash content of D1. Ashes are mostly inert under HTC conditions, 
leading to an increase of the solid yield for high ash concentrations 
(Lynam et al., 2015). HR2 had the highest solid yield of all feedstocks, 
followed by D1, both LRs, D2 and finally both FWs. While the higher 
solid yields obtained for HR2 and D1 are likely due to the presence of 
inorganic materials (higher ash content), the higher solid yields ob
tained for the LRs in comparison to the FWs are likely due to the pres
ence of a higher concentration of plastic films and lignocellulosic 
biomass. It has been previously shown that plastics do not undergo 
chemical degradation under HTC conditions (Lin et al., 2017). As for 
lignocellulosic biomass, it only partly degrades under HTC at low tem
perature, leading to high solid yields. For example, Lynam et al. (2015)
measured a solid yield above 80% for a temperature of 200 ◦C for 
different lignocellulosic biomass.

For all the feedstocks, a gas yield below 3% was calculated, which 
was expected due to the low temperature treatment. Therefore, the 
liquid yield varied from 33% to 61%.

3.2.2. Characterization of the hydrochar
Characteristics of the hydrochars are provided in Table 2. For all of 

them, the carbon content increased or remained the same in comparison 
to the corresponding initial feedstocks. This increase was limited, which 
was expected given the low temperature treatment. As mentioned pre
viously, a low HTC severity was chosen to maximize energy recovery 
from the waste streams. Therefore, the hydrochar produced does not 
undergo a high carbonization. Still, the hydrochars derived from LR1 
and LR2 each have a HHV exceeding 19 MJ kg− 1, making them suitable 
for energy valorization. This is especially true for HC-LR2 since a HHV of 
26.4 MJ kg− 1 was calculated. The presence of plastics and lignocellu
losic biomass probably contributed to increasing the HHV of this frac
tion. A high HHV (i.e., 20.7 MJ kg− 1) was also measured for HC-D2, 
which was significantly higher than HC-D1 (14.5 MJ kg− 1) and is in 
accordance with the higher carbon content measured for D2 compared 
to D1. Therefore, raw digestate seems to be a more suitable feedstock 
than dewatered digestate for HTC conversion. As for HC-HR2, a HHV of 

only 9.9 MJ kg− 1 was calculated indicating that it would probably not be 
suitable for energy valorization. Overall, a low FC content was measured 
for all the hydrochars with a value smaller than 9%. FC content gener
ally increases at higher HTC severity and varies significantly depending 
on the feedstocks (Wu et al., 2023).

Finally, the concentrations of nutrients, such as N, P and K were 
measured in all the hydrochars, resulting in concentrations in the range 
of 11–25 mg g− 1, 0.5–21 mg g− 1 and 0.3–5.4 mg g− 1 for N, P and K, 
respectively. Some of these nutrients could be added-value to soil if 
hydrochar is applied. However, to be used on soil, hydrochars derived 
from reject streams (LR or HR) would require the removal of the small 
inorganic contaminants prior to usage. Hence, hydrochars derived from 
digestate might represent a more promising feedstock for that 
application.

3.2.3. Characterization of the process water
The composition of the PWs varied significantly according to the AD 

streams (see Table 3). The COD varied from 13 to 28 g L− 1. In general, 
the COD increases with the LY. Therefore, a lower COD was obtained for 
the LR and HR streams than for the FW and the D streams, indicating 
that less methane could be recovered by the conversion of these PWs.

The main organic acids were quantified in all the PWs, including 
acetic acid (AA), formic acid (FA), lactic acid (LA), propionic acid (PA) 
and other larger organic acids, including butyric, valeric and caproic 
acids. Overall, organic acids accounted for 2 to 35% of the COD of the 
different PWs. For FW PWs, the main organic acids were lactic and acetic 
acids, which is similar to results reported by Tanguay-Rioux et al. 
(2024). As for the alcohols, the concentration remained low, and the 
main one detected being ethanol.

Almost no organic acids or alcohols were measured for PW-HR2 and 
PW-D1, which were also characterized by a higher pH. The organic acids 
accounted for only 2% and 4% of the COD for PW-HR2 and PW-D1, 
respectively, while it accounted for 32% and 35% for PW-D2 and PW- 
FW2, respectively. This large difference can have an important effect 
on the methane yield obtained from these PWs as organic acids are easily 
degraded during AD.

3.2.4. Characterization of the gas
For all the AD streams, the gaseous effluent of the HTC was composed 

almost exclusively of CO2, with traces of H2. No CO was detected.

3.3. Biochemical methane potential of the process waters

It has often been observed that BMP of HTC PW tend to decrease at 
higher temperature due to the formation of inhibiting and recalcitrant 
organic compounds (Lucian et al., 2020; Mannarino et al., 2022b; Pos
manik et al., 2017; Tanguay-Rioux et al., 2024). For treatment at 180 ◦C 
or less, however, there is usually little inhibition occurring due to the 
smaller concentration of these organic compounds (Zhu et al., 2021). 
Therefore, since a temperature of 180 ◦C was used for the tests, high 
methane production is expected with little process inhibition. Results of 
the BMP obtained for all the feedstocks are presented in Fig. 2.

Table 2 
Results of the solid yield (SY), liquid yield (LY), gas yield (GY) for the HTC conversion, the proximate analysis, the ultimate analysis and the XRF for hydrochars 
produced from the different feedstocks and reject streams of the 2 AD plants. Results of the proximate analysis, the ultimate analysis and the yields are provided on a 
dry basis. The K and P contents are provided as a percentage of the ash content.

Yields (%) Proximate analysis (%) Ultimate analysis (%) Ash content (%) HHV (MJ kg¡1)
SY LY GY Moisture VM FC Ash C H N S K P -

AD plant 1 HC-FW1 33.1 64.3 2.6 85.1 89.6 4.9 1.0 48.8 6.9 1.7 0.12 3.3 4.2 20.0
HC-LR1 55.0 42.8 2.2 79.2 83.2 2.2 11.4 47.0 6.0 1.6 0.04 1.3 8.6 19.6
HC-D1 62.6 34.5 2.9 80.4 59.6 5.5 31.4 33.1 4.3 2.1 0.32 1.7 3.1 14.5

AD plant 2 HC-FW2 38.8 60.8 0.4 82.2 85.6 8.7 3.2 43.2 6.0 2.5 0.54 1.8 7.3 17.7
HC-LR2 56.2 42.3 1.5 76.2 92.0 4.7 1.2 63.7 7.8 1.1 0.0 3.0 5.2 26.4
HC-HR2 65.0 33.2 1.8 60.6 70.9 2.6 24.6 23.1 3.2 1.1 0.0 0.2 8.8 9.9
HC-D2 44.5 52.9 2.6 78.6 88.4 4.9 3.2 50.3 7.1 1.9 0.49 1.9 6.5 20.7
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BMPs of 426 and 523 L CH4 kg− 1 TVS were obtained for FW1 and 
FW2, respectively, which is in agreement with results reported else
where (Banks et al., 2018; Browne and Murphy, 2013). On a TVS basis, 
the BMP of FW1 was similar to the corresponding PW, while for the 3 
other streams for which the comparison was done, a higher methane 
production was obtained for the PW than for initial feedstock. An in
crease of the methane yield of the PW compared to that of the initial 
feedstock of 17%, 31% and 23% was obtained for FW2, LR2 and HR2, 
respectively. The conversion seems particularly interesting for the LR1 
fraction as the HTC increases both the total CH4 produced and the 
conversion rate. This increase of the conversion rate is probably due to a 
partial degradation of the lignocellulosic biomass present in the LR 
fractions. Overall, the LR PWs (PW-LR1 and PW-LR2) have similar 
methane yields to those of their corresponding PWs produced from FW 

within the same plant, showing promising results for AD. As for PW- 
HR2, despite having a much lower BMP than PW-LR2 and PW-LR1, 
340 L CH4 kg− 1 TVS was still obtained, which is significative consid
ering that this fraction was initially highly contaminated.

Overall, PW-FW2 and PW-D2 were shown to have the highest 
methane yields of all the PW, while also having the highest fractions of 
organic acids (32% and 34% of the COD). On the other hand, PW-D1 and 
PW-HR2 were shown to both have the lowest fractions of organic acids 
(2% and 4% of the COD) in the PW and have the lowest methane yields. 
Therefore, the concentration of organic acids is an important indicator 
to predict the methane yield of different PW.

While PW-D2 produced an important quantity of CH4, it was noted 
that PW-D1 had a much lower methane yield, despite both being pro
duced from digestates. Therefore, the dewatering of the digestate seems 

Table 3 
Characteristics of the process waters produced from the different feedstocks and reject streams of the 2 AD plants.

COD (g L¡1) Organic acids (g L¡1) Alcohols (g L¡1) pH
AA FA LA PA Other acids COD equivalent EtOH Other alcohols

AD plant 1 PW-FW1 27.6 0.6 0.4 2.0 0.0 0.0 3.4 0.9 0.1 4.8
PW-LR1 17.9 0.7 0.3 0.5 0.1 0.1 1.9 0.0 0.1 4.8
PW-D1 21.6 0.3 0.2 0.2 0.0 0.0 0.9 0.0 0.0 6.7

AD plant 2 PW-FW2 26.8 2.1 0.5 0.2 1.1 2.5 9.3 0.4 0.1 5.3
PW-LR2 13.1 1.0 0.3 0.6 0.2 0.3 2.8 0.2 0.1 4.6
PW-HR2 16.4 0.2 0.1 0.1 0.0 0.0 0.4 0.0 0.0 6.5
PW-D2 25.4 2.8 0.6 3.2 0.4 0.5 8.2 0.7 0.1 5.0

Fig. 2. Results of the BMP tests for all the AD streams including the PWs and the feedstocks on a TVS basis and on a dry feedstock basis. Results for plant 1 on a TVS 
basis (A) and dry feedstock basis (B), and for plant 2 on a TVS basis (C) and dry feedstock basis (D), are presented. Standard deviations are represented as verti
cal bars.
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to strongly decrease the methane yield of the corresponding PW. A 
similar observation was previously made for mechanically separated 
FW, where the removal of the aqueous phase strongly decreased the 
BMP of the PW (Tanguay-Rioux et al., 2024). To further investigate the 
effect of the mechanical separation of the digestate on the BMP of the 
resulting PW, D2 was separated in two phases by centrifugation, that 
were each submitted to HTC and AD. Results showed that the PW pro
duced from the liquid phase of digestate (D2L) had a 27% higher BMP 
than the PW produced from the solid phase (D2S). Specifically, BMP 
values of 498.6 ± 11.5 and 364.2 ± 9.6 mL CH4 g− 1 TVS were obtained 
for the liquid and solid phases, respectively. This confirms that removing 
part of the liquid fraction from the digestate before HTC would 
considerably reduce CH4 recovery.

Despite the overall good methane production that was achieved from 
the reject fractions and the digestates, the global yield also needs to be 
considered. As seen in Fig. 2, the PW produces much less methane than 
the original feedstock when compared on the same basis (initial dry 
feedstock). This was expected as an important fraction of the organic 
compounds is transferred in the solid fraction (i.e., hydrochar). Still, 
65–70 L CH4 kg− 1 dry feedstock could be recovered from the LR and HR 
fractions, which can represent a significative quantity for some AD 
plants. As for the digestates, 51 and 184 L CH4 kg− 1 dry feedstock were 
obtained for D1 and D2, respectively. This represents an interesting 
production for streams that would otherwise be discarded. Moreover, 
this additional methane production from LR and HR streams can be 
achieved without compromising the quality of the digestate. For a plant 
processing 100 000 tons yr− 1 of FW and 10% of light and heavy rejects, 
the valorization of the reject streams (LR or HR) could produce 

175,000–500,000 m3 of CH4 per year depending on the reject stream, 
which could represent a significative amount if both the net energy 
balance and the overall environmental gains are positive.

When D2 is separated in a solid and a liquid fraction by centrifuga
tion, the methane production led to a methane yield of 72 and 587 L CH4 
kg− 1 TVS for PW-D2S and PW-D2L, respectively. Therefore, the vast 
majority of the CH4 produced from the digestate comes from the soluble 
compounds, which also explains the low recovery from D1. However, 
following the centrifugation, a moisture content of 79.8% and 98.4% 
were measured for D2S and D2L, respectively. Therefore, due to the very 
high moisture of the wastewater separated from digestate, it would be 
energy intensive to proceed to the HTC of D2L alone. However, this 
fraction could probably be used to dilute a dryer feedstock, such as the 
LR or HR streams, while also contributing to wastewater treatment and 
producing more CH4 for the process. The dilution of reject streams with 
digestate wastewater was however not tested and would need to be 
further investigated.

Although samples from the AD plants were collected only once and 
may not fully represent the average annual composition, they still offer 
an overview of the composition at a specific point in time for two 
different plants. While yields and BMPs obtained from a given reject 
stream may fluctuate throughout the year, the results obtained provide a 
range of values that can be expected. Despite potential variability, these 
data provide a solid basis for assessing performance in terms of LCA. 
Future studies should aim to repeat the sampling at multiple times 
during the year and with larger sample sizes to better capture seasonal 
and operational variations.

Fig. 3. LCA results on the Climate Change (CC) impact category for the 17 process configurations (LR1: Light rejects 1, LR2: Light rejects 2, HR2: Heavy rejects 2, D1: 
Digestate 1, D2: Digestate 2).
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3.4. LCA results

To assess the potential environmental benefits of converting reject 
streams and digestate from a commercial AD plant through HTC, an LCA 
was performed. Results for the Climate Change (CC) impact category 
across the 17 configurations are shown in Fig. 3. The endpoint-level 
damages are provided in the Supplementary Information (Ecosystem 
Quality, Fig. S8; Human Health, Fig. S9).

Both baseline scenarios show similar impacts of approximately –0.25 
kg CO2-eq per FU, which is in accordance with results reported in 
literature for the AD of FW (Moult et al., 2018; Tian et al., 2021). The 
main contributors to CC impacts in the baselines are the pre-treatment in 
the settling tank, due to the significant non-fossil methane emissions 
from landfill disposal of rejects, followed by AD heating by natural gas, 
and non-fossil methane emissions from biogas upgrading. All other 
processes contributing less than 15% of the total positive impacts are 
grouped under “Others” for simplicity, including pre-treatment in 
hammer mill, digestate dewatering, HTC heating and hydrochar drying. 
Regarding substitution effects in the baseline scenarios, the most sig
nificant benefit comes from the substitution of natural gas with bio
methane. Digestate-fertilizer substitution yields a smaller benefit, 
particularly for phosphorus and potassium, which are less abundant in 
the digestates compared to nitrogen.

All the valorization pathways converting reject streams (LR1, LR2, 
HR2) through HTC outperform the baselines, for all substitution alter
natives, with CC impacts ranging between –0.3 and –0.41 kg CO2-eq, 
representing a 1.2- to 1.6-fold reduction. This improvement is primarily 
driven by the halved share of rejects sent to landfill and, in configura
tions where hydrochar substitutes hard coal, by the resulting displace
ment of coal-based heat. This is particularly evident for LR1, where the 
LR1-HC-Fuel pathway delivers the best climate change performance. 
Although the hydrochar from LR1 has a lower HHV (19.6 MJ kg⁻1) than 
that from LR2 (26.4 MJ kg⁻1), LR1’s lower initial moisture content 
meant that more water had to be added to reach the 80% moisture 
required for HTC. This higher slurry mass, combined with a relatively 
high solid yield, resulted in a greater quantity of hydrochar overall, 
which allowed more displacement of coal-based heat. Nonetheless, 
although HR2 also has a relatively low moisture content (46%), its 
resultant hydrochar has a low substitution factor due to its low HHV (9.9 
MJ kg− 1), reducing its benefit in replacing hard coal. Overall, valorizing 
the rejects consistently leads to improved climate change performance 
compared to the baseline scenarios, with the most favorable outcome 
achieved when the resulting hydrochar substitutes hard coal. This is in 
accordance with previous findings (Mannarino et al., 2022a; Moham
madi et al., 2020; Ogunleye et al., 2024b).

When it comes to digestate valorization pathways (D1 and D2), their 
climate change performances are nearly indistinguishable to that of the 
baselines except when hydrochar heat is substituting hard coal heat. 
Hence, for digestate valorization pathways, the substitution nature and 
potential of the resulting hydrochar is critical. Moreover, D2 valoriza
tion performs slightly better than D1, primarily because it was not 
dewatered prior to the HTC step. As a result, its biodegradable content 
was higher, as reflected by its higher BMP, which in turn led to greater 
benefits from increased biogas production. Among the pathways 
considered (rejects and digestates), the D2 valorization routes are the 
only ones in which recycling process water for additional biogas pro
duction resulted in a notable reduction in overall climate change im
pacts. This further highlight that, across most HTC–AD configurations, 
improvements in climate change performance are not primarily driven 
by the additional biomethane generated through process water recy
cling. Rather, they are largely attributable to the substitution effect 
associated with the hydrochar, particularly its energy quality and cor
responding displacement potential.

The results indicate that the integrated HTC-AD configurations are 
beneficial in terms of CC impacts. However, focusing exclusively on this 
category can be misleading, as displacement of impact may occur. To 

verify whether burden shifting occurs, ecosystem quality (EQ) and 
human health (HH) endpoint damages were assessed (Fig. S8 and 
Fig. S9). No significant shifts were observed, as reductions in climate 
change impacts were not offset by increases in EQ or HH damages across 
the evaluated configurations (see Supplementary information). A 
sensitivity analysis on the climate change (CC) impact was conducted by 
substituting the Quebec electricity mix with that of Ontario, Canada, 
since several processes in the system (HTC, hydrochar drying, and PSA 
etc.) rely on electricity and may therefore influence the results 
(Fig. S10). The Ontario electricity grid has a higher share of fossil-based 
generation compared to Quebec’s predominantly hydropower supply 
and therefore represents a more carbon-intensive context. A sensitivity 
analysis was also performed on the HTC solid loading, evaluating values 
of 75% and 70% relative to the baseline of 80%, as this parameter can 
alter mass balances and consequently affect the results (Fig. S11). 
Despite these differences, the results of the LCA remained largely un
changed. This outcome reinforces the robustness of the conclusions on 
the climate change impacts of the HTC-AD configurations.

4. Discussion

Overall, the conversion of the light reject fractions from both AD 
plants was shown to be viable by HTC for one sample collected during 
the summer. While this was also possible for the heavy reject fraction of 
one of the AD plants, it was deemed not possible for the other one due to 
the presence of large inorganic objects. For these three cases, a signifi
cant fraction of methane was produced from the AD of the PW produced 
during HTC, leading to an additional energy production from materials 
that would otherwise be discarded in a landfill. A similar conclusion was 
also drawn from the digestate samples, with a particularly good energy 
recovery for raw digestate. These results provide a first feasibility 
demonstration for one point in time for two different facilities. However, 
due to the large heterogeneity of food waste and its seasonal variability, 
further work should assess how this variability affects the technical 
feasibility. Results from previous studies indicate that food waste 
composition, together with temperature, is a key factor determining the 
composition of the resulting PW and the BMP (Tanguay-Rioux and 
Spreutels, 2026).

In addition, further studies should also focus on optimizing the 
operating conditions specifically for a given reject stream. While low 
severity maximizes the energy yield, higher severity could be selected to 
increase the hydrochar quality if it is deemed insufficient for energy 
valorization. For example, the HHV of the hydrochars produced from the 
heavy reject and the digestate from plant 1 are lower than from the ones 
obtained from the other streams. Therefore, increasing severity specif
ically for these streams could help increase the product quality, but 
would lead to a decrease in global energy yield.

For soil application, the main challenge associated with hydrochar 
quality is contamination by inorganic materials such as small plastic, 
metal, and glass fragments. Therefore, a pre-screening step would likely 
be necessary to remove these impurities before land application. This is 
particularly important for the heavy reject fraction, which showed an 
ash content of 25%. However, given the significant difference observed 
in the light reject fraction between the two plants (1.2% and 11.4%), it is 
also likely that the ash content will fluctuate over time and occasionally 
reach high levels, indicating the need for a screening stage for hydrochar 
produced from this stream. Large-scale optimization and characteriza
tion would be needed to identify a suitable screening process and to 
assess the extent of hydrochar contamination by small inorganic 
particles.

From an LCA perspective, similar conclusions were drawn for both 
AD plants, despite their differences. The LCA demonstrated that valo
rizing the reject streams through HTC can generate environmental 
benefits, particularly when hydrochar-derived heat displaces heat pro
duction from hard coal. In addition, although the gains are smaller than 
those achieved for the reject streams, converting the digestate via HTC 
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can still result in modest improvements or, at minimum, negligible 
additional impacts. The sensitivity analyses on both the electricity mix 
and the solid load confirm that the conclusions are robust and remain 
unchanged when these factors are varied.

Nevertheless, even in cases where hydrochar is not suitable for fuel 
substitution and the overall climate change impact remains close to the 
baseline, the HTC–AD coupling may still be justified due to additional 
benefits, including the economic value associated with extra methane 
production (Ipiales et al., 2021), and the reduction of landfilling. In 
addition, for all the scenarios considered, an energy balance realized 
(section S4 in supplementary information) demonstrated that the addi
tional methane produced from the residual fractions (LR, HR or D) leads 
to a higher energy generation than the energy consumed by the addi
tional HTC step. All the scenarios considered are therefore net energy 
positive and can contribute to an increase of the anaerobic digestion 
plant overall energy balance. Furthermore, other potential benefits of 
hydrochar, such as the value of its carbon content for agricultural ap
plications, were not considered in this LCA because of limited available 
data. These aspects could further support the implementation of inte
grated HTC–AD pathways compared with standalone AD systems.

Another limitation of this study is that the results are strongly 
dependent on feedstock quality. In practice, different AD plants treating 
different FW streams in various geographical contexts may produce 
products with distinct characteristics. As shown in this work, hydrochar 
quality is a critical parameter influencing LCA outcomes. Therefore, 
further process parametrization is required to account for variations in 
material quality and operational conditions, such as HTC temperature 
and residence time. This would enable the development of more 
generalized and flexible LCAs capable of identifying environmental 
gains beyond a single plant configuration.

Despite these limitations, results indicate that HTC–AD configura
tions can provide greater environmental benefits than standalone AD 
systems. Furthermore, we recommend AD plant operators to prioritize 
the valorization of reject streams and to maximize the energy utilization 
of hydrochar as they appear to be key strategies that offer the most 
significant environmental advantages.

5. Conclusion

The HTC of residual streams from 2 different AD plants located in 
Canada was performed in order to increase their circularity by 
increasing waste conversion. These residual streams, including the light 
reject and the heavy reject fractions of the plant, as well as the digestate, 
can be converted in hydrochar and PW. While hydrochar may be valo
rized as a fuel or as a soil amendment, the PW can be converted into 
additional methane by AD. The PW produced from all the residual 
streams had a higher methane potential than the raw feedstock, showing 
that the HTC can adequately solubilize a fraction of the residual organic 
compounds for additional methane production. Also, a high energy 
content was obtained for the hydrochars produced from the light reject 
fractions of the plants and the raw digestate with HHV of 20 MJ kg− 1 or 
higher, making them suitable feedstocks for energy valorization. On the 
other hand, a low HHV was measured for the hydrochars obtained from 
the heavy reject fractions, indicating that other valorization pathways 
should be considered. However, even if the hydrochar is not valorized 
due to a poor quality, results show that the conversion of the PW alone, 
which also leads to a reduction of the landfilling of reject materials, can 
lead to additional energy production of the AD plant and lower envi
ronmental impacts. Still, the biggest environmental gains are achieved 
when hydrochar is used to substitute coal especially when derived from 
light reject streams.

For the HTC of digestate, a higher energy production can be achieved 
with raw digestate rather than dewatered digestate, due to a higher 
methane production from the PW and a higher HHV of the hydrochar. 
Results indicate that HTC of the liquid fraction of digestate lead to a PW 
with a high methane potential. This wastewater could thus be used to 

dilute reject streams having a too low moisture content, while also 
contributing to the production of additional energy in AD. Overall, the 
conversion of reject streams and digestate from AD plants could repre
sent an interesting strategy to increase the circularity of such plants, by 
reducing the environmental impacts, increasing the global energy pro
duction and reducing costs associated with waste disposal.
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Mäkelä, M., Benavente, V., Fullana, A., 2015. Hydrothermal carbonization of 
lignocellulosic biomass: effect of process conditions on hydrochar properties. Appl. 
Energy 155, 576–584. https://doi.org/10.1016/j.apenergy.2015.06.022.

Mannarino, G., Caffaz, S., Gori, R., Lombardi, L., 2022a. Environmental life cycle 
assessment of hydrothermal carbonization of sewage sludge and its products 

valorization pathways. Waste Biomass Valorization 13, 3845–3864. https://doi.org/ 
10.1007/s12649-022-01821-x.

Mannarino, G., Sarrion, A., Diaz, E., Gori, R., De la Rubia, M.A., Mohedano, A.F., 2022b. 
Improved energy recovery from food waste through hydrothermal carbonization and 
anaerobic digestion. Waste Manag. 142, 9–18. https://doi.org/10.1016/j. 
wasman.2022.02.003.

Marin-Batista, J.D., Villamil, J.A., Qaramaleki, S.V., Coronella, C.J., Mohedano, A.F., de 
la Rubia, M.A., 2020. Energy valorization of cow manure by hydrothermal 
carbonization and anaerobic digestion. Renew. Energy 160, 623–632. https://doi. 
org/10.1016/j.renene.2020.07.003.
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