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Abstract: Hydrothermal carbonization (HTC) is considered as an efficient and constantly expanding
eco-friendly methodology for thermochemical processing of high moisture waste biomass into solid
biofuels and valuable carbonaceous materials. However, during HTC, a considerable amount of
organics, initially present in the feedstock, are found in the process water (PW). PW recirculation
is attracting an increasing interest in the hydrothermal process field as it offers the potential to
increase the carbon recovery yield while increasing hydrochar energy density. PW recirculation
can be considered as a viable method for the valorization and reuse of the HTC aqueous phase,
both by reducing the amount of additional water used for the process and maximizing energy
recovery from the HTC liquid residual fraction. In this work, the effects of PW recirculation, for
different starting waste biomasses, on the properties of hydrochars and liquid phase products are
reviewed. The mechanism of production and evolution of hydrochar during recirculation steps are
discussed, highlighting the possible pathways which could enhance energy and carbon recovery.
Challenges of PW recirculation are presented and research opportunities proposed, showing how
PW recirculation could increase the economic viability of the process while contributing in mitigating
environmental impacts.

Keywords: waste biomass; hydrothermal carbonization; hydrochar; process water recirculation;
energy recovery

1. Introduction

Environmental pollution and global warming threaten the world equilibrium and
require a new and sustainable approach to the strategies implemented in the different
productive systems. Improving the environmental sustainability of production systems
requires the access to a scenario of energy sources as wide and varied as possible, pro-
moting the use of alternative and renewable resources in a circular economy perspective.
The unstoppable increase of population, especially in the metropolitan areas, has led to
the increase of organic waste production, thereby raising the environmental issues related
to their correct handling and disposal. Organic wastes, instead of representing a cost for
the community, could represent a valuable resource, if properly used as feedstock for eco-
friendly energy conversion systems. Renewable energy systems, as a part of a sustainable
development, bring environmental, energetic, and economic benefits such as the reduction
of greenhouse gas, a reliable energy supply, and economic savings [1]. The most promising
routes for energy recovery from biomass wastes include biochemical and thermochemical
technologies [2–5]. Biological methods such as anaerobic digestion are widely used to con-
vert organic waste into gaseous biofuel; however, the correct implementation of biological
processes need high investment and maintenance costs, while needing specific composition
of feedstock to avoid process inhibition and increase bio-methane yields [6,7]. The dry
thermochemical methods of biomass upgrading to bio-fuels and valuable carbonaceous
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materials (e.g., torrefaction, pyrolysis and gasification), while ensuring high energy densi-
fication and fast reaction rate, are not energetically (and thus economically) sustainable
when treating high moisture biomass residues.

In fact, the need of a drying pretreatment negatively affects the overall process effi-
ciency [8–11]. For these reasons, wet thermochemical conversion technologies as hydrother-
mal processes gained increasingly more attention in the last decades, demonstrating to be
very promising conversion routes for wet biomass wastes to energy dense bio-fuels and
valuable materials. In particular, hydrothermal carbonization (HTC) was demonstrated to
be efficient for very high moisture residues as sewage and agro-industrial sludge [12–14]. In
hydrothermal processes, the organic residue is subjected to a thermal process at autogenous
pressure of saturated steam in the presence of sub-critical or supercritical water [15]. Hy-
drothermal treatment can be classified on the basis of the selected processing temperature
and as a result the predominant yield nature: hydrothermal carbonization (HTC), lique-
faction (HTL), and gasification (SCWG). During HTL, biomass is processed at 300–350 ◦C
and 150–200 bar for the production of a liquid ‘biocrude’ [16,17], while, during SCWG,
biomass is treated at temperatures reaching 600–700 ◦C in supercritical water condition,
with the aim to obtain gas products (mainly hydrogen and carbon dioxide) [18,19]. The
HTC process occurs, in general, at mildest conditions compared to other hydrothermal
conversions. Most frequently, temperatures between 180 and 250 ◦C, autogenous pressures
of up to approximately 40 bar and reaction times between few minutes and several hours
are applied. HTC simulates the long-time natural process of converting biomass to coal,
producing a carbonaceous material, commonly named ‘hydrochar’, in a very short time
(typically no longer than 6–12 h) and at high yields [20–24]. The highly dense carbonaceous
material derived could be used in a wide range of applications including energy [25,26],
environment (HTC has been successfully used as a pre-treatment for the production of acti-
vated carbons as water remediation agents) [27,28], soil improvement [29], and nutrients
recovery fields [30–32].

When compared to the dry thermochemical conversion routes, HTC process ensures
several advantages such as energy saving, high conversion efficiency due to the catalytic
effect of water, relatively low operating temperatures, and the removal inorganic com-
pounds and thus low ash content during combustion of the solid product [33,34]. During
HTC treatment, water has the crucial role of solvent and catalyst. At high temperatures
and pressures, water promotes chemical bond breaking to produce high water soluble
volatile organic acids (i.e., acetic, formic, and levulinic acid) leaving more stable solid
aromatic compounds in character [35,36]. Under HTC reaction conditions, dehydration
and decarboxylation reactions lead to a substantial reduction of oxygen content, which is
one overall objective of producing fuels from biomass [37]. Together with the main solid
product, the HTC process yields a liquid by-product, called process water (PW), and a
variable but typically small amount of gases mainly composed of CO2 [38]. When the
biomass is treated under hydrothermal conditions, organic water soluble substances (as
organic acids) concentrate in the liquid phase, resulting in extensive carbon and energy
losses. Detailed investigations have shown that the PW mainly consists of organic acids
(formic, acetic, lactic, and propionic), sugars (glucose, fructose, and xylose), furans (fur-
fural and 5-HMF), and phenols [39–42]. Reuse and valorization of post-processing water
represent one of the most relevant challenges to make the HTC process more economically
viable and environmentally friendly. The recirculation of PW as reaction medium of the
hydrothermal process is a promising approach, which, on the one hand, could minimize
the hydrothermal wastewater discharge and, on the other hand, could increase the yield of
solid biofuel and thus, carbon recovery [43].

Organic compounds concentrated in the liquid phase could promote condensation
reactions to yields solid carbonaceous material [44,45]. These reactions could result in re-
conversion of the organic intermediates and their subsequent interaction with the biomass
during the recirculation steps, thereby modifying the evolution mechanism and charac-
teristics of the resulting hydrochar [46]. In a view of large-scale applications, the water
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demand may exceed hydrochar profitability in terms of production costs; therefore, the
recirculation strategy could significantly reduce the water consumption [47]. Reuse of PW
could also be an efficient method of heat recovery, improving the overall energy efficiency
of the process. Although the PW recycling can be a potential method to valorize the liquid
residual fraction of the process, more investigations are needed to evaluate the application
of products generated after recirculation steps, the real effects on the environment, and the
properties of HTC products for different substrates at various operating conditions. As an
alternatively to recirculation, different approaches are discussed in the literature for the
PW treatment. Wet oxidation is used to remove organic compounds in the liquid phase:
oxygen or air reacts with the organic compounds to produce carbon dioxide and water;
thus, the treatment may improve the biodegradability of wastewater components [48,49].
PW may be fermented in an anaerobic digestion plant: the high share of organic matter
in the HTC water allows for a valorization through biological degradation [50–52]. This
paper reviews the HTC PW recirculation strategy as a potential path to improve energy
recovery from waste biomasses. More specifically, the effects of PW recirculation on the
mass yield, energy properties, and composition of the hydrochars and on the chemical
evolution of the aqueous phase were analyzed in detail, focusing on HTC reactions pro-
moted during recirculation steps. The influence of process parameters on PW recirculation
performances is also discussed according to the biomass treated. Finally, challenges and
research opportunities are proposed in order to identify the future directions which could
make hydrothermal carbonization more economically feasible and environmentally safe by
valorizing the residual liquid fraction of the process.

2. Effect of PW Recirculation on Hydrochar Properties
2.1. Effect on the Mass Yield

The change in the mass yield (MY) of hydrochars, produced from different waste
organic residues, after PW recirculation is shown in Table 1. Recirculation of process water
led to an increase in MY of 7% on average. The maximum value was observed for the sub-
strate paper. In this case, after recirculation, the MY increased by approximately 20%. Many
chemical reactions occur during hydrothermal carbonization. The formation mechanism
of hydrochar includes hydrolysis, dehydration, decarboxylation, condensation, polymer-
ization, and aromatization [53–55]. They do not represent consecutive reaction steps, but
rather form a parallel network of different reaction paths. Lignocellulosic bio-wastes are
mainly composed of cellulose, hemicelluloses, and lignin polymers [56]. Hemicellulose is
more sensitive to temperature and could rapidly depolymerize to polysaccharides with
lower molecular mass, at temperatures close to 180 ◦C [57]. Hydrolytic reactions lead
to various monosaccharides units such as hexoses and pentoses [58]. In a similar way,
cellulose is hydrolyzed at higher temperatures (200–230 ◦C) [59] to form other sugars
(e.g., glucose). Soluble lignin is hydrolyzed into phenolic compounds while not soluble
lignin (most of the lignin), together with un-hydrolyzed cellulose and hemicelluloses, form
the hydrochar matrix through a solid–solid conversion mechanism [60].

The hydrolysis products subsequently undergo a series of reactions as isomerization,
dehydration, and fragmentation producing key intermediates such as 5-HMF and furfurals
and their derived products. The intermediates in the decomposition process also produce
organic acids including acetic, lactic, propionic, levulinic, and formic acids which lower
the pH of the reaction medium [61–63]. Organic acids, produced by dehydration of
intermediates, accumulate in PW and could catalyze and promote some HTC reactions
when the aqueous medium is recirculated. The acidic conditions could also favor the further
degradation of biomass into monosaccharides producing more water soluble intermediates
(for example, the dehydration of glucose into HMF) [64,65].

A large number of intermediates with significant reactivity could be involved in con-
densation and polymerization reactions to form organic compounds which are converted
in solid phase aromatic clusters, and aggregated into carbonaceous microspheres [77]. Most
of the microspheres precipitate on hydrochar surface contributing to its mass growth, while
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the remaining amount is suspended in the aqueous medium [46]. Thus, the organic acids
in the liquid phase formed during the HTC process, if recirculated, could act as a catalyst
and promote dehydration reactions which significantly boost the carbonization process,
contributing to hydrochar production through condensation and back-polymerization reac-
tions [46,66,67]. Moreover, organic acids could also directly participate in the formation of
hydrochars through condensation reactions and the subsequent precipitation on hydrochar
matrix. Alternatively, other authors [68,75] suggested that the recirculated PW might lead
to a resistance to diffusion of the degraded soluble fragments from the particle surface of
biomass to the solution, causing an increased hydrochar yield. The literature reviewed
suggests that the number of PW recirculation steps influences the hydrochar formation
process according to the feedstock treated and the operating conditions. It was seen that
the hydrochar yield does not follow a typical trend during recirculation steps; thus, further
investigations are required to understand how the number of recycle steps affects the
hydrochar mass yield.

Table 1. Effect of process water recirculation on mass yield (MY) and HHV of hydrochars produced from different residual
biomasses, and on pH and total organic carbon (TOC) of HTC liquid phase. For MY and HHV, reference value of HTC step
with deionized water and maximum value during recirculation steps are reported. For pH and TOC, reference value of
HTC step with deionized water and value of last recirculation step are reported.

Feedstock Temperature
(◦C) RT 1 B/W 2 RS 3 MY 4

(%)
HHV 5

(MJ/Kg) pH TOC 6

(g/L) References

Cornstalk (CK) 220 2 h 0.2 4 55.9–66.2 22.7–23.3 3.7–3.9 11.7–29.1 [46]
BSG 7 200 2 h 0.13 2 59.0–60.4 28.7–27.9 4.5–4.3 17.0–15.1 [66]
BSG 200 4 h 0.13 2 54.6–51.3 28.5–29.0 4.6–4.5 21.8–12.4 [66]
BSG 220 2 h 0.13 2 56.0–70.2 29.4–30.5 4.6–4.5 15.6–28.5 [66]
BSG 220 4 h 0.13 2 54.2–65.9 30.5–31.7 4.7–4.5 14.9–20.4 [66]

Laminaria (LM) 220 2 h 0.05 12 13.3–17.8 18.4–22.7 4.8–5.6 Na 8 [67]
Loblolly pine (LP) 200 5 min 0.2 9 82.1–90.0 20.6–20.9 3.4–3.3 11.7–37.8 [68]
Loblolly pine (LP) 230 5 min 0.2 9 75.0–82.9 21.5–21.8 2.9–3.0 18.3–29.4 [68]
Loblolly pine (LP) 260 5 min 0.2 5 60.0–69.3 25.0–25.3 2.8–2.9 na [68]

SPW 9 220 1 h 0.2 4 60.4–66.3 23.0–23.7 na na [69]
MGW 10 180 5 h 0.15 10 81.0–85.0 25.4–26.6 4.6–4.5 21.4–30.9 [70]

MGW 220 5 h 0.15 10 60.0–70.0 28.8–29.8 4.3–4.5 19.6–22.7 [70]
Miscanthus (MS) 260 5 min 0.17 10 47.0–57.0 26.1–26.6 2.7–2.7 28.6–59.0 [71]

Paper (PP) 200 16 h 0.1 4 56.4–75.8 21.7–20.0 2.7–2.8 na [72]
Chlorella (CH) 220 4 h 0.1 4 20.5–26.7 30.8–32.1 na 27.9–88.7 [73]

Soybean straw (SS) 220 4 h 0.1 4 47.7–54.7 21.6–22.5 na 13.2–32.7 [73]
Poplar wood (PW) 220 4 h 0.2 4 60.1–61.2 25.0–26.2 3.4–3.4 17.4–39.2 [74]
Grape pomace (GP) 225 10 min 0.25 3 64.3–75.2 25.5–25.9 3.9–4.1 12.1–26.3 [75]

Orange pomace (OP) 225 30 min 0.25 3 51.6–57.5 24.0–23.7 3.8–3.9 32.1–57.9 [75]
Poultry litter (PL) 225 15 min 0.25 3 53.0–62.4 21.2–20.8 5.5–5.7 27.4–49.7 [75]

Lemon peel (LPW) 180
220 1 h 0.2 2 50.1–55.9 22.4–22.2 3.9–4.0 16.0–20.0 [76]

Lemon peel (LPW) 220 1 h 0.2 2 49.2–51.2 24.4–24.7 4.4–4.5 13.3–17.8 [76]
Lemon peel (LPW) 250 1 h 0.2 2 40.9–42.5 26.7–27.2 4.7–4.7 9.7–18.0 [76]

1 RT = residence time. 2 B/W = biomass to water ratio. 3 RS = recirculation steps. 4 MY = mass yield, calculated by
Masshydrochar/Massfeedstock ×100%. 5 HHV = higher heating value. 6 TOC = total organic carbon. 7 BSG = brewer’s spent grains.
8 na = not available. 9 SPW = sweet potato waste. 10 MGW = municipal green waste.

2.2. Effect on HHV and Energy Yield

One of the main benefits of the HTC of waste biomass is to produce an energy dense,
high quality, solid fuel, showing increased HHV values to respect the starting biomass [68].
Table 1 demonstrates that PW recirculation during the HTC process has the potential
to increase the HHV of hydrochars [45,61,64,67,68]. The maximum HHV increase was
observed for the feedstock laminaria; the recirculation of PW led to a HHV increase of
almost 20%. The slight energy densification of hydrochars could be explained as follows.
Organic acids in PW tend to accelerate the conversion rate of the feedstock, particulary the
dehydration of hydrolytic products of hemicellulose and cellulose, to form water soluble
intermediates [57]. These materials could polymerize and increase the availability of solid
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particles with high energy density [46]. The increase in solid microparticles polymerized
from the organic matter of PW leads to an increase in the carbon content of hydrochars and
thus their energy content. In other studies [66,68,75], HHV remained almost unchanged
or slightly decreased. Organic acids and some sugars produced during the hydrothermal
process are oxygenated and have lower HHV than deoxygenated biocarbon [68]; thus,
any deposition of these substances on the hydrochar surface could balance the increase in
carbon content, leading to hydrochars showing unchanged or decreased HHV. Moreover, in
some cases, the total organic acid concentration could be too low to influence the elemental
composition and thus the HHV [70]. These findings demonstrate that PW recirculation
effects on hydrochars is strictly related to the nature and preparation of feedstock, the
hydrothermal conditions, and the design of reactor.

Energy yield (EY) is another parameter which measures the energy recovered from
hydrothermally treated biomass, and can be calculated as reported in Equation (1).

EY = MY × EDR (1)

EDR is the energy densification ratio defined as HHVHCdb/HHVRdb (HHVHCdb and
HHVRdb are the higher heating values of hydrochar and raw feedstock, respectively).
Figure 1 reports the comparison of energy yields and carbon recovery values obtained from
HTC steps with deionized water and recirculated PW as a solvent (carbon recovery was
evaluated as carbon mass in the hydrochar/carbon mass in feedstock on a dry basis). For
each feedstock, the increased hydrochar yield, after recirculation steps, led to a noticeable
increase of energy yield and carbon recovery. These trends show that PW recirculation
enhances the carbonization process and allows to recover a considerable amount of carbon,
and thus energy, which otherwise would be “lost” in the aqueous reaction medium.
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2.3. Effect on Chemical Composition

Proximate and elemental compositions of hydrochars, obtained from HTC steps
with deionized water and recirculated PW as a solvent, are reported in Table 2. After
recirculation steps, as it can be observed, the hydrogen (H) and nitrogen (N) contents
remained almost unchanged, as commonly observed during HTC of lignocellulosic waste
biomass [59]. Differently, carbon (C) and fixed carbon (FC) contents increased while
oxygen (O) and volatile matter (VM) contents decreased [46,66,67,73]. These findings
confirm that the hydrochars are further converted into solid fuel by HTC with recirculated
PW. As mentioned in the previous sections, the changes in the chemical composition of
hydrochars after recirculation steps are primarily due to the catalytic role of organic acids
concentrating in recycled PW. The increasing carbon content and decreasing oxygen content
demonstrate that deoxygenation is promoted by PW recirculation [43]. Sugars derived
from the hydrolysis of hemicellulose and cellulose are dehydrated into intermediates such
as HMF which are further dehydrated and decarboxylated, producing H2O and CO2 [78].
Besides, during condensation and polymerization of furfurals, further water is eliminated,
causing a remarkable reduction of the oxygen content in the solid products [66].

Table 2. Effect of process water recirculation on hydrochars’ proximate and elemental composition. For each parameter,
reference value of HTC step with deionized water and value of recirculation step corresponding to maximum C (FC) content
are reported. Operating conditions (temperature, RT, B/W, RS) are reported in Table 1.

Feedstock
Proximate Composition (wt% d.b.) Elemental Composition (wt% d.b.)

References
VM Ash FC C H N O

CK 64.6–61.4 2.8–5.2 31.2–32.2 56.2–57.6 5.8–5.7 1.8–1.9 33.4–29.5 [46]
BSG 70.7–69.3 4.5–3.8 24.8–26.91 61.9–60.8 8.0–7.7 3.8–4.0 21.3–22.8 [66]
BSG 69.5–67.7 4.7–4.9 25.8–27.5 62.5–62.7 7.6–7.9 3.9–4.0 20.8–20.1 [66]
BSG 66.3–65.8 4.1–4.6 29.6–29.6 64.1–65.2 7.7–8.1 4.1–4.2 19.4–17.3 [66]
BSG 64.0–64.9 4.6–4.5 31.4–30.6 65.5–67.7 8.1–8.3 4.1–4.3 17.2–14.8 [66]
LM Na 1 na na 45.9–55.7 6.3–6.7 3.6–4.2 34.9–27.5 [67]

SPW 65.4–64.5 6.6–6.8 28.0–28.7 58.0–59.2 5.4–5.5 0.2–0.2 29.6–28.2 [69]
PP na na na 54.7–49.9 5.7–6.1 na 39.4–44.1 [72]
CH na na na 66.5–68.5 7.6–8.0 6.5–6.5 12.4–11.5 [73]
SS na na na 52.1–53.5 5.3–5.5 3.0–3.3 24.7–22.9 [73]

PW na 0.7–0.4 na 62.2–65.2 5.6–5.5 0.2–0.1 na [74]
GP 41.9–43.3 2.9–2.37 na 61.6–61.9 5.9–6.1 1.8–2.1 27.7–27.4 [75]
OP 38.0–41.0 5.5–7.6 na 56.6–58.3 5.4–5.1 2.4–2.8 29.3–26.0 [75]
PL 39.2–38.1 11.3–11.7 na 51.8–51.0 5.4–5.3 3.9–4.2 27.6–27.9 [75]

LPW 65.3–62.6 2.3–3.0 32.4–34.4 na na na na [76]
LPW 58.1–58.1 3.1–3.2 38.8–38.7 na na na na [76]
LPW 50.5–51.7 3.2–3.3 46.3–45.1 na na na na [76]

1 na = not available.

As well reported in the literature, hydrochars often exhibit lower ash content than raw
feedstock [34,79,80]. Alkali metals such as Na and K and other inorganic elements which
are commonly found in considerable quantities in the raw feedstock are largely removed
from the solid phase during HTC [21]. However, the ash content of hydrochars gradually
increased with the number of PW recirculation steps. This may be a result of an increased
concentration of non-leachable inorganics into PW [76]. For the reasons stated above, PW
recirculation during HTC demonstrates to be a suitable way to enhance the carbonization
process of biomass into a solid biofuel, improving the characteristics of hydrochars, which
could be considered a potential added renewable energy source in coal co-firing plants [81].
Figure 2 shows the hydrochar production mechanism during HTC with recycled PW.
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3. Effect of PW Recirculation on Liquid Phase Properties

Aqueous reaction medium collected after HTC of lignocellulosic biomass shows a
pH in the acidic range, typically between 4 and 6 [39]. Although organic acid production
from dehydration of sugars could be promoted during recirculation, the recycled PW
showed a slight increase of pH (Table 1). This trend could be explained by the potential
increase of inorganic ion (such as alkali metals) concentration in the recirculated liquid
phase. Indeed, during the HTC process, the most of inorganics elements present in the
inorganic extractives of raw feedstock tend to leach towards the aqueous phase [21]. TOC
values showed a noticeable increase after PW recirculation steps (Table 1), obviously due
to the increase of organic soluble compound concentration at each step, in addition to
those produced in the previous cycle. However, this trend was shown to decrease with
the increase of the number of recycling steps. This behavior can be explained with the
reactions of condensation and back-polymerization of soluble organics occurring in a
greater extent with the increase of their concentration in PW [46,67]. In order to examine
the chemical composition and evolution of the recycled process water, concentrations
of selected organic compounds accumulated in PW (e.g., organic acids, HMF, furfurals,
phenols) were measured by high performance liquid chromatography analysis [66,74].

It was observed that the concentration of the organic acids increased during the first
recirculation steps and thereafter, remained almost constant [46]. According to the process-
ing conditions such as the severity of reaction, some acids appeared to be more stable while
others increased until equilibrium was reached during the recirculation cycles. During the
HTC of green waste, Kochermann et al. [70] found that acetic acid increased significantly
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as the temperature increased, probably because a higher temperature enhances biomass
hydrolysis. The concentration equilibrium was not reached in contradiction with a study
by Stemann et al. [74] who observed a fast equilibrium of acetic acid concentration from
the HTC of poplar wood. In contrast to acetic acid, formic acid was found in higher con-
centrations at lower temperatures, but at lower concentrations compared to those of acetic
acid [70]. These considerations are also strictly related to the nature of the treated feedstock.
The dynamic state of the equilibrium of acids, reached after the recirculation steps, probably
contributed to maintain more or less stable pH values. The intermediate substances as HMF
and furfurals behaved differently. It was seen that their concentration rapidly declined
after PW recirculation. This trend is probably due to the intermediates’ participation to
produce new solid phase particles by condensation and re-polymerization reactions [46,74].

Phenols are the main product of lignin degradation and could remain stable in a
subcritical water environment. Similarly to the organic acids, they accumulated in PW and
reached equilibrium [46].

Beside the organics described, many others compounds are found in PW. They consists
of unidentified monomeric substances and presumably a major fraction is of macromolecu-
lar nature [74,82]. The concentration of these molecules was found to rise to a lesser extent
than organic acids [74] or to be decreased [46], suggesting that they can probably take part
in polymerization reactions as well, contributing to hydrochar production. A relative rise
of organic acids, during PW recirculation, compared to more reactive compounds may
facilitate the anaerobic and aerobic treatment of the liquid phase. In particular, formic and
acetic acid can be metabolized quickly to methane by methanogenesis [74]. HTC PW is
a very complex mixture and its composition is largely unknown. The final concentration
of organics in the liquid medium significantly depends upon the rate at which they were
produced and the rate at which they took part in hydrochar production, and thus by the
nature of the feedstock and HTC reaction conditions. A detailed knowledge of the chemical
composition and reactivity of the species in HTC PW is still lacking and thus, further and
in-depth kinetic studies are required.

4. Influence of Operating Conditions on PW Recirculation

Temperature is considered as the main factor that affects HTC reactions and enhances
biomass conversion efficiency by providing more energy for breaking the intermolecular
bonds in the feedstock [83–85]. Higher conversion rates can be achieved as well at longer
retention times [86–88]. Temperature, residence time, and, to a lesser extent, solid load
can be used to measure the severity of the process [23,88,89]. Picone et al. [76] studied
the effects of temperature on hydrochars properties during the HTC of lemon peel waste
with recycled PW. The authors observed that the increase in hydrochar yield obtained after
recirculation steps at 180 ◦C was more pronounced compared to that obtained at 220 ◦C and
250 ◦C. At higher temperatures, organic acids derived from dehydration of intermediate
compounds could be more involved in decarboxylation reactions to form further gaseous
products [90]. This could lead to a lower acid concentration in the spent liquid medium;
therefore, hydrolysis of biomass polymers could not be promoted sufficiently to increase
the availability of soluble intermediates for condensation and re-polymerization reactions.
Moreover, at higher temperatures, the unstable intermediates themselves could form more
rapidly new solid phase particles which aggregate to the hydrochar matrix; hence, lower
amounts of reactive compounds remain in the liquid phase [62,91].

On the contrary, Kochermann et al. reported an increase in hydrochar yield of 4%
at 180 ◦C and of 10% at 220 ◦C, after recirculation steps from HTC of green waste, thus
testifying to the important role played by the nature of the starting biomass. The authors
suggested that these results could be related to the stronger increase of total carbon found
in PW at higher temperatures. The increase of soluble carbonaceous particles is attributed
to a higher degree of feedstock decomposition at 220 ◦C, mainly caused by the hydrolysis of
hemicellulose and cellulose [70]. Challenges in determining the exact mechanisms driving
the changes of hydrochar mass yields with temperature are related to the complexity and
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mutual influence of the process variables involved, as the nature of the feedstock, residence
time, and number of recirculation steps. The effect of residence time on the HTC PW
recirculation process when compared to conventional HTC is similar. At longer residence
times, the organics and less stable compounds in solution react, increasing solid yields [43].
Stemann et al. [74] and Wang et al. [46] found that the HMF concentration decreased after
recirculation steps with residence times of 4 h and 2 h respectively, to form new solid phase
structures, while Kambo et al. [71] reported a HMF content stable after 10 recirculation
steps and a reaction time of 5 min; thus, very short residence times seem to be insufficient
to allow an increase of HMF concentration capable to induce its conversion into hydrochar.
In summary, it appears clear that the effect of process parameters on HTC products during
PW recirculation strictly depends on the type of the treated feedstock and thus on the
nature and concentrations of soluble organics concentrated in the liquid phase. Further
and more systematic investigations are needed to detect the influence of the single biomass
macro-component on hydrochar formation mechanisms during HTC PW recirculation.

5. Challenges and Research Opportunities

In order to decrease water footprint and maximize energy recovery, recycling the
process water as reaction medium during the HTC of waste biomass seems to be a promis-
ing strategy. The reactive substances derived from the degradation of biomass macro-
components during HTC concentrate in the PW, influencing the hydrochar mechanism
formation improving its mass yield and energy properties during recirculation steps. How-
ever, there are only few studies in the literature that deal with PW recirculation and further
investigations should fill existing knowledge gaps of PW valorization by recirculation.
Challenges and future research directions for PW recirculation are outlined in Figure 3. The
literature reviewed suggests that the effect of PW recirculation on hydrochar production
strictly depends on the type of feedstock and hydrothermal conditions. One of the main
challenges of PW recirculation during HTC is the optimization of process parameters and
the investigation of their effective influence for different biomasses. It was observed that,
as the reaction severity increases (high temperatures and long residence times), there are
more mass transfers from the feedstock towards the liquid phase [83,87,88]. However,
at high temperatures and long retention times, a lower concentration of reactive soluble
compounds could be available in the recycled PW; indeed, these substances could be more
involved in decarboxylation reactions to form gaseous products and in re-polymerization
reactions to aggregate into the hydrochar matrix during the first HTC step [76]. Future
works should systematically investigate the influence of the feedstock nature, and thus, of
its macro-constituents during PW recirculation at different temperature, residence time,
and solid loads. Solid to water ratio directly affects organic compound concentration in
PW and thus its reactivity. The amount of water in HTC should be such that it ensures the
occurrence of hydrothermal reactions for the whole biomass sample as well as sufficient
heat and mass transfer [91]. Experiments were usually carried out with a biomass to water
ratio of 1:4 to 1:10 [43]. When high biomass to water ratios are used, large concentrations
of reactive by-products will be present in the liquid medium; therefore, liquid to solid
pathways could be likely to start earlier, leading to an increase in hydrochar yield after few
recirculation steps [92–94].

Hydrolysis reactions could intensify and result in higher carbonization rates when
more water is used; thus, the PW, if recirculated, could increase the availability in the
liquid phase of energy dense particles, which could be responsible for higher HHV for
the hydrochars obtained [95,96]. The challenges in understanding the influence of PW
recirculation during HTC are also related to the lack of studies using advanced analytical
methods, such as HPLC or more sophisticated techniques. Analytical methods such as
Fourier transform ion–cyclotron resonance mass spectrometer could help to shed a better
light on PW compositions and its variation during recirculation steps [43,97]. Hydrochars
obtained after PW recycling should also be characterized in terms of surface chemistry and
morphology [66]. The combustion behavior of hydrochars should be analyzed in order
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to assess how organic compounds in PW could affect their reactivity after recirculation.
Kinetic studies should be promoted to evaluate the order, interactions, and severities of the
reactions induced by the recirculation in HTC, despite their complexity that is also related
to the different nature of the feedstock. Computational fluid dynamic studies together
with kinetic modeling could provide a better insight into the reaction mechanisms and
prove the experimental results. The carbonization of biomass can be improved by using
acid catalysts which facilitate hydrolysis [98]; however, the application of catalyst in the
hydrothermal process is limited by the costs associated with the use and recovery of the
catalyst [43,99], unless it is dissolved in the liquid phase and recirculated in the process
together with the PW. Since the HTC liquid phase, even after several recirculation steps,
contains nutrients (i.e., nitrogen and phosphorus compounds), minerals, and dissolves
organics, it can be an interesting substrate for anaerobic digestion, reducing the organic
matter content while producing biomethane [100]. Combination of HTC PW recirculation
and anaerobic digestion of the resulting liquid phase could be a win strategy for a cleaner
and more cost effective valorization of wet waste biomass. The recirculation of PW could
increase the overall energy efficiency, by recovering the energy “contained” in the aqueous
medium, and reducing the energy use related to water consumptions treatments. Therefore,
it becomes imperative to carry out a techno-economic assessment of the PW recirculation
strategy to make the methodology even broader, sustainable, and perfectly suited to cleaner
HTC production processes.
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6. Conclusions

The PW recirculation during HTC could represent a viable and valuable method for
the successful sustainable implementation of waste biomass for bio-energy production.
More investigations are needed to characterize the HTC products generated after certain
previously established recirculation cycles and evaluate the potential benefits for the
environment and economic saving. In this review paper, the current knowledge on PW
recirculation was reviewed and challenges were presented to identify future directions
of PW recirculation HTC strategies. PW recirculation could increase hydrochar mass
yield and improve its energy properties. Organic acids concentrated in recycled PW
could enhance hydrolysis reactions increasing the concentration of reactive organics in
the liquid phase. These soluble compounds could be involved in liquid to solid reactions
and contribute to hydrochar mass yields. Dehydration and decarboxylation reactions are
promoted by recirculation due to the increased concentration of organic acids in recycled
PW. Further deoxygenation of biomass and the increase of carbon content in hydrochars
during recirculation could lead to a slight increase in the HHV of solid products. Effects of
PW recirculation on HTC products are strictly related to the biomass nature and operating
conditions. Future studies are needed in order to detect the influence of process parameters
on hydrochar formation during recycling of PW as reaction medium starting from different
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types of feedstock. Solid and liquid phases obtained from HTC with recirculated PW
should be characterized by advanced analytical methods to gain a better understanding
of reactions promoted during the recirculation. Once reliable knowledge is obtained, the
potential advantages of the PW recirculation strategy should be finally evaluated from a
techno-economic view, to understand the effective environmental and economic impacts
for a cleaner production system of renewable solid biofuels via HTC.
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