Hydrothermal liquefaction of waste biomass in stirred reactors: one step forward to the integral
valorization of municipal sludge
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Abstract

Hydrothermal liquefaction (HTL) of municipal sludge (MS) was performed at fixed kinetic severity
(LogRo=8.9) in static and stirred batch reactors to study the effect of subcritical and supercritical
water conditions and of the flow regime on the energy recovery of the process and on the quality of
the products. HTL experiments were done at 350°C for 30 min and at 400 °C for 0 min. The C
content of the solid residues (SR) and the H/C ratios of the biocrude (BC) increased when the
stirred reactor was used both in sub- and supercritical water conditions. With adopted experimental
procedures it was possible the detection and quantification of a liquid hydrocarbon fraction
separated from the BC and the reduction of the yield of volatiles, i.e. organics lost during work-out
procedures, to 10% w/w or less. The highest value of the hydrocarbon yield, 25% w/w, was
obtained in supercritical conditions. Quite interestingly, and to the best of our knowledge for the

first time, we have found that the cumulative energy recovery of the product phases was



significantly higher than 100% thus indicating that HTL of MS can be energetically driven by
renewable thermal energy, such as solar heat, offering a storage option for it.
Keywords
Hydrothermal liquefaction, waste biomass, municipal sludge, biofuel, energy recovery, energy
storage.

1. Introduction
The global threats constituted by the climate change, the improving energy demand and the growing
challenges concerning waste disposal are highly motivating the research of novel industrial routes
to obtain energy from renewable sources such as biomass [1-3]. However, the practical use of
biomass as bio-feedstock is strongly affected by its cost. In this context, wet waste biomasses are
costless raw materials widely available in large quantities [4-6]. Among them, municipal sludge
(MS) from urban wastewater treatment plants (UWWTP) are accumulated as wet solid waste. In
particular in 2015, 3 millions of tons of MS were produced in Italy and just 0.8% was processed to
produce energy [7] while the majority was disposed in conventional municipal landfill [8] with a
cost that can be higher than 80 €/ton [9]. Moreover, traditional disposal strategies such as landfilling
and incineration are restricted because of severe directives from environmental authorities [8].
Hydrothermal liquefaction (HTL) is considered an interesting route to convert a wide variety of
water rich bio-feedstocks to biocrude (BC), a heavy oil actually considered the main product of the
process [5, 10]. In this context, HTL could represent an alternative solution to achieve an integral
valorization of the MS since they were already proved to be a zero cost bio-feedstock equivalent to
microalgae [9, 11, 12] whose utilization would reduce of 40% the operating expenses of the
process. [13, 14]. Indeed BC is not the only added value product of HTL as different co-products
can be identified: an aqueous phase (AP) rich in water soluble products (WSP) — namely organic
compounds - a gas phase rich in CO2 (GAS) and a solid residue (SR). Utilization of these co-
products can be performed with an economic gain: for example the AP can be sent back to the HTL

reactor improving the yield and quality of BC [15-17], or it can be converted to a hydrogen rich gas
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or biogas by aqueous phase reforming or anaerobic digestion respectively [18-20]. Furthermore,
HTL of MS was reported to be more interesting than anaerobic digestion because it allows
significant reduction of the amount of solids to dispose [21-23] and moreover, using bio-feedstock
with low heavy metals content [24, 25] the SR can achieve the characteristics of a solid recovered
fuel (SRF) as defined by UNI EN 15359 [26].

HTL takes place at temperature from 300°C to 400°C and pressure of about 10-40 MPa [27] that
are milder operative conditions with respect to other routes for the conversion of wet biomass such
as hydrothermal carbonization and hydrothermal gasification [28]. In this aqueous environment, the
peculiar properties of dense water at near-critical conditions promote the depolymerization of the
bio-macromolecules in the biomass [29 — 35, 36] resulting in the formation of a wide range of low
molecular weight organic compounds distributed in the produced phases (BC, SR, AP, GAS). It
must be underlined that, to date, significant amount of light fractions of aforementioned molecules,
termed volatiles (VT), are lost using the work-out procedures reported in literature, and in most of
the cases, their yield was estimated as the complement to 100 of the cumulative yield of quantified
products.

Many investigations indicate that the yield and characterization of the products strongly depend on
the biochemical composition of the adopted feedstock [37], the biomass loading [38, 39] and the
reaction temperature and time [4, 24, 34, 40-43]. Indeed some studies about the HTL of lignin
compounds [44] and microalgae [45] considered the correlation between operative conditions and
the closing of the mass balance. The main outcome is that the difficulties to achieve quantitative
recovery of products increases with the complexity of the phase behavior of the system [5, 37, 46,
47]. With microalgae, it was possible to close the mass balance only when reaction temperature
lower than 250°C were used [45]; this result was never reached with MS. Other studies indicate
that, at temperature higher than the critical point of water part of the formed BC is transformed into
a light oil fraction (not quantified) and gases [34]. Quite interestingly a recent study on fast HTL of

MS at different reaction temperatures and times showed that, even using optimized operative
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conditions, the VT yield never decreased below 20%[48]. An important aspect of the HTL is the
energy recovery of the process that affects its economic sustainability. Estimation of global energy
recovery of the produced phases was not possible yet owing to the large fraction of VT reported in
studies published till now using real bio-feedstocks as microalgae [45, 49], macroalgae [49],
lignocellulosic wastes [49] and MS [9, 39, 45, 48, 49]. Furthermore, the presence of a not-polar
hydrocarbon fraction in the BC was detected by several techniques but, to the best of our
knowledge, an attempt to perform quantization rather than identification of the main components
was never addressed [36, 49, 50, 51]. To date, many investigations based on HTL of MS were made
in stirred [4, 34, 40 — 42] or in static reactors [24, 43] to assess the role of the operating parameters
on the distribution and quality of products but there is no comparison between the two different
reactors using the same experimental conditions. In our opinion, the reactor configuration and the
work-out operations can be adjusted to control the effects of the complex phase behavior of the
system and to minimize the amount of VT to make possible the estimation of the cumulative energy
recovery and to assess the sustainability of industrial application of HTL as possible solution to
solve the problem of MS management.
According to this consideration, in this study we adopted work-out procedures that strongly
decreased the amount of VT in the HTL of MS comparing the results in static and stirred batch
reactors. Using these experimental methods we studied, at fixed kinetic severity, the effect of
reaction temperature and time and of the fluid dynamic regime on the final yield and quality of BC,
SR and liquid hydrocarbons (HC) finding experimental conditions that make possible the
valorization of any obtained product phase thus supporting the practical feasibility of HTL of MS.

2. Materials and Methods

2.1. Materials

MS used as wet biomass for HTL experiments were provided by the UWWTP of Palermo, Italy
(A.M.A.P. s.p.a.). Table 1 lists MS properties. Moisture and organic content were determined as

reported elsewhere [9]. Cyclohexane (Sigma Aldrich, analytical grade) and acetone (Sigma Aldrich,
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HPLC grade) were the solvents used to recover the produced BC. Tetradecane, 1-tetradecene,
hexadecane and 1-hexadecene (Alpha Aesar, analytical grade) were used as GC standards to build
calibration curves for the analysis of hydrocarbon fraction.

Tetrahydrofuran (anhydrous, +99.9% Sigma Aldrich) was used as solvent to prepare liquid samples
for the GC analysis [52]. Methyl heptadecanoate (Sigma Aldrich, +99%) was adopted as internal

standard.

Proximate analysis of MS (% w/w dry biomass)

Moisture 76

Organic Content 80+0.2

Elemental analysis

C 452 +0.21

H 6.87 +0.05

N 5.92+0.03

S 1.46 + 0.07

HHV (MJ/kg) 20.6+0.2
Hg (mg/kg) <0.1

Table 1: Proximate and elemental analysis of adopted MS (O % w/w was determined by
difference).

1.1. Experimental methods
The HTL experiments were performed in an axially stirred autoclave reactor with a free volume of

16 mL made from 3/4 in. Swagelok® VCR (316SS) male union and caps. The reactor sealing was



previously tested till 25 MPa as reported in our previous study [9]. The experimental apparatus
described elsewhere [9] was joined to the shaft of an IKA RW16 lab stirrer to perform experiments
under stirring conditions (170 rpm). After the reaction the reactor was quenched using a water bath.
The upper part of the reactor was connected, through a 1/16-inch 316SS tube to a Parker needle
valve that allowed to insulate the reactor during the reaction process (maximum operative pressure
of 41 MPa) and to join the reaction chamber to a gas expansion system to collect the produced gas
phase [9, 53]. The heating profile of the axially stirred reactor was studied in blank experiments and
an heating rate of 13 K/min was determined.

Before any HTL experiment, the reactor was filled with 5 g of the aqueous slurry (10% w/w of dry
MS in deionized water) and ten quartz spheres (diameter 3 mm) loaded to promote mixing, the
reactor was sealed and cleansed with argon (Air Liquide 99.999% purity) whose residual pressure
after purging step was 0.2 MPa. Then the reactor was fastened to the bottom part of the shaft (part e

in Fig. 1).
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Figure 1:Experimental apparatus: a) IKA RW16 lab stirrer; b) Parker needle valve; c) upper shaft
fixed to the reactor; d) reactor body; e) bottom part of the shaft fixed to the cylindrical heating unit;
f) fan.

The temperature of the reactor was measured by an infrared thermometer during the experiments.
The time during which the reactor was kept at the set-up temperature was considered as reaction
time and when 0 min is reported it means that the reactor was quenched immediately after the set-
up temperature was reached. At the end of the reaction, the reactor was disconnected from the IKA
RWI16 lab stirrer, extracted from the oven and then quenched with cold water as reported elsewhere
[9].

1.2. Work-out procedures
Separation procedures were based on those adopted in our previous work [9], with some
modifications aimed to maximize the recovery of the products. The sonication of the reactor after

addition of acetone was modified since ultrasounds can heat the system with evaporation of volatile
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compounds. In the new procedure, the reactor was filled with 5 mL of cyclohexane and stirred in a
shaker incubator at 20°C for 3 h. The residual aqueous phase (dissolved in the acetone in the
previous procedures) was recovered and added to that obtained by centrifugation. Only at this point
the reactor was filled with 5 mL of acetone to recover the residual BC from the inner walls. This
step was repeated till the recovered liquid solution was clear.

Another important modification adopted in this study concern the determination of the BC mass.
The solvent stripping used in the previous study was modified in a controlled stripping process
(Figure 2) performed at 50°C for 6h under a continuous flow of inert gas (approximate flow-rate 1
L/min) condensing the produced vapors in a cold trap cooled at -10°C by a chiller. At the end of the
6 h the rounded bottom flask with the remaining BC (Fig. 2ii, part a), and the glass jacketed flask,
full of trapped liquid phase, were disconnected from the system. This experimental set-up allowed
us to detect and quantify by gas-chromatographic analyses hydrocarbon compounds in the
condensed vapors.

Then, the rounded bottom flask containing the residual BC was weighted and the BC yield was

determined.



I) COOLER
-10°C)

g )( .
INERT GAS FLOW %,/
INLET e
b INERT GAS FLOW
Lo §———+ OUTLET
. Lo
. > : x_
PN
HEATER PRy
(50°C) @
0 [+ H
; v ] R AN
e N I

!

a) b)
SOLVENTS AND BIOCRUDE TRAPPED VAPORS

ii)

INERT GAS FLOW i - -

INLET P 4
fr

i 4

i =

1 ‘ INERT GAS FLOW

|
|
+ HI
A
B I * OUTLET
I |
) |
50°C | -10°C
T T I e
a) b)
SOLVENTS AND BIOCRUDE TRAPPED VAPORS

Figure 2: 1) flowsheet diagram of the controlled evaporation process, ii) detailed scheme of the
system: a) rounded bottom flask in which the solvents and BC were initially loaded; b) jacketed

flask from which the condensed vapors were recovered at the end of the process

1.3. Elemental analysis
All HTL experiments were repeated twice to determine the reproducibility and reported yields are
mean values. The standard deviations of product yields in % units were 1.1 for BC, 3.0 for the
hydrocarbons (HC), 1.0 for the WSP, 1.0 for the GAS and 5.0 for the SR.

The yields of products were calculated according to equation (1) in the dry ash free form (daf):

Yieldé’gg;iﬁg/s ww) = (Massaqs of product/ massqq; of MS) x 100 (1)

The yield of VT (Yield"") was determined by the equation (2):

Yield"T (%) = 100 — Yield?¢ (%) + Yield"C (%) + YieldSR (%) + Yield"s? (%) (2)



Gases were analyzed by Agilent Technology 7890B GC using the method described in detail
elsewhere [9].

Liquid solutions recovered in the cold trap were analyzed using a Perkin Elmer Autosystem XL Gas
Chromatograph, equipped with a capillary column ZB-FFAP (30 m x 0,25 mm x 0,25 um)
Phenomenex. Calibration of the chromatograph was performed using GC standards of tetradecane,
1-tetradecene, hexadecane and 1-hexadecene. The standard deviation for the % w/w composition of
hydrocarbon fraction amounted to 1.5. The amount of products and the composition of the gas
phase were determined as in our previous study [9]. Molar percentage of the components of the
produced gas were obtained with an average standard deviation of 0.1 per cent unit. CHNS
elemental composition analyses of the MS, of the BC and of the SR were performed by Perkin
Elmer 2400 Series II elemental analyzer and O (% w/w) was determined by difference (eq. (3)):

O =100-C- H- N-S- ashes 3)
Where C, H, N, S are the % w/w detected by the elemental analyzer and the ashes are the ash
average percentage obtained, as previous described, by calcination at 550°C, for 6h. The same
calcination process was performed on BC samples finding an ash percentage below detection limits
(0.5% w/w).

The high heating values (HHV) of BC and SR were calculated by the expanded Dulong formula
[54]:

HHV(M]/kg) = 0.338C + 1.44 (H — 0/8) + 0.094 S (4)
The volume of vapor and liquid water inside the reactor in subcritical condition were determined by
solving the system composed by the equations (5) and (6):

oLV +ovVy = Miger (5)

Vi +Vy = Vit (6)
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Where g;, and gy are the densities (g/mL) of liquid and vapor water at 350°C, V; and V,, are the
volumes (mL) of liquid and vapor water, ML%, .. is the total mass (g) of water initially loaded inside
the reactor and V;,; is the total volume (mL) of the reactor.

The kinetic severity factor defined by Overend et al. [55] was used as parameter to choose the
operating conditions (temperature and reaction time) for the batch HTL experiments. To calculate
the value of this parameter taking into account the heating transient, the numerical integration of the

equation was used considering the temperature profile inside the reactor (eq. 7) [56]:
— (tr
Ro = J, exp((T(t) . 14.75) /100p¢)) dt )

The energy recovery (ER) of each collected product was estimated by the equation (8):

product

(daf)(% w/w) X 100 (8)
HHeredstock

meductx Yield

HH
ER(%) =

The cumulative energy recovery (ERc) was calculated by the following equation summing the energy

recovery of each product:

ER¢(%) = ERpc(%) + ERyc(%) + ERsg(%) + ERysp(%) ©
2. Results and discussion

2.1. Effect of reactor stirring

Preliminary runs were performed in static batch reactors to assess how the yields in the products
changes with respect to those obtained in our previous study [9] for the new downstream recovery
procedures.

This step was considered important because HTL of a biomass produces a multiphase product mixture
whose fractionation requires very complex procedures that can strongly affect the determination of

yields and compositions of the products [57, 58].
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Products yield Elemental Analyses
T t HHV
Exp Config. (daf % w/w) (mol ratios)
(°C) (min) (MJ/kg)
BC SR WSP GAS VT H/C O/C N/C S/C

1* 325 30 Static 27 15 14 12 32 142 0.16 0.02 0.01 34.6

2 325 30 Static 34 27 10 13 15 1.68 0.10 0.05 0.01 38.3

results obtained from (Prestigiacomo et al., 2019)
BC: biocrude; SR: solid residues, WSP: water soluble products; VT: volatiles. HHV: high heating
value.

Table 2: Effect of work-out procedures on product yields and composition.

In this study we removed any heating process during product phase recovery from the reactor, like
sonication [9], under the hypothesis that most of volatiles are lost in this step.

Moreover the stripping of acetone and cyclohexane solvents from biocrude was performed using a
closed evaporation system (Figure 3) to trap any BC component volatilized during this unit operation.
Experiments 1 and 2 in Table 2 only differs for the adopted work-out procedure so that any difference
in yields and composition must be attributed to physical separation procedures rather than to different
operative conditions during HTL reactions. As shown in Table 2, using the new separation procedure
an improvement of the BC and SR yields from 27 to 34% and from 15 to 27% respectively was
observed.

When the optimized work-out was used the H/C ratio of the BC increased from 1.42 to 1.68 leading
to an enhancement of calculated HHV from 34.6 to 38.3 MJ/kg.

These results clearly demonstrate that the new adopted downstream processing procedures reduce
loss of mass and lead to a better closing of the mass balance.

It seems interesting to underline that also the SR yields improved (Table 2). This result could be

related with the elimination of the sonication step that promotes the extraction of adsorbed organics
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from the SR. In this study we performed elemental analyses of the solid residues recovered from
experiments 1 and 2 finding that the H/C of this materials increased from 1.10 to 1.24 when the
optimized procedures were employed suggesting enrichment in lighter compounds.

One drawback for the development of a biorefinery process for HTL of wet biomass can be the mass
transfer resistance inside the reactor due to the presence of four different phases. For this reason, in
this study we decided to perform HTL batch experiments with MS at 350°C and 30 min and 400 °C
and 0 min to compare the effect of sub-critical and super-critical regime in static and stirred batch
reactors to examine the effect of water physical state (liquid or gaseous) at fixed kinetic severity of
HTL process (LogRo=8.9). To be sure that under adopted sub-critical conditions the liquid phase
would be a significant reaction locus, its volume fraction in the reactor at 350°C was estimated as
reported in the experimental section. We found that 40% v/v of the reactor volume was filled with
liquid water and this make reasonable to think that stirring should affect the performances of the
process.

On the other hand for what concern the BC, SR, WSP and GAS yields, no significant effect of the
different fluid dynamic conditions was observed at sub-critical temperature (Table 3). When we
analyzed liquid solution recovered from the cold trap of the evaporation system we detected the
presence of significant amounts of C14-C16 hydrocarbons (Table 4). By considering their cumulative
mass, almost quantitative closer of the product mass balance was achieved. When the same
experiments were repeated at 400°C in supercritical regime the BC yields decreased from 42 to 32%
under stirred conditions. This modification was accompanied by an enhancement of the hydrocarbon
yields from 15 to 25%. This result could be attributed to faster rates of decarboxylation reactions that
drive the oxygen transfer from the BC to the GAS [58]. This hypothesis is supported by the increase
of the carbon dioxide molar fraction in the gas phase when the stirred reactor was used (Table 6) .
Elemental analyses of BC collected in these experimental runs are showed in Table 5. It can be
observed that the H/C of the produced BC increased from 1.69 to 1.74 and from 1.60 to 1.69 when

the stirred reactor was used both in sub and supercritical water conditions. Furthermore an higher
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HHYV of the BC was achieved in subcritical water. Quite interestingly the H/C ratio of the produced
BC are in the range accepted for liquid transportation fuels which has to range between 1 and 2.3
[59]. It 1s worthwhile to highlight that the HHV and the organic content of produced SR increased
when stirred reactor was employed at both investigated temperatures as a consequence of the higher

detected C fraction in this product (Table 5).

Exp T t Type of Products yield (daf % w/w)
(°C) (min) reactor
BC HC SR WSP GAS VT
3 350 30 Static 39 14 16 12 12 7
4 350 30 Stirred 40 9 22 11 10 8
5 400 0 Static 42 15 12 14 12 5
6 400 0 Stirred 32 25 18 13 8 4

BC: biocrude, HC hydrocarbons, SR: solid residue, WSP: water soluble products, VT: volatiles.
Table 3: Product yields (daf % w/w) for experiments conducted at 350°C and 30 min and 400°C, 0

min in static and stirred reactor configuration.
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HC composition
Exp Y% wiw
CuaHszo CuaH2s CisH3s CieH32

3 52 83.6 2.0 9.2
4 6.3 76.8 5.6 11.3
5 ND 90.8 ND 9.2
6 ND 88.8 ND 11.2

Exp 3, 4: performed at 350°C and 30 min in static and respectively stirred conditions.
Exp 5, 6: performed at 400°C and 0 min in static and respectively stirred conditions.
ND: not detected.

Table 4: Hydrocarbon fraction composition (%w/w) for experiments conducted at 350°C and 30

min and 400°C, 0 min in static and stirred reactor configuration.
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BC SR
Elemental Analyses Elemental Analyses Organic
Exp HHV HHV fraction
(% wiw) (mol ratios) (% w/w) (mol ratios)
(MJ/kg) MJ/kg) (Y% wiw)
C H N S O* H/C 0O/C N/C S/C C H N S 0* H/C O/C N/C S/C
3 76.08 10.78 4.25 1.11 7.78 1.69 0.08 0.05 0.01 40.0 2419 149 1.18 1.03 842 0.73 0.26 0.04 0.02 8.9 36
4 74.60 10.90 5.63 2.03 6.85 1.74 0.07 0.07 0.01 399 27.64 258 152 0.80 15.04 1.11 041 0.05 0.01 10.4 48
5 69.65 9.38 3.83 1.78 15.37 1.60 0.17 0.05 0.01 345 2033 1.17 091 1.10 10.27 0.69 0.38 0.04 0.02 6.8 33
6 7139 10.11 3.86 2.20 14.44 1.69 0.13 0.05 0.01 36.7 30.08 1.54 1.68 1.12 17.50 0.61 0.44 0.05 0.01 9.4 51

 Percentage calculate by difference using equation (2)

Exp 3, 4: performed at 350°C and 30 min in static and respectively stirred conditions.
Exp 5, 6: performed at 400°C and 0 min in static and respectively stirred conditions.

Table 5: Elemental analyses of produced BC and SR
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mol % of produced

Exp gas phase
CHz4 C2H4 C2Hs CO: CO H:
3 7.9 2.1 2.1 72.8 8.5 6.6
4 1.5 0.4 0.4 92.1 22 3.4
5 93 1.8 2.6 65.6 11.8 8.9
6 0.1 0.1 <0.1 98.3 1.0 0.5

Exp 3, 4: performed at 350°C and 30 min in static and stirred conditions respectively.
Exp 5, 6: performed at 400°C and 0 min in static and stirred conditions respectively.

Table 6: Gas phase composition. CH4, C2Hs, C2He, CO2, CO and H> mol % produced

2.2. Energy recovery in the products
The hydrothermal liquefaction of MS has been proposed as a possible solution for the disposal of
MS since 1992 [60, 61]. The assessment of the economic sustainability of this process was hurdled
by the complex characterization of the products.
As a consequence of the work-out procedures adopted in this study, it was possible to discuss about
the energy recovery potential of all the products of HTL of MS in different fluid dynamic
conditions. In Figure 3 the energy recoveries of the four different product phases are compared with
that of the initial biomass feedstock. In a previous investigation on HTL of MS we found evidence
of endothermic reactions occurring during the hydrothermal conversion process [9]. Under all
operative conditions adopted in this study, the cumulative energy recovery ERc (%) was higher than
100%. The result indicates that aforementioned endothermic reactions have a significant effect on
the energy capture of the process.
As reported elsewhere [47, 60, 61] HTL could be assessed as energy producer, but in a waste to fuel

scenario in which the process is driven by renewable thermal energy i.e. coupled with a
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concentrating solar plant, one can think that the fraction of ER. exceeding 100% represents the
amount of solar energy that can be stored in the products.

According to obtained experimental data, BC and SR can be valorized as biofuel. The water phase
can be recycled to the HTL reactor or used to produce hydrogen by aqueous phase reforming. The
gas phase, rich in pressurized carbon dioxide, can be valorized by a CO> conversion process such
as, just to make an example, its electrochemical reduction to formic acid [62] that can be used as

additive during the HTL step. By this strategy, complete valorization of MS is possible.

B WSP
OSR
BHC
BC

static stirred
reactor  reactor

static stirred
reactor  reactor

350°C, 30 min
Subcritical water

400°C, 0 min
Supercritical water

Figure 3: Energy recovery distribution for experiments conducted with MS at different fluid
dynamics conditions.

3. Conclusions
In this study on the HTL of MS we have adopted optimized work-out procedures that made possible
to reduce the VT yield below 10% also at the highest investigated reaction temperature that is much
lower with respect the values to date reported in literature. This result was obtained thanks to the
detection and quantification of a hydrocarbon fraction separated from the BC. Using a stirred
reactor the energy content of the BC and of the SR increased as indicated by the higher H/C ratio of

the BC and by the higher organic content of the SR. When supercritical conditions were adopted
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carbon dioxide molar fraction in the gas phase and hydrocarbon yields increased simultaneously
suggesting that faster rate of decarboxylation reactions can occur, promoting the in-situ up-grading
of the produced biocrude.
A more reliable estimation of the energy recovery of the products was possible thank to the better
closing of the mass balances. By these calculations cumulative ER% higher than 100% was
calculated that means that, if the HTL reactions would be driven by solar thermal energy, the
process can be used to store solar energy in BC, SR and HC. Moreover all generated products can
be valorized as biofuels or concentrated source of carbon dioxide or recycled back to the HTL
reactor.
These results suggest that HTL of MS in continuous flow reactor at supercritical conditions can be
considered a promising option to solve the problem of their disposal by achieving their integral
valorization.
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