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1. Mass and energy balance calculations
Mass balance on the HTC process has been carried out on gas, solid, and liquid phase. Table

S1 lists the average data used for the HTC process scale-up based on literature values [1].



Table S1. Reference data for the scale-up process [1].

Parameter Symbol Unit

Heating

Reactor volume Vieactor m?3 1
Surface area Ar m? 5.899
Thermal conductivity of insulation A W/m K 0.042
Insulation thickness S m 0.075
Efficiency of the heating element Nheat % 74
Starting and outside temperature To= Tout °C 25
Stirring

Impeller diameter d m 0.373
Type of impeller Np / 0.79
Rotational speed N 1/s 1.417
Efficiency of stirring Nstirr % 90
Filtration

Filtration energy consumption Efit kWhit 10
Drying

Specific heat capacity Cplig kJ/kg K 4.186
Drier efficiency TNheat % 80
Boiling temperature Thoil °C 100
Starting temperature To °C 25
Enthalpy of evaporation AHuvap kJ/kg 2571
Milling

Milling energy consumption Emil kWhit 16
Pumping

Gravitational acceleration g m/s? 9.81
Height different Ah m 4.2
Milling efficiency Nmill % 75

1.2 Milling energy consumption
The raw feedstock is generally ground to an adequate particle size before being sent to the

reactor. The energy consumption of a mill mainly depends on the size of the final particles,



the material to be ground and the type of grinding. A value of 16 kWh/ton of ground material

was chosen as energy consumption for milling (Emiing), according to the literature [1]:

Enmilling = 16 * Mpjomass urc [kWh]

where Mpiomass,HTC 1S the sum of the mass of VP and EGM. In detail, Mpiomass HTc Was determined
as a function of the carbon content in 12 kg of coal, which is used per ton of steel produced in
the EAF [2,3]. Thus, to substitute 12 kg of metallurgical coal [2,3] with a carbon content of
85%, 16.8 kg of hydrochar with a carbon content of 60.86% on a dry basis is needed. By
considering the mass yield on a dry basis of the hydrochar equal to 52.64% [4], the total solid
content of the biomass feedstock (Mbiomass,HTc,db) results in 31.8 kg, which is a blend of 50%wt
of VP and EGM. With a moisture content of 42% and 71% [4] respectively for VP and EGM,
the total Mpiomass,HTc Was 82.3 kg/ton of molten steel.

1.3 Thermal energy for HTC
The thermal energy required during the reaction stage was calculated as the energy to raise
the reaction mixture to the set temperature and to keep it for the duration of the reaction

(Ereact)-
_ Eheat + Eloss

Ereact -

kWh
Nheat [ ]

Eneat IS the energy for raising the temperature:
Eheat = (Cp biomass,HTC * Mpiomass,HTC,db * (Tr - TO) + Myinasse

# (Hyiasse.rr — Hoinasse;ro) ) * 0.000278 [kWh]
where:

®  Cpbiomass,HTC IS the specific heat capacity of dry biomass (VP+EMG) [2.18 kJ/kg K] [4];

®  Mpiomass,HTCdb IS the mass of dry biomass in the inlet of the HTC reactor (mvp,do+Mecm,db)
[kal;

e T is the reaction temperature (246.6 °C);

e T, is the entering temperature of the feedstock reached after the regenerative heat
exchanger (HE) (T, = 109.8 °C);

e 0.000278 is the conversion factor KWh/kJ.

® mjq IS the mass of vinasse entering the reactor (400.1 kQ);

e Hiig 1 is the enthalpy of vinasse at 246.6°C (before phase transition to steam) (Hiigr =
1009.3 ki/kg);



e Hiig1o: is the enthalpy of vinasse at 109.8 °C (reached after the regenerative heat
exchanger (HE), Hiig,ro = 457.1 kJ/KQ);
e 0.000278 is the conversion factor KWh/kJ;
Eloss the energy related to the heat lost on the reactor surface and nneat the efficiency of the

heating device.

A
Eioss = Ax <+ (Tr = Tout) * t/1000 [kWh]

e A surface area of the reactor [m?];
e )\ thermal conductivity of the insulation material [W/m K]
e s: the thickness of the insulation [m]
e T the reaction temperature (246.6 °C);
e To: the temperature of the external environment (25 °C);
e t: the residence time (2.6 h);
and nneat the efficiency of the heating device [1].
The thermal energy required for HTC heating is partly recovered by the heat exchanger and

the remaining contribution is provided by an external heating source.

1.4 Electric energy HTC

Electrical energy is considered the energy required for stirring and pumping.

During the reaction stirring energy is consumed depending on the type (Np) and diameter (d)
of the impeller, the stirring rate (N), the density of the reaction mixture (pmix) as well as the
reaction time (t) and the impeller system efficiency (nsirr). The following equation was used:

(Np * Pmix * N* * dforor) * ¢

- + 1000 [eWh]

Estirr
nstirring

In this work, an axial flow impeller (hydrofoil type) is assessed as stirrer type and turbulent
flow is considered to be generated during stirring, leaving the power number constant for the
calculations [5]. Moreover, the density of the reaction mixture was assumed equal to 1000
kg/m?.

Since the slurry (msiurry) is transferred to the filtration stage through the pumping system, as
well as the vinasse (Mmvinassey from the heat exchanger to the HTC reactor, the electrical energy

was calculated by considering the efficiency of the pump npump, the mass to be transferred m



(Msturry + Muinasse), the gravitational acceleration g, and a height different Ah [1], the energy

consumption in turbulent flow as follows:

m* g * Ah
Epump = —— *0.000278 [kWh]

Npump

A safety factor of 10 % was considered.

1.5 Electric energy for slurry filtration (solid-liquid separation)
One of the main influencing factors on energy consumption during filtration is the particle size
of the slurry. Since during the experimental laboratory procedure the particle size of the solid
fraction was lower than 500 um, for this study, the filtration process was supposed to be energy
intensive. For this reason, the energy consumption during the filtration stage (Efiitration) Was
estimated 10 kWh/ton [1].

Efiltration = 10 * Mgyyrry [KWh]

The dry content of hydrochar after the filter press was assumed equal to 60 wt % [6].

1.6 Dryer

Drying was applied to remove the residual hydrochar moisture. After the filter press, wet
hydrochar (relative humidity = 40 wt%) was assumed to be dried up to a solid content equal to
8 wt%, according to the literature [7,8]. Thus, the amount of water to be removed was obtained

as the difference of the water between wet and dried hydrochar.

1.7 Thermal energy to evaporate water
The thermal energy required to remove water was calculated as follows:

E _ Cplig * Myiq * (Tboil - TO) + AHsteam * Mgteam
dryer —
3600 = ndryer

[KWh]

Where:
® Cpiig IS the specific heat capacity of water at 25 °C (4.186 kJ/kg K);
® Mmijg is the amount of water to be evaporated [Kg];
e Thoil is 100 °C;
e Ty is the room temperature (25 °C);
e AHgeam IS the latent heat of water 2571 kJ/kg;
®  Mgieam IS the amount of steam to be produced equal to miiq [kg];

Ndryer is the efficiency factor of the dryer [1];



The total amount of steam (Msteam = Miig= 9.7 kg) was calculated assuming an 8 wt % of

moisture after drying.

1.8 Heat exchanger

Energy from the slurry exiting the HTC is recovered to preheat the liquid feedstock (vinasse)
entering into the HTC reactor, in a regenerative heat exchanger operating in continuous mode.
A temperature of 35°C was established for the spent liquor leaving the heat exchanger in order
to satisfy the mesophilic conditions for anaerobic digestion [9]. The temperature of the vinasse

entering the HTC reactor (Tvinasse,out) Was determined according to the following relation:

SPENT LIQUOR
(246.6°C)

VINASSE VINASSE oyt
(102.1°C) 4| HEAT EXCHANGER ¢—— (15°C)

i

SPENT LIQUOR o1
(35°C)

Figure S1. Scheme of heat exchanger in which vinasse is heated by hot spent liquor.

Myinasse * Cp,vinasse * (Tvinasse,OUT - TVinasse,IN) = Ingy, * (HSL,OUT - HSL,IN)
where:

e Cpvinasse IS the specific heat capacity of vinasse assumed equal to 4.186 kJ/kg K);

® Myinasse IS the mass of vinasse in the inlet of the HTC reactor [kg];

e Tuinasse,IN IS the initial temperature of the vinasse (15 °C);

e ms is the mass of the hot spent liquor leaving the HTC reactor [kg];

e Hsiour is the enthalpy of the spent liquor at 35°C in non-saturated conditions

(146.56 kJ/kg);

e HsL v iIs the enthalpy of the spent liquor at 246.6°C in non-saturated conditions
(1009.28 kJ/KQ);

The temperature of the slurry out of the heat exchanger was determined (102.1°C).



1.9 Gas balance calculations
Carbon (C) yields were applied to carry out the balance for gas. The hydrochar yield in terms

of C was calculated as follows:

%C m
HY, = 0LHc * Myc,db £ 100 [%]

TOC; Ly
(%CVP * mVP,db) + (%CEGM * mEGM,db) + ( Vlnais(‘)so*o Vlnasse)

where Lyinasse = mvinasse/pvinasse and Pvinasse Was considered equal to 1000 kg/m3

HYc resulted equal to 60.23 wt %.

The liquid (spent liquor) yield in terms of C was calculated as follows:

TOCspentliquor * Mgpent liquor
LYC =

* 100 [%
TOCvinasse * Lvinasse [ 0]

(%CVP * mvp'db) + (%CEGM * mEGM,db) + ( 1000

LY ¢ resulted equal to 11.08 wt %.
The gas yield in terms of C was calculated as follows:
where all the terms were already defined previously.

Thus, GYc (%) resulted equal to 28.69 wt %.

Then, the mass flow of carbon in the gas was calculated as:

TOCvinasse * Lvinasse))

M¢ gas = GYc (%) * <(%CVP * mVP,db) + (%CEGM * mEGM'db) + ( 1000

where all the terms were already known.

Further, the carbon converted into the gas phase was assumed to be a mixture of CO2 and CO
according to the literature [10]
Xco, * PM¢o, + Xco * PM¢o

Mgys = PM_ * Mc gas [kg]

where:
e Xcoz is the percentage of CO in gas (92 vol %) [10];
e Xcois the percentage of CO in gas (8 vol %) [10];



e PMcoz is the molecular weight of CO (44 g/mol);
e PMco is the molecular weight of CO (28 g/mol);
e PMc is the molecular weight of C (12 g/mol);

This gas mixture has been directly emitted into the atmosphere, so the emissions of biogenic
CO- can be calculated.

Gas density has been calculated using the ideal gas law (0 °C, and 1 atm):

P
Pgas = pT * (xco, * PMco, + Xco * PMcp) [kg/m?]

where:
e Pisequal to 101 325 Pa;
e T is the temperature of 0 °C (273.15 K);

e Riisthe universal gas constant (8.314 J/mol K);
and all the other terms were already defined above.

The gas volume was calculated as:

m
gas
Véas = [n13]
Pgas

Lastly, CO2 and CO emissions were calculated using these equations:

P x PMC02
Mco, = Xco, * Vgas * —R.T [kg CO,]
P * PMCO
Mco = Xco * Vgas ¥ —5—=— [kg CO]

R-T
Resulting in 17.82 kg CO2 and 0.99 kg CO.



2. LCA results

Table S2. Characterisation impact results of the production and usage of hydrochar.

Impact category Unit Ereact Estirr Efiltration Edryer Emill Epump Anaerobic Digestion Transport
Global warming kg CO2 eq 2.71E+01 1.92E-02 7.56E-01 2.49E+00 | 5.07E-01 | 3.45E-02 1.32E+00 5.13E+00
Stratospheric
. kg CFCl1leq 6.12E-06 1.24E-08 4.90E-07 5.63E-07 | 3.29E-07 | 2.24E-08 7.95E-07 3.61E-06
ozone depletion
lonizing radiation kBq Co-60 eq 2.61E-02 1.63E-04 6.44E-03 2.40E-03 | 4.31E-03 | 2.94E-04 7.91E-03 4.15E-02
Ozone formation.
kg NOx eq 1.74E-02 3.31E-05 1.30E-03 1.60E-03 | 8.73E-04 | 5.95E-05 1.79E-03 7.72E-03
Human health
Fine particulate
. kg PM2.5eq 4.84E-03 2.18E-05 8.59E-04 4.45E-04 | 5.75E-04 | 3.92E-05 1.18E-03 4.35E-03
matter formation
Ozone formation.
Terrestrial kg NOx eq 1.81E-02 3.37E-05 1.33E-03 1.66E-03 | 8.89E-04 | 6.06E-05 1.82E-03 8.15E-03
ecosystems
Terrestrial
. kg SO2 eq 1.43E-02 6.41E-05 2.52E-03 1.31E-03 | 1.69E-03 1.15E-04 3.44E-03 9.65E-03
acidification
Freshwater
o kg P eq 6.17E-05 7.73E-07 3.05E-05 5.67E-06 | 2.04E-05 1.39E-06 3.42E-04 6.38E-04
eutrophication
Marine
o kg N eq 6.20E-06 5.12E-08 2.02E-06 5.70E-07 | 1.35E-06 | 9.22E-08 9.90E-04 1.06E-05
eutrophication
Terrestrial
o kg 1.4-DCB 1.92E+00 6.02E-02 2.37E+00 1.76E-01 | 1.59E+00 | 1.08E-01 3.14E+00 7.62E+01
ecotoxicity
Freshwater
. kg 1.4-DCB 1.20E-03 6.52E-06 2.57E-04 1.10E-04 | 1.72E-04 1.17E-05 2.05E-03 1.27E-02
ecotoxicity
Marine
. kg 1.4-DCB 5.43E-02 4.46E-05 1.76E-03 499E-03 | 1.18E-03 | 8.03E-05 4.74E-03 5.81E-02
ecotoxicity
Human
carcinogenic kg 1.4-DCB 4.33E-02 2.46E-04 9.69E-03 3.98E-03 | 6.50E-03 | 4.43E-04 2.53E-02 6.23E-02
toxicity
Human non-
carcinogenic kg 1.4-DCB 2.14E-01 4.45E-03 1.75E-01 1.97E-02 | 1.17E-01 | 8.01E-03 6.25E-01 1.45E+00
toxicity
Land use m2a crop eq 8.53E-02 5.47E-04 2.16E-02 7.85E-03 | 1.44E-02 | 9.85E-04 2.89E-02 2.39E-01
Mineral resource
. kg Cu eq 6.77E-03 3.84E-05 1.51E-03 6.23E-04 | 1.01E-03 | 6.91E-05 3.30E-03 1.26E-02
scarcity
Fossil resource
ity kg oil eq 1.12E+01 5.83E-03 2.30E-01 1.03E+00 | 1.54E-01 | 1.05E-02 2.98E-01 1.74E+00
scarci
Water
m3 9.05E-03 3.48E-04 1.37E-02 8.32E-04 | 9.19E-03 | 6.27E-04 -1.36E-01 9.75E-03

consumption




Table S3. Characterisation impact results of the production and usage of fossil coal.

Impact Unit F-EAF Anode Argon Electric arc Ferrosilicon Hard coal Iron scrap Natural gas Nitrogen Oxygen Quicklime Refractory Electricity Electric arc Electric arc Electric arc Inert
category furnace furnace furnace furnaceslag | waste. for
converter dust secondary final
metallurgy disposal
slag

Global kg CO2 eq
warming 4.41E+01 2.98E+00 1.51E+00 4.90E+00 3.20E+01 5.49E+00 3.85E+01 4.84E+00 8.02E-01 1.33E+01 6.86E+01 2.94E+01 2.22E+02 4.83E+00 5.01E+00 4.76E+01 5.68E-02
Stratospheric kg CFC11
ozone eq 0.00E+00 2.30E-06 7.31E-07 1.42E-06 1.08E-05 1.47E-06 1.90E-05 5.90E-06 3.88E-07 6.43E-06 7.25E-06 7.06E-06 1.45E-04 7.49E-07 7.76E-07 7.26E-06 3.62E-08
depletion
lonizing kBq Co-60 0.00E+00 5.97E-02 5.57E-02 2.01E-02 2.23E-01 1.43E-02 3.91E-01 3.05E-03 2.93E-02 4.89E-01 1.54E-01 6.93E-02 1.90E+00 1.47E-02 1.52E-02 1.42E-01 6.45E-04
radiation eq -00EH i e hal e e bl e s e i b S0EH o e e il
Ozone kg NOx eq
formation. 8.99E-02 7.34E-03 2.72E-03 1.60E-02 9.06E-02 2.45E-02 2.50E-01 9.34E-03 1.50E-03 2.42E-02 4.24E-02 6.27E-02 3.72E-01 1.20E-02 1.25E-02 1.17E-01 4.33E-04
Human health
Fine kg PM2.5
’;f;ﬂgﬁ'a‘e € 3.26E-02 5.90E-03 2.23E-03 1.03E-02 1.83E-01 1.32E-02 1.01E-01 3.80E-03 1.18E-03 1.96E-02 2.13E-02 2.77E-02 2.33E-01 3.98E-03 4.12E-03 3.90E-02 1.22E-04
formation
Ozone kg NOx eq
;"gx‘;ﬁ'ﬁ; 9.76E-02 7.64E-03 2.74E-03 1.66E-02 9.51E-02 2.47E-02 2.55E-01 1.00E-02 1.52E-03 2.44E-02 4.36E-02 6.39E-02 3.78E-01 1.22E-02 1.26E-02 1.19E-01 4.42E-04
ecosystems
;f.gﬁfﬁﬂ?.'on kg SO2eq 6.02E-02 1.58E-02 5.60E-03 3.00E-02 1.17E-01 4.11E-02 2.50E-01 1.16E-02 2.98E-03 4.93E-02 5.45E-02 5.23E-02 6.94E-01 9.80E-03 1.02E-02 9.59E-02 2.71E-04
Freshwater kgPeq 0.00E+00 9.81E-0 0E-0 3.40E-0 88E-03 60E-03 6E-03 3.52E-0 9.07E-0 0E-03 2.03E-03 20E-03 8.41E-03 2.42E-0 2.33E-0. 2.23E-03 02E-0
eutrophication .00+ 81E-04 1.70E-04 40E-04 1.88E- 1.60E- 4.46E- 52E-05 \07E-05 1.50E- . 03E- 4.20E- A1E- 42E-04 33E-04 23E- 1.02E-05
x‘;‘:{')’;l cation kgNeq 0.00E+00 4.62E-06 6.42E-06 7.25E-05 1.18E-04 2.22E-05 2.90E-04 5.31E-06 3.37E-06 5.60E-05 1.65E-05 6.43E-05 3.84E-04 5.53E-06 5.73E-06 5.42E-05 3.39E-07
Terrestrial kg 1.4-DCB
ecotoxicity 4.61E+02 4.67E+00 1.73E+00 4.45E+01 5.06E+01 5.25E+00 1.09E+03 1.03E+00 1.09E+00 1.61E+01 1.12E+02 3.53E+01 2.33E+02 1.08E+01 1.11E+01 1.00E+02 4.67E-01
:Crgfmi‘ffy' kg14-DCB | 37eqp 3.43E-03 5.08E-04 1.52E-02 1.64E-02 2.45E-03 8.39E-02 1.13E-03 2.96E-04 4.60E-03 8.79E-03 1.48E+00 4.80E-02 3.64E-01 7.79E-02 208E+01 | 931E-05
e'\ggfici y kg 1.4-DCB 3.10E-01 1.36E-02 2.14E-03 4.30E-02 5.03E-02 6.69E-03 6.25E-01 1.15E-02 1.26E-03 1.94E-02 9.67E-02 2.06E+00 2.52E-01 5.48E-01 1.22E-01 3.12E+01 4.03E-04
Human kg 1.4-DCB
carcinogenic 1.04E-01 5.82E-02 1.25E-02 5.47E-01 4.87E-01 3.91E-02 1.25E+00 2.86E-02 6.79E-03 1.11E-01 1.00E-01 2.28E+00 1.24E+00 2.83E+01 6.01E+00 1.77E+03 7.15E-04
toxicity
Human non- kg 1.4-DCB
carcinogenic 2.94E+01 3.326-01 3.20E-01 3.03E+00 7.06E+00 2.98E-01 5.63E+01 1.10E-01 1.71E-01 2.82E+00 2.60E+00 7.25E+01 2.72E+01 5.06E+01 6.43E+00 7.24E+01 1.10E-02
toxicity
Land use m2a crop

o 0.00E+00 1.47E-01 4.09E-02 1.39E+00 7.21E-01 3.33E-01 4.55E+00 7.93E-02 2.23E-02 3.64E-01 3.48E-01 3.66E-01 5.07E+00 1.47E-01 1.52E-01 1.43E+00 -3.28E-03
Mineral kg Cueq
resource 0.00E+00 4.25E-03 2.01E-03 1.16E-01 8.90E-02 6.43E-03 6.30E-01 5.30E-03 1.10E-03 1.78E-02 7.25E-03 7.64E-02 2.06E-01 1.83E-02 1.90E-02 1.81E-01 1.31E-04
scarcity
Fossil kg oil eq
resource 0.00E+00 2.79E+00 4.09E-01 1.11E+00 9.08E+00 6.94E+00 1.14E+01 7.53E+00 2.15E-01 3.56E+00 6.45E+00 5.21E+00 6.76E+01 6.99E-01 7.24E-01 6.81E+00 3.00E-02
scarcity
\c";z‘s‘i:mpﬁon m3 4.25E+00 7.84E-03 8.35E-02 4.66E-02 1.93E-01 1.07E-02 2.30E-01 3.44E-03 4.41E-02 7.38E-01 3.30E-02 5.30E-02 3.96E+00 1.68E-02 1.75E-02 1.66E-01 1.12E-03
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