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Abstract: The production of Fischer–Tropsch liquid biofuels from the supercritical wa-
ter gasification (SCWG) of lignocellulosic biomass is energetically and environmentally
assessed by coupling process modelling with Life-Cycle Assessment. A conceptual pro-
cess model has been developed comprising the following stages: (a) the thermochemical
conversion of lignocellulosic biomass in a supercritical water gasification (SCWG) reac-
tor, (b) syngas upgrade through dry reforming (DRR), (c) liquid biofuel production from
Fischer–Tropsch synthesis (FTS) and (d) FT product upgrade and refinement, so that diesel-
like (FT—Diesel), gasoline-like (FT—Gasoline), and jet fuel-like (FT Jet Fuel) yields are
predicted. Parametric studies have been performed, highlighting the effect of biomass
concentration and SCWG temperature on end-product yields. Furthermore, alternative
scenarios have been examined with respect to: (a) maximizing FT liquid biofuel yields and
(b) minimizing heat requirements to potentially achieve a thermally self-sustained pro-
cess. The results of the simulated process, including liquid biofuel yield and heat-demand
predictions, are used as inputs in the inventories compiled for the Life-Cycle Assessment
of the overall process. Agricultural and feedstock transportation stages have also been
considered. Energetic and environmental benefits and challenges are highlighted through
the quantification of Global Warming Potential (GWP), while special importance is assigned
to following the REDII sustainability methodology and reference data.

Keywords: Fischer–Tropsch synthesis; life-cycle assessment (LCA); liquid biofuels; process
modelling; supercritical water gasification (SCWG)

1. Introduction
The transport sector is one of the largest sources of greenhouse gas emissions in the

EU. Despite efforts, transport emissions have increased by 26% since 1990, and although
estimates of 2023 emissions indicated a small drop of 0.8% compared to 2022, their projected
share for 2030 on total emissions could reach 44% [1].

Although the use of innovative technologies for the decarbonization of the trans-
port sector (e.g., electrification or hydrogen) is strongly promoted and under extensive
investigation, the operation of large-scale applications is yet to be established. Therefore,
biofuels comprise a convenient, reliable, and tangible short-term solution. Since 2009, the
EU has introduced Renewable Energy Directives (RED) [2,3], according to which all country
members are obliged to cover a significant part of their transport energy demand from
renewable sources. In the latest amendment (Renewable Energy Directive III), published in
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October 2023 [4], it is stated that renewable energy sources in the overall energy mix must
increase to at least 42.5% by 2030. An additional non-mandatory 2.5% top is also foreseen
to achieve an overall EU target of 45% and be aligned with the REPowerEU Plan [5]. The
sub-target for advanced biofuels was kept constant at 3.5%.

Supercritical water gasification (SCWG) is a complicated, hydrothermal process
where biomass is converted to syngas containing CH4, CO, CO2, and H2 [6]. The wa-
ter input has a multi-functional mission, since is used as a reactant, reaction medium,
and solvent [7,8]. This is made feasible after reaching supercritical operating conditions
(T > 374 ◦C, p > 22.1 MPa) [7,9]. SCWG comprises reaction steps such as hydrolysis, crack-
ing, polymerisation, reforming, water–gas shift (WGS), and methanation [10]. It also depicts
several advantages: (a) biomass samples with high moisture content can be processed and
thus an upstream energy-intensive drying stage (which is necessary in the traditional
gasification process) is avoided [11,12]; (b) the lower density–viscosity–dielectric constant
properties of supercritical water ensure good mixing and are beneficial to the degrada-
tion of the biomass organic compounds, indicating that supercritical water is an ideal
solvent [6,13]; (c) it can be associated with high gasification efficiencies, increased hydrogen
yields, increased reaction rates, and minor formation of tars and CO [9,14]; (d) a pump
is used to increase the water pressure upstream from the reactor and thus less mechan-
ical power is required than using a compressor [8]; and (e) the produced syngas can be
expanded in a turbine to produce electricity [8]. On the other hand, SCWG presents notable
challenges such as: (a) significant energy demand, given that SCWG is an endothermic
process and large amounts of water must be heated; (b) the corrosion of reactor materials
due to extreme pressure and temperature conditions as well as the presence of traces of
sulphur and chlorine in lignocellulosic biomass; and (c) reactor clogging [15].

Syngas composition is influenced by the biomass (feedstock) concentration in the
reactive mixture as well as by the SCWG reactor’s operating conditions such as temperature,
pressure, and residence time [8,9,16]. Experimental studies focus on producing syngas with
high CH4 and/or H2 concentrations [8,16,17]. Downstream from the reactor, syngas can
be upgraded to either produce clean gas biofuels (e.g., hydrogen) [14,18] or provide an
appropriate H2/CO mixture to be fed in a Fischer–Tropsch reactor, thus producing liquid
biofuels (BTL—the biomass to liquid process) [8].

Several publications can be found in the literature reviewing the integration of biomass
gasification with Fischer–Tropsch synthesis (BTL–FTS) and focusing on the overall pro-
cess’s main stages and characteristics [19,20]. Process viability and environmental impact
implementing techno-economic analysis and Life-Cycle Assessment (LCA) methods have
also been examined [21–23]. The use of “green” hydrogen (produced by electrolysis with
renewable power) to significantly increase the overall BTL–FTS process’s carbon efficiency
has also been investigated [24–26]. However, only a few studies have tackled the inte-
gration of SCWG with FTS. Rahbari et al. [27] presented a techno-economic analysis of
an integrated solar-driven SCWG and FTS process to produce liquid biofuels from algae.
A detailed process model was developed to perform the production process’s mass and
energy balances. Campanario and Ortiz [28] proposed an integrated process to produce FT
liquid biofuels from the SCW reforming of an aqueous bio-oil phase. Optimal conditions
and scenarios for the maximization of product yields when process energy self-sufficiency
is achieved were also reported. The effect of several techno-economic parameters on the
viability of the proposed chain was addressed in [29]. Additionally, this integrated process
has been examined as part of an overall project aiming to valorize the reject fraction of Mu-
nicipal Solid Waste (MSW) [30]. Despite efforts, the implementation of SCWG to produce
liquid biofuels is still not a mature technology used in scaled-up plants [8]. Furthermore,
the use of other biomass types (e.g., lignocellulosic biomass) in SCWG chains comprising
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all necessary downstream steps, including syngas upgrade and FT biofuel production with
refinement, has not been previously studied.

For this reason, a conceptual process chain, implementing SCWG, dry reforming
(DR), and FT synthesis to produce synthetic liquid biofuels from lignocellulosic biomass,
has been developed and is energetically and environmentally assessed in this work via a
combined process modelling–LCA approach. Previous studies by the authors, in biomass
gasification [31] and other industrial applications implementing this approach, have shown
that a more comprehensive, accurate, and customized LCA can be achieved [32,33]. A
conceptual computational process model has thus been developed to reproduce the basic
SCWG–DR–FT process steps. It also includes an FT product upgrade and refinement section
so that FT liquid biofuel yields (FT Diesel, FT Gasoline, and FT Jet Fuel) are predicted and
used as input in the LCA. Alternative scenarios are assessed towards minimizing the heat
requirements of the production chain and potentially achieving heat self-sufficiency for the
process. The sustainability of the examined concept is evaluated through the quantification
of the Global Warming Potential of the full production chain (from energy-crop cultivation
to biofuel production), by implementing life-cycle methodologies. Special importance
is assigned to following the REDII sustainability methodology, while detailed impact
breakdowns are provided towards acquiring a holistic environmental performance profile.

2. Materials and Methods
2.1. Biomass Types

In the present simulations, two representative lignocellulosic biomass types have been
considered: Miscanthus and Reed Canary Grass (RCG). Both are prominent energy crops
used for the phytomanagement of marginal–degraded land [34–36]. Their selection allows
the LCA methodology (further elaborated in Section 3.2.1) to consider the corresponding
carbon-emission bonus foreseen in REDII [2] for biomass obtained from restored degraded
land (details in Section 3.2.1). This enables the evaluation of the carbon bonus within the
total environmental impact of the examined liquid biofuel production chain.

2.2. Process Modelling of FT Biofuel Production from SCWG of Lignocellulosic Biomass

A computational process model has been developed to simulate the conceptual su-
percritical water gasification (SCWG) chain for FT liquid biofuel production. Simulations
of the SCWG reactor examine the effect of SCWG temperature and biomass (dry matter)
concentration on the produced syngas composition. Downstream from the SCWG, syngas
is upgraded through dry reforming (DR) and the resulting mixture of CO and H2 is fed to
a Fisher–Tropsch synthesis (FTS) reactor to produce liquid biofuels with long hydrocarbon
chains. In the final section of the model, a set of distillation columns and a hydrocracking
reactor (HDR) are implemented for the refinement and upgrading of the FTS products.
Therefore, indicative predictions of SCWG value chain end-products are depicted, includ-
ing diesel-like (C14–C20), gasoline-like (C5–C9), and jet fuel yields (C10–C13). The process is
also energetically assessed with respect to minimizing environmental impact.

The SCWG process model and associated versions have been developed in Aspen
Plus® (V12) (AspenTech, Bedford, MA, USA), a commercial software solving mass–energy
balances, thermodynamics, and reaction kinetics with widespread use in the simulation of
industrial applications. The SCWG model consists of the following basic stages, which are
integral to the SCWG value chain for liquid biofuel production.
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2.2.1. FT Biofuel Production Section (Incl. Supercritical Water Gasification, Dry Reforming
and Fischer—Tropsch Synthesis Reactors)

Biomass is initially mixed with water at various concentrations. The mixture is
pumped at 280 bar and then heated to the specified SCWG temperature (ranging between
625 and 775 ◦C). In all presented simulations, a total biomass—water mixture mass-flow
rate of 1000 kg/h was considered.

Downstream from the reactor, gas-mixture pressure is reduced through a valve to
atmospheric pressure conditions and then cooled to 35 ◦C, so that the water effluent
is separated from the syngas. Subsequently, the syngas is cleaned to remove H2S and
then it is transported to a Dry Reforming Reactor (DRR) operating at p = 1 atm and
T = 650–900 ◦C. In the process-heat self-sufficient scenarios (Section 3.1.3), part of the
produced syngas is separated and transported to a combustion chamber to provide process
heat. In the max-yield scenario (Section 3.1.2), all the produced syngas is sent to the DRR.
Dry reforming is implemented as a syngas upgrade process, where CH4 and CO2 react to
produce a CO–H2 mixture appropriate for the FTS reactor. The dry reforming process is
characterized by endothermic reaction 1. This is an additional requirement to the overall
process heat demand.

CH4 + CO2 → 2CO + 2H2 (1)

The developed process model considers biomass as a non-conventional solid. HCOAL-
GEN and DCOALIGT models have been adopted to calculate its basic properties. The
biomass enthalpy of formation is calculated based on Heat of Combustion-based correla-
tions available in the software and taking into account the biomass proximate/ultimate
analysis as well as its heating value based on experiments and/or well-known formulas.
The Peng–Robinson equation of state has been used for SCWG conditions [9]. An RYield re-
actor is implemented to decompose biomass to its constituent, conventional components (C,
H2, O2, N2, S, ash) with respect to its proximate and ultimate analysis. Before entering the
reactor, unreacted char is separated from the mixture. The 90% wt. SCWG carbon efficiency
considered was based on typical values found in the literature. Specifically, in the com-
putational work studying the production of liquid biofuels from algae via the integrated
solar-driven SCWG and FTS process, the unreacted char was equal to 10% wt. [27]. Fur-
thermore, SCWG experiments conducted with algae resulted in carbon efficiencies within
95–80% wt. for biomass concentration ranging between 2.5 and 20% wt. [37]. Overall, the
SCWG carbon efficiency depends on the reactor’s operating conditions [11]. The SCWG
is modelled, implementing an RGibbs reactor which assumes that reactants and products
reach equilibrium and is used for parametric studies. A Flash 2 separator separates syngas
from the effluent. A separator block is also implemented to separate H2S from syngas,
upstream from the DRR. The DRR is modelled as an REquil reactor which also provides
equilibrium calculations, though restricted to reaction 1. Unreacted CO2 is sequestered
with the use of a PSA unit operating at p = 20 bar/T = 35 ◦C. In cases of a partial conversion
of syngas CH4 to CO, the unreacted CH4 is a biomethane stream sent to the combustion
chamber (also modelled as an RGibbs reactor) to provide process heat (heat self-sufficient
scenario 2).

The CO–H2 mixture leaving the DRR is directed to an FTS reactor. In principle, a
polymerization reaction process producing a mixture of paraffins, olefins, and oxygenates
takes place [24]. This work adopts the modelling approach implemented in [27,28] for the
modelling of the FTS reactor where a Cobalt (Co) catalyst operating at low FT temperatures
(T = 220 ◦C) and pressure equal to 20 bar is considered. A mixture of (a) paraffins with
linear hydrocarbon chains and carbon atoms up to 35 (C2–C35); and (b) olefins with linear
hydrocarbon chains and carbon atoms up to 20 (C2–C35) is assumed to be produced in the
FTS reactor.
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Generic reactions associated with FTS (2 for paraffins and 3 for olefins) are taken
into account:

n CO + (2n + 1) H2 → CnH2n+2 + nH2O (2)

n CO + 2n H2 → CnH2n + nH2O (3)

Liquid hydrocarbons with C5–C35 are produced. Product distribution was obtained
by the Anderson–Schulz–Flory distribution law which provides the molar fraction of the
produced hydrocarbons by the following equation:

αcn = αn−1 · (1 − α) (4)

where n is the number of carbon atoms of a hydrocarbon product and α corresponds to the
chain-growth probability, a variable providing an indication of the catalyst’s selectivity. In
the performed simulations a standard α-value of 0.9 is adopted which is associated with
increased yields of diesel-like and wax-like products. Furthermore, a typical value of total
CO conversion equal to 87% for a Co catalyst was considered [28].

In order to calculate the olefin to paraffin molar ratio, R4 was implemented:

O
P

= exp
(
−n· ∆E

R·T

)
= e−cn (5)

where T is the FTS reactor temperature and ∆E corresponds to the change in the activation
energy due to olefins production and has a value of 1.1 kJ/mol C atom.

The FTS reactor is modelled as RStoich reactor. (R3), (R4) reactions are reproduced
for every hydrocarbon product. Each reaction’s CO fractional conversion to its individual
products is calculated by combining the aforementioned set of equations and assumptions.
A subroutine was developed and linked to the reactor to facilitate calculations. Upon
exiting the FTS reactor, the mixture of liquid hydrocarbons is dewatered through a Flash
3 separator and expanded to atmospheric pressure conditions. Subsequently, it is fed to the
distillation and HDR section so that FT liquid biofuels are separated and collected.

Figure 1 presents a simplified flow diagram of the basic stages included in the 1st sec-
tion of the integrated SCWG value chain consisting of (1) the biomass–water mixing; (2) the
decomposition of biomass to its constituents’ species (DECOMP); (3) the SCWG reactor;
(4) the separation of SCWG products’ syngas and effluent; (5) the separation of H2S from
syngas (and potentially part of CO2); (6) the DRR for syngas upgrade; (7) a PSA unit
for the separation of CO2 and CH4 (if conversion in the DRR is not complete); (8) the
FTS reactor; and (9) a combustion chamber (COMB) which uses part of syngas, the CH4

(biomethane) surplus, and off-gases from the distillation-column section to provide process
heat (particularly towards the SCWG and DRR).

2.2.2. FT Biofuel Upgrade and Refinement Section

Downstream from the FTS reactor, the model has been extended to include a distillation
and hydrocracking reactor (HDR) stage for the refinement and upgrade of FTS products.
To this end, a combination of relevant process-modelling options proposed by both [27,28]
has been adopted. The basic stages of the distillation and HDR section are shown in the
simplified flow diagram shown in Figure 2. FTS products are cooled down to 35 ◦C and
then separated from light gases (unreacted H2, CO, CO2, CH4, and small concentrations of
C2−C4 hydrocarbons) and wastewater. This stream of light gases (apart from H2) is sent to
the combustion furnace to provide process heat. The unreacted H2 is separated and sent
to the HDR. The FTS products’ liquid mixture enters a set of three distillation columns
to be separated to (a) diesel-like (or FT-Diesel) fuels comprising C14−C20 paraffins and
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olefins; (b) gasoline-like (or FT-Gasoline) fuels consisting of C5−C9 paraffins and olefins;
(c) jet fuel-like (or FT-Jet Fuel) fuels (C10−C13); (d) wax paraffins with C21+; and (e) the
remaining light hydrocarbon gases (C2−H4). A simple, conceptual approach was adopted
for the modelling of distillation columns. DSTWU blocks were implemented, calculations
assumed a reflux ratio equal to 1.2, and light key components’ recoveries between 90 and
95% were applied.
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The separated stream of heavier paraffins (C21+) is subsequently sent to the HDR
so that the longer chain of waxes is broken down to higher quality, low to middle hy-
drocarbons, and thus increased yields of gasoline/jet fuel/diesel-like fuels are produced.
In the developed model, a HDR implementing a platinum catalyst (Pt) and operating at
p = 35 bar/T = 330 ◦C is implemented [38]. Wax conversion is equal to 92% and a detailed
carbon number distribution of products (according to the catalyst selectivity) has been
incorporated to the model via an RYIELD reactor, in which the resulting mass fractions
(only for alkanes) are calculated. The implemented catalyst is selective to gasoline, jet fuel,
and diesel, with selectivity peaking within C8−C12. To be more specific, 57.9% wt. of waxes
are converted to C10−C22, 38.1% wt. to C5−C9, and 4% wt. to C1−C4. Hydrogen at a H2/a
wax mass ratio equal to 0.1 is needed for the hydrocracking reactions to take place. The
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stream of hydrocracking products is mixed at appropriate conditions with the initial FT
products’ stream and recirculated to the distillation column section.

2.3. Life-Cycle Assessment (LCA) Modelling

LCA is a state-of-the-art, well-established and standardized [39,40] methodology
which considers the entire life cycle of a product or system. The life cycle consists of distinct
life-cycle stages that are, namely, raw material extraction, manufacturing, use stage (with
all maintenance and repair), and the end of life (EoL) (waste treatment, possibly recycling,
and ultimately the final disposal). Across the life cycle, LCA makes an inventory of all
technical processes and use of resources required to deliver the service provided by the
assessed product or system. Then, LCA identifies environmental exchanges (emissions
of substances and wastes) occurring in different environmental compartments (like the
air, water and soil) and further translates these exchanges into environmental impacts
(such as climate change, ozone depletion, and toxicity to ecosystems and humans). The
purpose of the assessment is to provide decision support to a certain audience in relation to
a specific goal. The methodology, briefly outlined, consists of distinct life-cycle phases (goal
and scope definition, inventory analysis, impact assessment, and interpretation), further
analyzed in the following sections (Figure 3).
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For describing the methodology and for conducting the LCA, the International Ref-
erence Life-Cycle Data System (ILCD) Handbook has been followed, as suggested by the
European Commission [41]. The Handbook provides a basis for assuring quality and
consistency of life-cycle data, methods, and assessments.

2.3.1. Goal and Scope Definition

The goal of this study is to evaluate the environmental performance of biofuels pro-
duced via the process chains described and modelled in Section 2.2. The results focus
on the most important aspect, the Global Warming Potential (GWP). The environmental
performance of the biofuels is evaluated following an attributional LCA approach.

Capital goods are not included, assuming that their influence on the final LCA results
is negligible [42,43]. Production is assumed to be located in central Europe, hence corre-
sponding secondary data are used (electricity mix, average vehicle, etc.) when available.

The functional unit (FU) used in this work is 1 MJ of energy content (LHV) of the
biofuel mix (diesel, petrol, and jet fuel—the composition is presented in Section 3.2.1). This
is a common FU for biofuel assessment [44] and allows for comparing the results with the
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GHG saving targets stated in Annex IV (Rules for calculating the greenhouse gas impact of
biofuels, bioliquids and their fossil fuel comparators) of RED II [2].

The system boundaries are set according to Figure 4, including the whole conversion
process, from feedstock production to the produced biofuels at the refinery gate.
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2.3.2. System Description and LCI Modelling

The decision context of the LCA described is classified in ILCD as ‘Situation A’ (which
describes studies used for the identification of KPIs and the comparison of a specific
product to its category’s average). Under this decision context, the type of LCA modelling
is attributional: the system is depicted as can be observed/measured, linking the single
processes within the technosphere along the flow of matter, energy, and services. In
attributional LCAs, the assessed system is treated like an isolated process that does not
interact with global markets [45].

2.3.3. Life-Cycle Inventories

The inventories compiled for the chain stages are shown in the following sec-
tion. All respective data were incorporated in and elaborated with the LCA Software
SimaPro v. 9.5.0.1.

Agricultural stage (Field-to-feedstock)

Among the two feedstocks presented in Section 2.1, Miscanthus was chosen for LCA
calculations, due to better yields than RCG (Section 3.1). The modelling of the agricultural
stage was based on data from Ecoinvent v3.91, the most widespread commercial LCA
database [46,47]. The dataset adopted represents the production of 1 kg of Miscanthus (dry
matter) on a plantation with a lifetime of 20 years. The dry-matter yield assumed at first
harvest is 6000 kg/ha and from second harvest onwards 17,000 kg/ha.

The original dataset from Ecoinvent (Figure 5) represents standard cultivation prac-
tices. It includes the relevant agricultural activities and the consumption of fertilizers and
pesticides, towards the production of 1 kg of Miscanthus. Additionally, the aspect of enhanc-
ing the soil carbon stock through upgrading degraded land has been considered, according
to the relevant methodological guidelines of RED II [2] (a bonus of −29 g CO2/MJbiofuel is
applied—RED III has not amended this issue). All upstream emissions from activities and
materials are modelled with the data available from Ecoinvent v3.91.

Transportation stage

The inventory compiled for the transportation of feedstock to the conversion facilities
is presented in Figure 6. Direct emissions and upstream emissions of diesel are acquired
from Ecoinvent v3.91 and its respective source [48].

Core conversion and upgrading to final fuel.

The inventory compiled for the core conversion and upgrading is presented in
Section 3.2.1, since it requires the results presented in Section 3.1.
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3. Results
3.1. Process Modelling
3.1.1. Characterization of Biomass Types

Proximate and elemental analyses were obtained from the Phyllis2 database of the
Energy Research of the Netherlands (ECN) and are presented in Table 1 [49]. The Higher
Heating Value (HHV) of the two biomass types is also depicted. It is determined both
experimentally and with the use of the Milne formula (6):

HHVMilne = 0.341·C + 1.322·H − 0.12·O − 0.12·N + 0.0686·S − 0.0153·ash (6)

3.1.2. Syngas Composition and Upgrade

Initially, the produced syngas is characterized by examining the effect of SCWG
temperature and biomass concentration on its composition with respect to maximizing
FT biofuel yields downstream from the conceptual production chain. In this section,
simulations focus on the SCWG equilibrium reactor.

It should be noted that conducting SCWG experiments at both high pressures
(≈300 bar) and temperatures (particularly above 700 ◦C) remains a challenge with respect
to the materials used in the SCWG reactor walls. Computational studies have previously
considered such conditions to (a) focus on the SCWG temperature effect on syngas compo-
sition [37] and (b) provide heat self-sufficient and viable scenarios highlighting technology
potential [28,50]. It should be noted that new enhanced materials are currently being devel-
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oped for gas turbines and used under supercritical high-pressure/-temperature conditions
relevant to those examined in this work [51,52].

Table 1. Miscanthus and RCG proximate and ultimate analysis (% wt. dry basis) [49].

Analysis Miscanthus RCG

Volatile Matter 86.50 74
Fixed Carbon 10.09 20.4

Ash 3.41 5.6
C 48.60 46.00
H 6.00 5.50
O 41.07 41.84
N 0.52 0.88
S 0.20 0.09

HHV [MJ/kg] (exp) 19.12 18.80
HHV [MJ/kg] (Milne) 19.48 17.76

Phyllis2 ID 1743 2124

Parametric studies for a SCWG temperature range within 625–775 ◦C have been
performed and predictions of syngas composition (in mol) are shown in Figure 7. In all
cases, biomass concentration was kept constant at 20% wt. For Miscanthus, the H2 molar
fraction gradually increases from 24.5% to 46.3% with increasing SCWG temperature. On
the contrary, CH4 production tends to decrease within the examined range (from 30.2% to
15.3% mol). A slight decrease in CO2 concentration can also be reported (from 37.9% to
33.0%). CO increases from 1.3% to 5.0%. These trends can be associated with the combined
effect of biomass gasification reactions, such as the water–gas shift and the methanation
reaction under the examined temperature range, and have been previously reported [9,37].
In the case of the RCG, H2 mol fraction ranges within 26.4–46.7%, CH4 decreases from
30.0% to 13.8%, and CO2 varies between 41.4 and 33.9% mol. Minor deviations are observed
between the two biomass types and can be attributed to differences in their respective
elemental analyses (e.g., Miscanthus is slightly richer in C and H).

Processes 2025, 13, 895 11 of 31 
 

 

 

Figure 7. Effect of SCWG temperature (625–800 °C) on syngas composition (biomass concentration: 
20% wt.). 

Furthermore, according to [8], SCWG studies with lower biomass concentrations (un-
der 10% wt.) may be more realistic for experimental tests (to avoid clogging); however, 
they can be prohibitive from a techno-economic point of view in scaled-up applications. 
Thus, a minimum biomass concentration of 15% wt. was suggested by the authors. To 
address this issue, parametric studies have been performed for biomass concentrations 
within 10–20% wt. Thus, range can be representative of scaled-up applications with re-
spect to highlighting the implemented technology potential. 

Figure 8 presents predictions of syngas composition (in mol) for three different bio-
mass concentrations (10–15–20% wt.). SCWG reactor temperature was kept equal to 700 
°C. Again, the basic anticipated trends, as reported in other computational campaigns us-
ing equilibrium models [37], are captured. For Miscanthus, H2 mol fraction depicts its max-
imum value (51.8%) at 10% wt. dry-matter concentration and subsequently decreases with 
increasing biomass concentration (to 36.7% at 20% wt.), due to less water in the SCWG 
reactor. On the other hand, higher biomass concentration leads to almost double CH4 pro-
duction (11.8% for 10% wt. biomass to 23.3% for 20%), since more carbon atoms participate 
in the SCWG reactions. A slight increase of CO2 is also predicted (from 33.9% to 36.7%) 
within the examined biomass concentration range. A similar trend is also observed for CO 
(2.1% at 10% to 2.8% for 20% biomass wt.). Produced syngas from the SCWG of RCG pre-
sents a similar composition to Miscanthus throughout the examined biomass concentra-
tion range, with minor discrepancies attributed to differences in their elemental analyses. 

Figure 7. Effect of SCWG temperature (625–800 ◦C) on syngas composition (biomass concentration:
20% wt.).

Furthermore, according to [8], SCWG studies with lower biomass concentrations
(under 10% wt.) may be more realistic for experimental tests (to avoid clogging); however,
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they can be prohibitive from a techno-economic point of view in scaled-up applications.
Thus, a minimum biomass concentration of 15% wt. was suggested by the authors. To
address this issue, parametric studies have been performed for biomass concentrations
within 10–20% wt. Thus, range can be representative of scaled-up applications with respect
to highlighting the implemented technology potential.

Figure 8 presents predictions of syngas composition (in mol) for three different biomass
concentrations (10–15–20% wt.). SCWG reactor temperature was kept equal to 700 ◦C.
Again, the basic anticipated trends, as reported in other computational campaigns using
equilibrium models [37], are captured. For Miscanthus, H2 mol fraction depicts its maximum
value (51.8%) at 10% wt. dry-matter concentration and subsequently decreases with in-
creasing biomass concentration (to 36.7% at 20% wt.), due to less water in the SCWG reactor.
On the other hand, higher biomass concentration leads to almost double CH4 production
(11.8% for 10% wt. biomass to 23.3% for 20%), since more carbon atoms participate in the
SCWG reactions. A slight increase of CO2 is also predicted (from 33.9% to 36.7%) within
the examined biomass concentration range. A similar trend is also observed for CO (2.1%
at 10% to 2.8% for 20% biomass wt.). Produced syngas from the SCWG of RCG presents a
similar composition to Miscanthus throughout the examined biomass concentration range,
with minor discrepancies attributed to differences in their elemental analyses.
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The produced syngas is led to the DRR and upgraded for FTS. However, the produced
H2/CO mixture molar ratio at the inlet of the FTS reactor is influenced by syngas compo-
sition and thus from biomass concentration and SCWG temperature. This is highlighted
in Figure 9. To maximize the FT biofuel yield, the optimum value of H2/CO molar ratio
for FTS must be approximately 2. Evidently, for all considered biomass concentrations
(10–15–20% wt.), the SCWG temperature increase leads to higher H2/CO molar ratio values.
This is expected, since syngas H2 increases and CH4 decreases with increasing tempera-
ture. Under a constant SCWG temperature, H2/CO molar ratios decrease with increasing
biomass concentration, since more carbon and less water is fed to the SCWG reactor. Thus,
if biomass concentration is 10% wt., optimum H2/CO molar ratios are achieved for SCWG
temperatures below 650 ◦C. When biomass concentration is 15% wt., optimum H2/CO
ratio is observed for SCWG temperatures close to 700 ◦C. Similarly, it is calculated that
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for 20% wt. biomass concentration, the H2/CO molar ratio is optimized when the SCWG
temperature reaches 750 ◦C. Similar findings are shown for both implemented biomasses.
This is expected, since both Miscanthus and RCG SCWG produce syngas with identical com-
position. The reported higher H2 and lower CH4 mol fractions predicted in RCG produced
syngas result in slightly higher H2/CO molar ratios at the FTS inlet. It should be noted that
other options of upgrading the syngas (e.g., water–gas shift reactor) or manipulating the
H2/CO ratio (e.g., by including PSA units) were not considered in this study.
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Overall, this parametric study provides a mapping of operating SCWG scenarios with
respect to maximizing FT biofuel yields. It must be noted though that the selection of opti-
mized conditions also depends on (a) the potential of achieving a thermally self-sufficient
process; (b) technical challenges associated with the use of high biomass concentrations in
SCWG reactors (plugins etc.); and (c) technical challenges associated with the use of mate-
rials that will be suitable for both high-pressure (≈300 bar)/high-temperature (>700 ◦C)
conditions in the SCWG reactors.

3.1.3. FT Fuel Production: Max-Yield Operating Scenario

Different scenarios are formulated to calculate synthetic liquid biofuel yields. They are
based on implementing various heat-source options to provide the process heat demand.
In the present analysis, heat requirements are attributed to both SCWG and DRR reactors,
since they are associated with highly endothermic reactions and constitute the most energy-
intensive part of the process. On the other hand, it is assumed that the FTS reactor produced
heat due to the exothermic nature of the associated reactions [28], which counterbalances
respective requirements in the FT biofuel upgrade and refinement section.

In the heat self-sufficient scenarios, part of the syngas is utilized to provide the process
with heat via combustion. In that case, the expected FT biofuel yield is compromised, but
the process can internally cover its estimated demand. In the max-yield operating scenario,
an external heat source provides the calculated SCWG + DRR heat demand. Thus, all
produced syngas is fed to the DRR-calculated and FT biofuels to obtain their maximum
potential yields. In this scenario, the process is not thermally self-sufficient and the selection
of a specific heat source is elaborated in Section 3.2, where LCA results are presented.

Simulations have been performed for all three biomass concentrations as well as for
both Miscanthus and RCG biomasses. In each case, SCWG temperature has been selected
with respect to achieving a H2/CO molar ratio at the FTS reactor inlet within 2.0–2.1 to
(a) maximize the FT biofuel yields and (b) ensure that a surplus of unreacted H2 is achieved
and sent to the HDR (H2 -sufficient process). The adopted SCWG temperatures are aligned
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with findings already presented in Figure 7. The DRR temperature was set equal to 900 ◦C
so that complete conversion of CH4 and CO2 to CO and H2 is achieved. A summary of the
selected operational conditions is presented in Table 2. The process’s carbon efficiencies
are also depicted, approaching 50% in all examined cases, which is slightly higher than the
typical values in conventional BTL–FTS processes (≈41% according to [25]) but indicative
of technology potential.

Table 2. SCWG Reactor Temperature and H2/CO mol fraction at the FTS reactor inlet (max.
yield scenario).

Biomass Type Biomass Concentration
(% wt.)

SCWG Temperature
(◦C)

H2/CO
(mol/mol)

Carbon Efficiency
(%)

Miscanthus
10 640 2.08 48.7
15 700 2.04 49.4
20 760 2.05 49.3

RCG
10 630 2.08 47.4
15 690 2.06 47.8
20 750 2.08 47.4

Figure 10 depicts FT fuel product yields for Miscanthus and all three biomass concen-
tration ranges. It is shown that biomass concentration does not influence FT biofuel specific
yields (per 1 kg of dry biomass). Evidently, absolute yields are much higher with increasing
biomass concentration, and this is reflected in the LCA. Furthermore, results show that
FT Gasoline depicts the highest yields (0.0983–0.0998 kg/kgb), and FT Diesel follows with
0.0956–0.0968 kg/kgb. FT Jet Fuel values are lower and range within 0.0864–0.0873 kg/kgb.
The distribution of individual FT biofuel yields are associated with (a) the FTS product
distribution according to Anderson–Schulz–Flory for a-value equal to 0.9; (b) the HDR
catalyst selectivity (Section 2.2.2) [38].
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Figure 11 presents the total as well as individual FT biofuel yields for both Miscanthus
and RCG biomasses in the indicative case of 20% wt. biomass concentration. It is shown
that for Miscanthus a total of 0.2837 kg/kgb FT biofuels can be produced. This is broken
down to 0.0997 kg/kgb, FT Gasoline, 0.0967 kg/kgb and 0.0873 kg/kgb, FT Jet Fuel. For
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RCG, the total of 0.2585 kg/kgb FT liquid biofuels calculated corresponds to 0.0904 kg/kgb,
FT Gasoline, 0.0880 kg/kgb and 0.0801 kg/kgb FT Jet Fuel. The anticipated FT biofuel yield
is approximately 8.9% lower for RCG than for Miscanthus. The discrepancy is associated
with the lower C and H (and higher O) content of RCG compared to Miscanthus.
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Predicted SCWG + DRR heat-demand values (per kg of biomass) with respect to both
SCWG temperature and biomass concentration are presented in Figure 12. This study
focuses on the syngas production and upgrade section of the model, since it constitutes
the most energy-intensive part of the process. This can be associated with (a) the SCWG
reactor’s high temperatures as well as the reactive mixture’s high water content; and (b) the
high temperatures required for DRR operation. Heat requirements can be significantly
reduced if heat from both SCWG and DRR gas products is used. Based on [14], a thermal
efficiency equal to 75% is considered corresponding to the ratio of the actual recovered
heat to the theoretically available (in counterflow). Waste heat from the DRR is also
utilized to reduce heat demand. Furthermore, heat provided from off-gas combustion has
been subtracted from the heat-demand calculations. In the present scenario, they include
(a) process off-gases from FTS and refinement section products and (b) a hydrogen surplus.
It is shown that increased biomass concentration results in lower demand per kg of dry
biomass due to lower water content in the SCWG reactor. In the examined SCWG + DRR
reactor conditions, heat demand ranges within 2.82–1.78 kWh/kgb for Miscanthus and
2.57–1.51 kWh/kgb for RCG for 10–20% wt. biomass.

A sensitivity analysis has also been performed investigating the effect of heat recov-
ery efficiency on the calculated SCWG + DRR heat demand. The results are shown in
Table 3 for a typical range [53]. As expected, heat demand is significantly decreased with
improving efficiency. In this scenario, FT product yields are not influenced by the heat
recovery efficiency.
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Table 3. Sensitivity analysis assessing the impact’s heat-recovery efficiency on SCWG + DRR heat
demand. Max-yield operating scenario (biomass: Miscanthus/biomass concentration: 20% wt./DRR
temperature = 900 ◦C).

SCWG + DRR
Heat Recovery (%)

Heat Demand
(kWh/kgb)

65 2.28
75 1.78
85 1.28

3.1.4. FT Fuel Production: Heat Self-Sufficient Process Operating Scenarios

In the thermally self-sufficient scenarios part of syngas is utilized to provide process
heat via combustion. The expected FT biofuel yield is decreased, but the process can
internally cover its estimated heat demand. Two alternative cases are examined: (a) heat
self-sufficient scenario 1 (HSS-1), where DRR temperature is equal to 900 ◦C to ensure
complete conversion to CO and H2; and (b) heat self-sufficient scenario 2 (HSS-2) with DRR
temperature equal to 650 ◦C to lower the total heat demand.

HSS-1 (DRR temperature = 900 ◦C)

Simulations have been performed for all three biomass concentrations as well as for
both Miscanthus and RCG. For each simulation, SCWG temperature and H2/CO molar
ratio at the FTS reactor inlet is the same as in Table 2. The heat produced by the exothermic
combustion reactions of a fuel mixture comprising part of syngas and the off-gases with air
is balanced to the net heat duty of both SCWG and DR reactors. Heat recovery from the
cooling of both SCWG reactor products and the upgraded syngas (from the DRR) is also
considered equal to 75%, as in the max-yield operating scenario.

According to the results presented in Table 4, for 10% wt. biomass concentration,
65% wt. of syngas must be burned to achieve process-heat self-sufficiency. By increasing
biomass concentration, this fraction (syngas split) sent to combustion gradually decreases
(50% and 40% wt. for 15 and 20% wt. biomass concentration, respectively). This is
expected, since heat requirements in the SCWG reactor decrease with increasing biomass
concentration (Figure 12). Furthermore, since the amount of syngas sent for combustion
decreases, the process’s carbon efficiency increases with biomass concentration. Predicted
values are lower than in the max-yield scenario and range within 17.0–29.6% for Miscanthus
and 16.6–28.5% for RCG. Discrepancies between Miscanthus and RCG are up to 4% and are
associated with the small differences of H2/CO molar ratios in the examined cases.
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Table 4. Syngas split (for combustion) for different biomass concentrations (HSS-1/DRR tempera-
ture = 900 ◦C).

Biomass Type Biomass Concentration
(% wt.)

Syngas Combustion
(%)

Carbon Efficiency
(%)

Miscanthus
10 65 17.0
15 50 24.7
20 40 29.6

RCG
10 65 16.6
15 50 23.9
20 40 28.5

Figure 13 depicts FT fuel product yields for Miscanthus in all three biomass concentra-
tion ranges. Higher biomass concentration leads to an increase in FT biofuel-specific yields.
The results show that FT Gasoline depicts the highest yields (0.0344–0.0598 kg/kgb) and
FT Diesel follows with 0.0335–0.058 kg/kgb. FT Jet Fuel values are lower and vary within
0.0302–0.0524 kg/kgb. Maximum yields are obtained in the 20% wt. biomass concentration
case. The latter is considered as the best-case scenario and its results are highlighted in
Figure 14, where the total as well as individual FT fuel yields for both Miscanthus and RCG
are depicted. It is shown that for Miscanthus, a total of 0.1702 kg/kgb FT liquid biofuels
can be produced. For RCG predictions indicate a total 0.1551 kg/kgb FT liquid biofuel
yield. The total anticipated FT biofuel yield is approximately 8.9% lower for RCG than for
Miscanthus. This discrepancy is again associated with the lower C and H (and higher O)
content of RCG compared to Miscanthus.
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A sensitivity analysis investigating the effect of heat-recovery efficiency on the calcu-
lated SCWG + DRR heat demand has also been performed for this scenario. As expected,
heat demand is significantly decreased with improving efficiency and thus less syngas
must be burned to achieve the process-heat self-sufficiency. This has a direct impact on the
calculated FT product yields, as shown in Table 5.
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Table 5. Sensitivity analysis assessing the impact of heat-recovery efficiency on syngas split and FT
products’ split. HSS-1 (biomass: Miscanthus/biomass concentration: 20% wt./DRR temperature = 900 ◦C).

SCWG + DRR
Heat Recovery (%)

Syngas Combustion
(%)

FT Diesel
(kg/kgb)

FT Gasoline
(kg/kgb)

FT Jet Fuel
(kg/kgb)

65 50 0.0484 0.0499 0.0437
75 40 0.0580 0.0598 0.0524
85 30 0.0677 0.0698 0.0611

HSS-2 (DRR Temperature = 650 ◦C)

In this case, part of syngas is burned to provide process heat, but the DRR operates
at a lower temperature (650 ◦C); thus, full conversion is not achieved. In this alterna-
tive, approximately 60% wt. of CH4 is converted to CO, and therefore (a) the unreacted
biomethane can also be burned to provide process heat and (b) the H2/CO mol ratio at the
FTS reactor inlet increases. Given that syngas H2 decreases with biomass concentration,
it is deduced that process H2 sufficiency can be maintained even if SCWG is operated at
lower temperatures (than in the full conversion case). This is in line with restrictions in
SCWG reactor temperature when the operating pressure approaches 300 bar. Furthermore,
in the present scenario, the syngas-split fraction requirement is expected to decrease due to
the additional combustion of the unreacted biomethane, but this will not necessarily lead
to higher FT biofuel yields since lower CH4 conversion in the DRR results in a decrease in
respective H2/CO feeds at the FTS reactor inlet.

Indicative results are shown in Table 6 for both Miscanthus and RCG in all three biomass
concentration cases. Expectedly, a lower amount of syngas must be sent for combustion
to minimize the SCWG + DRR net-heat duty compared to the full DRR conversion case.
Syngas split ranges within 50–15% for the 10–20% wt. biomass concentration cases, re-
spectively. Carbon efficiency is slightly higher than in HSS-1; however, differences are
very small. Its maximum value is obtained at the higher biomass concentration cases and
reaches 30.8% (20% wt. biomass). Given the similarities of syngas compositions between
Miscanthus and RCG, neither significant discrepancies between their respective carbon
efficiencies are depicted, nor do they follow a systematic trend. They are mostly related to
the small differences in H2/CO molar ratio at the FTS reactor inlet. Simulations have been
performed, selecting the SCWG temperature with respect to achieving a H2/CO molar ratio
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at the FTS reactor inlet within 2.0–2.1. It is shown that in all cases, process H2 sufficiency
can be marginally maintained, with SCWG temperature not exceeding 700 ◦C.

Table 6. Operating conditions and syngas split (for combustion) for different biomass concentrations
(HSS-2/DRR temperature = 650 ◦C).

Biomass Type Biomass
Concentration (% wt.)

SCWG
Temperature (◦C)

H2/CO
(mol/mol)

Syngas
Combustion (%)

Carbon
Efficiency (%)

Miscanthus
10 595 2.06 50 18.1
15 650 2.06 30 25.4
20 700 2.06 15 30.8

RCG
10 590 2.07 50 18.0
15 640 2.03 25 27.3
20 690 2.04 15 30.8

The predicted carbon efficiencies between this study and the work of Campanario and
Ortiz [54], adopting a similar (SCWG + DRR + FTS) chain for the valorization of aqueous
bio-oil, show convergence, despite not being directly comparable. For the case of 20% wt.
biomass concentration, predicted carbon efficiencies are slightly higher than those presented
in [54] (23.95% and 27.19% with and without refining, respectively). Discrepancies can be
associated mainly with (a) a higher CH4 conversion in the DRR due to higher temperature
considered here (650 ◦C); (b) differences in the calculation of SCWG + DRR heat demand
due to uncertainties in the lignocellulosic biomass heat of formation estimation; and (c) the
different catalyst considered in the HDR.

Figure 15 depicts FT fuel product yields for Miscanthus in all three biomass concen-
tration ranges. A higher biomass concentration leads to an increase in FT biofuel-specific
yields. The results show that FT Gasoline depicts the highest yields (0.0366–0.0623 kg/kgb)
and FT Diesel follows with 0.0335–0.0604 kg/kgb. FT Jet Fuel values are lower and range
within 0.0321–0.0545 kg/kgb. Overall, yields are slightly higher than those in HSS-1, as
also indicated by the calculated carbon efficiencies. Maximum yields are obtained in the
20% wt. biomass concentration case. The results for the latter case are highlighted in
Figure 16 where the total as well as individual FT fuel yields for both Miscanthus and RCG
are depicted. It is shown that for Miscanthus, a combined yield of 0.1772 kg/kgb FT liquid
biofuels can be produced. For RCG, predictions indicate a total FT liquid biofuel yield of
0.1679 kg/kgb, 5.3% lower than Miscanthus. This discrepancy is again associated with the
lower C and H (and higher O) content of RCG compared to Miscanthus; however, this is
slightly lower than the 8.9% depicted in the max-yield/HSS-1 scenarios. This is attributed
to small differences in the DRR conversion efficiencies of Miscanthus and RCG (~65% in
RCG and ~62% in Miscanthus) processes.

A sensitivity analysis investigating the effect of heat-recovery efficiency on the calcu-
lated SCWG + DRR heat demand has also been performed for this scenario. As expected,
heat demand is significantly decreased with improving efficiency and thus less syngas must
be burned to achieve process-heat self-sufficiency. In the particular case of the highest effi-
ciency considered, the process can be marginally self-sustained without syngas combustion
(Table 7). This has a direct impact on the calculated FT product yields.
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Table 7. Sensitivity analysis assessing the impact of heat recovery efficiency on syngas split and FT
products’ split. HSS-2 (biomass: Miscanthus/biomass concentration: 20% wt./DRR temperature = 650 ◦C).

SCWG + DRR
Heat Recovery (%)

Syngas Combustion
(%) FT Diesel (kg/kgb) FT Gasoline

(kg/kgb)
FT Jet Fuel

(kg/kgb)

65 30 0.0497 0.0513 0.0449
75 15 0.0604 0.0623 0.0545
85 0 0.0710 0.0733 0.0641

3.2. Life-Cycle Results
3.2.1. Core Conversion and Upgrading to Final Fuel

According to the results of Section 3.1, the inventories presented in Figures 17 and 18
were compiled. Two variations were developed, in line with the alternative system
configurations, which correspond to the maximum external process’s heat requirement
(Figure 17/max-yield case) and self-sustained operation with zero external heat require-
ments (Figure 18—HSS-1 and 2 scenarios).
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The composition of the final biofuel (red blocks in Figures 17 and 18) is acquired from
the results of Section 3.1 and the corresponding final biofuel yields. The higher product
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yield of the first (maximum external heat requirement—Figure 17) case is reflected on the
lower feedstock input per MJ of biofuel produced.

Both cases include the materials/energy requirements and expected emissions from
conversion and upgrading. The consumptions of electricity and process heat were acquired
from the modelling results of previous sections. The variation regarding feedstock mass,
electricity, and process heat refers to the various cases of biomass concentration examined
in Section 3.1 (10%, 15% and 20%).

In order to have a worst-case scenario (represented in Figure 17), external heat was
assumed to be provided from natural gas combustion in an industrial size boiler. Therefore,
direct emissions refer to NG combusted for process heat.

Upstream impacts were modelled using Ecoinvent data, while an electricity production
mix with a carbon intensity of 379 g CO2-eq/kWh was modelled, which is a reference
average EU-28 generation mix for 2030 according to [55].

On the other hand, Figure 18 presents the case where no external heat is required, and
nevertheless lower product yield is achieved, thus increasing all corresponding mass and
energy input flows. The utilization of a syngas fraction for covering heat requirements
provides local CO2 emissions; however, these are biogenic and are not considered in the
GWP calculation. According to Figures 17 and 18, the produced petrol-fuel energy content
contributes approximately 35% of the total, while the corresponding percentage for diesel
and kerosene are 34% and 31%, respectively (LHV-based calculation, assuming typical fuel
values: petrol: 43.4 MJ/kg; jet fuel (kerosene): 43.0 MJ/kg; diesel: 42.6 MJ/kg).

3.2.2. Reference Systems

The values of the GWP of the process chains examined are compared to reference
values, referring to common biofuels. RED II [3] has established the threshold for liquid
biofuels, in order to be characterized as “sustainable”. This performance target for biofuels
dictates that the whole biofuel production chain should have an impact at least 65% lower
than the fossil-fuel carbon intensity of 94 g CO2-eq/MJ_fossil_fuel. Therefore, a value of 32.9 g
CO2-eq/MJbiofuel will be adopted as an applicable and globally accepted target value for the
sustainability performance of the biofuel produced. Apart from the sustainability threshold,
RED II provides reference carbon intensities for existing liquid biofuel production chains
(namely biodiesel and bioethanol) [2]. RED III [4] has not amended any corresponding data.

Table 8 presents the data considered for the reference system. Conventional biodiesel
and bioethanol show a large range of carbon load, depending heavily on feedstock and
potential dLUC and iLUC contributions.

Table 8. GWP values for reference cases. (directly acquired from [2]).

Description

Cultivation,
Transportation, and
Biofuel Production
(g CO2-eq/MJbiofuel)

Direct and Indirect Land-Use
Change Impact

(g CO2-eq/MJbiofuel)

Total (Range)
(g CO2-eq/MJbiofuel)

Biodiesel
(B-D)

Lowest: 11.2
(Waste cooking oil–animal fat)

Highest: 63.5 (Palm oil)

Lowest: 0
(Waste cooking oil–animal fat)

Highest: 55 (Oil crops)
11.2–118.5

Reference
biofuels

Bioethanol
(B-Eth)

Lowest: 13.5
(Wheat straw)

Highest: 56.3 (Corn)

Lowest: 0
Highest: 12

(Cereals and starch-rich crops)
13.5–68.3

3.2.3. FT Fuel Production

The following section presents the GWP results for reference and SCWG value chains.
The results are distinguished in three scenarios:
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• Max-yield scenario: Maximum yield assumed (Section 3.1.2) and external heat pro-
vided by fossil fuel combustion.

• HSS-1 and HSS-2 scenarios: Reflecting the results of Section 3.1.3, where no external
heat is required.

Max-yield operating scenario

Figure 19 presents the results regarding index Global Warming Potential (GWP),
when considering maximum yield (Section 3.1.2) and external heat provided by fossil-
fuel combustion. On the left side, the GWP ranges for conventional biodiesel (B-D) and
bioethanol (B-Eth) are presented with black lines, according to the data of the rightmost
column of Table 8.
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Most of the GWP is connected to the core conversion and upgrading stages. This
process-related impact is distinguished between the direct impact from providing process
heat and the indirect impact due to power generation, transportation, and distribution. Due
to fossil-fuel consumption for external heat requirements, all cases have relatively high CO2

emissions. On the other hand, the REDII bonus on upgrading degraded land [2] provides
a considerably positive effect. Overall, it is necessary to assume that the feedstock comes
from degraded fields in order to consider the REDII bonus and have at least one case that
the produced biofuel is characterized as “sustainable”. Only the high biomass concentration
case (BC: 20%) provides a result which is lower than the REDII sustainability threshold of
32.9 g CO2/MJbiofuel. Lower BC values require higher heat input, and thus higher fossil
CO2 emissions from NG combustion. Compared to existing biofuels, SCWG biofuels under
the max-yield scenario would have similar GWP to the most carbon-intensive bioethanol
chains (if not considering the REDII carbon bonus).

The variation in the heat-recovery efficiency has a direct influence on the GWP contri-
bution of “Heat impact”. Higher or lower efficiency by 10% (Table 3) results in lower or
higher GWP (respectively) by 11 g CO2/MJbiofuel (in the case of 20% BC), which is a value
comparable to the “Power input” impact (Figure 19).

Heat self-sufficient process’s operating scenarios.
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Figures 20 and 21 present the results regarding Global Warming Potential when
considering self-sustained operation in terms of process-heat requirements.
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By alleviating the requirement for external heat, all three cases are very close to
the “net zero carbon” characterization. This is due to the REDII carbon bonus, acting
towards counterbalancing the GWP impact of cultivating, transporting, and converting the
feedstock. If degraded land cultivation is not considered, all cases are still well within the
“sustainable” region (below 32.9 g CO2-eq/MJ total impact) and have a similar impact to
the lowest carbon-intensive chains for existing liquid biofuels. Compared to Figure 19, the
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lower biofuel yields lead to increased impact for cultivation, transportation, and power
supply. Therefore, if a waste or renewable (zero-impact) heat flow can be provided and
utilized (possible within the boundary of a bio-refinery), the max-yield scenario would
provide the minimum GWP impact.

Compared to the previous operating scenario, the variation in the heat-recovery
efficiency has significantly lower influence, since there is no contribution related to external
heat provision. The related influence refers to higher/lower yields (Tables 5 and 7), and
therefore lower feedstock and transportation contributions in the GWP results. By assuming
higher or lower efficiency by 10% (Tables 5 and 7), a lower or higher GWP (respectively)
by 1.5 g CO2/MJbiofuel is acquired (in the case of 20% BC), which has a minor impact on
the total results, as it can be observed when compared to the corresponding results in
Figures 20 and 21.

4. Discussion
A conceptual computational process model has been developed to simulate the produc-

tion of FTS liquid biofuels through SCWG of lignocellulosic biomass. The model includes
the following basic stages: (a) SCWG reactor; (b) syngas upgrade through dry reforming;
(c) FTS reactor; (d) FT biofuel products’ upgrade and refinement, so that predictions of
diesel-like, gasoline-like, and jet fuel-like yields are reported.

Simulations have been performed considering two biomass types: Miscanthus and
RCG. Their proximate and elemental analyses available were obtained from the litera-
ture. The effect of biomass concentration (10–20% wt.) and SCWG temperatures within
625–775 ◦C has been assessed. The results show that syngas composition is similar for
both Miscanthus and RCG. It is also shown that increasing biomass concentration increases
syngas CH4 and reduces H2 concentrations. On the contrary, increasing SCWG temperature
increases syngas H2 and reduces CH4 concentrations. To maximize the FT biofuel yields,
the optimum value of H2/CO molar ratio for FTS must be equal to approximately 2. Thus,
to achieve this ratio, higher SCWG temperatures must be employed at higher biomass con-
centrations. In all examined scenarios, the H2/CO ratios considered are slightly higher than
2, so that a surplus of unreacted H2 is achieved and sent to the HDR. Thus, a H2-sufficient
process can be considered. Higher H2/CO molar ratios at the FTS inlet (produced at higher
SCWG temperatures) would decrease FT liquid product yields and increase H2 to be used
either as a surplus in the HDR or as fuel to provide additional heat to the system.

Two basic scenarios have been formulated. They are based on predicting FT liquid
biofuel yields by implementing alternative heat-source options to provide process heat. Ini-
tially, emphasis was given in calculating maximum FT biofuel yields (max-yield operating
scenario). To achieve that, an external heat source is considered to provide the calculated
heat requirements (focusing on SCWG + DRR heat demand, as the most energy-intensive
part of the process). Thus, all produced syngas is fed to the DRR and FT biofuels obtain
potential maximum yields. Process carbon efficiencies reach approximately 50% in all
examined cases. Similarly, specific yields (per kg of dry biomass) of FT biofuels are not
influenced by biomass concentrations. For Miscanthus, a total of 0.2837 kg/kgb FT liquid
biofuels can be produced. For RCG, the respective yield is 0.2585 kg/kgb, 8.8% lower than
Miscanthus. This discrepancy is associated with the lower C and H (and higher O) content of
RCG. The 20% wt. biomass concentration case is considered as the best-case scenario, since
(a) heat requirements decrease with increasing biomass concentration due to less water in
the SCWG reactor; (b) absolute FT biofuel yields are higher. In this case, for Miscanthus,
specific yields of FT liquid biofuels are: 0.0997 kg/kgb, FT Gasoline, 0.0967 kg/kgb and
0.0873 kg/kgb FT Jet Fuel.
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In the second scenario, part of syngas is utilized to provide heat to the process via
combustion. This concept is assessed with respect to minimizing process-heat requirements
and achieving thermal self-sufficiency. Two alternative approaches are examined. In HSS-1,
the DRR temperature is equal to 900 ◦C, ensuring complete CH4 conversion to CO. It is
shown that by increasing biomass concentration, the fraction of syngas sent to combustion
gradually decreases (70% and 40% wt. split for 10 and 20% wt. biomass concentrations,
respectively). This is expected, since heat requirements in the SCWG reactor decrease with
increasing biomass concentration. Thus, process carbon efficiency and specific yields of
FT biofuels increase with biomass concentration. Predicted values are lower than in the
max-yield scenario, since part of the syngas is burned and not fed to the FTS reactor. Carbon
efficiencies range within 17.0–29.6% for Miscanthus and 16.6–28.5% for RCG. For Miscanthus,
a total of 0.1702 kg/kgb FT liquid biofuels can be produced. For RCG, the respective yield
is 0.1551 kg/kgb. For Miscanthus, when the biomass concentration is 20% wt. (best-case
scenario), FT Gasoline depicts the highest yield, 0.0598 kg/kgb, with FT Diesel and FT Jet
Fuel following with 0.0580 and 0.0524 kg/kgb, respectively.

In HSS-2 DRR is considered equal to 650 ◦C to lower the total heat demand. Full
conversion is not achieved, and approximately 60% wt. of CH4 is converted to CO. There-
fore, the unreacted biomethane can also be burned to provide process heat and the H2/CO
mol ratio at the FTS reactor inlet increases. Given that syngas H2 decreases with biomass
concentration, process H2 sufficiency can be maintained even at lower SCWG temperatures.
Increasing biomass concentration, the fraction of syngas sent to combustion gradually
decreases (50% and 15% wt. split for 10 and 20% wt. biomass concentration, respectively).
Thus, the process carbon efficiency and specific yields of FT biofuels increase with biomass
concentration. Predicted values are slightly higher than in HSS-1. Carbon efficiencies
range within 18.1–30.8% for Miscanthus and 18.0–30.8% for RCG. For Miscanthus, a total
of 0.1772 kg/kgb FT liquid biofuels can be produced. For RCG, the respective yield is
0.1679 kg/kgb. For Miscanthus, when the biomass concentration is 20% wt. (best-case sce-
nario), FT Gasoline depicts the highest yield, 0.0623 kg/kgb, with FT Diesel and FT Jet Fuel
following with 0.0604 and 0.0545 kg/kgb, respectively.

A sensitivity analysis has also been performed for all implemented scenarios, high-
lighting the effect of heat-recovery efficiency on the SCWG + DRR heat demand and
potentially FT products. Furthermore, process-modelling results have been obtained using
the assumption of 90% SCWG carbon efficiency. For slightly different efficiencies (85–95%),
there will be a respective decrease/increase in total carbon content in syngas and down-
stream from the SCWG reactor. By adjusting operational conditions (SCWG temperature)
to maintain the H2/CO molar ratio at the inlet of the FT reactor at 2.0–2.1, it is expected
that this decrease/increase will be reflected in the FT product yields.

Overall, the implemented process-modelling approach is based on the development
of a conceptual model which can be further refined to reflect implementation in a more
realistic, scaled-up environment. Specific computational limitations must be considered as
already elaborated in the literature [8]: (a) the biomass enthalpy of formation calculation,
and (b) the estimation of component properties in supercritical conditions. It should be
noted that the equilibrium models used in SCWG and DR reactors are aligned with the
concept of the present work. They highlight technology potential and feasibility with
respect to providing syngas yield, composition, and upgrade-reforming predictions. Most
of the relevant studies also implement thermodynamic models [8]. The use of kinetic models
would provide a more detailed, case-specific approach also supporting the identification
of process units’ (e.g., reactors, heat exchangers) design requirements. The viability of
the process would thus be assessed via a comprehensive techno-economic analysis (TEA).
Furthermore, FT wastewater, a major by-product emerging from the FTS reactor, contains
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small concentrations of light-oxygenated organic compounds. Recent studies have shown
that it can be used for H2 production via a mild-temperature catalytic aqueous-phase-
reforming (APR) process [56]. This option has not been investigated in this work but can be
further pursued in the future. Despite the limitations, the implemented scenarios provide
insight into a novel, yet challenging liquid biofuel production chain.

The second objective of this paper is to evaluate the sustainability of the SCWG process
chains through the quantification of the important indicator of Global Warming Potential,
implementing Life-Cycle Assessment. Focusing on the operating scenarios examined, it
is concluded that the thermal self-sufficient cases (HSS-1 and HSS-2) combined with high
biomass concentrations had the lowest GWP.

Overall, in terms of environmental performance, three major parameters have been
identified as decisive:

• External heat requirements must be minimal, in order to avoid possible fossil-
generated heat inputs. Therefore, it is strongly advised to pursue the integration
of the conversion and biofuel-upgrading stages.

• The utilization of waste or renewable heat would greatly lower expected impacts.
• Cultivation energy crops in degraded land can provide the potential of “negative

carbon” biofuels, provided that sufficient biomass feedstock yields are achieved.

These findings, however, have to be presented alongside the important limitations of
the exercise undertaken. Modelling compromises were necessary (such as the combination
of calculated results with “hard” data from EU regulations) and the results cannot be
considered representative to an upscaled production system.

5. Conclusions
The production of FT liquid biofuels from the SCWG of lignocellulosic biomass is

energetically and environmentally assessed by coupling process modelling with LCA. A
conceptual process model has been developed, comprising the thermochemical conversion
of lignocellulosic biomass in a SCWG reactor, and syngas upgrade through dry reforming
and FTS liquid biofuel production, upgrade, and refinement. Diesel-like, gasoline-like,
and jet fuel-like yields are predicted for different biomass concentrations and SCWG
temperatures. Alternative operating scenarios were assessed with respect to maximizing FT
liquid biofuel yields and minimizing heat requirements towards a thermally self-sustained
process. The results were used as inputs in the LCIs compiled for the overall process
Life-Cycle Assessment. The elaboration of the field-to-biofuel LCIs resulted in detailed
impact breakdowns, aiming to acquire a holistic environmental performance profile.

The conversion technology of SCWG, integrated with a suitable biofuel-upgrading
process chain, has shown considerable potential in producing sustainable biofuels. The
GWP of the biofuels produced is comparable to the best cases available in current liquid
biofuels. Furthermore, if the utilized biomass feedstock originates from the cultivation of
degraded land, the corresponding RED II carbon bonus can be claimed, leading to “negative
carbon” biofuels. Therefore, provided that this biofuel value chain proves economically
viable, a significant contribution towards decarbonizing the transport sector (possibly the
hardest to abate) is identified.

Nevertheless, the present work contributes to a field with little literature coverage,
providing an energetic and environmental reference for an important biomass conversion
technology. An additional contribution can be claimed by the introduction of a combined
methodology, which approaches both simulation modelling and environmental assessment.
The corresponding benefit is demonstrated in the final results, where the effect of the
variation in operational parameters in the core process can be evaluated in terms of the
overall production chain, integrating the upstream impacts.
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