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Hydrothermal liquefaction is a promising technology for producing renewable advanced biofuels. However,
some weaknesses could undermine its large-scale application, such as the significant carbon loss in the aqueous
phase (AP) and the necessity of biocrude upgrading. In order to deal with these challenges, in this work the
techno-economic feasibility of coupling hydrothermal liquefaction (HTL) with aqueous phase reforming (APR)
was evaluated. APR is a catalytic process able to convert water-dissolved oxygenates into a hydrogen-rich gas
that can be used for biocrude upgrading. Two cases were proposed, based on different lignocellulosic feedstocks:
corn stover (CS) and lignin-rich stream (LRS) from cellulosic ethanol production. HTL-APR plants operating with
the same mass flow (3.6 t/h) at 10 wt% solid loading were herein evaluated, resulting in an input size of 20 MW
(LRS) and 16.5 MW (CS). Based on experimental and literature data, the mass and energy balances were per-
formed; subsequently, the main equipment was designed; finally, the capital and operating costs were evaluated.
The analysis showed that the minimum selling prices for the biofuel (0% internal rate of return) were 1.23 (LRS)
and 1.27 €/kg (CS). The heat exchangers accounted for most of the fixed capital investment, while electricity and
feedstock had the highest impact on the operating costs. The implementation of APR was particularly profitable
with CS, as it produced 107% of the hydrogen required for biocrude upgrading. In this case, APR was able to
significantly reduce the Hy production cost (1.5 €/kg) making it a competitive technology compared to con-
ventional electrolysis.

characteristics [3]. Firstly, being in aqueous phase, it can be applied to
wet feedstocks without energetically expensive drying pre-treatments.
Furthermore, water at high temperature and pressure (sub- and super-

1. Introduction

Growth in energy demand and concerns about greenhouse gas

emissions have prompted the development of advanced biofuel pro-
cesses, such as thermochemical conversion technologies, applied to
lignocellulosic or residual biomass [1]. These processes include, among
the others, gasification, hydrothermal liquefaction, pyrolysis, direct
combustion, and supercritical fluid extraction [2].

critical conditions) significantly modifies its properties, reducing its
polarity and increasing the H" concentration (due to the increased
auto-ionization constant) [4]. As a result, water becomes an excellent
solvent for solubilizing and decomposing biomass.

HTL has four different outputs. The main product is the biocrude, a

Hydrothermal liquefaction (HTL), has several and unique viscous organic phase, having a moderately high heating value (ca. 30
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perature Fischer-Tropsch; HTG, hydrothermal gasification; HTL, hydrothermal liquefaction; IRR, internal rate of return; LLE, liquid-liquid extraction; LRS, Lignin-rich
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MJ/kg), but with a considerable residual oxygen content (ranging be-
tween 5 and 30 wt%) [5]. For this reason, the biocrude is commonly
upgraded (i.e., hydrotreated) in order to remove oxygen and other
heteroatoms. Doing so, several properties are improved (storage stabil-
ity, corrosiveness, viscosity) and it can be used as a source of
value-added chemicals [6] and/or as a liquid biofuel [7].

In addition to the biocrude, a gas, a solid (also known as char) and an
aqueous phases (AP) are obtained. The gas is mainly constituted by CO,
and only a minor fraction is represented by Hy and CHy4, thus commonly
resulting in a low heating value [8,9]. The char possesses distinct
properties which differ according to the feedstock (moisture content,
elemental composition, ash, surface area, etc.). It can be used for
contaminant adsorption, soil enhancement and energy valorization
[10].

The aqueous phase, whose dissolved organic compounds belong to
several different classes of molecules (carboxylic acids, alcohols, ke-
tones, etc.), can contain up to 45% of the feedstock carbon content [11].
This stream cannot be simply disposed of due to the associated costs and
the environmental impacts of fresh water continuous supply, as well as
the opportunity that the residual molecules exploitation offers.

The main challenges and opportunities of HTL-AP utilization, have
recently been addressed by several authors in their review works
[12-15]. Different options have been proposed (recirculation, anaerobic
digestion, thermal gasification, etc.) [15,16]. Recycling of the AP from
HTL has been proven to increase the biocrude yield thanks to the effect
of dissolved organics [17,18]. However, this option is feasible when
relatively low moisture feedstock is adopted. Hydrothermal gasification
(HTG) of water soluble organics allows to produce hydrogen or
methane-rich gas from HTL-AP [19], but the harsh reaction conditions
and the problem of salt separation are the main drawbacks. Biochemical
technologies, such as anaerobic digestion can also produce syngas but
the complexity of the AP and the presence of microbial inhibitors
represent the main issues hindering these processes [20].

Despite its potential for the exploitation of carbon-laden water
fractions, none of these works took into account a novel way of valo-
rizing the aqueous stream derived from hydrothermal liquefaction, i.e.,
aqueous phase reforming (APR) [21]. It is a catalytic reaction, carried
out at mild operating conditions (225-270 °C and 30-60 bar) usually
with noble metal catalysts (typically Pt). In these conditions, the dis-
solved oxygenated compounds, still in the liquid phase, can be con-
verted into hydrogen (and carbon dioxide). Because of that, no
vaporization of the aqueous phase is required, resulting in a higher
energy efficiency of APR compared to conventional steam reforming
(SR) of alkanes. In addition, the low temperature range promotes the
water gas shift (WGS) reaction, so that hydrogen yield can be further
increased in the same reactor without the necessity of different catalytic
systems and multiple reactors [22]. Furthermore, CO content is mini-
mized in the effluent gaseous stream [23]. APR studies commonly
focused on the design of the optimum catalytic system, evaluating its
performance over simple mono-component solutions [24]. On the other
hand, fewer works were devoted to its application over synthetic or even
actual mixtures, being closer to an industrially relevant environment
[25]. As a matter of fact, strategic synergies can be evaluated when this
process is found in combination with other technologies. For example,
the hydrogen produced by APR can be then used for upgrading the
HTL-derived biocrude by hydrogenation reactions [7]. The hydrogen
requirement depends both on the intrinsic characteristics of the bio-
crude (mainly the heteroatom concentration) and on the catalyst and
reaction conditions used in the upgrading step [26]. Since hydrogen is
mainly produced by SR of natural gas, greener and renewable options
are desirable. Moreover, the cost of hydrogen can have a strong impact
for small-scale production facilities [27].

For all these reasons, the HTL-APR coupling is a valuable option to
increase the carbon efficiency of the hydrothermal liquefaction, while
providing an environmentally friendly source of hydrogen for the
upgrading section. Techno-economic assessment (TEA) is a useful tool to
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investigate the economic viability of an innovative technology. Some
works were performed on HTL and APR separately [27-34], but none of
them evaluated possible synergies to be exploited, to the best of our
knowledge.

In order to fill this gap, in this work the design and TEA of a com-
bined HTL-APR plant was performed starting from two different feed-
stocks: corn stover (CS), representative of several lignocellulosic
agricultural wastes; and a lignin-rich stream (LRS), being the by-product
of a second generation bioethanol industrial plant [35]. In the second
chapter the main units of the plant are described, as well as the meth-
odology used to perform the economic analysis. In the subsequent sec-
tion, the results are discussed starting from the mass and energy
balances, followed by the design of the main units, and concluding with
the economic evaluation. The calculations were based both on experi-
mental data, mostly collected from previous works of the authors
[36-38], and from the literature. Key performance indicators (minimum
biofuel selling prices, hydrogen cost, etc.) are defined and compared for
the different scenarios, while accounting for uncertainties thanks to a
sensitivity analysis. Particularly, the lack of precise data with regards to
the capital investment related to the low TRL of the examined process
was examined, in order to avoid misleading results. This approach
allowed to assess the feasibility of this novel integration and identify
weaknesses that must be overcome before moving to commercial-scale
implementation.

2. Methodology

The main processes involved in the plant are: i) HTL of a wet feed-
stock, ii) APR of the aqueous phase produced by HTL and iii) hydro-
treatment of the biofuel. Two scenarios of HTL-APR coupling with
different lignocellulosic feedstocks were studied in this work: corn sto-
ver (CS) and lignin-rich stream (LRS), whose characterization is re-
ported in the Supplementary Materials (Table S1.1). The basic scheme of
the process is represented in Fig. 1. The battery limit of the plant is from
the feedstock pre-treatment to the biofuel production.

The capacity of the plant was chosen equal to 20 MWy, of LRS (based
on its calorific value), corresponding to 12 typ/d of LRS (3.6 tgp/d)
which is consistent with the size of the production of second generation
bioethanol plants [39]. The same dry feedstock mass rate was consid-
ered for the second case (CS), which is equivalent to 16.5 MWy, (due to
the different caloric value of the feedstock). This size is coherent with a
50-km radius of harvesting area, according to the average distribution of
corn production in Europe [40] (corn/stover production equal to 1:1
[41]).

The model was developed in a Microsoft Excel© spreadsheet where
mass and energy balances were performed based on results from
experimental work of the author on LRS-HTL and APR; when own
experimental data were not available, results from literature were used.
Based on the balances, the design of the equipment was performed [42,
43]. The equipment of the gas purification and upgrading sections (heat
exchangers, trim heater and hydrotreatment reactor) were not designed
in detail, but their costs were evaluated based on correlations derived
from the literature.

Hereafter, a brief description of the plant is reported. For a more in-
depth description of the main units design, together with the performed
calculations, the reader is referred to the Paragraph S2 in the Supple-
mentary material. The preliminary process flow diagram is reported in
Fig. S2.1., while the fundamental characteristics of the main equipment
can be found in the equipment list (Table S2.2).

2.1. Process description

2.1.1. Pre-treatment

HTL is fed by a lignin-rich/corn stover stream being a byproduct of a
cellulosic ethanol plant and an agricultural residue, respectively. Due to
the high water-content in the LRS case (70% moisture), the plant was
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Fig. 1. Block flow diagram of the HTL-APR integrated plant. Block numbers in brackets are identifiers of plant sections.

assumed to be built next-door to the ethanol plant to avoid dewatering of
the LRS matrix and high transport cost. The LRS is therefore temporarily
stored, milled, and then mixed with recycled and make-up water.

The corn stover is instead harvested three months per year and is
stocked to guarantee a continuous flow rate throughout the whole year.
The longer time storage than LRS is possible assuming a higher biolog-
ical stability guaranteed by the reduced amount of residual moisture
(5.4 wt% [44]). Afterwards, corn stover is milled and mixed with water
for the slurry formation. In order to provide a representative scenario of
local biomass availability, the corn production in the province of Turin
(Piedmont, Italy) was 522 kt in 2019 [45]. Since the ratio between corn
production and stover is 1:1 [41], 522 kt of corn stover were present in
Turin province. Therefore approximately 5% of production was needed
to meet the plant target capacity, which is a reasonable size that does not
pose particular problems in terms of biomass collection and transport
logistics.

2.1.2. Hydrothermal liquefaction

The main reaction parameters for HTL reaction, as well as informa-
tion on products distribution, are outlined in Table 1. Please note that
with the term “biocrude” is hereafter defined the raw oil from HTL,
while as “biofuel” is defined the upgraded product. For the LRS case,
product distribution data were obtained from HTL experiments per-
formed by the authors in a batch reactor at 350 °C for 10 min 10% of
biomass to water ratio and no additives [37]. Since the gas phase was not
characterized, its composition was based on typical literature values
[34].

As far as corn stover is concerned, carbon distribution and aqueous
phase composition (0.2 wt% methanol, 0.88 wt% acetic acid and
1.68 wt% glycolic acid) were calculated as average values of the ex-
periments conducted by Panisko et al. with similar operating condition
of the LRS case [11]. In order to obtain the distribution among each of
the different phases, these information were derived Mathanker et al.
[44], since they were not present in [11]. Gas composition was esti-
mated equal to the LRS case, while ash distribution was based on mass
balances performed with inorganic elements, as explained in paragraph
2.1.7. Further information on the biocrude and char properties obtained
for the two scenarios can be found in Table S1.1.

2.1.3. Product separation

There are four different phases at the outlet of the HTL reactor,
therefore an effective product separation is crucial to guarantee a high
biofuel yield. In this work the proposed product separation consists of:
high-temperature and pressure filtration (solid separation), flash sepa-
ration (gas separation), and centrifugation (liquids separation). Among
the by-products, the gas phase contains mainly CO2 and has negligible
calorific value (LHV= 0.27 MJ/kg); the solid is burnt to provide a
portion of the heat required by the plant, while the aqueous phase is sent
to the APR section.

Table 1
Main reaction conditions and assumptions of the LRS and CS scenarios.
DATA LRS Ref CS Ref
HTL DATA
Temperature (°C) 350 350
Pressure (bar) 200 [37]1 200 [11]
Solid loading (wt%) 10% 10%
Carbon distribution wt% (db)
Biocrude 53% 49%
Aqueous phase 16% 38%
Ggs ’ 15% 1371 10% [44]
Solid 16% 4%
APR DATA
Temperature (°C) 270 270
Pressure (bar) 60 60 Supp.
Catalyst 5%Pt/C [38] 5%Pt/C Mat.
WHSV (kgc/kgeat h) 0.28 0.40 Fig $3.1-
Carbon to Gas (CtoG) 20% 48% A
kg Hy/kg C feed 0.037 0.084
Gas composition vol% (db)
H, 62 68 Supp.
COy 28 [38] 28 Mat.
CHy4 9 4 Fig S3.1-
CyHg 1 0 B
HT DATA
Temperature (°C) 400 400
Pressure (bar) 104 104
CoMo/ [46] CoMo/ [46]
Catalyst . .
alumina alumina
WHSV (Kgbiocrude/kgeat ) 0.81 0.81
Product distribution
Biofuel yield® 74.4% (32 80.0%
Water yield” 30.9% 46]’ 23.5% [32,46]
Gas (C1-C6) yield" 2.9% 2.8%
Hydrogen consumption
H, 'Fo reactor (kg Hp/kg dry 0.083 0.066
biocrude)
H, consumed (kg Hy/kg dry [32, .
biocrude) 0.042 46] 0.033 [32,46]
Ho 1"r1ake-up (kg Hy/kg dry 0.048 0.038
biocrude)

@ HT yields are defined as mass of each product (biofuel, water or gas) per
mass of dry biocrude. Since Hy is not considered in the definition, the products
sum results higher than 100%.

2.1.4. Aqueous phase reforming

APR is performed in a catalytic (5 wt% Pt/C) fixed bed reactor which
converts the carbon-laden water fraction into a gas phase rich in
hydrogen by operating at 270 °C and 60 bar. The catalyst amount was
calculated assuming the same weight hourly space velocity (WHSV)
used in the laboratory scale tests. Its lifetime was assumed equal to 1
year, being this a conservative choice with respect to alternative hy-
pothesis reported in literature [27].

Experimental APR results from the LRS-derived HTL aqueous phase
were taken from previous tests performed by the authors [38]. In the
CS-derived aqueous phase, APR performances were evaluated on a
synthetic mixture whose composition is in agreement with the one from
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Panisko et al. [11] and the results can be found in the Supplementary
information (Fig S3.1-A,B). The APR results for LRS and CS are reported
in Table 1.

2.1.5. Purification

Since the gas phase from APR is a mixture constituted by hydrogen,
carbon dioxide, methane etc., it is necessary to separate the desired
product from other impurities. For this reason, pressure swing adsorp-
tion (PSA) is adopted in this work, assuming for simplicity 100% of Hy
purity and 85% of Hy recovery [27]. These assumptions are in accor-
dance with the available literature which shows that PSA is from several
decades the conventional technique to obtain high purity hydrogen,
particularly at small scale [47]. This stream is used for hydrotreating the
biocrude in the upgrading section, while the excess quantity (if any) is
sold as coproduct.

2.1.6. Upgrading

The biocrude cannot be used as drop-in fuel due to the amount of
heteroatoms (N, O, S), hence a subsequent upgrading step is required.
For this purpose, it was decided to consider only the hydrotreatment
step [34]. However, hydrotreatment (HT) technology is not yet well
established for biocrude from HTL and, to the best of our knowledge, no
works are known regarding HT of biocrude from LRS-HTL.

HT step converts biocrude into biofuel by catalytic (CoMo/alumina)
hydrogenation with Hy at 400 °C and 100 bar [46]. The relative
hydrogen consumptions were calculated to be 0.042 (LRS) and 0.033
(CS) kg Hy/kg dry biocrude, these values took into account the Hp
consumed by side reactions and they were derived from extrapolation of
data from the literature [32,46]. These hydrogen consumption resulted
similar to those present in the literature [26,34,48]. Due to the low
technology readiness level of the hydrotreatment step with regards to
the biocrude upgrade, a sensitivity analysis was carried out by varying
the amount of hydrogen required for the hydrotreatment. This choice
allows to take into account the inherent uncertainties related with this
technology.

The carbon yield of subproducts was adapted from [32,46]. In
addition to biofuel, an off-gas containing the excess hydrogen is pro-
duced. This hydrogen must be separated and purified through PSA to
recycle it at the inlet of the reactor. The residual off-gas (LHV=46.6
MJ/kg) is sent to the gas-burning furnace to recover its residual calorific
value, while ammonia was assumed to be recovered mostly in the
wastewater as reported from the literature [49]. Table 1 summarizes the
yields of subproducts from dry biocrude are reported for both cases. The
catalyst amount was calculated assuming a weight hourly space velocity
(WHSV) equal to 0.81, as suggested by PNNL [46], and with a useful life
of 2 years.

When APR was not able to fulfill the entire hydrogen need of the
biocrude upgrading, the building of a hydrogen generation plant was
simulated to provide the necessary missing quota. In the reference case,
it was supposed that an alkaline electrolysis system was implemented
[50]. Since the hydrogen production technology has a significant impact
on the final fuel selling price, an alternative process was considered for
the sake of comparison, i.e., steam reforming of natural gas. In order to
carry out its design, technical parameters based on commercial plants
were used, and the catalyst was assumed to have a 5-years life [46]. The
followed methodoloy, i.e., designing an on-site hydrogen generation
plant rather than considering hydrogen as an operative cost, is
commonly performed in literature for similar systems [51-54]. In fact, it
takes into account the decentralized nature of biorefineries, which
would lead to high costs for transportation and delivery if hydrogen
derives from a centralized plant. In addition, it allows for a more precise
estimation of the hydrogen price than average data available in data-
bank, thanks to its sensitivity to the plant size.

2.1.7. Aqueous phase recycling
Due to the consistent amount of water required, wastewater at the
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outlet of the APR was recycled to dilute inlet feedstocks. This recycling
improves the sustainability and cost-effectiveness of the process by
reducing the supply of fresh water and the disposal of wastewater. For
the LRS case, the effect of the recycling was tested through preliminary
batch experiments (Paragraph S5 Supplementary Materials). In the LRS
case, the three main inorganic elements were Na, K and Ca, probably in
the form of carbonates.

For the CS case, the main inorganic elements present in the aqueous
phase (Na, K) were evaluated from Panisko et al. [11]; the inorganic
distribution to biocrude and char was assumed to be equal to the one of
LRS. The hypothesis is based on the findings of Toufiq Reza et al., which
observed that most of the ash content in corn stover can be found in its
lignin fraction [55]. In both cases, a large amount of inorganic com-
pounds remains in the aqueous phase and a purge is therefore necessary
to avoid their build-up. APR tests were carried out with water containing
up to 3000 ppm of Na and no deactivation was observed. To evaluate the
purge ratio, it was assumed that the recirculation didn’t change the
inorganic distribution between the phases. As the purge ratio varied, it
was possible to calculate the amount of inorganics present in the recy-
cling loop. The amount of recycled water was hence evaluated to not
exceed the 3000 ppm of inorganics at the inlet of the APR reactor.

Besides inorganic compounds, a build-up of organic was also present,
especially acetic acid [56]. Therefore, its presence can be considered as
an “inert” carbon. To this end, the amount of carbon soluble in the
aqueous phase coming out of the APR reactor was assumed to be inert
through HTL and APR. Knowing the purge ratio, was possible to know
the amount of “inert” carbon present inside the recycling loop. The
amount of fresh water needed to dilute the feedstock was calculated
accordingly to the purge ratio.

2.2. Economic assessment

2.2.1. Capital costs

The aim of the work was to compare the two scenarios and calculate
the minimum fuel selling price and the production cost of hydrogen from
APR. Due to the low TRL of the hypothesized plant, uncertainties in the
estimations should be carefully taken into account. For this reason, the
deterministic results obtained in this section were further discussed in
the sensitivity analysis, where the values of the main variables were
modified in the range suggested by the technical literature to examine
their relative influence on the economic indicators.

The economic analysis was performed considering preliminary esti-
mates, which have a typically accuracy of + 30%, in accordance with
the Association for the Advancement of Cost Estimating International
(AACE International) [57]. Fixed capital investment was based on the
grassroots costs evaluated by the module costing technique described in
[58]. Grassroots costs are related to the construction of a new facility
and include direct and indirect costs, contingency, fee and auxiliary
facilities costs. The module cost technique relates plant costs to the
purchased cost of each piece of equipment, based on Guthrie method
[59]. If correlations for bare module cost were not present in [58], these
were taken from [59] or from extrapolation from other sources; details
are reported in Supplementary S4. Due to the pandemic situation, the
costs were discounted to 2019 through the CEPCI factors (CEPCIgeg
=112; CEPCly99; =397; CEPClIyp9 =608) and converted in euros
(USD/EUR=1.11).

2.2.2. Operating costs

Operating costs were evaluated based on unit costs shown in Table 2.
Apart from the feedstock cost, the other items were assumed equal in
both simulations.

Feedstocks costs were assumed to be 60 €/t for lignin-rich stream and
75 €/t for corn stover, as found in literature [60,61]. Costs for electric
power and natural gas were average values present in the EU market in
2019. Regarding the APR catalyst, Sladkovskiy et al. reported the pos-
sibility to neglect the cost of Pt due to its possible recover at the end of its
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Table 2

Data for the material & utilities costs.
Item Unit Price Ref.
LRS feedstock (db) €/t 60 [60]
CS feedstock (db) €/t 75 [61]
Electric power €/kWh 0.09 [62]
Natural gas €/Nm?® 0.35 [63]
Cooling power €/MWh 0.9 [64]
Make up water €/t 3.5 [53]
Wastewater disposal €/kg COD 0.064 [51]
APR catalyst €/kg 45 [27]
HT catalyst €/kg 28 [46]
SR catalyst €/t Hy 6.54 [46]
H, selling price €/kg Ha 5 [65]

lifetime [27]. For the evaluation of the overall operating cost, the labor
and maintenance costs were added to the material & utilities cost. Labor
cost was assumed to be equal to 56100 €/y per worker and the number of
operators was calculated based on the Turton method [58], to which
other workers were added (supervisor, logistic, amminstration etc).
Maintenance was assumed equal to 5% of the sum of fixed capital in-
vestment and startup cost every year.

2.2.3. Minimum selling price

The objective of the work is to define the minimum selling price
(MSP) of the biofuel; this was carried out using the “Discounted Cash
Flow” (DCF) method. The depreciation and plant life were fixed to 20
years and the main set parameters are reported in Table 3. Maintenance
cost takes into account both ordinary and extraordinary maintenance
due to the long plant life.

Please note that the figures evaluated in the twenty-year projection
profile are real values. It means that they were kept constant throughout
the entire life plant, without considering possible variations dependent
on inflation trends.

As regards the return on invested capital, two hypotheses were
considered:

@ Contribution of the necessary equity by a public operator, non-profit
making, in pursuit of environmental objectives with generation of
positive non-economic externalities (IRR=0%).

@ Contribution of the equity by a private operator, pursuing profit
objectives (IRR = 10%).

Two MSPs values were hence herein evaluated, differentiated by
internal rate of return (IRR). The use of a MSP with an IRR= 0%
(hereafter referred to as MSP°®) was justified by the fact that the
specificity of the energy sector and the need for public incentives for the
ongoing ecological transition may consider the assumption of public
support to the initiative. On the other hand, MSP with an IRR= 10%
(hereafter referred to as MSP'%%) is usually used as reference parameter
to evaluate biofuel profitability [30,52,54,61,66-68]. Based on this, the
MSP®” was calculated to assess the profitability of the plant and to
perform the sensitivity analysis. The MSP'?” was instead evaluated to be
consistent with the literature and to allow for comparison with other
TEAs based on technology differences rather than different economic
management assumptions.

Table 3
Economic set parameters.

Parameter Value

Startup cost 5% of fixed capital investment

Working Hours 8000 h/y
Depreciation time 20y
Starting ratio equity/debt ratio 75%/25%
Income tax rate 33%
Internal rate of return (IRR) 0-10%
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The production of hydrogen used for the biocrude upgrade via APR is
one of the actual benefits of the coupling of these two processes.
Therefore, it is worthy to evaluate the hydrogen production cost by this
technology. Since the two sections are thermally integrated, it was not
possible quantifying it only considering the APR section. Hence, it was
quantified by difference, i.e., subtracting to the global costs of the in-
tegrated HTL-APR plant the contribution of a virtual plant in which the
APR section is not implemented. The hydrogen production cost was then
evaluated as ratio of the difference in costs to the amount of hydrogen
that APR can produce with the integrated plant (Eq. (1)). When elec-
trolysis was necessary (LRS scenario), its costs were not taken into ac-
count for a safe comparison.

> COStSprLAaPR — Y, COSISHTL

1
Hymass production(APR) 1)

H,production costypgr =

2.2.4. Sensitivity analysis

At the end, a sensitivity analysis was conducted to study the effects of
some fundamental parameters (operative costs, hydrotreatment step
parameters, investment, plant life, catalyst cost and nominal size) on the
biofuel cost. Furthermore, scenarios with different sources of Hy (SR
plant or alkaline electrolyzer) were analyzed for comparison with the
HTL-APR coupling.

Table 4 reports the variations used for the sensitivity analysis. The
determination of the feedstocks price is intrinsically complicated by the
fact that a market for lignin and corn stover has not yet been established.
For this reason, the effect of a change in the cost of LRS and CS was
investigated by varying it in a wide range ( + 50%). As regard electricity
and natural gas cost variations, the minimum and maximum costs from
EU countries in 2019 were taken as ranges for the sensitivity.

To assess the impact deriving from the uncertainties in the hydro-
treatment step, the amount of hydrogen required for the upgrading and
the biofuel yield were varied. The range for the Hy required was
considered between the lowest and highest values found in the literature
for lignocellulosic feedstocks (26-40 g/kg dry biocrude [26,48]). The
HT-biofuel yield was changed within + 5%, in accordance with common
procedures carried out in similar TEA [48].

The MSP variation was assessed for different plant life, plant size and
different total and hydrotreatment-related investment cost. Total in-
vestment costs were varied within + 30%, according to the accuracy of
the used method [57], while HT investment costs were modified on a
wider range ( + 50%) due to the higher uncertainties. In addition, the
influence of catalyst cost on the minimum fuel selling price was assessed,
considering a 52-153 €/kg range [69]. The upper value was derived
from the work of Baral et al., correcting by the lower metal loading used
herein (5%) with respect to the reference (10%). This analysis was
carried out to take into account the impact of limitations in the noble
metal catalyst recovery ability on the economic profitability of the plant.

The impact on the MSP was also assessed in case a 20% solid loading
in the inlet slurry. The carbon distribution and elemental composition of
the products, as well as the APR reaction parameters, were maintained
equal to the 10% solid loading case. This assumption was in agreement

Table 4

Variations used for the sensitivity analysis.
Item Min Max Unit
Feedstock price -50% + 50% %
Electricity price 54 144 €/MWh
Gas natural price 0.23 0.61 €/Nm*
APR catalyst price - 153 €/kg
H, consumption 26 40 g/kg biocrude
Biofuel yield -5% + 5% %
Plant life 15 30 y
Plant size 10 40 MW,
Total investment cost -30% + 30% %
HT investment cost -50% + 50% %

Solid loading - 20% wt%
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with experimental tests performed by the authors (LRS case) and a
previous work by Zhu et al. [34] (CS case). In order to take into account
the differences in the slurry rheological properties, pumps and heat
exchangers for the 20% solid loading case were sized assuming an in-
crease in the slurry viscosity of 10 000 times compared to that of water
(used for the 10% case). This assumption was based on slurry viscosity
range from PNNL [70].

As one of the key aspects of this work concerns the production of
hydrogen needed for upgrading, the economic impact of replacing the
Hj derived from the APR section was evaluated. Steam reforming and
electrolysis were the two Ha-producing technologies compared with
APR, since they represent respectively the most established way and the
most investigated decarbonized option.

3. Results and discussion
3.1. Mass balance

Table 5 and Fig. 2 show the main inputs and outputs of the plant.

As regards the production of biocrude, the two cases had a mass yield
(dry biocrude/dry feedstock) of 39.0 wt% (LRS) and 29.0 wt% (CS); the
biofuel yields after upgrading were 29.1% (LRS) and 23.4% (CS). The Hy
yield of the HTL-APR integrated plant was lower with LRS (0.039 Nm®/
kg dry LRS) than with CS (0.131 Nm®/kg dry CS). The difference was due
to the higher organic concentration in the AP for the CS case and to the
presence of compounds with higher Hy productivity.

In addition, due to the higher oxygen content and mass flow of the
biocrude, the Hy required for upgrading was greater with LRS than with
CS. It follows that, in the LRS case APR was able to provide only 19% of
the Hy required for hydrotreatment, while for CS the HTL-APR coupling
was particularly advantageous in that it resulted in a surplus of
hydrogen (107% of the Hj required) that was assumed to be sold as
coproduct.

A higher char yield was obtained using LRS, compared with CS, and
this stream was not valued as coproduct but instead was energetically
exploited in situ.

Wastewater purge ratios resulted equal to 0.29 (LRS) and 0.32 (CS).
In this way, the amount of inert carbon at APR outlet were 34.8 g C/L
(LRS) and 26.7 g C/L (CS) while inorganic compounds remained below
3000 ppm. The amount of water required to dilute the slurry was mainly
derived from the purging, promoting the sustainability of the process.
The demand for fresh water was limited to 3.3% (LRS) and 30.1% (CS) of
the overall water demand.

Table 5
Main input and output streams.
LRS (&

Main input (kg/h)
Feedstock (wb)” 12000 3805
Feedstock (db)” 3600 3600
Make-up water 780 9706
Relevant internal streams (kg/h)
Water from recycling 23220 22489
HTL inlet 36000 36000
H, required for HT 67 40
H; produced from APR 13 43
H, missing quota 55 0
Main output (kg/h)
Biocrude (db) 1406 1050
Biofuel (db) 1047 841
H, surplus 0 3
Solid char 619 171
Wastewater 10169 11091

2 feedstock of the plant (corn stover or lignin-rich stream).
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3.2. Energy balance

The block diagram in Fig. 3 shows the energy streams for both cases.

Several heat exchangers allow the partial recovery of thermal power
from the HTL products stream, saving 11.9 MWy, (LRS) and 12.6 MW,
(CS). After the economizers, the remaining heat is provided by
diathermic oil from the furnace. The char combustion in the furnace,
allowed to save 3.2 MWy, (LRS) and 0.8 MWy, (CS). The heat required
for the APR section is completely provided by the economizer, able to
preheat the feed and to cool down the liquid product, and by the thermal
integration with the HTL section. Before gas separation and after
compression of the product gas (purification section) further heat must
be removed. For the LRS plant, an additional amount of heat from the
electrolyzer shall be removed (1.1 MWy,). The upgrading section
required 0.2 MWy, to heat up the biocrude for hydrotreatment that it is
partially provided by the off-gas sent to the furnace, leading to a positive
thermal balance of the upgrading section.

The overall energy consumptions are shown in Table 6. The overall
required thermal power was similar between the two cases (41 GWh/y
for LRS and 40 GWh/y for CS); however, due to a lower production of
char and off-gas from upgrading, the net thermal demand provided with
natural gas was higher with CS. Cooling power did not differ strongly
between the two cases while the discrepancy between the electricity
consumption was mainly due to the energy cost (26 GWh/y) of the
electrolyzer.

3.3. Economic analysis

In Table 7 the main sections identified in the biorefinery are sum-
marized along with the main unit operations. In order to evaluate the
economic feasibility of the proposed integrated plant, the main equip-
ment were designed to determine their cost.

The overall costs are summarized in Table 8. The details of capital
and operating costs are detailed below.

3.3.1. Capital costs

Fixed capital investments were equal to 26.8 M€ and 22.2 M€, for
LRS and CS case, respectively. The distributions of these costs between
the sections of the plant are reported in Fig. 4; in Fig. S6.1 the break-
down of costs between equipment is reported.

The HTL section was the most expensive of the plant due to the high
number of heat exchangers operating at high pressure (LRS: 24%; CS:
29% of the overall fixed capital cost), to the hose pump P-201 (LRS:
8.1%; CS: 9.7%) and, secondly to the HTL reactor (LRS: 5.4%; CS: 6.5%).
APR was also quite demanding from the economic point of view (LRS:
15%; CS: 16% of the overall cost) and its impact mainly derived from the
heat exchangers (LRS: 7.2%; CS: 6.2%) and the APR reactor (LRS: 4.1%;
CS: 6.0%). Biomass pre-treatment had almost no impact on costs, as well
as the product separation section.

Cost differences between the LRS and the CS case were mainly due to
the purification and upgrading sections: 30% of the fixed capital in-
vestment for the LRS case were allocated to the upgrading section
because of the electrolyzer (16% of the overall cost), which is needed to
supply the missing hydrogen. On the other hand, in the CS case the
purification section cost was almost double of the LRS case due to the
higher amount of hydrogen produced from APR.

3.3.2. Operating costs

Operating costs accounted for 8.2 M€/y and 6.7 M€/y for the LRS
and the CS case, respectively. As can be seen from Fig. 5, one of the two
highest costs was related to the purchase of the feedstock. In the LRS
case, the highest cost was due to electricity, especially related to the
electrolyzer. Maintenance had the same impact in both cases (17% of the
overall operating costs) while labor had the same cost but different
share. In the CS case natural gas accounted for 13%, due to the higher
energy input required, and water make-up accounted for 4%, due to the
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Fig. 2. Mass flows for the LRS case (above) and the CS case (below).

low moisture of the feedstock. Wastewater disposal was modest in both
cases (6%), while catalysts and cooling power costs had very low
impacts.

Within the CS case, the credit from the sale of the produced hydrogen
was subtracted from the material & utilities costs, resulting in a slightly
lower net cost (6.6 M€/y).

3.3.3. Minimum selling prices and economic indicators

The resulting MSPs®” of the biofuels were 1.23 €/kg (LRS) and 1.27
€/kg (CS) and, assuming a distillation cut similar to diesel (LHV=43 M.J/
kg), the gasoline equivalent prices were equal to 3.43 €/GGE (LRS) and
3.54 €/GGE (CS). The MSPs!%® were 1.57 €/kg (4.40 €/GGE) and 1.63
€/kg (4.54 €/GGE) for the LRS case and the CS case, respectively, which
are in the range of existing TEAs. For comparison with the present work,
the MSPs of other biofuels in the literature are given in Table S7.1.

In Table 8 the main economic parameters are reported.

The Hj production costs were estimated at 7.7 €/kg (LRS) and 1.5
€/kg (CS). The costs attributable to the APR section were mostly

dependent on the amount of aqueous stream to be treated, which was
approximately the same for both cases. Hence, the higher profitability of
the CS case was ascribed to its higher Hy production rate. APR
competitiveness therefore strongly depends on the carbon concentration
and Hj productivity of the organic compounds present in the aqueous
phase.

Compared to the literature, both these values are significantly lower
than the hydrogen produced by APR of sorbitol syrup (11.7 €/kg) [27],
which was heavily penalized by the high cost of the feedstock that
constituted up to 91.8% of the overall costs. In this work, APR was
instead carried out on a low value stream. In addition, the HTL-APR
coupling also allowed the reduction of the COD of the HTL water,
resulting in lower disposal costs and higher profitability. Khoda-
bandehloo et al. also assessed the economic performance of APR from a
by-product of glycerol stream from biodiesel production [28]. Glycerol
was assumed to have a residual value of 45 €/kg, and the resulting Hy
production cost was estimated to be 6.7 €/kg. Although slightly lower
than the LRS case, this value is much higher than in the CS case.
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Fig. 3. Block diagram and energy streams for the LRS case (above) and the CS case (below).
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Table 6
Electric and thermal yearly inputs of the plant.
LRS CS
Electric power (GWh) 34.0 7.1
Cooling power (GWh) 33.9 29.9
Natural gas (GWh) 7.1 28.3

Table 7
Plant sections and unit operations.

Section . . .
Section name Unit operations
number
1 Biomass pre-treatment Storage, Mixing, Milling
Hydrothermal
2 ‘y . Heating, HTL reaction, Cooling
liquefaction
Flash tion, Filtrati
3 Product separation ash evaporation, H tration,
Centrifugation
Aqueous phase . .
4 d K P Heating, APR reaction, Flash
reforming
5 Purification Compression, Cooling, PSA
. Hydrotreatment, H, production,
6 Upgrading 4 2P

Electrolyzer®

# Implemented only for the LRS case.

Table 8
Economic parameters and main indicators for LRS and CS case.
LRS Cs

Fixed capital investment (M€) 26.8 22.2
Start-up cost (M€) 1.3 1.1
Total investment cost (M€) 28.2 23.3
Maintenance cost (M€/y) 1.4 1.2
Material cost (raw material, catalyst, water) (M€/y) 2.5 3.0
Utilities cost (M€/y) 3.3 1.5
General cost (M€/y) 0.6 0.6
Labor cost (M€/y) 1.0 1.0
H, credit (M€/y) 0 0.12
MSP%” (€/kg) 1.23 1.27
MSP'% (€/kg) 1.57 1.62

The cost of producing hydrogen from steam reforming (SR) and
electrolysis was also calculated as benchmark. These values were ob-
tained by means of correlations, reported in the Supplementary para-
graph S4, based on the flow rates required by the two cases. The
resulting costs were 2.7-2.9 €/kg for SR and 6.4-6.5 €/kg for electrol-
ysis, which fell within the ranges known for these two technologies:
1.3-3.6 €/kg for steam methane reforming [71] and 3-9 €/kg for elec-
trolysis using different electricity sources [72]. Although the hydrogen

B Biomass pre-treatment
m HTL

M Product separation

m APR

| Purification

B Upgrade

Lignin-rich stream
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requirement in this work fell within the lower operability limit of the
typical SR plant, the use of a centralized upgrading plant, where bio-
crudes are collected from multiple HTL plants, could be economically
beneficial if SR is adopted. On the other hand, with APR this lower limit
does not exist and hence this technology can be a valid solution for HTL
plants with in-situ upgrading. The comparison with other technologies
for hydrogen production will be investigated in detail in paragraph
3.3.4.

3.3.4. Sensitivity analysis

The MSPs®® variations, related to the parameter described in the
methodology paragraph, are reported in Fig. 6. As can be seen from the
figure, the main factor affecting both cases was plant size: a reduction to
10 MW in nominal capacity would lead to a large increase in MSP
(+21% LRS, +26% CS). On the other hand, an opposite increase to
30 MW would lead to a less pronounced decrease (—6.8% LRS, —9.5%
CS). However, a bigger plant would require adequate biomass avail-
ability. The second most impacting on the MSP®” of the LRS-derived
biofuel was the electricity price (—12%/+17%). This is attributable to
the high amount of electricity required by electrolysis; therefore, the
dependence on electricity is not to be traced directly to the HTL-APR
integration, but to the missing quota of hydrogen that APR was not
able to provide. In fact, an HTL-APR plant capable of being self-sufficient
in the production of hydrogen limits the strong influence that electricity
has on the selling price of the biofuel. This is corroborated by the lower
MSP variations observed for electricity price variation for the CS-case
(—3.1%/+4.4%).

The increase of solid loading to 20 wt% led to a reduction in the
capital and operating costs in both cases, resulting in a significant
decrease of 9.6% (LRS) and 11% (CS) in both MSPs®”. This is attribut-
able to the fact that with a double solid loading the flow rate of the
biofuel produced is kept constant while the mass flow to be treated is
halved. However, with state-of-the-art technology it is difficult to pump
slurry with 20% of solid [73]. This problem is strictly linked to the
biomass feature and is currently receiving great attention in order to
evaluate, on the different types of substrates, the optimal solution
(pre-treatments, basic additives, biocrude recycling). This result
confirmed a commendable improvement of the economic performance
of a plant operating at a higher solid concentration, but further in-
vestigations are necessary to support its technical feasibility.

Feedstock price variation changed the LRS-MSP®” within + 8.3%
while changed the CS-MSP®” within =+ 13%; despite it was important in
both cases, the variation was particularly evident for the CS case because
of the high share of the feedstock in the operating costs. Also, the impact
of the cost of natural gas was higher with the CS case than in the LRS case
because of the almost thermal self-sufficiency of the latter. Natural gas

1% 2%

Corn stover

Fig. 4. Grassroot costs breakdown between sections, with LRS case (left) and CS case (right).
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Fig. 6. MSP®” changes as consequence of the sensitivity analysis performed for the lignin-rich stream (above) and corn stover (below) scenario.

cost variation had the smallest impact among all the parameters studied very low variations (+3.0% LRS, +5.1% CS), especially when referring
for the LRS case (—0.7%/+1.6%) while was the fifth most impacting to the high value used for sensitivity.
parameter for the CS case (—3.5%/+7.6%). Catalyst cost increase led to The hydrogen requirement for the hydrotreatment step for the LRS-
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derived biocrude was higher than values reported in the literature. In
addition, the value of 26 g/kg, chosen as the minimum value for sensi-
tivity, was lower than the required stoichiometric value (31 g/kg): the
latter was therefore used as the minimum value for sensitivity. The
decrease in hydrogen requirement led to a consistent decrease in MSP®%
(—7.9%) for the LRS case. On the other hand, the variation in hydrogen
consumption for the CS case led to a lower variation in MSP®® (—3.2%/
+3.9%). However, for the upper limit value of the analysis (40 g/kg), it
was necessary to introduce the electrolyzer to produce the 12% of the
hydrogen required that APR was no more able to produce.

In both cases HT biofuel yield variations ( 4+ 5%) led to MSP varia-
tions (—4.7/+5.2%) proportional to the increase/decrease of biofuel
produced.

Among the uncertainties for investment costs and plant life, the total
investment cost has the biggest impact: + 30% variation led to & 8.1%
(LRS) and + 8.2% (CS) change in the MSPs”, Different assumptions for
the plant life also impact the MSPs” (—5.0%/+5.3% for LRS and
—5.1%/+5.3% for CS) while 4+ 50% variations of the HT investment
cost had very low effect on the MSPs?%,

In order to evaluate the competitiveness of the APR implementation,
different plant configurations for the hydrogen supply are described in
Fig. 7, along with the MSP®® variations with respect to the base
configuration.

Looking at the LRS case, an external hydrogen source was always
required because APR can produce only 19% of the hydrogen needed for
upgrading. Compared to the production of the remaining 81% via

LRS : BASE CASE

1.23 €/kg ———— BIOFUEL
LRS — | HTL »| UPGRADING
-~
APR 1H2

ELECTROLYSIS

External H, source

—>» BIOFUEL

©
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LRS —»| HTL »{ upcrADING
r Y

APR 1 H,
STEAM

REFORMING

External H, source

@ LRS : 1.21 €/kg (-1.4%)
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electrolysis (Fig. 7A), the use of SR was economically very advantageous
(Fig. 7C) as the MSP®” was reduced by 18%. The resulting MSPs?” in
configuration E (only electrolyzer) and D (only reforming) turned out to
be lower than with APR. The economic advantage of using SR and
electrolyzer instead of APR derives from their lower H; production cost.
For the CS case, the integrated HTL-APR plant (Fig. 7B) was able to
produce 107% of the hydrogen required by the upgrading section. In this
case, the replacement of the APR section with electrolyzer (Fig. 7E) or
SR (Fig. 7D) led to an increase of MSP?” (+18% and +3.5%, respec-
tively). These results confirmed the lower Hy production cost through
HTL-APR (1.5 €/kg) compared to the other technologies. The economic
performance of the HTL-APR plant was further improved by the fact that
a surplus of hydrogen can be sold, thus increasing the revenue.
MSPs®” for the LRS-derived biofuels were much lower than the CS-
derived ones if conventional Hs-producing technologies were used:
1.21 vs 1.49 €/kg with electrolysis and 0.95 vs 1.31 €/kg with steam
reforming. This was mostly due to the higher biofuel productivity with
LRS, despite LRS-derived biocrude was more oxygenated and hence
required higher upgrading expenses. However, the difference between
MSPs?” of the two cases with the integrated HTL-APR plants (case A and
B) was almost levelled; this was due to the high Hy productivity (107%
of the hydrogen required) through APR of the residual aqueous phase
from HTL of CS. For this reason, while HTL plants are more profitable
with feedstocks or operating conditions which allows higher biocrude
yield and quality, good carbon yield in the aqueous phase and good
hydrogen yield (kg Ha/kg C feed) are required to make the HTL-APR

> BIOFUEL

HTL >

APR 41H2
|—> H,surplus

UPGRADING

— BIOFUEL

@ LRS : 0.95 €/kg (-22%)

v
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Fig. 7. plant configurations for hydrogen supply. A) APR-+electrolysis, B) APR alone, C) APR+SR, D) SR alone, E) Electrolysis alone, F) No upgrading. The per-

centage values refer to the variation of the MSP®”

11

of the considered configuration compared to the respective base case (A for LRS and B for CS).
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integration attractive.
4. Conclusion

This study investigated the conceptual design and a novel techno-
economic assessment of an HTL-APR integrated plant. Hydrothermal
liquefaction has been confirmed as an appropriate technology for pro-
ducing advanced biofuels, while APR has shown great potential to be
coupled with it.

Two different feedstocks were compared, maintaining the same mass
flow rate and 10 wt% of solid loading: a lignin-rich stream (LRS, 20 MW
input) and corn stover (CS, 16.5 MW input).

The design was carefully customized to increase the carbon recovery
and energy efficiency by valorizing the by-products. In order to do this,
it was important to overcome technical issues, such as the separation
section.

The economic assessment evaluated the capital and operating costs
resulting in a minimum selling price with IRR 0% (IRR 10%) of 1.27
(1.62) €/kg for CS and 1.23 (1.57) €/kg for LRS. A sensitivity analysis
was performed to understand how the main operating cost items
impacted the MSP. For both cases, this was consistently affected by the
feedstock cost variation: &+ 8.3% for LRS, + 13% for CS. Variations to
the electricity price significantly influenced the MSP of the LRS-derived
biofuel, mainly due to the high electricity demand for electrolysis.
Instead, for the CS case, total investment costs uncertainties and natural
gas cost variations had a consistent impact. A first economic assessment
for a 20% solid loading plant was made, resulting in a MSP reduction of
10-11%.

Finally, various scenarios showed that the addition of an APR section
to the HTL plant has great potential, especially for the corn stover case.
In fact, the hydrogen production costs were 7.7 €/kg (LRS) and 1.5 €/kg
(CS). The compellingly low value of the latter was attributed to APR,
being able to produce 107% of the hydrogen required for biocrude
upgrading. This indicates that APR can be a useful process for producing
greener hydrogen, but its effectiveness is strongly related to the feed-
stock. In fact, LRS and CS showed different compositions of biocrude
(lower hydrogen demand for CS-derived biocrude) and hydrogen pro-
ductivity from the aqueous phase. It is worth noting that these results
should be confirmed in an industrially relevant environment. In fact,
while a real water stream from lignin-rich HTL was used for the
assessment, it will be necessary evaluating the APR performance also in
the case of real water fractions from corn stover HTL and taking
advantage of more robust design data availability (such as for the bio-
crude upgrade step).

To conclude, the proposed biorefinery shows great potential for the
production of biofuels from lignocellulosic residue, reducing the need
for fossil hydrogen thanks to the striking balance between HTL and APR.
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