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Abstract: In order to keep the +1.5 ◦C over-temperature, previously predicted with high confidence
by IPPC Sixth Assessment, as minimal as feasible, it is more than vital to achieve a low-emission
energy system. Polygeneration systems based on thermochemical processes involve biomass con-
version in multi-output of bioenergy carriers and chemicals. Due to reduced energy input and
input/output diversification, polygeneration energy systems are considered interesting pathways
that can increase competitiveness of biomass-derived products. The proposed route of fast pyrolysis,
sorption-enhanced biochar gasification and crude bio-oil hydrodeoxygenation to produce drop-in
biofuel and hydrogen is examined. Both kinetic and equilibrium approaches were implemented in
Aspen Plus to take into account the effect of the major operating parameters on the process perfor-
mance and then validated against the literature data. Results show how the process integration leads
to improved mass conversion yield and increases overall energy efficiency up to 10%-points, reaching
the maximum value of 75%. Among the various parameters investigated, pyrolysis temperature
influences mainly the products distribution while Steam/Biochar and Sorbent/Biochar affect the
energy conversion efficiency.

Keywords: polygeneration energy systems; residual biomass valorization; biomass system modeling;
fast pyrolysis; integrated sorption-enhanced gasification (ISEG)

1. Introduction

The last emission gap report states a current gap of 23 gigatons of CO2 equivalent
of a year to get back in line with the targets set in the IPPC Sixth Assessment [1]. If the
measures announced by the countries are applied correctly, global warming at the end of
the twentieth century will exceed 1.5 ◦C and is expected to settle around 2.6 ◦C. Hence, the
urgent need to create a strategy for the transition to a resilient low-emission energy system
has been very clear [1].

The transport sector is the second largest source of energy-related CO2 emissions
worldwide and has the highest level of reliance on fossil fuels of any sector, requiring
a great economic and technological effort in the decarbonization of heavy-duty trucks,
aviation and shipping [2]. In this context, the revised renewable energy directive (RED II)
requires a minimum share of 14% of renewable energy in road and rail transport by 2030 [3].
Furthermore, the package ‘Fit for 55%’ [4] t sets the main targets of energy transition targets
for 2030, and with its regulatory proposals ‘New infrastructure for alternative fuels’ [5],
“ReFuelEU More sustainable aviation fuels” [6] and ‘FuelEU: Cleaner maritime fuels” [7],
it outlines the paths to achieve the energy transition in the transportation sector. Among
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all the initiatives in the package, those related to emission reductions in shipping and the
integration of sustainable aviation fuels (SAF) are the most remarkable. They are ambitious
and set target schedules, which will end in 2050 with a 63% SAF integration and a 75%
reduction in carbon intensity for maritime transport compared to the 2020 levels [8].

Bio-based fuels are currently available as alternative solutions to fossil-based fuels [9].
Biofuels can provide a fast and effective response to mitigate emissions. In fact, biofuels
have properties similar to those of fossil fuels, and they can be used right away, without
significantly impacting facilities and transportation vehicles [10]. However, biofuels must
come from residual feedstock and non-competitive with food uses, in accordance with the
requirements contained in Part A of Annex IX of RED II [3].

For the conversion of biomass feedstock to SAF, various pathways are possible, such
as hydroprocessing, thermochemical processes, known as biomass-to-liquid (BtL), and
biochemical processes.

In hydroprocessing, glyceride-based oils/fats are converted into a mixture of hy-
drocarbons (n-alkanes, iso-alkanes, and branched alkanes) in the same carbon range as
fossil kerosene [10,11]. Currently, only renewable jet (HRJ) biofuels have reached the
technological readiness to be commercialized, while BtL fuels are considered a promising
alternative [12].

Among BtL processes, gasification and Fischer-Tropsch synthesis (FTS) are mature
production routes, close to a commercial operation [13]. FTS consists of a heterogenous
catalyzed process in which carbon monoxide is polymerized to a variety of linear hy-
drocarbons, called synthetic paraffinic kerosene (SPK), and water under a pressurized
hydrogen atmosphere.

However, both HRJ fuels and SPK lack sufficient amounts of cyclic alkane and poly-
cyclic aromatic hydrocarbons; both classes are required to increase the density and decrease
the freezing point while ensuring proper valve sealing, respectively [14]. Thus, a low
concentration of such hydrocarbon classes poses a limit to the blend ratio of SAF with
conventional fossil-based kerosene [14].

Fast pyrolysis is a thermochemical process used to convert biomass under an inert at-
mosphere into tri-state products—bio-oil, biochar and a mixture of non-condensable gases.

Bio-oil-to-transportation fuel is limited by its high water content, the presence of
oxygenated compounds, high viscosity, high acidity, poor stability, and reduced high
heating value, making it unsuitable for direct engine applications [11].

Bio-oil upgrading can be carried out with different processes characterized by various
technologies and the degree of complexity, including solvent addition, catalytic cracking,
and distillation [15]. Among the upgrading processes, hydrodeoxygenation (HDO) carried
out in the pressure range of (100–250 bar) and at high temperature (250–400 ◦C) in the
presence of an appropriate catalyst is considered the most promising option due to the
high conversion efficiency and high quality of the final products. Moreover, several studies
show that upgraded bio-oils have a high concentration of monocyclic and polycyclic
aromatics and compounds of chemical classes that are otherwise difficult to obtain with
other technologies [16,17]. However, process severity and hydrogen consumption are
technical, and economic barriers pose a limit to the industrial development and scale-up of
the process [16].

Polygeneration systems based on thermochemical processes involve biomass conver-
sion in multi-output of bioenergy carriers and chemicals. Due to reduced energy input
and the diversification of input/output, polygeneration energy systems are considered
interesting pathways to increase the competitiveness of biomass-derived products [17].

As stated in T. Nguyen et L. Clausen in [17], hydrogen production costs deeply influ-
ence the economics of the polygeneration system. Steam gasification is a thermochemical
process used to convert biomass into a gas, called syngas, mainly composed of H2, CO,
CO2 and CH4 [18]. A common way to reduce the amount of CO2 and increase the H2
concentration is by means of the bed material acting as carbon dioxide sorbent for in situ
CO2 removal. This process is called a sorption-enhanced gasification process (SEG), and, by
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reaction the shifting of the water gas shift towards equilibrium, it leads to higher hydrogen
yields [19]. Generally, calcium oxide-based sorbents are used for the SEG process, and
the exothermic carbonation reaction for CO2 absorption is favored between 650 ◦C and
750 ◦C [19].

CaO(s) + CO2 → CaCO3(s) Absorption reaction

In addition to the main products listed above, syngas also contains undesired organic
compounds (tar) and inorganic contaminants, mainly hydrogen sulfide and hydrogen
chloride, the quantity of which is related to the feedstock, the process conditions and the
gasifier design [20–22]. These contaminants are a major risk factor for the lifetime of plant
equipment; in fact, chlorine compounds may cause corrosion of metal equipment, health
problems and environmental issues, while sulfur compounds may cause poisoning of the
catalyst [22]. This is the reason why these contaminants must be reduced to below the
common level of 1 ppm [22], which is suitable for the most common syngas applications
(solid oxide fuel cell, an internal combustion engine, gas turbine, etc.).

The modeling of integrated thermochemical processes has been deeply considered in
the literature as a powerful tool for estimating energy yield and process efficiencies when
comparing different processes [17].

The Danish University of Aalborg and the Technical University of Denmark have
worked in the past years on the conceptualization of a polygeneration system to valorize lig-
nocellulose biomasses into electricity and biobased liquid fuels, such as methanol, through
an integrated thermochemical system [23]. The integrated model consists of a gasification
section, composed of a pyrolizer, a tar reformer, a char gasifier, and reversible solid oxide
fuel cells (SOFC)—and a methanol synthesis section, composed primarily of a methanol
reactor and a distillation unit. They found that the overall maximum efficiency of 70.5%
was achieved by including a complete methanol production process while the efficiency
in the case of electricity production was limited to 37%. Furthermore, the main challenge
highlighted in the cited is to operate the SOFC with cleaned pyrolysis gas due to technical
issues due to tars and hydrocarbons affecting the durability of the SOFC.

T. Nguyen and L. Clausen proposed novel polygeneration concepts based on catalytic
hydropyrolysis for the conversion of woody biomass to deoxygenated bio-oils, synthetic
natural gas, and methanol [17]. Among the various layouts they proposed, a conversion
biomass pathway based on hydropyrolysis and hydrodeoxygenation, biochar gasifica-
tion and extra hydrogen production led to a total system efficiency of 71% and a carbon
conversion efficiency of 49% [17].

M. Prestipino et al. conducted an analysis of a system for the production of hydrogen,
electricity, and heat using citrus peel as feedstock [24]. They started from the experimental
data obtained in previous works and used them for the validation of the model developed
in AVEVA PROII software [23]. The system included an air-steam gasifier, a pressure swing
adsorption unit for hydrogen separation, and an internal gas engine for thermal power
production. They found that under optimized operating conditions, the system had the
highest hydrogen yield of 40 kg H2/tdb, 1793 MJ/tdb (tons dry basis) of net electricity
production and around 35% of global energy efficiency.

Lee et al. modeled a torrefaction/DFB steam gasification integrated system and
investigated the effect of steam to biomass ratio (S/B) and the torrefaction temperatures on
the syngas composition and cold gas efficiency (CGE) [25]. They found that torrefaction
had a positive effect on cold gas efficiency, whereas an increase in gasification temperature
and steam-to-biomass ratio led, respectively, to a decrease and an increase of CGE with an
optimal value of approximately 74%.

In this study, we propose an integrated thermochemical process in which residual
lignocellulosic biomass is converted to energy carriers, such as biodiesel, bio-gasoline
and hydrogen through a conversion system based on low-temperature fast pyrolysis as
a biomass pretreatment process to obtain biochar and bio-oil as intermediate bioenergy
carriers. Hereafter, biochar is gasified, and the hydrogen produced, separated with a
catalytic Pd-based membrane, is supplied for the bio-oil hydrodeoxygenation step to obtain
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advanced biofuels. In addition to liquid biofuels, the polygeneration system produces extra
hydrogen and syngas, which add value and diversification to the energy output.

The aim of this study is to evaluate the mass and energy conversion of the proposed
pathway and to understand the feasibility of the approach, with particular attention to raw
material consumption, mass and energy yields, and cold product efficiency. The process
is evaluated using Aspen Plus software by means of a mix of kinetic and equilibrium
modeling approaches to obtain the best compromise between the reliability and accuracy
of the results and a limited complexity and computational cost.

2. Materials and Methods

The integrated thermochemical approach is evaluated by developing a numerical
model in Aspen Plus software from AspenTech®. This software is widely used in the
biomass energy upgrading system focused on the gasification step, while the proposed
system integrates it into a wider conversion layout in order to achieve a polygeneration
apparatus. Figure 1 shows a simplified layout of the proposed conversion plant.
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Figure 1. System layout.

In the following sections, a description of the system is given. Each section presents a
component of the conversion plant and its modeling to describe its main purpose in the
overall system, as well as hypotheses, assumptions, and literature references.

2.1. Feedstock

Feedstock lignocellulosic biomass has been selected in accordance with the EU
Directive [3] and the scientific literature to avoid any competition with the food sector.

Among the spectrum of lignocellulose biomasses, softwood has been selected for the
proposed work because of its wide availability and its valuable properties, which makes it
a suitable feedstock for the proposed integrated conversion process. The characterization
of softwood is reported in Table 1, according to [26,27].

2.2. Pyrolysis

Pyrolysis is the first step of biomass energy conversion, and its products are used in
different sections of the system for further upgrading. It is modeled by an Aspen Plus
kinetic model based on the approach proposed by Ranzi et al. and incorporates more than
50 species and 32 reactions [28,29].
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Table 1. Characterization of softwood: elemental and proximate analysis, determination of low
heating value and polymeric composition.

Parameter Unit References

C 50.7 w% db [26]
H 5.9 w% db [26]
N 0.2 w% db [26]
O 43.0 w% db [26]
S 0.005 w% db [26]
Cl 0.005 w% db [26]

Volatiles 85.4 w% db [26]
Fixed C 14.6 w% db [26]

Ash content 0.2 w% db [26]
Water content 7.2 w% db [26]

LHV (dry) 18.9 [MJ kgdb
−1] [26]

LHV (moist) 17.4 [MJ kg−1] [26]

Cellulose 44% [27]
Hemicellulos 24% [27]

Lignin 32% [27]

The input of the model is the biochemical biomass composition in terms of cellulose,
hemicellulose, and lignin. This is converted into char, bio-oil, and syngas by a multistep
kinetic mechanism that involves global and apparent first-order reactions. The upgrading
of the bio-oil through the tile part of products is represented by 29 species, including gases
and condensable species (bio-oil), and the solid part (biochar) made up of the sum of pure
carbon, the unreacted part of biomass, and pseudo-species called ‘metaplastics’. These
metaplastic compounds have the role of representing the oxygenated and hydrogenated
groups that are usually bonded to the carbonaceous matrix of biochar produced by the
pyrolysis process.

The products of pyrolysis follow different routes in the system.
Vapors and non-condensable gases leaving the pyrolysis reactor undergo condensation.

In detail, they enter a heat exchange to cool down to room temperature, 25 ◦C.
Condensable species, which form the bio-oil, include mainly phenols, alcohols, ketones,

aldehydes, lignin-derived acids, sugar derivatives, water, and aromatics, according to data
reported by other analytics [30–33].

Non-condensable gases pass through the condensation section and go beyond reaching
the gasification section.

The solid part goes to an ideal separator, which allows it to obtain its elemental com-
position (C, H, O). The algorithm to convert species to elemental terms is implemented in
Microsoft Excel, integrated with the process simulator using the Aspen Simulation Workbook.

The pyrolizer is modeled in Aspen Plus as a continuous stirred tank reactor with a
feedstock residence time of 10 s.

Pyrolysis Validation

Although the pyrolysis model is based on an already validated model [29], validation
of its implementation in the Aspen Plus software has been performed. For the pyrolysis
model validation, two different aspects have been considered: the yield of the three output
products and the elemental composition of the char.

For the validation of product yields, the work of S.S. Liaw et al. has been taken
as a reference [34]. The Douglas fir wood composition was taken in terms of cellulose,
hemicellulose, and lignin, and also the temperature and residence time of the pyrolysis.

By comparing the results of the model results and the reference presented in Figure 2, the
model shows good agreement in terms of both the product distribution and temperature trends.
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For the validation of the char composition, the work of X. Cao et al. [35] has been considered.
Since the article did not contain information on the characterization of the feedstock in

terms of cellulose, hemicellulose, and lignin, data relative to maple wood have been taken
from [36] while the temperatures and residence time of the pyrolysis processes have been
taken equal to those reported in the article.

The results are synthesized in Figure 3 where a good prediction capacity of the model
on char composition can be observed, with respect to the data given in the reference [35].
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2.3. Gasifier

The simulation of the sorption-enhanced char gasification process is based on mass
and energy balances and chemical equilibrium among all processes.

The temperature of the gasification process is set at 650 ◦C. The gasifier is fed with
CaO for in situ CO2 adsorption. The oxidizing agent is a mixture of steam and air. Both
the steam/char and CaO/char feeding of the system are considered as variable operating
parameters, and sensitivity to these is presented in the results section.

Reactions modeled for the sorption-enhanced gasification are listed in Table 2.

Table 2. Gasification reactions [37,38].

Reaction Reaction Name Heat of Reaction Reaction
Number

Heterogeneous reaction
C + 0.5 O2 → CO Char partial combustion (−111 MJ kmol−1) (R1)

C + H2O↔ CO + H2 Water–gas (+172 MJ kmol−1) (R2)
2 CO↔ CO2 + C Boudouard (+172 MJ kmol−1) (R3)

Homogeneous reactions
H2 + 0.5 O2 → H2O H2 partial combustion (−283 MJ kmol−1) (R4)

CO + H2O↔ CO2 + H2 Water–gas shift (−41 MJ kmol−1) (R5)
CH4 + H2O→ CO + 3H2 Steam-methane reforming (+206 MJ kmol−1) (R6)

CaO + CO2 ↔ CaCO3 Carbonation (−179 MJ kmol−1) (R7)

As already reported in the Pyrolizer section, the kinetic approach for pyrolysis model-
ing allows obtaining a high level of detail on the char elemental composition and delves
deeper into the common assumption of char composed of only carbon performed in other
studies of two-step gasification in Aspen Plus [39,40].

The gasifier is modeled as a Gibbs reactor through restricted chemical equilibrium [37,39,41]
while tar formation is evaluated in a separate reactor, a RYield, taking a fraction of C and H2
and converting them into tar. Tar is divided into 60% benzene, which does not condensate,
20% toluene (as a representative of fast tar) and 20% naphthalene (as representative of the
slow tar) according to reference [42].

Gasification Validation

The sorption-enhanced steam gasification process model has been validated for its
prediction capacity of syngas volume fraction composition.

The work of J.C. Schmid et al. [19] was used as a reference. In their study, the per-
formance of a dual fluidized bed-enhanced steam gasifier was evaluated. The reference
case using lignite was taken into account because it was considered the most similar to the
biochar used in this work. The feedstock characteristics and the operating conditions of J.C.
Schmid’s work were imposed into the gasification model in Aspen Plus.

The comparison of the reference results and the prediction of the proposed model
presented in Figure 4 shows a good agreement.

2.4. Gas Cleaning

Syngas purification is achieved by hot gas cleaning processes, including dolomite
in the bed, catalytic filter candles in the freeboard of the reactor for tar removal, and
two sorbent reactors for H2S and HCl removal. The in-bed dolomite for tar removal was
simulated as a Gibbs reactor by imposing fractional conversion from the literature [21]. The
catalytic candles were modeled as stoichiometric reactors, and the reactions that occurred
inside and the conversion rates were set according to experimental data by Savuto et al. [43].
The adsorption of H2S was simulated using an equilibrium reactor, the temperature was
set at 450 ◦C, and ZnO was used as a sorbent (ZnO: H2S was 2) [21]. HCl adsorption was
simulated using a Gibbs reactor, the temperature was set at 550 ◦C, and nacholite was used
as sorbent [44].
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Figure 4. Validation of sorption-enhanced gasification: syngas composition of char gasification at
650 ◦C, S/B = 1 [19].

The effectiveness of gas cleaning is demonstrated in Table 3 since the level of inorganic
contaminants decreased to less than 1 ppm and the level of tar decreased to less than
1 g/Nm3, which is the limit level for the most common applications of syngas [21].

Table 3. Syngas composition.

SYNGAS,0
(Out of SEG)

SYNGAS,1
(Out BEDREACT)

SYNGAS,2
(Out CANDLE)

SYNGAS,3
(Out H2S Removal)

SYNGAS,4
(Out HCl Removal)

H2 [%vol,dry] 80.17 80.17 83.87 83.87 83.87
CO [%vol,dry] 6.24 6.24 11.5 11.5 11.5
CO2 [%vol,dry] 1.18 1.18 0.98 0.98 0.98
CH4 [%vol,dry] 12.45 12.45 3.6 3.6 3.6
C6H6 [g/Nm3] 21.15 5.28 1.56 1.56 1.56
C7H8 [g/Nm3] 8.60 1.63 0.45 0.45 0.45
C10H8 [g/Nm3] 11.57 2.05 0.62 0.62 0.62

H2S [ppm] 1200 200 180 0.04 0.04
HCl [ppm] 750 105 100 0.03 0.03

2.5. Hydrodeoxygenation

The condensable species produced by the pyrolysis process have a high oxygen
content (about 50%); therefore, these are not suitable for direct energy use. The oxygen
content is reduced by an HDO reactor. It consists of three main sections: hydrotreating,
distillation, and hydrocracking. All three processes are enabled by the presence of hydrogen
(approximately 0.06 kgH2/kgbio-oil) that is taken from the post-gasification syngas through a
membrane separator reactor [45]. The HDO modeling is based on the work of J.F. Peters [46].

2.5.1. Hydrotreatment

The hydrotreatment section consists of two stages characterized by different operating
conditions. The first stage is a mild hydrotreatment, where the hydrogen pressure is 170 bar
and the working temperature is 270 ◦C. Some catalysts are usually present in the reactor
to ensure the effectiveness of this process, for example, the Co-Mo catalyst [47]. In mild
HDO, extremely unstable compounds (such as acidic oxygen compounds) react to give rise
to more stable products. This stage also produces water that is separated to enhance the
energy density. The modeling is based on the chemical compound approach, where the
condensable species are grouped in reference model compounds (for example, phenols,
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ketones, etc.). [48] and then converted to the resulting species by the Aspen Plus RYield
components. The result is a stabilized oil with still elevated oxygen concentration (about
30%), which is not yet sufficient. Therefore, another hydrotreatment stage is necessary,
i.e., deep hydrodeoxygenation. In this second stage, the hydrogen pressure is 140 bar
and the working temperature is 303 ◦C, ensuring the conversion of high oxygen content
products into high-carbon and hydrogen chemical compounds, such as linear and cyclic
alkanes and aromatic hydrocarbons, calculated using the model presented in [49].

2.5.2. Distillation

The purpose of the distillation section is to separate the heavier compounds from the
more volatile ones to obtain two different drop-in fuels: gasoline and diesel. A mixture of
hydrotreatment outlput, hydrogen and hydrocracking output enters the inlet of the first
distillation column at a temperature of 157 ◦C and a pressure of 15 bar. A stream of typical
gasoline compounds leaves the column head while the heavier compounds come out from
the bottom, which is depressurized to 0.1 bar. These heavier compounds enter the second
distillation column, which allows obtaining diesel-like fuel at the top, while the heavier
compounds reach the hydrocracking reactor inlet at the bottom.

2.5.3. Hydrocracking

The final step of the HDO section is hydrocracking. Its purpose is to break down
the heavier part, which is not suitable for direct application. This heavy fraction is first
pressurized up to 60 bar, mixed with hydrogen, and heated to a temperature of 600 ◦C.
In the hydrocracker, the inlet flow is represented by chrysene. It reacts with hydrogen
and produces linear and cyclic alkanes and aromatic hydrocarbons, such as benzene and
toluene. The products leaving the reactor are then depressurized, cooled to a temperature
of 32 ◦C, and enter the flash chamber along with the hydrotreating products, thus closing
the cycle. The reactions accounted for in the model are reported in Table 4.

Table 4. Hydrocracking reactions.

Reaction Reaction
Number

Chrysene + 3 H2 → Naphthalene + M-Xylene (R8)

Chrysene + 10.1 H2 → 0.35 Benzene + 0.25 Dodecane + 0.32 Isopropylbenzene +
+ 0.32 Methylcyclohexane + 0.32 Ethane + 0.33 Toluene + 0.43 Undecane + 0.1 CH4

(R9)

Chrysene + 11 H2 → Cyclohexane + Bicyclohexyl (R10)

Chrysene + 13 H2 → 0.35 N-octadecane + 0.33 Isopropylcyclohexane +
+ 0.33 N-nonane + 0.32 Cyclopentane + 0.32 N-tridecane (R11)

Chrysene + 14.25 H2 → 0.5 Pentane + 0.5 N-octane + 0.25 Methylnonane +
+ 0.5 N-pentadecane + 0.5 Propane (R12)

Chrysene + 15.6 H2 → Butane + 0.8 Tetradecane + 0.2 N-hexane + 1.6 CH4 (R13)

An example of the concentration of carbon, hydrogen and oxygen before and after
hydrodeoxygenation with their respective low heating values are shown in Table 5.

Table 5. Oil characteristics before and after hydrodeoxygenation.

Pre HDO Post HDO

C (% wt.) 56.2 85.5
H (% wt.) 6.1 14.3
O (% wt.) 37.7 0.2

LHV (MJ/kg) 18.5 46.3
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3. Results and Discussion

The thermochemical integrated system is evaluated under different operating condi-
tions to understand its effects on the conversion process performance.

The Key Performance Indicators (KPIs) used for the analysis are defined according to
the following equations:

ηoverall =
mhydrogenLHVhydrogen + mdrop inLHVdrop in + msyngasLHVsyngas

mbiomassLHVbiomass + Pwpyrolysis + PwSEG + PwHDO + Pwgas cleaning
(1)

Energy Yieldi =
mi·LHVi

mbiomass·LHVbiomass
(2)

Mass Yieldi =
mi

mbiomass
(3)

These parameters were chosen because they have already been assessed according
to the literature [23].Overall efficiency indicates the performance of the entire system and
takes into account the power consumption of all processes in addition to the biomass input
power.On the other hand, the energy yield takes into account the input biomass energy
content to represent how it is distributed in the final products.Finally, the mass yield gives
information about the material redistribution of the biomass input.

The effects of three main operating parameters are studied: the pyrolysis temperature,
the steam/char ratios, and the CaO/char ratios in the gasifier.

The operating conditions considered are as follows:

• Four pyrolysis conditions: no pyrolysis, Tpyro = 300 ◦C, Tpyro = 350 ◦C, Tpyro = 400 ◦C;
• Five CaO/char ratios: from 1 to 2 by step of 0.25;
• Ten steam/char ratios: from 0.2 to 2 in 0.2 steps.

The CaO/char range is chosen as a result of its effectiveness in the SEG process. In
fact, the sorption of CO2 under the gasifier in the chosen CaO condition displays good
behavior. Figure 5 shows the H2 and CO2 dry molar fraction for different CaO/char ratios
without pyrolysis and a steam/char of 0.4. Figure 2 shows between one and two values of
CaO/char an increment of about 13% points is achieved in the H2 molar fraction of dry
syngas out of the gasifier and a plateau in CO2 absorption is reached.
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The results in terms of overall efficiency under the different tested conditions are
reported in Figure 6, where the warmer colors represent higher efficiency values for the
respective values of CaO/char and steam/char, and the black lines represent the iso-
efficiency curves. A general trend can be observed in the results: by increasing the value
of the steam/char ratio, the overall efficiency increases to a saturation value. A further
increase leads to a monotonically decreasing trend, whose slope depends on the pyrolysis
temperature. This trend highlights the occurrence of a peak, depending on both the
pyrolysis temperature and the steam/char ratio. In particular, the peak value of the
overall efficiency is moved to the right (higher S/C ratios) as the pyrolysis temperature is
increased. This behavior occurs due to the increase in the concentration of char carbon with
the pyrolysis temperature, as can be observed in Figure 3 in the Materials and Methods
Section. As a result, greater CO production is obtained through the water gas reaction (R2),
increasing the water consumption potential for the water gas shift reaction (R5). These
considerations are consistent with the results presented in [25], which show a higher amount
of carbon monoxide produced with the increase in torrefaction temperature implemented
upstream of the gasifier.
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In general, a higher specific steam consumption appears to be profitable for the
hydrogen production capacity of the system due to a higher pyrolysis temperature.

The energy yields and the overall efficiency as functions of the pyrolysis conditions
are described in Figure 7a for the S/C ratio where the overall efficiency is maximized at the
CaO / char ratio of 1.5. Peak efficiency is achieved for Tpyro = 400 ◦C, reaching a value of
approximately 74% compared to the 64% obtained without pyrolysis pretreatment. This is
due to the reduction of the lesser energy requirement in the gasifier, mainly for the steam
generation and the CaCO3 regeneration, and the increased drop-in fuel production capacity
(due to the increase in the bio-oil fraction with the pyrolysis temperature). This increase in
overall efficiency by char valorization is also reported in [17], where the gasification of the
hydropyrolysis char increases the efficiency of the plant by approximately 13% compared
to the case without char valorization.
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The overall efficiency versus the pyrolysis temperature behavior shows a sharp in-
crease moving from the case of no pyrolysis up to the 350 ◦C case (about 10%) to reach a
saturation close to a value of 74% for a further temperature increase. A decrease in the
overall efficiency with higher temperature is expected due to the lower bio-oil production
and, therefore, a reduction in the drop-in fuel production capacity. In addition, a further
increase in the pyrolysis temperature is not expected to a lead to higher hydrogen yield
due to the lower biochar availability to gasify. No significant increase in the hydrogen
production capacity is expected, as the char production would decrease, reducing the
hydrogen production. Two interesting operating points are observed in Figure 7a. One
is at Tpyro 350 ◦C, where there is the maximum energy output (19.2 MJ/kg) but not the
maximum efficiency (74.1%), and the other is at Tpyro 400 ◦C, which corresponds to a lower
energy output (19 MJ/kg) but has the maximum energy efficiency (75%).

The mass yields of the output streams as the pyrolysis temperature changes are
illustrated in Figure 7b. In the case of no pyrolysis and hydrodeoxygenation, thus pure
gasification, there is a high hydrogen fraction (about 8%) and intermediate syngas (about
35%) yield. Further investigation of the output fluxes reveals that syngas yields are greater
for the pyrolysis cases compared with no-pretreatment gasification, peaking at 60% in
the case of 300 ◦C pyrolysis temperature pretreatment. Furthermore, with increasing
temperature, there is a marked increase in biofuel drop-in products, with a maximum
value of about 24% at 400 ◦C. This can be explained because the amount of bio-oil input at
the HDO process increases with the pyrolysis temperature. Finally, the hydrogen yield is
decreased with the pyrolysis temperature due to the demands of both the hydrotreating
and the hydrocracking processes for higher bio-oil production.

The energy demands in each macroprocess are described in Table 6. Under the same
conditions, that is, optimized steam/char and CaO/char fixed at 1.5, the most energy
intensive condition turns out to be the no-pretreatment gasification case. In fact, as reported
in Table 6, while the energy expenditure for biomass pretreatment is constant (evaluated
according to the data reported in [49]), and the pyrolysis and the HDO processes consume
a maximum of 3.35 MJ/kg together, sorption and enhanced steam gasification with CaCO3
regeneration appear to be highly energy intensive. With pyrolysis and, thus, HDO, the
energy expenditure for the gasification process is remarkably limited by reducing the mass
flux at the gasifier. In fact, the high energy demand for the gasification process is due to
two different factors: the heating demand for steam production at 650 ◦C and the energy
demand for the decalcification process, in turn depending on the amount of CO2 absorbed.
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Table 6. Energy input (MJ/kg) at Steam/Biochar optimized and CaO/Char = 1.5.

Pretreatment Pyrolysis Gasification HDO Total

No pyro 0.53 0 7.19 0 7.72
300 ◦C 0.53 0.65 4.74 1.49 7.41
350 ◦C 0.53 0.93 3.19 2.38 7.02
400 ◦C 0.53 1.03 2.68 2.32 6.57

4. Conclusions

In this study, an integrated thermochemical system for the polygeneration of energy
carriers from biomass has been presented. The model has been developed and Aspen Plus
software, with the main sections (pyrolysis and gasification) have been validated by the
data from the literature. The main goal of the study was to evaluate the effectiveness of
pyrolysis as a pretreatment for a subsequent SEG process toward the definition of a flexible
integrated thermochemical plant for the production of multi-energy carriers (drop-in,
hydrogen, and syngas).

The main findings of this study can be summarized as follows:

• The results of the analysis of the sensitivity of the steam/char, CaO/char and pyrolysis
temperature showed that the pyrolysis pretreatment provides noteworthy advantages,
including an increase in the overall energy efficiency (up to a pyrolysis temperature
of 400 ◦C) and a diversification of the energy outputs, since a drop-in fuel with high
heating value was obtained by upgrading the pyrolysis bio-oil;

• A correlation between the pyrolysis temperature and the steam/char ratio was found
to influence the overall peak efficiency value. In particular, a set of optimal oper-
ating parameters toward energy efficiency is Tpyro = 400 ◦C, Steam/Char = 1.6 and
CaO/Char = 1.5. At such optimal values, an overall efficiency of about 75% is obtained,
with hydrogen, syngas, and drop-in mass yields of 2%, 34% and 26%;

• The maximum total output energy flux is obtained at TPyro 350 ◦C while hydrogen
production capacity is maximized with reduced TPyro, with a peak without pyrolysis
pretreatment at 8% hydrogen mass yield and 10 MJ/kgbiomass energy yield;

• The system can be designed and operated flexibly according to different pyrolysis
operating temperatures to maximize the production capacity of either biofuel or
hydrogen or to maximize the energy efficiency of the overall process.

Ultimately, the proposed integrated approach shows how the synergy of the processes
helps to improve the overall plant performance. In particular, the presence of pyrolysis as
the first step, before the SEG, significantly increases the efficiency of the plant (about 10%).
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