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A B S T R A C T

The present work examines the performance of an integrated pyrolysis/gasification energy system, considering
biochar as a key element of integration, and assessing the impact of pyrolytic pretreatment on the system
behavior. Firstly, softwood pellet (SWP) and spent coffee grounds (SCG) were pyrolyzed using a screw-type
reactor in semi-continuous operation (at 400 ◦C and 500 ◦C). The steam gasification of biochar at 850 ◦C was
then simulated using a kinetic model based on the results of devolatilization tests performed in a lab-scale flu-
idized-bed reactor. The results showed that pyrolytic pretreatment significantly reduced tar contamination in the
gasification syngas to 0.3g/Nm3, compared to 24.2 and 18.7g/Nm3 resulting for raw SCG and SWP, respectively.
Furthermore, the comprehensive evaluation of the integrated system confirmed that cold gas efficiency and
carbon conversion efficiency of the integrated processes were not affected, despite the different quality of the
syngas produced, also highlighting the differences in H2 production between the two feedstocks.

1. Introduction

As the number of exceptional weather events is increasing due to
ongoing climate changes, the importance of limiting the rise in global
average temperature to below 1.5 ◦C is continuously confirmed. In their
last energy reports, both IEA and IRENA stressed the importance of
achieving net zero CO2 emissions by 2050 to meet the objectives set by
the Paris Agreement in 2015 [1].

In recent years, hydrogen has gained growing interest and is
considered a versatile solution for decarbonization across various sec-
tors [2–4]. Despite its promising attributes, hydrogen must address
several critical challenges to realize its full potential [5,6]. Currently, 96
% of the hydrogen produced worldwide is from fossil fuels, and the
development of sustainable and clean technologies for green hydrogen
generation appears crucial [7].

In this context, bioenergy is a key driver to support the energy
transition and the development of a hydrogen-based economy [7,8].
Specifically, the bioenergy demand is expected to rise from 55 EJ (in
2019) to more than 150 EJ by 2050 and will represent 25% of the total
energy supply. Therefore, research must focus on developing efficient
conversion technologies to optimize the effective use of biomass [9,10].

Thermochemical processes allow efficient conversion of the energy
potential of residual biomass into valuable bioenergy carriers, which can
be used for various purposes, such as combined heat and power gener-
ation, industrial heat, hydrogen, and liquid biofuels production [11,12].

Pyrolysis is a thermal depolymerization process for converting
feedstock into bio-oil, biochar, and non-condensable gas, carried out in
the total absence of oxidizing agents [13]. Operating conditions such as
temperature, heat flux, residence time, and inert atmosphere impact
process performance and product characteristics [14,15]. In fast pyrol-
ysis, rapid heating of feedstocks with a short residence time of vapors
(up to 5 s) at a temperature of 400–500 ◦C maximizes the bio-oil yield.

Pyrolysis oil is a liquid energy-dense biofuel that can be used for heat
and power generation [16]. However, due to its poor physical and
chemical properties, water content, and the presence of oxygenated
compounds, catalytic upgrading is necessary to use it as a drop-in fuel
for transportation applications or as a source of chemicals in a bio-
refinery [17,18].

Biochar, the solid carbonaceous residue of the pyrolysis process, is a
high-quality biomaterial suitable to be used as an enhancer of soil
quality [19], as an adsorbent for wastewater treatment, as a precursor of
activated carbon [20,21]. Due to its high porosity, electrical
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conductivity, and abundance of functional groups on its surface, biochar
can be employed in several electrochemical applications [22,23].
Additionally, its high carbon content (48–89 % by weight) [24] and
corresponding high heating value (25–32 MJ/kg) [25] make biochar an
energy-dense solid biofuel [26], making its use for energy purposes
advantageous in a biomass conversion system.

Gasification is a prominent thermochemical process involving
several steps for biomass conversion in high temperatures and oxygen-
lacking environments. Thermal decomposition, combined with partial
oxidation, facilitates the production of a final gas enriched in H2 and CO.
This gas has a significant potential to generate electricity, to be used for
the extraction of biochemicals, produce hydrogen, and synthesize liquid
fuels [27,28]. The primary step of gasification is devolatilization. During
this phase, the solid material breaks down into many compounds,
participating in both homogenous and heterogeneous reactions during
gasification [29]. The product distribution is highly influenced by
gasification technology and process parameters, i.e. temperature, heat-
ing rate, and residence time [28]. Steam gasification process in a flu-
idized bed reactor is particularly interesting for biomass and waste
gasification. Its notable features include high mixing capabilities and
superior mass and heat transfer rates, ensuring uniform temperatures
throughout the gasifier. However, direct gasification of wet biomass
could be inefficient. Furthermore, the tar content significantly affects
the usability of syngas in downstream processes [30].

The integration of thermochemical processes has already been
identified as an efficient strategy to improve the end-product quality,
maximize competitiveness, and increase the economic potential of
biomass-derived carriers [31,32].

Several studies have investigated on the benefits of integrating py-
rolysis/torrefaction and gasification processes, focusing on improving
product quality. Most of these studies were conducted at a laboratory
scale, employing fixed-bed reactors to evaluate the hydrogen content in
the syngas, the tar reduction, and the conversion efficiency.

In [26], H. Cay et al. studied the two-step steam gasification of spent
coffee grounds (SCG) pyrolysis char in a laboratory-scale fixed-bed
reactor operated in batch mode at 850 ◦C [26]. They demonstrated that
the pyrolysis pretreatment temperature of 500 ◦C was optimal for
obtaining higher hydrogen yields (up to 2200 mL/g fuel) and a signifi-
cant reduction in tar contaminants (less than 0.1 % by weight). They
attributed the superior performance of biochar gasification to the carbon
and ash content of the fuel.

Y. Xin et al. performed the two-step gasification of cattle manure,
optimizing the pyrolysis and gasification temperatures to achieve high
hydrogen production [33]. They employed a fixed bed reactor operated
in batch mode for both processes in the temperature range of
300–600 ◦C for pyrolysis and 750–850 ◦C for steam gasification. They
found that pyrolytic pretreatment increased hydrogen concentration
and yields, respectively up to 57.78% and 0.93 m3/kg. Furthermore, the
gasification temperature of 850 ◦C produced superior carbon conversion
and syngas yield.

J. Huang et al. investigated the effect of torrefaction pretreatment on
the gasification performance of starchy food waste [34]. They employed
a horizontal fixed-bed reactor for torrefaction and a customized vertical
fixed-bed reactor for gasification at 600–1000 ◦C. The study showed that
at lower gasification temperatures (i.e., 700 ◦C), the raw feedstock
showed better carbon conversion and lower tar yields compared to the
pre-treated feedstock. Higher temperatures (1000 ◦C) were required to
generate high-quality syngas from torrefied leftover rice and reduced tar
yield. Y. Situmorang et al. investigated the steam gasification of pyrol-
ysis char from different feedstocks, highlighting the role of alkali and
earth metals for biochar reactivity. They used a fixed bed reactor,
operated in semi-batch mode at 500 ◦C and 750 ◦C for pyrolysis and
steam gasification, respectively. They concluded that biomass selection
plays a significant role in achieving efficient two-stage gasification [35].

T. Yu et al. studied the reactivity of residual pruned apple branch
biochar in the steam gasification process. They employed a fixed-bed
reactor, operated in batch mode, assessing the optimal pretreatment
and gasification temperature, the biochar particle size, and the steam
flow rate within the process. They found that 550 ◦C was the optimal
pyrolysis temperature for the pretreatment due to the high reactivity of
the feedstock with steam. In addition, they showed that at 850 ◦C,
gasification improved syngas and hydrogen yields for all selected steam
flow rates and particle sizes [36].

A. Anniwaer et al. investigated the effect of the carbonization pre-
treatment on the gasification performance of Japonese cedarwood. They
obtained that the pretreatment led to higher carbon conversion effi-
ciencies, superior hydrogen yields, and a significant tar reduction.
Moreover, they observed a beneficial synergistic effect in the co-
gasification of raw feedstock and biochar [37]. In a similar study, A.
Anniwaer et al. achieved comparable results for the steam gasification of
biochar from Zostera Marina, a marine biomass characterized by sig-
nificant moisture content and reduced carbon content. Moreover, in this
study, the authors also investigated the effect of the calcium oxide
physically mixed with the biochar on the gasification performance. They
observed that calcium oxide acted as a carbon dioxide absorber,
reducing the gasification temperature needed for optimal hydrogen
yield [38].

The improvement of torrefaction pretreatment on the gasification
performance was also demonstrated at the pilot scale. N. Cerone et al.
carried out the air/oxygen/steam gasification of raw and torrefied
eucalyptus with a 20 kg/h updraft gasification pilot plant [39]. The
results showed that the tar content in the syngas was significantly
reduced to 20% of the amount obtained by gasifying the raw feedstock,
and the thermal power of the plant was increased by 44%. Furthermore,
the cold gas efficiency increased from 75% to 82% in the case of
oxygen-steam gasification.

Similarly, a pressurized entrained flow gasification pilot plant,
operated at 50 kg/h in the temperature range of 1220–1250 ◦C, was
employed to study the impact of torrefaction on the gasification per-
formance [40]. In this study, both cold gas efficiency and plant effi-
ciency were increased by torrefaction at mild operating conditions.

Considering the aforementioned, torrefaction was already deeply
analyzed and demonstrated as an effective pre-treatment to be inte-
grated with gasification at different scales. However, the impact of py-
rolysis on gasification performance for lignocellulosic biomass has not
been sufficiently investigated, taking into account the actual yield and
conversion target of semicontinuous operations.

This study aims, then, at experimentally investigating the in-
teractions between the fast pyrolysis process and steam gasification of
residual biomass. Firstly, two lignocellulosic biomass, SWP, and SCG,
were pyrolyzed employing a lab-scale screw-type reactor at tempera-
tures of 400 ◦C and 500 ◦C. The resulting biochar was then pelletized
and devolatilized in a lab-scale fluidized-bed reactor.

The devolatilization tests provide an overview of product distribu-
tion, forming the basis for the mathematical modeling of the gasification
process [41]. The gasification data obtained from raw and pyrolyzed
materials were used to study the integration of the two processes,
allowing the analysis of the benefits of pyrolysis pretreatment and the
potential use of syngas produced from gasification as an upgrading
system for the resulting bio-oil.

This approach, which combines experimental tests of fast pyrolysis in
a semi-continuous regime and simulation of steam gasification through
kinetic modeling based on devolatilization experimental tests, addresses
gaps in the current literature regarding the integration of thermo-
chemical processes. Therefore, this study aims at contributing to the
development of energy-driven biorefineries for the valorization of re-
sidual biomass through multi-energy carriers.
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2. Materials and methods

2.1. Materials

SWP for heating stoves, containing a mixture of softwoods, was used
as raw material. SCG (a blend of arabica/robusta 40:60 by weight) were
collected from the cafeteria of the Engineering school of Tor Vergata
University of Rome. The feedstocks were sieved to obtain a uniform
particle size between 500 and 850 μm and dried for 12 h in a conven-
tional oven at 105 ± 1 ◦C. After drying, both feedstocks were charac-
terized with elemental and proximate analysis. The results of the
characterization are reported in Table 1.

2.2. Pyrolysis set-up

Fast pyrolysis of SWP and SCG was carried out employing a 300 g/h
screw-type reactor in semi-continuous operation. This reactor configu-
ration was selected to avoid char contamination. The temperature range
of 400–500 ◦C was explored in this study, and the temperature of va-
pors/gas at the reactor outlet was selected as representative of the
process. Nitrogen gas flowed at 0.5 NL/min to ensure an inert atmo-
sphere. A residence time of 15 s for solid particles was measured. Bio-oil
was collected using a three-stage condensing system and a solution of
water-ethanol (50:50 vol/vol) as a cooler. In the first stage, the
condensation takes place in the range of 250-70 ◦C; in the second stage,
the vapors/gas mixture temperature is reduced to 20 ◦C and in the last
stage, to 0 ◦C. Pyrolysis oil separated spontaneously into organic and
aqueous fractions for SCG while it was considered as a single phase for
SWP. Biochar and bio-oil yields were measured gravimetrically, while
the pyrolysis gas yield was calculated by difference. Further details
about the pyrolysis test rig can be found in ref. [43].

2.3. Devolatilization set-up

The devolatilization process was performed using a bubbling fluid-
ized bed reactor, with quartz sand particles having a 2650 kg/m3 den-
sity and a Sauter mean diameter of 255 μm. The reactor was externally
heated using a 6 kW electric furnace. Fig. 1 reports a full representation
of the system used, which is described in detail in a previous work [44].

The experimental tests were carried out according to a pre-defined
procedure to determine the gas, char, and tar production for each ma-
terial. Due to the short residence times of the products in the reactor,
homogeneous reactions in the gas phase and the heterogeneous reaction
between char and gas can be considered negligible.

In the first step, nitrogen was fed to create an inert environment
within the system. The nitrogen flow rate was set to ensure proper
fluidization conditions (twice the minimum fluidization velocity) at the

fixed operating temperature of 850 ◦C. Once the target operating con-
ditions were achieved, a batch of the pelletized material was dropped
instantaneously in the fluidized bed reactor.

A mass flow meter (MFM) measured the total gas outlet flow rate.
The composition of the outlet gases, including carbon dioxide, carbon
monoxide, methane, and hydrogen, was detected by ABB analyzers
(Caldos and Uras). The heavy hydrocarbon content in the gas phase was
also determined by analyzing isopropanol in the impinger bottles
downstream of the reactor.

The devolatilization tests were repeated several times for each
feedstock. Approximately 10–15 min after the feedstock injection, the
next pellet batch was introduced into the fluidized bed. Finally, the
combustion step was carried out. During this phase, the air was fed at a
fixed flow rate to the reactor, and the flow rate of the gas produced and
its composition (in terms of CO and CO2) were measured. These data
were used to determine the amount of char produced during devolati-
lization and remaining inside the reactor.

2.4. Gasification computational model

The mathematical model used to simulate the gasification phase was
previously developed and validated by Di Carlo et al. [45].

Fig. 2 reports a schematic representation of the model, illustrating its
rational. The model is based on the Kunnii and Levenspiel approach for
describing the behavior of the fluidized bed [46].

The starting point for the simulation is given by the experimental
data obtained from the devolatilization tests, which represent the initial
phase of the gasification process.

Once the required process conditions were determined, various
gasification conditions were analyzed by adjusting the steam-to-carbon
ratio for all the feedstocks considered.

2.5. Analytical procedures

The thermogravimetric analysis was carried out according to ASTM
E914 using the TGA701 instrument supplied by LECO Corp, and the
results were evaluated according to the UNI EN ISO 18122:2016, ISO
18122:2015, and ISO 18123:2015. CHNS(O) analysis was performed
with the Elemental Macro’s Vario MACRO-cube analyzer. The test and
the instrument’s calibration with the sulfanilamide standard were car-
ried out according to ISO 16948:2015. Tungsten oxide (WO3) was used
as a sorbent to analyze liquid samples. The pyrolysis gas composition
was determined with a DANI GC-1000 unit equipped with a ShinCarbon
column (ST, 100/120 mesh, 2 m, 1/16in OD, 1.0 mm ID 19808) and a
TCD sensor. The HHV of bio-oil and char was calculated based on
Dulong expression, knowing the elemental composition [42].

The isopropanol samples collected from the tar sampling unit during
the devolatilization tests were analyzed using an Agilent 7890 Gas
Chromatograph-Mass Spectrometer (GC-MS) to identify and quantify
the content of heavy hydrocarbons in the gas.

2.6. Carbon and energy balance of integrated processes

For the evaluation of the performance of the integrated pyrolysis/
gasification energy system, carbon conversion efficiency (CCE) and cold
gas efficiency (CGE) were calculated.

CCE was calculated according to Eq. (1).

CCE=
cCH4•YCH4+cCO •YCO+cCO2 •YCO2+cbio− oil •Ybio− oil+cpyr− gas •Ypyr− gas

Cfeedstock
Eq.1

Where Cfeedstock is the carbon content of the dried feedstock (SWP or
SCG), and ci and Yi are the carbon fraction and the yields of the pyrol-
ysis/gasification products.

In detail, the subscripts CH4, CO, and CO2 refer to the gaseous

Table 1
Feedstock characterization.

SWP SCG

Ultimate Analysis (dry basis, in mass percentage (wt. %))

N 0.03 ± 0.01 1.94 ± 0.25
C 48.5 ± 1.19 51.34 ± 1.13
H 5.2 ± 0.43 6.91 ± 0.65
S 0.06 ± 0.02 0.08 ± 0.02
Oa 46.04 37.35

Proximate Analysis (dry basis, in mass percentage (wt. %))

Moisture 5.12 ± 0.08 4.36 ± 0.05
Volatile Matter db. 78.88 ± 0.15 76.72 ± 0.07
Fixed Carbon db. 20.97 ± 0.11 21.09 ± 0.08
Ash db. 0.17 ± 0.01 2.19 ± 0.02

HHV (MJ/kg)b 18.91 21.83

a Calculated by difference.
b Calculated using the following correlation the Dulong expression [42].
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species of the gasification process, bio-oil includes both the organic and
aqueous fraction of the pyrolysis oil, and pyr-gas refers to the pyrolysis
gas.

The CGEwas calculated following Eq. (2), according to the definition
of CGE reported by Basu [47].

Where HHVi are the high heating values of the pyrolysis and gasification
products. In the expression of CGE, the energy flow of the residual char,
after the gasification process does not appear explicitly. However, the
energy content of the char is remarkable and was calculated to be suf-
ficient to sustain the energy requirements of the pyrolysis-gasification

Fig. 1. Schematic representation of the devolatilization test rig.

Fig. 2. Schematic representation of the gasification MATLAB model.

CGE=
HHVH2 • YH2 + HHVCH4 • YCH4 + HHVCO • YCO + HHVbio− oil • Ybio− oil + HHVpyr− gas • Ypyr− gas

HHVfeedstock
Eq. 2
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process. Therefore, CGE assumes the meaning of the energy efficiency of
the energy system since the processes of gasification and pyrolysis are
autothermal.

For the evaluation of the CGE, in the case of SCG, only the organic
fraction of the pyrolysis oil was considered since the aqueous fraction is
not relevant as an energy carrier. CCE and CGE were calculated for each
material, raw and pre-treated at different temperatures, and for different
steam-to-carbon ratios (S/C) in the simulations.

3. Results and discussion

3.1. Pyrolysis yields and product characterization

The product yields of SWP and SCG are reported in Fig. 3. The in-
crease of pyrolysis temperature from 400 ◦C to 500 ◦C results in a sig-
nificant decrease in bio-oil yield and an increase in pyrolysis gas
production for both feedstocks. This is attributed to the enhanced
cracking of volatiles at higherprocess temperatures. Biochar yield un-
dergoes a significant relative reduction with increasing temperature,
decreasing from 22.6% to 12.2% for SWP and 27.0% to 18.3% for SCG.
The higher values of biochar yield of SCG compared to SWP are related
to the higher ash and fixed carbon content, as well as, its greater sus-
ceptibility to depolymerization. Several studies have noted that soft-
wood/hardwood feedstocks exhibit faster reaction rates than
agricultural residues, mainly due to their less ordered structure and
higher oxygen content [48,49].

Similar values of product yields were obtained in previous in-
vestigations of fast pyrolysis of SWP and SCG employing auger/screw
reactors operating in a semicontinuous regime.

S. Thangalazhy-Gopakumar et al. and S.-S. Liaw et al. observed a
significant decrease in biochar yield and an increase in pyrolysis gas
production for pine wood/Douglas fir wood in the temperature range
400◦C–500 ◦C [50,51]. Moreover, the yield values of the pyrolysis
products in this study are consistent with the previous investigations.

Similarly, Kelkar et al. investigated the effect of temperature and
residence time on the product yields SCG pyrolysis employing a screw-
type reactor [52]. They obtained similar values for the product yields,
whereas the pyrolysis temperature has a lower impact on the yield.

As evident in Fig. 3, pyrolysis oil from SWP appears in a single phase,
whereas in the case of SCG, it is fractionated into two distinct phases.
The separation of pyrolysis oil into a heavy organic phase and aqueous
phases has been widely reported in the literature. Oasmaa et al. exam-
ined the multiphase bio-oil behavior from different lignocellulosic
biomass. They observed that woody biomass bio-oil generally resulted in
a single phase, while for feedstocks with a high ash content and ex-
tractives, such as SCG, the pyrolysis oil fractionation occurred [16].

The results of biochar characterization are reported in Fig. 4.
Increasing the pyrolysis temperature leads to the progressive thermal
degradation of volatiles from biochar and enrichment of fixed carbon
and ash for both SWP and SCG. Elemental analysis reveals that the
carbon content of SWP and SCG chars increases to 85.7 wt% db. and
78.1 wt % db., respectively. The oxygen content of the biochars is
considerably reduced, dropping from 46.0 wt % to 12.49 wt% for SWP
and from 37.35 wt% to the 17.21 wt % for SCG. Notably, the oxygen
content of SWP biochar is significantly affected by the temperature in-
crease from 400 ◦C to 500 ◦C, while for SCG, it keeps stable. Moreover,
nitrogen content in SCG chars is relevant, ranging between 2–2.5 wt%,
while for SWP, it is negligible.

The pyrolysis oil composition is reported in Table 2. Due to the
different structures of the organic and aqueous fractions of the measured
SCG pyrolysis oil, the carbon content is very different, i.e., 63.9–67.8 wt
% and 10.7–12.4 wt%, respectively. Our previous studies discussed how
the bio-oil fractionation is crucial to calculate a reliable value for the
carbon and energy balance of the pyrolysis process [53].

For SWP, a single phase of pyrolysis oil is collected, with a carbon
content that is in line with the literature [54,55].

The pyrolysis gas composition is shown in Fig. 5. Increasing the
pyrolysis temperature leads to an increase in hydrogen concentration
and a slight reduction in the carbon dioxide. The enrichment of
hydrogen is attributed to enhanced hydrocarbon cracking and the
decomposition of lignin at higher temperatures [56]. Thus, the HHV of
the pyrolysis gas increases with temperature increase. Similar results on
the pyrolysis gas composition were obtained from N. Puy et al. [57] and
J.P. Bok et al. [58] for auger/screw pyrolysis of pinewood and SCG,
respectively.

3.2. Devolatilization and gasification simulation

As explained above, the raw materials and their corresponding bio-
chars underwent devolatilization tests to analyze the resulting products
from the initial phase of the gasification process. Specifically, various
pellets of each material were tested to obtain gas and char yields and tar
content, as reported in Table 3.

During the pyrolysis process, the fixed carbon content increases,
while the volatile content decreases (refer to Fig. 4). The data reported
in Table 3 demonstrate that such changes in the characteristics of the
substrates are reflected in the behavior observed in devolatilization
tests. The gas yield and the tar content decrease by increasing severity of
the pyrolysis, while the char yield increases. Furthermore, the gas
composition is also affected by the pyrolysis temperature (see Fig. 6); the
analysis highlights a reduction in the oxidized compounds, which can be
related to the lower O/C ratio of biochar compared to the raw material,

Fig. 3. Pyrolysis product distribution: a) Softwood pellet; b) Spent coffee ground.
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along with a decrease in methane content [59].
Significant amounts of methane are released during the pyrolysis

process at temperatures higher than 300 ◦C due to the breakage of alkyl

and methoxy group bonds in lignin, leading to a reduction in methane
content in devolatilization gas [60,61].

The hydrogen volume fraction in the gas produced by devolatiliza-
tion of biochar is higher than that obtained from the raw material for
both SWP and SCG (see Fig. 6). However, the behavior of the two ma-
terials differs when considering hydrogen production per gram of
devolatilized material, calculated as the product of gas yield and
hydrogen volume fraction. SWP shows a decreasing trend, with
hydrogen production reduced by 38% and 60% for Biochar400 and
Biochar500, respectively. In contrast, SCG reaches a maximum
hydrogen production of 0.212 Nl/g with Biochar400 and shows nearly
similar values for both the raw material and Biochar500.

Hiping Yang et al. thoroughly analyzed the effect of pyrolysis on the
main biomass constituents (hemicellulose, cellulose, and lignin) using a
TGA, providing a comprehensive analysis of their decomposition [56].
The working temperature significantly influences the constituent’s
decomposition, and, consequently, the distribution of the products.
Hemicellulose decomposes at a lower temperature range compared to
the other components, while the lignin requires a higher temperature for
decomposition.

The release of CO2 is mainly related to the decomposition of hemi-
cellulose and lignin over a wide range of temperatures, while cellulose
contributes only to a small portion; similar behavior is also observable
for the CO.

Regarding CH4, the three constituents produce a comparable
contribution in its production with a main focus on lower temperatures.

By focusing on the hydrogen production, it increased greatly with
temperature increasing and it might be attributed to the higher content
of aromatic ring and O–CH3 functional groups degraded in the lignin as
the H2 from organics pyrolysis mainly came from the cracking and
deformation of C––C (ar.) and C–H (ar.) [62].

These considerations can, therefore, justify the results in the figure
where treated biomass produces a reduction in the release of CO and
CO2 and an increase of the H2 term.

Fig. 4. Comparison of elemental and proximate analysis results of raw and pyrolyzed materials: a) Proximate analysis of softwood pellet; b) Ultimate analysis of
softwood pellet; c) Proximate analysis of spent coffee ground, d) Ultimate analysis of spent coffee ground.

Table 2
Pyrolysis oil composition.

Pyrolysis Temperature 400 ◦C 500 ◦C

SWP - Bio-oil

Yield (w/w %) 52.12 ± 2.98 36.01 ± 2.89
C (w/w %) 48.51 ± 3.45 44.22 ± 3.12
H (w/w %) 6.52 ± 1.11 6.15 ± 0.54
N (w/w %) 0.10 ± 0.02 0.20 ± 0.01
S (w/w %) 0.01 ± 0.01 0.02 ± 0.01
Oa (w/w %) 47.90 ± 4.57 49.54 ± 6.56
HHVb (MJ/kg) 18.06 ± 2.16 16.81 ± 2.77

SCG Bio-oil Organic phase

Yield (w/w %) 19.9 ± 2.13 15.64 ± 1.45
C (w/w %) 63.99 ± 4.98 67.79 ± 3.22
H (w/w %) 11.28 ± 0.45 10.83 ± 0.13
N (w/w %) 1.45 ± 0.12 2.88 ± 0.19
S (w/w %) 0.07 ± 0.01 0.12 ± 0.02
Oa (w/w %) 23.2 ± 6.73 18.38 ± 5.01
HHVb (MJ/kg) 34.75 ± 3.98 36.03 ± 2.76

SCG Bio-oil Aqueous phase

Yield (w/w %) 31.3 ± 3.41 21.36 ± 2.45
C (w/w %) 12.43 ± 1.02 10.69 ± 1.07
H (w/w %) 10.75 ± 0.63 11.91 ± 0.61
N (w/w %) 1.04 ± 0.10 1.52 ± 0.13
S (w/w %) 0.1 ± 0.01 0.02 ± 0.01
Oa (w/w %) 75.66 ± 5.14 75.87 ± 4.26
HHVb (MJ/kg) 9.81 ± 2.65 10.95 ± 3.12

a Calculated by difference.
b Calculated using the following correlation the Dulong expression (doi.org/

10.1016/S0016-2361(03)00009-7).
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Furthermore, the difference in the devolatilization gas composition
between the biochar obtained from the different feedstocks is directly
related to the structure with the highest presence in oxygenated

compounds. This is reflected in the higher concentration of CO in SWP
devolatilization gas with respect to SGC. Additionally, SCG contains
significant amounts of deoxygenated organic compounds (e.g., fatty
acids) whose cracking leads to the release of H2 and CH4 [63].

As shown in Table 3 and Fig. 7, the tar content decreases by
increasing severity of the pyrolysis process. This phenomenon is due to
the reduction of volatile substances which, in general, make biomass
more susceptible to the formation of tar.

More in detail, tars are the products of cellulose, hemicellulose, and
lignin depolymerization, with these reactions starting at temperatures
between 250 and 350 ◦C. Thus, the observed reduction in tar can be
attributed to their release during the pyrolysis phase [59].

Table 4 and Fig. 8 present the simulation results obtained using the
mathematical model developed in MATLAB, varying the S/C ratio.

These results point out what was observed with the devolatilization
tests, showing a substantial reduction in the tar content already for the
materials pretreated at 400 ◦C. A higher S/C ratio would allow for
increased utilization of residual char downstream of devolatilization,

Fig. 5. Pyrolysis gas composition.

Table 3
Summary of the main results of devolatilization tests.

Gas Yield (YG) [Nm3/
kgpellet]

Char Yield (YC) [wt.
%]

Tar [g/
Nm3]

SWP

Raw 0.633 10.38 86.9
Biochar400 0.479 32.33 59.9
Biochar500 0.256 60.26 15.5

SCG

Raw 0.495 11.52 104.3
Biochar400 0.417 38.55 45.4
Biochar500 0.266 54.24 15.5

Fig. 6. Devolatilization gas composition with raw material and corresponding biochar: a) Softwood pellet; b) Spent coffee ground.
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enhancing hydrogen production through char gasification with steam
and WGS reaction. However, the water conversion remains relatively
low. Notably, the two materials exhibit different results in hydrogen
production, with SCG favored by pyrolysis at 400 ◦C and SWP at 500 ◦C.

In any case, the results highlight that coupling pyrolysis and gasifi-
cation processes improves the syngas quality, potentially reducing reli-
ance on commonly applied catalysts for upgrading. Consequently,
industrial gas cleaning units can be downsized [64].

4. Integration

The overall balance of the integrated pyrolysis-gasification process is
reported in Tables 5 and 6 for SWP and SCG, respectively. The tables
compare the mass flows for the case of the steam gasification of the raw
feedstock and with a pyrolysis process pretreatment, at a different S/C

ratio. SWP and SCG have similar performance in terms of product yields.
As expected, pyrolysis char yield deeply influences the syngas yield,
because of the minor amount of material that is fed to the gasification
process. Since water conversion slightly decreases with an increase in
the S/C ratio within the explored range for both feedstocks, a higher S/C
ratio increases syngas yield but has a more pronounced effect on the
unreacted water flow. However, the pyrolytic pretreatment leads to
better-quality syngas due to the massive reduction of the gasification tar,
whose production drops to 0.1 g/kg for both SCG and SWP.

Hydrogen production is in the range of 48–73 g/kg for the raw
feedstock, a target in line with what is reported in the literature [39].

Tables 5 and 6 present the CCEs of the proposed integrated pyrolysis-
gasification system compared to gasification alone for the two feed-
stocks. As expected, higher S/C ratios result into higher CCEs for both
feedstocks across all cases. The results indicate that integrating

Fig. 7. Devolatilization gas tar and benzene content: a) Softwood pellet; b) Spent coffee ground. Tar compounds still represent the bottleneck of the gasification
process. Consequently, reducing their production by pretreatment with pyrolysis can lead to significant outcomes.

Table 4
Summary of the main gasification simulations results related to softwood pellet and spent coffee grounds and their biochar at different S/C.

Raw Biochar_400 Biochar_500

S/C 1 2 3 1 2 3 1 2 3

Softwood pellet

YG [Nm3/kg] 1.21 1.43 1.59 1.12 1.52 1.84 1.01 1.63 2.12
YC [gChar/gC_IN] 22.8% 19.0% 15.3% 53.5% 42.5% 33.4% 70.4% 53.9% 41.5%
Tar content [g/Nm3] 18.7 10.8 8.0 9.6 4.8 3.7 1.0 0.5 0.3
Waterconv [%] 35.9% 30.3% 26.3% 36.8% 34.2% 31.4% 41.4% 40.3% 37.3%
H2, Produced [gH2/kgMaterial] 47.8 62.9 73.7 52.8 75.9 94.5 51.5 85.6 112.7

Spent coffee grounds

YG [Nm3/kg] 1.16 1.41 1.58 1.04 1.49 1.85 0.94 1.34 1.75
YC [gChar/gC_IN] 26.6% 22.1% 17.9% 63.6% 50.7% 40.1% 72.6% 56.2% 43.7%
Tar content [g/Nm3] 24.2 13.5 9.9 6.2 3.1 2.1 1.1 0.5 0.3
Waterconv [%] 34.6% 30.1% 26.5% 35.3% 34.5% 32.4% 39.3% 40.3% 37.4%
H2, Produced [gH2/kgMaterial] 48.9 64.8 76.2 55.1 80.1 100.7 50.1 72.0 94.8
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Fig. 8. Syngas composition of gasification simulations related to softwood pellets and spent coffee grounds and their biochar at different temperatures.

Table 5
Overall balance of the integrated processes for softwood wood pellet (SWP).

Raw 400 ◦C 500 ◦C

Pyrolysis Oil [g/kg] – – – 521 521 521 360 360 360
Pyrolysis Gas [g/kg] 251 251 251 518 518 518

Gasification results

S/C 1 2 3 1 2 3 1 2 3
CharResidual [g/kg] 113.7 94.7 76.6 77.8 61.8 48.6 66.9 51.2 39.5
YG [Nm3/kg] 1.2 1.4 1.6 0.3 0.3 0.4 0.1 0.2 0.3
Tar [g/kg] 22.6 15.5 12.8 2.5 1.7 1.6 0.1 0.1 0.1
WaterUnreacted [g/kg] 353 732 1142 102 201 310 60 120 183
H2 [g/kg] 48.0 63.0 73.9 12.1 17.4 21.6 6.3 10.4 13.7
CH4 [g/kg] 76.9 73.5 71.2 11.0 10.6 10.3 1.6 1.5 1.5
CO2 [g/kg] 466.1 645.8 777.5 92.5 140.5 181.4 45.9 78.8 108.1
CO [g/kg] 405.9 365.2 336.3 73.0 83.1 89.0 33.4 49.4 58.4
CCE 74.0% 80.0% 84.5% 82.5% 86.0% 88.8% 81.1% 84.3% 86.8%
CGE 80% 88% 94% 79% 84% 87% 70% 74% 77%

Table 6
Overall balance of the integrated processes for spent coffee grounds (SCG).

Raw 400 ◦C 500 ◦C

Pyrolysis Oil (g/kg) – – – 512 512 512 370 370 370
Pyrolysis Gas (g/kg) 219 219 219 447 447 447

Gasification results

S/C 1 2 3 1 2 3 1 2 3
CharResidual [g/kg] 133.2 110.7 89.6 111.7 89.0 70.4 98.4 76.2 59.3
YG [Nm3/kg] 1.2 1.4 1.6 0.3 0.4 0.5 0.2 0.3 0.4
Tar [g/kg] 28.1 19.0 15.7 1.8 1.3 1.1 0.2 0.1 0.1
WaterUnreacted [g/kg] 366 741 1147 120 237 363 86 170 263
H2 [g/kg] 49.0 65.0 76.4 14.9 21.7 27.3 9.18 15.06 19.81
CH4 [g/kg] 77.4 74.0 71.8 10.9 10.4 10.2 2.93 2.84 2.8
CO2 [g/kg] 420.0 588.9 718.3 84.0 140.9 191.5 57.9 104.4 145.9
CO [g/kg] 361.2 342.2 324.0 70.9 90.5 103.0 44.4 67.07 80.50
CCE 63.8% 70.7% 75.7% 57.6% 62.2% 65.9% 60.9% 65.3% 68.6%
CGE 71% 80% 87% 53% 58% 63% 48% 53% 57%
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thermochemical processes leads to higher carbon conversion for SWP
compared to gasification alone. Notably, for SWP the higher CCEs are
obtained in the case of 400 ◦C of pyrolysis. However, for SWP, both
pyrolysis pretreatment temperatures result in better CCEs compared to
gasification of the raw material.

In contrast, for SCG, pyrolytic pretreatment leads to lower CCEs. This
was attributed to the higher yields of unreacted char in gasification,
which are considered as carbon losses in this model, and the lower
performance of the SCG pyrolysis.

CGEs are reported in Tables 5 and 6. As evident, process integration
results for both feedstocks are less efficient, keeping the same S/C ratios.

As discussed in the previous sections, although the efficiency de-
creases slightly, the quality of the syngas is significantly improved, in
terms of tar concentration and H2/CO ratio. For both SWP and SCG, a S/

C increase leads to a higher CGE, due to an increase in the energy output
of the integrated system.

For both feedstocks, a temperature of 400 ◦C for the pyrolysis process
resulted in the most efficient operating conditions in terms of energy
conversion.

Previous studies investigated experimentally the impact of the tor-
refaction pre-treatment on the CGE and CCE of the gasification process.
N. Cerone et al. compared the performance of the air/steam and oxygen/
steam gasification of raw and torrefied eucalyptus in an updraft gasifier
pilot plant [39]. They highlighted how torrefaction pretreatment had a
positive effect on the quality of the products with a reduction to about
1/5 of the tar content in the syngas. Moreover, they found that CGE
increased in the case of torrefied eucalyptus gasification for raw
feedstock.

Fig. 9. Sankey diagram of mass flows of integrated pyrolysis/gasification energy system for: a) SWP with pyrolytic pre-treatment at 500 ◦C, S/C = 1; b) SCG with
pyrolytic pre-treatment at 400 ◦C, S/C = 1. In the figure, each flow is expressed in g/kg of dry feedstock.
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M. Di Marcello et al. studied the gasification of torrefied wood
employing a pilot-scale steam/oxygen circulating fluidized-bed reactor
[65]. They noticed a different behavior of the two woody feedstocks
employed: in one case they outlined a reduction of CCE and stable values
for CGE in the case of pretreated feedstock, while for the other biomass,
the torrefaction led to an increase of both CCE and CGE.

F. Weiland et al. worked on the pressurized entrained-flow gasifi-
cation of raw/torrefied wood residues in a 270 kW pilot plant [40]. They
calculated a higher CGE for all the torrefied feedstock objects of the
study, whereas the CCE of the gasification process was affected by the
torrefaction operating conditions.

As previously discussed, the CGE assumes the meaning of energy
efficiency of the integrated energy system, since the processes of py-
rolysis and gasification are considered autothermal. Therefore, this
study shows that processes integration leads to lower energy perfor-
mance of the biomass energy system. It should be noted that the layout
of process integration reported in this study was not optimized for en-
ergy recovery. Further development of this study will investigate in
detail the recovery of waste heat, achieving more accurate results in
terms of prediction of energy performance.

Fig. 9 shows a graphical representation of the mass flows of the in-
tegrated processes. The Sankey diagrams depict the mass flow rates
under optimal operating conditions to produce clean, hydrogen-rich
syngas. As discussed in Section 3.2, the biochars from the two feed-
stocks exhibited different reactivity during devolatilization, leading to
varying steam-gasification performance. Specifically, SWP biochar was
less reactive than SCG biochar and required a higher pyrolytic pre-
treatment temperature to become reactive. Therefore, Fig. 9 (a) reports
the mass flows for the integrated pyrolysis-gasification process with
pyrolytic pre-treatment at 500 ◦C for SWP, while Fig. 9 (b) shows the
Sankey diagram with pretreatment at 400 ◦C for SCG. As expected, for
SWP, the majority of the system products come from the pyrolytic pre-
treatment, with most of the feedstock converted into pyrolysis gas and
bio-oil. Overall, the mass flows for steam gasification in SWP are lower,
with reduced water consumption and less residual char production. In
contrast, the products from steam-gasification of SCG are higher due to
the increased feed in the process. As previously mentioned, SCG
pyrolysis-gasification system features an additional flow due to the
spontaneous fractionation of the pyrolysis oil. Ultimately, the graphical
representation of the mass flows reported in Fig. 9 clearly demonstrates
that the downstream gasifier should be appropriately sized according to
the type of feedstock used in the system.

5. Conclusions

This study aimed at demonstrating the benefits of the integration of
pyrolysis and steam gasification for the conversion of residual biomass
into valuable syngas and clean hydrogen, providing useful data for the
scale-up to an industrial scale. The impact of the pyrolysis temperature
and steam/carbon ratio (S/C) for the gasification process on the product
yields, the product quality, and the performance of integrated systems
(CCE, CGE) was evaluated. The results showed that the proposed
concept effectively addresses some of the main challenges of residual
biomass gasification, including drastic reductions in the heavy-tar con-
tent (down to 0.3 g/Nm3) and the enrichment of hydrogen content of the
syngas (up to 61 % vol/vol). Furthermore, the devolatilization results
highlighted different behaviors between the two biochars, indicating
that a pyrolytic pre-treatment temperature of 500 ◦C was necessary for
SWP to produce clean syngas, while 400 ◦C was adequate for SCG.
Moreover, the CCE in the case of pyrolytic pre-treatment was higher
than for standalone gasification of SWP, reaching up 88.8 % at 400 ◦C
and an S/C of 3. This study reveals the significant influence of feedstock
on the selection of optimal operating conditions for the integrated
processes, providing valuable insights for the proper sizing of the single
process units. Further development of this activity will involve the
experimental validation of the concept here proposed, employing a

semi-continuous operated fluidized-bed reactor for the steam gasifica-
tion of pyrolysis char.
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