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Abstract

Tree bark is among the most important lignocellulosic waste materials with high ash, extractive, and lignin contents. These
wastes may be valorized through thermochemical methods. The thermochemical conversion of tree bark via fast pyrolysis
is usually not economic due to low bio-oil yields and the challenge to valorize biochar in current industrial installations.
However, screw-reactor-based fast pyrolysis is a particularly suitable method for producing bio-oils from high ash-containing
and heterogeneous lignocellulosic feedstocks. The lower carrier gas requirement and the efficient recovery of biochar make
this method economically attractive for the bark of Turkey oak (Quercus cerris) which is composed largely of phloem tissues.
Here we showed that the phloem of Q. cerris can be converted to value-added bio-oils and biochars using the screw reactor
without operational problems. The yields of marketable organic liquids and biochars were 32% and 21%, respectively. A
process modeling was developed with ASPEN plus software to evaluate the available excess process heat of the fast pyrolysis
unit for integration into phloem separation or cork processing units. From an assumed feedstock capacity of 25 MW phloem,
6.8 MW excess heat and 1.5 MW power are supplied in addition to the produced bio-oil. This excess heat can be integrated
into bark separation or cork processing operations to save energy and reduce CO, emissions.
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1 Introduction

Tree barks are the exterior protective tissues covering stems,
branches, and roots. Bark proportion is highest in branches
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and lowest in roots, while in the stem, it represents about
10-20% of the wood volume [1, 2]. The amount of bark
available as a residual by-product from wood processing is
very significant and the world production of bark is esti-
mated to reach as high as 350400 million m® annually [3,
4]. The largest bark-producing industries are sawmills and
pulp mills which use industrial round wood as raw material
and require debarking as a first operation [5—7]. Accord-
ing to FAO, 1.9 billion m? of industrial round wood was
produced in 2020, and between 2.5 and 2.9 billion m> were
predicted for 2050, corresponding to an average increase
of 35%. Thus, a much larger production of bark wastes is
expected to occur in the near future. A large portion of the
produced bark is not utilized or is only combusted at domes-
tic scale, but the chemical richness of bark has triggered
attention for its potential valorization, namely as a feedstock
for biorefineries.
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In recent years, biorefinery and circular economy con-
cepts have been increasingly applied to waste biomass aim-
ing at reducing CO, emission-related environmental pollu-
tion and global warming, and also at finding alternative and
sustainable fuels to the depleting fossil sources [8]. Ther-
mochemical conversion platforms are among the most suc-
cessful pathways to valorize biomass as an energy source.
Among other processes, fast pyrolysis is a promising method
to produce pyrolysis oils (termed bio-oils) at high yields (up
to 75%) from lignocellulosic biomass [9]. Although bio-oils
are reactive liquids that cannot be used as drop-in fuels, they
may be used as industrial boiler fuel or undergo upgrading
to produce transportation fuels or chemicals [10].

Fast pyrolysis can be performed with different reactors,
and six reactor types have been commonly used including
fluidized bed (bubbling and circulating), rotating cone,
screw (auger), ablative, and vacuum pyrolysis reactors [10].
The fluidized bed reactors are frequently used since they
allow a high heat transfer and fast separation of pyrolysis
vapors in easily scalable, well-proven equipment [11, 12].
The fast pyrolysis conditions applied in the different reactor
configurations and the biomass particle size and chemical
composition affect the yield and composition of pyrolysis
products [10]. Among the various reactor concepts avail-
able for fast pyrolysis, screw reactor-based fast pyrolysis was
shown to be particularly suitable for producing bio-oils from
high ash-containing and heterogeneous feed stocks such as
wheat straws [13—15]. The lower carrier gas requirement and
the possibility to efficiently recover biochar are important
advantages of screw reactors compared with, e.g., fluidized
bed reactors [16—18].

Cellulose and hemicelluloses are the main contributors to
fast pyrolysis bio-oil yield, and therefore wood species with
high polysaccharide (cellulose and hemicelluloses) content
and low ash content will allow the highest bio-oil yields in
pyrolysis [10, 19]. The chemical composition of bark is dif-
ferent from that of wood with lower polysaccharide content
and higher extractive and ash contents [2]. This chemical
composition results in a lower bio-oil yield, characterized
by phase separation and a high ash content [5, 20], as well
as operational problems such as agglomeration in fluidized
bed reactors [21, 22].

This work studies the fast pyrolysis of a residual bark
fraction in a screw reactor using the bark of Turkey oak
(Quercus cerris) as the case study feedstock. Q. cerris has
a cork-rich bark that upon fractionation yields about 35% of
cork and 65% of a phloem fraction [23]. The cork fraction
is valued for use in agglomerated cork products since Q.
cerris cork has a cellular structure and chemical composi-
tion similar to those of the commercial Q. suber cork. The
phloem fraction is presently not utilized but its valorization
is required for an economically integrated use of the bark.
The chemical lignocellulosic nature of phloem suggests that
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it may be converted to value-added chemicals or biochars
through extraction, mild pyrolysis, or slow pyrolysis [24].
The objective of this study is to investigate the fast pyroly-
sis properties of Quercus cerris phloem regarding physical,
chemical, and fuel properties, and characterize the pyrolysis
bio-oils and biochars obtained in fast pyrolysis experiments.
Mass, energy, and carbon balances are evaluated to investi-
gate how fast pyrolysis can be integrated in a cork produc-
tion facility.

2 Materials and methods
2.1 Material

Quercus cerris barks were collected from the stumps of
recently harvested mature trees from the Amanos mountains
(Hatay, south of Turkey). The bark samples were ground
into coarse fractions with a hammer mill on site. After ship-
ment to the laboratory, they were fractionated in a pilot scale
equipment, sieved, and screened into pure cork fractions and
waste phloem fractions via a granulometric and density sep-
aration [23]. The waste phloem fractions used in this study
contained a small proportion of residual cork. The average
particle size was 180-250 um although it also contained
larger residual cork particles.

2.2 Methods

The experiments used previously described waste Quercus
cerris phloem granules. All experiments were performed
in duplicate.

2.2.1 Characterization of physical and fuel properties
of phloem and biochar

Moisture content of raw phloem and phloem chars was deter-
mined according to DIN EN 14774-3: (ISO 18134) standard
by drying at 105 °C until constant weight. Ash content of
raw phloem and phloem chars was determined according to
DIN EN 14775b (ISO 18122) standard using three different
final temperatures of 550 °C, 815 °C, and 1000 °C. The bulk
density of the phloem was calculated by placing the phloem
granules into a calibrated cylinder and measuring the weight
occupying the volume without using an external compact-
ing force. The tapped density was calculated by calculating
the phloem mass occupying the volume after mechanical
tapping of the granules until achieving a constant volume.
The compressibility index (CI) and Hausner ratio (HR) were
calculated using the following equations after calculating the
bulk (pp,,) and tapped (p,,,.4) densities:
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The higher heating value (HHV) of phloem was
determined following DIN EN 14918 standard, while
the higher heating value of phloem chars was calculated
according to DIN 51900-2/3 standard using a bomb
calorimeter. Inorganic elemental analysis of raw phloem was
carried out with the ICP-AES technique. Organic elemental
analysis (CHNO) of phloem was carried out according to
DIN EN 15104 standard, while organic elemental analysis
of phloem biochars was carried out following DIN 51732
standard.

The thermogravimetric analysis (TGA) of phloem was
conducted with TA Instruments SDT 2960 simultaneous
DSC-TGA analyzer using alumina pans under air or nitrogen
flow rates between 20 and 50 mL min~'. For the thermo-
gravimetric analyses, a linear heating program with a heating
rate of 10 °C min~! was applied with approximately 5 mg
phloem samples.

2.2.2 Chemical summative composition

Chemical summative analyses of phloem included deter-
minations of ash, extractives soluble in dichloromethane,
ethanol, and water, suberin, Klason lignin, and acid-soluble
lignin. Ash content was determined according to TAPPI
Standard T 15 0s-58 using 2.0 g of phloem that was inciner-
ated at 500 °C overnight and the residue weighed. Extrac-
tive content was determined by successive Soxhlet extrac-
tions according to TAPPI Standards (T204 om-88 and T207
om-93) with dichloromethane (DCM), ethanol, and water
during 6 h, 18 h, and 18 h extraction time for each solvent,
respectively.

The suberin content (contained in the residual cork present
in the fraction) was determined from depolymerization
using methanolysis on the extractive-free material [25].
Approximately 1.5 g extractive-free sample was refluxed
with 100 mL of a 3% methanolic solution of NaOCH; in
CH,OH for 3 h, filtrated, and washed with methanol. The
residue was refluxed with 100 mL CH;OH for 15 min and
filtrated again. The combined filtrates were acidified to pH
6 with 2 M H,SO, and evaporated to dryness. The residues
were suspended in 50 mL water and the alcoholysis products
were recovered with dichloromethane in three liquid-liquid
extractions, each with 50 mL DCM. The combined extracts
were dried over anhydrous Na,SO,, and the solvent was
evaporated to dryness.

Klason and acid-soluble lignin contents were determined
according to TAPPI T 222 om-88 and TAPPI UM 250 stand-
ards on the extracted and desuberinized material. Sulfuric
acid (72%, 3.0 mL) was added to 0.35 g of the material,
and the mixture was placed in a water bath at 30 °C for 1 h
after which the sample was diluted to a concentration of 4%
H2S04 and hydrolyzed for 1 h at 120 °C [26]. The sample
was vacuum-filtered through a crucible and washed with
boiling distilled water. The polysaccharide content of the
samples was calculated by mass difference.

2.2.3 Pilot-scale fast pyrolysis

Pilot scale fast pyrolysis experiments were carried
out at the fast pyrolysis unit of Karlsruhe Institute of
Technology (KIT). The experimental equipment and
procedure is described in detail elsewhere, including a
video to experience the scale of the unit (Fig. 1) [15]. A
twin-screw reactor with a reactor length of 1.5 m and a
screw diameter of 4 cm was used to pyrolyze ground Q.
cerris phloem samples. The operational conditions were
as follows: biomass feed rate of 4.6 kg h™!; reactor outlet
temperature 500 °C; vapor residence time less than 2 s; inert
gas nitrogen; and mass ratio of biomass to heat carrier (steel
beads) 1:100. After the reactor, hot pyrolysis vapors passed
two cyclones in series for particle removal (biochar). The
hot vapors were then quenched by recirculated condensate
to a temperature of around 90 °C to yield an organic-rich
condensate. An electrostatic precipitator was applied to
capture aerosols after quenching at the same temperature;
this fraction was collected together with the organic-rich
condensate. The organic-rich condensate is comparable
to “common” fast pyrolysis bio-oil but condensed at
slightly higher temperatures to prevent phase separation
which typically occurs for ash-rich feedstock. A second
liquid fraction, the aqueous condensate, was recovered at
temperatures around 20 °C. The remaining uncondensed
gases were measured with an online GC and vented. Mass
balances were determined by weighing the feedstock and
products over the length of one run which typically lasts
around 4 h.

Since start up material is required to operate the two con-
densation loops (ethylene glycol in the first and water in the
second) and there is a limited duration of one experiment, the
produced condensates contain > 50% of this start-up material
after the experiment. To characterize condensates without
this starting material, a sampling train was installed that
extracts hot pyrolysis gas during steady-state operation just
before entering the first quench. This sampling train resem-
bles the main condensation, i.e., two stages at 90 °C/20 °C
with an electrostatic precipitator for the first condensation
step, with the difference that indirect heat exchangers are
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Fig. 1 Block flow diagram of fast pyrolysis. Adapted from [15]

used instead of quenching. Moreover, a ceramic filter was
installed at the inlet of this sampling train to minimize the
solids content of the produced condensates. The samples
obtained in this manner are sent for GC analyses.

The fast pyrolysis experiment was conducted in duplicate
and a reasonable reproducibility was achieved in terms of
mass balances. A total of > 30 kg phloem was pyrolyzed in
these two runs.

2.2.4 Composition of fast pyrolysis bio-oil

The water content of bio-oils was determined by volumetric
Karl Fischer titration with Hydranal Composite V. The
elemental composition of carbon, hydrogen, and nitrogen
was measured with a Vario EL III analyzer using the
complete oxidation method. The oxygen content was
determined by difference. GC-FID/MS analyses followed a
method specifically developed for pyrolysis oils; details are
published elsewhere [27].

2.2.5 Process modeling

The process is dimensioned at 25 MW feedstock capacity
of undried biomass (Fig. 2). The feedstock biomass is not
represented in the model; instead, the pyrolysis products are
the starting point for which the mass flows and compositions
were determined based on experimental results. This setup
was decided because the focus of the process simulation is
on the evaluation of available energy from by-products (and
not on modeling pyrolysis reaction itself).
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The organic-rich condensate from the first condensation
stage, i.e., fast pyrolysis bio-oil, is not modeled in more detail
since it is recovered as the main product in all the simulated
cases. The aqueous condensate from the second condensation
stage is simulated as a mixture of water and acetic acid to
represent its organic content. This is a strong simplification
even though acetic acid is the main organic compound typi-
cally observed in the aqueous condensate but its impact on the
intended energetic evaluation is very low due to the amount
and nature of the aqueous condensate. Uncondensed gases
are represented as a mixture of CO,, CO, H,, CH,, and C;Hy
as representative of C2 4+ species. The coke is modeled as a
nonconventional material, and the strategy for its decomposi-
tion is detailed in Supplemental Table 3.

Pyrolysis by-products are either separated or fed into a
furnace depending on the simulated case. The furnace is
operated with an excess oxygen of 10%. Before using the
generated heat in the flue gas from combustion for a heat
recovery steam generator, heat demand for the enthalpy
change resulting from the coke decomposition block is cov-
ered via a virtual heat exchanger (in reality, this enthalpy
change would occur during combustion). Also, heat demand
for pyrolysis is extracted at this stage with a heat exchanger
set to a specified heat demand. The residual heat in the flue
gas leaving the heat recovery steam generator is used to pre-
heat incoming combustion air before it enters the furnace.

The combined heat and power generation (CHP) is imple-
mented as a steam cycle without material and energy losses
including a steam generator, steam turbine, condenser, and
pump for recirculation.
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Fig.2 Scheme of the model for conversion of pyrolysis side products into electrical power using CHP. Solid lines represent material streams,
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3 Results and discussion

3.1 Physical and chemical properties of phloem
and biochars

The physical properties relevant to fast pyrolysis include
moisture, ash, and volatile contents as well as density,
flow properties, and calorific content (Table 1). Moisture
content affects the process economy, product yield, and
composition of pyrolysis oil. Whereupon the biomass
has a high moisture content, a higher amount of energy
is required to supply in pyrolysis, reducing the process

Table 1 Physical properties of Quercus cerris phloem and biochar

Property Phloem Biochar Unit
Moisture content 10.3+0.1 3.5+0.6 %

Ash (550 °C) 10.0£0.1 320+3.4 %

Ash (815 °C) 6.2+0.1 20.6+£1.7 %

Ash (1000 °C) 6.2+0.1 202+19 %
Volatile content 71.0+0.1 30.5+6.6 %
Bulk density 500+ 14 - kgm™
Tapped density 575+7 - kgm™
Compressibility index 13 - %
Hausner ratio 1.15 - -

HHV 16.6 20.1+1.3 MJ kg™!

efficiency. The moisture of biomass also ends up in con-
densates and affects the yield and composition of bio-oil.
A high moisture content in the condensate may also result
in a phase separation [28].

The moisture content of Q. cerris phloem was approxi-
mately 10% which is a common range of air dry biomass
[29] (Table 1). The ash content of phloem was high and was
between 10 and 12% where approximately 40% of the ash
was lost at high temperatures over 815 °C (Tables 1 and 2).
The high ash content (>2.5%) of phloem may lead to sec-
ondary catalytic reactions increasing the water content in
bio-oil as well as leading to ash concentration in bio-oil [28].

The volatile content of phloem was 71% and the bulk
density was 500 kg m~>. The density of phloem particles
increased by 15% after tapping. The flow properties of
phloem particles were satisfactory with a compressibility
index lower than (15%) and Hausner ratio close to 1. The
higher heating value of phloem was 16.6 MJ kg™! (Table 1).

The summative chemical composition of Q. cerris
phloem is shown in Table 2. The overall chemical compo-
sition is a typical lignocellulosic material with lignin and
polysaccharides making up approximately 77% of the dry
weight. The extractive content was low (4.6%) and suberin
was present in a small amount (3.0%) resulting from the
presence of some cork granules in the waste phloem mate-
rial. A distinguishing feature of phloem was its high ash con-
tent which is similar to agricultural residues such as wheat
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Table2 Summative chemical composition of Quercus cerris phloem
(% dry weight)

Table 3 Elemental compositions and atomic ratios of Quercus cerris
phloem and biochar (% dry weight)

Component % dry weight Element (%) Phloem Biochar
Ash 12.34+0.02 C 45.6 59.4
DCM extractives 0.40+0.00 H 5.6 2.6
EtOH extractives 0.43+0.03 N 0.3 0.7
H,0 extractives 3.73+£0.35 *O 48.5 37.3
Total extractives 4.57+0.38 H/C 1.45 0.52
Suberin 2.95+0.26 o/C 0.55 0.90
Klason lignin 3276 £1.23 .

T *Calculated by difference (%0 =100 — %C — %H — %N — %Ash)
Soluble lignin 3.17+0.11
Total lignin 35.93+1.60
Polysaccharides 4421+2.00 organics and water). The organic liquid yield, i.e., combined
Ash components % of ash condensate yield excluding water on a dry feedstock basis,
Ca 80.42£11.36 was 32.3 wt.%. Being an ash-rich feedstock, fast pyrolysis
Si 2-16£11.17 bio-oil (FPBO) yields from Quercus cerris phloem were
K 4.06+£0.42 expected to be comparably low (see Table 4). The organic
Fe 2.86+£0.80 liquid yield is in line with trends observed in the literature
Al 1.30£0.01 that investigates the influence of ash content on organic
Me 1.050.06 liquid yield [31]. Specifically, it corresponds well to the
S 0.61+0.09 empiric correlation derived from the same experimental
P 0.30+0.03 setup, which would predict an organic liquid yield of only
Na 0.22+0.01

straw or rice husk [15, 30]. Calcium, silicon, potassium, and
iron were the main components of phloem ash.

The organic elemental composition of Q. cerris phloem
is shown in Table 3. Fast pyrolysis increased the carbon
content in biochar by approximately 30%, hydrogen content
was reduced by approximately 50%, and oxygen content was
reduced by 23%.

The thermal degradation of Q. cerris phloem is shown
in Fig. 3. A total of four different processes are observed at
temperatures of approximately 279 °C, 365 °C, 502 °C, and
678 °C which correspond to the degradation of hemicel-
luloses, cellulose, char, and inorganics. The thermal deg-
radation of phloem under combustion conditions occurred
at temperatures approximately 30 °C lower than pyrolysis
except for hemicellulose degradation which occurred under
similar temperatures. The phloem was reactive until 670 °C
under oxidative conditions, and its pyrolysis resulted in
approximately 20% char yield.

3.2 Mass and carbon yields of fast pyrolysis

Quercus cerris phloem could be converted in the fast
pyrolysis unit without observing any problems. The results
of mass balances are summarized in Fig. 4. The observed
deficit is reasonable for a fast pyrolysis unit in that scale
and can be largely explained by volatiles that escape the
second condenser and are not detected by the GC/MS (both
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27 wt.% for a feedstock ash content of 10 wt.% [32]. This
indicates comparably good bio-oil potential for the high ash
content contained in Quercus cerris phloem.

3.3 Characterization of fast pyrolysis bio-oil

The composition of fast pyrolysis bio-oil of Q. cerris
phloem is shown in Fig. 5 and Online Resource 1. Aromatic
compounds were the major components of bio-oil with
lignin-derived guaiacols, syringols, and simple phenols
being the principal compounds. Bio-oil also contained a
significant fraction of polysaccharide-derived furans as well
as polysaccharide-derived nonaromatic ketones; however,
their amount is much lower than typically observed [34].
While the amount of levoglucosan is comparable to results
observed elsewhere, almost no hydroxyl acetaldehyde is
observed despite being a significant fraction of fast pyrolysis
bio-oil [35]. This is a direct effect of the chosen condensation
temperature, which is higher compared to typically applied
temperatures (90 °C vs 70-60 °C). Noteworthy is also the
relatively high content of low molecular weight lignin-
derived compounds, specifically phenols, guaiacols,
and syringols, whose occurrence is directly related to
feedstock composition. Moreover, the amount of undetected
compounds by the applied GC method is surprisingly high,
which hints at the existence of a very high fraction of high
molecular weight compounds, i.e., oligomers. This might be
a combined effect of feedstock composition and the high ash
content of the feedstock.



Biomass Conversion and Biorefinery

Fig.3 Thermal degradation of
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3.4 Process modeling

Cork processing mills in Portugal produce approximately
between 100 and 187 thousand tons of cork products per year.
The cork production results in 25-30% cork waste powder
which corresponds to approximately 17 and 45 thousand tons
of waste which is valorized for material and energy production
[36]. The energy is primarily used to cover the heat demand of
the cork processing mills on site. The leading cork-producing
company in Portugal uses a co-generation unit to produce
1,075 TJ energy per year which corresponds to an approxi-
mate reduction of 71,000 tons of CO, emissions, according
to the latest sustainability report of the company in 2020 [37].

Incorporating the phloem separation process into the cork
processing unit operations will raise the energy consumption
of a cork processing facility. Nonetheless, the precise energy

usage associated with this supplementary separation step
remains largely unspecified. This process includes the mill-
ing of bark chunks (i) followed by pneumatic transport (i)
and a density separation (ii7) of waste phloem and high- and
low-density cork fractions. It follows that additional electric
power is primarily needed.

Similar to cork waste powder, phloem could be burned
directly on-site to increase the capacity of an existing co-
generation facility. Given the fact that only a fraction of
cork waste powder is combusted after added value (i.e.,
material) uses have been exploited and that the separated
phloem amounts to twice as much weight as the cork frac-
tion, it follows that the energy available from on-site waste
combustion will increase by at least on order of magni-
tude when changing the feedstock to Quercus cerris. With
an approximate LHV of 15 MJ/kg phloem, an additional
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Table 4 Comparison of ash,

‘ e Feedstock Ash (%) Char (%) Organic liquid Reactor Reference
biochar, and organic liquid yield (%)
yields of different feedstocks
and different reactors Q. cerris phloem 10 21 32 Twin-screw This study
Wheat straw 9.2 19 35 [15]
Miscanthus 2.7 12 46 [15]
Scrap wood 1.5 13 50 [15]
Wheat straw 49 28 21 Fluidized bed [33]
Switch grass 5.7 20 45
Miscanthus 4.5 31 41
Willow 3.0 20 44
Beech wood 1.0 14 55
Barley straw 5.8 - 36 Fluidized bed [31]
Rape straw 6.1 - 45
Forest residue 3.8 - 46
Eucalyptus wood 0.4 - 60
Pine wood 0.1 - 62
Fig.5 Main compound groups
of fast pyrolysis bio-oil of Other organic compounds |
Quercus cerris phloem
Carbohydrates e
Aromatic compounds —
Heterocyclic compounds ;
Nom aromatic compounds sy
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
Weight (%)
OWet basis B Dry basis
heat of 30 GJ/ton cork can be supplied (excluding cork  Table5 Mass and heat balances from process simulation
Waste po'wder 'combustlon). Tl.ns results 1n. a tremendo'us Phloem  Bio-oil Biochar Uncondensed
increase in available energy which may be either beneficial gas
or superfluous depending on site-specific conditions. -
The state-of-the-art industrial fast pyrolysis is capable ~ Mass flow (ton h™) 4.6 191 1.6
Heat (MW) 25.0 10.6 7.0 7.6

of producing a liquid biofuel and at the same time utilizing
surplus waste heat for combined heat and power produc-
tion. This can be made through the combustion of the by-
produced solids and uncondensed gases, either by an inte-
grated steam cycle (as, e.g., realized in the Empyro facility)
or by adding a fast pyrolysis unit to an existing power plant
(as, e.g., realized in the Joensuu facility) [38]. Application
of fast pyrolysis to residual phloem will consequently add a
level of flexibility to a cork processing mill while reducing
the available heat that needs to be utilized on-site.

@ Springer

Results from the process model based on the experiments
presented in this study are summarized in Table 5 and Online
Resources 2-5. For the small-scale steam cycle that was con-
sidered for integration in the fast pyrolysis unit, 6.8 MW heat
and 1.5 MW power can be supplied through the combustion
of the by-products from fast pyrolysis in addition to supplying
heat to the fast pyrolysis process. Alternatively, biochar could
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be recovered separately, reducing the heat from the steam
cycle to 1.2 MW and the power output to 0.3 MW. In such
a case, it would be unlikely that an additional steam cycle is
economically feasible to be integrated into the fast pyrolysis
unit; however, economics becomes different if the fast pyroly-
sis unit is attached to an existing biomass combustion facility
instead. These two alternatives (including and excluding bio-
char combustion) result in additional heat generated from the
combined heat and power cycle of as detailed above.

4 Conclusions

Fast pyrolysis of waste Q. cerris phloem was performed in
a twin-screw fast pyrolysis reactor. The physical and chemi-
cal properties of raw phloem, phloem biochars, and phloem
bio-oils were analyzed. A process modeling was developed
with Aspen Plus software to evaluate the available excess
process heat of the fast pyrolysis unit for integration into
phloem separation or cork processing units.

It was found that the waste fraction of Q. cerris phloem can
be converted to bio-oils and biochars in a twin-screw reac-
tor without any operational problems. The yield of organic
liquids was 32% and biochar yield was 21%, which is in line
with the high ash content of the feedstock. The excess heat
available from fast pyrolysis processes can be integrated into
bark separation or cork processing operations to save energy
and reduce CO, emissions. It was found that the high amount
of by-product (i.e., phloem) from bark separation increases
the available heat from onsite combustion by one order of
magnitude compared to a traditional cork processing unit. As
alternative to this combustion, fast pyrolysis offers the pos-
sibility to produce marketable products in addition to excess
heat, which might be a favorable option depending on the
specific circumstances of cork processing units.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-024-05921-7.
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