PEER-REVIEWED ARTICLE

bioresources.com

Improving Carbon Product Yields in Biocarbon
Production by Combining Pyrolysis and Anaerobic
Digestion
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Solid carbon is an important raw material in industrial processes. Most of
the charcoal produced today is via conventional carbonization, which
suffers from huge carbon losses due to system inefficiency. Intermediate
pyrolysis is principally similar to conventional carbonization and produces
biocarbon while capturing the off gasses; among these off gasses is
aqueous condensate, which is difficult to utilize due to the high water
content and low energy content. This fraction can contain up to 25% of the
carbon from feedstock, so utilization of this fraction is important for good
overall carbon balance. Anaerobic digestion can be a promising tool for
utilizing the carbon in the aqueous condensate by converting it into
biomethane. Here, birch and spruce wood were pyrolyzed and the
biomethane potential for the aqueous condensates was tested. The mass
and carbon balances of the pyrolysis products of birch and spruce at two
pyrolysis temperatures were performed, and biocarbon carbon yields
ranging from 42% to 54% were obtained. Anaerobic digestion of the
aqueous phases collected from the pyrolysis process was performed, with
carbon recovery yields between 44% and 59%. A total carbon recovery of
77.8% to 85.7% was obtained, and the primary carbon losses were
identified.
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INTRODUCTION
In order to reduce consumption of fossil resources, efforts should be made towards
providing new and renewable alternatives. The metallurgical industry requires a carbon
material to act as a reducing agent and energy source, and a transition from fossil coal to
renewable carbon would cause a huge reduction in global fossil CO2 emissions. Although
many industrial processes already use charcoal, the majority of the charcoal produced today
is still produced in traditional kilns, e.g., earth mound kilns in sub-Saharan Africa and “hot
tail” kilns in Brazil (Pennise et al. 2001; Bailis et al. 2013). Usually, these traditional kilns
do not have off gas utilization or recovery, resulting in large emissions of incomplete
combustion products into the atmosphere, which has a larger global warming impact than
the molar CO2 equivalent of the complete combustion products of the off gasses (Bailis
2009). In addition, these emissions are harmful to humans and can increase mortality and
respiratory disease rates for populations close to the points of emission (Bailis et al. 2005).
Brazil is the largest charcoal producer in the world, and the main type of kiln used
is the “hot tail” kiln (Bailis et al. 2013). Although they are more efficient than most earthvan der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.
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mound kilns used in sub-Saharan Africa, “hot tail” kilns have a reported maximum
charcoal mass yield of 34.1% and a charcoal carbon yield of 52.1% (Pennise et al. 2001).
This results in an approximate 65% and 50% loss in mass and carbon, respectively, due to
system inefficiency by the venting of off gasses.
Modern pyrolysis, i.e., thermal decomposition without oxygen, is a simple yet
powerful primary conversion technique and is fundamentally similar to charcoal
production. Pyrolysis is used for a large variety of feedstocks; it has been a promising route
for biomass utilization for a long time but has struggled to find commercial feasibility
(Maschio et al. 1992). During the last few decades, the research focus on biomass pyrolysis
has predominantly been on fast pyrolysis, with the aim of optimizing the bio-oil yield and
quality (Bridgwater 2012). In recent years, emphasis on the co-production of bio-oil and
biocarbon has increased, as the numerous applications and considerable environmental
benefits of biocarbon have been recognized (Laird et al. 2009; Cha et al. 2016).
Intermediate pyrolysis is a relatively new genre within pyrolysis that balances the
yield of biocarbon and bio-oil. Typically, 30 wt% of biocarbon is obtained from
intermediate pyrolysis, which is in the upper range of traditional charcoal kiln yields, as
opposed to the 12 wt% biocarbon yield with fast pyrolysis. The increased biocarbon yield
is a result of the decrease in heating rates and increased reaction time when compared to
the fast pyrolysis process. Fast pyrolysis processes its feedstock within seconds, while
intermediate pyrolysis is usually completed within 30 min to 90 min; “hot tail” kilns have
a reported run time of 40 to 50 h (Pennise et al. 2001).
The bio-oil from intermediate pyrolysis usually phase separates into an organic
condensate phase and an aqueous condensate phase, most likely due to secondary cracking
of the vapours before condensation (Yang et al. 2014). This improves the viscosity and
heating value of the organic condensate compared to the oil fast pyrolysis produces and
can be used as an energy carrier. However, the aqueous condensate contains a considerable
amount of water and water-soluble components, has low calorific value, and there is no
direct area of application. This condensate fraction can still contain up to 25% of the carbon
from the feedstock; thus it is important to utilise this fraction to ensure efficient carbon
utilization and prevent the discharge of polluted water. A promising route for the utilization
of the carbon in the aqueous condensate from intermediate pyrolysis (also called aqueous
pyrolysis liquid (APL)) is biomethane production via anaerobic digestion (Hübner and
Mumme 2015; Fabbri and Torri 2016; Feng and Lin 2017).
Anaerobic digestion (AD) is a biological process in which a consortium of
microorganisms breaks down organic compounds to produce biogas (typically consisting
of 50% to 75% CH4 and 25% to 50% CO2) in the absence of free oxygen. It is a mature,
well-established, and robust technology in which mixed communities of organisms
synergistically break down various easily degradable organic compounds, but it can also
digest more complex, recalcitrant, and inhibiting compounds in low concentrations after
some adaption time (Benjamin et al. 1984; Vasco-Correa et al. 2018). Biogas production
via the anaerobic digestion of organic wastes is regarded as an effective waste treatment
method as well as an energy production technology (Appels et al. 2008; Khalid et al. 2011).
However, the anaerobic digestion of raw lignocellulosic biomass has proven difficult due
to the recalcitrant nature of lignocellulosic biomass (Yang et al. 2015). It is nevertheless a
promising technique for carbon recovery from aqueous side streams, e.g. APL, from
intermediate pyrolysis. Although APL is a complex substrate with hundreds of compounds,
with a few of these compounds considered toxic to the AD microorganisms, they are able
to adapt to a wide range of chemical substance, which can be exploited to overcome the
van der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.
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complexity of APL (Torri and Fabbri 2014). Moreover, the production of biomethane is a
clean energy source that can be used as drop-in fuel after purification. This can be lucrative
and is already available as a viable alternative as a transportation fuel (Appels et al. 2011).
Research on the AD of APL is still in its infancy. However, there is increased
interest in pyrolysis as the research focuses on its use as a measure to handle the aqueous
side stream (Hübner and Mumme 2015; Feng and Lin 2017). The application of APL in
other fields has been hampered because of its low calorific value, acidity, chemical and
thermal instability, and presence of complex and inhibitory compounds (Kan et al. 2017;
Zhou et al. 2019). While the AD of APL from the pyrolysis of agricultural residues have
been examined to some extent, little research has been done with wood as the feedstock
where the pyrolysis process is focused on biochar production and quality.
The purpose of this work is to compare the carbon utilization of commercial
charcoal production with the biocarbon production via intermediate pyrolysis combined
with anaerobic digestion. The “hot tail” kiln process reported by Pennise et al. (2001) was
chosen to be the benchmark process for commercial charcoal production, since it is the
most common charcoal production method in Brazil. The pyrolysis of two different
feedstocks at two different temperatures was performed along with the study of the
biomethane potential of the corresponding aqueous condensates.

Fig. 1. The prepared raw materials before pyrolysis: a) birch; and b) spruce

EXPERIMENTAL
Raw Materials
Woodchips made from Norway spruce and birch wood were used for this
experiment (Fig. 1). The Norway spruce chips were received from a Norwegian forestry
company, with a dry matter content of 44.5%. The sample was air dried to 93.9%, and then
hammer milled at 1000 RPM through a 19 mm hole screen and fractionated to a size
between 13 and 5 mm. The birch chips were received dry from a Norwegian sludge refining
company, with a dry matter content of 93.4%. The birch chips were fractionated to a size
between 13 and 5 mm.
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Pyrolysis
The wood chips were pyrolyzed in a pyrolysis development unit at RISE PFI AS,
Trondheim, Norway (as shown in Fig. 2). The pyrolysis development unit consists of a
stainless-steel fixed bed reactor (5.6 L), which is located in an oven. A heated gas transfer
line connects the reactor with a condensation unit, which consists of two water-cooling
condensers, an electrostatic precipitator (ESP), and a silica gel filter. The gas volume was
measured continuously with a wet gas meter (WGM) and a micro-GC (Agilent Technology
490 Micro GC) measured the gas composition online. In addition, N2 gas was used as a
purge gas during the entire experiment with a flow of 2 L/min. Typically, the reactor was
filled with 400 g of feedstock and leak tested before the entire system was purged with N2
to remove oxygen. An oxygen-free atmosphere was confirmed with the micro-GC before
starting the experiment. The heating time from room temperature to the two reaction
temperatures (400 and 550 °C) was approximately 45 min. The pyrolysis temperatures of
400 and 550 ℃ where chosen to cover the low and high end of typical intermediate
pyrolysis temperatures. The reaction temperature was maintained for 90 min to ensure the
complete and homogeneous carbonization of the feedstock. This resulted in 4 biocarbon
samples, 4 condensate samples, and 4 sets of gas phase analysis. The vapours condensed
in the water condenser naturally phase separated into an organic condensate phase and an
aqueous condensate phase. The condensate was stored in the condensate bottles overnight
before the top phase was decanted off.

Fig. 2. Schematic detailing of setup of pyrolysis rig used for the pyrolysis experiments at RISE PFI

The silica gel filter before the µ-GC is required to obtain a moisture-free gas for µGC analyses. The silica gel turns black instead of white during operation, suggesting that
more than moisture was absorbed in the silica gel filter. This is most likely bio-oil mist not
condensed in the preceding condensers. Analysis of the absorbate of the silica gel filter is
not possible, so it was assumed that the composition was similar to the aqueous condensate
and included in the aqueous condensate in the results.
The water content was measured in all the condensate phases via a Karl-Fischer
titration with a Mettler Toledo V20 Volumetric KF Titrator. The carbon contents of the
feed, biocarbon, and condensate phases were analysed with a Thermo Scientific Flash 2000
CHNS/O Analyzer. The aqueous condensates produced were used for anaerobic digestion.
van der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.
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Anaerobic Digestion
The anaerobic digestion (AD) of APL as a substrate was performed as a batch test
with an automatic methane potential test system II (AMPTS II, Bioprocess Control®
Sweden AB). This standardized laboratory set-up automatically determines the methane
potential of any biodegradable material via the water displacement method.
The mesophilic granular sludge used as the inoculum was obtained from a
mesophilic industrial AD reactor that treated paper mill effluent. The concentration of
inoculum total solids (TS) and volatile solids (VS) were 181 and 119 g/L, respectively. The
inoculum was degassed at 30 °C for at least 5 d before the experiment to reduce the gas
production from the inoculum.
The APL substrate was added to a macro nutrient solution composed of NH4Cl
(44.48 g/L), (NH4)H2PO4 (5.3 g/L), (NH4)2HPO4 (1.78 g/L), MgCl2.6H2O (21.4 g/L),
CaCl2.2H2O (7.56 g/L), and NaHCO3 (100 g/L). The macro nutrient solution was added to
the substrate to maintain a minimum COD to N to P ratio of 350 to 5 to 1 (Baeta et al.
2013).
Each APL sample was run in triplicate (as shown in Table 1) with an equal APL
load in a standard 650 mL glass flasks (Kimax® kimble), with 200 mL of inoculum being
added to create a working liquid volume of slightly greater than 200 mL.
A blank sample, which only contained inoculum and distilled water, was also tested
in triplicate. The gas produced from the blank sample was deducted from the gas produced
from the APL samples to offset the gas produced via endogenous respiration of the
microorganisms in the inoculum. The results thus represent only the gas produced from the
tested samples.
The anaerobic reactors were initially purged with pure nitrogen for 5 to 7 min to
remove all oxygen and ensure complete anaerobic condition. Then, AD was performed at
a temperature of 35 °C for 22 d with intermittent mixing for 10 s occurring every h. The
carbon dioxide content in the produced biogas was removed by passing it through 80 mL
of 3 M sodium hydroxide (NaOH) mixed with a 0.4% thymolphthalein solution for each
reactor. The methane produced from the AMPTS II was automatically provided as NmL
(1 standard atmospheric pressure, 0 °C, and zero moisture content) by the Bioprocess
Control® software (AMPTS II, Version 5, Lund, Sweden). A more detailed description of
this procedure is found in a study by Badshah et al. (2012).
Table 1. Experimental Design for the Anaerobic Digestion of Aqueous Pyrolysis
Liquid
Samples

Inoculum (mL)

APL Substrate
(mL)

Parallels

Organic Loading
(gCOD APL/Linoculum)

Birch 400 °C
Birch 550 °C
Spruce 400 °C
Spruce 550 °C
Control

200
200
200
200
200

1.4
1.8
2.3
2.3
3 (dist. H2O)

3
3
3
3
3

5
5
5
5
0

The chemical oxygen demand (COD) was measured according to US standard
5220D (APHA 1995). The samples were filtered through a 0.45 µm pore size glass filter
after sampling to measure the soluble COD (sCOD) using commercial kits (WTWTM).

van der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.

3968

PEER-REVIEWED ARTICLE

bioresources.com

RESULTS AND DISCUSSION
The Effect of the Feedstock and Pyrolysis Temperature on the Carbon Yield
The mass balances of the birch and spruce chips pyrolyzed at 400 and 550 °C are
shown in Fig. 3. The mass recovery of the biocarbon, condensates, and gas phase added up
to approximately 100% for each experiment, as intended by the design of the pyrolysis
system. As expected, an increase in temperature resulted in a decrease in biocarbon yield
and an increase in gas yield for both the birch and spruce feedstocks. The biocarbon yields
from spruce were 32 wt% and 26 wt% for pyrolysis at a temperature of 400 and 550 °C,
respectively. This was higher than the biocarbon yields observed for birch (28 wt% and 23
wt%) at the same temperatures. This might be an inherent effect of the different feedstocks,
as higher yields of charcoal are usually obtained from conifers than from deciduous trees
(Wenzl 2012). The different shapes of the wood chips (Fig. 1) may also have influenced
the biocarbon yields. Although sieved with the same sieves and in the exact same manner,
the birch chips were thinner and shorter than the spruce chips (note, however, the treatment
prior to fractionation was different for the two raw materials). The vapours generated
within the spruce chips might have more time to form secondary biocarbon via
decomposition before escaping the chips (Antal and Grønli 2003). No clear trend in the
changes of the mass yield of the liquid condensate phases was observed with the
temperature changes.

Fig. 3. Mass balances of the pyrolysis of birch and spruce feedstock

The carbon distribution from the pyrolysis of birch and spruce at 400 and 550 °C is
shown in Fig. 4. The mass yields had similar trends to the biocarbon and gas carbon yields.
An increase in the pyrolysis temperature resulted in a decrease in the carbon yield in the
biocarbon and an increase in the carbon yield in the gas phase for both feedstocks. Similar
decreases in the carbon content of the aqueous condensate as the pyrolysis temperature
increased were observed for both feedstocks. For birch, a decrease from 26% to 23% in
carbon was observed from the aqueous condensate as the temperature increased, while a
decrease from 16% to 13% was observed in the aqueous condensate from spruce. However,
van der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.

3969

bioresources.com

PEER-REVIEWED ARTICLE

no consistent effect on the carbon yields of the organic condensates was observed when
the pyrolysis temperature was increased for either feedstock. The organic condensate from
spruce had a considerable increase in carbon yield (from 15% to 21%) as the pyrolysis
temperature was increased, while a small decrease (from 15% to 14%) in the carbon yield
was observed in the organic condensate from birch.
The total recovered carbon of birch pyrolyzed at 550 ℃ was 96%, compared to
98% of birch pyrolyzed at 400 ℃ and 99% of both spruce pyrolysis experiments. The slight
reduction in carbon recovery can be due to condensation during the pyrolysis experiment
or sample handling and carbon content analysis. The liquids produced during pyrolysis are
inhomogeneous, which will increase the measuring uncertainties during carbon content
analysis even though measures were taken to counteract this as much as possible.

Fig. 4. Carbon yield of the pyrolysis products from birch and spruce feedstock

Table 2. Pyrolysis Gas Composition
Feedstock
Birch
400 °C
Birch
550 °C
Spruce
400 °C
Spruce
550 °C

CO2
(mol %)

CO
(mol %)

Methane
(mol %)

Ethylene
(mol %)

Ethane
(mol %)

Propane+
propylene
(mol %)

H2
(mol %)

55.9

33.2

7.8

0.7

1.0

0.4

1.0

37.7

36.5

16.4

1.2

1.7

1.1

5.4

50.3

37.2

9.1

0.7

1.3

0.5

0.9

35.5

38.7

15.9

1.2

1.5

0.8

6.4

Table 2 shows the molar gas composition of the four pyrolysis experiments. The
primary gas produced at 400 °C was CO2, followed by CO, C1 to C3 hydrocarbons, and
H2. Pyrolysis at 550 °C reduced the amount of the produced CO2 fraction for both birch
and spruce compared to pyrolysis at 400 °C. The other gas fractions were enriched as the
pyrolysis temperature increased, resulting in a higher energy content of the pyrolysis gas.
van der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.
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The gas fraction can be combusted for process energy purposes, but the moisture content
can limit the feasibility. Another possible application for the pyrolysis gas is to recycle the
gas back into the process (Dhyani and Bhaskar 2018).
More carbon was retained in the birch aqueous condensates than the spruce aqueous
condensates at the corresponding temperatures, as shown by the carbon balance depicted
in Fig. 4. This is most likely due to the higher hemicellulose content in birch (Dhyani and
Bhaskar 2018). Hemicelluloses are expected to promote an increase in yield of the aqueous
condensate since they degrade at lower temperatures than cellulose and lignins (Yang et
al. 2007). The spruce aqueous condensates were also more opaque than the birch aqueous
phases, as shown in Fig. 5. This indicated a higher water content and less concentrated
carbon-containing substances in the spruce aqueous phases. This was confirmed by the
water content measurements and elemental analysis, which is shown in Table 3. The high
amount of carbon retained in the aqueous phases emphasizes the need for a suitable
anaerobic digestion process to complement the pyrolysis process to achieve high carbon
utilization.

Fig. 5. Aqueous condensate samples for anaerobic digestion: a) Birch 400 °C; b) Birch 550 °C;
c) Spruce 400 °C; and d) Spruce 550 °C

Effect of the Pyrolysis Temperature on the Biomethane Yield During
Anaerobic Digestion
The aqueous condensate from the pyrolysis, used as feedstock in AD, showed
methane yields in the APL ranging from 112 to 207 NmL/gCOD, depending on the type
of biomass and the pyrolysis temperature (Table 3). The APL from birch pyrolysis at a
temperature of 400 and 550 °C had a biomethane yield of 44% and 49% of the theoretical
achievable yield, respectively. A small increase in yield was observed with an increase in
pyrolysis temperature for birch. Contrarily, a large decrease in methane yield, from 59%
to 32%, was observed in the APL of spruce as the pyrolysis temperature increased from
400 to 550 °C. A decrease in methane yield from APL as the pyrolysis temperature
increases has also been observed in previous studies (Erdogan et al. 2015; Hübner and
Mumme 2015). A common trend in both birch and spruce is a decrease in methane yield
as the carbon content increases in the APL (Fig. 6). An increase in pyrolysis temperature
reduces the concentrations of easily degradable ketones and acids in the APL, while
forming higher concentrations of recalcitrant or toxic carbon compounds, e.g.,
hydroxyacetaldehyde, acetol, furans, N-heterocyclic compounds, and phenols inhibiting
bacteria and archaea, thus hampering the AD (Hierholtzer et al. 2013; Alvarez et al. 2014;
Rezaei et al. 2014).
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Table 3. Aqueous Phase Parameters and Anaerobic Digestion Results
Feedstock

Water
Content
(wt%)

Birch 400 °C

46.5

Carbon Content
(wt%)
Wet
Dry basis
basis
28.0
52.2

Birch 550 °C

57.1

21.2

49.6

556 ± 3

0.49 ± 0.03 / 172 ± 8

Spruce 400 °C

67.8

14.7

45.5

432.5 ± 0.7

0.59 ± 0.02 / 207 ± 10

Spruce 550 °C

66.8

15.3

46.1

445 ± 1

0.32 ± 0.03/ 112 ± 11

COD
(g/L)

Methane Yield
(gCOD/gCOD)/(NmL/gCOD)

703 ± 4

0.44 ± 0.01 / 152 ± 4

The carbon content had a large effect on the methane yield when using spruce
(softwood). This is believed to be an effect of the high lignin content of Norway spruce
(27.6 wt% to 29.4 wt% dry basis) (Părpăriţă et al. 2014). This leads to a higher
concentration of complex phenols with higher molecular weights and an increased carbon
content in spruce bio-oil (Stefanidis et al. 2014). In contrast, the carbon content had little
effect on the methane yield when using birch (hardwood), although there was a major
difference in the carbon content between the APLs pre-treated at different temperatures.
This is explained by the lower lignin content (21 wt% dry basis) and by the more complex
lignin structures in hardwood (syringil-guaiacyl lignin) compared to softwood (guaiacyl
lignin) (Fahmi et al. 2008; Părpăriţă et al. 2014). The more complex lignins found in
hardwoods have a lower decomposition rate, which yields less inhibitory APL (Torri et al.
2016).
The methane yield will likely be higher in a continuous AD process compared to
batch tests, as it allows for the microorganisms to adapt to the inhibitors present in the APL
(Torri and Fabbri 2014). In addition, dilution and the addition of additives, e.g., biochar,
can also enhance AD and increase the methane yield (Torri and Fabbri 2014).

Fig. 6. Methane yield decreases as the carbon content increases in APL

Overall Carbon Balance for the Current System
Figure 7 compares the combined utilized carbon yield for the four experiments with
the chosen benchmark (52.1% carbon yield for conventional charcoal production), i.e., the
“hot tail” kiln. The utilized carbon yield contains all the carbon yields from the fractions
obtained that can be further used, either as transportation fuel, an energy carrier, or a
van der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.
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reducing agent. It contains the carbon yields of the biocarbon from pyrolysis, which can be
used as a reducing agent; the biomethane yield produced via the AD of APL, which can be
used as transportation fuel; and the organic condensate and combustible carbon-containing
gasses generated during pyrolysis, which can be used as energy carriers. In addition, H2
gas is produced in various amounts during pyrolysis, especially during a higher temperature
pyrolysis process. The H2 adds to the energy content of the generated pyrolysis gas but is
not included here.

Fig. 7. Utilization of the carbon from the different fractions when combining pyrolysis and
anaerobic digestion (Note: the red line located at 52.1% is the chosen benchmark for
comparison)

All four systems yielded higher carbon utilization than the benchmark, i.e., a 52.1%
carbon utilisation of the “hot tail” kiln. Birch wood obtained combined carbon utilization
yields of 78.8% and 77.8% for pyrolysis temperatures of 400 and 550 °C, respectively.
Spruce wood obtained slightly higher combined carbon utilization yields of 83.4% and
82.7% for pyrolysis temperatures of 400 and 550 °C, respectively. The primary factor for
the lower total carbon yields of birch wood is the unconverted carbon in AD. Although
obtaining reasonable biomethane yields for batch conversion, with 44% and 49% from
APL from birch pyrolyzed at 400 and 550 ℃, respectively, the high carbon retention in the
ALP of birch results in considerable carbon losses due to the unconverted carbon from AD.
A greater amount of total utilized carbon was obtained from spruce than birch, even though
the biomethane contribution was quite small for spruce, especially for spruce pyrolyzed at
550 °C, due to the low carbon retention in the aqueous condensate from spruce pyrolysis.
The carbon losses identified for the combined system are shown in Fig. 8. The two
primary carbon losses are CO2 generation during pyrolysis and the unconverted carbon
during AD. The largest carbon loss in all cases was the unconverted carbon in the APL,
except for spruce pyrolyzed at 400 °C, which had the highest loss due to its biomethane
yield of 59%. The other experiments performed carbon recovery on biomethane yields of
less than 50%. Developing efficient AD processes with adapted microorganisms should be
carried out to further increase the overall carbon utilization. The carbon loss to CO2 was
similar for birch and spruce wood pyrolyzed at a temperature of 400 and 550 ℃.
van der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.
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Fig. 8. Carbon losses of the combined system of intermediate pyrolysis and anaerobic digestion

The biochar from spruce pyrolyzed at 400 °C attained a carbon yield of 54.1%,
which exceeded the chosen benchmark of 52.1%. The high carbon yield of biochar from
spruce might be due to the higher expected yield from conifers, as previously discussed.
Nevertheless, substantial amounts of biocarbon were still produced in the other three
experiments. This shows that with a small sacrifice in biocarbon yield, biocarbon can be
produced with much shorter process times via intermediate pyrolysis compared to
conventional charcoal production. In addition, intermediate pyrolysis allows for the
collection and utilization of viable side streams to obtain increased carbon utilization by
generating energy carriers, organic condensate, and pyrolysis gas, as well as producing
transportation fuel, e.g., biomethane, via the AD of APL.

CONCLUSIONS
1. Intermediate pyrolysis enhances the carbon utilization potential compared to
conventional charcoal production methods if all fractions produced during pyrolysis
are utilized.
2. Spruce wood has a higher inherent potential for high biochar yields compared to birch
wood, while birch has higher carbon retention in the aqueous condensate (APL). Thus,
birch is more dependent on good carbon recovery in terms of producing biomethane
via anaerobic digestion for high total carbon utilization.
3. As shown in batch experiments, anaerobic digestion may be used to recover reasonable
amounts of carbon in the form of biomethane from the aqueous condensate from the
intermediate pyrolysis of wood. This shows the potential for high carbon recovery from
APL with well-adapted microorganisms, continuous systems, and enhancing additives.
4. A decrease in biomethane yield was observed in spruce wood as the pyrolysis
temperature increased, which may be explained the increased formation of inhibitors
from softwood lignins. A decrease in biomethane yield was not observed as the
van der Wijst et al. (2021). “Carbon product yields,” BioResources 16(2), 3964-3977.
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pyrolysis temperature increased for birch wood.
5. A decrease in methane yield with an increased carbon content in the APL was observed
for both birch and spruce wood. The effect was largest in spruce and was associated
with the less complex softwood lignins, leading to higher concentrations of recalcitrant
and toxic compounds in the intermediate pyrolysis APL.
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