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ABSTRACT

This paper is about the feasibility of combustibles gases like methane, ethane and carbon monoxide
production from wood pyrolysis. This first laboratory experimental stage objective was to see what
products can be obtained from wood pyrolysis in absence of oxygen and presence of nitrogen. The
effect of temperature on the product yields was investigated. Products were characterized using
gas-chromatography. We found that products of wood pyrolysis for temperatures of 700, 800, 900,
1000 and 1100°C were char, CO2 and combustibles gases like CH4, C2H2, CO and tar. NHs was not
found in the produced gases.
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In our study, condensable gases were not recovered and quantified. A gas condenser would have
been necessary inserted for this purpose at the outlet of the pyrolysis reactor before routing the
gases to the mass spetrograph. This study show that char production decrease from 17.08% at
700°C on the weight basis to 12.95% at 1100°C. Gases and tar production decrease, going from
82.92% at 700 °C on the weight basis to 87.05% at 1100°C. Carbone dioxide production also
increase with temperature. It is the biggest part of produced gases of the wood pyrolysis gases
representing an average weight proportion of 6.99% of the initial wood. Carbone monoxide vyield is
almost constant, around 1.6% at 800, 900 and 1000°C thought its yield at 700°C was found slightly
higher accounting for 2.29% weight of the initial wood. Ethylene (C2H4) is only produced in small
amount compared to others combustibles gases like methane and carbon monoxide. Its proportion
which was observed almost constant, around 0.14% on the weight basis in respect to the initial
wood chips weight from 700 to 900°C dropped to 0.02% at 1000°C. Methane (CH4) is produced in
weight basis proportions of 2.55% which remain almost constant from 700 to 1000°C.

Keywords: Pyrolysis; wood chips; charcoal; combustibles gases; carbon dioxide.

1. INTRODUCTION

Among thermo-chemical treatment (TCT)
methods known today, pyrolysis appear as one
of the most popular. This is believed to be due to
their immense impacts on the environment and
their operational output [1]. In their review, Al-
Salem et al. mention that the renewed attention
that pyrolysis continues to face in recent times is
due to the several effective and environmental
advantages it offers to today’s overall energy
demand and fuel scarcity [2].

Pyrolysis is a thermochemical conversion
process in the absence of oxygen or other
oxidizers at a relatively low temperature as
compared to incineration temperatures. This
process can be used to recover materials and
energy in the form of chemicals products and
fuels [3].

The total consumption of primary energy In
Burkina Faso was estimated equal to nearly
2625 Kilotonne in 2008 with a strong
dependence on biomass which represents more
than 80% of consumed energy [4-7]. Total
consumption of primary energy raised to 4657
Kilotonne in year 2019 with 99% from biomass
whereas hydropower and solar photovoltaic
represents less than 1% [8-10].

With more than 90% dependance on biomass
energy, only pyrolysis of wood is used in Burkina
Faso in the charbonisation process for Charcoal
production.  Unfortunately, this traditionnal
charcoal production process is not energy
efficient, because gaseous and liquid products
are not recovered. Hence the need for the
developpement of better charcoal production
technologies and the developpement of
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gasification wich is sound better than traditionnal
charcoal production.

Biomass gasification, very little used in Burkina
Faso, is one of the most efficient methods for
converting biomass into thermal and electrical
energy. Despite the abundance of waste of
agricultural, vegetable and household origin, the
large-scale exploitation of this conversion
process is very little developed in Burkina Faso
[11,12]. In a bibliographic review made in 2014, it
was established that gasification of waste may
be an interesting alternative for Burkina Faso
[13]. Other studies on the development of
biomass energy in Africa agree with the main
conclusions of this review [14-16].

Taking in account the fact that gasification itself
is preceded by the pyrolysis of biomass, we have
conducted this expermimental investigation of
wood pyrolysis for temperatures of 700 to
1100°C in order to approximately predict
products yields of a better charcoal production in
Burkina Faso and gasification developpement.

2. PYROLYS OF WOOD

Chen et al. globaly represents pyrolysis as a
process of thermal degradation of the biomass in
the total absence of air that produces recyclable
products, including char, oil/wax and combustible
gases. This thermal degradation process has
been used to produce charcoal from biomass for
thousands of years [17]. According to Bridgwater

« Lower process temperature and longer
vapour residence times favour the production of
charcoal. High temperature and longer residence
time increase the biomass conversion to gas and
moderate temperature and short vapour
residence time are optimum for producing
liquids.» [18].
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3. EXPERIMENTAL
3.1 Materials

The wood used in these experiments is
sawdust dried for at least 24 hours in a steamer
and water extractor set at 103°C. Its humidity will
therefore be taken equal to zero. The wood
grains are approximately cylindrical in shape with
lengths of 2 to 3mm and diameters of 0.5 to
2mm.3.2.

Each mass of nearly 1g of wood is introduced
into the pyrolysis reactor, heated to the desired
temperature and undergoes thermal degradation
in the absence of oxygen. The pyrolysis products
are carried out of the pyrolyzer by the flow of
nitrogen and stored in a plastic bag. Each
thermal degradation lasts six minutes.

3.2 Experimental Setup

Picture of the experimental setup devices is
given on Fig. 1 with labels.

Wood inlet

Acquisition Gases and tar Mass . and nitrogen
- Emergenc Pyrolysis ;
compyto reception bag spectrograph stop sgwitc% fuyrna)(,:e heut pert
Fig. 1 Pyrolysis reactor and mesurments apparatuses

This pyrolysis system includes principally three elements as shown in Fig. 2

a) The pyrolysis oven

b) The thermo gravimetric analyzer

¢) The acquisition computer

Pyrolys reactor .
Tar catcher
Thermo
Gravimetric
Mass flow Analyser
meter
Tar condenser
Acquisition
Computer
. — -
Nitrogen
canister

Fig. 2. Schematic of the pyrolysis system
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3.2.1 The pyrolysis furnace

The pyrolysis reactor is built around a
pyrolysis furnace made by Carbolite. This
furnace is an electrically heated, cylindrical
furnace of which the picture is given on
Fig. 3.

For each experiment, the basket supporting the
wood chips is taken out. This basket is cleaned,
then the previously weighed dry wood chips are
placed on the sample basket. The nacelle is then
introduced into the pyrolysis tube using a screw
serving as a nacelle guide. Then the cap of the
pyrolysis reactor (e) is closed. We obtain the

layout shown schematically in the Fig. 1 with the
sample guided towards the reactor core.

3.2.2 The mass spectrograph

The mass spectrograph made by Brukers is an
Equinox 55 thermo gravimetric analyzer and
infrared spectrometer (TGA-IR). This
spectrograph is based on infrared absorption
spectroscopy. Absorption frequency range goes
from 370 to 25000 cm-1. Resolution is better than
0.5 cm. It can sample solid, liquids, powders,
gas phase. It is driven by OPUS/IR software and
is used in this paper to quantify gaseous
products from the pyrolysis reactor.

(@) (b) (©)

(d) (e) (f

Fig. 3. Furnace and support (a), gaseous pyrolylis products exit tube (b), pyrolysis tube ((c),
sample cup (d), pyrolysis reactor closing cap (e) and gaseous products collection bag (f)

Wood sample

(a)

(n (b)

v 4 (c)

(e)

(d)

Fig. 4. Pyrolysis reactor with (a) : Heating enveloppe, (b) : Pyrolysis cylinder, (c) : Sample
holder guide on rack, (d) : Nitrogen canister with flowmeter, (e) : Furnace support, (f) :
Pyrolysis products exit
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3.2.3 The acquisition computer

On the acquisition computer is installed an Opus
2005 IR software for analyzing different gaseous
product from pyrolysis coming from the products
collection bag (3.f).

3.3 Experimental Protocol

1) Pyrolysis reactor container is cleaned of
residual char.

2) Mass of wood chips is measured.

3) Collection bag is drained of all gases.

4) The correct nitrogen flow is controlled.

5) Wood chips are introduced in the pyrolysis
reactor and the lid is closed.

6) Chronometer is started

7) The pyrolysis is monitored during 60
seconds.

8) Temperature and non-condensable gases
yield are monitored until the end of the
pyrolysis.

9) Pyrolysis reactor is opened to remove
produced char

10) Masses of charcoal is measured.

4. RESULTS AND DISCUSSION

The mass of the wood chips was measured with
a balance with a sensitivity of 0.1 mg. Product
yields obtained from pyrolysis for each
temperature are summarized in Table 1.

We separated the pyrolysis products into two
parts: the solid part consisting of coal and the
gaseous part. The gaseous part also includes the
tar visible on the gaseous products collection
bag. But the tar was not collected separately in
this work. Therefore, the gaseous products will
be referred to as tar and non-condensable gases
in this paper. We note mwood, the mass of the
wood sample, mchar the mass of the coal, mgas
the mass of the gaseous products. For each
temperature, three valid measurements are
made. By valid measurements we mean the
results of a successful test, because if it
happened that one of the points of the protocol
had been omitted, we repeated the test. The
percentage of charcoal is obtained by dividing
Mchar DY Mwood. Similarly, the percentage of
gaseous products is obtained by dividing mgas by
Mwood.

4.1 Char Yield

The Fig. 5 gives us the evolution of the
percentage of coal in respect to temperature:
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Fig. 5 show that char yield decrease when
pyrolysis température increase. The decrease
seem regular, so we can try extrapolating the
char yield for lower temperatures to seek for a
rough estimation of char yield for temperatures
below 700°C.

For that purpose we have plotted the same data
as a curve and obtained Fig. 6 with an estimation
equation. This estimation equation was refined
after adjustments and verifications compared to
experimental values and temperatures from 700
to 1100°C :

Char (wt %) = - 0.0099T + 24.1

Therefore, we would theoricaly expect a char
yield sumarized in Table 2.

This is a purely theoretical assumption and an
hypothetical approximation without experimental
investigation for temperatures ranging from 300
to 600°C.

Fig. 7 show that gases products yield account
from 82.92% of the pyrolysed wood weight at
700°C to 87.05% of the the pyrolysed wood
weight at 1100°C.

It should be noted that at
1000°C, a rapid increase in gas pressure in the
reaction chamber due to the rapid

devolatilization of the wood chips took us by
surprise. Reflux of pyrolysis gases observed on
the inlet side of the pyrolysis reactor in the form
of smoke. Corrective measures by strengthening
the joints of the pyrolysis tube were taken and
the nitrogen flow decreased, then the reaction
could take place at 1100°C. Despite these
experimental precautions, we suspect a slight
loss of non-visible pyrolysis products which
would explain the apparent stagnation in the
quantities of pyrolysis products between 900 and
1000°C.

Fig. 7 show that gases + tar yield increase when
pyrolysis température increase. The increase
seem regular, so we can try extrapolating the
char yield for lower temperatures to seek for a
rough estimation of char yield for temperatures
below 700°C.

For that purpose we have plotted the same data
as a curve and obtained Fig. 8 with an estimation
equation.
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Table 1. Used wood mass and products yields

Temperature 700°C 800°C 900°C 1000°C 1100°C
Mwood 1,0030 1,0088 1,0054 1,0042 1,0030 1,0010 1,0015 1,0009 1,0038 1,0033 0,9902 0,9968 0,9932 1,0270 1,0300
Mchar 0,1750 0,1733 0,1670 0,1578 0,1707 0,1509 0,1462 0,1449 0,1452 0,1376 0,1448 0,1412 0,1331 0,1301 0,1316
Mgas 0,8280 10,8355 0,8384 0,8464 0,8323 0,8501 0,8553 0,8560 0,8586 0,8657 0,8453 0,8555 0,8601 0,8969 0,8984
Mechar/Mwood 0,1745 0,1718 0,1661 0,1571 0,1702 0,1507 0,1460 0,1448 0,1447 0,1371 0,1463 0,1417 0,1340 0,1267 0,1277
Mgas/Mwood 0,8255 10,8282 10,8339 0,8429 0,8298 0,8493 0,8540 0,8552 0,8553 0,8629 0,8537 0,8583 0,8660 0,8733 0,8723
Char (Wt %)  17,2% 16,0% 14,5% 14,1% 13,2%
Gas (Wt %) 82.96% 83.94% 84.90% 85.85% 86.81%

20,0% Char yield with wal wood sawdust from 704 te 1100°C +

18,0% 17.2% #

16,0%
16,0% bl
14,5% 14,1%

14,0%

12,0%

10,0%

8,0%

6.0%

4,0%

2,0%

0.0% o0 BOOC BO0MC 1000°C 1100°C

Temperature

Fig. 5. Char yield at different temperatures
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Average charcoal s
20,0%

18,0%
16,0%

14,0%

= 13.2%

=% y = -0,0089% + 0,1796
10,0% R?=0,9724

8,0%
6,0%
4,0%
2,0%

0,0%
T00 800 200 1000 1100
Temperature (°C)

Fig. 6. Rough prediction of Charcoal content from wood in fast pyrolysis

Table 2. Hypothetical char yield from wood pyrolyis at different temperatures

300 400 500 600
21,13 20,14 19,15 18,16

87,05%

H 700°C H 800°C N s00°C W 1000°C N 1100°C

Fig. 7. Gases + tar products variation against temperature
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88,00%

y = 0,01x + 0,8206

87,00%
86,00%
85,00%
84,00%
83,00%
82,00%
81,00%
80,00%

79,00%
800°C

—— Gases(wt%)

700°C

300°C

1000°C 1100°C

-+«+ Linear approximation

Fig. 8. Gaseous products yield

Table 3. Hypothetical gases + tar yield from wood pyrolyis at different temperatures

T (°C) 300 400 500

600 700 800 900 1000 1100

Gases + tar (%) 79.17 80.12 81.08

82.03 82.96 83.94 8490 8585 86.81

This estimation equation was also refined after
adjustments and verifications compared to
experimental values and temperatures from 700
to 1100°C:

Gases + tar (wt %) = 0.00955 T + 76.3000

Once again, bearing in mind that this is a purely
theoretical and hypothetical approximation, we
could theoretically expect a gas and tar yield
summarized in Table 3.

If we use the data from Tables 2 and 3, we can
roughly estimate gas + tar to be 79.17% of the
wood, with charcoal making up 21.13% of the
initial mass of the wood at 300°C. These
percentages would be 81.08% and 19.15%
respectively at 500°C. At these temperatures we
would have CzHs, CHs, CO which are
combustible and CO2 which is incombustible.
As quoted by Konstantin Moser et al. [19]: “
One also has to be aware that the yield numbers
are only to demonstrate rough differences
between technologies and must be seen as
approximate values”.
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4.2 Gaseous Products Yields

The analysis of gaseous products directly gives
their proportions in relation to the mass of the
gases.

Dinitrogen (N2) is introduced into the pyrolysis
reactor to ensure pyrolysis in an inert
environment and prevent oxidation or gasification
of the wood. This nitrogen is indeed present in
the gas analysis provided by the TGA-IR, but is
not taken into account in the plots of the Figs. 9,
10, 11 and 12 which follow.

We found in this study that while the proportions
of other gaseous products vary slightly or remain
almost constant, there appears to be a significant
shift or exchange between carbon dioxide (COz)
and ethane (Cz2H4) at 1000 °C. We say this
because where CzH4 shows a 92% proportional
decrease from 900 to 1000°C, the increase in
carbon dioxide (CO2) shows a 46% relative
increase from 900 to 1000°C. These significant
variations are not observed for the other gases.

Those findings are summarized in Fig. 13.
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Fig. 9. Dryed wood gases yield at 700°C
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Fig. 10. Dryed wood gases yield at 800°C
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Fig. 12. Dryed wood gases yield at 1000°C
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Fig. 13. Cumulative dryed wood gases yield by TGA-IR analysis from 700 to 1000°C

The data plotted in Fig. 13 is the sum of the
different gas product levels for each experiment,
that is, the total gas yield for 60 seconds. We can
roughly see that when the temperature increases
from 700 to 1000°C: the production of C2Hs4 and
CO decreases in relation to their own masses.
The CH4 remains relatively almost constant on
the basis of the same criterion. The proportion of
COg2 is in an upward trend always in relation to its
own mass.

According to S.W. Banks: fast pyrolysis gases
(non-condensable gases) mostly consists of
carbon dioxide, carbon monoxide, and methane
[20]. Yanik et al. [21] pyrolyzed three agricultural
wastes and showed that on the volumes basis,
carbon oxides made up 84-90% of the fast
pyrolysis product gas, with methane accounting
for 6-8 %, hydrogen and hydrocarbon with two
to four carbon (C2Hx and CsHy) were found in
minor amounts.

Our results are in agreement, though we have
not quantified C4Hy compoents.

5. CONCLUSION

In this fixed-bed pseudo-batch pyrolysis system
reactor, temperatures ranged from 700°C to
1100°C and a maximum non-charcoal production
of 85 wt. % was reached. At high temperatures,
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between 1000°C and 1100°C, devolatilization is
strong and brutal. The coal yield obtained was
significantly low, less than 12%, meaning that
fast pyrolysis of wood could be used as a source
of high calorific gas, with coal becoming only a
by-product.

Our results are in agreement with those of other
authors and we conclude that increasing the
pyrolysis temperature of wood favors the
production of gaseous products, while it reduces
the production of charcoal. Unfortunately, high
temperatures also increase the proportion of
carbon dioxide in the gases produced.

The challenge we face is the high carbon dioxide
content of the gases produced by dry wood
pyrolysis. We decide to continue the practical
implementation of wood pyrolysis, without
injection of nitrogen and at average
temperatures, not exceeding 800°C. We have
set ourselves a target of a gasification
temperature of around 600°C which can be built
at affordable costs, with locally available
materials in underdeveloped countries like
Burkina Faso. We will design and manufacture a
rotary kiln pyrolysis reactor without nitrogen
supply. This pyrolysis reactor will be designed to
operate at moderate temperatures, between 300
and 500°C. We will then test it in several
conditions in order to promote the production of
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liquid and combustible gases. Carbon dioxide
must be reduced to the lowest level to comply
with environmental protection requirements. Our
ultimate project is to combine pyrolysis with
gasification in order to obtain an integrated
system of energetically self-sufficient pyrolysis
and gasification for the conservation of wood into
combustible liquids and gases. The encouraging
results we have already obtained with wood
gasification suggest that the initial heat for the
pyrolysis step could be obtained from the
gasification unit.
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