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a b s t r a c t

The most important challenge in solid feedstock thermal conversion methods is minimising CO2 emis-
sions. In this work, the gasification of pine sawdust in a mixture of N2 and CO2 was investigated for the
reduction of CO2 by a calcium oxide loop. The experiments were conducted at 600, 700, and 800 �C in a
fixed-bed reactor. The biomass was mixed with the calcium oxide at a ratio of 1:1. The chemical
composition of the syngas was analysed using gas chromatography. Moreover, the high heating values of
the received gas samples were calculated, and thermogravimetric analysis and Fourier-transform
infrared spectroscopy analysis were performed to investigate the absorption of CO2 by CaO. The re-
sults of the gasification process showed that the syngas contained CO, CH4, CO2, H2, N2, and other low
hydrocarbons. The most significant results were obtained for a 2:1 ratio of N2 to CO2 at 700 �C, and a CO2

reduction of 25% was observed. Moreover, the catalytic properties of CaO increased the concentration of
H2 in the produced syngas by up to 10%. A temperature of 800 �C was too high for the carbonation
reaction of CaO. This study presents a possible solution for achieving negative carbon emissions.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The increasing demand for primary energy and the depletion of
fossil fuel resources are major problems in the current energy
sector. The International Energy Agency regularly reports on the
annual global primary energy supply; global primary energy de-
mand in 2007 was approximately 139 872 TWh (12 029 Mtoe). By
2017, demand had increased to 162 465 TWh (13 972 Mtoe), 81.3%
of which was developed from fossil fuels and 18.7% from other
energy sources, such as biofuels, nuclear, or renewable (solar, wind)
[1,2]. Thus, the global energy sector is largely based on fossil fuels
with restricted resources.

The greenhouse gases (especially carbon dioxide, the primary
product of man-made fossil fuel combustion) emitted during the
conversion of chemical energy from fossil fuels to other kinds of
energy increase the surface temperature of the Earth and have a
huge impact on climate change. According to international agree-
ments, CO2 emissions will be restricted by 50e80% by 2050 [3,4].

Environmental protection and the continuity of primary energy

production are the primary reasons for researching alternative
energy sources that decrease the consumption of fossil fuels. One
such source is biomass, defined by the United Nations Framework
Convention on Climate Change as biodegradable organic material
originating from plants, animals, microorganisms, and municipal
solid wastes [5].

Raw biomass is characterised by high moisture content, low
calorific value, and high molar ratios of O/C and H/C [6]. These
properties are the reason why raw biomass causes operating
problems during the combustion process. The energy potential of
raw biomass can be increased by upgrading its properties by sub-
jecting to pre-treatment processes, such as torrefaction, hydro-
thermal carbonisation, pyrolysis, or gasification [7e12]. The
thermal conversion process is defined as a transformation of solid
feedstock (in this case, biomass) into products with a higher energy
potential. These processes produce solid, liquid, and gaseous
products, such as charcoal, tar, and syngas. The efficiency and
concentration of each phase depend on the technology used.

Biomass gasification is a high-temperature decomposition pro-
cess of biomass in the presence of a gasification agent, such as
steam, air, or oxygen, into gaseous products that can be used in the
energy sector and in chemical technology [13]. Gasification involves
processes, such as the drying of raw biomass and pyrolysis, that
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release tar vapour and non-condensable gases and convert biomass
particles into biochar. The overall gasification process is as follows:

During gasification, the heavy hydrocarbons bonds of tar va-
pours are broken due to thermal cracking and tar is converted into
low-molecular-weight gases. At the same stage, the biochar and
non-condensable gases involve several reactions with a gasification
agent. Equations (1)e(4) show reactions between solid biochar and
typical gasification medium [14,15].

charþO2/CO2 þ CO (1)

charþCO2/CO (2)

charþH2O/CH4 þ CO (3)

charþH2/CH4 (4)

Low-molecular-weight gases are produced during the homo-
geneous reaction between gasifying agents and non-condensable
gases created during pyrolysis or thermal cracking. Some of the
reactions are known by popular names, such as oxidation, shift
reaction, methanation, and steam-reforming reactions.

Gasification is highly efficient, has a small influence on the
natural environment, and indirectly contributes CO2 emissions
reduction [16]. The primary advantage of gasification is the high
amount of gases in the productsdespecially syngas, in steam
gasification. Syngas is a mixture of carbonmonoxide and hydrogen.
The production of hydrogen has grown rapidly owing to the high
demand for new technologies. Hydrogen is used in power plants
and catalytically converted (with carbon monoxide) into other
chemical compounds by the FischereTropsch method [17].

Recent studies have investigated the use of carbon dioxide as a
gasifying agent. This process leads to some benefits, such as the
possibility of recycling CO2 and decreasing green gas emissions
[18,19]. Carbon dioxide as a gasifying agent can maximise the
production of low-molecular-weight gases by the Boudard reaction
and allows the removal of heavy hydrocarbons (tars) from bio-oil
vapours [20,21]. Although CO2 has favourable gasification process
properties, its high concentration in the products of the thermal
conversion processes is not desirable [22]. The concentration of
CO2dconsidered the principal greenhouse gasdin the natural
environment has a large impact on climate change. Therefore,
carbon dioxide emissions have been restricted by international
agreements [23,24].

Many investigations have proposed methods to decrease CO2
production in gasification processes based on chemical solutions
[25e30]. Chemical methods, the most conventional, include two
techniques of carbon dioxide capture from biomass gas-
ificationdwhich can offer high efficiency. The first method is cal-
cium looping, which provides a low concentration of carbon
dioxide in the gaseous products of gasification [31]. The second
method is chemical absorption via monoethanolamine [32]. Cal-
cium looping technology, which promises low cost due to common

access to CaO, adds calcium oxide to a line with the gaseous
products of biomass gasification or directly to the reactor bed with

raw biomass. Due to the CaO content, a heterogonous and
exothermic reaction between carbon dioxide and calcium oxide
occurs and can be expressed by equation (5):

CaOþCO2/CaCO3 þ 177:8kJ=mol (5)

The addition of calcium oxide has a few important aspects that
can improve the efficiency of the thermal conversion process of
solid fuel. The primary function of the described process is the
absorption and removal of CO2 from the gasification products
[33e35]. Furthermore, CaO sorbent can enhance hydrogen pro-
duction [36e38] and methane reformation [39,40]. Carbon dioxide
removal shifts thermochemical equilibrium and leads to the pro-
duction of gases with higher energy potential, such as methane and
hydrogen. In addition to CO2 capture, the introduced calcium oxide
and its reaction with carbon dioxide is a heat source that may
partially cover the energy demand in endothermic gasification.

In recent years, there has been rising interest in the gasification
process connected with CaO looping, primarily to produce enriched
syngas during biomass gasification by removing carbon dioxide.
Wu et al. and others have tried to obtain a higher calorific value for
the obtained gas by increasing hydrogen and carbon monoxide
yields and decreasing carbon dioxide content [41e46]. Nam et al.
investigated the effect of calcium oxide on tar removal [47].
Nevertheless, calcium oxide is most commonly used because of its
catalytic properties and the possibility of the in-situ capture of
carbon dioxide. Investigation of the connection between CaO
looping and gasification in a carbon dioxide atmosphere also at-
tracts interest. Chein et al. modelled this process by investigating
different ratios of CaO to C [48]. Zhang et al. experimentally
investigated gasification under a CO2 atmosphere in the presence of
CaO, but focused on small amounts of CO2 in the gasifying atmo-
sphere [49]. Another study by Sun andWuwas conducted at 650 �C
[50]. To the best of the authors’ knowledge, opportunity for
research on this topic remains. This paper presents experimental
investigations of the impact of the presence of calcium oxide on
carbon dioxide capture during pine sawdust gasification in a fixed-
bed reactor with a mixture of nitrogen and carbon dioxide as
gasification agents. The primary aim of this studywas to investigate
the effect of temperature and CO2 concentration in the gasifying
atmosphere on gas production and their amount and calorific
value. The use of calcium oxide was aimed at enhancing hydrogen
production, supplying additional energy for the gasification reac-
tion, and decreasing the CO2 content in the final product. We
emphasise that the gasification of such biomass in a CO2 atmo-
sphere has not been widely studied. Herein, a possible solution for
achieving a process with negative carbon emissions is presented.

2. Materials and methods

2.1. Material

Pine sawdust (PSD) was used as a biomass feedstock for this
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investigation. PSD from a sawmill in Xianyang, Shaanxi, China was
dried, milled, and collected between a 60e100mesh, which yielded
particles of sizes of 0.14e0.23 mm. Proximate analysis of pine
sawdust showed typical values for biomass. High volatile matter
content (82.03%) and low ash, and moisture content (1.29% and
2.77%, respectively) were determined. The calculated fixed carbon
was 13.91%. Calcium oxide (CaO) was used as an absorber of CO2.
CaO was specially prepared by preheating up to 900 �C to ensure its
purity (without moisture content). During the experiments, nitro-
gen (N2) and carbon dioxide (CO2) gases were used to ensure a
gasification atmosphere.

2.2. Gasification experiments

Gasification was conducted in a fixed-bed reactor (Fig. 1) pro-
duced by the Longkou Yuanbang Electric Furnace Manufacturing
Company, China. The principal element of the setup was a vertical
glass tube (50 cm in length and 3 cm in diameter). The reactor was
heated by an electric furnace equipped with a 1 kW heater. The bed
was set on a permeable barrier 20 cm from the bottom end of the
tube. First, quartz wool was put in to secure samples from falling.
Next, 3 g of biomass was thoroughly mixed with 3 g of calcium
oxide. Subsequently, another layer of quartz wool was installed.
After mixing, the gases went through the bed and reacted to the
flask in an ice bath where tar was condensed. The gas analyser
required dry samples; thus, the next element was a water vapour
absorber with silica gel. Gases were collected in Tedlar bags. To
determine the influence of temperature and composition of the
gasifying atmosphere, the temperature of the furnace and the gas
flow rate were controlled. Tests were conducted at 600 �C, 700 �C,
and 800 �Cwith flow rates equal 30ml/min for nitrogen and carbon
dioxide. The concentration of CO2 in the gasifying agent 50%. At
700 �C, the test was conducted without the addition of calcium
oxide with the same flow rates of N2 and CO2. Further tests with
CaO at 700 �C were performed using different flow rates to achieve
specific N2:CO2 ratios. 60 mL/min N2 and 0 ml of CO2 produced a
ratio of 1:0 (0% CO2); 40 ml/min of N2 and 20 ml/min of CO2 pro-
duced a 2:1 ratio (33% CO2); and 20 ml/min of N2 and 40 mL/min of
CO2 produced a 1:2 ratio (67% of CO2). The parameters of the
gasification experiments are summarised in Table 1.

2.3. Analytical methods

Ultimate analysis of biomass and char samples was performed
using an Elemental Truspec Analyser LECO CHN628 that de-
termines the carbon, nitrogen, and hydrogen content in organic
matter using a combustion method. An encapsulated and pre-
weighed sample was introduced to the furnace with pure oxygen
and combusted to carbon dioxide (CO2) and steam (H2O). NOx is
simultaneously created due to the high reaction temperature. High
temperatures allow for the oxidation of investigated elements and
further distinction via infrared and thermal conductivity detectors.

Gas chromatography analysis was used to analyse the chemical
composition of gas and conducted with a GC7900, Tianmei Scien-
tific Instrument Company, China. The chromatographwas equipped
with a flame ionisation detector and a thermal conductivity de-
tector. Ar was used as the carrier gas. During each gasification
experiment, gas was collected to two Tedlar bags. The first sample
was collected during the heating stage of the reactor from 300 to
700 �C (and from 200 to 600 �C for gasification conducted at
600 �C). The second bag was collected in final conditions at the
desired temperature. Every bag was filled for exactly 20 min. Later,
based on known nitrogen flow rate and peaks area from gas
chromatography, the volume of other gas components was
calculated.

Thermogravimetric analysis (TGA) was conducted using a DTG-
60M/IR-1S instrument (Shimadzu, Japan). Samples receiving CaO
were heated from 20 to 900 �C at a heating rate of 20 �C/min and
maintained at 900 �C for 30 min. The analysis was conducted in a
nitrogen atmospherewith a flow rate of 75mL/min. Mass, time, and
temperature were measured to plot thermogravimetric (TG), de-
rivative of thermogravimetric (DTG), and differential thermal
analysis (DTA) curves.

Fig. 1. A scheme of gasification setup.

Table 1
Experimental parameters.

Test number 0 1 2 3 4 5 6

Gasification temperature, �C 700 600 700 700 700 700 800
Mass of pine sawdust, g 3 3 3 3 3 3 3
Mass of calcium oxide, g 3 3 0 3 3 3 3
Ratio of N2:CO2 flow rates 1:0 1:1 1:1 1:1 2:1 1:2 1:1
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Fourier-transform infrared spectroscopy (FTIR) analysis con-
nected to TGA was performed for the chosen sample (700 �C,
PSD þ CaO, 1:1 N2:CO2) in a Nicolet 6700 Flex, Thermo Fisher Sci-
entific. The sample was heated to 900 �C at a heating rate of 20 �C/
min in a nitrogen atmosphere (75 mL/min). Everyminute, a portion
of the gas was analysed by infrared spectroscopy.

The high heating value (HHV) of the obtained syngas was
calculated using tabular values for each component [51]. The results
of this study allowed us to compare potential usefulness as fuel.

3. Results and discussion

Analyses of chars and syngas allowed the determination of the
influence of temperature, gasifying atmosphere, and addition of
calcium oxide on hydrogen and carbon dioxide production. The
results are presented below in suitable sections.

3.1. Ultimate analysis

Ultimate analysis allowed the observation of the carbonisation
of raw biomass under gasification conditions without the addition
of calcium oxide (2nd test). The carbon content increased from
47.3% for raw biomass to 84.5% for char after gasification at 700 �C.
The hydrogen content simultaneously decreased from 6.45 to
2.25%. The results for other samples were misleading due to mixed
calcium oxide and calcium carbonate in the chars.

3.2. Thermogravimetric analysis

The amount carbon dioxide absorbed by calcium oxide was
calculated based on a thermogravimetric analysis of obtained chars
mixed with CaO conducted in a nitrogen atmosphere. Results are
presented in Figs. 2 and 3. The visible mass loss is attributed to the

decomposition of CaCO3 and the reaction between released CO2
and biochars. To compare different gasification conditions, the
entire detected mass loss was to correspond to the mass of released
CO2 [52e54]. The mass of released CO2 was converted to the vol-
ume with the assumption that 1 mol of CO2 weighs 44 g and takes
up 22.42 dm3 at standard temperature and pressure. The mass of
the residue after the gasification experiment (mixture of biochar,
CaO, and CaCO3) was compared to themass of the sample for the TG
analysis and the volume of absorbed CO2 during the gasification
experiment was calculated. Characteristic temperatures based on
TGA curves were determined: Tin is the initial decomposition
temperature (when the decomposition rate increased to above 1%/
min), Tfin is the temperature at which decomposition ended (when
the decomposition rate decreased to below 1%/min), and Tmax is the
temperature at which the highest decomposition rate occurred.
Detailed values can be found in Table 3 (together with the
maximum decomposition rate (DTG1)). The decomposition of
CaCO3 occurred between 650 and 800 �C. The gasification tem-
perature of 800 �C, examined in the 6th test (N2:CO2, 1:1), was too
high for CaO to absorb CO2. The visible peak at 402 �Cmay originate
from the decomposition of Ca(OH)2. The calculated volume of
absorbed CO2 is presented in Table 2. The percentage value was
determined in reference to the volume of carbon dioxide supplied
with the gasifying atmosphere.

For N2:CO2 ratios of 1:1, 2:1, and 1:2, the total amount of sup-
plied CO2 was 1200 mL (1st and 3rd tests), 800 mL (4th test), and
1600 mL (5th test), respectively. A decrease in the CO2 flow rate
allowed for the higher absorption of CO2 by CaO (58.7%), whereas
the increase in the amount of supplied CO2 caused the opposite
effect (36.2%). Higher gasification temperature allowed for higher
absorption of carbon dioxide when using the same N2:CO2 ratio:
615.2 ml (51.3%) at 700 �C compared to 490.4 ml (40.9%) at 600 �C.
The stoichiometric reaction (5) reveals that efficiency of CO2

Fig. 2. TG (a), DTG (b), and DTA (c) curves received for samples after the gasification of PSD with CaO with a 50% concentration of CO2 in the gasifying atmosphere at different
temperatures.
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absorption ranges from 39 to 51%. The carbonation reaction is
exothermic and supplies additional energy for the gasification
process, thus increasing the overall energy efficiency of the process
[50].

The test with 0% CO2 concentration in the supplied atmosphere
was used as a reference. Fig. 3 shows that decomposition of the
residue started at approximately 400 �C (perhaps the decomposi-
tion of Ca(OH)2). Second, the lower peak on the DTG curve indicates
that the amount of absorbed CO2 was much smaller.

3.3. Gas chromatography analysis

Gas analyses were conducted off-line with reference to the
standard gas. Hydrogen (H2), carbon monoxide (CO), methane
(CH4), carbon dioxide (CO2), and nitrogen (N2) were detected. The

average values are presented in Figs. 4e6. Moreover, ethylene
(C2H4), ethane (C2H6), propene (C3H6), and propane (C3H8) were
also distinguished, but the negligible amounts were thus presented
as CXHY. The total amount of collected gases was achieved based on
known nitrogen volume (flow rate and time) and the respective
peak area chromatogram. The volume of other components was
calculated by comparing the peak areas with reference to nitrogen.
The results are presented in Table 4. Values received from the test at
700 �C with CaO and 50% of CO2 (882.9 mL of syngas was collected
during the heating stage, for 20 min between 300 and 700 �C, and
2077.1 ml of syngas were collected in final conditions, at 700 �C for
20 min) were set as reference points with a value of 100%.

During the gasification tests, CO2was absorbed by calcium oxide.
For reference, one run was conducted without the addition of CaO
(2nd test) and one without CO2 in the gasifying atmosphere (0th

test). The amount and composition of the produced gas were very
different (Fig. 4). The experiment without CaO resulted in a higher
concentration of carbon dioxide. Moreover, a very small amount of
hydrogen was produced compared to other conditions, indicating
the catalytic properties of CaO [55]. Removing CO2 from the sup-
plied atmosphere allowed us to observe different results. Based on
the TGA results presented above, we conclude that part of the CaO
was deactivated by transformation to Ca(OH)2 [8], which may
explain the high concentration of CO2 in the second bag from test
0th (Fig. 6). Furthermore, two aspects were investigated; the first
was the temperature of gasification with a constant N2:CO2 ratio in
the supplied atmosphere. The second study examined the influence
of different CO2 concentrations with a fixed temperature of 700 �C
during gasification. Results from tests for a 1:1 N2:CO2 ratio pre-
sented an increase in the amount of syngas created by increasing
the temperature (1st, 3rd, and 6th tests). Gasification at 600, 700,
and 800 �C, generated a total of 2551.7, 2960, and 4772.2 mL of
syngas, respectively, representing increases of 16% and 87% with
respect to results at 600 �C. A lower concentration of carbon dioxide
caused almost all of the CO2 to be absorbed in the heating up stage

Fig. 3. TG (a), DTG (b), and DTA (c) curves received for samples after the gasification of PSD with CaO at 700 �C with different CO2 concentration in the gasifying atmosphere.

Table 2
Volume of CO2 absorbed by CaO during gasification experiments.

Test number 1 3 4 5

Gasification temperature, �C 600 700 700 700
Absorbed CO2, ml 490.4 615.2 469.4 579.5
Absorbed CO2, % 40.9 51.3 58.7 36.2
Concentration of CO2 in gasifying atmosphere, % 50 50 33 67

Table 3
Characteristic temperatures based on thermogravimetric analysis.

Test number 1 3 4 5 6

Gasification temperature, �C 600 700 700 700 800
CO2 concentration, % 50 50 33 67 50

Tin, �C 673 665 673 690 383
Tfin, �C 783 797 792 813 420
DTG1, %/sec$10�2 �10.17 �11.53 �8.78 �11.05 �2.89
Tmax, �C 754 750 756 778 402
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(4th test). An increase in the CO2 content in the gasifying atmo-
sphere allowed for more CO2 absorption in CaO, hence lowering the
gas yield in the 5th test. The concentration of CO2 in the syngas was
directly related to the CO2 concentration in the supplied atmo-
sphere (Fig. 5b). Opposite correlation can be distinguished for CH4
concentration, which decreases with increasing supplied CO2 in the
gasifying atmosphere.

All these trends were also visible in the gases collected during
the final conditions (Fig. 6). Based on the temperature of gasifica-
tion in this setup, 700 �Cwas chosen as the best option, because the
concentration of CO2 was much lower than at 600 �C, andmore CH4

and H2 was produced than at 800 �C. During the test with a 1:2 N2

to CO2 ratio, the smallest amount of gas was produced, but the
concentration of carbon dioxide had the smallest value. This could
be connected to reaction (5) and the Boudouard reaction (6):

CþCO2/2CO� 162:4kJ=mol (6)

Further collection of gas in the test at 800 �C resulted in a
mixture of CO and CO2. The amount of detected CO2 originated
primarily from the gasification atmosphere and decarbonation re-
action of CaCO3.

Fig. 4. Gas composition produced in the a) heating up stage and b) final conditions during gasification at 700 �C with 50% CO2 concentration in gasifying atmosphere samples with
and without CaO.

Fig. 5. Gas composition produced in the heating up stage) at different temperatures. b) with different CO2 concentration in gasifying atmosphere.
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Other investigators report the catalytic influence of CaO during
gasification, which is conducted in a typical atmosphere of O2/N2 or
H2O/N2. The addition of calcium oxide to these conditions enhances
H2 production. Wang et al. achieved a 44% hydrogen yield and
simultaneous decrease in tar yield [56]. Similarly, Dong et al. re-
ported a H2 yield of up to 50% [57]. Both papers report decreased
CO2 concentrationwith increasing CaO input; however, gasification
in a carbon dioxide atmosphere changes the composition of the
received gas. Sun et al. proposed new ‘Auto-CaL-Gas’ technology,
which CO2 gasification is connected with autothermal CaO looping
[50]. Their experiment, conducted at 650 �C, produced results
comparable to those presented in this paper. The effects of CaO
addition and CO2 concentration are confirmed. Here, we present an
additional aspect of the temperature influence and different ratios
of N2 to CO2. Baranowski et al. studied gasification of refuse-derived
fuel mixed with sewage sludge in a CO2 atmosphere with the
addition of CaO and reported that (similar to Fig. 4) calcium oxide
increased concentrations of CO and CH4dwhich were assigned to
the catalytic properties of CaO [55].

3.4. Fourier-transform infrared spectroscopy analysis

Fourier-transform infrared spectroscopy was conducted to
investigate gases released during thermogravimetric analysis in a
nitrogen atmosphere of the sample obtained from the test con-
ducted at 700 �C with a 1:1 N2:CO2 ratio and a mixture of PSD and
CaO. Results are presented in Figs. 7e9 and Table 5.

Based on the mass loss (TG curves) and its derivative (DTG
curves), specific temperatures were chosen to investigate the FTIR

spectra. At temperatures of 386, 425, and 445 �C, only broad bands
in the range 1300e1800 cm�1 and 3500e4000 cm�1 can be
distinguished. The occurrence suggests the presence of gaseous
water. At higher temperatures (642, 756, and 777 �C), strong peaks
appeared at approximately 2250e2350 cm�1 and 669 cm�1 that
were associated with the release of CO2. Additionally, a low peak
was observed at approximately 2100e2200 cm�1, revealing traces
of carbon oxide [58,59]. TG-FTIR analysis confirmed that mass loss
above 600 �C is connected to the decarbonation reaction of CaCO3.
Similar conclusions were reached by Ding et al. studying in-situ CO2

capture using a CaO catalyst during herb residue analysis [60].

Fig. 6. Gas composition produced in the final stage a) at different temperatures. b) with different CO2 concentrations in a gasifying atmosphere.

Table 4
Calculated volume of collected gases (without N2).

Test number 0 1 2 3 4 5 6

Gasification temperature, �C 700 600 700 700 700 700 800
Heating up stage, % 135.2 67.4 177.5 100 85.2 65.7 112.4
Final conditions, % 58.7 94.2 149.5 100 68.2 115.2 182.0

Fig. 7. TG-FTIR spectra of residue from the test 700 �C, PSD þ CaO, N2:CO2 1:1.
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3.5. High heating value determination

Calculated HHVs of received gases are presented in Table 6.
The highest energy potential is assigned to gas from the test

with the lowest CO2 flow rate during the gasification process and is
connected to a high content of carbon oxide, methane, and
hydrogen and a relatively low carbon dioxide concentration. The
investigated gases were purged from water vapour, and thus their

low and high heating values were equal. For comparison, the LHV of
a 1:1 H2:CO mixture is 11.65 MJ/m3 [61].

3.6. Syngas production

The most important aspect of syngas production is the con-
centration of hydrogen and carbon monoxide in the received gas.
Themixture of these two gases is a desirable product of the thermal
conversion of solid feedstock, especially in gasification. CO and H2

can be released directly from broken molecules of biomass but are
also produced by reactions between char and gasification agents. In
this study, carbon dioxide was used as the gasification agent, and
the Boduard reaction (6) creates more carbon monoxide. Addi-
tionally, calcium oxide can be used to absorb carbon dioxide (5), the
Boduard reaction can be stopped, and a lower concentration of
carbon monoxide is observed. Fig. 10 shows the cumulative con-
centration of collected gases, especially carbon monoxide and
hydrogen, during the gasification tests.

A small amount of hydrogen was generated in all cases. The
highest concentrations of hydrogen and carbon monoxide were
detected at 700 �C for a 2:1 ratio of N2:CO2 (4th test). The smallest
amount of hydrogen and carbon monoxide was observed for the
test at 700 �C and a 1:1 ratio of N2:CO2 without CaO addition (2nd
test). The addition of calcium oxide to the biomass sample
increased syngas production.

4. Conclusions

The impacts of process temperature, the presence of calcium
oxide, and the concentration of carbon dioxide in the gasifying
atmosphere during biomass gasification were determined. A tem-
perature of 800 �C did not allow for the carbonation reaction of
CaO. The presence of CaO allowed for CO2 absorption and decreased
the overall production of CO2. The addition of CaO also helped in-
crease hydrogen production (up to 10% concentration) and signifi-
cantly improved the LHV of the received syngas. The most
interesting results were received at 700 �C with flow rates of 40 ml/
min N2 and 20 ml/min CO2 for a mixture of pine sawdust with CaO.
The amount of supplied carbon dioxide reached 800 ml during
40 min of experiments, whereas the collected gas contained 143 ml
(17.9%) of CO2dbased on calculations, 469.4 ml (58.7%) of CO2 were
bonded in calcium carbonate, suggesting that 187.6 mL (23.4%) of
CO2 was utilised during the process. This topic needs to be further
investigated to propose a process that provides a possible solution

Fig. 8. TG, DTG, and DTA curves from analysis conducted in N2 atmosphere of residue
from the test 700 �C, PSD þ CaO, N2:CO2 1:1.

Fig. 9. FTIR spectra-derived for specific temperatures based on TG and DTG curves.

Table 5
Characteristic bands, their vibration and assigned compounds.

Wavenumber, cm�1 Vibration Compound

669 - CO2

1300e1800 OeH stretch H2O
2100e2200 - CO
2250e2400 - CO2

3500e4000 OeH stretch H2O

Table 6
Calculated high heating value of received gases.

Test number 1 2 3 4 5 6

Gasification temperature, �C 600 700 700 700 700 800
Heating up stage, MJ/m3 12.74 7.95 16.63 19.37 13.16 13.94
Final conditions, MJ/m3 14.52 7.34 17.61 19.74 13.32 12.69

Fig. 10. Cumulative gas composition from gasification tests.
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for decreasing carbon dioxide pollution in the atmosphere while
creating usable products. This produced gas could be further uti-
lised during proper syngas production.
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thermochemical conversion via pyrolysis with integrated CO 2 capture, En-
ergies 13 (2020) 1050, https://doi.org/10.3390/en13051050.

[9] M. Wilk, A. Magdziarz, I. Kalemba-Rec, M. Szyma�nska-Chargot, Upgrading of
green waste into carbon-rich solid biofuel by hydrothermal carbonization: the
effect of process parameters on hydrochar derived from acacia, Energy (2020)
117717, https://doi.org/10.1016/j.energy.2020.117717.

[10] N. Gao, K. Kamran, C. Quan, P.T. Williams, Thermochemical conversion of
sewage sludge: a critical review, Prog. Energy Combust. Sci. 79 (2020) 100843,
https://doi.org/10.1016/j.pecs.2020.100843.

[11] M. �Sliz, M. Wilk, A comprehensive investigation of hydrothermal carboniza-
tion: energy potential of hydrochar derived from Virginia mallow, Renew.
Energy (2020), https://doi.org/10.1016/j.renene.2020.04.124.

[12] Y. Chai, M. Wang, N. Gao, Y. Duan, J. Li, Experimental study on pyrolysis/
gasification of biomass and plastics for H2 production under new dual-
support catalyst, Chem. Eng. J. 396 (2020) 125260, https://doi.org/10.1016/
j.cej.2020.125260.

[13] A.S. Al-Rahbi, J.A. Onwudili, P.T. Williams, Thermal decomposition and gasi-
fication of biomass pyrolysis gases using a hot bed of waste derived pyrolysis
char, Bioresour. Technol. 204 (2016) 71e79, https://doi.org/10.1016/
j.biortech.2015.12.016.

[14] N. Ramzan, A. Ashraf, S. Naveed, A. Malik, Simulation of hybrid biomass
gasification using Aspen plus: a comparative performance analysis for food,
municipal solid and poultry waste, Biomass Bioenergy 35 (2011) 3962e3969,
https://doi.org/10.1016/j.biombioe.2011.06.005.

[15] W. Doherty, A. Reynolds, D. Kennedy, The effect of air preheating in a biomass
CFB gasifier using ASPEN Plus simulation, Biomass Bioenergy 33 (2009)
1158e1167, https://doi.org/10.1016/j.biombioe.2009.05.004.

[16] X.T. Li, J.R. Grace, C.J. Lim, A.P. Watkinson, H.P. Chen, J.R. Kim, Biomass gasi-
fication in a circulating fluidized bed, Biomass Bioenergy 26 (2004) 171e193,
https://doi.org/10.1016/S0961-9534(03)00084-9.

[17] J. Han, H. Kim, The reduction and control technology of tar during biomass
gasification/pyrolysis: an overview, Renew. Sustain. Energy Rev. 12 (2008)
397e416, https://doi.org/10.1016/j.rser.2006.07.015.

[18] J. Zhang, P. Jiang, F. Gao, Z. Ren, R. Li, H. Chen, X. Ma, Q. Hao, Fuel gas pro-
duction and char upgrading by catalytic CO2 gasification of pine sawdust char,
Fuel 280 (2020) 118686, https://doi.org/10.1016/j.fuel.2020.118686.

[19] M. Karaca, D. Kaya, A. Yozgatligil, I. G€okalp, Modeling and numerical simu-
lations of lignite char gasification with CO2: the effect of gasification pa-
rameters on internal transport phenomena, Fuel 285 (2021), https://doi.org/
10.1016/j.fuel.2020.119067, 119067.

[20] S. Cheah, W.S. Jablonski, J.L. Olstad, D.L. Carpenter, K.D. Barthelemy,
D.J. Robichaud, J.C. Andrews, S.K. Black, M.D. Oddo, T.L. Westover, Effects of
thermal pretreatment and catalyst on biomass gasification efficiency and
syngas composition, Green Chem. 18 (2016) 6291e6304, https://doi.org/
10.1039/C6GC01661H.

[21] D.W. Cho, D.C.W. Tsang, S. Kim, E.E. Kwon, G. Kwon, H. Song, Thermochemical
conversion of cobalt-loaded spent coffee grounds for production of energy
resource and environmental catalyst, Bioresour. Technol. 270 (2018)
346e351, https://doi.org/10.1016/j.biortech.2018.09.046.

[22] L. Tang, Y. Yan, Y. Meng, J. Wang, P. Jiang, C.H. Pang, T. Wu, CO2 gasification
and pyrolysis reactivity evaluation of oil shale, Energy Procedia 158 (2019)
1694e1699, https://doi.org/10.1016/j.egypro.2019.01.394.

[23] C. Breidenich, D. Magraw, A. Rowley, J.W. Rubin, The kyoto protocol to the
united Nations Framework convention on climate change, Am. J. Int. Law 92
(1998) 315e331, https://doi.org/10.2307/2998044.

[24] European Commission, Communication from the Commission to the Euro-
pean Parliament, the Council, the European Economic and Social Committee
and the Committee of the Regions - 20 20 by 2020 - Europe’s Climate Change
Opportunity, COM 30 Final, 2008. Brussels.
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