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Abstract

In many industrial processes, the climate-damaging gas CO, is produced as undesired by-product. The dual fluidized bed
biomass gasification technology offers the opportunity to tackle this problem by using the produced CO, within the process as
gasification agent. Therefore, a 100 kWy, pilot plant at TU Wien was used to investigate the use of CO, as gasification agent by
converting softwood as fuel and olivine as bed material into high-valuable product gas. A parameter variation was conducted,
where the typically used gasification agent steam was substituted stepwise by CO,. Thereby, the amount of CO and CO,
increased and the content of H, decreased in the product gas. These trends resulted in a declining H,/CO ratio and a decreasing
lower heating value when CO, was increased as gasification agent. In contrast to these declining trends, the carbon utilization
efficiency showed an increasing course. As second part of this work, a temperature variation from 740 to 840 °C was conducted
to investigate the change of the main product gas components. With increasing temperature, CO and H, increased and CO,
decreased. To determine the degree of conversion of CO, in the DFB reactor system, two approaches were selected: (1) a carbon
balance and (2) a hydrogen balance. This way, it was found out that a certain amount of CO, was indeed converted at the
investigated process conditions. Furthermore, under certain assumptions, the reverse water-gas shift reaction was identified to be
the predominant reaction during CO, gasification.

Keywords Pure CO, gasification - Biomass - 100 kWy, pilot plant - Carbon utilization efficiency - Reverse water-gas shift

1 Introduction Furthermore, the predicted increase of CO, emissions

up to 60% in 2050 compared with that in 2011 presents a

Starting from the Kyoto protocol [1], which was published in
1998, followed by the Renewable Energy Directive (RED)
established in 2009 by the European Union up to the Paris
Agreement from the United Nations Framework Convention
on Climate Change in 2015 [2], several approaches for CO,
mitigation were established in the past. It went further with a
recast of the Renewable Energy Directive—Recast to 2030
(RED 1II) in December 2018 to strengthen the awareness of
climate change and its possible effects on the environment and
humanity [3]. To sum up, all these protocols and agreements
urgently appeal to reduce CO, emissions and to mitigate the
negative effects of climate change worldwide.
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driving force for the development and realization of renew-
able energy technologies [4]. Additionally, the reutilization
of unavoidably produced CO, and in parallel the conver-
sion of CO, into valuable products is urgent. A possible
technology to tackle these problems could be the thermo-
chemical conversion process of biomass through gasifica-
tion. In this way, fossil energy sources like crude oil or
lignite can be substituted by renewable, alternative feed-
stocks and CO, used within the process as gasification
agent. In this way, a high-valuable product gas can be
generated, which can be further upgraded in different
chemical synthesis steps to produce advanced biofuels [5,
6] or other chemicals [7]. For this purpose, the dual fluid-
ized bed (DFB) biomass gasification process, which was
developed at TU Wien, could serve as a key technology.
Successful test runs with steam as gasification agent have
been carried out for more than 20 years [8]. However, the
use of CO, as gasification agent presents a novel research
topic. First experimental test runs using mixtures of steam
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and CO, were already carried out, starting in 2018 [9, 10].
The main findings of these test runs were:

* In contrast to pure steam biomass gasification, where
a hydrogen (H,)-rich product gas is generated, a carbon
monoxide (CO)-rich product gas is created, when CO, is
used as gasification agent.

e The H,/CO ratio, which presents an important factor for
different downstream synthesis processes, decreased,
when a higher content of CO, was used in the gasification
agent mixture.

* The utilization of CO, as gasification agent showed an
increase in the carbon utilization efficiency.

* Through the supplementing properties of steam and CO,
as gasification agent, lower tar contents were generated
compared with pure steam gasification.

Other research groups like CEA in France [11], Jeremias
etal. [12—14] in the Czech Republic, Stec et al. [15] in Poland,
Cheng et al. [16] in Singapore, and Szul et al. [17] from the
Institute of Chemical Processing of Coal (IChPW) in Poland
also already examined the use of CO, as gasification in fluid-
ized bed reactor systems. The main outcomes of their works
comply with the findings of the first experimental test runs in
the DFB reactor system. The H,/CO ratio was reduced [11],
mixtures of steam and CO, had a positive effect on tar reduc-
tion [12], the CO,/C ratio influenced the CO yield [15], and
the cold gas efficiency increased, when CO, was used as gas-
ification agent [14].

The use of pure CO, as gasification was not investigated in
the DFB reactor system during the first experimental test runs
so far. Therefore, this missing building block was investigated
within the scope of this publication. The influence of the step-
wise substitution of steam by CO, as gasification up to 100
vol.-% on the H,/CO ratio, the CO, conversion, the carbon
utilization efficiency, and the cold gas efficiency was exam-
ined. Furthermore, a temperature variation from about 740 to
about 840 °C was carried out under pure CO, atmosphere to
determine the influence on the product gas quality. As a con-
cluding chapter, investigations regarding the determination of
the conversion of CO, within the DFB reactor system are
presented. For this purpose, carbon and hydrogen balances
were set up around the gasification reactor for pure CO, gas-
ification and compared with a pure steam gasification test run.

2 Materials and methods

For the experimental test runs, a 100 kWg, DFB pilot plant,
which was built at TU Wien, was used. The principle of the
DFB gasification pilot plant is shown in Fig. 1. The pilot plant
is composed of two reactors: a gasification reactor (GR, blue
rectangle) and a combustion reactor (CR, red rectangle),
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Fig. 1 Principle of the DFB biomass gasification

which are connected by loop seals (horizontal arrows). The
GR is divided into a lower part, where the devolatilization and
gasification reactions take place and an upper part, where
reforming and tar cracking reactions occur. The GR can be
fluidized with CO, and/or steam and mixtures thereof and the
CR is fluidized with air. Biomass is introduced into the lower
part of the GR. In the GR, a product gas, which is composed of
carbon monoxide (CO), hydrogen (H,), carbon dioxide
(CO,), methane (CHy), ethylene (C,H,), water (H,O), and
other minor components, is generated. In the CR, a flue gas,
which mainly contains CO,, H,O, nitrogen (N,), and oxygen
(0y), is produced.

The 100 kW, DFB biomass gasification pilot plant went
into operation in 2014 at TU Wien [18]. Fig. 2 shows the
upper part of the pilot plant with three fuel hoppers and the
lower part of the reactor system with some ash removal con-
tainers. The GR of the pilot plant is operated as a bubbling
fluidized bed in the lower part and as a counter-current column
with turbulent fluidized bed zones in the upper part. In the
upper part of the gasification reactor, also constrictions are
installed. These constrictions enable an increased interaction
of downward flowing hot bed material particles with upward
streaming product gas. In this way, the contact time as well as
the conversion efficiency can be increased [19, 20]. A more
detailed description of the pilot plant and the corresponding
measurement equipment can be found in literature [18, 21].

2.1 Relevant chemical reactions during biomass
gasification

In Table 1, a selection of important heterogeneous gas-solid
and homogeneous gas-gas reactions, which can occur during
the DFB biomass gasification process, is presented. The gas-
solid reactions are displayed in Eqs. 1-3 and the gas-gas
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Table 2  Proximate and ultimate analysis of softwood pellets
Parameter Unit Value
Proximate analysis
Water content wt.-% 7.2
Volatiles wt.-%qp 85.4
Fixed C wt.-%qp 14.6
LHV (dry) MJ/kgap 18.9
LHV (moist) MlJ/kg 17.4
Ultimate analysis
Ash content wt.-%qp 0.2
Carbon (C) wt.-%qp 50.7
Hydrogen (H) wt.-%qp 5.9
Oxygen (O) wt.-%qn 43.0
Nitrogen (N) wt.-%qp 0.2
Sulfur (S) wt.-%qp 0.005
Chloride (Cl) wt.-%qp 0.005
Ash content wt.-%qp 0.2
Ash melting behavior
Deformation temperature (A) °C 1335

Fig.2 Upper part and lower part of the DFB biomass gasification system

reactions are stated in Egs. 4-7. Gas-gas reactions are second-
ary gasification reactions, which occur between the gasifica-
tion agent, the gaseous products of char gasification, and the
gaseous products of pyrolysis.

2.2 Investigated materials

For the presented test runs, softwood (SW) pellets were used
as fuel and olivine as bed material. The proximate and ulti-
mate analyses of SW are shown in Table 2 and the composi-
tion of olivine is presented in Table 3. Olivine, which shows
catalytically active behavior [23, 24], was used because it is
known as state-of-the-art bed material and typically used in
industrial-sized biomass gasification plants [25, 26].

2.3 Validation of process data with IPSE

The validation of the process data was carried out by the
calculation of mass and energy balances with the software tool
IPSEpro. In this way, data, which cannot be measured directly
during experimental test runs, can be determined. For the sim-
ulation with IPSEpro, a detailed model library, which wasdel
ccc.bat"developed at TU Wien over many years, was used
[27, 28]. All experimental results presented within this publi-
cation were validated with IPSEpro. Based on the validated
data, the following key figures were selected to describe the
performance and efficiency of the presented test runs in detail.
All input and output streams, which were used for the calcu-
lation of the performance indicating key figures, are presented
in Fig. 3.

Table 1  Relevant gasification reactions [22]

Reaction name Heterogeneous reactions (gas-solid) Enthalpy

Water-gas reaction C+H,0—-CO+H, Endothermic Eq. 1
Boudouard reaction C+CO,—2CO Endothermic Eq.2
Hydrogenated gasification C+2 H, —>CHy Slightly exothermic Eq.3

Homogeneous reactions (gas-gas)

Reverse water-gas shift reaction (RWGS) CO;,+Hy; & CO+H,0 Endothermic Eq. 4
Methanation CO+3 H, &> CH; +H,O Exothermic Eq.5
Steam reforming C:H, + x H0—x CO + (x + %) H, Endothermic Eq. 6
Dry reforming CH, +xC0,—2xCO +4 H; Endothermic Eq.7
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Table 3 Composition of bed material olivine

Parameter Unit Value
Iron oxide (Fe,03) wt.-% 8.0-10.5
Magnesium oxide (MgO) wt.-% 48-50
Silicon oxide (SiO,) wt.-% 39-42
Calcium oxide (CaO) wt.-% <04
Trace elements (< 0.4 per element) wt.-% <5
Hardness Mohs 6-7
Sauter mean diameter mm 0.243
Particle density kg/m® 2850

The CO, to carbon ratio, ¢coac, presented in Eq. 8, is
defined as the introduced CO, as gasification agent to C in
the dry and ash-free fuel. The product gas yield PGY describes
the ratio between the volume flow of dry product gas to the
mass flow of dry and ash-free fuel introduced into the GR (see
Eq. 9). The carbon to CO conversion Xc—co describes the
amount of CO in the product gas to the total amount of intro-
duced C as fuel and gasification agent (see Eq. 10). C in CO,
as gasification agent is calculated through the share named
Xc.coz.fuia and the mass flow of CO, as gasification agent.
Eq. 11 shows the CO, conversion rate Xco,, which gives the
ratio of consumed CO, during gasification to the amount of
CO, introduced into the GR via CO, as gasification agent and
CO, produced from the pyrolysis of the fuel. Detailed infor-
mation about the calculation of Xc-q, can be found in [10].
Xipo 1s defined as the steam-related water conversion. It pre-
sents the water consumed for e.g. CO and H, production in
relation to the sum of water, which is fed to the GR as gasifi-
cation agent and fuel water (see Eq. 12). The overall cold gas

Fig. 3 Input and output streams
for the calculation of the key

efficiency ncg,o is presented in Eq. 13. It describes the amount
of chemical energy in the product gas in relation to the chem-
ical energy of the fuel introduced into the gasification and
combustion reactor minus appearing heat losses. Due to the
fact that the GR was fluidized with different ratios of CO,, the
value ¢co, was introduced, which describes the share of CO,
used as gasification agent. The calculation of ¢, is shown in
Eq. 14. The carbon utilization efficiency (Xc) (see Eq. 15)
gives the ratio of the amount of carbon leaving the GR via
the product gas minus the content of carbon in char and tar to
the amount of carbon introduced into the GR with the fuel and
CO, as gasification agent.

The equation for calculating the deviation from the reverse
water-gas shift reaction (RWGS), which is displayed in Eq. 4,
is given in Eq. 16. The equilibrium constant K, rwgs(T) was
calculated using the software tool HSC Chemistry [29]. If the
deviation is zero, it means that the equilibrium state of the
equation is reached. A negative value would indicate that the
gas composition is on the side of the reactants, which would
mean that a further reaction is thermodynamically possible. A
positive sign would imply that the actual state is on the side of
the products. However, this state cannot be reached thermo-
dynamically through the RWGS reaction alone. Additional
reactions are required as stated in [30]. In Eq. 17, the logarith-
mic deviation from the Boudouard (BOU) reaction (see Eq. 2)
DPdeq, Bou 1s shown. The equilibrium constant (K, gou(T))
was calculated by the use of the software tool HSC [29] as
well. When pd, gou is 0, the Boudouard reaction is in equi-
librium. When pdq sou >0, the state of equilibrium lies on
the product side, whereas when pd.q pou < 0, the equilibrium
is located on the reactants side.

In Eq. 18, the ratio between water in the fuel and steam
introduced into the GR as gasification agent to the amount of

MpG, Miar, Mchary VPG

X X
figures CO,PG C,PG
Xcoopc  Xcjar
Xmopc  Xcchar myg, Vg
MGR,fuel i R b
asification combustion
Xefuwl —H 8 ——— MCRfuel
X reactor reactor
H20, fuel
kco2
Mgteam MCOo2,fluid Myjr
Xmofuid  Xc,co2,fluid
Xco2,fuid
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C in the fuel and CO, introduced into the GR as gasification
agent is shown.

_ M o2, fluid p
Pco,c = p ( )
X, fuel X M GR fuel.db
Vg
PGY =———— 9)
M GR fuel,daf
Xco,pG X MpG
Xcoco = - : . 10
- XC,fuel X M GR fuel,db + XC,cO2,fluid X M CO2,fluid ( )
M co2-fluid + Kcoz X M fuel,daf—XC02,pG X MpG
Xco2 = 5 5 (1 1)
MCO2,fluid T MGR fuel daf xkcon
m + X fael X 1M fue] X 5 X Mpg
XH2O — steam . H20, fuel fuel l:lZO,P() PG (12)
M gteam + XH20,fuel X M GR,fuel
Vpg x LHVpg
Nego = ro x LV 100 (13)
MGR fuel X LHVGR fuel +Mcr fuel X LHVCR uel =Q joss
XC02,fluid
$CO2 = 2 (14)
XC02,fluid T XH20,fluid
X X M pGg—X X M ggr— X X M g
XC — C.,PG PG~ AC, tar . tar C,char char (15)
M fuel,db X XC,fuel + M CO2,fluid X XC,CO2,fluid
Vi
[Tp;
1
Pdeq, RWas = logyg Koo ) (16)
pRwGs (T)
-
[Tp"
1
p5eq,BOU = logy, K (T) (17)
pou(T)
H,O M stcam + M GR fuel X XH20fuel (18)

(C+CO;z)  Xcfuel X DGR fueldb + M CO2,fuid

2.4 Thermodynamic calculations

To develop efficient biomass conversion technologies, which
can also compete with fossil energy technologies, it is required
to determine their energy efficiency. For the determination of
the energy efficiency of different processes, various perfor-
mance indicators, mostly based on thermodynamics, are used
[31]. Due to that fact, thermodynamic calculations were car-
ried out for the test runs carried out within the scope of this
work as well and compared with the experimental results. In
this way, a better understanding of the ongoing chemical re-
actions in the DFB reactor system could be gained and the
energy efficiency of the process evaluated.

For the thermodynamic calculations, the product gas com-
positions at different shares of ¢co, and at different tempera-
tures were calculated assuming thermodynamic equilibrium

with the software tool HSC Chemistry [29]. HSC Chemistry
uses the Gibbs free energy minimization method. In the equi-
librium state, the Gibbs free energy is minimized. Detailed
descriptions of this approach can be found in literature [32,
33].

As already mentioned beforehand, the product gas of the
DFB reactor system is mainly composed of CO, H,, CO,,
CH,, H>O, and higher hydrocarbons. Higher hydrocarbons
with the formula C,H,, were summarized by the compound
C,H,. Based on these chemical compounds, the following
simultaneous chemical gas-gas reactions were taken into ac-
count to take place in the DFB reactor system during the
presented gasification test run:

+ the water-gas shift reaction (Eq. 4),

* the methanation reaction (Eq. 5),

» the steam reforming reaction (Eq. 6),

* and the dry reforming reaction (Eq. 7).

The results of the thermodynamic calculations are present-
ed in the results section and compared with the experimental
results of the test runs.

3 Results and discussion

In this chapter, the main findings of experimental test runs are
presented. The results of the stepwise substitution of steam by
CO,, the temperature variation under pure CO, atmosphere as
well as the carbon and hydrogen balances are shown.

3.1 From pure steam to pure CO, as gasification agent

In Table 4, the main operational parameters from five test runs
for investigating the stepwise substitution of steam by CO, are
shown. Softwood pellets were used as fuel and olivine as a
bed material for all test runs. ¢co, was changed from O to 1.
The fuel power introduced into the GR (Pggr) was in a range of
83 to0 95 kW. The amount of additional fuel, which was intro-
duced into the CR (PcR) to control the gasification tempera-
ture and to compensate for the relatively high heat losses of
the pilot plant, was between 59 and 68 kW. To enable a com-
parison of these test runs with test runs, where pure steam was
used as gasification agent, a ratio between Pcr and Pgr was
calculated. For pure steam gasification test runs, a Pcr/Pgr
ratio of around 0.5 is a typical value, but it depends on the type
of fuel introduced into the GR as well as the operating param-
eters [24, 34]. Test run 1 (pure steam) showed a quite high
Pcr/Pgr compared with other pure steam gasification test
runs in literature. However, this outlier can be explained by
the relatively high heat losses for this test run. Taking into
account a typical Pcr/Pgr ratio for pure steam gasification
of around 0.5, it can be seen that adding CO, to the
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Table 4 Main operational parameters

Parameter Unit Test run

1 2 3 4 5
Fuel - SW SW SW SW SW
Bed material - Olivine Olivine Olivine Olivine Olivine
dcon - 0 0.32 0.45 0.63 1
H,0/(C + CO,) - 1.61 0.59 0.43 0.22 0.04
Fuel to GR kW 95 92 86 87 83
Fuel to CR kW 68 59 53 53 59
Pcr/Pgr ratio - 0.72 0.64 0.62 0.61 0.71
Pco,c kgcoo/KEc fuel - 0.8 1.3 2.0 4.5
T GRiower °C 827 833 838 838 837
T GRypper °C 935 936 938 934 947
T CRoutet °C 947 944 944 941 964

gasification agent resulted in a higher Pcr/Pgr ratio. This
phenomenon can be declared by the fact that CO, gasification,
where the RWGS and the Boudouard reaction are predomi-
nated to take place, required more heat and therefore a higher
input of additional fuel into the CR was required. Similar
findings can be found in literature [15, 35].

The CO, to carbon ratio increased with an increasing value
of o and therefore an increasing amount of CO, introduced
into the GR as gasification agent. The temperatures in the
gasification and the combustion reactors were in the same
range for all test runs (830-840 °C). In the following, the
experimental results are presented. To compare the experi-
mental results with theory, the thermodynamic calculations
explained above were used.

Figure 4 shows the course of the main product gas compo-
nents based on the data of Fig. 5 in the thermodynamic equi-
librium depending on the gasification agent. In the thermody-
namic equilibrium, the H, content decreased and the CO con-
tent increased. The CO, content showed an increasing trend as
well. The water content was quite stable between ¢co, of 0
and 0.68 but decreased for ¢co, of 1.

Figure 5 presents the experimental results of the 5 test runs
with increasing ¢cor. CO, and CO showed an increasing
trend with increasing ¢cop. The opposite phenomenon was
seen for H,, which was decreasing with increasing CO, input.
CH, slightly declined but remained relatively stable.
However, this declining trend could also be an effect of dilu-
tion by CO,. The water content showed a decreasing trend as
well, which can also be seen for the thermodynamic calcula-
tions. The trends of the experimental results were in accor-
dance with the trends of the thermodynamic calculations,
however, there are high deviations in the amounts of the prod-
uct gas components. This indicates that it was experimentally
not possible to produce this thermodynamically possible
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product gas composition in the DFB reactor system.
Nevertheless, the thermodynamic calculations provide a good
insight into the theoretically possible limits.

Figure 6 shows the deviation from the equilibrium of the
RWGS reaction with increasing ¢co,. Findings in literature
showed that the deviation of the equilibrium of the RWGS lies
on the side of the products between 827 and 838 °C in the
thermodynamic equilibrium [37]. This was also the case for
pure steam as gasification agent and when CO, was added as
gasification agent. When ¢, approaches 1 (100 vol% CO,),
the gas composition was completely on the side of the educts,
which was explained by the high amount of CO, in the prod-
uct gas for pure CO, gasification. A certain amount of CO,
was not converted during the gasification process, which di-
luted the product gas.
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Fig.4 Change of'the product gas composition over increasing ¢co in the
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To sum up, kinetic effects like a too low contact time be-
tween gas and particles could explain the huge deviation from
the thermodynamic equilibrium and the high content of CO,
in the product gas when using pure CO, as gasification. It is
well known that the reaction rate of the Boudouard reaction is
much slower than the reaction rate of the RWGS reaction [38].
Longer contact times between gas and particles would im-
prove the conversion efficiency as stated in literature [39].
Additionally, higher temperatures, especially in the lower gas-
ification reactor (T GRjgywer) Would have also been favorable
for the progress of the mentioned chemical reactions and thus
the conversion efficiency. This assumption was also proven in
literature by Sadhwani et al. [36]. If higher temperatures
would be reached in the gasification reactor, the conversion
efficiency of CO, via the RWGS and Boudouard reactions
could be enhanced and the deviation from the RWGS equilib-
rium reduced. In contrast to that, when steam and CO, were
used as gasification agents (test runs 2, 3, and 4), the applied

0.30
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log. RWGS equilibrium deviation pdeq rwes
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H,0 gasification agent in vol.-%

Fig. 6 Change of the deviation from the RWGS equilibrium over CO,
input as gasification agent

temperatures were sufficient and the deviations from the
chemical equilibrium were close to zero.

Table 5 shows the performance indicating key figures of
validated data with IPSEpro. The CO, conversion rate is at
maximum for the pure CO, gasification test run. The water
conversion decreased. This could be explained by the RWGS
reaction, where H,O was formed (see Eq. 4 in the opposite
direction) at temperatures over 800 °C. The carbon to CO
conversion Xcoco is at maximum, when the GR was fluidized
with pure CO,. An increase in the carbon utilization efficiency
Xc with increasing CO, as gasification agent was visible.
Overall, cold gas efficiencies around 70% were reached for
all test runs. The H,/CO ratio was lowered from 1.49 for
¢co2=0 10 0.36 for ¢coy = 1. The same declining trend was
seen for the lower heating value (LHV), which could be ex-
plained by the increasing amount of CO, in the product gas.
The gravimetric tar content of pure steam and pure CO, gas-
ification was higher than the one, which was produced when a
value of ¢co, of 0.68 was applied as gasification agent. This
could be explained by the combined effect of steam and dry
reforming reactions [9, 12]. The dust contents were in the
range of 0.3 to 1.0 g/m3StlD and are typical values for the gas-
ification with olivine as bed material [21, 24]. The char con-
tents were lower, when CO, was present as gasification agent
and higher when only steam was used as gasification agent.
This could be explained by a higher amount of fuel, which
was introduced into the CR for test run 1.

Table 5 Performance indicating key parameters
Key figure Unit Test run

1 2 3 4 5
PGY M par/Kenerar 139 142 139 181 206
Xeoa kgcoa/kgcon - —025 —-0.05 009 035
KXo kg120/kEstcam 028 0.8 006 -0.16 —0.30
Xcoco kgc.cokge fuelauia 038 034 033 032 042
Xc % 88 82 79 79 94
NcGo % 7270 67 66 T3
H,/CO - 149 104 086 0.63 0.36
LHV? MJ/m3srp 127 11.2 10.6 9.2 94
Grav. tar® g/m3Stp 6.7° nm. nm 4.1 6.2¢
Dust’ g’y 03° nm. nm 1.0 06"
Char® g/m’y, 24° nm. nm 15 053¢

* Free of tar and char;

® Measured by the test laboratory for combustion plants a TU Wien;

¢ Values from another comparable test run with SW as fuel and olivine as
bed material;

4 Values from another comparable operating point with SW as fuel and
olivine as bed material;

n.m. not measured;
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3.2 Temperature variation under pure CO,
atmosphere

A temperature variation from 740 to 840 °C with pure CO, as
gasification agent was conducted. Additionally, the main
product gas components based on data of Fig. 8 in the ther-
modynamic equilibrium depending on the gasification tem-
perature are displayed in Fig. 7. In the thermodynamic equi-
librium, CO contents between 39 and 53 vol.-%yg;, were pos-
sible, while the amount of CO, ranged between 24 and 38
vol.-%g,. The H, content was around 22 vol.-%yg;, and the
CH4 content was practically zero. The water content decreased
from about 14 to 10 vol.-%.

Figure 8 shows the experimental results of the temperature
variation when a value of ¢co, of 1 was used as gasification
agent. The trends of CO, and CO of the thermodynamic cal-
culations were equal to that of the experimental results; how-
ever, the amounts showed quite high deviations. The CO con-
tent showed an increase from 23 to 38 vol%yg, and the CO,
content a decrease from 58 to 39 vol%gy in the experimental
investigations. In contrast to the quite constant trend of H, in
the thermodynamic calculations for an increasing gasification
temperature, the experimental results showed an increasing
course of H,. CH, remained relatively stable with increasing
temperature but was almost completely converted in the ther-
modynamic calculations. The water content showed a de-
creasing trend for the experimental results and the thermody-
namic calculations. In general, there are deviations in the
amounts of the product gas components between the thermo-
dynamic calculations and the experimental results, but the
trends of CO, CO,, H,O, and CH, of the thermodynamic
calculations corresponded to the trends of the experimental
investigations.

Based on the trends of CO and CO, in Fig. 8, one can
conclude that higher temperatures, over 840 °C, would be
favorable for using pure CO, as gasification agent. At higher
temperatures, the RWGS reaction as well as the Boudouard
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Fig. 7 Change of the product gas composition over gasification
temperature in the thermodynamic equilibrium
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reaction, which both favor the production of CO, would take
place to a higher extent (see [37, 39]).

Figure 9 depicts the deviation from the RWGS and the
Boudouard reaction equilibrium calculated with Eqs. 16 and
17 of the different operating points of the temperature variation
displayed in Fig. 8. It is obvious that the deviation from the
Boudouard equilibrium was much higher than the deviation
from the RWGS equilibrium over the whole temperature range.
This points out that the RWGS reaction could be the predom-
inant reaction during the temperature variation. However, fur-
ther experiments at higher gasification temperatures are recom-
mended to investigate this assumption in more detail.

In Fig. 10, the correlations between the CO, conversion,
the carbon utilization efficiency, and the overall cold gas effi-
ciency over the increasing gasification temperature during
pure CO, gasification are shown. With increasing gasification
temperature, the CO, conversion, the carbon utilization effi-
ciency, and the overall cold gas efficiency increased. This
indicated again that higher gasification temperatures would
be favorable for utilizing and in parallel converting CO, with-
in the DFB reactor system, because an increasing trend of
these key figures can be foreseen.
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Fig. 9 Change of the deviation from the RWGS and the Boudouard
reaction equilibrium over the gasification temperature
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3.3 Two approaches to determine the conversion of
CO, during biomass gasification

Due to the reason that it is very difficult to measure the exact
conversion of CO, during the gasification process in the DFB
reactor system, two approaches were investigated and
established:

* acarbon balance around the gasification reactor

» and a hydrogen balance around the gasification reactor.

The main material streams around the GR for the carbon
and the hydrogen balances are shown in Fig. 11.

3.3.1 Carbon balance

The first approach to investigate the CO, conversion during
the DFB biomass gasification process was carried out through
setting up a carbon balance around the GR. This was carried
out for pure steam gasification with ¢cor =0 and values of
¢dcoo of 0.68 and 1, which means pure CO, gasification. The
carbon balances are shown in Fig. 12. Softwood was used as
fuel and olivine as a bed material for all three cases. For the
test run with ¢cor =0 (pure steam gasification), it was as-
sumed that the whole amount of CO, in the product gas was
produced from C in the fuel (biomass). This resulted in a value
of about 2.6 kg/h C in CO, of the product gas, which was
formed from 9.4 kg/h of C in the fuel. However, for the runs
with ¢gcop = 0.68 and 1, two sources of CO, in the product gas
were possible: (1) carbon in the fuel (C in fuel) and (2) carbon
in CO, as gasification agent (C in CO, agent) (see Fig. 12).
Therefore, this stream was calculated (a) based on data with
dcoz =0 (labeled with a number sign) and (b) based on data of
pyrolysis experiments from Neves et al. [40] (labeled with an
asterisk). They investigated the production of the pyrolysis
gas based on more than 60 different types of biomasses re-
garding the amount and the composition of the pyrolysis gas
depending on the temperature. For the calculation based on

data with ¢co, =0, about 2.4 kg/h “Cco, of C in fuel” and
2.5 kg/h “Ccon of CO, agent” for the test run with ¢cop of
0.68 were generated. For the other case, experimental data of
pyrolysis were used for the calculation. This resulted in an
amount of 0.9 kg/h “Cc, of C in fuel”. Through the subtrac-
tion of 0.9 kg/h “Cc, of C in fuel” from the total amount of
4.9 kg/h “C in CO,” in the product gas, a value of 4.0 kg/h
“Ccon of CO, agent” was obtained. The amount of “Ccq, of
C in fuel” ranged between 0.9 and 2.4 kg/h and the amount of
“Ccop of CO, agent” laid in a range of 2.5-4.0 kg/h.

For the gasification test run with ¢co, =1, about 2.4 kg/h
“Ccop of C in fuel” and 4.4 kg/h “Cco, of CO, agent” were
produced, calculated based on the reference steam gasification
test run. The calculation based on pyrolysis data showed that
about 0.9 kg/h “Cc, of C in fuel” from 6.8 kg/h “C in CO,”
ofthe PG was generated for the gasification with ¢co, of 1. To
sum up, the carbon balances around the GR present the first
approach to determine the amount, of how much C of CO, in
the PG originates from C of CO, as gasification agent and
how much originates from C in the fuel.

3.3.2 Hydrogen balance

The second approach to investigate the CO, conversion dur-
ing the gasification process was conducted by establishing
hydrogen balances around the GR. Based on the experimental
results presented above, it can be concluded that the RWGS
plays a crucial role during CO, gasification. The same is also
stated in literature, that the WGS or RWGS reaction acts as a
central part during CO, gasification [11, 13, 41]. To examine
this topic in more detail, hydrogen balances were set up
around the GR for a pure steam gasification test run as a
reference case and for CO, gasification test runs with ¢cop
of 0.68 and 1 (see Fig. 13).

H in the fuel (H in fuel), H in H,O in the fuel (Hyso in
fuel), and H in steam as gasification agent (H in steam)
were regarded as input streams. H in H,O in the product
gas (H in H,0), H in H, in the product gas (H in H,), H
in higher hydrocarbons in the product gas (H in C,H,), H
in tar and char in the product gas (H in tar and char), and
H transported to the CR via char together with the bed
material (H to CR) were considered as output streams. For
the interpretation of the H balances, only the WGS reac-
tion was taken into account. It was assumed that when H
in H,O in the product gas was lower than the sum of
Hino in fuel and Hyy,p in steam, the introduced water into
the GR was consumed to produce H,. This would indicate
that the WGS reaction took place. For the reference case
with ¢cor =0 displayed in Fig. 13, the sum of H in steam
and Hyyo in fuel was higher than the amount of H in H,O
in the PG. Thus, the WGS reaction took place.

For the test run with ¢co, of 0.68, H in H,O was higher
than the sum of Hyy,o in fuel and Hyy,o in steam. This means
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that water was produced during the gasification process.
Hence, the RWGS reaction was the predominant reaction for
this case. The same result was found for ¢cor = 1. H in H,O
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was higher than the sum of Hyyg in fuel and Hyyyg in steam,
which also points out that the RWGS reaction proceeded dur-
ing the gasification process predominantly.

pure CO;, ¢pcoz=1

cinco
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Cin CHy
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C in tar&char
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Product
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# *
4459 koM \ ¢y co,
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N
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Fig. 12 Carbon balance around the GR for the test runs with ¢co, 0f 0, 0.68 and 1; * pyrolysis data; # reference steam gasification test run
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Fig. 13 Hydrogen balances around the GR for test runs with ¢co, 0f 0, 0.68, and 1

In summary, carbon balances around the GR were
established as a first approach to determine the amount of
CO,, which is converted during the gasification process.
Based on the results shown in Fig. 12, it can be concluded
that a certain amount of CO, was converted. Based on the data
of the reference test run with pure steam ($cop =0), it was
possible to convert about 26% of C in the fuel to C in CO,
in the product gas. The rest, 72% of C in the fuel, was con-
verted to other products like CO, C,H,, tar, and char. For the
test runs with ¢, 0f 0.68 and 1, C in CO, in the product gas
also originated to a certain part from C in CO, as gasification
agent. For ¢coy of 0.68, between 15% (asterisk sign means
pyrolysis data) and 47% (number sign means reference steam
gasification test run) of C in CO, as gasification was convert-
ed to other product gas components, except CO,. For the test
run with ¢, of 1, which means pure CO, gasification, it was
possible to convert between 26% (asterisk sign means pyrol-
ysis data) and 45% (number sign means reference steam gas-
ification test run) of C in CO, as gasification agent to other
product gas components like CO, C,H,, tar, or char.

To sum up, these two approaches present a first way to
investigate the conversion efficiency as well as the predomi-
nant reaction during CO, gasification under past assumptions.
It was found out that CO, is indeed converted in the DFB
reactor system to a certain extent and that the RWGS seems
to be the predominant reaction, which occurs when using CO,
as gasification agent.

4 Conclusions and outlook

In the scope of this publication, the influence of the stepwise
substitution of steam by CO, as gasification was investigated.

Additionally, a temperature variation from about 740 to about
840 °C was carried out under a pure CO, atmosphere. To give
an overview of the main findings of the performed test runs
and investigations, the obtained results can be summarized as
follows.

* By substituting steam by CO,, the product gas was shifted
towards higher CO and lower H, contents. Using pure
CO, as gasification agent shows already promising results
between 827 and 838 °C. With an increase in CO, as
gasification agent, an increase in the production of CO,
an increase of the carbon utilization efficiency, and an
increase of the overall cold gas efficiency was observed.

* The temperature variation indicated that higher tempera-
tures, over 840 °C, would be favorable for pure CO, gas-
ification. At higher temperatures, the RWGS reaction as
well as the Boudouard reaction could take place to a
higher extent. With an increase of the gasification temper-
ature, the CO, conversion, the carbon utilization efficien-
cy, and the overall cold gas efficiency could be improved.
Thus, an increase of the gasification temperature over
840 °C presents a promising approach to convert a higher
amount of CO, in the DFB reactor system.

» The carbon balances revealed that between 26% (asterisk
sign means pyrolysis data) and 45% (number sign refer-
ence steam gasification test run) of C in CO, as gasifica-
tion agent was converted to other product gas components
except CO,. This implies that CO, was indeed utilized in
the DFB reactor system at the investigated process condi-
tions. Additionally, the results of the hydrogen balances
and that of Fig. 9 indicated that the RWGS reaction might
be the predominant reaction during CO, gasification at the
investigated operation conditions. In general, it must be
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noted that the findings of the carbon and hydrogen bal-
ances are based on certain assumptions. Therefore, further
research regarding these investigations is recommended.

Concluding from all these results, the gasification temper-
ature seems to be the crucial parameter during CO, gasifica-
tion in the DFB reactor system. Future research should focus
on investigations at higher temperatures, over 840 °C, in the
DFB reactor system to strengthen the outcomes of the carried
out investigations.
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