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Abstract
Coal-CO2 slurry feed has been suggested as an attractive alternative to coal-water slurry feed for single-stage,
entrained-flow gasifiers. Previous work demonstrated the system-level advantages of gasification-based plants
equipped with CO2 capture and CO2 slurry feed, under the assumption that carbon conversion remains
unchanged. However, gasification in carbon dioxide has been observed to be slower than that in steam. In
view of this, the impact of CO2 slurry feeding on gasification kinetics and ultimately on carbon conversion
and oxygen consumption in a pressurized, single-stage entrained-flow gasifier processing Illinois 6 coal is
studied here using a 1-D reduced order model. Results show that the CO2 gasification reaction plays a
dominant role in char conversion when the feeding system is CO2 slurry, increasing the CO content in the
products by up to a factor of two. CO inhibition of the gasification reaction and a higher degree of internal
mass transport limitations lead to an up to 60% slower gasification rate, when compared to a system based
on coal-water slurry. Accordingly, a gasifier with CO2 slurry feed has a 7%-point lower carbon conversion
for a given outlet temperature. The gasifier exit temperature must be raised by 90K in order to achieve
the same conversion as in a water slurry-fed reactor; the peak reactor temperature increases by 220K as a
result. Net oxygen savings of 8% are estimated for a system with a CO2 slurry-fed gasifier relative to one
with water slurry and the same level of conversion.
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1. Introduction
Coal-carbon dioxide slurry feed has been suggested as an attractive option to significantly improve the
performance of gasification-based plants operating with single-stage slurry-fed entrained flow gasifiers (EFG)
and carbon capture [1, 2]. System-level simulations show that an average 15% lower specific oxygen consumption results when substituting water by liquid carbon dioxide in the slurry feeding system of gasifiers
processing high and low-rank coal [1]. Coal-CO2 slurry feeding holds the potential to significantly improve
the economics of gasification-based plants through the use of smaller equipment and the advantage of better
feedstock flexibility.
Research on the coal-CO2 slurry feed concept has focused on the assessment of plant-level performance, in
particular for Integrated Gasification Combined Cycle (IGCC) power plants [1–3], as well as slurry rheology
[4–6] and, most recently, slurry preparation equipment design and characterization [7].
System-level simulations have predicted that coal-CO2 slurry gasification produces syngas with a significantly higher CO:H2 ratio, a trend that has been verified experimentally through laboratory-scale experiments [2]. This has been attributed to the increasingly dominant role of CO2 gasifications relative to steam
gasification reactions [1].
The effect of higher CO2 concentrations on the heterogeneous gasification kinetics and carbon conversion
in gasifiers with coal-CO2 slurry feed has, nevertheless, not been addressed to date. Carbon conversion is
one of the key performance measures of a gasifier; incomplete conversion is undesired as it increases the
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operating costs related to feedstock consumption and ash disposal, as well as capital costs through the need
for larger equipment when operating at lower thermal efficiencies.
The aim of this work is to assess the impact of using CO2 slurry feed on the heterogeneous gasification
kinetics and ultimately on carbon conversion and oxygen consumption in a single-stage, slurry-fed EFG
operating at high pressure. A detailed discussion of the kinetic mechanism of char gasification at high pressure
in a mixed gas environment is outside the scope of the present work. Instead, a Langmuir-Hinshelwood kinetic
rate expression taken from the literature which can reproduce experimental observations reliably under the
conditions of interest is used to model the gasification kinetics in a reduced order model of the gasifier.
This work begins with a brief overview of the main steps in char gasification by H2 O and CO2 . This
is followed by a survey of experimental observations of the relative rates of H2 O and CO2 gasification as
well as of observations addressing the question of whether these two gases compete for active sites on the
char surface or not. The modeling framework is then introduced, followed by the results comparing the
characteristic profiles, conversion, and oxygen consumption in a gasifier using CO2 slurry feed, relative to
one using water slurry feed.
2. Gasification in H2 O and CO2
2.1. Mechanism
Several mechanisms have been proposed for the char reaction with steam and CO2 . It is believed that
the principal steps are the dissociative adsorption of the gasification agent on an active site on the char
surface, followed by associative desorption of the surface complex [8–10]. For CO2 gasification, the reduced
mechanism is:
iI
ÐÐ
⇀ C(O) + CO
Cf + CO2 ↽
(I)
jI

iII

C(O) Ð→ CO,

(II)

where Cf represents a free site on the char surface, C(O) a chemisorbed atom on a free site, and i and j are
the forward and backward rate constants, respectively. Similarly, the main steps in the reaction of char with
steam are:
iIII
ÐÐÐ
⇀ C(O) + H2
(III)
C f + H2 O ↽
jIII

iIV

C(O) Ð→ CO.

(IV)

In these oxygen-exchange mechanisms, the well-known retarding effect by the products CO and H2 is
accounted for via reverse reactions (I) and (III), respectively. Other, more complex, mechanisms which
consider additional steps as well as inhibition through different routes such as direct adsorption of the
products onto active sites have also been proposed [11–14].
The gasification rate of char in pure CO2 has been measured to be slower than that in pure H2 O but
within the same order of magnitude. A selection of experimental observations comparing CO2 and H2 O
gasification rates under conditions at which the chemical reaction alone controls the rate of reaction is
presented in Table 1.
Table 1: Relative rates of CO2 and H2 O gasification

Feedstock
Purified carbon
Bituminous coal char
Brown coal char
Bituminous coal char

Partial Pressure

Temperature

4-40 bar
< 60 bar
< 1 bar
1-30 bar

800-870℃
900℃
800℃
850-900℃

2

Rate
CO2 H2 O
1
3-6
1
3-4
1
2
1
2-4

Source
Blackwood et al. (1958-60)
Muehlen et al. (1985)
Harris and Smith (1991)
Roberts (2000)

[12, 15]
[16]
[17]
[18]
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2.2. Competition for Active Reaction Sites
Extensive work has been performed characterizing the gasification kinetics in the CO2 /CO and H2 O/H2
systems in which the products CO and H2 have been shown to retard the CO2 and H2 O gasification reactions,
respectively (e.g. [11, 16, 19? , 20]). However, the kinetics in a mixed CO2 /H2 O/CO/H2 environment typical
of commercial gasifiers have not been characterized extensively, in particular at high pressures. Of particular
interest here is whether the presence of CO2 slows down the overall gasification rate in a mixed CO2 /H2 O
environment, relative to a system containing only steam; this is especially relevant for gasifiers with CO2
slurry feed. The underlying question is whether the gasification agents CO2 and H2 O compete for the same
active sites on the char surface or whether they react on separate sites, a topic for which much disagreement
still remains.
At atmospheric pressure conditions, this question was addressed independently by Bliek [21], Everson et
al. [22], and Huang et al. [20] for chars from coals of different ranks. All three groups concluded that the
surface mechanism which accounts for the reaction of C-CO2 and C-H2 O on separate active sites is best
at explaining the experimentally observed rates in a mixture of CO2 /H2 O/CO/H2 . The overall gasification
rate, r, could be successfully predicted by adding the individual rates:
r=

kCO PCO

kH

2

2

1 + κCO PCO + κCO PCO
2

2

+

2

1 + κH

2

O

O

PH

PH

2

2

O

O

+ κH PH
2

,

(1)

2

where P is the partial pressure of each gas component in the mixture. Here, kCO and kH O correspond to
2
2
the rate constants iI and iIII in reactions (I) and (III), respectively, whereas κCO , κCO , κH O , and κH are
2
2
2
rate constant ratios whose definition differs between authors depending on the reaction mechanism assumed.
In contrast to the observations above at atmospheric pressure conditions, Roberts and Harris [23] showed
that in a pressurized system containing a mix of CO2 and H2 O, the slower CO2 gasification reaction inhibits
the H2 O gasification reaction by occupying active sites on the char surface, effectively slowing down the
overall char gasification rate through competition for active sites. Gasification in a mixed gasifying agent
environment with 50 vol.% CO2 was shown to be up to two times slower than in a pure H2 O under identical
conditions. Measurements were carried out for three different bituminous coal chars at partial pressures of
up to 10 bar.
Similary, Muehlen et al. [16, 24] combined all the reaction steps proposed by Blackwood et al. for CO2
and H2 O gasification at high pressure [12, 15] and assumed single surface coverage to derive a rate expression
of the combined form:
kCO PCO + kH O PH O
2
2
2
2
r=
,
(2)
1 + κCO PCO + κCO PCO + κH O PH O + κH PH
2

2

2

2

2

2

which succeeded in predicting the reaction rate of a German bituminous coal char in a semitechnical-scale
fluidized bed reactor operating at 40 bar in an environment with mixed gasifying agents and products. The
rate constants were determined for the binary systems CO2 /CO and H2 O/H2 at pressures of up to 70 bar.
Note that squared and hydrogasification terms contained in Muehlen’s original work have been neglected in
equation (2) since they have been shown to be 3-5 orders of magnitude smaller at the high temperatures
characteristic of an EFG [25, 26].
The work conducted by Muehlen et al. is of especial significance. It is still, to date, to the best of our
knowledge, the only research group who has published a Langmuir-Hinshelwood (LH) kinetic expression for
char gasification at high pressure derived from their own experiments, accounting for the presence of mixed
gasifying agent and products, and validated with data from a semitechnical plant.
More recently, Liu [27] determined LH rate constants for the CO2 /CO and H2 O/H2 systems from published high pressure experiments for different chars. Liu found that the rate expression (2) is significantly
better than equation (1) at predicting the rates measured by Goyal et al. [28] at high pressure in a mixed
CO2 /H2 O/CO/H2 environment. In later work, Liu and Niksa [25] conducted an extensive survey of the
literature for pressurized coal gasification and used mean rate constants as a basis for the development of
the Carbon Burnout Kinetics Model for Gasification (CBK/G). This commercial kinetics package models
the gasification rate in a mixed gas environment using an equation of the same form as equation (2) and
thus assumes competition between CO2 and H2 O for active sites.
The observations above indicate that there is no general agreement regarding the role of the competition
for active sites between CO2 and H2 O in char gasification kinetics. Data at ambient pressure tends to support
3
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the independent active site assumption, whereas the competing active site mechanism has been shown by
multiple authors to apply at high pressures, where surface saturation is high.
Most recently, an alternative surface mechanism was proposed by Umemoto et al. [29], who found that
both the competing and the independent active site mechanisms fail to explain experimental observations
for three bituminous coal chars in a mixed CO2 /H2 O/CO/H2 environment under atmospheric pressure
conditions; the former underpredicts the gasification rate while the latter overpredicts it. According to the
proposed mechanism, which proved to be successful at predicting the measured rates, active sites on the char
surface are neither independent nor competing but rather shared by CO2 and H2 O. An analogous study has
not been published at pressurized conditions.
3. Methodology
The modeling tool used for the steady-state, 1-D simulations conducted in this study was Aspen Custom
Modeler [30]. Langmuir-Hinshelwood kinetics were implemented into a reduced order model (ROM) of an
entrained flow gasifier. Simulations were performed for both a water slurry and CO2 slurry-fed reactor whose
geometry and characteristics resemble those of a commercial-scale unit.
3.1. Reduced Order Model of Gasifier
The ROM of the single-stage EFG used in this study was developed by Monaghan et al. and has been
described in detail elsewhere [31–33]. It incorporates multiple submodels including fluid mixing and recirculation, particle properties, drying and devolatilization, chemical kinetics, heat transfer, and slagging.
The ROM uses an idealized reactor network model to represent the fluid mixing and recirculation between
different regions inside the gasifier. For an axially-fired, swirling, single stage reactor such as the GE gasifier
studied here, the network consists of four zones, as schematically illustrated in Figure 1.

Figure 1: Representation of gasifier through a network of idealized reactors in reduced order model

In the internal recirculation zone (IRZ), which is modeled as a well-stirred reactor (WSR), the inlet
streams mix with each other as well as with recirculated gas and particles from the external recirculation
zone. The two-phase flow leaving the IRZ expands like a free jet in the jet expansion zone (JEZ), which is
modeled as a truncated conical, 1-D plug flow reactor (PFR). A fraction of the flow in the expanding jet is
detrained and flows back to the IRZ through the external recirculation zone (ERZ), which is represented by
a WSR. The fraction that is not detrained proceeds to the downstream zone (DSZ), which is modeled by a
1-D PFR.
3.2. Intrinsic Heterogeneous Kinetics
Langmuir-Hinshelwood kinetics were selected for modeling the high-pressure intrinsic gasification rate in
the ROM:
kCO PCO + kH O PH O
2
2
2
2
rI = ψ ⋅
.
(3)
1 + κCO PCO + κCO PCO + κH O PH O + κH PH
2

2

2

4

2

2

2
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Here, rI is the gasification rate under kinetically controlled conditions (zone I) in inverse time units, and
ψ is the relative reactivity factor. The rate constants, k, and rate constant ratios, κ, have Arrheniustype temperature dependence. Selection of the combined expression (3) was based on the observations by
Muehlen [16], Roberts and Harris [23], Liu [27], and Liu and Niksa [25] supporting the competing active site
mechanism at high pressures.
In contrast to power-law kinetic expressions, which are strictly empirical, LH kinetics are derived from
multistep adsorption-desorption reaction mechanisms and thus have a more mechanistic basis. This kind of
rate law is especially attractive for high pressure applications since it is able to reproduce the asymptotic
rate behavior caused by surface saturation under those conditions, as well as to account for the inhibiting
effect of the reaction products.
The relative reactivity factor ψ in eq. (3) was first introduced by Johnson [34]; it is a feedstock and reactorspecific adjustment parameter which accounts for the difference in char reactivity and morphology resulting
predominantly from the parent coal characteristics and the reactor conditions. For a given gasification
environment, the gasification rate has been observed to be highest for coals with low carbon content and for
slow heating rates during pyrolysis; for low-rank coal, the amount and type of mineral matter in the parent
coal is also a key factor [34, 35].
The rate parameters reported by Muehlen [16, 24] were selected for the implementation of expression (3)
in the ROM. These are summarized in Table 2 and resulted in the lowest root mean square (RMS) deviation
when compared with 124 gasification rate measurements at high pressure taken from the literature, for 17
different chars [28, 36–41]. A similar comparison of the experiments with the rate law parameters by Liu [27]
and by Liu and Niksa [25] resulted in an increasingly higher RMS deviation from the experimental data of .
The kinetic expression by Roberts and Harris [23] was not considered in the selection process because of the
absence of terms accounting for the retarding effect of CO and H2 .
Table 2: Rate constants (k) and rate constant ratios (κ) by
−E

Muehlen [16] for use in eq. (3): k, κ = Aexp RT

kCO
2
kH O
2
κCO
2
κCO
κH O
2
κH
2

2.71 ⋅ 104
2.96 ⋅ 105
2.06 ⋅ 10−2
3.82 ⋅ 10−2
1.11 ⋅ 101
1.53 ⋅ 10−9

A
bar−1 min−1
bar−1 min−1
bar−1
bar−1
bar−1
bar−1

E
153.1
154.0
-23.0
-48.1
29.5
-209.2

kJ/mol
kJ/mol
kJ/mol
kJ/mol
kJ/mol
kJ/mol

Figure 2 is a parity plot comparing the gasification rate prediction vs. measurements for the selected rate
constants by Muehlen. The narrow confidence interval range indicates that the gasification rate prediction
can reproduce the experimental data with reasonable accuracy despite the wide range of feedstocks and
conditions and the over four orders of magnitude spread of the rate data. No systematic deviations are
observed.
For each of the 17 feedstocks considered, the value of ψ used in Figure 2 represents the average of the
reactivity factors determined for the individual experimental runs through adjustment of the prediction to
the measurements. The resulting feedstock-specific factors are presented in Figure 3 as a function of the
parent coal’s dry ash-free carbon content (Cdaf ). Their magnitudes are within the three order of magnitude
range reported elsewhere [35, 42]. The trend of increasing reactivity with decreasing carbon content is
correctly represented, though with a wide spread of the data, in particular for low-rank coal. The latter is
likely due to the reactor-specific contribution to ψ, which cannot be accounted for by the Cdaf only, as well
as to additional factors such as mineral matter content. Simple char properties alone have been observed to
be an unsuitable indicator for char reactivity [35].
3.3. High Temperature Heterogeneous Kinetics
The effectiveness factor approach was used in the ROM in order to account for the transition from the
kinetically-limited regime (zone I) into the pore diffusion-limited regime (zone II) at high temperatures. In

5

Clearwater Clean Coal Conference, June 3-7, 2012

Botero et al.

Figure 2: Parity plot comparing gasification rate prediction
using equation (3) and Muehlen’s rate parameters with experimental measurements from the literature [28, 36–41]; dashed
lines indicate the 95% confidence interval. The RMS deviation is 0.23 min−1 .

Figure 3: Relative relactivity factor used for each feedstock
as a function of dry, ash-free carbon content of parent coal.

this approach, the observed gasification rate in zone II, rII , is estimated from the intrinsic rate rI and the
effectiveness factor η, which is defined as
r
η ≡ II .
(4)
rI
The effectiveness factor is, by definition, less than 1 in zone II as a result of internal mass transport limitations.
It is calculated from the Thiele modulus (φ), which is a measure of the ratio of the surface reaction rate to
the rate of diffusion through the pores of the char particle. φ is a function of the intrinsic rate parameters as
−1/2
well as of the particle radius (R), φ ∼ R, and effective pore diffusivity (De ), φ ∼ De ; the latter combines
the effects of molecular and Knudsen diffusion and depends strongly on the particle morphology. In the
ROM, the calculation of De is based on an assumed char particle porosity of 0.25 in combination with an
average pore radius estimated from the random pore model [31].
No analytical solution exists for φ and η in the case of Langmuir-Hinshelwood kinetics. Approximate
values were estimated following the methodology by Hong et al. [43], which requires manipulation of eq. (3)
by conducting a mass balance inside the char particle and solving a system of differential equations [44].
Calculation of the observed reaction rate under zone II conditions according to eq. (4) requires extrapolation of rI to high temperatures, an approach that has been used successfully in the past for combustion
applications [45, 46]. Nevertheless, this is one of the factors which contributes most to the uncertainty of the
present kinetic analysis. Experimental measurements of high pressure, high temperature gasification kinetics
is the topic of current research [45].
3.4. Cases Studied
The main assumptions and characteristics of the gasifier studied are presented in Table 3. The gasifier
resembles the GE gasifier used in the Cool Water IGCC Demonstration Project, which has a reported carbon
conversion of 96.5% for Illinois 6 coal [47]. A reactivity factor of 8.3 was calculated from the ROM for this
reactor and feedstock to achieve the reported conversion; this is within the range expected for the Cdaf
content of this coal, see Figure 3.
The base case operation of the water slurry-fed gasifier was modeled first, whereas the oxygen flow rate
was fixed at the value reported for the Cool Water project and the outlet temperature was obtained from the
simulations. A gasifier with CO2 slurry feed operating with the same coal throughput and outlet temperature
was subsequently simulated; the oxygen flow rate was adjusted accordingly. The slurry solids loading was
assumed to be equal in both cases to allow for an easier comparison; note, however, that the maximum
loading in CO2(l) is expected to be higher than that of water slurry ([4–6]).
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Table 3: Characteristics of gasifier studied [47]

Gasifier
Type
Volume
Total Height
Feedstock
Throughput (dry)
Coal type
Higher heating value
Carbon content
Moisture
Reactivity factor (ψ)
Char particle
Particle radius
Porosity
Average pore radius
Base Case Operation
Slurrying medium
Slurry solids loading
Oxidant (95 vol.-% O2 )
Pressure
Temperature
Carbon conversion
a
b
c

GE
25.5 m3 (900 ft3 )
8.8 m
907 tonne/day
Illinois 6
30,506 kJ/kg (dry)
80.5% (daf)
10.0%-wt.
8.3a
50 µmb
0.25b
2-8 nmc
H2 O
63.4%-wt.
842 tonne/day
30 bar
1,443℃ at outletc
96.5% (single pass)

Adjusted to achieve reported conversion
Assumption
Simulation result

4. Results
4.1. Gas Phase Composition
The mole fraction of the main gas phase components is presented in Figure 4 along the length of the
gasifier for the H2 O slurry and CO2 slurry cases. The gasifier length is plotted as the distance from the
injection point at the top of the reactor, see Figure 1. The profiles begin at the outlet of the IRZ zone, i.e.
following the devolatilization and mixing of the inlet streams with the recirculating gasification products.
The depletion of oxygen in the figure marks the beginning of the gasification reactions.
The CO2 content at the beginning of the gasification process is only marginally higher in a reactor with
CO2 slurry feed. There are two reasons for this; firstly, the mass flow of CO2 replacing H2 O in the slurry
represents a smaller contribution on a mole basis due to the high molecular weight of CO2 . Only about 60%
of the liquid inlet to the gasifier is CO2 , on a mole basis, while the remaining 40% is coal moisture. Secondly,
CO2 produced in the initial, heating section of a CO2 slurry-fed gasifier is an estimated 30% lower than in
a reactor with water slurry feed. CO2 heats up and vaporizes more readily than water so less oxidation of
volatiles and char is required to heat up the feed to the operating temperature.
The largest difference in the gas phase composition for a gasifier with CO2 slurry is its H2 O and CO
content. The fraction of H2 O to which the char is exposed during gasification decreases by almost half
when the feed is CO2 slurry, as the figure shows. Less water in the feed and less oxidation of the hydrogencontaining volatiles are the main causes for this, analogous to the discussion above for CO2 .
The almost two times higher concentration of CO in a CO2 slurry-fed gasifier indicates that the CO2
gasification reaction, eq. (I)-(II), plays a more important role in the overall carbon conversion process when
CO2(l) is used in the feeding system. For the case of water slurry, on the other hand, conversion is strongly
dominated by the steam gasification reaction, eq. (III)-(IV), as a result of the very high ratio of H2 O to
CO2 . This ratio decreases by a factor of two when the feeding system is based on CO2(l) , thus increasing
the contribution of the CO2 gasification reaction.
4.2. Temperature Profile
The heat of reaction for CO2 gasification is about 30% higher than that of steam gasification. Overall,
gasification in a reactor with CO2 slurry is thus more endothermic than in a reactor with water slurry. This
7
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Figure 4: Mole fraction of main components in gas phase along the reactor for a gasifier with H2 O slurry feed (left) and CO2
slurry feed (right). The profiles begin at the IRZ zone outlet, so the combined effects of devolatilization and gasification product
recirculation are observed.

can be seen in Figure 5, where the temperature profile inside the gasifier is shown. For the base outlet
temperature of 1,443℃, an almost 100K higher peak temperature is required in the gasifier with CO2 slurry
to provide enough heat for the endothermic gasification reactions.

Figure 5: Temperature profiles for gasifier with H2 O slurry
(—) and CO2 slurry feed (
) for the base outlet temperature of 1,443℃ (●) and an increased outlet temperature of
1,534℃ (×). The peak reactor temperature is indicated in
each case (◆).

Figure 6: Intrinsic (●) and observed (×) reaction rate for a
gasifier with water slurry (—) and CO2 slurry (
) feed

4.3. Gasification Rate
The higher contribution of the CO2 gasification reaction to the overall carbon conversion in a reactor with
CO2 slurry feed raises questions related to how this reaction will affect the process outcome. Of particular
interest is whether the trend of the slower kinetics of CO2 gasification observed at low temperatures (see
Table 1) will apply at higher temperatures and the degree to which higher CO concentrations will inhibit
the gasification reaction.
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The intrinsic and observed gasification rate profiles obtained from the ROM simulations are plotted in
Figure 6. The results show that for both water slurry and CO2 slurry, internal mass transport limitations
play an important role in the early gasifier stages, where the temperature is highest and the kinetics fastest:
the observed reaction rate is up to 2 times lower than the intrinsic rate. The role of internal mass transport
limitations diminishes along the reactor as the intrinsic reaction rate drops with the temperature and with
product accumulation; the process becomes fully kinetically controlled by the time the syngas leaves the
gasifier.
The observed reaction rate for a system with CO2 slurry feed is 20-60% lower than one with water slurry
feed. This is true both in the pore diffusion-limited regime near the gasifier inlet, where the intrinsic rates
are nearly equal, and in the kinetically limited region near the outlet. The results thus indicate that CO2
slurry has a detrimental effect on both the intrinsic kinetics and the mass transport processes taking place
inside the char particle.
Intrinsic gasification kinetics in pure CO2 and H2 O
A comparison between the intrinsic reaction rate of Illinois 6 char in pure H2 O and pure CO2 , as predicted
by the Langmuir-Hinshelwood kinetic expression used in this study, is presented in Figure 7. The normal
probability density functions (PDF) shown were constructed from the RMS deviation between prediction
and experiments in Figure 2.

Figure 7: Probability density function of intrinsic gasification rate in pure H2 O (—) and pure CO2 (
(left), 1,400℃ (middle), and 2,000℃ (right) as predicted by eq. (3) with ψ = 8.3

) at 30 bar and 900℃

The results in the figure show that the predicted gasification rate (mean of PDF) is about 4 times slower
for CO2 than for H2 O at low temperatures. This result agrees well with experimental observations under
similar conditions, see Table 1.
For the conditions inside the entrained flow gasifier considered, however, the situation is somewhat
different. The intrinsic gasification rate in pure CO2 is predicted to be the same or higher than in pure
H2 O in the range 1,400-2,000℃. This can be attributed to the slightly higher temperature dependence of the
CO2 gasification rate constant in the rate expression used, a fact that is supported by multiple experimental
observations (e.g. [17]).
For practical purposes and in view of the large areas of overlap in Figure 7, the intrinsic rates of CO2
and H2 O gasification can be considered to be nearly equal at entrained flow gasifier conditions. Observations
of slower intrinsic reaction kinetics for CO2 gasification at low temperatures can therefore not be extended
to high temperature conditions in order to explain the slower intrinsic rates in Figure 6 for gasification of
coal-CO2 slurry.
CO Inhibition
Given that the partial pressure of CO is almost two times higher in gasifiers with CO2 slurry feed, CO
inhibition of the gasification reactions is considered to be a potential cause for the slower intrinsic gasification
kinetics observed for this feeding system.
While both CO and H2 are known to inhibit the intrinsic gasification reaction (e.g. [11, 12, 15, 19]), CO
has been reported to have a stronger effect than H2 [48, 49]. This trend is correctly reproduced by the kinetic
expression used in this study, as shown in Figure 8, where the predicted inhibitory effect of CO and H2 are
compared at different temperatures for a fixed partial pressure of the gasifying agents.
9
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Figure 8: Inhibiton of intrinsic gasification rate by CO (●) and H2 (×) at different temperatures and a total pressure of 30 bar
as calculated with eq. (3). The mole fraction of H2 O and CO2 in the mixture is assumed to be 0.2.

As illustrated in the figure, the intrinsic reaction rate is inhibited more strongly in the presence of CO
than in H2 . Product inhibition is predicted to decrease with increasing temperature, as expected [50]. For
the temperatures above 1,400℃ relevant to entrained flow gasifiers, H2 inhibition is negligible compared to
CO inhibition. Inside the gasifier, inhibition by CO is augmented by the higher concentration of this gas,
relative to H2 . This is particularly true for gasifiers with CO2 slurry feed, for which the ratio of CO to H2
is twice as high than in gasifiers with water slurry feed.
Pore Diffusion Limitations
The increased concentration of CO2 and CO relative to H2 O and H2 in a gasifier with CO2 slurry feed
proved to also affect the degree of internal mass transport limitations. Near the gasifier inlet, where this effect
is most significant, Figure 6 shows that the ratio of intrinsic to observed reaction rate, i.e. the effectiveness
factor, is about 20% lower in a reactor with CO2 slurry feed despite the fact that the intrinsic reaction rate
is almost the same. This result can be attributed to the compositional change of the gas phase in gasifiers
with CO2 slurry feed, in combination with the fact that CO2 and CO have a lower diffusivity than H2 O and
H2 .
4.4. Carbon Conversion and Oxygen Consumption
The slower gasification rate in a reactor with CO2 slurry feed results in a reduction of the carbon
conversion achieved for a given exit temperature. The results in Figure 9 show that when the gasifier outlet
temperature is maintained at its base value of 1,443℃, carbon conversion drops from 96.5% for water slurry
to 89.8% for CO2 slurry.
To quantify how significant the estimated conversion reduction is, the gasifier throughput was adjusted
to achieve the base case conversion of 96.5%. The simulation results show that a 45% throughput reduction
would be necessary to outweigh the slow kinetics in a reactor with CO2 slurry.
Because the reaction rate near the gasifier outlet proved to be limited by the intrinsic gasification kinetics,
the conversion in a CO2 slurry-fed gasifier can be increased by raising its operating temperature. The results
of this study showed that a 90K increase is necessary in order to achieve the same conversion as with a water
slurry fed reactor. As shown in Figure 5, this increase leads to a 220K higher peak gasifier temperature near
the inlet, relative to a reactor with water slurry feed, and could thus compromise the integrity and lifetime
of the refractory and burner.
Previous work for a similar feedstock and slurry loading as those used here reported oxygen savings of
an estimated 10% for a gasifier with CO2 slurry feed; the gasifier temperature and carbon conversion were
assumed to remain unchanged, relative to a gasifier based on water slurry [1]. However, this study shows
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Figure 9: Carbon conversion in a gasifier with CO2 and H2 O
slurry for a fixed outlet temperature of 1,443℃.

Figure 10: Oxygen consumption comparison of a gasifier with
water slurry feed and one with CO2 slurry feed and the same
outlet temperature of 1,443℃, but reduced conversion, or the
same conversion at a higher outlet temperature of 1,534℃.

that previous assumptions are not realistic since carbon conversion will decrease significantly in a gasifier
with CO2 slurry feed if the operating temperature is kept constant.
Results in Figure 10 show that once the conversion reduction is accounted for, the estimated oxygen
consumption in a system based on CO2 slurry is 15% lower than in a system with water slurry feed for the
base case operating temperature of 1,443℃. However, if the base case conversion of 96.5% is to be maintained
in a gasifier with CO2 slurry feed, the net oxygen savings account for 8%, relative to a case with water slurry
feed, as a result of the required 90K increase in the outlet temperature.
5. Conclusions
In this work, accurate heterogeneous gasification kinetics were used for a gasifier with coal-CO2 slurry
feed in order to assess the impact of this alternative feeding system on carbon conversion and oxygen
consumption inside the reactor. A Langmuir-Hinshelwood intrinsic rate expression from the literature, which
was developed at high pressure and validated in an environment of H2 O/CO2 /CO/H2 , was selected based on
its ability to reproduce a wide range of experimental observations at high pressures. This expression accounts
for the competition between CO2 and H2 O for active sites on the char surface. Moreover, an effectiveness
factor approach was used to account for internal mass transport limitations at high temperatures.
The results show that a gasifier with CO2 slurry feed produces up to two times more CO than one with
water slurry feed as a result of the higher CO2 :H2 O ratio in the feed and hence higher contribution of the
CO2 gasification reaction to the overall conversion process. The observed gasification rate is up to 60%
lower: the CO2 slurry feed penalizes the intrinsic reaction rate, through CO inhibition, and reduces pore
diffussive transport, through the lower diffusivities of CO and CO2 relative to H2 O and H2 .
As a result of the slower gasification rate, a gasifier operating with coal-CO2 slurry will have a 7%-point
lower conversion than one with water slurry if the exit temperature of the reactor is left unchanged. A 90K
temperature rise at the exit is required in order to achieve the same conversion as in a water slurry fed
gasifier, increasing oxygen consumption relative to previous estimates which assumed unchanged conversion
and operating temperature. In reality, an oxygen consumption saving of 8% is estimated if the temperature
increase required to maintain conversion at its base value is accounted for. Additionally, the peak reactor
temperature increases by 220K, which could compromise component integrity.
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6. Outlook
Future work will study the possibility of injecting small amounts of steam to gasifiers with CO2 slurry
in order to improve kinetics and thus conversion. This measure will raise carbon conversion, however, the
oxygen consumption and cold gas efficiency will be compromised. The tradeoff between these performance
variables will be studied.
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