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Abstract 9 

This study focuses on quantifying the synergistic/antagonistic behaviour occurring during the co-10 

gasification of non-biomass feedstock (ash-free coal, fluid coke) with potassium-rich switchgrass. 11 

The results showed that the gasification rate of switchgrass in the mixture decreased as a certain 12 

amount of its potassium was transferred to the non-biomass feed leading to a multifold increase in 13 

non-biomass gasification rate. The aim of this study was to quantify this behaviour through kinetic 14 

modeling. It was assumed that each constituent in the mixture follows the random pore model with 15 

their corresponding kinetic parameters. Furthermore, synergism/antagonism parameters were 16 

included, which were either a constant or a function of the switchgrass conversion (linear, square 17 

root) representing the effect of inter-particle potassium mobility. The acceleration of the 18 

gasification rate of the non-biomass feedstock followed a linear function of the switchgrass 19 

conversion. The inhibition of the switchgrass conversion did not show a clear trend as it depends 20 

on the non-biomass feedstock and temperature. The presence of potassium in switchgrass which 21 

acts as a catalyst is clearly observed from the modeling, where the gasification rates for the fluid 22 

coke or ash-free coal in the mixture significantly increased for all temperatures studied. Modeling 23 
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of the gasification reactions with the estimated best-fit synergism/ antagonism models showed a 24 

very good agreement with the observed values. The obtained results of this study can be useful in 25 

designing co-gasification systems and estimating the best ratio of biomass to non-biomass feeds.  26 

 27 

 28 

1 Introduction 29 

Co-gasification has been studied for a variety of biomass/non-biomass combinations (e.g., 30 

wood/coal, switchgrass/coal, switchgrass/petroleum coke)1–6. Gasification of coal or petroleum 31 

coke alone is a slow process, but the addition of biomass can reduce the gasification time5,7,8. In 32 

that sense biomass is not only a fuel but also enhances gasification of the non-biomass feed. 33 

General benefits of co-gasification are reduced fossil fuel related greenhouse gas emissions, lower 34 

tar formation, higher overall efficiency and increased char reactivity. The latter, is mostly explained 35 

due to inherently present alkali and/or alkali earth metals (e.g., potassium, sodium,  calcium) in the 36 

biomass that act as a catalyst and enhance the gasification rate1,5,6. For example, potassium is highly 37 

mobile under gasification conditions and can transfer (interparticle) from the biomass to the non-38 

biomass feed as demonstrated with our previous work5. The addition of synthetic catalysts is also 39 

known to significantly enhance gasification, but this is associated with high cost, catalyst 40 

preparation and recovery complications9. The use of biomass feedstock might be more economical 41 

as it acts as a natural and inexpensive catalyst for the conversion of solid fossil fuels.  42 

Many studies have investigated the interaction between biomass and non-biomass feeds during co-43 

gasification. Depending on the type of fuel, ratio of biomass to non-biomass, temperature and type 44 

of experiments (e.g., gasification of char mixture, combined pyrolysis and gasification) synergistic 45 
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effects, inhibition effects and no interaction have been observed3,5,6,9,10. For example, co-gasifying 46 

switchgrass char (high potassium content) with coal char (high ash content) showed an inhibition 47 

effect during CO2 gasification (i.e., gasification rate of the switchgrass-coal mixture was equal to 48 

or slower than the gasification rate of coal itself)5. This behavior was attributed to sequestration of 49 

the mobile alkali elements (originated from the switchgrass) by the reaction with aluminosilicate 50 

minerals in coal to form inactive alkali aluminosilicates, such as KAlSi3O8 and KAlSiO4. The 51 

potassium was not accessible to accelerate the gasification reaction. Catalytic activity was evident 52 

when excess alkali (K/Al > 1) was present in the feed mixture to satisfy the stoichiometric 53 

requirements of these deactivation reactions5. Similar behavior was observed for the gasification 54 

of corn stalk and with various types of coal6. Fossil fuels with low ash contents are the most suitable 55 

candidates to be co-gasified with a potassium rich biomass to benefit from the synergistic effect. 56 

In the search for alternative means for energy production and sustainable energy development, 57 

studies on understanding the synergistic/antagonistic effects of biomass/fossil fuel co-gasification 58 

have been increasing. However, published literature focusing on quantifying these effects within a 59 

kinetic analysis are scarce. The present work deals with this issue and builds on our previous work 60 

of co-gasifying potassium-rich switchgrass with coal and fluid coke using CO2 as gasifying agent5. 61 

In detail, the main goal of this study is to quantify and to better understand the observed synergism 62 

and antagonism behavior during the co-gasification of potassium-rich switchgrass with ash-free 63 

coal and fluid coke at different temperatures. A kinetic study including data collection (gasification 64 

experiments), model development, kinetic parameter estimation and model discrimination has been 65 

conducted. 66 
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2 Experimental 67 

2.1 Biomass and Non-biomass Samples  68 

Potassium-rich switchgrass (SG) (from Manitoba, Canada) was the biomass sample, while fluid 69 

coke (FC) (Syncrude, Alberta, Canada) and ash-free sub-bituminous coal (AFC) (Genesee, Alberta, 70 

Canada) were the non-biomass samples used in this study. Table 1 summarizes the proximate, 71 

ultimate and ash-analyses of the three parent feedstocks; these data have been published in previous 72 

studies5,11. The AFC had a very high amount of volatile matter and a low fixed carbon content of 73 

69.5 and 30.5 wt% dry basis, respectively, whereas, fluid coke had a low ash, low volatile matter 74 

and high fixed carbon contents of 2.0, 6.9 and 91.1 wt% dry basis, respectively. Switchgrass has 75 

the highest potassium content as well as significant amounts of calcium and magnesium, which 76 

likely promote the catalytic co-gasification of the non-biomass feedstock. As both non-biomass 77 

samples (AFC and FC) had less than 2 wt% ash they will not contribute significantly towards 78 

catalyst deactivation as described above.  79 

2.2 Char and Ash-free Coal Preparation 80 

Ash-free coal was produced by solvent extraction as described in 11,12. Briefly, the dry pulverised 81 

coal is mixed with an industrial solvent for extraction. The coal-solvent slurry is then heated in an 82 

inert atmosphere followed by filtration. In order to precipitate the filtrate, hexane is added, then 83 

filtered and dried in vacuum to obtain the ash-free coal sample. 84 

For the switchgrass and fluid coke char preparation, approximately 5-10 g of the parent sample 85 

was heated to the desired temperature (e.g., 750-950°C) at atmospheric pressure in a quartz glass 86 

reactor (25 mm ID). A high heating rate was used: 25°C min-1 with 200 mlN min-1 of N2 (Praxair, 87 

99.999%). All samples were ball milled and sieved to particle sizes of less than 90 µm. Ash-free 88 
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coal samples were not charred prior to the gasification experiments. More details about sample 89 

preparation can be found in our previous studies5,11,13.  90 

2.3 CO2 Gasification Experiments 91 

The CO2 gasification experiments were carried out in a thermogravimetric analyzer (Thermo 92 

Scientific, TGA Thermax 500) as described in 5,14. Briefly, 10 mg of sample (i.e., single char or a 93 

targeted 50:50 by weight mixture for co-gasification) was placed in the reactor and heated at a rate 94 

of 15°C min-1 to the desired temperature (i.e., 750-950°C) under N2 (400 mlN min-1, Praxair, 95 

99.999%) atmosphere while the mass change was monitored. After a further holding time in N2 at 96 

the isothermal temperature, the gas was switched to CO2 (400 mlN min-1, Praxair, 99.99%). At this 97 

point the gasification time was defined as t = 0.  98 

All gasification experiments were conducted isothermally at ambient pressure and at 850°C and 99 

950°C for switchgrass/fluid coke (SG/FC) mixtures, while switchgrass/ash-free coal (SG/AFC) 100 

experiments were conducted at 750°C, 850°C and 950°C. Gasification experiments with FC at 101 

750°C showed low reactivity and hence were not studied5. Prior to calculating the char conversion 102 

and gasification rates, the measured data (i.e., mass as a function of time) were smoothed in order 103 

to reduce the quantity of the data. During the experiments, the TGA software recorded the mass 104 

every two seconds, which resulted in up to 150000 data points over a run. The locally weighted 105 

scatterplot smoothing (LOWESS)15 function was applied to smooth and reduce the number of data 106 

points to approximately 500-1000 per experiment. The char conversion is defined as,  107 

𝑋 =  
𝑚𝑜−𝑚𝑡

𝑚𝑜−𝑚𝑒𝑛𝑑
 (1) 108 

where mo is the initial mass at gasification time t = 0, mt is the mass at time t and mend is the mass 109 

after complete conversion (end of the experiment). Due to the small sample weight used and the 110 
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solid dry mixing process (i.e., non-homogeneous distribution), the results (conversion vs. time) of 111 

repeated experiments varied within 10%. The variation between the same repeated experiments, 112 

however, was very small compared to the change in conversion for different experimental 113 

conditions (i.e., temperature).  114 

3 Experimental Results  115 

Figure 1 illustrates the CO2 gasification behavior of SG, AFC and FC as single feeds as well as 116 

mixed feeds, at 850°C and 950°C. In addition to the experimental observations (dotted lines), the 117 

theoretical char conversion (solid lines) of the mixture is calculated based on the weighted average 118 

of the single feed conversions assuming no interaction between the constituents (eq. 2): 119 

𝑋𝑛𝑜𝑛−𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑛𝑔 𝑚𝑖𝑥 = 𝛽 ∙ 𝑋𝐹𝐹 + (1 − 𝛽) ∙ 𝑋𝑆𝐺  (2) 120 

where  is the mass fraction of the non-biomass char in the mixture (i.e.,  = 0.5 in this study), and 121 

XFF and XSG are the conversions of the fossil fuel and SG, respectively.  122 

As a reminder, the switchgrass and fluid coke were converted to char before gasification, while 123 

ash-free coal was used directly. SG refers to switchgrass char, FC refers to fluid coke char and 124 

AFC refers to ash-free coal throughout the remainder of the manuscript.   125 

Although the gasification behavior of SG/FC has previously been published5, it has been included 126 

again here (Figure 1) as these experimental data were used for the kinetic modeling and for 127 

comparison to the SG/AFC mixtures. SG is converted much faster than FC or AFC, requiring only 128 

1.5 h for complete conversion at 850°C and ~18 min at 950°C. This fast conversion of SG is 129 

attributed to its high potassium content as well as high micropore surface area5. 130 

Individually, FC and AFC had similar slow gasification rates (Figure 1). At 850°C and 950°C 131 

complete conversion required ~ 50 h and 15 h, respectively, for FC, and ~ 70 h and 17 h, 132 
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respectively, for AFC. The slow conversion rates reflect the low mineral (and hence catalyst) 133 

contents of these feeds. Adding switchgrass char accelerated significantly the conversion rates of 134 

both fluid coke (SG/FC) and ash-free coal (SG/AFC). The mixture of SG/FC was completely 135 

converted after 10 h at 850°C and 8 h at 950°C, while the mixture of SG/AFC was completely 136 

converted after 10 h at 850°C and 3 h at 950°C. At the higher temperature, the synergistic effect 137 

for AFC was larger, and, thus the addition of SG was somewhat different for AFC than on FC. 138 

Comparison of the observed gasification behavior for the SG/FC and SG/AFC mixtures with the 139 

calculated non-interacting behavior (solid line, Figure 1) indicates both antagonism and synergism 140 

effects. The elementary steps of the catalyzed gasification process provide some understanding 141 

towards these effects. During the gasification, the potassium in SG acts as a catalyst and undergoes 142 

an oxygen transfer cycle in which the catalyst is being reduced and oxidized16,17. The precise form 143 

of the potassium catalyst in sample is unknown; however, the catalyst takes oxygen from the 144 

reaction gas (step 1) and transfers it to the surface where the oxygen reacts with the carbon to form 145 

carbon monoxide (step 2) as illustrated in Figure 2. The third step is site regeneration, which 146 

requires a certain potassium mobility (intra- and interparticle) - here designated non-specifically as 147 

K. Note, K-C, K and CO-K+ represent generalized sites (i.e., reduced, reduced and oxidized, 148 

respectively) with the required potassium-carbon contact, but an unknown stoichiometry. Once a 149 

SG based carbon is converted, the potassium can either move to the next carbon within SG or move 150 

to the non-biomass (FC, AFC) sample, see Figure 2 step (3) or (3’), respectively. The observed 151 

gasification behavior of the mixture indicates the latter, as the conversion curve (dotted line in 152 

Figure 1) is below the non-interacting (solid) line until 50% conversion is reached (Figure 1). 153 

Thereafter the observed (dotted) line is above non-interacting line indicating a synergistic effect – 154 

that is, a significant increase in the gasification rate of the non-biomass sample. Assuming 155 
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potassium would first accelerate the gasification of SG before accelerating the gasification of the 156 

non-biomass sample, then the observed conversion curve of the mixtures (SG/FC and SG/AFC) 157 

would follow the non-interacting curve until switchgrass is completely converted (i.e., 50% 158 

conversion of 50/50 mixture) and thereafter would be above the non-interacting line, which is not 159 

the case.  160 

 161 

4 Parameter Estimation and Model Discrimination 162 

4.1 Single Feedstock 163 

The measured mass change in a given time interval was differential compared to the total mass 164 

(i.e., 0.001-0.05 mg min-1 vs. 10 mg) and CO2 was fed in excess (400 mlN min-1). Thus, the CO2 165 

partial pressure did not change significantly. In addition, the produced CO was on the order of a in 166 

the order of 10-1000 ppmV (depending on sample and temperature, not shown). For the current 167 

study, the inhibition effect of CO was neglected and the reaction order with respect to CO2 was 168 

assumed to be first order. The commonly used random pore model (RPM; see eq. 3) was applied 169 

to model the gasification behavior of the single feedstocks of SG, FC, and AFC at the respective 170 

experimental conditions.   171 

𝑑𝑋

𝑑𝑡
= 𝑘𝑗 ∙ (1 − 𝑋) ∙ √1 − 𝛹 ∙ (1 − 𝑋)  (3) 172 

For each temperature, 2 parameters (i.e., reaction rate constant kj and a structural parameter) were 173 

estimated based on a non-linear least-squares method. The details for the kinetic parameter 174 

estimation and modeling techniques used are described in our previous publication14.  175 

4.2 Mixed Feedstock 176 

The gasification of the mixed feed (SG/FC and SG/AFC) was modeled based on eq. 4  177 
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𝑋𝑚𝑖𝑥 = 𝛽 ∙ 𝑋𝐹𝐹
′ + (1 − 𝛽) ∙ 𝑋𝑆𝐺

′  (4) 178 

where X’FF and X’SG denote the conversions of the fossil fuel (FC, AFC) and SG in the mixture, 179 

respectively, assuming interaction between them as described above.   180 

The gasification rate of each constituent (dX’/dt) follows the random pore model (RPM) with their 181 

corresponding kinetic parameters (see Section 4.1) with the inclusion of an additional 182 

synergism/antagonism parameter si that describes the deviation from the non-interacting case as 183 

illustrated in eqs. 5 and 6.  184 

𝑑𝑋𝑆𝐺
′

𝑑𝑡
= 𝑠𝑆𝐺 ∙ 𝑘𝑆𝐺 ∙ (1 − 𝑋𝑆𝐺

′ ) ∙ √1 − 𝛹𝑆𝐺 ∙ (1 − 𝑋𝑆𝐺
′ ) (5) 185 

𝑑𝑋𝐹𝐹
′

𝑑𝑡
= 𝑠𝐹𝐹 ∙ 𝑘𝐹𝐹 ∙ (1 − 𝑋𝐹𝐹

′ ) ∙ √1 − 𝛹𝐹𝐹 ∙ (1 − 𝑋𝐹𝐹
′ ) (6) 186 

Here sSG represents the inhibition of the switchgrass conversion rate (antagonistic parameter), while 187 

sFF represents the acceleration (synergistic parameter) of the fossil fuel conversion rate. Eq. 5 is 188 

valid until complete conversion of switchgrass char (i.e., X’SG < 1), thereafter 
𝑑𝑋𝑆𝐺

′

𝑑𝑡
= 0 (for X’SG 189 

=1), while eq. 6 is valid over the whole conversion range of the fossil fuel sample (longer time 190 

frame). Note, the term inhibition sSG does not refer to catalyst inhibition, it refers to the decrease in 191 

the SG gasification rate due to potassium transfer to the non-biomass sample. Thus, the potassium 192 

does not catalyze the SG conversion. 193 

Parameter estimation will be used to determine 𝑠𝑆𝐺 and 𝑠𝐹𝐹 using the experimental data obtained 194 

for gasification of the mixed feedstock at different temperatures (presented in section 3).  195 

The synergism/antagonism parameter, si, can have values of sFF ≥ 1 presenting synergism (i.e., an 196 

increase of the reaction rate for the fossil fuel), while values of 0 < sSG ≤ 1 denotes a decline in the 197 

gasification rate for SG, indicating an inhibition. The lower the value for sSG the higher is the 198 
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inhibition. For si = 1 (unity), eqs. 5 and 6 would be equal to the standard random pore model (eq. 199 

6) designating neither inhibition nor acceleration.  200 

In the present work four assumptions regarding the synergism/antagonism (i.e., acceleration/ 201 

inhibition) parameter were tested as summarized in Table 2. The parameters sSG and sFF had either 202 

a constant value (model 1 and A) or were a function of the SG conversion (e.g., linear, square root, 203 

non-linear) representing the effect of interparticle potassium mobility. 204 

The numbers (1-4) describe the antagonistic (inhibition) parameter sSG, while the letters (A-D) 205 

describe the behaviour of the synergistic (acceleration) parameter sFF. The equations given in Table 206 

2 include the constants, aSG and aFF. Possible effects these synergism/antagonism parameters on 207 

co-gasification reactions are illustrated in Figure 3 for aSG = 0.5 and aFF = 2.0. Since the time at 208 

which SG is completely converted in the mixed feed is not known (t’SG  at X’SG = 1; t’SG > tSG), this 209 

time is determined during parameter estimation as well as the synergistic and antagonistic 210 

parameters, aSG and aFF, respectively. The parameters will be determined for each temperature 211 

separately, as the model describing the effect of interparticle potassium mobility might change with 212 

temperature. 213 

4.3 Model Discrimination 214 

16 possible combinations of the synergistic/antagonistic models exist to predict the co-gasification 215 

behaviour. The Akaike information criterion (AIC) was applied for model discrimination18. Based 216 

on the assumption of normally distributed errors, the AIC was calculated as follows: 217 

𝐴𝐼𝐶 = 𝑚
2

𝑛
+ 𝑙𝑛 {

2

𝑛
∙ 𝑅𝑆𝑆} (7) 218 

where m, n and RSS are the number of estimated parameters, number of observations, and the sum 219 

of squares of residuals, respectively. The model with the lowest AIC value is the preferred model. 220 
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In addition, the R2 values, which indicate the fit of the calculated values, were calculated. The 221 

software package Athena Visual Studio® v14.2 was used for kinetic parameter estimation and 222 

model discrimination19. 223 

 224 

5 Modeling Results and Discussion 225 

5.1 Single Feedstock:  226 

Based on the random pore model (RPM; eq. 2), the reaction rate constant kj and structural parameter 227 

 were estimated for each of the single feedstocks at each temperature. The results are summarized 228 

in Table 3. The narrow confidence interval of the estimated parameters as well as high R2 values 229 

show that the estimated parameters present a good fit with the experimental data (Figure 4). The 230 

structural parameter increased with increasing temperature in the case of SG denoting an increasing 231 

surface area.  232 

5.2 Mixed feedstock  233 

The results of parameter estimation for SG/FC and SG/AFC at different temperatures are 234 

summarized in Tables 4 to 8 and depicted in Figures 5 to 7. The models have been ranked in 235 

descending order of preference based on the AIC.  236 

5.2.1 Switchgrass/Fluid coke 237 

For the SG/FC mixture at 850°C, model 3-B shows the lowest AIC value of -9.68, while at 950°C, 238 

2-B would be favoured with AIC value of -9.86 (Tables 4 and 5). Tables 4 and 5 indicate that the 239 

first four models (3-B, 4-B, 1-B and 2-B) are statistically similar. Thus, it is difficult favor one over 240 

another. However, the results indicate clearly that the FC acceleration follows a linear relationship 241 

(Model B, 𝑠𝐹𝐹 = (1 + 𝑋′𝑆𝐺 ∙ 𝑎𝐹𝐹)]). The value for aFF decreased with increasing temperature (aFF 242 
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= 4.14 at 850°C and aFF = 1.76 at 950°C) indicating a lower acceleration/ synergistic effect. For 243 

SG, values for aSG decreased also with increasing temperature for (i.e., model 3 aSG = 0.65 at 850°C 244 

to aSG = 0.45 at 950°C and model 4 aSG = 1.79 at 850°C to aSG = 0.99 at 950°C). The decrease in 245 

the aFF and aSG can be explained by less potassium transfer from the SG to FC and/or to partial 246 

evaporation of potassium at 950°C (lower K/Al ratio)5. At higher temperature potassium might also 247 

react with alumina and silica from the switchgrass ash to form an inert potassium-aluminosilicate. 248 

The synergistic parameter, aFF could not be determined for the non-linear assumption (Model D) 249 

as it always reached the upper-bound value during parameter estimation. Thus, this model will not 250 

be considered for future SG/FC feedstock co-gasification modelling.  251 

The calculated conversions for the SG/FC mixture were in good agreement with the observed 252 

experimental values at 850°C and 950°C (Figure 5). Figure 5 also illustrates the conversion as a 253 

function of time for the switchgrass (X’SG) and fluid coke (X’FF) in the mixture. SG as single feed, 254 

needed approximately 1.5 h and 18 min to be completely gasified at 850°C and 950°C, respectively, 255 

while within the mixture SG is converted after 4 h and 30 min at 850°C and 950°C, respectively. 256 

Fluid coke on the other hand is converted after 10 h and 8 h at 850°C and 950°C within the mixture, 257 

respectively, which is much faster than the gasification of the single feed. 258 

5.2.2 Switchgrass/Ash-free coal 259 

In the case of SG/AFC mixtures, model 1-B [where, 𝑠𝑆𝐺 = (𝑎𝑆𝐺) and 𝑠𝐹𝐹 = (1 + 𝑋𝑆𝐺 ∙ 𝑎𝐹𝐹)] was 260 

found to be favoured at 750°C and 850°C, see Tables 6 and 7 with the lowest AIC value of -8.56 261 

and -11.39, respectively. At 950°C, models 1-A, 1-B and 1-C were statistically equal. The results 262 

indicate that the inhibition parameter sSG was independent of SG conversion, which was most likely 263 

a result of the interaction of the feedstocks during the pyrolysis phase as the AFC sample was 264 
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directly used (not as a char). The acceleration of the gasification rate of AFC follows with the 265 

highest probability a linear relationship in the SG conversion (model B). 266 

For a few models the parameters could not be estimated as they reached their upper or lower bound 267 

values indicate that these models were not applicable.  268 

At 750°C SG conversion was strongly inhibited (aSG = 0.053). The low availability of potassium 269 

due to slow SG conversion shows a much lower conversion of the mixture compared to the non-270 

interacting feed. Also, the SG/AFC feed interactions during the pyrolysis phase or slow AFC 271 

volatilisation further inhibited co-gasification. But the amount of SG inhibition, and thus 272 

conversion time, decreased in the mixture with increasing temperature. The synergistic effect 273 

during co-gasification is observed despite the slow conversion of SG due to high content and good 274 

mobility of potassium. Figure 6 illustrates the observed and modeled (best fit) gasification behavior 275 

of SG, AFC and the mixtures for 850°C and 950°C.  276 

From the parameter estimation results of both SG/FC and SG/AFC co-gasification, the synergistic 277 

behaviour follows a linear relationship and increases with increasing SG conversion. Once the SG 278 

is fully converted, all the potassium from the char is completely available for the non-biomass 279 

feedstock. 280 

5.3 Influence of temperature on inhibition and acceleration parameter 281 

Since the SG/FC co-gasification was studied only at two temperatures, the influence of the 282 

temperature on the synergistic/antagonistic parameters cannot be validated. However, in the case 283 

of SG/AFC mixtures, the antagonistic parameter sSG, was not a function of the SG conversion and 284 

showed an exponential dependence with temperature. The product of sSG·kSG from eq. 5 can be 285 

lumped together and illustrated in the Arrhenius plot (Figure 7) to determine the change in the 286 

activation energy and the order of ln(ki).  287 
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For the single feeds of SG and AFC the activation energies are 88 and 110 kJ mol-1, respectively, 288 

and the pre-exponential factor is orders of magnitude larger for SG. Within the mixture the 289 

activation energy for SG’ increased significantly (206 kJ mol-1), whereas the activation energy for 290 

AFC’ increased slightly (129 kJ mol-1). The latter has been calculated based on a SG conversion 291 

of 50%, with ln(sFF·kFF) and sFF = 1 + 0.5·aFF from eq. 6. Once, SG is converted in the mixture the 292 

activation of AFC did not change much (132 kJ mol-1, not shown). Ideally, the presence of a catalyst 293 

should lower the activation energy, but a slight increase with addition of SG during co-gasification 294 

of AFC was observed. The huge increase in the SG activation energy illustrates the strong 295 

inhibition especially at low temperatures that might be explained by the potassium mobility and/or 296 

the effect of the AFC pyrolysis step. 297 

Brown et al.3 published an apparent activation energy of 176 kJ mol-1 for switchgrass CO2 298 

gasification. However, this value was determined by the rate at 50% conversion and not via kinetic 299 

analysis using the random pore or any other models. In one of our previous kinetic studies an 300 

activation energy of 124 kJ mol-1 for ash-free coal was determined applying the random pore 301 

model14.  302 

6 Conclusions 303 

This work aimed and showed how to quantify the synergism/antagonism effects that occur during 304 

co-gasification of potassium-rich switchgrass with ash-free coal and fluid coke by means of kinetic 305 

modeling including experiments, parameter estimation and model discrimination. The 306 

synergism/antagonism parameter were assumed to each follow four possible functions: a constant 307 

value, linear, square-root or non-linear trend. Based on the Akaike Information Criteria (AIC), the 308 

acceleration of the gasification rate of the non-biomass feedstock followed a linear function of the 309 

switchgrass conversion. The inhibition of the switchgrass conversion did not show a clear trend as 310 
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it depends on the non-biomass feedstock and temperature. However, the interparticle potassium 311 

mobility during the co-gasification was evident. The presence of potassium in switchgrass which 312 

acts as a catalyst is clearly observed from the modeling, where the gasification rates for the fluid 313 

coke or ash-free coal in the mixture significantly increased for all temperatures studied. 314 
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Nomenclature 327 

AIC - Akaike information criterion, eq. 7 328 

aFF - Synergistic constant 329 

aSG - Antagonistic constant 330 

EA kJ mol-1 activation energy 331 

kj min-1 rate constant 332 

m kg mass 333 

m - number of estimated parameters 334 

n - number of observations (data points) 335 

R J mol-1 K-1 universal gas constant = 8.314472 336 

t min or h time 337 

T K or °C temperature 338 

sFF - Synergistic parameter in fossil fuel conversion (acceleration) 339 

sSG - Antagonistic parameter in switchgrass conversion (inhibition) 340 

X - char conversion  341 

Greek symbols 342 

β  mass fraction of non-biomass in the mixed feed 343 

Ψ - Structural parameter for eq. 3 344 

Abbreviations 345 

AFC  ash-free coal 346 

FC  fluid coke 347 

RPM  random pore model 348 

RSS  sum of squares of residuals 349 

SG  switchgrass  350 
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Table 1 Chemical analysis of the parent samples 414 

 SG FC AFC 

Proximate analysis (wt%), dba 

Volatile  

Fixed carbon  

Ash  

76.9 

16.8 

6.3 

6.9 

91.1 

2.0 

69.5 

30.5 

~700 mg/kg c 

Ultimate analysis (wt%), daf a 

Carbon, C 

Hydrogen, H 

Nitrogen, N 

Sulfur, S 

Oxygen, Ob 

47.9 

6.2 

0.8 

0.1 

45.0 

83.7 

1.9 

2.2 

7.5 

4.8 

73.1 

4.3 

1.0 

0.4 

21.2 

Ash analysis (wt%) 

SiO2 52.5 34.7 - 

Al2O3 2.1 24.9 - 

TiO2 0.02 4.0 - 

Fe2O3 0.3 10.0 - 

CaO 6.4 5.4 - 

MgO 6.5 2.3 - 

Na2O 1.6 2.2 - 

K2O 20.3 1.5 - 

P2O5 5.0 0.6 - 

SO3 2.6 2.0 - 
a db = dry basis, daf = dry and ash free, b calculated by difference,  
c determined by ICP-MS (mgash/kgAFC), 
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Table 2 Tested assumptions of the synergistic parameter, sFF and antagonistic parameter, sSG 416 

Model sSG Model sFF 

1 𝑎𝑆𝐺  A 𝑎𝐹𝐹 

2 1 − 𝑋′𝑆𝐺 ∙ 𝑎𝑆𝐺  B 1 + 𝑋′𝑆𝐺 ∙ 𝑎𝐹𝐹 

3 1 − √𝑋′𝑆𝐺 ∙ 𝑎𝑆𝐺  C 1 + √𝑋′𝑆𝐺 ∙ 𝑎𝐹𝐹 

4 1 −  
𝑋′𝑆𝐺 ∙ 𝑎𝑆𝐺

(1 + 𝑋′𝑆𝐺 ∙ 𝑎𝑆𝐺)
 D 1 +

𝑋′𝑆𝐺 ∙ 𝑎𝐹𝐹

(1 + 𝑋′𝑆𝐺 ∙ 𝑎𝐹𝐹)
 

 417 

 418 

Table 3 Kinetic parameters of the random pore model for single feeds of SG, FC and AFC at different 419 

temperatures 420 

T (°C) kj (min-1)  R2 

Switchgrass (SG) 

750 1.27810-2 ± 1.310-4 0.03 ± 0.02 0.998 

850 2.61910-2 ± 2.010-4 1.43 ± 0.05 0.999 

950 7.00110-2 ± 8.710-4 8.15 ± 0.30 0.999 

Fluid coke (FC) 

850 2.88210-4 ± 2.110-6 15.8 ± 0.30 0.999 

950 2.71910-3 ± 5.010-6 0.09 ± 0.01 0.999 

Ash-free coal (AFC) 

750 2.07110-4 ± 4.210-7 1.39 ± 0.02 0.999 

850 5.39110-4 ± 3.610-6 0.75 ± 0.03 0.998 

950 1.73610-3 ± 1.510-5 3.05 ± 0.10 0.999 
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Table 4 Synergistic/antagonistic parameters, AIC and R2 of the 16 models for SG/FC feed at 850°C  422 

Model aSG aFF AIC R2 Rank 

3-B 0.65 ± 0.01 4.14 ± 0.02 -9.68 0.998 1 

4-B 1.79 ± 0.04 4.12 ± 0.02 -9.36 0.998 2 

3-C 0.70 ± 0.01 3.90 ± 0.02 -9.33 0.998 3 

1-B 0.58 ± 0.01 4.05 ± 0.02 -9.25 0.998 4 

4-C 2.08 ± 0.05 3.88 ± 0.02 -9.13 0.998 5 

3-A 0.80 ± 0.01 4.60 ± 0.02 -9.11 0.998 6 

2-B 0.83 ± 0.01 4.27 ± 0.04 -8.86 0.997 7 

2-C 0.91 ± 0.02 4.19 ± 0.07 -8.86 0.997 7 

4-A 2.67 ± 0.07 4.53 ± 0.02 -8.77 0.997 9 

1-C 0.56 ± 0.01 3.81 ± 0.03 -8.64 0.997 10 

2-A 0.99 ± 0.03 4.94 ± 0.12 -8.53 0.996 11 

1-A 0.51 ± 0.01 4.41 ± 0.03 -7.92 0.993 12 

1-D 0.64 ± 0.10 #  -3.73 0.559 13 

2-D 0.60 ± 0.22 #  -3.72 0.553 14 

3-D 0.51 ± 0.16 #  -3.72 0.556 15 

4-D 1.10 ± 0.59 #  -3.72 0.555 16 

# Upper bound value reached 423 
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Table 5 Synergistic/antagonistic parameters, AIC and R2 of the 16 models for SG/FC feed at 950°C  425 

Model aSG aFF AIC R2 Rank 

2-B 0.63 ± 0.02 1.76 ± 0.01 -9.86 0.998 1 

4-B 0.99 ± 0.06 1.76 ± 0.01 -9.80 0.998 2 

3-B 0.45 ± 0.02 1.76 ± 0.01 -9.73 0.998 3 

2-C 0.68 ± 0.01 1.73 ± 0.01 -9.59 0.998 4 

4-C 1.10 ± 0.08 1.72 ± 0.02 -9.48 0.997 5 

1-B 0.76 ± 0.01 1.75 ± 0.02 -9.44 0.997 6 

3-C 0.48  ± 0.02 1.72 ± 0.02 -9.43 0.997 7 

2-A 0.79 ± 0.03 2.66 ± 0.02 -9.22 0.997 8 

1-C 0.74 ± 0.02 1.72 ± 0.02 -9.17 0.997 9 

4-A 1.34 ± 0.11 2.65 ± 0.02 -9.04 0.996 9 

3-A 0.54 ± 0.03 2.65 ± 0.02 -8.98 0.996 11 

1-A 0.71 ± 0.02 2.65 ± 0.02 -8.75 0.995 12 

2-D 0.60 ± 0.17 #  -6.16 0.930 13 

1-D 0.76 ± 0.08 #  -6.15 0.930 14 

4-D 0.93 ± 0.41 #  -6.15 0.929 15 

3-D 0.43 ± 0.13 #  -6.12 0.928 16 

# Upper bound value reached 426 
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Table 6 Synergistic/antagonistic parameters, AIC and R2 of the 16 models for SG/AFC feed at 750°C  428 

Model aSG aFF AIC R2 Rank 

1-B 0.05 ± 0.00 4.49 ± 0.20 -8.56 0.997 1 

1-C 0.05 ± 0.00 3.34 ± 0.34 -7.69 0.993 2 

1-A 0.05 ± 0.01 2.73 ± 0.66 -6.64 0.980 3 

1-D 0.08  ± 0.00 #  -6.22 0.970 4 

2-A 0.93 ± 0.07 ǂ  -3.42 0.508 5 

3-A 0.63 ± 0.05 1.21 ± 0.08 -3.29 0.440 6 

# Upper bound value reached, ǂ Lower bound value reached 429 

 430 

Table 7 Synergistic/antagonistic parameters, AIC and R2 of the 16 models for SG/AFC feed at 850°C  431 

Model aSG aFF AIC R2 Rank 

1-B 0.21 ± 0.00 9.10 ± 0.04 -11.39 0.999 1 

1-C 0.17 ± 0.00 9.50 ± 0.09 -11.22 0.999 2 

1-A 0.14 ± 0.02 7.91 ± 1.24 -7.65 0.995 3 

3-B #  5.96 ± 0.19 -5.60 0.959 4 

3-C #  5.14 ± 0.18 -5.35 0.947 5 

3-A #  5.19 ± 0.16 -5.05 0.929 6 

2-B #  5.06 ± 0.24 -4.79 0.908 7 

2-C #  4.55 ± 0.22 -4.66 0.895 8 

2-A #  4.92 ± 0.20 -4.49 0.875 9 

4-B #  4.33 ± 0.26 -4.25 0.841 10 

4-C #  4.02 ± 0.25 -4.17 0.827 11 

4-A #  4.60 ± 0.24 -4.05 0.807 12 

1-D 0.32 ± 0.04 #  -3.39 0.626 13 

3-D 0.93 ± 0.07 #  -3.34 0.606 14 

# Upper bound value reached 432 
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Table 8 Synergistic/antagonistic parameters, AIC and R2 of the 16 models for SG/AFC feed at 950°C  434 

Model aSG aFF AIC R2 Rank 

1-A 0.42 ± 0.00 6.89 ± 0.03 -9.17 0.998 1 

1-C 0.49 ± 0.00 6.73 ± 0.04 -9.17 0.998 1 

1-B 0.53 ± 0.00 7.21 ± 0.05 -9.09 0.998 3 

3-C 0.79 ± 0.01 6.91 ± 0.07 -8.54 0.997 4 

3-B 0.74 ± 0.01 7.35 ± 0.08 -8.47 0.997 5 

3-A 0.87 ± 0.01 7.23 ± 0.08 -8.22 0.996 6 

2-C #  7.79 ± 0.10 -7.54 0.991 7 

2-B 0.88 ± 0.02 7.41 ± 0.17 -7.45 0.991 8 

2-A #  7.53 ± 0.10 -6.99 0.985 9 

4-B #  6.56 ± 0.12 -6.84 0.983 10 

4-C #  6.13 ± 0.12 -6.58 0.978 11 

4-A #  6.47 ± 0.13 -6.18 0.966 12 

1-D 0.63 ± 0.13 #  -3.03 0.226 13 

2-D 0.63 ± 0.33 #  -3.03 0.221 14 

3-D 0.52 ± 0.24 #  -3.03 0.224 15 
# Upper bound value reached 435 
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 437 

Figure 1 Char conversion during CO2 gasification of switchgrass (SG), fluid coke (FC), ash-free coal 438 

(AFC), mixture of SG/FC and SG/AFC at a) 850°C and b) 950°C. Dotted lines indicate observed and solid 439 

lines indicate non-interacting conversion. 440 
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 442 

Figure 2 Simplified scheme of the potassium catalyzed CO2 gasification mechanism (oxygen transfer 443 

cycle) including intra- and interparticle potassium transfer. 444 

  445 



Revised manuscript ef-2016-02270y R1 
 

28 
 

 446 

 447 

Figure 3 Synergistic/antagonistic behaviour of the different assumed models for aSG = 0.5 and aFF = 2.0, 448 

where Model 1-A: 𝑠𝑖 = 𝑎𝑖; Model 2-B: 𝑠𝑖 = (1 ± 𝑋′𝑆𝐺 ∙ 𝑎𝑖); Model 3-C: 𝑠𝑖 = (1 ± 𝑎𝑖  ∙ √𝑋′𝑆𝐺); Model 4-449 

D: 𝑠𝑖 = (1 ±
𝑋′𝑆𝐺∙𝑎𝑖

1+𝑋′𝑆𝐺∙𝑎𝑖
)  450 
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 451 

Figure 4 Observed and modeled char conversion during CO2 gasification for a) switchgrass (SG), b) ash-452 

free coal (AFC) and c) fluid coke (FC). Symbols represent observed data and lines the modeled values for 453 

the random pore model.  454 
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 455 

Figure 5 Observed and calculated char conversion for switchgrass and fluid coke co-gasification at a) 456 

850°C and b) 950°C. The dotted lines represent observed values, dashed line represents non-interacting 457 

values and solid lines indicate the best-fit model (3-B).  458 



Revised manuscript ef-2016-02270y R1 
 

31 
 

 459 

Figure 6 Observed and calculated char conversion for switchgrass and ash-free coal co-gasification at 460 

a) 850°C and b) 950°C. The dotted lines represent observed values, dashed lines represent non-interacting 461 

values and solid lines indicate the best-fit model (1-B).  462 



Revised manuscript ef-2016-02270y R1 
 

32 
 

 463 

Figure 7 Arrhenius plot for the CO2 gasification of switchgrass (SG) and ash-free coal (AFC) as single 464 

feeds or within a mixture (SG’ and AFC’) 465 

 466 


