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1. Reaction rate expressions 

A Ni/Al2O3 catalyst was selected for the reaction (packed bed) compartment. Reaction rate 

expressions from the literature were implemented, eqs S1-S3.1 These kinetic expressions, although 

originally developed for methane steam reforming, account for the reversibility of all reactions 

involved. Therefore, it is expected that eqs S1-S3 can describe the Sabatier-CO methanation-

reverse water gas shift reaction system described by eqs S1-S3. This assumption was 

experimentally validated using a commercial Ni catalyst (12 wt% Ni/Al2O3, BASF, supplied by 

Research Catalysts, Inc. USA); kinetic parameters were estimated through the non-linear least 

squares regression. 
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2. Estimation of kinetic parameters 

To estimate the parameters in eqs S1-S3 (Aj, Ej, Bi and ΔHi, total 14 parameters), a set of lab 

experiments were carried out to monitor the change in species concentrations as a function of 

temperature and space velocity. CO2 and H2 were fed by mass flow controllers to a flow reactor 

containing 0.5g of the catalyst (12 wt% Ni/Al2O3, BASF, supplied by Research Catalysts, Inc. 

USA), with the outlet concentrations monitored using an infrared analyzer (IR-208, Infrared 

Industries). Parameter estimation was done by minimizing the sum of the squared residuals of the 

CO2, CO and CH4 concentrations by means of the Trust-Region Reflective Algorithm.2 Simulated 

mole fractions were obtained by integrating a set of ordinary differential equations (MATLAB 

ode15s) described by eq S4:  
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Figure S1. Parameter estimation results, showing the experimentally measured mole fractions 

(solid lines) and the model prediction (symbols) obtained by integrating eq S4 using the estimated 

parameters (listed in Table S2).  
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Equation S4 represents the time evolution of all species participating in the reaction system in 

a kinetic flow reactor. Initial guesses for the reaction and adsorption constants were adopted from 

Xu and Froment.1, 3 The parameter estimation results are shown in Figure S1, with the estimated 

parameters listed in Table S2. As it can be seen from Figure S1, the adopted rate expressions with 

the estimated parameters listed in Table S2 satisfactorily predicts the experimentally measured 

mole fractions of CO2, CO and CH4. Note that the parameter estimation predicts that CH4 

formation pathway is reverse water gas shift with subsequent methanation rather than direct 

methanation of CO2.   

Table S2. Estimated kinetic parameters.  

A1 A2 A3 BCO BH2
 BCH4 B H2O 

8.90e8 3.42e6 9.22e-5 1.50e-9 1.86e-12 5.48e-7 6.43e3 

       

E1 E2 E3 ΔHCO ΔHH2
 ΔHCH4

 ΔH H2O 

122.4 93.1 104.8 -97.3 -103.4 -57.7 104.4 

Units of activation energies and adsorption enthalpies are kJ/mol. A1 and A2 have units of (mol 

kPa0.5)/(kg s). Units of A2 are mol/(kPa kg s). 

3. Transport parameters 

Intraparticle and interphase mass and heat transfer limitations were assessed using the 

following criteria:4-5 

2

2
ˆ

1      
4

j p

j

m

k d

D
                (S5) 



S5 

 

2ˆ 0.75
    

4

g RWGS j p g

s a

H k d TR

k T E

 
            (S6) 

2 ,

ˆ
0.15

2

j p

CO f c

k d

y k
              (S7) 

ˆ 0.75

2

g RWGS j p g

gs a

H k d TR

h T E

 
           (S8) 

1
1

(1 )ˆ s

tf g

k
k

P

 
 


   
2

2

(1 )
ˆ s tf

g

k P
k

 

 


   3

3

(1 )ˆ s

tf g

k
k

P

 
 


      

In the equations above, ks is the thermal conductivity of the pellet which was assumed to be 

the same as for alumina and calculated using an empirical correlation.6 The gas mass transfer 

coefficient (kc) was calculated from the Sherwood number, estimated by the Frossling correlation,7 

eq S9. The effective gas heat transfer coefficient (hgs) was calculated from the Nusselt number, 

estimated by the analogous correlation for heat transfer,8 eq S10. 
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Under relevant conditions (600-800 K, 5-10 bar, gas velocity of 0.04-0.2 m/s), and using 

previously estimated kinetic parameters, it was shown that interparticle and interphase transport 

limitations are negligible for methanation reactions. On the other hand, for the reverse water gas 

shift reaction the intraparticle mass transfer resistance was found to be significant. To account for 
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that transport limitation the internal effectiveness factor was calculated (for all reactions), using 

the standard expression for a spherical pellet:9 
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Axial mass and heat dispersion in a packed bed were accounted for through the following 

correlations: 
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 1.098 0.05Reae g pk              (S13) 

The effective axial mass dispersion coefficient, eq S12, was calculated using a typical correlation 

adopted from the literature.10 The expression for the effective axial heat dispersion coefficient, eq 

S13, was derived from the heat conductivity correlations developed for catalytic fixed beds,11-12 

by plotting kae vs. Rep in the relevant range and least squares fitting.13 

Wall heat transfer coefficients for heat exchange between the packed bed and cooling tube, eq 

S14, and heat loss to the environment, eq S15, were calculated by resistances in series. These 

parameters account for the contribution of the packed bed (hwr), cooling tube or reactor wall (w), 

molten salt (hwc), insulation layer (iw), and natural convection from the external reactor surface 

(hnc). 
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The effective wall heat transfer coefficient for the reaction compartment (hwr) was estimated 

using the following correlation: 
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This expression was obtained in the similar way as eq S13, using a complete set of the original 

correlations11-12 and least squares fitting.13 The effective wall heat transfer coefficient for the 

coolant tube (hwc) was estimated using the following correlations from the literature: 14-16 
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0.8 1/3Re 4000                            0.027 Re Prc c c cNu       (S19) 
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The values for the insulation layer (quartz wool) conductivity (iw) and natural convection (hnc) 

were adopted from the literature.17-18 These contributions were dominant in eq S15 and the wall 

heat loss coefficient was nearly constant in all simulations: Uw,HL  0.01 W/(m2 K). 

4. Conversion, selectivity and carbon balance derivation 

CO2 conversion (XCO2
) and CH4 selectivity (SCH4

) were obtained from the following equations 

(yCO2
, yCO, and yCH4

 are mole fractions on dry basis):  
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To obtain eqs S20 and S21, CO2 conversions to CO, eq S22, and to CH4, eq 23, are first defined: 
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 is the CH4 content in the carbon-based feed, as defined in eq S24: 
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The total CO2 conversion and CH4 selectivity are then obtained as follows: 
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Carbon balance (CB) is defined as the total rate of carbon fed to the reactor divided by the rate 

of carbon exiting the reactor: 

2 4 1 2
( )(1 4 )(1 )

CO CO CH
CB y y y f f                  (S27) 

In eq S27, the feed H2:CO2 ratio () and feed CH4:CO2 ratio (γ) are defined as follows: 
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To obtain eq S27, the carbon balance definition, eq S30, is expressed in terms of above-

mentioned definitions using the total outlet flow rate Ft,out defined by eq S31:  
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2 2 4 4 4, , , , , , ,[ 4( )]t out CO f H f CO out CH out CH f CH fF F F F F F F             (S31) 

FCO,out and FCH4,out in eq S31 correspond to the H2 consumption in the RWGS and Sabatier 

reactions. 
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NOMENCLATURE 

,c HEa   cooling tube surface-to-volume ratio, m-1 

,r HEa   cooling tube surface-to-packed volume ratio, m-1 

,r HLa   reactor surface-to-volume ratio, m-1 

cA   total cross-sectional area of cooling tubes, m2 

jA   pre-exponential factor of the rate coefficient of reaction j, units of jk  

jB   pre-exponential factor of the adsorption coefficient of species i, units of jK  

iC   molar concentration of species i, mol/m3 

tC   total molar concentration, mol/m3 

pcC   coolant heat capacity, kJ/(kg K) 

pgC   gas heat capacity, kJ/(mol K) 

d   wall thickness, m 

pd   catalytic pellet diameter, m 

D   diameter, m 

aeD   effective axial diffusion coefficient, m2/s 

mD   gas molecular diffusivity, m2/s 

jE   activation energy of reaction j, kJ/mol 

cG   gravimetric (mass) flow rate of coolant, kg/s 

nch   natural convection heat transfer coefficient, kJ/(m2 s K) 

wh   effective wall heat transfer coefficient, kJ/(m2 s K) 

iH   adsorption enthalpy change of species i, kJ/mol 

aek   effective axial thermal conductivity, kJ/(m s K) 

jk   rate constant of reaction j 
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iK   adsorption constant of species i, bar-1  

,j eqK   equilibrium constant of reaction j  

L  reactor length, m 

Nu   Nusselt number 

ip   partial pressure of gaseous species i, bar 

tP   reactor pressure, bar 

Pr   Prandtl number 

tfP   total feed gas pressure, bar 

Re  Reynolds number  

jR   rate of reaction j, mol/(kg s) 

gR   gas constant, kJ/(mol K) 

SV   space velocity, h-1 

t   time, s 

T   reactor temperature, K 

cT   coolant temperature, K 

eT   environment temperature, K 

wU   overall effective wall heat transfer coefficient, kJ/(m2 s K) 

g
v   gas velocity, m/s 

V   compartment volume, m3 

z   reactor length coordinate, m 

Greek letters 

ij
   stoichiometric coefficient of species i in reaction j 

   catalyst bed porosity 

   Thiele modulus 

j   effectiveness factor of reaction j 
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  thermal conductivity, kW/(m K) 

   viscosity, kg/(m s) 

c   coolant density, kg/m3 

g   gas molar density, mol/m3 

s   solid density, kg/m3 

b   catalyst bed tortuosity 

Subscripts 

air  compressed air 

c  coolant  

eff  effective 

eq  equilibrium 

f  feed 

g  gas 

HE  heat exchange 

HL  heat loss 

int  initial 

nc  natural convection 

out  outlet 

p  pellet  

s  solid 

MS  molten salt  

r  reactor 

Abbreviations 

LFG  landfill gas 

PtG  power-to-gas 

RNG  renewable natural gas 

TOS  time-on-stream  
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