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The operating principles of a GBC-reactor operating in a galvanic mode have been 
described by an, experimentally validated, one-dimensional theoretical model. In this 
paper a two-dimensional theoretical model is presented which is used to describe the 
behaviour of an industrial scale GBC-reactor with a high fractional degree of 
conversion. The effect of the reactor geometry on the performance of the system is 
studied by numerical simulations of the theoretical model. Three different reactor 
configurations are treated: a rectangular geometry and two versions with a cylindrical 
geometry. The distinction between the configurations with a cylindrical geometry is 
the placement of the gas diffusion anode, which can be either external or internal. Two 
criteria are used in the optimisation of the GBC-reactor design, which ensure the 
optimal use of both the anode and cathode. It is shown that a cylindrical geometry with 
an internal gas diffusion anode is the most favourable GBC-reactor configuration. 

Keywords: GEe-reactor, scale-up, theoretical model, geometry, metal ion reduction 

1. Introduction 

The basic operating principles of a GBC-reactor (Gas diffusion electrode packed Bed 
electrode Cell) operating in a galvanic mode have been described by an one
dimensional theoretical model [1]. In a previous paper experimental results were 
reported which were used to successfully validate the proposed model [2]. However, in 
industrial applications of a single pass GBC-reactor a high fractional degree of 
conversion is desirable. To describe the behaviour of such a large scale system an 
extension of the model to two dimensions is necessary. This reason for this is that the 
one-dimensional model was developed for a differential GBC-reactor, i.e. no 
concentration gradients exist in the three-dimensional cathode. 

In this paper a general two-dimensional theoretical GBC-reactor model for the 
galvanic operation mode is presented, which can be used for scale-up and design 
optimisation. In optimising the reactor performance for an industrial application the 
geometry of the system is an important design variable. The extensive literature on the 
design of electrochemical reactors, with a three-dimensional cathode and operating in 
an electrolysis mode with a high fractional degree of conversion, covers the use of a 
rectangular [e.g. 3-10] or cylindrical [e.g. 11-12] reactor geometry. However, several 
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adaptations of these models are necessary to obtain a suitable description for a reactor 
operating in a galvanic mode. 

Three different reactor configurations are formulated, one rectangular and two 
cylindrical versions, and there theoretical performances are compared on the basis of 
two design criteria. The performance of the different reactor designs is evaluated by 
numerical simulations of the theoretical model. 

2. Theory 

2.1 Model development 

In developing the model the same reaction scheme is used as that formulated for the 
one-dimensional model [1]. This means that two major reactions are considered: the 
oxidation of dissolved hydrogen gas inside the gas diffusion anode (Equation 1) 
combined with a simple n-electron first order (metal ion) reduction reaction on the 
surface of the three-dimensional cathode in which both the oxidised and reduced 
components are soluble ions (Equation 2). 

(1) 

(2) 

The geometry of the reactor is considered a design variable but all configurations 
contain three different reactor components : the active layer of the gas diffusion anode 
[13], a porous separator and a three-dimensional cathode [1]. Thus, the model is based 
on a divided reactor configuration. Furthermore, as in the one-dimensional model [1], 
several important assumptions are made considering the process conditions: 

(i) the reactor operates in a steady state under isothermal conditions 
(ii) the porosity and specific surface areas of both electrodes are uniform 
(iii) the conductivity of the solid phases is good (Le. equipotential solid phases) 
(iv) a high concentration of an acidic background electrolyte is present in all reactor 

components, thus ionic migration of OIR can be neglected and the pH remains 
approximately constant in all reactor components during reactor operation. 

(v) only low concentrations ofH2, 0 and R are present in the solution. 
(vi) reactants and products of the anode and cathode reaction are not exchanged 

between the different reactor components, with the exception of protons. 
(vii) 

2.2 Reactor geometry 

The one-dimensional theoretical OBe-reactor model considered a rectangular design 
[1], which is also one of the configurations studied in this paper. In the two
dimensional rectangular reactor configuration gradients are considered to exist in both 
the lateral (x-axis) and axial (z-axis) directions (Figure 1). It is also possible to use a 
cylindrical geometry. In that case two reactor configurations can be envisaged : one 
with an internal gas diffusion anode (Figure 2) and one with an external gas diffusion 
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i'igures 1-3 

anode (Figure 3). In both cylindrical configurations gradients will exist in the radial (r
axis) and axial (h-axis) directions. 

To enhance comprehension of the development of the two-dimensional model the 
rectangular reactor geometry is fully elaborated, using the cartesian coordinate system. 
The adapted equations applicable for configurations having a cylindrical geometry, for 
which a cylindrical coordinate system is used, are given in Appendix I. 

2.3 Model equations for a rectangular reactor geometry 

2.3.1 Potentials 

Electrode overpotentials used in this paper are expressed as a combination of solution 
and solid phase electric potentials (Equation 3). Furthermore, the solid phases of both 
the anode and cathode are considered to be equipotential when they are externally 
short-circuited [1]. Therefore, both the electric potential of the solid phase of the anode 
and that of the cathode can be arbitrarily set to zero. 

(3) 

2.3.1 Gas diffusion anode 

The behaviour of the active layer of the gas diffusion anode is described with a model 
presented earlier for the hydrogen oxidation at relatively low current densities (Le. the 
reactive plane approximation [13]). Basically this means that the reaction centre is 
located at a plane coinciding with the gas-liquid interface inside the gas diffusion 
anode (i.e. at Xl in Figure 1) and that the oxidation process is completely kinetically 
controlled. The anode reaction current density, as a function of height, is described by 
Equation 4, in which jo,app is an apparent exchange current density. These current 
densities are both based on the geometric surface area of the gas diffusion anode, Aa. 

ja (z) = jo,app{T 11a = jo,app :T ( -<l>~ (x 1, z) Ea,o ) (4) 

As in the one-dimensional model the solution phase current density will be constant 
across the whole active layer thickness [1]. This means that the variation in the 
solution phase electric potential inside the active layer can be described as : 

(5) 

2.3.2 Porous separator 

The porous separator acts only as an extra resistance in the liquid phase, thus the 
solution phase current density remains constant across it [1]. Therefore the variation in 
the solution phase electric potential can be described as : 

(6) 
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2.3.3 Three-dimensional cathode 

The electrochemical kinetics of the OIR redox couple are described with Butler
Volmer kinetics, so the cathode reaction current density, based on the true cathode 
surface area, is calculated according to Equations 7-9. In these Equations an artificial 
local cathode overpotential, 11c·, is used. This overpotential is defined with respect to 
the equilibrium potential of the OIR redox couple at the reactor entrance. This 
procedure facilitates calculations as the concentration dependence of the anodic and 
cathodic electrochemical rate constants can be cancelled in this manner [4]. The true 
local cathode overpotentials can be obtained afterwards when the local concentrations 
of 0 and R have been determined. 

(7) 

(8) 

( 

b J-(l-cr) nF • Co in -(l-cr)~--1'Jc 
kc(x,z) kg b exp RT 

cR,in 

( J
-(l-cr) nF( ) 

cg in -(l-cr)~ -<J);(x,z)-Ec,O,in 
= ks -b-'- exp RT 

CR,in 

(9) 

As in the one-dimensional model mass transfer of 0 and R towards or from the 
cathode surface is described with the film theory [1]. Subsequently, the surface 
concentrations of 0 and R in Equation 7 can be substituted by bulk concentrations, 
which gives a general reaction-diffusion model [1, 14] : 

(10) 

The cathode reaction current is generated inside the three-dimensional structure, thus 
the solution phase current density will vary locally. As shown previously [1], the 
variation in the solution phase electric potential can then be described by a 
combination of a current balance and Ohm's law, which for the two-dimensional 
description leads to : 

(11) 

In contrast to the one-dimensional model the concentrations of 0 and R will vary 
locally inside the three-dimensional cathode. These concentration changes are 
described with two steady state mass balances (Equations 12 and 13, [14]). 
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In both mass balances the effect of axial diffusion/dispersion is neglected, as 
convection is considered to be the main mass transfer mechanism in the axial 
direction. 

(12) 

(13) 

2.3.4 Boundary conditions 

The boundary conditions needed to solve the system of partial second order differential 
equations describing the changes in the solution phase electric potential over the 
different reactor components (Equations 5, 6 and 11) can to a great extent be derived 
from the charge and voltage balances used for the one-dimensional model [1]. 

At the reactive plane inside the active layer of the gas diffusion anode the gradient 
of the solution phase electric potential must be equal to Equation 14, as at that plane 
all current is transferred from the solid to the solution phase. At the boundary between 
the active layer and the porous separator continuity exists of both the solution phase 
current density and the solution phase electric potentials (Equation 15). Furthermore, it 
is assumed that no current leaks from the top and bottom of the active layer (Equation 
16, [1]). 

8Q)a 
__ s = 
ax a 

Keff 

at x =Xl (14) 

atx X2 (15) 

at z = 0 and z = H (16) 

The conditions for the porous separator at its boundary with the three-dimensional 
cathode are based on the continuity of both the solution phase current density and the 
solution phase electric potential (Equation 17). Also in this component no current 
leaks away at the top and bottom (Equation 18). 

(17) 

atz 0 andz=H (18) 
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At the back of the three-dimensional cathode (i.e. at X4) no solution phase current 
flows, as all current has been transferred to the solid matrix (Equation 19). Again, at 
the top and the bottom of the cathode no current leaks away (Equation 20). 

=0 atx=X4 (19) 
fJx 

o atz 0 andz=H (20) 

The boundary conditions for the steady state mass balances (Equations 12 and 13) are 
common for a system behaving as a plug flow type reactor [15], and are given by 
Equations 21-23. It should be noted that mass transfer of 0 and R between the three
dimensional cathode and the porous separator is neglected (Equation 23, §2.l). 

atz 0 (21) 

b b 
OCo = OCR = 0 
Bz az atz H (22) 

at x Xl and x = X4 (23) 

2.4 Total charge and voltage balances over the reactor 

In developing the one-dimensional reactor model a total charge and voltage balance 
were used explicitly to link the different reactor components [1]. In the two
dimensional version of the model presented here these balances are incorporated 
implicitly in the formulated boundary conditions. Moreover, it is in this case not 
possible to construct a total voltage balance similar to that described previously [1]. 
However, the total charge balance is simply given by Equation 24. As this total charge 
balance is not used explicitly in the two-dimensional model it can be used to check the 
accuracy of the obtained solution. 

(24) 

2.5 Method of solution 

It is not possible to obtain an analytical solution for the partial differential equations. 
Therefore, a commercial software program (SEPRAN@), incorporating a finite element 
method, was used to numerically simulate the theoretical two-dimensional GBC
reactor model. Separate rectangular meshes, with a maximum size of 50 (x,r-direction) 
x 100 (z-direction) nodes, were used for all three reactor components (i.e. active layer, 
porous separator and three-dimensional cathode). An iterative scheme was used to 
achieve convergence of the solution, starting with providing the mesh with initial 
values for the concentrations of 0 and R and of the solution phase electric potential. 
Thereafter, the mass balances were solved prior to the partial differential equations 
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describing the changes in the solution phase electric potential. Next, the latter were 
solved using the updated concentration profiles of 0 and R, using a number of 
successive approximations. This cycle was repeated until acceptable accuracy (i.e. less 
then 0.1 % change) of the solution was reached. 

The total anode and cathode currents and the mean reactor exit concentrations of 
o and R can be determined for the rectangular reactor geometry by Equations 25-26, 
respectively (versions for cylindrical geometry are given in Appendix I). The values of 
the integrals were determined by numeric integration. 

The accuracy of the obtained solution was checked by (i) evaluation of the total 
charge balance given by Equation 24 and (ii) comparison of the cathode current with a 
mass balance over the three-dimensional cathode (Equation 27). The fractional degree 
of conversion, ~ , was calculated according to Equation 28. In all reported simulations 
the total charge balance was accurate to six digits, while the relative error between the 
total mass balance and the cathode current was less then 0.5 %. 

HX4 

Ie = a~W f fiedxdz (25) 
o X3 

(26) 

• b I Ie = nFQ~CO,in (27) 

(28) 

2.6 Design criteria 

To theoretically compare the performance of full-scale GBC-reactors with a different 
geometry two design criteria are used. The first is a slightly modified version of the 
normalised space velocity [16]. The normalised space velocity expresses the volume of 
solution which is processed in 1 hour time by an unit volume of reactor at a fractional 
degree of conversion of key reactant of 0.9. Here, the three-dimensional cathode 
volume is used, as it mainly determines the total GBC-reactor volume. Subsequently, it 
follows that if a GBC-reactor operates at a fractional degree of conversion of 0.9, the 
normalised cathode space velocity must be equal to : 

v =_Q 
sn V 

e 
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Table 1 

The normalised space velocity is an interesting design parameter as the reactor volume 
is closely linked to the capital costs involved in its construction [17, 18]. 

Besides the three-dimensional cathode the gas diffusion anode forms the main part 
of a GBC-reactor. Gas diffusion anodes are relatively expensive and may contribute 
considerably to the capital costs involved in the construction of a GBC-reactor. Thus, 
optimal use of the available gas diffusion anode area is another design criterion. 
Analogous to the normalised cathode space velocity an anode surface velocity can be 
defined as : the volume of solution which is processed in 1 hour time by a unit 
geometric surface area of gas diffusion anode at a fractional degree of conversion of 
key reactant of 0.9. For a GBC-reactor operating at a fractional degree of conversion of 
0.9 the anode surface velocity can then be defmed as : 

Q v :::-
an A 

a 
(30) 

3. Comparison of theoretical reactor performance 

To evaluate the theoretical performance of the different reactor designs it is necessary 
to establish a basis for comparison. An identical fractional degree of conversion (Le. 
0.9) is part of it. Furthermore, in the current approach identical process conditions are 
considered in each reactor, which includes identical kinetic and mass transfer rate 
constants. Identical mass transfer rate constants at otherwise similar process conditions 
(e.g. physical properties and three-dimensional cathode structure) can of course only 
be realised at a fixed superficial liquid velocity. A characteristic set of GBC-reactor 
process conditions was selected, which are used in all reported numerical simulations 
of the various reactor configurations (Table 1). With respect to the dimensions of a 
GBC-reactor the limited sizes of currently available gas diffusion anodes should also 
be taken into consideration. On the basis of information obtained from commercial 
manufacturers the maximum geometric surface area of a gas diffusion anode is 
estimated as 1 m2

, with a maximum length scale of2 m. These critical sizes are used in 
the simulations to obtain reactor configurations with a maximum processing rate. 

Numerical simulations were performed with the rectangular two-dimensional 
reactor model, using the parameter set of Table 1. To comply with the restrictions 
made with respect to the maximum dimensions of the anode three different values for 
the height of the reactor were selected of 2, 1 and 0.5 m. Due to the maximum 
geometric surface area of the gas diffusion anode of 1 m2 this results in a width of the 
reactor system of 0.5, 1 and 2 m, respectively. Consequently, the thickness of the 
three-dimensional cathode remains as the only design variable. 

In Figure 4 the simulated concentration profile of reactant 0 inside the cathode is 
plotted for a system with the dimensions of 1.0 x 1.0 x 0.15 (height x width x 
thickness of cathode) m3

. This profile shows distinct variations in the local 
concentration of 0 as a function of both the axial and lateral coordinates. The lateral 
variation is typical for three-dimensional electrodes [1], as the reaction rate varies 
strongly in this direction due to the decrease in the solution phase electric potential 
which adversely effects the cathodic reaction rate constant (Equation 9). This variation 
of the solution phase electric potential is shown in Figure 5, for the conditions 
corresponding with Figure 4. The resulting profile of the cathode reaction current 
density is plotted in Figure 6, which at first instance looks very exotic. However, it is 
possible to normalise the cathode reaction current density with respect to the local 
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mass transfer limited cathode current density of 0, which, as shown in Figure 7, gives 
are very smooth plot. From Figure 7 it follows that the cathode reaction current density 
is almost completely mass transfer limited at the porous separator boundary. However, 
in the lateral direction the normalised cathode reaction current density drops fast, 
which is in accordance with the decrease in the driving force for the cathode reaction 
(Figure 5). 

rigures 4-7 A lot more information can be obtained from the simulation results, like the 
distribution of the anode reaction current density and the solution phase electric 
potential profile inside the gas diffusion anode active layer and the porous separator. 
However, as in the one-dimensional model simulations these factors hardly influence 
the reduction rate of the three-dimensional cathode [1] and are not considered further. 

To determine the three-dimensional cathode thickness at which a fractional degree 
of conversion of 0.9 is reached its value was varied in different simulation runs. The 
results of these simulations for the rectangular reactor geometry are plotted in Figure 8. 
From this Figure its clear that the fractional degree of conversion decreases with 
increasing cathode thickness and decreasing height of the reactor. The fact that the 
conversion decreases with increasing thickness can be attributed to the diminishing 
driving force for the reduction reaction, as already explained previously. The influence 
of the reactor height on the conversion is an effect caused by chances in the residence 
time. Obviously, complete conversion of a reactant is always achieved in a reactor of 
infinite height irrespective of the three-dimensional cathode thickness. To compare the 
performance of the different rectangular reactor configurations the normalised cathode 
space velocity and the normalised anode surface velocity were calculated and are given 
in Table 2. From these data it can be concluded that a reactor with a smaller height 
leads to an increase in the normalised cathode space velocity. However, an optimum 
reactor height seems to exists with respect to the normalised anode surface velocity. 

rigure 8 Similar simulations were performed for a cylindrical GBC-reactor with an external 
gas diffusion anode. Again, the maximum dimensions of the gas diffusion anode 
geometric surface area were used. In this reactor configuration the dimensions of the 
cathode are determined by those of the gas diffusion anode surrounding it. Thus, the 
desirable degree of conversion of reactant 0 can only be obtained by varying the radius 
and height of the gas diffusion anode. Using the maximum geometric surface area of 
the anode in a single GBC-system therefore results in an extreme radius of the three
dimensional cathode. Consequently, the core of the cylindrical cathode will be inactive 
due to the Ohmic voltage loss in the solution phase. This problem can be circumvented 
by introducing an extra design variable : the number of parallel reactor units. By 
dividing the maximum gas diffusion anode geometric surface area over multiple 
parallel reactors, the radius of a single GBC-reactor is significantly reduced, as shown 
in Figure 9. The overall processing rate should in this case be taken equal to the sum of 
the processing rates of the single reactor units. The height of the reactor was varied in 
different simulation runs, using either 1, 2 or 4 reactor units, to obtain the value at 
which a fractional degree of conversion of 0.9 is reached. The resulting values for the 
normalised cathode space velocity and anode surface velocity are given in Table 3. It is 
interesting that the normalised cathode space velocity at a height of 0.5 m is exactly 
the same is that of the rectangular reactor configuration of the same height. Closer 
examination reveals that the values of the normalised cathode space velocity seem to 
increase linearly with increase of the height of the reactor, independent of the reactor 
geometry. The values of the normalised anode surface velocity are similar compared to 
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Figure 9 

Tables 2-4 

those of the rectangular reactor geometry and decrease with decreasing height of the 
reactor, without passing through an optimum value. 

The cylindrical GBC-reactor with an internal gas diffusion anode was simulated in 
a similar manner as before. Again, the maximal geometric surface area of the anode 
was used in the calculations. However, if this total area is used in only one reactor 
system the internal diameter of the gas diffusion anode becomes extremely large. This 
means that the reactor will effectively operate as a rectangular reactor. To solve this 
problem the same strategy as before was employed : the anode area is divided over 
mUltiple reactor units. The thickness of the three-dimensional cathode shell around the 
gas diffusion anode can be varied independently from the other reactor dimensions. 
The simulations were performed with various heights of the reactor (Le. 2, 1 and 0.5 
m), using different numbers of reactor units (Le. 1, 2 or 4). In each case the thickness 
of the cathode shell was determined at which the fractional degree of conversion 
equals 0.9. The results of these simulations in terms of the cathode space velocity and 
anode surface velocity are given in Table 4. As observed before the normalised 
cathode space velocity is only dependent on the height of the reactor, giving exactly 
the same values as those obtained for the other two reactor configurations. The 
behaviour of the normalised anode surface velocity is less unequivocaL In case of 1 
reactor unit an optimum height of the reactor is observed, while at multiple reactor 
units the anode surface velocity decreases with decreasing height of the reactor. 

4. Discussion 

The presented two-dimensional GBC-reactor model for the galvanic operation mode is 
essentially a straightforward extension of the one-dimensional theoretical model [1], 
which has been experimentally verified [2]. This two-dimensional model makes it 
possible to study the effects of scale-up on the overall system behaviour, which can be 
of great advantage in the optimisation of the design of large scale GBC-reactors. 

Theoretically, it is desirable to operate a three-dimensional electrode reactor at 
limiting current conditions, as this corresponds with the highest possible space velocity 
[11, 19]. Several methods to optimise the design of an electrochemical reactor 
operating at these conditions are presented by Kreysa [11, 19]. In the two-dimensional 
model presented in this paper no restrictions are set with respect to the current 
conditions. This approach allows the optimisation of the reactor design for all types of 
processes, as it is often not possible to operate the system at the limiting current 
conditions. 

The use of the anode surface velocity as a design criterion is especially important 
in case of a GBC-system, as the gas diffusion anode is an expensive part of the 
construction of the reactor. Possible consequences of an expensive counterelectrode 
and, or, electrode separator with respect to the reactor design have also been pointed 
out by Fedkiw and Safemazandarani [3] and Kreysa et al. [11]. 

The observation that the normalised cathode space velocity is determined only by 
the height of the reactor, irrespective of the other dimensions and geometry of the 
system can be easily explained. The expression used to calculate the normalised 
cathode space velocity (Equation 28) can also be written as : 

3600UsA flow 3600Us V sn = =- .. -
HA flow H 

(31) 
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From Equation 31 it is clear that under any circumstance the cathode space velocity 
varies linearly with the height of the reactor as all simulations are performed at a 
constant superficial liquid velocity. This conclusion has a general validity, irrespective 
of the values of the fractional degree of conversion and, or, superficial liquid velocity. 

In contrast to the cathode space velocity the anode surface velocity shows a 
nonlinear behaviour with respect to changes in the height of the reactor and varies as 
the geometry of the system is changed. Again, the explanation for this behaviour can 
be elucidated be rewriting the expression given for the calculation of the normalised 
anode surface velocity (Equation 30) as follows: 

(32) 

This Equation can be written in terms of specific dimensions for the three different 
reactor configurations (Appendix In. A similar feature can be distinguished from these 
Equations : the anode surface velocity is dependent on the lateral/radial length scale of 
the three-dimensional cathode. The expression for the anode surface velocity of the 
cylindrical reactor geometry with an internal anode differs slightly from the others as it 
also includes the internal diameter of the gas diffusion anode. The length scale of the 
three-dimensional cathode in the lateral/radial direction is strongly dependent on the 
potential distribution inside it. Apparently, for each geometry an optimum combination 
of the reactor dimensions exist for which the anode surface velocity reaches a 
maximum value. The exact values of the reactor dimensions which correspond with 
this optimum can only be obtained from numerous simulations of the model, as no a 
priori knowledge of the potential distribution is available. However, certain important 
trends in the behaviour of the anode surface velocity can be distinguished, which can 
be used as guidelines in the reactor design. From Tables 2-4 it can be concluded that a 
cylindrical reactor geometry with an internal gas diffusion anode provides the highest 
values of the normalised anode surface velocity. Furthermore, it also follows that a 
decrease in the internal diameter of the gas diffusion anode is very beneficial. 

As previously indicated, the optimal design of a GBC-reactor, at specific process 
conditions, is ultimately determined by economic considerations (i.e. the capital costs 
involved in the reactor construction). This means that the actual design is dependent on 
the costs of the geometric surface area of the gas diffusion anode relative to that of the 
volume of the three-dimensional cathode. However, it can be concluded that a GBC
reactor design with a cylindrical geometry and an internal gas diffusion anode provides 
the best possibility to combine a high cathode space velocity with a high anode surface 
velocity. This geometry also offers the possibility to combine multiple GBC-reactor 
units into one system, analogous to the design of multitubular packed bed reactors 
[15]. In this case a large cylindrical three-dimensional cathode in which multiple gas 
diffusion anodes are inserted can be envisaged. Whether this configuration offers 
considerable economic/operational advantages over separate reactor units presents 
another design option worth while studying. 
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Nomenclature 

Latin 

Aa 
Ac 
Aflow 

geometric gas diffusion anode surface area, calculated at either Xl> re,l or ri,1 (m2
) 

true cathode surface area (m2
) 

a" 

cross-section area of three-dimensional cathode in the lateral/radial direction (m2
) 

specific surface area (m2 mol) 
c 
D 
E 
F 
H 
I 

concentration (mol m"3) 
diffusion coefficient (m2 

S"I) 

electrode potential (V) 
Faraday constant (96487 C mor l

) 

height of GBC-reactor (m) 
current (A) 

ic cathode reaction current density based on Ac (A m02
) 

id 
ja 
jo,app 
kalc 

diffusion limited cathode reaction current density based on Ac (A m02
) 

anode reaction current density based on Aa (A m-z) 
apparent exchange current density of hydrogen oxidation reaction based on Aa (A mol) 
anodic/cathodic electrochemical reaction rate constant OIR redox couple (m sol) 

~ mass transfer coefficient (m sol) 
ks 
Nun.! 
n 

standard electrochemical rate constant of OIR redox couple (m sol) 
number of parallel GBC-reactor units (-) 

R 
r 
T 
Us 
Vc 
Van 

Vsn 

W 
X 

Z 

Greek 

number of electrons (-) 
gas constant (8.314 J mor l K"I) 
radial coordinate (m) 
temperature (K) 
superficial liquid velocity (m sol) 
volume of three-dimensional cathode (mJ) 
normalised anode surface velocity (m h-I) 
normalised cathode space velocity (hOi) 
width of GBC-reactor (m) 
lateral coordinate (m) 
axial coordinate (m) 

<P electric potential (V) 
a. anodic transfer coefficient of OIR redox couple (-) 
E porosity (-) 
II electrode overpotential (V) 
K solution phase conductivity (O-I mol) 
v stoichiometric coefficient (-) 
~ fractional degree of conversion (-) 

Sub-I superscript 

o equilibrium state 
a active layer gas diffusion anode 
b bulk conditions 
c three-dimensional cathode 
e cylindrical reactor configuration with external gas diffusion anode 
eff effective 

cylindrical reactor configuration with internal gas diffusion anode 
s solution phase or porous separator 
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Appendix I Two-dimensional model using cylindrical coordinates 

The kinetic relations (Equations 4, 7-10) are identical for the reactor configurations 
with a cylindrical geometry, except for the substitution of the lateral coordinate x by 
the radial coordinate r. The partial differential equations describing the changes in the 
solution phase electric potential (Equations 5, 6, 11) and of the concentrations of 0 
and R (Equations 12-13) should, respectively, be substituted by Equations AI-A.5. 

(A.l) 

(A2) 

(A3) 

ocg = D (~~(OCgJJ _ U oeg _ voic = 0 
at O,eff r Or Or s OZ nF (AA) 

oc~ = D (~~(oe~JJ _ u oc~ _ vRic = 0 
at R,eff r Or Or s OZ nF (A.5) 

The boundary conditions as given by Equations 14-15, 17, 19 and 23 should in case of 
a GBC-reactor with a cylindrical geometry and an external gas diffusion anode be 
replaced by Equations A.6-A10, respectively. 

at r= re,3 (A6) 

a o¢l: s O¢I~ a rhS 
-Keff--a;-=-Keff fu ' ¢Is 'Vs at r= re,2 (A.7) 

atr=re,! (A. 8) 

atr=O (A9) 

at r 0 and r re,! (A. 10) 

14 



The anode and cathode currents and the mean reactor exit concentrations of 0 and R 
(Equations 25 and 26) should for the cylindrical reactor geometry with an external gas 
diffusion anode be calculated by : 

H 

Ia 2nre,3 Jjadz 
o 

Hrel 

Ie = 2na~ J J riedrdz 
o 0 

re 1 

Jc~(r,H)dr 
,(-c~-) = -=---,,---

exit {)2 re,1 

(All) 

(A12) 

The boundary conditions as given by Equations 14-15, 17, 19 and 23 should in case of 
a GBe-reactor with a cylindrical geometry and an internal gas diffusion anode be 
replaced by Equations Al3-A17, respectively. 

a 
Keff 

s 8<I>~ e 8<I>~ s e 
- Keff -a;- = -Keff fu ' <Ds = <Ds 

=0 ar 

at r ri,! (A.l3) 

at r ri,2 (A.14) 

at r fi,3 (A.l5) 

at r rj,4 (A16) 

at f ;:: fi 3 and r = fi 4 , , (A.l7) 

The anode and cathode currents and the mean feactor exit concentrations of 0 and R 
(Equations 25 and 26) should fOf the cylindrical reactor geometry with an internal gas 
diffusion anode be calculated by : 

H 

I a = 2nri,1 f ja dz 
o 

H ri,4 

Ie = 2na~ J f riedrdz 
o ri,3 

ri,4 

frc~ (r,H)dr 

, (4L = (~3)2 (r )2 
1,4 1,3 
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Appendix II Calculation of surface velocity 

The surface velocity, as generally defined by Equation 32, can be calculated for the 
rectangular reactor geometry by Equation A.20. Equations A.21 and A.22 are the 
elaborated expressions for a cylindrical reactor geometry with an external or internal 
gas diffusion anode, respectively. 

3600UsW(X4 X3) 
van = HW (A.20) 

(A.21) 

(A.22) 
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LIST OF TABLE CAPTIONS: 

Table 1 

Table 2 

Table 3 

Table 4 

Characteristic GBC-process conditions used in numerical simulations of 
the various reactor configurations. The process is considered to be 
isothermal at 298 K. a Calculated with correlation for rorous RVC-type 
cathode and solution phase conductivity value [2], calculated with 
Bruggeman correlation and solution phase conductivity value. 

Simulation results for a rectangular GBC-reactor in terms of the 
normalised cathode space velocity and anode surface velocity. 

Simulation results for a cylindrical GBC-reactor with an external gas 
diffusion anode in terms of the normalised cathode space velocity and 
anode surface velocity. The total volumetric flow rate is the sum of the 
flow rates through the separate reactor units. 

Simulation results for a cylindrical GBC-reactor with an internal gas 
diffusion anode in terms of the normalised cathode space velocity and 
anode surface velocity. The total volumetric flow rate is the sum of the 
flow rates through the separate reactor units. 
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TABLEt 

Parameter Value Units 
Background electrolyte 
pH 0 -
Solution phase conductivity 20 a-I m-I 

Three-dimensional cathode 
Porosity 0.97 -
Specific surface area 5000 m2 m-3 

Effective solution phase conductivity a 18.53 a-I m-I 

Redox couple OIR 
Startdard electrochemical rate constartt 1 10-7 m S-1 

Anodic transfer coefficient 0.5 -
Number of transferred electrons 1 -
Concentration of 0 1 mol m-3 

Concentration ofR 0.01 mol m-3 

Superficial liquid velocity 0.01 m S-I 

Effective diffusion coefficients of 0 and R 5 10-10 m2 S-I 

Mass transfer coefficients of 0 and R 1 10-5 m S-I 

Standard electrode potential 0.5 V 

Porous separator 
Thickness 1 10-3 m 

Porosity 0.5 -
Effective solution phase conductivity b 7.07 a-I m-I 

Gas diffusion anode 
Thickness active layer 1 10-4 m 
Porosity of active layer 0.25 -
Effective solution phase conductivity b 2.5 a-I m'l 

Hydrogen oxidation kinetics 
Pure hydrogen gas pressure 1 bar 
Apparent exchange current density 1000 Am'2 

Equilibrium electrode potential 0 V 
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TABLE 2 

Vsn Van 

[h- l ] [m h-1 

2.0 0.18 3.2 18 3.2 
1.0 0.12 4.1 36 4.1 
0.5 0.05 3.6 72 3.6 

TABLE 3 

Nunit H re,l LQ Vsn Van 

[-] [m] Em] [m3 h-l ] [h-l] [m h- l] 

1 0.90 0.18 3.5 40 3.5 
2 0.65 0.12 3.3 55 3.3 
4 0.50 0.08 2.8 72 2.8 

TABLE 4 

NUnit H fi,! Vsn Van 

[-] Em] Em] [h- l
] [mh-

2.0 0.08 0.15 18 5.0 
1 1.0 0.16 0.11 36 5.1 

0.5 0.32 0.05 72 3.9 
2.0 0.04 0.13 6.2 18 6.2 

2 1.0 0.08 0.10 5.5 36 5.5 
0.5 0.16 0.05 4.0 72 4.0 
2.0 0.02 0.12 8.8 18 8.8 

4 1.0 0.04 0.09 7.0 36 7.0 
0.5 0.08 0.05 4.2 72 4.2 
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LIST OF FIGURE CAPTIONS: 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Schematic presentation of a GBC-reactor system with a rectangular 
geometry. 

Schematic presentation of a GBC-reactor system with a cylindrical 
geometry and an external gas diffusion anode. 

Schematic presentation of a GBC-reactor system with a cylindrical 
geometry and an internal gas diffusion anode. 

Simulated profile of the concentration of reactant 0 inside the three
dimensional cathode for the rectangular GBC-reactor geometry. 
(dimensions cathode 1.0 x 1.0 x 0.15 (height x width x thickness) m3

) 

Simulated profile of the solution phase electric potential inside the 
three-dimensional cathode, corresponding to data shown in Figure 4. 

Simulated profile of cathode reaction current density inside the three
dimensional cathode, corresponding to data shown in Figure 4. 

Normalised cathode reaction current density profile corresponding with 
Figure 6. 

Fractional degree of conversion of a rectangular GBC-reactor as a 
function of the height of the reactor and the thickness of the three
dimensional cathode (i.e. X4 - X3) . 

Plot of the external reactor diameter (re,3) as a function of the height of 
the reactor (H) and the number of reactor units (Nunit), for the cylindrical 
reactor configuration with an external gas diffusion anode. Total anode 
geometric surface area is maintained at 1 m2
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