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Abstract: 

The electrochemical reduction of carbon monoxide and carbon dioxide to value-added products is a promising 
technology for production of sustainable fuels, CO2 capture and electrification. Electrolysis systems are often 
studied using mathematical modelling. A reliable and validated model allows for the observation of parameters 
that are difficult to measure and for the examination of the system in many operating states, while minimising 
the number of costly prototypes and improving the design process. One of the key stages in verifying the 
correctness of the model is sensitivity analysis. A properly performed sensitivity analysis allows, among other 
things, to determine which measurements should be performed with the highest accuracy, how the type of 
material affects the operation of the device, and which component dimensions are most critical. In this work, 
we therefore present a comprehensive sensitivity analysis of a carbon monoxide electrolysis system aimed at 
the production of fuels, such as n-propanol, ethylene and ethanol. Based on an original process model, we 
investigate the influence of key parameters, including temperature, reaction kinetics and resistance, on reactor 
performance. Sensitivity was determined both locally (using one-at-a-time approach) and globally (using 
Sobol’s method). Based on our analyses, we identify parameters that are crucial for process efficiency and 
provide practical guidance on measurements and design in electrolyser systems. The presented analysis 
provides insight into model robustness and parameter hierarchy, thereby supporting more reliable system 
optimisation and scale-up. 
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1. Introduction 
Carbon dioxide electrolysis (CO2E) stands as one of the most promising technologies for fuel and energy 
carrier production. When powered using renewable electricity and captured CO2, it enables the synthesis of 
sustainable methane, ethanol, ethylene, and n-propanol, among others [1,2]. Their formation is favoured in 
highly alkaline electrolytes, which are susceptible to carbonate formation [3]. This limits the maximum single-
pass CO2 conversion rate, lowers its availability in the catalyst, may require energy intensive electrolyte 
regeneration, and could lead to salt precipitation [3–5]. One of the investigated solutions is tandem electrolysis, 
where CO2 is first reduced to CO in a carbonate-free system (e.g. in acidic conditions or solid-oxide cell), and 
then CO is further reduced to target product [6–8].  

Due to the shared reaction pathway, the same products can be obtained by CO electrolysis (COE), and 
different copper-based catalysts show high performance [9,10]. To investigate COE and CO2E, numerous 
mathematical modelling frameworks have been developed [11–15]. These most often rely on computationally-
demanding multi-physics simulations. However, in techno-economic assessments or sensitivity analyses of 
energy systems, simplified models often provide sufficient accuracy, while being easier to implement. Models 
of this kind have been used in water electrolysis [16,17] or CO2 electrolysis in solid-oxide cells [18].  

To investigate the process of carbon monoxide electrolysis and aid the design of future devices, we describe 
a simplified process modelling framework. Upon validation, we perform an extensive sensitivity analysis of the 
model. This will enable the identification of which parameters have the greatest impact on the cell performance, 
and therefore which should be prioritised in experimental studies. In addition, we present an analysis of 
parameters whose impact is difficult or impractical to determine through measurements. 

2. Electrolysis modelling 

2.1. Electrochemical model  
The model of electrochemical CO reduction is based on [19]. The main equation describing the cell voltage 
𝑈𝑐𝑒𝑙𝑙 is 



𝑈𝑐𝑒𝑙𝑙 = 𝑈𝑟𝑒𝑣 + 𝑈𝑎𝑐𝑡,𝑐 + 𝑈𝑎𝑐𝑡,𝑎 + 𝑈𝑜ℎ𝑚,  (1) 

where 𝑈𝑟𝑒𝑣 is the reversible voltage, 𝑈𝑜ℎ𝑚 is the ohmic voltage drop, while 𝑈𝑎𝑐𝑡,𝑐 and 𝑈𝑎𝑐𝑡,𝑎 are cathodic and 

anodic activation overpotentials, respectively. The reversible potential of the cell is the difference between 
anodic 𝐸𝑟𝑒𝑣,𝑎 and cathodic 𝐸𝑟𝑒𝑣,𝑐 reversible potentials. Given a conventional OER-based anode, 𝐸𝑟𝑒𝑣,𝑎 is equal 

to 1.23 V vs. RHE, while 𝐸𝑟𝑒𝑣,𝑐 depends on the selected reference cathodic reaction. For n-propanol 𝐸𝑟𝑒𝑣,𝑐 is 

0.20 V vs RHE, and hence reversible voltage is 1.03 V. These values are true under standard conditions, that 
is temperature 𝑇 = 298.15 K, pressure 𝑝 = 1 bar and solute concentrations 𝐶 = 1 mol/dm3. To account for 
non-standard conditions, Nernst equation is used 

𝐸𝑟𝑒𝑣 = 𝐸𝑟𝑒𝑣
0 −

𝑅𝑔𝑎𝑠𝑇

𝑧𝐹
ln 𝑄 (2) 

where 𝐸𝑟𝑒𝑣
0  is the standard reversible potential, 𝑅𝑔𝑎𝑠 = 8.314 J/mol/K is the universal gas constant, 𝑧 is the 

amount of electrons transferred, 𝐹 = 96485 C/mol is the Faraday’s constant, and 𝑄 is the reaction quotient. 

The value of 𝑄 is here approximated by the ratio of product and substrate concentrations.   

The anodic and cathodic overpotentials, which are defined as the difference between reversible potential and 
the applied 𝐸𝑎𝑝𝑝𝑙 potential, determine the partial current densities 𝑖. Here they are described by a modified 

version of a concentration-dependent Tafel equation 

𝑖 = (𝑖0 exp
𝛼𝐹𝑈𝑎𝑐𝑡

𝑅𝑇
) (

𝐶CO

𝐶𝑟𝑒𝑓
CO )

𝛾

(
1

1+exp[𝛽1(𝑈𝑎𝑐𝑡+𝛽2)]
)  (3) 

The first term of Eq. (3) is the standard formulation of Tafel expression, which describes the intensity of reaction 
under kinetic parameters 𝑖0 and 𝛼. The second term is the concentration-dependence term, which takes into 
account the decrease of substrate concentration in the catalyst zone. The sensitivity towards CO concentration 
depends on the reaction order 𝛾, which is assumed to be equal to 1 for all considered reactions. The last term 
is here introduced to take into account the competition between cathodic reduction pathways. For cathodic 
hydrogen evolution reaction, the CO concentrations are replaced by water activity, and by OH- activity for the 
anodic oxygen evolution reaction. 

The kinetic parameters 𝑖0 and 𝛼 are described by 

𝑖0 = 10−(𝜂10−𝑏)/𝑏   [mA/cm2],  (4) 

𝛼 =
2303𝑅𝑇

𝑏𝐹
   [dimensionless],  (5) 

where Tafel slope 𝑏 is expressed in mV/dec, onset potential 𝜂10 in mV, 𝑅𝑔𝑎𝑠 in J/mol/K, 𝑇 in K and 𝐹 in C/mol. 

The parameters 𝑏, 𝜂10, 𝛽1 and 𝛽2 are fit to experimental data separately for each product, and are obtained at 

temperature 𝑇. For 𝑇′ ≠ 𝑇, the value of 𝑖0 can be adjusted using equation  

𝑖0(𝑇′) = 𝑖0(𝑇) exp [−
𝐸𝑎

𝑅𝑔𝑎𝑠
(

1

𝑇′
−

1

𝑇
)], (6)  

where 𝐸𝑎 is the activation energy.  

The ohmic losses can be calculated by Ohm’s law as 

𝑈𝑜ℎ𝑚 = 𝐼𝑅𝑐𝑒𝑙𝑙 = 𝑖𝑐𝑒𝑙𝑙𝐴𝑅𝑐𝑒𝑙𝑙 , (7) 

where 𝐼 is total current, 𝑖𝑐𝑒𝑙𝑙 = ∑𝑖𝑐 = 𝑖𝑎 is total cell current density, 𝐴 is cell cross-section area and 𝑅𝑐𝑒𝑙𝑙 is cell 
resistance. In this model it is assumed that 𝑅𝑐𝑒𝑙𝑙 is a sum of resistances 𝑅 of cell elements. These include 

bipolar plate 𝑅𝑏𝑝 = 𝑅𝑏𝑝,𝑏 + 𝑅𝑏𝑝,𝑐ℎ (base and channel), cathode 𝑅𝑐 = 𝑅𝑐,GDL + 𝑅𝑐,MPL + 𝑅𝑐,CL (gas-diffusion layer 

GDL, microporous layer MPL and catalyst layer CL), catholyte 𝑅𝑐𝑎𝑡, membrane 𝑅𝑚𝑒𝑚, anolyte 𝑅𝑎𝑛𝑜 and anode 

resistance 𝑅𝑎, as well as contact resistance 𝑅𝑐𝑜𝑛𝑡 between certain elements. All values of 𝑅, with the exception 

of 𝑅𝑏𝑝,𝑐ℎ and 𝑅𝑎𝑛𝑜, can be calculated as  

𝑅 = 𝜆
𝜎

𝐴
=

𝜎

𝜅𝐴
=

ASR

𝐴
, (8) 

where 𝜎 is the element’s thickness, 𝜆 is the resistivity, 𝜅 is the conductivity, and ASR is the area-specific 

resistance. The values of 𝜆, 𝜅 or ASR for the respective elements are listed in Table 1. As for 𝑅𝑏𝑝,𝑐ℎ, due to its 

serpentine channel layout, the resistance is calculated as [20] 

𝑅𝑏𝑝,𝑐ℎ =
𝜆𝑏𝑝𝜎𝑐ℎ(2𝑛𝑏𝑝+1)

2𝐴(𝑛𝑏𝑝+1)
, (9) 

where 𝑛𝑏𝑝 is the number of flow channels. It is assumed that the bipolar plate is a square with a side length of 

√𝐴, and that the width of each channel is equal to the width of each channel support. Due to the porosity of 

the anode, the resistance 𝑅𝑎𝑛𝑜 of the in-pore anolyte is determined as [21] 

𝑅𝑎𝑛𝑜 =
𝜉𝑎𝜎𝑎

𝜀𝑎𝜅𝑎𝑛𝑜
MOH𝐴

, (10) 

where 𝜉𝑎 is the anode’s tortuosity, 𝜀𝑎 is its porosity, and 𝜅𝑎𝑛𝑜
MOH is the conductivity of the anolyte. Furthermore, 

when calculating the resistance of the porous anode, the effective resistivity 𝜆𝑒𝑓𝑓,𝑎 defined as 



𝜆𝑒𝑓𝑓,𝑎 =
𝜆𝑎

(1−𝜀𝑎)3/2, (11) 

where 𝜆𝑎 is the resistivity of non-porous anode material, is used in Eq. (8). Lastly, the considered 𝑅𝑐𝑜𝑛𝑡 are 
flow-field/cathode and membrane/anode resistance, as well as interlayer resistance between cathode layers 
(GDL/MPL and MPL/CL).  

2.2. Mass balance and transport model  
To evaluate the values of 𝐸𝑟𝑒𝑣 per Eq. (2) and 𝑖 per Eq. (3), species concentrations in the catalyst areas need 
to be established. The starting point for this is the mass balance for all substances present in the system. The 
three balancing domains are the flow-field plate, the catholyte, and the anolyte. For each of them 

𝑛̇𝑖𝑛 + 𝑛̇𝑔𝑒𝑛 = 𝑛̇𝑜𝑢𝑡 + 𝑛̇𝑐𝑜𝑛𝑠, (12) 

where  𝑛̇𝑖𝑛 is the inlet molar flux, 𝑛̇𝑜𝑢𝑡 is the outlet molar flux, 𝑛̇𝑔𝑒𝑛 is the generated flux and 𝑛̇𝑐𝑜𝑛𝑠 is the 

consumed flux. 

The only substance at the inlet of flow-field is CO with a volumetric flux of  𝑉̇𝑖𝑛,𝐹𝐹
CO . Under the ideal gas 

assumption, the molar flux  𝑛̇𝑖𝑛,𝐹𝐹
CO  is calculated via 

𝑛̇ =
𝑉̇ 𝑝

𝑅𝑔𝑎𝑠𝑇
, (13) 

where 𝑝 is gas pressure. Part of the CO (𝑛̇𝑐𝑜𝑛𝑠,𝑓𝑓
𝐶𝑂 ) diffuses into the reaction area where it is consumed, while 

the remaining part  𝑛̇𝑜𝑢𝑡,𝐹𝐹
CO = 𝑛̇𝑖𝑛,𝐹𝐹

CO − 𝑛̇𝑐𝑜𝑛𝑠,𝐹𝐹
𝐶𝑂  goes to the outlet. The amount of consumed CO is proportional 

to the generated fluxes of all reduction products, as per 

𝑛̇𝑐𝑜𝑛𝑠 = ∑ 𝑘𝑝𝑟𝑜𝑑 𝑛̇𝑔𝑒𝑛
𝑝𝑟𝑜𝑑

, (14) 

where 𝑘 is the stochiometric index indicating the number of moles of CO consumed per mole of product (e.g. 

𝑘 = 3 for n-propanol and 𝑘 = 0 for hydrogen). The values of 𝑛̇𝑔𝑒𝑛
𝑝𝑟𝑜𝑑

 are calculated as 

𝑛̇𝑔𝑒𝑛
𝑝𝑟𝑜𝑑

=
𝑖𝐴

𝑧𝐹
. (15) 

The products considered in the flow-field domain are the gas products, i.e. methane, ethylene and hydrogen, 
and their generated fluxes are equal to the outlet fluxes. The outlet volumetric flux is calculated by Eq. (14) 

for  𝑛̇𝑜𝑢𝑡,𝐹𝐹 = 𝑛̇𝑜𝑢𝑡,𝐹𝐹
CO + 𝑛̇𝑜𝑢𝑡,𝐹𝐹

H2 + 𝑛̇𝑜𝑢𝑡,𝐹𝐹
CH4 + 𝑛̇𝑜𝑢𝑡,𝐹𝐹

C2H4 . 

When it comes to the catholyte balance, a volumetric flux  𝑉̇𝑖𝑛,𝑐𝑎𝑡 of aqueous electrolyte solution with a 

concentration of 𝐶𝑐𝑎𝑡
MOH is defined at the inlet. The electrolyte inlet flux  𝑛̇𝑖𝑛,𝑐𝑎𝑡

MOH  is calculated as 

𝑛̇𝑖𝑛,𝑐𝑎𝑡
MOH = 𝑉̇𝑖𝑛,𝑐𝑎𝑡𝐶𝑐𝑎𝑡

MOH,  (16) 

and the water inlet flux 𝑛̇𝑖𝑛,𝑐𝑎𝑡
H2O

 is calculated from the balance of binary solution as 

𝑛̇𝑖𝑛,𝑐𝑎𝑡
H2O

= 𝑉̇𝑖𝑛,𝑐𝑎𝑡
𝜌𝑖𝑛,𝑐𝑎𝑡−𝐶𝑐𝑎𝑡

MOH𝑀MOH

𝑀H2O ,  (17) 

where 𝜌𝑖𝑛,𝑐𝑎𝑡 is the inlet solution density and 𝑀 is the molar mass. Similarly to CO, part of the water entering 

the catholyte boundary is consumed (𝑛̇𝑐𝑜𝑛𝑠
H2O

), and the remaining part goes to the outlet (𝑛̇𝑜𝑢𝑡
H2O

). The value of  

𝑛̇𝑐𝑜𝑛𝑠
H2O

 is calculated by Eq. (15) for the appropriate values of 𝑘. The liquid products considered in the catholyte 

balance are acetic acid, ethanol, allyl alcohol and n-propanol. Their respective fluxes are calculated using Eq. 
(16) and are equal to outlet fluxes. The outlet volumetric flux, under the assumption that 𝜌𝑖𝑛,𝑐𝑎𝑡 = 𝜌𝑜𝑢𝑡,𝑐𝑎𝑡, is 

calculated as 

𝑉̇𝑜𝑢𝑡,𝑐𝑎𝑡 =
∑𝑛̇𝑜𝑢𝑡𝑀𝑜𝑢𝑡

𝜌𝑜𝑢𝑡,𝑐𝑎𝑡
.  (18) 

The mass balance for the anolyte is calculated in the same way as for the catholyte. The main differences are 
that water is consumed in the reaction and that the only product is oxygen. Both are still calculated via Eqs. 
(15) and (16), respectively. Furthermore, the product oxygen is excluded from the outlet volumetric flux 
calculated by Eq. (19).  

Knowing the molar and volumetric fluxes at all inlets and outlet, the species concentrations at these points can 
be determined as 

𝐶𝑖𝑛/𝑜𝑢𝑡 =
𝑛̇𝑖𝑛/𝑜𝑢𝑡

𝑉̇𝑖𝑛/𝑜𝑢𝑡
.  (19) 

The inlet and outlet concentrations are used to calculate the bulk concentrations, which will be further used to 
calculate the concentrations in catalyst areas. The bulk CO concentration in the flow-field is calculated as 

𝐶𝑏𝑢𝑙𝑘
CO =

𝐶𝑖𝑛,𝐹𝐹
CO −𝐶𝑜𝑢𝑡,𝐹𝐹

CO

log
𝐶𝑖𝑛,𝐹𝐹

CO

𝐶𝑜𝑢𝑡,𝐹𝐹
CO

,   (20) 



while for the remaining substances and domains, it is 𝐶𝑏𝑢𝑙𝑘 = 0.5(𝐶𝑖𝑛 + 𝐶𝑜𝑢𝑡). It is assumed that the bulk 
concentrations of OH- ions are equal to the bulk concentrations of their respective electrolytes. Given the bulk 
concentrations of CO, H2, CH4 and C2H4, their concentrations at GDL/MPL interface can be calculated via 
Fick’s diffusion law 

𝑛̇ = 𝐷
Δ𝐶

𝜎
𝐴,  (21) 

where 𝐷 is the diffusion coefficient and 𝑛̇ is either the consumption (for CO) or generation flux (for products). 

In that case, the thickness of the GDL layer 𝜎GDL must be used. Similarly, using Eq. (22), it is possible to 

determine the liquid product and OH⁻ ion concentrations at the cathode/catholyte interface (𝐶𝑐,𝐶𝐿/𝑐𝑎𝑡) for a 

boundary layer thickness 𝜎𝐵𝐿,𝑐𝑎𝑡, as well as the OH⁻ ion concentrations at the anolyte/anode interface 

(𝐶𝑎𝑛𝑜/𝑎,CL) for a boundary layer thickness 𝜎𝐵𝐿,𝑎𝑛𝑜. Furthermore, knowing the values of 𝐶𝐺𝐷𝐿/𝑀𝑃𝐿 , Eq. (22) allows 

the determination of concentrations at the MPL/catalyst interface (𝐶𝑀𝑃𝐿/𝑐,CL).  

It was assumed that anodic reactions occur only on its surface. Therefore, the 𝐶𝑎𝑛𝑜/𝑎,CL values were used 

directly in determining 𝑄 and 𝐸𝑟𝑒𝑣. However, cathodic reactions occur in a catalyst layer of thickness 𝜎𝑐,CL. A 

reaction-diffusion model [22] was used to describe the concentration profile in the layer 

0 = 𝐷
d2𝐶

𝑑𝜎2 ±
𝑛̇

𝑉
,  (22) 

where  𝑛̇/𝑉 denotes the volumetric reaction term (“+” for generation, “-“ consumption). For gaseous species 𝑉 

denotes the pore volume filled with gas 𝑉𝑔𝑎𝑠, described by 

𝑉𝑔𝑎𝑠 = 𝜀𝑐,CL𝜎𝑐,CL𝐴 [1 − (
𝑟𝑐,CL−𝜎𝑐,CL

H2O

𝑟𝑐,CL
)

2

],  (23) 

where 𝑟𝑐,CL is the catalyst pore radius and 𝜎𝑐,CL
H2O

 is the thickness of the water layer covering the pore walls. In 

turn, 𝑉𝑙𝑖𝑞𝑢𝑖𝑑  denotes the pore volume filled with liquid, described by 

𝑉𝑙𝑖𝑞𝑢𝑖𝑑 = 𝜀𝑐,CL𝜎𝑐,CL𝐴 (
𝑟𝑐,CL−𝜎𝑐,CL

H2O

𝑟𝑐,CL
)

2

.  (24) 

Assuming that 𝑛̇/𝑉 is constant across the layer thickness, the average concentrations of species in the layer 
are described by  

𝐶𝑐,CL = 𝐶 ± 𝑅
𝜎𝑐,CL

2

3𝐷
.   (25) 

Here, 𝐶 = 𝐶𝑀𝑃𝐿/𝑐,CL for gaseous species, 𝐶 = 𝐶𝑐,CL/𝑐𝑎𝑡 for aqueous species, and the sign convention is the 

same as for Eq. (23). The aqueous 𝐶𝑐,CL concentrations can be used directly in 𝑄 and 𝐸𝑟𝑒𝑣 determination. 

However, because the in-pore gasses are not in direct contact with the catalyst, further calculations are 
required. The gaseous concentrations are first converted to partial pressures via  

𝑝
𝑐,CL

= 𝐶𝑐,CL𝑅𝑔𝑎𝑠𝑇.  (26) 

Next, it is assumed that only CO is dissolved, while gaseous products form as bubbles on the pore surface. 
The bubble pressure for products is described by 

𝑝
𝑏𝑢𝑏𝑏𝑙𝑒,𝑐,CL

𝑝𝑟𝑜𝑑
=

𝑝𝑐,CL
𝑝𝑟𝑜𝑑

𝑝𝑐

∑ 𝑝𝑐,CL
𝑝𝑟𝑜𝑑

𝑝𝑟𝑜𝑑

 for 𝑝𝑟𝑜𝑑 = H2, CH4, C2H4.  (27) 

To account for CO solubility in water and salting-out effect, the dissolved CO concentration 𝐶𝑑𝑖𝑠𝑠,𝑐,CL

CO
 is 

described as 

𝐶𝑑𝑖𝑠𝑠,𝑐,CL

CO
= 𝐻CO𝑝

𝑐,CL

CO
10−𝐾𝑠 ,  (28) 

where 𝐻CO is Henry’s constant [23] and 𝐾𝑠 is Sechenov’s constant [24]. Bubble pressures calculated via Eq. 

(28) and dissolved CO concentration calculated via Eq. (29) can be used in 𝑄 and 𝐸𝑟𝑒𝑣 determination. The 
values of diffusion coefficients for gasses are calculated using the Chapman-Enskog theory [25] in porous 
medium, while for the aqueous species they are taken from the literature [22,26,27]. 

2.3. Sensitivity analysis 
To analyse the proposed models’ sensitivity to input parameters 𝑋𝑖, local 𝑆𝑙𝑜𝑐𝑎𝑙 and global 𝑆𝑔𝑙𝑜𝑏𝑎𝑙 sensitivity 

indices are used. For the local analysis, one-at-a-time approach is employed, following the equation 

𝑆𝑙𝑜𝑐𝑎𝑙 = (
𝑓(𝑋𝑖+Δ𝑋𝑖)

𝑓(𝑋𝑖)
− 1) ⋅ 100%, (29) 

where 𝑓(𝑋𝑖) and 𝑓(𝑋𝑖 + Δ𝑋𝑖) determine the value of selected output parameter at the point 𝑋𝑖 and when 

changed by Δ𝑋𝑖. The sensitivity defined in this way indicates by how much the value of the selected function 



will change when one of the parameters changes by Δ𝑋𝑖. The values of 𝑋𝑖 for all 40 considered variables are 
collected in Table 1. 

In the global analysis, the Sobol’ method is used [28]. The method estimates the direct influence of variable 𝑋𝑖 

on function output via Sobol’ first order indices 𝑆𝑖, described by 

𝑆𝑖,𝑔𝑙𝑜𝑏𝑎𝑙 =
Var𝑋𝑖

(𝐸𝑋~𝑖
(𝑌|𝑋𝑖))

Var(𝑌)
=

𝑉𝑖

Var(𝑌)
, (30)  

where 𝑌 denotes the model outputs. The interaction between two variables 𝑋𝑖 and 𝑋𝑗 is described by second 

order indices 𝑆𝑖𝑗, as described by 

𝑆𝑖𝑗,𝑔𝑙𝑜𝑏𝑎𝑙 =
Var𝑋𝑖𝑗

(𝐸𝑋~𝑖𝑗
(𝑌|𝑋𝑖,𝑋𝑗))−𝑉𝑖−𝑉𝑗

Var(𝑌)
. (31) 

The global indices are calculated for all 40 variables, as well as all possible combinations for the variables. 
Their values are true within ranges collected in Table 1.  

Table 1. Model variable values and ranges for sensitivity analyses. 

Num. 
Parameter, 
unit 

Value Range Source Num. 
Parameter, 
unit 

Value Range Source 

1 𝐸𝑎𝑝𝑝𝑙,𝑐, V vs. RHE -1.41 -1.3;-1.47 [10] 21 𝑛𝑏𝑝, - 33 10; 50 [10] 

2 𝑇, oC 25 20; 80 [10] 22 𝜎𝑐,CL
H2O

, nm 25 0.5; 100 A 

3 𝑝𝑐, bar 1 1; 5 A 23 𝑟𝑐,MPL, nm 50 10; 200 A 

4 𝑝𝑎, bar 1 1; 5 A 24 𝑟𝑐,CL, nm 50 10; 200 A 

5 𝑉̇𝑖𝑛,FF
CO , cm3/min 1 1; 100 [10] 25 𝜀𝑐,GDL, - 0.5 0.2; 0.8 A 

6 𝑉̇𝑖𝑛,𝑐𝑎𝑡, cm3/min 0.15 0.1;0.2 [10] 26 𝜀𝑐,MPL, - 0.5 0.2; 0.8 A 

7 𝑉̇𝑖𝑛,𝑎𝑛𝑜, cm3/min 0.15 0.1;0.2 [10] 27 𝜀𝑐,CL, - 0.5 0.2; 0.8 A 

8 𝐶𝑐𝑎𝑡
MOH, mol/dm3 1 0.2; 2 [10] 28 𝜀𝑎, - 0.5 0.2; 0.8 A 

9 𝐶𝑎𝑛𝑜
MOH, mol/dm3 1 0.2; 2 [10] 29 𝜉𝑐,GDL, - 2 1; 3 A 

10 𝐴, cm2 1 1; 15 [10] 30 𝜉𝑐,MPL, - 2 1; 3 A 

11 𝜎𝑏𝑝,𝑏, mm 1 0.1; 5 A 31 𝜉𝑐,CL, - 2 1; 3 A 

12 𝜎𝑏𝑝,𝑐ℎ, µm 90 10; 500 [10] 32 𝜉𝑎, - 2 1; 3 A 

13 𝜎𝑐,GDL, µm 205 50; 1000 [29] 33 ASRGDL, mΩcm2 10 5; 15 [29] 

14 𝜎𝑐,MPL, µm 10 1; 100 [10] 34 𝜅MPL, S/m 30 1; 100 [30] 

15 𝜎𝑐,CL, µm 2 0.1; 5 [10] 35 𝜅𝑐,CL, S/m 15 1; 100 [30] 

16 𝜎𝐵𝐿,𝑐𝑎𝑡, µm 100 50; 200 A 36 𝜅𝑚𝑒𝑚, S/m 10 0.1; 100 [31] 

17 𝜎𝑐𝑎𝑡, mm 1.5 0.1; 5 [10] 37 ASRFF/𝑐,GDL, mΩcm2 8 1; 20 [30] 

18 𝜎𝑚𝑒𝑚, µm 60 10; 200 [10] 38 ASR𝑐,GDL/𝑐,MPL, mΩcm2 2 1; 20 [30] 

19 𝜎𝐵𝐿,𝑎𝑛𝑜, µm 10 1; 100 A 39 ASR𝑐,MPL/𝑐,CL, mΩcm2 3 1; 20 [30] 

20 𝜎𝑎, mm 1.6 0.5; 3 [10] 40 ASR𝑚𝑒𝑚/𝑎, mΩcm2 8 1; 20 A 

A – assumption. 

3. Results 
To verify the model’s assumptions, a validation was carried out based on experimental data from the literature 
presented in [10]. These data were selected because they include both the cathode half-cell potentials and the 
total cell voltages, which allows for a more extensive verification. In addition, most of the relevant parameters 
relating to the streams and cell geometry have been provided. The key validation parameters are summarised 
in the Table 1. The missing parameters were either assumed or taken from other sources in the literature. The 
anode kinetics of 𝜂10 = 177 mV and 𝑏 = 51.9 mV/dec for NiFe catalyst was obtained from [32].  

The validation is shown in Figure 1, and the fitted cathode kinetic parameters are summarised in Table 2. A 
comparison of the model and experimental data reveals a high degree of agreement in the voltage-current 
characteristics (Figure 2a), particularly in the range of low and moderate current densities. In this range, the 
fitting error is less than 50 mV. The largest error is observed at the measurement point with the highest current 
density. This may be due to an overestimated cell resistance and an underestimated activation overpotential. 
However, even this error does not exceed 100 mV, and so the overall fit can be considered satisfactory.  



The good overall current agreement results from the good match in the partial current densities of the individual 
major (Figure 2b) and minor (Figure 2c) products. The current densities for C1-2 products and hydrogen 
increase exponentially as the potentials become more negative, but taper off near -0.65 V vs RHE. This is 
most likely due to mass-transport limitations. This decline is not observable for methane, due to its very low 
fitted Tafel slope value. In the case of C3 products, a decrease in 𝑖 was observed before the diffusion-limited 
regime. It is therefore reasonable to suspect that a change in the reaction pathway has occurred. Since Eq. 
(3) was applied, the decline could be described using parameters 𝛽1 and 𝛽2. For the other products, it was 

assumed that 𝛽1 → ∞ and 𝛽2 → −∞, and therefore Eq. (3) was reduced to the more conventional 
concentration-dependent Tafel equation. The poorest fit was obtained for hydrogen. This may be due to greater 
competition between H2O and CO for catalytic sites in a moderate potential range. 

 

Figure 1. Validation of the model’s assumptions: (a) voltage-current characteristics, (b) major product 
distribution, (c) minor product distribution.  

 

Table 2. Cathode fit kinetics. 

Product 𝑏, mV/dec 𝜂10, mV 𝛽1, 1/mV 𝛽2, mV 

H2 55 602 → ∞  → −∞  

CH3COOH 25 860 → ∞  → −∞  

CH4 10 884 → ∞  → −∞  

C2H4 65 757 → ∞  → −∞  

C2H5OH 45 762 → ∞  → −∞  

C3H6O 50 770 0.1 -0.75 

C3H7OH 70 790 0.06 -0.807 

Based on a validated process model, a sensitivity analysis can be performed. The results of the local sensitivity 
analysis with respect to cell voltage 𝑼𝒄𝒆𝒍𝒍 are shown in Figure 2. They were obtained for the operating point 

defined by the parameters listed in Table 1 (excluding 𝑬𝒂𝒑𝒑𝒍,𝒄) and 𝑬𝒂𝒑𝒑𝒍,𝒄 of -0.584, -0.606 and -0.622 V vs. 

RHE (which correspond to current densities of 50, 100 and 150 mA/cm2 at baseline, respectively). The value 
of each parameter was changed by 𝚫𝑿 = 5%. The cathode kinetics remained unchanged and the parameters 
from Table 2 were used. 

The local sensitivity analysis shows that the parameter with by far the highest sensitivity (regarding 𝑈𝑐𝑒𝑙𝑙) is 

cathodic potential. A 5% change in its value results in a 34.6% increase in 𝑈𝑐𝑒𝑙𝑙 at -0.584 V vs RHE., a 43.8% 
increase at -0.606 V vs. RHE., and a 56.5% increase at -0.622 V vs. RHE. The second parameter, regardless 
of 𝐸𝑎𝑝𝑝𝑙,𝑐, is temperature, a change in which causes a 𝑈𝑐𝑒𝑙𝑙 increase of up to 5.8%. The other parameters have 

a lesser effect. A change in 𝑈𝑐𝑒𝑙𝑙 ranging from 0.1% to 1% was caused by 6 parameters at least negative 
potential, 8 at medium potential and 9 at the most negative potential. Two parameters, notably anodic pressure 
and volumetric anolyte flow have no impact on 𝑈𝑐𝑒𝑙𝑙.  

When comparing Figures 2a, 2b and 2c, it can be seen that the hierarchy of parameter sensitivity changes 
with potential (and thus also with current density). The variables whose influence increases as the potentials 



become more negative are, in particular, the anolyte concentration and the parameters of the gas diffusion 
layer (𝜉𝑐,GDL, 𝜎𝑐,GDL, 𝜖𝐶,GDL), whilst it decreases for the contact resistance parameters. 

 

Figure 2. Local sensitivity analysis with respect to 𝑈𝑐𝑒𝑙𝑙: values of 𝑆𝑙𝑜𝑐𝑎𝑙 for 𝛥𝑋 = 5% at (a) -0.584, (b) -0.606 

and (c) -0.622 V vs. RHE for main model parameters. 

The analysis shown in Figure 2 does not include catalyst parameters. Therefore, their effect on the total current 
density 𝑖𝑐𝑒𝑙𝑙  is shown in Figure 3 for the same cathodic potentials of -0.584, -0.606, and -0.622 V vs. RHE. The 

kinetic parameters listed in Table 2 were varied by Δ𝑋 of 5%, while the parameters listed in Table 1 remained 
constant. 

First, it can be observed that the spread of the obtained 𝑆𝑙𝑜𝑐𝑎𝑙 values is significantly smaller. In the analysis 
shown in Figure 2, the sensitivity fell within a wide range from ≈10-9 to ≈102, whereas in Figure 3, the lower 
boundary is ≈10-3. It cannot therefore be concluded that the sensitivity of 𝑖𝑐𝑒𝑙𝑙 to any of the cathode kinetic 
parameters is negligible. However, in the model under study, a change in anode kinetics does not affect the 
total current density. This is due to the adopted computational methodology - a constant cathode potential is 
assumed, and therefore a change in 𝜂10 or 𝑏 of the anode product does not alter 𝑖𝑐𝑒𝑙𝑙 on the cathode side.  

Since 𝑖𝑐𝑒𝑙𝑙 is the same on both the anode and cathode sides, the anode potential has changed. For example, 

in the base case (51.9 mV/dec), 𝐸𝑎𝑝𝑝𝑙,𝑎 was 1.458 V vs. RHE, while with a 5% increase in Tafel slope value 

(54.5 mV/dec), it was 1.462 V vs. RHE. 

The parameter with the greatest influence on 𝑖𝑐𝑒𝑙𝑙, regardless of the potential, is 𝜂10
C2H4. This is because C2H4 

is the main reduction product (Figure 1). The greater the contribution of a given product to 𝑖𝑐𝑒𝑙𝑙, the more 

sensitive it is to the kinetic parameters of that product. Hence, the 𝑆𝑙𝑜𝑐𝑎𝑙 values for the major products are 
higher than those for the minor products. Furthermore, for each product, a 5% change in 𝜂10 has a greater 

impact than the same change in 𝑏. 

One of the main contributors to 𝑈𝑐𝑒𝑙𝑙, particularly at high current densities, are ohmic losses caused by the 
cell’s resistance. Therefore, Figure 4 shows a sensitivity analysis with respect to 𝑅𝑐𝑒𝑙𝑙. In the model under 
consideration, the resistance is independent of the cell current. Thus, the results are presented for a single 
operating point. As in Figures 2 and 3, the values listed in Table 1 were varied by Δ𝑋 of 5%. Parameters that 

have no effect (𝑆𝑙𝑜𝑐𝑎𝑙=0) on the value of 𝑅𝑐𝑒𝑙𝑙 have been omitted from the figure. 



 

Figure 3. Local sensitivity analysis with respect to 𝑖𝑐𝑒𝑙𝑙: values of 𝑆𝑙𝑜𝑐𝑎𝑙 for 𝛥𝑋 = 5% at (a) -0.584, (b) -0.606 

and (c) -0.622 V vs. RHE for kinetic parameters. 

 

Figure 4. Local sensitivity analysis with respect to 𝑅𝑐𝑒𝑙𝑙: values of 𝑆𝑙𝑜𝑐𝑎𝑙 for 𝛥𝑋 = 5% for resistance parameters. 

Figure 4 shows that cell resistance is most sensitive to temperature. This is because 𝑇 affects the conductivity 
of the cell materials and electrolytes. Second in importance is the cell surface area, since many of the 
parameters are defined as ASR, and thus the resistance of the components is inversely proportional to 𝐴. The 

subsequent parameters (𝐶𝑎𝑛𝑜
MOH, 𝜎𝑎, 𝜉𝑎 and 𝜖𝑎) relate to the resistance of the anolyte layer, and therefore it has 

a significant impact on 𝑅𝑐𝑒𝑙𝑙. The same applies to the catholyte, whose parameters have reached similar 𝑆𝑙𝑜𝑐𝑎𝑙 
values.  

As in Figure 2, a grouping of parameters describing a single cell component can be observed in Figure 4. It 
can therefore be concluded that the anolyte and catholyte have the greatest influence on resistance, followed 
by the membrane, interfaces, microporous layer, cathode catalyst layer, and flow-field plate. The parameters 
of the last component have an impact on 𝑅𝑐𝑒𝑙𝑙 that is several orders of magnitude smaller, and the bipolar plate 
generates minimal ohmic losses. 



The values of the 𝑆𝑙𝑜𝑐𝑎𝑙 index presented so far should only be regarded as an indicative view of the model’s 
sensitivity at a specific operating point. As shown, the choice of operating point can significantly alter the 
sensitivity to individual parameters. Therefore, conclusions regarding the model’s overall sensitivity cannot be 
drawn based on an analysis at a single operating point. 

Since the system can operate in a virtually infinite number of states (each described by a unique combination 
of at least 40 parameters), it is necessary to perform a global sensitivity analysis. Its results are presented in 
Figures 5 and 6. The analysis was performed for the parameters listed in Table 1, with their values varied 
within the specified ranges. 

 

Figure 5. Sobol’ first order indices with respect to 𝑈𝑐𝑒𝑙𝑙  . 

 

 

Figure 6. Sobol’ second order indices with respect to 𝑈𝑐𝑒𝑙𝑙. 



Figure 5 shows that 𝑈𝑐𝑒𝑙𝑙 is, globally, most sensitive to 𝐸𝑎𝑝𝑝𝑙,𝑐 and 𝑇, which is consistent with the results of 

previous local analyses. The following parameters are the electrolyte concentrations. The significant influence 
of these parameters stems largely from their interaction with other parameters (Figure 6), including 
temperature and the thickness of the cell layers. In the local analysis, the anode parameters (𝛿𝑎, 𝜉𝑎 , 𝜖𝑎) were 

found to have a significant influence. Here, however, only its thickness yielded a high 𝑆𝑖𝑗,𝑔𝑙𝑜𝑏𝑎𝑙 value. By 

contrast, the thicknesses of the cathode, the boundary layers and the membrane were found to have a greater 

global influence. The other parameters whose influence can be considered significant are 𝑝𝑐 and  𝑉̇𝑖𝑛,FF
CO . 

4. Discussion and conclusions 
The sensitivity analysis reveals a clear hierarchy of parameters affecting the carbon monoxide electrolysis 
system. Both local and global analyses identify cathcompeodic applied potential 𝐸𝑎𝑝𝑝𝑙,𝑐 and temperature 𝑇 as 

the most dominant factors influencing cell voltage 𝑈𝑐𝑒𝑙𝑙.  

Despite the high sensitivity, 𝐸𝑎𝑝𝑝𝑙,𝑐 is often reported without iR-correction. Without accounting for the ohmic 

drop, the true kinetics of the catalyst are obscured, making it difficult to compare results across different 
systems. We therefore recommend that iR-compensated values be treated as a standard requirement for 
reporting COE performance to ensure data reproducibility and model accuracy. 

The same applies to temperature, which is a parameter rarely measured directly within the cell, but at most 
reported as the ambient temperature at which the experiments were conducted. Beyond its direct local impact, 
temperature shows some of the highest global interaction indices, meaning its effect is coupled with layer 
properties and reaction kinetics, among others. For this reason, we believe that the introduction of in-situ 
temperature measurements would allow for a more informed interpretation of the results. 

Another set of parameters for which reporting is usually limited are the dimensions of individual cell elements. 
This is also a group of parameters that have a relatively significant effect on the cell’s voltage. As the 
dimensions of the components are easily measurable, we recommend reporting their values to improve the 
data quality.   

On the other hand, the parameters that are measured and reported in the vast majority of experimental studies 
are the volume flow rates of the electrolytes. However, our global and local analyses have shown that these 
are among the parameters with the least influence on 𝑈𝑐𝑒𝑙𝑙. Therefore, when conducting experimental 
research, a relatively low accuracy of these measurements is acceptable, and the flow rate should be selected 
to ensure sufficiently good electrolyte replenishment and removal of products. 

This analysis shows that the hierarchy of parameters changes as the operating point changes, and an increase 
in current density alters the influence of key variables. This justifies the need to perform global sensitivity 
analyses of electrolysis process models. It should be noted that the results presented refer to the mathematical 
model described here, and the analysis primarily examined the effect on 𝑈𝑐𝑒𝑙𝑙, which is the main parameter 
determining efficiency. The sensitivity hierarchy may differ for other research models, systems with different 
kinetics, and other output variables.  
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