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Efficient operation of solid oxide fuel cell (SOFC) stacks requires 

uniform temperature and fuel utilization distributions in the stack. 

Especially high fuel utilizations necessitate uniform fuel flow dis-

tributions to avoid performance decrease or anode reoxidation. A 

uniform temperature distribution helps to prolong the life-time of 

the stack. This work presents a method to determine the fuel utili-

zation and temperature distribution in SOFC stacks with electro-

chemical impedance spectroscopy (EIS). The equations for relating 

the measured impedance and fuel utilization and temperature are 

derived from physical equations describing the SOFC stack. The 

method is demonstrated with an ElringKlinger AG 10-cell stack 

fuelled with 50%/50% H2/N2 at nominal operation conditions. The 

difference in temperature and fuel utilization between cells was de-

termined. The calculated distributions are in line with cell voltage 

measurements. The method can be used to improve SOFC stack 

design and performance.  

 

 

Introduction 

 

Solid oxide fuel cells (SOFC) are seen as a promising technology in reducing emissions 

in energy production but its full scale market penetration is delayed by issues related to 

durability and cost (1–3). In addition to overcome the current obstacles, it is of im-

portance to optimize the operation and design of the stack to realize the possibilities of 

high efficiency and required lifetime. High stack efficiency calls for high fuel utilizations, 

which in turn necessitate uniform fuel flow distributions within the stack to avoid per-

formance decrease due to fuel starvation. In worst case, anode reoxidation can take place 

in the cell with the highest local fuel utilization (FU). Fuel flow distributions are affected 

by the stack design, in particular pressure drop over the gas channels and adjacent mani-

fold channels. Stack design is aided by e.g. CFD modelling but non-optimal fuel flow 

distributions might be hard to distinguish from other factors affecting the performance in 

common stack characterization measurements. Uniform temperature distributions are of 

interest to prolong the stack lifetime. High temperature gradients contribute to increased 

thermal stress, uneven electrochemical activity, and possibly stack damages due to mis-

matched thermal expansion coefficients of components. Thermal gradients can be in-

duced to the stack due to causes related both to stack design and operation. Also internal 

reforming increases thermal gradients in the stack.  

 

     Stack temperature distributions have been determined by either direct measurement 

with specially built stacks incorporating thermocouples (4–7) or by different modelling 

approaches, such as numerical, CFD or data-based modelling (8–11). However, inserting 



thermocouples in the stack or manufacturing thicker interconnect plates with inserts for 

thermocouples may change the stack properties and yield different results than with the 

original stack. Electrochemical impedance spectroscopy (EIS) has been used to determine 

the temperature of unit cells at nominal operation conditions, for example by Klotz et al 

(12,13), who have used single-frequency EIS with frequencies above 100 kHz. However, 

such high frequencies are affected by noise, which becomes cumbersome particularly 

when studying larger stacks instead of single cells.  

 

     This work presents a method to determine the fuel utilization and temperature distri-

bution in SOFC stacks with electrochemical impedance spectroscopy (EIS). Previously, 

Dekker et al (14) presented the basic idea of determining the anode gas flow distribution 

and Mosbæk et al (15) have shown the correlation of low frequency responses to changes 

in gas supply over individual cells. This work refines the methodology presented by Dek-

ker et al and extends it to cover also temperature distributions, which have not previously 

been reported. EIS is a powerful and non-destructive technique that enables an in-depth 

analysis of the stack in-operando at nominal operation conditions. The measurement 

method is based on the relation between EIS low frequency response and fuel utilization 

of a cell and between the ionic and electronic conductivity and the temperature (16–20). 

The EIS low frequency response is also called gas conversion impedance. The equations 

for relating the measured impedance and fuel utilization and temperature are derived 

from common equations describing the SOFC stack, namely Fick’s diffusion equation 

and the Arrhenius type of equation for conductivity. Knowledge about the distributions 

can aid in both stack design and in monitoring the “state-of-health” of stacks. This article 

presents the method and demonstrates it on an ElringKlinger AG 10-cell stack.  

 

Methodology 

 

     The inherent properties of electrochemical systems can be studied by electrochemical 

impedance spectroscopy (EIS) and the different electrochemical processes can be distin-

guished. The measurement methodology reported here is based on fuel utilization being 

related to the gas conversion impedance. As the electric current through all cells is equal, 

also a fuel gas flow distribution can be calculated from the gas conversion impedance. 

Furthermore, the temperature is related to the ohmic cell resistance, which corresponds to 

the EIS high frequency response. To determine a numerical value for the gas conversion 

impedance and the ohmic resistance, the measured EIS spectra was fitted to a simple 

equivalent circuit for describing the SOFC. The circuit consists of one serial resistance 

and two parallel constant phase element–resistor circuits, as illustrated in Figure 1. In the 

figure, Rs represents the ohmic resistance, the first parallel circuit R1-CPE1 represents 

gas-solid interactions at the electrodes and the second parallel circuit R2-CPE2 represents 

gas conversion. Here the real part of gas conversion impedance, R2, will be used in the 

calculations.  

 

     As described by Dekker et al, the determination of the distributions is a stepwise pro-

cess: 

1. Measure EIS spectra for different temperatures and fuel utilizations of an average 

cell, e.g. the middle cell, and fitting these spectra to the equivalent circuit.  

2. Determine a relation between temperature and the measured values of Rs as well 

as fuel utilization and R2 by fit corresponding equations with the data.  



3. Measure EIS of all cells at nominal operation condition and use the relation de-

termined in step 2 to calculate temperature and fuel utilization of each cell.  

 

In case the stack FU does not match with the average cell FU, the input in the first step 

should be normalized and the distributions recalculated. The next two sections detail how 

the relations for fuel utilization distribution and temperature distribution are determined.  

 

 
Figure 1. Equivalent circuit describing solid oxide fuel cells, consisting of a serial re-

sistance and two parallel resistor-constant phase element circuits.  

 

 

Fuel utilization distribution 

 

The equation relating fuel flow distribution to gas conversion impedance is deter-

mined from Fick’s diffusion law, describing the gas diffusion at the fuel electrode. Ficki-

an diffusion in a ternary gaseous mixture (take generic components k, l and m) is ex-

pressed as follows in the one-dimensional domain and in porous media: 

 

 𝑃𝐷𝑘,𝑇
𝑒𝑓𝑓

𝑅𝑇

𝑑2𝑥𝑘

𝑑𝑧2
= 0 

[1] 

 

where 𝑃 is the total pressure, R is the ideal gas constant, T the operating temperature, 𝑥𝑘 

is the molar fraction of component k, 𝑧 is the position along the thickness of the anode 

and 𝐷𝑘,𝑇
𝑒𝑓𝑓

 is the effective binary diffusivity of component k, which can be written in the 

following terms: 
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[2] 

 

where 𝐷𝑘,𝑙
𝑒𝑓𝑓

 and 𝐷𝑘,𝑚
𝑒𝑓𝑓

 are the effective molecular diffusions and 𝐷𝐾𝑛,𝑘
𝑒𝑓𝑓

 is the effective 

Knudsen diffusion of component k. 

 

     For simplicity issues, it can be assumed that the electrochemical reaction in the anode 

of the solid oxide fuel cell occurs in the interface between the anode and the electrolyte. 

Taking this into consideration, the Neumann boundary condition is expressed by means 

of Eq. 3, and the Dirichlet boundary condition is given by Eq. 4.  

 

 𝑑𝑥𝐻2

𝑑𝑧
|

𝑧=𝐿
= −

𝐼𝑅𝑇

2𝐹𝑃𝐷𝐻2,𝑇
𝑒𝑓𝑓

 [3] 
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where 𝐼 is the current generated by the SOFC and F is Faraday’s constant. 

 

 𝑥𝐻2|𝑧=0 = 𝑥𝐻2
𝑏𝑢𝑙𝑘 

 
[4] 

 

where 𝑥𝐻2
𝑏𝑢𝑙𝑘 is the molar fraction of hydrogen in the inlet of the stack. The Neumann 

boundary condition describes that the gradient of hydrogen fraction, i.e. the hydrogen 

flux, at the boundary between anode and electrolyte is determined by the electric current. 

The Dirichlet boundary condition describes that hydrogen concentration at the anode 

boundary is equal to the hydrogen concentration in the gas channels.  

 

The ordinary differential equation (ODE) can thus be solved, taking the following form:  

 

 
𝑥𝐻2 = 𝑥𝐻2

𝑏𝑢𝑙𝑘 −
𝐼𝑅𝑇

2𝐹𝑃𝐷𝐻2,𝑇
𝑒𝑓𝑓

𝑧 [5] 

 

The concentration overpotential of the negative electrode is expressed by Eq. 6. 

 

 
𝜂𝑐𝑜𝑛𝑐,𝑎𝑛𝑜𝑑𝑒 =

𝑅𝑇

2𝐹
ln (

𝑥𝐻2
𝑏𝑢𝑙𝑘 · 𝑥𝐻2𝑂

𝑥𝐻2 · 𝑥𝐻2𝑂
𝑏𝑢𝑙𝑘 ) [6] 

 

It is immediate to define 𝜂𝑐𝑜𝑛𝑐,𝑎𝑛𝑜𝑑𝑒 as a function of the current being generated by sub-

stituting Eq. 5 into Eq. 6 and taking into consideration that 𝑥𝐻2 + 𝑥𝐻2𝑂 + 𝑥𝑁2 = 1   ∀𝑧. 

Hence, the resistance associated to the concentration overpotential at the anode-

electrolyte interface is expressed in the following terms: 
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[7] 

 

Once 𝑟𝑐𝑜𝑛𝑐,𝑎𝑛𝑜𝑑𝑒 has been obtained, it can be reformulated to be expressed in terms of the 

fuel utilization. Recalling the expression for the fuel utilization, (Eq. 8), 

 

 
𝑈𝑓 =

𝐼𝑅𝑇

2𝐹𝑃𝑓𝑛𝑒𝑔,𝑐𝑒𝑙𝑙𝑥𝐻2
𝑏𝑢𝑙𝑘 [8] 

 

where 𝑓𝑛𝑒𝑔,𝑐𝑒𝑙𝑙 is the total volumetric flow rate entering the negative electrode of a cell.  

 

Therefore, 𝑟𝑐𝑜𝑛𝑐,𝑎𝑛𝑜𝑑𝑒 in terms of the fuel utilization takes the following form: 
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 [9] 

 

The fuel utilization can be expressed in term of the concentration resistance. By lumping 

the coefficients and parameters into generic constants, the following equation arises: 

 

 
𝑟𝑐𝑜𝑛𝑐,𝑎𝑛𝑜𝑑𝑒 =

1

𝑎𝐹𝑈2 + 𝑏𝐹𝑈 + 𝑐
 [10] 

 

Since the gas flow to the cathode is kept constant, only variations in the anode gas flow 

affect the gas conversion impedance, and 𝑟𝑐𝑜𝑛𝑐,𝑎𝑛𝑜𝑑𝑒 can be described with GCI.  

 

Temperature distribution 

 

The relation describing temperature as function of the serial resistance Rs is based on 

the Arrhenius conductivity equation (Eq. 11) 

 

 
𝜎𝑇 = 𝜎0 exp (

𝐸𝑎

𝑘𝐵𝑇
) 

 

[11] 

 

where 𝜎 is the conductivity, 𝑇 is the temperature in Kelvin, 𝜎0 is a material constant, 𝐸𝑎 

is the activation energy and 𝑘𝐵 is the Boltzmann constant. Simplifying the relation by the 

following steps  

 

 𝑇

𝑅
= 𝜎0 exp (

𝐸𝑎

𝑘𝐵𝑇
) 

 

𝑅 ∝ exp(𝑇) 

 
𝑇 ∝ ln(𝑅) [12] 

 

yields a logarithmic relation for the temperature as function of the serial resistance with 

the generic constants A and B (Eq 13):  

 

 𝑇 = 𝐴 ln(𝑅𝑠) + 𝐵 [13] 

 

 

Experimental setup 

 

     The measurements were performed on an ElringKlinger C-design 10 cell stack. The 

stack was placed in a furnace (MeyerVastus) and fed with air and a fuel mixture consist-

ing of 50%/50% H2/N2 through mass flow controllers (Bronkhorst EL-FLOW). The stack 

was connected to an electric load (Kikusui PLZ1004). At nominal operation conditions, 



furnace temperature was held at 700 ºC, fuel feed was 3.5 lN/min H2, 3.5 lN/min H2 and 

air feed was 30 lN/min. The current was 25.2 A, which corresponds to a current density of 

0.3 A/cm2. EIS was measured with a five-channel impedance monitor (ZiveLabs Z#). 

Measured frequency range was 10 mHz – 30 kHz, with DC component 25.2 A and AC 

component 0.8 A. The cells were grouped in cell blocks so that cell 1, cells 2-4, cells 5-6, 

cells 7-9 and cell 10 formed five blocks. Kramers-Kronig relations were used to validate 

the data. Data points with relative residuals higher than ±1% were discarded. The data 

was fitted with ZiveLab’s software ZMAN to the equivalent circuit illustrated in Figure 1. 

 

     As the fuel utilization at nominal operation conditions was 50%, it was varied from 

30% to 70%, with steps of 10 percentage units, for determining the parameters in Eq 10. 

Similarly, furnace temperature was varied from 650 °C to 750 °C with 25 °C steps to 

determine the parameters for Eq. 13. The stack temperature was determined as the aver-

age of inlet and outlet air temperature.  

 

 

Results and discussion 

 

     An IV curve was recorded in the beginning of the test, presented in Figure 2. The 

measured EIS spectra were fitted to the equivalent circuit shown in Figure 1. The ob-

tained values for Rs and R2 from the middle cell block, containing cells 5 and 6, were 

used for determining the parameters to equations 10 and 13. The middle cells should be 

representative for the stack with regard to fuel flow and temperature, and as seen in the 

IV curve in Figure 2, their performance is in the same range as the other cells. From the 

IV curve it is seen that all cells apart from cell 1 show similar voltages over the current 

range. Cell 1 shows the lowest performance over the whole current range and cell 10 is 

the first to show signs of fuel shortage.  

 

 
Figure 2. IV curve recorded in the beginning of the test at 700 °C. (For the color graph, 

the reader is advised to the electronic publication.) 
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     Figure 3 presents the equation fitting to the measured values. Figure 3a illustrates the 

measured gas conversion impedance at different fuel utilizations and 3b shows the loga-

rithmic dependency of temperature and serial resistance. The obtained equations fit close-

ly to the measured data.  

 

  
Figure 3. Fitting equations 10 and 13 to the measured impedance data: a) gas conversion 

impedance at different FU and b) temperature related to serial resistance.  

 

Figure 4 presents the calculated fuel flow over the anode in each cell group. The gas flow 

is normalized with respect to the number of cells in the group. The highest gas flows are 

seen in the middle of the stack and the outermost cells receive less fuel. The feed to cells 

7-9 is 770 ml/min and 610 ml/min to cell 10. The uncertainty of the calculated fuel flow 

is estimated to ±6%. Errors may be induced from faults in EIS spectra which are small 

enough to be approved in the Kramers-Kronig test, errors from fitting the spectra to the 

equivalent circuit, errors from fitting equations 10 and 13 to the measured Rs and R2 val-

ues and mass flow controller uncertainty. Taking the uncertainty limits into account, the 

distribution could be smoother. However, the distribution is in correspondence with the 

IV curve in Figure 2 where it is seen that cell 10 is the first to show signs of fuel shortage.  

 

 
Figure 4. Calculated anode fuel flow distribution over each cell group compared with 

measured average cell voltage in corresponding cell group.  
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     The average cell voltage of each block is also plotted in the graph. The voltage distri-

bution follows the fuel flow distribution roughly, but there are some discrepancies to be 

seen, e.g. for cells 1 and 10. This suggests that there is another governing mechanism, for 

example temperature. It should be noted that the fuel gas distribution shown here holds 

only for the 10-cell ElringKlinger stack and has been improved after the measurements 

reported here. 

 

     Calculated temperature distribution is illustrated in Figure 5. As above, the results are 

normalized for individual cells. The graph shows that the temperature is highest in the 

middle of the stack and decrease towards the ends of the stack. The maximal temperature 

difference is 60 °C with cell 1 being the coolest. Probable reasons are that the gases enter 

the stack from below and that the stack stand goes through the furnace bottom and may 

act as a thermal bridge, as cell 1 is the bottommost cell. The uncertainty of the calculated 

values is estimated to 3%, stemming from the error sources as described above, except 

for mass flow controller uncertainty. The total error could be decreased by performing a 

greater amount of measurement to increase sample size and by optimizing the EIS meas-

urement setup.  

 

 
Figure 5. Calculated temperature distribution over each cell group compared with meas-

ured average cell voltage in corresponding cell group.  
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is also supported by the IV curve in which cell 1 shows the lowest voltage but only small 

signs of fuel shortage at high currents. Figure 4 also shows that fuel flow to cell 1 is 

higher to cell 10, thus explaining the smaller voltage drop at high FU. Since the tempera-

tures in the first step for deriving parameters to Eq. 13 are determined as the average of 

inlet and outlet air temperature, the real cell temperature could be higher. So forth, the 

most important outcome from Figure 5 is the distribution and not the values themselves. 

To improve the situation, the temperature could be determined more closely, e.g. by 

method presented by Klotz et al (12). However, this requires high frequencies to be used, 
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which is cumbersome in stack test stations due to induced inductive errors that are easier 

to deal with in single cell test station due to size.  

 

 

Summary 

 

     A method for determining temperature and fuel utilization distributions in SOFC 

stacks was presented. The method builds on previous research and is extended to cover 

the temperature distribution. Equations for relating the gas conversion impedance to fuel 

utilization and the serial resistance to temperature were determined from Fick’s diffusion 

equation and the conductivity equation of Arrhenius type, respectively. The method was 

demonstrated on an ElringKlinger 10-cell stack. The determined distributions showed 

that the outermost cells receive less fuel than the average cell and are also the coldest. 

The distributions correspond to measured IV curves and suggest that the temperature af-

fects cell performance more than the fuel utilization does at nominal operation conditions 

with conservative fuel utilization. The work could be further improved by optimizing the 

EIS measurement setup for stack tests and by determining the reference cell temperature 

more precisely. The method developed in this work can be used to improve and evaluate 

stack design and so forth increase the performance of SOFC stacks.  
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