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ɩʀʍʚʇʂʕʂȡ 
 
 
ɠ ʌɻʍʋʞʎɻ ʀʍɾɻʎʚɻ ʈʀ ʐʚʐʇʋ Ⱥʌʍʋʎʃʙʆʂ ɿʑʉɻʈʅʆʋʞ ʃʀʍʈʅʆʋʞ ʈʋʉʐʘʇʋʑ ʎʀ 
ʑʒʅʎʐʗʈʀʉʂ ɻʉɻʇʑʐʅʆʙ ʌʍʋʎʋʈʋʚʖʎʂ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑȻ 
ʌɻʍʋʑʎʅʗʁʀʅ ʘʉɻ ʌʇʙʍʀʏ ɻʉɻʇʑʐʅʆʝ ʈʋʉʐʘʇʋ ʌʋʑ ʌʀʍʅɾʍʗʒʀʅ ʐʂ ʇʀʅʐʋʑʍɾʚɻ 
ʀʌʚʌʀɿʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ɉSOFC) ʋʈʋʍʍʋʙʏ ʈʀ ʆɻʞʎʅʈʋ 
ʑɿʍʋɾʝʉʋ ʎʀ ʈʂ ʅʎʋʃʀʍʈʋʆʍɻʎʅɻʆʘʏ ʎʑʉʃʙʆʀʏȢ ɬʋ ʈʋʉʐʘʇʋ ʆɻʐɻʎʆʀʑʗʎʐʂʆʀ ʆɻʅ 
ɻʉɻʌʐʞʔʃʂʆʀ ʎʐʂʉ ʑʌʋʇʋɾʅʎʐʅʆʙ ʌʇɻʐʒʝʍʈɻ ʌʍʋʎʋʈʋʚʖʎʂʏ gProms ɼɻʎʅʎʈʘʉʋ 
ʎʐʋ ʂʇʀʆʐʍʋʔʂʈʅʆʝ ʈʋʉʐʘʇʋ ʌʋʑ ʌɻʍʋʑʎʚɻʎɻʉ ʋʅ Dr. ɣʑʍʅʗʆʋʏ ɩɻʉʝʌʋʑʇʋʏ 
Ph.D. ʆɻʅ Dr. Philipp Hofmann Ph.D. ʈʘʎɻ ɻʌʝ ʐʂʉ ʀʍɾɻʎʚɻ ʈʀ ʐʚʐʇʋ ȺDetailed  
dynamic SOFC modeling for electrochemical impedance spectra simulation». 
ɬʋ ʉʘʋ ʈʋʉʐʘʇʋ ʌʍʋʎʗʍʈʋʎʀ ʐʅʏ ɻʉɻʇʑʐʅʆʘʏ ʃʀʍʈʅʆʘʏ ʀʊʅʎʡʎʀʅʏ ʆɻʅ ʐʋʑʏ 
ʈʂʔɻʉʅʎʈʋʞʏ ʈʀʐɻʒʋʍʗʏ ʃʀʍʈʝʐʂʐɻʏ ʎʀ ʈʂ ʅʎʋʃʀʍʈʋʆʍɻʎʅɻʆʘʏ ʎʑʉʃʙʆʀʏ ʎʐʅʏ 
ʑʒʅʎʐʗʈʀʉʀʏ ʀʊʅʎʡʎʀʅʏȢ ɨʅ ʐʀʇʀʑʐɻʚʀʏ ʌʀʍʅɾʍʗʒʋʑʉ ʐɻ ʅʎʋʁʞɾʅɻ ʈʗʁɻʏ ʐʖʉ 
ɻʀʍʚʖʉ  ʎʀ ʎʑʉɿʑɻʎʈʝ ʈʀ ʐʂʉ ʌʀʍʅɾʍɻʒʙ ʀʉʝʏ ʈʂʔɻʉʅʎʈʋʞ ɿʅʗʔʑʎʂʏ ɻʀʍʚʖʉ ʎʐʋ 
ʌʋʍʡɿʀʏ ʐʋʑ ʆʀʇʅʋʞ ɉDusty Gas ModelɊ ʆɻʅ ʐʂʉ ɻʉʗʇʑʎʂ ʐʖʉ ɻʌʖʇʀʅʡʉ ʆɻʐʗ 
ɼɻʃʈʚɿʀʏ ɿʑʉɻʈʅʆʋʞ ʎʞʈʒʖʉɻ ʈʀ ʐʅʏ ʌʅʋ ʌʍʝʎʒɻʐʀʏ ʃʀʖʍʙʎʀʅʏȢ ɠ ʈɻʃʂʈɻʐʅʆʙ 
ʌʍʋʎʘɾɾʅʎʂ ʌʋʑ ʔʍʂʎʅʈʋʌʋʅʙʃʂʆʀ ʀʚʉɻʅ ʂ  ɿʅɻʆʍʅʐʋʌʋʚʂʎʂ ʐʖʉ ʀʊʅʎʡʎʀʖʉ ʆɻʅ 
ʐʖʉ ʈʀʐɻɼʇʂʐʡʉ ʈʀ ʐʂʉ ɥʘʃʋɿʋ ʐʖʉ ɩʀʌʀʍɻʎʈʘʉʖʉ ɝʅɻʒʋʍʡʉȢ ɠ ʆʞʍʅɻ 
ʇʀʅʐʋʑʍɾʚɻ ʐʋʑ ʆʀʇʅʋʞ ʀʊʀʐʗʎʐʂʆʀ ʎʀ ɿʅʎɿʅʗʎʐɻʐʂ ɻʉʗʇʑʎʂȢ ɠ ʌɻʍʋʑʎʚɻʎʂ ʐʂʏ 
ɿʅɻɿʅʆɻʎʚɻʏ ʃʘʍʈɻʉʎʂʏ ʐʋʑ ʆʀʇʅʋʞ ʀʊʀʐʗʎʐʂʆʀ ʆɻʅ ʌɻʍʋʑʎʅʗʎʐʂʆʀ ʎʀ ʐʍʀʅʏ 
ɿʅɻʎʐʗʎʀʅʏ ɾʅɻ ʐʂʉ ʌʀʍʚʌʐʖʎʂ ʋʈʋʍʍʋʙʏ ʆɻʅ ʆʗʃʀʐʂʏ ʍʋʙʏ.  
ɠ ʀʍɾɻʎʚɻ ɻʌʋʐʀʇʀʚʐɻʅ ɻʌʝ ʀʌʐʗ ʆʀʒʗʇɻʅɻȢ ɫʐʋ ʌʍʡʐʋ ʆʀʒʗʇɻʅʋ ʀʅʎʗɾʋʉʐɻʅ ʋʅ 
ɼɻʎʅʆʘʏ ɾʉʡʎʀʅʏ ɾʅɻ ʐʅʏ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ ʆɻʅ ɾʚʉʀʐɻʅ ʌʇʙʍʂʏ ɻʉɻʒʋʍʗ ɾʅɻ ʐʅʏ 
ɼɻʎʅʆʘʏ ɻʍʔʘʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʂʏ SOFCȢ ɞʌʚʎʂʏ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʅʎʐʋʍʅʆʙ 
ɻʉɻɿʍʋʈʙʏ ʐʂʏ ʀʊʘʇʅʊʂʏ ʐʂʏ SOFC ɻʇʇʗ ʆɻʅ ʐɻ ʔɻʍɻʆʐʂʍʅʎʐʅʆʗ ʐʂʏ ʎʐʂʉ 
ʎʂʈʀʍʅʉʙ ʀʌʋʔʙȢ ɬʘʇʋʏ ɾʚʉʀʐɻʅ ʈʅɻ ʀʅʎɻɾʖɾʙ ɾʅɻ ʐɻ ʈʀɾʘʃʂ ɻʌʝɿʋʎʂʏ ʆɻʅ ʐɻ ʀʚɿʂ 
ɻʌʖʇʀʅʡʉ ʌʋʑ ʀʈʒɻʉʚʁʋʉʐɻʅ. 
ɫʐʋ ɿʀʞʐʀʍʋ ʆʀʒʗʇɻʅʋ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʋʅ ʀʊʅʎʡʎʀʅʏ ʌʋʑ ʌʀʍʅɾʍʗʒʋʑʉ ʐʋ 
ɻʉʀʌʐʑɾʈʘʉʋ ʂʇʀʆʐʍʋʔʂʈʅʆʝ ʈʋʉʐʘʇʋ ʐʂʏ ɿʑʉɻʈʅʆʙʏ ʇʀʅʐʋʑʍɾʚɻʏ ʈʅɻʏ SOFC. 
ɚʉɻʒʘʍʋʉʐɻʅ ʐɻ ʅʎʋʁʞɾʅɻ ʈʗʁɻʏ ʎʐɻ ʆɻʉʗʇʅɻ ʐʖʉ ɻʀʍʚʖʉ ʆɻʅ ʎʐʋ ʌʋʍʡɿʀʏȟ ʐʋ 
ʈʋʉʐʘʇʋ ɿʅʗʔʑʎʂʏ dusty gas model, ʋʅ ʀʊʅʎʡʎʀʅʏ ʌʋʑ ɿʅʘʌʋʑʉ ʐʅʏ ɻʌʡʇʀʅʀʏ 
ʐʗʎʀʖʉ ʎʀ ɼɻʃʈʚɿʀʏ ʆɻʅ ʐʂʉ ʌɻʍɻɾʖɾʙ ʐʋʑ ʂʇʀʆʐʍʅʆʋʞ ʍʀʞʈɻʐʋʏȢ  
ɫʐʋ ʐʍʚʐʋ ʆʀʒʗʇɻʅʋ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʌʇʙʍʂʏ ʆɻʅ ɻʉɻʇʑʐʅʆʙ ʌʀʍʅɾʍɻʒʙ ʐʋʑ 
ɻʉʀʌʐʑɾʈʘʉʋʑ ʃʀʍʈʅʆʋʞ ʈʋʉʐʘʇʋʑ ʈʘʎɻ ɻʌʝ ʐɻ ʀʉʀʍɾʀʅɻʆʗ ʅʎʋʁʞɾʅɻȢ ɫʐʋ 
ʆʀʒʗʇɻʅʋ ɻʑʐʝ ɻʉɻʌʐʞʎʎʋʉʐɻʅ ʆɻʅ ʋʅ ʀʊʅʎʡʎʀʅʏ ʌʋʑ ʌʀʍʅɾʍʗʒʋʑʉ ʐʂʉ 
ʎʑʉɻɾʖɾʙ ʐʖʉ ɻʀʍʚʖʉ ʈʀ ʐɻ ʎʐʀʍʀʗ ʐʋʑ ʆʀʇʅʋʞȢ ɬʘʇʋʏ ɿʚʉʋʉʐɻʅ ʋʅ ɻʉɻʇʑʐʅʆʘʏ 
ʀʊʅʎʡʎʀʅʏ ʐʖʉ ʃʀʍʈʅʆʡʉ ʅɿʅʋʐʙʐʖʉ ʐʖʉ ɻʀʍʚʖʉ ʆɻʅ ʐʖʉ ʎʑʉʐʀʇʀʎʐʡʉ 
ʈʀʐɻʒʋʍʗʏ ʃʀʍʈʝʐʂʐɻʏȢ 
ɬʋ ʐʘʐɻʍʐʋ ʆʀʒʗʇɻʅʋ ʌʀʍʅʇɻʈɼʗʉʀʅ ʐɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ʆɻʅ ʐʂʉ ʎʑʁʙʐʂʎʂ ɻʑʐʡʉ 
ʈʘʎɻ ɻʌʝ ʐʂʉ ʀʊʘʐɻʎʂ ɻʍʆʀʐʡʉ ʌʀʍʅʌʐʡʎʀʖʉ ʇʀʅʐʋʑʍɾʚɻʏ ʐʂʏ ʆʑʕʘʇʂʏ ʈʀ 
ʔʍʙʎʂ ʐʋʑ ʈɻʃʂʈɻʐʅʆʋʞ ʈʋʉʐʘʇʋʑ ʌʋʑ ɻʉɻʌʐʞʔʃʂʆʀ. ɞʊʀʐʗʁʀʐɻʅ ʂ ʃʘʍʈɻʉʎʂ 
ʐʋʑ ʆʀʇʅʋʞ ʎʀ ɿʑʉɻʈʅʆʘʏ ʎʑʉʃʙʆʀʏ ɉʎʀ ς$ ʆɻʅ σD) ʆɻʅ ʂ ʇʀʅʐʋʑʍɾʚɻ ʐʋʑ ʑʌʝ 
ʒʋʍʐʚʋ ʎʀ ɿʅɻʒʋʍʀʐʅʆʘʏ ʌʀʍʅʌʐʡʎʀʅʏ ʎʀ ʈʝʉʅʈʀʏ ʎʑʉʃʙʆʀʏȢ ɞʊʀʐʗʁʀʐɻʅ ʂ 
ʈʀʐɻɼʋʇʙ ʐʖʉ ʌɻʍɻʈʘʐʍʖʉ ʀʅʎʝɿʋʑ ʆɻʅ ʌʖʏ ʀʌʅɿʍʋʞʉ ʎʐʂʉ ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ 
ʆʑʕʘʇʂʏȢ 



 

ɫʐʋ ʌʘʈʌʐʋ ʆʀʒʗʇɻʅʋ ʀʊʀʐʗʁʀʐɻʅ ʂ ʈʀʐɻɼʋʇʙ ʐʖʉ ʌɻʍɻʈʘʐʍʖʉ ʀʊʝɿʋʑ ʐʂʏ 
SOFC ʖʏ ʎʑʉʗʍʐʂʎʂ ʐʋʑ ʔʍʝʉʋʑ  ʆɻʐʗ ʐʂʉ ʀʆʆʚʉʂʎʂȟ ʐʂʉ ɻʇʇɻɾʙ ʒʋʍʐʚʋʑ ʆɻʅ 
ʐʂʉ ɻʇʇɻɾʙ ʃʀʍʈʋʆʍɻʎʚɻʏ ʐʖʉ ɻʀʍʚʖʉ ʎʐʂʉ ʀʚʎʋɿʋȢ 
ɫʐʋ ʘʆʐʋ ʆʀʒʗʇɻʅʋ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʀʌʅʆʞʍʖʎʂ ʐʋʑ ʈʋʉʐʘʇʋʑ ʎʑɾʆʍʚʉʋʉʐɻʏ ʐʋ 
ʈʀ ʀʌʚʎʂʈʀʏ ʈʀʇʘʐʀʏ ʆɻʅ ʀʍɾɻʎʚʀʏȢ ɞʌʚʎʂʏ ɾʚʉʀʐɻʅ ʎʑʁʙʐʂʎʂ ɾʞʍʖ ɻʌʝ ʐʂʉ 
ʀʌʅʇʋɾʙ ʐʋʑ ɻʍʅʃʈʋʞ ʐʖʉ ɿʅɻʎʐʂʈʗʐʖʉ ɾʅɻ ʐʂʉ ʈʘʃʋɿʋ ʐʂʏ ɿʅɻʆʍʅʐʋʌʋʚʂʎʂ ʌʋʑ 
ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ. 
ɫʐʋ ʐʀʇʀʑʐɻʚʋ ʆʀʒʗʇɻʅʋ ʎʑɾʆʀʉʐʍʡʉʋʉʐɻʅ ʐɻ ʎʑʈʌʀʍʗʎʈɻʐɻ ʐʂʏ ʀʍɾɻʎʚɻʏ 
ɻʑʐʙʏ ɾʅɻ ʐʂʉ ʔʍʂʎʅʈʝʐʂʐɻ ʐʋʑ ʈʋʉʐʘʇʋʑ ʆɻʅ ɾʅɻ ʐʂʉ ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ ʆʑʕʘʇʂʏȟ 
ʌʍʋʐʗʎʀʅʏ ɾʅɻ ʐʂʉ ɼʀʇʐʅʎʐʋʌʋʚʂʎʂ ʐʂʏ ʌʀʍʅɾʍɻʒʙ ʐʋʑ ʈʋʉʐʘʇʋʑ ʆɻʅ ɾʅɻ ʀʊʘʇʅʊʂ 
ʐʂʏ ʌɻʍʋʞʎɻʏ ɿʅɻʐʍʅɼʙʏȢ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Abstract  
 
4ÈÉÓ ÔÈÅÓÉÓȟ ÔÉÔÌÅÄ ÁÓ Ȱ!ÄÄÉÔÉÏÎ ÏÆ Á ÄÙÎÁÍÉÃ ÔÈÅÒÍÁÌ model to an existing 
ÄÅÔÁÉÌÅÄ ÓÉÍÕÌÁÔÉÏÎ ÏÆ  ÓÏÌÉÄ ÏØÉÄÅ ÆÕÅÌ ÃÅÌÌȱ ÐÒÅÓÅÎÔÓ Á ÆÕÌÌÙ ÄÅÔÁÉÌÅÄ ÍÏÄÅÌ 
describing the operation of a planar solid oxide fuel cell (SOFC) in co flow 
consuming hydrogen for fuel in non isothermal conditions. The model is built 
and developed on the commercially available modeling and simulations 
platform gPromsTM based on the existing electrochemical simulation of the 
authors Dr. Panopoulos Ph.D. and Philipp Hofmann of the paper titled as 
«Detailed  dynamic SOFC modeling for electrochemical impedance spectra 
simulation». 
The thermal model combines the energy equations and the mechanisms of 

heat transfer with the existing equations. The latter consists of  the physico-
chemical governing equations combined with a detailed gas diffusion 
mechanism (Dusty Gas Model), and a detailed analysis of the SOFC inherent 
losses with the latest considerations. The mathematical approach used is  the 
descretization of the equations and variables using the Finite Difference 
Method (FDM). This thesis thoroughly investigates the co flow operation of 
the SOFC. The operation of the heating of the SOFC examined in the co and 
cross flow. 
The thesis consists of seven chapters. The first chapter includes the general 

contemplation of fuel cell, specifically for the SOFCs. It presents the history of 
the solid oxide fuel cells and the use of them nowadays. At the end of the 
chapter the factors of the efficiency of the cell and the different kinds of 
losses are presented. 
In the second chapter  are presented the description of the electrochemical 

equations, the mass balances in gas channels and in the porous of the 
electrodes, the description of the Dusty Gas model and the equations of the 
overpotentials 
The third chapter analyzes the equations of the energy balances of the parts 

of the fuel cell. It includes the equations of the heat transfer coefficients 
between the gasses and the solid parts of the SOFC. 
The fourth chapter includes the output of the simulation from gProms for 

many operational cases of the cell. The heat up process in dynamic conditions 
and the operation in steady state is presented. Current densities, distribution 
of the temperature along the cell and significant parameters of the cell are 
displayed. 
The fifth chapter includes the investigation of the start-up of the cell. It also 

presents the response of the cell in load changes and other parameter 
changes. 
In the sixth chapter the validation of the model, compared with international 

studies and searches, is presented. A nodal analysis is discussed. 
The final chapter includes all the conclusions of this study, suggestions for 

future investigation as well as the use of this model. 
The model is an important tool for analyzing the SOFC performance in 

steady or dynamic conditions. It can be used for the planar geometries for co 
counter and cross flow cases.  
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1.3 ɹˋˍˇˊʽˁˈ ˎˉˈʲʰʻˊˇ ˍ˖˄ ˁʶˊʰ˃ʽˁ˗˄ ˁˎ˕ʶ˂˗˄ 

1.4  ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˋˏʴ˔ˊˇ˄ʹˌ SOFC 

1.5 ɰʰʻ˃ˇʾ ʰˉˈʵˇˋʹˌ 

1.6 ɹˋ˔ˏˌ ˃ʽʰˌ SOFC 

1.7 ɼʰˏˋʽ˃ʰ ˁʰʽ ˇ˅ʶʽʵ˖ˍʽˁˈ  

1.8 ɮ˄ʰ˃ˇˊ˒˖ˍʺˌ ˁʰˎˋʾ˃ˇˎ  

1.9 ɾˇ˄ʱʵʰ ʶˉʶ˅ʶˊʴʰˋʾʰˌ ˍʹˌ ˉʰˊʰʴˈ˃ʶ˄ʹˌ ʹ˂ʶˁˍˊʽˁʺˌ ʽˋ˔ˏˇˌ όpower 

conditioning) 

2. ɳʽˋʰʴ˖ʴʺ ˋˍʹ˄ ˃ʰʻʹ˃ʰˍʽˁʺ ˉˊˇˋʷʴʴʽˋʹ ˁʰʽ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ς 

ɶ˂ʶˁˍ́ ˇ˔ʹ˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇ 

2.1 ɳʽˋʰʴ˖ʴʺ ς ɸʶ˖ˊʹˍʽˁˈ ˎˉˈʲʰʻˊˇ ʴʽʰ ˍʹ˄ ʰ˄ʰ˂ˎˍʽˁʺ ˉʶˊʽʴˊʰ˒ʺ ˍʹˌ 

SOFC. 

2.2 ʃʶ́ʽʴˊʰ˒ʺ ʹ˂ʶˁˍˊˇ˔ʹ˃ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ 

2.3 ɳ˅ʽˋ˗ˋʶʽˌ ˃ʶˍʰ˒ˇˊʱˌ ˃ʱʸʰˌ ˁʰʽ ʵʽʱ˔ˎˋʹˌ ˋˍˇ ˉˇˊ˗ʵʶˌ όDusty Gas 

Model) 

2.4 ɰʰʻ˃ʾʵʶˌ ʵˎ˄ʰ˃ʽˁˇˏ ˁʰʽ ʹ˂ʶˁˍˊʽˁˈ ˊʶˏ˃ʰ 

3. ɸʶˊ˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇ 

3.1 ʃʶˊʽʴˊʰ˒ʺ ʻʶˊ˃ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ 

3.2 ɳ˅ʽˋ˗ˋʶʽˌ ʶ˄ʷˊʴʶʽʰˌ 

3.3 ʅˎ˄ˍʶ˂ʶˋˍʷˌ ˃ʶˍʰ˒ˇˊʱˌ ʻʶˊ˃ˈˍʹˍʰˌ 

4. ɽʶʽˍˇˎˊʴʾʰ ˁˎ˕ʷ˂ʹˌ  

4.1   ɸʷˊ˃ʰ˄ˋʹ ˍˇˎ ˁʶ˂ʽˇˏ 

4.2 ɽʶʽˍˇˎˊʴʾʰ ˍʹˌ SOFC ˃ ʶ ˒ˇˊˍʾˇ  - ʃʰˊˇˎˋʾʰˋʹ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˎˉˈ 

˃ˈ˄ʽ˃ʶˌ ˋˎ˄ʻʺˁʶˌ 

4.3  ɳ˅ʷˍʰˋʹ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ SOFC ̀ ʶ ʵʽʰ˒ˇˊʶˍʽˁˇˏˌ ˋˎ˄ˍʶ˂ʶˋˍʷˌ 

ʶˁ˃ʶˍʰ˂˂ʶˏˋʶ˖ˌ ˁʰˎˋʾ˃ˇˎ 



 

4.4 ɽʶʽˍˇˎˊʴʾʰ ˍʹˌ SOFC ̀ ʶ ʵʽʰ˒ˇˊʶˍʽˁʱ ˒ˇˊˍʾʰ ς ʋʰˊʰˁˍʹˊʽˋˍʽˁʷˌ ˁʰʽ 

ˉʰˊˇˎˋʾʰˋʹ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ 

4.5 ɾʶ˂ʷˍʹ ˍ˖˄ ʶˉʽʵˈˋʶ˖˄ ˍʹˌ SOFC ˃ ʶ ˍʹ˄ ˃ʶˍʰʲˇ˂ʺ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ 

5. ɽʶʽˍˇˎˊʴʾʰ ˍʹˌ ˁˎ˕ʷ˂ʹˌ ˋʶ ʵˎ˄ʰ˃ʽˁʷˌ ˋˎ˄ʻʺˁʶˌ 

5.1 ɴ˄ʰˊ˅ʹ ˂ʶʽˍˇˎˊʴʾʰˌ 

5.2 ɮˉˈˁˊʽˋʹ ˍʹˌ SOFC ̀ ʶ ʰ˂˂ʰʴʺ ʹ˂ʶˁˍˊʽˁˇˏ ˒ˇˊˍʾˇˎ 

5.3 ɮˉˈˁˊʽˋʹ ˍʹˌ SOFC ̀ ʶ ʰ˂˂ʰʴʺ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ʶʽˋˈʵˇˎ ˍ˖˄ ʰʶˊʾ˖˄ 

6. ɳˉʽˁˏˊ˖ˋʹ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ 

6.1 ʅˏʴˁˊʽˋʹ ˍˇˎ ˃ʰʻʹ˃ʰ̱ ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ 

6.2  ɳˉʽˁˏˊ˖ˋʹ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ  

6.3 ɮ˄ʱ˂ˎˋʹ ʰˊʽʻ˃ˇˏ ʵʽʰˋˍʹ˃ʱˍ˖˄ ʴʽʰ ˍʹ˄ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹ 

7.  ʅˎ˃ˉʶˊʱˋ˃ʰˍʰ 

7.1 ʅˎ˃ˉʶˊʱˋ˃ʰˍ hʁ ˉʾ ̱ ˇˎ ˃ ˇ˄ˍʷ˂ˇˎ 

7.2 ʋˊʹˋʽ˃ˇˉˇʾʹˋʹ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ʴʽʰ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ̱ ʹˌ 

ˁˎ˕ʷ˂ʹˌ 

7.3 ɾʶ˂˂ˇ˄ˍʽˁʷˌ ˉˊˇˍʱˋʶʽˌ 

ɰɹɰɽɹʁɱʄɮʊɹɮ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

ɤɢɫɬɚ ɫɭɥɛɨɤɱɦ 

 

A  ʀʌʅʒʗʉʀʅɻ [m2] 

 

Acell  ʀʉʀʍɾʙ ʀʌʅʒʗʉʀʅɻ [m2]  

Ach   ʆʗʃʀʐʂ ʀʌʅʒʗʉʀʅɻ ʐʋʑ ʆɻʉɻʇʅʋʞ ʐʋʑ ɻʀʍʚʖʉ ɉʗʉʋɿʋʏ ʙ ʆʗʃʋɿʋʏɊ 

  [m2]  

ɚij   ʌɻʍʗʈʀʐʍʋʏ ɾʅɻ ʐʂʉ ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʈʀʚɾʈɻʐʋʏ [-] 

kelc ,  ʎʑɾʆʘʉʐʍʖʎʂ ʎʐʋʅʔʀʚʋʑ ʎʐʋ ʆɻʉʗʇʅ [mol cm-3]    

 ʙ ʎʀ ʀʌʅʒʗʉʀʅɻ [mol cm-2] 

Cij   ʌɻʍʗʈʀʐʍʋʏ ɾʅɻ ʐʂʉ ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʐʋʑ ʈʀʚɾʈɻʐʋʏ [-] 

Cppen, CpI ʀʅɿʅʆʙ ʃʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ ʐʋʑ pen ʆɻʅ ʐʂʏ ɿʅʌʋʇʅʆʙʏ ʌʇʗʆɻʏ  

  [J mol-1 K-1] 

Cvi  ʀʅɿʅʆʙ ʃʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ ʑʌʝ ʎʐɻʃʀʍʝ ʝɾʆʋ ʐʋʑ ʎʐʋʅʔʀʚʋʑ i 

  [J mol-1 K-1] 

dan  ʌʗʔʋʏ ɻʉʝɿʋʑ[m] 

dca  ʌʗʔoʏ ʆɻʃʝɿʋʑ [m] 

dpen, dI  ʌʗʔoʏ pen ʆɻʅ ɿʅʌʋʇʅʆʙʏ ʌʇʗʆɻʏ [m] 

eelectrolytd  ʌʗʔʋʏ ʂʇʀʆʐʍʋʇʞʐʂ [m] 

dH,el  ʑɿʍɻʑʇʅʆʙ ɿʅʗʈʀʐʍʋʏ ʐʋʑ ʆɻʉɻʇʅʋʞ ɉʗʉʋɿʋʏ ʙ ʆʗʃʋɿʋʏɊ [m]  

jkD ,   ɿʑɻɿʅʆʝʏ ʎʑʉʐʀʇʀʎʐʙʏ ɿʅʗʔʑʎʂʏ [cm2 s-1] 

kKND ,   ʎʑʉʐʀʇʀʎʐʙʏ ɿʅʗʔʑʎʂʏ Knudsen [cm2 s-1] 

E  ʐʗʎʂ [V] 

Ecell   ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʐʂʏ SOFC [V] 

E0  ʌʍʝʐʑʌʂ ʐʗʎʂ ɉʀʊɻʍʐʡʈʀʉʂ ɻʌʝ ʃʀʍʈʋʆʍɻʎʚɻɊ [V]  



 

 

Ei  ʀʉʘʍɾʀʅɻ ʀʉʀʍɾʋʌʋʚʂʎʂʏ ɾʅɻ ʐʂʉ ɻɾʖɾʅʈʝʐʂʐɻ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ  

  [J mol-1 K-1] 

eel  ʀʎʖʐʀʍʅʆʙ ʀʉʘʍɾʀʅɻ ʐʋʑ ɻʀʍʚʋʑ ɉʗʉʋɿʋʏ ʙ ʆʗʃʋɿʋʏɊ [J mol-1] 

eSOFC  ʂʇʀʆʐʍʅʆʝʏ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʐʂʏ SOFC 

F  ʎʐɻʃʀʍʗ Faraday = 6.023Ͻ1023 Ͻ1.602Ͻ10-19 [Cb / mol] 

ɝG  ɾʍɻʈʈʋʈʋʍʅɻʆʙ ɿʅɻʒʋʍʗ ʐʂʏ ʀʇʀʞʃʀʍʂʏ ʀʉʘʍɾʀʅɻʏ ʐʋʑ Gibbs ʐʂʏ 

ɻʉʐʚɿʍɻʎʂʏ (1) [J molϺ1] 

ɝG0  ʌʍʝʐʑʌʂ ɾʍɻʈʈʋʍʅɻʆʙ ɿʅɻʒʋʍʗ ʐʂʏ ʀʇʀʞʃʀʍʂʏ ʀʉʘʍɾʀʅɻʏ ʐʋʑ Gibbs 

ʐʂʏ ɻʉʐʚɿʍɻʎʂʏ (1) [J molϺ1] 

hel  ʀʉʃɻʇʌʚɻ ɻʀʍʚʋʑ ʎʐʂʉ ʌʇʀʑʍʗ ʐʂʏ ɻʉʝɿʋʑ ʙ ʐʂʏ ʆɻʃʝɿʋʑ [J mol-1] 

hi  ʀʉʃɻʇʌʚɻ ʔʂʈʅʆʋʞ ʎʐʋʅʔʀʚʋʑ [J mol-1] 

ɠ  ʞʕʋʏ [m] 

I   ʍʀʞʈɻ [A] 

j  ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ [A cm-2] 

 

j   ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ [A cm-2] 

elj ,0   ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ɻʉʐɻʇʇɻɾʙʏ [A cm-2] 

elFj ,   ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ Faraday [A cm-2] 

Kan  ɻʍʅʃʈʝʏ ʔʂʈʅʆʡʉ ʎʐʋʅʔʀʚʖʉ ʎʐʂʉ ʌʇʀʑʍʗ ʐʂʏ ɻʉʝɿʋʑ 

Kca  ɻʍʅʃʈʝʏ ʔʂʈʅʆʡʉ ʎʐʋʅʔʀʚʖʉ ʎʐʂʉ ʌʇʀʑʍʗ ʐʂʏ ʆɻʃʝɿʋʑ 

ɣel,pen  ʎʑʉʐʀʇʀʎʐʙʏ ʈʀʐʗɿʋʎʂʏ ʃʀʍʈʝʐʂʐɻʏ ɻʀʍʚʋʑ ʈʀ ʐʋ pen ɍɣJ m-2 s-1K-1] 

ɣel,I  ʎʑʉʐʀʇʀʎʐʙʏ ʈʀʐʗɿʋʎʂʏ ʃʀʍʈʝʐʂʐɻʏ ɻʀʍʚʋʑ ʈʀ ʐʂʉ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ  

  ɍɣJ m-2 s-1K-1] 

LHV  ʆɻʐʡʐʀʍʂ ʃʀʍʈʋɾʝʉʋʏ ʅʆɻʉʝʐʂʐɻ [KJ mol-1] 



 

l   ʈʙʆʋʏ ʆʀʇʅʋʞ [m] 

kMW   ʈʋʍʅɻʆʝ ɼʗʍʋʏ ʐʋʑ k ʎʐʋʅʔʀʚʋʑ ɍɣg mol-1] 

ɥi  ʈʋʍʅɻʆʝ ɼʗʍʋʏ ʐʋʑ i ʎʐʋʅʔʀʚʋʑ ɾʅɻ ʐʅʏ ʃʀʍʈʅʆʘʏ ɻɾʖɾʅʈʝʐʂʐʀʏ 

   ɍɣg mol-1] 

mi  ʈʋʍʅɻʆʙ ʈʗʁɻ ʎʐʋʅʔʀʚʋʑ  i [kg] 

n  ɻʍʅʃʈʝʏ ʐʖʉ ʂʇʀʆʐʍʋʉʚʖʉ ʌʋʑ ʈʀʐɻʒʘʍʋʉʐɻʅ ʎʐʂʉ ɻʉʐʚɿʍɻʎʂ ɉυɊ  

kn#  ɾʍɻʈʈʋʈʋʍʅɻʆʙ ʍʋʙ ʐʋʑ k ʎʐʋʅʔʀʚʋʑ [mol s-1 cm-2] 

N#  ʌɻʍʋʔʙ ʍʋʙʏ [L min-1] 

Nu   ɻʍʅʃʈʝʏ Nusselt [-] 

pi   ʈʀʍʅʆʙ ʌʚʀʎʂ ʐʋʑ ʎʑʎʐɻʐʅʆʋʞ i [atm] 

Pel,tot  ʋʇʅʆʙ ʌʚʀʎʂ ʐʋʑ ʆɻʉɻʇʅʋʞ ɉʗʉʋɿʋʏ ʙ ʆʗʃʋɿʋʏɊ [bar] 

Pop  ʌʚʀʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʐʂʏ SOFC [bar] 

PSOFC  ʂʇʀʆʐʍʅʆʙ ʅʎʔʞʏ SOFC [W] 

Pth,fuel  ɡʀʍʈʅʆʙ ʅʎʔʞʏ ʆɻʑʎʚʈʋʑ ʎʐʂʉ ʀʚʎʋɿʋ ʎʞʈʒʖʉɻ ʈʀ ʐʂʉ LHV [W] 

Q  ʌʂʇʚʆʋ ɻʉʐʚɿʍɻʎʂʏ 

rpore  ɿʅʗʈʀʐʍʋʏ ʌʋʍʡɿʋʑʏ [m] 

TPBr#   ʂʇʀʆʐʍʋʔʂʈʅʆʝʏ ʍʑʃʈʝʏ ɻʉʐʚɿʍɻʎʂʏ (mol cm-2 s-1) 

R  ʀʅɿʅʆʙ ɻʉʐʚʎʐɻʎʂ ʀʅʌʅʒʗʉʀʅɻʏ [Ohm cm2] 

Rg  ʎʐɻʃʀʍʗ ʅɿɻʉʅʆʡʉ ɻʀʍʚʖʉ [8.314 J mol-1 K-1] 

ohmR   ʀʅɿʅʆʙ ʖʈʅʆʙ ʂʇʀʆʐʍʅʆʙ ɻʉʐʚʎʐɻʎʂ [ohm cm2] 

Rech  ɻʍʅʃʈʝʏ Reynolds ɾʅɻ ʆʗʃʀ ɻʘʍʅʋ [-] 

ks#  ʆɻʃɻʍʝʏ ɾʍɻʈʈʋʈʋʍʅɻʆʝʏ ʍʑʃʈʝʏ ʌɻʍɻɾʖɾʙʏ [mol cm-2 s-1]  

ɝSel  ɿʅɻʒʋʍʗ ʀʉʐʍʋʌʚɻʏ [J mol-1] 

t  ʔʍʝʉʋʏ [s] 



 

T  ʃʀʍʈʋʆʍɻʎʚɻ [K] 

uch   ʐɻʔʞʐʂʐɻ ɻʀʍʚʋʑ ʎʐɻ ʆɻʉʗʇʅɻ [m s-1] 

w  ʌʇʗʐʋʏ ʆʀʇʅʋʞ [m] 

Wch ʀʉʀʍɾʝ ʌʇʗʐʋʏ ʆɻʉɻʇʅʋʞ ɉʌʇʗʐʋʏ ʆɻʉɻʇʅʋʞ ʎʑʉ ʐʋ ʆʋʈʈʗʐʅ ʆʗʐʖ 

ɻʌʝ ʐʋ ʌʇʀʑʍʅʆʝ ʎʐʀʍʀʝ ɿʅɻʎʑʉɿʘʎʀʖʏɊ [m] 

Uf  ʎʑʉʐʀʇʀʎʐʙʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʆɻʑʎʚʈʋʑ [-]  

Uo  ʎʑʉʐʀʇʀʎʐʙʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʋʊʑɾʝʉʋʑ [-]  

V  ʐʗʎʂ [V] 

chV   ʝɾʆʋʏ ɻʀʍʚʋʑ ʎʐʋ ʆɻʉʗʇʅ [m3] 

0

mV   ʌʍʝʐʑʌʋʏ ɾʍɻʈʈʋʈʋʍʅɻʆʝʏ ʝɾʆʋʏ  [mol L-1] 

x  ɿʅʗʎʐɻʎʂ x 

X  ɾʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ [mol mol-1] 

y  ɿʅʗʎʐɻʎʂ y 

Y  ʆʇʗʎʈɻ ʈʗʁɻʏ [kg kg-1] 

z   ɿʅʗʎʐɻʎʂ z  

 

ɞʇʇʂʉʅʆʗ ʎʞʈɼʋʇɻȡ  

 

elan,a   ʎʑʉʐʀʇʀʎʐʙʏ ɻʉʋɿʅʆʙʏ ʎʑʈʈʀʐʍʚɻʏ ɾʅɻ ʐʂʉ ʀʊʚʎʖʎʂ Butler-Volmer  

  [-] 

elca,a   ʎʑʉʐʀʇʀʎʐʙʏ ʆɻʃʋɿʅʆʙʏ ʎʑʈʈʀʐʍʚɻʏ ɾʅɻ ʐʂʉ ʀʊʚʎʖʎʂ Butler-Volmer 

  [-] 

-2O
a   ʔʂʈʅʆʙ ɿʍɻʎʐʂʍʅʝʐʂʐɻ ʐʖʉ ʅʝʉʐʖʉ ʋʊʑɾʝʉʋʑ ʎʐʋ ʆɻʉʗʇʅ  

  ɉʎʂʈʀʚʖʎʂ KroegerɀVink) 



 

Nia   ʀʅɿʅʆʙ ʀʌʅʒʗʉʀʅɻ ʐʋʑ ʆɻʐɻʇʞʐʂ ʐʋʑ ɦʅʆʀʇʚʋʑ [cm2 cm-3]  

¶¶
OV

a   ʔʂʈʅʆʙ ɿʍɻʎʐʂʍʅʝʐʂʐɻ ʐʖʉ ʆʀʉʡʉ ʃʘʎʀʖʉ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ  

  ɉʎʂʈʀʚʖʎʂ KroegerɀVink) 

ɾi  ʎʑʉʐʀʇʀʎʐʙʏ sticking [-] 

ɜ   ɿʅɻʃʘʎʅʈʂ ʌʑʆʉʝʐʂʐɻ ʀʌʅʒɻʉʀʅɻʆʙʏ ʃʘʎʂʏ [mol cm-2] 

ʀ  ʌɻʍʗʈʀʐʍʋʏ ʌʋʍʡɿʋʑʏ [-] 

ʀpen, ʀɢ  ʎʑʉʐʀʇʀʎʐʙʏ ʀʆʌʋʈʌʙʏ ɻʆʐʅʉʋɼʋʇʚɻʏ ɾʅɻ pen ʆɻʅ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ 

  [-] 

concactohmɖ ,,   ɻʌʡʇʀʅʀʏ ɿʑʉɻʈʅʆʋʞ ʇʝɾʖ ʖʈʅʆʡʉȟ ʀʉʀʍɾʋʌʋʚʂʎʂʏȟ 

ʎʑɾʆʀʉʐʍʡʎʀʖʉ  

ʂi ʅʊʡɿʀʏ ʎʐʋʅʔʀʚʋʑ i ɍʈPa s] 

ʂmix,el ʅʊʡɿʀʏ ɻʀʍʚʋʑ ʆʗʃʀ ʆɻʉɻʇʅʋʞ ɉʗʉʋɿʋʏ ʙ ʆʗʃʋɿʋʏɊ ɍʈPa s] 

ʇ  ʇʝɾʋʏ ɻʘʍɻ ɉɻʉɻʒʘʍʀʐɻʅ ʎʐʋʉ ʎʑʉʐʀʇʀʎʐʙ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ  

  ʋʊʑɾʝʉʋʑɊ  [-] 

ʇel  ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ɻʀʍʚʋʑ ʎʀ ʆʗʃʀ ʆɻʉʗʇʅ ɉʗʉʋɿʋʏ ʙ ʆʗʃʋɿʋʏɊ   

  [KJ m-1s-1K-1] 

ʇi  ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʎʐʋʅʔʀʚʋʑ i  [KJ m-1s-1K-1] 

ʇpenȟ ɢ  ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʐʋʑ pen  ʆɻʅ ʐʂʏ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻʏ  

  [KJ m-1s-1K-1] 

 

¡ l i   ʝʍʋʏ ʎʑʉʀʅʎʒʋʍʗʏ ʈʀʐɻʆʚʉʂʎʂ ʐʋʑ i ʎʐʋʅʔʀʚʋʑ [KJ m-1s-1K-1] 

 

¡ ¡ l i   ʝʍʋʏ ʎʑʉʀʅʎʒʋʍʗʏ ʀʎʖʐʀʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏ ʐʋʑ i ʎʐʋʅʔʀʚʋʑ   

  [KJ m-1s-1K-1] 

ʉi  ʎʐʋʅʔʀʅʋʈʀʐʍʅʆʝʏ ʎʑʉʐʀʇʀʎʐʙʏ ʐʋʑ i ʎʐʋʅʔʀʚʋʑ   

chr   ʌʑʆʉʝʐʂʐɻ ɻʀʍʚʋʑ ʎʐʋ ʆɻʉʗʇʅ ɍkg m-3] 



 

ʍpenȟ ʍɢ  ʌʑʆʉʝʐʂʐɻ ʐʋʑ pen ʆɻʅ ʐʂʏ ɿʅʌʋʇʅʆʙʏ ʌʇʗʆɻʏ  [kg m-3] 

is   ɻɾʖɾʅʈʝʐʂʐɻ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ [S cm-1] 

0s   ʌɻʍʗʈʀʐʍʋʏ ʐʂʏ ɻɾʖɾʅʈʝʐʂʐɻʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ [S K-1 cm-1] 

ʎ  ʎʐɻʃʀʍʗ Stefan Boltzman 5.6704 Ö10-8 [W m-2 K-4] 

ʐ  ʀʇʚʆʖʎʂ [-] 

ɮij   ʌɻʍʗʈʀʐʍʋʏ Wilke ɾʅɻ ʐʋʉ ʑʌʋʇʋɾʅʎʈʝ ʐʋʑ ʅʊʡɿʋʑʏ ʐʋʑ ɻʀʍʚʋʑ [-] 

ɮe,el   ʂʇʀʆʐʍʋʉʅʆʙ ʐʗʎʂ ʂʇʀʆʐʍʋɿʚʋʑ ɉɻʉʝɿʋʑ ʙ ʆɻʃʝɿʋʑɊ [V] 

ɮi,el   ʅʋʉʐʅʆʙ ʐʗʎʂ ʂʇʀʆʐʍʋɿʚʋʑ ɉɻʉʝɿʋʑ ʙ ʆɻʃʝɿʋʑɊ [V] 

ɝɮel  ɼɻʃʈʚɿɻ ʐʗʎʂʏ ʎʐʋ ʂʇʀʆʐʍʝɿʅʋ ɉɻʉʝɿʋʑ ʂ ʆɻʃʝɿʋʑ) [V] 

 

 

ɝʀʚʆʐʀʏ:  

 

an  ʗʉʋɿʋʏ 

ca  ʆʗʃʋɿʋʏ  

cell  ʎʑʉʋʇʅʆʝ ʆʀʇʚ 

ch  ʆɻʉʗʇʅ ɉʌʇʀʑʍʗʏ ɻʉʝɿʋʑ ʙ ʆɻʃʝɿʋʑɊ  

e  ʂʇʀʆʐʍʋʉʅʆʙ  

el  ʂʇʀʆʐʍʝɿʅʋȡ el = an ɾʅɻ ʗʉʋɿʋ ʆɻʅ el = ca ɾʅɻ ʆʗʃʋɿʋ 

eq  ʅʎʋʍʍʋʌʚɻʏ   

dl  ɿʅʌʇʝ ʀʌʚʌʀɿʋ  

F  Faradaic  

i  ʅʋʉʐʅʆʙ ʒʗʎʂ ɉʝʐɻʉ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ʎʀ ɮɊ 

ɢ   ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ɉinterconnect) 



 

i   ɻʍʅʃʈʝʏ ɻʉʐʚɿʍɻʎʂʏ 

in  ʀʅʎɻɾʖɾʙʏ  

k   ɻʍʅʃʈʝʏ ʔʂʈʅʆʋʞ ʎʐʋʅʔʀʚʋʑ 

ohm  ʖʈʅʆʙ 

pen  ʂʇʀʆʐʍʋʇʞʐʂʏ ʈɻʁʚ ʐɻ ʂʇʀʆʐʍʝɿʅɻ 

rev  ɻʉɻʎʐʍʘʕʅʈʂ  

tot   ʎʑʉʋʇʅʆʝ  

 

ɞʆʃʘʐʀʏȡ  

 

in   ʀʅʎɻɾʖɾʙʏ  

 

ɫʑʉʐʋʈʋɾʍɻʒʚʀʏ:  

  

AKC  Alkaline Fuel Cell ɉʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ɻʇʆɻʇʚʖʉɊ 

ASC  anode supported cell  

BFDM  backward finite difference method 

CFDM  centered finite difference method 

DC   ÄÉÒÅÃÔ ÃÕÒÒÅÎÔ ɉʎʑʉʀʔʘʏ ʍʀʞʈɻɊ 

DGM   Dusty-Gas Model  

FDM   Finite Difference Method  

FFDM  forward finite difference method 

FVM   Finite Volume Method  

MCFC  Molten Carbonate Fuel Cell (ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʐʂɾʈʘʉʖʉ   

  ʆɻʍɼʅɿʚʖʉ) 



 

OCV   open circuit voltage  

 PEN       positive electrode-electrolyte-negative electrode 

PAFC  Phosphoric Axid Fuel Cell (ʒʖʎʒʋʍʅʆʙ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ) 

PEMFC 0ÏÌÙÍÅÒ %ÌÅÃÔÒÏÌÙÔÅ -ÅÍÂÒÁÎÅ &ÕÅÌ #ÅÌÌ ɉʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ  

  ʌʋʇʑʈʀʍʅʆʙʏ ʈʀʈɼʍʗʉʂʏɊ 

PSTR  perfectly stirred reactor  

SOFC   ÓÏÌÉÄ ÏØÉÄÅ ÆÕÅÌ ÃÅÌÌ ɉʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑɊ 

TPB   ÔÒÉÐÌÅ ÐÈÁÓÅ ÂÏÕÎÄÁÒÙ ɉʎʞʉʋʍʋ ʐʍʅʌʇʙʏ ʒʗʎʂʏɊ 

ɨȢɫȢ  ʋʍʅɻʆʘʏ ʎʑʉʃʙʆʀʏ 

ɚȢɫ  ɻʍʔʅʆʘʏ ʎʑʉʃʙʆʀʏ 
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ɼɳʊɮɽɮɹʁ м  
 

ɳʽˋʰʴ˖ʴʺ ˋˍʹ˄ ˁˎ˕ʷ˂ʹ ˁʰˎˋʾ˃ˇˎ 
 
 

мΦм ɳʽˋʰʴ˖ʴʽˁʱ 
 
ɥʅɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʔʍʂʎʅʈʋʌʋʅʀʚ ʐʂ ʔʂʈʅʆʙ ʀʉʘʍɾʀʅɻ ʐʋʑ ʆɻʑʎʚʈʋʑ ɾʅɻ ʉɻ 
ʌɻʍʗɾʀʅ ʂʇʀʆʐʍʅʆʝ ʍʀʞʈɻ ʆɻʃɻʍʗ ʆɻʅ ɻʌʋɿʋʐʅʆʗȢ ɫʀ ʅɿɻʉʅʆʘʏ ʎʑʉʃʙʆʀʏ ʐɻ 
ʌɻʍʗɾʖɾɻ ɻʑʐʙʏ ʐʂʏ ʈʀʐɻʐʍʋʌʙʏ ʀʚʉɻʅ ʃʀʍʈʝʐʂʐɻ ʆɻʅ ʉʀʍʝȢ ɬʋ ʎʂʈɻʉʐʅʆʝ ʝʈʖʏ 
ʈʀ ɻʑʐʙ ʐʂ ʐʀʔʉʋʇʋɾʚɻ ʀʚʉɻʅ ʂ ɿʑʉɻʈʅʆʙ ʎʀ ʘʉɻ ʈʀɾʗʇʋ ʒʗʎʈɻ ʀʒɻʍʈʋɾʡʉȢ 
ɥʌʋʍʀʚ ʉɻ ʌɻʍʗɾʀʅ ʀʉʘʍɾʀʅɻ ʖʏ ʈʚɻ ɼʋʂʃʂʐʅʆʙ ʈʋʉʗɿɻ ʂʇʀʆʐʍʅʆʙʏ ʌɻʍɻɾʖɾʙʏ 
ʀʖʏ ʆɻʅ ʉɻ ʐʍʋʒʋɿʋʐʙʎʀʅ ʘʉɻ ʒʋʍʂʐʝ ʑʌʋʇʋɾʅʎʐʙȢ 
 
ʃɽɳʁɿɳɼʆɶɾɮʆɮ 
 
Ý ɭʕʂʇʙ ɻʌʝɿʋʎʂ ʎʀ ʎʔʘʎʂ ʈʀ ʐʋʑʏ ʗʇʇʋʑʏ ʐʍʝʌʋʑʏ ʌɻʍɻɾʖɾʙʏ 

ʀʉʘʍɾʀʅɻʏ ɻʒʋʞ ʐʋ ʀʞʍʋʏ ʐʖʉ ɼɻʃʈʡʉ ɻʌʋɿʝʎʀʖʉ ʆʑʈɻʚʉʀʐɻʅ ɻʌʝ τυ ʀʖʏ φπ ϷȢ 
 
Ý ɞʚʉɻʅ Ȱʎʑʈɼɻʐʘʏȱ ʈʀ ʐʋ ʌʀʍʅɼʗʇʇʋʉ ɻʒʋʞ ʋʅ ʀʆʌʋʈʌʘʏ ʐʂʏ ʀʚʉɻʅ 

ʈʅʆʍʝʐʀʍʋʑ ʈʀɾʘʃʋʑʏ ʎʀ ʎʔʘʎʂ ʈʀ ʐʋʑʏ ʎʑʈɼɻʐʅʆʋʞʏ ʐʍʝʌʋʑʏ ʌɻʍɻɾʖɾʙʏ 
ʀʉʘʍɾʀʅɻʏȢ ɩɻʍɻɾʖɾʙ ʋʊʀʅɿʚʖʉ ʐʋʑ ɻʁʡʐʋʑ ʆɻʅ ʐʋʑ ʃʀʚʋʑ ʎʌʗʉʅɻ 
ʌɻʍɻʐʂʍʋʞʉʐɻʅȢ ɥʀ ʐʂʉ ʌɻʍʋʔʙ ʆɻʃɻʍʋʞ ʑɿʍʋɾʝʉʋʑ ɾʅɻ ʆɻʞʎʅʈʋ ʐɻ ʌʍʋʛʝʉʐɻ 
ʌʋʑ ʌɻʍʗɾʋʉʐɻʅ ʀʚʉɻʅ ʈʝʉʋ ʃʀʍʈʝʐʂʐɻ ʆɻʅ ʉʀʍʝȢ 

 
Ý ɳʉɻ ɻʆʝʈɻ ʃʀʐʅʆʝ ʐʖʉ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʖʉ ʀʚʉɻʅ ʝʐʅ ʘʔʋʑʉ ʐʋ 

ʔɻʍɻʆʐʂʍʅʎʐʅʆʝ ʐʂʏ ʈʋʍʒʋʌʋʚʂʎʂʏȟ ʆɻʃʡʏ ʐʋ ʈʘɾʀʃʋʏ ʐʋʑʏ ʈʌʋʍʀʚ ʉɻ ɻʑʊʂʃʀʚ ʙ 
ʆɻʅ ʉɻ ʈʀʅʖʃʀʚȢ ɨ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʌɻʍɻʈʀʚʉʀʅ ʋ ʚɿʅʋʏ ɻʒʋʞ ʀʚʉɻʅ 
ɻʉʀʊʗʍʐʂʐʋʏ ɻʌʝ ʐʋ ʈʘɾʀʃʋʏ ʐʋʑ ʆʀʇʅʋʞȢ 

 
Ý ɝʀʉ ʌɻʍʗɾʋʑʉ ʃʝʍʑɼʋ ʆɻʃʡʏ ɿʀʉ ʘʔʋʑʉ ʈʂʔɻʉʅʆʗ ʈʘʍʂȢ 
 
Ý ɣʗʌʋʅʀʏ ʆɻʐʂɾʋʍʚʀʏ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʖʉ ʈʌʋʍʋʞʉ ʉɻ ʔʍʂʎʅʈʋʌʋʅʙʎʋʑʉ 

ʈʀɾʗʇʂ ʌʋʅʆʅʇʚɻ ʆɻʑʎʚʈʖʉȢ ɤʝɾʖ ʐʖʉ ʑʕʂʇʡʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʌʋʑ 
ʇʀʅʐʋʑʍɾʋʞʉ ʈʌʋʍʋʞʉ ʉɻ ɻʉɻʈʋʍʒʡʎʋʑʉ ʎʐʋ ʀʎʖʐʀʍʅʆʝ ʐʋʑʏ ɿʅʗʒʋʍʀʏ ʈʋʍʒʘʏ 
ʆɻʑʎʚʈʖʉȢ ɜʅɻ ʐʂʉ ʐʀʇʀʑʐɻʚɻ ʀʍɾɻʎʚɻ ɿʀʉ ɻʌɻʅʐʀʚʐɻʅ ʂ ʔʍʙʎʂ ɻʆʍʅɼʡʉ 
ʑʌʋʎʑʎʐʂʈʗʐʖʉȢ 
 
ɼɮʆɶɱʁʄɹɳʅ ɼʇʌɳɽʍɿ 
 
ɠ ʆɻʐʂɾʋʍʅʋʌʋʚʂʎʂ ʐʖʉ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʋʑ ɾʚʉʀʐɻʅ ɻʉʗʇʋɾɻ ʈʀ ʐʋʉ 
ʂʇʀʆʐʍʋʇʞʐʂ ʌʋʑ ʔʍʂʎʅʈʋʌʋʅʋʞʉ ʆɻʅ ʐʂ ʃʀʍʈʋʆʍɻʎʚɻ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑʏ ɍρɎȟ ɍςɎȢ  
ɫʞʈʒʖʉɻ ʈʀ ʐʋʉ ʂʇʀʆʐʍʋʇʞʐʂ ʆɻʐʂɾʋʍʅʋʌʋʅʋʞʉʐɻʅ ʎʐʋʑʏ ʀʊʙʏ ʐʞʌʋʑʏȡ 
 
* ɣʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʌʋʇʑʈʀʍʅʆʙʏ ʈʀʈɼʍʗʉʂʏ ɉPolymer Electrolyte 

Membrane Fuel Cell ɀ PEM ʙ PEMFC) 
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* ɣʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ɻʇʆɻʇʚʖʉ ɉAlkaline Fuel Cell - AFC) 

* ɮʖʎʒʋʍʅʆʙ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ɉPhosphoric Axid Fuel Cell ɀ PAFC) 

* ɣʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʐʂɾʈʘʉʖʉ ʆɻʍɼʅɿʚʖʉ ɉMolten Carbonate Fuel Cell -

MCFC) 

* ɣʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ (Solid Oxide Fuel Cell ɀ SOFC) 

ɠ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʀʚʉɻʅ ʈʚɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ɻʉʗʈʀʎɻ ʎʀ 
ʌʋʇʇʡʉ ʀʅɿʡʉ ʆʑʕʘʇʀʏ ʌʋʑ ɻʉɻʌʐʞʔʃʂʆɻʉ ʈʀ ʎʆʋʌʝ ʐʂʉ ʆɻʃɻʍʙ ʆɻʅ ɻʌʋɿʋʐʅʆʙ 
ʌɻʍɻɾʖɾʙ ʂʇʀʆʐʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏ ɻʌʝ ʈʅɻ ʈʀɾʗʇʂ ʌʋʅʆʅʇʚɻ ʆɻʑʎʚʈʖʉȢ  
ɞʆʐʝʏ ɻʌʝ ʐʅʏ SOFCȟ ʋʅ ʑʌʝʇʋʅʌʀʏ ʆʞʍʅʀʏ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ ʀʚʉɻʅ ʋʅ ʆʑʕʘʇʀʏ 
ʌʋʇʑʈʀʍʅʆʙʏ ʈʀʈɼʍʗʉʂʏȟ ɻʇʆɻʇʅʡʉȟ ʒʖʎʒʋʍʅʆʋʞ ʋʊʘʋʏȟ ʆɻʅ ʐʂɾʈʘʉʖʉ 
ʆɻʍɼʅɿʚʖʉȢ ɚʉʗʈʀʎɻ ʎʀ ɻʑʐʘʏȟ ʂ ʒʖʎʒʋʍʅʆʙ ʆʑʕʘʇʂ ɾʉʡʍʅʎʀ ʐʂ ʌʍʡʐʂ 
ʀʈʌʋʍʅʆʙ ʀʆɿʋʔʙ ʎʐʂʉ ɻɾʋʍʗ ɾʅɻ ɼʋʂʃʂʐʅʆʙ ʈʋʉʗɿɻ ʌɻʍɻɾʖɾʙ ʂʇʀʆʐʍʅʆʙʏ 
ʀʉʘʍɾʀʅɻʏ ʆɻʅ ɾʅɻ ʎʑʈʌɻʍɻɾʖɾʙȢ ɠ ʆʑʕʘʇʂ ʐʂɾʈʘʉʖʉ ʆɻʍɼʅɿʚʖʉ ɻʌʋʐʀʇʀʚ ʂ  
 
ɩʚʉɻʆɻʏ ρ.1: ɞʞʍʋʏ ʃʀʍʈʋʆʍɻʎʅʡʉ ʇʀʅʐʋʑʍɾʚɻʏȟ ʅʎʔʞʏ ʌʋʑ ɻʌʋɿʚɿʀʅ ʘʉɻ ʎʞʎʐʂʈɻ 
ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʆɻʅ ʐʋ ʀʚɿʋʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ɍρɎȢ 
 

 

ǵȖɸȌȎ ǪȈŮȇŰȍȌȈȖŰȄ 
ŪŮȍȉȌȇȍŬůǿŬ 

ȈŮȆŰȌȏȍȂǿŬȎ 

ǞȋȌŭȌȎ 

ůȏůŰǾȉŬŰȌȎ 

PEM (Polymer 

Electrolyte 

Membrane)  

ǪȈŮȇŰȍȌȈȖŰȄȎ ɸȌȈȏȉŮȍȆȇǾȎ 

űȖůŮȒȎ 
50 -100 oC  

<1KW -  250 

KW 

AFC (Alkaline 

Fuel Cell)  

ǶŭȍȌȋŮǿŭȆȌ ŰȌȏ ǬŬȈǿȌȏ 

(ǬǱǪ) ůŮ ȏȂȍǾ ȉǾŰȍŬ 
90 -100 oC 10KW -  100KW  

PAFC 

(Phosphoric Acid 

Fuel Cell)  

ǲȏȇȊȕ ūȒůűȌȍȆȇȕ ǱȋȖ 150 -200 oC 

50 KW -  1MW 

(ŰȏɸȆȇǾ ȉȌȊǼŭŬ 

250 KW)  

MCFC (Molten 

Carbonate Fuel 

Cell)  

ǴȖȊȅŮŰȌȎ ȄȈŮȇŰȍȌȈȖŰȄȎ 

ŮȊȗůŮȒȊ ŬȈȇŬȈȆȇȗȊ-

ȉŮŰŬȈȈȆȇȗȊ ȇŬȍȁȆŭǿȒȊ 

600 -700 oC 

<1 KW -  1MW 

(ŰȏɸȆȇǾ ȉȌȊǼŭŬ 

250 KW)  

SOFC (Solid 

Oxide Fuel Cell)  

ǴŰŮȍŮȕȎ ȄȈŮȇŰȍȌȈȖŰȄȎ Ŭɸȕ 

ȌȋŮǿŭȆȌ ŰȌȏ ZȆȍȇȌȊǿŰȄ 

(ZrO 2) ŮȉɸȌŰȆůȉǽȊȌ ȉŮ 

ȉȆȇȍǾ ɸȌůȕŰȄŰŬ ȌȋŮǿŭȆȌ ŰȌȏ 

ȏŰŰȍǿȌȏ (Y2O3)  

600 -1000 oC <1KW -  3MW  
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ɻʈʘʎʖʏ ʀʌʝʈʀʉʂ ʌʍʝʐɻʎʂ ɾʅɻ ʀʈʌʋʍʋʌʋʚʂʎʂȢ ɠ ʆʀʍɻʈʅʆʙ ʆʑʕʘʇʂ ʎʐʀʍʀʋʞ 
ʋʊʀʅɿʚʋʑ ɻʌʋʐʀʇʀʚ ʐʂ ʐʍʚʐʂ ɾʀʉʅʗ ʆʑʕʀʇʡʉȢ ɠ ʌʋʇʑʈʀʍʅʆʙʏ ʈʀʈɼʍʗʉʂʏ 
ɻʉɻʌʐʞʔʃʂʆʀ ʆʑʍʚʖʏ ɾʅɻ ɿʅɻʎʐʂʈʅʆʋʞʏ ʆɻʅ ʈʀʐɻʒʋʍʅʆʋʞʏ ʎʆʋʌʋʞʏȟ ʀʉʡ ʂ 
ɻʇʆɻʉʅʡʉ ɻʌʋʐʀʇʀʚ ɼɻʎʅʆʙ ʌʂɾʙ ʂʇʀʆʐʍʅʆʙʏ ʅʎʔʞʋʏ ɾʅɻ ɿʅɻʎʐʂʈʅʆʘʏ ʌʐʙʎʀʅʏȢ 
 
ɩʚʉɻʆɻʏ 1.2: ɛɻʃʈʝʏ ʂʇʀʆʐʍʅʆʙʏ ɻʌʝɿʋʎʂʏȟ ʎʑʉɿʑɻʎʈʘʉʋʏ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ɉCHP, 
ʀʆʈʀʐʗʇʇʀʑʎʂ ʐʂʏ ʌɻʍɻɾʝʈʀʉʂʏ ʃʀʍʈʝʐʂʐɻʏɊȟ ʌʍɻʆʐʅʆʘʏ ʀʒɻʍʈʋɾʘʏ ʆɻʅ 
ʌʇʀʋʉʀʆʐʙʈɻʐɻ ʆʗʃʀ ʐʞʌʋʑ [1] . 
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1Φн ɰʰˋʽˁʺ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ˃ʽʰˌ ˁˎ˕ʷ˂ʹˌ ˁʰˎˋʾ˃ˇˎ 
 
ɠ ɼɻʎʅʆʙ ɻʍʔʙ ʇʀʅʐʋʑʍɾʚɻʏ ʈʅɻʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʒɻʚʉʀʐɻʅ 
ʎʐʋ ʎʔʙʈɻ ρȢρȢ ɠ ʆʑʕʘʇʂ ɻʌʋʐʀʇʀʚʐɻʅ ɻʌʝ ɿʞʋ ʂʇʀʆʐʍʝɿʅɻȟ ʐʋ ʘʉɻ ʃʀʐʅʆʗ 
ʒʋʍʐʅʎʈʘʉʋ ʆɻʅ ʐʋ ʗʇʇʋ ɻʍʉʂʐʅʆʗȟ ʆɻʅ ɻʌʝ ʐʋʉ ʂʇʀʆʐʍʋʇʞʐʂ ʌʋʑ ʌɻʍʀʈɼʗʇʇʀʐɻʅ 
ʈʀʐɻʊʞ ʐʋʑʏȢ ɬɻ ʂʇʀʆʐʍʝɿʅɻ ʗɾʋʑʉ ʐʋ ʂʇʀʆʐʍʅʆʝ ʍʀʞʈɻ ʀʉʡ ɻʉʐʚʃʀʐɻ ʋ 
ʂʇʀʆʐʍʋʇʞʐʂʏ  ɻʌʋʐʀʇʀʚ ʈʋʉʖʐʙʏ ɻʑʐʋʞ ʗɾʋʉʐɻʏ ʐɻ ʌɻʍɻɾʝʈʀʉɻ ʅʝʉʐɻ 
ɻʌʝ ʐʂʉ ɻʉʐʚɿʍɻʎʂ ʎʐʋ ʗʉʖ ʂʇʀʆʐʍʝɿʅʋ ɉʗʉʋɿʋʏɊȢ ɫʐʂʉ ʌʇʀʑʍʗ ʐʂʏ ɻʉʝɿʋʑ 

 
ɠʇʀʆʐʍʅʆʝʏ 
ɼɻʃʈʝʏ 
ɻʌʝɿʋʎʂʏ 

ɫʑʉɿʑɻʎʈʘʉʋʏ 
ɼɻʃʈʝʏ 
ɻʌʝɿʋʎʂʏ 

(CHP) 

ɞʒɻʍʈʋɾʘʏ ɩʇʀʋʉʀʆʐʙʈɻʐɻ 

PEM 
(Polymer 

Electrolyte 
Membrane) 

53-58% 
ɉʀʒɻʍʈʋɾʘʏ 
ʈʀʐɻʒʋʍʗʏɊ       

25-35% 
ɉʎʐʗʎʅʈʀʏɊ 

70-90% 

ɞʒʀɿʍʅʆʙ ʅʎʔʞ   
ɨʔʙʈɻʐɻ 
ʈʀʐɻʒʋʍʡʉ 
ɥʀʐɻʒʋʍʘʏ         

ɮʋʍʂʐʘʏ ʀʒɻʍʈʋɾʘʏ 

ɨ ʎʐʀʍʀʝʏ ʂʇʀʆʐʍʋʇʞʐʂʏ 
ʈʀʅʡʉʀʅ ʐʂ ɿʅʗɼʍʖʎʂ                  
ɯɻʈʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏ 
ɜʍʙɾʋʍʂ ʀʆʆʚʉʂʎʂ 

AFC 
(Alkaline 
Fuel Cell) 

60% >80% 
ɫʐʍɻʐʝʏ           
ɞʒɻʍʈʋɾʘʏ 
ɿʅɻʎʐʙʈɻʐʋʏ 

ɠ ɻʉʐʅɿʍʗʎʀʅʏ ʎʐʂ 
ʆʗʃʋɿʋ ʌʅʋ ɾʍʙɾʋʍʀʏ ʗʍɻ 
ʑʕʂʇʝʐʀʍʂ ɻʌʝɿʋʎʂ            
ɩʋʇʇʘʏ ʀʌʅʇʋɾʘʏ 
ʆɻʐɻʇʞʐʂ 

PAFC 
(Phosphoric 

Acid Fuel 
Cell) 

>40% >85% 
ɝʅɻʉʀʈʂʈʘʉʂ 
ʌɻʍɻɾʖɾʙ 
ʀʉʘʍɾʀʅɻʏ 

ɭʕʂʇʝ ʎʑʉɿʑɻʎʈʘʉʋʏ 
ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ   
ɚʑʊʂʈʘʉʂ ɻʉʐʋʔʙ ʎʀ 
ɻʆɻʃɻʍʎʚʀʏ ʈʘʎɻ ʎʐʋ 

ʑɿʍʋɾʝʉʋ 

MCFC 
(Molten 

Carbonate 
Fuel Cell) 

45-47% >80% 

ɥʀɾʗʇʀʏ ʈʋʉʗɿʀʏ 
ʌɻʍɻɾʖɾʙʏ 
ɿʅɻʉʀʈʂʈʘʉʂʏ 
ʂʇʀʆʐʍʅʆʙʏ 
ʀʉʘʍɾʀʅɻʏ  
ɛʋʂʃʂʐʅʆʘʏ 
ʀʒɻʍʈʋɾʘʏ 
ʂʇʀʆʐʍʅʆʙʏ 
ʀʉʘʍɾʀʅɻʏ 

ɭʕʂʇʙ ɻʌʝɿʋʎʂ            
ɞʞʍʋʏ ʆɻʑʎʚʈʖʉ           
ɞʞʍʋʏ ʆɻʐɻʇʑʐʡʉ      
ɢɿɻʉʅʆʝʏ ɼɻʃʈʝʏ CHP 

SOFC (Solid 
Oxide Fuel 

Cell) 
35-43% <90% 

ɛʋʂʃʂʐʅʆʙ ʌʂɾʙ 
ʀʉʘʍɾʀʅɻʏ          

ɥʀɾʗʇʀʏ ʈʋʉʗɿʀʏ 
ʌɻʍɻɾʖɾʙʏ 
ʀʉʘʍɾʀʅɻʏ 

ɭʕʂʇʙ ɻʌʝɿʋʎʂ         
ɞʑʀʇʅʊʚɻ ʆɻʑʎʚʈʖʉ      
ɞʞʍʋʏ ʆɻʐɻʇʑʐʡʉ      

ɥʀɾʗʇʋʏ ʎʑʉɿʑɻʎʈʘʉʋʏ 
ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ               

ɨ ʎʐʀʍʀʝʏ ʂʇʀʆʐʍʋʇʞʐʂʏ 
ʌʀʍʅʋʍʚʁʀʅ ʐɻ 

ʌʍʋɼʇʙʈɻʐɻ ɿʅɻʔʀʚʍʅʎʂʏ 
ʐʋʑ 
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ʐʍʋʒʋɿʋʐʀʚʐɻʅ ʂ ʆʑʕʘʇʂ ʈʀ ʑɿʍʋɾʝʉʋ ʆɻʅ ʎʐʂʉ ʌʇʀʑʍʗ ʐʂʏ  ʆɻʃʝɿʋʑ ʈʀ 
ʋʊʀʅɿʖʐʅʆʝȢ ɬɻ ʅʝʉʐɻ ʋʊʑɾʝʉʋʑ ʐʂʏ ʆʑʕʘʇʂʏ ʐʋʑ ʎʔʙʈɻʐʋʏ ʌʀʍʉʗʉʀ ʈʘʎʖ ʐʋʑ 
ʂʇʀʆʐʍʋʇʞʐʂ ʎʐʂʉ ʗʉʋɿʋ ʆɻʅ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ʂ ɻʉʐʚɿʍɻʎʂ ʈʀ ʐʋ ʑɿʍʋɾʝʉʋȢ ɬʋ 
ɻʌʋʐʘʇʀʎʈɻ ʀʚʉɻʅ ʉɻ ʌɻʍɻʔʃʀʚ ʉʀʍʝȟ ʂʇʀʆʐʍʝʉʅɻ ʆɻʅ ʃʀʍʈʝʐʂʐɻȢ ɬɻ ʂʇʀʆʐʍʝʉʅɻ 
ʐɻʊʅɿʀʞʋʑʉ ʈʘʎʖ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ɻʌʝ ʐʂʉ ʗʉʋɿʋ ʎʐʂ ʆʗʃʋɿʋȟ ʝʌʋʑ ʎʑʉɻʉʐʋʞʉ 
ʐʋ ʋʊʑɾʝʉʋ ʆɻʅ ʌɻʍʗɾʋʑʉ ʅʝʉʐɻ ɻʑʐʋʞȢ ɣɻʅ ʎʑʉʀʔʚʁʀʐɻʅ ʋ ʆʞʆʇʋʏȢ ɳʐʎʅ 
ʌɻʍʗɾʀʐɻʅ ʎʑʉʀʔʘʏ ʍʀʞʈɻ ʎʐʂ ɼʍɻʔʑʆʞʆʇʖʎʂ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ.  
ɥʅɻ ʈʋʉʗɿɻ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʑʌʝ ʐʑʌʅʆʘʏ ʎʑʉʃʙʆʀʏ ʇʀʅʐʋʑʍɾʚɻʏ ʌɻʍʗɾʀʅ 
ʐʗʎʂ ʆʗʐʖ ɻʌʝ ρV. ɩɻʍȭ ʝʇɻ ɻʑʐʗ ʋʅ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ ɿʀʉ ɻʉʐʅʈʀʐʖʌʚʁʋʉʐɻʅ 
ʎɻʉ ʈʋʉʗɿɻ ɻʇʇʗ ʎɻʉ ʎʑʎʐʋʅʔʚɻ ʌʋʇʇʡʉ ʈʋʉʗɿʖʉ ʝʌʋʑ ʎʑʉɿʘʋʉʐɻʏ ʐʅʏ 
ʈʋʉʗɿʀʏ ʎʀ ʎʀʅʍʗ ʙ ʌɻʍʗʇʇʂʇɻ ɿʂʈʅʋʑʍɾʀʚʐɻʅ ʎʂʈɻʉʐʅʆʙ ʂʇʀʆʐʍʅʆʙ ʅʎʔʞʏȢ  
ɫʐʋ ʎʔʙʈɻ ρȢς ʒɻʚʉʋʉʐɻʅ ʈʅɻ ʋʇʋʆʇʂʍʖʈʘʉʂ ʎʑʎʐʋʅʔʚɻ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʋʑ ʎʀ 
ʎʀʅʍʗ ʆɻʅ ʐɻ ɼɻʎʅʆʗ ʎʐʋʅʔʀʚɻ ʈʅɻʏ ʈʋʉʗɿɻʏȢ ɞʆʐʝʏ ɻʌʝ ʐʂʉ ʗʉʋɿʋȟ ʐʂ ʆʗʃʋɿʋ ʆɻʅ 
ʐʋʉ ʂʇʀʆʐʍʋʇʞʐʂȟ ʀʚʉɻʅ ʆɻʅ ʐɻ ʆɻʉʗʇʅɻ ʐɻ ʋʌʋʚɻ ʋɿʂɾʋʞʉ ʐʋ ʆɻʞʎʅʈʋ ʆɻʅ ʐʋ 
ʋʊʀʅɿʖʐʅʆʝ ʈʘʎɻ ɻʌʝ ɻʑʐʗȢ ɬɻ ʆɻʉʗʇʅɻ ɿʂʈʅʋʑʍɾʋʞʉʐɻʅ ɻʌʝ ʐʂʉ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ 
ʂ ʋʌʋʚɻ ʔʍʂʎʅʈʀʞʀʅ ʆɻʅ ʖʏ ʎʑʇʇʘʆʐʂʏ ʐʖʉ ʂʇʀʆʐʍʋʉʚʖʉȢ 
 

 
ɫʔʙʈɻ ρ.1: ɚʍʔʙ ʇʀʅʐʋʑʍɾʚɻʏ ʈʅɻʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʝʌʋʑ ʒɻʚʉʋʉʐɻʅ 
ʋʅ ɻʉʐʅɿʍʗʎʀʅʏ ʌʋʑ ʌʍɻɾʈɻʐʋʌʋʅʋʞʉʐɻʅ ʎʐʋ ʆʀʇʚ ʆɻʅ ʂ ʈʀʐɻʒʋʍʗ ʐʋʑ ʒʋʍʐʚʋʑ ʂ ʋʌʋʚɻ 
ɿʂʈʅʋʑʍɾʀʚ ʂʇʀʆʐʍʅʆʝ ʍʀʞʈɻ [1]. 
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ɫʔʙʈɻ ρȢς: ɚʍʅʎʐʀʍʗ ɿʅɻʆʍʚʉʋʉʐɻʅ ʐɻ ɼɻʎʅʆʗ ʎʐʋʅʔʀʚɻ ʌʋʑ ɻʌʋʐʀʇʀʚʐɻʅ ʈʅɻ ʆʑʕʘʇʂ 
ʆɻʑʎʚʈʋʑȡ ʐɻ ʆɻʉʗʇʅɻ ʆɻʑʎʚʈʋʑȟ ʐɻ ʆɻʉʗʇʅɻ ʐʋʑ ʋʊʀʅɿʖʐʅʆʋʞȟ ʋ ʂʇʀʆʐʍʋʇʞʐʂʏȟ ʂ ʗʉʋɿʋʏȟ ʂ 
ʆʗʃʋɿʋʏ ʆɻʅ ʐɻ ɻʘʍʅɻ ʌʋʑ ʀʅʎʘʍʔʋʉʐɻʅ ʎʀ ʆʗʃʀ ʆɻʉʗʇʅ ɻʉʐʚʎʐʋʅʔɻȢ ɝʀʊʅʗ ʈʅɻ ʎʑʎʐʋʅʔʚɻ 
ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʋʑ ʌʋʑ ɻʌʋʐʀʇʀʚʐɻʅ ɻʌʝ ʎʞʉɿʀʎʂ ʈʋʉʗɿʖʉ ʆʑʕʀʇʡʉ ʡʎʐʀ ʉɻ ʀʌʅʐʀʑʔʃʀʚ 
ʂ ʀʌʅʃʑʈʂʐʙ ʅʎʔʞʏ [1]. 
 
 
ɠ ɼɻʎʅʆʙ ɻʍʔʙ ʇʀʅʐʋʑʍɾʚɻʏ ʅʎʔʞʀʅ ɾʅɻ ʝʇʀʏ ʐʅʏ ʆɻʐʂɾʋʍʚʀʏ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʋʑȢ 
ɠ ɿʅɻʒʋʍʗ ɼʍʚʎʆʀʐɻʅ ʎʐʋ ʀʚɿʋʏ ʐʋʑ ʅʝʉʐʋʏ ʌʋʑ ʈʀʐɻʉɻʎʐʀʞʀʅ ʆɻʅ ʀʊɻʍʐʗʐɻʅ 
ɻʌʝ ʐʋ ʀʚɿʋʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂȢ ɫʑɾʆʀʆʍʅʈʘʉɻ ʎʐʂʉ ʆʑʕʘʇʂ ʌʋʇʑʈʀʍʅʆʋʞ ʐʞʌʋʑ 
ʐɻ ʅʝʉʐɻ ʌʋʑ ɿʂʈʅʋʑʍɾʋʞʉʐɻʅ ʆɻʅ ʈʀʐɻʒʘʍʋʉʐɻʅ ɻʌʝ ʐʂʉ ʗʉʋɿʋ ʎʐʂʉ ʆʗʃʋɿʋ 
ʀʚʉɻʅ ʆɻʐʅʝʉʐɻ ʑɿʍʋɾʝʉʋʑȢ ɠ ʔʂʈʅʆʙ ɻʉʐʚɿʍɻʎʂ ʌʋʑ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ɿʅɻʒʘʍʀʅ 
ɻʌʝ ʐʂʉ ɻʉʐʚɿʍɻʎʂ ʎʀ ʈʅɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑȢ 
ɠ ɻʉʐʚɿʍɻʎʂ ʎʀ ʈʅɻ SOFC ʌʍɻʆʐʅʆʗ ʀʆʐʀʇʀʚʐɻʅ ʎʀ ɿʞʋ ʒʗʎʀʅʏȢ ɜʅɻ ʆɻʞʎʅʈʋ 
ʑɿʍʋɾʝʉʋ ʆɻʅ ʋʊʀʅɿʖʐʅʆʝ ʋʊʑɾʝʉʋȟ ʂ ɻʉʐʚɿʍɻʎʂ ɻʌʋʐʀʇʀʚʐɻʅ ʎʐʂʉ ʋʊʀʚɿʖʎʂ 
ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʎʐʂʉ ʗʉʋɿʋ ʆɻʅ ʎʐʂ ʈʀʚʖʎʂ ʐʋʑ ʋʊʑɾʝʉʋʑ ʎʐʂ ʆʗʃʋɿʋȢ ɬʋ 
ɻʌʋʐʘʇʀʎʈɻ ʐʂʏ ʎʑʉʋʇʅʆʙʏ ɻʉʐʚɿʍɻʎʂʏ ʀʚʉɻʅ ʂ ʌɻʍɻɾʖɾʙ ʉʀʍʋʞ ʎʐʂ ʗʉʋɿʋȢ 
ɣɻʐʗ ʐʂ ʇʀʅʐʋʑʍɾʚɻ ʌɻʍʘʔʋʉʐɻʏ  ʑɿʍʋɾʝʉʋ (H2) ʎʐʂʉ ʗʉʋɿʋ ɻʑʐʝ ʋʊʀʅɿʡʉʀʐɻʅ 
ʆɻʅ ʐɻ ʂʇʀʆʐʍʝʉʅɻ ʌʋʑ ɻʌʀʇʀʑʃʀʍʡʉʋʉʐɻʅ ɻʆʋʇʋʑʃʋʞʉ ʐʋ ʀʊʖʐʀʍʅʆʝ ʆʞʆʇʖʈɻȢ 
ɬʋ ʋʊʑɾʝʉʋ ɉɨ2Ɋ ʌʋʑ ʌɻʍʘʔʀʐɻʅ ʎʐʂ ʆʗʃʋɿʋ ɿʘʔʀʐɻʅ ʐɻ ʂʇʀʆʐʍʝʉʅɻ ɻʌʝ ʐʋ 
ʀʊʖʐʀʍʅʆʝ ʆʞʆʇʖʈɻ ʆɻʃʡʏ ɻʑʐʝ ʈʀʅʡʉʀʐɻʅȢ ɬʋ ɻʌʋʐʘʇʀʎʈɻ ʐʂʏ ʆʚʉʂʎʂʏ ʐʖʉ 
ʂʇʀʆʐʍʋʉʚʖʉ ʎʐʋ ʀʊʖʐʍʅʆʝ ʆʞʆʇʖʈɻ ʀʚʉɻʅ ʂ ʌɻʍʋʔʙ ʎʐɻʃʀʍʋʞ ʂʇʀʆʐʍʅʆʋʞ 
ʍʀʞʈɻʐʋʏȢ 
ɠ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ʈʀʐɻʐʍʋʌʙ ɾʚʉʀʐɻʅ ʅʎʋʃʀʍʈʋʆʍɻʎʅɻʆʗ ʆɻʃʡʏ ʂ ʆʑʕʘʇʂ 
ʔʍʂʎʅʈʋʌʋʅʀʚ ʐʂʉ ʀʇʀʞʃʀʍʂ ʀʉʘʍɾʀʅɻ ʐʋʑ ʆɻʑʎʚʈʋʑ ʎʐʂ ʃʀʍʈʋʆʍɻʎʚɻ 
ʇʀʅʐʋʑʍɾʚɻʏȢ ɳʐʎʅ ʎʐʂʉ ʗʉʋɿʋ ʅʎʔʞʀʅ ʂ ʀʊʙʏ ɻʉʐʚɿʍɻʎʂ ȡ 
 

ɨ2- Ϲ ɠ2 Ý  ɠ2ɨ Ϲ ςe- 

 

ɞʉʡ ʎʐʂ ʆʗʃʋɿʋȡ 
 

ɨ2 + 4e-  Ý  2ɨ2-  
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ɫʔʙʈɻ 1.3: ɚʌʀʅʆʝʉʅʆʎʂ ɿʅɻɿʅʆɻʎʅʡʉȾɻʉʐʅɿʍʗʎʀʖʉ ʎʀ ʈʅɻ SOFC ʈʀ ʆʗʑʎʅʈʋ ʌʋʑ 
ʌʀʍʅʘʔʀʅ ʑɿʍʋɾʝʉʋ ʆɻʅ ʈʋʉʋʊʀʚɿʅʋ ʐʋʑ ʗʉʃʍɻʆɻ ɍφυɎȢ 
 
 
 
ɬɻ ʌɻʍɻʌʗʉʖ ɻʉɻʒʘʍʋʉʐɻʅ ʎʀ  ʆɻʞʎʂ ʆɻʃɻʍʋʞ ʑɿʍʋɾʝʉʋʑȢ ɫʐʂ ʌʀʍʚʌʐʖʎʂ 
ʌʋʑ ʑʌʗʍʔʋʑʉ ʆɻʅ ʗʇʇɻ ʎʑʎʐɻʐʅʆʗ ʎʐʋ ʆʗʑʎʅʈʋ ɉʑɿʍʋɾʋʉʗʉʃʍɻʆʀʏɊȟ ɾʚʉʀʐɻʅ 
ɻʉɻʈʝʍʒʖʎʂ ʐʋʑ ɻʍʔʅʆʋʞ ʆɻʑʎʚʈʋʑ ʆɻʅ ʑʌʗʍʔʋʑʉ ʆɻʅ ʀʌʅʌʇʘʋʉ ʌʍʋʛʝʉʐɻ 
ʀʆʐʝʏ ɻʌʝ ʐʋ ʉʀʍʝȢ ɠ ɾʀʉʅʆʙ ʝʈʖʏ ɻʉʐʚɿʍɻʎʂ ʌɻʍɻʈʘʉʀʅ ʂ ʚɿʅɻȢ ɬʋ ʎʔʙʈɻ ρȢσ 
ɿʀʚʔʉʀʅ ʐʅʏ ɻʉʐʅɿʍʗʎʀʅʏ ʎʀ ʈʅɻ SOFC ʌʋʑ ʔʍʂʎʅʈʋʌʋʅʀʚ ʖʏ ʆɻʞʎʅʈʋ ʑɿʍʋɾʝʉʋ ʆɻʅ 
ʈʋʉʋʊʀʚɿʅʋ ʐʋʑ ʗʉʃʍɻʆɻȢ 
                    

1.3 ɹˋˍˇˊʽˁˈ ˎˉˈʲʰʻˊˇ ˍ˖˄ ˁʶˊʰ˃ʽˁ˗˄ ˁˎ˕ʶ˂˗˄ 
 
ɨʅ ʍʚʁʀʏ ʐʂʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʖʉ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʖʉ ɻʉɻʒʘʍʋʉʐɻʅ ɻʌʝ ʐʋʉ Sir 

William Groove ʐʋ ρψσω ɍρχɎȢ ɠ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʌʋʑ ʆɻʐɻʎʆʀʞɻʎʀ 
ʔʍʂʎʅʈʋʌʋʚʂʎʀ ɿʅɻʇʑʈʘʉʋ ʃʀʅʅʆʝ ʋʊʞ ɾʅɻ ʂʇʀʆʐʍʋʇʞʐʂ ʎʀ ʃʀʍʈʋʆʍɻʎʚɻ 
ʇʀʅʐʋʑʍɾʚɻʏ ʚʎʂ ʈʀ ʃʀʍʈʋʆʍɻʎʚɻ ɿʖʈɻʐʚʋʑȢ ɨʅ ʆʀʍɻʈʅʆʘʏ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ 
ʙʍʃɻʉ ɻʍʆʀʐʗ ɻʍɾʝʐʀʍɻ ʈʀ ʐʂʉ ɻʉɻʆʗʇʑʕʂ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ʎʐʀʍʀʋʞ 
ʋʊʀʅɿʚʋʑ ɻʌʝ ʐʋʉ Nernst  ʐʋ ρψωω ɍρψɎȢ ɠ ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ ʌʍʡʐʂʏ ʆʀʍɻʈʅʆʙʏ 
ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʐʋʑʏ ρπππ oC ʘɾʅʉʀ ɻʌʝ ʐʋʑʏ Baur ʆɻʅ Preis ʐʋ ρωσχ ɍρωɎȢ 
ɨ Nernst ɻʉɻʆʗʇʑʕʀ ʐʋ ɻɾʡɾʅʈʋ ʎʐʀʍʀʝ ʅʝʉʐʖʉ ʋʊʑɾʝʉʋʑȟ ʐʋʉ ʋʉʋʈɻʁʝʈʀʉʋ 
ȺʒʀɾɾʚʐʂȻ ʆɻʐʗ ʐʋʉ ʚɿʅʋȟ ʎʐʋ ʐʘʇʋʏ ʐʋʑ ρωʋʑ ɻʅʡʉɻ ɍρψɎȢ ɨ Nernst ʌʍʝʐʀʅʉʀ ʉɻ 
ʔʍʂʎʅʈʋʌʋʅʂʃʋʞʉ ʎʐɻʃʀʍʘʏ ʎʑʉʃʘʎʀʅʏ ʝʌʖʏ ZrO2 ʆɻʅ ρυϷ ʆɻʐʗ ɼʗʍʋʏ Y2O3 
ɉʋʉʋʈʗʁʋʉʐɻʏ ʐʂʉ ʈʗʁɻ ʐʋʑ NernstɊ ʖʏ ȺʒʀɾɾʚʐʀʏȻȟ ɾʅɻ ʉɻ ɻʉʐʅʆɻʐɻʎʐʙʎʋʑʉ ʐɻ 
ɻʉʃʍɻʆʅʆʗ ʉʙʈɻʐɻ ʐʖʉ ʂʇʀʆʐʍʅʆʡʉ ʇɻʈʌʐʙʍʖʉȢ ɨ ȺʒʀɾɾʚʐʂʏȻ ʐʋʑ Nernst 
ʇʀʅʐʋʞʍɾʂʎʀ ɾʅɻ ʀʆɻʐʋʉʐʗɿʀʏ ʡʍʀʏ  ʎʀ ʎʐɻʃʀʍʝ ʍʀʞʈɻȟ ʝʌʋʑ ʐʑʔɻʚɻ ɻʉɻʆʗʇʑʕʀ 
ʝʐʅ ɾʅʉʝʐɻʉ ʂʇʀʆʐʍʝʇʑʎʂȢ  ɨʌʋʅɻɿʙʌʋʐʀ ɻʌʡʇʀʅɻ ʋʊʑɾʝʉʋʑ ɾʅʉʝʐɻʉ ʎʐʂʉ 
ʗʉʋɿʋȟ ʀʍʔʝʐɻʉ ʎʀ ʅʎʋʍʍʋʌʚɻ ɻʌʝ ʐʂʉ ʚʎʂ ʌʋʎʝʐʂʐɻ ʋʊʑɾʝʉʋʑ ʌʋʑ ʌʍʋʎɿʅɿʝʐɻʉ 
ʎʐʋ ȺʒʀɾɾʚʐʂȻ ɻʌʝ ʐʂ ʆʗʃʋɿʋȢ ɚʑʐʝ ʐʋ ʒɻʅʉʝʈʀʉʋ ɻʌʋʐʀʇʀʚ ʂ ɻʉʐʚʎʐʍʋʒʂ 
ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑȢ ɬʋ ρωσυ ʋ Schottky ɿʂʈʋʎʚʀʑʎʀ ʘʉɻ 
ʘɾɾʍɻʒʋ ʌʍʋʐʀʚʉʋʉʐɻʏ ʐʂʉ ʈʗʁɻ ʐʋʑ Nernst ʉɻ ʔʍʂʎʅʈʋʌʋʅʂʃʀʚ ʖʏ ʎʐʀʍʀʝʏ 
ʂʇʀʆʐʍʋʇʞʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ɍςπɎȢ 
ɬʋ ρωσχ o Baur  ʆɻʅ ʋ Preis ʌɻʍʋʑʎʚɻʎɻʉ ʐʂ ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ ʌʍʡʐʂʏ 
ʆʀʍɻʈʅʆʙʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ɍρωɎȢ ɯʍʂʎʅʈʋʌʋʚʂʎɻʉ ʆʑʍʚʖʏ ZrO2 ɾʅɻ ɼʗʎʂ 
ʐʋʑ ʅʋʉʐʅʆʋʞ ɻɾʖɾʋʞ ɉɾʅɻ ʌɻʍʗɿʀʅɾʈɻ ZrO2 ʈɻʁʚ ʈʀ ρπ Ϸ ʆɻʐʗ ɼʗʍʋʏ ɥgO ʙ ρυ 
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Ϸ ɭ2ɨ3 ʀʌʅʌʇʘʋʉɊ ʎʀ ʎʔʙʈɻ ʎʖʇʂʉʋʀʅɿʙʏ ʔʋʗʉʂʏ ɾʅɻ ʂʇʀʆʐʍʋʇʞʐʂȟ ʎʚɿʂʍʋ ʙ 
ʗʉʃʍɻʆɻ ɾʅɻ ʐʂʉ ʗʉʋɿʋ ʆɻʅ Fe3O4 ɾʅɻ ʐʂ ʆʗʃʋɿʋȢ ɩɻʍɻʐʂʍʙʃʂʆɻʉ ʎʀ 
ɻʉʋʅʔʐʋʆʞʆʇʖʎʂ ʐʗʎʀʅʏ ʈʀʐɻʊʞ ρȢρ ʆɻʅ ρȢς V  ʎʐʋʑʏ ρπππ ʈʀ ρπυπ ʋCȢ ɨ Baur ʆɻʅ 
ʋ Preis ʆɻʐɻʎʆʀʞɻʎɻʉ ʈʅɻ ʆʀʍɻʈʅʆʙ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ-ʈʌɻʐɻʍʚɻ ʌʋʑ 
ɻʌʋʐʀʇʋʞʉʐɻʉ ɻʌʝ ʋʆʐʡ ʔʋʗʉʀʏ ZrO2-Y2O3 ʎʑʈʌʇʂʍʖʈʘʉʀʏ ʈʀ ʆʋʆ ʆɻʅ 
ɼʑʃʅʎʈʘʉʀʏ ʎʀ ʘʉɻ ʆʋʅʉʝ ʈɻɾʉʂʐʅʆʝ ʇʋʑʐʍʝȢ ɥʀ ʑɿʍʋɾʝʉʋȟ ʈʋʉʋʊʀʚɿʅʋ ʐʋʑ 
ʗʉʃʍɻʆɻ ʙ ʒʖʐɻʘʍʅʋ ʖʏ ʆɻʞʎʅʈʋ ʂ ʐʗʎʂ ʐʋʑ ɻʉʋʅʆʐʋʞ ʆʑʆʇʡʈɻʐʋʏ ʐʋʑ ʆʀʇʅʋʞ 
ʙʐɻʉ πȢψ V ɻʉʗ ʆʀʇʚ ɉπȢς V ʔɻʈʂʇʝʐʀʍɻ ɻʌʝ ʐʂʉ ʃʀʖʍʂʐʅʆʙ ʐʅʈʙɊȢ ɥʀ 
ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʌʀʍʚʌʋʑ πȢσ mA cm-2, ʂ ʐʗʎʂ ʐʋʑ ʆʀʇʅʋʞ ʙʐɻʉ πȢφυ V, 
ʈʀ ɻʉʐʚʎʐʋʅʔʂ ʀʎʖʐʀʍʅʆʙ ɻʉʐʚʎʐɻʎʂ ɻʌʝ ρȢψ ʀʖʏ ςȢφ ɱȢ ɚʉ ʆɻʅ ʌɻʍʋʑʎʅʗʎʐʂʆʀ ʂ 
ʇʀʅʐʋʑʍɾʚɻ ʐɻ ʍʀʞʈɻʐɻ ʀʊʝɿʋʑ ʙʐɻʉ ʌʋʇʞ ʔɻʈʂʇʗ ɾʅɻ ʌʍɻʆʐʅʆʙ ʔʍʙʎʂ. 
ɬɻ ʌʍʡʐɻ ɼʙʈɻʐɻ ɾʅɻ ʐʂʉ ɻʉʗʌʐʑʊʂ ʐʖʉ ʆʀʍɻʈʅʆʡʉ ʆʑʕʀʇʡʉ ʎʀ ʌʍɻʆʐʅʆʝ 
ʀʌʚʌʀɿʋ ʊʀʆʚʉʂʎɻʉ ʎʐʅʏ ɻʍʔʘʏ ʐʋʑ ρωφπ ɍςρɎȢ ɬʅʏ ʆɻʐɻʎʆʀʑʘʏ ʐʅʏ ʔɻʍɻʆʐʙʍʅʁɻʉ  
ʂʇʀʆʐʍʋʇʞʐʀʏ ʈʀ ʈʀɾʗʇʋ ʌʗʔʋʏ ʆɻʅ ɻʉʐʅʈʀʐʡʌʅʁɻʉ ʎʂʈɻʉʐʅʆʘʏ ʀʎʖʐʀʍʅʆʘʏ 
ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ɻʉʐʚʎʐɻʎʂʏȢ ɚʑʐʝ ʋɿʙɾʂʎʀ ʎʐʂʉ ɻʉʗʌʐʑʊʂ ʇʀʌʐʡʉ 
ʐʋʅʔʖʈʗʐʖʉ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʐʂʉ ɼʀʇʐʚʖʎʂ ʐʂʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞȢ To 1970 
ʌʍʋʐʗʃʂʆʀ ʂ ʆʇʅʈɻʆʖʐʙ ʍʞʃʈʅʎʂ ɉʂ ʎʔʀɿʚɻʎʂ ʆɻʐʗ ɿʅɻʎʐʙʈɻʐɻɊȟ ʝʌʋʑ 
ʔʍʂʎʅʈʋʌʋʚʂʎʀ ʐʂ ʌʍɻʆʐʅʆʙ ʐʖʉ ʇʀʌʐʡʉ ʐʋʅʔʖʈʗʐʖʉȢ ɳʉɻʏ ɻʍʅʃʈʝʏ ɻʌʝ ʇʀʌʐʘʏ 
ʈʀʈɼʍʗʉʀʏ ʐʋʌʋʃʀʐʙʃʂʆʀ ʎʀ ʘʉɻ ʌʋʍʡɿʀʏȢ ɠ ɻʉʗʌʐʑʊʂ ʎʀ ɻʑʐʙ ʐʂ ɿʅɻʈʝʍʒʖʎʂ 
ɻʆʝʈɻ ʎʑʉʀʔʚʁʀʐɻʅȟ ʝʌʋʑ ʎʐʋʚɼʀʏ ʈʀɾʘʃʋʑʏ KW ʆʑʕʀʇʡʉ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ 
ɿʋʆʅʈʗʁʋʉʐɻʅȢ ɬʋ ρωψπ ʎʔʀɿʅʗʁʀʐɻʅ ʈʂ ʎʐʀɾɻʉʋʌʋʅʂʈʘʉʂ ʎʖʇʂʉʋʀʅɿʙʏ 
ʈʋʍʒʙʏ ʆʑʕʘʇʂ ʈʀ ʌʋʇʇʗ ʌʇʀʋʉʀʆʐʙʈɻʐɻ ʎʑɾʆʍʅʐʅʆʗ ʈʀ ʐʂʏ ʌʍʋʂɾʋʞʈʀʉʂʏ 
ɿʀʆɻʀʐʚɻʏ ʌʍʋʎʘɾɾʅʎʂȢ ɚʑʐʙ ʂ ɿʅɻʈʝʍʒʖʎʂ ʌʀʍʅʇɻʈɼʗʉʀʅ ɻʉʀʊʗʍʐʂʐɻ ʇʀʌʐʗ 
ʆʀʇʅʗ ʈʋʍʒʋʌʋʅʂʈʘʉɻ ʎʀ ʈʅɻ ɿʅɻʈʝʍʒʖʎʂ ʎʖʇʂʉʋʀʅɿʙȢ ɠ ɿʅɻʈʝʍʒʖʎʂ ɻʑʐʙ 
ʎʑʉɿʘʀʐɻʅ ʂʇʀʆʐʍʅʆʗ ʎʀ ʈʚɻ ɿʘʎʈʂ ʈʀ ɻʐʈʝʎʒɻʅʍɻ ʈʀʅʖʈʘʉʋʑ ʆɻʑʎʚʈʋʑȢ ɚʑʐʙ ʂ 
ʆɻʐɻʎʆʀʑʙ ɻʌʋʐʀʇʀʚ ʖʏ ʐʡʍɻ ʐʂʉ ʈʀɾɻʇʞʐʀʍʂ ʎʀ ʀʞʍʋʏ ʅʎʔʞ ʎʖʇʂʉʋʀʅɿʙ  SOFC 
ʌʋʑ ʘʔʀʅ ʆɻʐɻʎʆʀʑɻʎʐʀʚ ʆɻʅ ʘʔʀʅ ʇʀʅʐʋʑʍɾʙʎʀʅ ɾʅɻ ʔʅʇʅʗɿʀʏ ʡʍʀʏȢ ɬʋ ρωψς 
ʌɻʍʋʑʎʅʗʎʐʂʆʀ ʋ ʈʋʉʋʇʅʃʅʆʝʏ ʎʔʀɿʅɻʎʈʝʏȟ ʎʐʋʉ ʋʌʋʚʋ ʆʑʕʘʇʀʏ 
ɿʅɻʈʋʍʒʡʉʋʉʐɻʅ ʎʀ ʈʚɻ ʆɻʐɻʎʆʀʑʙ ʈʋʍʒʙʏ ʆʂʍʙʃʍɻʏ ʝʌʋʑ ʘʒʀʍʀ ʀʊɻʅʍʀʐʅʆʗ 
ʑʕʂʇʘʏ ʌʑʆʉʝʐʂʐʀʏ ʅʎʔʞʋʏȢ ɬʂʉ ʚɿʅɻ ʌʀʍʚʋɿʋ ʀʈʒɻʉʚʎʐʂʆʀ ʀʉɿʅɻʒʘʍʋʉ ʎʐʂ 
ʀʌʚʌʀɿʂ ʆʑʕʘʇʂ ʐʋʑ ρωφπȟ ʝʌʋʑ ʇʝɾʖ ʐʂʏ ʐʀʔʉʋʇʋɾʚɻʏ ʐʂʏ ʌɻʍʋʞʎɻʏ ʀʌʋʔʙʏ 
ʀʉɿʀʅʆʉʞʋʐɻʉ ʂ ɿʅɻʈʝʍʒʖʎʂ ʆɻʅ ʂ ʀʌʀʊʀʍɾɻʎʚɻ ɻʑʐʋʞ ʐʋʑ ʐʞʌʋʑȢ 
ɨʅ ʌʍʡʐʀʏ ʎʑʎʐʋʅʔʚʀʏ SOFC ʔʍʂʎʅʈʋʌʋʚʂʎɻʉ ʀʑɾʀʉʙ ʈʘʐɻʇʇɻ ʝʌʖʏ ʌʇɻʐʚʉɻȟ ɾʅɻ 
ʐʂ ʆɻʐɻʎʆʀʑʙ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ʆɻʅ ʐʖʉ ʎʐʀʍʀʡʉ ɿʅɻʎʞʉɿʀʎʂʏȢ ɫʐʅʏ ɻʍʔʘʏ ʐʋʑ 
ρωχπ ʉʅʆʘʇʅʋȾYSZ, ɢn2O3 ʆɻʅ CoCr2O4 ʔʍʂʎʅʈʋʌʋʅʙʃʂʆɻʉ ɾʅɻ ʐʂʉ ʗʉʋɿʋȟ ʐʂʉ 
ʆʗʃʋɿʋ ʆɻʅ ʐʋ ʀʊʖʐʀʍʅʆʝ ʎʐʀʍʀʝ ɻʉʐʚʎʐʋʅʔɻȢ ɬʋ CoCr2O4 ɻʍɾʝʐʀʍɻ 
ɻʉʐʅʆɻʐɻʎʐʗʃʂʆʀ ɻʌʝ ʐʋ LaCr2O3 ʆɻʅ ʎʐʂ ʎʑʉʘʔʀʅɻ ʐʋ ρωψπ ʐʋ LaMnO3 ʆɻʅ ʐʋ 
LaCoO3 ʌʍʋʐʗʃʂʆɻʉ ɾʅɻ ʐʂʉ ʆɻʐɻʎʆʀʑʙ ʐʂʏ ʆɻʃʝɿʋʑȢ ɩʍʝʎʒɻʐɻȟ ʆʍʗʈɻʐɻ 
ʑʕʂʇʡʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ɿʋʆʅʈʗʎʐʂʆɻʉ ɾʅɻ ʐʂ ʀʌʅʇʋɾʙ ʑʇʅʆʋʞ ʎʐʅʏ ʀʌʚʌʀɿʀʏ 
ʆʑʕʘʇʀʏȢ  
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мΦп ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˋˏʴ˔ˊˇ˄ʹˌ SOFC 
 
 

ɥʅɻ ʎʞɾʔʍʋʉʂ SOFC ɻʌʋʐʀʇʀʚʐɻʅ ɻʌʝ ʐʂʉ ʎʞʉʃʀʎʂ ʐʋʑ ʌʑʆʉʋʞ ʂʇʀʆʐʍʋʇʞʐʂȟ ʐɻ 
ʌʋʍʡɿʂ ʂʇʀʆʐʍʝɿʅɻ ʐʂʏ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ ʈɻʁʚ ʈʀ ʐʋ ʀʊʖʐʀʍʅʆʝ ʎʐʀʍʀʝ 
ɿʅɻʎʞʉɿʀʎʂʏ ɉɿʅʌʋʇʅʆʙ ʌʇʗʆɻɊȢ ɠ ʐʀʇʀʑʐɻʚɻ ʎʔʂʈɻʐʚʁʀʅ ʐɻ ʆɻʉʗʇʅɻ ʐʂʏ ɻʉʝɿʋʑ 
ʆɻʅ ʐʂʏ ʆɻʃʝɿʋʑȢ ɫʐɻ ʆɻʉʗʇʅɻ ɻʑʐʗ ʋɿʂɾʋʞʉʐɻʅ ʐʋ ʆɻʞʎʅʈʋ ʆɻʅ ʐʋ ʋʊʀʅɿʖʐʅʆʝȢ 
ɱʏ ʆɻʞʎʅʈʋ ʈʌʋʍʀʚ ʉɻ ʔʍʂʎʅʈʋʌʋʅʙʎʀʅ ʐʋ ʆɻʃɻʍʝ ʑɿʍʋɾʝʉʋȟ ʐʋ ʈʋʉʋʊʀʚɿʅʋ ʐʋʑ 
ʗʉʃʍɻʆɻ ʆɻʅ ɾʀʉʅʆʝʐʀʍɻ ʑɿʍʋɾʋʉʗʉʃʍɻʆʀʏ ʀʉʡ ɾʅɻ ʋʊʀʅɿʖʐʅʆʝ ʎʔʀɿʝʉ ʎʀ 
ʝʇʀʏ ʐʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ʋ ɻʘʍɻʏȢ ɠ ʆʑʕʘʇʂ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ 
ʇʀʅʐʋʑʍɾʀʚ ʎʀ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʆɻʅ ʎʀ ʌʅʘʎʀʅʏ ɻʐʈʋʎʒɻʅʍʅʆʘʏ ʙ ʌʅʋ ʑʕʂʇʘʏȢ 
ɠ ʔʍʙʎʂ ʎʐʀʍʀʋʞ ʂʇʀʆʐʍʋʇʞʐʂ ɉʆʀʍɻʈʅʆʝ ʑʇʅʆʝɊ ʀʊɻʇʀʚʒʀʅ ʐʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ 
ɿʅʗɼʍʖʎʂʏ ʐʋʑ ʑʇʅʆʋʞ ʆɻʅ ʐɻ ʌʍʋɼʇʙʈɻʐɻ ɿʅɻʔʀʚʍʅʎʂʏȢ ɞʌʅʐʍʘʌʀʅ ʀʑʘʇʅʆʐʋʑʏ 
ʎʔʀɿʅɻʎʈʋʞʏ ʐʋʑ ʆʀʇʅʋʞ ʆɻʅ ɼʀʇʐʚʖʎʂ ʐʂʏ ɻʌʝɿʋʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɜʅɻ ʐʂʉ 
ʅɿɻʉʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʐʖʉ ʅʝʉʐʖʉȟ ʋ ʂʇʀʆʐʍʋʇʞʐʂʏ ʌʍʘʌʀʅ ʉɻ ʇʀʅʐʋʑʍɾʀʚ 
ʎʀ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʈʀʐɻʊʞ φππ ʀʡʏ ρπππ ʋC. ɨʅ ʑʕʂʇʘʏ ɻʑʐʘʏ 
ʃʀʍʈʋʆʍɻʎʚʀʏ ʌʍʋʆɻʇʋʞʉ ɾʍʙɾʋʍʀʏ ɻʉʐʅɿʍʗʎʀʅʏ ʆɻʅ ʀʌʅʐʍʘʌʋʑʉ ʐʂʉ  
ɻʉɻʈʝʍʒʖʎʂ ʐʋʑ ʑɿʍʋɾʋʉʗʉʃʍɻʆɻȢ ɠ ɻʑʊʂʈʘʉʂ ʃʀʍʈʝʐʂʐɻ ʌʋʑ ʌɻʍʗɾʀʐɻʅ 
ʈʌʋʍʀʚ ʉɻ ʔʍʂʎʅʈʋʌʋʅʂʃʀʚ ʎʀ ʎʑʉɿʑɻʎʈʘʉʋ ʆʞʆʇʋ ɻʊʅʋʌʋʚʂʎʂʏ ʃʀʍʈʝʐʂʐɻʏȢ 
ɚʑʐʝ ʆɻʃʅʎʐʗ ɻʉɻɾʆɻʚʋ ʐʂʉ ʔʍʙʎʂ ɻʌɻʅʐʂʐʅʆʡʉ ʑʇʅʆʡʉ ʆɻʅ ʐʂʉ ʀʌʚʐʀʑʊʂ 
ʎʑɾʆʀʆʍʅʈʘʉʖʉ ʎʑʉʃʂʆʡʉ ʆɻʐʗ ʐʂ ɿʅɻɿʅʆɻʎʚɻ ʐʂʏ ɻʉʐʚɿʍɻʎʂʏȢ 
ɨʅ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʖʉ ʌʋʑ ʇʀʅʐʋʑʍɾʋʞʉ ʎʐʋʑʏ ψππ ʈʀ ρπππ ʋC ʋʉʋʈʗʁʋʉʐɻʅ 
ʀʉɿʅʗʈʀʎʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ɉInte rmediate  Temperature  SOFCs ɀ IT-SOFCs) 
ʆɻʅ ʀʌʅʐʍʘʌʋʑʉ ʐʂ ʔʍʙʎʂ ʈʀɾɻʇʞʐʀʍʋʑ ʀʞʍʋʑʏ ʑʇʅʆʡʉ. ɨʅ ʆʑʕʘʇʀʏ ʑʕʂʇʡʉ 
ʃʀʍʈʋʆʍɻʎʅʡʉ ɾʀʉʅʆʗ ʔʍʂʎʅʈʋʌʋʅʋʞʉ ʝʇʀʏ ʆʀʍɻʈʅʆʗ ʑʇʅʆʗȟ ʀʉʡ ʋʅ 
ʀʉɿʅʗʈʀʎʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʔʍʂʎʅʈʋʌʋʅʋʞʉ ʘʉʖʎʂ ʆʀʍɻʈʅʆʋʞ ʆɻʅ ʈʀʐʗʇʇʖʉȢ ɨʅ 
ʐʀʇʀʑʐɻʚʀʏ ɾʅɻ ʐʂʉ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ʈʌʋʍʀʚ ʉɻ ʔʍʂʎʅʈʋʌʋʅʙʎʋʑʉ 
ɻʉʋʊʀʚɿʖʐʋ ʔʗʇʑɼɻ ɻʉʐʚ ɾʅɻ ɻʆʍʅɼʗ ʑʇʅʆʗ ʆɻʅ ʎʀ ʈʀɾʗʇʂ ʌʀʍʅʀʆʐʅʆʝʐʂʐɻ ʎʀ 
ʔʍʡʈʅʋ ʆʍʗʈɻʐɻ ʙ ʋʊʀʚɿʅɻȢ  
ɳʉɻʏ ʐʑʌʅʆʝʏ ʂʇʀʆʐʍʋʇʞʐʂʏ ʆɻʐɻʎʆʀʑʗʁʀʐɻʅ ɻʌʝ ʋʊʀʚɿʅʋ ʐʋʑ ʁʅʍʆʋʉʚʋʑ ɉZrO2), 
ʀʈʌʋʐʅʎʈʘʉʋ ʈʀ ʈʅʆʍʙ ʌʋʎʝʐʂʐɻ  ʋʊʀʅɿʚʋʑ ʐʋʑ ʑʐʐʍʚʋʑ ɉY2O3), ʘʉɻ ʋʊʀʚɿʅʋ (YSZ) 
ʅʋʉʐʅʆʗ ɻɾʡɾʅʈʋ ʎʀ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏȢ ɠ ʗʉʋɿʋʏ ʆɻʐɻʎʆʀʑʗʁʀʐɻʅ 
ʎʑʉʙʃʖʏ ɻʌʝ ʐʋ ʆʀʍɻʈʋʈʘʐɻʇʇʋ ʉʅʆʀʇʚʋʑ ʆɻʅ ʁʅʍʆʋʉʚʋʑ ʐʋ ʋʌʋʚʋ ʌɻʍʘʔʀʅ 
ʑʕʂʇʙ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ɻʌʝɿʋʎʂȟ ʆɻʇʙ ʔʂʈʅʆʙ ʎʐɻʃʀʍʝʐʂʐɻ ʆɻʅ ɼʍʚʎʆʀʐɻʅ ʈʀ  
ʔɻʈʂʇʝ ʆʝʎʐʋʏȢ ɚʌʝ ʐʂʉ ʗʇʇʂ ʂ ʆʗʃʋɿʋʏ ʆɻʐɻʎʆʀʑʗʁʀʐɻʅ ɻʌʝ LaMnO3 ʐʋ ʋʌʋʚʋ 
ʌʇʂʍʀʚ ʐʅʏ ʌʍʋʟʌʋʃʘʎʀʅʏ ʂʇʀʆʐʍʅʆʙʏ ɻɾʖɾʅʈʝʐʂʐɻ ʎʀ ʋʊʀʅɿʖʐʅʆʙ ɻʐʈʝʎʒɻʅʍɻȟ 
ʀʌɻʍʆʙ ʎʑʈɼɻʐʝʐʂʐɻ ʈʀ ʐʋʉ ʂʇʀʆʐʍʋʇʞʐʂ ʆɻʅ ɻʌʋɿʀʆʐʙ ʃʀʍʈʅʆʙ ʀʌʘʆʐɻʎʂ ʌʋʑ 
ʉɻ ʎʑʈɼɻɿʚʁʀʅ ʈʀ ʐɻ ʗʇʇɻ ʎʐʋʅʔʀʚɻ ʐʋʑ ʆʀʇʅʋʞ ɍσɎȟ ɍτɎȢ  
ɝʞʋ ʎʂʈɻʉʐʅʆʋʚ ʎʔʀɿʅɻʎʈʋʚ ʆʀʇʅʡʉ ʀʚʉɻʅ ʐɻ ÅÌÅÃÔÒÏÌÙÔÅ ÓÕÐÐÏÒÔÅÄ ʆɻʅ ʐɻ 

electrode supported Ȣ ɫʐʂ ʌʍʡʐʂ ʆɻʐʂɾʋʍʚɻ ʋ ʂʇʀʆʐʍʋʇʞʐʂʏ ʀʚʉɻʅ ʌʅʋ ʌɻʔʞʏ 
ɻʌʝ ʐɻ ʂʇʀʆʐʍʝɿʅɻ ʆɻʅ ʌʍʋʋʍʚʁʀʐɻʅ ʈʝʉʋ ɾʅɻ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏȢ ɫʐʂ ɿʀʞʐʀʍʂ 
ʆɻʐʂɾʋʍʚɻ ʘʉɻ ɻʌʝ ʐɻ ɿʞʋ ʂʇʀʆʐʍʝɿʅɻ ʀʚʉɻʅ ʐʋ ʌʅʋ ʌɻʔʞ ʎʐʋʅʔʀʚʋ ɻʌʝ ʐɻ ʐʍʚɻ ʈʀ 
ʐʋʉ ʂʇʀʆʐʍʋʇʞʐʂ ʉɻ ʘʔʀʅ ʈʅʆʍʝ ʌʗʔʋʏȢ ɚʑʐʝ ɾʅɻ ʉɻ ʌʀʐʞʔʋʑʉ ʐʂ ʈʀʚʖʎʂ ʐʖʉ 
ʖʈʅʆʡʉ ɻʌʖʇʀʅʡʉ ʎʀ ʈʅʆʍʝʐʀʍʀʏ ʃʀʍʈʋʆʍɻʎʚʀʏȢ ɩɻʍ˃ ʝʇɻ ɻʑʐʗ ʎʑʉʙʃʖʏ 
ʌɻʍɻʐʂʍʀʚʐɻʅ ʂ ʎʑʉʋʇʅʆʙ ɻʉʐʚʎʐɻʎʂ ʎʐʅʏ ʈʀʎɻʚʀʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʈʀɾɻʇʞʐʀʍʂ 
ɻʌʝ ʝʐʅ ʎʐʅʏ ʑʕʂʇʘʏȢ 
ɬʘʇʋʏ ʌʍʝʎʒɻʐʀʏ ʌʍʋʎʌʗʃʀʅʀʏ ʎʐʂ ʐʀʔʉʋʇʋɾʚɻ  ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʖʉ  
ʀʌʅɿʅʡʆʋʑʉ ʉɻ ʈʀʅʡʎʋʑʉ ɻʅʎʃʂʐʗ ʐʋ ʌʗʔʋʏ ʐʖʉ ʆʀʇʅʡʉ ʈʀ ʐʂʉ ʌʍʋʋʌʐʅʆʙ ʉɻ 
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ɿʅɻʐʂʍʙʎʋʑʉ ʎʐɻʃʀʍʙ ʐʂʉ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ʎʑʈʌʀʍʅʒʋʍʗȢ ɳʐʎʅ ʃɻ ʑʒʚʎʐɻʐɻʅ ʂ 
ʚɿʅɻ ʅʎʔʞʏ ʈʀ ʈʅʆʍʝʐʀʍʋ ʆʝʎʐʋʏ ɍυɎȟ ɍφɎȟ ɍχɎȢ 
ɨʅ ʌʀʍʅʎʎʝʐʀʍʀʏ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ ʌʍɻʆʐʅʆʗ ʔʍʀʅʗʁʀʐɻʅ ʉɻ ʈʀʐɻʐʍʘʕʋʑʉ ʐʋ 
ɻʍʔʅʆʝ ʆɻʞʎʅʈʋ ʑɿʍʋɾʋʉɻʉʃʍʗʆʖʉ ʎʀ ɻʘʍʅʋ ʌʇʋʞʎʅʋ ʎʀ ʑɿʍʋɾʝʉʋȢ ɥʚɻ ʀʌʅʇʋɾʙ 
ɾʅɻ ʐʂ ʈʀʐɻʐʍʋʌʙ ɻʑʐʙȟ ʀʚʉɻʅ ʉɻ ɾʚʉʀʅ ʘʈʈʀʎɻ ʎʀ ʘʉɻ ʎʞʎʐʂʈɻ ʀʌʀʊʀʍɾɻʎʚɻʏ 
ʆɻʑʎʚʈʋʑȟ ʝʌʖʏ ʘʉɻ ʀʊʖʐʀʍʅʆʝ ʆɻʐɻʇʞʐʂ ɻʉɻʈʝʍʒʖʎʂʏ ʈʀ ɻʐʈʝȢ ɥʅɻ ʗʇʇʂ 
ʀʌʅʇʋɾʙ ʀʚʉɻʅ ʉɻ ɾʚʉʀʅ ʎʀ ʘʉɻʉ ɻʉʐʅɿʍɻʎʐʙʍɻ ʈʀʍʅʆʙʏ ʋʊʀʚɿʖʎʂʏ ɍψɎȟ ɍωɎȢ ɫʐʅʏ 
ʌʀʍʅʎʎʝʐʀʍʀʏ ʌʀʍʅʌʐʡʎʀʅʏ ʀʉʝʏ ɻʉɻʈʋʍʒʖʐʙ ʔʍʀʅʗʁʀʐɻʅ ʃʀʍʈʝʐʂʐɻ ʉɻ 
ʋɿʂɾʙʎʀʅ ʎʐʂʉ ɻʉʐʚɿʍɻʎʂ ɻʉɻʈʝʍʒʖʎʂʏȢ ɥʚɻ ʈʘʃʋɿʋʏ ʉɻ ʀʌʅʐʀʑʔʃʀʚ ʂ 
ɿʅɻɿʅʆɻʎʚɻ ɻʑʐʙ ʀʚʉɻʅ ʉɻ ʐʍʋʒʋɿʋʐʂʃʋʞʉ ʐɻ ɻʘʍʅɻ ʐʖʉ ʆɻʉɻʇʅʡʉ ʐʂʏ ɻʉʝɿʋʑ 
ʆɻʅ ʆɻʃʝɿʋʑ ʎʐʂʉ ʘʊʋɿʋ ʐʋʑ ʆʀʇʅʋʞ ʎʀ ʘʉɻ ʆɻʑʎʐʙʍɻ ʝʌʋʑ  ʎʐʋʉ ʔʡʍʋ ɻʑʐʝ 
ʆɻʚɾʀʐɻʅ ʀʌʅʌʇʘʋʉ ʆɻʞʎʅʈʋȢ ɠ ʃʀʍʈʝʐʂʐɻ ʌʋʑ ʌɻʍʗɾʀʐɻʅ ʎʐʋ ʆɻʑʎʐʙʍɻ 
ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ʎʐʂ ʌʍʋʃʘʍʈɻʉʎʂ ʐʋʑ ʆɻʑʎʚʈʋʑ  ʆɻʅ ʐʋʑ ɻʘʍɻ ɻʇʇʗ ʆɻʅ ʎʐʂʉ 
ʃʀʍʈʝʐʂʐɻ ʌʋʑ ʔʍʀʅʗʁʀʐɻʅ ʋ ɻʉɻʈʋʍʒʖʐʙʏȢ ɩɻʍȭ ʝʇɻ ɻʑʐʗ ʘʉɻʏ ʌʅʋ ʆʋʈʕʝʏ ʆɻʅ 
ʌʅʋ ɻʌʋɿʋʐʅʆʝʏ ʐʍʝʌʋʏ ʉɻ ɼʍʀʃʀʚ ʃʀʍʈʝʐʂʐɻ ɾʅɻ ʐʂ ʌɻʍɻʌʗʉʖ ɿʅɻɿʅʆɻʎʚɻ ʀʚʉɻʅ 
ʉɻ ʈʀʐɻʒʀʍʃʀʚ ʎʐʋ ʀʎʖʐʀʍʅʆʝ ʐʋʑ ʆʀʇʅʋʞ ɍρπɎȟ ɍρρɎȢ ɠ ʆɻʐɻʇʑʐʅʆʙ ɻʉɻʈʝʍʒʖʎʂ 
ʈʀ ɻʐʈʝ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ʎʑʉʙʃʖʏ ʎʐʋʑʏ ρπςσ ʈʀ ρρχσ ɣ ʆɻʅ ɻʑʐʝ ʀʚʉɻʅ 
ʀʒʅʆʐʝ ʎʐʅʏ ʆʑʕʘʇʀʏ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ  ʑʕʂʇʡʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ɉSOFCs)Ȣ ɞʌʀʅɿʙ 
ʇʀʅʐʋʑʍɾʋʞʉ ʎʀ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʆɻʅ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ʎʐʋ ʀʎʖʐʀʍʅʆʝ ʂ 
ɿʅɻɿʅʆɻʎʚɻ ʐʂʏ ɻʉɻʈʝʍʒʖʎʂʏ ʋʉʋʈʗʁʋʉʐɻʅ ʀʎʖʐʀʍʅʆʙʏ ɻʉɻʈʝʍʒʖʎʂʏ 
SOFCs ɉɢR-SOFC, internal  reforming  SOFC). ɚʉʗʇʋɾɻ ʈʀ ʐʅʏ ʎʑʉʃʙʆʀʏ 
ʇʀʅʐʋʑʍɾʚɻʏ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ɾʅɻ ʐʂʉ ɻʉʐʚɿʍɻʎʂ ɻʉɻʈʝʍʒʖʎʂʏ ʌʋʅʆʚʇʀʅ ɻʌʝ τπ 
ʀʖʏ χπϷ ʐʂʏ ʎʑʉʋʇʅʆʙʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʌʋʑ ʌɻʍʗɾʀʐɻʅ ʈʘʎɻ ʎʐʂ ʆʑʕʘʇʂȢ ɳʐʎʅ 
ʎʐʅʏ ɢR-SOFCs ɿʀʉ ʑʌʗʍʔʀʅ ʀʌʅʌʇʘʋʉ ɻʉɻʈʋʍʒʖʐʙʏ ʆɻʑʎʚʈʋʑ ʆɻʅ ʌʍʋʆʞʌʐʀʅ 
ʘʉɻʏ ʌʅʋ ʀʇʆʑʎʐʅʆʝʏ ʆɻʅ ɻʌʋɿʋʐʅʆʝʏ ʎʔʀɿʅɻʎʈʝʏ ʐʂʏ ʆʑʕʘʇʂʏȢ ɬʘʇʋʏ ʋʅ 
ɻʌɻʅʐʙʎʀʅʏ ɾʅɻ ʀʌʅʌʇʘʋʉ ɻʘʍɻ ʎʐʋ ʆɻʉʗʇʅ ʐʂʏ ʆɻʃʝɿʋʑ ʈʀʅʡʉʋʉʐɻʅ ɍρςɎȟ ɍρσɎȢ 
ɜʀʉʅʆʗ ʑʌʗʍʔʋʑʉ ɿʞʋ ɼɻʎʅʆʘʏ ʌʍʋʎʀɾɾʚʎʀʅʏ ɾʅɻ ʐʂʉ ɿʅɻɿʅʆɻʎʚɻ ʐʂʏ ʀʎʖʐʀʍʅʆʙʏ 
ɻʉɻʈʝʍʒʖʎʂʏ ʎʀ ʈʚɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑȡ ʂ ʀʉʎʖʈɻʐʖʈʘʉʂ ɉɢɢR-integrated  
internal  reforming ) ʆɻʅ ʂ ɻʌʀʑʃʀʚɻʏ ɉ$)2-direct internal reforming).  ɫʐʂ 
ʌʍʡʐʂ ʌʍʋʎʘɾɾʅʎʂ ʋ ʔʡʍʋʏ ʐʂʏ ɻʉʐʚɿʍɻʎʂʏ ʀʚʉɻʅ ʊʀʔʖʍʅʎʐʝʏ ɻʇʇʗ 
ʌɻʍɻʆʀʚʈʀʉʋʏ ʎʐʂʉ ʗʉʋɿʋ ʆɻʅ ʃʀʍʈʅʆʗ ɻɾʡɾʅʈʋʏ ʆʋʉʐʗ ʎʀ ɻʑʐʙȢ ɫʐʂ ʐʀʇʀʑʐɻʚɻ 
ʌʍʋʎʘɾɾʅʎʂ ʐʋ ʆɻʞʎʅʈʋ ɉʈʀʃʗʉʅʋɊ ʌɻʍʘʔʀʐɻʅ ʆɻʐʀʑʃʀʚɻʉ ʎʐʂ ʆʑʕʘʇʂ ʆɻʅ ʂ 
ɻʉʐʚɿʍɻʎʂ ɾʚʉʀʐɻʅ ɻʌʀʑʃʀʚɻʏ ʎʐʂʉ ʗʉʋɿʋ ɍρπɎȢ ɳʉɻ ʌʇʀʋʉʘʆʐʂʈɻ ʐʂʏ 
ʀʉʎʖʈɻʐʖʈʘʉʂʏ ʀʎʖʐʀʍʅʆʙʏ ɻʉɻʈʝʍʒʖʎʂʏ ʀʚʉɻʅ ʝʐʅ ʋ ʔʡʍʋʏ ʌʋʑ ʇɻʈɼʗʉʀʅ 
ʔʡʍɻ ʂ ɻʉʐʚɿʍɻʎʂ ʆɻʅ ʐʋ ʌʀʍʅɼʗʇʇʋʉ ʐʋʑ ʆʀʇʅʋʞ ɿʀʉ ʘʔʋʑʉ ʆɻʈʚɻ ʒʑʎʅʆʙ 
ʀʌʚɿʍɻʎʂ ʈʀʐɻʊʞ ʐʋʑʏȢ ɩɻʍȭ ʝʇɻ ɻʑʐʗ ʂ ʈʀʐɻʐʍʋʌʙ ʐʋʑ ʈʀʃɻʉʚʋʑ ʎʀ ʑɿʍʋɾʝʉʋ 
ɿʀʉ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ʎʀ ʈʀɾʗʇʂ ʘʆʐɻʎʂ ʝʎʋ ʎʐʂʉ ʗʈʀʎʂ ʌʀʍʚʌʐʖʎʂȢ ɫʐʂʉ 
ʗʈʀʎʂ ʀʎʖʐʀʍʅʆʙ ɻʉɻʈʝʍʒʖʎʂ ʈʘʍʋʏ ʐʋʑ ɻʐʈʋʞ ʌʋʑ ɻʌɻʅʐʀʚʐɻʅ ɾʅɻ ʐʂʉ 
ɻʉʐʚɿʍɻʎʂ ʈʌʋʍʀʚ ʉɻ ɻʉɻʆʐʂʃʀʚ ɻʌʝ ʐʂʉ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ɻʉʐʚɿʍɻʎʂ ʐʋʑ 
ʑɿʍʋɾʝʉʋʑ ʌʋʑ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ʎʐʂʉ ʗʉʋɿʋȢ ɤʝɾʖ ʐʂʏ ʎʑʉʀʔʝʈʀʉʂʏ 
ʆɻʐɻʉʗʇʖʎʂʏ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʂ ʅʎʋʍʍʋʌʚɻ ʐʂʏ ɻʉʐʚɿʍɻʎʂʏ ʐʂʏ ɻʉɻʈʝʍʒʖʎʂʏ 
ʈʌʋʍʀʚ ʉɻ ʀʌʀʆʐɻʃʀʚ ʌʀʍɻʅʐʘʍʖ ɻʑʊʗʉʋʉʐɻʏ ʐʂ ʈʀʐɻʐʍʋʌʙ ʐʋʑ ʈʀʃɻʉʚʋʑ ɍρτɎ 
ʆɻʅ ʋɿʂɾʡʉʐɻʏ ʘʐʎʅ ʎʀ ɻʌʋʐʀʇʀʎʈɻʐʅʆʝʐʀʍʂ ɻʊʅʋʌʋʚʂʎʂ ʐʋʑ ʑɿʍʋɾʝʉʋʑȢ ɚʌʝ 
ʐʂʉ ʗʇʇʂ ɻʌɻʅʐʀʚʐɻʅ ʑʇʅʆʝ ɻʉʝɿʋʑ ʐʋ ʋʌʋʚʋ ʃɻ ʘʔʀʅ ʆɻʇʙ ʆɻʐɻʇʑʐʅʆʙ ɿʍʗʎʂ ɾʅɻ 
ʐʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ɻʉɻʈʝʍʒʖʎʂʏ ʡʎʐʀ ʉɻ ʀʌʅʐʀʑʔʃʀʚ ɻʌʋɿʋʐʅʆʙ ʌɻʍɻɾʖɾʙ 
ʅʎʔʞʋʏ ɍρσɎȢ  
ɫʀ ʈʚɻ SOFC ʂ ɻʉɻʈʝʍʒʖʎʂ ʈʌʋʍʀʚ ʉɻ ɾʚʉʀʅ ʀʎʖʐʀʍʅʆʗȟ ʝʌʋʑ ʂ ʆɻʐɻʎʆʀʑʙ ʐʋʑ 
ʆʀʍɻʈʅʆʋʞ ʂʇʀʆʐʍʋɿʚʋʑ ʐʂʏ ɻʉʝɿʋʑ ɻʌʝ ʉʅʆʘʇʅʋȾʁʅʍʆʝʉʅʋ ʌɻʍʘʔʀʅ ʀʌɻʍʆʙ ɿʍʗʎʂ 
ʎʐʂʉ ɻʉɻʈʝʍʒʖʎʂ ʈʀ ɻʐʈʝ ɉsteam reforming) ʆɻʅ ʎʐʅʏ ɻʉʐʅɿʍʗʎʀʅʏ ʈʀʐɻʐʝʌʅʎʂʏ 



 12 

ʔʖʍʚʏ ʐʂ ʔʍʙʎʂ ʀʌʅʌʇʘʋʉ ʆɻʐɻʇʞʐʂ ɍψɎȟ ɍρπɎȢ ɳʉɻ ʌʍʝɼʇʂʈɻ ʌʋʑ ʀʚʉɻʅ 
ʎʑʉʑʒɻʎʈʘʉʋ ʈʀ ʐʂʉ ɻʌʀʑʃʀʚɻʏ ɻʉɻʈʝʍʒʖʎʂ ʀʚʉɻʅ ʂ ʀʉɻʌʋʃʘʐʂʎʂ ʐʋʑ 
ʗʉʃʍɻʆɻ ʎʐʂʉ ʗʉʋɿʋ ʆɻʅ ʈʀʐɻɾʀʉʘʎʐʀʍʂ ʂʇʀʆʐʍʋʆɻʐɻʇʑʐʅʆʙ ɻʌʀʉʀʍɾʋʌʋʚʂʎʂȢ 
ɚʑʐʝ ʘʔʀʅ ʖʏ ʎʑʉʘʌʀʅɻ ʐʂʉ ʈʀʚʖʎʂ ʐʂʏ ɻʌʝɿʋʎʂʏ ʐʋʑ ʆʀʇʅʋʞ ɻʇʇʗ ʆɻʅ ʐʂʏ 
ɻʉʐʋʔʙʏ ʐʋʑȢ ɨ ʈʀɾʗʇʋʏ ʇʝɾʋʏ ɻʐʈʋʞ ʌʍʋʏ ʗʉʃʍɻʆɻ ʎʐʋʑʏ ʐʑʌʅʆʋʞʏ 
ʎʑʈɼɻʐʅʆʋʞʏ ɻʉɻʈʋʍʒʖʐʘʏ ɻʐʈʋʞ ɾʅɻ ʉɻ ʆɻʐɻʎʐʀʚʇʋʑʉ ʐʋʉ ʎʔʂʈɻʐʅʎʈʝ 
ʗʉʃʍɻʆɻ ʀʚʉɻʅ ʈʂ ʀʇʆʑʎʐʅʆʝʏ ʝʐɻʉ ʈʀʅʡʉʀʐɻʅ ʂ ʂʇʀʆʐʍʅʆʙ ɻʌʝɿʋʎʂ ʐʋʑ ʆʀʇʅʋʞ 
ɻʌʝ ʐʂʉ ɿʅʗʇʑʎʂ ʐʋʑ ɻʐʈʋʞ ʐʋʑ ʆɻʑʎʚʈʋʑ ɍρυɎȢ ɩɻʍʝʇʋ ɻʑʐʗȟ ʀʊʀʇʅɾʈʘʉɻ ʑʇʅʆʗ 
ɻʉʝɿʋʑ ʀʌʅʐʍʘʌʋʑʉ ʐʂʉ ʀʎʖʐʀʍʅʆʙ ʗʈʀʎʂ ɿʅɻɿʅʆɻʎʚɻ ʐʂʏ ɻʉɻʈʝʍʒʖʎʂʏ ʎʀ 
ʔɻʈʂʇʋʞʏ ʇʝɾʋʑʏ ɻʐʈʋʞ ʌʍʋʏ ʗʉʃʍɻʆɻ ɿʚʉʋʉʐɻʏ ʎʂʈɻʉʐʅʆʗ ʌʇʀʋʉʀʆʐʙʈɻʐɻȢ ɜʅɻ 
ʌʀʍʅʎʎʝʐʀʍɻ ɾʅɻ ʐʂʉ ʀʎʖʐʀʍʅʆʙ ɻʉɻʈʝʍʒʖʎʂ ʆɻʅ ʐɻ ʌʇʀʋʉʀʆʐʙʈɻʐʗ ʐʂʏ ʎʐʋ 
[16].  
ɨʅ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ɉʆɻʅ ɾʀʉʅʆʝʐʀʍɻ ʆʑʕʘʇʀʏ ʗʇʇʋʑ ʐʞʌʋʑɊ 
ʌʍʋʎʒʘʍʋʑʉ ɻʍʆʀʐʗ ʌʇʀʋʉʀʆʐʙʈɻʐɻ ʎʀ ʎʔʘʎʂ ʈʀ ʐʋʑʏ ʎʑʈɼɻʐʅʆʋʞʏ ʐʍʝʌʋʑʏ 
ʌɻʍɻɾʖɾʙʏ ʂʇʀʆʐʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏ ʝʌʖʏ ȡ ʑʕʂʇʋʞʏ ɼɻʃʈʋʞʏ ɻʌʝɿʋʎʂʏȟ ʀʑʀʇʅʊʚɻ 
ʎʐʂ ʈʋʍʒʋʌʋʚʂʎʂ ʐʂʏ ʆɻʐɻʎʆʀʑʙʏȟ ʈʂɿɻʈʅʉʋʚ ʌʀʍʅʋʍʅʎʈʋʚ ʎʐʂ ʐʋʌʋʃʘʐʂʎʂ ʆɻʅ 
ʌɻʍɻɾʖɾʙ ʅʎʔʞʋʏ ʈʀ ʀʇʗʔʅʎʐʀʏ ʀʆʌʋʈʌʘʏ ʍʞʌʖʉȢ ɫʑɾʆʍʚʉʋʉʐɻʏ ʈʀ ʐʅʏ ʆʑʕʘʇʀʏ 
ʐʖʉ ʗʇʇʖʉ ʆɻʐʂɾʋʍʅʡʉȟ ʋʅ SOFC ʌɻʍʋʑʎʅʗʁʋʑʉ ʐɻ ʀʊʙʏ ʔɻʍɻʆʐʂʍʅʎʐʅʆʗ 
[22]:  
 
¶ ɫʐʅʏ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʇʀʅʐʋʑʍɾʚɻʏ ʋʅ ʂʇʀʆʐʍʋʔʂʈʅʆʘʏ 
ɻʉʐʅɿʍʗʎʀʅʏ ʎʐɻ ʂʇʀʆʐʍʝɿʅɻ ʀʚʉɻʅ ɾʍʙɾʋʍʀʏȟ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʉɻ ʈʂʉ 
ʔʍʀʅʗʁʀʐɻʅ ʆɻʐɻʇʞʐʂʏ ʎʀ ɻʑʐʗȢ ɫʀ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʝʈʖʏ ʂ ʀʌʅʇʋɾʙ 
ʐʖʉ ʑʇʅʆʡʉ ʀʚʉɻʅ ʌʀʍʅʋʍʅʎʈʘʉʂ ɾʅɻ ʇʝɾʋʑʏ ɻʉʐʋʔʙ ʑʇʅʆʡʉȢ 
¶ ɨʅ ʆʑʕʘʇʀʏ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ɿʀʉ ʌɻʍʋʑʎʅʗʁʋʑʉ ʌʍʝɼʇʂʈɻ ʎʐʂʉ ʘʆʃʀʎʂ 
ʎʀ ʈʋʉʋʊʀʚɿʅʋ ʐʋʑ ʗʉʃʍɻʆɻȢ ɫʐʂ ʌʍɻɾʈɻʐʅʆʝʐʂʐɻ ʑʌʗʍʔʀʅ ʂ ɿʑʉɻʐʝʐʂʐɻ ʉɻ 
ʔʍʂʎʅʈʋʌʋʅʂʃʀʚ ʆɻʅ ʖʏ ʆɻʞʎʅʈʋȢ ɨʅ ʆʑʕʘʇʀʏ ʈʌʋʍʋʞʉ ʉɻ ʇʀʅʐʋʑʍɾʙʎʋʑʉ 
ʎʀ ʎʔʀʐʅʆʗ ʈʀɾʗʇɻ ʌʋʎʋʎʐʗ ɻʆɻʃɻʍʎʅʡʉ ʎʐʋ ʆɻʞʎʅʈʋ. 
¶ ɨʅ SOFC ʘʔʋʑʉ ʐʂ ɿʑʉɻʐʝʐʂʐɻ ʔʍʙʎʂʏ ʈʀɾʗʇʂʏ ʌʋʅʆʅʇʚɻʏ ʆɻʑʎʚʈʖʉȢ 
ɞʆʐʝʏ ɻʌʝ ʐʋ ʑɿʍʋɾʝʉʋȟ ʈʌʋʍʀʚ ʉɻ ʔʍʂʎʅʈʋʌʋʅʂʃʀʚ ɼʀʉʁʚʉʂȟ ɻʇʆʋʝʇʀʏȟ 
ʒʑʎʅʆʝ ɻʘʍʅʋ ʆɻʅ ʌʋʇʇʗ ɻʆʝʈʂȢ ɤʝɾʖ ʐʖʉ ʑʕʂʇʡʉ ʃʀʍʈʋʆʍɻʎʅʡʉȟ ʆɻʞʎʅʈɻ 
ʌʍʋʘʇʀʑʎʂʏ ʑɿʍʋɾʋʉɻʉʃʍʗʆʖʉ ʈʌʋʍʋʞʉ ʉɻ ɻʉɻʈʋʍʒʖʃʋʞʉ ʀʎʖʐʀʍʅʆʗ ʐʂʏ 
ʆʑʕʘʇʂʏȢ ɚʑʐʝ ʘʔʀʅ ʖʏ ɻʌʋʐʘʇʀʎʈɻ ʐʂʉ ʈʂ ʔʍʙʎʂ ʀʊʖʐʀʍʅʆʋʞ ʆɻʅ ʚʎʖʏ 
ɻʆʍʅɼʋʞ ɻʉɻʈʋʍʒʖʐʙ ʆɻʑʎʚʈʋʑ. 
¶ ɞʆʇʞʋʑʉ ʈʀɾʗʇʀʏ ʌʋʎʝʐʂʐʀʏ ʃʀʍʈʝʐʂʐɻʏȟ ʋʅ ʋʌʋʚʀʏ ʈʌʋʍʋʞʉ ʉɻ 
ʔʍʂʎʅʈʋʌʋʅʂʃʋʞʉ ɾʅɻ ʎʑʈʌɻʍɻɾʖɾʙ ʎʀ ʎʑʈɼɻʐʅʆʋʞʏ ʐʍʝʌʋʑʏ ʌɻʍɻɾʖɾʙʏ 
ʂʇʀʆʐʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏ ʎʐʅʏ ʌʍʡʐʀʏ ɼɻʃʈʚɿʀʏȢ ɨ ʎʑʉʋʇʅʆʝʏ ɼɻʃʈʝʏ 
ɻʌʝɿʋʎʂʏ ʈʌʋʍʀʚ ʉɻ ɻʑʊʂʃʀʚ ʎʂʈɻʉʐʅʆʗ ʀʆʈʀʐɻʇʇʀʞʋʉʐɻʏ ʐʂʉ 
ɻʔʍʂʎʅʈʋʌʋʚʂʐʂ ʃʀʍʈʝʐʂʐɻ ʐʋʑ ʆʀʇʅʋʞ. 
¶ ɤʝɾʖ ʐʋʑ ʎʐʀʍʀʋʞ ʂʇʀʆʐʍʋʇʞʐʂ ʌʋʑ ʔʍʂʎʅʈʋʌʋʅʋʞʉ ʋʅ ʆʑʕʘʇʀʏ ʎʐʀʍʀʋʞ 
ʋʊʀʅɿʚʋʑȟ Ï ʔʀʅʍʅʎʈʝʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ɿʀʉ ʌɻʍʋʑʎʅʗʁʀʅ ʌʍʝɼʇʂʈɻ 
ɿʅɻʔʀʚʍʅʎʂʏ ɉɻʌʡʇʀʅɻ ʑʇʅʆʋʞ ʆɻʅ ɻʇʇɻɾʙ ʎʞʎʐɻʎʂʏɊȢ ɫʀ ɻʉʐʚʃʀʎʂ ʈʀ 
ʆʑʕʘʇʀʏ ʑɾʍʡʉ ʂʇʀʆʐʍʋʇʑʐʡʉȟ ʋʅ 3/&# ɿʀʉ ʔʍʀʅʗʁʋʉʐɻʅ ʉɻ ɻʌʋʃʂʆʀʞʋʑʉ 
ʀʌʅʌʇʘʋʉ ʌʋʎʝʐʂʐɻ ʂʇʀʆʐʍʋʇʞʐʂȢ 
¶ ɤʝɾʖ ʐʂʏ ʎʐʀʍʀʗʏ ʆɻʐʗʎʐɻʎʂʏ ʝʇʖʉ ʐʖʉ ʎʐʋʅʔʀʚʖʉ ʐʋʑ ʆʀʇʅʋʞȟ ʋʅ SOFC 
ʈʌʋʍʋʞʉ ʉɻ ʌʗʍʋʑʉ ɾʀʖʈʀʐʍʚʀʏ ɻɿʞʉɻʐʀʏ ʎʀ ʗʇʇʀʏ ʌʀʍʅʌʐʡʎʀʅʏ ʆʀʇʅʡʉȢ 
ɩɻʍʝʇʋ ɻʑʐʗ ʂ ʆɻʐɻʎʆʀʑʙ ʐʖʉ ɿʞʎʆʋʇʖʉ ɻʑʐʡʉ ɾʀʖʈʀʐʍʅʡʉ ɻʌʋʐʀʇʀʚ 
ʐʀʔʉʅʆʙ ʌʍʝʆʇʂʎʂȢ 
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¶ ɬɻ ʎʐʋʅʔʀʚɻ ʐʋʑʏ ʌɻʍʋʑʎʅʗʁʋʑʉ ʎʔʀʐʅʆʗ ʔɻʈʂʇʙ ʂʇʀʆʐʍʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻȢ 
ɬɻ ʀʌʅʈʘʍʋʑʏ ʎʐʋʅʔʀʚɻ ʌʍʘʌʀʅ ʉɻ ʀʚʉɻʅ ʌʋʇʞ ʈʅʆʍʗ ɾʅɻ ʉɻ ʈʀʅʡʉʋʉʐɻʅ 
ʋʅ ʀʎʖʐʀʍʅʆʘʏ ʂʇʘʆʐʍʅʆʘʏ ɻʌʡʇʀʅʀʏ. 

 
 

1.5 ɰʰʻ˃ˇʾ ʰˉˈʵˇˋʹˌ  
 
ɫʐʋʑʏ ʎʑʈɼɻʐʅʆʋʞʏ ʃʀʍʈʅʆʋʞʏ ʎʐɻʃʈʋʞʏ ʂʇʀʆʐʍʋʌɻʍɻɾʖɾʙʏ ʂ ʔʂʈʅʆʙ ʀʉʘʍɾʀʅɻ 
ʈʀʐɻʐʍʘʌʀʐɻʅ ʎʀ ʈʂʔɻʉʅʆʙ ʆɻʅ ʎʐʂ ʎʑʉʘʔʀʅɻ ʂ ʈʂʔɻʉʅʆʙ ʎʀ ʂʇʀʆʐʍʅʆʙȢ ɫʐʋʉ 
ʃʀʍʈʅʆʝ ʆʞʆʇʋ ʌʋʑ ʔɻʍɻʆʐʂʍʚʁʀʅ ʐʂ ʈʀʐɻʐʍʋʌʙ ʃʀʍʈʅʆʙʏ ʎʀ ʈʂʔɻʉʅʆʙ ʀʉʘʍɾʀʅɻȟ 
ʑʌʗʍʔʀʅ ʌʀʍʅʋʍʅʎʈʝʏ ʎʐʋ ɼɻʃʈʝ ɻʌʝɿʋʎʂʏ ʎʞʈʒʖʉɻ ʈʀ ʐʋ ʐʞʌʋ ʐʋʑ Carnot : 
 

ʀ Ѐ ρ ɀ ɬl/ Th  
 

ʝʌʋʑ ʀ ʋ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ Carnot, ɬl  ʂ ʔɻʈʂʇʙ ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ ʆʞʆʇʋʑ ʆɻʅ Th 

ʂ ʑʕʂʇʙ ʃʀʍʈʋʆʍɻʎʚɻȢ ɫʞʈʒʖʉɻ ʈʀ ʐʋʉ ʌɻʍɻʌʗʉʖ ʌʀʍʅʋʍʅʎʈʝ ɾʅɻ ʉɻ ʑʌʗʍʊʀʅ 
ʈʀɾʗʇʋʏ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ɻʌɻʅʐʀʚʐɻʅ ɻʞʊʂʎʂ ʐʂʏ ʑʕʂʇʙʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʆɻʅ 
ʌʐʡʎʂ ʐʂʏ ʔɻʈʂʇʙʏȢ ɚʑʐʝ ʌʍɻʆʐʅʆʗ ɿʀʉ ʀʚʉɻʅ ʀʞʆʋʇʋ ʉɻ ʀʌʅʐʀʑʔʃʀʚ ɾʅɻʐʚ ʐʂ 
ʔɻʈʂʇʙ ʃʀʍʈʋʆʍɻʎʚɻ ʐʂʉ ʋʍʚʁʀʅ ʐʋ ʌʀʍʅɼʗʇʇʋʉ ʆɻʅ ʐʂʉ ʑʕʂʇʙ ʐʂʉ ʌʀʍʅʋʍʚʁʋʑʉ 
ʐɻ ʑʇʅʆʗ ʆɻʐɻʎʆʀʑʙʏ ʇʝɾʖ ɻʉʐʋʔʙʏȢ 
ɥʅɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʝʈʖʏ ɿʀʉ ʌʀʍʅʋʍʚʁʀʐɻʅ ɻʌʝ ʐʋʉ ɼɻʃʈʝ ɻʌʝɿʋʎʂʏ 
ʐʋʑ Carnot  ɾʅɻʐʚ ʈʀʐɻʐʍʘʌʀʅ ɻʌʀʑʃʀʚɻʏ ʐʂ ʔʂʈʅʆʙ ʀʉʘʍɾʀʅɻ ʎʀ ʂʇʀʆʐʍʅʆʙ 
ʌʀʐʑʔɻʚʉʋʉʐɻʏ ʘʐʎʅ ʈʀɾɻʇʞʐʀʍʋʑʏ ɼɻʃʈʋʞʏ ɻʌʝɿʋʎʂʏȢ 
ɫʀ ʈʅɻ SOFC ʂ ʈʘɾʅʎʐʂ ʀʉʘʍɾʀʅɻ ʌʋʑ ʘʔʀʅ ʐʋ ʆʀʇʚ ʋʍʚʁʀʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ 
ʐʋʑ Nernst:  
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ʝʌʋʑ ɝG0 ʀʚʉɻʅ ʂ ʌʍʝʐʑʌʂ ɿʅɻʒʋʍʗ ʀʇʀʞʃʀʍʂʏ ʀʉʘʍɾʀʅɻʏ ʐʋʑ Gibbsȟ ʐʋ n ʀʚʉɻʅ ʋ 
ɻʍʅʃʈʝʏ ʐʖʉ  mol ʐʋʑ ʋʊʑɾʝʉʋʑ ʌʋʑ ʔʍʀʅʗʁʀʐɻʅ ʉɻ ʋʊʀʅɿʡʎʀʅ ʘʉɻ mol ʆɻʑʎʚʈʋʑ 
ɉʌʋʇʇɻʌʇɻʎʅʗʁʀʐɻʅ ʀʌʚ ɿʞʋɊȟ ʐʋ R ʂ ʌɻɾʆʝʎʈʅɻ ʎʐɻʃʀʍʗ ɻʀʍʚʖʉȟ ɬ ʂ 
ʃʀʍʈʋʆʍɻʎʚɻȟ F ʋ ʎʑʉʐʀʇʀʎʐʙʏ Faraday ʆɻʅ  Q ʂ ʃʀʍʈʝʐʂʐɻ ʐʖʉ ɻʉʐʅɿʍʡʉʐʖʉ 
ʐʂʏ ʂʇʀʆʐʍʋʔʂʈʅʆʙʏ ɻʉʐʚɿʍɻʎʂʏȢ 
ɠ ʈʀʍʅʆʙ ʌɻʍʗɾʖɾʋʏ ʐʂʏ ɞ ʌʍʋʏ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʆʍɻʐʡʉʐɻʏ ʎʐɻʃʀʍʙ ʐʂ 
ʌʚʀʎʂ ʆɻʅ ʂ ʈʀʍʅʆʙ ʌɻʍʗɾʖɾʂʏ ʐʂʉ ɞ  ʌʍʋʏ ʐʂʉ ʌʚʀʎʂ ʆʍɻʐʡʉʐɻʏ ʎʐɻʃʀʍʙ ʐʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ɿʚʉʋʉʐɻʅ ɻʌʝ ʐʅʏ ʀʊʅʎʡʎʀʅʏȡ 
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ɞʌʀʅɿʙ ʂ ɿʅɻʒʋʍʗ ʀʉʐʍʋʌʚɻʏ ʀʚʉɻʅ ɻʍʉʂʐʅʆʙ ɻʑʊʗʉʋʉʐɻʏ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ 
ʈʀʅʡʉʀʐɻʅ ʂ ʂʇʀʆʐʍʀɾʀʍʐʅʆʙ ɿʞʉɻʈʂ ɞ ʐʋʑ ʆʀʇʅʋʞȢ ɞʌʀʅɿʙ ʂ ɿʅɻʒʋʍʗ ʝɾʆʋʑ 
ʀʚʉɻʅ ɻʍʉʂʐʅʆʙ ʎʀ ʈʅɻ ɻʉʐʚɿʍɻʎʂ ɻʑʊʗʉʋʉʐɻʏ ʐʂʉ ʌʚʀʎʂ ɻʑʊʗʉʀʐɻʅ ʂ 
ʀʉʘʍɾʀʅɻ ʐʋʑ ʆʀʇʅʋʞ ɞ.  
ɬɻ ʌɻʍɻʌʗʉʖ ʌɻʍɻʐʂʍʋʞʉʐɻʅ ʎʞʈʒʖʉɻ ʈʀ ʐʅʏ ʃʀʍʈʋɿʑʉɻʈʅʆʘʏ ʀʊʅʎʡʎʀʅʏȢ 
ɣɻʐʗ ʐʂʉ ɻʞʊʂʎʂ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʇʀʅʐʋʑʍɾʚɻʏ ɼʀʇʐʅʡʉʀʐɻʅ ʂ ʈʀʐɻʒʋʍʗ ʐʂʏ 
ʈʗʁɻʏ, ɻʑʊʗʉʀʐɻʅ ʋ ʍʑʃʈʝʏ ɻʉʐʚɿʍɻʎʂʏ, ʔɻʈʂʇʡʉʀʅ ʂ ɻʉʐʚʎʐɻʎʂ ʐʖʉ 



 14 

ʑʇʅʆʡʉȢ ɚʌȭ ʐʂʉ ʗʇʇʂ ʑʌʗʍʔʀʅ ʌʀʍʅʋʍʅʎʈʝʏ ʎʐʂʉ ʀʌʅʇʋɾʙ ʑʇʅʆʡʉ ʇʝɾʖ ʃʀʍʈʅʆʙʏ 
ɻʉʐʋʔʙʏ ʆɻʅ ɿʂʈʅʋʑʍɾʋʞʉʐɻʅ ʌʍʋɼʇʙʈɻʐɻ ʎʐɻ ʑʇʅʆʗȟ ɻʇʇʂʇʀʌʚɿʍɻʎʂʏȟ 
ʑʌʋɼʗʃʈʅʎʂʏ ʆɻʅ ʎʑʈʌʞʆʉʖʎʂʏȢ 
ɚʞʊʂʎʂ ʐʂʏ ʌʚʀʎʂʏ ʇʀʅʐʋʑʍɾʚɻʏ ɻʑʊʗʉʀʅ ʐʂʉ ɻʌʝɿʋʎʂ ʐʂʏ SOFCȟ ʇʝɾʖ ʝʐʅ 
ɻʑʊʗʉʀʐɻʅ ʆɻʅ ʂ ʈʀʍʅʆʙ ʌʚʀʎʂ ʐʖʉ ɻʉʐʅɿʍʡʉʐʖʉ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʉɻ 
ɻʑʊʗʉʀʐɻʅ ʆɻʅ ʋ ʍʑʃʈʝʏ ʈʀʐɻɼʋʇʙʏ ʐʂʏ ʈʗʁɻʏȢ ɚʌʝ ʐʂʉ ʗʇʇʂ ɿʂʈʅʋʑʍɾʀʚ 
ʌʀʍʅʋʍʅʎʈʋʞʏ ʎʐʂʉ ʀʌʅʇʋɾʙ ʐʖʉ ʑʇʅʆʡʉ ʆɻʅ ʈʌʋʍʀʚ ʉɻ ʌʍʋʆɻʇʘʎʀʅ ʌʍʝɼʇʂʈɻ 
ʎʐʂ ʎʐʀɾɻʉʝʐʂʐɻ ʎʐʋ ʆɻʉʗʇʅ ʆɻʑʎʚʈʋʑ ɻʇʇʗ ʆɻʅ ʐʂʏ ɿʋʈʙʏ ʐʂʏ ʆʑʕʘʇʂʏ 
ɾʀʉʅʆʝʐʀʍɻȢ 
ɫʐʂ ʇʀʅʐʋʑʍɾʚɻ ʐʋʑ ʆʀʇʅʋʞ ʃʀʍʈʋɿʑʉɻʈʅʆʗ ʅʎʔʞʀʅ ʝʐʅ ʂ ʃʀʍʈʝʐʂʐɻ ʌʋʑ 
ɻʌʋʍʍʋʒʗʐɻʅ ɻʌʝ ʐʂ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʀ ʎʐɻʃʀʍʙ ʃʀʍʈʋʆʍɻʎʚɻ ʅʎʋʞʐɻʅ ʈʀ ʐʂ 
ɿʅɻʒʋʍʗ ʀʉʐʍʋʌʚɻʏ ʐʖʉ ɻʉʐʅɿʍʡʉʐʖʉȡ 
 

 

Q=TÖDS=DH-DG 
 

ɚʒʋʞ ʂ ʂ ɿʅɻʒʋʍʗ ʀʉʐʍʋʌʚɻʏ ʎʐʂʉ ɻʉʐʚɿʍɻʎʂ ʀʚʉɻʅ ɻʍʉʂʐʅʆʙ ʎʀ ʈʅɻ ʆʑʕʘʇʂ 
ʆɻʑʎʚʈʋʑȟ ʂ ʃʀʍʈʝʐʂʐɻ ʌɻʍʗɾʀʐɻʅ ɻʌʝ ɻʑʐʙʉȢ ɩʍɻʆʐʅʆʗ ʎʐʂ ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ ʂ 
ʃʀʍʈʝʐʂʐɻ ɻʑʐʙ ɻʑʊʗʉʀʅ ʐʂ ʃʀʍʈʋʆʍɻʎʚɻ ʇʀʅʐʋʑʍɾʚɻʏȢ ɜʀʉʅʆʝʐʀʍɻ 
ɻʌʡʇʀʅʀʏ ʇʝɾʖ ɻʑʊʂʈʘʉʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ɻʌʋʒʀʞɾʋʉʐɻʅ ʔʍʂʎʅʈʋʌʋʅʡʉʐɻʏ 
ʎʑʎʐʙʈɻʐɻ ʕʞʊʂʏ ʐʋʑ ʆʀʇʅʋʞ ɻʌʋʍʍʋʒʡʉʐɻʏ ʐʂ ʃʀʍʈʝʐʂʐɻ ʌʋʑ ʌɻʍʗɾʀʐɻʅȢ 
ɳʉɻʏ ʗʇʇʋʏ ʐʍʝʌʋʏ ʀʚʉɻʅ ʀʚʉɻʅ ʐʍʋʒʋɿʋʐʂʃʀʚ ʐʋ ʆɻʉʗʇʅ ʆɻʃʝɿʋʑ ʈʀ ʈʀɾɻʇʞʐʀʍʂ 
ʌʋʎʝʐʂʐɻ ɻʘʍɻȢ ɚʑʐʝʏ ɻʌʋʐʀʇʀʚ ʐʋʉ ʗʈʀʎʋ ʐʍʝʌʋ ʕʞʊʂʏ ʐʋʑ ʆʀʇʅʋʞȢ 
ɨ ɾʀʉʅʆʝʏ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʀʉʝʏ ʆʀʇʅʋʞ ɻʌʋʆʇʀʅʎʐʅʆʗ ʔʖʍʚʏ ɻʉɻʈʋʍʒʖʐʙ 
ʆɻʑʎʚʈʋʑ ʆɻʅ ʈʋʉʗɿɻ ʀʌʀʊʀʍɾɻʎʚɻʏ ʐʂʏ ʌɻʍɻɾʝʈʀʉʂʏ ʂʇʀʆʐʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏ 
ʀʚʉɻʅ ʐʋ ɾʅʉʝʈʀʉʋ ʐʋʑ ʂʇʀʆʐʍʋʔʂʈʅʆʋʞ ɼɻʃʈʋʞ ɻʌʝɿʋʎʂʏ eɞ ʀʌʚ ʐʋʑ ʃʀʍʈʅʆʋʞ Åɠ: 
 

 

eFC =eEÖeH 

 
ɨ ʂʇʀʆʐʍʋʔʂʈʅʆʝʏ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ɻʌʋʐʀʇʀʚʐɻʅ ɻʌʝ ʐʋ ɾʅʉʝʈʀʉʋ ʐʋʑ  
ʃʀʍʈʋɿʑʉɻʈʅʆʋʞ ɼɻʃʈʋʞ ɻʌʝɿʋʎʂʏ ʀʌʚ ʐʋʑ ɼɻʃʈʝ ɻʌʝɿʋʎʂʏ ʐʂʏ ʐʗʎʂʏ ʀʌʚ 
ɼɻʃʈʝ ɻʌʝɿʋʎʂʏ ʐʋʑ ʍʀʞʈɻʐʋʏȡ 
 

 

eE =eTÖeVÖeJ  

 
ɫʀ ʈʅɻ SOFC ʆɻʅ ɾʀʉʅʆʝʐʀʍɻ ʎʀ ʈʅɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʂ ɿʅɻʒʋʍʗ ʐʂʏ ʀʇʀʞʃʀʍʂʏ 
ʀʉʘʍɾʀʅɻʏ ʐʋʑ Gibbs ʃɻ ʈʌʋʍʋʞʎʀ ʉɻ ʈʀʐɻʐʍɻʌʀʚ ʋʇʝʆʇʂʍʂ ʎʀ ʂʇʀʆʐʍʅʆʙ 
ʀʉʘʍɾʀʅɻȢ ɷʈʖʏ ʃʀʍʈʋɿʑʉɻʈʅʆʗ ʂ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʘʔʀʅ ʘʉɻ ʈʘɾʅʎʐʋ ɼɻʃʈʝ 
ɻʌʝɿʋʎʂʏ ʝʌʋʑ ɿʚʉʀʐɻʅ ɻʌʝȡ 
 

 

eT =
DG

DH
=1-

TDS

DH
 

 
O ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʐʂʏ ʐʗʎʂʏ ʅʎʋʞʐɻʅ ʈʀ ʐʋ ʇʝɾʋ ʐʂʏ ʐʗʎʂʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ 
ʆʀʇʅʋʞ ʑʌʝ ʒʋʍʐʚʋ ʌʍʋʏ ʐʂ ʐʗʎʂ ʅʎʋʍʍʋʌʚɻʏ Nernst: 
 

 

ev =
Er

E
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ɬʋ ʆʀʇʚ ʃʀʖʍʂʐʅʆʗ ʘʔʀʅ ʈʘɾʅʎʐʂ ʐʗʎʂ ʐʂ ʐʗʎʂ ʌʋʑ ʋʍʚʁʀʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ ʐʋʑ 
NernstȢ ɷʐɻʉ ʎʑʉɿʀʃʀʚ ʒʋʍʐʚʋȟ ʐʝʐʀ ʇʝɾʖ ʐʋʑ ʍʀʞʈɻʐʋʏ ʌʋʑ ʌɻʍʗɾʀʐɻʅ ʎʐʋ 
ʆʇʀʅʎʐʝ ʆʞʆʇʖʈɻȟ ɿʂʈʅʋʑʍɾʋʞʉʐɻʅ ɻʌʡʇʀʅʀʏ ʐʗʎʂʏ ɉʂɊȢ ɬʋ ʗʃʍʋʅʎʈɻ ɻʑʐʡʉ ʐʖʉ 
ɻʌʖʇʀʅʡʉ  ʅʎʋʞʐɻʅ ʈʀ ʐʅʏ ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʚʂʎʂʏȟ ʐʅʏ ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏȟ ʐʅʏ 
ɻʌʡʇʀʅʀʏ ɻʉʐʅɿʍʗʎʀʖʉ ʆɻʅ ʐʅʏ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏȢ ɨʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ɿʀ 
ʈʌʋʍʋʞʉ ʉɻ ʀʊɻʇʀʅʒʃʋʞʉ ɻʇʇʗ ʉɻ ʌʀʍʅʋʍʅʎʃʋʞʉ ʈʀ ʐʂʉ ʀʌʅʇʋɾʙ 
ʆɻʐʗʇʇʂʇʖʉ ʑʇʅʆʡʉ ʆɻʅ ʎʑɾʆʀʆʍʅʈʘʉʂ ʆɻʐɻʎʆʀʑʙ ʐʋʑ ʆʀʇʅʋʞ. 
 

 

h=hA+hD+hR+hW 

 
ɠ ʃʀʍʈʋʆʍɻʎʚɻȟ ʂ ʌʚʀʎʂȟ ʂ ʎʞʉʃʀʎʂ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ʆɻʅ ʐɻ ʑʇʅʆʗ ʐʖʉ 
ʂʇʀʆʐʍʋɿʚʖʉ ʀʌʂʍʀʗʁʋʑʉ ʐʅʏ ɻʌʡʇʀʅʀʏ ʐʋʑ ʆʀʇʅʋʞȢ ɜʅɻ ʌɻʍʗɿʀʅɾʈɻ ɻʑʊʗʉʋʉʐɻʏ 
ʐʂ ʃʀʍʈʋʆʍɻʎʚɻ ɼʀʇʐʅʡʉʀʐɻʅ ʂ ʈʀʐɻʒʋʍʗ ʈʗʁɻʏȟ ɻʑʊʗʉʀʐɻʅ ʋ ʍʑʃʈʝʏ 
ɻʉʐʚɿʍɻʎʂʏ ʆɻʅ ʎʑʉʙʃʖʏ ʈʀʅʡʉʀʐɻʅ ʂ ɻʉʐʚʎʐɻʎʂ ʐʋʑ ʆʀʇʅʋʞȟ ʗʍɻ 
ʈʀʅʡʉʋʉʐɻʅ ʋʅ ɻʌʡʇʀʅʀʏ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʐʂʉ ɻʞʊʂʎʂ ʐʋʑ ɼɻʃʈʋʞ 
ɻʌʝɿʋʎʂʏ. 
 
ɚʌʡʇʀʅʀʏ ɞʉʀʍɾʋʌʋʚʂʎʂʏ ɉʂɚ) 
 
ɫʐʅʏ ʔʂʈʅʆʘʏ ɻʉʐʅɿʍʗʎʀʅʏ ʎʑɾʆʀʆʍʅʈʘʉɻ ʎʐʅʏ ʂʇʀʆʐʍʋʔʂʈʅʆʘʏȟ ʐɻ ɻʉʐʅɿʍʡʉʐɻ 
ʌʍʘʌʀʅ ʉɻ ʊʀʌʀʍʗʎʋʑʉ ʘʉɻ ʀʉʀʍɾʀʅɻʆʝ ʀʈʌʝɿʅʋȢ ɚʑʐʝ ʐʋ ʀʉʀʍɾʀʅɻʆʝ ʀʈʌʝɿʅʋ 
ʋʉʋʈʗʁʀʐɻʅ ʀʉʘʍɾʀʅɻ ʀʉʀʍɾʋʌʋʚʂʎʂʏ ʐʋ ʋʌʋʚʋ ʌʍʋʆɻʇʀʚ ʐʅʏ ɻʉʐʚʎʐʋʅʔʀʏ 
ɻʌʡʇʀʅʀʏȢ ɨʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ʈʌʋʍʋʞʉ ʉɻ ʔɻʍɻʆʐʂʍʅʎʐʋʞʉ ʖʏ ʂ ʀʌʅʌʇʘʋʉ 
ʀʉʘʍɾʀʅɻ ʌʋʑ ʔʍʀʅʗʁʋʉʐɻʅ ʐɻ ɻʉʐʅɿʍʡʉʐɻ ʉɻ ʒʐʗʎʋʑʉ ʎʀ ʈʅɻ ɻʍʔʅʆʙ ʐʅʈʙ ʍʑʃʈʋʞ 
ɻʉʐʚɿʍɻʎʂʏȢ ɝʂʇɻɿʙ ʂ ʀʉʘʍɾʀʅɻ ʌʋʑ ɻʌɻʅʐʀʚʐɻʅ ɾʅɻ ʉɻ ʊʀʆʅʉʙʎʀʅ ʂ ɻʉʐʚɿʍɻʎʂȢ 
ɨʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ʋʒʀʚʇʋʉʐɻʅ ʎʀ ʘʉɻ ʙ ʌʀʍʅʎʎʝʐʀʍɻ ɼʙʈɻʐɻ ʎʐʂ ʌʀʍʅʋʔʙ ʐʋʑ 
ʂʇʀʆʐʍʋɿʚʋʑ ʌʋʑ ɾʚʉʀʐɻʅ ʂ ɻʉʐʚɿʍɻʎʂȢ ɬɻ ɻʍɾʗ ɻʑʐʗ ɼʙʈɻʐɻ ʌʋʑ ʎʑʈɼʗʇʇʋʑʉ 
ʎʐʅʏ ɻʌʡʇʀʅʀʏȟ ʈʌʋʍʀʚ ʉɻ ʀʚʉɻʅ ʂ ʌʍʋʎʍʝʒʂʎʂ ʐʋʑ ɻʉʐʅɿʍʡʉʐʋʏ ʎʐʂʉ ʀʌʅʒʗʉʀʅɻ 
ʐʋʑ ʂʇʀʆʐʍʋɿʚʋʑȟ ʂ ʈʀʐɻʒʋʍʗ ʐʋʑ ʂʇʀʆʐʍʋʉʚʋʑȟ ʂ ʀʆʍʝʒʂʎʂ ʐʋʑ ʌʍʋʛʝʉʐʋʏ ʆɻʅ 
ɾʀʉʅʆʝʐʀʍɻ ʋʌʋʅʋɿʙʌʋʐʀ ɼʙʈɻ ʎʀ ʈʅɻ ɻʉʐʚɿʍɻʎʂȢ 
ɨ ʍʑʃʈʝʏ ɻʉʐʚɿʍɻʎʂʏ ʎʐʋ ʂʇʀʆʐʍʝɿʅʋ ʀʚʉɻʅ ʎʑʉʗʍʐʂʎʂ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʐʂʏ 
ʌʚʀʎʂʏ ʆɻʅ ʐʖʉ ʌɻʍɻʈʘʐʍʖʉ ʐʋʑ ʑʇʅʆʋʞȢ ɫʀ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʋ ʍʑʃʈʝʏ 
ɻʉʐʚɿʍɻʎʂʏ ʀʚʉɻʅ ɾʍʙɾʋʍʋʏ ʆɻʅ ʋʅ ɻʌʡʇʀʅʀʏ ʈʅʆʍʘʏ. 
 
ɚʌʡʇʀʅʀʏ ʎʑɾʆʘʉʐʍʖʎʂʏ ɉʂD) 
 
ɩʍʋʆɻʇʋʞʉʐɻʅ ʝʐɻʉ ʂ ɻʉʐʚɿʍɻʎʂ ʎʐʋ ʂʇʀʆʐʍʝɿʅʋ ʀʈʌʋɿʚʁʀʐɻʅ ɻʌʝ ʒɻʅʉʝʈʀʉɻ 
ʈʀʐɻʒʋʍʗʏ ʈʗʁɻʏȟ ʝʌʖʏ ʂ ʐɻʔʞʐʂʐɻ ʌɻʍʋʔʙʏ ʐʋʑ ɻʉʐʅɿʍʡʉʐʋʏ ʙȾʆɻʅ ʂ 
ʐɻʔʞʐʂʐɻ ʀʆʍʝʒʂʎʂʏ ʐʋʑ ʌʍʋʛʝʉʐʋʏ ʀʚʉɻʅ ʈʅʆʍʝʐʀʍʂ ɻʌʝ ʐʂʉ ɻʌʋʒʝʍʐʅʎʂ ʐʋʑ 
ʍʀʞʈɻʐʋʏȢ 
ɷʐɻʉ ʎʐʋ ʂʇʀʆʐʍʝɿʅʋ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ɻʌʋʆʇʀʅʎʐʅʆʗ ʐʋ ʒɻʅʉʝʈʀʉʋ ʐʂʏ 
ɿʅʗʔʑʎʂʏȟ ʀʚʐʀ ʀʌʀʅɿʙ ʑʌʗʍʔʀʅ ʔɻʈʂʇʙ ʎʑɾʆʘʉʐʍʖʎʂ ʐʋʑ ɻʉʐʅɿʍʡʉʐʋʏ ʀʚʐʀ 
ʀʌʀʅɿʙ ʂ ʈʀʐɻʐʍʋʌʙ ʐʋʑ ʒʐʗʉʀʅ ʎʐʋ ρππϷ ʎʐʋ ʆʀʇʚ ɻʌʋʆʐʗʐɻʅ ʂ ʐʅʈʙ ʐʋʑ 
ʋʍʅɻʆʋʞ ʍʀʞʈɻʐʋʏ ɉjL) (ɻʌʝʐʋʈʂ ʌʐʡʎʂ ʎʐʂ ʐʗʎʂ ʐʋʑ ʆʀʇʅʋʞɊȢ  
 

 

hD =
RT

zF
ln(1-

j

jL

) 
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ɨʅ ɻʌʡʇʀʅʀʏ ʀʊɻʍʐʡʉʐɻʅ ɻʌʝ ʐʅʏ ʅɿʅʝʐʂʐʀʏ ʐʂʏ ʈʀʐɻʒʋʍʗʏ ʈʗʁɻʏ ʐʋʑ 
ʎʑʎʐʙʈɻʐʋʏȢ ɚʑʐʘʏ ʀʚʉɻʅ ʎʑʉʗʍʐʂʎʂ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏȟ ʐʂʏ ʌʚʀʎʂʏȟ ʐʂʏ 
ʎʑɾʆʘʉʐʍʖʎʂʏ ʆɻʅ ʐʖʉ ʒʑʎʅʆʡʉ ʅɿʅʋʐʙʐʖʉ ʐʋʑ ʑʇʅʆʋʞȢ 
 
ɚʌʡʇʀʅʀʏ ɻʉʐʚɿʍɻʎʂʏ ɉʂR) 
 
ɨʒʀʚʇʋʉʐɻʅ ʎʐʋ ʍʑʃʈʝ ʈʀʐɻɼʋʇʙʏ ʐʂʏ ɻʉʐʚɿʍɻʎʂʏ ʉɻ ʌɻʍʘʔʀʅ ɻʉʐʅɿʍʡʉʐɻ ʙ ʉɻ 
ɻʒɻʅʍʀʚ ʌʍʋʛʝʉʐɻ ʝʐɻʉ ʀʚʉɻʅ ʈʅʆʍʝʏȢ ɫʐʅʏ SOFC ʀʌʀʅɿʙ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ʀʚʉɻʅ 
ʈʀɾʗʇʂ ʋʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ʃʀʖʍʋʞʉʐɻʅ ʌʋʇʞ ʈʅʆʍʘʏ ʀʖʏ ɻʈʀʇʂʐʘʀʏȢ ɨʅ ɻʌʡʇʀʅʀʏ 
ɻʑʐʘʏ ʈʋʅʗʁʋʑʉ ʈʀ ʐʅʏ ɻʌʡʇʀʅʀʏ ʎʑɾʆʀʉʐʍʡʎʀʖʉȢ 
 
ɱʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ɉʂɱ) 
 
ɨʒʀʚʇʋʉʐɻʅ ʎʐʂʉ ɻʉʐʚʎʐɻʎʂ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ʉɻ ʗɾʀʅ ʅʝʉʐɻ ɉʆɻʅ ʐʖʉ 
ʂʇʀʆʐʍʋɿʚʖʉɊ ʆɻʅ ʐʖʉ ʂʇʀʆʐʍʋʉʚʖʉ ʉɻ ʌʀʍʗʎʋʑʉ ɻʌʝ ʐʋʑʏ ʀʊʖʐʀʍʅʆʋʞʏ 
ʎʑʇʇʘʆʐʀʏȢ 
 

 

Ecell =Er -hA-hD-hR-hW 

 
ɚʌʡʇʀʅʀʏ ʍʀʞʈɻʐʋʏ 
 
ɚʉɻʒʘʍʀʐɻʅ ʎʐʂʉ ɻʌʝɿʋʎʂ ʎʀ ʈʚɻ SOFC ʆɻʐʗ ʌʝʎʋ ʐɻ ɻʉʐʅɿʍʡʉʐɻ 
ʈʀʐɻʐʍʘʌʋʉʐɻʅ ʎʀ ʌʍʋʛʝʉʐɻ ʆɻʅ ʌʝʎɻ ʂʇʀʆʐʍʝʉʅɻ ʀʈʌʇʘʆʋʉʐɻʅ ʎʀ ʀʉɻʇʇɻʆʐʅʆʘʏ 
ɻʉʐʅɿʍʗʎʀʅʏȟ ʝʌʖʏ ʂ ɿʅʗɼʍʖʎʂ ʔʖʍʚʏ ʉɻ ʎʑʈɼʗʇʇʋʑʉ ʎʐʂ ʌɻʍɻɾʖɾʙ ʍʀʞʈɻʐʋʏȢ 
ɫʑʉʙʃʖʏ ʋʅ ɻʌʡʇʀʅʀʏ ʍʀʞʈɻʐʋʏ ʀʆʒʍʗʁʋʉʐɻʅ ʈʀ ʐʋ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ 
ʆɻʑʎʚʈʋʑ ɉUf). ɤʝɾʖ ʐʖʉ ɻʌʖʇʀʅʡʉ ʎʑɾʆʘʉʐʍʖʎʂʏ ʋʅ SOFCs ʇʀʅʐʋʑʍɾʋʞʉ 
ʆʗʐʖ ɻʌʝ ʐʋ ρππϷ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ.   
ɨ ʃʀʍʈʅʆʝʏ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ɻʒʋʍʗ ʐʋ ʆɻʞʎʅʈʋ ʆɻʅ ʋʍʚʁʀʐɻʅ ʋ ʇʝɾʋʏ ʐʂʏ 
ʃʀʍʈʅʆʙʏ ʀʉʘʍɾʀʅɻʏ ʐʖʉ ʎʑʎʐɻʐʅʆʡʉ ʐʋʑ ʆɻʑʎʚʈʋʑ ʌʋʑ ʀʚʉɻʅ ɿʅɻʃʘʎʅʈɻ ʎʐʂ 
ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʉɻ ʌɻʍʗɾʀʅ ʂʇʀʆʐʍʅʆʝ ʍʀʞʈɻ ʌʍʋʏ ʐʋ ʌʋʎʝ ʐʂʏ ʃʀʍʈʅʆʙʏ 
ʀʉʘʍɾʀʅɻʏ ʌʋʑ ʌʀʍʅʘʔʀʐɻʅ ʎʀ ʝʇɻ ʐɻ ʎʑʎʐɻʐʅʆʗ ʌʋʑ ʈʌʋʍʋʞʉ ʉɻ ʎʑʈʈʀʐʘʔʋʑʉ ʎʀ 
ʆɻʞʎʂ ʎʐʋ ʍʀʞʈɻ ʆɻʑʎʚʈʋʑ ʌʋʑ ʐʍʋʒʋɿʋʐʀʚʐɻʅ ʎʐʋ ʆɻʉʗʇʅȢ 
 

 

eH =
DH o

DHcom

 

 
O ɾʀʉʅʆʝʏ ɼɻʃʈʝʏ ɻʌʝʎʂʏ ʀʉʝʏ ʎʑʎʐʙʈɻʐʋʏ ʅʎʋʞʐɻʅ ʈʀ: 

 

 

es/ h =
Pfc+Phc+PC

Pf

 

 
Pfc : ɠ ʅʎʔʞʏ ʐʂʏ ʆʑʕʘʇʂʏ 
Phc: ɢʎʔʞʏ ʌʋʑ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ɻʌʝ ʐʂ ʃʀʍʈʝʐʂʐɻ ʌʋʑ ʌɻʍʗɾʀʐɻʅ ɻʌʝ ʐʂ ʆʑʕʘʇʂ 
ʆɻʅ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ʎʀ ʎʑʈɼɻʐʅʆʋʞʏ ʃʀʍʈʋʂʇʀʆʐʍʅʆʋʞʏ ʎʐɻʃʈʋʞʏ ʌɻʍɻɾʖɾʙʏ 
ʂʇʀʆʐʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏ ɉɻʐʈʋʎʐʍʝɼʅʇʋʅȟ ɻʀʍʅʋʎʐʍʝɼʅʇʋʅɊ 
Pc ȡ ɣʋʈʈʗʐʅ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ʌʋʑ ɿʀʉ ʔʍʀʅʗʁʀʐɻʅ ʂ ʆʑʕʘʇʂ ʆɻʅ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ 
ɾʅɻ ʆʗʇʑʕʂ ʃʀʍʈʅʆʡʉ ɻʉɻɾʆʡʉ ɉʃʘʍʈɻʉʎʂ ʉʀʍʋʞɊ 
Pf : ɣɻʃɻʍʙ ʅʎʔʞʏ ʆɻʑʎʚʈʋʑ ʌʋʑ ʀʅʎʗɾʀʐɻʅ ʎʐʂ ʆʑʕʘʇʂ 
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1.6 ɹˋ˔ˏˌ ˃ʽʰˌ SOFC 
 
ɫʀ ʔɻʈʂʇʗ ʍʀʞʈɻʐɻ ʋʅ ʈʀɾɻʇʞʐʀʍʀʏ ɻʌʡʇʀʅʀʏ ʋʒʀʚʇʋʉʐɻʅ ʎʐʅʏ ɻʌʡʇʀʅʀʏ 
ʀʉʀʍɾʋʌʋʚʂʎʂʏȢ ɚʑʐʝ ʒɻʚʉʀʐɻʅ ɻʌʝ ʐʂʉ ɻʌʝʐʋʈʂ ʌʐʡʎʂ ʐʂʏ ʐʗʎʂʏ ʆɻʃʡʏ 
ɻʑʊʗʉʀʐɻʅ ʐʋ ʍʀʞʈɻȢ ɷʎʋ ʐʋ ʍʀʞʈɻ ɻʑʊʗʉʀʐɻʅ ʀʌʅʆʍɻʐʋʞʉ ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ 
ʆɻʅ ʈʗʇʅʎʐɻ ʈʀ ɾʍɻʈʈʅʆʝʐʂʐɻȢ  ɫʀ ʑʕʂʇʗ ʍʀʞʈɻʐɻ ʂ ɻʉʐʚʎʐɻʎʂ ʐʋʑ ʆʀʇʅʋʞ 
ʀʇʘɾʔʀʐɻʅ ɻʌʝ ʌʀʍʅʋʍʅʎʈʋʞʏ ʒɻʅʉʋʈʘʉʖʉ ʈʀʐɻʒʋʍʗʏ ʈʗʁɻʏ ʘʔʋʉʐɻʏ ʖʏ 
ɻʌʋʐʘʇʀʎʈɻ ʈʅɻ ɻʌʝʐʋʈʂ ʈʀʚʖʎʂ ʐʂʏ ʐʗʎʂʏȢ ɫʀ ʅɿɻʉʅʆʘʏ ʎʑʉʃʙʆʀʏ ʔʖʍʚʏ ʉɻ 
ʑʌʗʍʔʀʅ ʆɻʈʚɻ ɻʌʡʇʀʅɻ ɿʑʉɻʈʅʆʋʞ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʃɻ ʙʐɻʉ ʈʅɻ ʎʐɻʃʀʍʙ 
ʐʅʈʙ ɾʅɻ ʝʇʀʏ ʐʅʏ ʐʅʈʘʏ ʐʖʉ ʍʀʑʈʗʐʖʉȢ ɬɻ ʌɻʍɻʌʗʉʖ ʒɻʚʉʋʉʐɻʅ ʎʐʋ ɻʍʅʎʐʀʍʝ 
ɿʅʗɾʍɻʈʈɻ ʐʋʑ ʎʔʙʈɻʐʋʏ ρȢυȢ 
ɠ ʀʊʖʐʀʍʅʆʙ ʅʎʔʞʏ ʈʅɻʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ɾʀʉʅʆʝʐʀʍɻ ʀʚʉɻʅ ʐʋ ɾʅʉʝʈʀʉʋ 
ʐʂʏ ʐʗʎʂʏ ʀʌʚ ʐʋ ʍʀʞʈɻ ȡ 
 

 

PW =EI  

 
ɚʌʝ ʐʋ ʐʞʌʋ ʐʂʏ ʅʎʔʞʋʏ ʆɻʅ ʐʋ ɿʅʗɾʍɻʈʈɻ ʐʂʏ ʅʎʔʞʋʏ ʎʐʋ ʎʔʙʈɻ ρȢυ 
ʌɻʍɻʐʂʍʀʚʐɻʅ ʝʐʅ ɾʅɻ ʔɻʈʂʇʗ ʍʀʞʈɻʐɻ ɢ­π ʂ ʅʎʔʞʏ ʈʂɿʀʉʚʁʀʐɻʅ ɻʇʇʗ ʆɻʅ ɾʅɻ 
ʑʕʂʇʗ ʍʀʞʈɻʐɻ ʂ ʐʗʎʂ ɞ­π ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʆɻʅ ʌʗʇʅ ʂ ʅʎʔʞʏ ʉɻ ʈʂɿʀʉʚʁʀʅȢ ɠ 
ʑʌʋʃʀʐʅʆʙ ɾʍɻʈʈʙ ɻʌʋʐʀʇʀʚ ʐʂʉ ʅɿɻʉʅʆʙ ʌʀʍʚʌʐʖʎʂ ʔʖʍʚʏ ɻʌʡʇʀʅʀʏȢ ɬʋ ʍʀʞʈɻ 
ʎʐʋ ʋʌʋʚʋ ɻʉʐʅʎʐʋʅʔʀʚ ʐʋ ʆʇʀʚʎʅʈʋ ʐʂʏ ʅʎʔʞʋʏ ʋʉʋʈʗʁʀʐɻʅ ʋʍʅɻʆʝ ʍʀʞʈɻȢ 
ɫʐɻ ʌʀʍʅʎʎʝʐʀʍɻ ʆʀʇʅʗ ʌʋʑ ʘʔʋʑʉ ʈʅɻ ʈʀʇʀʐʂʈʘʉʂ ʆɻʐɻʎʆʀʑʙ ʐʋʑ ʌʋʍʡɿʋʑʏ 
ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ʐʋ ʋʍʅɻʆʝ ʍʀʞʈɻ ɿʀʉ ʀʌʅʐʑɾʔʗʉʀʐɻʅ ʌʋʐʘ ɻʆʝʈɻ ʆɻʅ ʎʀ ʌʋʇʞ 
ʑʕʂʇʗ ʍʀʞʈɻʐɻ ʆɻʅ ʂ ʎʔʘʎʂ ʐʗʎʂʏ ʈʀ ʍʀʞʈɻʐʋʏ ʀʚʉɻʅ ʌʀʍʚʌʋʑ ɾʍɻʈʈʅʆʙȢ ɫʀ 
ʐʘʐʋʅʀʏ ʆɻʐɻʎʐʗʎʀʅʏ ʂ ʎʑʉʗʍʐʂʎʂ ʅʎʔʞʋʏ ʆɻʅ ʍʀʞʈɻʐʋʏ ʐʀʚʉʀʅ ʉɻ ʀʚʉɻʅ 
ʌɻʍɻɼʋʇʅʆʙȢ ɜʀʉʅʆʗ ʀʚʉɻʅ ʌʋʇʞ ɿʞʎʆʋʇʋ ʉɻ ʌʍʋʎɿʅʋʍʅʎʐʀʚ ʂ ʈʘɾʅʎʐʂ ʅʎʔʞʏ ʝʐɻʉ 
ʝʇʀʏ ʋʅ ʈʋʍʒʘʏ ʐʖʉ ɻʌʖʇʀʅʡʉ ʀʈʒɻʉʚʁʋʉʐɻʅ Ȣ ɩɻʍȭ ʝʇɻ ɻʑʐʗ ʋ ʌʍʋʎɿʅʋʍʅʎʈʝʏ 
ɻʑʐʝʏ ʈʌʋʍʀʚ ʉɻ ʀʌʅʐʀʑʔʃʀʚ ʎʀ ʆʗʌʋʅʀʏ ʌʀʍʅʋʍʅʎʈʘʉʀʏ ʌʀʍʅʌʐʡʎʀʅʏȢ 
ɫʔʙʈɻ ρȢυ: ɬʑʌʅʆʝ ɿʅʗɾʍɻʈʈɻ ʐʗʎʂʏ-ʍʀʞʈɻʐʋʏ ʈʅɻʏ ʆʑʕʘʇʂʏ SOFC ʎʀ ʇʀʅʐʋʑʍɾʚɻ ʈʀ 

ʒʋʍʐʚʋȢ ɬʋ ɿʅʗɾʍɻʈʈɻ ɻʑʐʝ ʈɻʏ ʆɻʐɻɿʀʅʆʉʞʀʅ ʐʋʑʏ ɿʅʗʒʋʍʋʑʏ ʐʞʌʋʑʏ ɻʌʖʇʀʅʡʉ ʐʗʎʀʖʉ 
[21]. 
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  ɩɻʍʗɿʀʅɾʈɻ ʝʐɻʉ ʂ ʐʗʎʂ ʐʋʑ ʆʀʇʅʋʞ ʈʀʐɻɼʗʇʇʀʐɻʅ ɾʍɻʈʈʅʆʗ ʈʀ ʐʋ ʍʀʞʈɻȢ ɫʀ 
ɻʑʐʙ ʐʂ ʌʀʍʚʌʐʖʎʂ ʂ ʀʊʚʎʖʎʂ ʐʂʏ ʐʗʎʂʏ ʎʀ ʎʑʉʗʍʐʂʎʂ ʈʀ ʐʋ ʍʀʞʈɻ ɿʚʉʀʐɻʅ ɻʌʝ 
ʐʂʉȡ 
 

 

E=Er -Rf I  

 
ʝʌʋʑ ʈʀ Rt ʎʑʈɼʋʇʚʁʋʉʐɻʅ ʋʅ ʎʑʉʋʇʅʆʘʏ ɻʌʡʇʀʅʀʏ ʐʗʎʂʏ ɉʀʅɿʅʆʗ ʋʅ ʖʈʅʆʘʏɊȢ ɬʝʐʀ 
ɻʉʐʅʆɻʃʅʎʐʡʉʐɻʏ ʎʐʋʉ ɾʀʉʅʆʝ ʐʞʌʋ ʐʂʏ ʅʎʔʞʋʏ ʌʍʋʆʞʌʐʀʅȡ 
 

 

PW =I(Er -Rf I) 

 
ʌɻʍɻʐʂʍʡʉʐɻʏ ʝʐʅ ʂ ʈʋʍʒʙ ʐʂʏ ʎʑʉʗʍʐʂʎʂʏ ʅʎʔʞʋʏ ʆɻʅ ʍʀʞʈɻʐʋʏ ʀʚʉɻʅ 
ʌɻʍɻɼʋʇʅʆʙ ɉʝʌʖʏ ɻʉɻʒʘʍʃʂʆʀ ʆɻʅ ʌʍʋʂɾʋʑʈʘʉʖʏ ʎʐɻ ɿʅɻɾʍʗʈʈɻʐɻɊȢ 
  ɨʅ ʎʑʉʃʙʆʀʏ ɾʅɻ ʈʘɾʅʎʐʂ ʅʎʔʞ ʌʍʋʎɿʅʋʍʚʁʋʉʐɻʅ ʈʀ ʌɻʍɻɾʡɾʅʎʂ ʐʂʏ ʅʎʔʞʋʏ 
ʝʌʋʑȡ 
 

 

I =
Er

2Rf

  ,

 

E=
Er

2
 

 
ʌʍʋʆʞʌʐʀʅ ʐʋ ʍʀʞʈɻ ɾʅɻ ʈʘɾʅʎʐʂ ʅʎʔʞ ʆɻʅ ʌɻʍɻʐʂʍʀʚʐɻʅ ʝʐʅ ʝʐɻʉ ʂ ʐʗʎʂ ʐʋʑ 
ʆʀʇʅʋʞ ʅʎʋʞʐɻʅ ʈʀ ʐʂ ʈʅʎʙ ɻʉɻʎʐʍʘʕʅʈʂ ʐʗʎʂ ʐʋʑ  Nernst ʐʝʐʀ ʀʌʅʐʑɾʔʗʉʀʐɻʅ 
ʈʘɾʅʎʐʂ ʅʎʔʞʏ ȡ 
 

 

Pw(max)=
Er

2

4Rf

 

 
ɩɻʍɻʐʙʍʂʎʂ ʝʐʅ ʎʀ ʈʘɾʅʎʐʂ ʅʎʔʞ ʋ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʐʂʏ ʐʗʎʂʏ ʀʚʉɻʅ υπ Ϸȡ 

 

 

ev =
E

Er

=
1

2
=50% 

 
 

мΦт ɼʰˏˋʽ˃ʰ ˁʰʽ ˇ˅ʶʽʵ˖ˍʽˁˈ 
 
ɨʅ SOFC ʌɻʍʘʔʋʑʉ ʈʀɾʗʇʂ ʀʑʀʇʅʊʚɻ ʖʏ ʌʍʋʏ ʐʂʉ ʔʍʙʎʂ ɿʅɻʒʋʍʀʐʅʆʡʉ 
ʆɻʑʎʚʈʖʉȢ ɨʅ ʆʀʍɻʈʅʆʘʏ ʆʑʕʘʇʀʏ ʘʔʋʑʉ ʖʏ ɼʗʎʂ ʐʋ ʑɿʍʋɾʝʉʋ ɾʅɻ ʆɻʞʎʅʈʂ 
ʞʇʂ. 
ɬʋ ʑɿʍʋɾʝʉʋ ɼʍʚʎʆʀʐɻʅ ʎʀ ʌʋʇʇʗ ʆɻʞʎʅʈɻ ʈʀ ʌʇʘʋʉ ɿʅɻɿʀɿʋʈʘʉʋ ʐʋ ʒʑʎʅʆʝ 
ɻʘʍʅʋ ɻʌʋʐʀʇʋʞʈʀʉʋ ɻʌʝ ʐʋ ʈʀʃʗʉʅʋ ɉCH4).  ɞʉɻʇʇɻʆʐʅʆʗ ʆɻʞʎʅʈɻ ɻʌʋʐʀʇʋʞʉȡ 
ʐʋ ʈʋʉʋʊʀʚɿʅʋ ʐʋʑ ʗʉʃʍɻʆɻȟ ʋʅ ʑɿʍʋɾʋʉʗʉʃʍɻʆʀʏ ɾʀʉʅʆʝʐʀʍɻȟ ʋ ɻʀʍʅʋʌʋʅʂʈʘʉʋʏ 
ʗʉʃʍɻʆɻʏ ʆɻʅ ɾʀʉʅʆʝʐʀʍɻ ɻʉʃʍɻʆʋʞʔʀʏ ʌʂɾʘʏȟ ʐʋ dieselȟ ʂ ʉʗʒʃɻȟ ʐʋ ʑɾʍɻʘʍʅʋȟ ʂ 
ʆʂʍʋʁʚʉʂ ʆɻʅ ʐʋ ɼʅʋɻʘʍʅʋ ɻʌʝ ɼʅʋʈʗʁɻ ʆɻʅ ɻʌʝɼʇʂʐɻ ɻʌʝ ʑʇʅʆʗ ʋɿʝʎʐʍʖʎʂʏȢ 
ɩʍɻʆʐʅʆʗ ʐɻ ʌʅʋ ɿʅɻɿʀɿʋʈʘʉɻ ʆɻʞʎʅʈɻ ʀʚʉɻʅ ʋʅ ʑɿʍʋɾʋʉʗʉʃʍɻʆʀʏ.  
ɬʋ ʑɿʍʋɾʝʉʋ  ʌʍʘʌʀʅ ʉɻ ʌɻʍɻʔʃʀʚ ʀʒʝʎʋʉ ɿʀʉ ɼʍʚʎʆʀʐɻʅ ʀʇʀʞʃʀʍʋ ʎʐʂ ʒʞʎʂȢ 
ɭʌʗʍʔʋʑʉ ʌʋʇʇʘʏ ɾʉʖʎʐʘʏ ʈʘʃʋɿʋʅ ʌɻʍɻɾʖɾʙʏ ʐʋʑȟ ʝʌʖʏ ʂ ʆɻʐɻʇʑʐʅʆʙ 
ɻʉɻʈʝʍʒʖʎʂȟ ʂ ʂʇʀʆʐʍʝʇʑʎʂ ʐʋʑ ʉʀʍʋʞȟ ʂ ʈʀʍʅʆʙ ʋʊʀʚɿʖʎʂȟ ʂ ʆɻʐɻʇʑʐʅʆʙ 
ʌʑʍʝʇʑʎʂ ʆɻʅ ʂ ɿʅʗʎʌɻʎʂȢ ɚʌʝ ʐʅʏ ʌɻʍɻʌʗʉʖ ʂ ɻʌʋɿʋʐʅʆʝʐʀʍʂ ʀʚʉɻʅ ʂ 
ʀʎʖʐʀʍʅʆʙ ɻʉɻʈʝʍʒʖʎʂ ʆɻʅ ʂ ɻʆʍʅɼʝʐʀʍʂ ʂ ʂʇʀʆʐʍʝʇʑʎʂ ʐʋʑ ʉʀʍʋʞ.  
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ɜʅɻ ʉɻ ɾʚʉʀʅ ɻʉɻʈʝʍʒʖʎʂ ʔʍʀʅʗʁʀʐɻʅ ɻʉɻʈʋʍʒʖʐʙʏ ʆɻʑʎʚʈʋʑȟ ʈʅɻ ɿʅʗʐɻʊʂ ʂ 
ʋʌʋʚɻ ʈʀʐɻʎʔʂʈɻʐʚʁʀʅ ʐʋ ʆɻʞʎʅʈʋ ʎʀ ʆɻʃɻʍʝ ʑɿʍʋɾʝʉʋȢ ɬʋ ʌʇʀʋʉʘʆʐʂʈɻ ʎʐʅʏ 
ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʀʚʉɻʅ ʝʐʅ ɿʀʉ ʔʍʀʅʗʁʋʉʐɻʅ ʐʂ ɿʅʗʐɻʊʂ ɻʑʐʙ 
ʇʝɾʖ ʐʖʉ ɻʑʊʂʈʘʉʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʌʋʑ ʌɻʍʗɾʋʉʐɻʅȢ ɠ ɻʉɻʈʝʍʒʖʎʂ ɾʚʉʀʐɻʅ 
ʀʎʖʐʀʍʅʆʗ ʎʐʂ ʆʑʕʘʇʂ ɻʌʀʑʃʀʚɻʏȢ ɜʅɻ ʐʂʉ ʀʌʚʐʀʑʊʂ ʐʂʏ ɻʉɻʈʝʍʒʖʎʂʏ 
ʔʍʀʅʗʁʀʐɻʅ ʂ ʀʅʎɻɾʖɾʙ ɻʐʈʋʞȢ ɨʅ ʃʀʍʈʋʆʍɻʎʚʀʏ ʌʋʑ ɻʌɻʅʐʋʞʉʐɻʅ ɾʅɻ ʐʂʉ 
ɻʉʐʚɿʍɻʎʂ ʀʚʉɻʅ υππ ʈʀ χππ ʋC ʝʌʋʑ ʀʌʅʐʑɾʔʗʉʋʉʐɻʅ ʎʐʅʏ ʑʌʝ ʈʀʇʘʐʂ 
ʆʑʕʘʇʀʏ. 
ɠ ɻʌʝɿʋʎʂ ʐʋʑ ʆʀʇʅʋʞ ɻʑʊʗʉʀʐɻʅ ʝʐɻʉ ʆɻʃɻʍʝ ʋʊʑɾʝʉʋ ʌɻʍʘʔʀʐɻʅ ʖʏ 
ʋʊʀʅɿʖʐʅʆʝ ʖʎʐʝʎʋ ʋ ɻʘʍɻʏ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ʐʅʏ ʌʀʍʅʎʎʝʐʀʍʀʏ ʒʋʍʘʏ ʇʝɾʖ ʐʂʏ 
ɿʅɻʃʀʎʅʈʝʐʂʐɻʏ ʐʋʑȢ ɠ ɿʅɻʒʋʍʗ ʎʐʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʈʀʐɻʊʞ ʔʍʙʎʂʏ ʋʊʑɾʝʉʋʑ 
ʆɻʅ ɻʘʍɻ ɻʑʊʗʉʀʐɻʅ ʝʐɻʉ ɻʑʊʗʉʀʐɻʅ ʂ ʐʅʈʙ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ʆɻʃʡʏ ʋʅ 
ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏ ʌɻʚʁʋʑʉ ʎʂʈɻʉʐʅʆʝ ʍʝʇʋ ʆɻʐʗ ʐʂ ɿʅʗʍʆʀʅɻ ʈʀʚʖʎʂʏ ʐʋʑ 
ʋʊʑɾʝʉʋʑȢ ɤʝɾʖ ʐʖʉ ʑʕʂʇʡʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʎʀ ʘʉɻ ʎʞʎʐʂʈɻ SOFC ʔʍʀʅʗʁʀʐɻʅ 
ʘʉɻ ʎʞʎʐʂʈɻ ʌɻʍʋʔʙʏ ɻʘʍɻȟ  ʌʍʋʃʀʍʈɻʉʐʙʍɻʏ ʆɻʅ ʆʑʆʇʋʒʋʍʂʐʙʏ ɻʘʍɻȢ 
 

мΦу ɮ˄ʰ˃ˇˊ˒˖ˍʺˌ ˁʰˎˋʾ˃ˇˎ 
 
ɫʐʂ ʎʂʈʀʍʅʉʙ ʐʀʔʉʋʇʋɾʚɻ ʝʇʖʉ ʐʖʉ ʀʅɿʡʉ ʐʖʉ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʋʑ 
ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ʖʏ ʆɻʞʎʅʈʋ ʐʋ ʑɿʍʋɾʝʉʋȢ ɣɻʅ ɻʑʐʝ ɾʅɻʐʚ ʐʋ ʑɿʍʋɾʝʉʋ ɻʉʐʅɿʍʗ 
ʆɻʐɻʇʑʐʅʆʗ ʈʀ ʅʆɻʉʋʌʋʅʂʐʅʆʝ ʍʑʃʈʝȟ ʡʎʐʀ ʉɻ ʀʚʉɻʅ ɿʑʉɻʐʙ ʂ ʔʍʙʎʂ ʐʋʑ ʐʖʉ 
ʆʑʕʀʇʡʉ ʎʀ ʌʍɻʆʐʅʆʘʏ ʀʒɻʍʈʋɾʘʏ Ȣ ɬʋ ʑɿʍʋɾʝʉʋ ʌʍʘʌʀʅ ʉɻ ʌɻʍɻʔʃʀʚ ʀʒʝʎʋʉ 
ɿʀʉ ɼʍʚʎʆʀʐɻʅ ʎʐʂ ʒʞʎʂ ʖʏ ȺʀʇʀʞʃʀʍʋȻ ʎʐʋʅʔʀʚʋȢ ɭʌʗʍʔʋʑʉ ʌʋʇʇʘʏ ɾʉʖʎʐʘʏ 
ʈʘʃʋɿʋʅ ʌɻʍɻɾʖɾʙʏ ʐʋʑ ʔʂʈʅʆʘʏ ʆɻʅ ʗʇʇʀʏ ʌʋʑ ʔʍʂʎʅʈʋʌʋʅʋʞʉʐɻʅ ʌʋʇʇʗ ʔʍʝʉʅɻ 
ʎʐʂ ɼʅʋʈʂʔɻʉʚɻ ʆɻʅ ɾʅɻ ʐʅʏ ʋʌʋʚʀʏ ʑʌʗʍʔʀʅ ʀʈʌʀʅʍʚɻȢ ɬʋ ʀʌʅʆʍɻʐʘʎʐʀʍʋ ʆɻʞʎʅʈʋ 
ɾʅɻ ʐʂʉ ʀʊɻɾʖɾʙ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʀʚʉɻʅ ʐʋ ʒʑʎʅʆʝ ɻʘʍʅʋ ɻʌʋʐʀʇʋʞʈʀʉʋ ʆʑʍʚʖʏ 
ɻʌʝ ʈʀʃʗʉʅʋȢ ɠ ʌʅʋ ɻʌʋɿʋʐʅʆʙ ʈʘʃʋɿʋʏ ɾʅɻ ʐʂʉ ʀʊɻɾʖɾʙ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʀʚʉɻʅ ʂ 
ʆɻʐɻʇʑʐʅʆʙ ɻʉɻʈʝʍʒʖʎʂȢ ɲʇʇʀʏ ɾʉʖʎʐʘʏ ʔʂʈʅʆʘʏ ʈʘʃʋɿʋʅ ʌɻʍɻɾʖɾʙʏ 
ɉʀʊɻɾʖɾʙʏɊ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʀʚʉɻʅ ʂ ʈʀʍʅʆʙ ʋʊʀʚɿʖʎʂȟ ʂ ʆɻʐɻʇʑʐʅʆʙ ʌʑʍʝʇʑʎʂ ʆɻʅ 
ʂ ɿʅʗʎʌɻʎʂȟ ʖʎʐʝʎʋ ʂ ɻʌʝɿʋʎʂ ʐʋʑʏ ʀʚʉɻʅ ʔɻʈʂʇʝʐʀʍʂ ɻʌʝ ɻʑʐʙ ʐʂʏ 
ɻʉɻʈʝʍʒʖʎʂʏȢ ɠ ɻʌʝɿʋʎʂ ɻʉɻʒʘʍʀʐɻʅ ʎʐʂʉ ʀʉʘʍɾʀʅɻ ʌʋʑ ɿɻʌɻʉʗʐɻʅ ʎʀ ʎʔʘʎʂ 
ʈʀ ʐʂ ʎʞʉʃʀʎʂ ʐʋʑ ʌɻʍɻɾʝʈʀʉʋʑ ʎʑʉʃʀʐʅʆʋʞ ɻʀʍʚʋʑȢ ɠ ɻʉɻʈʝʍʒʖʎʂ ʌɻʍʗɾʀʅ 
ɻʘʍʅʋ ʈʀʚɾʈɻ ʑɿʍʋɾʝʉʋʑ ʆɻʅ ʈʋʉʋʊʀʅɿʚʋʑ ʐʋʑ ʗʉʃʍɻʆɻ ʈʀ ʐʑʌʅʆʙ ʎʞʉʃʀʎʂ χυ Ϸ 
ʎʀ H2, ʂ ʋʌʋʚɻ ʀʌʅʐʑɾʔʗʉʀʐɻʅ ʈʀ ʐʅʏ ʗʇʇʀʏ ʈʀʃʝɿʋʑʏȢ  
ɫʂʈʀʅʡʉʀʐɻʅ ʝʐʅ ʂ ʈʀʍʅʆʙ ʋʊʀʚɿʖʎʂ ʀʚʉɻʅ ɻʌɻʍɻʚʐʂʐʂ ʐʋʑʇʗʔʅʎʐʋʉ ʎʀ ʌʍʡʐʋ 
ʎʐʗɿʅʋ ʝʐɻʉ ʔʍʂʎʅʈʋʌʋʅʋʞʉʐɻʅ ɼɻʍʞʐʀʍɻ ʆɻʞʎʅʈɻȢ ɜʅɻ ʉɻ ʀʌʅʐʀʑʔʃʀʚ ʂ 
ɻʉʐʚɿʍɻʎʂ ʐʂʏ ɻʉɻʈʝʍʒʖʎʂʏȟ ʔʍʀʅʗʁʀʐɻʅ ʂ ʀʅʎɻɾʖɾʙ ɻʐʈʋʞ ʎʀ ʆʇʀʅʎʐʝ ɿʋʔʀʚʋ ɀ 
ɻʉʐʅɿʍɻʎʐʙʍɻȢ ɥʀ ʐʂ ʔʍʙʎʂ ʆɻʐɻʇʞʐʂ ʉʅʆʀʇʚʋʑ ɻʌɻʅʐʀʚʐɻʅ ʎʂʈɻʉʐʅʆʝ 
ʌʋʎʝ ʃʀʍʈʝʐʂʐɻʏ ʀʒʝʎʋʉ ʋʅ ɻʉʐʅɿʍʗʎʀʅʏ ɻʑʐʘʏ ʀʚʉɻʅ ʅʎʔʑʍʗ ʀʉɿʝʃʀʍʈʀʏ. 
ɩʍʋʎʋʔʙ ʔʍʀʅʗʁʀʐɻʅ ʎʐʂʉ ʍʞʃʈʅʎʂ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʆɻʅ ʐʂʏ ʌʚʀʎʂʏ ɉʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʚʉɻʅ ʎʐʋʑʏ υππ-700 oCȟ ʂ ʌʚʀʎʂ ʔɻʈʂʇʙɊ ʆɻʃʡʏ ʆɻʅ ʎʐʂʉ ʀʅʎɻɾʖɾʙ 
ʐʂʏ ɻʉɻɾʆɻʚɻʏ ʌʋʎʝʐʂʐɻʏ ɻʐʈʋʞȢ ɷʐɻʉ ɿʀʉ ʑʌʗʍʔʀʅ ɻʍʆʀʐʝʏ ɻʐʈʝʏ ʙ ʀʌʅʆʍɻʐʀʚ 
ʗʉʅʎʂ ʆɻʐɻʉʋʈʙ ʎʐʋ ɿʋʔʀʚʋ ʌʍʋʆʞʌʐʋʑʉ ɻʉʀʌʅʃʞʈʂʐʀʏ ɻʉʐʅɿʍʗʎʀʅʏ ȡ 
 

 

CH4 ­C+2H2 

 

 

2CO­C+CO2   (ɻʉʐʚɿʍɻʎʂ Boudouard) 
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ɨʅ ɻʉʐʅɿʍʗʎʀʅʏ ɻʑʐʘʏ ʀʚʉɻʅ ʌʑʍʋʇʑʐʅʆʘʏ ʆɻʅ ʂ ɿʂʈʅʋʑʍɾʚɻ ʗʉʃʍɻʆɻ 
ʆɻʐɻʎʐʍʘʒʀʅ ʀʆʐʝʏ ʐʖʉ ʗʇʇʖʉ ʆɻʅ ʐʋʉ ʆɻʐɻʇʞʐʂ ʐʋʑ ɻʉɻʈʋʍʒʖʐʙ ʀʉʡ ʒʍʗʁʀʅ 
ʐʋʑʏ ʌʝʍʋʑʏ ʂʇʀʆʐʍʋɿʚʖʉȢ 
ɬʋ ʌɻʍɻɾʝʈʀʉʋ ʍʀʞʈɻ ʌʀʍʅʘʔʀʅ ʝʌʖʏ ɿʀʚʔʉʋʑʉ ʋʅ ʀʊʅʎʡʎʀʅʏ ʑʕʂʇʝ ʌʋʎʋʎʐʝ 
ʈʋʉʋʊʀʅɿʚʋʑ ʐʋʑ ʗʉʃʍɻʆɻ ɉCO) ʐʋ ʋʌʋʚʋ ʆɻʐɻʎʐʍʘʒʀʅ ʐʋʉ ʆɻʐɻʇʞʐʂ ʐʖʉ 
ʂʇʀʆʐʍʋɿʚʖʉ ʎʐʅʏ ʆʑʕʘʇʀʏȢ ɫʐʂ ʆʗʃʋɿʋ ʋ ɻʘʍɻʏ ʌʀʍʅʘʔʀʅ ʎʑʔʉʗ ʆʗʌʋʅɻ 
ʌʋʎʝʐʂʐɻ CO ʂ ʋʌʋʚɻ ʌʍʘʌʀʅ ʖʏ ʘʉɻ ʎʂʈʀʚʋ ʉɻ ɻʌʋʈɻʆʍʑʉʃʀʚȢ ɵʔʉʂ ʈʋʉʋʊʀʅɿʚʋʑ 
ʐʋʑ ʗʉʃʍɻʆɻ ʆɻʐɻʇɻʈɼʗʉʋʑʉ ʐʅʏ ʀʌʅʒʗʉʀʅʀʏ ʐʋʑ ɿʅʀʎʌɻʍʈʘʉʋʑ ʎʐɻ ʂʇʀʆʐʍʝɿʅɻ 
ʆɻʐɻʇʞʐʂ ʆɻʅ ʋ ʍʑʃʈʝʏ ɿʅʗʎʌɻʎʂʏ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʀʌʅɼʍɻɿʞʉʀʐɻʅ ʍɻɾɿɻʚɻȢ 
ɜʅɻ ʐʂʉ ɻʌʋʈʗʆʍʑʉʎʂ ʐʋʑ CO, ʔʍʂʎʅʈʋʌʋʅʋʞʉʐɻʅ ɿʅʗʒʋʍʀʏ ʈʘʃʋɿʋʅ ɉʙ ʆɻʅ ʋ 
ʎʑʉɿʑɻʎʈʝʏ ʐʋʑʏɊ ʈʀ ʌʅʋ ɾʉʖʎʐʙ ʐʂʉ ɻʉʐʚɿʍɻʎʂ ʈʀʐɻʐʝʌʅʎʂʏ ʐʋʑ CO ʈʀ H2O 
(water gas shift reactionɊȢ ɱʎʐʝʎʋ ʀʉʡ ʋʅ ɿʞʋ ɻʉʐʅɿʍʗʎʀʅʏ ʎʑʈɼɻʚʉʋʑʉ 
ʐɻʑʐʝʔʍʋʉɻȟ ʂ ʑʕʂʇʙ ʃʀʍʈʋʆʍɻʎʚɻ ʐʂʏ ɻʉɻʈʝʍʒʖʎʂʏ ʀʑʉʋʀʚ ʐʂʉ ʌɻʍɻɾʖɾʙ CO. 
ɞʌʋʈʘʉʖʏ ʂ ɻʉʐʚɿʍɻʎʂ ɻʑʐʙ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ʎʀ ʊʀʔʖʍʅʎʐʝ ɻʉʐʅɿʍɻʎʐʙʍɻ 
ʈʀʐʗ ɻʌʝ ʕʞʊʂ ʐʋʑ ɻʉɻʈʋʒʖʈʘʉʋʑ ʆɻʑʎʚʈʋʑ ʎʐʋʑʏ ςππ o C [2]. 
ɨʅ ʌɻʍɻʌʗʉʖ ɿʅʀʍɾɻʎʚʀʏ ɻʉɻʒʘʍʋʉʐɻʅ ɾʅɻ ɼɻʍʞʐʀʍɻ ʆʗʑʎʅʈɻ ʈʀ 
ʈʀɾɻʇʞʐʀʍʋʑʏ ʑɿʍʋɾʋʉʗʉʃʍɻʆʀʏȟ ʝʌʖʏ ʐʋ dieselȟ ʂ ʉʗʒʃɻȟ ʀʉʡ ʌʍʝʎʃʀʐʀʏ 
ʈʋʉʗɿʀʏ ʆɻʃɻʍʅʎʈʋʞ ʐʖʉ ʍʀʑʈʗʐʖʉ ʆɻʑʎʚʈʋʑ ʆɻʅ ʋʊʀʅɿʖʐʅʆʋʞ ʀʚʉɻʅ ɻʉɻɾʆɻʚʀʏȢ 
ɢɿʅɻʚʐʀʍɻ ʐʋ ʃʀʚʋ ʀʚʉɻʅ ɻʉʀʌʅʃʞʈʂʐʋ ʎʔʂʈɻʐʚʁʋʉʐɻʏ ɼʇɻɼʀʍʘʏ ɾʅɻ ʐʋʑʏ 
ʆɻʐɻʇʞʐʀʏ ʀʉʡʎʀʅʏȟ ʀʉʡ ʆɻʐɻʎʐʍʘʒʀʅ ʐɻ ɿʋʈʅʆʗ ʑʇʅʆʗ ʐʖʉ ʆʑʕʀʇʡʉ. 
ɬʘʇʋʏ ʂ ʀʌʀʊʀʍɾɻʎʚɻ ʐʋʑ ʆɻʑʎʚʈʋʑ ʆɻʅ ʂ ɻʉʋʔʙ ʐʂʏ ʆʑʕʘʇʂʏ ʎʀ ʍʞʌʋʑʏȟ ʝʌʖʏ 
ʐʋ ʃʀʚʋ ʆɻʅ ʐʋ ʈʋʉʋʊʀʚɿʅʋ ɿʅɻʒʘʍʀʅ ɻʉʗʇʋɾɻ ʈʀ ʐʋ ʐʞʌʋ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʅ ʐʋ 
ʆɻʞʎʅʈʋ ʌʋʑ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅȢ ɷʌʖʏ ɻʉɻʒʘʍʃʂʆʀʏ ʆɻʅ ʌʍʋʂɾʋʑʈʘʉʖʏ ʋʅ ʐʞʌʋʅ 
ʐʖʉ ʆʑʕʀʇʡʉ ʌʋʑ ʇʀʅʐʋʑʍɾʋʞʉ ʎʀ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʘʔʋʑʉ ʐʋ ʌʇʀʋʉʘʆʐʂʈɻ 
ʐʂʏ ʀʎʖʐʀʍʅʆʙʏ ɻʉɻʈʝʍʒʖʎʂʏ ʔʖʍʚʏ ʐʂʉ ʔʍʙʎʂ ʊʀʔʖʍʅʎʐʙʏ ʈʋʉʗɿɻʏ 
ɻʉɻʈʝʍʒʖʎʂʏ ʆɻʑʎʚʈʋʑ ʆɻʅ ʀʌʚʎʂʏ ɿʀʉ ʀʚʉɻʅ ɻʉɻɾʆɻʚɻ ʂ ʔʍʙʎʂ ʀʑɾʀʉʡʉ 
ʆɻʐɻʇʑʐʡʉȢ ɚʑʐʝ ɻʌʇʋʌʋʅʀʚ ʎʂʈɻʉʐʅʆʗ ʐʂʉ ʇʀʅʐʋʑʍɾʚɻ ʐʋʑ ʎʑʎʐʙʈɻʐʋʏ ʆɻʅ 
ɻʌʋʐʀʇʀʚ ʎʀ ʌʋʇʇʘʏ ʌʀʍʅʌʐʡʎʀʅʏ ʘʉɻ ʎʂʈɻʉʐʅʆʝ ʌʇʀʋʉʘʆʐʂʈɻȢ ɫʐʅʏ ʐʀʔʉʋʇʋɾʚʀʏ 
ʑʕʂʇʡʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʐʋ ʈʀʃʗʉʅʋ ʆɻʅ ʐʋ ʈʋʉʋʊʀʚɿʅʋ ʐʋʑ ʗʉʃʍɻʆɻ ɻʌʋʐʀʇʋʞʉ 
ʆɻʞʎʅʈɻ ʆɻʅ ʈʌʋʍʋʞʉ ʉɻ ʐʍʋʒʋɿʋʐʙʎʋʑʉ ʐʅʏ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ ʔʖʍʚʏ 
ʀʊʖʐʀʍʅʆʙ ʀʌʀʊʀʍɾɻʎʚɻ ʎʞʈʒʖʉɻ ʈʀ ʐʋʉ ʌʚʉɻʆɻ ρȢσȢ 
 

 
ɩʚʉɻʆɻʏ ρȢσ: ɚʉʋʔʙ ʐʖʉ ɿʅɻʒʝʍʖʉ ʐʀʔʉʋʇʋɾʅʡʉ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʖʉ ʎʀ ɿʅʗʒʋʍʀʏ 
ʋʑʎʚʀʏ ɉʍʞʌʋʅɊ ʌʋʑ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʎʐɻ ʍʀʞʈɻʐɻ ʆɻʑʎʚʈʋʑ ʆɻʅ ʋʊʀʅɿʖʐʅʆʋʞȢ ɠ ʌʍʡʐʂ 
ʎʐʙʇʂ ɻʉɻʒʘʍʀʐɻʅ ʎʐʅʏ ɻʘʍʅʀʏ ʋʑʎʚʀʏȟ ʋʅ ʐʍʀʅʏ ʀʌʝʈʀʉʀʏ ɻʌʋʐʀʇʋʞʉ ʐʀʔʉʋʇʋɾʚʀʏ 
ʔɻʈʂʇʡʉ ʃʀʍʈʋʆʍɻʎʅʡʉȟ ʀʉʡ ʋʅ ʑʌʝʇʋʅʌʀʏ ʆʑʕʘʇʀʏ ʑʕʂʇʡʉ ʃʀʍʈʋʆʍɻʎʅʡʉ [2]. 
 
ɚʘʍʅʋ PEFC AFC PAFC MCFC ITSOFC TSOFC 

ɠ2 ɣʗʑʎʅʈʋ ɣʗʑʎʅʈʋ ɣʗʑʎʅʈʋ ɣʗʑʎʅʈʋ ɣʗʑʎʅʈʋ ɣʗʑʎʅʈʋ 

CO ɝʂʇʂʐʂʍʚɻʎʂ ɝʂʇʂʐʂʍʚɻʎʂ ɝʂʇʂʐʂʍʚɻʎʂ ɣʗʑʎʅʈʋ ɣʗʑʎʅʈʋ ɣʗʑʎʅʈʋ 

CH4 ɚʍɻʅʡʉʀʅ ɝʂʇʂʐʂʍʚɻʎʂ ɚʍɻʅʡʉʀʅ ɚʍɻʅʡʉʀʅ ɣʗʑʎʅʈʋ ɣʗʑʎʅʈʋ 

CO2 ʆɻʅ 

H2O 
ɚʍɻʅʡʉʀʅ ɝʂʇʂʐʂʍʚɻʎʂ ɚʍɻʅʡʉʀʅ ɚʍɻʅʡʉʀʅ ɚʍɻʅʡʉʀʅ ɚʍɻʅʡʉʀʅ 

S 

(H2S,COS) 
- ɝʂʇʂʐʂʍʚɻʎʂ ɝʂʇʂʐʂʍʚɻʎʂ ɝʂʇʂʐʂʍʚɻʎʂ ɝʂʇʂʐʂʍʚɻʎʂ ɝʂʇʂʐʂʍʚɻʎʂ 

 



 21 

мΦу ɾˇ˄ʱʵʰ ʶˉʶ˅ʶˊʴʰˋʾʰˌ ˍʹˌ ˉʰˊʰʴˈ˃ʶ˄ʹˌ ʹ˂ʶˁˍˊʽˁʺˌ ʽˋ˔ˏˇˌ 
(power conditioning) 
 
ɬʋ ʐʈʙʈɻ ɻʑʐʝ ɻʌʋʐʀʇʀʚ ʐʅʏ ʀʊʙʏ ɼɻʎʅʆʘʏ ʇʀʅʐʋʑʍɾʚʀʏȡ 
 
¶ ɬʂʉ ʈʀʐɻʐʍʋʌʙ ʐʋʑ ʌɻʍɻɾʝʈʀʉʋʑ ʎʑʉʀʔʋʞʏ ʍʀʞʈɻʐʋʏ ʎʀ 
ʀʉɻʇʇɻʎʎʝʈʀʉʋ ʐʋ ʋʌʋʚʋ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ʎʐʅʏ ʌʀʍʅʎʎʝʐʀʍʀʏ ʀʒɻʍʈʋɾʘʏ 
ʈʘʎʖ ʆɻʐʗʇʇʂʇʖʉ ɻʉʐʅʎʐʍʋʒʘʖʉ ɉinverters) 
¶  ɥʀʐɻʎʔʂʈɻʐʅʎʈʝ ʐʂʏ ʌɻʍɻɾʝʈʀʉʂʏ ʐʗʎʂʏ ɻʉʗʇʋɾɻ ʈʀ ʐʅʏ ɻʉʗɾʆʀʏ 
ʆʗʃʀ ʀʒɻʍʈʋɾʙʏȢ ɚʑʐʝ ɾʚʉʀʐɻʅ ʈʀ ʔʍʙʎʂ ʈʀʐɻʎʔʂʈɻʐʅʎʐʡʉ ʌʍʋʐʋʞ 
ʈʀʐɻʐʍɻʌʀʚ ʐʋ ʂʇʀʆʐʍʅʆʝ ʍʀʞʈɻ ʎʀ ʀʉɻʇʇɻʎʝʈʀʉʋȢ 
¶ ɠʇʀʆʐʍʋʉʅʆʗ ʆʑʆʇʡʈɻʐɻ ʐʍʋʌʋʌʋʚʂʎʂʏ ʐʋʑ ʂʇʀʆʐʍʅʆʋʞ ʎʙʈɻʐʋʏ ʆɻʐʗ ʐʂ 
ʈʀʐɻɼʋʇʙ ʐʋʑ ʒʋʍʐʚʋʑȢ ɚʑʐʝ ʀʚʉɻʅ ɻʉɻɾʆɻʚʋ ɻʒʋʞ ɻʞʊʂʎʂ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ 
ʍʀʞʈɻʐʋʏȟ ɿʂʇɻɿʙ ʐʋʑ ʒʋʍʐʚʋʑ ʘʔʀʅ ʖʏ ʎʑʉʘʌʀʅɻ ʐʂ ʌʐʡʎʂ ʐʗʎʂʏ ʐʂʏ 
ɿʅɻʒʋʍʗʏ ʐʋʑ ɿʑʉɻʈʅʆʋʞ ʎʐɻ ʗʆʍɻ ʐʂʏ ʆʑʕʘʇʂʏ ʎʞʈʒʖʉɻ ʈʀ ʐʂ ʆɻʈʌʞʇʂ 
ʍʀʞʈɻʐʋʏ ʐʗʎʀʖʏȢ ɞʌʋʈʘʉʖʏ ʍʑʃʈʅʎʐʅʆʗ ʆʑʆʇʡʈɻʐɻ ɿʅɻʐʂʍʋʞʉ 
ʎʐɻʃʀʍʙ ʐʂʉ ʌɻʍɻɾʝʈʀʉʂ ʐʗʎʂȢ 
¶ ɫʑʎʐʙʈɻʐɻ ʎʑɾʔʍʋʉʅʎʈʋʞ ʈʀ ʐʋ ʂʇʀʆʐʍʅʆʝ ɿʚʆʐʑʋȢ ɷʐɻʉ ʀʌʅʇʘɾʀʐɻʅ ʐʋ 
ʎʞʎʐʂʈɻ ʉɻ ʇʀʅʐʋʑʍɾʀʚ ʌɻʍʗʇʇʂʇɻ ʈʀ ʐʋ ɿʚʆʐʑʋ ɉɿʂʇɻɿʙ ʉɻ ʎʑʉʀʍɾʗʁʀʐɻʅ ʈʀ 
ɻʑʐʝɊ ʂ ʌʋʅʝʐʂʐɻ ʐʋʑ ʌɻʍɻɾʝʈʀʉʋʑ ʎʙʈɻʐʋʏȟ ʋʅ ɻʍʈʋʉʅʆʘʏ  ʆɻʅ ʋʅ ʂʇʀʆʐʍʅʆʘʏ 
ʎʑʔʉʝʐʂʐʀʏ ʘʔʋʑʉ ʆɻʃʋʍʅʎʈʘʉʀʏ ʐʅʈʘʏ ʆɻʅ  ʝʍʅɻ ʈʀʐɻɼʋʇʡʉ 
¶ ɫʀ ʌʋʇʇʘʏ ʀʒɻʍʈʋɾʘʏ ʐɻ ʌʍʋʒʚʇ ʐʖʉ ʒʋʍʐʚʖʉ ɿʅɻʒʝʍʖʉ ʀʒɻʍʈʋɾʡʉ 
ɻʌɻʅʐʋʞʉ ʐʂʉ ʀʉʎʖʈʗʐʖʎʂ ʀʉʝʏ ʎʑʎʐʙʈɻʐʋʏ ɻʌʋʃʙʆʀʑʎʂʏ ʐʂʏ 
ʂʇʀʆʐʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏȢ ɬɻ ʎʑʎʐʙʈɻʐɻ ɻʑʐʗ ʀʚʉɻʅ ʎʑʉʙʃʖʏ 
ʀʌɻʉɻʒʋʍʐʅʁʝʈʀʉʀʏ ʀʅɿʅʆʘʏ ʈʌɻʐɻʍʚʀʏ ʋʅ ʋʌʋʚʀʏ ȺɼʋʂʃʋʞʉȻ ʐʋ ʎʞʎʐʂʈɻ ʉɻ 
ɻʉʐɻʌʋʆʍʅʃʀʚ ʎʐɻ ʐɻʔʘʖʏ ʈʀʐɻɼɻʇʇʝʈʀʉɻ ʒʋʍʐʚɻ ʆɻʃʡʏ ʆɻʅ ʎʐʂʉ ʀʆʆʚʉʂʎʂ 
ʐʋʑʏ ʙ ɻʌʇʗ ʀʊɻʎʒɻʇʚʁʋʑʉ ɻʉʀʊɻʍʐʂʎʚɻ ɻʌʝ ʐʋ ʎʞʎʐʂʈɻ ɻʒʋʞ ʋʌʋʅɻɿʙʌʋʐʀ 
ʎʐʅɾʈʙ ʌɻʍʘʔʋʑʉ ʅʎʔʞȢ ɨʅ ʈʌɻʐɻʍʚʀʏ ɻʑʐʘʏ ʀʇʘɾʔʋʉʐɻʅ ʐʅʏ ʌʀʍʅʎʎʝʐʀʍʀʏ 
ʒʋʍʘʏ ɻʌʝ ʈʅʆʍʋʀʌʀʊʀʍɾɻʎʐʙȢ 
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ɼʶ˒ʱ˂ʰʽˇ н  

 

ɳɹʅɮɱʍɱɶ ʅʆɶ ɾɮɸɶɾɮʆɹɼɶ ʃʄʁʅɳɱɱɹʅɶ ɼɮɹ 
ɾʁɿʆɳɽʁʃʁɹɶʅɶ - ɶɽɳɼʆʄʁʋɶɾɹɼʁ ɾʁɿʆɳɽʁ 

2.1 ɳʽˋʰʴ˖ʴʺ ς ɸʶ˖ˊʹˍʽˁˈ ˎˉˈʲʰʻˊˇ ʴʽʰ ˍʹ˄ ʰ˄ʰ˂ˎˍʽˁʺ ˉʶˊʽʴˊʰ˒ʺ 
ˍʹˌ SOFC. 
 
ɷʌʖʏ ɻʉɻʒʘʍʀʐɻʅ ʆɻʅ ʎʐʂ ʃʀʖʍʚɻ ʈʅɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʀʚʉɻʅ 
ʈʅɻ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ʌʂɾʙ ʀʉʘʍɾʀʅɻʏ ʂ ʋʌʋʚɻ ʈʀʐɻʐʍʘʌʀʅ ʘʉɻ ʆʋʈʈʗʐʅ ʐʂʏ ʔʂʈʅʆʙʏ 
ʀʉʘʍɾʀʅɻʏ ʐʋʑ ʆɻʑʎʚʈʋʑ ʌʋʑ ʐʋʑ ʌɻʍʘʔʀʐɻʅ ʆɻʐʀʑʃʀʚɻʉ ʎʀ ʂʇʀʆʐʍʅʆʙ 
ʀʉʘʍɾʀʅɻȢ ɠ ʈʀʐɻʐʍʋʌʙ ɻʑʐʙ ʎʑʉʋɿʀʞʀʐɻʅ ʈʀ ʐʂʉ ʘʆʇʑʎʂ ʃʀʍʈʝʐʂʐɻʏ 
ʆɻʐʗ ʐʂ ɿʅʗʍʆʀʅɻ ʐʖʉ ʀʊʖʃʀʍʈʅʆʡʉ ʂʇʀʆʐʍʋʔʂʈʅʆʡʉ ʋʊʀʅɿʖʐʅʆʡʉ ɻʉʐʅɿʍʗʎʀʖʉȢ 
ɠ ɾʀʉʅʆʙ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ɻʉʐʚɿʍɻʎʂ ʐʋʑ ʆɻʑʎʚʈʋʑ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʀʚʉɻʅ ȡ 
 

        (1)  

 
ɠ ʆʑʕʘʇʂ ʆɻʑʎʅʈʋʞ ʇʀʅʐʋʑʍɾʀʚ ʎɻʉ ʈʅɻ ʌʂɾʙ ʂʇʀʆʐʍʅʆʋʞ ɿʑʉɻʈʅʆʋʞ E 

(ʂʇʀʆʐʍʀɾʀʍʐʅʆʙ ɿʞʉɻʈʂɊ ʈʀʐɻʊʞ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉȟ ʂ ʋʌʋʚɻ ʈʌʋʍʀʚ ʉɻ ʒʐʗʎʀʅ 
ʎʐʋ ʈʘɾʅʎʐʋ ʃʀʖʍʂʐʅʆʝ ɉʂ ɻʇʇʅʡʏ ɻʉɻʎʐʍʘʕʅʈʋɊ ɿʑʉɻʈʅʆʝ ʎʀ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ʆɻʅ 
ʔʂʈʅʆʙ ʅʎʋʍʍʋʌʚɻ ʐʖʉ ɻʉʐʅɿʍʡʉʐʖʉ ʆɻʅ ʌʍʋʛʝʉʐʖʉ ʐʂʏ ɻʉʐʚɿʍɻʎʂʏȢ 
ɠʇʀʆʐʍʋʔʂʈʅʆʙ ʅʎʋʍʍʋʌʚɻ ʑʒʚʎʐɻʐɻʅ ʎʀ ʈʂɿʀʉʅʆʙ ʆʚʉʂʎʂ ʂʇʀʆʐʍʅʆʋʞ ʒʋʍʐʅʋʞ 
ɉʋʉʋʈʗʁʀʐɻʅ ɻʉʋʅʔʐʝ ʆʞʆʇʖʈɻ ʙ ʐʗʎʂ ʈʂ ʌʋʇʖʈʘʉʋʑ  ʆʀʇʅʋʞɊ  
ɫʞʈʒʖʉɻ ʈʀ ʐʂʉ ʃʀʍʈʋɿʑʉɻʈʅʆʙȟ ʐʋ ʈʘɾʅʎʐʋ ɿʅɻʃʘʎʅʈʋ ʘʍɾʋ ʋʍʚʁʀʐɻʅ ɻʌʝ ʐʂʉ 
ʀʇʀʞʃʀʍʂ ʀʉʘʍɾʀʅɻ ʐʋʑ Gibbs ʐʂʏ ʂʇʀʆʐʍʋʔʂʈʅʆʙʏ ɻʉʐʚɿʍɻʎʂʏ ʂ ʋʌʋʚɻ ʎʔʀʐʚʁʀʐɻʅ 
ʈʀ ʐʋ ʂʇʀʆʐʍʅʆʝ ɿʑʉɻʈʅʆʝ ʈʀ ʐʂ ʌɻʍɻʆʗʐʖ ʀʊʚʎʖʎʂ: 

 

         (2)  

 
ɬʋ ʌʍʡʐʋ ʆʋʈʈʗʐʅ ʐʂʏ ʀʊʚʎʖʎʂʏ ς ɻʌʋʐʀʇʀʚ ʐʋ ʌʍʝʐʑʌʋ ɿʑʉɻʈʅʆʝ ɞ0 
ʀʊɻʍʐʡʈʀʉʋ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʆɻʅ ʐʋ ɿʀʞʐʀʍʋ ʆʋʈʈʗʐʅ ʌʀʍʅɾʍʗʒʀʅ ʐʂʉ ʀʌʅʍʍʋʙ 
ʐʖʉ ɿʅʀʍɾɻʎʅʡʉ ʐʖʉ ɻʉʐʅɿʍʡʉʐʖʉ ɉʀɿʡ ʋʅ ɿʅʀʍɾɻʎʚʀʏ ɻʉɻʒʘʍʋʉʐɻʅ ʎʐʅʏ ʈʀʍʅʆʘʏ 
ʌʅʘʎʀʅʏɊ ʈʘʎʖ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ʌʋʑ ʀʆʇʞʀʐɻʅ ɻʌʝ ʐʂʉ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ɻʉʐʚɿʍɻʎʂȢ 
ɧɻʉɻɾʍʗʒʋʉʐɻʏ ʐʂʉ ʀʊʚʎʖʎʂ ς ʌʍʋʆʞʌʐʀʅ ʂ ɾʉʖʎʐʙ ʀʊʚʎʖʎʂ Nernst ɾʅɻ ʐʂʉ 
ɻʉʐʚɿʍɻʎʂ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʎʞʈʒʖʉɻ ʈʀ ʐʂʉ ʀʊʚʎʖʎʂ ρȟ ʂ ʋʌʋʚɻ ɻʌʋʐʀʇʀʚ ʐʂ ʌʅʋ 
ɾʍʙɾʋʍʂ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ɻʉʐʚɿʍɻʎʂ ʎʀ ʈʚɻ SOFC: 

 

           (3)  

   
ɷʐɻʉ ʂ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʑʉɿʘʀʐɻʅ ʈʀ ʒʋʍʐʚʋ ɉʆɻʐɻʉɻʇʖʐʙʏ ʀʉʘʍɾʀʅɻʏɊ ʎʀ ʘʉɻ 
ʆʇʀʅʎʐʝ ʆʞʆʇʖʈɻ ɉʌʋʇʖʈʘʉʋ ʆʀʇʚɊȟ ʂʇʀʆʐʍʅʆʝ ʍʀʞʈɻ ʌɻʍʗɾʀʐɻʅ ʆɻʐʗ ʐʂ 
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ɿʅʗʍʆʀʅɻ ʐʖʉ ʂʇʀʆʐʍʋʔʂʈʅʆʡʉ ɻʉʐʅɿʍʗʎʀʖʉ ɉʂ ɿʅɻɿʅʆɻʎʚɻ ʘʔʀʅ ʌʀʍʅɾʍʗʒʀʅ ʎʐʋ 
ʃʀʖʍʂʐʅʆʝ ʈʘʍʋʏɊ ʆɻʅ ʀʎʖʐʀʍʅʆʘʏ ʈʂ ɻʉɻʎʐʍʘʕʅʈʀʏ ɻʌʡʇʀʅʀʏ ɉʃʀʍʈʝʐʂʐɻɊ 
ʈʀʅʡʉʋʑʉ ʐʋ ɿʑʉɻʈʅʆʝ ʐʋʑ ʆʀʇʅʋʞȢ ɨʅ ʌʅʋ ʎʂʈɻʉʐʅʆʘʏ ɻʌʡʇʀʅʀʏ ʐʗʎʂʏ 
ʀʊɻʍʐʡʈʀʉʀʏ ɻʌʝ ʐʋ ʍʀʞʈɻ ʎʀ ʈʅɻ SOFC ʀʚʉɻʅ ʋʅ ʖʈʅʆʘʏȟ ʋʅ ʎʑɾʆʘʉʐʍʖʎʂʏ ʙ 
ɿʅʗʔʑʎʂʏ ʆɻʅ ʋʅ ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏȢ 
ɨʅ ɻʌʡʇʀʅʀʏ ʐʂʏ ʐʗʎʂʏ 

 

h ʀʊɻʍʐʡʉʐɻʅ ɻʌʝ ʐʋ ʍʀʞʈɻ ʆɻʅ ʌʀʍʅʇɻʈɼʗʉʋʑʉ ʐʋʑʏ 
ɻʆʝʇʋʑʃʋʑʏ ʐʍʀʅʏ ʈʂʔɻʉʅʎʈʋʞʏ ɻʌʖʇʀʅʡʉȡ 

 
¶ ɱʈʅʆʘʏ ɻʌʡʇʀʅʀʏ 

 

hohmȡ ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʌʍɻɾʈɻʐʋʌʋʅʋʞʉʐɻʅ ʎʐʅʏ 

ʒʗʎʀʅʏ ʐʋʑ ʎʐʀʍʀʋʞ ʂʇʀʆʐʍʋʇʞʐʂ ɉʎʐʋ YSZ ʙ ʎʐʋ GDC) ʈʘʎʖ ʐʖʉ ʅʝʉʐʖʉ 
ʌʋʑ ʆʅʉʋʞʉʐɻʅ  ʆɻʅ ʎʐʅʏ ʒʗʎʀʅʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ɉNi, LSMɊ ʆɻʅ ʎʐɻ 
ʈʀʐɻʇʇʅʆʗ ʎʐʀʍʀʗ ɿʅɻʎʑʉɿʘʎʀʖʏ ʇʝɾʖ ʐʂʏ ʍʋʙʏ ʐʖʉ ʂʇʀʆʐʍʋʉʚʖʉȢ 

¶ ɚʌʡʇʀʅʀʏ ʎʑɾʆʘʉʐʍʖʎʂʏ ʙ ɿʅʗʔʑʎʂʏ 

 

hconcȡ ʈʀʅʡʉʋʑʉ ʐʋ ɿʑʉɻʈʅʆʝ ʐʋʑ 

Nernst ʎʐʂʉ ʂʇʀʆʐʍʋʔʂʈʅʆʗ ʀʉʀʍɾʙ ʁʡʉʂ ɻʉʐʚɿʍɻʎʂʏ ɉTPB ɀ triple  phase 
boundary) ʇʝɾʖ ʐʂʏ ʈʀʚʖʎʂʏ ʐʋʑ ʒʋʍʐʚʋʑ ʌʋʑ ʈʀʐɻʒʘʍʋʑʉ ʐɻ 
ɻʉʐʅɿʍʡʉʐɻ ʌʋʑ ʌʍʋʆɻʇʀʚʐɻʅ ɻʌʝ ʐʂʉ ɻʍɾʙ ɿʅʗʔʑʎʂ ʐʖʉ ɻʀʍʚʖʉ ɻʌʝ ʐɻ 
ʆɻʉʗʇʅɻ ʎʐʋ ʌʋʍʡɿʀʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉȢ 

¶ ɚʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ 

 

hact: ʈʀʅʡʉʋʑʉ ʐʋ ʂʇʀʆʐʍʋʔʂʈʅʆʝ ɿʑʉɻʈʅʆʝ 

ʇʝɾʖ ʝʐʅ ɻʌɻʅʐʀʚʐɻʅ ʀʉʘʍɾʀʅɻ ʉɻ ʋɿʂɾʙʎʀʅ ʐʅʏ ʂʇʀʆʐʍʋʔʂʈʅʆʘʏ 
ɻʉʐʅɿʍʗʎʀʅʏ ʎʐʂ  ʀʌʅʃʑʈʂʐʙ ʆɻʐʀʞʃʑʉʎʂȟ ɾʅɻ ʌɻʍʗɿʀʅɾʈɻ ʐʂ ʈʀʚʖʎʂ ʐʋʑ 
ʋʊʑɾʝʉʋʑ ʎʐʂ ʆʗʃʋɿʋ ʆɻʅ ʐʂʉ ʋʊʀʚɿʖʎʂ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʎʐʂʉ ʗʉʋɿʋȢ 

 
ɞʌʋʈʘʉʖʏ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʐʂʏ ʆʑʕʘʇʂʏ ʋʍʚʁʀʐɻʅ ʖʏ ʂ ɻʒɻʚʍʀʎʂ ʐʖʉ 
ɻʌʖʇʀʅʡʉȟ ʝʌʖʏ ʀʚʉɻʅ ɾʉʖʎʐʝ ʆɻʅ ʎʐʂ ɼʅɼʇʅʋɾʍɻʒʚɻ ɍςσɎȟ ɍςτɎȟ ɍςυɎȟ ɍςφɎȟ ɻʌʝ 
ʐʋ ɻʉɻʎʐʍʘʕʅʈʋ ɿʑʉɻʈʅʆʝ ʌʋʑ ʋʍʚʎʐʂʆʀ ʌʅʋ ʌʗʉʖȡ 

 

     (4)  

 
ɫʞʈʒʖʉɻ ʈʀ ʐʋʉ Bessler [27] ʂ ʀʊʚʎʖʎʂ τ ʌʍʗɾʈɻʐʅ ɿʚʉʀʅ ʈʅɻ ʆɻʇʙ ʀʅʆʝʉɻ ʐʂʏ 
ʎʑʈʈʀʐʋʔʙʏ ʐʖʉ ʌɻʍɻʌʗʉʖ ʈʂʔɻʉʅʎʈʡʉȟ ʌɻʍȭ ʝʇɻ ɻʑʐʗ ʋʅ ɻʌʡʇʀʅʀʏ ʐʗʎʂʏ ɿʀʉ 
ʌɻʍʋʑʎʅʗʁʋʑʉ ʐʂʉ ʒʑʎʅʆʙ ʎʂʈɻʎʚɻ ʐʖʉ ɼɻʃʈʚɿʖʉ ʐʋʑ ɿʑʉɻʈʅʆʋʞȢ ɫʐʂʉ 
ʌʍɻɾʈɻʐʅʆʝʐʂʐɻȟ ʐʍʚɻ ɿʅɻʒʋʍʀʐʅʆʗ ʀʌʚʌʀɿɻ ɿʑʉɻʈʅʆʋʞ ʑʌʗʍʔʋʑʉ ʎʀ ʘʉɻ 
ʎʞʎʐʂʈɻ ʈʅɻʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑȢ ɚʑʐʗ ʀʚʉɻʅȡ ʂ ʆɻʃʋɿʅʆʙ ʂʇʀʆʐʍʅʆʙ ʒʗʎʂ ɉʆʗʐʖ 
ʂʇʀʆʐʍʝɿʅʋɊ  ɿʑʉɻʈʅʆʋʞ ɮe,ca ,ʂ ʅʋʉʐʅʆʙ ʒʗʎʂ ɉʂʇʀʆʐʍʋʇʞʐʂʏɊ ɿʑʉɻʈʅʆʋʞ ɮi ʆɻʅ ʂ 
ɻʉʋɿʅʆʙ ʂʇʀʆʐʍʅʆʙ ʒʗʎʂ ɉʗʉʖ ʂʇʀʆʐʍʝɿʅʋɊ ɿʑʉɻʈʅʆʋʞ ɮe,an .  
ɠ ɿʅɻʒʋʍʗ ɿʑʉɻʈʅʆʋʞ ʈʀʐɻʊʞ ʆɻʃʝɿʋʑ ʆɻʅ ɻʉʝɿʋʑ ɻʌʋʐʀʇʋʞʉ ʐʂʉ 
ɿʑʉɻʈʅʆʙ ʀʉʘʍɾʀʅɻ ʐʋʑ ʆʀʇʅʋʞ: 

 
     (5)  

 
ɚʑʐʝ ʌʍʋʆʞʌʐʀʅ ɻʌʝ ʐʅʏ ɿʞʋ ɼɻʃʈʚɿʀʏ ɿʑʉɻʈʅʆʋʞ ʌʋʑ ʎʑʈɼɻʚʉʋʑʉȡ 
 
ρȢ ɫʐʂʉ ɿʅʀʌɻʒʙ ʈʀʐɻʊʞ ʆɻʃʝɿʋʑ ʆɻʅ ʂʇʀʆʐʍʋʇʞʐʂȡ 

 
 (6)  

 
ςȢ ɫʐʂ ɿʅʀʌɻʒʙ ʈʀʐɻʊʞ ɻʉʝɿʋʑ ʆɻʅ ʂʇʀʆʐʍʋʇʞʐʂȡ 
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 (7)  

ɚʌʝ ʐʂ ʎʐʅɾʈʙ ʌʋʑ ʐɻ ʂʇʀʆʐʍʝɿʅɻ ʎʀ ʈʅɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ 
ʋʊʀʅɿʚʋʑ ɻʌʋʐʀʇʋʞʉ ʎʑʈʌʀʍʅʒʋʍʗ ʂʇʀʆʐʍʋɿʚʖʉ ʆɻʅ ʎʑʈʌʀʍʅʒʋʍʗ 
ʂʇʀʆʐʍʋʇʞʐʂ ʎʐʂ ʈʋʍʒʙ ʆɻʐɻʉʀʈʂʈʘʉʖʉ ʎʖʈɻʐʅɿʚʖʉ ɉ.É - ʂʇʀʆʐʍʋʉʅʆʙ 
ʎʑʈʌʀʍʅʒʋʍʗ ʆɻʅ YSZ - ʅʋʉʐʅʆʙ ʎʑʈʌʀʍʅʒʋʍʗ ɾʅɻ ʐʋ ʂʇʀʆʐʍʝɿʅʋ ʐʂʏ ɻʉʝɿʋʑ ʆɻʅ 
LSM - ʂʇʀʆʐʍʋʉʅʆʙ ʎʑʈʌʀʍʅʒʋʍʗ ʆɻʅ YSZ - ʅʋʉʐʅʆʙ ʎʑʈʌʀʍʅʒʋʍʗ ɾʅɻ ʐʋ 
ʂʇʀʆʐʍʝɿʅʋ ʐʂʏ ʆɻʃʝɿʋʑɊ ʋʅ ɼɻʃʈʚɿʀʏ ɿʑʉɻʈʅʆʋʞ ʌʋʅʆʚʇʋʑʉ ʎʀ ʎʑɾʆʀʆʍʅʈʘʉʋ 
ɼʗʃʋʏ ʐʋʑ ʌʋʍʡɿʋʑʏ  ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉȢ ɠ ʆɻʐɻʉʋʈʙ ʐʋʑ ɿʑʉɻʈʅʆʋʞ 
ʌʀʍʅʋʍʚʁʀʐɻʅ ʎʐʂʉ ʀʉʀʍɾʙ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ʁʡʉʂ ɻʉʐʚɿʍɻʎʂʏȟ ʌʋʑ ʋʉʋʈʗʁʀʐɻʅ 
ʎʞʉʋʍʋ ʐʍʅʌʇʙʏ ʒʗʎʂʏ ɉTPB-triple  phase boundary). ɫʐʂ ʁʡʉʂ ɻʑʐʙ 
ʎʑʉɻʉʐʅʋʞʉʐɻʅ ʝʇɻ ʐɻ ɻʉʐʅɿʍʡʉʐɻ ʆɻʅ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ʂ ʂʇʀʆʐʍʋʔʂʈʅʆʙ 
ɻʉʐʚɿʍɻʎʂȡ ɢʝʉʐɻ ɨ2-ȟ ɻʉʐʅɿʍʡʉʐɻ ɻʀʍʚʋʑ ʎʐʋ ʌʋʍʡɿʀʏ ʐʋʑ ʂʇʀʆʐʍʋɿʚʋʑ ʆɻʅ 
ʂʇʀʆʐʍʝʉʅɻ ʎʐʅʏ ʒʗʎʀʅʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉȢ ɬʋ  ʎʞʉʋʍʋ ʐʂʏ ʐʍʅʌʇʙʏ ʒʗʎʂʏ 
ɼʍʚʎʆʀʐɻʅ ɻʆʍʅɼʡʏ ʈʀʐʗ ʐʋʉ ʂʇʀʆʐʍʋʇʞʐʂ ʎʐɻ ʂʇʀʆʐʍʝɿʅɻ ʈʙʆʋʑʏ 
ʈʀʍʅʆʡʉ ɿʀʆʗɿʖʉ ʈʅʆʍʡʉ ɍςψɎȢ ɬʋ ʈʙʆʋʏ ʐʂʏ ʀʊɻʍʐʗʐɻʅ ɻʌʝ ʐʂʉ ʀʉʀʍɾʙ ʁʡʉʂȟ 
ʐʅʏ ɿʅʗʒʋʍʀʏ ɻɾʖɾʅʈʝʐʂʐʀʏ ʈʀʐɻʊʞ ʐʖʉ ʒʗʎʀʖʉ ʆɻʅ ʐʅʏ ɿʍɻʎʐʂʍʅʝʐʂʐʀʏ  ʐʖʉ 
ʒʗʎʀʖʉ ʐʖʉ ɻʀʍʚʖʉȢ 
ɫʀ ʘʉɻ ʈʂ ʌʋʇʖʈʘʉʋ ʆʀʇʚ ʌʋʑ ɿʀʉ ʑʌʗʍʔʀʅ ʂʇʀʆʐʍʅʆʝ ʍʀʞʈɻȟ ʎʀ ʂʇʀʆʐʍʋʔʂʈʅʆʙ 
ʅʎʋʍʍʋʌʚɻ ʋʅ ɼɻʃʈʚɿʀʏ ɿʑʉɻʈʅʆʋʞ ɿʚʉʋʉʐɻʅ ɻʉʐʚʎʐʋʅʔɻ ɾʅɻ ʗʉʋɿʋ ʆɻʅ ʆʗʃʋɿʋ 
ɉʝʌʋʑ ʌʍɻɾʈɻʐʋʌʋʅʋʞʉʐɻʅ ʋʅ ɻʉʐʚʎʐʋʅʔʀʏ ɻʉʐʅɿʍʗʎʀʅʏ ɾʅɻ ʆʗʃʀ ʂʇʀʆʐʍʝɿʅʋ ʐʂʏ 
ɾʀʉʅʆʝʐʀʍʂʏ ɻʉʐʚɿʍɻʎʂʏ ʎʀ ʝʇʋ ʐʋ ʆʀʇʚɊ ɍςωɎȡ 

 
ɣʗʃʋɿʋʏ: 
 

     
 (8)  

 

   

 (9)  

 
ɲʉʋɿʋʏȡ 

         (10) 

                      
                           

    (11) 

                   

 

 
ɠ ɿʅɻʒʋʍʗ  ʐʖʉ ɿʞʋ ɿʑʉɻʈʅʆʡʉ ʅʎʋʞʐɻʅ ʈʀ ʐʂʉ ɻʉɻʎʐʍʘʕʅʈʂ ʐʗʎʂ ʐʋʑ 
ʆʀʇʅʋʞȢ 

 

    

 
ɫʐʋ ʎʔʙʈɻ ςȢρ ʒɻʚʉʀʐɻʅ ʎʐʋ ςȢρ-b ʂ ʌʐʡʎʂ ʎʐʋ ɿʑʉɻʈʅʆʝ ɮi ʐʂʏ ʅʋʉʐʅʆʙʏ ʒʗʎʂʏȢ 
ɚʑʐʙ ʎʑʈɼɻʚʉʀʅ ʎʐʋ ʌʗʔʋʏ ʐʂʏ ʈʀʈɼʍʗʉʂʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ɻʇʇʗ ʆɻʅ ʎʀ ʘʉɻ 
ʐʈʙʈɻ ʐʋʑ ʋʍʚʋʑ ʐʂʏ ʐʍʅʌʇʙʏ ʒʗʎʂʏ ʝʌʋʑ ʐɻ ʅʝʉʐɻ ʋʊʑɾʝʉʋʑ ʈʀʐɻʉɻʎʐʀʞʋʑʉ 
ɻʌʝ ʆɻʅ ʌʍʋʏ ʎʐɻ ɻʉʐʚʎʐʋʅʔɻ ʂʇʀʆʐʍʝɿʅɻ ɾʅɻ ʉɻ ʎʑʈʈʀʐʘʔʋʑʉ ʎʐʂʉ ɿʅɻʉʀʈʂʈʘʉʂ 
ʈʀʐɻʒʋʍʗ ʐʋʑ ʒʋʍʐʚʋʑȢ 
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ɫʔʙʈɻ 2.1: ɛɻʃʈʚɿʀʏ ɿʑʉɻʈʅʆʋʞ ʎʀ ɻʉʋʅʔʐʝ ʆʞʆʇʖʈɻ ʎʐʋ ɉa) ʆɻʅ ʎʀ ʆʇʀʅʎʐʝ ʆʞʆʇʖʈɻ 
ʝʌʋʑ ʌʍʋʎʐʚʃʋʉʐɻʅ ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ɉb), ʋʅ ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏ ɉc) ʆɻʅ ʐʘʇʋʏ ʋʅ 
ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏȢ ɨʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ʎʑʈɼɻʚʉʋʑʉ ʐɻʑʐʝʔʍʋʉɻȟ ɻʉ ʆɻʅ ʎʐʋ ʎʔʙʈɻ 
ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ɿʅɻʆʍʅʐʗ [72]. 
 
ɷʎʋ ʌʅʋ ʈʀɾʗʇʋ ʀʚʉɻʅ ʐʋ ʝʍʅʋ ʐʂʏ ʐʍʅʒɻʎʅʆʙʏ ʒʗʎʂʏ ʈʘʎɻ ʎʐʋ 
ʂʇʀʆʐʍʝɿʅʋ ʐʝʎʋ ʈʀɾɻʇʞʐʀʍʀʏ ʀʚʉɻʅ ʋʅ ʅʋʉʐʅʆʘʏ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏȢ ɚʑʐʝ 
ɾʅɻʐʚ ʐɻ ʅʝʉʐɻ ʐʋʑ ʋʊʑɾʝʉʋʑ ʔʍʀʅʗʁʀʐɻʅ ʉɻ ʌʀʍʗʎʋʑʉ ɻʌʝ ʐɻ ʎʖʈɻʐʚɿʅɻ ʐʋʑ 
ʂʇʀʆʐʍʋʇʞʐʂȟ ʌʋʑ ʘʔʋʑʉ ʈʅʆʍʝʐʀʍʂ ɻɾʖɾʅʈʝʐʂʐɻ ɻʌʝ ʝʐʅ ʐʋ ɼɻʎʅʆʝ ʎʡʈɻ ʐʋʑȟ 
ʌʋʑ ɼʍʚʎʆʋʉʐɻʅ ʎʐʋ ʌʋʍʡɿʀʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂȾʂʇʀʆʐʍʋɿʚʋʑȢ ɚʌʝ ʐʂʉ ʗʇʇʂ ʂ 
ʌʐʡʎʂ ʐʂʏ ʐʗʎʂʏ ʇʝɾʖ ʐʂʏ ʈʀʐɻʒʋʍʗʏ ʐʖʉ ʂʇʀʆʐʍʋʉʚʖʉ ʎʐʋ ʌʋʍʡɿʀʏ ʐʖʉ 
ʂʇʀʆʐʍʋɿʚʖʉ ʃʀʖʍʀʚʐɻʅ ɻʈʀʇʂʐʘɻ ʎʀ ʑʕʂʇʘʏ ʂʇʀʆʐʍʅʆʘʏ ɻɾʖɾʅʈʝʐʂʐʀʏ ɾʅɻ ɻʑʐʝ 
ʎʀ ɻʑʐʗ ʐɻ ʐʈʙʈɻʐɻ ʐʋʑ ʆʀʇʅʋʞ ʋʅ ɮe,ca  ʆɻʅ ɮe,an ʌɻʍɻʈʘʉʋʑʉ ʎʐɻʃʀʍʘʏȢ 
ɬʋ ɿʑʉɻʈʅʆʝ ʌʋʑ ɻʒʋʍʗ ʐʅʏ ɻʌʡʇʀʅʀʏ ʎʑɾʆʀʉʐʍʡʎʀʖʉ ʒɻʚʉʀʐɻʅ ʎʐʋ ςȢρ-Ã ʆɻʅ 
ʋʍʚʁʀʐɻʅ ʂ ɿʅɻʒʋʍʗ ʈʀʐɻʊʞ ʐʂʏ ʈʀɾɻʇʞʐʀʍʂʏ ɼɻʃʈʚɿɻʏ ɿʑʉɻʈʅʆʋʞ ɝɮan,b ʎʐʂ 
ɿʅʀʌɻʒʙ ʈʀʐɻʊʞ ʂʇʀʆʐʍʋɿʚʋʑ ʆɻʅ ʆɻʉɻʇʅʋʞ ʐʋʑ ɻʀʍʚʋʑ ʎʐʂʉ ʗʉʋɿʋ ʆɻʅ ʎʐʂʉ 
ʈʅʆʍʝʐʀʍʂ ɼɻʃʈʚɿɻ ɿʑʉɻʈʅʆʋʞ ɝɮan,Tɪɛ ʎʐʋ ʝʍʅʋ ʐʂʏ ʐʍʅʌʇʙʏ ʒʗʎʂʏȢ ɚʑʐʙ ʂ  
ɿʅɻʒʋʍʗ ɿʑʉɻʈʅʆʋʞ ʈʌʋʍʀʚ ʉɻ ʀʊʂɾʂʃʀʚ ʎʐʋ ʎʔʙʈɻ ςȢσ ʆɻʅ ʎʐʂʍʚʁʀʐɻʅ ʎʐʂ 
ɿʅɻʒʋʍʀʐʅʆʙ ʈʀʚʖʎʂ ʐʋʑ ɿʑʉɻʈʅʆʋʞ ɝɮeq,el ʐʋʑ ʈʅʎʋʞ ʆʀʇʅʋʞ ʋʒʀʅʇʝʈʀʉʂ ɻʌʝ ʐʂʉ 
ɿʅʗʔʑʎʂ ʌʋʑ ʌʍʋʆɻʇʀʚʐɻʅ ɻʌʝ ʐʂ ʆʇʚʎʂ ʐʖʉ ʈʀʍʅʆʡʉ ʌʅʘʎʀʖʉ ʐʖʉ ɻʉʐʅɿʍʡʉʐʖʉȢ 
ɫʐʋ ʎʔʙʈɻ ςȢσ ʒɻʚʉʀʐɻʅ ʝʐʅ ʋʅ ʈʀʍʅʆʘʏ ʌʅʘʎʀʅʏ ʎʐʂ ɿʅʀʌɻʒʙ 
ʂʇʀʆʐʍʋɿʚʋʑȾʆɻʉɻʇʅʋʞ ɿʅɻʒʘʍʋʑʉ ɻʌʝ ʐʅʏ ʈʀʍʅʆʘʏ ʌʅʘʎʀʅʏ ʎʐʂʉ ʀʅʎɻɾʖɾʙ 
ʇʝɾʖ ʐʂʏ ʈʀʚʖʎʂʏ ɉɻʊʅʋʌʋʅʙʎʀʖʏɊ ʐʋʑ ʆɻʑʎʚʈʋʑ ʆɻʅ ʐʋʑ ʋʊʑɾʝʉʋʑ ʝʐɻʉ ʋʅ 
ʀʅʎɻɾʝʈʀʉʀʏ ʍʋʘʏ ɿʅɻʐʂʍʋʞʉʐɻʅ ʎʐɻʃʀʍʘʏ ʆɻʐʗ ʐʂʉ ʌʝʇʖʎʂ ʐʋʑ ʆʀʇʅʋʞȢ ɨʅ 
ɻʌʡʇʀʅʀʏ ɿʑʉɻʈʅʆʋʞ ʀʚʉɻʅ ɻʉʀʊʗʍʐʂʐʀʏ ʐʋʑ ʑʇʅʆʋʞ ʆɻʅ ʐʂʏ ɾʀʖʈʀʐʍʚɻʏ ʆɻʅ 
ɻʌʋʐʀʇʋʞʉ ʃʀʍʈʋɿʑʉɻʈʅʆʙʏ ʒʞʎʂʏ ɻʌʡʇʀʅɻȢ 
ɷʌʖʏ ʒɻʚʉʀʐɻʅ ʎʐʋ ʐʀʇʀʑʐɻʚʋ ʎʔʙʈɻ ςȢρ-d ʋʅ ɻʌʡʇʀʅʀʏ ɿʑʉɻʈʅʆʋʞ 
ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʈʀʅʡʉʋʑʉ ʐʋ ɿʑʉɻʈʅʆʝ ʐʋʑ ʆʀʇʅʋʞ ʐʋʌʅʆʗ ʎʐʋ ʝʍʅʋ ʐʂʏ ʐʍʅʌʇʙʏ 
ʒʗʎʀʖʏȟ ʌʍʋʀʍʔʝʈʀʉʀʏ ɻʌʝ ʐʂʉ ʀʌʅʌʇʘʋʉ ʀʉʘʍɾʀʅɻ ʌʋʑ ɻʌɻʅʐʀʚʐɻʅ ʉɻ ʋɿʂɾʙʎʀʅ 
ʐʅʏ ʂʇʀʆʐʍʋʔʂʈʅʆʘʏ ɻʉʐʅɿʍʗʎʀʅʏ ʎʐʂʉ ʀʌʅʃʑʈʂʐʙ ʆɻʐʗʎʐɻʎʂȢ ɨʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ 
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ʀʚʉɻʅ ʎʀ ʅʎʋʍʍʋʌʚɻ ʈʀ ʐʅʏ ʅʋʉʐʅʆʘʏ ɻʌʡʇʀʅʀʏ ʈʘʎɻ ʎʐʂ ʁʡʉʂ ɻʑʐʙȢ ɝʂʇɻɿʙ ʝʎʋ 
ʈʀɾɻʇʞʐʀʍʀʏ ʀʚʉɻʅ ʋʅ ʍʑʃʈʋʚ ʂʇʀʆʐʍʋʔʂʈʅʆʡʉ ɻʉʐʅɿʍʗʎʀʖʉ ʆɻʅȾʙ ʝʎʋ 
ʈʀɾɻʇʞʐʀʍʂ ʀʚʉɻʅ ɿʅɻʃʘʎʅʈʂ ɬɪɛȟ ʐʝʎʋ ʇʅɾʝʐʀʍʋ ʔʍʀʅʗʁʀʐɻʅ ʐɻ ʅʝʉʐɻ ʋʊʑɾʝʉʋʑ 
ʉɻ ʐɻʊʅɿʀʞʋʑʉ ʈʘʎɻ ʎʐɻ ʂʇʀʆʐʍʝɿʅɻ  ʆɻʅ ɻʉʐʚʎʐʍʋʒɻȢ ɬɻ ɿʑʉɻʈʅʆʗ 
ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ɿʚʉʋʉʐɻʅ ɻʌʝ ʐʋʑʏ ʐʞʌʋʑʏ: 

 
ȟ ʝʌʋʑ     (12)  

 
  ȟ ʝʌʋʑ     (13)  

 
ɲʍɻ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʂ Ecell ʌʍʋʆʞʌʐʀʅ ɻʌʝ ʐɻ ʐʍʚɻ ɿʑʉɻʈʅʆʗ 
ʌʀɿʚɻ ʝʌʋʑ ʐʋ ʆʀʇʚ ʆɻʑʎʚʈʋʑ ʌʀʍʅʇɻʈɼʗʉʀʅ ʎʅʖʌʂʍʗ ʐʅʏ ɿʅʗʒʋʍʀʏ ɻʌʡʇʀʅʀʏȟ 
ʝʌʋʑ ʈʀʅʡʉʋʑʉ ʐɻ ɿʞʋ ɿʑʉɻʈʅʆʗ ʎʀ ʆʗʃʀ ʈʅʎʝ ʆʀʇʚȢ ɳʐʎʅ ʝʔʅ ʈʝʉʋ ʝʇʂ ʂ 
ʃʀʖʍʂʐʅʆʙ ʀʉʘʍɾʀʅɻ ɿʀʉ ʈʀʐɻʐʍʘʌʀʐɻʅ ʎʀ ʂʇʀʆʐʍʅʎʈʝ ɻʇʇʗ ʈʘʍʋʏ ʐʂʏ ʔʗʉʀʐɻʅ 
ʎʐʅʏ ɿʅʗʒʋʍʀʏ ʈʀʐɻʒʋʍʘʏȢ  
 

нΦн ʃʶˊʽʴˊʰ˒ʺ ʹ˂ʶˁˍˊˇ˔ʹ˃ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ. 
 
ɠ ɻʉʗʌʐʑʊʂ ʐʋʑ ʈɻʃʂʈɻʐʅʆʋʞ ʈʋʉʐʘʇʋʑ ʈʅɻʏ ʀʌʚʌʀɿʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ 
ʊʀʆʚʉʂʎʀ ɻʍʔʅʆʗ ʎʐʋ EESTM, ʎʀ ʈʅɻ ʌʇɻʐʒʝʍʈɻ ʀʌʚʇʑʎʂʏ ʐɻʑʐʝʔʍʋʉʖʉ 
ʀʊʅʎʡʎʀʖʉ ʝʌʖʏ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ɻʌʝ ʐʋʑʏ ʎʑɾɾʍɻʒʀʚʏ ʎʐʋ ɍσπɎȢ ɫʐʋ ʈʋʉʐʘʇʋ 
ɻʑʐʝ ʀʒɻʍʈʝʎʐʂʆʀ ʈʀʍʅʆʙ ɿʅɻʈʘʍʅʎʂ ʎʐʂʉ ʀʌʚʌʀɿʂ ʈʀʈɼʍʗʉʂ ʎʀ x ʆɻʅ y 
ʆɻʐʀʞʃʑʉʎʂ ʌʋʑ ʇʞʃʂʆʀ ʈʘʎʖ ʐʂʏ ʈʀʃʝɿʋʑ ʐʖʉ ʌʀʌʀʍɻʎʈʘʉʖʉ ʝɾʆʖʉ ɉFinite 
Volume Method ɀ FVM). ɠ ʀʍɾɻʎʚɻ ɻʑʐʙ ʀʌʀʆʐʗʃʂʆʀ ʈʀ ʘʉɻ ʌʅʋ ʌʋʇʞʌʇʋʆʋ 
ɿʑʉɻʈʅʆʝ ʈʋʉʐʘʇʋ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ɍχςɎȟ ʅʆɻʉʝ ʉɻ 
ʌʍʋʎʋʈʋʅʡʎʀʅ ʈʋʉʋɿʅʗʎʐɻʐʀʏȟ ɿʅʎɿʅʗʎʐɻʐʀʏ ʆɻʅ ʐʍʅʎɿʅʗʎʐɻʐʀʏ ɾʀʖʈʀʐʍʚʀʏȢ ɬʋ 
ʐʀʇʀʑʐɻʚʋ ʆɻʐɻʎʆʀʑʗʎʐʂʆʀ ʎʐʂʉ ʑʌʋʇʋɾʅʎʐʅʆʙ ʌʇɻʐʒʝʍʈɻ gProms. 
ɠ ʌʍʋʎʘɾɾʅʎʂ ʐʖʉ ɿʑʉɻʈʅʆʡʉ ʌʋʑ ɻʉɻʌʐʞʎʎʋʉʐɻʅ ʎʐʋ ʆʀʇʚ ʝʌʖʏ 
ʌɻʍʋʑʎʅʗʎʐʂʆʀ ʎʐʋ ςȢρȟ ʐʋ ɻʉɻʇʑʐʅʆʝ ʈʋʉʐʘʇʋ ʌʋʑ ʌʀʍʅɾʍʗʒʀʅ ʐʋʉ ʈʂʔɻʉʅʎʈʝ 
ɻʌʋʍʍʝʒʂʎʂʏ ʐʋʑ ɻʀʍʚʋʑ ʎʐʋ ʌʋʍʡɿʀʏ ʐʋʑ ʂʇʀʆʐʍʋɿʚʋʑ  ʆɻʅ ʂ ɻʉɻʇʑʐʅʆʙ 
ʌʀʍʅɾʍɻʒʙ ʐʖʉ ɿʑʉɻʈʅʆʡʉ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ɾʅɻ ʐʂʉ ʗʉʋɿʋ ʆɻʅ ʆʗʃʋɿʋ 
ʎʑʈʌʀʍʅʇɻʈɼʗʉʋʉʐɻʅ ʎʐʂ ɾʀʉʅʆʙ ʌʀʍʅɾʍɻʒʙ ʐʋʑ ʆʀʇʅʋʞ ʎʐʋ gProms.   
ɫʐʋ ʎʔʙʈɻ ςȢς ʒɻʚʉʀʐɻʅ ʝʐʅ ʐʋ ɿʅʎɿʅʗʎʐɻʐʋ ʆɻʅ ʐʍʅʎɿʅʗʎʐɻʐʋ ʈʋʉʐʘʇʋ ʀʚʉɻʅ ʂ 
ʔʖʍʅʆʙ ʀʌʘʆʐɻʎʂ ʐʂʏ ʌʀʍʚʌʐʖʎʂʏ ʐʂʏ ʈʅɻʏ ɿʅʗʎʐɻʎʂʏ ʝʌʋʑ ʂ ʈʀʇʘʐʂ ɾʚʉʀʐɻʅ 
ʎʐɻ ɿʅɻʈʀʍʅʎʈʘʉɻ ʂʇʀʆʐʍʝɿʅɻ ʆɻʐʗ ʐʂ z ɿʅʀʞʃʑʉʎʂȟ ʂ ʋʌʋʚɻ ɿʚʉʀʅ ʈʅɻ ʌʋʇʞ ʆɻʇʙ 
ʌʍʋʎʘɾɾʅʎʂȢ ɠ ɻʍʔʅʆʙ ɻʑʐʙ ʌʍʋʎʘɾɾʅʎʂ ʋʉʋʈʗʁʀʐɻʅ ʆʀʇʚ-ʆʋʈɼʚʋ ʌʀʅʍɻʈɻʐʅʆʡʉ 
ʍʑʃʈʚʎʀʖʉ. 
ɜʅɻ ʐʂ ɿʅʎɿʅʗʎʐɻʐʂ ʈʋʉʐʀʇʋʌʋʚʂʎʂ ʋʅ ʀʊʅʎʡʎʀʅʏ ʆɻʅ ɾʅɻ ʐɻ ɿʞʋ ʎʑʎʐʙʈɻʐɻ 
ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ ʀʚʉɻʅ ɿʅɻʈʀʍʅʎʈʘʉɻ ʎʐʂ ʆɻʐʀʞʃʑʉʎʂ x ʌʋʑ ɻʉʐʅʎʐʋʅʔʋʞʉ 
ʎʐɻ ʌɻʍʗʇʇʂʇɻ ʆɻʉʗʇʅɻ ʆɻʑʎʚʈʋʑ ʆɻʅ ɻʘʍɻȢ ɯʍʂʎʅʈʋʌʋʅʡʉʐɻʏ ʐʅʏ ʋʍʅɻʆʘʏ 
ʎʑʉʃʙʆʀʏ ʆɻʅ ʐʅʏ ʈʀʃʝɿʋʑʏ ɿʅɻʆʍʅʐʋʌʋʚʂʎʂʏ ʆɻʅ ʐɻ ɿʞʋ ʀʚɿʂ ʆɻʉɻʇʅʡʉȟ ʋʈʋʍʍʋʙʏ 
ʆɻʅ ʆʗʃʀʐʂʏ ʍʋʙʏȟ ʈʌʍʋʍʋʞʉ ʉɻ ʌʍʋʎʋʈʋʅʖʃʋʞʉȢ  
ɬʋ ʐʍʅʎɿʅʗʎʐɻʐʋ ʈʋʉʐʘʇʋ ʌʀʍʅʇɻʈɼʗʉʀʅ ʐʂ ɿʅɻʆʍʅʐʋʌʋʚʂʎʂ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ 
ʎʐʂ ʆɻʐʀʞʃʑʉʎʂ zȟ ʐʂ ɿʅɻʆʍʅʐʋʌʋʚʂʎʂ ʐʋʑ ʆɻʉɻʇʅʋʞ ʆɻʑʎʚʈʋʑ ʎʐʂ ʆɻʐʀʞʃʑʉʎʂ x 
ʆɻʅ ʐʂ ɿʅɻʆʍʅʐʋʌʋʚʂʎʂ ʐʋʑ ʆɻʉɻʇʅʋʞ ʐʋʑ ʋʊʀʅɿʖʐʅʆʋʞ ʎʐʂ ʆɻʐʀʞʃʑʉʎʂ y ʎʐʂ 
ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʆʗʃʀʐʂʏ ʍʋʙʏ ɉʎʐʂʉ ʋʈʋʍʍʋʙ ʐʋ ʆɻʉʗʇʅ ʐʋʑ ʋʊʀʅɿʖʐʅʆʋʞ 
ɿʅɻʆʍʅʐʋʌʋʅʘʅʐɻʅ ʆɻʐʗ x). ɥɻʁʚ ʈʀ ʐʋ ɿʅʎɿʅʗʎʐɻʐʋ ʆɻʅ ʐʍʅʎɿʅʗʎʐɻʐʋ ʈʋʉʐʘʇʋ 
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ʈʌʋʍʋʞʉ ʉɻ 
ʌʍʋʎʋʈʋʅʖʃʋʞʉ ʝʇʖʉ ʐʖʉ 
ʈʀɾʀʃʡʉ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ 
ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʈɻʁʚ ʈʀ ʐʅʏ 
ɿʅʗʒʋʍʀʏ ʈʀʍʅʆʘʏ ʈʀʐɻɼʇʂʐʘʏȢ ɠ 
ʔʖʍʅʆʙ ɿʅɻʆʍʅʐʋʌʋʚʂʎʂ 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
ɫʔʙʈɻ φȢφȡ ɬʍʅʎɿʅʗʎʐɻʐʂ ɻʌʀʅʆʝʉʅʎʂ ʐʂʏ SOFC ʎʀ ʆʗʃʀʐʂ ʍʋʙ ʝʌʋʑ ʋ ʆʗʃʀ ʝɾʆʋʏ 
ʀʇʘɾʔʋʑ ʙ ʋ ʆʝʈɼʋʏ ʎʐʋ ʀʌʚʌʀɿʋ x-y ʈʀʇʀʐʗʐɻʅ ʎɻʉ ʈʅɻ ʆʑʕʘʇʂ ʈʅɻʏ ɿʅʗʎʐɻʎʂʏ ʝʌʖʏ 
ʒɻʚʉʀʐɻʅ ʎʐʋ ʎʔʙʈɻ φȢχ ɍϋφɎȢ 
 

ʇʞʉʀʐɻʅ ʈʀ ʐʂ ʈʘʃʋɿʋ ʐʖʉ ʌʀʌʀʍɻʎʈʘʉʖʉ ɿʅɻʒʋʍʡʉ (Finite Difference 
Method ɀ FDM). 
ɨʅ ʌɻʍɻʆʗʐʖ ʆʞʍʅʀʏ ʌɻʍɻɿʋʔʘʏ ʆɻʅ ɻʌʇʋʌʋʅʙʎʀʅʏ ɻʌʋʐʀʇʋʞʉ ʐʂ ɼʗʎʂ ʐʋʑ 
ʂʇʀʆʐʍʋʔʂʈʅʆʋʞ ʈʋʉʐʘʇʋʑȡ 
 

¶   ɬʋ ʑɿʍʋɾʝʉʋ ɠ2 ʃʀʖʍʀʚʐɻʅ ʖʏ ʐʋ ʈʝʉʋ ʎʐʋʅʔʀʚʋ ʂʇʀʆʐʍʋʔʂʈʅʆʗ ʀʉʀʍɾʝ 
ɉʎʞʈʒʖʉɻ ʈʀ ʐʂ ʌʋʇʞ ɾʍʙɾʋʍʂ ʆʅʉʂʐʅʆʙ ɻʉʐʚɿʍɻʎʂʏ ʐʋʑ ɠ2Ɋ ʆɻʅ ʘʐʎʅ ʐʋ 
ɿʑʉɻʈʅʆʝ ʐʋʑ Nernst ʆɻʅ ʋʅ ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʚʂʎʂʏ ʀʊɻʍʐʡʉʐɻʅ 
ɻʌʋʆʇʀʅʎʐʅʆʗ ʎʐʂʉ ɻʉʐʚɿʍɻʎʂ ʋʊʀʚɿʖʎʂʏ ʐʋʑ H2 ɉʀʊʚʎʖʎʂ ρɊȢ 

¶   ɫʐʂ ʈʋʉʋɿʅʗʎʐɻʐʂ ɾʀʖʈʀʐʍʚɻȟ ʐɻ ɻʘʍʅɻ ʆɻʉʗʇʅɻ ɻʆʍʅɼʡʏ ʌʗʉʖ ɻʌʝ 
ʐʋ ʌʋʍʡɿʀʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ʀʚʉɻʅ ʈʋʉʐʀʇʋʌʋʅʂʈʘʉɻ ʖʏ ʐʘʇʀʅʋʅ 
ɻʉɻʈʀʅɾʈʘʉʋʅ ɻʉʐʅɿʍɻʎʐʙʍʀʏ (perfectly stirred  reactors ɀ PSTR) 
ʔʖʍʚʏ ʎʐʗʎʅʈʋ ɻʘʍʅʋ ʀʌʚʌʀɿʋȢ ɜʅɻ ʌʅʋ ɻʉɻʇʑʐʅʆʗ ɾʅɻ ʐʅʏ ʀʌʅɿʍʗʎʀʅʏ ʐʖʉ 
ɻʘʍʅʖʉ ʎʐʗʎʅʈʖʉ ʀʌʅʌʘɿʖʉ ɼʇʘʌʀ ɍσρɎȟ ɍσςɎȟ ɍσσɎȟ ɍςφɎȢ 

¶   ɜʅɻ ʐʅʏ ɿʅʎɿʅʗʎʐɻʐʀʏ ʆɻʅ ʐʍʅʎɿʅʗʎʐɻʐʀʏ ɾʀʖʈʀʐʍʚʀʏ ʂ ʍʋʙ ʐʖʉ ɻʀʍʚʖʉ 
ʆɻʅ ʎʐʂʉ ʗʉʋɿʋ ʆɻʅ ʐʂ ʆʗʃʋɿʋ ʀʚʉɻʅ ʈʋʉʐʀʇʋʌʋʅʂʈʘʉʂ ʖʏ  ʍʋʙ ʈʀ 
ʐɻʔʞʐʂʐɻ ʎʐɻʃʀʍʙ ʎʀ ʆʗʃʀ ʆʗʃʀʐʋ ʀʌʚʌʀɿʋ  (plug flow)  ɻɾʉʋʡʉʐɻʏ 
ʐʋ ʋʍʅɻʆʝ ʀʌʚʌʀɿʋ ʍʋʙʏ ʆɻʅ ʐʂʉ ɻʊʋʉʅʆʙ ɿʅʗʔʑʎʂ ɉɾʅɻ ɻʆʐʅʉʅʆʙ ɿʅʗʔʑʎʂ 
ʆɻʅ ʀʌʅɿʍʗʎʀʅʏ ɼʇʘʌʀ ɍστɎȟ ɍσυɎɊȢ 

¶   ɠ ʑɿʍʋɿʑʉɻʈʅʆʙ ʈʘʎɻ ʎʐʋ ʆʀʇʚ ɿʀʉ ʇɻʈɼʗʉʀʐɻʅ ʑʌʝʕʂȟ ʆɻʃʡʏ ɿʀʉ 
ʑʌʗʍʔʀʅ ʌʐʡʎʂ ʌʚʀʎʂʏ ʆɻʐʗ ʈʙʆʋʏ ʐʖʉ ʆɻʉɻʇʅʡʉ. 

¶   ɨ ʝʍʋʏ DȭArcy ʐʂʏ ʅʊʡɿʋʑʏ ʍʋʙʏ ɉʌʚʀʎʂ ɻʆʋʇʋʑʃʡʉʐɻʏ ʐʂ ʍʋʙɊ ʐʋʑ  
Dusty Gas model ɾʅɻ ʐʋ ʌʋʍʡɿʀʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ʘʔʀʅ ɻɾʉʋʂʃʀʚ ɻʒʋʞ 
ɿʀʉ ʘʔʀʅ ʎʂʈɻʉʐʅʆʙ ʀʌʅʍʍʋʙ ʎʐʂʉ ʀʊɻɾʖɾʙ ʐʖʉ ɻʌʋʐʀʇʀʎʈʗʐʖʉȢ  
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ɩʀʍʅʋʍʅʎʈʋʚ ʎʐʅʏ ʈʀʐɻʒʋʍʘʏ ʀʊɻʍʐʡʉʐɻʅ ɻʌʝ ʐɻ ʆɻʃʀʎʐʡʐɻ ʐʂʏ 
ɿʅʗʔʑʎʂʏ ʇʝɾʖ ʐʋʑ ʈʅʆʍʋʞ ʈʀɾʘʃʋʑʏ ʐʋʑ ʌʋʍʡɿʋʑʏȢ 

¶   ɠ ʎʑʇʇʋɾʙ ʅʎʋɿʑʉɻʈʅʆʋʞ ʍʀʞʈɻʐʋʏ ʀʚʉɻʅ ʈʅɻ ʆʋʅʉʙ ʌɻʍɻɿʋʔʙ ʌʋʑ 
ʀʊʂɾʀʚʐɻʅ ʎʐʋ ʝʐʅ ɿʀʉ ʇɻʈɼʗʉʋʉʐɻʅ ʑʌʝʕʂ ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʎʐɻ 
ʂʇʀʆʐʍʝɿʅɻ. 

¶   ɚʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʌʋʑ ʋʒʀʚʇʋʉʐɻʅ ʎʀ ʆʅʉʂʐʅʆʘʏ ʈʀʐɻʒʋʍʗʏ 
ʒʋʍʐʚʋʑ ʈʋʉʐʀʇʋʌʋʅʙʃʂʆɻʉ ʈʀ ʐʂʉ ʐʍʋʌʋʌʋʅʂʈʘʉʂ ʀʊʚʎʖʎʂ ʐʋʑ 
Butler  ɀ Volmer  ʆɻʅ ɿʀʉ ʀʊʀʐʗʁʀʐɻʅ ʂ ɿʅɻʉʀʈʂʈʘʉʂ ʈʀʐɻʒʋʍʗ ʒʋʍʐʚʋʑ 
ɉʂ ʋʊʀʚɿʖʎʂ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʎʑʈɼɻʚʉʀʅ ʎʐʋ ʎʞʉʋʍʋ ʐʂʏ ʐʍʅʌʇʙʏ ʒʗʎʂʏȟ ʂ 
ʋʌʋʚɻ ʀʚʉɻʅ ʈʀʅʖʈʘʉʂ ʎʐʂʉ ʀʌɻʒʙ ʂʇʀʆʐʍʋɿʚʖʉ ʆɻʅ ʐʂʏ ʈʀʈɼʍʗʉʂʏ ʐʋʑ 
ʂʇʀʆʐʍʋʇʞʐʂɊȢ ɠ ʌʍʋʎʘɾɾʅʎʂ ɻʑʐʙ ʀʊʀʐʗʁʀʐɻʅ ɻʌʝ ʐʋʉ  Zhu ɍσφɎ ʈʀ 
ʈʀɾʗʇʂ ɻʆʍʚɼʀʅɻȟ ʀʅɿʅʆʗ ɾʅɻ anode supported ʆʀʇʅʗ ʆɻʑʎʚʈʋʑȟ ʎʀ 
ɻʉʐʚʃʀʎʂ ʈʀ ʌʅʋ ʎʞʉʃʀʐʀʏ ɿʅɻʉʀʈʂʈʘʉʀʏ ʈʀʐɻʒʋʍʘʏ ʒʋʍʐʚʋʑ ʆɻʅ 
ʀʌʅʌʇʘʋʉ ʎʐʋʅʔʀʅʡɿʂ ʂʇʀʆʐʍʋʔʂʈʅʆʘʏ ʆʅʉʂʐʅʆʘʏ Ȣ 

¶ ɥʅʆʍʘʏ ʌʍʋʎʀɾɾʚʎʀʅʏ ʝʌʖʏ ʌɻʍʗʈʀʐʍʋʅ ʈʅʆʍʋɿʋʈʡʉ ʐʞʌʋʑȡ ʐʋ ʈʘɾʀʃʋʏ 
ʐʋʑ ʌʋʍʡɿʋʑʏȟ ʐʋ ʈʘɾʀʃʋʏ ʐʖʉ ʎʖʈɻʐʅɿʚʖʉ ʆɻʅ ʂ ʀʇʚʆʖʎʂ ʎʐʋ 
ʂʇʀʆʐʍʝɿʅɻ ɿʀʉ ʀʊʀʐʗʁʋʉʐɻʅ ʎʀ ɼɻʃʈʝ ɿʅɻʆʍʅʐʋʌʋʚʂʎʂʏ 

 
ɩɻʍɻʆʗʐʖ ʌɻʍɻʐʚʃʀʉʐɻʅ ʋʅ ʑʌʋʀʉʝʐʂʐʀʏ ʌʋʑ ʌɻʍʋʑʎʅʗʁʋʑʉ ɻʉɻʇʑʐʅʆʗ ʐʋ 
ʎʞʉʋʇʋ ʐʖʉ ʀʊʅʎʡʎʀʖʉ ʌʋʑ ʀʚʉɻʅ ɻʌɻʍɻʚʐʂʐʀʏ ɾʅɻ ʐʂ ʌʀʍʅɾʍɻʒʙ ʐʋʑ 
ʂʇʀʆʐʍʋʔʂʈʅʆʋʞ ʈʋʉʐʘʇʋʑȢ ɨʅ ʀʉʝʐʂʐʀʏ ɻʒʋʍʋʞʉȡ ʐʅʏ ʀʊʅʎʡʎʀʅʏ ɾʅɻ ʐʂ ʈʀʐɻʒʋʍʗ 
ʈʗʁɻʏ ʎʐɻ ʆɻʉʗʇʅɻ ɻʉʝɿʋʑ ɉʆɻʑʎʚʈʋʑɊ ʆɻʅ ʆɻʃʝɿʋʑ ɉʋʊʀʅɿʖʐʅʆʋʞȾɻʘʍɻɊ ʆɻʅ ʎʐʋ 
ʌʋʍʡɿʀʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉȟ ʘʉɻ ɻʉɻʇʑʐʅʆʝ ʈʂʔɻʉʅʎʈʝ ʌʋʑ ʌʀʍʅɾʍʗʒʀʅ ʐʂ  
ɿʅʗʔʑʎʂ ʎʐʋ ʌʋʍʡɿʀʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ɾʅɻ ʐɻ ɿʅʗʒʋʍɻ ʎʑʎʐɻʐʅʆʗȟ ʐʂʉ 
ɻʉɻʇʑʐʅʆʙ ʌʍʋʎʘɾɾʅʎʂ ʐʖʉ ɿʑʉɻʈʅʆʡʉ ɼɻʃʈʚɿʖʉ ʆɻʅ ʐʘʇʋʏ ʐʂʉ ʀʊʚʎʖʎʂ Butler ɀ 
Volmer ɾʅɻ ʐʅʏ ɿʑʉɻʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏȢ ɬʋ ʅʎʋʁʞɾʅʋ ʐʂʏ ʈʗʁɻʏ ʃɻ 
ʈʌʋʍʋʞʎʀ ʉɻ ʎʑʈʌʀʍʅʇʂʒʃʀʚ ʎʐʋ ʆʀʒʗʇɻʅʋ ʈʀ ʐʅʏ ʀʉʀʍɾʀʅɻʆʘʏ ʀʊʅʎʡʎʀʅʏ ɻʇʇʗ 
ɿʅɻʐʂʍʙʃʂʆʀ ʎʐʂʉ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ʌʀʍʅɾʍɻʒʙȢ 
ɠ ɿʅɻʈʘʍʅʎʂȟ ʐɻ ʌʀɿʚɻ ʋʍʅʎʈʋʞȟ ʋʅ ʋʍʅɻʆʘʏ ʆɻʅ ɻʍʔʅʆʘʏ ʎʑʉʃʙʆʀʏ ɿʚʉʋʉʐɻʅ ʎʐʋʑʏ 
ɻʉʐʚʎʐʋʅʔʋʑʏ ʌʚʉɻʆʀʏ ʀʊʅʎʡʎʀʖʉȢ ɬɻ ʌʀɿʚɻ ʋʍʅʎʈʋʞ ʐʂʏ ɿʅɻʈʘʍʅʎʂʏ ʀʚʉɻʅ ʀʚʐʀ 
ɻʉʋʅʔʐʗ ʌʋʑ ɿʂʇʡʉʋʉʐɻʅ ʈʀ ɻʉʋʅʔʐʘʏ ʌɻʍʀʉʃʘʎʀʅʏ ɉ Ɋȟ ʀʚʐʀ ʆʇʀʅʎʐʗ ʌʋʑ 
ɿʂʇʡʉʋʉʐɻʅ ʈʀ ʆʇʀʅʎʐʘʏ ʌɻʍʀʉʃʘʎʀʅʏ ɍ Ɏ ʙ ʀʚʉɻʅ ʘʉɻʏ ʎʑʉɿʑɻʎʈʝʏ ʐʋʑʏȢ ɨʅ 
ʋʍʅɻʆʘʏ ʎʑʉʃʙʆʀʏ ɻʌʋʐʀʇʋʞʉ ʀʌʅʌʇʘʋʉ ʀʊʅʎʡʎʀʅʏ ɾʅɻ ʉɻ ʆʇʀʚʎʋʑʉ ʐɻ ʌʀɿʚɻ 
ʋʍʅʎʈʋʞ ʐʖʉ ɼɻʎʅʆʡʉ ʀʊʅʎʡʎʀʖʉȢ ɨʅ ɻʍʔʅʆʘʏ ʎʑʉʃʙʆʀʏ ʀʚʉɻʅ ʘɾʆʑʍʀʏ ʈʀ ʐɻ 
ʌʀɿʚɻ ʋʍʅʎʈʋʞ ʐʖʉ ɿʅɻʈʀʍʅʎʈʘʉʖʉ ʈʀʐɻɼʇʂʐʡʉȢ 
ɣɻʃʅʀʍʖʈʘʉʀʏ ʀʊʅʎʡʎʀʅʏ ʈʀʐɻʐʍʋʌʙʏ ʈʀʐɻʊʞ ɿʅɻʒʋʍʀʐʅʆʡʉ ʐʞʌʖʉ 
ʎʑɾʆʀʉʐʍʡʎʀʖʉ ʆɻʅ ʈʀʍʅʆʡʉ ʌʅʘʎʀʖʉ ɉɯȟ Y, c, ʍȟ ÐiɊ ɿʀʉ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ɾʅɻ 
ʇʝɾʋʑʏ ʎʑʉʐʋʈʚɻʏȢ ɞʌʚʎʂʏ ʌɻʍʗɾʋʉʐʀʏ ʈʀʐɻʐʍʋʌʙʏ ʈʋʉʗɿʖʉ ʝʌʖʏ ɾʅɻ 
ʌɻʍʗɿʀʅɾʈɻ ʈʀʐɻʊʞ kmol ʆɻʅ mol ʀʚʐʀ ɻʌʝ ʇʀʌʐʗ ʎʀ ɿʀʑʐʀʍʝʇʀʌʐɻ ʆɻʅ ʐɻ ʇʋʅʌʗ 
ʀʊɻʅʍʘʃʂʆɻʉ ʡʎʐʀ ʋʅ ʀʊʅʎʡʎʀʅʏ ʉɻ ʀʚʉɻʅ ʌʅʋ ʀʞʆʋʇɻ ɻʉɻɾʉʡʎʅʈʀʏȢ 
 

2.3 ɳ˅ʽˋ˗ˋʶʽˌ ˃ʶˍʰ˒ˇˊʱˌ ˃ʱʸʰˌ ˁʰʽ ʵʽʱ˔ˎˋʹˌ ˋˍˇ ˉˇˊ˗ʵʶˌ ό5ǳǎǘȅ Dŀǎ 
Model). 
 
ɜʅɻ ʐʋ ɿʅɻʎɿʅʗʎʐɻʐʋ ɉς-$Ɋ ʆɻʅ ʐʍʅʎɿʅʗʎʐɻʐʋ ɉσ-D) ʈʋʉʐʘʇʋ ʂ ɻʍʔʙ ɿʅɻʐʙʍʂʎʂʏ 
ʐʖʉ ʎʐʋʅʔʀʚʖʉ ʎʐɻ ɻʘʍʅɻ ʆɻʉʗʇʅɻ ʑʌʋʇʋɾʚʁʀʐɻʅ ɻʌʝ ʐʂʉ ʍʋʙ ʎʐɻʃʀʍʙʏ 
ʐɻʔʞʐʂʐɻʏ ʈʘʎʖ ʐʂʏ ʀʊʚʎʖʎʂʏ ρυ ʈɻʁʚ ʈʀ ʐʂʉ ʀʊʚʎʖʎʂ ρφ ɾʅɻ ʐʂ ɿʅɻʐʙʍʂʎʂ ʐʂʏ 
ʋʇʅʆʙʏ ʈʗʁɻʏȢ ɜʅɻ ʐʋ ɿʅʎɿʅʗʎʐɻʐʋ ʈʋʉʐʘʇʋ ʎʀ ʋʈʋʍʍʋʙ ʆɻʅ ʆʗʃʀʐʂ ʍʋʙ ʋʅ 
ʀʊʅʎʡʎʀʅʏ ʆɻʅ ʋʅ ʈʀʐɻɼʇʂʐʘʏ ɿʅɻʈʀʍʚʁʋʉʐɻʅ ʆɻʐʗ ʐʂ ʆɻʐʀʞʃʑʉʎʂ x. ɚʌʝ ʐʂ ʎʐʅɾʈʙ 
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ʌʋʑ ʂ ʗʉʋɿʋʏ ʆɻʅ ʂ ʆʗʃʋɿʋʏ ʀʚʉɻʅ ʌɻʍʗʇʇʂʇʀʏ ɻʍʆʀʚ ʉɻ ʑʌʋʇʋɾʅʎʐʀʚ ʘʉɻ ʆɻʉʗʇʅ 
ʈʀ ʐʂʉ ɻʉʐʚʎʐʋʅʔʙ ʌɻʍʋʔʙ ɾʅɻ ʐʂ ʆʗʃʋɿʋ ʆɻʅ ʐʂʉ ʗʉʋɿʋȢ ɬɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ʌʋʑ 
ʃɻ ʌʍʋʆʞʕʋʑʉ ʃɻ ʀʚʉɻʅ ʐɻ ʚɿʅɻ ʈʀ ʐɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ɻʉ ʀʊʀʐɻʁʝʐɻʉ ʋʇʝʆʇʂʍʋ ʐʋ 
ʆʀʇʚ ʆɻʅ ɻʑʐʝ ʃɻ ɿʅʀʑʆʍʅʉʅʎʐʀʚ ʎʐʋ ʀʌʝʈʀʉʋ ʆʀʒʗʇɻʅʋȢ 
 
 
ɩʚʉɻʆɻʏ ςȢρ:ɞʊʅʎʡʎʀʅʏ ʌʋʑ ɿʅʘʌʋʑʉ ʐʅʏ ʆʞʍʅʀʏ ɿʅɻɿʅʆɻʎʚʀʏ ʈʀʐɻʒʋʍʗʏ ʎʐɻ ɻʘʍʅɻ ʐʖʉ 
ʆɻʉɻʇʅʡʉ ɉς-D ʆɻʅ σ-Dȟ ʐɻ ʋʌʋʚɻ ɿʂʇʡʉʋʉʐɻʅ ʈʀ ʐʋ chɊ ʆɻʅ ɿʅɻʈʘʎʋʑ ʎʐʋ ʌʋʍʡɿʀʏ ʐʖʉ 
ʂʇʀʆʐʍʋɿʚʖʉ ɉel) ʎʐʂʉ ʗʉʋɿʋ ɉan) ʆɻʅ ʎʐʂ ʆʗʃʋɿʋ ɉca) ɻʉʐʚʎʐʋʅʔɻȢ ɬɻ ʌʀɿʚɻ ʋʍʅʎʈʋʞ 
ʐʖʉ ʀʊʅʎʡʎʀʖʉȟ ʐʖʉ ʈʀʐɻɼʇʂʐʡʉ ɻʇʇʗ ʆɻʅ ʐʖʉ ɻʍʔʅʆʡʉ ɉɚȢɫɊ ʆɻʅ ʋʍʅɻʆʡʉ ʎʑʉʃʂʆʡʉ 
ɉɨȢɫȢɊ ʒɻʚʉʋʉʐɻʅ ʎʐʋ ʌʚʉɻʆɻ ɻʉɻʇʑʐʅʆʗȢ  
 
 

ɢʎʋʁʞɾʅʋ ʈʗʁɻʏ (kg m-3 s-1) ʐʖʉ ɻʀʍʚʖʉ ʐʂʏ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ (2-D ʆɻʅ 3-D) 
[39] : 
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MWW
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r
     ɾʅɻ k Ѐ ρ ʀʖʏ Kg  (15)    

                                                                                            ʆɻʅ ɾʅɻ k = 1 ʖʏ ɣca         
 

1, =ä
k

kchY          (16) 

 

ɚȢɫ.: in

kchkch YY ,, =   ɾʅɻ k Ѐ ρ ʖʏ Kg ɀ 1 

                                          ʆɻʅ ɾʅɻ k = 1 ʖʏ ɣca - 1 
ɩʀɿʚʋ  ʋʍʅʎʈʋʞ: 
 
¶ 2-D ʋʈʋʍʍʋʙȡ              x = (0 : lx] BFDM ɿʅɻʆʍʅʐʋʌʋʚʂʎʂ (ɾʅɻ ʗʉʋɿʋʏ ʆɻʅ 
ʆʗʃʋɿʋɊ 
 

¶ 2-D ɻʉʐʅʍʍʋʙ:  x = (0 : lx]   (BFDM, ʗʉʋɿʋʏ) ʆɻʅ x = [0 : lx) (FFDM, 
ʆʗʃʋɿʋʏ) 

 
 

¶ 3-D ʆʗʃʀʐʂ ʍʋʙ: x = (0 : lx] and y = [0 : ly] (BFDM, ʗʉʋɿʋʏ) 
                                                x = [0 : lx] and y = (0 : lyɎ ɉ"&$-ȟ ʆʗʃʋɿʋʏɊ 

ɨȢɫȢȡ ɜʅɻ k Ѐ ρ ʖʏ Kg ɀ 1 
              ʆɻʅ ɾʅɻ k = 1 ʖʏ ɣca ɀ 1 
 

¶ 2-D ʋʈʋʍʍʋʙ: ɻʉʝɿʋʑȾʆɻʃʝɿʋʑ: in

kchkch YY ,, )0( =   in

chch uu =)0(   

¶  

¶ 2-D ɻʉʐʅʍʍʋʙ:  ɻʉʝɿʋʑ: in

kchkch YY ,, )0( =   in

chch uu =)0(  

    ʆɻʃʝɿʋʑ: in

kchxkch YlY ,, )( =  in

chxch ulu =)(
 

 

¶ 3-$ ʆʗʃʀʐʂ ʍʋʙȡ ɻʉʝɿʋʑȡ in

kchkch YyY ,, ),0( =  in

chch uyu =),0(  

    ʆɻʃʝɿʋʑ: in

kchkch YxY ,, )0,( =  in

chch uxu =)0,(  
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ɫʑʉʘʔʀʅɻ ʌʚʉɻʆɻ 2.1 
 

ɥʀʐɻʒʋʍʗ ʎʐʋ ʌʋʍʡɿʀʏ ʐʂʏ ɻʉʝɿʋʑ ʆɻʅ ʐʂʏ ʆɻʃʝɿʋʑ (mol cm-3 s-1) [37]:  

kNi
kkel

sa
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µ

µ
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µ

µ ,
e           (17) 

ɚȢɫ.: 
kchkel cc ,, =  

1, =ä
k

kelX             (18) 

¶ 0=ks#  ɾʅɻ H2/H 2O/N2 ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ 

¶ ɾʅɻ Ë Ѐ ρ ʖʏ Kg 
 

ɩʀɿʚʋ ʋʍʅʎʈʋʞ: zel = (0 : del), x = [0 : lxɎ ɉɾʅɻ 2-D), y = [0 : ly] (ɾʅɻ 3-D) 
 
ɨȢɫ.:  ɾʅɻ ʗʉʋɿʋ ʆɻʅ ʆʗʃʋɿʋ 
¶ kchkel XX ,, )0( =  (ɾʅɻ k Ѐ ρ ʖʏ KgȾɣca ɀ 1 ɻʉʐʚʎʐʋʅʔɻ ) 

¶ 
optotel PP =)0(,

 

¶ 
TPBkelk rdn ## Ö=n)(  ɉɾʅɻ k Ѐ ρ ʖʏ Kg) ʝʌʋʑ ʉk ʋ ʎʐʋʅʔʀʅʋʈʀʐʍʅʆʝʏ 

ʎʑʉʐʀʇʀʎʐʙʏ ʐʂʏ ʔʂʈʅʆʙʏ ɻʉʐʚɿʍɻʎʂʏ ȡ +1 ɾʅɻ H2, -ρ ɾʅɻ H2O ʆɻʅ ϹπȢυ ɾʅɻ 
O2 ʆɻʅ π ɾʅɻ ʐɻ ɻɿʍɻʉʙ ɻʘʍʅɻ ɉʗʁʖʐʋɊȢ 

 

U f =
I totÖVm

0

2FÖÝ N an

in (XH2

in +XCO

in +4ÖXCH4

in )
    ɛɻʃʈʝʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʆɻʑʎʚʈʋʑ  ɉρωɊ    

            

 

Uo=
I totÖVm

0

4FÖÝ N ca

inÖXO2

in
                            ɛɻʃʈʝʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʋʊʑɾʝʉʋʑ         ɉςπɊ    

                                                                                                                                         

 

l=
4FÖNca

inÖXO2

in

I totÖVm

0
=

1

Uo

                     ɤʝɾʋʏ  ɻʘʍɻ ɍρφɎ                                           ɉςρɊ 

 
ɜʅɻ ʝʇɻ ʐɻ ʈʋʉʐʘʇɻ ʋʅ ʀʊʅʎʡʎʀʅʏ ɾʅɻ ʐʋ ʌʋʍʡɿʀʏ ʈʘʎʋ ʈʀʐɻʒʋʍʗʏȟ ʝʌʋʑ ʂ 
ɿʅɻʉʋʈʙ ɾʚʉʀʐɻʅ ʎʐʂ z ʆɻʐʀʞʃʑʉʎʂȟ  ɻʒʋʍʋʞʉ ɻʌʋʆʇʀʅʎʐʅʆʗ ʒɻʅʉʝʈʀʉɻ ɿʅʗʔʑʎʂʏ 
ʆɻʅ ɿʚʉʋʉʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ ρχ ʈɻʁʚ ʈʀ ʐʂʉ ʀʊʚʎʖʎʂ ρψ ɾʅɻ ʐʋ ʎʑʉʋʇʅʆʝ 
ʅʎʋʁʞɾʅʋ ʈʗʁɻʏȢ ɨʅ ʈʋʍʅɻʆʘʏ ʌɻʍʋʔʘʏ ɾʅɻ ʆʗʃʀ  ʎʐʋʅʔʀʚʋ  ʑʌʋʇʋɾʚʁʋʉʐɻʅ ɻʌʝ ʐʋ 

ʈʋʉʐʘʇʋ $ÕÓÔÙ Gas ʈʘʎʖ ʐʂʏ ʎʔʘʎʂʏ ʌʋʑ ɿʅʘʌʀʅ ʐʂ ʈʀʐɻɼʋʇʙ ʐʖʉ 
ʎʑɾʆʀʉʐʍʡʎʀʖʉ ʈʘʎɻ ʎʐʋ ʌʋʍʡɿʀʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ʌʋʑ ʌʀʍʅɾʍʗʒʀʐɻʅ ʎʐʂʉ 
ʀʊʚʎʖʎʂ ςς ʆɻʅ ʀʊɻʍʐʗʐɻʅ ɻʌʝ ʐʅʏ ʋʍʅɻʆʘʏ ʎʑʉʃʙʆʀʏ ʎʐʂʉ ɿʅʀʌɻʒʙ ʈʀʐɻʊʞ 
ʂʇʀʆʐʍʋɿʚʋʑ ʆɻʅ ʐʂʏ ʈʀʈɼʍʗʉʂʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂȢ ɨʅ ʌɻʍɻʌʗʉʖ ʎʑʉɿʘʋʑʉ ʐʋ 
ʈʋʉʐʘʇʋ ʐʂʏ ʈʀʐɻʒʋʍʗʏ ʈʗʁɻʏ ʈʀ ʐʋ ʂʇʀʆʐʍʋʔʂʈʅʆʝ ʈʋʉʐʘʇʋ ʈʘʎʖ ʐʋʑ ʉʝʈʋʑ 
ʐʋʑ Faraday ʎʐʂʉ ʀʊʚʎʖʎʂ σς ʎʐʂʉ ʀʌʝʈʀʉʂ ʌɻʍʗɾʍɻʒʋȢ  
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ɫʔʙʈɻ 2.3: ɣɻʐɻʉʋʈʙ ʈʀʍʅʆʡʉ ʌʅʘʎʀʖʉ ɿʅɻʈʘʎʋʑ ʐʋʑ ʌʋʍʡɿʋʑʏ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ɾʅɻ 
ʐʋ ɻʉʋɿʅʆʝ ɠ2Ⱦɠ2ɨ ʆɻʅ ʆɻʃʋɿʅʆʝ ɨ2Ⱦɦ2 ʎʞʎʐʂʈɻ ɉʎʐʂ ʈʚɻ ɿʅʗʎʐɻʎʂɊ ɍϋφɎȢ 

 
ɨ ʈʂʔɻʉʅʎʈʝʏ ʐʂʏ ɿʅʗʔʑʎʂʏ ʎʐʋ ʌʋʍʡɿʀʏ ʌʍʋʎɿʅʋʍʚʁʀʅ ʐʂʉ ʂʇʀʆʐʍʋʔʂʈʅʆʙ 
ɿʅɻɿʅʆɻʎʚɻ ʌʋʑ ʌʍɻɾʈɻʐʋʌʋʅʀʚʐɻʅ ʎʐʂʉ ʎʞʉʋʍʋ ʐʂʏ ʐʍʅʌʇʙʏ ʒʗʎʂʏ ɉTPBɊ ʆɻʅ 
ʎʐʋ ʎʞʎʐʂʈɻ ʐʖʉ ɻʘʍʅʖʉ ʆɻʉɻʇʅʡʉ ʌʗʉʖ ɻʌʝ ʐɻ ʂʇʀʆʐʍʝɿʅɻ ʝʌʋʑ ʂ ʆʑʕʘʇʂ 
ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʐʍʋʒʋɿʋʐʀʚʐɻʅ ʈʀ ʆɻʞʎʅʈʋ ʆɻʅ ʋʊʀʅɿʖʐʅʆʝȢ ɬʋ ʎʔʙʈɻ ςȢσ 
ʌɻʍʋʑʎʅʗʁʀʅ ʐʂ ʆɻʐɻʉʋʈʙ ʐʖʉ ʈʀʍʅʆʡʉ ʌʅʘʎʀʖʉ ʐʋʑ H2 ʆɻʅ ʐʋʑ ɠ2ɨ ɻʘʍʅʋʑ 
ʆɻʑʎʚʈʋʑ ɿʅɻʈʘʎʋʑ ʎʐʂʉ ʗʉʋɿʋ ʆɻʅ ʐʋʑ ɨ2 ʆɻʅ ʐʋʑ ɦ2 ʋʊʀʅɿʖʐʅʆʋʞ ɻʀʍʚʋʑ 
ɿʅɻʈʘʎʋʑ ʎʐʂʉ ʆʗʃʋɿʋȢ 
ɬʋ $ÕÓÔÙ 'ÁÓ ÍÏÄÅÌ ʌʋʑ ɻʉɻʌʐʞʔʃʂʆʀ ɻʌʝ ʐʋʉ Mason ʆɻʅ ʐʋʉ Malinauskas [38] 
ɿʚʉʀʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ ςς ʂ ʋʌʋʚɻ ʑʌʋʇʋɾʚʁʀʅ ʐʅʏ ʈʋʍʅɻʆʘʏ ʍʋʘʏ ʆʗʃʀ 
ʎʑʎʐɻʐʅʆʋʞ  ʐʖʉ ʀʊʅʎʡʎʀʖʉ ρχȢ ɬʋ DGM (Dusty Gas model) ʎʙʈʀʍɻ 

ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ʎʐɻ ʌʅʋ ɻʉɻʇʑʐʅʆʗ ʈʋʉʐʘʇɻ ʌʀʍʅɾʍɻʒʙʏ ʆʑʕʀʇʡʉ ʆɻʑʎʚʈʋʑ ʆɻʅ 
ʎʀ ʎʔʘʎʂ ʈʀ ʐʂ ɿʅɻʒʋʍʀʐʅʆʙ ʌʍʋʎʘɾɾʅʎʂ ʐʋʑ Suwanwarangkul ɍσωɎ ʐʋ ʌʍʡʐʋ 
ʌʍʋʆʞʌʐʀʅ ʌʅʋ ʀʒɻʍʈʝʎʅʈʋ ʆɻʅ ɻʌʋɿʀʆʐʝ ɾʅɻ ʐʂ ʈʋʉʐʀʇʋʌʋʚʂʎʂ ʈʅɻʏ SOFC. 
ɨʅ ɿʑɻɿʅʆʋʚ ʎʑʉʐʀʇʀʎʐʘʏ ɿʅʗʔʑʎʂʏ ɿʚʉʋʉʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ ςσ ʆɻʅ 
ʑʌʋʇʋɾʚʁʋʉʐɻʅ ʎʞʈʒʖʉɻ ʈʀ ʐʋʉ Fulller ɍτπɎȟ ɍτρɎ ʂ ʋʌʋʚɻ ʌʍʋʆʞʌʐʀʅ ʖʏ ʂ ʌʅʋ 
ɻʆʍʅɼʙʏ ʈʘʃʋɿʋʏ ɾʅɻ ʎʑʉʃʙʆʀʏ ʈʅɻʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ 
ɻʌʝ ʐʋʑʏ Todd and 9ÏÕÎÇ ɍτςɎȢ ɜʅɻ ʐʋʑʏ Knudsen ʎʑʉʐʀʇʀʎʐʘʏ ɿʅʗʔʑʎʂʏȟ ʋʅ 
ʋʌʋʚʋʅ ɿʚʉʋʉʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ ςυ ʆɻʅ ʌʍʋʘʍʔʋʉʐɻʅ ɻʌʝ ʐʋʉ Mills [43] , 
ʀʊɻʍʐʡʉʐɻʅ ɻʌʝ ʐʂ ɿʅʗʈʀʐʍʋ ʐʋʑ ʌʋʍʡɿʋʑʏ ʆɻʅ ʐʂ ɿʅʗʔʑʎʂ Knudsen ʂ ʋʌʋʚɻ 
ʈʌʋʍʘʅ ʉɻ ʀʚʉɻʅ ʎʂʈɻʉʐʅʆʙ ɾʅɻ ɿʅɻʈʘʐʍʋʑʏ ʌʋʍʡɿʋʑʏ ʆʗʐʖ ɻʌʝ ʘʉɻ ρ ʈm. ɷʇʋʅ 
ʋʅ ʎʑʉʐʀʇʀʎʐʘʏ ɿʅʗʔʑʎʂʏ ɿʅʋʍʃʡʉʋʉʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ ρχ ɻʌʝ ʐʅʏ ʅɿʅʝʐʂʐʀʏ 
ʐʋʑ ʌʋʍʡɿʋʑʏ ʆɻʅ ʐʂʏ ʀʇʚʆʖʎʂʏ ɾʅɻ ʐʋʉ ʑʌʋʇʋɾʅʎʈʝ ʐʖʉ ʀʇʀʞʃʀʍʖʉ ɻʘʍʅʖʉ 
ɿʅɻɿʍʝʈʖʉ ʎʐʋʑʏ ʌʝʍʋʑʏȢ ɫʞʈʒʖʉɻ ʈʀ ʐʋʉ Haberman ʆɻʅ ʐʋʉ Young [44] , ʂ 
ʀʇʚʆʖʎʂ ʀʌʂʍʀʗʁʀʅ ʎʐʋ ʐʀʐʍʗɾʖʉʋ ʐÏʑʏ ʀʉʀʍɾʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ ɿʅʗʔʑʎʂʏȟ ʝʌʋʑ 
ɻʍɾʝʐʀʍɻ ʀʌʅɼʀɼɻʅʡʃʂʆʀ ʆɻʅ ʀʒɻʍʈʝʎʐʂʆʀ ɻʌʝ ʐʋʉ DeCaluwe [45]. 
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ɩʚʉɻʆɻʏ ςȢς: ɞʊʅʎʡʎʀʅʏ ʆɻʅ ʌɻʍʗʈʀʐʍʋʅ ɾʅɻ ʐʋʉ ʑʌʋʇʋɾʅʎʈʝ ʐʋʑ ʈʋʉʐʘʇʋʑ DGM 
(Dusty Gas Diffusion model)ȟ ʐʖʉ ɿʑɻɿʅʆʡʉ ʎʑʉʐʀʇʀʎʐʡʉ ʆɻʅ ʐʖʉ ʎʑʉʐʀʇʀʎʐʡʉ 
ɿʅʗʔʑʎʂʏ Knudsen. ɷʇʀʏ ʋʅ ʀʊʅʎʡʎʀʅʏ ʆɻʅ ʋʅ ʈʀʐɻɼʇʂʐʘʏ ʀʚʉɻʅ ɿʅɻʈʀʍʅʎʈʘʉʀʏ ʎʐʋ ʆʇʀʅʎʐʝ 
ʌʀɿʚʋ ʋʍʅʎʈʋʞ zel = [0 : del], x = [0 : lx] (ɾʅɻ 2-D), y = [0 : ly] (ɾʅɻ 3-D).  ɭʌʋʇʋɾʚʁʋʑʉ ɾʅɻ 
ʐʂʉ ʗʉʋɿʋ ʆɻʅ ʐʂʉ ʆʗʃʋɿʋ ɾʅɻ ʆʗʃʀ ʎʑʎʐɻʐʅʆʝ ɻʌʝ for k,j Ѐ ρ ʀʡʏ KgȾɣca ɻʉʐʚʎʐʋʅʔɻȢ  

 

ɞʊʚʎʖʎʂ DGM (mol cm-4) [73] ʔʖʍʚʏ ʐʋʉ ʝʍʋ ʐʂʏ ʅʊʡɿʋʑʏ ʍʋʙʏ: 
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ɳʆʒʍɻʎʂ Fuller [27] ɾʅɻ ʐʋʉ ɿʑɻɿʅʆʝ ʎʑʉʐʀʇʀʎʐʙ ɿʅʗʔʑʎʂʏ (cm2 s-1): 
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ɷɾʆʋʅ ɿʅʗʔʑʎʂʏ ʆɻʐʗ Fuller [28]: 
H2: 6.12, H2O: 13.1, CH4: 25.14, CO2: 26.7, CO: 18.0, O2: 16.3, N2: 18.5 

ɝʑɻɿʅʆʝ ʈʋʍʅɻʆʝ ɼʗʍʋʏ ɾʅɻ ʐʋʑʏ ɿʑɻɿʅʆʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ ɿʅʗʔʑʎʂʏ 
ʑʌʋʇʋɾʅʎʈʘʉʋ ʆɻʐʗ Fuller [28] : 
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ɫʑʉʐʀʇʀʎʐʘʏ ɿʅʗʔʑʎʂʏ Knudsen  ʋʍʅʎʈʘʉʂ ɻʌʝ ʐʂʉ ʆʅʉʂʐʅʆʙ ʃʀʖʍʚɻ [29]: 
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2.4 ɰʰʻ˃ʾʵʶˌ ʵˎ˄ʰ˃ʽˁˇˏ ˁʰʽ ʹ˂ʶˁˍˊʽˁˈ ˊʶˏ˃ʰ 
 
ɠ ʌʍʋʎʘɾɾʅʎʂ ɼɻʃʈʚɿʖʉ ɿʑʉɻʈʅʆʋʞ ɾʅɻ ʐʋʉ ʑʌʋʇʋɾʅʎʈʝ ʐʖʉ ɻʌʖʇʀʅʡʉ ʌʋʑ 
ʀʈʒɻʉʚʁʋʉʐɻʅ ʆɻʐʗ ʐʂ ʇʀʅʐʋʑʍɾʚɻ ʐʋʑ ʆʀʇʅʋʞ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʈʀ ʇʀʌʐʋʈʘʍʀʅɻ 
ʎʐʂʉ ʀʅʎɻɾʖɾʙ ʎʐʋ ʆʀʒʗʇɻʅʋ ςȢρȢ ɜʅɻ ʐʂ ʎʑɾʆʀʆʍʅʈʘʉʂ ʈʋʉʐʀʇʋʌʋʚʂʎʂ ɿʀʉ 
ʀʒɻʍʈʝʁʀʐɻʅ ʆɻʐɻʉʋʈʙ ʈʀʐɻʒʋʍʗʏ ʒʋʍʐʚʋʑȟ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʂ ʈʀʐɻʒʋʍʗ 
ʒʋʍʐʚʋʑ ʆɻʅ ʋʅ ɼɻʃʈʚɿʀʏ ɿʑʉɻʈʅʆʋʞ ʉɻ ʌʍɻɾʈɻʐʋʌʋʅʋʞʉʐɻʅ ʎʑɾʆʀʉʐʍʖʈʘʉʀʏ ʎʐʂ 
ɿʅʀʌɻʒʙ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ɉNi-YSZ ɻʉʝɿʋʑ ʙ LSM ʆɻʃʝɿʋʑɊ ʆɻʅ ʎʐʂ ʈʀʈɼʍʗʉʂ 
ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ʝʌʖʏ ʋʍʚʁʀʅ ʂ ʌɻʍɻɿʋʔʙ  ʎʐʋ ʎʞʉʋʍʋ ʐʍʅʌʇʙʏ ʒʗʎʂʏȢ ɨʅ 
ʀʊʅʎʡʎʀʅʏ ɾʅɻ ʐʋ ʂʇʀʆʐʍʋʔʂʈʅʆʝ ʈʋʉʐʘʇʋ ɿʚʉʋʉʐɻʅ ʎʐʋ ʌʚʉɻʆɻ ςȢσȢ ɬʋ ʎʑʉʋʇʅʆʝ 
ʍʀʞʈɻ ʐʋʑ ʆʀʇʅʋʞȟ ʐʋ ʋʌʋʚʋ ʑʌʋʇʋɾʚʁʀʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ ςω ʀʚʉɻʅ ʐʋ ɾʅʉʝʈʀʉʋ 
ʐʂʏ ʈʘʎʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ jmean ʀʌʚ ʐʂʏ ʀʉʀʍɾʗ ʂʇʀʆʐʍʋʔʂʈʅʆʙʏ ʀʌʅʒʗʉʀʅɻʏ 
ʐʂʏ ʆʑʕʘʇʂʏȢ  
ɠ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʅʎʋʞʐɻʅ ʈʀ ʐʂʉ ʋʇʋʆʇʙʍʖʎʂ ʐʖʉ ʐʋʌʅʆʡʉ 
ʍʀʑʈʗʐʖʉ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ʌʍʋʏ ʐʋ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ ɬʋ ʐʋʌʅʆʝ ʍʀʞʈɻ 
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ɻʉɻʒʘʍʀʐɻʅ ʎʐʂʉ ʎʐʋʅʔʀʅʡɿʂ ʀʌʅʒʗʉʀʅɻ ʐʂʏ ɿʅɻʈʘʍʅʎʂʏ ʆɻʅ ʌʍʋʘʍʔʀʐɻʅ ɻʌʝ ɿʑʋ 
ɿʅɻʒʋʍʀʐʅʆʘʏ ʌʂɾʘʏ ɉʀʊʚʎʖʎʂ σρɊ ʆɻʐʗ ʐʂʉ ʈʀʐɻɼɻʐʅʆʙ ʇʀʅʐʋʑʍɾʚɻȢ ɠ 
ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʐʋʑ ʂʇʀʆʐʍʅʆʋʞ ɿʅʌʇʋʞ ʀʌʅʌʘɿʋʑ ʀʊɻʍʐʗʐɻʅ ɻʌʝ ʐʅʏ ɿʅʌʇʋʞ  
 
 
ɩʚʉɻʆɻʏ ςȢσȡ ɞʊʅʎʡʎʀʅʏ ɾʅɻ ʐʋ ʂʇʀʆʐʍʋʔʂʈʅʆʝ ʈʋʉʐʘʇʋɍυɎȢ ɷʇʀʏ ʋʅ ʀʊʅʎʡʎʀʅʏ ʆɻʅ ʋʅ 
ʈʀʐɻɼʇʂʐʘʏ ʀʚʉɻʅ ɿʅɻʈʀʍʅʎʈʘʉʀʏ ʎʐʋ ʆʇʀʅʎʐʝ ʌʀɿʚʋ ʋʍʅʎʈʋʞ x = [0 : lxɎ ɉɾʅɻ ς-DɊ ʆɻʅ y = 
[0 : lyɎ ɉɾʅɻ σ-D)Ȣ ɭʌʋʇʋɾʚʁʋʑʉ ʐʅʏ ɻʉʝɿʋʑ (el = an) ʆɻʅ ʐʅʏ ʆɻʃʝɿʋʑ (el = ca). 
 

ɬʗʎʂ ʆʀʇʅʋʞ ɉʎʀ V) ɿʀʉ ɿʅɻʈʀʍʚʁʀʐɻʅ ʇʝɾʖ ʐʂʏ ʌɻʍɻɿʋʔʙʏ ɾʅɻ ʐʋ ʅʎʋɿʑʉɻʈʅʆʝ: 
Ecell =  ɮe,ca - ɮe,an        (5) 

ɨȢɫȢȡ ɮe,ca = 0 

ɛɻʃʈʚɿɻ ɿʑʉɻʈʅʆʋʞ ʈʀʐɻʊʞ ʂʇʀʆʍʋʉʚʖʉ ɉeɊ ʆɻʅ ʅʋʉʐʅʆʡʉ (i) ɻɾʡɾʅʈʖʉ ʒʗʎʀʖʉ 
(ʎʀ V): 
ɝɮel =  ɮe,el - ɮi,el         (6,7) 
ɨȢɫ.: ɮi,an = ɮi,ca + RohmϽ j 

ɝʅɻʒʋʍʗ ɿʑʉɻʈʅʆʋʞ ʎʐʂ ʆʗʃʋɿʋ ʎʐʋ ʈʅʎʝ ʆʀʇʚ ɉʎʀ VɊ Ɋ ɾʅɻ ʐʋ ʈʅʎʝ ʆʋʈʈʗʐʅ ʐʂʏ 
ɻʉʐʚɿʍɻʎʂʏ ʎʐʂʉ ʀʊʚʎʖʎʂ ψȡ 
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ɩʐʡʎʂ ɿʑʉɻʈʅʆʋʞ ʎʐʂ ʗʉʋɿʋ ʎʐʋ ʈʅʎʝ ʆʀʇʚ ɉʎʀ VɊ  ɾʅɻ ʐʋ ʈʅʎʝ ʆʋʈʈʗʐʅ ʐʂʏ 
ɻʉʐʚɿʍɻʎʂʏ ʎʐʂʉ ʀʊʚʎʖʎʂ ρπȡ 
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ɚʍʔʅʆʙ ʂʇʀʆʐʍʀɾʀʍʐʅʆʙ ɿʞʉɻʈʂ ɉʎʀ V) ʎʀ ʎʐɻʃʀʍʙ ʌʚʀʎʂ ʀʊɻʍʐʡʈʀʉʂ ʈʝʉʋ ɻʌʝ 
ʐʂ ʃʀʍʈʋʆʍɻʎʚɻȡ 
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ʈʀ elelel STHG D-D=D
0

         (27) 

ɝʑʉɻʈʅʆʝ ʐʋʑ Nernst (ʎʀ V) ʐʂʏ ʐʋʌʅʆʙʏ ʂʇʀʆʐʍʋʔʂʈʅʆʙʏ ɻʉʐʚɿʍɻʎʂʏ 
ʋʊʀʚɿʖʎʂʏ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʎʐʂʉ ʀʊʚʎʖʎʂ ρȡ 

aneqcaeqNernstE ,, DF-DF=                      (28)  

ɫʔʘʎʂ ʈʀʐɻʊʞ ɻʌʖʇʀʅʡʉ ʀʉʀʍɾʌʋʅʙʎʀʖʏ ɉʎʀ V) ʆɻʅ ɼɻʃʈʚɿʖʉ ɿʑʉɻʈʅʆʋʞ ȡ 

eleqelela ct ,, DF-DF=h                   (12, 13) 

ɨʇʅʆʝ ʍʀʞʈɻ ʆʀʇʅʋʞ ɉʎʀ A): 
         

 

I tot=jÖAcell  ɾʅɻ ς-$ ʆɻʅ 3D                                                                                   (29) 

ɥʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ (ʎʀ A cm-2): 

 

j =jmean=
1

lcell

j (x)
0

lcell

ñ dx                                                                                     (30) 
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d j

dt
=acurrentÖstocurrent       ȟ ʝʌʋʑ ɻcurrent  ʋ ʍʑʃʈʝʏ ɻʞʊʂʎʂʏ ʐʋʑ ʍʀʞʈɻʐʋʏ 

ɚȢɫȢȡ 

 

j =0                                                                                                                      

ʈʀ ʐʋʌʅʆʙ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏȡ

 

j =jF,el+jdl,el                                     (31)           

 
 
ɫʑʉʘʔʀʅɻ ʌʚʉɻʆɻ 2.3 
 

ɨ ʉʝʈʋʏ ʐʋʑ Faraday ʎʀ ʎʑʉʗʍʐʂʎʂ ʈʀ ʐʋʉ ʂʇʀʆʐʍʋʔʂʈʅʆʝ ʍʑʃʈʝ ɻʉʐʚɿʍɻʎʂʏ 
ʆɻʅ ʐʂʉ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʐʋʑ Faraday (ʎʀ mol cm-2 s-1): 

F

j
r F
TPB 2
=#          (32) 

ɝʅɻʒʋʍʗ ɿʑʉɻʈʅʆʋʞ ʎʐʂ ʆʗʃʋɿʋ ʎʐʋ ʈʅʎʝ ʆʀʇʚ ʎʐo TPB ɉʎʀ V): 

 

DFeq,ca,TPB =E
O2 /O2-
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                                                        (34) 

ɩʐʡʎʂ ɿʑʉɻʈʅʆʋʞ ʎʐʂ ʗʉʋɿʋ ʎʐʋ ʈʅʎʝ ʆʀʇʚ  ʎʐʋ ɬPB ɉʎʀ V)  

 

DFeq,an,TPB =EH2O / H2

0 -
RT

2F
ln

pH2,TPBÖaO2-

pH2O,TPBÖaVO
¶¶
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æ 
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÷ 

ö 
ö 
                                                        (35) 

ɝʑʉɻʈʅʆʝ ʐʋʑ Nernst (ʎʀ V) ʐʂʏ ʐʋʌʅʆʙʏ ʂʇʀʆʐʍʋʔʂʈʅʆʙʏ ɻʉʐʚɿʍɻʎʂʏ 
ʋʊʀʚɿʖʎʂʏ ʈʀʐɻʊʞ ʐʋʑ ɬPB ʐʂʏ ʆɻʃʝɿʋʑ ʆɻʅ ʐʂʏ ɻʉʝɿʋʑ: 
 

 

ENernst,TPB=DFeq,ca,TPB-DFeq,an,TPB                                                                          (36) 

ɞʊʚʎʖʎʂ ʑʌʋʇʋɾʅʎʈʋʞ ɻʌʖʇʀʅʡʉ ɿʅʗʔʑʎʂʏ ɉʎʀ V): 

 

hconc=ENernst-ENernst,TPB                                                                                            (37) 

ɱʈʅʆʙ ɻʉʐʚʎʐɻʎʂ ɉʎʀ Ohm cm2) ɿʅɻʈʘʎʋʑ ʐʂʏ ʈʀʈɼʍʗʉʂʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂȡ 

i

eelectr olyt

ohm

d
R

s
=                      (38) 

ɚɾʖɾʅʈʝʐʂʐɻ ʂʇʀʆʐʍʋʇʞʐʂ (ʎʀ S cm-1)[72]:  

ö
ö

÷

õ

æ
æ

ç

å
-=

TR

E

T g

i

i exp0ss                                                                                     (39) 

ʈʀ 

 

so=3.6Ö105SÖK-1cm-1 ʆɻʅ 

 

Ei =80000JÖmol-1K-1                 

 
ʀʌʅʌʘɿʋʑ ʔʖʍʂʐʅʆʝʐʂʐʀʏ ɉʒɻʅʉʝʈʀʉɻ ʌʑʆʉʖʐʙ ʎʐʋ ʆʀʇʚɊ  ʆɻʅ ʑʒʚʎʐɻʐɻʅ ʈʝʉʋ ʎʀ 
ɻʇʇɻɾʘʏ ʐʖʉ ɿʑʉɻʈʅʆʡʉ ɼɻʃʈʚɿʖʉ ʎʐʋ ʈʅʎʝ ʐʋʑ ʆʀʇʅʋʞȢ ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʌʋʑ 
ʀʊʀʐʗʁʀʐɻʅ ɿʀʉ ʃɻ ʇʂʒʃʀʚ ʑʌʝʕʂ ʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʐʋʑ ɿʅʌʇʋʞ ʀʌʅʌʘɿʋʑ 
[70]. ɬʋ ʍʘʑʈɻ ʐʋʑ Farady ɢf ʀʚʉɻʅ ʗʈʀʎɻ ɻʉʗʇʋɾʋ ʐʋʑ ʂʇʀʆʐʍʋʔʂʈʅʆʋʞ ʍʑʃʈʋʞ 
ʐʂʏ ɻʉʐʚɿʍɻʎʂʏ ʌʋʑ ɿʚʉʀʐɻʅ ɻʌʝ ʐʋʉ ʋʈʡʉʑʈʋ ʉʝʈʋ ʎʐʂʉ ʀʊʚʎʖʎʂ σςȢ  
ɥʀ ʐʂʉ ʀʊʚʎʖʎʂ σφ ʑʌʋʇʋɾʚʁʋʉʐɻʅ ʘʈʈʀʎɻ ʋʅ ɻʌʡʇʀʅʀʏ ʎʑɾʆʘʉʐʍʖʎʂʏ ʆɻʅ ʈʀ 
ʐʂʉ ʖʈʅʆʙ ɻʉʐʚʎʐɻʎʂ ɉʀʊʚʎʖʎʂ σψȟ σωɊ ʑʌʋʇʋɾʚʁʋʉʐɻʅ ʋʅ ʖʈʅʆʘʏ ɻʉʐʅʎʐʗʎʀʅʏ 
ʚʎʀʏ ʈʀ ʐʋ ɾʅʉʝʈʀʉʋ ʐʂʏ ɻʉʐʚʎʐɻʎʂʏ ʀʌʚ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʑʈɻʐʋʏ. ɞʌʚʎʂʏ ʂ 
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ʐʗʎʂ ʐʋʑ ʆʀʇʅʋʞ ɿʀʉ ɿʅɻʉʘʈʀʐɻʅ ʇʝɾʖ ʐʂʏ ʌɻʍɻɿʋʔʙʏ ʅʎʋɿʑʉɻʈʅʆʝʐʂʐɻʏ ʎʐʋ 
ʆʀʇʚȢ 
ɠ Butler-Volmer ʀʊʚʎʖʎʂ ɉʀʊʚʎʖʎʂ τπɊ ʎʑʎʔʀʐʚʁʀʅ ʐʅʏ ɻʌʡʇʀʅʀʏ ɿʑʉɻʈʅʆʋʞ 
ʇʝɾʖ ʐʂʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʂact  ʈʀ ʐʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ Faraday jFȢ  ɫʐʋ 
ʈʋʉʐʘʇʋ ʌʋʑ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʔʍʂʎʅʈʋʌʋʅʙʃʂʆʀ ʈʅɻ ʐʍʋʌʋʌʋʅʂʈʘʉʂ ʘʆɿʋʎʂ 
Butler-Volmer ʌʋʑ ɻʉɻʌʐʞʔʃʂʆʀ ɻʌʝ ʐʋʉ Zhu [46]  ,  ʌʋʑ ʌɻʍʙɾɻɾʀ ʀʆʒʍʗʎʀʅʏ 
ɾʅɻ ʐʅʏ ʌʑʆʉʝʐʂʐʀʏ ʍʀʑʈʗʐʖʉ ɻʉʐɻʇʇɻɾʙʏ j0,el ʎʐʅʏ ʀʊʅʎʡʎʀʅʏ τρ ʆɻʅ τσ ɻʌʝ 
ʎʐʋʅʔʀʅʡɿʀʅʏ ʂʇʀʆʐʍʋʔʂʈʅʆʘʏ ʆʅʉʂʐʅʆʘʏ ɾʅɻ ʐʋ ʑʌʋʐʅʃʘʈʀʉʋ ʌʀʍʅʋʍʅʎʐʅʆʝ ʍʑʃʈʝ 
ɻʉʐʅɿʍʗʎʀʖʉ ʎʀ ʆʗʃʀ ɼɻʃʈʚɿɻ ɉʌʚʉɻʆɻʏ ςȢτɊȢ 
 
ɩʚʉɻʆɻʏ 2.4: ɞʊʅʎʡʎʀʅʏ ʆɻʅ ʌɻʍʗʈʀʐʍʋʅ ʐʂʏ ʐʍʋʌʋʌʋʅʂʈʘʉʂʏ ʘʆɿʋʎʂʏ Butler-Volmer  
ɾʅɻ ʐʅʏ ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʌʋʑ ʎʑʈɼɻʚʉʋʑʉ ʎʐʂ ʈʀʐɻʒʋʍʗ ʐʋʑ ʒʋʍʐʚʋʑ ɍτφɎȢ 
ɷʇʀʏ ʋʅ ʀʊʅʎʡʎʀʅʏ ʆɻʅ ʋʅ ʈʀʐɻɼʇʂʐʘʏ ɿʅɻʈʀʍʚʁʋʉʐɻʅ ʎʐʋ ʆʇʀʅʎʐʝ ʌʀɿʚʋ ʋʍʅʎʈʋʞ x = [0 : lx] 
ɉɾʅɻ ς-DɊ ʆɻʅ y = [0 : ly] (ɾʅɻ ʐʋ 3-D). ɭʌʋʇʋɾʚʁʋʑʉ ʐʅʏ ʆɻʃʝɿʋʑ ɉel=ca) ʆɻʅ ʐʅʏ 
ɻʉʝɿʋʑɉel=an). 
 

ɞʊʚʎʖʎʂ "ÕÔÌÅÒ-Volmer  (A cm-2): 
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       (40) 

ʈʀ ɻan,el = 1.5 ʆɻʅ ɻca,el = 0.5 

ɩʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ɻʉʐɻʇʇɻɾʙʏ ɻʉʝɿʋʑ (A cm-2):  
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ʈʀ AH2 = 5.59E+19 cm2 mol-1 s-1, ɜ = 2.6E+9 mol cm-2, des

HE
2
 = 88120 J mol-1, ɾ0 = 

0.01, kH2 = 207000 A cm-2, EH2 = 87800 J mol-1 

ɩʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ɻʉʐɻʇʇɻɾʙʏ ʆɻʃʝɿʋʑ(A cm-2): 
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ʈʀ )exp(
222

TREAp g

des

OOO -=*            ʎʀ atm    (44) 

ʈʀ AO2 = 4.9E+8 atm, des

OE
2

 = 200000 J mol-1, kO2 = 51900 A cm-2, EO2 = 88600 J 

mol-1 
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ɼʶ˒ʱ˂ʰʽˇ 3 
 

ʻɳʄɾɹɼʁ ɾʁɿʆɳɽʁ 
 
оΦм ʃʶˊʽʴˊʰ˒ʺ ʻʶˊ˃ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ  
 
 
 
ɬʋ ʃʀʍʈʅʆʝ ʈʋʉʐʘʇʋ ʌʋʑ ɻʉɻʌʐʞʔʃʂʆʀ ʎʐʋ ʌʍʋɾʍɻʈʈɻʐʅʎʐʅʆʝ ʌʀʍʅɼʗʇʇʋʉ 

gProms ʌʀʍʅɾʍʗʒʀʅ ʐʂʉ ʃʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐɻʉʋʈʙ ʎʐʂ ʈʀʈɼʍʗʉʂ ʐʋʑ 
ʂʇʀʆʐʍʋʇʞʐʂ ɉʈɻʁʚ ʈʀ ʐɻ ʂʇʀʆʐʍʝɿʅɻɊ ɻʇʇʗ ʆɻʅ ʎʐɻ ʑʌʝʇʋʅʌɻ ʎʐʋʅʔʀʚɻ ɉɻʘʍʅɻȟ 
ɿʅʌʋʇʅʆʙ ʌʇʗʆɻɊ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑȢ ɠ ʌʀʍʅɾʍɻʒʙ ʃɻ ɾʚʉʀʅ 
ʈʋʉʋɿʅʗʎʐɻʐɻ ʎʐʂʉ ʆɻʐʀʞʃʑʉʎʂ x ɻʉ ʆɻʅ ʃɻ ɻʉɻʒʘʍʀʐɻʅ ʖʏ ɿʅʎɿʅʗʎʐɻʐʋ 
ʈʋʉʐʘʇʋ ɻʒʋʞ ʃɻ ʑʒʚʎʐɻʐɻʅ ʆɻʅ ʂ ʈʀʐɻɼʋʇʙ ʐʖʉ ʎʑɾʆʀʉʐʍʡʎʀʖʉ ʆɻʐʗ z. 
ɚʉʐʚʎʐʋʅʔɻ ʂ ʌʀʍʅɾʍɻʒʙ ʎʀ ɿʅʎɿʅʗʎʐɻʐʂ ʆɻʐɻʉʋʈʙ ʃɻ ʀʊʀʐɻʎʐʀʚ ʆɻʐʗ ʐʅʏ 
ɿʅʀʑʃʞʉʎʀʅʏ x ʆɻʅ y ʌʋʑ ʎʀ ɻʑʐʙ ʐʂ ʌʀʍʚʌʐʖʎʂ ʃɻ ɻʉɻʒʘʍʀʐɻʅ ʖʏ ʐʍʅʎɿʅʗʎʐɻʐʂ 
ʈʀʇʘʐʂȢ ɩɻʍɻʆʗʐʖ ʃɻ ʀʊʀʐɻʎʐʀʚ ʂ ɾʀʉʅʆʙ ʌʀʍʚʌʐʖʎʂ ʀʊʅʎʡʎʀʖʉ ʌʋʑ ʃɻ ʑʌʗʍʔʀʅ 
ʂ ɿʑʉɻʐʝʐʂʐɻ ʉɻ ʌʀʍʅɾʍɻʒʀʚ ʂ ʇʀʅʐʋʑʍɾʚɻ ʈʅɻʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʀ ʋʈʋʍʍʋʙȟ 
ɻʉʐʅʍʍʋʙ ɉ2D) ʆɻʅ ʎʀ ʆʗʃʀʐʂ ʍʋʙ ɉσDɊ ɉʎʔʙʈɻ σȢρɊȢ 
ɜʅɻ ʐʋ ʎʆʋʌʝ ʐʂʏ ʈʋʉʐʀʇʋʌʋʚʂʎʂʏ ʃʀʖʍʀʚʐɻʅ ʝʐʅ ʋ ʂʇʀʆʐʍʋʇʞʐʂʏ ʈɻʁʚ ʈʀ ʐɻ 
ʂʇʀʆʐʍʝɿʅɻ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ ʃɻ ɼʍʚʎʆʋʉʐɻʅ ʎʀ ʅʎʋʃʀʍʈʋʆʍɻʎʅɻʆʙ 
ʅʎʋʍʍʋʌʚɻȢ ɠ ʎʞʉʃʀʎʂ ɻʑʐʙ ɻʌʝ ʐʋ ʎʂʈʀʚʋ ɻʑʐʝ ʃɻ  ɻʉɻʒʘʍʀʐɻʅ ʖʏ PEN 
(positive electrode ɀ electrolyte ɀ negative electrode) ɾʅɻ ʇʝɾʋʑʏ ʎʑʉʐʋʈʚɻʏ ʆɻʅ 
ʀʑɻʉʗɾʉʖʎʂʏȢ %ʌʚʎʂʏ ʎʐʋ ʈʋʉʐʘʇʋ ɻʑʐʝ ʘʔʀʅ ɾʚʉʀʅ ɿʅɻʔʖʍʅʎʈʝʏ ʐʋʑ ʎʐʀʍʀʋʞ 
ʎʀ pen ʆɻʅ ʎʀ ʎʐʀʍʀʝ ɿʅɻʎʑʉɿʘʎʀʖʏ ʝʌʖʏ ɾʚʉʀʐɻʅ ʎʐʅʏ ʌʅʋ ʌʍʝʎʒɻʐʀʏ 
ʈʀʇʘʐʀʏ ɍφσɎȢ ɫʐʂ ɿʅʎɿʅʗʎʐɻʐʂ ʌʍʋʎʘɾɾʅʎʂ ʇʝɾʖ ʐʂʏ ʋʈʋʍʍʋʙʏ ʆɻʐʗ xȟ ɿʀʉ 
ʔʍʀʅʗʁʀʐɻʅ ʉɻ ʀʊʀʐɻʎʐʀʚ ʝʇʋ ʐʋ ʆʀʇʚ ʌɻʍʗ ʈʝʉʋ ʘʉɻ ʆɻʉʗʇʅ ɻʒʋʞ ʆɻʐʗ y ɿʀʉ 
ʑʒʚʎʐɻʉʐɻʅ  ʃʀʍʈʅʆʘʏ ɻʌʡʇʀʅʀʏȢ ɚʑʐʝ ʌʍʋʆʞʌʐʀʅ ɿʅʝʐʅ ʎʐʂʉ ʋʈʋʍʍʋʙ ʆɻʅ 
ɻʉʐʅʍʍʋʙ  ʇʝɾʖ ʐʋʑ ʈʅʆʍʋʞ ʌʇʗʐʋʑʏ ʐʋʑ ʆʀʇʅʋʞ ɿʀʉ ʑʒʚʎʐɻʐɻʅ ʈʀʐɻɼʋʇʙ ʐʂʏ 
ʃʀʍʈʋʆʍɻʎʚɻʏ ʆɻʐʗ y ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʆʗʃʀ ʆɻʉʗʇʅ ʉɻ ʘʔʀʅ ʎʀ ʆʗʃʀ ʃʘʎʂ x ʐʂʉ 
ʚɿʅɻ ʃʀʍʈʋʆʍɻʎʚɻȢ ɫʐɻ ɻʆʍʅɻʉʗ ʆɻʉʗʇʅɻ ʝʌʖʏ ʆɻʅ ʎʐʂʉ ʗʉʖ ʆɻʅ ʆʗʐʖ ʀʌʅʒʗʉʀʅɻ 
ʃʀʖʍʀʚʐɻʅ ʝʐʅ ʑʌʗʍʔʀʅ ʃʀʍʈʅʆʙ ʈʝʉʖʎʂȢ 
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ɫʔʙʈɻ χȢυ: ɫʐʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʋʈʋʍʍʋʙʏ ʐʋ ʆɻʞʎʅʈʋ ʆɻʅ ʋ ɻʘʍɻʏ ʆɻʐʀʑʃʞʉʋʉʐɻʅ ʌʍʋʏ 
ʐʂʉ ʚɿʅɻ ɿʅʀʞʃʑʉʎʂ ʀʉʡ ʎʐʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʆʗʃʀʐʂʏ ʍʋʙʏ ʐʋ ʆɻʞʎʅʈʋ ʆɻʐʀʑʃʞʉʀʐɻʅ ʆɻʐʗ 
x ʆɻʅ ʋ ɻʘʍɻʏ ʆʗʃʀʐɻ ʎʐʂ ɿʅʀʞʃʑʉʎʂ y [72]. 
 

 
 
ɫʔʙʈɻ χȢφȡ ɠ ɾʀʖʈʀʐʍʚɻ ʐʂʏ ʆʑʕʘʇʂʏ ʀʌɻʉɻʇɻʈɼʗʉʀʐɻʅȟ ʝʌʋʑ ʐʋ PEN  ʘʔʀʅ 
ɻʉʐʅʆɻʐɻʎʐʙʎʀʅ ʐʋʉ ʂʇʀʆʐʍʋʇʞʐʂ ʆɻʅ ʐɻ ʂʇʀʆʐʍʝɿʅɻ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ ɉʀɿʡ 
ʌʀʍʚʌʐʖʎʂ ʋʈʋʍʍʋʙʏɊ ɍυϊ].  
 
ɠ ɾʀʖʈʀʐʍʚɻ ʀʌɻʉɻʇɻʈɼʗʉʀʐɻʅ ʈʀ ʐʂʉ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ʉɻ ɻʆʋʇʋʑʃʀʚ ʐʋ ɻʘʍʅʋ 
ʆɻʞʎʅʈʋ ʐʋ ʋʌʋʚʋ ɻʆʋʇʋʑʃʀʚ ʐʋʉ ʂʇʀʆʐʍʋʇʞʐʂ ʈʀ ʐɻ ʂʇʀʆʐʍʝɿʅɻ ʐɻ ʋʌʋʚɻ 
ʎʑʉɻʉʐʋʞʉ ʐʋ ʆɻʉʗʇʅ ʈʀ ʐʋ ʋʊʀʅɿʖʐʅʆʝȢ ɚʑʐʝ ʈʀ ʐʂ ʎʀʅʍʗ ʐʋʑ ʎʑʉɻʉʐʗ ʆɻʅ ʌʗʇʅ 
ʐʂʉ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ɉʎʔʙʈɻ σȢςɊ. 
 

оΦн ɳ˅ʽˋ˗ˋʶʽˌ ʶ˄ʷˊʴʶʽʰˌ  
 
ɫʐʂ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑȟ ʋʅ ʆɻʐɻʉʋʈʘʏ ʐʋʑ ʐʋʌʅʆʋʞ ʍʀʞʈɻʐʋʏ ʆɻʅ ʐʂʏ 
ʃʀʍʈʋʆʍɻʎʚɻʏ ʀʚʉɻʅ ʎʐʀʉʗ ʀʊɻʍʐʂʈʘʉʀʏȢ ɜʅɻ ʐʂ ʈʀʇʘʐʂ ʐʖʉ ʃʀʍʈʅʆʡʉ 
ʒɻʅʉʋʈʘʉʖʉ ɻʌɻʅʐʋʞʉʐɻʅ ɼɻʎʅʆʘʏ ɾʉʡʎʀʅʏ ʈʀʐʗɿʋʎʂʏ ʃʀʍʈʝʐʂʐɻʏ ɍτχɎȢ 
ɠ ʃʀʍʈʋʆʍɻʎʚɻ ʎʐʋ ʆʀʇʚ ɻʑʊʗʉʀʐɻʅ ʇʝɾʖȡ ʐʖʉ ʂʇʀʆʐʍʋʔʂʈʅʆʡʉ ɻʉʐʅɿʍʗʎʀʖʉȟ 
ʐʖʉ ʂʇʀʆʐʍʅʆʡʉ ɻʉʐʅʎʐʗʎʀʖʉȟ ɻʌʝ ʐʂ ʔʂʈʅʆʝʐʂʐɻ ʐʋʑ ʆɻʑʎʚʈʋʑ ʎʐʂʉ ʗʉʋɿʋȟ 
ɻʌʝ ʐʂ ʈʀʐʗɿʋʎʂ ʃʀʍʈʝʐʂʐɻʏ ʇʝɾʖ ʎʑʉɻɾʖɾʙʏ ʈʀʐɻʊʞ ʐʖʉ ʎʐʀʍʀʡʉ ʎʐʋʅʔʀʚʖʉ 
ʐʋʑ ʆʀʇʅʋʞ ʆɻʅ ʐʖʉ ɻʀʍʚʖʉ ʌʋʑ ʘʍʔʀʐɻʅ ʎʀ ʀʌɻʒʙ ɉʆɻʞʎʅʈʋȟ ɻʘʍɻʏɊ ʆɻʅ ʐʂ 
ʈʀʐʗɿʋʎʂ ʃʀʍʈʝʐʂʐɻʏ ʈʘʎʖ ʐʂʏ ɻɾʖɾʙʏ ʐʖʉ ʈʋʍʚʖʉ ʐʖʉ ʎʐʀʍʀʡʉȢ 
ɡʀʖʍʀʚʐɻʅ ʎʐʂ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ʆɻʅ ʎʐʋ PEN ʂ ʅʎʔʞʏ ʐʋʑ ʉʝʈʋʑ Fourier  ɾʅɻ ʐʂʉ 
ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʈʀʐɻʊʞ ʐʖʉ ʈʋʍʚʖʉ ʐʋʑȢ ɫʐɻ ɻʘʍʅɻ ʅʎʔʞʀʅ ʋ ʉʝʈʋʏ ɾʅɻ ʐʂʉ 
ʎʑʉɻɾʖɾʙ ʆɻʐʗ ʐʂ ʆɻʐʀʞʃʑʉʎʂ  x ʆɻʅ ɾʅɻ ʐʂ ʈʀʐʗɿʋʎʂ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ɻʌʝ ʐɻ 
ɻʘʍʅɻ ʌʍʋʏ ʐɻ ʎʐʀʍʀʗ ʈʘʍʂ ɍυπɎȟ ɍυρɎȢ ɤʝɾʖ ʐʖʉ ʈʀɾʗʇʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʌʋʑ 
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ɻʉɻʌʐʞʎʎʋʉʐɻʅ ʎʀ ʈʅɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʎʑʈʌʀʍʅʇɻʈɼʗʉʀʐɻʅ 
ʎʐʋʑʏ ʀʉʀʍɾʀʅɻʆʋʞʏ ʑʌʋʇʋɾʅʎʈʋʞʏ ʆɻʅ ʂ ʃʀʍʈʝʐʂʐɻ ʌʋʑ ʈʀʐɻʒʘʍʀʐɻʅ 
ɿʅɻʈʘʎʋʑ ɻʆʐʅʉʋɼʋʇʚɻʏ ʈʀʐɻʊʞ ʐʋʑ PEN ʆɻʅ ʐʂʏ ɿʅʌʋʇʅʆʙʏ ʌʇʗʆɻʏȢ ɞʌʚʎʂʏ 
ʃʀʖʍʀʚʐɻʅ ʝʐʅ ɿʀʉ ʑʒʚʎʐɻʉʐɻʅ ɻʌʡʇʀʅʀʏ ʃʀʍʈʝʐʂʐɻʏ ʈʀʐɻʊʞ ʐʖʉ ʐʋʚʔʖʉ ɿʂʇɻɿʙ 
ʐʖʉ ʎʐʀʍʀʡʉ ʋʍʚʖʉ ɍυσɎȢ 
ɨʅ ʀʊʅʎʡʎʀʅʏȟ ʌʋʑ ɿʚʉʋʉʐɻʅ ʎʐʋ ʌʚʉɻʆɻ σȢρȟ ʌʀʍʅɾʍʗʒʋʑʉ ʐɻ ʐʘʎʎʀʍɻ 
ʀʉʀʍɾʀʅɻʆʗ ʅʎʋʁʞɾʅɻ ʎʀ ʆʗʃʀ ʎʐʋʅʔʀʚʋ ʐʋʑ ʆʀʇʅʋʞȢ ɨʅ ɼɻʎʅʆʘʏ ʀʊʅʎʡʎʀʅʏ ɍτψɎ 
ʘʔʋʑʉ ʀʌʀʆʐɻʃʀʚ ʇɻʈɼʗʉʋʉʐɻʏ ʑʌʝʕʂ ʝʐʅ ʋʅ ʌʑʆʉʝʐʂʐʀʏȟ ʋʅ ʃʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐʀʏ 
ʆɻʅ ʋʅ ʐɻʔʞʐʂʐʀʏ ɉʂ ʐɻʔʞʐʂʐɻ ʀʊɻʍʐʗʐɻʅ ɻʌʝ ʐʂʉ ʈɻʁʅʆʙ ʌɻʍʋʔʙ ʆɻʅ ʘʈʈʀʎɻ ɻʌʝ 
ʐʋ ʉʝʈʋ ʐʖʉ ʅɿɻʉʅʆʡʉ ɻʀʍʚʖʉ ʈʘʎʖ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏɊ ʐʖʉ ʈʀʅɾʈʗʐʖʉ ʎʐʂʉ ʗʉʋɿʋ 
ʆɻʅ ʆʗʃʋɿʋ ʀʊɻʍʐʡʉʐɻʅ ɻʌʝ ʐʂʉ ʃʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐɻʉʋʈʙȢ ɨʅ 
ʃʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐʀʏ ʑʌʋʇʋɾʚʁʋʉʐɻʅ ɻʌʝ ʐʂʉ ʀʊʚʎʖʎʂ Shomate [49].  
ɩʚʉɻʆɻʏ 3.1: ɞʊʅʎʡʎʀʅʏ ʀʉʀʍɾʀʅɻʆʋʞ ʅʎʋʁʑɾʚʋʑ ɍςχɎȟ ɍτχɎȟ ɍτψɎ ʎʐʂʉ ɾʀʉʅʆʙ ʈʋʍʒʙ ɾʅɻ 
ʆʗʃʀ ʎʐʋʅʔʀʚʋ ʐʂʏ ʆʑʕʘʇʂʏ ʎʑʈɼʋʇʚʁʋʉʐɻʏ ʈʀ pen ʐʋ ʎʐʀʍʀʝ ʐʂʏ ʈʀʈɼʍʗʉʂʏ 
ɉʂʇʀʆʐʍʋʇʞʐʂʏɊ ʈʀ ʐɻ ʂʇʀʆʐʍʝɿʅɻȟ ʈʀ I ʐʂ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻȟ ʈʀ an ʐʋ ʈʀʚɾʈɻ ʐʂʏ ɻʉʝɿʋʑ 
ɉʆʗʑʎʅʈʋɊ ʆɻʅ ʈʀ ca ʐʋ ʈʀʚɾʈɻ ʐʂʏ ʆɻʃʝɿʋʑ ɉɻʘʍɻʏɊȢ ɥɻʁʚ ʈʀ ʐʅʏ ɼɻʎʅʆʘʏ ʀʊʅʎʡʎʀʅʏ 
ʌɻʍɻʐʚʃʀʉʐɻʅ ʋʅ ʋʍʅɻʆʘʏ ʎʑʉʃʙʆʀʏ ʈɻʁʚ ʈʀ ʐʅʏ ɻʍʔʅʆʘʏ ʎʑʉʃʙʆʀʏȢ 
 

ɞʉʀʍɾʀʅɻʆʝ ʅʎʋʁʞɾʅʋ ɉKJ s-1 m-3) ʎʐʋ ʆɻʉʗʇʅ ʐʋʑ ʆɻʑʎʚʈʋʑȡ 
 

 

µ(ranean)

µt
=-
µ(uanranhan)

µx
+Kan,PEN(TPEN-Tan)

1

Han

+Kan,I (TI -Tan)
1

Han

- vi
Ý r TPBhi

i=H2,H2O

ä
Wan

Aan              
(45) 

 

 

xÍ(0,lx],  

 

tÍ(0,tH ]          

  
ɨȢɫȢȡ                                                                                                                                 

 

 

µTan

µt x=0

=atemp,anÖsto 

 

tÍ(0,tH ] ȟ ʈʀ ɻtemp,an ʋ ʍʑʃʈʝʏ ɻʞʊʂʎʂʏ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ɻʉʝɿʋʑ       (46) 

 
ɚȢɫȢȡ 

 

Tan(0: lx)=Tan

in   

ɞʉʀʍɾʀʅɻʆʝ ʅʎʋʁʞɾʅʋ ɉKJ s-1 m-3) ʎʐʋ ʆɻʉʗʇʅ ʐʋʑ ɻʘʍɻȡ 
 

 

µ(rcaeca)

µt
=-
µ(ucarcahca)

µi
+Kca,PEN(TPEN-Tca)

1

Hca

+Kca,I (TI -Tca)
1

Hca

-vO2
Ý r TPBhO2

Wca

Aca

                   (47) 

 

 

xÍ(0,li ),  

 

tÍ(0,tH ]    , ʝʌʋʑ i=x ɾʅɻ ʋʈʋʍʍʋʙȟ ÉЀ-Ø ɾʅɻ ɻʉʐʅʍʍʋʙ ʆɻʅ i=y ɾʅɻ ʆʗʃʀʐʂ ʍʋʙ 

 
ɨȢɫȢȡ 

 

µTca

µt x / y=0

=atemp,caÖsto

 

tÍ(0,tH ] ȟ ʈʀ ɻtemp,ca ʋ ʍʑʃʈʝʏ ɻʞʊʂʎʂʏ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʆɻʃʝɿʋʑ    (48) 

 
ɚȢɫȢȡ 

 

Tca(0: li )=Tca

in  

ɞʉʀʍɾʀʅɻʆʝ ʅʎʋʁʞɾʅʋ ɉKJ s-1 m-3) ʎʐʋ PEN: 
 

 

rPENcPPEN

µTPEN

µt
=lPEN

µ2TPEN

µx2
+lPEN

µ2TPEN

µy2
-Kan,PEN(TPEN-Tan)

1

dPEN

-Kca,PEN(TPEN-Tca)
1

dPEN  
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+
s(TI

4-TPEN

4 )

1/eI +1/ePEN-1

è 

ê 
é 

ø 

ú 
ù 

1

dPEN

+ vi
Ý r TPBhi

i=H2 ,H2O

ä
Wan

wandPEN

+vO2
hO2

Ý r TPB

Wan

wandPEN

-jE cell

Wan

wandPEN

                  (49) 

 
ɾʅɻ 

 

xÍ(0,lx)  ʆɻʅ 

 

yÍ(0,ly) , 

 

tÍ(0,tH ]                     

ɨȢɫȢȡ 

 

µTPEN

µx x=0=0 ʆɻʅ 

 

µTPEN

µx x=lx
=0 ɾʅɻ 

 

tÍ(0,tH ]ȟ ɾʅɻ 

 

yÍ(0,ly) ,  

 

µTPEN

µy
y=0=0 ʆɻʅ 

 

µTPEN

µy
y=ly
=0 ɾʅɻ 

 

tÍ(0,tH ]ȟ ɾʅɻ 

 

xÍ[0,lx]                                                                  (50) 

A.ɫȢȡ 

 

TPEN(t=0)=Tan

in  ɾʅɻ  

 

xÍ(0,lx)   ʆɻʅ 

 

yÍ(0,ly)  

 
ɫʑʉʘʔʀʅɻ ʌʚʉɻʆɻ 3.1 
 

ɞʉʀʍɾʀʅɻʆʝ ʅʎʋʁʞɾʅʋ ɉKJ s-1 m-3) ʎʐʋ ʎʐʀʍʀʝ ɿʅɻʎʑʉɿʘʎʀʖʏȡ 
 

 

rI cPI

µTI

µt
=lI

µ2TI

µx2
+lI

µ2TI

µy2
-Kan,I (TI -Tan)

1

dI

-Kca,I (TI -Tca)
1

dI

-
s(TI

4-TPEN

4 )

1/eI +1/ePEN-1

è 

ê 
é 

ø 

ú 
ù 

1

dI                          
(51) 

 
ɾʅɻ 

 

xÍ(0,lx)  ʆɻʅ 

 

yÍ(0,ly) , 

 

tÍ(0,tH ]                   

ɨȢɫȢȡ 

 

µTI

µx x=0=0 ʆɻʅ 

 

µTI

µx x=lx
=0

 
ɾʅɻ 

 

tÍ(0,tH ]ȟ   ɾʅɻ

 

yÍ(0,ly) ,  

 

µTI

µy
y=0=0 ʆɻʅ 

 

µTI

µy
y=ly
=0 ɾʅɻ 

 

tÍ(0,tH ]ȟ   ɾʅɻ 

 

xÍ[0,lx]                                                                          (52) 

ɚȢɫȢȡ 

 

TI (t=0)=Tan

in   ɾʅɻ  

 

xÍ(0,lx)   ʆɻʅ 

 

yÍ(0,ly)  

 
ɞʎʖʐʀʍʅʆʙ ʀʉʘʍɾʀʅɻ ʐʂʏ ʍʋʙʏ ʐʖʉ ɻʀʍʚʖʉ: 

 

ech=hch-
Pch

rch

  ʈʀ 

 

chÍ{ an,ca}                                                                                                                          (53) 

 

 
ɞʌʚʎʂʏ ʎʂʈʀʅʡʉʀʐɻʅ ʝʐʅ ʂ ʎʑʈʌʀʍʅʒʋʍʗ ʐʖʉ ɻʀʍʚʖʉ ʃʀʖʍʀʚʐɻʅ ʖʏ ɻʑʐʙ ʐʖʉ 
ʅɿɻʉʅʆʡʉ ɻʀʍʚʖʉȢ 
ɫʐʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʈʀʇʘʐʂʏ ʐʂʏ ʃʀʍʈʋʆʍɻʎʅɻʆʙʏ ʆɻʐɻʉʋʈʙʏ ʎʐʅʏ ɿʞʋ ʆɻʅ ʎʐʅʏ   
ʐʍʀʅʏ ɿʅɻʎʐʗʎʀʅʏ ʐʍʋʒʋɿʋʐʀʚʐɻʅ ʐʋ ʆɻʉʗʇʅ ʆɻʑʎʚʈʋʑ ʈʀ ʆɻʃɻʍʝ ʑɿʍʋɾʝʉʋ ʆɻʅ 
ʑɿʍɻʐʈʝ ʔʖʍʚʏ ʉɻ ʈʀʇʀʐʗʐɻʅ ʂ ʌʀʍʚʌʐʖʎʂ ʈʀ ɻʉɻʈʝʍʒʖʎʂ ʆɻʑʎʚʈʋʑȢ ɫʐʂ  
ʆʗʃʋɿʋ ʌɻʍʘʔʀʐɻʅ ɻʘʍɻʏȢ 
ɫʐʅʏ ʀʊʅʎʡʎʀʅʏȟ ʘʔʀʅ ʃʀʖʍʂʃʀʚ ʝʐʅ ʂ ʋʊʀʚɿʖʎʂ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ɾʚʉʀʐɻʅ ʌʗʉʖ ʎʐʂ 
ɿʋʈʙ ʐʋʑ ɪɞɦ ɍυπɎ ɾʅɻ ɻʑʐʝ ʋ ʝʍʋʏ ʌʋʑ ɻʒʋʍʗ ʐʂʉ ʀʉʃɻʇʌʚɻ ɻʉʐʚɿʍɻʎʂʏ ʃɻ 
ʀʚʉɻʅ ʎʐʋ ʅʎʋʁʞɾʅʋ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ʈʀ ʐɻ ʂʇʀʆʐʍʝɿʅɻȢ  
ɬʘʇʋʏ ʖʏ ʌɻʍɻʈʘʐʍʋʑʏ ʀʊʝɿʋʑ ʐʋʑ ʎʑʎʐʙʈɻʐʋʏ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ 
ʎʑʉʙʃʖʏ ʑʅʋʃʀʐʋʞʉʐɻʅ ʂ ʌʑʆʉʝʐʂʐɻ ʅʎʔʞʋʏ ʆɻʅ ʋ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʐʋʑ 
ʆɻʑʎʚʈʋʑ ɉʌʚʉɻʆɻʏ σȢςɊȢ ɨʅ ɼɻʃʈʋʚ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʐʋʑ ʆɻʑʎʚʈʋʑ ʆɻʅ ʐʋʑ  
 
ɩʚʉɻʆɻʏ σȢςȡ ɩɻʍʗɾʋʉʐʀʏ ɻʌʝɿʋʎʂʏ ʐʋʑ ʈʋʉʐʘʇʋʑ 
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ɠʇʀʆʐʍʅʆʙ ɢʎʔʞʏ ɉʎʀ  W): 
 

 

PSOFC=jAcellÖEcell                                                                                                       (54) 

 
ʃʀʍʈʅʆʙ ʅʎʔʞʏ ʆɻʑʎʚʈʋʑ ɉʎʀ W): 
 

 

Pth, fuel=xH2,inLHVH2

0 Nan,in

0                                                                                       (55) 

 
ɛɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʆɻʑʎʚʈʋʑȡ 
 

 

eSOFC=
PSOFC

Pth, fuel

                                                                                                           (56) 

 
ʋʊʑɾʝʉʋʑ ʌʋʑ ɿʚʉʋʉʐɻʅ ɻʌʝ ʐʅʏ ʀʊʅʎʡʎʀʅʏ ρω ʆɻʅ ςπ ɻʉʐʚʎʐʋʅʔɻ ɿʚʉʋʉʐɻʅ ʖʏ 
ʀʚʎʋɿʋʅ ʎʐʋ ʎʞʎʐʂʈɻ ʆɻʅ ʈʀ ʐʅʏ ʌʍʋʂɾʋʞʈʀʉʀʏ ʌɻʍɻʈʘʐʍʋʑʏ ʆɻʐɻɿʀʅʆʉʞʋʑʉ ʐʂʉ 
ɻʌʝɿʋʎʂ ʈʅɻʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑȢ 
 
 

оΦо ʅˎ˄ˍʶ˂ʶˋˍʷˌ ˃ʶˍʰ˒ˇˊʱˌ ʻʶˊ˃ˈˍʹˍʰˌ  
 
 
ɨʅ ʎʑʉʐʀʇʀʎʐʘʏ ʐʂʏ ʈʀʐɻʒʋʍʗʏ ʃʀʍʈʝʐʂʐɻʏ ɉʀʊʚʎʖʎʂ υχɊ ʈʀʐɻʊʞ ʐʖʉ ɻʘʍʅʖʉ 
ʆɻʉɻʇʅʡʉ ʆɻʅ ʐʖʉ ʎʐʀʍʀʡʉ ʑʌʋʇʋɾʚʁʋʉʐɻʅ ʎʐʋʉ ʌʚʉɻʆɻ σȢσ ʔʍʂʎʅʈʋʌʋʅʡʉʐɻʏ 
ʐʋʉ ɻʍʅʃʈʝ Nusselt ɉɦu ʈʅɻ ʆʋʅʉʙ ʑʌʝʃʀʎʂ ʀʚʉɻʅ ʝʐʅ ʃʀʖʍʡʉʐɻʏ ʎʑʉʃʙʆʀʏ 
ʎʐʍʖʐʙʏ ʍʋʙʏ ʋ ɻʍʅʃʈʝʏ Nusselt ʀʚʉɻʅ ɻʉʀʊʗʍʐʂʐʋʏ ɻʌʝ ʐʋʉ Reynolds) ʆɻʅ 
ʑʌʋʇʋɾʚʁʋʉʐɻʏ ʐʂʉ ʑɿʍɻʑʇʅʆʙ ɿʅʗʈʀʐʍʋ ʐʖʉ ʆɻʉɻʇʅʡʉɍυτɎȢ ɫʐʂ ʌʀʍʚʌʐʖʎʂ ʐʖʉ 
SOFC ɾʅɻ ʐʅʏ ɾʀʖʈʀʐʍʚʀʏ ʌʋʑ ʀʊʀʐʗʁʋʉʐɻʅ ʋ ʎʑʉʐʀʇʀʎʐʙʏ Nu  ʌɻʚʍʉʀʅ ʐʂ ʐʅʈʙ σȢπω 
[56]. 
ɨʅ ʃʀʍʈʅʆʘʏ ɻɾʖɾʅʈʝʐʂʐʀʏ ʐʖʉ ɻʀʍʚʖʉ ʈʀʅɾʈʗʐʖʉ ʑʌʋʇʋɾʚʁʋʉʐɻʅ ɻʌʝ ʐʂ 
ʈʘʃʋɿʋ ʐʖʉ Mason ʆɻʅ Saxena, ʝʌʋʑ ɻʍɾʝʐʀʍɻ ʐʀʇʀʅʋʌʋʅʙʃʂʆʀ ɻʌʝ ʐÏʉ "ÒÏËÁ×  
ɍςφɎȟ ɍυυɎȢ ɠ ʈʘʃʋɿʋʏ ɻʑʐʙ ɼɻʎʚʁʀʐɻʅ ʎʀ ʌʍʋʎʀɾɾʚʎʀʅʏ ʎʐʂʉ ʌʇʙʍʂ ʆʅʉʂʐʅʆʙ 
ʃʀʖʍʚɻ ʆɻʅ ʀʆʒʍʗʁʀʅ ʐʂ ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʀʉʝʏ ʈʚɾʈɻʐʋʏ ʖʏ ʗʃʍʋʅʎʈɻ ɿʞʋ 
ʎʑʉʀʅʎʒʋʍʡʉȡ ʀʉʝʏ ʝʍʋʑ ʌʋʑ ʌʀʍʅʘʔʀʅ ʐʅʏ ʎʑʉʀʅʎʒʋʍʘʏ ʈʀʐɻʆʚʉʂʎʂʏȟ ʐʂʏ 
ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻʏ ʐʖʉ ʆɻʃɻʍʡʉ ʎʑʎʐɻʐʅʆʡʉ ʌʋʑ ʑʌʋʇʋɾʚʁʋʉʐɻʅ ɻʌʝ ʐɻ 
ʅʊʡɿʂ ʆɻʅ ʀʉʝʏ ʝʍʋʑ ʌʋʑ ʌʀʍʅʘʔʀʅ ʐʅʏ ʎʑʉʀʅʎʒʋʍʘʏ ʀʎʖʐʀʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏ ʐʂʏ 
ʃʀʍʈʅʆʙʏ ɻɾʖɾʅʈʝʐʂʐɻʏ ʐʖʉ ʆɻʃɻʍʡʉ ʎʑʎʐɻʐʅʆʡʉ ɍυυɎȢ 
ɨ ʑʌʋʇʋɾʅʎʈʝʏ ʐʖʉ ʃʀʍʈʅʆʡʉ ɻɾʖɾʅʈʋʐʙʐʖʉ ʐʋʑ ʈʀʚɾʈɻʐʋʏ ʐʖʉ ɻʀʍʚʖʉ 
ɻʌɻʅʐʀʚ ʐʋʉ ʑʌʋʇʋɾʅʎʈʝ ʆʗʃʀ ʎʐʋʅʔʀʚʋʑ ʆɻʅ ʐʋʑ ʅʊʡɿʋʑʏ ʎʀ ʆʗʃʀ ʃʘʎʂȢ ɜʅɻ ʉɻ 
ʑʌʋʇʋɾʅʎʐʀʚ ʂ ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʆɻʅ ʐʋ ʅʊʡɿʀʏ ʆʗʃʀ ʎʐʋʅʔʀʚʋʑȟ 
ʔʍʂʎʅʈʋʌʋʅʋʞʉʐɻʅ ʋʅ ʀʊʅʎʡʎʀʅʏ ʐʋʑ ʌʚʉɻʆɻ σȢτ ʆɻʅ ʐʋʉ ɻʉʐʚʎʐʋʅʔʋ ʌʚʉɻʆɻ σȢυ ʈʀ 
ʐʅʏ ʈʋʍʅɻʆʘʏ ʈʗʁʀʏ ʆɻʅ ʐʅʏ ʌɻʍɻʈʘʐʍʋʑʏ Lennard-Jones ɾʅɻ ʆʗʃʀ ʎʐʋʅʔʀʚʋ ʝʌʖʏ 
ʌʍʋʆʞʌʐʀʅ ɻʌʝ ʐʂʉ ɼʅɼʇʅʋɾʍɻʒʚɻ ɍυυɎȢ ɨʅ ʈʋʍʅɻʆʘʏ ʈʗʁʀʏ ʌʍʋʆʞʌʐʋʑʉ ɻʌʝ ʐʋ 
ɾʅʉʝʈʀʉʋ ʐʋʑ ʈʋʍʅɻʆʋʞ ɼʗʍʋʑʏ ɉɣg mol-1) ʈʀ ʐʋ ʐʋʉ ɻʍʅʃʈʝ amu=1.66054*10-27. 
 
 
 
ɩʚʉɻʆɻʏ σȢυȡ ɩɻʍʗʈʀʐʍʋʅ Lennard-Jones, ʈʗʁʀʏ ʆɻʅ ʈʋʍʅɻʆʗ ɼʗʍʂ ʐʖʉ ʎʐʋʅʔʀʚʖʉ  ʐʖʉ 
ʈʀʅɾʈʗʐʖʉ: 
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ɫʐʋʅʔʀʚʋ ʎ ɉρπ-9 m) ʀȾkɛ(K) m (10-26 kg) M (Kg/Kmol)  

ɠ2 0.2827 59.7 0.335 2.016 

ɨ2 0.3467 106.7 5.312 32.00 

ɠ2ɨ 0.2641 809.1 2.99 18.016 

ɦ2 0.3798 71.4 4.651 28.16 

 
 
 
 
 
ɩʚʉɻʆɻʏ 3.3 : ɞʊʅʎʡʎʀʅʏ ʑʌʋʇʋɾʅʎʈʋʞ ʐʖʉ ʎʑʉʐʀʇʀʎʐʡʉ ʈʀʐʗɿʋʎʂʏ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ 
ʆɻʅ ʐʖʉ ʃʀʍʈʅʆʡʉ ɻɾʖɾʅʈʋʐʙʐʖʉɍυυɎ ʐʖʉ ɻʀʍʚʖʉȢ  ɷʇʀʏ ʋʅ ʀʊʅʎʡʎʀʅʏ ʆɻʅ ʋʅ ʈʀʐɻɼʇʂʐʘʏ 
ʀʚʉɻʅ ɿʅɻʈʀʍʅʎʈʘʉʀʏ ʎʀ ʆʇʀʅʎʐʝ ʌʀɿʚʋ ʋʍʅʎʈʋʞ x = [0,lx] ɾʅɻ ʐʋ ς-D ʆɻʅ x = [0,lx] , y : [0,ly] 
ɾʅɻ ʐʋ σ-DȢ ɬʋ an ɻʉɻʒʘʍʀʐɻʅ ʎʐʂ ʆʗʃʋɿʋȟ ʐʋ ca ʎʐʂ ʆʗʃʋɿʋȟ ʐʋ pen ɾʅɻ ʐʂ ʈʀʈɼʍʗʉʂ ʈʀ 
ʐɻ ʂʇʀʆʐʍʝɿʅɻ ʆɻʅ ʐʋ ɢ ɾʅɻ ʐʂʉ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻȢ ɨ ɿʀʚʆʐʂʏ mix ɻʉɻʒʘʍʀʐɻʅ ʎʐʋ ʈʀʚɾʈɻ 
ʐʖʉ ɻʀʍʚʖʉ ʎʐʂʉ ʗʉʋɿʋ ʎʐʋ ʆɻʞʎʅʈʋ ʆɻʅ ʎʐʂ ʆʗʃʋɿʋ ʎʐʋʉ ɻʘʍɻ ɻʉʐʚʎʐʋʅʔɻ ɾʅɻ ʆʗʃʀ 
ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻȢ

  

ɫʑʉʐʀʇʀʎʐʘʏ ʈʀʐʗɿʋʎʂʏ ʐʂ ʃʀʍʈʝʐʂʐɻʏ ʎʀ ɉ W m-2 K-1) ʆɻʅ ʑɿʍɻʑʇʅʆʘʏ ɿʅɻʈʘʐʍʋʅ 
ʎʀ m  [47]:  

 

Kan,I =Kan,PEN =Nu
lan

dH ,an                                  

 

dH ,an=
2wanHan

wan+Han  
                                                                                                                                       (57) 

 

Kca,I =Kca,PEN =Nu
lca

dH ,ca                                      

 

dH ,ca =
2wcaHca

wca+Hca  
 
ɡʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʈʀʚɾʈɻʐʋʏ ɉʎʀ mW m-1K-1) [55]:  
 

                                                                             

 

(58)

 

ɨʅ ʝʍʋʅ ʐʖʉ ʎʑʉʀʅʎʒʋʍʡʉ ʈʀʐɻʆʚʉʂʎʂʏ ʆɻʅ ʀʎʖʐʀʍʅʆʙʏ ʀʉʘʍɾʀʅɻʏ  
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ɬʋ ɻʉʂɾʈʘʉʋ ʋʇʋʆʇʙʍʖʈɻ 

 

W* ʆɻʅ ʂ ɻʉʂɾʈʘʉʂ ʃʀʍʈʋʆʍɻʎʚɻ 

 

T*: 

 

 

 

 

 
 
 
 
 
 
 
ɩʚʉɻʆɻʏ σȢτ: ɞʊʅʎʡʎʀʅʏ ʑʌʋʇʋɾʅʎʈʋʞ ʐʖʉ ʃʀʍʈʅʆʡʉ ʎʑʉɻɾʖɾʅʈʋʐʙʐʖʉ ɍυυɎȟ ʐʋʑ 
ʅʊʡɿʋʑʏ ɍυυɎ ʆʗʃʀ ʎʐʋʅʔʀʚʋʑ ɉɠ2ȟɠ2ɨȟɦ2 ɾʅɻ ʐʂʉ ʗʉʋɿʋ ʆɻʅ O2,N2 ɾʅɻ ʐʂ ʆʗʃʋɿʋɊ ʆɻʅ ʐʋʑ 
ɻʍʅʃʈʋʞ ReynoldsȢ ɷʇʀʏ ʋʅ ʈʀʐɻɼʇʂʐʘʏ ʀʚʉɻʅ ɿʅɻʉʀʈʂʈʘʉʀʏ ʎʐʋ ʆʇʀʅʎʐʝ ʌʀɿʚʋ ʋʍʅʎʈʋʞ x 
= [0,lx] ɾʅɻ ʐʋ ς-D ʆɻʅ x = [0,lx] , y : [0,ly] ɾʅɻ ʐʋ σ-D.  

 

ɞʊʚʎʖʎʂ ʑʌʋʇʋɾʅʎʈʋʞ ʐʂʏ ʃʀʍʈʅʆʙʏ ɻɾʖɾʅʈʝʐʂʐɻʏ ɾʅɻ ʆʗʃʀ ʎʑʎʐɻʐʅʆʝ i ʐʖʉ 
ʍʀʑʈʗʐʖʉ ʆɻʑʎʚʈʋʑ ʆɻʅ ɻʘʍɻ ʎʀ  ɉmW m-1K-1) [55]:  

                                                                                           

 

(59)
                           

 

ɭʌʋʇʋɾʅʎʈʝʏ ʅʊʡɿʋʑʏ ɉʎʀ ʈ0ÁÖÓɊ ɾʅɻ ʆʗʃʀ ʎʑʎʐɻʐʅʆʝ ʐʋʑ ʈʀʚɾʈɻʐʋʏ ʎʀ ɻʘʍɻ ʆɻʅ 
ʆɻʞʎʅʈʋ [55] :                 

                                                                             

 

(60) 

ɢʊʡɿʀʏ ʈʀʚɾʈɻʐʋʏ ɍυυɎ ɉʎʀ ʈ0Á Ös):  

 

hmix,ch =
xihi

xiFij

i

N

äi

N

ä

    ʈʀ    

 

chÍ{ an,ca}                                                              

 

(61)                                 

ɩɻʍʗʈʀʐʍʋʏ ʐʋʑ 7ÉÌËÅ ɍυυɎ ɾʅɻ ʐʋʉ ʑʌʋʇʋɾʅʎʈʝ ʐʋʑ ʅʊʡɿʋʑʏ ʐʋʑ ʈʀʚɾʈɻʐʋʏȡ 

 

Fij =
1+(hi /hj )

1/ 2(M j /M i )
1/ 4[ ]

2

2 2 1+(M i /M j )[ ]
1/ 2

                                                                      

 

(62) 

ɚʍʅʃʈʝʏ  2ÅÙÎÏÌÄÓȡ 

 

Rech =
rchuchdH ,ch

hmix,ch       

 

chÍ{ an,ca}                                                                    

 

(63)  
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ɼʶ˒ʱ˂ʰʽˇ 4 
 

ɽɳɹʆʁʇʄɱɹɮ ɼʇʌɳɽɶʅ  
 
пΦм  ɸʷˊ˃ʰ˄ˋʹ ˍˇˎ ˁʶ˂ʽˇˏ  
 
ɫʐʂʉ ʃʘʍʈɻʉʎʂ ʐʋʑ ʆʀʇʅʋʞ ɿʀʉ ʑʒʚʎʐɻʐɻʅ ʒʋʍʐʚʋȟ ʡʎʐʀ ʐʋ ʆʀʇʚ ʉɻ ʀʚʉɻʅ ʎʀ  
ɻʉʋʅʔʐʝ ʆʞʆʇʖʈɻ ʆɻʅ ʉɻ ʐʍʋʒʋɿʋʐʀʚʐɻʅ ʈʀ ʃʀʍʈʝ ʆɻʞʎʅʈʋ ʎʐʂʉ ʌʇʀʑʍʗ ʐʂʏ 
ɻʉʝɿʋʑ ʆɻʅ ʃʀʍʈʝ ɻʘʍɻ ʎʐʂʉ ʌʇʀʑʍʗ ʐʂʏ ʆɻʃʝɿʋʑȢ ɥʘʎɻ ʎʐʋ ʆʀʇʚ  ɿʀʉ ɾʚʉʀʐɻʅ 
ʆɻʈʚɻ ʂʇʀʆʐʍʋʔʂʈʅʆʙ ɻʉʐʚɿʍɻʎʂ ʆɻʅ ɿʀʉ ɻʇʇʗʁʀʅ ʂ ɻʍʔʅʆʙ ʎʞʎʐɻʎʂ ʐʋʑ 
ʆɻʑʎʚʈʋʑ ʆɻʅ ʐʋʑ ɻʘʍɻ ʆɻʃʡʏ ʐɻ ɻʘʍʅɻ ʐɻʊʅɿʀʞʋʑʉ ʆɻʐʗ ʈʙʆʋʏ ʐʖʉ ʆɻʉɻʇʅʡʉȢ 
ɥʘʎɻ ʎʐɻ ʆɻʉʗʇʅɻ ɿʀʉ ʑʒʚʎʐɻʐɻʅ ʌʐʡʎʂ ʌʚʀʎʂʏ ʆɻʅ ʂ ʐʅʈʙ ʐʂʏ ʌɻʍɻʈʘʉʀʅ 
ʎʐɻʃʀʍʙ ʚʎʂ ʈʀ ʐʂʉ ʌʚʀʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɫʀ ɻʉʐʚʃʀʎʂ ʈʀ ʗʇʇɻ ʈʋʉʐʘʇɻ ʎʐʋ 
ʈʋʉʐʘʇʋ ʌʋʑ ʘʔʀʅ ʆɻʐɻʎʆʀʑɻʎʐʀʚ ʋʅ ʃʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐʀʏȟ ʐɻ ʅʊʡɿʂȟ ʋʅ ʃʀʍʈʅʆʘʏ 
ɻɾʖɾʅʈʝʐʂʐʀʏȟ ʂ ʐɻʔʞʐʂʐɻ ʐʖʉ ɻʀʍʚʖʉ ʆɻʅ ʆɻʐʗ ʀʌʘʆʐɻʎʂ ʋʅ ʎʑʉʐʀʇʀʎʐʘʏ 
ʈʀʐʗɿʋʎʂʏ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ʐʖʉ ɻʘʍʅʖʉ ʈʀʅɾʈʗʐʖʉ ʀʚʉɻʅ ʎʑʉɻʍʐʙʎʀʅʏ ʐʂʏ 
ʀʆʗʎʐʋʐʀ ʃʀʍʈʋʆʍɻʎʚɻʏ ʎʀ ʆʗʃʀ ʃʘʎʂ ʐʋʑ ʆʀʇʅʋʞ ʈʘʎɻ ʎʐʋʉ ʔʍʝʉʋȢ 
ɠ ʌʍʡʐʂ ʘʆɿʋʎʂ ʐʋʑ ʑʌʋʇʋɾʅʎʐʅʆʋʞ ʈʋʉʐʘʇʋʑ ʆɻʐɻʎʆʀʑʗʎʐʂʆʀ ʆɻʅ 
ʋʇʋʆʇʂʍʡʃʂʆʀ ʐʋʉ ɫʀʌʐʘʈɼʍʅʋ ʐʋʑ ςπρπȢ ɬʋ ʈʋʉʐʘʇʋ ɻʑʐʝ ɼɻʎʚʁʀʐɻʅȡ ʎʐʅʏ 
ʀʊʅʎʡʎʀʅʏ ʐʖʉ ʅʎʋʁʑɾʚʖʉ ʈʗʁɻʏ ɉʌʚʉɻʆɻʏ ςȢρɊ ʎʐɻ ʆɻʉʗʇʅɻ ʆɻʅ ʎʐʅʏ ʀʉʀʍɾʀʅɻʆʘʏ 
ʀʊʅʎʡʎʀʅʏ ɉʌʚʉɻʆɻʏ σȢρ ʆɻʅ ʌʚʉɻʆʀʏ σȢσȟ σȢτ  ɾʅɻ ʐʋʑʏ ʎʑʉʐʀʇʀʎʐʘʏ ʈʀʐɻʒʋʍʗʏɊȢ 
ɨʅ ʀʊʅʎʡʎʀʅʏ ɻʑʐʘʏ ʘʔʋʑʉ ɻʌʇʋʌʋʅʂʃʀʚ ʆɻʃʡʏ ɿʀʉ ʑʌʗʍʔʋʑʉ ʒɻʅʉʝʈʀʉɻ 
ɿʅʗʔʑʎʂʏ ʎʐʋ ʌʋʍʡɿʀʏ ʆɻʅ ʂʇʀʆʐʍʋʔʂʈʅʆʘʏ ɻʉʐʅɿʍʗʎʀʅʏȢ ɞʌʋʈʘʉʖʏ 
ɻɾʉʋʋʞʉʐɻʅ ʋʅ ʝʍʋʅ ʌʋʑ ɻʉɻʒʘʍʋʉʐɻʅ ʎʐʅʏ ɿʅʀʍɾɻʎʚʀʏ ɻʑʐʘʏȢ ɨʅ ʎʑʎʐʗʎʀʅʏ ʐʖʉ 
ʎʐʋʅʔʀʚʖʉ ʐʖʉ ɻʀʍʚʖʉ ʌɻʍɻʈʘʉʋʑʉ ʎʐɻʃʀʍʘʏ ʆɻʐʗ ʈʙʆʋʏ ʐʖʉ ʆɻʉɻʇʅʡʉ ʝʌʖʏ 
ɻʉɻʒʘʍʃʂʆʀ ʆɻʅ ʌʍʋʂɾʋʑʈʘʉʖʏȢ 
 ɫʐʋ ʆɻʉʗʇʅ ʐʂʏ ɻʉʝɿʋʑ ʌɻʍʘʔʀʐɻʅ ʈʀʚɾʈɻ ʆɻʑʎʚʈʋʑ ʑɿʍʋɾʝʉʋʑ ʈʀ ʑɾʍɻʎʚɻ ʀʉʡ 
ʐʂʏ ʆɻʃʝɿʋʑ ʔʍʂʎʅʈʋʌʋʅʀʚʐɻʅ ɻʘʍɻʏȢ ɣɻʃʡʏ ʀʅʎʘʍʔʀʐɻʅ ʐʋ ʁʀʎʐʝ ʆɻʞʎʅʈʋ ʆɻʅ ʋ 
ʁʀʎʐʝʏ ɻʘʍɻʏ ɿʂʈʅʋʑʍɾʋʞʉʐɻʅ ʒɻʅʉʝʈʀʉɻ ʈʀʐɻʒʋʍʗʏ ʃʀʍʈʝʐʂʐɻʏ ʈʀʐɻʊʞ ʐʖʉ 
ʎʐʋʅʔʀʚʖʉ ʐʂʏ ʆʑʕʘʇʂʏ ɉʍʀʞʈɻ ɻʘʍɻȟ ʍʀʞʈɻ ʆɻʑʎʚʈʋʑȟ ʎʐʀʍʀʝ ʆɻʉɻʇʅʡʉ ʆɻʅ ʐʋ 
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PENɊȟ ɻʇʇʗ ʆɻʅ ʈʀʐʗɿʋʎʂ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ʎʀ ʆʗʃʀ ʎʐʀʍʀʝ ɿʅɻʈʘʎʋʑ ʐʖʉ ʈʋʍʚʖʉ 
ʐʋʑȢ  
ɠ ʈʀʇʘʐʂ ʐʂʏ ʃʘʍʈɻʉʎʂʏ ʃɻ ɾʚʉʀʅ ʆɻʅ ʃɻ ʌɻʍʋʑʎʅɻʎʐʀʚ ʎʀ ɿʑʉɻʈʅʆʘʏ ʎʑʉʃʙʆʀʏȢ 
ɠ ʈʀʐɻɼʋʇʙ ɻʇʇʗ ʆɻʅ ʂ ʐʀʇʅʆʙ ʐʅʈʙ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʐʖʉ ʎʐʋʅʔʀʚʖʉ ʐʂʏ 
ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʀʊɻʍʐʗʐɻʅ ɻʌʝ ʐʅʏ ʌɻʍʋʔʘʏ ʎʐɻ ʆɻʉʗʇʅɻ ʀʅʎʝɿʋʑ ʆɻʅ 
ʆɻʃʝɿʋʑȟ ɻʌʝ ʐʂʉ ɻʍʔʅʆʙ ʃʀʍʈʋʆʍɻʎʚɻ ʌʋʑ ʀʅʎʘʍʔʋʉʐɻʅ ʐɻ ʍʀʞʈɻʐɻ 
ʆɻʑʎʚʈʋʑ ʆɻʅ ɻʘʍɻ ʆɻʅ ɻʌʝ ʐʂ ʎʞʎʐɻʎʂ ʐʖʉ ʍʀʑʈʗʐʖʉ ɻʑʐʡʉȢ ɤʝɾʖ ʐʖʉ 
ʌɻʍɻʌʗʉʖ ʌɻʍɻɿʋʔʡʉ ɾʅɻ ʐʂʉ ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ ʃʘʍʈɻʉʎʂʏ ɿʂʈʅʋʑʍɾʀʚʐɻʅ ʘʉɻ 
ʀʞʆʋʇʋ ʑʌʋʇʋɾʅʎʐʅʆʝ ʌʍʝɼʇʂʈɻ ʈʀ ʈʅʆʍʝ ɻʍʅʃʈʝ ʀʊʅʎʡʎʀʖʉ ʎʑɾʆʍʅʐʅʆʗ ʈʀ ʐʋ 
ʋʇʋʆʇʂʍʖʈʘʉʋ ʈʋʉʐʘʇʋ ʇʀʅʐʋʑʍɾʚɻʏ ʐʂʏ SOFC ʎʀ ʇʀʅʐʋʑʍɾʚɻ ʑʌʝ ʒʋʍʐʚʋȢ 
ɬʋ ʈʋʉʐʘʇʋ ʌʀʍʅɾʍʗʒʀʅ ɿʑʋ ʌʀʍʅʌʐʡʎʀʅʏ  ʃʘʍʈɻʉʎʂʏȡ ʈʅɻʏ ʀʌʚʌʀɿʂʏ SOFC ɾʅɻ 
ʋʈʋʍʍʋʙ ʆɻʅ ʈʅɻʏ ʌʀʍʚʌʐʖʎʂʏ ɾʅɻ ʆʗʃʀʐʂ ʍʋʙ ʀʉʡ ʈʀ ʈʅʆʍʘʏ ɻʇʇɻɾʘʏ 
ʑʌʗʍʔʀʅ ʆɻʅ ʂ ɿʑʉɻʐʝʐʂʐɻ ʌʀʍʅɾʍɻʒʙʏ ʐʂʏ ɻʉʐʚʃʀʐʂʏ ʍʋʙʏȢ ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ 
ʋʈʋʍʍʋʙʏ ʃʀʖʍʀʚʐɻʅ ʝʐʅ ʆɻʐʗ y ɿʀʉ ʑʒʚʎʐɻʐɻʅ ʈʀʐʗɿʋʎʂ ʃʀʍʈʝʐʂʐɻʏ ɻʌʝ ʐʋ 
ʆʀʒʗʇɻʅʋ σȢρ ʆɻʅ ʀʌʋʈʘʉʖʏ ʂ ʀʊʘʐɻʎʂ ʐʋʑ ʈʋʉʐʘʇʋʑ ʃɻ ɾʚʉʀʅ ʆɻʐʗ ʐʂʉ ɿʅʀʞʃʑʉʎʂ 
xȢ ɮʑʎʅʆʗ ʇʝɾʖ ʐʋʑ ʈʅʆʍʋʞ ɻʍʅʃʈʋʞ ʀʊʅʎʡʎʀʖʉ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʃʘʍʈɻʉʎʂʏ 
 
 
ɩʚʉɻʆɻʏ τȢρȡ ɩɻʍʗʈʀʐʍʋʅ ʀʅʎʝɿʋʑȟ ɾʀʖʈʀʐʍʚɻ ʐʋʑ ʆʀʇʅʋʞ ʆɻʅ ʅɿʅʋʐʂʐʘʏ ʐʖʉ ʑʇʅʆʡʉ 
ʐʖʉ ʎʐʀʍʀʡʉȢ 

 

ɩɻʍʗʈʀʐʍʋʏ ɥʋʉʗɿɻ ɬʅʈʙ 
ɩɻʍɻʈʀʐʍʅʆʙ 
ɻʉʗʇʑʎʂ 

 ɫʔʝʇʅʋ 

ɩɻʍʗʈʀʐʍʋʅ ʇʀʅʐʋʑʍɾʚɻʏ 

Pop bar 1.013 -  ɩʚʀʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʎʐɻ ʆɻʉʗʇʅɻ 

Nan,in lt min -1 3 -  ɨɾʆʋʈʀʐʍʅʆʙ ʌɻʍʋʔʙ ʀʅʎʝɿʋʑ ʎʐʂʉ ʗʉʋɿʋ 

XH2,in - 0.97 -  ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɭɿʍʋɾʝʉʋʑ 

XH2O,in - 0.03 -  
ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɭɿʍɻʐʈʋʞ 
ɉʗʉʋɿʋʏɊ 

Nca,in lt min -1 3 -  ɨɾʆʋʈʀʐʍʅʆʙ ʌɻʍʋʔʙ ʀʅʎʝɿʋʑ ʆɻʃʝɿʋʑ 

XO2,in - 0.21 -  
ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɨʊʑɾʝʉʋʑ 
ɉʆʗʃʋɿʋʏɊ 

XN2,ca,in - 0.79 -  
ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɚʁʡʐʋʑ 
ɉʆʗʃʋɿʋʏɊ 

ɜʀʖʈʀʐʍʚɻ ʆʀʇʅʋʞ 

lcell cm 10 -  ɥʙʆʋʏȾʌʇʗʐʋʏ ʆʀʇʅʋʞ 

lx cm 10 -  
ɥʙʆʋʏ ʆʀʇʅʋʞ ʆɻʐʗ x  ɿʅʀʞʃʑʉʎʂ (ɾʅɻ 2-
D)  

ly cm 10 -  
ɥʙʆʋʏ ʆʀʇʅʋʞ ʆɻʐʗ y ɿʅʀʞʃʑʉʎʂ ɉɾʅɻ  ς-
D) 

delectrolyte ʈÍ 100 -  ɩʗʔʋʏ ʂʇʀʆʐʍʋʇʞʐʂ 

dan ʈÍ 50 -  ɩʗʔʋʏ ɻʉʝɿʋʑ 

dca ʈm 50 -  ɩʗʔʋʏ ʆɻʃʝɿʋʑ 

ɠan ȟ ɠca mm 3 -  ɸʕʋʏ ʆɻʉɻʇʅʡʉ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ 

wan , wca mm 2 -  
ɩʇʗʐʋʏ ʆɻʉɻʇʅʋʞ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ 
ɉʎʐʋ ʆʗʐʖ ʈʘʍʋʏ ʐʋʑ ʆɻʉɻʇʅʋʞɊ 

ɢɿʅʝʐʂʐʀʏ ʑʇʅʆʋʞ 

ʍpen kg m-3 5900 -  
ɩʑʆʉʝʐʂʐɻ ʈʗʁɻʏ ʂʇʀʆʐʍʋʇʞʐʂ ʈɻʁʚ ʈʀ 
ʂʇʀʆʐʍʝɿʅɻ ɉpen) 

ʍɢ kg m-3 8000 -  ɩʑʆʉʝʐʂʐɻ ʈʗʁɻʏ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 
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ʀpen - 0.8 -  ɫʑʉʐʀʇʀʎʐʙʏ ɻʆʐʅʉʋɼʋʇʅʗʏ  pen 

ʀɢ - 0.1 -  
ɫʑʉʐʀʇʀʎʐʙʏ ɻʆʐʅʉʋɼʋʇʅʗʏ ʎʐʀʍʀʋʞ 
ʆɻʉɻʇʅʡʉ 

Cppen kJ kg-1K-1 0.4 -  ɡʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ pen 

CpI kJ kg-1K-1 0.5 -  ɡʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

ʇpen W m-1K-1 2 -  ɡʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ pen 

ʇI W m-1K-1 25 -  ɡʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

 
ʀʚʉɻʅ ʀʒʅʆʐʝ ʉɻ ɾʚʉʀʅ ʆɻʅ ʂ ɿʅɻʈʘʍʅʎʂ ʐʖʉ ʀʊʅʎʡʎʀʖʉ ʆɻʅ ʈʀʐɻɼʇʂʐʡʉ ʆɻʐʗ ʐʂʉ 
ɿʅʀʞʃʑʉʎʂ y ʝʌʋʑ ʃɻ ʌʍʋʆʞʕʋʑʉ ʐɻ ʚɿʅɻ ɻʌʋʐʀʇʘʎʈɻʐɻȢ 
ɬʋ ɻʌʇʋʌʋʅʂʈʘʉʋ ʈʋʉʐʘʇʋ ʔʍʂʎʅʈʋʌʋʅʀʚ ʐʂ ʈʘʃʋɿʋ ʐʖʉ ʌʀʌʀʍɻʎʈʘʉʖʉ 
ɿʅɻʒʋʍʡʉ ʎʐʂ ʆɻʐʀʞʃʑʉʎʂ x (ʝʈʋʅɻ ʆɻʅ ɾʅɻ ɿʅʗʎʐɻʎʂ y ɾʅɻ ʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ 
ʆʗʃʀʐʂʏ ʍʋʙʏɊȢ ɱʏ ʌɻʍʗʈʀʐʍʋʅ ʀʅʎʝɿʋʑ ɿʚʉʋʉʐɻʅ ʂ ɾʀʖʈʀʐʍʚɻ ʐʋʑ ʆʀʇʅʋʞȟ ʋʅ 
ʌɻʍʋʔʘʏ ʎʐʂʉ ʀʚʎʋɿʋ ʎʀ ʆʗʃʀ ʆɻʉʗʇʅȟ ʂ ʌʚʀʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʆɻʅ ʋʅ 

ʎʑʎʐʗʎʀʅʏ ʐʖʉ ɻʀʍʅʡʉ ʍʀʑʈʗʐʖʉ ʎʐʂʉ ʀʚʎʋɿʋȢ ɬɻ ʔɻʍɻʆʐʂʍʅʎʐʅʆʗ ʐʂʏ 
ɾʀʖʈʀʐʍʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʆɻʅ ʋʅ ʐʅʈʘʏ ʐʖʉ ʌɻʍɻʈʘʐʍʖʉ ʇʀʅʐʋʑʍɾʚɻʏ ɿʚʉʋʉʐɻʅ ʎʐʋ 
ʌʚʉɻʆɻ τȢρȢ 

ɨʅ ʅɿʅʝʐʂʐʀʏ ʐʖʉ ʑʇʅʆʡʉ ʐʋʑ ʆʀʇʅʋʞ ɼɻʎʚʁʋʉʐɻʅ ʎʀ ʈʘʎʀʏ ʐʅʈʘʏ ʌʋʑ ɼʍʚʎʆʋʉʐɻʅ 
ʎʐʂ ɼʅɼʇʅʋɾʍɻʒʚɻ ɍυπȟ υρȟ υςȟ 53, υφȟ υχȟ υψȟ ςρɎȢ ɨʅ ʎʑʉʐʀʇʀʎʐʘʏ ʀʆʌʋʈʌʙʏ ɾʅɻ 
ʆʗʃʀ ʑʇʅʆʝ ʀʊʀʐʗʁʋʉʐɻʅ ɾʅɻ ʐʑʌʅʆʗ ʆʀʍɻʈʅʆʗ ʑʇʅʆʗ ʎʐʂ ʌʀʍʚʌʐʖʎʂ ʐʋʑ PEN ʆɻʅ 
ɾʅɻ ɻʉʋʊʀʚɿʖʐʋ ɻʐʎʗʇʅ ʎʐʂ ʌʀʍʚʌʐʖʎʂ ʐʋʑ ʎʐʀʍʀʋʞ ɿʅɻʎʑʉɿʘʎʀʖʏȢ ɠ 
ʎʑʈʌʀʍʅʒʋʍʗ ʐʖʉ ɻʀʍʚʖʉ ʃʀʖʍʀʚʐɻʅ ʖʏ ɻʑʐʙ ʐʖʉ ʅɿɻʉʅʆʡʉ ɻʀʍʚʖʉȢ 
 ɫʐʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʋʈʋʍʍʋʙʏ ʐʋ ʎʡʈɻ ʐʂʏ ʆʑʕʘʇʂʏ ɼʍʚʎʆʀʐɻʅ ʎʀ ʃʀʍʈʅʆʙ 
ʅʎʋʍʍʋʌʚɻ ςωσ ɣȢ ɫʐʂ ɻʍʔʅʆʙ ʌʀʍʚʌʐʖʎʂ ʌɻʍʘʔʀʐɻʅ ʎʐʂʉ ʗʉʋɿʋ ʃʀʍʈʝ ʈʀʚɾʈɻ 
ʆɻʑʎʚʈʋʑ ʈʀ ωχϷ ɠ2 ʆɻʅ σ Ϸ ɠ2ɨȟ ʃʀʍʈʋʆʍɻʎʚɻʏ ωχσ K ʆɻʅ ʎʐʂ ʆʗʃʋɿʋ ʃʀʍʈʝʏ 
ɻʘʍɻʏ ʚɿʅɻʏ ʃʀʍʈʋʆʍɻʎʚɻʏȢ ɨʅ ʌɻʍʋʔʘʏ ʎʐʂʉ ʀʚʎʋɿʋ ʀʚʉɻʅ σ L min-1 ʆɻʅ ɾʅɻ ʐɻ ɿʞʋ 
ʍʀʞʈɻʐɻȢ 
ɫʐɻ ʌɻʍɻʆʗʐʖ ɿʅɻɾʍʗʈʈɻʐɻ ʆɻʅ ʌʚʉɻʆʀʏ ʌɻʍɻʐʚʃʀʉʐɻʅ ʋʅ ʌɻʍɻʈʘʐʍʋʅ ʀʊʝɿʋʑ 
ʌʋʑ ʌʀʍʅɾʍʗʒʋʑʉ ʐʋʑʏ ʎʑʉʐʀʇʀʎʐʘʏ ʈʀʐʗɿʋʎʂʏ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ʆɻʅ ʐʅʏ ʒʑʎʅʆʘʏ 
ʅɿʅʋʐʙʐʀʏ ʐʖʉ ɻʀʍʚʖʉ ʈʅɾʈʗʐʖʉ ʌʋʑ ʌʍʋʆʞʌʐʋʑʉ ʖʏ ʘʊʋɿʋʅ ʈʘʎɻ ɻʌʝ ʐʂʉ 
ʈʋʉʐʀʇʋʌʋʚʂʎʂ ʐʋʑ ʆʀʇʅʋʞȢ  ɚʑʐʗ ʎʑɾʆʍʚʉʋʉʐɻʅ ʈʀ ʐʂʉ ɼʅɼʇʅʋɾʍɻʒʚɻȢ ɠ 
ʎʞɾʆʍʅʎʂ ʃɻ ɾʚʉʀʅ ʈʀ ʐʂʉ ɼʗʎʂ ɿʀɿʋʈʘʉʖʉ ʐʋʑ NIST Chemistry WebBook.  
ɫʑɾʆʍʚʉʋʉʐɻʏ ʐʅʏ ʐʅʈʘʏ ʎʐʋʉ ʌʚʉɻʆɻ τȢς ʌɻʍɻʐʂʍʀʚʐɻʅ ʝʐʅ ʎʐʅʏ 
ʃʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐʀʏ ʑʌʝ ʎʐɻʃʀʍʝ ʝɾʆʋ ʈʀʐɻʊʞ ɼʅɼʇʅʋɾʍɻʒʚɻʏ ʆɻʅ ʑʌʋʇʋɾʅʎʈʋʞ 
ɿʀʉ ʑʌɻʍʔʋʞʉ ɿʅɻʒʋʍʘʏȟ ʈʗʇʅʎʐɻ ʂ ʈʀɾɻʇʞʐʀʍʂ ɿʅɻʒʋʍʗ ʀʚʉɻʅ ʐʂʏ ʐʗʊʀʖʏ ʐʋʑ 
ρϷȢ ɚʌʝ ʐʋʉ ʌʚʉɻʆɻ τȢσ  ɿʅɻʆʍʚʉʀʐɻʅ ʝʐʅ ʆɻʅ ʐɻ ʅʊʡɿʂ ɿʀʉ ʘʔʋʑʉ ʈʀɾʗʇʂ ɿʅɻʒʋʍʗ 
ʈʋʉʐʘʇʋʑ ʆɻʅ ɼʅɼʇʅʋɾʍɻʒʚɻʏȢ ɣʗʌʋʅʀʏ ʈʅʆʍʘʏ ɿʅɻʒʋʍʘʏ ʌɻʍɻʐʂʍʋʞʉʐɻʅ ʎʐʅʏ 
ʃʀʍʈʅʆʘʏ ɻɾʖɾʅʈʝʐʂʐʀʏ ʐʖʉ ɻʀʍʚʖʉȢ ɫʑɾʆʀʆʍʅʈʘʉɻȟ ʎʐʋʉ ʑɿʍɻʐʈʝ ʑʌʗʍʔʀʅ 
ʎʔʀʐʅʆʝ ʎʒʗʇʈɻ ςπ Ϸ Ȣ  
 
 
ɩʚʉɻʆɻʏ τȢς ȡ ɡʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐʀʏ ʐʖʉ ɻʀʍʚʖʉ ɉɠ2ȟɨ2ȟɠ2ɨȟɦ2Ɋ ʑʌʋʇʋɾʅʎʈʘʉʀʏ ɻʌʝ 
ʐʂʉ ʌʇɻʐʒʝʍʈɻ ʈʋʉʐʀʇʋʌʋʚʂʎʂʏ ʐʋʑ gProms ʆɻʅ ʎʞɾʆʍʅʎʂ ɻʑʐʡʉ ʈʀ ʐʂʉ ɼʗʎʂ 
ɿʀɿʋʈʘʉʖʉ ʐʋʑ NIST Chemistry WebBook [49] .  

 
 

ǶŭȍȌȂȕȊȌ  ǱȋȏȂȕȊȌ 
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ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NIST  gPROMS 

 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NIST  gPROMS 

600  29. 33  29. 32   600  32.1  32. 32  

700  29. 46  29. 43   700  33.01  32. 96  

800  29. 65  29. 76   800  33.74  33. 53  

900  29. 9 30. 1  900  34. 36  34. 04  

1000  30. 22  30.4 3  1000  34.87  34. 49  

       

ǶŭȍŬŰȉȕȎ  ǝȃȒŰȌ 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NIST  gPROMS 

 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NIST  gPROMS 

600  36. 5 36. 3  600  30. 125  30. 11  

700  37. 5 37. 46   700  30. 75  30. 76  

800  38. 7 38. 7  800  31. 44  31. 45  

900  40  39. 98   900  32. 1 31 .12  

1000  41. 3 41. 27   1000  32. 7 32. 69  

       

ǮȌȊǼŭŮȎ   J mol -1 K-1      

 
ɩʚʉɻʆɻʏ τȢσ ȡ ɢʊʡɿʂ ʐʖʉ ɻʀʍʚʖʉ ɉɠ2ȟɨ2ȟɠ2ɨȟɦ2Ɋ ʑʌʋʇʋɾʅʎʈʘʉɻ ɻʌʝ ʐʂʉ ʌʇɻʐʒʝʍʈɻ 
ʈʋʉʐʀʇʋʌʋʚʂʎʂʏ ʐʋʑ gProms ʆɻʅ ʎʞɾʆʍʅʎʂ ɻʑʐʡʉ ʈʀ ʐʂʉ ɼʗʎʂ ɿʀɿʋʈʘʉʖʉ ʐʋʑ NIST 
Chemistry WebBook [49] .  
 

ǶŭȍȌȂȕȊȌ  ǱȋȏȂȕȊȌ 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NIST  gPROMS 

 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NIST  gPROMS 

600  14.34  14. 1  600  34. 67  34 .0  

700  15. 9 15. 6  700  38. 6 37. 8 

800  17.44  17. 03   800  42.33  41. 2 

900  18. 9 18. 38   900  45. 8 44. 6 

1000  20. 297  19. 65   1000  49.15  47. 7 

       

ǶŭȍŬŰȉȕȎ  ǝȃȒŰȌ 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NIST  gPROMS 

 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NIST  gPROMS 

600  21. 4 22. 4  600  29. 6 28. 3 

700  25. 6 26. 4  700  32. 9 31. 4 

800  29. 67  30. 2  800  35. 92  34. 2 

900  33. 67  34. 1  900  38. 8 37. 02  

1000  37. 6 37. 8  1000  41. 55  39. 54  

       

ǮȌȊǼŭŮȎ   ȉPaÖs      

 
ɩʚʉɻʆɻʏ τȢτ ȡ ɡʀʍʈʅʆʘʏ ɻɾʖɾʅʈʝʐʂʐʀʏ ɻʀʍʚʖʉ ɉɠ2ȟɨ2ȟɠ2ɨȟɦ2Ɋ ʑʌʋʇʋɾʅʎʈʘʉʀʏ ɻʌʝ ʐʂʉ 
ʌʇɻʐʒʝʍʈɻ ʈʋʉʐʀʇʋʌʋʚʂʎʂʏ ʐʋʑ gProms ʎʑɾʆʍʚʉʋʉʐɻʅ ʈʀ ʐʂʉ ɼʗʎʂ ɿʀɿʋʈʘʉʖʉ ʐʋʑ 
NIST Chemistry WebBook [49] .  

 

ǶŭȍȌȂȕȊȌ  ǱȋȏȂȕȊȌ 
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ŪŮȍȉȌȇȍŬůǿŮȎ (K) NIST  gPROMS 
 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K ) 
NI ST gPROMS 

600  0. 328  0. 292   600  0. 0507  0. 0493  

700  0. 376  0. 329   700  0. 0585  0. 0556  

800  0. 425  0. 361   800  0. 0659  0. 0618  

900  0. 47  0. 394   900  0. 073  0. 068  

1000  0. 525  0. 425   1000  0. 0797  0. 073  

       

ǶŭȍŬŰȉȕȎ  ǝȃȒŰȌ 

ŪŮȍȉȌȇȍŬůǿŮȎ (K) NIST  gPROMS 
 

ŪŮȍȉȌȇȍŬůǿŮȎ 

(K )  
NIST  gPROMS 

600  0. 046  0. 064   600  0. 438  0. 044  

700  0. 058  0. 078   700  0. 0496  0. 049  

800  0. 07  0. 092   800  0. 0552  0. 055  

900  0. 083  0. 107   900  0. 06  0. 061  

1000  0. 097  0. 122   1000  0. 066  0. 066  

       

ǮȌȊǼŭŮȎ  W m -1 K-1      

 
ɚʌʝ ʒʑʎʅʆʙʏ ʌʇʀʑʍʗʏ ʌɻʍɻʐʂʍʀʚʐɻʅ ʈʀɾʗʇʂ ɿʅɻʒʋʍʗ ʈʀʐɻʊʞ ʐʖʉ 
ʃʀʍʈʅʆʡʉ ɻɾʖɾʅʈʋʐʙʐʖʉ ʐʖʉ ʎʑʎʐɻʐʅʆʡʉ ʐʖʉ ʆɻʉɻʇʅʡʉ ʐʂʏ ɻʉʝɿʋʑ ʆɻʅ 
ʆɻʃʝɿʋʑ ʈʀ ʐʋ ʑɿʍʋɾʝʉʋ ʉɻ ʘʔʀʅ πȢτςυ Wm-1K-1  ʆɻʅ ʐʋʉ ʑɿʍɻʐʈʝ πȢρςς Wm-1K-1 

ʎʐʋʑʏ ρπππ ɣȢ ɚʉʐʚʃʀʐɻ ʐʋ ʋʊʑɾʝʉʋ ʉɻ ʘʔʀʅ ʃʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ πȢπχσ Wm-1K-1 

ʆɻʅ ʐʋ ʗʁʖʐʋ 0.066 W m-1K-1 ʎʐʋʑʏ ʚɿʅʋʑʏ ɼɻʃʈʋʞʏ ʆʘʇɼʅʉ. ɚʑʐʝ ʀʊʂɾʀʚ ʆɻʅ ʐʂʉ 
ʈʀɾʗʇʂ ɿʅɻʒʋʍʗ ʈʀʐɻʊʞ ʐʖʉ ʎʑʉʐʀʇʀʎʐʡʉ ʎʑʉɻɾʖɾʙʏ ʈʀʐɻʒʋʍʗʏ ʃʀʍʈʝʐʂʐɻʏ 
ʐʋʑ ɻʘʍʅʋʑ ʈʀʚɾʈɻʐʋʏ ʎʐʂʉ ʌʇʀʑʍʗ ʐʂʏ ɻʉʝɿʋʑ ʆɻʅ ʐʂʏ ʆɻʃʝɿʋʑȢ  
ɫʐʋ ʎʔʙʈɻ τȢρ ʒɻʚʉʋʉʐɻʅ ʋʅ ɿʅʗʒʋʍʋʅ ʎʑʉʐʀʇʀʎʐʘʏ ʎʑʉɻɾʖɾʙʏ 
ʈʀʐɻʒʋʍʗʏ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ʐʋʑ ɻʘʍɻ ɾʅɻ ʆʗʃʀ ʃʀʍʈʋʆʍɻʎʚɻ ʈʀʐɻʊʞ ςωσ K 
ʆɻʅ ρρωσ Kȟ ʌʋʑ ʑʌʋʇʋɾʚʁʋʉʐɻʅ ɻʌʝ ʐʅʏ ʀʊʅʎʡʎʀʅʏ υχȢ O ɻʘʍɻʏ ʎʀ ʃʀʍʈʋʆʍɻʎʚʀʏ 
ʌʋʑ ʇʀʅʐʋʑʍɾʀʚ ʂ SOFC ʒɻʚʉʀʐɻʅ ʉɻ ʘʔʀʅ ʎʑʉʐʀʇʀʎʐʙ ʎʑʉɻɾʖɾʙʏ ʈʀʐɻʊʞ ςςπ ʈʀ 
240 W m-2 K-1.   ɬʋ ɿʅʗɾʍɻʈʈɻ ʎʑʈʒʖʉʀʚ ɻʌʝʇʑʐɻ ʈʀ ʐʂʉ ɼʅɼʇʅʋɾʍɻʒʚɻ ɍτχɎȢ 
ɫʐʋ ʎʔʙʈɻ τȢς ʒɻʚʉʋʉʐɻʅ ʋʅ ʎʑʉʐʀʇʀʎʐʘʏ ʎʑʉɻɾʖɾʙʏ ɾʅɻ ʐʋ ʈʀʚɾʈɻ ʆɻʑʎʚʈʋʑ 

H2 ɉωχϷɊ ʆɻʅ (2/ ɉσϷɊ ʉɻ ʘʔʋʑʉ ʌʀʉʐɻʌʇʗʎʅɻ ʐʅʈʙ ʌʀʍʚʌʋʑȢ ɴʐɻʉ ɻʉɻʈʀʉʝʈʀʉʋ 
ɻʒʋʞ ɻʌʝ ʐʅʏ ʃʀʍʈʅʆʘʏ ɻɾʖɾʅʈʝʐʂʐʀʏ ʐʖʉ ʆʗʃʀ ɻʀʍʚʖʉ ʐʋ ʑɿʍʋɾʝʉʋ ʆɻʅ ʀʅɿʅʆʗ ʋ 
ʑɿʍɻʐʈʝʏ ʀʚʔɻʉ ʌʋʇʞ ʈʀɾɻʇʞʐʀʍʀʏ ʐʅʈʘʏ ɻʌʝ ʐʋ ʋʊʑɾʝʉʋ ʆɻʅ ʐʋ ʗʁʖʐʋȢ 
ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ʒʋʍʐʚʋ ʆɻʐʗ ʐʋ ʈʙʆʋʏ ʐʋʑ 
ʆɻʉɻʇʅʋʞ ʑʌʗʍʔʀʅ ʆɻʐɻʉʗʇʖʎʂ ʐʋʑ ʑɿʍʋɾʝʉʋʑȟ ʋʌʝʐʀ ʈʀʚʖʎʂ ɻʑʐʋʞ ʆɻʅ ɻʞʊʂʎʂ 
ʐʋʑ ʑɿʍɻʐʈʋʞ ɻʇʇʗʁʀʅ ʂ ʎʞʎʐɻʎʂ ʐʋʑ ʈʀʚɾʈɻʐʋʏȟ ɿʚʉʋʉʐɻʏ ɿʅɻʒʋʍʀʐʅʆʝ 
ʎʑʉʐʀʇʀʎʐʙ ɻɾʖɾʅʈʝʐʂʐɻʏ ʎʀ ʆʗʃʀ ʃʘʎʂȢ ɞʊɻʍʐʗʐɻʅ ʇʋʅʌʝʉ ɻʌʝ ʐʂʉ ʃʘʎʂȟ 
ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʆɻʅ ʒʑʎʅʆʗ ɻʌʝ ʐʋʉ ʔʍʝʉʋ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʈʂ ʈʝʉʅʈʖʉ 
ʎʑʉʃʂʆʡʉ ʇʀʅʐʋʑʍɾʚɻʏȢ ɬɻ ʚɿʅɻ ʅʎʔʞʋʑʉ ʆɻʅ ɾʅɻ ʐʋ ʍʀʞʈɻ ʐʂʏ ʆɻʃʝɿʋʑȟ ɻʒʋʞ 
ʑʌʗʍʔʀʅ ʂ ʆɻʐɻʉʗʇʖʎʂ ʐʋʑ ʋʊʑɾʝʉʋʑ ʆɻʅ ʂ ʈʀʚʖʎʂ ɻʑʐʋʞȢ  

 



 48 

 
ɫʔʙʈɻ τȢρ ȡ ɫʑʉʐʀʇʀʎʐʙʏ ʎʑʉɻɾʖɾʙʏ ʈʀʐʗɿʋʎʂʏ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ʐʋʑ ɻʘʍʅʋʑ ʈʀʚɾʈɻʐʋʏ 
ʎʐʋ ʆɻʉʗʇʅ ʐʂʏ ʆɻʃʝɿʋʑ ʎʑʉɻʍʐʙʎʀʅ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏȢ 

 
 
 

 
ɫʔʙʈɻ τȢς ȡ ɫʑʉʐʀʇʀʎʐʙʏ ʎʑʉɻɾʖɾʙʏ ʈʀʐʗɿʋʎʂʏ ʐʂʏ ʃʀʍʈʝʐʂʐɻʏ ʐʋʑ ɻʘʍʅʋʑ ʈʀʚɾʈɻʐʋʏ 
ʎʐʋ ʆɻʉʗʇʅ ʐʂʏ ɻʉʝɿʋʑ ɉύϋϻ ɠ2 ʆɻʅ χϻ ɠ2ɨɊ ʎʑʉɻʍʐʙʎʀʅ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏȢ     
 



 49 

 
ɫʔʙʈɻ τȢσȡ ɨʅ ʈʘʎʀʏ ʐʅʈʘʏ ʐʖʉ ʃʀʍʈʋʆʍɻʎʚʖʉ ʆʗʃʀ ʎʐʋʅʔʀʚʋʑ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ 
ʎʑʉɻʍʐʙʎʀʅ ʐʋʑ ʔʍʝʉʋʑ ʆɻʐʗ ʐʂ ʃʘʍʈɻʉʎʂ ʐʋʑ ʆʀʇʅʋʞ ɉʌʀʍʚʌʐʖʎʂ ʋʈʋʍʍʋʙʏɊ. 
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ɫʔʙʈɻ 4.4: ɩɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʃʘʍʈɻʉʎʂ ʐʋʑ ʆʀʇʅʋʞ ʎʀ ʋʈʋʍʍʋʙ ʆɻʐʗ ʐʂʉ ʀʊʘʇʅʊʂ ʐʋʑ 
ʔʍʝʉʋʑȢ  ɫʀ ʆʗʃʀ ʔʍʋʉʅʆʙ ʎʐʅɾʈʙ ʒɻʚʉʀʐɻʅ ʂ ʃʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐɻʉʋʈʙ ʐʋʑ pen  ʎʀ 
ʐʍʅʎɿʅʗʎʐɻʐʂ ɻʌʀʅʆʝʉʅʎʂȢ 
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ɫʔʙʈɻ τȢυ ɩɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʃʘʍʈɻʉʎʂ ʐʋʑ ʆʀʇʅʋʞ ʎʀ ʆʗʃʀʐʂ ʍʋʙ ʆɻʐʗ ʐʂʉ ʀʊʘʇʅʊʂ ʐʋʑ 
ʔʍʝʉʋʑȢ  ɫʀ ʆʗʃʀ ʔʍʋʉʅʆʙ ʎʐʅɾʈʙ ʒɻʚʉʀʐɻʅ ʂ ʃʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐɻʉʋʈʙ ʐʋʑ pen  ʎʀ 
ʐʍʅʎɿʅʗʎʐɻʐʂ ɻʌʀʅʆʝʉʅʎʂȢ 
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ɫʐʋ ʎʔʙʈɻ τȢσ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʋʅ ʈʘʎʀʏ ʐʅʈʘʏ ʐʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʆʗʃʀ 
ʎʐʋʅʔʀʚʋʑ ʖʏ ʎʑʉɻʍʐʙʎʀʅ ʐʋʑ ʔʍʝʉʋʑ ʆɻʐʗ ʐʂ ɿʅɻɿʅʆɻʎʚɻ ʐʂʏ ʃʘʍʈɻʉʎʂʏȢ 
ɥʀʐʗ ɻʌʝ ςυ ʇʀʌʐʗ ʐɻ ɻʘʍʅɻ ʍʀʞʈɻʐɻ ʆɻʅ ʐɻ ʎʐʀʍʀʗ ɻʌʋʆʐʋʞʉ ʎʐɻʃʀʍʙ 
ʃʀʍʈʋʆʍɻʎʚɻ ʚʎʂ ʈʀ ɻʑʐʙ ʐʖʉ ɻʀʍʚʖʉ ʎʐʂʉ ʀʚʎʋɿʋ ωχσ ɣȢ ɥʀʐʗ ʐɻ ρχ ʇʀʌʐʗ ʆɻʅ 
ʐɻ ʐʘʎʎʀʍɻ ʎʐʋʅʔʀʚɻ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʎʑɾʆʇʚʉʋʑʉ ʃʀʍʈʋʆʍɻʎʅɻʆʗ ʎʐʂʉ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɻʘʍʅʖʉ ʍʀʑʈʗʐʖʉȢ 
ɫʐʋ ʎʔʙʈɻ τȢτ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ɻʌʀʅʆʝʉʅʎʂ ʐʂʏ ʐʍʅʎɿʅʗʎʐɻʐʂʏ ʆɻʐɻʉʋʈʙʏ 
ʃʀʍʈʋʆʍɻʎʅʡʉ ʎʐo PEN ʎʐʂ ʀʊʘʇʅʊʂ ʐʋʑ ʔʍʝʉʋʑȢ ɫʐɻ ςυππ ɿʀʑʐʀʍʝʇʀʌʐɻ ɉτς 
ʇʀʌʐʗɊ ʎʀ ʝʇʂ ʐʂʉ ʀʌʅʒʗʉʀʅɻ ʐʋʑ ʎʐʀʍʀʋʞ ʐʂʏ ʈʀʈɼʍʗʉʂʏ ʆʗʃʀ ʌʀʌʀʍɻʎʈʘʉʋ 
ʎʐʋʅʔʀʚʋ ʘʔʀʅ ʐʂʉ ʚɿʅɻ ʃʀʍʈʋʆʍɻʎʚɻȢ 
ɫʐʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʆʗʃʀʐʂʏ ʍʋʙʏ ʀʅʎʗɾʋʉʐɻʅ ʎʐʂ ʆʑʕʘʇʂ ʋʅ ʚɿʅʀʏ ʌɻʍʋʔʘʏ 
ɻʘʍɻ ʆɻʅ ʆɻʑʎʚʈʋʑ ʈʀ ʐʅʏ ʚɿʅʀʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʀʅʎʝɿʋʑ ʎʐɻ ʆʗʃʀʐɻ ʍʀʞʈɻʐɻȢ ɠ 
ʎʞʎʐɻʎʂ ʐʋʑ ʆɻʑʎʚʈʋʑ ʐʂʏ ʀʅʎʝɿʋʑ ʀʚʉɻʅ ɻʆʍʅɼʡʏ ʂ ʚɿʅɻ ʝʌʖʏ ʆɻʅ ʎʐʂ 
ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʋʈʋʍʍʋʙʏȢ ɬɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ʒɻʚʉʋʉʐɻʅ ʎʐʋ ʎʔʙʈɻ τȢυȟ ʝʌʋʑ 
ʒɻʚʉʀʐɻʅ ʎʐɻɿʅɻʆʗ ʂ ɻʉʞʕʖʎʂ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʎʀ ʎʔʘʎʂ ʈʀ ʐʋ ʔʍʝʉʋ ʎʀ ʆʗʃʀ 
ʎʂʈʀʚʋ ʐʋʑ PEN ʐʂʏ SOFC.  
ɬʋʉ ɢɻʉʋʑʗʍʅʋ ʐʋʑ ςπρρ ʐʋ ʈʋʉʐʘʇʋ ɼʀʇʐʅʡʃʂʆʀ ʆɻʅ ʌɻʍɻʆʗʐʖ ʃɻ ʀʊʀʐɻʎʐʀʚ 
ʂ ʃʘʍʈɻʉʎʂ ʐʋʑ ʆʀʇʅʋʞ ɻʌʝ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ɿʖʈɻʐʚʋʑ ʎʐʂʉ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʆʆʚʉʂʎʂʏ ʐʂʏ ʇʀʅʐʋʑʍɾʚɻʏȢ ɫʐʋ ʈʋʉʐʘʇʋ ɻʑʐʝ ʂ ɾʀʖʈʀʐʍʚɻ ʌʋʑ 
ʃɻ ʔʍʂʎʅʈʋʌʋʅʂʃʀʚ ʃɻ ʀʚʉɻʅ ʎʞʈʒʖʉɻ ʈʀ ʐʋʑ IEA ɍυωɎȢ ɠ ɾʀʖʈʀʐʍʚɻ ʐʋʑ ʆʀʇʅʋʞ 
ʒɻʚʉʀʐɻʅ ʎʐʋ ʌʚʉɻʆɻ τȢυ ʈɻʁʚ ʈʀ ʐʅʏ ʌɻʍɻʈʘʐʍʋʑʏ ʀʅʎʝɿʋʑȢ ɠ ʌɻʍʋʔʙ ʃɻ ʀʚʉɻʅ 
ʃʀʍʈʝ ʆʗʑʎʅʈʋ ʎʐʂʉ ʗʉʋɿʋ ʎʞʎʐɻʎʂʏ ωπ Ϸ ɠ2 ʆɻʅ ρπ Ϸ ɠ2ɨ ʆɻʅ ʎʐʂʉ ʆʗʃʋɿʋ 
ʃʀʍʈʝʏ ɻʘʍɻʏȢ 
ɜʅɻ ʇʝɾʋʑʏ ʎʑʉʐʋʈʚɻʏ ʃɻ ʌɻʍʋʑʎʅɻʎʐʀʚ ʈʝʉʋ ʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʋʈʋʍʍʋʙʏȢ ɬʋ 
ʆʀʇʚ ɼʍʚʎʆʀʐɻʅ ʎʀ ʃʀʍʈʋʆʍɻʎʚɻ ɿʖʈɻʐʚʋʑ σππ K ʆɻʅ ʐʍʋʒʋɿʋʐʀʚʐɻʅ ʈʀ ɻʘʍʅɻ 
ʍʀʞʈɻʐɻ ʎʀ ʗʉʋɿʋ ʆɻʅ ʆʗʃʋɿʋ ʎʐʋʑʏ ρπςσ KȢ ɫʞʈʒʖʉɻ ʈʀ ʐʋʉ ʌʚʉɻʆɻ τȢυ ʎʐʅʏ 
ʅɿʅʝʐʂʐʀʏ ʑʇʅʆʋʞ ʃɻ ʔʍʂʎʅʈʋʌʋʅʂʃʀʚ ʐʋ ʚɿʅʋ ʑʇʅʆʝ ɾʅɻ ʐʋ ʎʐʀʍʀʝ ɿʅɻʎʑʉɿʘʎʀʖʏ 
ɉɿʅʌʋʇʅʆʙ ʌʇʗʆɻɊ ʈʀ ʐʋ ʑʇʅʆʝ ʐʋʑ pen (ʆʀʍɻʈʅʆʝɊȢ  
ɫʐʋ ʉʘʋ ʈʋʉʐʘʇʋȟ ʎʀ ɻʉʐʚʃʀʎʂ ʈʀ ʐʋ ʌʍʋʂɾʋʞʈʀʉʋȟ ʎʐʂʉ ʀʚʎʋɿʋ ʐʋʑ ʆʀʇʅʋʞ ʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʃɻ ɻʌʋɿʚɿʀʐɻʅ ʎʐɻɿʅɻʆʗ ʆɻʅ ʝʔʅ ɻʆɻʍʅɻʚɻȢ ɨʅ ʀʊʅʎʡʎʀʅʏ τφ ʆɻʅ 
τψ ɻʌʋʐʀʇʋʞʉ ʐʂʉ ʆɻʅʉʋʐʋʈʚɻ ʌʋʑ ʘʔʀʅ ɻʑʐʝ ʐʋ ʈʋʉʐʘʇʋ ʎʀ ɻʉʐʚʃʀʎʂ ʈʀ ʐʋ 
ʌʍʋʂɾʋʞʈʀʉʋȢ ɠ ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ɻʑʊʗʉʀʐɻʅ ʈʀ ʍʑʃʈʝ ρȢπ ɣ s-1. ɠ ʐʅʈʙ ʀʚʉɻʅ 
ɻʑʃɻʚʍʀʐʂ ʆɻʅ ʒʑʎʅʆʗ ʃʘʇʀʅ ʌʀʍɻʅʐʘʍʖ ʈʀʇʘʐʂȢ ɫʀ ʆʗʃʀ ʌʀʍʚʌʐʖʎʂ ɻʌʋʐʀʇʀʚ ʈʅɻ 
ʒʑʎʅʋʇʋɾʅʆʝʐʀʍʂ ʌʍʋʎʘɾɾʅʎʂ ɻʌʝ ʐʂʉ ʀʌʅɼʋʇʙ ɻʆɻʍʅɻʚɻʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ρπςσ K 
ʎʐʂʉ ʀʚʎʋɿʋȢ ɫʐʂ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʒɻʚʉʀʐɻʅ ʂ 
ʎʌʋʑɿɻʅʝʐʂʐɻ ɻʑʐʙʏ ʐʂʏ ʐʀʔʉʅʆʙʏ ʆɻʃʡʏ ʐʋ ʈʋʉʐʘʇʋ ʌɻʍʋʑʎʅʗʁʀʅ ɻʎʐʗʃʀʅɻ 
ɿʚʉʋʉʐɻʏ ʐʋʑ ʈʅɻ ɻʆɻʍʅɻʚɻ ʐʅʈʙ ʀʅʎʝɿʋʑ ʎʐʋ ɿʑʉɻʈʅʆʝ ʌʍʝɼʇʂʈɻȢ ɬʅʏ 
ʌʀʍʅʎʎʝʐʀʍʀʏ ʒʋʍʘʏ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʌʍʋɼʇʙʈɻʐɻ ɻʍʔʅʆʋʌʋʅʙʎʀʖʏȢ ɬʋ 
ʒɻʅʉʝʈʀʉʋ ɻʑʐʝ ʃɻ ʎʑʁʂʐʂʃʀʚ ɿʅʀʊʋɿʅʆʗ ʎʐʋ ʐʘʇʋʏ ʐʂʏ ʀʍɾɻʎʚɻʏȢ 
ɫʐɻ ρππ ʌʍʡʐɻ ɿʀʑʐʀʍʝʇʀʌʐɻ ʌɻʍʘʔʀʐɻʅ ʆɻʞʎʅʈʋ ʆɻʅ ɻʘʍɻʏ ʈʀ ʌɻʍʋʔʙ ςȢυ Lt 

min-1 ʎʐʋʑʏ σππ K. ɫʐɻ ʀʌʝʈʀʉɻ χςσ ɿʀʑʐʀʍʝʇʀʌʐɻ ʌɻʍʘʔʋʉʐɻʅ ʐɻ ɻʘʍʅɻ ʈʀ 
ʍʑʃʈʝ ɻʞʊʂʎʂʏ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ρȢπ K s-1Ȣ ɥʀʐʗ ʐɻ ψςσ ɿʀʑʐʀʍʝʇʀʌʐɻ ʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʌɻʍɻʈʘʉʀʅ ʎʐɻʃʀʍʙ ʎʐʋʑʏ ρπςσ K. ɨʅ ʌɻʍʋʔʘʏ 
ʐʖʉ ɻʀʍʚʖʉ ʀʚʉɻʅ ʎʐɻʃʀʍʘʏ ʆɻʃȭ ʝʇʂ ʐʂʉ ɿʅʗʍʆʀʅɻ ʐʖʉ ɿʅʀʍɾɻʎʅʡʉȢ 
ɨʅ ʃʀʍʈʋʆʍɻʎʚʀʏ ʝʇʖʉ ʐʖʉ ʎʐʋʅʔʀʚʖʉ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʑʎʚʈʋʑ ʝʌʖʏ ʌʍʋʆʞʌʐʀʅ 
ɻʌʝ ʐʋʑʏ ʑʌʋʇʋɾʅʎʈʋʞʏȟ ʆɻʅ ʒɻʚʉʀʐɻʅ ʎʐʋ ʎʔʙʈɻ τȢφ ɾʅɻ ʐʋ pen ʆɻʅ ʐʋ ʆɻʉʗʇʅ 
ʆɻʃʝɿʋʑȟ ʎʑɾʆʇʚʉʋʑʉ ʎʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ʍʀʑʈʗʐʖʉ ʞʎʐʀʍɻ ɻʌʝ 
ʌʀʍʚʌʋʑ ρτππ ɿʀʑʐʀʍʝʇʀʌʐɻ ɉςσ ʇʀʌʐʗɊȢ ɤʝɾʖ ʐʋʑ ʈʀɾʗʇʋʑ ʎʑʉʐʀʇʀʎʐʙ 
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ʎʑʉɻɾʖɾʙʏ ʐʂʏ ɻʉʝɿʋʑ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ ʆɻʑʎʚʈʋʑ ʌʇʂʎʅʗʁʀʅ ɻʑʐʙ ʐʋʑ PEN. 
ɚʌʝ ʐʂʉ ʗʇʇʂ ʎʐʋ ʆɻʉʗʇʅ ʐʂʏ ʆɻʃʝɿʋʑ ʋ ɻʘʍɻ ʘʔʀʅ ʈʅʆʍʝʐʀʍʋ ʎʑʉʐʀʇʀʎʐʙ 
ʎʑʉɻɾʖɾʙʏ ʆɻʅ ɾʅɻ ɻʑʐʝ ɿʀʉ ʈʀʐɻʒʘʍʀʐɻʅ ʐʋ ʚɿʅʋ ʂ ʃʀʍʈʝʐʂʐɻ ʈʀ ɻʌʋʐʘʇʀʎʈɻ 
ʆɻʐʗ ʐʂʉ ɿʅʗʍʆʀʅɻ ʐʂʏ ʃʘʍʈɻʉʎʂʏ ʉɻ ʘʔʀʅ ʈʀɾɻʇʞʐʀʍʂ ʃʀʍʈʋʆʍɻʎʚɻ ɻʌʝ ʐʂʉ 
ʗʉʋɿʋ ʆɻʅ ʐʋ PEN .  
 
ɩʚʉɻʆɻʏ τȢυȡ ɩɻʍʗʈʀʐʍʋʅ ʀʅʎʝɿʋʑȟ ɾʀʖʈʀʐʍʚɻ ʐʋʑ ʆʀʇʅʋʞ ʆɻʅ ʅɿʅʋʐʂʐʘʏ ʐʖʉ ʑʇʅʆʡʉ 
ʎʞʈʒʖʉɻ ʈʀ ʐʋ ɢɞɚ ɍυωɎȢ 
 

ɩɻʍʗʈʀʐʍʋʏ ɥʋʉʗɿɻ ɬʅʈʙ  ɫʔʝʇʅʋ 

Pop bar 1.013  ɩʚʀʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʎʐɻ ʆɻʉʗʇʅɻ 

Nan,in lt min -1 2.5  ɨɾʆʋʈʀʐʍʅʆʙ ʌɻʍʋʔʙ ʀʅʎʝɿʋʑ ʎʐʂʉ ʗʉʋɿʋ 

XH2,in - 0.90  ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɭɿʍʋɾʝʉʋʑ 

XH2O,in - 0.1  
ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɭɿʍɻʐʈʋʞ 
ɉʗʉʋɿʋʏɊ 

Nca,in lt min -1 2.5  ɨɾʆʋʈʀʐʍʅʆʙ ʌɻʍʋʔʙ ʀʅʎʝɿʋʑ ʆɻʃʝɿʋʑ 

XO2,in - 0.22  
ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɨʊʑɾʝʉʋʑ 
ɉʆʗʃʋɿʋʏɊ 

XN2,ca,in - 0.78  
ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɚʁʡʐʋʑ 
ɉʆʗʃʋɿʋʏɊ 

ɜʀʖʈʀʐʍʚɻ 

lcell mm 100  ɥʙʆʋʏȾʌʇʗʐʋʏ ʆʀʇʅʋʞ 

lx mm 100  ɥʙʆʋʏ ʆʀʇʅʋʞ ʆɻʐʗ x  ɿʅʀʞʃʑʉʎʂ (ɾʅɻ 2-D)  

ly mm 100  ɥʙʆʋʏ ʆʀʇʅʋʞ ʆɻʐʗ y ɿʅʀʞʃʑʉʎʂ ɉɾʅɻ  σ-D) 

delectrolyte ʈÍ 150  ɩʗʔʋʏ ʂʇʀʆʐʍʋʇʞʐʂ 

dan ʈÍ 50  ɩʗʔʋʏ ɻʉʝɿʋʑ 

dca ʈm 50  ɩʗʔʋʏ ʆɻʃʝɿʋʑ 

ɠan ȟ ɠca mm 1  ɸʕʋʏ ʆɻʉɻʇʅʡʉ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ 

wan , wca mm 3  ɩʇʗʐʋʏ ʆɻʉɻʇʅʋʞ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ 

wint  mm 2.42  ɩʇʀʑʍʅʆʝ ʌʗʔʋʏ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

wint + wch mm 5.42  ɫʑʉʋʇʅʆʝ ʌʇʗʐʋʏ ʆɻʉɻʇʅʋʞ ɉʀʉʀʍɾʝɊ 

dint  mm 2.5  ɸʕʝʏ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

ɢɿʅʝʐʂʐʀʏ ʑʇʅʆʋʞ 

ʍpen kg m-3 6600  
ɩʑʆʉʝʐʂʐɻ ʈʗʁɻʏ ʂʇʀʆʐʍʋʇʞʐʂ ʈɻʁʚ ʈʀ 
ʂʇʀʆʐʍʝɿʅɻ ɉpen) 

ʍɢ kg m-3 6600  ɩʑʆʉʝʐʂʐɻ ʈʗʁɻʏ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

ʀpen - 0.8  ɫʑʉʐʀʇʀʎʐʙʏ ɻʆʐʅʉʋɼʋʇʚɻʏ  pen 

ʀɢ - 0.8  
ɫʑʉʐʀʇʀʎʐʙʏ ɻʆʐʅʉʋɼʋʇʚɻʏ ʎʐʀʍʀʋʞ 
ʆɻʉɻʇʅʡʉ 

Cppen kJ kg-1K-1 0.4  ɡʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ pen 

CpI kJ kg-1K-1 0.4  ɡʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

ʇpen W m-1K-1 2  ɡʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ pen 

ʇI W m-1K-1 2  ɡʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 
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ɫʔʙʈɻ τȢφ:  ɥʘʎʋʅ ʝʍʋʅ ʐʖʉ ʃʀʍʈʋʆʍɻʎʚʖʉ ʐʋʑ pen ʆɻʅ ʐʂʏ ɻʉʝɿʋʑ ʎʑʉɻʍʐʙʎʀʅ ʐʋʑ 
ʔʍʝʉʋʑȢ ɠ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ʀʚʉɻʅ ʆɻʐɻʎʆʀʑɻʎʈʘʉʂ ɻʌʝ ʆʀʍɻʈʅʆʝȢ 
 

 

 
ɫʔʙʈɻ τȢχȡ ɥʘʎʋʅ ʝʍʋʅ ʐʖʉ ʐɻʔʑʐʙʐʖʉ ʎʀ ʆʗʃʀ ʆʗʃʀ ʆɻʉʗʇʅ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑȢ ɠ 
ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ʀʚʉɻʅ ʆɻʐɻʎʆʀʑɻʎʈʘʉʂ ɻʌʝ ʆʀʍɻʈʅʆʝȢ 
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ɫʐʋ ʎʔʙʈɻ τȢχ ɿʅɻɾʍʗʒʋʉʐɻʅ ʆɻʅ ʋʅ ʈʘʎʋʅ ʝʍʋʅ ʐʖʉ ʐɻʔʑʐʙʐʖʉ ʎʐɻ ɿʞʋ 
ʆɻʉʗʇʅɻȢ ɞʉʡ ʂ ʌɻʍʋʔʙ ʀʚʉɻʅ ʎʐɻʃʀʍʙ ʎʐʂʉ ʀʚʎʋɿʋ ʆɻʅ ɿʀʉ ʑʌʗʍʔʋʑʉ ɻʌʡʇʀʅʀʏ 
ʆɻʐʗ ʐʋ ʈʙʆʋʏ ʐʖʉ ʆɻʉɻʇʅʡʉ ʂ ʐɻʔʞʐʂʐɻ ɻʑʊʗʉʀʐɻʅ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆɻʉɻʇʅʋʞȢ 
ɬʂʉ ʈʅʆʍʝʐʀʍʂ ʈʘʎʂ ʐʅʈʙ ʎʀ ʆʗʃʀ ʆɻʉʗʇʅ ʐʂʉ ʘʔʀʅ ʎʐʂʉ ɻʍʔʙ ʐʂʏ ʃʘʍʈɻʉʎʂʏȟ 
ʝʌʋʑ ʐʋ ʆʀʇʚ ɼʍʚʎʆʀʐɻʅ ʎʀ ʃʀʍʈʋʆʍɻʎʚɻ ɿʖʈɻʐʚʋʑ ʚʎʂ ʈʀ πȢψτ m s-1 ʆɻʅ ʐʂʉ 
ʈʀɾɻʇʞʐʀʍʂ ʐʂʉ ɻʌʋʆʐʗ ʎʐʅʏ ʈʝʉʅʈʀʏ ʎʑʉʃʙʆʀʏ ʎʀ ρπςσ K ʚʎʂ ʈʀ 2.88 m s-1. 
ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʌʋʑ ʃɻ ʔʍʂʎʅʈʋʌʋʅʂʃʀʚ ɻʉʐʚ ɾʅɻ ʆʀʍɻʈʅʆʝ ʑʇʅʆʝ ɾʅɻ ʐʂʉ 
ɿʅʌʋʇʅʆʙ ʌʇʗʆɻȟ ɻʉʋʊʀʚɿʖʐʋ ɻʐʎʗʇʅ  ʐɻ ɻʌʋʐʀʇʘʎʈɻʐɻ  ʒɻʚʉʋʉʐɻʅ ʎʐɻ 
ɿʅɻɾʍʗʈʈɻʐɻ ʎʐʋ ʎʔʙʈɻ τȢψ ɾʅɻ ʐʅʏ ʈʘʎʀʏ ʃʀʍʈʋʆʍɻʎʚʀʏȢ 
ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ɿʅʌʋʇʅʆʙʏ ʌʇʗʆɻʏ ɻʌʝ ɻʐʎʗʇʅȟ ʌɻʍɻʐʂʍʀʚʐɻʅ ʌʅʋ ʋʈɻʇʙ 
ʃʘʍʈɻʉʎʂ ʈʀ ʈʅʆʍʝʐʀʍʂ ʆʇʚʎʂ ʃʀʍʈʋʆʍɻʎʚɻʏ ʌʍʋʏ ʔʍʝʉʋȢ ɨ ʔʍʝʉʋʏ ʌʋʑ 
ʔʍʀʅʗʁʀʐɻʅ ʉɻ ʀʌʅʐʀʑʔʃʀʚ ʃʀʍʈʅʆʙ ʅʎʋʍʍʋʌʚɻ ʎʐʋ ʆʀʇʚ ʈʀ ʐʂʉ ʈʀʐɻʇʇʅʆʙ ʌʇʗʆɻ 
ʀʚʉɻʅ ʌʀʍʚʌʋʑ ʈʀʐʗ ɻʌʝ τχππ s (78 ʇʀʌʐʗɊ ʀʉʡ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʆʀʍɻʈʅʆʙʏ 
ʌʇʗʆɻʏ ʂ ʅʎʋʍʍʋʌʚɻ ʀʌʘʍʔʀʐɻʅ ʈʀʐʗ ɻʌʝ ρυππ s. ɠ ʗʈʀʎʂ ʎʞɾʆʍʅʎʂ ʒɻʚʉʀʐɻʅ ʎʐʋ 
ɿʅʗɾʍɻʈʈɻ τȢω ʈʀ ʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ɻʌʝ ʈʘʐɻʇʇʋ ʉɻ 
ʘʔʀʅ ʌʋʇʞ ʌʅʋ ɻʍɾʙ ɻʌʝʆʍʅʎʂ ʎʀ ʎʔʘʎʂ ʈʀ ʐʂʉ ʌʇʗʆɻ ɻʌʝ ʆʀʍɻʈʅʆʝȢ 
 
 
 
 
 

 
 
ɫʔʙʈɻ τȢψȡ ɩɻʍʋʑʎʚɻʎʂ ʈʘʎʖʉ ʝʍʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ɾʅɻ ʆʗʃʋɿʋ ʆɻʅ PEN ʐʂʏ ʆʑʕʘʇʂʏ 
ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʌʋʑ ʂ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ʀʚʉɻʅ ʆɻʐɻʎʆʀʑɻʎʈʘʉʂ ɻʌʝ ɻʐʎʗʇʅ. 
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ɫʔʙʈɻ τȢω : ɫʞɾʆʍʅʎʂ ʐʖʉ ɿʞʋ ʈʘʎʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ɾʅɻ ʆʗʃʀ ʌʀʍʚʌʐʖʎʂȢ ɠ ʌʍʡʐʂ 
ʌʀʍʚʌʐʖʎʂ ɻʉɻʒʘʍʀʐɻʅ ʎʐʂʉ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʌʋʑ ʘʔʀʅ ʐʂʉ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ 
ʆɻʐɻʎʆʀʑɻʎʈʘʉʂ ɻʌʝ ʐʋ ʚɿʅʋ ʑʇʅʆʝ ɉʆʀʍɻʈʅʆʝɊ ʈʀ ʐʋʉ PEN ʐʂʏȟ ʆɻʅ ʐʂʉ ɿʀʞʐʀʍʂ 
ʌʀʍʚʌʐʖʎʂ ʝʌʋʑ ʀʚʉɻʅ ʆɻʐɻʎʆʀʑɻʎʈʘʉʋ ʈʀ ɻʐʎʗʇʅȢ 
 
 
ɭʌʋʇʋɾʚʁʋʉʐɻʏ ʐʂʉ ʃʀʍʈʅʆʙ ɿʅɻʔʑʐʝʐʂʐɻ ʆʗʃʀ ʑʇʅʆʋʞ ʌʋʑ ɿʚʉʀʐɻʅ ɻʌʝ ʐʋʉ 

ʇʝɾʋ ʐʂʏ ʎʑʉɻɾʖɾʙʏ ʌʍʋʏ ʐʂʉ ʔʖʍʂʐʅʆʝʐʂʐɻ ʃʀʍʈʝʐʂʐɻʏ ɍτχɎ 

 

l

rÖcP

, ʐʋ ʆʀʇʚ ʈʀ 

ʆʀʍɻʈʅʆʙ ʌʇʗʆɻ ʘʔʀʅ ʐʅʈʙ χȢυχÖ10-7 m s-2 ʀʉʡ ʂ ʈʀʐɻʇʇʅʆʙ ʌʇʗʆɻ ʘʔʀʅ ʐʅʈʙ 
6.25Ö10-6 m s-2. ɝʂʇɻɿʙ ʂ ʈʀʐɻʇʇʅʆʙ ʌʇʗʆɻ ʘʔʀʅ ʈʀɾɻʇʞʐʀʍʋ ʎʑʉʐʀʇʀʎʐʙ 
ʃʀʍʈʅʆʙʏ ɿʅɻʔʑʐʝʐʂʐɻʏ ɻʌȭ ʝʐʅ ʂ ʆʀʍɻʈʅʆʙ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ. 
ɥʅɻ ʗʇʇʂ ʌʀʍʚʌʐʖʎʂ ʌʋʑ ʀʊʀʐʗʁʀʐɻʅ ʀʚʉɻʅ ʂ ʈʀʚʖʎʂ ʐʂʏ ʌɻʍʋʔʙʏ ʎʐʂʉ ʀʚʎʋɿʋ 
ʆɻʅ ʎʐɻ ɿʞʋ ʍʀʞʈɻʐɻ ʎʐɻ πȢυ Lt min-3, ɿʅɻʐʂʍʡʉʐɻʏ ʐʅʏ ʑʌʝʇʋʅʌʀʏ ʌɻʍɻʈʘʐʍʋʑʏ 
ʎʐɻʃʀʍʘʏȢ ɬɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ʐʂʏ ʀʊʘʐɻʎʂʏ ɻʑʐʙʏ ʒɻʚʉʋʉʐɻʅ ʎʐʋ ʎʔʙʈɻ τȢρπ ʌʋʑ 
ʎʑɾʆʍʚʉʋʉʐɻʅ ʋʅ ʈʘʎʀʏ ʐʅʈʘʏ ʐʋʑ PEN ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ɻʑʐʙ ʈʀ ʐʂʉ ɻʍʔʅʆʙȢ ɥʀ 
ʌɻʍʋʔʙ πȢυ Lt min-1 ʂ ʃʀʍʈʋʆʍɻʎʅɻʆʙ ʅʎʋʍʍʋʌʚɻ ɻʌʋʆɻʃʚʎʐɻʐɻʅ ʈʀʐʗ ʐɻ ρππππ 
ɿʀʑʐʀʍʝʇʀʌʐɻ ɉρφχ ʇʀʌʐʗɊȢ ɭʌʗʍʔʀʅ ʋʈɻʇʙ ɻʇʇɻɾʙ ʎʐʅʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ɻʇʇʗ 
ʋ ʔʍʝʉʋʏ ʌʋʑ ɻʌɻʅʐʀʚʐɻʅ ɾʅɻ ʉɻ ʒʐʗʎʀʅ ʐʋ ʆʀʇʚ ʎʀ ʃʀʍʈʅʆʙ ʅʎʋʍʍʋʌʚɻ ʀʚʉɻʅ 
ɻʑʊʂʈʘʉʋʏ ʆɻʐʗ ʌʋʇʞ. 
ɫʐʋ ʚɿʅʋ ʎʔʙʈɻ ʎʐʋ ʆʗʐʖ ɿʅʗɾʍɻʈʈɻ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʌʋʍʀʚɻ ʎʐʋ ʔʍʝʉʋ ʐʖʉ 
ʈʘʎʖʉ ʝʍʖʉ ʐʖʉ ʐɻʔʑʐʙʐʖʉ ʎʐʂʉ ʆʗʃʋɿʋ ɾʅɻ ʐʅʏ ɿʞʋ ʌʀʍʅʌʐʡʎʀʅʏȢ ɭʌʗʍʔʀʅ 
ʎʂʈɻʉʐʅʆʙ ɿʅɻʒʋʍʗ ʈʀʐɻʊʞ ʐʖʉ ɿʞʋ ʌʀʍʅʌʐʡʎʀʖʉ ɻʒʋʞ ʎʐʂʉ ʌʍʡʐʂ 
ʌʀʍʚʌʐʖʎʂ ʈʀ ʌɻʍʋʔʙ ʎʐɻ ςȢυ Lt min-1 ʀʌʅʐʑɾʔʗʉʀʐɻʅ ɻʑʊʂʈʘʉʂ ʐɻʔʞʐʂʐɻ ʎʐɻ 
2.85 m s-1 ʀʉʡ ʎʐʂʉ ɿʀʞʐʀʍʂȟ ʂ ʐɻʔʞʐʂʐɻ ʊʀʌʀʍʉʗʀʅ ʈʝʇʅʏ ʐɻ πȢυ m s-1.  
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ɫʔʙʈɻ τȢρπ: ɫʐʋ ʌʗʉʖ ɿʅʗɾʍɻʈʈɻ ɾʚʉʀʐɻʅ ʂ ʎʞɾʆʍʅʎʂ ʐʖʉ ʈʘʎʖʉ ʝʍʖʉ ʃʀʍʈʋʆʍɻʎʚʖʉ 
ɾʅɻ ʐʋ pen. ɫʐʋ ʆʗʐʖ ɿʅʗɾʍɻʈʈɻ ʎʑɾʆʍʚʉʋʉʐɻʅ ʋʅ ʈʘʎʀʏ ʐɻʔʑʐʙʐʀʏ ʐʂʏ ɻʉʝɿʋʑ ʎʀ 
ɻʑʊʂʈʘʉʂ ʆɻʅ ʈʀʅʖʈʘʉʂ ʌɻʍʋʔʙ ɻʀʍʅʋʞȢ 
 
 
 
 
 
 



 58 

пΦн ɽʶʽˍˇˎˊʴʾʰ ˍʹˌ {hC/ ˃ʶ ˒ˇˊˍʾˇ ς ʃʰˊˇˎˋʾʰˋʹ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ 
ˎˉˈ ˃ˈ˄ʽ˃ʶˌ ˋˎ˄ʻʺˁʶˌ 
 
ɬʋ ʈʋʉʐʘʇʋ ʌʋʑ ʆɻʐɻʎʆʀʑʗʎʐʂʆʀ ɾʅɻ ʐʂʉ ʈʀʇʘʐʂ ʐʂʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʎʀ 
ɿʑʉɻʈʅʆʘʏ ʎʑʉʃʙʆʀʏ ʋʇʋʆʇʂʍʡʃʂʆʀ ʐʋʉ ɮʀɼʍʋʑʗʍʅʋ ʐʋʑ ςπρρȢ ɨʅ ɿʑʉɻʈʅʆʘʏ 
ʎʑʉʃʙʆʀʏ ʌʍʋʒɻʉʡʏ ʈʀʐʗ ɻʌʝ ʔʍʋʉʅʆʝ ɿʅʗʎʐʂʈɻ ʆɻʐɻʇʙɾʋʑʉ ʎʀ ʈʝʉʅʈʂ 
ʆɻʐʗʎʐɻʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɥʀ ɻʑʐʙ ʐʂʉ ʌʍʋʎʘɾɾʅʎʂ ʃɻ ʌʍʋʆʞʕʋʑʉ ʐɻ 
ɻʌʋʐʀʇʘʎʈɻʐɻ ɻʌʝ ʐʋ ʈʋʉʐʘʇʋ ʎʀ ʎʐɻʃʀʍʘʏ ʎʑʉʃʙʆʀʏȢ ɫʀ ʑʕʂʇʘʏ ʌʑʆʉʝʐʂʐʀʏ 
ʍʀʞʈɻʐʋʏ ʆɻʅ ʎʀ ʑʕʂʇʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ ɉUf ² 70%) ʋʅ 
ɻʌɻʅʐʙʎʀʅʏ ʆɻʑʎʚʈʋʑ ʎʐʅʏ ɻʉʐʅɿʍʗʎʀʅʏ ʀʚʉɻʅ ʈʀɾʗʇʀʏ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʉɻ 
ʌɻʍɻʐʂʍʋʞʉʐɻʅ ɻʑʊʂʈʘʉʀʏ ɻʌʡʇʀʅʀʏ ʎʑɾʆʘʉʐʍʖʎʂʏȢ ɨʅ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ 
ʎʐʀʍʀʋʞ ʋʊʀʅɿʚʋʑ ʐʑʌʅʆʗ ʇʀʅʐʋʑʍɾʋʞʉ ʎʀ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ 
ʆɻʑʎʚʈʋʑ χπ ɀ ψπϷȟ ɾʅɻ ʉɻ ɻʉʐʅʎʐɻʃʈʅʎʐʋʞʉ ʋʅ ʀʌʅɿʝʎʀʅʏ ʈʀ ʐʋ ʆʝʎʐʋʏ 
ʇʀʅʐʋʑʍɾʚɻʏ [61]. 
ɫʐʋ ʎʔʙʈɻ τȢρρ ʒɻʚʉʀʐɻʅ ʂ ɾʀʖʈʀʐʍʚɻ ʐʂʏ SOFC ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʋʈʋʍʍʋʙʏ 
ʆɻʅ ʐʂʏ ɻʉʐʅʍʍʋʙʏ ʎʞʈʒʖʉɻ ʈʀ ʐʋ ɢɞɚȢ ɫʐʋ τȢρρ-ɻ ʒɻʚʉʀʐɻʅ ʐʋ ʌʇʘɾʈɻ ʐʂʏ 
ʆʑʕʘʇʂʏ ʌʋʑ ɻʉɻʒʘʍʀʐɻʅ ʎʐʋ ʎʐʀʍʀʝ ʆɻʅ ʎʐʋ ɼ ʐɻ ɻʉɻʇʑʐʅʆʗ ʔɻʍɻʆʐʂʍʅʎʐʅʆʗ 
ʐʂʏ SOFCȢ ɷʌʖʏ ʒɻʚʉʀʐɻʅ ʆɻʅ ʎʐʋ ʎʔʙʈɻ ʂ ʂʇʀʆʐʍʋʔʂʈʅʆʗ ʀʉʀʍɾʙ ʀʌʅʒʗʉʀʅɻ 
ʅʎʋʞʐɻʅ ʈʀ ʐʂʉ ʀʌʅʒʗʉʀʅɻ ʌʋʑ ʘʍʔʀʐɻʅ ʎʀ ʀʌɻʒʙ ʐʋ ɻʘʍʅʋ ʈʀ ʐɻ 
ʂʇʀʆʐʍʝɿʅɻ ʈɻʁʚ ʈʀ ʐʂʉ ʀʌʅʒʗʉʀʅɻ ʆʗʐʖ ɻʌʝ ʐʋ ʌʇʀʑʍʅʆʝ ʌʗʔʋʏ ʐʂʏ 
ɿʅʌʋʇʅʆʙʏ ʌʇʗʆɻʏ. 
ɬʋ ʈʋʉʐʘʇʋ ʐʂʏ ʋʈʋʍʍʋʙʏ ʌʋʑ ʆɻʐɻʎʆʀʑʗʎʐʂʆʀ ʇʀʅʐʋʑʍɾʀʚ ʈʀ ρψ ʆɻʉʗʇʅɻȢ ɫʐʂʉ 
ʋʈʋʍʍʋʙ ʋʅ ʀʊʅʎʡʎʀʅʏ ʌʋʑ ʌʀʍʅɾʍʗʒʋʑʉ ʐʂʉ ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ ʆʑʕʘʇʂʏ ʀʌʅʐʍʘʌʋʑʉ 
ʐʂʉ ʔʍʙʎʂ ɻʍʆʀʐʡʉ ɿʅɻʎʐʂʈʗʐʖʉ ɾʅɻ ʐʂʉ ɿʅɻʈʘʍʅʎʂ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ 

 
 
ɫʔʙʈɻ τȢρρȡ ɠ ɾʀʖʈʀʐʍʚɻ ʐʋʑ ʆʀʇʅʋʞ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʋʈʈʋʍʋʙʏ ʆɻʅ ɻʉʐʅʍʍʋʙʏ 
ʎʞʈʒʖʉɻ ʈʀ ʐʋ ɢɞɚ ɍωύɎȢ ɬʋ ɚ ɻʉɻʒʘʍʀʐɻʅ ʎʐʂʉ ʗʉʋɿʋȟ ʀʉʡ ʐʋ ɛ ʎʐʂʉ ʆʗʃʋɿʋȢ To NDchannels 

ɻʉɻʒʘʍʀʐɻʅ ʎʐʋʉ ɻʍʅʃʈʝ ʐʖʉ ʆɻʉɻʇʅʡʉ ʆɻʅ ʐʋ NDan/ ca ɻʉɻʒʘʍʀʐɻʅ ʎʐʂʉ ɿʅɻʈʘʍʅʎʂ ʆɻʐʗ 
ʈʙʆʋʏ ʐʋʑ ʆɻʉɻʇʅʋʞȢ 
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ɠ ʀʌʅʇʋɾʙ ʐʋʑ ɻʍʅʃʈʋʞ ʐʖʉ ɿʅɻʎʐʂʈʗʐʖʉ ʃɻ ʎʑʁʂʐʂʃʀʚ ʆɻʅ ʃɻ ʀʊʀʐɻʎʐʀʚ ʎʐʋ 
ʆʀʒʗʇɻʅʋ φȢ 
ɷʇʀʏ ʋʅ ʆʞʍʅʀʏ ʀʊʅʎʡʎʀʅʏ ʌʋʑ ʌɻʍʋʑʎʅʗʎʐʂʆɻʉ ɻʉɻʇʑʐʅʆʗ ʎʐʂʉ ʌʀʍʅɾʍɻʒʙ ʐʋʑ 
ʂʇʀʆʐʍʋʔʂʈʅʆʋʞ ʆɻʅ ʃʀʍʈʅʆʋʞ ʈʋʉʐʘʇʋʑ ʇʞʉʋʉʐɻʅ ʐɻʑʐʝʔʍʋʉɻ ʈʀ ʐʋʑʏ 
ʀʉʎʖʈɻʐʖʈʘʉʋʑʏ ʇʞʐʀʏ $!3/,6 ɉɿʅɻʒʋʍʅʆʝʏ ɻʇɾʀɼʍʅʆʝʏ ʇʞʐʂʏ ɾʅɻ ʐʋ ʔʍʋʉʅʆʝ 
ʌʍʝɼʇʂʈɻɊ ʆɻʅ SPARSE (ʈʂ ɾʍɻʈʈʅʆʝʏ ɻʇɾʀɼʍʅʆʝʏ ʇʞʐʂʏɊȢ ɜʅɻ ʐʅʏ ɻʍʅʃʈʂʐʅʆʘʏ 
ɿʅɻʆʍʅʐʋʌʋʅʙʎʀʅʏ ʐʖʉ ʈʀʍʅʆʡʉ ɿʅɻʆʍʅʐʋʌʋʅʂʈʘʉʖʉ ʀʊʅʎʡʎʀʖʉ ʀʌʅʇʘʔʃʂʆʀ ʂ 
ʈʘʃʋɿʋʏ ʐʖʉ ʌʀʌʀʍɻʎʈʘʉʖʉ ɿʅɻʒʋʍʡʉ ɉFDM-finite  difference  method ) ʎʀ 
ɿʅɻʒʋʍʀʐʅʆʘʏ ʈʋʍʒʘʏ ʈʀ ʌʋʇʑʖʉʑʈʅʆʝ ɼɻʃʈʝ ςȢ ɜʅɻ ʐɻ ʌʀɿʚɻ ʋʍʅʎʈʋʞ ʐʖʉ 
ɿʅɻʒʋʍʅʆʡʉ ɿʅɻʈʀʍʚʎʀʖʉ ʀʌʅʇʘʔʃʂʆɻʉ ʋʅ ɻʆʝʇʋʑʃʋʅ ʐʍʝʌʋʅ ʌʀʌʀʍɻʎʈʘʉʖʉ 
ɿʅɻʒʋʍʡʉ  ʆɻʅ ʋ ɻʍʅʃʈʝʏ ʐʖʉ ɿʅɻʆʍʅʐʅʆʋʌʋʅʂʈʘʉʖʉ ɿʅɻʎʐʂʈʗʐʖʉȡ 
 
¶ zan: ʆʀʉʐʍʅʆʘʏ ʌʀʌʀʍɻʎʈʘʉʀʏ ɿʅɻʒʋʍʘʏ ɉCFDM-centered finite  difference 

method), 10 ɿʅɻʎʐʙʈɻʐɻȢ 
¶ zca: ʆʀʉʐʍʅʆʘʏ ʌʀʌʀʍɻʎʈʘʉʀʏ ɿʅɻʒʋʍʘʏ ɉCFDM), 4 ɿʅɻʎʐʙʈɻʐɻȢ 
¶ x: ʌʚʎʖ ʌʀʌʀʍɻʎʈʘʉʀʏ ɿʅɻʒʋʍʘʏ (BFDMɊȟ ρππ ɿʅɻʎʐʙʈɻʐɻ ɉɼɻʎʅʆʙ 
ʌʀʍʚʌʐʖʎʂȟ ʎʐʂʉ ʈʀʇʘʐʂ ʐʖʉ ʔɻʍɻʆʐʂʍʅʎʐʅʆʡʉ ʐʂʏ ʇʀʅʐʋʑʍɾʚɻʏ 
ʀʌʅʇʘʔʃʂʆɻʉ τπ ɿʅɻʎʐʙʈɻʐɻɊȢ  

 
ɷʌʖʏ ʆɻʅ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʃʘʍʈɻʉʎʂʏ ʘʐʎʅ ʆɻʅ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ 
ʀʊʘʐɻʎʂʏ ʐʂʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʆɻʐʗ ʋʈʋʍʍʋʙ ʃʀʖʍʀʚʐɻʅ ʝʐʅ ʆɻʐʗ y ɿʀʉ 
ʑʒʚʎʐɻʐɻʅ ʈʀʐʗɿʋʎʂ ʃʀʍʈʝʐʂʐɻʏ ʆɻʅ ʀʌʋʈʘʉʖʏ ʂ ʀʊʘʐɻʎʂ ʐʋʑ ʈʋʉʐʘʇʋʑ ʃɻ 
ɾʚʉʀʅ ʈʋʉʋɿʅʗʎʐɻʐɻ ʆɻʐʗ x. ɠ ʔʍʙʎʂ ρππ ɿʅɻʎʐʂʈʗʐʖʉ ʃɻ ʀʊɻʎʒɻʇʚʎʀʅ ʐʂʉ 
ɻʌɻʅʐʋʞʈʀʉʂ ɻʆʍʚɼʀʅɻ ʝʌʖʏ ʃɻ ʎʑʁʂʐʂʃʀʚ ʎʐʋ ʘʆʐʋ ʆʀʒʗʇɻʅʋ ɻʑʐʙʏ ʐʂʏ 
ʀʍɾɻʎʚɻʏȢ 
ɜʅɻ ʐʂʉ ʀʊɻɾʖɾʙ ʐʖʉ ɻʌʋʐʀʇʀʎʈʗʐʖʉ ʎʀ ʈʝʉʅʈʀʏ ʎʑʉʃʙʆʀʏȟ ʐʋ ʈʋʉʐʘʇʋ 
ʇʀʅʐʋʑʍɾʀʚ ɻʍʔʅʆʗ ʎʀ ɿʑʉɻʈʅʆʘʏ ʎʑʉʃʙʆʀʏ ʆɻʅ ʝʐɻʉ ɻʑʐʘʏ ʎʐɻʃʀʍʋʌʋʅʂʃʋʞʉ 
ʀʊʗɾʋʉʐɻʅ ʐɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ʎʐʂʉ ʀʌʅʃʑʈʂʐʙ ʆɻʐʗʎʐɻʎʂȢ ɬʋ ʈʀɾɻʇʞʐʀʍʋ 
ʌʍʝɼʇʂʈɻ ʌʋʑ ʌʍʋʆʞʌʐʀʅ ʆɻʐʗ ʐʂʉ ʌʇɻʐʒʝʍʈɻ ʐʋʑ gProms ʀʚʉɻʅ ʂ ʀʊʀʞʍʀʎʂ 
ɻʍʔʅʆʋʌʋʅʂʈʘʉʖʉ ʐʅʈʡʉ ʌʋʑ ʌʍʘʌʀʅ ʉɻ ʑʌʋʇʋɾʚʎʀʅ ʎʑʉɿʑɻʎʐʅʆʗ ɾʅɻ ʝʇʀʏ ʐʅʏ 
ʈʀʐɻɼʇʂʐʘʏȢ ɷʌʖʏ ɻʉɻʒʘʍʃʂʆʀ ʆɻʅ ʎʐʋ ʆʀʒʗʇɻʅʋ ʐʂʏ ʃʘʍʈɻʉʎʂʏ ʂ ʃʀʍʈʋʆʍɻʎʚɻ 
ʀʅʎʝɿʋʑ ɻʑʊɻʉʝʐɻʉ ʈʀ ʆʗʌʋʅʋ ʍʑʃʈʝ ɾʅɻ ʘʉɻ ʌʅʋ ʍʀɻʇʅʎʐʅʆʝ ɻʌʋʐʘʇʀʎʈɻȟ ɻʇʇʗ 
ʆɻʅ ɾʅɻ ʐʂʉ ʀʌʚʇʑʎʂ ʐʂʏ ɻʍʔʅʆʋʌʋʚʂʎʂʏ ʐʖʉ ʈʀʐɻɼʇʂʐʡʉȢ  
ɫʐʋ ʎʔʙʈɻ τȢρς ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ɿʅɻɿʅʆɻʎʚɻ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʎʐʋ 

gProms ɾʅɻ ʐʂʉ ʌʍɻɾʈɻʐʋʌʋʚʂʎʂ ʐʖʉ ʈʝʉʅʈʖʉ ʎʑʉʃʂʆʡʉ ʌʋʑ ʃɻ ʈʀʇʀʐʂʃʋʞʉȢ 
ɫʐʋ ʔʍʋʉʅʆʝ ɿʅʗʎʐʂʈɻ ɻ ʐʋʑ ʎʔʙʈɻʐʋʏ ɿʅʗʍʆʀʅɻʏ ρπππ s ʐʋ ʍʀʞʈɻ ʀʚʉɻʅ ʚʎʋ ʈʀ 
ʈʂɿʘʉȢ ɠ ʃʀʍʈʋʆʍɻʎʚɻ ʐʖʉ ɻʀʍʚʖʉ ʌʋʑ ʘʔʋʑʉ ʎʐʂʉ ʀʚʎʋɿʋ ʀʚʉɻʅ ʎʐʂʉ ʚɿʅɻ ʐʅʈʙ ʈʀ 
ʐʂʉ ɻʍʔʅʆʙ ʆɻʐʗʎʐɻʎʂ ʌʋʑ ɼʍʚʎʆʀʐɻʅ ʐʋ ʆʀʇʚ ʈʀʐʗ ʐʂʉ ɿʅɻɿʅʆɻʎʚɻ ʃʘʍʈɻʉʎʂʏ 
ʐʋʑ ʎʐʋʑʏ ωχσ ɣȢ ɥʀʐʗ ʐʂʉ ʌʗʍʋɿʋ ʐʋʑ ʔʍʋʉʅʆʋʞ ɿʅɻʎʐʙʈɻʐʋʏ ɻ ʎʐʋ ʎʂʈʀʚʋ ɼ 
ɻʑʊʗʉʀʐɻʅ ʂ ʐʅʈʙ ʐʂʏ ʈʘʎʂʏ ʌʑʆʉʝʐʂʐɻʏ ʐʋʑ ʍʀʞʈɻʐʋʏ ɾʅɻ υπ s ʈʀ ʍʑʃʈʝ πȢππρ ɚ 
cm-2 s-1 ʒʐʗʉʋʉʐɻʏ ʎʐʂʉ ʐʅʈʙ πȢπυ A cm-2Ȣ ɜʅɻ ςυππ s ʋʅ ʌɻʍʗʈʀʐʍʋʅ ʀʅʎʝɿʋʑ 
ɿʅɻʐʂʍʋʞʉʐɻʅ ʎʐɻʃʀʍʋʚ ʆɻʅ ʌʍʅʉ ʊɻʉʗ ɻʑʊʂʃʀʚ ʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʎʐʋ 
ʀʌʝʈʀʉʋ ɼ ʐʋʑ ʎʔʙʈɻʐʋʏ ʐʋ ʆʀʇʚ ʇʀʅʐʋʑʍɾʀʚ ʎʀ ʈʝʉʅʈʀʏ ʎʑʉʃʙʆʀʏȢ ɫʐɻ ρσψππ s 
ʎʐʋ ɾ ʐʋ ʆʀʇʚ ʇʀʅʐʋʑʍɾʀʚ ʌʇʘʋʉ ʎʀ ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʎʐʋʑʏ ωχσ ɣ 
ʆɻʅ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ πȢσ A cm-2Ȣ ɬʂʉ ʔʍʋʉʅʆʙ ʎʐʅɾʈʙ ɻʑʐʙ ɻʑʊʗʉʀʐɻʅ ʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʈʀ ʍʑʃʈʝ πȢρ ɣ s-1 ɾʅɻ υππ s ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʈʀʐʗ ɻʌʝ 
19800 s ʎʐʋ ɿ ʐʋ ʆʀʇʚ ʉɻ ʇʀʅʐʋʑʍɾʀʚ ʎʀ ʈʝʉʅʈʀʏ ʎʑʉʃʙʆʀʏ ʈʀ ʃʀʍʈʋʆʍɻʎʚɻ 
ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʎʐɻ ρπςσ KȢ ɠ ɻʉɻʇʑʐʅʆʙ ʌʀʍʅɾʍɻʒʙ ʐʂʏ ɿʑʉɻʈʅʆʙʏ 
ʎʑʈʌʀʍʅʒʋʍʗʏ ʐʋʑ ʆʀʇʅʋʞ ʃɻ ʀʊʀʐɻʎʐʀʚ ʎʐʋ ʀʌʝʈʀʉʋ ʆʀʒʗʇɻʅʋȢ 
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ɫʔʙʈɻ 4.12: ɩɻʍʋʑʎʚɻʎʂ ʐʂʏ ɿʅɻɿʅʆɻʎʚɻʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʂʏ ʆʑʕʘʇʂʏ ʆɻʐʗ ʐʂʉ ɿʅʗʍʆʀʅɻ 
ʐʋʑ ʔʍʝʉʋʑȢ  
 
ɨ ʌʍɻɾʈɻʐʅʆʝʏ ʔʍʝʉʋʏ ʋʇʋʆʇʙʍʖʎʂʏ ʐʂʏ ʌɻʍɻʌʗʉʖ ʀʌʀʊʀʍɾɻʎʚɻʏ ʀʚʉɻʅ ςψȢω 
ʇʀʌʐʗ ʎʀ ʑʌʋʇʋɾʅʎʐʅʆʝ ʎʞʎʐʂʈɻ ʈʀ ʀʌʀʊʀʍɾɻʎʐʙ AMD Phenom II X4 965 ʎʐɻ σȢτ 
GHz, ʈʉʙʈʂ σȢςυ GB RAM ʆɻʅ ʇʀʅʐʋʑʍɾʅʆʝ ʎʞʎʐʂʈɻ Windows XPȢ ɨʅ ʀʊʅʎʡʎʀʅʏ 
ʌʋʑ ɿʅɻʔʀʅʍʚʎʐʂʆʀ ʀʚʉɻʅ υςρςψ ʀʆ ʐʖʉ ʋʌʋʚʖʉ ʋʅ τπστ ʀʚʉɻʅ ʋʅ ɻʍʔʅʆʘʏ ʎʑʉʃʙʆʀʏȢ 
ɷʇʋʅ ʋʅ ʌɻʍʗʈʀʐʍʋʅ ʐʂʏ ʇʀʅʐʋʑʍɾʚɻʏȟ ʐʂʏ ɾʀʖʈʀʐʍʚɻʏ ʆɻʅ ʋʅ ʅɿʅʝʐʂʐʀʏ ʐʖʉ 
ʎʐʀʍʀʡʉ ʆɻʐɻɾʍʗʒʋʉʐɻʅ ʎʐʋʉ ʌʚʉɻʆɻ τȢφȢ ɫʐʂʉ ʀʚʎʋɿʋ ʀʅʎʘʍʔʀʐɻʅ ʆɻʞʎʅʈʋ 
ʌɻʍʋʔʙʏ πȢςχυ Lt min-1 ʈʀ ʎʞʎʐɻʎʂ ωπϷ ɠ2 ʆɻʅ ρπϷ ɠ2ɨ ʆɻʅ ɻʘʍɻʏ ʌɻʍʋʔʙʏ σ Lt 
min-1Ȣ ɬɻ ɿʑʋ ɻʘʍʅɻ ʍʀʞʈɻʐɻ ʘʔʋʑʉ ʐʂʉ ʚɿʅɻ ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ρπςσ ɣȢ ɬʋ 

ʆʀʇʚ ʃɻ ʀʊʀʐɻʎʐʀʚ ɾʅɻ ʒʋʍʐʚʋ ʈʘʎʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ 

 

j =
1

lcell

jdx
0

lcell

ñ  = 3000 A 

m-2 ʆɻʅ ɼɻʃʈʝ ɻʊʅʋʌʋʅʙʎʀʖʏ ψτϷȢ ɫʀ ʗʇʇɻ ʈʋʉʐʘʇɻ ɿʚʉʀʐɻʅ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ 
ʖʏ ʌɻʍʗʈʀʐʍʋʏ ʀʅʎʝɿʋʑ ʆɻʅ ʖʏ ʌɻʍʗʈʀʐʍʋʏ ʀʊʝɿʋʑ ʌʍʋʆʞʌʐʀʅ ʋ ɼɻʃʈʝʏ 
ɻʊʅʋʌʋʅʙʎʀʖʏȢ ɫʐʋ ʈʋʉʐʘʇʋ ɻʑʐʝ ʖʏ ʀʚʎʋɿʋʅ ɿʚʉʋʉʐɻʅ ʂ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ 
ʍʀʞʈɻʐʋʏȟ ʂ ʌɻʍʝʔʙ ʆɻʑʎʚʈʋʑ ʆɻʅ ʗʀʍɻȢ ɛʗʎʂ ʐʖʉ ʌʍʋʂɾʋʑʈʘʉʖʉ 
ʌʍʋʎɿʅʋʍʚʁʀʐɻʅ ʋ ɼɻʃʈʝʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʐʋʑ ʆɻʑʎʚʈʋʑ ʆɻʅ ʐʋʑ ʋʊʑɾʝʉʋʑȟ ʂ 
ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʆɻʅ ʐʋ ʎʞʉʋʇʋ ʐʖʉ ɻʌʖʇʀʅʡʉ ʌʋʑ ʎʑʈɼʗʇʇʋʑʉ ʎʐʂ ʇʀʅʐʋʑʍɾʚɻ 
ʐʋʑ ʆʀʇʅʋʞȢ 
ɫʐʋ ʎʔʙʈɻ τȢρσ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʈɻʁʚ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏȟ ʂ ʐʗʎʂ NernstOCV ʆɻʅ ʋʅ 
ɻʌʡʇʀʅʀʏ ʐʗʎʀʖʉ ʎʐʋʉ ɻʍʅʎʐʀʍʝ ʗʊʋʉɻȢ ɠ ʆɻʐɻʉʋʈʙ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ 
ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ʒɻʚʉʀʐɻʅ ʎʐʋʉ ɿʀʊʅʝ ʗʊʋʉɻȢ ɷʌʖʏ ʒɻʚʉʀʐɻʅ ʎʐʋ 
ɿʅʗɾʍɻʈʈɻ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʘʔʀʅ ʐʅʈʙ πȢχωσ V ʆɻʅ ʀʚʉɻʅ ʎʐɻʃʀʍʙ ʆɻʐʗ ʈʙʆʋʏ 
ʐʋʑ ʆʀʇʅʋʞ ʇʝɾʖ ʐʂʏ ʑʌʝʃʀʎʂʏ ɾʅɻ ʅʎʋɿʑʉɻʈʅʆʝʐʂʐɻʏ ʐʖʉ ʍʀʑʈʗʐʖʉȢ ɠ 
ʌʑʆʉʝʐʂʐɻ ʅʎʔʞʋʏ ʌʋʑ ʌɻʍʗɾʀʅ ʀʚʉɻʅ πȢςσψ W cm-2 ɾʅɻ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ 
ʍʀʞʈɻʐʋʏ πȢσ ɚ cm-2 ʈʀ ɼɻʃʈʝ ɻʌʝɿʋʎʂʏ υσϷȢ 
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ɩʚʉɻʆɻʏ τȢφȡ ɩɻʍʗʈʀʐʍʋʅ ʇʀʅʐʋʑʍɾʚɻʏȟ ɾʀʖʈʀʐʍʚɻ ʐʋʑ ʆʀʇʅʋʞ ʆɻʅ ʐʅʏ ʅɿʅʋʐʂʐʘʏ ʐʖʉ 
ʑʇʅʆʡʉȢ 
 

ɩɻʍʗʈʀʐʍʋʏ ɥʋʉʗɿɻ ɬʅʈʙ  ɫʔʝʇʅʋ 

Pop bar 1.013  ɩʚʀʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʎʐɻ ʆɻʉʗʇʅɻ 

Nan,in lt min -1 0.275  ɨɾʆʋʈʀʐʍʅʆʙ ʌɻʍʋʔʙ ʀʅʎʝɿʋʑ ʎʐʂʉ ʗʉʋɿʋ 

XH2,in - 0.90  ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɭɿʍʋɾʝʉʋʑ 

XH2O,in - 0.1  ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɭɿʍɻʐʈʋʞ ɉʗʉʋɿʋʏɊ 

Nca,in lt min -1 3  ɨɾʆʋʈʀʐʍʅʆʙ ʌɻʍʋʔʙ ʀʅʎʝɿʋʑ ʎʐʂʉ ʆʗʃʋɿʋ 

XO2,in - 0.21  ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɨʊʑɾʝʉʋʑ ɉʆʗʃʋɿʋʏɊ 

XN2,ca,in - 0.79  ɜʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ ɚʁʡʐʋʑ ɉʆʗʃʋɿʋʏɊ 

Uf  84  ɫʑʉʐʀʇʀʎʐʙʏ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ 

ʇ  6  ɤʝɾʋʏ ɻʘʍɻ 

 

j   0.3  -ʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ 

ɜʀʖʈʀʐʍʚɻ 

lcell mm 100  ɥʙʆʋʏȾʌʇʗʐʋʏ ʆʀʇʅʋʞ 

lx mm 100  ɥʙʆʋʏ ʆʀʇʅʋʞ ʆɻʐʗ x  ɿʅʀʞʃʑʉʎʂ (ɾʅɻ 2-D)  

ly mm 100  ɥʙʆʋʏ ʆʀʇʅʋʞ ʆɻʐʗ y ɿʅʀʞʃʑʉʎʂ ɉɾʅɻ  σ-D) 

delectrolyte ʈÍ 150  ɩʗʔʋʏ ʂʇʀʆʐʍʋʇʞʐʂ 

dan ʈÍ 50  ɩʗʔʋʏ ɻʉʝɿʋʑ 

dca ʈm 50  ɩʗʔʋʏ ʆɻʃʝɿʋʑ 

Han , Hca mm 1  ɸʕʋʏ ʆɻʉɻʇʅʡʉ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ 

wan , wca mm 3  ɩʇʗʐʋʏ ʆɻʉɻʇʅʋʞ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ 

wint  mm 2.42  ɩʇʀʑʍʅʆʝ ʌʗʔʋʏ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

wint + wch mm 5.42  ɫʑʉʋʇʅʆʝ ʌʇʗʐʋʏ ʆɻʉɻʇʅʋʞ ɉʀʉʀʍɾʝɊ 

dint  mm 2.5  ɸʕʝʏ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

Acell cm2 100  ɞʉʀʍɾʙ ʀʌʅʒʗʉʀʅɻ ʆʀʇʅʋʞ 

ɢɿʅʝʐʂʐʀʏ ʑʇʅʆʋʞ 

ʍpen kg m-3 6600  
ɩʑʆʉʝʐʂʐɻ ʈʗʁɻʏ ʂʇʀʆʐʍʋʇʞʐʂ ʈɻʁʚ ʈʀ 
ʂʇʀʆʐʍʝɿʅɻ ɉpen) 

ʍɢ kg m-3 6600  ɩʑʆʉʝʐʂʐɻ ʈʗʁɻʏ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

ʀpen - 0.8  ɫʑʉʐʀʇʀʎʐʙʏ ɻʆʐʅʉʋɼʋʇʅʗʏ  pen 

ʀɢ - 0.8  ɫʑʉʐʀʇʀʎʐʙʏ ɻʆʐʅʉʋɼʋʇʅʗʏ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

Cppen kJ kg-1K-1 0.4  ɡʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ pen 

CpI kJ kg-1K-1 0.4  ɡʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

ʇpen W m-1K-1 2  ɡʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ pen 

ʇI W m-1K-1 2  ɡʀʍʈʅʆʙ ɻɾʖɾʅʈʝʐʂʐɻ ʎʐʀʍʀʋʞ ʆɻʉɻʇʅʡʉ 

ʀ - 0.35  ɩʋʍʡɿʀʏ ʂʇʀʆʐʍʋɿʚʋʑ 

ʐ - 3.8  ɫʑʉʐʀʇʀʎʐʙʏ ʀʇʚʆʖʎʂʏ ʂʇʀʆʐʍʋɿʚʋʑ 

rpore ʈÍ 0.5  ɥʘʎʋʏ ʝʍʋʏ ɻʆʐʚʉɻ ʌʋʍʡɿʀʏ ʂʇʀʆʐʍʋɿʚʋʑ 

ʎ0 S K-1 cm-1 3.6E+5  
ɩɻʍʗʈʀʐʍʋʏ ɾʅɻ ʐʂʉ ɻɾʖɾʅʈʝʐʂʐɻ ʐʋʑ 
ʂʇʀʆʐʍʋʇʞʐʂ 

Ei J mol-1 80000  
ɩɻʍʗʈʀʐʍʋʏ ɾʅɻ ʐʂʉ ɻɾʖɾʅʈʝʐʂʐɻ ʐʋʑ 
ʂʇʀʆʐʍʋʇʞʐʂ 
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ɠ ʈʘɾʅʎʐʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʀʚʉɻʅ υπυπ ɚ m-2 ʇʚɾʋ ʈʀʐʗ ʐʋ ρ cm ʆɻʅ ʂ 
ʀʇʗʔʅʎʐʂ ςςχ ɚ m-2  ʎʐʋ ʐʘʇʋʏ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ɝjmax = 4823 ɚ m-2.  ɚʌʝ ʝʇʀʏ ʐʅʏ 
ʆɻʐʂɾʋʍʚʀʏ ʐʖʉ ɻʌʖʇʀʅʡʉ ʀʌʅʆʍɻʐʋʞʉ ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ɻʒʋʞ ʐʋ ʆʀʇʚ 
ʀʚʉɻʅ electrolyte  supported . ɨʅ ʖʈʅʆʘʏ ɻʉʐʅʎʐʗʎʀʅʏ ʀʚʉɻʅ ʌʋʇʞ ʈʀɾʗʇʀʏ ʆɻʅ 
ʌʍʋʆʞʌʐʋʑʉ ʋʅ ɻʉʐʚʎʐʋʅʔʀʏ ɻʌʡʇʀʅʀʏ ɻʑʊʂʈʘʉʀʏ ʎʀ ʎʔʘʎʂ ʈʀ ʐɻ ʗʇʇɻ ʀʚɿʂȢ ɚʑʐʝ 
ʎʑʈɼɻʚʉʀʅ ʇʝɾʖ ʐʋʑ ʈʀɾʗʇʋʑ ʌʗʔʋʑʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ʆɻʅ ʝʌʖʏ 
ʃʀʖʍʙʃʂʆʀ ʆɻʅ ʎʐʋ ʆʀʒʗʇɻʅʋ ς ʂ ɻʉʐʚʎʐɻʎʂ ʐʖʉ ʂʇʀʆʐʍʋɿʚʖʉ ʆɻʅ ʐʂʏ ɿʅʌʋʇʅʆʙʏ 
ʌʇʗʆɻʏ ɿʀʉ ʇɻʈɼʗʉʋʉʐɻʅ ʑʌʝʕʂȢ  
ɠ ʐʗʎʂ NernstOCV ʘʔʀʅ ʐʂʉ ʈʘɾʅʎʐʂ ʐʅʈʙ ʎʐʂʉ ʀʚʎʋɿʋ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ʐʅʈʙ ρȢπτσ V 
ʀʉʡ ʎʐʋ ʐʘʇʋʏ ʘʔʀʅ ʐʂʉ ʀʇʗʔʅʎʐʂ ʐʅʈʙ πȢχωφ V ʈʀ ʐʂʉ ʌɻʍʗʇʇʂʇʂ ʀʇɻʔʅʎʐʋʌʋʚʂʎʂ 
ʝʇʖʉ ʐʖʉ ɻʌʖʇʀʅʡʉ ʌʇʂʎʅʗʁʋʉʐɻʏ ʐʂʉ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɚʑʐʝ ʎʂʈɻʚʉʀʅ ʝʐʅ ʎʐʋ 
ʐʘʇʋʏ ɿʀʉ ʘʔʀʅ ʐʂʉ ɿʑʉɻʈʅʆʙ ʉɻ ʌɻʍʗɾʀʅ ʐʂʉ ʚɿʅɻ ʌʋʎʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʝʌʖʏ ʎʐʋ 
ʑʌʝʇʋʅʌʋ ʆʀʇʚ ɻʆʝʈɻ ʆɻʅ ɻʉ ʋʅ ɻʌʡʇʀʅʀʏ ʀʚʉɻʅ ʀʇʗʔʅʎʐʀʏȢ ɫʐʋ ρ cm ʋʅ ʖʈʅʆʘʏ 
ɻʌʡʇʀʅʀʏ ʀʆʌʍʋʎʖʌʋʞʉ ʐʋ ψςϷ ʎʑʉʋʇʅʆʡʉ ɻʌʖʇʀʅʡʉ ʀʉʡ ʋʅ ɻʌʡʇʀʅʀʏ 
ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ ɻʉʐʅʎʐʋʅʔʋʞʉ ʎʐʋ υ ʆɻʅ ω Ϸ ɻʉʐʚʎʐʋʅʔɻȢ ɨʅ 
ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏ ʀʚʉɻʅ ʌʀʍʚʌʋʑ τϷȢ ɜʅɻ ʐʅʏ ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏ 
ʌɻʍɻʐʂʍʀʚʐɻʅ ʝʐʅ ʆɻʐʗ ʐʋ ʌʀʍʅʎʎʝʐʀʍʋ ʈʙʆʋʏ ʐʋʑ ʆɻʉɻʇʅʋʞ ʈʀʅʡʉʋʉʐɻʅ 
ʇʅɾʝʐʀʍʋ ʎʀ ʎʔʘʎʂ ʈʀ ʐʅʏ ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏȢ ɫʑɾʆʀʆʍʅʈʘʉɻ ʎʐɻ φ 
cm ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʌʘʒʐʋʑʉ ʎʐɻ ψρϷ ʐʖʉ ʎʑʉʋʇʅʆʡʉ ʀʉʡ ʋʅ 
ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʎʐʂʉ ʗʉʋɿʋ ʈʀʅʡʉʋʉʐɻʅ ʎʐʋ σϷ ʆɻʅ ʎʐʂʉ ʆʗʃʋɿʋ ʀʚʉɻʅ ʎʐʋ ʚɿʅʋ 
ʌʋʎʋʎʐʝȢ ɨʅ ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏ ɻʑʊʗʉʋʉʐɻʅ ʖʏ ʌʍʋʏ ʐʅʏ ʎʑʉʋʇʅʆʘʏ ʎʐʋ χϷȢ 
 

ɫʔʙʈɻ 4.13: ɩɻʍʋʑʎʚɻʎʂ ʐʂʏ ʐʗʎʂʏ ʇʀʅʐʋʑʍɾʚɻʏȟ ʐʂʏ ʆɻʐɻʉʋʈʙʏ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʐʋʑ 
ʍʀʞʈɻʐʋʏ ʆɻʅ ʐʖʉ ɻʌʖʇʀʅʡʉ ɿʑʉɻʈʅʆʋʞ ʌʋʑ ʎʑʈɼʗʇʇʋʑʉ ʎʐʂʉ ʐʗʎʂʏ ʇʀʅʐʋʑʍɾʚɻʏ ʆɻʐʗ ʐʂ 
ɿʅʀʞʃʑʉʎʂ x.  
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ɫʔʙʈɻ τȢρτ: ɡʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐɻʉʋʈʙ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ʐʖʉ ɻʀʍʚʖʉ ʎʐɻ ʆɻʉʗʇʅɻ 
ɉʆɻʞʎʅʈʋȟ ɻʘʍɻʏɊȟ ʐʋʑ ʎʐʀʍʀʋʞ pen ʆɻʅ ʐʂʏ ɿʅʌʋʇʅʆʙʏ ʌʇʗʆɻʏ. 
 
ɠ ʆɻʐɻʉʋʈʙ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ʘʔʀʅ ɻʑʐʝ ʐʋ ʌʍʋʒʚʇ ʇʝɾʖ ʐʂʏ 
ɼɻʎʅʆʙʏ ʀʊʚʎʖʎʂʏ τ ʌʋʑ ʎʑʉɿʘʀʅ ʐʋ ʍʀʞʈɻ ʈʀ ʐʅʏ ɻʌʡʇʀʅʀʏ ʎʐʋ ʆʀʇʚȡ  
 

 

Ecell =Erev-Rohmj-hact-hconc                                                                      (4)  

 
 ( ʐʗʎʂ ʐʋʑ ʆʀʇʅʋʞ ʎʀ ʝʇʋ ʐʋ ʈʙʆʋʏ ʐʋʑ ʘʔʀʅ ʎʐɻʃʀʍʙ ʐʅʈʙȢ ɫʐʂʉ ɻʍʔʙ ʂ ʐʗʎʂ 

Nernst  ʘʅʉɻʅ ʑʕʂʇʗ ʆɻʅ ɿʀʉ ʀʌʂʍʀʗʁʀʅ ʐʋ ʍʀʞʈɻ ʎʂʈɻʉʐʅʆʗȢ ɚʉʐʅʃʘʐʖʏ ʋʅ 
ʀʌʂʍʀʗʁʀʐɻʅ ʆʑʍʚʖʏ ɻʌʝ ʐʅʏ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ɉʋʅ ʋʌʋʚʀʏ ʀʚʉɻʅ ʈʅʆʍʘʏɊ ʆɻʅ ɾʅɻ 
ɻʑʐʝ ʌɻʍʗɾʀʐɻʅ  ʑʕʂʇʝ ʐʋʌʅʆʝ ʍʀʞʈɻȢ ɥʀʐʗ ʐʂʉ ʈʘʎʂ ʐʋʑ ʆʀʇʅʋʞ ɻʉ ʆɻʅ 
ʈʀʅʡʉʋʉʐɻʅ ʝʇʀʏ ʋʅ ɻʌʡʇʀʅʀʏ ʆɻʅ ʀʅɿʅʆʗ ʋʅ ʖʈʅʆʘʏ ʐʋ ʍʀʞʈɻ ʀʌʂʍʍʀʗʁʀʐɻʅ ɻʌʝ 
ʐʂʉ ʈʅʆʍʙ ʐʅʈʙ ʐʂʏ Nernst. ɜʅɻ ʉɻ ʀʚʉɻʅ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʎʐɻʃʀʍʙ ʐʋ ʍʀʞʈɻ 
ʌʘʒʐʀʅȢ  
ɫʐʋ ʎʔʙʈɻ τȢρτ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʐʋ ʃʀʍʈʋʆʍɻʎʅɻʆʝ ʌʍʋʒʚʇ ʐʖʉ ʀʌʅʈʘʍʋʑʏ 
ʎʐʋʅʔʀʚʖʉ ʐʋʑ ʆʀʇʅʋʞ ʆɻʐʗ ʐʋ ʈʙʆʋʏ ʐʋʑȢ ɬʋ pen ʘʔʀʅ ʐʂʉ ʈʀɾɻʇʞʐʀʍʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʇʝɾʖ ʝʐʅ ʌʗʉʖ ʎʀ ɻʑʐʝ ɾʚʉʋʉʐɻʅ ʋʅ ɻʉʐʅɿʍʗʎʀʅʏȢ ɠ ʆʗʃʋɿʋʏ ʘʔʀʅ 
ʐʂʉ ʔɻʈʂʇʝʐʀʍʂ ʃʀʍʈʋʆʍɻʎʚɻ ʇʝɾʖ ʐʂʏ ʑʕʂʇʙʏ ʌɻʍʋʔʙʏ ɻʘʍɻ ʎʐʂʉ ʀʚʎʋɿʋ 
ʔɻʈʂʇʝʐʀʍʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏȢ ɠ ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ʘʔʀʅ ʌʋʇʞ ʆʋʉʐʅʉʙ ʃʀʍʈʋʆʍɻʎʚɻ 
ʈʀ ʐɻ ʗʇʇɻ ɿʑʋ ʎʐʋʅʔʀʚɻ ʐʋʑ ʆʀʇʅʋʞȢ ɲʇʇɻ ʈʋʉʐʘʇɻ ʃʀʖʍʋʞʉ ʐʋ pen ʆɻʅ ʐʂʉ 
ɿʅʌʋʇʅʆʙ ʌʇʗʆɻ ʖʏ ʘʉɻ ʎʐʋʅʔʀʚʋȢ ɠ ʃʀʡʍʂʎʂ ɍφσɎ ɻʑʐʙ ʘʔʀʅ ʀʊʀʐɻʎʐʀʚ ʖʏ ʌʍʋʏ ʐɻ 
ɻʌʋʐʀʇʘʎʈɻʐɻȢ ɬʋ ʑʇʅʆʝ ʐʋʑ ʎʐʀʍʀʋʞ ʐʖʉ ʆɻʉɻʇʅʡʉ ʃʀʖʍʙʃʂʆʀ ʚɿʅʋ ʈʀ ʐʋʑ pen. 
ɠ ʈʘɾʅʎʐʂ ʃʀʍʈʋʆʍɻʎʚɻ ʌʋʑ ʘʔʀʅ ʐʋ pen ʀʚʉɻʅ ρςπψ ɣ ʎʐʋ ʐʘʇʋʏ ʐʋʑ ʆʀʇʅʋʞ ʆɻʅ 
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ρπφπ ɣ ʎʐʂʉ ɻʍʔʙȢ ɬɻ ɻʘʍʅɻ ʘʔʋʑʉ ʆɻʅ ʎʐʂʉ ʆʗʃʋɿʋ ʆɻʅ ʎʐʂʉ ʗʉʋɿʋ ʐʂʉ ʚɿʅɻ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʊʝɿʋʑ ʂ ʋʌʋʚɻ ʐɻʑʐʚʁʀʐɻʅ ʈʀ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ  pen.  
ɬʋ ʎʔʙʈɻ τȢρυ ʌɻʍʋʑʎʅʗʁʀʅ ʐɻ ɾʍɻʈʈʋʈʋʍʅɻʆʗ ʆʇʗʎʈɻʐɻ ʐʖʉ ʎʑʎʐɻʐʅʆʡʉ ʐʖʉ 
ɿʞʋ ʆɻʉɻʇʅʡʉȢ ɬʋ ʗʁʖʐʋ ɿʀʉ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʎʐʋ ɿʅʗɾʍɻʈʈɻȟ ɾʅɻʐʚ ɿʀʉ 
ʈʀʐɻɼʗʇʇʀʐɻʅ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ɻʒʋʞ ʀʚʉɻʅ ɻɿʍɻʉʘʏ ʆɻʅ ɿʀʉ 
ʎʑʈʈʀʐʘʔʀʅ ʎʐʅʏ ɻʉʐʅɿʍʗʎʀʅʏȢ ɳʐʎʅ ʎʐʂʉ ʀʚʎʋɿʋ ʀʅʎʘʍʔʀʐɻʅ χωϷ ʆɻʅ 
ʌɻʍɻʈʘʉʀʅ ʖʏ ʘʔʀʅ ʈʘʔʍʅ ʐʂʉ ʘʊʋɿʋ ʐʋʑ ʆʀʇʅʋʞȢ ɷʌʖʏ ʒɻʚʉʀʐɻʅ ʎʐʋ ʚɿʅʋ ʎʔʙʈɻ ʐʋ 
ʑɿʍʋɾʝʉʋ ʀʅʎʘʍʔʀʐɻʅ ʈʀ ʌʋʎʋʎʐʝ πȢω ʆɻʅ ʎʐʂʉ ʘʊʋɿʋ ʘʔʀʅ ʐʅʈʙ πȢρτȢ ɞʌʀʅɿʙ 
ʑʌʗʍʔʀʅ ʈʝʉʋ ʑɿʍʋɾʝʉʋ ɾʅɻ ʆɻʞʎʅʈʂ ʞʇʂ ʆɻʅ ʐɻ ʎʑʉʋʇʅʆʗ mol ʐʂʏ ɻʉʝɿʋʑ ʌʋʑ 
ʌɻʍʘʔʋʉʐɻʅ ʎʐʂʉ ʀʚʎʋɿʋ ɿʅɻʐʂʍʋʞʉʐɻʅ ʎʐɻʃʀʍʗ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȟ ʋ 
ʎʑʉʐʀʇʀʎʐʙʏ ɻʊʅʋʌʋʅʙʎʀʖʏ ʐʋʑ ʆɻʑʎʚʈʋʑ ʀʚʉɻʅ ψτϷȢ ɬʋ ʉʀʍʝ ʎʀ ʆɻʐʗʎʐɻʎʂ 
ʑɿʍɻʐʈʋʞ ʀʅʎʘʍʔʀʐɻʅ ʈʀ ɾʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ πȢρ ʆɻʅ ʎʐʂʉ ʘʊʋɿʋ ʀʚʉɻʅ ʎʐʂʉ 
ʐʅʈʙ πȢψφȢ 
ɫʐʋ ʆɻʉʗʇʅ ʐʂʏ ʆɻʃʝɿʋʑ ʐʋ ʋʊʑɾʝʉʋ ʘʔʀʅ ʐʅʈʙ ɾʍɻʈʈʋʈʋʍʅɻʆʋʞ ʆʇʗʎʈɻʐʋʏ πȢςρ 
ʆɻʅ ʎʐʂʉ ʘʊʋɿʋ ʘʔʀʅ ʈʀʐɻɼʇʂʃʀʚ ʎʐʂʉ ʐʅʈʙ πȢρψρȢ ɚʉ ʆɻʅ ʘʔʋʑʉ ʆɻʐɻʉɻʇʖʃʀʚ 
ɻʆʍʅɼʡʏ ʐɻ ʈʅʎʗ mol ʎʀ ʎʔʘʎʂ ʈʀ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʐʋ ɾʍɻʈʈʋʈʋʍʅɻʆʝ ʆʇʗʎʈɻ 
ɿʀʉ ʈʀʐɻɼʗʇʇʀʐɻʅ ɻʅʎʃʂʐʗ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ɾʅɻʐʚ ʂ ʌɻʍʋʔʙ ʀʚʉɻʅ 
ʌʋʇʞ ʈʀɾʗʇʂ ʎʐʂʉ ʀʚʎʋɿʋ ɉʋ ʇʝɾʋʏ ɻʘʍɻ ʅʎʋʞʐɻʅ ʈʀ φɊȢ ɠ ɿʅɻʌʚʎʐʖʎʂ ɻʑʐʙ 
ʃɻ ʙʐɻʉ ʌʅʋ ʊʀʆʗʃɻʍʂ ɻʉ ʐɻ ʝʍʅɻ ʐʋʑ ɻʍʅʎʐʀʍʗ ʗʊʋʉɻ ʙʐɻʉ ʈʀɾɻʇʞʐʀʍɻȢ ɬʝʐʀ ʂ 
ʆɻʈʌʞʇʂ ʃɻ ʙʐɻʉ ʈʅɻ ʀʑʃʀʚɻ ʈʀ ʈʅʆʍʙ ʆʇʚʎʂ ʌʍʋʏ ʐɻ ʆʗʐʖȢ 
ɫʐʋ ʚɿʅʋ ʎʔʙʈɻ ʒɻʚʉʀʐɻʅ ʆɻʅ ʋ ʍʑʃʈʝʏ ɻʉʐʚɿʍɻʎʂʏ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ʌʋʑ 
ʅʎʋʞʐɻʅ ɻʌʝ ʐʂʉ ʆʇʚʎʂ ʐʋʑ ʆʇʗʎʈɻʐʋʏ ʐʋʑ ʑɿʍʋɾʝʉʋʑȢ ɷʉʐʖʏ ʈʀʐʗ ʐɻ τ cm ʂ 
ʆʇʚʎʂ ʐʂʏ ʆɻʈʌʞʇʂʏ ʈʀʅʡʉʀʐɻʅȟ ɿʂʇɻɿʙ ʈʀʅʡʉʋʉʐɻʅ ʋʅ ɻʉʐʅɿʍʗʎʀʅʏȢ  
 

ɫʔʙʈɻ τȢρυȡ ɜʍɻʈʈʋʈʋʍʅɻʆʗ ʆʇʗʎʈɻʐɻ ʐʖʉ ʎʑʎʐɻʐʅʆʡʉ ʐʋʑ ʆɻʉɻʇʅʋʞ ʐʂʏ ʆɻʃʝɿʋʑ ʆɻʅ 
ʐʂʏ ɻʉʝɿʋʑ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ 
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ɚʑʐʝ ʀʊʂɾʀʚʐɻʅ ɻʌʝ  ʐʋʉ ʉʝʈʋ ʐʋʑ Faraday  (ʀʊʚʎʖʎʂ σςɊ ɻʒʋʞ ʂ 
ʌɻʍɻɾʖɾʙ ʍʀʞʈɻʐʋʏ ʀʚʉɻʅ ɻʉʗʇʋɾʂ ʈʀ ʐʋʉ ʍʑʃʈʝ ɻʉʐʚɿʍɻʎʂʏȢ ɥʀʐʗ ʐɻ χ 
cm ʂ ʆʇʚʎʂ ʐʀʚʉʀʅ ʉɻ ɾʚʉʀʅ ʋʍʅʁʝʉʐʅɻȢ ɚʑʐʝ ʀʊʂɾʀʚʐɻʅ ɻʌʝ ʐʂ ʈʅʆʍʙ ʌɻʍɻɾʖɾʙ 
ʍʀʞʈɻʐʋʏ ʎʀ ɻʑʐʝ ʐʋ ʆʋʈʈʗʐʅ ɻʒʋʞ ʋʅ ɻʉʐʅɿʍʗʎʀʅʏ ʌʍɻɾʈɻʐʋʌʋʅʋʞʉʐɻʅ ʈʀ 
ʈʅʆʍʝʐʀʍʋ ʍʑʃʈʝ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʐʂʉ ʈʅʆʍʝʐʀʍʂ ʘʆʇʑʎʂ ʃʀʍʈʝʐʂʐɻʏ 
ɫʐʋ ʎʔʙʈɻ τȢρφ ʂ ɻʉʐʚʎʐɻʎʂ ʐʋʑ pen ʈʀʅʡʉʀʐɻʅ ʈʀ ʐʂʉ ɻʞʊʂʎʂ ʐʂʏ 
ʃʀʍʈʋʆʍɻʎʚɻʏ. ɚʑʐʝ ʙʐɻʉ ɻʉɻʈʀʉʝʈʀʉʋ ʇʝɾʖ ʐʖʉ ʀʊʅʎʡʎʀʖʉ σψ ʆɻʅ σω ʆɻʃʡʏ 
ʀʊɻʍʐʗʐɻʅ ʈʝʉʋ ɻʌʝ ɻʑʐʙʉȢ 
ɫʐʋ ʎʔʙʈɻ τȢρχ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʆɻʐɻʉʋʈʙ ʐʖʉ ɻɿʅʗʎʐɻʐʖʉ ʌʑʆʉʋʐʙʐʖʉ ʐʖʉ 
ɻʘʍʅʖʉ ʈʀʅɾʈʗʐʖʉ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ ɠ ʌʑʆʉʝʐʂʐɻ ʐʋʑ ʈʀʚɾʈɻʐʋʏ ʀʚʉɻʅ 
ʎʑʉʗʍʐʂʎʂ ʐʖʉ ʎʑʎʐʗʎʀʖʉ ʐʖʉ ʀʌʅʈʘʍʋʑʏ ʎʐʋʅʔʀʚʖʉ ʆɻʅ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʎʀ 
ʆʗʃʀ ʃʘʎʂȢ ɠ ʌʑʆʉʝʐʂʐɻ ʐʋʑ ɻʘʍɻ ʎʐʂʉ ʆʗʃʋɿʋ ʀʇɻʐʐʡʉʀʐɻʅ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ 
ʆʀʇʅʋʞ ʆɻʃʡʏ ɻʑʊʗʉʀʐɻʅ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ɾʅɻʐʚ ʀʌʂʍʀʗʁʀʐɻʅ ʗʈʀʎɻ ɻʌʝ 
ɻʑʐʙʉ ɻʌʝ ʐʋʉ ʉʝʈʋ ʐʖʉ ʅɿɻʉʅʆʡʉ ɻʀʍʚʖʉȢ ɠ ʈʀʐɻɼʋʇʙ ʐʂʏ ʎʞʎʐɻʎʂʏ ʐʋʑ 
ɻʘʍɻ ʀʚʉɻʅ ʐʂʏ ʐʗʊʀʖʏ ʐʋʑ σϷ ɻʌʝ ʐʂʉ ʀʚʎʋɿʋ ʎʐʂʉ ʘʊʋɿʋ ʆɻʅ ɿʀʉ ʀʌʂʍʀʗʁʀʅ ʐʂʉ 
ʌʑʆʉʝʐʂʐɻ ʐʋʑ ɻʘʍʅʋʑ ʈʀʚɾʈɻʐʋʏȢ ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʋʑ ʆɻʑʎʚʈʋʑ ɻʉ ʆɻʅ 
ɻʑʊʗʉʀʐɻʅ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ʂ ʌʑʆʉʝʐʂʐɻ ʐʋʑ ɻʑʊʗʉʀʐɻʅ ʐʡʍɻ ɾʅɻʐʚ ʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʌɻʚʁʀʅ ʈʅʆʍʝʐʀʍʋ ʇʝɾʋ ʆɻʃʡʏ ʂ ʎʞʎʐɻʎʂ ʐʋʑ ɻʇʇʗʁʀʅ ʈʀ ʐʂʉ 
ɻʉʐʚʎʐʋʅʔʂ ɻʞʊʂʎʂ ʐʋʑ ʑɿʍɻʐʈʋʞ ʆɻʅ ʈʀʚʖʎʂ ʐʋʑ ʑɿʍʋɾʝʉʋʑȢ 
ɬɻ ʌɻʍɻʌʗʉʖ ʀʊʂɾʋʞʉ ʆɻʅ ʐʂʉ ɻʞʊʂʎʂ ʐʂʏ ʐɻʔʞʐʂʐɻʏ ʐʋʑ ʆɻʑʎʚʈʋʑ ʆɻʐʗ 
ρψπϷ ʆɻʅ ʐʋʑ ɻʘʍɻ ʌʀʍʚʌʋʑ ρτυ Ϸ ʎʐʋ τȢρψ ʆɻʃʡʏ ʀʊɻʍʐʗʐɻʅ ɻʌʝ ʐʂ ʈɻʁʅʆʙ 
ʌɻʍʋʔʙ ʆɻʅ ʐʂʉ ʌʑʆʉʝʐʂʐɻȢ ɫʐʋ ʚɿʅʋ ʎʔʙʈɻ ʒɻʚʉʀʐɻʅ ʆɻʅ ʌʗʇʅ ʂ ʀʊʗʍʐʂʎʂ ʐʂʏ 
ʎʞʎʐɻʎʂʏ ʎʐʋ ʆɻʞʎʅʈʋ ʆɻʃʡʏ ʂ ʃʀʍʈʋʔʖʍʂʐʅʆʝʐʂʐɻ ʐʋʑ ʈʀʅʡʉʀʐɻʅ ʌʀʍʚʌʋʑ 
σππϷ ʀʉʡ ʎʐʂʉ ʆʗʃʋɿʋ ʋ ɻʘʍɻʏ ɻʑʊʗʉʀʐɻʅ ʈʝʇʅʏ τπϷȢ 
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ɫʐʋ ʎʔʙʈɻ τȢρω ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʋʅ ʎʑʉɻɾʖɾʅʈʝʐʂʐʀʏ mW m-1K-1 ʆɻʅ ʋʅ 
ʎʑʉʀʆʐʅʆʝʐʂʐʀʏ ʎʀ ʈPa s ʐʖʉ ɻʀʍʚʖʉ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ ɬʋ ʈʀʚɾʈɻ 
ʆɻʑʎʚʈʋʑ ʎʐʂʉ ʀʚʎʋɿʋ ʐʋʑ ʆʀʇʅʋʞ ʘʔʀʅ ʌʀʍʚʌʋʑ ʌʘʉʐʀ ʒʋʍʘʏ ʈʀɾɻʇʞʐʀʍʂ 
ʎʑʉɻɾʖɾʅʈʝʐʂʐɻ ɻʌʝ ʐʋʉ ɻʘʍɻȟ ʀʉʡ ʝʌʖʏ ʒɻʚʉʀʐɻʅ ʎʐʋ ʎʔʙʈɻ ʆɻʐʗ ʈʙʆʋʏ 
ʐʋʑ ʆʀʇʅʋʞ ʂ ɿʅɻʒʋʍʗ ɻʑʐʙ ʈʀʅʡʉʀʐɻʅ ʡʎʐʀ ʎʐʋ ʐʘʇʋʏ ʉɻ ɿʅɻʒʘʍʋʑʉ ʈʝʉʋ υπ 
mW m-1K-1Ȣ ɠ ʀʊʗʍʐʂʎʂ ʐʖʉ ʃʀʍʈʅʆʡʉ ɻɾʖɾʅʈʋʐʙʐʖʉ ʐʖʉ ɻʀʍʚʖʉ ɻʌʝ ʐɻ 
ʀʌʅʈʘʍʋʑʏ ʎʑʎʐɻʐʅʆʗ ʒɻʚʉʀʐɻʅ ʎʐʂʉ ʀʊʚʎʖʎʂ υτȢ ɚʌʝ ʐʂʉ ʗʇʇʂ ʐɻ ʅʊʡɿʂ ʐʖʉ 
ʈʀʅɾʈʗʐʖʉ ɻʑʊʗʉʋʉʐɻʅ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ  
ɫʐʋ ʎʔʙʈɻ τȢςπ ʋ ɻʍʅʃʈʝʏ Reynolds ɾʅɻ ʐʋ ʆɻʉʗʇʅ ʐʋʑ ʆɻʑʎʚʈʋʑ ɻʑʊʗʉʀʐɻʅ 
ʘʔʋʉʐɻʏ ʐʅʈʙ ʀʅʎʝɿʋʑ πȢχωυ ʆɻʅ ʎʐʂ ʘʊʋɿʋ ςȢ ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʋʑ ɻʘʍɻ ʋ 
Reynolds ʎʐʂʉ ʀʚʎʋɿʋ ʀʚʉɻʅ τςȢχ ʆɻʅ ʎʐʂʉ ʘʊʋɿʋ σχȢ ɠ ʈʀʐɻɼʋʇʙ ʐʋʑ Reynolds 
ʆɻʅ ɾʅɻ ʐɻ ɿʑʋ ʈʀʚɾʈɻʐɻ ʀʚʉɻʅ ʎʑʉɻʍʐʙʎʀʅ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏȟ ʐʂʏ ʐɻʔʞʐʂʐɻʏ ɻʇʇʗ 
ʆɻʅ ʐʂʏ ɿʑʉɻʈʅʆʙʏ ʎʑʉʀʆʐʅʆʝʐʂʐɻʏȢ ɞʌʋʈʘʉʖʏ ɾʅɻ ʐʋʉ ɻʘʍɻ ʂ ɻʞʊʂʎʂ ʐʂʏ 
ʐɻʔʞʐʂʐɻʏ ʑʌʀʍʉʅʆʗʐɻʅ ɻʌʝ ʐʂʉ ʈʀʚʖʎʂ ʐʂʏ ʎʑʉɻɾʖɾʅʈʝʐʂʐɻʏ ʆɻʅ ʐʂʏ 
ʌʑʆʉʝʐʂʐɻʏ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʉɻ ʈʀʅʡʉʀʐɻʅ ʋ Reynolds. ɚʌʝ ʐʂʉ ʗʇʇʂ ʌʇʀʑʍʗ ʎʐʋ 
ʆɻʞʎʅʈʋ ʂ ʐɻʔʞʐʂʐɻ ʆɻʅ ʂ ʌʑʆʉʝʐʂʐɻ ɻʑʊʗʉʀʐɻʅ ʆɻʅ ʂ ʎʑʉɻɾʖɾʅʈʝʐʂʐɻ 
ʈʀʅʡʉʀʐɻʅ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʐʂʉ ɻʞʊʂʎʂ ʐʋʑ ɻʍʅʃʈʋʞ Reynolds. ɨʅ Reynolds ʆɻʅ 
ɾʅɻ ʐʅʏ ɿʑʋ ʌʀʍʅʌʐʡʎʀʅʏ ʀʚʉɻʅ ʌʋʇʞ ʈʅʆʍʋʚ  ʆɻʅ ʝʉʐʖʏ ʀʌɻʇʂʃʀʞʀʅ ʐʂʉ 
ʃʀʡʍʂʎʂ ɾʅɻ ʎʐʍʖʐʙ ʍʋʙ ʆɻʅ ʐʂʉ ʎʐɻʃʀʍʙ ʐʋʑ ɻʍʅʃʈʋʞ Nusselt ʎʐʂʉ ʐʅʈʙ 
3.09. ɨʅ ʐʅʈʘʏ ʐʖʉ ɻʍʅʃʈʡʉ Reynolds ʌʋʑ ʌʍʋʆʞʌʐʋʑʉ ɾʅɻ ʐʅʏ ʐɻʔʞʐʂʐʀʏ ʌʋʑ 
ɻʉɻʌʐʞʎʎʋʉʐɻʅ ʎʐɻ ʆɻʉʗʇʅɻ ʀʚʉɻʅ ʌʋʇʞ ʇʋɾʅʆʘʏ ɾʅɻ ʆʑʕʘʇʀʏ ʆɻʑʎʚʈʋʑ [62]. 
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пΦо ɳ˅ʷˍʰˋʹ ˍʹˌ {hC/ ˋʶ ʵʽʰ˒ˇˊʶˍʽˁˇˏˌ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ʶˁ˃ʶˍʰ˂˂ʶˏˋʶ˖ˌ 
ˁʰˎˋʾ˃ˇˎ 
 
ɫʐʋ ʆʀʒʗʇɻʅʋ ɻʑʐʝ ʃɻ ʀʊʀʐɻʎʐʀʚ ʂ ʇʀʅʐʋʑʍɾʚɻ ʆʑʕʘʇʂʏ ʈʀ ɿʅɻʒʋʍʀʐʅʆʋʞʏ  
ɼɻʃʈʋʞʏ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ ʆɻʅ ʈʀ ɿʅɻʒʋʍʀʐʅʆʘʏ ʈʘʎʀʏ ʌʑʆʉʝʐʂʐʀʏ 
ʍʀʞʈɻʐʋʏȢ ɫʐʂʉ ʈʀʇʘʐʂ ɻʑʐʙ ʝʇʋʅ ʋʅ ʌɻʍʗʈʀʐʍʋʅ ʐʋʑ ʌʚʉɻʆɻ τȢφ ʌɻʍɻʈʘʉʋʑʉ 
ʎʐɻʃʀʍʋʚ  ʀʆʐʝʏ ɻʌʝ ʐʅʏ ʈʘʎʀʏ ʌʑʆʉʝʐʂʐʀʏ ʍʀʞʈɻʐʋʏȟ ʐʋʑʏ ʎʑʉʐʀʇʀʎʐʘʏ 
ɻʊʅʋʌʋʅʙʎʀʖʏ ʈɻʁʚ ʈʀ ʐʅʏ ʌɻʍʋʔʘʏ ʆɻʑʎʚʈʋʑ ʎʐʂʉ ʀʚʎʋɿʋȢ  ɠ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʐʋʑ 
ʍʀʞʈɻʐʋʏ ʌʋʑ ɿʚʉʀʐɻʅ ʖʏ ʀʚʎʋɿʋʏ ʎʐʋ ʎʞʎʐʂʈɻ ʀʚʉɻʅ 

 

j = = 3000 A m-2 ʆɻʅ ɾʅɻ ʉɻ 

ʀʌʅʐʀʑʔʃʀʚ  ɼɻʃʈʝʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʐʋʑ ʆɻʑʎʚʈʋʑ ψτȟ χυ ʆɻʅ φπϷȟ ʎʐʂʉ ʀʚʎʋɿʋ 
ʐʋʑ ʆɻʉɻʇʅʋʞ ʌɻʍʘʔʋʉʐɻʅ ɻʉʐʚʎʐʋʅʔɻ πȢςχυȟ πȢσρ ʆɻʅ πȢσω Lt min-1 ʆɻʞʎʅʈʋȢ ɠ 
ʌɻʍʋʔʙ ʐʋʑ ɻʘʍɻ ɿʀʉ ɻʇʇʗʁʀʅ ʆɻʅ ʇʝɾʋʏ ɻʘʍɻ ʀʚʉɻʅ ʚɿʅʋʏ ʆɻʅ ɾʅɻ ʐʅʏ ʐʍʀʅʏ 
ʌʀʍʅʌʐʡʎʀʅʏȢ ɬʘʇʋʏ ʋʅ ʃʀʍʈʋʆʍɻʎʚʀʏ ʀʅʎʝɿʋʑ ʆɻʅ ʐʖʉ ɿʞʋ ɻʀʍʚʖʉ ʈʀʅɾʈʗʐʖʉ 
ʀʚʉɻʅ ρπςσ ɣȢ 
ɨʅ ʐʅʈʘʏ ʇʀʅʐʋʑʍɾʚɻʏ ʎʐʅʏ ʈʝʉʅʈʀʏ ʎʑʉʃʙʆʀʏ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ʎʑʉʐʀʇʀʎʐʙ ψτϷ 
ɻʉɻʒʘʍʋʉʐɻʅ ʈʀ ʇʀʌʐʋʈʘʍʀʅɻ ʎʐʂʉ ʌʍʋʂɾʋʞʈʀʉʂ ʌɻʍʗɾʍɻʒʋȢ ɬʋ ʆʀʇʚ ʝʐɻʉ 
ʇʀʅʐʋʑʍɾʀʚ ʎʀ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ χυϷ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʀʚʉɻʅ 
0.817 V, ʂ ʌʑʆʉʝʐʂʐɻ ʅʎʔʞʋʏ ʀʊʝɿʋʑ πȢςτυ W cm-2 ʈʀ ɼɻʃʈʝ ɻʌʝɿʋʎʂʏ τψȢτυϷȢ 
ɠ ʅʎʔʞʏ ʘʔʀʅ ɻʑʊʂʃʀʚ ʆɻʅ ʋ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʈʀʅʡʉʀʐɻʅ ʌʀʍʚʌʋʑ τ.5%. 
ɷʐɻʉ ʇʀʅʐʋʑʍɾʀʚ ʈʀ Uf = 60% ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʀʚʉɻʅ ɻʆʝʈɻ ʌʅʋ ʕʂʇʗ ʎʐʂʉ ʐʅʈʙ 
0.841 V ʆɻʅ ʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʀʚʉɻʅ ʚʎʂ ʈʀ πȢςυς W cm-2  ʈʀ ʈʀʅʖʈʘʉʋ ɼɻʃʈʝ 
ɻʌʝɿʋʎʂʏ σωȢφϷȢ ɩɻʍɻʐʂʍʀʚʐɻʅ ʝʎʋ ʈʀʅʡʉʀʐɻʅ ʂ ɻʊʅʋʌʋʚʂʎʂ ʐʋʑ ʆɻʑʎʚʈʋʑ ʂ 
ɻʌʝɿʋʎʂ ʌʘʒʐʀʅ ɻʅʎʃʂʐʗ ʆɻʅ ʂ ʌʑʆʉʝʐʂʐɻ ʅʎʔʞʋʏ ɻʉʀɼɻʚʉʀʅ ʈʀ ʎʐɻʃʀʍʝ 
ʒʋʍʐʚʋ σπππ ɚ m-2. 
ɫʐʋ ʎʔʙʈɻ τȢςρ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʋʅ ʆɻʈʌʞʇʀʏ ʌʑʆʉʝʐʂʐɻʏ ʐʋʑ ʍʀʞʈɻʐʋʏ ʆɻʐʗ 
ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ɾʅɻ ʐʂʉ ʆʗʃʀ ʌʀʍʚʌʐʖʎʂȢ ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʋʑ Uf = 84% 
ʎʑɾʆʍʚʉʋʉʐɻʏ ʈʀ ʐʅʏ ʗʇʇʀʏ ʌʀʍʅʌʐʡʎʀʅʏ ʒɻʚʉʀʐɻʅ ʝʐʅ ʋʅ ɻʉʐʅɿʍʗʎʀʅʏ ʀʚʉɻʅ 
ʀʉʐʋʉʝʐʀʍʀʏ ʎʐʋ ʌʍʡʐʋ ʈʅʎʝ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ʐʋ ʑʌʝʇʋʅʌʋ ʈʅʎʝ ʉɻ ʌɻʍʗɾʀʅ 
ʈʅʆʍʝʐʀʍɻ ʍʀʞʈɻʐɻȢ  ɫʐʅʏ ʗʇʇʀʏ ɿʞʋ ʌʀʍʅʌʐʡʎʀʅʏ ʆɻʅ ʀʅɿʅʆʗ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʋʑ 
Uf Ѐ φπϷ ʂ ʌɻʍɻɾʖɾʙ ʐʋʑ ʐʋʌʅʆʋʞ ʍʀʞʈɻʐʋʏ ɉʆɻʅ ʀʌʋʈʘʉʖʏ ʐʋ ʎʞʉʋʇʋ ʐʖʉ 
ɻʉʐʅɿʍʗʎʀʖʉɊ ɾʚʉʀʐɻʅ ʌʅʋ ʋʈʋʅʝʈʋʍʒɻȢ ɣɻʅ ʎʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʎʐɻ ʌʍʡʐɻ 
ʀʆɻʐʋʎʐʗ ʐʋʑ ʈʙʆʋʑʏ ʐʋʑ ʆʀʇʅʋʞ ʑʒʚʎʐɻʐɻʅ ʎʐɻʃʀʍʝʏ ʍʑʃʈʝʏ ʆɻʐɻʉʗʇʖʎʂʏ 
ʑɿʍʋɾʝʉʋʑ ɾʅɻ ɻʑʐʝ ʀʊʂɾʀʚʐɻʅ ʆɻʅ ʂ ʎʔʀɿʝʉ ʋʍʅʁʝʉʐʅɻ ʆɻʈʌʞʇʂ ʌʑʆʉʝʐʂʐɻʏ 
ʍʀʞʈɻʐʋʏ ʎʀ ɻʑʐʝ ʐʋ ɿʅʗʎʐʂʈɻȢ 
 ɫʐʋ ʎʔʙʈɻ τȢςς ʒɻʚʉʀʐɻʅ ʐʋ ɻʌʋʐʘʇʀʎʈɻ ʎʐʂʉ ʆʇʚʎʂ ʐʖʉ ʆɻʈʌʑʇʡʉ ʐʂʏ 
ʎʞʎʐɻʎʂʏ ʐʋʑ ʑɿʍʋɾʝʉʋʑȢ ɫʐʂʉ ʐʀʇʀʑʐɻʚɻ ʌʀʍʚʌʐʖʎʂ ʂ ʆʇʚʎʂ ʀʚʉɻʅ ʌʅʋ 
ɾʍɻʈʈʅʆʙ ʎʀ ʎʔʘʎʂ ʈʀ ʐʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʌʋʑ ʇʀʅʐʋʑʍɾʋʞʉ ʈʀ ʈʀɾɻʇʞʐʀʍʋʑʏ 
ʎʑʉʐʀʇʀʎʐʘʏ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑȢ ɫʐʋ ʚɿʅʋ ʎʔʙʈɻ ʒɻʚʉʀʐɻʅ ʊʀʆʗʃɻʍɻ ʌʝʎʋ 
ʆʗʑʎʅʈʋ ɉʑɿʍʋɾʝʉʋɊ ʀʆʈʀʐɻʇʇʀʞʐʂʆʀ ɾʅɻ ʐʂʉ ʌɻʍɻɾʖɾʙ ʍʀʞʈɻʐʋʏȢ  
ɠ ʈʘɾʅʎʐʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʌʋʑ ɻʉɻʌʐʞʎʎʀʐɻʅ ʀʚʉɻʅ υπυπȟ τσςυ ʆɻʅ σχςρ ɚ 

cm-2 ɻʉʐʚʎʐʋʅʔɻ ɾʅɻ Uf = 84, 75 ʆɻʅ φπϷ ʀʉʡ ʂ ʀʇʗʔʅʎʐʂ ʀʚʉɻʅ ςςχȟ χςπ ʆɻʅ ρτρψ 
ɚ cm-2. ɞʌʋʈʘʉʖʏ ʐɻ ɝjmax ʀʚʉɻʅ τψςσȟ σφπυ ʆɻʅ ςσπσ  A cm-2 ɾʅɻ ʆʗʃʀ 
ʌʀʍʚʌʐʖʎʂȢ ɬʋ ɝjmax ɻʌʋʐʀʇʀʚ ʎʑʉʙʃʖʏ ʘʉɻʏ ɿʀʚʆʐʂʏ ʆɻʐʗ ʌʝʎʋ 
ʋʈʋʅʝʈʋʍʒʂ ʀʚʉɻʅ ʂ ʆɻʐɻʉʋʈʙ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ 
ʆʀʇʅʋʞ. 
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ɫʔʙʈɻ τȢςρȡ ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ʌʑʆʉʋʐʙʐʖʉ ʍʀʞʈɻʐʋʏ ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ 
ɿʅɻʒʋʍʀʐʅʆʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ Uf ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ ɠ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʆɻʅ 
ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʀʚʉɻʅ χτττ A m-2. 
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ɬɻ ʃʀʍʈʅʆʗ ɻʌʋʐʀʇʘʎʈɻʐɻ ʐʂʏ ʆɻʐɻʉʋʈʙʏ ʐʖʉ ɻʉʐʅɿʍʗʎʀʖʉ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ 
ʆʀʇʅʋʞ ʎʐʋ pen ʒɻʚʉʋʉʐɻʅ ʎʐʋ ʎʔʙʈɻ τȢςσȢ ɠ ʈʘɾʅʎʐʂ ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ pen ʀʚʉɻʅ 
ρςπψȟ ρρωψ ʆɻʅ ρρψχ ɣ ɻʉʐʚʎʐʋʅʔɻ ʆɻʅ ʂ ʀʇʗʔʅʎʐʂ ʎʐʂʉ ʀʚʎʋɿʋ ʐʋʑ ʆʀʇʅʋʞ 
ʅʎʋʞʐɻʅ ʈʀ ρπφπȟ ρπυς ʆɻʅ ρπτφ ɣ ɾʅɻ Uf =84,75 ʆɻʅ φπϷȢ ɤʝɾʖ ʐʋʑ ʈʀɾɻʇʞʐʀʍʋʑ 
ɻʍʅʃʈʋʞ ɻʉʐʅɿʍʗʎʀʖʉ ʐʋ ÐÅÎ ɻʑʊʗʉʀʅ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ ɻʃʍʋʚʁʋʉʐɻʏ ʐʂʉ 
ʎʐʂʉ ʃʀʍʈʝʐʂʐɻ ʌʋʑ ɻʌʋʆʐʗ ɻʌʝ ʐʂʉ ʀʌɻʒʙ ʐʋʑ ʈʀ ʐɻ ɿʞʋ ɻʘʍʅɻ ʈʘʎʖ 
ʎʑʉɻɾʖɾʙʏȢ ɠ ʆʇʚʎʂ ʐʂʏ ʆɻʈʌʞʇʂʏ ɻʌʋʐʑʌʡʉʀʅ ʐʋʉ ʍʑʃʈʝ ʘʆʇʑʎʂʏ 
ʃʀʍʈʝʐʂʐɻʏ. ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʈʀ Uf = 60% ʂ ɻʞʊʂʎʂ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ 
ʐʀʚʉʀʅ ʉɻ ʘʔʀʅ ʈʅɻ ɾʍɻʈʈʅʆʙ ʎʑʈʌʀʍʅʒʋʍʗ ʎʀ ʝʇʋ ʐʋ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ 
ʇʝɾʖ ʐʂʏ ʋʈʋʅʝʈʋʍʒʂʏ ʆɻʐɻʉʋʈʙʏ ʐʖʉ ɻʉʐʅɿʍʗʎʀʖʉ ʎʐʋ ʆʀʇʚȢ ɬʋ 
ʎʂʈɻʉʐʅʆʝ ʎʑʈʌʘʍɻʎʈɻ ɻʌʝ ʈʅɻ ɻʉʗʇʑʎʂ ʐʂʏ ʃʀʍʈʅʆʙʏ ʆɻʐɻʉʋʈʙʏ ʌʗʉʖ ʎʐʋ 
ʆʀʇʚ ʀʚʉɻʅ ʂ ɻʌʋʒʑɾʙ ɻʌʝʐʋʈʖʉ ʆʇʚʎʀʖʉ ɿʅʝʐʅ ʀɾʆʑʈʋʉʀʚ ʆʚʉɿʑʉʋʏ ɻʎʐʋʔʚɻʏ ʐʋʑ 
ʆʀʍɻʈʅʆʋʞ ɻʌʝ ʐʅʏ ʃʀʍʈʅʆʘʏ ʐʗʎʀʅʏ ʌʋʑ ɻʉɻʌʐʞʎʎʋʉʐɻʅȢ 
ɫʐɻ ɿʅɻɾʍʗʈʈɻʐɻ τȢςτ ʀʖʏ τȢςψ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ʂ ʐʗʎʂ 
ɦernst ʆɻʅ ʋʅ ɻʌʡʇʀʅʀʏ ɿʑʉɻʈʅʆʋʞ ʌʋʑ ʎʑʈɼʗʇʇʋʑʉ ʎʀ ɻʑʐʙʉ ʡʎʐʀ ʐʋ ʆʀʇʚ ʉɻ 
ʇʀʅʐʋʑʍɾʀʚ ʎʐʂʉ ʐʗʎʂ %cell. ɠ .ÅÒÎÓÔ ʀʚʉɻʅ ʂ ʈʘɾʅʎʐʂ ɿʑʉɻʐʙ ʐʗʎʂ ʌʋʑ ʈʌʋʍʀʚ 
ʐʋ ʆʀʇʚ ʉɻ ʇʀʅʐʋʑʍɾʙʎʀʅ ʎʞʈʒʖʉɻ ʈʀ ʐʂʉ ʃʀʖʍʚɻȢ ɠ ʐʀʇʀʑʐɻʚɻ ɻʌʝ ʐʂʉ 
ʀʊʚʎʖʎʂ σ ʀʊɻʍʐʗʐɻʅ ɻʌʋʆʇʀʅʎʐʅʆʗ ɻʌʝ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʎʐʋ pen ʆɻʅ ʐʋʉ ʇʝɾʋ 
ʈʀʍʅʆʡʉ ʌʅʘʎʀʖʉ ʐʋʑ ʑɿʍʋɾʝʉʋʑȟ ʋʊʑɾʝʉʋʑ ʆɻʅ ʑɿʍɻʐʈʋʞ ʐʂʏ ʀʊʚʎʖʎʂʏ ρȢ ɚʉ ʆɻʅ 
ʂ ʃʀʍʈʋʆʍɻʎʚɻ ɻʑʊʗʉʀʐɻʅ ʆɻʐʗ ʐʂʉ ɿʅʀʞʃʑʉʎʂ x, ʂ ʐʗʎʂ ʈʀʅʡʉʀʐɻʅ ʝʌʋʑ ɻʑʐʝ 
ʎʂʈɻʚʉʀʅ ʂ ʀʊʗʍʐʂʎʂ ʐʂʏ ɻʌʝ ʐʅʏ ʈʀʍʅʆʘʏ ʌʅʘʎʀʅʏ ʀʚʉɻʅ ʀʌʅʆʍɻʐʘʎʐʀʍʂȢ 
ɫʑɾʆʀʆʍʅʈʘʉɻ ɻʑʊʗʉʀʐɻʅ ʂ ʈʀʍʅʆʙ ʌʚʀʎʂ ʐʋʑ ʑɿʍɻʐʈʋʞ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʉɻ 
ʈʀʅʡʉʀʐɻʅ ʋ ɿʀʞʐʀʍʋʏ ʝʍʋʏ ʐʂʏ σ ʈʀ ʎʑʉʘʌʀʅɻ ʐʂʉ ʆɻʃʋɿʅʆʙ ʌʋʍʀʚɻ ɻʑʐʙʏ ʆɻʐʗ 
ʐʋ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ  

 
ɫʔʙʈɻ τȢςσȡ ɠ ʆɻʐɻʉʋʈʙ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʐʋʑ pen ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ 
ɿʅɻʒʋʍʀʐʅʆʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ Uf ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ 
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ɫʐʋ ʎʔʙʈɻ τȢςτ ʂ Nernst ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ɾʅɻ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ 
ʐʋʑ ʆɻʑʎʚʈʋʑ φπϷ ʀʚʉɻʅ ʈʀɾɻʇʞʐʀʍʂ ʎʀ ʆʗʃʀ ʃʘʎʂ ʇʝɾʖ ʝʐʅ ʂ ʈʀʍʅʆʙ 
ʌʚʀʎʂ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʀʚʉɻʅ ʈʀɾɻʇʞʐʀʍʂȢ ɚʑʐʝ ɾʅɻʐʚ ʆɻʐɻʉɻʇʡʉʀʐɻʅ ʇʅɾʝʐʀʍʂ 
ʌʋʎʝʐʂʐɻ ʑɿʍʋɾʝʉʋʑ ʆɻʅ ʂ ʈʀʍʅʆʙ ʌʚʀʎʂ ɻʑʐʋʞ ʀʚʉɻʅ ʈʀɾɻʇʞʐʀʍʂ ʎʀ ɻʑʐʙ ʐʂʉ 
ʌʀʍʚʌʐʖʎʂȢ ɝʂʇɻɿʙ ʎʐʅʏ ʑʌʝʇʋʅʌʀʏ ʌʀʍʅʌʐʡʎʀʅʏ ɻʉ ʆɻʅ ʑʌʗʍʔʀʅ ʈʀɾɻʇʞʐʀʍʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʂ ʐʋʌʅʆʙ ʐʗʎʂ .ÅÒÎÓÔ ʀʌʂʍʀʗʁʀʐɻʅ ɻʌʝ ʐʅʏ ʌʅʘʎʀʅʏ ʎʀ ʈʀɾɻʇʞʐʀʍʋ 
ɼɻʃʈʝȢ 
ɫʐʋ ʎʔʙʈɻ τȢςυ ʋʅ ɻʌʡʇʀʅʀʏ ʐʗʎʂʏ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʎʀ mV ɾʅɻ ʆɻʇʞʐʀʍʂ 
ʀʌʋʌʐʀʚɻȢ ɨʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʑʌʋʇʋɾʚʁʋʉʐɻʅ ɻʌʝ ʐʂʉ ʎʔʘʎʂ 

 

Vohm=RpenÖj  

ʝʌʋʑ ɻʉɻʒʘʍʃʂʆʀ ʘʈʈʀʎɻ ʎʐʅʏ ʀʊʅʎʡʎʀʅʏ φȟχ  ʎʐʂʉ ʌʀʍʅɾʍɻʒʙ ʐʋʑ 
ʂʇʀʆʐʍʋʔʂʈʅʆʋʞ ʈʋʉʐʘʇʋʑȢ ɷʌʖʏ ʌʍʋʘʆʑʕʀ ʆɻʅ ʌʍʋʂɾʋʑʈʘʉʖʏ ʂ ʎʔʘʎʂ ʌʋʑ 
ʌʀʍʅɾʍʗʒʀʅ ʐʂʉ ɻʉʐʚʎʐɻʎʂ ʐʋʑ pen ʈʀʅʡʉʀʐɻʅ ʈʀ ʐʂʉ ɻʞʊʂʎʂ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏȢ 
ɫʐʋ ʎʔʙʈɻ ʒɻʚʉʀʐɻʅ ʝʐʅ ʎʐʂʉ ɻʍʔʙ ʐʋʑ ʆʀʇʅʋʞ ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʀʚʉɻʅ 
ʈʀɾɻʇʞʐʀʍʀʏ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʖʉ ʈʀɾɻʇʞʐʀʍʖʉ UfȢ !ʑʐʝ ʀʊʂɾʀʚʐɻʅ ɻʌʝ ʐʋ 
ɾʅʉʝʈʀʉʋ ʐʂʏ ʖʈʅʆʙʏ ɻʉʐʚʎʐɻʎʂʏ ʈʀ ʐʂʉ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏȢ ɥʀʐʗ ʐɻ σ cm 
ʝʈʖʏ ʎʑʈɼɻʚʉʀʅ ʐʋ ɻʉʐʚʃʀʐʋ ʆɻʃʡʏ ʐʋ ʍʀʞʈɻ ʈʀʅʡʉʀʐɻʅ ʎʐɻ ʈʀɾʗʇɻ Uf  ʈʀ 
ʈʀɾʗʇʋ ʍʑʃʈʝȢ  
ɫʐʋ ʎʔʙʈɻ τȢςφ ʒɻʚʉʀʐɻʅ ʂ ʌʋʍʀʚɻ ʐʖʉ ɻʌʖʇʀʅʡʉ ɿʅʗʔʑʎʂʏ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ 
ʆʀʇʅʋʞȢ ɨʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ʘʔʋʑʉ ʘʉɻʉ ʌʅʋ ʌʋʇʞʌʇʋʆʋ ʈʂʔɻʉʅʎʈʝ ʑʌʋʇʋɾʅʎʈʋʞ 
ʆɻʃʡʏ ʀʊɻʍʐʡʉʐɻʅ ɻʌʝ ʐʅʏ ʈʀʍʅʆʘʏ ʌʅʘʎʀʅʏ ʐʖʉ ɻʀʍʚʖʉ ʎʐʂʉ ɿʅʀʌɻʒʙ ʆɻʉɻʇʅʋʞ 
ʆɻʅ ʂʇʀʆʐʍʋɿʚʋʑȟ ʐʅʏ ʈʀʍʅʆʘʏ ʌʅʘʎʀʅʏ ʐʖʉ ʚɿʅʖʉ ʎʐʂʉ ɿʅʀʌɻʒʙ ʂʇʀʆʐʍʋɿʚʖʉ 
ʂʇʀʆʐʍʋʇʞʐʂ ʆɻʅ ɻʌʝ ʐʋʉ ʌɻʍʗɾʋʉʐɻ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʐʋʑ penȢ ɬʋ ʈɻʃʂʈɻʐʅʆʝ 
ʈʋʉʐʘʇʋ ʑʌʋʇʋɾʚʁʀʅ ʐʅʏ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ʈʀ ʘʉɻʉ ʘʈʈʀʎʋ ʐʍʝʌʋ ʎʞʈʒʖʉɻ ʈʀ ʐʂʉ 
ʀʊʚʎʖʎʂ σχȢ 
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ɫʔʙʈɻ τȢςυȡ ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ʖʈʅʆʡʉ ɻʌʖʇʀʅʡʉ ʎʀ mV ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ 
ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ɿʅɻʒʋʍʀʐʅʆʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ Uf ʆɻʐʗ ʐʋ ʈʙʆʋʏ ʐʋʑȢ 
 

 
ɫʔʙʈɻ τȢςφȡ ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ɻʌʖʇʀʅʡʉ ɿʅʗʔʑʎʂʏ ʎʀ mV ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ 
ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ɿʅɻʒʋʍʀʐʅʆʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ Uf ʆɻʐʗ ʐʋ ʈʙʆʋʏ ʐʋʑȢ 
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ɫʔʙʈ τȢςχȡ ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ɻʌʖʇʀʅʡʉ ʀʉʀʍɾʋʌʋʚʂʎʂʏ ʎʐʂʉ ʆʗʃʋɿʋ ʎʀ mV ɾʅɻ ʐʅʏ ʐʍʀʅʏ 
ʌʀʍʅʌʐʡʎʀʅʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ɿʅɻʒʋʍʀʐʅʆʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ Uf ʆɻʐʗ ʐʋ ʈʙʆʋʏ ʐʋʑȢ 
 

 
ɫʔʙʈɻ τȢςψȡ ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ɻʌʖʇʀʅʡʉ ʀʉʀʍɾʋʌʋʚʂʎʂʏ ʎʐʂʉ ʗʉʋɿʋ ʎʀ mV ɾʅɻ ʐʅʏ ʐʍʀʅʏ 
ʌʀʍʅʌʐʡʎʀʅʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʈʀ ɿʅɻʒʋʍʀʐʅʆʋʞʏ ʎʑʉʐʀʇʀʎʐʘʏ Uf ʆɻʐʗ ʐʋ ʈʙʆʋʏ ʐʋʑȢ 
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ɫʐɻ ʎʔʙʈɻʐɻ τȢςχ ʆɻʅ τȢςψ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʋʅ ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ɾʅɻ 
ʐʂʉ ʆʗʃʋɿʋ ʆɻʅ ʐʂʉ ʗʉʋɿʋ ɻʉʐʚʎʐʋʅʔɻȢ ɨʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ʀʊɻʍʐʡʉʐɻʅ ɻʌʝ ʐʅʏ 
ʈʀʍʅʆʘʏ ʌʅʘʎʀʅʏ ʎʐʂʉ ɿʅʀʌʅʒʗʉʀʅɻ ʂʇʀʆʐʍʋɿʚʖʉ ɀ ʂʇʀʆʐʍʋʇʞʐʂ ʈʘʎɻ ʎʐʋʑʏ ʝʍʋʑʏ 
ʐʋʑ ʍʀʞʈɻʐʋʏ ɻʉʐɻʇʇɻɾʙʏ j0 ȟ ɻʌʝ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʆɻʅ ɻʌʋ ʐʋ ʐʋʌʅʆʝ ʍʀʞʈɻ 
ʎʞʈʒʖʉɻ ʈʀ ʐʂʉ ʐʍʋʌʋʌʋʅʂʈʘʉʂ ʀʊʚʎʖʎʂ ʐʋʑ Butler  ɀ Volmer . 
ɫʑɾʆʍʚʉʋʉʐɻʏ ʐʅʏ ɻʌʡʇʀʅʀʏ ɿʑʉɻʈʅʆʋʞ ʐɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ʎʑʈʒʖʉʋʞʉ ɻʌʝʇʑʐɻ 
ʈʀ ʐʂʉ ʃʀʖʍʚɻ ʌʋʑ ʌɻʍʋʑʎʅʗʎʐʂʆʀ ʎʐɻ ʌʍʡʐɻ ʆʀʒʗʇɻʅɻȢ ɨʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ 
ʀʚʉɻʅ ʋʅ ʎʂʈɻʉʐʅʆʝʐʀʍʀʏ ɻʌʡʇʀʅʀʏ ɿʑʉɻʈʅʆʋʞ ʎʀ ʈʅɻ electrolyte ɀ supported 
SOFC. ɞʅɿʅʆʗ ʝʎʋ ʈʅʆʍʝʐʀʍʂ ʀʚʉɻʅ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ʐʝʎʋ ʈʀɾɻʇʞʐʀʍʀʏ ʀʚʉɻʅ 
ʋʅ ɻʌʡʇʀʅʀʏ ɻʑʐʘʏ ʎʀ ʎʔʘʎʂ ʈʀ ʐʅʏ ʑʌʝʇʋʅʌʀʏȢ ɫʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʋʑ 
ʈʀɾɻʇʞʐʀʍʋʑ Uf ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʀʚʉɻʅ ʐʍʀʅʏ ʈʀ ʌʘʉʐʀ ʒʋʍʘʏ ʈʀɾɻʇʞʐʀʍʀʏ ɻʌʝ 
ʐʋ ʗʃʍʋʅʎʈɻ ʐʖʉ ɻʌʖʇʀʅʡʉ ʀʉʀʍɾʋʌʋʚʂʎʂʏ ɻʉʝɿʋʑ ʆɻʅ ʆɻʃʝɿʋʑ ʈɻʁʚ ʈʀ ʐʅʏ 
ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏȢ ɫʀ ɻʉʐʚʃʀʎʂ ʈʅɻ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ anode ɀ supported  ʋʅ 
ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʐʋʑ ʂʇʀʆʐʍʋʇʞʐʂ ʀʚʉɻʅ ʌʋʇʞ ʈʅʆʍʝʐʀʍʀʏ ʆɻʅ ʀʌʋʈʘʉʖʏ 
ɿʀʉ ʔʍʀʅʗʁʀʐɻʅ ʉɻ ʇʀʅʐʋʑʍɾʋʞʉ ʎʀ ʑʕʂʇʘʏ ʃʀʍʈʋʆʍɻʎʚʀʏȢ 
ɚʉɻʆʀʒɻʇɻʅʡʉʋʉʐɻʏȡ ɿʚʉʋʉʐɻʏ ʖʏ ʌɻʍɻʈʘʐʍʋʑʏ ʀʅʎʝɿʋʑ ʐʂʉ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ 
ʍʀʞʈɻʐʋʏ ʆɻʅ ʐʋʉ ʎʑʉʐʀʇʀʎʐʙ ʀʆʈʀʐɻʇʇʀʞʀʎʀʖʏ ʆɻʑʎʚʈʋʑ ʌʍʋʆʞʌʐʀʅ ʋ ɼɻʃʈʝʏ 
ɻʌʝɿʋʎʂʏ ʆɻʅ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɫʀ ʈʀɾɻʇʞʐʀʍʋʑʏ ɼɻʃʈʋʞʏ ʀʆʈɻʐʀʇʇʀʞʎʀʖʏ 
ʆɻʑʎʚʈʋʑ ʂ ʆʑʕʘʇʂ ʇʀʅʐʋʑʍɾʀʚ ɻʌʋɿʋʐʅʆʝʐʀʍɻ ʎʞʈʒʖʉɻ ʈʀ ʐʋʉ ʂʇʀʆʐʍʅʆʝ 
ɼɻʃʈʝ ɻʌʝɿʋʎʂʏȢ ɥʀ ʇʅɾʝʐʀʍʋ ʆɻʞʎʅʈʋ ʌɻʍʗɾʀʐɻʅ ʐʋ ʚɿʅʋ ʂʇʀʆʐʍʅʆʝ 
ʒʋʍʐʚʋȢ ɫʞʈʒʖʉɻ ʈʀ ʐɻ ʌɻʍɻʌʗʉʖ ɿʅɻɾʍʗʈʈɻʐɻ ʎʀ ʈʀɾʗʇɻ Uf ʂ ʐʗʎʂ Nernst 
ʈʀʅʡʉʀʐɻʅ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʉɻ ʇʀʅʐʋʑʍɾʀʚ ʎʀ ʈʅʆʍʝʐʀʍʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɠ ʐʗʎʂ 
ʇʀʅʐʋʑʍɾʚɻʏ ʀʚʉɻʅ ʎʑʉʗʍʐʂʎʂ ʐʂʏ ʐʗʎʂʏ Nernst ʆɻʅ ʐʖʉ ɻʌʖʇʀʅʡʉ ʌʋʑ 
ʌɻʍɻʐʂʍʋʞʉʐɻʅȢ ɫʀ ʈʀɾʗʇɻ Uf ɻʉɻʌʐʞʎʎʋʉʐɻʅ ʑʕʂʇʝʐʀʍʀʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʈʀ 
ɻʌʋʐʘʇʀʎʈɻ ʐʋ ʆʀʇʚ ʉɻ ʇʀʅʐʋʑʍɾʀʚ ʈʀ ʇʅɾʝʐʀʍʀʏ ɻʌʡʇʀʅʀʏȢ ɷʎʋ ɻʑʊʗʉʀʐɻʅ ʐʋ Uf 
ʝʈʖʏ ʐʝʎʋ ʌʅʋ ɻʉʋʈʋʅʝʈʋʍʒʂ ɾʚʉʀʐɻʅ ʂ ʆɻʐɻʉʋʈʙ ʐʋʑ ʍʀʞʈɻʐʋʏȢ ɠ .ÅÒÎÓÔ 
ʎʐʋ ʐʘʇʋʏ ʐʋʑ ʆʀʇʅʋʞ ʈʀʅʡʉʀʐɻʅ ʎʀ ʐʘʐʋʅʋ ɼɻʃʈʝ ʌʋʑ ɻʆʝʈɻ ʆɻʅ ʈʀ ʐʅʏ ʈʅʆʍʘʏ 
ɻʌʡʇʀʅʀʏ ʌʇʂʎʅʗʁʀʅ ʐʂʉ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɫʞʈʒʖʉɻ ʈʀ ʐʂʉ τ ʐʋ ʍʀʞʈɻ ʐʀʚʉʀʅ ʉɻ 
ʈʂɿʀʉʚʎʀʅȢ  
ɩɻʍɻʐʂʍʡʉʐɻʏ ʐʋ ʎʔʙʈɻ τȢςφ ʌɻʍɻʐʂʍʀʚʐɻʅ ʝʐʅ ʝʎʋ ʈʀɾɻʇʡʉʀʅ ʐʋ Uf  ʋʅ 
ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏ ʌɻʍʋʑʎʅʗʁʋʑʉ ʈʅɻ ʌʀʍʚʀʍɾʂ ʌʋʍʀʚɻ ʆɻʐʗ ʐʋ ʈʙʆʋʏ ʐʋʑ 
ʆʀʇʅʋʞȢ ɚʊʚʁʀʅ ʉɻ ʈʀʇʀʐʂʃʀʚ ʂ ʌʀʍʚʌʐʖʎʂ ɾʅɻ ʀʊɻʅʍʀʐʅʆʗ ʈʀɾʗʇʖʉ ɼɻʃʈʡʉ 
ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑȢ 
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пΦп ɽʶʽˍˇˎˊʴʾʰ ˍʹˌ SOFC ˋʶ ʵʽʰ˒ˇˊʶˍʽˁʱ ˒ˇˊˍʾʰ ς ʋʰˊʰˁˍʹˊʽˋˍʽˁʷˌ 
ˁʰʽ ˉʰˊˇˎˋʾʰˋʹ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ 
 
ɫʐʋ ʆʀʒʗʇɻʅʋ ɻʑʐʝ ʃɻ ʀʊʀʐɻʎʐʀʚ ʂ SOFC ʎʀ ɿʅɻʒʋʍʀʐʅʆʘʏ ʈʘʎʀʏ ʌʑʆʉʝʐʂʐʀʏ 
ʍʀʞʈɻʐʋʏ ʆɻʅ ʃɻ ʔɻʍɻʔʃʋʞʉ ʋʅ ʔɻʍɻʆʐʂʍʅʎʐʅʆʘʏ ʐʂʏȢ ɨʅ ʌɻʍʗʈʀʐʍʋʅ ʀʅʎʝɿʋʑȟ ʂ 
ɾʀʖʈʀʐʍʚɻ ʆɻʅ ʐɻ ʑʇʅʆʗ ʃɻ ʘʔʋʑʉ ʐʅʏ ʐʅʈʘʏ ʝʌʖʏ ʌɻʍʋʑʎʅʗʎʐʂʆʀ ʎʐʋʉ ʌʚʉɻʆɻ 
4.6. 
ɨʅ ʔɻʍɻʆʐʂʍʅʎʐʅʆʘʏ ʐʂʏ ʆʑʕʘʇʂʏ ʃɻ ʔɻʍɻʔʃʋʞʉ ɾʅɻ ʐʂʉ ʌʀʍʚʌʐʖʎʂ 
ʇʀʅʐʋʑʍɾʚɻʏ ʎʀ ʎʑʉʐʀʇʀʎʐʙ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ χυϷ ʆɻʅ ʎʐɻʃʀʍʝ ʇʝɾʋ ɻʘʍɻ 
ʚʎʋ ʈʀ φ ɉɼɻʃʈʝʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʋʊʑɾʝʉʋʑ ʚʎʋʏ ʈʀ ρχϷɊȢ ɠ ʃʀʍʈʋʆʍɻʎʚɻ 
ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʀʚʉɻʅ ρπςσ ɣȢ ɦɻ ʎʂʈʀʅʖʃʀʚ ʝʐʅ ɾʅɻ ʔʗʍɻʊʂ ʐʖʉ ʌɻʍɻʆʗʐʖ 
ʔɻʍɻʆʐʂʍʅʎʐʅʆʡʉ ʌʍʋʘʆʑʕʀ ɻʌʝ ʐʂʉ ʀʌʀʊʀʍɾɻʎʚɻʏ ʐʋʑ ʈʋʉʐʘʇʋʑ ʎʐʋ gProms ʈʀ 
ʐʂʉ ʔʍʙʎʂ τπ ɿʅɻʎʐʂʈʗʐʖʉȢ ɡɻ ʑʌʗʍʔʀʅ ʆʗʌʋʅʋ ʎʒʗʇʈɻ ʎʀ ʎʑɾʆʍʅʐʅʆʗ ʈʀ ʐʂʉ 
ʔʍʙʎʂ ʐʖʉ ρππ ɿʅɻʎʐʂʈʗʐʖʉ ʐʋ ʋʌʋʚʋ ʃɻ ʎʑʁʂʐʂʃʀʚ ɻʍɾʝʐʀʍɻȢ  
ɩʍʘʌʀʅ ʉɻ ʎʂʈʀʅʖʃʀʚ ʝʐʅ ʋʅ ʔɻʍɻʆʐʂʍʅʎʐʅʆʘʏ ʐʂʏ SOFC ʌʋʑ ʃɻ ʔɻʍɻʔʃʋʞʉȟ 
ɻʉʐʅʌʍʋʎʖʌʀʞʋʑʉ ʐʂʉ ʌʍɻɾʈɻʐʅʆʙ ʇʀʅʐʋʑʍɾʚɻ ʐʂʏ ʆʑʕʘʇʂʏȢ ɫʐʅʏ 
ʌʀʍʅʎʎʝʐʀʍʀʏ ʈʀʇʘʐʀʏ ʋʅ ʆɻʈʌʞʇʀʏ ʈʀʇʀʐʡʉʐɻʅ ʈʀ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ ʆʀʇʅʋʞ 
ʎʐɻʃʀʍʙȟ ɿʂʇɻɿʙ ʎʀ ʅʎʋʃʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐʗʎʐɻʎʂȢ ɫʐʂ ʌʀʍʚʌʐʖʎʂ ɻʑʐʙʏ ʐʂʏ 
ʀʊʘʐɻʎʂʏ ʆʗʃʀ ʎʂʈʀʚʋ ʐʂʏ ʆɻʈʌʞʇʂʏ ɻʉʐʅʎʐʋʅʔʀʚ ʎʀ ʆɻʉʋʉʅʆʘʏ ʎʑʉʃʙʆʀʏ 
ʇʀʅʐʋʑʍɾʚɻʏ ʈʀ ʈʂ ʅʎʋʃʀʍʈʋʆʍɻʎʅɻʆʙ ʌʍʋʎʘɾɾʅʎʂȢ  
ɬʋ ʎʔʙʈɻ τȢςω ʀʆʃʘʐʀʅ ʎʐʋ ʚɿʅʋ ɿʅʗɾʍɻʈʈɻ ʐʅʏ ʆɻʈʌʞʇʀʏ ʐʂʏ ʐʗʎʂʏ ʇʀʅʐʋʑʍɾʚɻʏ 
ɉɻʍʅʎʐʀʍʝʏ ʗʊʋʉɻʏɊ ʆɻʅ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʅʎʔʞʋʏ ɉɿʀʊʅʝʏ ʗʊʋʉɻʏɊ ʎʑʉɻʍʐʙʎʀʅ ʐʂʏ  
ʈʘʎʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏȢ ɷʌʖʏ ʒɻʚʉʀʐɻʅ ʎʐʋ ʎʔʙʈɻ ʝʎʋ ʈʀɾɻʇʞʐʀʍɻ 
ʍʀʞʈɻʐɻ ʌɻʍʗɾʀʅ ʂ ʆʑʕʘʇʂ ʐʝʎʋ ʈʀʅʡʉʀʐɻʅ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʆɻʅ ʐʝʎʋ 
ɻʑʊʗʉʀʐɻʅ ʂ ʌʑʆʉʝʐʂʐɻ ʅʎʔʞʋʏȢ  

 
ɫʔʙʈɻ τȢςωȡ ɠ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʆɻʅ ʂ ʌʑʆʉʝʐʂʐɻ ʅʎʔʞʋʏ ʖʏ ʎʑʉʗʍʐʂʎʂ ʐʂʏ 
ʌʑʆʉʝʐʂʐɻʏ ʐʋʑ ʍʀʞʈɻʐʋʏ ɾʅɻ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ ϋωϻȟ ʇʝɾʋ ɻʘʍɻ ϊ ʆɻʅ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɿʑʋ ɻʀʍʚʖʉ ʚʎʂ ʈʀ υτφχ ɣȢ 
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ɷʈʋʅɻ  ʋ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʈʀʅʡʉʀʐɻʅ ʈʀ ʐʂʉ ɻʞʊʂʎʂ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʐʋʑ 
ʍʀʞʈɻʐʋʏ ʎʞʈʒʖʉɻ ʈʀ ʐʋ τȢσπȢ ɚʌʝ ʐʋ ʎʔʙʈɻ ʒɻʚʉʀʐɻʅ ʝʐʅ ʐʋ ɼʘʇʐʅʎʐʋ ʎʂʈʀʚʋ 
ʇʀʅʐʋʑʍɾʚɻʏ ɾʅɻ ʐʋ ʆɻʇʞʐʀʍʋ ɼɻʃʈʝ ɻʌʝɿʋʎʂʏ ʈʀ ʐʂʉ ʈʘɾʅʎʐʂ ʌʑʆʉʝʐʂʐɻ ʅʎʔʞʋʏ 
ʀʚʉɻʅ ɾʅɻ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʇʚɾʋ ʈʀʐʗ ʐɻ πȢψ ɚ cm-2.  ɣɻʐʗ ʐʂʉ 
ʀʌʀʊʀʍɾɻʎʚɻ ʐʖʉ ɿʀɿʋʈʘʉʖʉ ʐʋ ʈʋʉʐʘʇʋ ɿʅʘʆʋʕʀ ʐʂʉ ɿʅʀʍɾɻʎʚɻ ʀʌʚʇʑʎʂʏ 
ʎʐʂʉ jmean=1.4  A cm2 ʝʌʋʑ ʎʂʈʀʅʡʃʂʆʀ ɿʍɻʈɻʐʅʆʙ ʈʀʚʖʎʂ ʐʂʏ ʐʗʎʂʏȢ ɬʋ 
gProms ʎʂʈʀʚʖʎʀ ʐʂʉ ʎʔʀʐʅʆʙ ɻʉɻʆʋʚʉʖʎʂ ʎʐʋ ɿʅɻɾʉʖʎʐʅʆʝ ʐʈʙʈɻ ʐʂʏ 
ʌʇɻʐʒʝʍʈɻʏ ʎʐʋ ʐʘʇʋʏ ʐʂʏ ʀʌʀʊʀʍɾɻʎʚɻʏȢ ɞɿʡ ɻʌʋɿʀʅʆʉʞʀʐɻʅ ʂ ɿʑʉɻʈʅʆʙ ʐʋʑ 
ʈʋʉʐʘʇʋʑ ʆɻʅ ʂ ʎʖʎʐʙ ʌʍʋʎʋʈʋʚʖʎʂ ʐʋʑ ɻʒʋʞ ʐɻʅʍʅʗʁʀʅ ɻʌʝʇʑʐɻ ʈʀ ʐʂʉ 
ʃʀʖʍʚɻ ʐʋʑ ρȢυ ɉʎʔʙʈɻ ρȢυɊȢ ɬʋ ʍʀʞʈɻ ʌʋʑ ɻʉʐʅʎʐʋʅʔʀʚ ʎʀ ɻʑʐʙ ʐʂʉ ʌʑʆʉʝʐʂʐɻ 
ʍʀʞʈɻʐʋʏ ʀʚʉɻʅ ʐʋ ʋʍʅɻʆʝ ʍʀʞʈɻȢ 
ɫʐʋ τȢσρ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʈʘɾʅʎʐʂ ʆɻʅ ʂ ʀʇʗʔʅʎʐʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ɻʇʇʗ 
ʆɻʅ ʂ ɿʅɻʒʋʍʗ ɻʑʐʡʉȢ ɷʌʖʏ ʌʍʋɻʉɻʒʘʍʃʂʆʀ ʆɻʅ ʎʐʋ ʆʀʒʗʇɻʅʋ τȢσ ʐʋ ɝjmax  
ʎʑʉʙʃʖʏ ʀʚʉɻʅ ʘʉɻʏ ɿʀʚʆʐʂʏ ʐʋ ʌʝʎʋ ʋʈʋʅʝʈʋʍʒɻ ʆɻʐɻʉɻʇʡʉʀʐɻʅ ʐʋ 
ʑɿʍʋɾʝʉʋ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ ɚʑʐʝ ʘʔʀʅ ʖʏ ʎʑʉʘʌʀʅɻ ʈʀɾʗʇʋʅ ʍʑʃʈʋʚ 
ɻʉʐʅɿʍʗʎʀʖʉ ʐʋʑ ʆɻʑʎʚʈʋʑ ʈʀ ɻʌʝʐʋʈʀʏ ɻʇʇɻɾʘʏ ʉɻ ʀʌʅɼɻʍʞʉʋʑʉ ʈʀ ʃʀʍʈʅʆʘʏ 
ʆɻʐɻʌʋʉʙʎʀʅʏ ʐʋ ʆʀʇʚ ʇʝɾʖ ʐʖʉ ʃʀʍʈʅʆʡʉ ʆʇʚʎʀʖʉ ʌʋʑ ʀʌɻʆʋʇʋʑʃʋʞʉȢ ɠ ɝjmax 
ʎʐʙʇʂ ʘʔʀʅ ʀʇʗʔʅʎʐʋ ʌʋʑ ɻʉʐʅʎʐʋʅʔʀʚ ʎʀ ʀʞʍʋʏ ʈʘʎʖʉ ʌʑʆʉʋʐʙʐʖʉ ʍʀʞʈɻʐʋʏ ɻʌʝ 
πȢχ ʀʖʏ πȢψ ɚ cm-2 ʈʀ ʌʑʆʉʝʐʂʐʀʏ ʅʎʔʞʋʏ πȢυρτ ʀʖʏ πȢυχρ W cm-2 ʆɻʅ ɼɻʃʈʋʚ 
ɻʌʋɿʝʎʀʖʏ τςȢστ ʀʖʏ τσȢυς ϷȢ ɞʆʀʚ ʌɻʍɻʐʂʍʀʚʐɻʅ ʋ ʎʑʉɿʑɻʎʈʝʏ ɼʘʇʐʅʎʐʋ 
ʎʂʈʀʚʋ ɻʌʝɿʋʎʂʏ ʆɻʅ ʅʎʔʞʋʏȢ ɚʍʅʎʐʀʍʗȟ ʎʀ ʈʅʆʍʝʐʀʍʀʏ ʌʑʆʉʝʐʂʐʀʏ ʍʀʞʈɻʐʋʏ 
ʇʀʅʐʋʑʍɾʚɻʏ ʙ ʎʀ ʈʀɾɻʇʞʐʀʍʀʏ ʌʑʆʉʝʐʂʐʀʏ ʌʍʋʏ ʐɻ ɿʀʊʅʗ ʐÏ ɝjmax ɉɾʆʍʅ ʈʌʗʍɻɊ 
ɻʑʊʗʉʀʐɻʅ ʘʔʋʉʐɻʏ ɻʉʋʈʋʅʝʈʋʍʒʂ ʆɻʐɻʉʋʈʙ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ʆɻʐʗ ʈʙʆʋʏ 
ʐʋʑ ʆʀʇʅʋʞȢ  

 
ɫʔʙʈɻ 4.30: ɠ ʌʑʆʉʝʐʂʐɻ ʅʎʔʞʋʏ ʆɻʅ ʂʇʀʆʐʍʅʆʝʏ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʖʏ ʎʑʉʗʍʐʂʎʂ ʐʂʏ 
ʌʑʆʉʝʐʂʐɻʏ ʐʋʑ ʍʀʞʈɻʐʋʏ ɾʅɻ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ ϋωϻȟ ʇʝɾʋ ɻʘʍɻ ϊ ʆɻʅ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɿʑʋ ɻʀʍʚʖʉ ʚʎʂ ʈʀ υτφχ ɣȢ 
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ɫʔʙʈɻ τȢσρ: ɠ ʈʘɾʅʎʐʂȟ ʂ ʀʇʗʔʅʎʐʂ ʆɻʅ ʂ ʈʘɾʅʎʐʂ ɿʅɻʒʋʍʗ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ʖʏ 
ʎʑʉʗʍʐʂʎʀʅ ʐʋʑ ʒʋʍʐʚʋʑ ɉʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏɊ ɾʅɻ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ 
ʆɻʑʎʚʈʋʑ ϋωϻȟ ʇʝɾʋ ɻʘʍɻ ϊ ʆɻʅ ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɿʑʋ ɻʀʍʚʖʉ ʚʎʂ ʈʀ υτφχ ɣ. 
 
 
 

ɚʑʊʗʉʋʉʐɻʏ ʐʂ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ɻʑʊʗʉʀʐɻʅ ʆɻʅ ʂ ʈʘʎʂ ʃʀʍʈʋʆʍɻʎʚɻ 
ɻʇʇʗ ʆɻʅ ʂ ʈʘɾʅʎʐʂ ʐʋʑ pen ʎʞʈʒʖʉɻ ʈʀ ʐʋ ʎʔʙʈɻ τȢσςȢ ɫʐɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ pen ʎʐʂʉ ʀʚʎʋɿʋ ʙʐɻʉ ʎʔʀɿʝʉ ʎʐɻʃʀʍʙ ɾʅɻ ʝʇɻ ʐɻ 
ʍʀʞʈɻʐɻ ʈʀ ʈʅɻ ʈʅʆʍʙ ɻʞʊʂʎʂ χ ʈʋʉʗɿʖʉ ʐʂʏ ʆʇʚʈɻʆɻʏ ʆʘʇɼʅʉ ʎʐɻ ʌʋʇʞ 
ʑʕʂʇʗ ʍʀʞʈɻʐɻȢ ɜʅɻ ʐʋ ʇʝɾʋ ɻʑʐʝ ɿʀʉ ʎʑʈʌʀʍʅʇʙʒʃʂʆʀ ʎʐʂʉ ʌɻʍʋʑʎʚɻʎʂȢ ɫʐʋ  
ɼʘʇʐʅʎʐʋ ʀʞʍʋʏ ʇʀʅʐʋʑʍɾʚɻʏ ʋʅ ʈʘɾʅʎʐʀʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ɾʅɻ ʐʋ pen ʀʚʉɻʅ ɻʌʝ ρςσω 
ʀʖʏ ρςτω ɣ  ʀʉʡ ɾʅɻ ʐʋ ʎʐʀʍʀʝ ɿʅɻʎʑʉɿʘʎʀʖʏ ɻʌʝ ρςσσ ʀʖʏ ρςτσ ɣȢ ɠ ʈʘɾʅʎʐʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ɻʉʐʅʎʐʋʅʔʀʚ ʎʀ ʑʕʂʇʗ ʍʀʞʈɻʐɻ ʆɻʅ ʀʚʉɻʅ ʐʂʏ ʐʗʊʂʏ ρσρπ ɣȢ 
ɬʘʇʋʏ ʎʐʋ ʎʔʙʈɻ τȢσσ ʎʔʂʈɻʐʚʎʐʂʆɻʉ ʋʅ ʆɻʈʌʞʇʀʏ ʌʋʑ ʌʀʍʅɾʍʗʒʋʑʉ ʐʅʏ 
ʃʀʍʈʋʆʍɻʎʚʀʏ ʀʊʝɿʋʑ ʐʋʑ ʆɻʑʎʚʈʋʑ ʆɻʅ ʐʋʑ ɻʘʍɻȢ ɠ ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ ʆɻʑʎʚʈʋʑ 
ʝʌʖʏ ʀʚʉɻʅ ʇʋɾʅʆʝ ɻʑʊʗʉʀʐɻʅ ʝʎʋ ɻʑʊʗʉʋʉʐɻʅ ʋʅ ʈʘʎʀʏ ʌʑʆʉʝʐʂʐʀʏ ʍʀʞʈɻʐʋʏȟ 
ʀʉʡ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ʎʐʂʉ ʘʊʋɿʋ ʐʋʑ ɻʘʍɻ ʈʀʅʡʉʀʐɻʅȢ ɬʋ ʐʀʇʀʑʐɻʚʋ ʋʒʀʚʇʀʐɻʅ 
ʎʐʋ ɾʀɾʋʉʝʏ ʝʐʅ ɾʅɻ ʉɻ ʀʌʅʐʀʑʔʃʀʚ ʇʝɾʋʏ ɻʘʍɻ ʎʐɻʃʀʍʝʏ ʚʎʋʏ ʈʀ φ ʘʔʀʅ ʖʏ 
ʎʑʉʘʌʀʅɻ ʐʂʉ ɻʞʊʂʎʂ ʐʂʏ ʌɻʍʋʔʙʏ ʐʋʑ ɻʘʍɻȢ ɠ ʀʌʅʍʍʋʙ ʐʂʏ ʌɻʍʋʔʙʏ ʆɻʅ ʐʂʏ 
ʃʀʍʈʋʆʍɻʎʚɻʏ ʐʋʑ ɻʘʍɻ ʎʐʂʉ ʀʚʎʋɿʋ ʃɻ ʀʊʀʐɻʎʐʀʚ ʎʀ ʀʌʝʈʀʉʋ ʆʀʒʗʇɻʅʋȢ 
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ɫʔʙʈɻ τȢσς: ɥʘɾʅʎʐʂ ʆɻʅ ʈʘʎʂ ʃʀʍʈʋʆʍɻʎʚɻ pen ʆɻʅ ʈʘɾʅʎʐʂ ʃʀʍʈʋʆʍɻʎʚɻ ɿʅʌʋʇʅʆʙʏ 
ʌʇʗʆɻʏ ʖʏ ʎʑʉʗʍʐʂʎʀʅ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ɾʅɻ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ 
ϋωϻȟ ʇʝɾʋ ɻʘʍɻ ϊ ʆɻʅ ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɿʑʋ ɻʀʍʚʖʉ ʚʎʂ ʈʀ υτφχ ɣ. 

 
ɫʔʙʈɻ τȢσσ: ɡʀʍʈʋʆʍɻʎʚʀʏ ʀʊʝɿʋʑ ʐʋʑ ʆɻʑʎʚʈʋʑ ʆɻʅ ʐʋʑ ɻʘʍɻ ʖʏ ʎʑʉʗʍʐʂʎʂ ʐʖʉ 
ʌʑʆʉʋʐʙʐʖʉ ʍʀʞʈɻʐʋʏ ɾʅɻ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ ϋωϻȟ ʇʝɾʋ ɻʘʍɻ ϊ ʆɻʅ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɿʑʋ ɻʀʍʚʖʉ ʚʎʂ ʈʀ υτφχ ɣ. 
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ɜʅɻ ʐʂʉ ʎʑʉʘʔʀʅɻ ʐʋʑ ʆʀʒɻʇɻʚʋʑ ɻʑʐʋʞ ʃɻ ɾʚʉʀʅ ʂ ʎʞɾʆʍʅʎʂ σ ʌʀʍʅʌʐʡʎʀʖʉ 
ɾʅɻ ʈʘʎʀʏ ʌʑʆʉʝʐʂʐʀʏ ʍʀʞʈɻʐʋʏ σπππȟ υπππ ʆɻʅ ψπππ A m-2 ʈʀ ʐʂʉ ʔʍʙʎʂ 
ρππ ɿʅɻʎʐʂʈʗʐʖʉ ʇʝɾʖ ʝʐʅ ʃɻ ʀʊʀʐɻʎʐʋʞʉ ʈʀ ɻʆʍʚɼʀʅɻ ʝʇɻ ʐɻ ʀʚɿʂ ʐʖʉ 
ɻʌʖʇʀʅʡʉȢ  
ɥʀ ʎʐɻʃʀʍʝ ʎʑʉʐʀʇʀʎʐʙ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʆɻʑʎʚʈʋʑ χυϷȟ ʎʐɻʃʀʍʝ ʇʝɾʋ ɻʘʍɻ 
ʚʎʋ ʈʀ φ ʆɻʅ ʃʀʍʈʋʆʍɻʎʚʀʏ ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ρπςσ ɣ ʋʅ ʐʗʎʀʅʏ ʇʀʅʐʋʑʍɾʚɻʏ 
ʀʚʉɻʅ ɻʉʐʚʎʐʋʅʔɻ πȢψρχȟ πȢχχυ ʆɻʅ πȢχρτ 6ȟ ʋʅ ʌʑʆʉʝʐʂʐʀʏ ʅʎʔʞʋʏ πȢςτυȟ πȢσψψ ʆɻʅ 
0.571 W cm-2 ʆɻʅ ʋʅ ɼɻʃʈʋʚ ɻʌʝɿʋʎʂʏ τψȢτυȟ τφ ʆɻʅ τςȢστϷȢ 
ɜʅɻ ʐʂʉ ʀʌʚʐʀʑʊʂ ʐʋʑ ʎʑɾʆʀʆʍʅʈʘʉʋʑ ɼɻʃʈʋʞ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʆɻʑʎʚʈʋʑ ʋʅ 
ʌɻʍʋʔʘʏ ʎʐʋ ʆɻʉʗʇʅ ʐʂʏ ɻʉʝɿʋʑ  ɾʅɻ ʆʗʃʀ ʌʀʍʚʌʐʖʎʂ ʀʚʉɻʅ πȢσρȟ πȢυρφ ʆɻʅ πȢψςχ 
Lt min-1Ȣ ɚʉʐʚʎʐʋʅʔɻ ɾʅɻ ʎʐɻʃʀʍʝ ʇʝɾʋ ɻʘʍɻ ʚʎʋ ʈʀ φ ʂ ʌɻʍʋʔʙ ʐʋʑ ɻʘʍɻ ʎʐʂʉ 
ʀʚʎʋɿʋ ʐʋʑ ʆɻʉɻʇʅʋʞ ʐʂʏ ʆɻʃʝɿʋʑ ʀʚʉɻʅ σȟ υ ʆɻʅ ψ Lt min-1. ɨʅ ʆɻʐɻʉʋʈʘʏ ʐʖʉ 
ʐʋʌʅʆʡʉ ʌʑʆʉʋʐʙʐʖʉ ʍʀʞʈɻʐʋʏ ʆɻʐʗ ʐʂʉ ɿʅʀʞʃʑʉʎʂ x ʒɻʚʉʋʉʐɻʅ ʎʐʋ ʎʔʙʈɻ τȢστ 
ʆɻʅ ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏȢ  
ɚʌʝ ʐʋ τȢσρ ʙʐɻʉ ɻʉɻʈʀʉʝʈʀʉʂ ʂ ʌʅʋ ʋʈʋʅʝʈʋʍʒʂ ʆɻʐɻʉʋʈʙ ʐʂʏ ʌʑʆʉʝʐʂʐɻʏ 
ʐʋʑ ʍʀʞʈɻʐʋʏ ʉɻ ʘʔʀʅ ʂ ʌʀʍʚʌʐʖʎʂ ʈʀ jmean = 0.8 A cm-2. ɫʑɾʆʀʆʍʅʈʘʉɻ ʐʋ ɝjmax 
ʀʚʉɻʅ ςψςψ ɚ cm-2 ʀʉʡ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʈʀ ʐʂʉ ʈʅʆʍʝʐʀʍʂ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʐʋ 
ɝjmax ʀʚʉɻʅ σφπυ ɚ cm-2. ɫʑɾʆʍʚʉʋʉʐɻʏ ʐʅʏ ʆɻʈʌʞʇʀʏ ʌɻʍɻʐʂʍʀʚʐɻʅ ʝʐʅ ʋ 
ʍʑʃʈʝʏ ʐʖʉ ɻʉʐʅɿʍʗʎʀʖʉ ʈʀʐɻʆʅʉʀʚʐɻʅ ʌʍʋʏ ʐɻ ɿʀʊʅʗ ʐʋʑ x ɻʑʊʗʉʋʉʐɻʏ 
ʐʂʉ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏȢ  
ɨʅ ʆɻʐɻʉʋʈʘʏ ʐʂʏ ɾʍɻʈʈʋʈʋʍʅɻʆʙʏ ʎʞʎʐɻʎʂʏ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʆɻʐʗ ʐʂʉ ʌʋʍʀʚɻ 
ʐʋʑ ʈʘʎɻ ʎʐʋ ʆɻʉʗʇʅ ʐʂʏ ɻʉʝɿʋʑ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʎʐʋ ʀʌʝʈʀʉʋ ʎʔʙʈɻ τȢσυȢ ɣɻʅ 
ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʎʐʂʉ ʀʚʎʋɿʋ ʐʋʑ ʆɻʉɻʇʅʋʞ ʐʋ ʑɿʍʋɾʝʉʋ ʀʅʎʘʍʔʀʐɻʅ ʈʀ 
ʎʞʎʐɻʎʂ πȢω ʆɻʅ ʎʐʂʉ ʘʊʋɿʋ ʀʊʘʍʔʀʐɻʅ ʈʀ πȢςςυ ɉʚɿʅʋʏ ʎʑʉʐʀʇʀʎʐʙʏ Uf). ɫʀ ʝʇʋ 
ʐʋ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ɻʉʐʘɿʍɻʎɻʉ ʋ ʚɿʅʋʏ ɻʍʅʃʈʝʏ mol  ɻʇʇʗ ʈʀ 
ɿʅɻʒʋʍʀʐʅʆʝ ʍʑʃʈʝȟ ʋ ʋʌʋʚʋʏ ʒɻʚʉʀʐɻʅ ɻʌʝ ʐʋ ʎʔʙʈɻ ɾʅɻ ʆʗʃʀ ʌʀʍʚʌʐʖʎʂȢ  

 
ɫʔʙʈɻ τȢστ: ɣɻʐɻʉʋʈʘʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ɾʅɻ ʈʘʎʀʏ ʌʑʆʉʝʐʂʐʀʏ ʍʀʞʈɻʐʋʏ jmean=0.3, 
0.5 ʆɻʅ τȢό A cm-2  ɻʉʐʚʎʐʋʅʔɻ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞȢ 
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ɫʔʙʈɻ τȢσυ: ɨʅ ɾʍɻʈʈʋʈʋʍʅɻʆʘʏ ʎʑʎʐʗʎʀʅʏ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ʆɻʅ 
ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ɻʉʐʚʎʐʋʅʔɻ jmean=0.3,0.5,0.8 A cm-2. 
 
 
ɚʑʐʝ ʒʑʎʅʆʗ ʀʌʂʍʀʗʁʀʅ ʗʈʀʎɻ ʐʂʉ ʃʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐɻʉʋʈʙ ʎʐʋ pen ʝʌʖʏ 
ʒɻʚʉʀʐɻʅ ʎʐʋ τȢσφȢ ɫʐʂʉ ʀʚʎʋɿʋ ʐʋ pen ʘʔʀʅ ʎʔʀɿʝʉ ʐʂʉ ʚɿʅɻ ʃʀʍʈʋʆʍɻʎʚɻ 
ʆɻʅ ʎʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏȢ ɚʑʐʝ ʋʒʀʚʇʀʐɻʅ ɻʌʝ ʐʂʉ ʕʞʊʂ ʐʋʑ pen ʎʐʂʉ ɻʍʔʙ 
ʐʋʑ ʆʀʇʅʋʞ ʇʝɾʖ ʐʂʏ ʈʀɾʗʇʂʏ ʌɻʍʋʔʙʏ ɻʘʍɻ ʎʐʂʉ ʀʚʎʋɿʋ ʐʋʑ ʆɻʉɻʇʅʋʞȢ ɚʌʝ ʐʋ 
ʎʔʙʈɻ τȢσυ ʌʍʋʆʞʌʐʀʅ ʝʐʅ ʐʋ ʑɿʍʋɾʝʉʋ ʆɻʐɻʉɻʇʡʉʀʐɻʅ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ ʈʀ ʐʋ 
jmean= 0.8 A cm-2 ʌʅʋ ʋʈʋʅʝʈʋʍʒɻ ʎʀ ʝʇʋ ʐʋ ʈʙʆʋʏ ʐʋʑ ʆɻʃʡʏ ʂ ʆʇʚʎʂ ɿʀʉ ʘʔʀʅ 
ɻʇʇɻɾʘʏȢ ɫʑɾʆʀʆʍʅʈʘʉɻ ʈʘʔʍʅ ʐɻ ʌʍʡʐɻ σ cm ʂ ʆʇʚʎʂ ʐʂʏ ʎʞʎʐɻʎʂʏ ʀʚʉɻʅ 
ʈʅʆʍʝʐʀʍʂ ʎʑɾʆʍʅʐʅʆʗ ʈʀ ʐʋ ʑʌʝʇʋʅʌʝ ʆʀʇʚ ʆɻʅ ʎʐʋ ʎʔʙʈɻ τȢσφ ʒɻʚʉʀʐɻʅ ʝʐʅ ʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʉɻ ɻʑʊʗʉʀʐɻʅ ʈʀ ʈʅʆʍʝʐʀʍʋ ʍʑʃʈʝȢ ɫʐɻ τ cm ʆɻʅ ʈʀʐʗȟ ʂ ɻʞʊʂʎʂ ʐʂʏ 
ʆɻʐɻʉʗʇʖʎʂʏ ʐʋʑ ʑɿʍʋɾʝʉʋʑ ʀʚʉɻʅ ʈʀɾʗʇʂ ʈʀ ɻʌʋʐʘʇʀʎʈɻ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ʉɻ 
ʘʔʀʅ ʈʅɻ ʎʂʈɻʉʐʅʆʙ ɻʞʊʂʎʂ ʐʂʉ ʋʌʋʚɻ ʃɻ ʐʂʉ ʆʍɻʐʙʎʀʅ ʇʚɾʋ ʌʍʅʉ ʐʋ ʐʘʇʋʏȢ ɫʀ 
ɻʉʐʚʃʀʎʂȟ ʎʐʂ ʌʀʍʚʌʐʖʎʂ ʈʀ ʐʂʉ ʈʅʆʍʝʐʀʍʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ ʂ ʆʇʚʎʂ ʐʂʏ 
ʆɻʐɻʉʗʇʖʎʂʏ ʐʋʑ  ʑɿʍʋɾʝʉʋʑ ʆɻʅ ʂ ʆʇʚʎʂ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʀʚʉɻʅ ʈʀɾɻʇʞʐʀʍʂ 
ɻʌʝ ʌʍʅʉ ʆɻʅ ʎʐɻʃʀʍʙ ʈʘʔʍʅ ʐɻ τ cm ʝʌʋʑ ɻʌʝ ʀʆʀʚ ʆɻʅ ʌʘʍɻ ʂ ʆɻʐɻʉʗʇʖʎʂ 
ʈʀʅʡʉʀʐɻʅ ʆɻʅ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ɻʑʊʗʉʀʐɻʅ ʈʀ ʈʅʆʍʝʐʀʍʋ ʍʑʃʈʝȢ ɬʋ ɾʀɾʋʉʝʏ ʝʐʅ ʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ pen ʎʐɻ ʌʍʡʐɻ ʀʆɻʐʋʎʐʗ ʀʚʉɻʅ ʈʀɾɻʇʞʐʀʍʂ ʎʐʂʉ ʌʀʍʚʌʐʖʎʂ 
ʐʂʏ ʈʅʆʍʝʐʀʍʂʏ ʈʘʎʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ʋʒʀʚʇʀʐɻʅ ʝʐʅ ʂ ʌɻʍʋʔʙ ʐʋʑ ɻʘʍɻ 
ɿʀʉ ʀʚʉɻʅ ʐʝʎʋ ɻʑʊʂʈʘʉʂ ʆɻʅ ʐʋʌʅʆʗ ʎʀ ɻʑʐʗ ʐɻ ʀʆɻʐʋʎʐʗ ɻʑʊʗʉʀʐɻʅ ʈʀɾɻʇʞʐʀʍʂ 
ʃʀʍʈʋʆʍɻʎʚɻ ʎʀ ʎʔʘʎʂ ʈʀ ʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʖʉ ʗʇʇʖʉ ɿʞʋȢ  
ɳʐʎʅ ʎʀ ʆʗʃʀ ʃʘʎʂ ʂ ʐʀʇʅʆʙ ʃʀʍʈʋʆʍɻʎʚɻ ʐʋʑ pen ɻʑʊʗʉʀʐɻʅ ɻʌʝ ʐʂʉ 
ʃʀʍʈʝʐʂʐɻ ʌʋʑ ʀʆʇʞʀʐɻʅ ʈʘʎʖ ʐʖʉ ɻʉʐʅɿʍʗʎʀʖʉ ʆɻʅ ɻʌȭ ʐʅʏ ʃʀʍʈʅʆʘʏ 
ʎʑʉɻʇʇɻɾʘʏ ʈʀ ʐɻ ʑʌʝʇʋʅʌɻ ʎʐʋʅʔʀʚɻ ɉʀʊʚʎʖʎʂ τωɊȢ 
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ɫʔʙʈɻ τȢσφ: ɠ ʃʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐɻʉʋʈʙ ʐʋʑ  pen  ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ɾʅɻ ʐʅʏ ʐʍʀʅʏ 
ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3, 0.5, 0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ ɠ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʈʀʅɾʈʗʐʖʉ ʎʐɻ ʆɻʉʗʇʅɻ ʀʚʉɻʅ ʎʐɻʃʀʍʙ ʚʎʂ ʈʀ υτφχ ɣ 
 

 
ɫʔʙʈɻ τȢσχ: ɠ ʃʀʍʈʋʆʍɻʎʅɻʆʙ ʆɻʐɻʉʋʈʙ ʐʋʑ ɻʘʍɻ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ɾʅɻ ʐʅʏ ʐʍʀʅʏ 
ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3, 0.5, 0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ ɠ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʈʀʅɾʈʗʐʖʉ ʎʐɻ ʆɻʉʗʇʅɻ ʀʚʉɻʅ ʎʐɻʃʀʍʙ ʚʎʂ ʈʀ υτφχ ɣȢ 
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ɫʔʙʈɻ τȢσψ: ɠ ʆɻʐɻʉʋʈʙ ʐʂʏ ʐɻʔʞʐʂʐɻʏ ʆɻʐʗ ʈʙʆʋʏ ʐʋʑ ʆʀʇʅʋʞ ɾʅɻ ʐʅʏ ʐʍʀʅʏ 
ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3, 0.5, 0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ ɠ 
ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʈʀʅɾʈʗʐʖʉ ʎʐɻ ʆɻʉʗʇʅɻ ʀʚʉɻʅ ʎʐɻʃʀʍʙ ʚʎʂ ʈʀ υτφχ ɣȢ 
 
 
ɫʐʋ ʎʔʙʈɻ τȢσχ ʌɻʍʋʑʎʅʗʁʀʐɻʅ ʂ ʆɻʐɻʉʋʈʙ ʐʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʐʋʑ ɻʘʍɻȟ ʎʐʋ 
ʆɻʉʗʇʅ ʐʂʏ ʆɻʃʝɿʋʑ ʀʉʡ ʎʐʋ τȢσψ ʂ ʆɻʐɻʉʋʈʙ ʐʖʉ ʐɻʔʑʐʙʐʖʉȢ ɫʐʋ ʐʀʇʀʑʐɻʚʋ 
ʎʑɾʆʍʚʉʋʉʐɻʅ ʋʅ ʐɻʔʞʐʂʐʀʏ ʎʐʂʉ ʀʚʎʋɿʋ ʐʋʑ ʆɻʉɻʇʅʋʞ ʐʂʏ ʆɻʃʝɿʋʑȢ ɠ ʐɻʔʞʐʂʐɻȟ 
ʀʌʋʈʘʉʖʏ ʆɻʅ ʂ ʌɻʍʋʔʙ ʎʐʂ ʌʀʍʚʌʐʖʎʂ jmean = 0.8  A cm-2 ʀʚʉɻʅ ʌʗʉʖ ɻʌʝ ςȢυ 
ʒʋʍʘʏ ʈʀɾɻʇʞʐʀʍʂȢ  
ɫʐɻ ʀʌʝʈʀʉɻ ʎʔʙʈɻʐɻ ʌɻʍʋʑʎʅʗʁʋʉʐɻʅ ʋʅ ʆɻʐɻʉʋʈʘʏ ʆɻʐʗ ʐʂʉ ɿʅʀʞʃʑʉʎʂ x ʐʂʏ 
ʐʗʎʂʏ Nernstocvȟ ʐʖʉ ʖʈʅʆʡʉ ɻʌʖʇʀʅʡʉȟ ʐʖʉ ɻʌʖʇʀʅʡʉ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ɻʉʝɿʋʑ 
ʆɻʅ ʆɻʃʝɿʋʑȟ ʐʖʉ ɻʌʖʇʀʅʡʉ ɿʅʗʔʑʎʂʏ ʆɻʅ ʐʂʏ ʖʈʅʆʙʏ ɻʉʐʚʎʐɻʎʂʏȢ  
ɨʅ ɻʌʡʇʀʅʀʏ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʆɻʃʝɿʋʑ ʀʚʉɻʅ ʈʀɾɻʇʞʐʀʍʀʏ ɻʌʝ ʐʂʉ ʗʉʋɿʋ 
ʆɻʅ ʌɻʍʋʑʎʅʗʁʋʑʉ ʈʅɻ ɾʍɻʈʈʅʆʙ ʎʑʈʌʀʍʅʒʋʍʗȢ ɜʀʉʅʆʗ ʋʅ ɻʌʡʇʀʅʀʏ 
ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʆɻʅ ʋʅ ʖʈʅʆʘʏ ɻʆʋʇʋʑʃʋʞʉ ʐʂʉ ʚɿʅɻ ʎʑʈʌʀʍʅʒʋʍʗ ʆɻʅ ʋʅ ʐʍʀʅʏ 
ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ ʐʂʉ ʌʀʍʚʌʐʖʎʂ ʐʂʏ ʈʀɾɻʇʞʐʀʍʂʏ ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏ ʉɻ 
ʌɻʍʋʑʎʅʗʁʀʅ ʌʅʋ ʋʈɻʇʘʏ ʈʀʐɻɼʋʇʘʏȢ ɠ Nernstocv ʎʐʂʉ ʐʀʇʀʑʐɻʚɻ ʌʀʍʚʌʐʖʎʂ 
ʌɻʍʋʑʎʅʗʁʀʅ ʈʀɾʗʇʂ ʌʐʡʎʂ ʎʐɻ ʐʀʇʀʑʐɻʚɻ cm ʐʋʑ ʆʀʇʅʋʞȢ  
ɥʅɻ ʗʇʇʂ ʎʂʈɻʉʐʅʆʙ ʌɻʍɻʐʙʍʂʎʂ ʀʚʉɻʅ ʝʐʅ ʌʍʋʏ ʐʋ ʐʘʇʋʏ ʐʋ ʆʀʇʅʋʞ ʎʐʂʉ 
ʌʀʍʚʌʐʖʎʂ ʐʋʑ jmean=0.3 A cm-2 ʋʅ ɻʌʡʇʀʅʀʏ ʐʀʚʉʋʑʉ ʌʍʋʏ ʐʋ ʈʂɿʘʉ ʆɻʅ ʂ ʈʘɾʅʎʐʂ 
ʐʗʎʂ Nernstocv ʌʇʂʎʅʗʁʀʅ ʎʐʂʉ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɫʑɾʆʀʆʍʅʈʘʉɻ ʎʐʂʉ ʘʊʋɿʋ ʐʋʑ 
ʆʀʇʅʋʞ ʂ ʐʗʎʂ Nernstʋcv ʀʚʉɻʅ πȢψσρV ʆɻʅ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ πȢψρχV.  ɚʌʝ ʐʂʉ 
ʗʇʇʂ ʎʐʂ ʌʀʍʚʌʐʖʎʂ ʐʋʑ jmean=0.8 A cm-2 ʂ ʐʗʎʂ Nernstocv ʀʚʉɻʅ ʚʎʂ ʈʀ πȢψρρ V 
ʆɻʅ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ πȢχρτ V. 
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ɫʔʙʈɻ τȢσω: ɠ ʆɻʐɻʉʋʈʙ ʐʂʏ ʐʗʎʂʏ NernstOCV ʎʀ V ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ ʈʘʎʂ 
ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3, 0.5, 0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ ɨʅ ɻʉʐʚʎʐʋʅʔʀʏ ʐʗʎʀʅʏ 
ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʀʚʉɻʅ Ecell = 0.817, τȢϋϋω ʆɻʅ τȢϋυψ V. 

 
ɫʔʙʈɻ τȢτπ: ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ʖʈʅʆʡʉ ɻʌʖʇʀʅʡʉ ʎʀ mV ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ 
ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3, 0.5, 0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ ɨʅ ɻʉʐʚʎʐʋʅʔʀʏ ʐʗʎʀʅʏ 
ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʀʚʉɻʅ Ecell Є τȢόυϋȟ τȢϋϋω ʆɻʅ τȢϋυψ V. 
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ɫʔʙʈɻ τȢτρ: ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ɻʌʖʇʀʅʡʉ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʐʂʏ ʆɻʃʝɿʋʑ ʎʀ mV ɾʅɻ ʐʅʏ 
ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3, 0.5, 0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ ɨʅ 
ɻʉʐʚʎʐʋʅʔʀʏ ʐʗʎʀʅʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʀʚʉɻʅ Ecell Є τȢόυϋȟ τȢϋϋω ʆɻʅ τȢϋυψ V. 

 
ɫʔʙʈɻ τȢτς: ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ɻʌʖʇʀʅʡʉ ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʐʂʏ ɻʉʝɿʋʑ ʎʀ mV ɾʅɻ ʐʅʏ 
ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3,0.5,0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ ɨʅ 
ɻʉʐʚʎʐʋʅʔʀʏ ʐʗʎʀʅʏ ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʀʚʉɻʅ Ecell Є τȢόυϋȟ τȢϋϋω ʆɻʅ τȢϋυψ V. 
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ɫʔʙʈɻ τȢτσ: ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ɻʌʖʇʀʅʡʉ ɿʅʗʔʑʎʂʏ ʎʀ mV ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ ʈʀ 
ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3,0.5,0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ ɨʅ ɻʉʐʚʎʐʋʅʔʀʏ ʐʗʎʀʅʏ 
ʇʀʅʐʋʑʍɾʚɻʏ ʐʋʑ ʆʀʇʅʋʞ ʀʚʉɻʅ Ecell Є τȢόυϋȟ τȢϋϋω ʆɻʅ τȢϋυψ V. 

 
ɫʔʙʈɻ τȢττ: ɠ ʆɻʐɻʉʋʈʙ ʐʖʉ ʖʈʅʆʙʏ ɻʉʐʚʎʐɻʎʂʏ ʎʀ ɨhm cm2 ɾʅɻ ʐʅʏ ʐʍʀʅʏ ʌʀʍʅʌʐʡʎʀʅʏ 
ʈʀ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3, 0.5, 0.8 A cm-2 ɻʉʐʚʎʐʋʅʔɻȢ 
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ɚʉɻʆʀʒɻʇɻʅʡʉʋʉʐɻʏ ʀʊʀʐʗʎʐʂʆʀ ʂ ʌʀʍʚʌʐʖʎʂ ʌʋʑ ʋ 5f ʀʚʉɻʅ ʎʐɻʃʀʍʝʏ ʆɻʅ ʚʎʋʏ 
ʈʀ χυϷ ʆɻʅ ɻʑʐʝ ʌʋʑ ʈʀʐɻɼɻʇʇʝʐɻʉ ʙʐɻʉ ʐʋ ʒʋʍʐʚʋ ɉʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ 
ʎʐʂʉ ʘʊʋɿʋ ʐʋʑ ʎʑʎʐʙʈɻʐʋʏɊȢ ɫʐɻ ʈʀɾɻʇʞʐʀʍɻ ʒʋʍʐʚɻ ʐʋ ʆʀʇʚ ʌɻʍʗɾʀʅ 
ʈʀɾɻʇʞʐʀʍʂ ʅʎʔʞʏ ʀʊʝɿʋʑ ɻʇʇʗ ʈʀʅʡʉʀʐɻʅ ʂ ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʆɻʅ ʋ 
ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏȢ ɚʌʝ ʐʋ ʎʔʙʈɻ τȢσω ʒɻʚʉʀʐɻʅ ʝʐʅ ʋʅ ʐʗʎʀʅʏ Nernst ɿʀʉ 
ɿʅɻʒʘʍʋʑʉ ʎʀ ʈʀɾʗʇʋ ɼɻʃʈʝȟ ʀʅɿʅʆʗ ʎʀ ʑʕʂʇʗ ʍʀʞʈɻʐɻ ʀʚʉɻʅ ʑʕʂʇʘʏȢ ɱʎʐʝʎʋ ʂ 
ʐʗʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ʀʚʉɻʅ ʂ ʈʅʆʍʝʐʀʍʂ ʆɻʅ ɻʑʐʝ ʋʒʀʚʇʀʐɻʅ ʎʐʅʏ ʑʕʂʇʘʏ ɻʌʡʇʀʅʀʏȢ 
ɩɻʍɻʐʂʍʡʉʐɻʏ ʆɻʅ ʐʅʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʎʐʋ ÐÅÎ ʝʈʋʅɻ ɿʀʉ ʌɻʍɻʐʂʍʋʞʉʐɻʅ ʈʀɾʗʇʀʏ 
ɿʅɻʒʋʍʘʏȢ ɚʑʐʝ ʎʑʉʀʌʗɾʀʐɻʅ ʈʅʆʍʘʏ ɿʅɻʒʋʍʘʏ ʆɻʅ ʎʐʅʏ ʖʈʅʆʘʏ ɻʉʐʅʎʐʗʎʀʅʏ ʡʎʐʀ 
ʋʅ ʖʈʅʆʘʏ ʆɻʅ ʆʑʍʚɻʍʔʀʏ ɻʌʡʇʀʅʀʏ ʎʐʅʏ electrolyte ɀ supported SOFC ʉɻ 
ʀʊɻʍʐʡʉʐɻʅ ɻʌʝ ʐʋ ʍʀʞʈɻ ʎʞʈʒʖʉɻ ʈʀ ʐʂʉ 

 

Vohm=RohmÖI . 

ɞʌʚʎʂʏ ʋʅ ʑʕʂʇʘʏ ʌʑʆʉʝʐʂʐʀʏ ʍʀʑʈʗʐʖʉ ʀʌʂʍʀʗʁʋʑʉ ʎʂʈɻʉʐʅʆʗ ʆɻʅ ʐʅʏ 
ʑʌʝʇʋʅʌʀʏ ɻʌʡʇʀʅʀʏ ʇʝɾʖ ʐʖʉ ʒɻʅʉʋʈʘʉʖʉ ɿʅʗʔʑʎʂʏȢ ɨʅ ɻʌʡʇʀʅʀʏ 
ʀʉʀʍɾʋʌʋʅʙʎʀʖʏ ʀʚʉɻʅ ʆɻʅ ɻʑʐʘʏ ɻʑʊʂʈʘʉʀʏ ʇʝɾʖ ʐʂʏ ʀʊʚʎʖʎʂʏ Butler ɀ Volmer 
ʀʉʡ ʋʅ ɻʌʡʇʀʅʀʏ ɿʅʗʔʑʎʂʏ ʎʐʋ τȢτσ ʀʚʉɻʅ ʆɻʅ ɻʑʐʘʏ ʈʀɾɻʇʞʐʀʍʀʏ ɾʅɻ ʑʕʂʇʗ 
ʍʀʞʈɻʐɻȢ 
ɥʅɻ ʌʍʝʐɻʎʂ ɾʅɻ ʉɻ ʈʀʅʖʃʋʞʉʀ ʋʅ ɻʌʡʇʀʅʀʏ ʎʐɻ ʑʕʂʇʗ ʒʋʍʐʚɻ ʀʚʉɻʅ ʉɻ 
ɻʑʊʂʃʀʚ ʂ ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʡʎʐʀ ʉɻ ʀʌʅʐʀʑʔʃʋʞʉ 
ʑʕʂʇʝʐʀʍʀʏ ʃʀʍʈʋʆʍɻʎʚʀʏ ʎʐʋ pen ʙ ɻʆʝʈɻ ʆɻʅ ʂ ʈʀʚʖʎʂ ʐʂʏ ʌɻʍʋʔʙʏ 
ʐʋʑ ɻʘʍɻ ʡʎʐʀ ʉɻ ʈʀʅʖʃʀʚ ʂ ʕʞʊʂ ʐʋʑ ʆʀʇʅʋʞȢ  ɮʑʎʅʆʗ ʂ ʌɻʍɻʌʗʉʖ 
ɿʅɻʌʚʎʐʖʎʂ ʌʍʘʌʀʅ ʉɻ ʆɻʇʞʌʐʀʐɻʅ ɻʌʝ ʐʂʉ ɻʉʐʋʔʙ ʐʖʉ ʑʇʅʆʡʉ ʎʀ 
ɻʑʊʂʈʘʉʀʏ ʃʀʍʈʋʆʍɻʎʚʀʏȢ 
ɫʐɻ ʈʅʆʍʝʐʀʍɻ ʍʀʞʈɻʐɻ ʌʅʃɻʉʝʉ ʉɻ ʈʂʉ ʖʒʀʇʙʎʀʅ ʂ ɻʞʊʂʎʂ ʐʂʏ 
ʃʀʍʈʋʆʍɻʎʚɻʏ ɿʅʝʐʅ ʋʅ ʖʈʅʆʘʏ ɻʌʡʇʀʅʀʏ ʀʚʉɻʅ ʈʅʆʍʘʏ ɾʅɻ ʐʋ ʎʑɾʆʀʆʍʅʈʘʉʋ 
ʒʋʍʐʚʋ ʆɻʅ ʈʌʋʍʀʚ ʉɻ ʀʌʂʍʀɻʎʐʀʚ ɻʍʉʂʐʅʆʗ ʂ ʐʗʎʂ Nernst. 
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пΦр ɾʶ˂ʷˍʹ ˍ˖˄ ʶˉʽʵˈˋʶ˖˄ ˍʹˌ ˁˎ˕ʷ˂ʹˌ ˃ʶ ˍʹ˄ ˃ʶˍʰʲˇ˂ʺ ˍ˖˄ 
ˉʰˊʰ˃ʷˍˊ˖˄ 
 
ɫʐʂ ʌɻʍʗɾʍɻʒʋ ɻʑʐʙ ʃɻ ʀʊʀʐɻʎʐʀʚ ʂ ʆʑʕʘʇʂ SOFC ʌʖʏ ʇʀʅʐʋʑʍɾʀʚ ʆʗʐʖ ɻʌʝ 
ɿʅɻʒʋʍʀʐʅʆʘʏ ʌɻʍɻʈʘʐʍʋʑʏ ʡʎʐʀ ʉɻ ʆɻʃʋʍʅʎʐʀʚ ʌʋʅʀʏ ɻʌʝ ɻʑʐʘʏ ʀʌʂʍʀʗʁʋʑʉ ʎʀ 
ʈʀɾʗʇʋ ɼɻʃʈʝ ʐʅʏ ʀʌʅɿʝʎʀʅʏ ʐʂʏ ʆɻʅ ʎʀ ʌʋʅʀʏ ʎʑʉʃʙʆʀʏ ʌʍʘʌʀʅ ʂ ʆʑʕʘʇʂ 
ʆɻʑʎʚʈʋʑ ʉɻ ʇʀʅʐʋʑʍɾʀʚ ɼʘʇʐʅʎʐɻȢ ɠ ʈʀʇʘʐʂ ʃɻ ɾʚʉʀʅ ʈʀʐɻɼʗʇʇʋʉʐɻʏ ʐʂʉ 
ʌɻʍʋʔʙ ʐʋʑ ɻʘʍɻ ʎʐʂʉ ʀʚʎʋɿʋȟ ʐʂʉ ʃʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ʐʖʉ ɻʀʍʚʖʉ ʆɻʅ ʐʋ 
ʑʇʅʆʝ ʆɻʐɻʎʆʀʑʙʏ ʐʂʏ ɿʅʌʋʇʅʆʙʏ ʌʇʗʆɻʏȢ ɚʉ ʀʊɻʅʍʀʃʀʚ ʂ ʐʀʇʀʑʐɻʚɻ ʌɻʍʗʈʀʐʍʋʏ 
ʋʅ ʑʌʝʇʋʅʌʀʏ ɿʀʉ ɻʌʋʐʀʇʋʞʉ ʆɻʐɻʎʆʀʑɻʎʐʅʆʗ ʔɻʍɻʆʐʂʍʅʎʐʅʆʗ ɻʇʇʗ 
ʌɻʍʗʈʀʐʍʋʅ ʌʋʑ ʀʇʘɾʔʋʉʐɻʅ ɻʌʝ ʐʋʉ ʐʀʇʅʆʝ ʔʍʙʎʐʂ ʐʂʏ ʆʑʕʘʇʂʏ. 
ɥʌʋʍʋʞʉ ʉɻ ʈʀʐɻɼʇʂʃʋʞʉ ɾʅɻʐʚ ɿʀʉ ʀʚʉɻʅ ʎʐɻʃʀʍʘʏ ʝʌʖʏ ʂ ɾʀʖʈʀʐʍʚɻ ʐʂʏ 
ʆʑʕʘʇʂʏ ʆɻʅ ʐʋ ʑʇʅʆʝ ʐʖʉ ʀʌʅʈʘʍʋʑʏ ʎʐʋʅʔʀʚʖʉ ʐʂʏȢ 
ɥʀʐɻɼʗʇʇʋʉʐɻʏ ʐʅʏ ʌʅʋ ʌʗʉʖ ʌɻʍɻʈʘʐʍʋʑʏ ʍʑʃʈʚʁʀʐɻʅ ʋ ɼɻʃʈʝʏ ɻʌʝɿʋʎʂʏ ʆɻʅ 
ʂ ʌɻʍɻɾʝʈʀʉʂ ʅʎʔʞʏȟ ʍʑʃʈʚʁʀʐɻʅ ʂ ʆɻʐɻʉʋʈʙ ʐʂʏ ʃʀʍʈʋʆʍɻʎʚɻʏ ʆɻʅ ʂ 
ʌʑʆʉʝʐʂʐɻʏ ʍʀʞʈɻʐʋʏȢ ɬɻ ɻʌʋʐʀʇʘʎʈɻʐɻ ʐʖʉ ʌɻʍɻʌʗʉʖ ʃɻ ʌɻʍʋʑʎʅɻʎʐʋʞʉ ʆɻʅ 
ʃɻ ʀʊʂɾʂʃʋʞʉȢ 
ɠ ʀʊʘʐɻʎʂ ʃɻ ɾʚʉʀʅ ɾʅɻ ʀʌʚʌʀɿʂ ʆʑʕʘʇʂ ʆɻʑʎʚʈʋʑ ʎʀ ʋʈʋʍʍʋʙ ʈʀ ʆɻʞʎʅʈʋ 
ʎʞʎʐɻʎʂʏ ʑɿʍʋɾʝʉʋʑ-ʑɿʍɻʐʈʋʞ ʆɻʅ ʔʍʙʎʂ ɻʘʍɻ ʖʏ ʋʊʀʅɿʖʐʅʆʋʞȢ ɠ ɾʀʖʈʀʐʍʚɻ 
ʆɻʅ ʐʋ ʀʚɿʋʏ ʐʖʉ ʑʇʅʆʡʉ ɼʍʚʎʆʀʐɻʅ ʎʐʋʉ ʌʚʉɻʆɻ τȢφȢ  ɠ ɼɻʎʅʆʙ ʌʀʍʚʌʐʖʎʂ ʀʚʉɻʅ 
ʐʋ ʆʀʇʚ ʇʀʅʐʋʑʍɾʚɻʏ ʈʀȡ ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ χυϷȟ ʈʀ ʎʑʉʐʀʇʀʎʐʙ 
ɻʊʅʋʌʋʅʙʎʀʖʏ ʋʊʑɾʝʉʋʑ ρχϷȟ ʌʚʀʎʂ ʇʀʅʐʋʑʍɾʚɻʏ ρȢπρσ barȟ ʃʀʍʈʋʆʍɻʎʚɻ 
ʀʅʎʝɿʋʑ ʎʐɻ ʆɻʉʗʇʅɻ ʚʎʂ ʈʀ ρπςσ ɣ ʆɻʅ ʎʞʎʐɻʎʂ ʆɻʑʎʚʈʋʑ ωπϷ (2 ʆɻʅ ρπϷ (2O. 
ɫʑɾʆʀʉʐʍʖʐʅʆʗ ʐɻ ʌɻʍɻʌʗʉʖ ʒɻʚʉʋʉʐɻʅ ʎʐʋʉ ʌʚʉɻʆɻ τȢχȢ ɠ ʎʞʎʐɻʎʂ ʐʋʑ ɻʘʍɻ 
ʈʀ ςρϷ ɨ2 ʆɻʅ χωϷ ɦ2 ʃɻ ʀʚʉɻʅ ʎʐɻʃʀʍʙ ʎʀ ʝʇʀʏ ʐʅʏ ʌʀʍʅʌʐʡʎʀʅʏȢ  
ɫʐʂʉ ʌʍʡʐʂ ʌʀʍʚʌʐʖʎʂ ʃɻ ʀʊʀʐɻʎʐʀʚ ʂ ʈʀʐɻɼʋʇʙ ʐʂʏ ʌɻʍʋʔʙʏ ʐʋʑ ɻʘʍɻ 
ɻʑʊʗʉʋʉʐɻʏ ʆɻʅ ʈʀʅʡʉʋʉʐɻʏ ʐʋʉ ʎʑʉʐʀʇʀʎʐʙʏ ɻʊʅʋʌʋʙʎʀʖʏ ʐʋʑ ʋʊʑɾʝʉʋʑ 
ɻʌʝ ʐʂʉ ɼɻʎʅʆʙ ʌʀʍʚʌʐʖʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɡɻ ʀʊʀʐɻʎʐʋʞʉ ɿʑʋ 
ʑʌʋʌʀʍʅʌʐʡʎʀʅʏ ɾʅɻ jmean = 0.3 ʆɻʅ πȢψ ɚ cm-2 ʈʀ Uo (ʎʑʉʐʀʇʀʎʐʙ ɻʊʅʋʌʋʅʙʎʀʖʏ 
ʋʊʑɾʝʉʋʑɊ ʚʎʋ ʈʀ ςπϷȟ ρχϷ ʆɻʅ ρσϷȢ ɚʍʔʅʆʗ ʃɻ ʌɻʍɻʐʀʃʋʞʉ ʐɻ ɿʅʗɾʍɻʈʈɻ ɾʅɻ 
ʆʗʃʀ ʑʌʋʌʀʍʚʌʐʖʎʂ ʆɻʅ ʎʐʋ ʐʘʇʋʏ ʃɻ ʀʊʂɾʂʃʋʞʉȢ 
 
 
 
 
ɩʚʉɻʆɻʏ τȢχȡ ɩɻʍʗʈʀʐʍʋʅ ʀʅʎʝɿʋʑ ɾʅɻ ʐʂʉ ɼɻʎʅʆʙ ʌʀʍʚʌʐʖʎʂ ʇʀʅʐʋʑʍɾʚɻʏȢ ɨ 
ʎʑʉʐʀʇʀʎʐʙʏ ɻʊʅʋʌʋʅʙʎʀʖʏ ʋʊʑɾʝʉʋʑ ɻʉʐʅʎʐʋʅʔʀʚ ʎʀ ʇ Ѐ φȢ 
 

 

ɩɻʍʗʈʀʐʍʋʏ ʀʅʎʝɿʋʑ ɬʅʈʘʏ 

ɫʑʉʐʀʇʀʎʐʙʏ ɻʊʅʋʌʋʅʙʎʀʖʏ ʆɻʑʎʚʈʋʑ 75% 
ɫʑʉʐʀʇʀʎʐʙʏ ɻʊʅʋʌʋʅʙʎʀʖʏ ʋʊʑɾʝʉʋʑ 17% 
ɩʚʀʎʂ ʇʀʅʐʋʑʍɾʚɻʏ  1.013 bar 
ɡʀʍʈʋʆʍɻʎʚɻ ʀʅʎʝɿʋʑ ɻʀʍʚʖʉ 1023ɣ 
ɫʞʎʐɻʎʂ ɠ2, ɠ2ɨ 90%,10% 
ɞʊʘʐɻʎʂ ʈʘʎʖʉ ʌʑʆʉʋʐʙʐʖʉ ʍʀʞʈɻʐʋʏ 0.3 - 0.8 ɚ cm-2 

 



 89 

ɫʔʙʈɻ τȢτυ: ɫʞɾʆʍʅʎʂ ʐʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʐʋʑ pen ɾʅɻ ʎʑʉʐʀʇʀʎʐʘʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ 
ʋʊʑɾʝʉʋʑ υχȟ υϋȟ φτϻ ʆɻʅ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3 A cm-2ȟ ʈʀ ʐʅʏ ʑʌʝʇʋʅʌʀʏ 
ʌɻʍɻʈʘʐʍʋʑʏ ʀʅʎʝɿʋʑ ʎʐɻʃʀʍʘʏ ɻʌʝ ʐʋʉ ʌʚʉɻʆɻ ψȢϋȢ 

 
 
ɫʔʙʈɻ τȢτφ: ɫʞɾʆʍʅʎʂ ʐʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʐʋʑ ɻʘʍɻ ɾʅɻ ʎʑʉʐʀʇʀʎʐʘʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ 
ʋʊʑɾʝʉʋʑ υχȟ υϋȟ φτϻ ʆɻʅ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3 A cm-2ȟ ʈʀ ʐʅʏ ʑʌʝʇʋʅʌʀʏ 
ʌɻʍɻʈʘʐʍʋʑʏ ʀʅʎʝɿʋʑ ʎʐɻʃʀʍʘʏ ɻʌʝ ʐʋʉ ʌʚʉɻʆÁ ψȢϋȢ 
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ɫʔʙʈɻ τȢτχ: ɫʞɾʆʍʅʎʂ ʐʖʉ ʌʑʆʉʋʐʙʐʖʉ ʍʀʞʈɻʐʋʏ ɾʅɻ ʎʑʉʐʀʇʀʎʐʘʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ 
ʋʊʑɾʝʉʋʑ υχȟ υϋȟ φτϻ ʆɻʅ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3 A cm-2ȟ ʈʀ ʐʅʏ ʑʌʝʇʋʅʌʀʏ 
ʌɻʍɻʈʘʐʍʋʑʏ ʀʅʎʝɿʋʑ ʎʐɻʃʀʍʘʏ ɻʌʝ ʐʋʉ ʌʚʉɻʆÁ ψȢϋȢ 

 
ɫʔʙʈɻ τȢτψ: ɫʞɾʆʍʅʎʂ ʐʖʉ ʐʗʎʀʖʉ Nernstocv ʇʀʅʐʋʑʍɾʚɻʏ ɾʅɻ ʎʑʉʐʀʇʀʎʐʘʏ 
ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ ʋʊʑɾʝʉʋʑ υχȟ υϋȟ φτϻ ʆɻʅ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.3 A cm-2ȟ ʈʀ 
ʐʅʏ ʑʌʝʇʋʅʌʀʏ ʌɻʍɻʈʘʐʍʋʑʏ ʀʅʎʝɿʋʑ ʎʐɻʃʀʍʘʏ ɻʌʝ ʐʋʉ ʌʚʉɻʆÁ ψȢϋȢ ɨʅ ʐʗʎʀʅʏ ʇʀʅʐʋʑʍɾʚɻʏ 
ʀʚʉɻʅ τȢόυύȟτȢόυϋ ʆɻʅ τȢόυυ V ɻʉʐʚʎʐʋʅʔɻȢ 
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ɫʔʙʈɻ τȢτω: ɫʞɾʆʍʅʎʂ ʐʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʐʋʑ pen ɾʅɻ ʎʑʉʐʀʇʀʎʐʘʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ 
ʋʊʑɾʝʉʋʑ υχȟ υϋȟ φτϻ ʆɻʅ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.8 A cm-2ȟ ʈʀ ʐʅʏ ʑʌʝʇʋʅʌʀʏ 
ʌɻʍɻʈʘʐʍʋʑʏ ʀʅʎʝɿʋʑ ʎʐɻʃʀʍʘʏ ɻʌʝ ʐʋʉ ʌʚʉɻʆɻ ψȢϋȢ 

 
ɫʔʙʈɻ τȢυπ: ɫʞɾʆʍʅʎʂ ʐʖʉ ʃʀʍʈʋʆʍɻʎʅʡʉ ʐʋʑ ɻʘʍɻ ɾʅɻ ʎʑʉʐʀʇʀʎʐʘʏ ʀʆʈʀʐɻʇʇʀʞʎʀʖʏ 
ʋʊʑɾʝʉʋʑ υχȟ υϋȟ φτϻ ʆɻʅ ʈʘʎʂ ʌʑʆʉʝʐʂʐɻ ʍʀʞʈɻʐʋʏ jmean=0.8 A cm-2ȟ ʈʀ ʐʅʏ ʑʌʝʇʋʅʌʀʏ 
ʌɻʍɻʈʘʐʍʋʑʏ ʀʅʎʝɿʋʑ ʎʐɻʃʀʍʘʏ ɻʌʝ ʐʋʉ ʌʚʉɻʆÁ ψȢϋȢ 
 
 


