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1.1.  Scope of the Current Work 

 

 

 

 

 

 

   

 



  

 

 

  

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

2. LITERATURE REVIEW 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

3. MODEL DEVELOPMENT 

 

 

The zero-dimensional discharge and charge electrochemical models proposed by 

Marinescu et al. are applied to model the cycling of a Li-S cell within the scope of this thesis 

[1]. Continuous discharge and charge profiles are obtained by performing cycles where 

discharge and charge are carried out consecutively. FORTRAN (f90) is used to code and execute 

these theoretical models. The model is time-dependent, and the changes in variables are 

observed over time. On the contrary, the model is concentration-invariant, indicating mass 

transport phenomena are not considered. 

The cycles are executed at 0.5 C-rate, which indicates that the discharge/charge would 

take 2 hours theoretically for 1.675 A per gram of sulfur. A delta time of 0.1 is applied to get 

more precise outcomes. For instance, the initial investigation at a 0.5 C-rate takes 72000 steps 

to complete to achieve a delta time of 0.1. Different cycling (continuous discharge and charge 

processes) simulations at various C-rates are also performed for comparison. 

This model is zero-dimensional; thus, some assumptions must be made to see the time-

dependent changes. To begin with, the sulfur is in the  form and initially dissolved completely. 

There are two stages of discharge: the low plateau and the high plateau. One electrochemical 

reaction is dominant at every stage, giving a total of two electrochemical reactions. Given that 

the overpotentials at the anode and the separator are insignificant, the overpotentials at the anode 

and the separator are ignored. The precipitation of Li2S is considered in the model through the 

 constant. The symmetry factor is taken as 0.5 in the Butler-Volmer equations since reactions 

are assumed to be symmetrical. In the model, the shuttle mechanism is represented by including 

the  constant. Current is positive during discharge and negative during charge, and it is 

constant during both processes. The governing and electrochemical reactions are the same for 

charge and discharge but are carried out in opposite directions. The model neglects the double-

layer effect that happens at the electrolyte-electrode interface. 



  

As mentioned above, discharge occurs in two stages, and for every stage, a distinct 

electrochemical reaction is valid. The equation suitable for the initial plateau of discharge is 

assumed to be the following equation as 

 

At the beginning of the discharge, it is assumed that all the sulfur is present in the dissolved  

form. The equation that applies to the second plateau of discharge is assumed as follows 

 

It is assumed that the discharge and charge electrochemical equations are identical but in the 

reverse directions. For the discharge part, governing equations in this zero-dimensional model 

are taken from Marinescu et al. [1]. The first governing equations are Nernst equations for high 

and low potentials at equilibrium which are shown as 

 

 

 and  are standard potentials for the high and low plateau, respectively. The  and  are 

defined to obtain masses of sulfur species in grams. They are calculated as 

 

 

 is electrolyte volume of the cell,  is the molar mass of sulfur and n represents the number 

of polysulfides in the subscripts. For the reaction kinetics, Butler-Volmer approximations are 

used for the high and low voltage plateaus, which are estimated from the equations shown as 



  

 

 

 and  are exchange current densities for high and low plateau reactions subsequently.  

 is the active reaction area of the cell.  is the electron number per reaction, which is 4.  

and are the overpotentials for the first and the second electrochemical reaction, which are 

calculated as 

 

 

The following formulae are used to determine the concentration evolution of the five species in 

this model over time: 

 

 

 

 

 

 is the shuttle constant. Since the shuttle effect is considered in this model, it is indicated 

through a shuttle constant. In the model, precipitation effects are included. The precipitation rate 

is represented through  in the formula, and  is density of precipitated sulfur.  is the 

saturation mass of . 



  

Given that the charge is preserved, cell current is calculated using the following equation 

which is expressed as 

 

The applied current is calculated through considering the C-rate and mass of active sulfur (  

for 1.675 A per gram of sulfur, by using the equation which is expressed as 

 

The value of cell current applied ( ) is taken as positive during discharge and the same 

but opposite sign, negative during charging. There are 12 variables in the model. ,  

 are the mass of species in grams. ,   are current contributions from the two (high and 

low voltage plateau) electrochemical reactions in A/ . ,  are overpotentials for the high 

and low voltage plateau reactions, respectively, in V. ,  are Nernst potentials for the high 

and low voltage plateau reactions, and V is the cell voltage, all in V.  

 

3.1. Initial Conditions 

 

Initial conditions of each parameter for the first discharge are determined by using the 

values in Marinescu et al. [1] which is expressed as  

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 
 

 

 

3.2. Parameters in the Model 

 

 The parameters in the model are shown in the Table 3.1. The values are taken 

from the zero-dimensional model by Marinescu et al. [1] 



  

 

Notation Name Units Value 

F  C mol-1 9.649 x  

R Gas constant J K-1 mol-1 8.3145 

T Temperature K 298 

 Molar mass of  g mol-1 32 

 Avogadro number 1 mol-1 6.0221 x  

 
Electron number per 

reaction 
- 4 

 
Number of sulfur 

atoms in polysulfide 
- 8,4,2,1 

 
Density of 

precipitated sulfur 
g L-1 2 x  

 
Active reaction area 

per cell 
 0.960 

 
Dimensionality 

factor H 
g L mol-1 0.7296 

 
Dimensionality 

factor L 
 mol-1 0.0665 

 
Electrolyte volume 

per cell 
L 0.0114 

 
Mass of active 

sulfur per cell 
g 2.7 

 Standard potential H V 2.35 

 Standard potential L V 2.195 

 
Exchange current 

density H 
A m-2 10 

 
Exchange current 

density L 
A m-2 5 

 



  

 

Notation Name Units Value 

  saturation mass g 0.0001 

 
Precipitation rate 

constant 
s-1 100 

 Shuttle constant s-1 0.0002 

 External current A Variable 

 

3.3. Linearization Procedure 

 
The governing equations are linearized, and their coefficients (  are 

found. These coefficients are then used in the FORTRAN code to solve the equations using the 

previously reported subroutines [39]. After linearization, they are brought to the following 

equation form which is expressed as 

 

 

 

 

  

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

4. RESULTS AND DISCUSSION 

 
 

 

 

4.1. Sensitivity Analysis 

 

 

 

 



  

 

 

 

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 

 

 



  

 

 

 
 

 

 

 

 



  

 

 

 

 

 

 



  

 

 

 

 

 
 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 
 

 

 
 

 

 

 



  

 

 

 

 

 

 

 



  

 

 

 

 

 

 



  

 

 

 

 

 

 

 



  

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 



  

 

 

 
 

 

 

 



  

 

 

 

 

 

 

 

 

 

 



  

 

 

 
 

 

 

 



  

 

 

 

 

 

 

 

 

 

  

 

 



  

 

 

 
 

 

 

 



  

 

 

 

4.2. The Effect of Electrolyte-to-Sulfur (E/S) Ratio on Li-S Cell Performance 

 

 

 



  

 

 

 

 

 

 

 
 



  

 

 

 

 

 

 



  

 

 

 

 

 

4.3. The Effect of Electrolyte Type and Properties on Li-S Cell Performance 

 



  

 

 

  

 

 

  

  

 

 

 



  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 



  

4.4. Capturing the Experimental Trends on the Discharge Performance by 

Changing the Model Parameters 

 

 

 

 

 

 

 

 
  

   

   

   

 



  

 

 

 

 
   

    

    

    

 

 

 
  

   

   

   

 

 

 
   

    

    

    

 



  

In the next experiment, which is shown in Table 4.5, the electrolyte is replaced with G3-

LiTF and the E/S ratio is set at 6 mL/g.  Thus, the E/S value is taken as 6 mL/g in the simulation 

as well. As the electrolyte type cannot be explicitly modified in the code, one of the factors that 

influences cell capacity in the sensitivity analysis is selected to demonstrate the implicit effect 

of changing the electrolyte. For this purpose,  parameter is selected, and it is multiplied by 

0.95. This implies that a different type of electrolyte is developed implicitly. The  values 

obtained from the simulations are presented in Table 4.6. 

 

 

 
  

   

   

   

 

 

 
   

    

    

    

 

    



  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

5. CONCLUSION 
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APPENDIX A: FORTRAN CODE OF ZERO-DIMENSIONAL 

CYCLE MODEL 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

APPENDIX B:  FORTRAN CODE OF ZERO-DIMENSIONAL 

DISCHARGE MODEL 
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