
Exercise 2 solution 

1. Spontaneity of chemical reactions 

Problem 

What can you say about the spontaneity of a chemical reaction if:  

a) Δh < 0 and Δs > 0 

b) Δh < 0 and Δs < 0  

c) Δh > 0 and Δs < 0  

d) Δh > 0 and Δs > 0  

Solution  

Reaction (at constant temperature and pressure) is spontaneous if Δg = Δh – TΔs < 0. 

a) Δh < 0 and Δs > 0 → Δh – TΔs < 0 → Spontaneous 

b) Δh < 0 and Δs < 0  

a. If Δh/Δs < T → Δh – TΔs > 0 → Not spontaneous 

b. If Δh/Δs > T → Δh – TΔs < 0 → Spontaneous 

c) Δh > 0 and Δs < 0 → Δh – TΔs < 0 → Not spontaneous 

d) Δh > 0 and Δs > 0 

a. If Δh/Δs < T → Δh – TΔs < 0 → Spontaneous 

b. If Δh/Δs > T → Δh – TΔs >  0 → Not spontaneous 

For example of a practical case, see Example 2.2. on section 2.3.1, page 38, in O’Hayre et al., Fuel cell 

fundamentals, 2016: 

 



 

  



2. Definition and interpretation of the practical fuel cell efficiency 

Problem 

The real (practical) fuel cell efficiency can be written as 

real = thermo x voltage x fuel         (1) 

where  thermo  = reversible thermodynamic efficiency 

voltage  = voltage efficiency 

fuel  = fuel utilization efficiency 

Define these three partial efficiencies, giving for their defining equation and explanation, and show that 

equation (1) can written also as 

real = Pelec,out / Pfuel,in         (2) 

where  Pelec,out = electrical output power of the fuel cell 

Pfuel,in = rate at which chemical energy of the fuel cell reaction is consumed by operating 

the fuel cell  

Solution 

 

See O’Hayre et al., Fuel cell fundamentals, 2016, section 2.5.2. For definition and explanations.  

The defining equations are  

     

Equation (1) can therefore be written as  

 

This can be rearranged to 

 𝜀real = (
∆𝑔

−𝑛𝐹𝐸
) (

𝑖𝑉

−∆ℎHHV𝜐fuel
) =

𝑃elec,out

𝑃fuel,in
 

where 𝑃elec,out = 𝑖𝑉, is the electrical output power of the fuel cell, i.e. current times voltage delivered 

by the fuel cell to the external circuit (units: A x V = W), and 𝑃fuel,in =  −∆ℎHHV𝜐fuel, is the rate at which 

chemical energy of the fuel cell reaction is consumed in the cell, i.e. the reaction enthalpy per mole of 

fuel (J/mol) times the rate of fuel consumption (mol/s) by the cell operation, including possible fuel 

losses, i.e. fuel that is fed in the cell but is not used in the fuel cell reaction and therefore does not 

produce current (units: J/mol x mol/s = J/s = W). Note that the first term is unity based on the relation 

between reversible cell voltage E and Gibbs free energy change of the fuel cell reaction ∆𝑔 = −𝑛𝐹𝐸.  

  



3. Effect of fuel utilization on the fuel cell efficiency 

Problem 

a) Why does the shape of the current - efficiency curve follow the shape of the j–V curve, the 

efficiency being highest at low current density and lowest at high current density, when the fuel 

cell is operated under constant stoichiometry condition? 

b) Why the fuel cell efficiency is poor at low current densities, zero at highest current density, and 

reaches a maximum at some intermediate high current density, when the cell is operated at a 

constant fuel flow rate condition? 

Solution 

 

See O’Hayre et al., Fuel cell fundamentals, 2016, section 2.5.2. and Figure 2.9 for qualitative 

explanations. For theoretical analysis, recall from the text the two ways of writing the practical fuel cell 

efficiency:  

 

From eq. 2.125 we can see that under constant stoichiometry condition ( = constant), and at constant 

temperature and pressure, the fuel cell efficiency is proportional to the cell voltage while all other quantities in 

the equation are constant, i.e. real  V. The i –  curve therefore follows the shape of the i – V curve, and the 

efficiency is therefore highest at lowest current densities. In practice, this is because part of the useful work is 

lost to voltage losses that are larger at higher current densities. Although fuel is utilized equally effectively in 

reactions, smaller fraction comes out as electrical power to the external circuit. 

From eq. 2.124 we can see that under constant fuel flow rate condition (fuel= constant), the fuel cell efficiency 

is proportional to the product of current and cell voltage (iV), which is the electrical power output of the cell, 

while all other quantities in the equation are constant, i.e. real  iV = Pelec. The i –  curve therefore follows the 

shape of the i – P curve. In practice, this is because at low current densities, large fraction of the fuel is not used, 

but flows though unreacted. On the other hand, at maximum current density the cell voltage is zero (short circuit 

condition), which means that also the electrical output power is zero (all useful electrical work is consumed in 

the internal voltage losses of the cell, producing heat). 

 

 

  



4. A simple practical fuel cell efficiency calculation 

Problem (O’Hayre et al., Fuel cell fundamentals, 2016, calculation exercise 2.12) 

 
 

Solution 

 

 
 

  



5. Mass balance in fuel cell – theoretical exercise 

Problem (O’Hayre et al., Fuel cell fundamentals, 2016, review question 2.8) 

 
 

Solution 

 

 

electrons transferred in the reactions 

(to external circuit) per mole of 

reactant consumed or product 

produced in the reaction. 

 



  



6. Mass and heat balance in fuel cell – calculation exercise 

Problem (O’Hayre et al., Fuel cell fundamentals, 2016, calculation exercise 2.13) 

 
Solution 

 

 


