Exercise 2 solution
1. Spontaneity of chemical reactions
Problem
What can you say about the spontaneity of a chemical reaction if:

a) Ah<0andAs>0
b) Ah<0andAs<0
c) Ah>0andAs<0
d) Ah>0andAs>0

Solution
Reaction (at constant temperature and pressure) is spontaneous if Ag = Ah — TAs < 0.

a) Ah<0andAs>0 - Ah—TAs <0 - Spontaneous
b) Ah<0andAs<0
a. If Ah/As<T - Ah—TAs >0 - Not spontaneous
b. If Ah/As>T - Ah —TAs < 0 - Spontaneous
c) Ah>0andAs<0-> Ah—TAs <0 - Not spontaneous
d) Ah>0andAs>0
a. If Ah/As<T - Ah—TAs <0 - Spontaneous
b. If Ah/As>T > Ah—TAs > 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:

Example 2.2 Determine the approximate temperature at which the following reac-
tion is no longer spontaneous:

CO + H,0,, — CO, +H, (2.40)

Solution: To answer this question, we need to calculate the Gibbs free energy for this
reaction as a function of temperature and then solve for the temperature at which the
Gibbs free energy for this reaction goes to zero:

Ap . (T)= Al (T) — T A3, (T) =0 (2.41)
To get an approximate answer, we can assume that Ai_, and A3 are indepen-
dent of temperature (heat capacity effects are ignored). In this case, the temperature

dependence of Ag., is approximated as

&LI?I!CI'IET} = ﬁﬁ'&n - Tﬁfg.]m (2.42)



From Appendix B, the Aﬁ}’ and 5 values for CO, CO,, H,, and H,O are given in
the table below.

Chemical Species  Aif (kl/mol) 3% [J(mol-K)]

co -110.53 197.66
o, -393.51 213.79
H, 0 130.68
H,0(g) -241.83 188.84

Following Equation 2.31, A%, is calculated as

Al = [ARCOy) + A (Hy)| - [Ak(CO) + ARH,0)]

= [(=393.51) + (0)] — [(=110.53) + (=241.83)]
= —41.15 kJ/mol (2.43)

Similarly, A3D,, is calculated as

A5y, = [3°(CO,) +5°(H,)] — [$%(CO) + 3°(H,0)]
= [(213.79) + (130.68)] — [(197.66) + (188.84)]

=—42.03 J/(mol - K) (2.44)
This gives

Afps(T) = —41.15 kJ /mol — T[—0.04203 kJ /(mol - K)] (2.45)

Examining this expression, it is apparent that at low temperatures the enthalpy
term will dominate over the entropy term, and the free energy will be negative. How-
ever, as the temperature increases, entropy eventually wins and the reaction ceases
to be spontaneous. Setting this equation equal to zero and solving for T give us the
temperature where the reaction ceases to be spontanecous:

—41.15kJ/mol + T10.04203 kI /(mol - K)] =0 T = 979K = 706°C  (2.46)

This reaction is known as the water gas shift reaction. It is important for
high-temperature internal reforming of direct hydrocarbon fuel cells. These fuel cells
run on simple hydrocarbon fuels (such as methane) in addition to hydrogen gas. Since
these fuels contain carbon, carbon monoxide is often produced. The water gas shift
reaction allows additional H, fuel to be created from the CO stream. However, if the
fuel cell is run above 700°C, the water gas shift reaction is thermodynamically unfa-
vorable. Therefore, operating a high-temperature direct hydrocarbon fuel cell requires
a delicate balance between the thermodynamics of the reactions (which are more
favorable at lower temperatures) and the kinetics of the reactions (which improve at
higher temperatures). This balance is discussed in greater detail in Chapter 1 1.




2. Definition and interpretation of the practical fuel cell efficiency
Problem
The real (practical) fuel cell efficiency can be written as
Ereal = SthermoX Svoltage X Efuel (1)

where &hermo = reversible thermodynamic efficiency
&oltage = Voltage efficiency
&uel = 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
Psyelin = 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

_Ag Vv i/nF
Ah

€ thermo, fc Evoltage = T Efpel = ——

Ufnel

Equation (1) can therefore be written as

b= Ag (-E)(f',h:rF)
- "ﬁﬁllf{‘-.' \E Ufel

This can be rearranged to

_ Ag v _ Pelecout
€real = |\ = —Ah - .
nFE HHV Vfuel Pfuel,ln

where Pgjec ot = 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: AxV =W), and Pge1in = —AhypyUger 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 Ag = —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:

Combining effects of thermodynamics, irreversible kinetic losses. and fuel utilization
losses, we can write the practical efficiency of a real fuel cell as

tnii| e (!)<i/"F> (2.124)
- Ah”“\v \E Ufyel

For a fuel cell operating under a constant-stoichiometry condition, this equation simpli-
fies to
Ao 7
T (e BT 2.125)
real — ~ E ; L1zl
Ahyyy g

From eq. 2.125 we can see that under constant stoichiometry condition (A = 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. &ea oc 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 (uvr.e= 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. &eal ¢ 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)

A typical H,—O, PEMFC might operate at a voltage of 0.75 V and A = 1.10. At STP,
what is the efficiency of such a fuel cell (use HHV and assume pure oxygen at the
cathode)?
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5. Mass balance in fuel cell — theoretical exercise
Problem (O’Hayre et al., Fuel cell fundamentals, 2016, review question 2.8)

Assume x moles per second of methahol and y moles per second of air are supplied
to a direct methanol fuel cell (DMFC) generating a current of i amperes at a volt-
age V (volts). (a) Write expressions for the output mass flux {(mol/s) of methanol
(UneOH, our)» AT (Vg m.]t:!‘ water (Ui, 0, on)- and carbon dioxide (Ugg, o) using the
given variables. (b) Write expressions for the stoichiometnc factors for methanol
(Apgecy) and air (A_; ) using the given vanables. (Clearly indicate numeric values for
n in all cases.)
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6. Mass and heat balance in fuel cell — calculation exercise

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

A direct methanol fuel cell generates 1000 A at 0.3 V at STP. Methanol and air are
supplied to the fuel cell at 0.003 and .03 mol/s, respectively. Calculate (a) the output

mass flux (mol/s) of methanol (vy oy oy)- alr (v, o). Water (v, g o). and carbon
dioxide (v, oy () the stoichiometric factors for methanol {"IML{:IH} and air (4 ):

and (c) the heat generation rate (J/s) for this fuel cell assuming Ah__ = —710.19
kl/mol for methanol combustion at STP.
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