2.62 — Advanced Energy Conversion | Spring 2020

Homework 3 — Solutions

Problem 1
a) How much heat is needed to pyrolyze the ammonia? [5 points]

First, we start by applying an enthalpy balance (first law), assuming we start from
ambient conditions (Tin= To = 25C):

Q= Z vih; — z vih;

prod reac

Q = (0.5¢p 3, Tour = To) + 1.5¢p11, Toue = T0)) = (i + Ept, (Ton = T0))

Q = (0.5¢, 3, Toue = To) + 1.5¢ 11, Toue = To) ) = (R, )

Q = (0.5 x 29.15 X (55) + 1.5 x 28.96 X (55)) — (—45,700]) = 48.89 k]

b) Calculate the composition of the two streams at the exit of the cell.
[6 points | 8 points]

Begin by finding the inlet composition on the cathode side. Since the stoichiometry is 2:

Ty
Mo, cin = 2 X % = 1.5 mols/s

nNZ,C,in =3.76 X nOZ,C,in = 5.64 mols/s

The exit conditions on the cathode side are given by:

NN, cout = MN,,cin = 9.64 mols/s

7 0.65 x 1.5
o, cout = Toycin — ”Z“f’”‘md = 1.5 — ———— = 1.0125 mols/sec

NH,0,c,0ut = NHya,consumed = 0.65 X 1.5 = 0.975 mols/sec
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Likewise, the exit conditions on the anode side are given by:

nNZ,a,out = nNz.C.in = 0.5 mols/s
nHz.a.OUf = (1-0.65) x nHz.a.iTl = 0.525 mols/s

The corresponding exit mole fractions are summarized below:

Cathode Anode
H2 - 0.5122
(07} 0.1327 -
N> 0.7394 0.4878
H.0 0.1278 -

c) Calculate the open circuit voltage of this cell based on the concentrations at the exit.
[6 points | 8 points]

To calculate the open circuit voltage, we use the Nernst Equation:

The equilibrium constant K,, for the reaction H, + 0.50, — H,0 at a standard pressure
of 1 atm and at 80°C is calculated based on Table 3.6 in the notes. Using linear

interpolation (note this is a simplification), K, = 103%325% = 2.118 x 1035 (no units).

—AG°(T)
Kp(T) = exp <—92T )
Therefore:
- RT* i (8.314 x 353.15) 35
Ae°(T*) = e”aanp(T ) = (2 x 96485.33) In(2.118 x 103°) = 1.238V
Similarly:


https://96485.33

Ae®,(p*,T*) = —

RT*  /m\ 0.5 x (8.314 X 353.15
o (p ) - ( ) In(2) = 000527 V

S, \p/  (2x96485.33)

eN~a

Given the reaction in the cell:

1
HZ +§02 - H20

The last term is calculated as:

. i 1/2
A (X, TY) = — RT In HPTOdX;/ — (8.314 x 353.15) n XHz,aTIOdEXOZ,cathode
(Xi, neSa \ L. x" (2 x 96485.33)
react %

XHZ O,cathode

Ae°,(X;, T*) = 0.00576 V

Summing up all components:

Agpax (P, T*) =125V

d) Calculate the power delivered by the stack of 200 cells in the proposed application.
[2.5 points]

mA
P=j><A><V><n=600mx2000cm2x0.65v><200=156kW

e) What is the mass flow rate of H, needed to generate the power? [4 points | 5 points]

To supply a current of | = 1200 Amps, the number of moles of electrons needed per
second is Ne = I/F (where F is the Faraday number). Since each mole of H; supplies ne = 2
moles of electrons, we get:

1 1,200
2 n,F 2x96485.33

Ny = 0.00622 mols/s
For a stack of 200 cells, we will need:

g, consumed = 200 X 0.00622 = 1.244 mols/s

However, only 65% of H is consumed (react and contribute electrons to the current) (see
Figure 1). Thus, the total mole flowrate of H, needed is:
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f)

1.244 mols/s

Ny, supplied = 0EE = 1.914 mols/s

Assuming a molar mass of 2g/mole for H,, this translates to a H, mass flowrate of 3.828

grams[ sec.

What is the cooling rate required to keep the fuel cell at the desired temperature?
Note that the inlet and exit streams are all at the same temperature as the cell.
[4 points | 5 points]

Assuming steady state, and ignoring kinetic and potential energy changes, we get the
following equation by conserving energy around the fuel cell (the control volume is
specified in the figure below). Here Q401ing is positive according to the arrow shown in

the figure.
Qcooling + Welec = Z nihi - Z nihi

inlet outlet

Figure 1 - Control volume to calculate cooling rate

Weiec = 156 kW from part d. The right-hand side is essentially the heat released from the
combustion of 1.244 moles of H, per second (the number of moles of H, participating in
electrochemical reactions per second, as calculated in part e). This evaluates to
1.244xLHVk; and Qcoo1ing = 144.8 KW.



g)

h)

What is the efficiency of the cell? [2.5 points | 3.5 points]

We use the HHV value for H; (since water will be leaving in liquid phase under the
specified conditions) and rate of fuel consumed to be more reasonable in the analysis:

_ Power Out _ Waee 156000
FU = Rate of Chemical Energy In AR g ~ (1.244 x 285800)

=43.9%

Is it better efficiency-wise to operate the cell at 10 atm? [8 points]

If the fuel cell were operated at 10 atm, the open circuit voltage would be increased by:

peo o T — e (7 = ~ T (PE) _ 05 X (8314 x 35315) <1o)
£ (p", Epap ) = I ) = T2 x9648533)  "\2

eN~a

=0.0122V

Therefore, for every 1.5 moles of hydrogen supplied (see Figure 1), we get an additional

electric work of 6w = 1.5n,F(dAe) = 3,531.4 W.

Corresponding to 1.5 moles of hydrogen supplied, 7.14 moles of air are supplied (see
Figure 1). Thus, the compression work (for an ideal, isothermal compressor operating at

T = 80°C = 353.15 K and a pressure ratio of 5) is:

Weomp = RRT In <&> =7.14 x 8.314 x 353.15 x In(5) = 33.74 kW
1

Stated differently, we are getting an addition 3.5 kW electric power by supplying 33.74

kW mechanical power to the compressor, which is not desirable.
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Problem 2

a) Determine the molar flow rate of methane and water fed to the reformer. Note that
the partial pressure-based equilibrium constant of the water gas shift reaction at 800
Cis Kp = 0.8879. [7 points | 10 points]



b) Calculate the flow rate of hydrogen and the current produced by the fuel cell.
[3 points | 5 points]

c) Determine the heat transfer rate across the reformer/water gas shift reactor.
[5 points | 7.5 points]

d) Calculate the flow rate of air into the fuel cell. [5 points | 7.5 points]



e) Assuming that the product stream (2) of the fuel cell consists of CO, CO2, and H20,
determine the maximum work transfer of the fuel cell. [6 points | 10 points]

f) Determine the actual work transfer from the fuel cell, assuming a second law
efficiency of 70% for the fuel cell. [2 points | 2.5 points]

W, = Wyax X N = 87445 x 0.7 = 61211 KJ/s (Ans)

g) Calculate the operating voltage of the fuel cell. [2 points | 2.5 points]

Based on the power output W,

V= & _ 61211x1000
I 90.7x10%

=0.675 V (Ans)



Problem 3

a) Determine the mole fractions at the anode and cathode. What is the theoretical open
circuit voltage of this cell? [12 points]

Anode:

Start by using the information we have for water vapor:

Pv XUPO

¢Ln Psat Psat - H,0 ¢Ln <

Psat
Py

) — 0.2 x 0.4708 = 0.09416

Given the molar ratio of H, to CO»:

4
Xu, = (1= Xpu,0) X = = 0.7247

1
Xco, = (1= Xu,0) X = =0.1812

Cathode:

Start by using the information we have for water vapor:

Pv _ XUPO
Psat Psat

Psat
Py

Gin = - Xp,o = gbin( ) = 0.4 X 0.4708 = 0.18832

Given the molar ratio of N> to O3:

1
Xo, = (1= Xp,0) X 17¢ = 01705

3.76
Xy, = (1 —Xp,0) X 27¢ = 06412



Theoretical Open Circuit Voltage:

We do this calculation based on inlet conditions — assuming each stream is pure:

Taking To= 298 K, the properties @ (353K and 1) bar are calculated as follows:

h; = é,(T; — To) + h?;

o] A Ti
si=s{ +¢,1n T_o

9i = hi = Tis;
Enthalpy (J/mol) | Entropy (J/mol-K) Gibbs free energy (J/mol)
H2 1592.8 135.5851 -46268.8
02 1625.25 210.157 -72560.2
H20 -239978.55 194.5243 -308645.6

In this case, the reaction occurring within the fuel cell is:

1
HZ +§02 - H20

—AG3(353K) RT 1 (XHZ,anodeXéi,zcamode

Agoc = +——In
o¢ 2F 2F XHZO,Cathode

) =1.178V
b) Determine What is the open circuit (thermodynamic) efficiency based on the lower
heating value of H2? (LHV of H2 is 120.1 MJ/kg) [2 points]
AH, gy = (120.1 MJ/kg) X (2.016 kg/kmol) = 242,121.6 J/mol

AG,  2F(Aggc)

= = = 93.99
foc AH,py AHpy &

c¢) How many individual cells are needed to supply the required power for the vehicle?
[2 points]

Power = N o jVA
Power _ 80,000 W

VA 1A 06V x 650 cm?
cm

Neenp = = 205 cells




d) What is the total molar flow rate of oxygen? [2 points]

Power
I = nanOZ,Consumed = %

. _ Power 80,000 W
N0, consumed = V(n,F) 4 x0.6V x 96485 C/mol

= 0.3455 mol/s

Given the air stoichiometry is 2:

i, intet = 2 X 0.3455 = 0.69 mol/s

The corresponding molar flow rates of N, and H,O at the inlet are:

leZ,in = 3'76 X 7:"'Oz,i‘n_let: = 2-59 mOl/S

0.18832
0.1705

nHzO,iTl _ XHzO,iTl . _
e X . THom =
0,,in 0,,in

) %X 0.69 = 0.762 mol/s

e) What is the composition of the air-side stream at the exit of the stack, expressed in
terms of the mole fractions of N, Oz, and H,0? [5 points]

nHZO,prod = 2nOZ,consumed = 0.69 mOI/S
nHZO,exit = nHZO,inlet + nHZO,prod = 1.452 mOI/S
No,exit = No,,inlet — N0, ,consumed = 0.3445 mOI/S

nNZ,exit = nNZ,inlet = 2.59 mOI/S

Therefore:

le 0,exit

Xu,0 == 2 , = 0.331

nHZO,exit + nOZ,exit + nNZ,exit

flO ,exit

Xo, == T — 7 = 0.0785

nHZO,exit nOZ,exit nNZ,exit
NN, exi
_ 5,exit _
Xy, =0.591

nHZO,exit + nOZ,exit + nNZ,exit



f)

g)

When the design exit air relative humidity is 90%, does the current operating
conditions satisfy the design target? [2 points]

_ Py, 0331
¢= Pyosac 04708

Therefore, the relative humidity is lower than the design target.
What is the composition at the anode side exit stream? [6 points]

The molar fraction is independent of the total number of moles (provided the

composition remains constant). Take the composition to be that of the anode inlet (Part
a) such that }n; = 1 mols of mixture (at anode inlet), and account for changes. Given

the fuel utilization, we know that:

n -n
HZ,inler HZ,FXM

= _Ther g

n
HZ Jinlet
n =0.1n
H. 2 exit H 2.inlet

Similarly by mass conservation in the anode:

. . _ Xyo .
nHzO,exit - nHzO,inlet - X— nHz,inlet
HZ
. . _ X co, .
nCOz,exit - nCOZ,inlet - X— nHz,inlet
H2

By the definition of molar fraction:

n, .
XH =— : H, ,exit : _ 007247 _ 0208
* Ty e Flico,on T 0w 0.07247+0.1812+0.09416

Y - Mo, e _ 0.1812 0531
O Py it o, e F oy 0.07247+0.1812+0.09416

v R4y 0 exi _ 0.09416 0271
0 Ry i F o, e 0w 0.07247+0.1812+0.09416

12



h) What is the molar flow rate of the fuel stream at the inlet? [3 points]

Power
I = nanHZ,Consumed = %
. _ Power _ 80,000 W — 0.691 1
Mt consumed = 7001y = 37X 0.6 V x 96485 C/mol 0001 mol/s
Accounting for fuel utilization:
. nHZ,Consumed
Ny, inlet = 09 0.7678 mol/s
i) What is the first law efficiency of the cell? [2 points]

_ generated power 80kW 80 _43.37%

" chemical energy in - LHV, xny, " 240.2x0.7678

i) What is the cooling rate required to keep the fuel cell at 80C? [4 points]

0= nh—> ih+0O-W

out

Q=W+ ih->ih

out in

Q = W + (nHZO, produced hHZO ) - (nHz ,consumed th ) - (nOz ,consumed h02 )

O =80+0.691x(~239.98) —(0.691x1.59) —(0.3455x1.63) = —87.49 kW

13
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k) Derive an expression for the exit relative humidity: [15 points]

By definition:

0

_ nHZO,exit p
¢exlt -

nHzO,exit + nNz Lexit + nOz,exit pHZO,sat

Expanding the terms:

i _ Power
nOZ ,consumed 4VF

nNz Jexit = nNz,inlet = 376/1”02

,consumed

nO2 Jexit = n02 Jinlet - n02 ,consumed = (j' - 1) n 0, ,consumed

To find the last term, we start by defining a ratio of vapor pressures:

l/) _ ( PHZO,in ) _ ( ¢inPH20,sat )
PN2+02,in PO - ¢inPH20,sat

Likewise, using the definition of partial pressure:

'l_/) _ ( XHzO,iTl ) _ ( nHzO,iTl )
XN2+02,iTl nN2+02,in

For one mole of oxygen entering, this becomes:

n .
HzO,ln) nHZO,in — 4761/) (per mole of 02)

‘/’:( 4.76

Accounting for the total amount of oxygen entering:

nHZ 0,in = 4-76A¢n02,consumed

Also we know that:

nHzO,produced = 2”02 ,consumed

Therefore:

nHZO,exit = nHZO,inlet + nHzo,praduced = 4761 V/n02 ,consumed + znoz,mmumed



Substituting back into our starting equation:

0

_ nHZO,exit p
¢exlt -

nHZO,exit + nNz Jexit + nOZ,exit pHZO,sat

;o 476y +2 P’
exit 476],!//"‘24‘376/1"'(2_1) P1,0,sat
476Ay+2  p’ _ Ay+042  p

T 4760y + 476041 Py AW D021 p,,

I) What should be the relative humidity of the inlet air if the relative humidity of the exit
air is 90%? [5 points]

We start by solving for the ratio of vapor pressures:

2+042 1
¢exit = 09 = l// 0
2y +2.210.4708
— 0¢inletpH20,sat — 0448
p _¢in1etpH20,sat
Using the definition of the y:
l _ po _¢inletpH20,sat _ 1 1 1

l// ¢inletpH20,sat - ¢inlet0'4708 o 0448

¢in[et = 0657

15
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