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A Supports >50% of earth Qp@opulation

-

A High T, P A High capital cost
A Responsible for 1-2% energy consumption and CO, emissions worldwide
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U Hydrogen production (highly endothermic)
Methane steam reforming: CH + HO C CO + 3 H
Water gas shift: CO+HOC CQ+H,
U Preparation of synthesis gas (extreme purification)
U Pressurization (15050 bar)
0 Ammonia synthesis (exothermic): N,+3H, C 2 NH,

Overall Reaction:
3CH, + 6¢,0+47, <==> 3CO,+ 8NH,

In industrial practice, theCO,/NH,; molar ratio is about 1.1 (instead of 0.4)



Plants and bacteria produce N&t ambient conditionsi{trogenaseN, , H*, € )

Discovery* and development of high temperature ddnductors
Development * of ceramic membrane reactors with highddnductivity

BCZY27

N\,

V  High H * conductivity ( 10-% moles
H, cm-2s1) at 450-700 °C

g.41 mm 9.85mm 9.91mm

9.99

mm V  The hydrogen source can be a

hydrocarbon (e.g. steam

reforming)
NH3 ‘[ Ni-BCZY27
electrode
Electrolyte BaZr, e, ,Y 0,4 (BZCY72), thickness: 3Cm

Counter Electrode: Ni-BZCY72, area:2025cm?
Working Electrode: VN-Fe, area: 8m?
Tube length: 250 mm

* H. lwahara et al, Solid State lonicg, 359 363 (1981).
** S, Robinson, et al, Membr Sci. 446 (2013) 99.05; W.G. Coors, AManerbing J.Membr. Sci. 376 (2011) 5@5.
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Chi , H,O

CH,+HO == CO + 3H
CO + KD == CO+H, N, + 6H +6€ = 2 NH,
H, == 2H" + 2e 2H" +2e = H,

CQ),dy N,, Hy, N,

Overall: 3CH+6HO+ 4NC 8NH+ 3CQ

U Methane conversion increases by, lfemoval (operation at lower T)
U Purification of hydrogen is eliminated
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CHa conversion, %

CO:2 selectivity, %
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At the anode:

A Open-circuit: methane conversion > 60%

A Closed-circuit: methane conversion up to 85%
A Open-circuit: CO, selectivity up to 90%.

A Closed-circuit: ~ CO, selectivity > 99%.

At the cathode:

A NH,is formed at a rate of up to 1.95 x 10 mol-s*-cm2with a
corresponding Faradaic Efficiency of 5.5%.

A FEs up to 14% at lower current densities
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Naturalgas ( . CHA"ZHzg')h::ﬁSH +8e”
athode:
B! N, +6H" +6e> 2NH;
N, (H,) \ 2H* 426> H,

Chemicals

SSAS Reactor: CH,+¢,0z CO,+6¢*+6e (anode)

N, + 6H* + 6e"Z 2NH, (cathode)
2H* +2e z H, (cathode)
Protonic Ceramic Fuel Cell: H,z 2¢*+2e (anode)

1/20, + 2H* + 2e- 2 H,O (cathode)

(The PCFC is assumed to operate at a 45% efficiency)




Electrochemicabvsdndusinall KB B

L] L] L] L] 12 L] L] L] L]
2000+ . - ]
PCMR voltage = 0\3 Electrical £ 10, —— EHB process |
— Thermal é [\ e HB process
T Total <
+Z 1500- ! 3 3. l
o | \ e HB procesg o)
S = -
= 2 6. ]
> 1000 - IS
5 FEuHz= 35% 3 1 FEuH3 = 35%
i 5 '
BO0 e eeeeeeee e N v rmrrrrrsrrrsrrorrrrs s e - 8 -----------------------
PCMR operation windo: O 2. i
0 \. ; : : 0 ' . PCl:MR operatilon windo%
0 20 40 60 80 100 0 20 40 60 80 100
Faradaic efficiency to NiH% Faradaic efficiency to NH%

U >35% FE is required to exhibit lower energy demands and CO , emissions
than the industrial HB



