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Ø HB processes need expensive high 
pressure (2000–3000 psi)
– High cost of high pressure 

means large (1000–4000-
tons/day) plants to achieve 
economy of scale

– Large centralized plants mean 
storage/transportation costs 

Ø Electricity as driver eliminates need 
for high pressure, enabling:
– Economically viable ammonia 

production at smaller distributed 
plants in response to 
local/regional demand

– Accommodation of intermittent 
operation, allowing use of 
renewable and/or lower-cost off-
peak electricity

LPEA versus Haber Bosch (HB)



Demonstrate 16% LPEA energy 
input reduction versus state-of-
the-art (2018) HB processes: 

8.5 to 7.1 MWh/ton NH3

Demonstrate LPEA reduced 
capital/operating cost and turn 
down/on/off flexibility

Key to achieving goals is high-
temperature (≥300°C) high-
proton-conductivity gas-
impermeable polymer–
inorganic composite (PIC) 
proton exchange membrane

Also need cathode catalyst with 
high activity/specificity for 
nitrogen reduction

LPEA Project Goals



Process/Pathway MWh/ton NH3

SMR + HB – Theoretical minimum 5.61

SMR + HB – State of the art, 2018 8.52

SMR – State of the art (high-purity H2 production only) 6.23,4

LPEA – Project target (ammonia synthesis from H2 and N2) 0.8*

N2 separation from air + NH3 product condensation, compression 0.1

SMR + N2 separation + LPEA + NH3 condensation, compression 7.1

* Based on achieving polymer–inorganic composite membrane performance targets  
and LPEA process operating at NH3 production energy efficiency of 65%.

Key economics 
consideration – When
LPEA is integrated with 
steam methane reforming 
(SMR) infrastructure, 
electricity represents about 
13% (0.9 MWh/7.1 MWh) 
of total ammonia 
production energy input, 
with remaining 87% 
provided by natural gas.

HB-based ammonia production versus LPEA – energy consumption comparison
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= 8.5 MWh/ton



Ø Low-cost inorganic proton conductor 
(IPC) particles are composited in 
high-temperature polymer 
polybenzimidazole (PBI) matrix to 
yield 300°C-capable PIC membrane

Ø Compositing PBI with stable high-
temp proton conductor (versus PBI 
“doping”) maintains PBI thermal 
stability and mechanical properties, 
translating to high stability and 
strength of PIC membrane

Ø Resulting PIC membrane is (ideally) 
gas-tight with high-proton-
conductivity at ≥300°C operating 
temperature, required for 
commercially relevant NH3
production rate

Electrolytic ammonia synthesis via PIC membrane



PIC proton exchange membrane performance targets
• Proton conductivity of ≥10-2 Siemens/centimeter at 300°C
• Gas permeability of <2% at 300°C
• Ability to sustain 10-2 Siemens/centimeter proton conductivity for at least 1000 hours
• As measured in membrane–electrode assembly (MEA) at minimum temperature of 300°C:

– Current efficiency of ≥65% for ammonia formation at current density of ≥0.25 amps/centimeter2*
– Ammonia production efficiency of ≥65%*
* U.S Department of Energy-specified performance target



Pressed-disk PIC membrane initial performance validation via impedance testing

PIC Membrane
• 800-µm thickness
• 94% IPC
• 6% PBI

Test Conditions
• 100 sccm hydrogen 

flow over anode
• 100 sccm nitrogen flow 

over cathode
• Humidity supplied as 

steam to both anode 
and cathode

Humidification required to achieve high proton conductivity at 300°C 
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Pressed-disk PIC membrane – 24-hour impedance testing



Gas permeability (H2 cross-over) measured during proton conductivity testing of pressed-disk PIC membrane at 
300°C, 475 g/m3 absolute humidity



Cast film PIC membrane fabrication – early-stage

IPC Powder Fine Grinding

Nanoparticles

IPC suspension in
PBI/DMAc Solution 

Substrate

Blade Casting

Blade

Substrate

Membrane Spreading & 
Drying 

Blade



Commercial PBI film (left) and early-stage lab-fabricated PBI film (middle), 54% IPC–46% PBI film (right) 

Commercial film appears more compacted/dense than early-stage lab-fabricated films 



Optical image of early-stage 67% IPC–33% PBI cast film membrane

IPC particles initially ground to 
5–15 µm; now using 0.5–1.5-µm 
particles

Blade/drawdown bar-induced 
liquid film spreading results in 
bumpy surface, uneven 
drying/solvent evaporation, 
particle aggregation

Working on quality improvement 
via optimization of polymer 
concentration, layer thickness, 
blade spreading speed, heating 
temperature and duration, 
temperature–time profile 

4 µm



H2 cross-over measured for 67% IPC–33% PBI cast film membrane (with proton conductivity of 0.2*10-2 S/cm) at 
300°C, 330 g/m3 absolute humidity

Commercial PBI film exhibited zero H2 cross-over for over 24 hours at 300°C, 330 g/m3 absolute humidity 



IPC Powder Fine Grinding

Nanoparticles

IPC suspension in 
PBI/DMAc solution 

Electrospinning

Heat-press treatmentIPC–PBI nanofiber 
membrane Nonwoven IPC–PBI nanofiber mat

IPC–PBI matted (versus aligned) nanofiber PIC membrane fabrication – early-stage

Depending on nanofiber IPC loading achievable and resulting membrane performance, 
may investigate nanofiber alignment to increase proton conductivity



Catalyst screening to identify serviceable (versus highly optimized) cathode catalyst

a) potentiostat, b) working electrode (candidate cathode catalyst), c) reference electrode (Ag/AgCl), 
d) counter/anode electrode (Pt wire/cage), e) N2 inlet, f) Nafion membrane, g) following test, cathode 
solution undergoes UV–Vis spectrophotometry analysis for ammonia quantitation, h) magnetic stirrer.

UV–Vis



Candidate Catalysts

• Single-atom-iron on nitrogen-doped carbon 
• Single-atom-ruthenium on nitrogen-doped carbon
• Ruthenium nanoparticles on reduced graphene oxide
• Bismuth nanocrystals
• Gold and nickel nanoparticles on nitrogen-doped carbon
• Zirconium nitride
• Niobium nitride
• Chromium nitride

Cathode catalyst screening objective –
Identify catalyst with 50% faradaic efficiency for NH3 synthesis at room temp 

How about your catalyst?



By 14 June 2021…. 

ØOptimize PIC membrane based on
• Performance and durability at 300°C
• Compatibility with Nel Hydrogen MEA fabrication technique 

and equipment
Ø Identify serviceable cathode catalyst that meets all Nel form 

factor requirements for MEA fabrication
ØDeploy Nel-fabricated MEAs in multi-cell LPEA system

• Optimize system performance
• Conduct long-term performance and durability testing of PIC 

membrane and other system components
ØEvaluate techno-economic viability of PIC membrane-based 

LPEA process   
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