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International treaties of UNFCCC (1992), Kyoto (2007), and the Paris Agreement (2015) 
did not stop the trend in increased CO2 emissions:  Will COP 26 be different?

Global disruptions have not produced long-term increases in emissions

B.E. Logan. (2022): Daily Energy Use and Carbon Emissions, Publisher: John Wiley

The global challenge of CO2 emissions



Why H2? Heavy hauling transportation
Consider Energy Densities: 

• Fuel: percentage of total weight:
– Car (gasoline): 2%
– Airplane (jet fuel): 26-45% 

• Batteries for 
– Electric vehicle (Tesla) weight = 27%
– Batteries for large airplanes? They can’t take off…

(737 fuel = 40,000 lb, Full = 175,000 lb; battery =3.1 million lb)
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Method Density (kWh/kg) Gas greater by 
Gasoline 12.4 ---
H2 tank (car) 33 0.38 x
Battery (Tesla) 0.16 77 x



H2 from water
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Netherlands

Spain

Germany

Washington 
State in US



Saudi Arabia will build a $5 Billion H2 plant: 
Wind & Solar energy  H2 NH3 H2
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Getting to the Future with H2: IEA 2021 Report
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• 2020-2030: Focus on “low hanging fruit”: 
fossil fuels to low-carbon H2 for industry, 
refineries, powerplants, blending with 
natural gas. (report p.75)

• Invest in H2 technologies increases from 
$1B to $40B annually by 2030. (p.17)

• Heavy Industry: Reductions in CO2 by 
~50% due to H2 + carbon capture and 
storage (CCS). (p.99) 

• Transportation: By 2050, H2 is fuel for:
• 33% heavy trucks, 33% aviation, 60% 

shipping
• H2 + grid electricity = 95% for rail. (p.138) 

• Electricity: Provide a low-carbon source of 
dispatchable power and seasonal storage. 
(p.108) 

Key Challenges: Inexpensive, GREEN H2



Topics for this presentation on Green H2

• Hydrogen gas-
– Why is it important? (Done)
– Global interest & the US DOE 1:1:1 program
– Why “blue H2” made with CH4 has challenges

• H2 from water electrolyzers
– Research at Penn State using RO membranes 
– Vapor-fed anolytes in PEM-based WE
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• Energy education
– Climate change is impacting the world, and things 

have to change
– The benefits of green H2 need to be more effectively 

communicated to the public.

• Making H2 gas using Microbial 
Electrolysis Cells (MECs)
– Increasing rates using novel designs



1 1 1 “H2 shot”: $1 for 1 kg in 1 decade
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Relevance to US DOE HFTO and Hydrogen Shot 

*Sourced from March 11, 2021, Sustainable Energy Council (SEC) World Hydrogen Summit by Dr. Sunita Satyapal
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Blue H2: How much net CO2 release if the captured 
CO2 is used for further oil extraction?
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“where it 
assists in oil 
recovery”



There are also substantial natural gas leaks prior to use

What percentage of 
natural gas is lost?
• US EPA: 1.4%
• Alvarez et al.: 2.3%
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WaterEnergyGlobal Warming Potential (GWP) # for CH4 is changing

CH4 + 2 O2 CO2 + 2 H2O

1 g CH4

2.74 g CO2

Combustion

Direct release CH4
Assuming: GWP = 21

(7.7× combustion)

21 g CO2e

Study GWP

100-y, IPCC 1995 21

IPCC 2014 28

20-y,   IPCC 1995 56

20-y,   IPCC 2014 85

20-y,   Alvarez et al. 96
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WaterEnergyNatural Gas (methane) use and CO2e emissions
IPCC: 100 y CO2e

GWP = 21

1.45 Gt CO2 /y

30 billion ft3/y
0.567 Gt CH4 /y

Natural Gas 
Extraction

Fugitive Emissions: 
Losses during 

extraction, transport, 
use

0.0074 Gt CH4 /y

0.155 Gt CO2e /y = 11%

EPA: 1.4%

0.528 Gt CH4 /y consumed CO2
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WaterEnergyNatural Gas (methane) use and CO2e emissions
IPCC: 20 y CO2e

GWP = 85

1.45 Gt CO2 /y

30 billion ft3/y
0.567 Gt CH4 /y

Natural Gas 
Extraction

0.0121 Gt CH4 /y

1.03 Gt CO2e /y = 71%

0.528 Gt CH4 /y consumed CO2

Alvarez et al: 
2.3%

Fugitive Emissions: 
Losses during 

extraction, transport, 
use



How does a GWP=85 affect total US CO2e emissions?

• GWP = 25 (100-y)

– O.63 Gt CO2e in 2018 due to 
methane 

– 5.90 Gt (Total=6.68)

• GWP = 85 (20-yr)

– 2.2 Gt CO2e from methane
– Emissions increase 21% to 

7.4 Gt

17
Data from US EPA Report (2019)
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Relevance to US DOE HFTO and Hydrogen Shot 

*Sourced from March 11, 2021, Sustainable Energy Council (SEC) World Hydrogen Summit by Dr. Sunita Satyapal



Water Electrolyzers: Two main approaches
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PEM/Acidic

Both approaches need ultra-pure (deionized) water 

Alkaline



Challenges for Electrochemical H2 production

• Need water with no Cl–

• Presence of Cl– results in Cl2 gas 
evolution instead of water splitting
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• Up to 50% of the cost of water electrolysis 
(WE) is in membranes and catalysts

• Renewable energy sources offshore (wind) 
or in arid regions (solar)

• Water source for WE is a concern
• Great interest in using seawater/impaired 

water
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2 H2O

H2 + 2OH–

H2O 

e–

(H+)

Proton Exchange Membrane (PEM)
Cation Exchange Membrane (CEM)

O2 + H+

+ –

2 Cl− → Cl2 + 2 e−

Anode Cathode

Cl2, HOCl
ClO3

– ClO4
–

Cl–



Na+

pH goes down pH goes up

Na+

Cl–
Na+

Cl–

Water Electrolysis: using NaCl?



Reverse Osmosis membranes are “cheap”!
• Ion Exchange (IX) membranes 

– Expensive! ~$100 – $1000 /m2

– Limited production
– Use fluorinate compounds (PFAS)

• PEM work well (CEM not clear)

https://www.youtube.com/watch?v=BFjvOyjlU5k

• Reverse osmosis (RO) membranes 
– Inexpensive! < ~$10 /m2

– Already have mass production
– Do not use PFAS!

• Can we use RO membranes for WE? 



RO membrane must have a 

sufficient conductivity to 

sustain ionic current 

= Low resistance (Ω m2)

Le Shi
Postdoc, Penn State

Shi, Rossi, Son, Hall, Hickner, Gorski, Logan (2021) Energy Env. Sci.



RO membranes 
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X. Chen, et al., Desalination 479 (2020) 114335

Active layer of TFC RO 
membranes ~ 130-300 nm

DMF= 171 ± 10 nm

Xinglin Lu, Siamak Nejati, Youngwoo Choo, Chinedum O. Osuji, Jun Ma, 
Menachem Elimelech. 2015. Elements Provide a Clue: Nanoscale 
Characterization of Thin-Film Composite Polyamide Membranes. ACS Appl. 
Mater. Interfaces. 7, 16917−16922

NMP = 132 ± 28 nm 



PEM/Acidic

RO
- Low pH anolyte
- Higher pH catholyte
(seawater)
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Seawater Electrolysis with a contained anolyte
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ClO4
– electrolyte

(acidic)

H2O 

OH–

H2O 

e–

H+

H+ permeable RO membrane

O2

H2O

Draw solution

+ –

Seawater flow 
to maintain pH

Alkaline 
seawater

H2

H+



Area-resistances must be low:
BW-RO membrane vs CEMs (Selemion, Nafion)
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Shi, Rossi, Son, Hall, Hickner, Gorski, Logan (2021) Energy Env. Sci.

Voltage: 𝑈𝑈 V = 𝐼𝐼 A
cm2 𝑅𝑅 (Ω cm2)

Power:   P W
cm2 = 𝐼𝐼 A

cm2 𝑈𝑈 V



BW RO membrane can sustain current similar to Nafion 
(best CEM) with comparable applied voltages
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Shi, Rossi, Son, Hall, Hickner, Gorski, Logan (2021) Energy Env. Sci.



Using different counter ions to measure crossover
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Membrane should not have high 

transport of ions other than H+ and OH–

Shi, Rossi, Son, Hall, Hickner, Gorski, Logan (2021) Energy Env. Sci.



Comparison of proton transport through membranes to 
total ion transport
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Method: Measure proton concentration (pH) to 
see how much H+ accumulated versus 
concentrations of salt ions. 

Calculated amount of charge contributed 
by H+ compared to other ions.

Shi, Rossi, Son, Hall, Hickner, Gorski, Logan (2021) Energy Env. Sci.



Analysis of whether ion transport changes 
over time

• An increase suggests 
that the rate of ion 
transport is increasing.

• That increase could be 
due to membrane 
damage

32Shi, Rossi, Son, Hall, Hickner, Gorski, Logan (2021) Energy Env. Sci.



Other Considerations
• Explore inexpensive catalysts: 

• Replace Ir (An) with non-precious metals 

• RO membrane has good retention of 
gases pressurized H2 is important

• Water could be supplied from catholyte to 
anolyte

• Pressure: Could adjust pressure to drive water 
into the anolyte from the catholyte

• Adjust anolyte concentration to act as a Draw 
solution (as in Forward Osmosis, FO)

33
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Alternative Water Electrolyzer: Vapor-fed anode

𝐂𝐂𝐂𝐂−

𝐍𝐍𝐍𝐍+

𝟒𝟒 𝐇𝐇𝟐𝟐𝐎𝐎
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1. Na+ rejection
2. Cl– rejection

𝐇𝐇+

PEM

• The PEM rejects the 
negatively charged Cl–

• Proton transport is favored to 
the cathode

• Avoids Na+ ion transport to 
the anode (no anolyte)

Dr. Ruggero Rossi
Asst. Research 
Prof. (Penn State)

Vapor anode 
gas flow Rossi, Hall, Shi, Cross, Gorski, Hickner, Logan (2021) Energy Env. Sci.



Electrode Overpotentials Using Seawater vs DI
• Costs of ultrapure / deionized 

(DI) water only part of the H2 WE 
Challenge

• Other challenges:
– Energy use for DI water after RO
– Brine production
– Waste production (old modules)

• New approach being developed 
using CEM membrane, requires 
low salinity but not DI water

35

DI/DI

New w/ DI

New w/ 
10 mM

New w/ 
50 mM

Conventional w/ 10 mM

Rossi, Hall, Shi, Cross, Gorski, Hickner, Logan (2021) Energy Env. Sci.



3
6

Avoids chlorine evolution with high performance (low overpotential)

<5% current due to 
Cl2 with seawater

Deionized water

Brackish water
(NaCl 50 mM)

Seawater
(NaCl 0.5 M)

Rossi, Hall, Shi, Cross, Gorski, Hickner, Logan (2021) Energy Env. Sci.
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Relevance to US DOE HFTO and Hydrogen Shot 

*Sourced from March 11, 2021, Sustainable Energy Council (SEC) World Hydrogen Summit by Dr. Sunita Satyapal



38

Cellulose to H2: Getting past the fermentation barrier

10

100

1,000

10,000

100,000

1,000,000

10,000,000

100,000,000

1,000,000,000

2000 2020 2040 2060 2080 2100

Hydrogen Consumption per year for US LDV Transportation
 (Metric tonnes/year)

Need 1011 kg/yr
H2 for light duty 
vehicles

In Theory: Cellulose  12 H2

The cellulose/biomass 
“fermentation barrier”

1.34/2 billion ton/y of cellulose 
could produce  ~1011 kg/yr H2
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Cellulose to H2: Getting past the fermentation barrier

10

100

1,000

10,000

100,000

1,000,000

10,000,000

100,000,000

1,000,000,000

2000 2020 2040 2060 2080 2100

Hydrogen Consumption per year for US LDV Transportation
 (Metric tonnes/year)

Need 1011 kg/yr
H2 for light duty 
vehicles

In Theory: Cellulose  12 H2

The cellulose/biomass 
“fermentation barrier”

C6H12O6 + 2 H2O 
4 H2 + 2 C2H4O2 + 2 CO2

Fermentation

Achieves < 8H2 total possible = 12H2

Microbial Electrolysis 
Cells (MECs)

2 C2H4O2 + 2 H2O 
8 H2 + 4 CO2

Achieves < 4 H2
(+ 2 Acetate)

1.34/2 billion ton/y of cellulose 
could produce  ~1011 kg/yr H2

Cellulose; 
Wastewaters; 

Any biodegradable 
organic matter
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Microbial Fuel Cells (MFCs) make electricity using microorganisms

load

Anode (Bacteria 
on Carbon)

Cathode
(Activated Carbon)

CO2

Fuel = Acetate
(+organic wastes)

e-

O2

H2OH+

e-
Bacteria that 
produce electricity

OH–

Membrane 
not used

MFCs

Liu et al. (2004) Environ. Sci. Technol. 



Exoelectrogenic microorganisms span the 3 domains of life!

Logan, Rossi, Ragab, Saikaly (2019) Nature Rev. Microbiol.
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What microorganisms produce current = exoelectrogenic?

Logan, Rossi, Ragab, Saikaly (2019) Nature Rev. Microbiol.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

e– 

Anode Cathode 

or    Power 
        added 

H+ OH– 

 
 
 

 
 

 

Separator 

 Bacteria 
Archaea 
Eukarya 
Mediators 
Catalysts/Binders 
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Scaling up MFCs: from laboratory to pilot scale
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Gen 0: 0.025 L, 25 m2/m3 Gen 1:  0.13 L, 25 m2/m3 Gen 2: 2 L, 20 m2/m3

Gen 3: 6.1 L, 20 m2/m3

 
 a. b.

   

 
 

Pilot-Scale MFC: 
850 L active 
volume, 25 m2/m3

MFCs
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Microbial Electrolysis Cells (MECs) produce H2

MECs
H2

Cathode
(Pt/Ni/SS catalysts)

CO2 e-

H+

e-

Bacteria 
(bioanode)

No oxygen in  
cathode chamber

PS Need >0.11 V 
(vs 1.2-1.8 V for water 

electrolysis)

Liu, Grot & Logan (2008) Environ. Sci. Technol. 

Call & Logan (2011) Biosen. Bioelectron. Membrane 

Fuel = Acetate
(+organic wastes)

OH–
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Scaling up MECs: from laboratory to pilot scale: Part I
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28 mL MEC5 mL mini-MEC 2.5 L MEC 1000 L MEC

Single-Chamber 
MECs: H2 CH4

Two-Chamber MECs:
H2 recovery

XMECs


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Scaling up MECs: Increasing current and H2 production rates

Rossi, Baek, Logan (2022) Environ. Sci. Technol.

NEW Approach: Zero-gap electrode 
spacing, Vapor-fed cathode
• No catholyte = no anions other 

than OH–

• AEM facilitates only OH –

transport from catholyte to 
anolyte

• pH of anode is stabilized

Bacteria on the anode 
produce current 

(need neutral pH)



New type of MEC: Zero gap, gas vapor catholyte
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• Electrolyte flow through the anode (carbon felt)
• Anode pressed against the AEM
• AEM pressed against cathode 

(MEA configuration)

• Humidified gas flow past cathode H2

Gas Flow

Solution flow

Rossi, Baek, Logan (2022) Environ. Sci. Technol.
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Scaling up MECs: Increasing current and H2 production rates

MEC results: 17x increase in performance 
with Pt cathode, Acetate, PBS:

– 42 A/m2-d (versus 5 A/m2)

– 63 L/L-d   (versus ~3.8 L/L-d)

– Highest H2 production rate achieved 
under these solution conditions

Rossi, Baek, Logan (2022) Environ. Sci. Technol.
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Why use biomass (electrolyzers) to achieve $1H2/kg?

• Water electrolyzers require 2 steps
– Water purification (reverse osmosis + deionization) 
– Electrolyzer operation using electrical power

• Electricity use is high
– Minimum of electrical energy for water splitting is 

33 kWh/kg H2 (thermodynamics)
• $1 kg H2 requires for electricity: 

– $0.03/kWh for electricity (thermodynamic limit)
– $0.02/kWh considering current efficiencies (70%)

• Precious metals may be required. 
– PEM uses Ir, Pt; AEM does not (Ni-based)

• Small, compact reactors, high electricity 
demand

• Biomass (with electrolyzers) requires 2 steps
– Biomass fermentation

• Fermentation is spontaneous, so no energy input needed 
during process (neglecting reactor stirring, pumps)

• Produces 4 moles H2 per cellulose (of maximum = 12)

– Microbial electrolysis Cells (MECs)
• Minimum electrical energy is only 1/10th electrical energy 

compared to water electrolyzers

• $1 kg H2 requires for electricity 
– $0.30/kWh for electricity (thermodynamic limit) 

for 8/12 moles of H2

– $0.45/kWh for 12/12 moles of H2.
• Precious metals not required.
• Large reactors used, need transport of biomass, 

low electricity demand



50Nature | Vol 597 | 30 September 2021 | 605

16-25 years old

Final Thoughts: Energy, Environment & Climate Change



Not just energy: Need to address All Gases + LUC

Fig. 14.10. Global GHG or CO2 emissions reported by several different agencies: all GHG plus LUC, 
solid lines; all GHG with no LUC, dotted lines; and only CO2 emissions, dashed lines.  
Sources of data: UN (United Nations Environment Programme 2020) and previous UN reports; CW 
(Climate Watch 2021), GCP, BP (Dudley 2019), IEA (IEA 2021).   The break in the line for the UN 
data reflects a change in how it was reported. 

Land Use, Land-Use Change and Forestry 
(LULUCF): A greenhouse gas inventory sector 
that covers emissions and removals of 
greenhouse gases resulting from direct human 
induced land use, land use change and forestry 
activities.

Based on UN Report (highest #’s)
• CO2 (FF) = 38 Gt/y
• + Other gases (OG) = 52.4 Gt/y
• + OG + LUC = 59.1 Gt
30 years… 
• CO2 = ~ 1000 Gt
• UN = 1770 Gt

Source: Logan (2022)
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Why I wrote a book on Energy Use and Carbon Emissions? 
To address the challenges of slowing climate change

• Learn about 
– Your personal energy use vs average American
– How are CO2 emissions tied to your energy use?
– How to better understand the amounts of energy use and carbon 

emissions (based on “social math”: units of D, C and w).
– Alternative carbon-neutral fuel options like H2

• Apply knowledge to infrastructure design: Reduce fossil 
fuel energy use and CO2 and GHG emissions
– How do we build and modify our infrastructure to address 

climate change
– Climate justice 



53

CONCLUSION: Green H2 makes sense

• RO membranes open a new 
research direction in water 
electrolyzer and other 
separation systems

• Negligible Cl2 generation with 
RO membranes or vapor-fed 
anode configurations

Acknowledgements 
for Funding:

Water electrolyzers
Praxair Gulf Coast Hydrogen Pipeline System 
~ 267 miles and proposed extension

Netherlands

Saudi Arabia will build 
a $5 Billion H2 plant

US DOEMECs
• Provide a bio + electrochemical 

route to green H2
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