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• Conversion of H2 and CO2 into methane

• Thermochemical reduction – Sabatier 1897
• involves high temp (300 - 400 oC) and Nickel catalyst

• Biological reduction
• low temperature and ambient pressure, microbial catalyst 

• a component of conventional anaerobic digestion

• First biological reactor using pure culture with H2 and CO2 in 
gaseous form patented in 2007

Short history of reductive methanisation



• Energy balance is not favourable by either thermochemical or 
microbial route

4 H2 + CO2 = CH4 + 2 H2O

• Energy value of input H2 (4 m3) = 14.2 kWh

• Energy value of output CH4 (1 m3) = 11.1 kWh

• i.e. only 78% conversion efficiency

• Energy inefficiency in the production of H2 by electrolysis

So why is this not in widespread use?



So why is everyone interested now?

• Increasing proportion of renewables means electricity supply can 
exceed demand

• Insufficient cost-effective ways of storing this

• Power can be converted into H2 as a fuel gas which can be stored or 
used in other applications

• Storage and direct use of H2 are both difficult as not suited to existing 
infrastructure 

• So ‘Power-to-gas’ (i.e. methane) has become topical due to ease of 
distribution and huge storage capacity associated with gas grid



Closing the energy gap

• Direct savings
Use of heat from electrolytic H2 production
Replacement of existing biogas upgrading technologies

e.g. pressure swing, membranes etc

• Process integration
Oxygen

- useful in the water industry
- may be even more useful in gas fermentations

• Invisible displacement
As we move to carbon utilisation rather than capture and storage, should these 
energy costs be considered?

• Methane is a great starting point in C1 fermentation



Ways to go

• Continuing development of thermochemical conversions; but likely to 
remain uncompetitive due to high energy input and catalytic 
requirement

• Bioconversion only has 10 years’ history, but commercial companies 
are already starting to exploit this niche, both with pure cultures and 
as an add-on to AD processes

• Still no defined technology or market certainty and research is taking 
many different directions
• Ex situ processes using H2 and CO2

• In situ processes using biogas and H2

• Pure or mixed culture, conventional and high-rate reactors

• etc



IBCat H2AD project

• Is looking at ex situ systems (potential for high-rate)

• Also adopted the view that in situ conversion deserves attention for several 
reasons
• Existing infrastructure in AD plants

• Good connections to electricity grid

• Increasing interest in biomethane production and gas grid injection at larger plants

• In situ potentially offers a ‘one-stop shop’ for biogas upgrading while also 
increasing the total methane yield per tonne of carbon arriving at the plant

• Retrofitting existing digesters may be economically competitive
• Low capital and operating costs



Process limitations

• Amount of CO2 available for conversion
• depends on process organic loading

• loading depends on feed VS, HRT, process constraints

• Typically 2-4 kg VS m-3 day-1 at commercial scale

Phase 1

Traditional AD: to determine 
baseline conditions and the 
amount of H2 to be injected

Phase 2

In-situ: injecting H2 to convert 
internal CO2 and enrich 
hydrogenotrophs

Phase 3

Simultaneous in-situ and ex-
situ: Exogenous CO2 with 
corresponding H2 injected too 



Phase 1 & 2 

Gradual H2

injection

CH4 content from 
50% to 95%

VMP 0.86 to 1.51 
L L-1 day-1
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Phase 3 - simultaneous in-situ and ex-situ

External CO2

converted

CH4 content 95%

VMP 1.51 to 2.76 
L L-1 day-1
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Combined in-situ and ex situ process



So far so good, but……

 The process bottleneck lies in the pH increase associated with biomethanisation

 This work used feedstock with TAN less than 1.5 g N L-1. How about higher TAN?

pHpH

pCO
2



Operation at higher TAN

• Reactors fed with the same feedstock but with TAN at 2 and 3 g N L-1
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Rapid determination of pH vs pCO2

• Approach tested was to investigate PCO2-pH profiles by altering the composition of the 
gas circulated through the digester

• e.g. 60% CH4 + 40% CO2; 65% CH4 + 35% CO2, etc

• Results obtained fit well with those from long-term experimental work



Food waste digester

• The maximum CH4 content reached 90% 
without pushing pH out of operational range

• Higher CH4 content (93~94%) could be 
achieved, but elevated VFA concentration of 
up to 2.5 g L-1 was observed, as shown 
around day 200

• Upper limit of operational pH is around 8.5

• Actual food waste feed, HRT 25 days, OLR 
4.14 kg VS m-3 day-1 , TAN 4.8 g L-1



pH vs pCO2 for FWD

• Again, pH vs PCO2

followed the same 
trend as the synthetic 
fed results. 

• Result obtained 
through rapid 
determination also 
fitted well with long-
term operational data 



Outcomes

• A ‘normal’ digester can be converted to biomethanisation quite 
quickly

• 95% CH4 is about the maximum safe value for in situ conversion

• Stable operation and control could be provided through CO2 partial 
pressure maintenance

• The rapid determination method could be applicable to industrial 
digesters to predict the pH profile with biomethanisation and act as a 
guide for process control



Carbon capture and utilisation

• What do we need for scale-up and carbon cycling?

CO2 production, tonnes day-1

• Biogas plant ~2 - 20 
• Incinerator ~200
• Cement kiln up to 5000
• Power plant 50,000



Carbon capture and utilisation

• Conventional reactors achieve 4 m3 CH4 m-3 day-1

• For a municipal wastewater plant, required reactor volume 2500 m3

• For a cement kiln, required volume 636,000 m3

• Highest reported CH4 productivity to date with pure culture in 
fermenter = 950 mmol L-1 hour-1 or around 500 m3 CH4 m-3 day

• If we can convert at 400 L CH4 L
-1 day, cement kiln requires 6,300 m3

and power plant 10 such reactors

• So it is all about scale-up and interaction between biology and 
engineering – a long way to go!



Carbon capture and utilisation

And remember

• We will need 4 x volume of H2

• Estimated that global demand for bulk chemicals could utilise roughly 
5% of stationary CO2 emissions from large point sources

• Main agenda must remain reducing and replacing fossil fuel usage



Thank you for listening

Questions?



pH VS pCO2
 pH = C – A*log10(pCO2).

 Henderson-Hasselbach equation: 
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