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    Renewable Natural Gas (RNG) is also known as biomethane, green gas, or synthetic/substitute natural 

gas.  Chemically it is methane (CH4), a dangerous greenhouse gas (GHG).  But could methane, kept out of 

the atmosphere, become a tool in the fight against climate change?  An RNG path to carbon dioxide 

removal (CDR) uses methane as a tool to move biomass carbon from photosynthetic source to 

permanent sink.  It would be a form of bioenergy with carbon capture and storage (BECCS), but it could 

be much more than just BECCS.  I would like to argue here that 1) RNG could be a meaningful tool, 

initially for carbon dioxide mitigation, but in the long run, for CDR; 2) a seemingly minor technological 

innovation, efficient biological hydrogenotrophic methanogenesis, is essential to making this possible; 

and 3) additional GHG-reducing methods and effects readily combine with an RNG path to CDR. 

    The RNG path to CDR has a unique characteristic; it reduces the conflict between mitigation and CDR.  

The path combines two separate mitigation components.  The first component is a marked increase in 

RNG production (injected into the nationwide natural gas [NG] distribution grid).  The second 

component is a marked increase in carbon capture and storage (CCS) at facilities that consume RNG (or 

NG).  Separately, each component is mitigation; combined, they could become CDR.  For the RNG path 

to CDR, mitigation and CDR are not in conflict; rather mitigation leads to CDR (assuming both 

components are capable of marked increase). 

    An RNG path to CDR is flexible and resilient.  Progress on each component is independent of the 

other.  Also, the two components can be separated in time and location.  Because RNG can be stored, 

there can be a separation in time of production and time of consumption.  Because RNG can be 

efficiently transported in the nationwide network of NG pipelines, there can be large distances between 

production and consumption locations.  This allows RNG production near available biomass and 

consumption at CCS facilities near geological sites where carbon dioxide can be safely and permanently 

stored.  Also, in cases of emergency, fossil methane could supplement RNG. 

    An RNG path to CDR has unique capabilities.  Complete methanation of carbon from biomass requires 

a supply of hydrogen, as biomass has a lower hydrogen/carbon ratio than methane.  If the missing 

hydrogen is supplied by electrolysis of water using renewable electricity (wind or solar) then the RNG 

thus produced acts as a storage medium for renewable energy.  And while RNG is acting like a battery, it 
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would also be moving carbon from biological source to permanent CCS sink, resulting in rather strange 

form of BECCS – with much of its energy from renewable electricity.  It also results in more efficient use 

of biomass carbon, because less is required to provide the same amount of energy. 

    Methane (RNG) can be a tool to help achieve CDR, but there are issues that need to be overcome - the 

most important being efficient biological hydrogenotrophic methanogenesis.  The majority of the 

following discussion concerns the first component – greatly increased RNG production.  Then there is a 

short review of the second component - CCS with respect to methane utilization.  Finally, other 

significant CDR and mitigation possibilities that readily combine with an RNG path to CDR are discussed. 

Component 1 – Greatly increase RNG production 

    There have been a number of recent studies giving RNG a role in mitigating GHG emissions1,2,3 but also 

contrary reports showing limited potential for RNG.4,5  The reasons for low expectations are discussed in 

an aptly titled piece in Vox: “The false promise of RNG”6.  Those reasons are 1) too expensive, 2) 

insufficient quantity, 3) methane as GHG leaks to the atmosphere, and 4) misuse of RNG.  Misuse would 

include use in place of a more appropriate energy source (e.g. electricity) and misuse by fossil fuel 

companies to extend and/or expand fossil methane use.  I believe that the problems of leakage and 

misuse can be minimized by adequately enforced regulations7 and consumer education, which could be 

reinforced by fossil carbon pricing (Indeed, I strongly suspect that both a price on fossil carbon and a 

subsidy for CCS are essential for the RNG path to succeed).  Cost and quantity of RNG are far more 

difficult concerns – particularly cost as one would need to compete with fossil natural gas. 

    In my opinion, biological methanation is essential to a marked increase in RNG production.  Four 

metabolic pathways have been identified for biological synthesis of methane.8  Biological methanation in 

this article refers to only one of these metabolic pathways – hydrogenotrophic methanogenesis.  This is 

the exothermic reaction between carbon dioxide (or carbon monoxide) and hydrogen to produce 

methane (and water).  Because it is exothermic, it can provide the energy for methanogens (micro-

organisms that produce methane) to grow, develop, and reproduce.  Large scale, industrial, non-

biological methanation exists, but the catalytic reaction requires high purity of both hydrogen and 

carbon dioxide.9  A more contaminant-tolerant, smaller-scale, biological methanation system is better 

suited to the existing, widespread, less-concentrated supply of biomass.10,11  Hydrogenotrophic 

methanation is a normal part of methane production via anaerobic digestion.12  We just need to figure 

out how to ramp it up. 
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    Biological methanation has not been an ignored research topic.9,10,11 The key problem is a gas-liquid 

mass-transfer resistance.  Molecular hydrogen is not very soluble in water and methanogens live in an 

aquatic environment, hence a limit to the rate of transfer of gaseous hydrogen to the microbes.  

Another problem is that high hydrogen concentration (high partial pressure) can inhibit anaerobic 

digestion.  Some progress has been achieved by Electrochaea GmbH.  By altering temperature, pressure, 

and agitation as well as using a specialized methanogenic strain, Electrochaea has been able to achieve 

reasonable rates and purity of methane production by bubbling gas into a tank reactor.11 NREL and 

SoCalGas have taken an interest in this technology, however the process is fairly high tech and energy 

intensive.  Another technology that has shown promise is the trickle-bed reactor.13  In a trickle-bed, a 

liquid (digestate) is trickled down over a bed of particles and gases move upwards.  Problems with trickle 

beds arise when microorganisms build up and limit the pathways of liquid downwards and gas 

upwards.14  

    While it is unproven, I believe that efficient biological methanation could be achieved via modification 

of the aerobic waste treatment technology called Rotating Biological Contactor (RBC).15  An RBC consists 

of a series of slowly spinning discs mounted on a horizontal axle.  In aerobic wastewater treatment, the 

discs are partially submerged in wastewater, partially exposed to air, rapidly become coated with biofilm 

and are used to incorporate oxygen into wastewater.  Little research has been done on anaerobic 

digestion using RBCs.  However, a recent study evaluated shock loading of propionic acid to an 

anaerobic rotating biological contactor (AnRBC) that was 65% submerged.  The conclusions stated: “This 

study showed that the AnRBC is able to maintain lower hydrogen partial pressure at both normal 

operating and shock loading conditions due to the abundance of hydrogenotrophic methanogens and 

good gas-liquid hydrogen transfer efficiency”.16   Again, I believe that the RBC concept can help solve the 

technical and economic problems of efficient biological hydrogenotrophic methanogenesis. 

    How does improving biological methanation change the cost/quantity equation for RNG production?  

In short, efficient biological methanation allows the mutually beneficial integration of three separate 

processes: Anaerobic digestion (AD) of digestible biomass, Pyrolysis/Gasification (P/G) of non-digestible 

(woody) biomass,17 and Power-to-Gas9 (the production of hydrogen from renewable electricity).  AD 

produces a gaseous mix of mainly methane and carbon dioxide.  P/G (heating biomass under limited or 

no oxygen) produces syngas - a gaseous mix that contains carbon dioxide, carbon monoxide, hydrogen 

and methane.  These gaseous products from AD and P/G, with the addition of hydrogen from Power-to-

gas, could be converted to nearly pure methane (RNG) by efficient biological methanation.  Since this is 
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a relatively low-tech solution, it could be used in smaller scale facilities located nearer to biomass 

sources.  It would also result in the storage of renewable (wind or solar) electricity in RNG.  If one 

combines the methane potential (assuming all the available carbon is converted to methane) of all 

wastes useable by AD with the methane potential of woody (or lignocellulosic) biomass useable by P/G18 

then significant quantities of RNG production are possible. 

    How could costs of RNG production be reduced?  Cost reduction can involve synergies, efficiencies, 

simplification, cost cutting and scale effects.  The economics of converting a carbon dioxide contaminant 

in a methane gas stream to methane is different from the economics of producing methane from carbon 

dioxide, because it has the secondary effect of increasing the value of the original methane in the 

(biogas) gas stream.  Likewise, in rural areas with lots of biomass and little industry, an energy rich 

syngas stream’s original value would also be increased by the ability to convert its chemical energy to a 

widely understood and traded chemical compound – pipeline quality methane.   

    The economics of hydrogen production via electrolysis of water, as it relates to RNG production, may 

be misunderstood.  The most expensive input, electricity, is often costed at consumer, not producer, 

prices.  To achieve the lowest possible electricity price, the RNG production facility should produce its 

own electricity.19  For several reasons, that would likely be from solar panels.  The primary product of 

electrolysis, hydrogen, would not need to be purified and would be almost immediately used, thus 

limiting the need for compression and storage.  And the other two outputs of electrolysis, heat and 

oxygen, are rarely valued but have uses in RNG production.   

    Lignocellulosic (woody) biomass is by far the largest source of renewable carbon18 and the choice of 

conversion technology is central to the economics of RNG production.  While this report focuses on 

thermal (P/G) technology, there are other possibilities.20  The biomass pre-fermentation treatments that 

allow yeast to produce cellulosic ethanol from lignocellulosic biomass should also allow microorganisms 

in AD to produce methane from similar feedstocks.  This appears to be the path to RNG chosen by 

Verbio N.A. in two American plants that process wheat and corn crop residues.21   

    Pyrolysis/Gasification (P/G)17 is likely to be the preferred method to process lignocellulosic biomass 

for several reasons.  The thermal process can handle any type of biomass and many other types of 

carbon-based materials.  Oxygen produced from the electrolysis of water makes the P/G process more 

efficient and greatly simplifies syngas cleanup (no nitrogen contamination from air).  The valuable 

outputs of P/G are waste heat, clean syngas (free of tars and ‘condensable gases’), biochar, and ash.  
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Waste heat from the P/G process can be used to dry biomass (makes P/G more energy efficient) and 

provide process heat for AD. 

     Searching the literature for an energy efficient P/G process that could use pure oxygen to produce 

clean syngas and biochar led to the process called ‘staged gasification’.22  Pyrolysis/cracking may be a 

more appropriate description23 for the version envisioned here.  In steady state operation, the cracking 

stage would have oxygen (possibly steam and/or carbon dioxide as well) injected into hot pyrolysis gases 

to achieve temperatures that would crack (thermally degrade) all tars and condensable gases 

(approximately 1000°C or less with catalysts).17  The syngas coming from the cracker (and the heat 

derived from cracking) would then be used to preheat pyrolysis gases and to drive pyrolysis via indirect 

heat transfer (heat exchange).  In other words, syngas from the cracker would be physically isolated 

from biomass and only used to deliver heat.  Clean syngas combined with hydrogen is used to produce 

methane, biochar is the carbon rich solid that remains after pyrolysis gases are driven off the biomass, 

and wood ash is a good tar cracking catalyst.24  

    P/G may also play a role in adjusting methane production processes to the varying availability of 

renewable electricity.  It would be economically advantageous to be able to use low-priced renewable 

electricity that would otherwise be curtailed due to oversupply as well as adjust to low electrical supply 

due to seasonal or weather factors.  Some of this adjustment could be done by simply altering the rate 

or amount of biomass processed.  To handle high availability of electrolysis hydrogen, hot biochar could 

be exposed to carbon dioxide (to produce carbon monoxide) or steam (to produce carbon monoxide and 

hydrogen).  To handle low availability of electrolysis hydrogen, the water-gas shift plus a system of 

carbon dioxide capture could turn P/G into a source of hydrogen.  Carbon dioxide capture could be 

achieved using alkaline water with alkalinity provided by biochar or wood ash or perhaps alkaline 

minerals (enhanced weathering).  This form of carbon dioxide capture could also be useful if biological 

methanogenesis cannot fully convert all the carbon dioxide in a methane mixture. 

    Improving the economics of RNG production from anaerobic digestion (AD) is more difficult and 

complex.25,26  AD involves the digestion of biomass by microorganisms in an oxygen free environment.  

Most of today’s RNG production is from AD and the poor economics of AD are partially responsible for 

widespread belief that the potential of RNG is limited.  The problems start with the input materials, 

continue with the process and the outputs, and also include the high cost of the facilities.  The normal 

input is fecal and urine wastes which have little remaining energy for methane production.  Methane 
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output could be greatly increased by including food and food processing wastes.  One might also 

consider energy crops.  The rate of the microbial digestion process is temperature-dependent.  A source 

of processing heat other than combusting the methane product would be helpful.  Waste heat from P/G 

could reasonably supply the needed process heat.  Also, biochar has shown some potential to improve 

AD processes.27,28 

    AD has two economic outputs; digestate and raw biogas.  Both have problems to be resolved.  

Digestate is mainly composed of water, indigestible biomass, process microorganisms, and dissolved 

elements including N, P, K and other important crop growth nutrients.  Excess water in digestate makes 

its widespread distribution as a crop fertilizer uneconomic.  Spent digestate (removed from digesters) 

retains some methane generating potential and also has dissolved methane.  Care must be taken to 

prevent leakage of this methane.29,30  The other output, raw biogas, is a mixture of mainly methane and 

carbon dioxide.  How can these problems be resolved?  As mentioned earlier, through the use of 

hydrogenotrophic methanogens plus hydrogen, the carbon dioxide contaminant can be converted to 

methane.   Digestate is beneficial as it provides the essential elements and aquatic environment 

necessary for growth of hydrogenotrophic methanogens.  Spent digestate could be treated with a short 

period of aerobic digestion with oxygen from Power-to-gas to shut down methanogenesis and consume 

any remaining methane.  Biochar, produced by P/G and acting like its chemical cousin – activated 

charcoal, could extract fertilizer elements (N, P, K, etc.) from spent digestate and carry them back to 

farms as a soil amendment package.31,32 

    The final economic difficulty faced by AD is the high capital cost of the facilities.  Digesters are 

basically very large sealed tanks which require specialized components and construction.  System 

modifications mentioned earlier, including energy-rich inputs and process heat, will help make existing 

facilities more productive, but let’s hope that facilities could be improved as well.  I’ve become 

somewhat enamored with the possibilities of Rotating Biological Contactors (RBCs).  In addition to my 

unproven belief that RBCs could deliver efficient biological methanation, they also are reasonably 

efficient tools for AD.33,34,35  The units are modular and thus scalable, can be used in series or in parallel, 

and can be mass produced.  If units are housed in a standard, flat-roofed, warehouse-like building then 

several advantages can be derived: reduced construction costs, easier temperature control, double-

walled prevention of methane escape to the atmosphere, reduced potential for environmental 

degradation of the units, and installation of solar panels on the roof. 
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    In summary, RNG production could be greatly increased when locally produced biomass is locally 

converted to carbon-rich gases and treated with hydrogen from locally generated renewable electricity 

to produce methane which can then be transported via existing natural gas pipelines.  The key missing 

technology is biological conversion of hydrogen and carbon gases to methane.  Some suggestions were 

made to solve this and other methane production problems. 

Component 2 – Greatly increase CCS in RNG/NG utilization 

    The second stage of an RNG path to CDR involves taking the atmospheric carbon stored in RNG and 

placing it in permanent geological storage.  There are some existing and some new possibilities for CCS 

that involve methane.   

    For existing possibilities, the Global CCS Institute lists four, large-scale, ongoing businesses that 

consume methane (steam methane reforming) and capture and store carbon dioxide (mostly for EOR).  

They are listed below by name, year CCS initiated, and main product: 

 
Air Products, 2013, Hydrogen production 

Coffeyville, 2013, Nitrogen fertilizer 

Enid, 1982, Nitrogen fertilizer 

Quest, 2015, Hydrogen production. 

    Then there are plans for CCS involving natural gas that use existing technology.  The Clean Air Task 

Force is tracking potential projects (in USA) that plan to use the 45Q tax credit for carbon capture.  In 

the list of 27 projects, there are four NGCC (natural gas combined cycle) power plants that are planned 

for retrofit for amine-based carbon capture. 

    Also, there are new technologies under investigation.  To my knowledge, only three methane-based 

CCS ideas are in pilot scale testing: 1) an Allam cycle electrical power plant (developed by Netpower) is 

being tested in La Porte, Texas; and 2) a carbonate fuel cell concept powered by methane to capture 

carbon dioxide emissions from a variety of sources (developed by Fuelcell Energy Inc. and Exxon Mobil) 

is being tested in Bucks, Alabama; and 3) Direct Air Capture of carbon dioxide by Carbon Engineering 

and Oxy Low Carbon Ventures (Occidental) in the Permian Basin of Texas.   
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Additional GHG-reducing possibilities 

    There are additional possibilities for greenhouse gas (GHG) reduction that readily combine with an 

RNG path to CDR.  The possibility with the greatest CDR and economic potential is biochar (produced by 

P/G) combined with the crop nutrients (N, P, K, etc.) found in AD digestate.   

    Digestate from AD contains the soil-based elements necessary for plant growth.  If AD used all fecal 

and urine wastes plus food and food processing wastes, the digestate thus produced would carry the 

majority of the elements (N, P, K, etc.) that were removed from farms when crops were harvested and 

brought to market.  If these fertilizer elements could be economically returned to the farm, then there 

could be carbon emissions savings from fertilizer production as well as reduced water pollution.   

    Biochar is the carbon-rich solid that remains after biomass has been pyrolyzed.  It is specifically 

intended for soil application.  Biochar, used as its chemical cousin - activated charcoal, can capture 

essential crop production nutrients N, P, K etc. and carry them back to the soils whence they came.  In 

addition, biochar is a form of temporary carbon sequestration36 that may also reduce nitrous oxide 

emissions from agricultural soils37 and increase agricultural productivity.38  Since it has value, nutrient 

enriched biochar could help reduce the cost of RNG production. 

    Also, though it may not result in CDR, methane39 (or methanol40 from methane) is a chemical 

feedstock that could be used to produce most of the products currently obtained from petroleum.  And 

if those products end up in MSW (municipal solid waste), they could be converted back to methane 

again via P/G, resulting in a circular carbon economy. 

    The CDR potential of the RNG path should approximate the CDR potential of BECCS since both 

attempt to convert biomass carbon to sequestered carbon. 

Summary 

    Methane is a dangerous greenhouse gas, but that does not mean that it cannot be a tool in the fight 

against climate change.  The RNG path to CDR uses the methane molecule as a vehicle to move carbon 

from photosynthetic sources to geological sinks.  The methane molecule is energy-rich and can store 

and transport photosynthetic energy as well as renewable energy.  But this path requires an unproven 

technology: efficient incorporation of hydrogen produced by renewable electricity into biomass carbon 

by microorganisms to produce methane.  A solution to this problem was suggested: use of rotating 
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biological contactors (RBCs).  If solved, then biological hydrogenotrophic methanogenesis would allow 

the mutually beneficial integration of three technologies for methane synthesis from photosynthetically 

produced carbon: Anaerobic Digestion, Pyrolysis/Gasification, and Power-to-gas.  These technologies 

combined could increase production and reduce costs of RNG production.  A price on fossil carbon is the 

preferred RNG production support mechanism.  Subsidized RNG production invites misuse of low-priced 

fossil or renewable methane (in lieu of electricity) and reduces the economic penalty of leakage. 

    The RNG path to CDR also requires carbon capture and sequestration (CCS) when RNG is being used.  

CCS ideas currently being used or in pilot scale testing include CCS with hydrogen production, CCS with 

electricity production, CCS with fertilizer production, and CCS with direct carbon capture. 

    An additional potential benefit which readily combines with an RNG path to CDR is biochar.  Biochar, 

produced by pyrolysis/gasification and enriched by crop nutrients (N, P, K, etc.) from anaerobic digestion 

is an additional CCS possibility that can enhance crop production and reduce nitrous oxide emissions. 

    An important advantage of the RNG path to CDR is that it allows the use or modified use of existing 

infrastructure to first begin mitigation of carbon dioxide emissions as we work towards the longer-term 

goal of reducing atmospheric concentrations of carbon dioxide and other greenhouse gases. 
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