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Abstract
Recent advances in the utilization of hydrogen as an alternative fuel source to conventional fossil fuels have led to a search 
for a renewable process of producing hydrogen. Most hydrogen today is produced from hydrocarbons in a process that also 
releases high levels of carbon dioxide and carbon monoxide, two established greenhouse gasses; because of this harmful 
means of production, research has been directed toward using anaerobic digestion to produce useful levels of hydrogen gas. 
Anaerobic systems have been shown to produce a biogas that is easily used in producing energy, but certain processes can 
be performed to further enhance the concentrations of hydrogen. These processes include the inhibition of microorganisms 
that lower hydrogen concentrations and the constant removal of hydrogen to promote hydrogen-producing bacteria. Experi-
mental designs and large-scale applications have shown this process to be environmentally viable with limited, but promis-
ing, economic potential. With a constant increase for the need of hydrogen gas, the sustainable production of hydrogen is 
becoming more important. This review explores some of the recent research on this topic and explores the processes behind 
using anaerobic digestion for hydrogen production.
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Introduction

With the increasing need for alternative fuel sources, 
hydrogen production is a topic of growing interest. Hydro-
gen is a unique fuel source in that one of the only product 
released from its use is water vapor, in addition to small 
amounts of nitrogen oxides and other air combustion prod-
ucts (Hashem Nehrir and Wang 2015). It also has an energy 
storage capacity per weight three times greater than the aver-
age liquid hydrocarbon (Mcwhorter et al. 2011). Analysis 
on the economic capabilities of hydrogen fuel cells also 
shows the promising results for large-scale use in certain 
parts of the country and perhaps anywhere with the right 
incentives (Emerson 2008). Hydrogen as a fuel source has 
a large potential in the transportation industry where it can 

serve as renewable source of energy. Many countries have 
encouraged the use of hydrogen for vehicles, passing leg-
islation to make its use more viable; these countries have 
seen an obvious spike in the use of hydrogen as a result 
(Markets&Markets 2020). Most hydrogen-fueled vehicles 
use pressurized tanks of hydrogen to provide a source of 
providing electricity in addition to an onboard battery (DOE 
2020a). Another major use of hydrogen is within the chemi-
cal production industry. In fact, the largest use of hydrogen 
globally is for the production of ammonia, requiring two-
thirds of global production (Jolly 2020). Furthermore, it also 
has shown potential for use in rocket fuels for its high energy 
density and low weight (Jolly 2020). Hydrogen is also used 
in processes of hydrogenation, a common chemical synthe-
sis process (Patterson 2011). Hydrogen production normally 
involves the use of fossil-based fuels as a feedstock in a 
process called catalytic steam-hydrocarbon process (Álva-
rez-Murillo et al. 2015). This process accounts for nearly 
three-fourths of the entire global hydrogen production and 
involves the release of carbon monoxide and carbon diox-
ide, two established greenhouse gases (Markets&Markets 
2020). Ever since the energy crisis of the 1970s, hydrogen 
has become a focus of great potential for future energy needs 
(Volkov 2012). Currently, the global hydrogen market was 
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valued at USD 117.49 billion in 2019 with a great potential 
to grow as the incentives for its use become more widespread 
(GrandviewResearch 2020). Hydrogen is also expected to 
increase in value as its demand increases in the near future; 
from 2010 to 2018, the demand for pure hydrogen increased 
by around 12 Mt and will continue to increase as more tech-
nology is developed (GrandviewResearch 2020).

Though the process of producing hydrogen is important, 
the process of separation also controls the overall efficiency 
and sustainability of a hydrogen sourcing system. Tradition-
ally, a large portion of hydrogen separation methods were 
dominated by pressure swing adsorption and cryogenic dis-
tillation (Volkov 2012). However, these processes, though 
effective, are very costly and energy demanding, impact-
ing both the overall costs and environmental impacts. This 
shows the need for more research in alternative processes. 
One process of particular focus in recent years is using selec-
tive hydrogen membranes; these allow for the selective per-
meability of specific membranes to separate hydrogen from 
a gas stream (Shirasaki and Yasuda 2013). These can also 
be added to reactors to further enhance the efficiency of this 
process (Lu et al. 2007). These membranes can serve a spe-
cial role in reactors to lower the concentration of a desired 
gas to direct the reaction toward the products (Yin and Yip 
2017). In the case of anaerobic digestors, it has been shown 
that high levels of hydrogen can affect the microbes respon-
sible for hydrogen production, leading to lower yields; the 
use of these types of membranes in conjunction with anaero-
bic digestors can lead to an increase in hydrogen production. 
However, care must be taken to ensure the proper membrane 
is chosen for use within a biomass system. One particular 
type of membrane with potential in this application is poly-
meric membranes. These membranes show poor separation 
potential (selectivities of around 39, 24, and 23 for hydro-
gen/nitrogen, hydrogen/methane, and hydrogen/carbon mon-
oxide, respectively), but they show great resistance to chemi-
cals found in biogases (Henis and Tripodi 1977). Another 
type of membrane under consideration for this type of use 
is dense metal membranes which use metals like palladium 
to achieve a chemical potential to transfer hydrogen selec-
tively. This type is much more efficient as it can produce a 
pure hydrogen stream with a greater than 99.99 mol percent 
composition (Yin and Yip 2017). However, this type is much 
more susceptible to damage from biogas components, and it 
has a much higher cost as it requires the use of noble metals 
(gold, palladium, etc.).

This growing need for hydrogen has led to a search for 
a more renewable hydrogen source as a large majority of 
today’s hydrogen production comes from a process that 
releases carbon monoxide and carbon dioxide into the 
atmosphere; this process is also not sustainable for the 
future as it relies on hydrocarbons (GrandviewResearch 
2020; Markets&Markets 2020; Jolly 2020; Arreola-Vargas 

et al. 2016). Continued use of this process as the need for 
additional hydrogen sources increase will lead to dangerous 
levels of greenhouse gases being released for the production 
of hydrogen. This ongoing search for a renewable source of 
hydrogen has promoted research into anaerobic digestors 
as a possible source. Conventional anaerobic digestion sys-
tems produce a biogas that is rich in methane and contains 
nominal levels of hydrogen (Gujer and Zehnder 1983; Opus 
2017). Recent findings have suggested that it is possible to 
maximize hydrogen production and limit methane through 
various processes of influent pretreatment and control of 
operating conditions, making anaerobic digestion a possible 
source for hydrogen (Emerson 2008; Peña Muñoz and Stein-
metz 2012; Muthudineshkumar and Anand 2019). Not only 
would this use of anaerobic digestion produce viable sources 
of hydrogen, it would also increase the use of anaerobic 
digestion, a process that could treat organic wastes and mini-
mize the spread of pathogens. The combination of treating 
organic wastes while producing viable amounts of hydrogen 
and a usable organic liquid/solid mixture called digestate 
suggests that this process is sustainable and environmen-
tally friendly (Fu et al. 2017; Muthudineshkumar and Anand 
2019; Biomass 2005; University of Michigan 2019). There 
are many design considerations that must be controlled and 
maximized in order to make this process both efficient and 
sustainable to the greatest degree possible for each particular 
set of conditions. Figure 1 shows a basic schematic of the 
process of anaerobic digestion with some processes that help 
maximize the production of a hydrogen-rich biogas.

Anaerobic digestion

Anaerobic digestion is the process in which microorganisms 
break down organic materials in an oxygen-deprived envi-
ronment (EPA 2020a). Conventionally, this process results 
in the production of biogas, biosolids, and an organic liquor 
(Uçkun Kiran et al. 2016). The biogas contains high levels 
of methane and carbon dioxide with trace amount of oxygen, 
nitrogen, hydrogen sulfide, and ammonia, and it is often used 
as a fuel source to replace common fossil fuels (Parvathy 
Eswari et al. 2020). The biosolid and organic liquor contain 
nitrogen, phosphorus, and other nutrients making them good 
potential sources for fertilizers and other industrial products 
(Xu et al. 2018). Anaerobic digestion is used to treat organic 
materials which include industrial organics; fats, oils, and 
greases; food scraps; sewage sludge; and animal manures 
(EPA 2020a). This process is often used to minimize the 
amount of harmful gasses released and contain them for 
future use (Jarvie 2018).

Anaerobic digestion was first used by humans over two 
hundred years ago, but one of the first times it was indus-
trially utilized was 1911 when activated digest sludge was 
treated in an anaerobic lagoon. In the 1940s, it was used for 
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methane production in Germany and France during the fuel 
crisis of World War II. After a decline in interest due to fuel 
costs and digester malfunctions, anaerobic digestion became 
a focus of research for treating organic matter and producing 
environmentally friendly energy in the 1990s, and this inter-
est continued through today (Humenik et al. 2011). With 
an increasing need to focus on the environmental effects 
of conventional fueling systems, anaerobic digestion offers 
an alternative source that can both mitigate the release of 
greenhouse gasses and treat organic matter safely (Jarvie 
2018). Anaerobic digestion systems allow the capture of 
energy-containing gasses for use later on thus lowering the 
net amount of methane and carbon dioxide released into the 
atmosphere (EPA 2020b).

Uses of anaerobic digestion

Anaerobic digestion systems are used in markets where 
organic matter is created and often disposed of; these include 
farm-based, food-based, and municipal waste systems (Envi-
ronmental Protection Agency 2020). The use of digestors is 
increasing, especially as the efficiency of these systems are 
improved (Zhang et al. 2012). Europe was the first continent 
to heavily invest in these systems, but as North American 
countries began to push legislation to encourage their use, 
more began to appear in the USA (Environmental Protec-
tion Agency 2020). In 2015, Europe supported more than 
244 large-scale anaerobic digestion plants treating almost 
8 MMT of organic waste per year; the USA had around 
175–240 large-scale anaerobic digestion plants (Linville 
et al. 2015). It is predicted that by 2030, with the continued 
increase of government incentives and developing technolo-
gies, 11,000 additional biogas systems could be added in the 
USA (Linville et al. 2015).

One particular use of anaerobic digestors is in the agri-
cultural industry to treat farm-based wastes. It is most com-
monly found in large-scale farms that can afford to sup-
port this type of system in an economically viable manner 

(Anderson et al. 2013). The benefits of such a system are 
that they control odor and allow for a cheap source of energy 
(USDA 2008). There are currently 288 documented digest-
ers, of all sizes, being used or built within the USA for 
farm-based purposes; these digesters mainly process ani-
mal manure but sometimes co-digest other organic wastes 
(agricultural residues, dairy processing wastes, and food pro-
cessing wastes) (Environmental Protection Agency 2020). 
Anaerobic digestion can be used in a large array of farm 
types including dairy, swine, beef, and poultry farms. Recent 
studies into economic requirements show that at the cur-
rent state of energy prices and the extensive capital costs, 
it is usually not reasonable to construct a digester system. 
However, if fossil fuel prices increase and research into 
these digesters lead to better development, there is a chance 
that they become more common in the agricultural industry 
(USDA 2008).

The most common use of industrial-scale anaero-
bic digesters is with water resources recovery facilities 
(WRRFs). There are currently around 1250 municipal 
WRRFs in the USA that use anaerobic digesters (Environ-
mental Protection Agency 2020). Anaerobic processes are 
preferred to aerobic digestors in these situations as they can 
have five to ten times higher treatment rates on a volume 
basis as well as minimizing land area required for treatment; 
they also tend to produce less excess sludge (Wilkie 2005). 
These systems also use the biogas to minimize the energy 
costs (Linville et al. 2015). For a better understanding of the 
scope of these large-scale processes, the EPA reports some 
statistics of three major anaerobic digestion facilities from 
across the USA. These values are summarized in Table 1.

These facilities use the resultant biogas (methane and car-
bon dioxide) for power, but an alternative process of hydro-
gen use will be explored later in this paper for the potential 
to enhance power production.

Another use of anaerobic digestion that has been gain-
ing increased attention is the process of co-digestion within 
municipal solid waste landfills (Cazier et al. 2015a, b). 

Fig. 1   General outline of anaer-
obic digestors for the production 
of hydrogen
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Though the bulk of the biogas from landfills come from 
landfill gas systems, about ten landfills in the USA support 
separate anaerobic digestion systems on their sites (Environ-
mental Protection Agency 2020).

Anaerobic digestion mechanisms

The process of anaerobic digestion begins with organic 
matter (usually waste) and produces a methane/car-
bon dioxide gas mixture (Mohanty and Das 2019). It is 
important to note that due to the ubiquitous nature of the 
microorganism consortium, there is no need for steriliza-
tion steps or for separation as the biogas will naturally 
separate from the liquid phase in which the reactions occur 
(Wilkie 2005). The time it takes for this process to occur 
depends on a series of factors including the feedstock, the 
bacteria consortium used, the temperature, the pH, mixing 
procedures, and more; some processes take a few hours to 

complete while others can take up to a few days or weeks 
(Humenik et al. 2011; Parvathy Eswari et al. 2020; EPA 
2016, 2020b). Original research into this process listed 
two main steps: acidification and methanogenesis; though 
these steps are important, recent studies have shown that 
much more must be included when analyzing such a sys-
tem and that it is much too broad for proper understand-
ing (Gujer and Zehnder 1983). This chart (Fig. 2) and 
flow process will include an in-depth analysis of multiple 
steps expanded from the original view and expanded from 
multiple research papers and reviews. It is also important 
to understand that these steps occur simultaneously in 
solution and are being continually performed during the 
process (Wilkie 2005; Linville et al. 2015; Mohanty and 
Das 2019). That being said, the process for each molecule 
occurs in four main steps with certain bacteria from the 
consortium performing specific roles; this process is out-
lined in Fig. 2 with an explanation for each step beneath it.

Table 1   Comparison of three major anaerobic digestor facilities for wastewater treatment (EPA 2016)

HSW, high strength wastes; FOG, fats, oils, and greases

City of Fresno reclamation facility Los Angeles county sanitation district Des Moines Metro WRF

Feedstock processed Wastewater, FOG, and HSW Sludge and food waste Sludge, FOG, and HSW
Capacity 13 Digestors (various capacities) 24 Digesters (3.7 MG each) 6 Digestors (2.7 MG each)
Throughput 0.9 MG sludge/day and 7.7 MG HSW/day 4.4 MG sludge/day and 0.02 MG food waste/

day
0.4 MG sludge/day, 0.03 MG 

FOG/day, and 0.11 MG 
HSW/day

Biogas generation 1.4 million ft3/day 7.2 million ft3/day 1.5 million ft3/day
Biogas use Co-generation and boiler heat Total energy facility and boilers Combined heat and power
Generation 3.3 MW 20 MW 1.60 MW

Fig. 2   Chemical processes for 
the conversion of organic matter 
to methane and carbon dioxide 
through the process of anaero-
bic digestion (Mohanty and 
Das 2019; Batstone et al. 2002; 
Gujer and Zehnder 1983)
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Organic matter consists of three major groups of mac-
romolecules: lipids, carbohydrates, and proteins (Siya-
vula 2011). The first major step of anaerobic digestion 
is the breaking down of those macromolecules into more 
usable forms of monomers through a chemical process 
called hydrolysis (Wilkie 2005). The following processes 
occur for each type of macromolecule: Lipids are con-
verted into long chain fatty acids (87%) and sugars (13%); 
carbohydrates are converted to sugars; and proteins are 
converted to amino acids (Gujer and Zehnder 1983). This 
process is initiated by a group of liquifying bacteria found 
in the large and ubiquitous consortium of microorganisms 
(Wilkie 2005).

The second major step is acidogenesis; this is where the 
microorganisms break down molecules of sugar and amino 
acids and convert them into intermediate volatile acids 
(Gujer and Zehnder 1983; Opus 2017; Rivière et al. 2009). 
This process is caused by the fermentation of amino acids 
and sugars by acid-forming bacteria (Opus 2017; Jarvie 
2018; Wilkie 2005). This process affects amino acids and 
sugars almost exclusively while nearly none of the fatty acids 
undergo this process (these fatty acids are converted directly 
to hydrogen through obligate syntrophic bacteria) (Gujer and 
Zehnder 1983; Wilkie 2005). The intermediate acid con-
centration is usually made up of propionate, butyrate, and 
valerate (Wilkie 2005; Opus 2017). This conversion is only 
an intermediate for further conversion into hydrogen and 
acetic acid, as displayed in the next step.

The next step is acetogenesis. As implied by its name, it 
involves the conversion of fatty acids and the intermediate 
acid solution into acetic acid, but it also results in carbon 
dioxide and hydrogen (Wilkie 2005; Batstone et al. 2002; 
Gujer and Zehnder 1983). This process involves anaerobic 
oxidation, thus requiring a system that is completely devoid 
of oxygen (Jarvie 2018; Opus 2017; Batstone et al. 2002). 
This step has been of major focus of recent research to maxi-
mize the rate and efficiency in which it occurs (Gujer and 
Zehnder 1983). This focus is a result of the feedstock for ace-
togenesis: acids. If the pH reaches acidic levels, the microor-
ganisms needed for the following steps may be killed; that 
is why current research is working to maximize the rate of 
this process to better control ideal conditions (Wilkie 2005; 
Atasoy et al. 2018).

The final step in most anaerobic digestion systems is the 
conversion to methane and carbon dioxide; this process is 
called methanogenesis (Jarvie 2018; Batstone et al. 2002). 
This process is performed by methanogens, microorganisms 
that produce methane; the predominant methanogens that 
can exist in an aceticlastic environment are those of the gen-
era Methanosarcina and Methanosaeta (Wilkie 2005; Jarvie 
2018). After this step, the products of the total process are 
the resulting biogas and influent constituents (Wilkie 2005; 
Batstone et al. 2002).

The process product of greatest value is the biogas which 
is used as a substitute for natural gas or for further process-
ing for renewable natural gas (RNG) (Han et al. 2011). RNG 
is a special type of renewable fuel in that it can be used in 
conventional natural gas systems with no change in their 
design making their widespread application more reasonable 
(Church 2015). RNG is produced from a purifying process 
that involves the removal of water, carbon dioxide, hydrogen 
sulfide, and other trace elements (DOE 2017). The use of 
anaerobic digestion in the production of renewable natu-
ral gas offers a promising source of easy-to-use renewable 
fuel (Han et al. 2011). That being said, currently, biogas is 
most used directly for fueling and heating (Mohanty and 
Das 2019). This leads to the overall anaerobic digestion to 
become even more economically feasible for a number of 
reasons. One way is using the biogas as a fuel source to pro-
duce electricity and interconnecting it to the electricity grid 
(Han et al. 2011). Another way is through using the biogas 
for direct combustion for heat; when the biogas is burned, 
mainly for electricity, the heat released can be used in the 
place of conventional heating systems that require energy 
(Han et al. 2011). Given that its composition is 50–75% 
methane with carbon dioxide, hydrogen sulfide, water 
vapor, and trace amounts of other gases, the biogas is very 
combustible (500–650 Btu per cubic foot) making it a great 
alternative fuel source for a variety of uses (Environmental 
Protection Agency 2020; EPA 2020b).

The other major product of this process is the digestate 
which includes the residual material left over after the diges-
tion process; it normally contains undigested inert mate-
rial and water (Environmental Protection Agency 2020). 
The undigested matter could be a result of several factors 
including temperature, mixing, or simply just being non-
biodegradable material (Environmental Protection Agency 
2020). The digestate contains two main parts for later use: 
a liquid phase and a solid phase. Both phases can be used 
to maximize efficiency and generate revenue; these uses 
include fertilizer, animal bedding, bioplastics, compost, or 
a combination of these (Environmental Protection Agency 
2020; Wilkie 2005; EPA 2020b). The selling of digestate 
would help minimize costs, especially in conjunction with 
the use of the biogas, making this process even more eco-
nomically favorable.

Hydrogen

The hydrogen market is one that offers a unique potential to 
reduce the current means of energy use and carrying, greatly 
shifting the conventional means of the power industry (IEA 
2020). Hydrogen is an energy carrier that has the chemical 
energy per mass capacity of more than three times the aver-
age of liquid hydrocarbons, but it is much lower on a volume 
basis (Mcwhorter et al. 2011). It is an environmentally safe 
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energy source that usually only produces water vapor when 
used as a fuel source, though it can also produce some lev-
els nitrogen oxides and other combustion products (Hashem 
et al. 2015). The more conventional processes for the pro-
duction of hydrogen can be somewhat harmful as it is often 
done through the burning of coal and other fossil fuels; 
however, recent research into alternative methods (as the 
one analyzed in this paper) shows that more environmen-
tally, and perhaps economically, beneficial methods exist 
(Arreola-Vargas et al. 2016; De Beni and Marchetti 1970; 
Mcwhorter et al. 2011). These alternatives could offer the 
opportunity for hydrogen to replace conventional energy 
feedstocks (Mcwhorter et al. 2011).

The global hydrogen generation market was valued at 
USD 117.49 billion in 2019 and is expected to grow (Grand-
viewResearch 2020). The use of hydrogen has been encour-
aged by many countries, including the USA, so incentives 
and pro-hydrogen legislation further promote the hydrogen 
market to expand over time (DOE 2020b). The demand for 
hydrogen has been increased by three times since 1975 with 
a large spike in growth expected soon from emerging tech-
nologies (GrandviewResearch 2020). From 2010 to 2018, 
the global demand for pure hydrogen has been increased 
by almost 12 Mt (GrandviewResearch 2020). Though the 
uses for hydrogen are broad and mostly expanding, the 
transportation segment is expected to grow by the most over 
the few years with the increase in fuel cell vehicle sales, 
especially as countries (Japan, China, and South Korea) 
are proposing strong fuel cell-based vehicle implementa-
tion to lower their overall use of imported gasoline fuels 
(Markets&Markets 2020). These implementations have led 
the Asia Pacific region to be the area with the largest market 
growth, but most global regions are expecting to grow as 
well (Markets&Markets 2020). Hydrogen’s growth can be 
credited mainly to the energy market, but a few others must 
be recognized as well for a complete analysis of its preva-
lence. Three examples of these markets are the semiconduc-
tor, fertilizer, and pharmaceuticals, in which hydrogen plays 
an important role in their production (IndustryARC 2020).

Pure hydrogen is used in many applications and can be 
found in the production of many common industries. The 
largest use of hydrogen is in the production of ammonia; this 
process consumes almost two-thirds of the world’s hydrogen 
production (Jolly 2020). Often used for a source of hydro-
gen storage and fertilizer, ammonia requires the presence of 
hydrogen and nitrogen for its creation and makes up a major 
part of the global chemical market for its presence in many 
products (Jolly 2020; Lamb et al. 2019). This process is per-
formed at very high temperatures and reacts one molecule of 
gaseous nitrogen with three molecules of gaseous hydrogen 
(Hignett 1985). Another common use of hydrogen is in the 
catalytic hydrogenation of organic compounds for the con-
version of animal fats and oils to margarine and vegetable 

shortening; it serves as the reducing agent for aldehydes, 
fatty acids, and esters (Lamb et al. 2019). This use is just one 
example of how hydrogen is used in the process of hydro-
genation (adding hydrogen to a molecule) (Patterson 2011). 
Another interesting use of hydrogen is in rocket fuel. This is 
because hydrogen serves as one of the lightest forms of an 
energy carrier making it ideal for space exploration where 
weight is one of the most important considerations (Jolly 
2020). Hydrogen is also used in hydrogen fuel cells where 
they produce energy for vehicles (cars, forklifts, etc.) and 
other systems (Markets&Markets 2020; Houf et al. 2013). 
Hydrogen fuel cells are a developing industry due to the 
incapability to successfully minimize size in relation to 
energy potential when using hydrogen; though its energy-
to-mass ratio is extremely high, its energy-to-volume ratio 
is extremely low (Manoharan et al. 2019). It does, however, 
hold great potential for its ability to use hydrogen in the 
large vehicle industry which would greatly lower carbon 
emissions (Manoharan et al. 2019; Mcwhorter et al. 2011). 
These are just a few of the many uses of hydrogen in modern 
production; full inclusion of all of its potential uses is not 
possible as it such a versatile and common chemical in many 
products and industries.

Mechanisms of hydrogen production

Conventionally, hydrogen production is dependent on natu-
ral gas and other fossil-based fuels as a feedstock (Álvarez-
Murillo et al. 2015; IndustryARC 2020). These practices 
usually lead to the release of harmful gases including carbon 
dioxide, carbon monoxide, and sometimes dangerous levels 
of gaseous oxygen, a potential risk for industrial applications 
(Álvarez-Murillo et al. 2015; Jolly 2020). Though fossil 
fuels are the overwhelming main sources of hydrogen, water 
and biomass both contain the potential for more renewable 
and environmentally friendly sources; though widespread 
prevalence of these technologies are still far away, they 
could offer the opportunity to make hydrogen production a 
more sustainable practice for the future (Markets&Markets 
2020; DOE 2020b ). Listed below are the current trends for 
hydrogen production with an explanation of their chemical 
processes as well as an analysis of their history and current 
prevalence in the hydrogen market as a whole.

Catalytic steam-hydrocarbon process The most com-
mon industrial method for producing hydrogen has been 
a process called catalytic steam-hydrocarbon process; this 
involves treating hydrocarbons, mostly methane, with steam 
and a catalyst at high temperatures to produce hydrogen gas 
(Álvarez-Murillo et al. 2015; Jolly 2020). This process is 
currently the cheapest and most widespread technique used 
to produce hydrogen, and it accounts for nearly three-fourths 
of the entire global hydrogen production of around 70 mil-
lion tons and accounts for around six percent of the total 
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natural gas used internationally (GrandviewResearch 2020; 
Markets&Markets 2020). The chemical reactions for this 
process are listed below (Jolly 2020):

This means of production is efficient, but it also releases 
two common greenhouse gases, (carbon dioxide and car-
bon monoxide) that must be controlled and monitored 
(Markets&Markets 2020). This technique also relies on 
access to fossil fuels making long-term dependence on this 
method less likely; the United States Energy Information 
Administration expects natural gas reforming to be a near-
term solution as it lacks the sustainable practices to make 
long-term use feasible (Pinto 1978). That being said, there 
are ways to increase its sustainability such as collecting the 
natural gas from landfills or biogases (Pinto 1978).

Electrolysis The process of electrolysis is very rarely used 
on an industrial scale but offers some potential of a more 
renewable source of hydrogen, if performed in conjunction 
with a renewable source of energy (Santos et al. 2013). The 
process involves running an electric current through water 
in order to cause it to decompose into gaseous oxygen and 
hydrogen (Shiva Kumar and Himabindu 2019). It is nor-
mally seen as a more environmentally favorable process than 
catalytic steam-hydrocarbon processes, but potential issues 
arise from the source of the electrical power (Santos et al. 
2013; Shiva Kumar and Himabindu 2019; DOE 2020c). If 
the energy came from a renewable source (hydroelectric, 
solar, wind power, etc.), then the process would be more 
environmentally favorable, but when finding its sustainabil-
ity factor, it is important to consider the fossil fuels required 
to generate conventional power (DOE 2020c; Shiva Kumar 
and Himabindu 2019; Santos et al. 2013). Most estimates 
conclude that electrolysis only accounts for about four per-
cent of the total hydrogen produced globally (Santos et al. 
2013). The following reaction demonstrates the overall reac-
tion that occurs in this process (Santos et al. 2013):

This reaction shows the overall reaction of electrolysis on 
water, but there are two reactions that occur on the cathode 
and anode, respectively (Santos et al. 2013; DOE 2020c; 
Shiva Kumar and Himabindu 2019):

Hydrogen from coal or coke This method is somewhat 
outdated, but it is worth mentioning as it is still used in some 
situations even today. Before 1940, hydrogen was almost 
exclusively collected from coal or coke from combustion or 
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gasification (Jolly 2020). This process had extremely low 
yields relative to today’s more prevalent techniques and also 
released harmful amounts of carbon monoxide making it 
unfavorable in most situations; though after 1970 very lit-
tle hydrogen was produced using this system for the stated 
shortcomings, in order to demonstrate the simplicity of the 
reaction, the reaction for this process is demonstrated below 
(Jolly 2020):

Selective membrane technology This method is a devel-
oping technology to more easily and effectively separate 
hydrogen from a gas (usually biogas). This allows for more 
efficient separations and further adds to the production of 
hydrogen (DOE 2020a). This can also allow for hydrogen 
to be produced by steam reforming at lower temperatures, 
adding to the efficiency of this process (Kikuchi 2000). 
One membrane developed by Kikuchi (2000) shows a 
great example of the effectiveness of this technique. They 
developed a palladium-covered composite membrane that 
achieved nearly complete selectivity of hydrogen.

These are only four of many techniques that are employed, 
but it is important to remember that all of these techniques 
still lack a completely sustainable solution that is feasible for 
large-scale industrial applications. Therefore, a more envi-
ronmentally favorable and scalable solution must be offered 
to best meet these needs and the future global demand.

Anaerobic digestion for hydrogen

One promising alternative for hydrogen production is 
offered from the use of an anaerobic digestor that is modi-
fied to maximize hydrogen production while minimizing the 
release of carbon dioxide and methane (DigitalCommons 
et al. 2008). There are many techniques to achieve this and 
many conditions to modify in order to enhance the process 
(pH, temperature, rate of stirring, time, feedstock, etc.) (Lim 
2019; Anantharaj et al. 2020). The basic technique involves 
inhibiting the microorganisms that convert hydrogen into 
methane; in reference to Fig. 2 this means preventing the 
process of methanogenesis from occurring which ensures 
that only the desired products are produced in larger volumes 
(Uçkun Kiran et al. 2016; DigitalCommons et al. 2008; Lim 
2019). It is important to inhibit methanogens from consum-
ing hydrogen (DigitalCommons et al. 2008). Most processes 
to inhibit methanogens require the use of pretreatment tech-
nologies to create conditions unsuitable for methanogenic 
bacteria while still allowing liquifying and acid-forming 
bacteria to flourish during digestion (Kim et al. 2013). This 
process is also sustainable as it treats wastes while produc-
ing hydrogen as a fuel source without having to also release 

H
2
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+ CO
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harmful greenhouse gases. Large-scale implementation of 
this technique would (1) find a cheap solution to disposing 
of organic wastes, (2) require little energy in its execution, 
(3) produce hydrogen for future energy needs, (4) produce 
digestate for a variety of uses, (5) produce acids that are 
highly valued in many markets (thus lowering costs and 
increasing sustainability), and (6) can also produce small 
amounts of methane which can be used in the production of 
other chemicals (DigitalCommons et al. 2008; Lim 2019; 
Kim et al. 2013; Anantharaj et al. 2020; Anantharaj and 
Arutchelvan 2019; EIA 2020; Zhang et al. 2012; Ander-
son et al. 2013; USDA 2008; Uçkun Kiran et al. 2016). 
These benefits are explored in more detail in the following 
paragraphs:

Organic wastes are abundant in modern society with 
agriculture, food waste, and municipal liquid wastes playing 
major parts (Barik 2018). Organic wastes from agricultural 
are produced in very high quantities (about 998 million tons 
a year), encompassing animal manure, animal waste, cul-
tivation activities, aquaculture, and many more (Obi et al. 
2016). Food wastes are also an enormous portion with 133 
billion pounds of food waste reported by the USDA in the 
USA (USDA 2020). The treatment of wastewater is also very 
common with over 14,500 publicly owned treatment works 
in the USA generating over 8 million dry tons of sludge 
annually (University of Michigan 2019). All of these sources 
require the use of treatment processes to minimize patho-
gens, reduce the volume of dispersed sludge, and mitigate 
the possibility of contamination. Anaerobic digestion would 
successfully accomplish this goal (Obi et al.  2016; USDA 
2020; Lim 2019). The resulting biogas and digestate safely 
lower the spread of pathogens, killing off any dangerous 
diseases allowing for the effluent to have more uses. Ther-
mophilic digesters (those operating at high temperatures) 
have been shown to kill more than 99.99% of all pathogens 
(Biomass 2005). Though we are currently far from a depend-
ence on anaerobic digestion for this processing, it does offer 
great potential for the future of treating organic waste on a 
large-scale basis while also generating hydrogen.

It is important to note that most anaerobic digestors pro-
duce large amounts of methane relative to hydrogen, and 
when targeting the production of hydrogen, the specific 
gas can be targeted before or during treatment (as outlined 
before and for most of these analyses) or after the process 
of anaerobic digestion is allowed to completion (allowing 
the steps of methanogenesis) (DeBruyn and Hilborn 2015; 
Cazier et al. 2015a, b; Baldi et al. 2019). Separation of 
hydrogen from methane in the biogas stream can be accom-
plished through a large variety of methods; one such method 
is using a single proton exchange membrane (PEM) to iso-
late hydrogen from methane (Ibeh et al. 2007). This process 
uses very little energy to achieve near-complete separation 
(Ibeh et al. 2007). For further conversion to a high hydrogen 

output, this technique can be accompanied with a process to 
harvest the hydrogen from the separated methane stream. 
Methane has the potential to follow a steam-catalytic process 
to produce hydrogen gas; the high levels of methane in the 
biogas can be separated and used with steam for a hydrogen 
source (though some carbon monoxide and carbon dioxide 
will be produced as well) (Saur and Milbrandt 2014; Linville 
et al. 2015; Jolly 2020; Rostrup-Nielsen 1984). This pro-
cess would also work well in addition to two-stage digestors 
where the second bioreactor produces copious amounts of 
methane. Though most current anaerobic digestors conven-
tionally produce methane-rich streams, the bulk of this paper 
focuses on the developing techniques to produce hydrogen-
rich streams.

Anaerobic digestion for hydrogen is also relatively 
cheap in terms of construction and energy costs. In terms 
of purely energy, anaerobic digestors offer a net positive 
energy potential as the gas released (in this case hydrogen) 
can be immediately used for fuel, and in many digestors, the 
energy can be sold resulting in a profit (E3A 2012; Moser 
et al. 1998). The electrical costs for running such a system 
are very small and are easily cancelled by the energy profit 
of the system (Moriarty 2013). However, the main costs for 
these digestors, as with most industrial systems, are from 
construction. Estimates from the EPA show that the costs 
for an on-farm conventional anaerobic digestor range any-
where from $400,000 to $5,000,000 with the average being 
around $1.2 million (Moriarty 2013; Moser et al. 1998; E3A 
2012; Biomass 2005). This, however, does not account for 
the modifications required for a hydrogen-focused design 
(acids extraction and pretreatment systems), but due to little 
research available in this area and a current lack of real-
world examples, exact pricing is difficult to estimate. How-
ever, these costs may be overcome by the benefits, especially 
as hydrogen prices increase; the benefits of energy produc-
tion, odor reduction, generation of chemical feedstocks, 
and safety of effluent could help save money in terms of 
selling costs and liability prevention (Moriarty 2013; E3A 
2012). Many countries also offer grants for the construction 
of these systems and for hydrogen usage as a fuel source 
further supporting this process (USDA 2008; Moriarty 2013; 
E3A 2012).

Perhaps the biggest draw for using this type of system is 
the hydrogen that is produced (DigitalCommons et al. 2008; 
Kim et al. 2013). As discussed earlier, hydrogen is a much 
more environmentally favorable energy carrier as opposed to 
conventional fossil fuel system or even standard biogas, and 
when hydrogen is used, the only chemical produced is water 
(IEA 2020; Jolly 2020; Kim et al. 2013). As extensively 
detailed above, hydrogen is an expanding market with great 
potential in the future. The biggest issue has mainly been 
production, which is almost exclusively dependent on fossil 
fuels, but by using an anaerobic digestor, hydrogen almost 
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becomes a completely renewable process (Anantharaj and 
Arutchelvan 2019; E3A 2012; Moriarty 2013).

Another beneficial product of this system is the digestate, 
a mixture of usually around 30% biosolids and 70% liquids 
(Moriarty 2013). This product can often be used directly 
on farmlands as a source of fertilizer which can be done 
without treatment in the case of the liquid digestate, making 
this system ideal for onsite farm-based treatment, but it is 
important to note that hydrogen-focused anaerobic digestors 
tend to produce high levels of acids as well that need to be 
monitored before use (Moriarty 2013). The solids can be 
further treated for use as a fertilizer or treated as a source 
for animal bedding (Rigby and Smith 2011; Moriarty 2013; 
Moser et al. 1998). Processes for acid extraction include gas 
stripping, adsorption, electrodialysis, and membrane con-
tractors (Atasoy et al. 2018). These acids could be sold as 
chemical feedstocks. Table 2, as presented by Moriarty in 
an analysis of local anaerobic digestion systems, shows the 
chemical makeup of food waste digestate.

Though these data were analyzed for food waste diges-
tate, it is important to note that the composition may vary 
dependent on the influent used in the digestor. Though there 
is little research into the selling of the digestate available, 
it may be possible to lower costs and maximize profits by 
selling and multipurposing the digestate between industries, 
but it requires their markets to be further developed (Rigby 
and Smith 2011; E3A 2012; Moser et al. 1998).

In digestors that are suited for hydrogen production, the 
process of methanogenesis is often avoided; this leads to 
an increase in the amount of volatile acids present in the 
digestor (Rigby and Smith 2011; E3A 2012). Studies have 
shown that an increase in hydrogen partial pressure results 
in a higher concentration of volatile fatty acids in the efflu-
ent (Sbarciog et al. 2018). These acids may also have the 
opportunity for use, as they are relatively prevalent in the 
effluent of some of the anaerobic digestion techniques that 
are configured for hydrogen production, further adding to 
the list of useful products of this set of reactions (Bio-
mass 2005; Rigby and Smith 2011; Moser et al. 1998). The 

most important concern for this source is determining the 
proper method to separate the volatile fatty acids from the 
digestate. A number of possible techniques can be used, 
determined by the construction constraints and the acids 
desired for extraction; these include gas stripping, adsorp-
tion, electrodialysis, solvent extraction, and membrane 
contactors (Atasoy et al. 2018). One particular method of 
promise is the use of vapor permeation membrane contac-
tors to separate mixed volatile fatty acids from anaerobi-
cally digested wastes. This was demonstrated in a study 
by Aydin et al. where over 95% of volatile fatty acids were 
recovered (Aydin et al. 2018; Atasoy et al. 2018). This 
study also concluded that the process is both economically 
and environmentally friendly.

Also, in the bioproduction of hydrogen, methane is 
often produced as well, as is the case in most two-stage 
reactors; for this reason, the methane could also be used as 
a fuel source or sold for other uses as well (Uçkun Kiran 
et al. 2016; Jarvie 2018; Environmental Protection Agency 
2020). Though the point of hydrogen production from 
anaerobic digestion is to avoid the production of methane, 
benefits for its use are available and should be considered 
when constructing an anaerobic digestor, even for hydro-
gen production (UCAR 2012; Moser et al. 1998).

Despite these benefits, there are still some major issues 
with the industrial-scaling of anaerobic digestion for the 
purpose of hydrogen production. Mainly, there is great dif-
ficulty in creating a large-scale system that can pretreat the 
microorganism consortium and maintaining adequate flow 
through the system (DigitalCommons et al. 2008; Anan-
tharaj et al. 2020). There also needs for more research and 
designs on how to implement a system that can sufficiently 
pretreat, separate, and store all influents and effluents effi-
ciently and effectively. That being said anaerobic digestion 
is not a new technology; the only newer aspect to this pro-
cess is the use of it for hydrogen production. Another issue 
is the overwhelming prevalence of fossil fuels over hydro-
gen; currently, fossil fuels are relatively easy to obtain 
making other techniques dependent on fossil fuels eco-
nomically viable as compared to the newer and less tested 
technique of using anaerobic digestion (DigitalCommons 
et al. 2008). More research and large-scale applications of 
these systems are required before a thorough and accurate 
statement can be made on their economic feasibility. One 
study, performed by Emerson, showed that in most parts 
of the USA, a hydrogen-focused anaerobic digestor is not 
feasible due to a lack of incentives, but this could easily 
be corrected in the future (Emerson 2008). Though these 
issues are of concern, the benefits of such a process offer 
great hope for a sustainable source of hydrogen and effi-
cient means of disposing of wastes.

Table 2   Chemical composition of food waste digestate (Rigby and 
Smith 2011; Moriarty 2013)

Digestate composition Percentage

Total solids 6
Volatile solids 69
Nitrogen 15
Potassium 4.7
Phosphorus 0.7
Calcium 0.34
Sulfur 0.3
Magnesium 0.19
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Microorganisms in anaerobic digestors 
producing and/or consuming hydrogen

The number of microorganisms used in the consortium 
for anaerobic digestion is large and is often unknown in 
terms of the exact composition of the consortium members 
(EPA 2020b; Environmental Protection Agency 2020). 
Though it is difficult to identify and quantify the types of 
microorganisms, much research has sought to identify the 
microorganisms responsible for each step (Anukam et al. 
2019; Hassan and Nelson 2012; Cazier et al. 2015a, b). In 
the production of hydrogen, it is important to promote ace-
togenesis, which produces hydrogen, and inhibit methano-
genesis, which consumes hydrogen (Anukam et al. 2019). 
Maximum hydrogen production can be achieved through 
an understanding of the physiology of microorganisms in 
the anaerobic digestor.

The most important biological component in hydro-
gen production from anaerobic digestion is the group of 
bacteria and archaea responsible for actually producing 
the hydrogen; these are groups of acetogenic bacteria that 
convert small organic material into acetate and hydrogen 
gas (Anukam et al. 2019). However, the hydrogen pro-
duced by these bacteria is toxic to them, leading to an 
overall increase in hydrogen causing a decrease in hydro-
gen production; for that reason, it is important to limit 
the partial pressure of hydrogen through collection dur-
ing the process (Krzysztof Ziemiński 2012; Kim et al. 
2013). In conventional anaerobic digestion systems, where 
methane is produced as the main product, a symbiosis is 
formed between the acetogenic bacteria with methano-
genic bacteria where the hydrogen levels are controlled 
(Ziemiński 2012). There are two main types of microor-
ganisms involved in acetogenesis: syntrophic acetogens 
and non-synthrophic homoacetogens (Cazier et al. 2015a, 
b). Syntrophic acetogens convert fatty acids, alcohols, and 
volatile fatty acids into hydrogen, carbon dioxide, and 
acetate and are especially prone to inhibition from high 
levels of hydrogen, and the most common species of these 
contain Syntrophobacter wolinii and Syntrophomonas wol-
fei (Cazier et al. 2015a, b). Non synthrophic homoaceto-
gens produce acetate from hydrogen and carbon dioxide, 
often lowering hydrogen levels; common species include 
Clostridium aceticum. Other species of acetogenic bacteria 
include Methanobacterium suboxydans and Methanobac-
terium propionicum (Anukam et al. 2019).

Another important form of bacteria in the digestor con-
sortium are those that produce methane. They are of par-
ticular concern when aiming for hydrogen production as 
they most often use hydrogen gas as the hydrogen source, 
targeting the desired product (Anukam et al. 2019). They 
are used in most digestors to limit the partial pressure of 

hydrogen gas, but in the case of producing hydrogen, this 
is counter-productive. These are also divided into two main 
types depending on their energy sources: acetotrophic and 
hydrogenotrophic methanogens; the acetotrophic methano-
trophs (such as Methanosaeta concilii or Methanosarcina 
acetivorans) use acetate as substrate while hydrogeno-
trophic methanogens (such as Methanobacterium bryantii 
or Methanobrevibacter arboriphilus) use carbon dioxide 
and hydrogen gas as substrates (Cazier et al. 2015a, b). 
Common species of methanotrophs include Methanobrevi-
bacter ruminantium, M. Bryantic, Methanogenium cariaci, 
and M. marinsnigri (Anukam et al. 2019).

Hydrogen biogas co‑production

When trying to produce a specific gas from the process of 
anaerobic digestion, two main setups are used: single-stage 
reactors and two-stage reactors (DigitalCommons et al. 
2008). Both of these techniques successfully treat the waste-
water, but the difference is mainly found in the composition 
of the effluent (predominately the gas phase composition) 
(Nasr et al. 2012). Each type allows for different control sys-
tems and have different construction and maintenance costs 
(DigitalCommons et al. 2008). Their benefits in relation to 
hydrogen production are explored below which includes 
their construction, product composition, and how to control 
the process for hydrogen production.

Single-stage anaerobic digestors are seemingly simpler 
but require much greater control of the bioreactor condi-
tions (pH, temperature, etc.) in order to sustain all of the 
microorganisms in the consortium, because, unlike two-
stage designs, single-stage systems have all of the required 
microorganisms performing their tasks simultaneously (Van 
et al. 2019). Though this is a hindrance in the conventional 
production of methane as the most sensitive bacteria are the 
methanogens, for hydrogen production, the sensitivity of the 
methanogenic bacteria is advantageous, as creating unsta-
ble conditions for methanotrophs eliminates the conversion 
of hydrogen to methane (Van et al. 2020; DigitalCommons 
et al. 2008). Generally, methanogens cannot convert hydro-
gen into methane at pH values less than 6.2 and begin to die 
off around 6.0 (Van et al. 2019). In a study performed by 
Eniyon et al., they determined that the ideal pH for single-
stage anaerobic digestors for the purpose of hydrogen pro-
duction is around 5.9 (Anantharaj and Arutchelvan 2019). 
Steps can also be taken to ensure that methanogens are killed 
off or inhibited before treatment; these sometimes involve 
ultrasonication, alkalization, acidification, heating, or a com-
bination of multiple methods (Van et al. 2019). Though an 
exact amount cannot be given as so many characteristics 
are given on a case-by-case basis, an example of hydrogen 
production from anaerobic digestion has shown hydrogen to 



4085International Journal of Environmental Science and Technology (2021) 18:4075–4090	

1 3

be produced at a concentration between 28 and 40% of the 
biogas (DigitalCommons et al. 2008; Kyazze et al. 2007; 
Nasr et al. 2012; Van et al. 2020). This process is easier 
to construct and maintain as opposed to large-scale two-
stage digestors which require much more labor and material 
costs; however, for better production, two-stage digestors 
have been shown to be more successful, especially when in 
conjunction with methane production (Van et al. 2019, 2020; 
Kyazze et al. 2007; Nasr et al. 2012).

As opposed to deactivating the methanogenic bacteria, 
two-phase systems separate the processes of acidogenesis 
and methanogenesis into two separate reactors, allowing 
hydrogen to be extracted from one and methane from the 
other (Pham Van et al. 2019; Zhang et al. 2012; Environ-
mental Protection Agency 2020). This process prioritizes 
acid-forming bacteria in the first bioreactor which produce 
hydrogen gas, acetate, propionate, butyrate, valerate, and 
other acidic compounds; extraction processes could extract 
hydrogen before moving to the second bioreactor (Uçkun 
Kiran et al. 2016; Kim et al. 2013; Van et al. 2020). The 
second bioreactor has a higher concentration and better 
conditions for methanogenic bacteria in the consortium 
leading to an increase in the amount of methane produced 
(Sbarciog et al. 2018; Van et al. 2019; Nasr et al. 2012). 
This process has much higher yields than a single-reactor 
system. An example of such a setup was performed by Zhu 
et al. in which the first reactor was held at a pH of 5.5 (to 
prevent methanogenesis) and the second at 7 (to encourage 
it) (Zhu et al. 2008). In a study by Baldi et al., they com-
pared the biogas production of two-stage systems as opposed 
to single stage; they concluded that the two-stage technol-
ogy increased the total biogas production by 35% (Digital-
Commons et al. 2008). However, little research has been 
performed on two-stage anaerobic digestion for the main 
purpose of hydrogen production, but some studies show that 

it does allow for an overall biogas production that has more 
hydrogen than conventional systems (Nasr et al. 2012; Bio-
mass 2005;  E3A 2012; Rigby and Smith 2011; Baldi et al. 
2019; Kim et al. 2013) (Fig. 3).

Other than overall design, one of the most important fac-
tors in controlling the biogas produced is the feedstock fed 
into the digestor (Fu et al. 2017; Environmental Protection 
Agency 2020). Feedstocks include, but are certainly not lim-
ited to, food and drink waste, including restaurant waste, 
cafeteria waste, and organic landfill recoveries; processing 
byproducts and residues, such as vinasse, fats from food pro-
duction, and dairy residues; agricultural residues, mainly 
manure and crops; and sewage sludge (Muthudineshkumar 
and Anand 2019; OIPAD 2020; Zhu et al. 2008; Fu et al. 
2017; Pham Van et al. 2019). It has been shown that the 
greatest yielding feedstocks, for biogas, are crude glycerin, 
fats, and rape meal (OIPAD 2020). For hydrogen produc-
tion, Thompson performed a study to find which feedstock 
produced the most hydrogen; he concluded that municipal 
wastewater, though possible, was not the ideal feedstock for 
hydrogen production (DigitalCommons et al. 2008). Rather, 
food wastes, in this case cheese whey, offered a better feed-
stock for hydrogen; however, the best feedstock in this study 
was a combination of both cheese whey and wastewater, 
a process referred to as co-digestion (the treatment of two 
feedstocks combined in the same solution) (DigitalCom-
mons et al. 2008). In another study, it was determined that 
the optimal combination of food waste-to-sewage sludge was 
2:1 which increased hydrogen production to 5 mL/g VSS, 
and it also increased the amount of acids produced to a con-
centration of around 41,000 mg/L (Kim et al. 2013).

In the production of hydrogen, pretreatment of the feed-
stock and microbial seed has been shown to isolate hydro-
gen and prevent its conversion to methane. The basis of this 
technique is that it prevents methanogenic bacteria from 

Fig. 3   Basic schematic for a 
two-stage anaerobic digestor
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converting hydrogen to methane, thus increasing the partial 
pressure of hydrogen and the concentration of volatile fatty 
acids (Kim et al. 2013; Lim 2019; Kyazze et al. 2007). Vari-
ous pretreatment techniques can be utilized on the microor-
ganism consortium prior to digestor reactions; these include 
alkalization, acidification, heat treatment, microwave treat-
ment, and chemical additions to inhibit methanogens (Peña 
Muñoz and Steinmetz 2012; Sbarciog et al. 2018). Munoz 
and Steinmetz performed an analysis to determine the most 
effective method for pretreating anaerobic digestor feedstock 
and seed for the goal of producing bio-hydrogen while fac-
toring in environmental and economic considerations (Peña 
Muñoz and Steinmetz 2012). They used 21 different condi-
tions of pretreatments to determine which produced the most 
hydrogen in a two-stage digestor. Their results concluded 
that the most effective method was chemical acidification 
(using HCl) in combination with heat shock. They also rec-
ommend analysis on a case-by-case basis for the efficacy of 
heat treatment on a large-scale system as it could become 
expensive; they also recommend an environmental impact 
analysis on the use of HCl (Peña Muñoz and Steinmetz 
2012).

Hydrogen production through anaerobic 
digestion

Hydrogen production using anaerobic digestion is a devel-
oping point of research with each potential method having 
advantages, along with its challenges. In order to better out-
line the benefits of each method, the following table outlin-
ing these methods is included below (some of these can be 
integrated into a single process):

This table outlines some key factors in designing and 
implementing hydrogen production techniques from 

anaerobic digestion, and it is encouraged to use some of 
these factors in conjunction with each other. For example, 
for maximum hydrogen production, one design may use 
a two-stage reactor with food waste feed using both con-
tinuous hydrogen extraction and pretreatment techniques; 
however, this does not account for costs and the multiple 
concerns considered for design (for example, usually feed is 
the initial consideration and is less controllable) (Table 3).

The following paragraphs outlines some key studies in the 
development of anaerobic digestion as a source of hydrogen. 
They summarize reviews/assessments, experimental designs, 
and examples of large-scale applications. They were col-
lected from a variety of sources, mainly database searches 
but also articles and government records regarding propri-
etary information.

In a study performed by Kim et al., the maximization of 
biological hydrogen was sought by modifying the composi-
tion of a food waste and sewage sludge feedstock as well 
as finding the most efficient pretreatment technique (Kim 
et al. 2013). The experiments were performed in a batch-
type reactor with multiple sampling ports in a pH-controlled 
environment while being stirred at a rate of 150 rpm. The 
hydrogen gas was measured immediately after generation 
to prevent a partial pressure that could inhibit more hydro-
gen production. The sewage sludge was collected from a 
local wastewater plant while the food waste was collected 
from a local restaurant. They tested multiple pretreatment 
techniques including ultrasonication, alkalization, acidifica-
tion, and heat shock; they also measured the effectiveness of 
different ratios of food waste-to-sewage sludge. They made 
several key conclusions: The process of alkalization with 
ultrasonication is the preferred method for pretreating sew-
age sludge as it most effectively destroys cell walls and aids 
in microbial digestion; the optimal pH levels were found to 
be around 5–5.5 for maximum hydrogen production; the best 

Table 3   Summary of the current status of hydrogen production from anaerobic digestion

Method Advantages Challenges

Single stage Relatively cheap costs of construction
No other targeted biogas is produced

Difficult to maintain optimal conditions (pH of around 5.9)
Production of hydrogen is relatively low

Two-stage Conditions are easy to maintain
Option to co-produce other biogases
Relatively high yields

High costs of construction
Larger size considerations

Sewage sludge fed Ubiquitous
Relatively easy adaptation of treatment facilities

Not optimum levels of hydrogen produced

Food waste fed Produces optimum levels of hydrogen
Ubiquitous (especially in developing countries)

Difficult construction requirements
Difficult to collect food waste exclusively

Continuous hydro-
gen extraction

Higher yield of hydrogen
Maintains good growth conditions for bacteria in the digestor

More costly (construction and energy)
Difficult to maintain

Pretreatment Higher yield of hydrogen
Many options:
Alkalization, acidification, heat treatment, microwave treat-

ment, chemical additions, etc.

Difficult to determine best pretreatment options
Extra costs
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ratio of food waste-to-pretreated sewage sludge is 2:1; and 
the maximum rate of hydrogen production they achieved 
was around 13.8 mL H2 per gram volatile suspended solids 
consumed (Kim et al. 2013).

Another study performed by Thompson further empha-
sized the importance of pretreatment when targeting the 
production of hydrogen, but in this case, they focused on 
wastes from agricultural systems: cheese whey and dairy 
manure (DigitalCommons et al. 2008). The microbial seeds 
were pretreated prior to experimentation by exposure to an 
environment of pH 3, at 37 degrees Celsius for 48 h; this 
ensures that the methanogenic bacteria are killed off prior to 
reaction. Dairy manure was collected from a local dairy, and 
the whey was collected from two cheese production plants. 
The digestion took place in three batch reactors (2 L, 2.5 L, 
and 2.5 L) equipped with temperature control and agitation 
control. The trials were maintained at a pH between 5 and 
6 to ensure a high partial pressure of hydrogen. Different 
concentrations of whey and manure mixtures were analyzed. 
The results showed that manure alone produced little to no 
hydrogen, and it was discovered that a mixture was required 
for adequate production. The cheese whey trials showed 
very promising results as 45% cheese whey produced 83.03 
mmols of hydrogen per liter of substrate; the biogas con-
tained between 27.9 and 39.02% hydrogen. The mixture of 
cheese whey and manure produced around 63.16 mmols 
of hydrogen per liter of substrate (slightly lower than just 
whey). This study showed that hydrogen can effectively be 
produced in an agricultural setting, but proper pretreatment 
techniques and feedstocks must be utilized.

One interesting example of a large-scale anaerobic 
digestor for hydrogen was constructed by S. Venkata Mohan 
and his team where they designed an anaerobic digestor to 
be fed from food waste from his institute’s cafeteria (Lim 
2019). The food waste was ground up, filtered, and drained 
of oils and was added to the microorganism blend in the 
bioreactor. This tower was able to produce 5 kg of hydrogen 
a day. This success led Mohan to suggest that digestors ten 
times larger could be constructed to treat local municipal 
waste.

Some attention has been paid to more innovative uses 
for anaerobic digestion. One such example is reviewed in a 
paper by I. Khan (Khan 2020). He explores the possibility of 
using wastes in developing countries as a means to produce 
hydrogen as well as provide safe waste treatment facilities. 
Using Bangladesh as a case example, he found that organic 
food wastes made up around 50–87% of the overall waste 
produced in these areas. He found that an anaerobic system 
would provide a more sustainable source of hydrogen while 
simultaneously help solving a sanitary problem in develop-
ing countries, creating a more sustainable future.

Emerson evaluated the economic viability of using anaer-
obic digester gas to generate electricity using stand-alone 

hydrogen fuel cells at wastewater treatment plants (Emer-
son 2008). He concluded that from a strictly quantitative 
approach such a system would not be viable in most parts 
of the country due to the cost of energy in those places; 
however, he does suggest that the Northeast and some states 
in the Western, and Pacific Noncontiguous states represent 
possible markets for this type of system. He did mention that 
incentives could definitely make it possible for development 
in other parts of the country as well. He suggests also explor-
ing the viability of similar systems at landfills and farms.

Conclusion

Using anaerobic digestors to produce hydrogen offers an 
opportunity to (1) treat dangerous organic waste, preventing 
the spread of dangerous pathogens; (2) decrease dependence 
on fossil fuels, a limited resource, as a hydrogen source; 
(3) create more access to a fuel carrier that does not harm 
the environment; (4) integrate multiple systems to be more 
economically and environmentally viable; and (5) produce 
other products that can be used in multiple markets further 
enhancing the sustainability factor of this process. Though 
more research needs to be done to ensure full integration into 
society in a successful manner, current trends show that this 
technology may help to greatly support the need for hydro-
gen and the need to lower the amount of greenhouse gases 
into the atmosphere. By using pretreatment methods and 
a close control of conditions to favor hydrogen-producing 
microbes, hydrogen production from anaerobic digestion can 
be further maximized. Ultimately, this technology may serve 
a large role in making an energy sustainable future.

Future research needs

Though more attention is being paid for this process to be 
used for hydrogen production more research needs to be 
done before large-scale applications can be completely inte-
grated into society. Studies need to be performed to study 
other possible areas for using anaerobic digestion with a 
focus on those that produce high levels of organic wastes. 
Moreover, multiple analyses need to be done to further 
understand the economic status required to support these 
systems and where they may be most effective. In addition, 
more development of using hydrogen as an energy source 
needs to be performed, especially for integration into mod-
ern applications (vehicles, power plants, wastewater treat-
ment facilities, etc.). A better understanding of the preferred 
microbes and optimal conditions is also needed. The overall 
goal of future research in this area needs to be on how to 
implement these kind of systems in an environmentally and 
economically favorable manner.
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