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Preface

In the face of global population growth and unpredictable climate change, biogas 
is gaining momentum as a renewable energy source for multipurpose applications, 
including heating, electricity generation, and direct use as fuel. At the global, national, 
and local levels, biogas plays a pivotal role in countries’ sustainable development, con-
tributing to reducing ineffective waste, mitigating negative environmental impacts, 
and creating economic opportunities.

In this framework, the present book aims to provide an overview of the potential of 
biogas as a sustainable, affordable, and low-emission fuel that can convert waste into 
energy. Unlike fossil fuels, biogas can help secure the country’s energy independence 
in the face of external political uncertainties.

The chapters within this volume address key thematic areas, beginning with the cur-
rent status of biogas production, the limitations of existing technologies, and explor-
ing sustainable strategies for the development of biogas-based energy communities 
as a means of reducing energy dependency on a large scale. This includes mitigation 
techniques, regulatory frameworks, and their broader climate implications. Moreover, 
this discussion is complemented by in-depth examinations of third-generation 
biofuels derived from marine organisms as a promising alternative to carbon-based 
fuels, offering potential and unique advantages, as well as emerging technologies in 
hydrogen production from biogas.

The authors have reviewed the current status of biogas production to outline the 
opportunities and challenges associated with various biogas conversion technologies, 
including anaerobic digestion and gasification processes. Furthermore, the contribu-
tion of biogas to meaningful decarbonization throughout the entire energy production 
supply chain has been addressed, along with its relevance in promoting a circular 
economy for waste management, thereby enabling the optimal use of the several 
billion tons of biological waste produced worldwide each year.

Additionally, a novel perspective on how policy can support biogas integration with 
other renewable energies has been provided by analyzing key operating parameters, 
technology limitations and economic constraints. Among the various production 
technologies, a specific book chapter has been dedicated to estimating the positive 
impact of compact biodigesters on the optimization of thermal comfort in the resi-
dential sector, thereby enhancing the modern concept of bioclimatic and sustainable 
homes. An additional section of the book delves into membrane cover technologies, 
assessing the multiple advantages they own as biogas storage systems in terms of 
flexible storage, cost-effectiveness, and chemical resistance.

Additionally, the authors have conducted an extensive analysis of the potential of 
third-generation biofuels from algae, including both microalgae and seaweeds, 
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highlighting the unique and beneficial properties of aquatic photosynthetic organisms, 
such as high CO2 sequestration capabilities, high biomass yields, and rapid growth 
rates.

Subsequently, emphasis has been placed on contemporary technologies for hydrogen 
production from biomass waste. The analysis of economic, environmental, and 
societal implications of using biogas for H2 production offers the reader an interest-
ing prospect about the available pathways and possible barriers to its sustainable 
production.

Finally, the book concludes by presenting the risks of forming hydrogen sulphide 
(H2S) during biogas production and how this impurity can inhibit methanogenesis 
and lead to geosequestration.

We believe this book will serve as a valuable resource for scholars, stakeholders, 
policymakers, and professionals interested in gaining a deeper understanding of the 
current state and future directions of biogas production and its applications in the 
21st century.

Finally, we sincerely thank all contributing authors and editors who have diligently 
worked to create this comprehensive volume.

Lina Montuori and Manuel Alcázar-Ortega
Universitat Politècnica de València (UPV),

Valencia, Spain
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Chapter 1

Perspective Chapter: Biogas 
Production – Current Status, 
Challenges, and Future 
Perspectives
Surafel Argahegn Agdew, Melaku Esubalew Cherie, 
Wassihun Guade Alemu, Tesfa Nega Gesese and 
Alelign Anmaw Getahun

Abstract

An estimated several billion tons of biological waste are produced each year as a 
result of the world’s population growth and population density. The conversion of 
garbage to biogas that is a prime example of waste-to-energy conversion is a great area 
of interest due to the increasing demand for renewable energy sources. This approach, 
which addresses two problems simultaneously (conversion of waste and production 
of biogas), is regarded as one of the best alternative energy sources. Biogas, produced 
through anaerobic digestion, is clean, affordable, sustainable, and environmentally 
friendly. This chapter assesses the current status of biogas production, its challenges, 
and future directions. In this work, all substrates for biogas production and treatment 
methods with its state-of-the-art and current applications were reviewed. The current 
status of anaerobic digestion technology and its challenges were also addressed. And 
finally, the overall challenges such as technological limitations, economic constraints, 
and environmental concerns, and future directions for biogas production, including 
advancements in technology, policy support, and integration with other renewable 
energy sources to enhance sustainability and economic viability were all addressed.

Keywords: biogas, anaerobic digestion, substrate, renewable energy, waste

1.  Introduction

Based on the widely documented correlation among energy access, economic 
growth, and living standards, the trajectory of world history and development is 
intricately connected to energy production [1]. The energy resources currently 
used are generally categorized as renewable or non-renewable [2]. Non-renewable 
resources consist of natural gas, oil, and coal, whereas renewable resources include 
biomass, solar energy, water, and wind [3–5]. Early civilizations used renewable 
resources for energy, but since the industrial revolution and the creation of the 

XIV
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steam engine in the eighteenth century, fossil fuels have surpassed renewables [6]. 
Currently, the increasing energy request driven by population and industrial growth 
continues to be largely met by energy resulting from fossil fuels [7]. The excessive 
use of fossil fuels leads to the release of significant amounts of greenhouse gases 
(GHGs) into the atmosphere, contributing to global warming and climate change 
[7–9]. Additionally, the declining fossil fuel supplies will lead to higher costs for these 
resources. Due to this, there is a pressing need to find alternative energy sources, with 
a particular emphasis on renewables. Because of its carbon neutrality, low amount of 
pollution emissions, and its potential to increase energy security, renewable energy is 
beneficial [10].

1.1 The world energy requirements

The world’s energy demand is rising at a never-before-seen rate due to popula-
tion expansion and industrialization [11]. Even though the field of renewable energy 
technology is developing quickly these days, fossil fuels still control most of the 
energy industry. Global energy demand has grown exponentially over time, with an 
estimated 85% increase between 2010 and 2040. Non-renewable fossil fuels including 
coal, oil, and natural gas account for around 85% of the world’s energy supply. These 
fuels produce considerable greenhouse gas (GHG) emissions, particularly CO2. The 
ongoing usage of fossil fuels is causing environmental degradation due to increas-
ing CO2 emissions and raising the long-term risk of energy insecurity. Currently, 
several countries in the world have faced huge economic losses due to climate change 
and ecosystem destruction through the utilization of fossil fuels as well as reckless 
resource development [12]. Thus, many governments are actively financing the devel-
opment of alternative energy sources, and different related studies have been carried 
out to switch to renewable sources. Due to the depletion of fossil fuel reserves, which 
account for 84% of the world’s energy consumption, promoting the use of renewable 
energy has become an essential global effort [13]. Today, the use of renewable energy 
sources is growing, and efforts are being made to advance current technologies [3]. 
Renewable energy sources will account for 27% of all energy production by 2030, 
according to the European Union’s (EU) renewable energy plan [14].

There are notable differences in the biogas sector across the globe. Various 
nations have developed a variety of biogas systems, primarily based on varying 
conditions, energy supply chains, and demand. While the breakdown of sewage 
is the predominant method of producing biogas in Switzerland and Sweden, the 
UK, Australia, and South Korea used landfill sites to attain a significant amount 
of their produced biogas. Because manure is readily available and abundant, it is 
mostly used in Denmark. The majority of biogas produced in Germany, the UK, 
and Sweden comes from food waste [15].

China and Germany are acknowledged as the world leaders in farm-based bio-
gas production since China has over 24,000 small-scale plants and Germany has 
almost 8000 agricultural plants. In a similar vein, significant farm-based biogas 
plants were used in France, Holland, Austria, and Italy. Furthermore, the size of 
plants varies from tiny home units to larger plants that employ manure, industrial 
waste, and domestic waste as feedstocks to produce both heat and power. The 
majority of installed biogas plants in Asia and Africa were family-sized, accord-
ing to studies [7]. The global market for microscale biogas has been controlled 
by China and India. Thailand currently benefits from over 150 industrial waste 
plants and over 1700 biogas plants. The Thailand’s government has made an effort 
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to develop industrial wastewater technology, which could produce 7800 TJ of 
biogas annually [16]. The majority of the villages, approximately 2800 out of 
3915 in all 75 districts of Nepal, have small-scale or domestic biogas production 
systems, according to the Ministry of Energy of Nepal. In Nepal, two main plant 
classifications have been established. These are the Indian-style floating-drum 
plants and fixed-dome plants, which have a concrete-prepared dome, a cylindrical 
digester, and a flat floor [17]. Of the 50 million microscale digesters in use world-
wide, 42 million are situated in China, and an additional 4.9 million are in India. 
Only 700,000 biogas plants are operational in Asia, Africa, and South America, 
according to data from the World Biogas Association [18].

Approximately 7000 large-scale biogas systems are now in operation in China. In 
2017, Europe accounted for 17,783 plants, with Germany leading the European biogas 
market with 10,971 plants, followed by Italy (1665), France (742), Switzerland (632), 
and the UK (613), in that order (Association 2018). According to data from the World 
Biogas Association, there are over 2200 large-scale anaerobic digester plants in the 
USA that can produce 977 MW. Biogas can also be upgraded to biomethane. Despite 
being a relatively new procedure, it has gained extensive adoption globally. Some 
biogas upgrade plants create car fuel, while others deliver it to the local or national 
grids association [18].

Although it has made only modest strides in the field, Africa boasts a wealth of 
varied resources for the generation of biogas [19]. Profitable biodigesters still need to 
be developed, despite the continent’s notable progress in small-scale biogas facilities 
[19]. Potential employers of large-scale biogas technology in Africa include livestock 
and harvest farmers, small- to medium-sized and large food treatment companies, 
wastewater, sanitation, and municipality operating institutes, as well as municipal 
waste management organizations. Additionally, biogas facilities and technology 
have the potential to help hospitals, schools, universities, and commercial structures 
[20]. The technological advancement of the commercial biogas system in Africa has 
not been adequately documented in the scientific literature, with the exception of 
South Africa. The lagoon, plug low, and upflow sludge blanket (UASB) are developed 
technologies in South Africa [21]. Around 15 terawatts (TW) of energy is consumed 
annually worldwide. Only 7.8% (0.94 TW) of this comes from renewable sources [22]. 
Only 4% of the world’s energy consumption occurs in sub-Saharan Africa, which is 
extremely small given that 13% of the world’s population lives there [23]. Fuel wood 
accounts for about half of Africa’s total energy use. Numerous drawbacks are linked to 
this fuel type, such as the accumulation of indoor smoke and its detrimental effects on 
health, deforestation, and the labor-intensive and hazardous procedure of gathering 
wood [18]. As a result, alternative renewable energy sources are essential and using 
biogas as an energy source is one viable substitute [16].

1.2 Biogas: A viable renewable energy source

Biogas is produced from the anaerobic digestion (AD) of organic materials and 
comprises mostly of flammable methane (60–70%), which is the chosen gas for 
energy production, carbon dioxide (30–40%), and trace amounts of other gases, 
such as hydrogen sulfide [24]. Biogas is generated in biogas plants through the 
anaerobic bacterial decomposition of biomass. Biomass is categorized into three 
types: (1) farm-based substrates like liquid manure, food wastes, harvest wastes, 
and energy crops; (2) organic wastes from households and municipalities, includ-
ing separately collected organic wastes, market wastes, and expired foods; and 



Biogas in the 21st Century – Developments and Perspectives

4

(3) industrial by-products [25] such as glycerin, by-products of food processing, 
or waste from fat separators [11, 13, 14, 23]. The production of biogas through 
anaerobic digestion involves a series of stages: hydrolysis, acidogenesis, acetogen-
esis, and methanogenesis as shown in Figure 1. In hydrolysis, complex organic 
matter is broken down into simpler compounds by hydrolytic bacteria. Acidogenic 
bacteria then convert these into volatile fatty acids during acidogenesis, produc-
ing byproducts such as ammonia and carbon dioxide. In the acetogenesis stage, 
acetogenic bacteria further transform these fatty acids into acetic acid and other 
gases [26]. Finally, methanogenic archaea convert acetic acid, carbon dioxide, and 
hydrogen into methane, which constitutes the primary component of biogas, all 
occurring in an oxygen-free environment. The bacteria are similar to those found 
in the stomachs of ruminants. Energy production and waste management have 
various environmental implications [27].

To provide a sustainable solution for the increasing amount of waste generated by 
a growing global population, an integrated approach must be developed [14]. Biogas 
technology makes the use of some biomasses to partially meet energy needs quite 
attractive. Effective biogas systems may save resources and safeguard the environ-
ment in a variety of ways for both users and the community [28]. But what distin-
guishes biogas from other renewable energy sources is its importance in controlling 
and collecting organic waste while also producing fertilizer and water for agricultural 
irrigation. Biogas is neither monopolistic nor complex like other renewable energy 
sources, and it does not require any technology or geographic limitations to gener-
ate energy [28]. By using waste for biogas production, greenhouse gas emissions are 
reduced, heat and energy are produced, and odors from landfill natural decomposi-
tion are eliminated. Additionally, digestate byproduct of anaerobic digestion can be 
utilized as a naturally occurring, nutrient-rich fertilizer. Thus, the process of produc-
ing biogas has several advantages that can help with a variety of global issues related 
to waste management, sanitation, socioeconomic issues, sustainable development, 
and environmental preservation [11, 27].

Figure 1. 
Stages of biogas production [18].
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1.3 Substrate assessment for biogas production

The initial biogas facilities were based on corn silage and liquid co-substrates from 
processing and agriculture (manure), and they were modeled after German technolo-
gies [29]. By-products from the agri-food sector gradually took the role of silage from 
the targeted crops. Numerous feedstocks that can be utilized to manufacture biogas 
are produced by agriculture and industries that rely on agricultural components. 
Plant and animal products that contain organic components and have the ability 
to ferment are suitable substrates for biogas plants [25]. There are two types of 
raw materials used in the manufacture of biogas: mono- and co-substrates. Mono-
substrates, such as slurry, manure, and the stomach contents of animals, particularly 
ruminants, can ferment because they contain methane bacteria. They also contain a 
wide range of macro- and micronutrients that are essential for the development of 
microorganisms. To improve process efficiency, attain proper hydration, or avoid 
inhibition, co-substrates are introduced to the digester. These consist of greenhouse 
waste, energy crop-focused biomass, agricultural wastes, and byproducts [30]. The 
biggest percentage of substrate utilized for agricultural biogas production in 2021 
was made up of distillery stock (18.98%), manure (16.41%), agro-food industry 
waste (16.61%), and leftovers from fruit and vegetable processing (16.20%) (fruit 
and vegetable residues, post-production waste) [23]. The main factors contributing 
to these raw materials’ popularity are their wide availability, simplicity of transporta-
tion, and low acquisition prices. Straw, grasses from permanent grasslands that have 
not been farmed, or biomass that can be pulled out from marginal land that is not 
appropriate for growing food continue to be important and neglected resources [31]. 
These feedstocks are difficult to ferment without the application of suitable pretreat-
ment techniques [32]. Agro-energy is increasingly being cited for growing global food 
prices, and this feature is prompting the introduction of second- and third-generation 
biofuels, including those derived from waste, lignocellulosic feedstocks, and algae 
[33]. Without lowering the amount of land resources required to ensure the nation’s 
food security, Polish biogas plants will produce more biogas by using more agricul-
tural and processing wastes and byproducts. Simultaneously, the growth of second-
generation biofuel production, sensible waste and by-product management, and the 
integration of the biogas sector with the concept of a closed-loop economy will be 
observed. But this calls for the assistance of contemporary methane fermentation 
technologies as well as techniques for preconditioning a novel variety of substrates 
[22, 28, 30, 33–35].

2.  Methodology

This study employed an extensive literature review methodology to investigate 
the current status, difficulties, and potential of biogas generation in the future. The 
use of feedstock, anaerobic digestion, biogas technology, and renewable energy 
policies were all the subjects of a comprehensive collection and analysis of the pub-
lished research articles, review papers, technical reports, and policy documents. 
Relevant material was found by searching scientific databases such as Scopus, Web 
of Science, and Google Scholar, as well as relevant organizational websites such as 
The World Biogas Association and national energy agencies. The following search 
terms were used: “biogas,” “anaerobic digestion,” “biomethane,” “renewable energy,” 
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“waste-to-energy,” “biogas substrates,” “biogas technology,” “biogas challenges,” 
“biogas policy,” “biogas generation status today,” “biogas generation prospects for the 
future,” and combinations of these terms.

Current status of biogas production: This required examining data and patterns 
related to feedstock diversity, anaerobic digestion and biogas upgrading, technologi-
cal advancements, global and regional biogas production capacity, and the impact 
of current regulatory frameworks. To give a quantitative picture of the existing 
situation, reports and statistical data on the installation of biogas plants and energy 
production were analyzed.

Challenges of biogas production and utilization: The main challenges to the broad 
usage and effective functioning of biogas technology were identified and categorized 
in this section. These difficulties were examined in terms of technical and infrastruc-
ture restrictions, financial limitations, digestate heavy metal contamination concerns, 
building and running expenses, the need for biogas upgrading and purification, and 
political and policy obstacles.

Future perspectives of biogas production: Examining possible future paths and 
prospects for the biogas sector was part of this component. This involved examining 
new developments in technology, the function of incentives and support from policy, 
the possibility of integrating biogas production with other renewable energy sources, 
and methods for improving the economic feasibility and sustainability of biogas 
production. The collected data was then organized to offer a thorough summary of 
the production of biogas as it is today, a critical evaluation of the difficulties encoun-
tered, and a perceptive outlook on the direction this renewable energy source may 
take in the future. Key trends, knowledge gaps, and possible areas for further study 
and development in the field of biogas generation were identified using the results of 
the literature review.

3.  Current status of biogas production

The generation of biogas has drawn a lot of interest as a renewable energy source, 
especially in light of the growing need for energy worldwide and the requirement for 
environmentally friendly waste management techniques. The global trend in biogas 
generation is increasing driven by the desire for cleaner energy sources, better waste 
management techniques, and supportive government policies [17]. This overview 
presents recent accomplishments in the field of biogas production, including global 
capacity and growth, technological advancements in biogas upgrading, legisla-
tive frameworks enabling biogas growth, environmental impact, and sustainable 
benefits.

3.1 Global capacity and growth

The capacity to produce biogas worldwide has grown significantly, rising from 
around 65 GW in 2010 to over 120 GW in 2019. The demand for renewable energy 
sources and increased awareness of climate change are credited with this expansion. 
With the large investments in biogas facilities and technologies, Europe continues 
to lead the world in biogas generation, accounting for over 70% of total output [18]. 
Figure 2 shows biogas production capacity in (MW). Europe and European Union 
take the largest share, while African nations and South America have the lowest 
biogas production capacity.
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3.2 Feedstock diversity

The primary feedstocks for the biogas plant are organic materials, which can 
be classified into many types. Research has been done to assess the possibilities of pro-
ducing biogas from organic materials found in rural areas. The amount of feedstock in 
biogas plants may be reduced by the highly fermentative wastes [25].

Microalgae with favorable characteristics could be used as feedstock in biogas 
systems. Microalgae is a versatile option for biogas plants because of its increased 
lipid and carbohydrate content, improved efficiency, and easier production when 
compared to other biomass resources [33]. Animal manure, food waste, municipal 
solid waste, and agricultural residues are just a few of the organic elements that can be 
used to create biogas. The feedstock selection greatly impacts the yield and produc-
tion efficiency of biogas. For example, lignocellulosic materials frequently need to be 
pretreated to improve digestion, whereas food waste and garden waste are recognized 
for their high biogas generation per unit of fresh weight [16]. Figure 3 shows the 
current feedstocks for biogas production and generations.

3.3 Technological advancements

Improved anaerobic digestion procedures and biogas upgrading methods are 
examples of recent advancements in biogas production technologies. To produce 
high-quality biomethane appropriate for grid injection or automobile fuel, these 
developments concentrate on increasing methane yield and lowering contaminants 

Figure 2. 
Biogas production capacity (2014–2023) [17].
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such as CO2 and H2S. Furthermore, the optimization of microbial consortia for more 
effective biogas production is being investigated through the integration of molecular 
biology approaches [7].

3.3.1 Physicochemical technologies

Various technologies are being utilized for the treatment and pre-treatment of 
biogas and feedstock, along with its enhancement, as shown in Figures 4 and 5. Pre-
treatment methods encompass mechanical, microwave irradiation, extrusion, liquid 
hot water, steam explosion, and chemical (alkaline, acidic, organosolv) and oxidative 
techniques that enhance biogas production from feedstock.

The biochemical advances for improvement of biogas generation handle incorpo-
rate fungal, microorganism, and enzymatic pre-treatment are modern and beneath 
investigate. These advances are greener, eco-friendlier, and appropriate to cultivate 
the execution handle. For the improved biogas feedstock handle of enzymatic 

Figure 4. 
Classification of different advanced technologies for feedstock treatment used for biogas production [7].

Figure 3. 
Substrate classifications for biogas production [29].
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hydrolysis amid the anaerobic assimilation prepare, it is worth to develop the method 
of microbial development on utilized biomass, which might be done by biochemical 
advances. Different enzymes such as xylanases, proteases, cellulases, and ligninolytic 
chemicals have been utilized for the transformation of feedstocks in an anaerobic 
assimilation prepare into edible sugars and to progress generation of biogas rate 
beneath chosen operational parameters to dodge inhibitory compound arrangement. 
In common, for the treatment of ligno-cellulose biomass other advances must be 
utilized some time recently enzymatic liquefaction for getting improved generation 
rate of sugars and surrender.

The primary purpose of upgrading technologies is to remove impurities such as 
hydrogen sulfide (H2S), water vapor, ammonia, and siloxanes, which can adversely 
affect the usability of biogas, its compatibility with natural gas, and its acceptance 
by end users. A secondary objective is to extract carbon dioxide (CO2) to enhance the 
calorific value of biogas and reduce its density, thereby ensuring it meets the specific 
standards of the Wobbe index during the upgrading process. Furthermore, depend-
ing on the technology utilized, the storage, application, and removal of CO2 can 
transform biogas into a carbon-neutral energy resource, effectively managing anthro-
pogenic CO2 emissions. The final product of the biogas upgrading process is referred 
to as biomethane with its quality and performance determined by its intended use. 
Typically, biomethane comprises 95–99% methane, 1–6% carbon dioxide, and 
0.02–0.05% hydrogen sulfide. Technologies for upgrading biogas include scrubbing, 
membrane separation, pressure swing adsorption, and cryogenic methods. The 
scrubbing process can involve chemical and organic solvents or physical scrubbing 
techniques [9]. Over the last decade, the European bio-methane production has 

Figure 5. 
Summary of biological and physicochemical methods for biogas upgrading as well as their possible new 
improvements [36].
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increased by 540% and its trend keeps growing at a constant rate, reaching an energy 
equivalent of 32 TWh in 2020 (23% higher than that in 2019). According to the EBA 
database, it is expected that 30 to 40% of the total gas consumption in Europe will be 
covered by bio-methane by 2050. In this context, the deployment and development of 
innovative, sustainable, and cost-efficient (bio) technologies for biogas upgrading is 
crucial toward achieving a mature bio-methane industry. Despite the clear potential 
of AD-derived biogas as a platform to produce renewable energy from organic waste 
sources, the economic added value of biogas produced via AD is limited [5, 6], unless 
otherwise, it has to be upgraded with appropriate technology. The upgrading of 
biogas, which is essential for its use as fuel, mostly uses physicochemical technolo-
gies to extract CO2 and eliminate contaminants such as H2S. By employing materials 
such as activated carbon, pressure/vacuum swing adsorption (PSA/VSA) selectively 
adsorbs CO2 under pressure, releasing it upon depressurization or vacuum. Recent 
developments center on new adsorbents and system architectures, such as 3D-printed 
structures and temperature swing. Utilizing the greater solubility of CO2 and H2S 
in pressured water, water scrubbing is another popular technique that is followed 
by water regeneration [37]. Research on optimal methods and pretreatment for 
H2S removal has been prompted by the fact that, despite being straightforward and 
economical, it may have reduced energy efficiency and methane losses. Biological 
techniques including biofiltering, biotrickling, and bioscrubbing provide ecologically 
acceptable and energy-efficient alternatives to physicochemical methods for H2S 
removal. In bioreactors, phototrophic bacteria also exhibit promise [36]. The classi-
fication and merits as well as the possible improved methods of biogas upgrading for 
biomethane production are illustrated in Figure 5 and Table 1.

3.3.2 Bioreactor for biogas production

The integration of anaerobic digestion and membrane separation in anaerobic 
membrane bioreactors (AnMBRs) has proven to be effective in addressing the 
challenges of slow-growing methanogenic organisms and complex microbial 
systems in biogas fermenters. This is because it increases biomass concentra-
tion and retention, which leads to higher productivity, resistance to toxins, and 
easier product separation. AnMBRs have produced notable methane content 
(up to 90%) and yields (up to 0.36 l CH4/g COD). Anaerobic digestion has also 
advanced to the point that multi-stage reactor topologies are being investigated to 
improve process stability and the conversion of organic matter to methane, albeit 
some multi-stage systems are still expensive. To better understand and regulate 
the anaerobic digestion process, recent studies have also made use of molecular 
biology methods [7]. Figure 6 illustrates the improved and conventional AnMBRs 
methods for biogas generation.

3.4 Regulatory frameworks supporting biogas growth

Several organizations and countries, like the European Biogas Association and 
the Chinese government, have enacted rules and legislation to encourage biogas 
growth and renewable energy. While there are common guidelines in Europe, 
various countries use National Renewable Energy Action Plans to customize 
policy to their own energy markets and biomass sources. China has several energy 
policies that assist the renewable market, and important government authori-
ties are actively establishing biogas laws [18]. These policies cover a variety of 
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Technologies Benefits

Water 
scrubbing

High efficiency: around 97% CH4 recovery
Both CO2 and H2S can be removed at once,
Suitable for H2S concentration less than 300 cm3/m3 Capacity is modifiable upon alterations of 
temperature and pressure
Less than 2% CH4 losses
Not overly sensitive to impurities
Water is a regeneration of water with ease
No sophisticated system or chemical requirements
Rapidly scalable

Organic 
scrubbing

High CH4 recovery efficiency (>97% CH4)
Less volume of solvent required due to the high solubility of CO2

Concurrent separation of contaminants including H2S
More efficient than water scrubbing low CH4 losses
Recovery of residual methane is possible by heating

Pressure 
swing 
adsorption

Highly efficient CH4 recovery (96–98% CH4)
H2S is removed. N2, O2, and moisture removal are possible
High pressure but regenerative
Faster installation and relatively easier operation due to compact setup
Suitable for small capacities as well as tolerant to impurities
Clean and water-free biomethane produced
Less energy requirement
Fast adsorbent regeneration

Cryogenic 
separation

Up to 98% high-purity
CH4 recovery
High-purity CO2 recovery as a by-product which can be used for example as dry ice
Minimal additional energy is required to reach liquid biomethane (LBM) production level
Very low CH4 loss
Eco-friendly, no chemical usage is involved

Membrane 
separation

Cheap investment and operation
Both H2S and H2O are separated
Simple compact design, installation, and operation
Easy maintenance without any chemical requirements
Low energy requirement
High reliability
Suitable for low gas flowrates
No substantial increase in costings for small units
CH4 recovery efficiency of the single-pass module is around 92% CH4, for multistage units CH4 
purity reaches more than 96% CH4

Overall environment-friendly process operation

Chemical 
scrubbing

High-efficiency CH4 recovery (>99% CH4)
Complete H2S removal is possible
Compression of raw biogas is not mandatory
Can operate at low-pressure conditions
Low operational cost
Easier regeneration of the solvent
Larger volume of CO2 can be dissolved in each unit of chemical solvent per unit of volume compared 
to H2O or organic solvents high selectivity for CO2 with minimal CH4 losses, less than 0.1%

Biological 
upgrading

Isolation of both H2S and CO2 is possible
Enrichment of biomethane
Generation of valuable by-products in some cases Environment friendly
No chemical requirements
Minimal or no heating required
No undesirable by-product or end-product development

Table 1. 
Merit of actual biogas upgrading technologies [38].
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Figure 6. 
Improved and conventional AnMBRs methods for biogas generation [7].

issues, including rural biogas construction, waste management, and technology 
usage, with the goal of encouraging investment, privatization, and cross-sector 
collaboration, thereby contributing to national priorities and efficient biogas 
management [22]. For instance, Denmark, Italy, and Germany have 7, 28, and 
32 renewable energy programs, respectively, whereas the UK has 118 [18]. Their 
national plans for arranging renewable energy in Europe are written using this 
common framework. Several EU countries set up their energy markets and 
biomass sources in spite of the existence of common European regulations like 
2009/28/EC that took into account the production of biogas from agronomic 
deposits and organic waste and its use in generating power and heat. The National 
Renewable Energy Action Plan is a set of policies that these nations have adopted 
to meet their individual requirements and priorities [18].

3.5 Environmental impact and biogas generation

By lowering greenhouse gas emissions and the amount of organic waste that ends 
up in landfills, biogas generation helps with waste management. The nutrient loop in 
agricultural systems is closed by the anaerobic digestion process, which also provides 
digestate, a nutrient-rich fertilizer, in addition to renewable energy [39]. To ensure 
environmental sustainability, strategic decision-making is essential at every stage of the 
biogas production lifecycle. According to studies, it is critical to select high-energy density 
feedstocks, including corn silage and straw, which have smaller land-use footprints and 
less of an influence on ecosystem diversity, particularly when digesting a single feed-
stock. The environmental benefits of using waste materials are further highlighted by 
co-digestion techniques that concentrate on agriculture and food industry by-products 
rather than energy crops, which greatly reduce land occupation consequences. Efficiency 
and environmental implications are significantly increased by increasing the usage of 
biogas through trigenerational systems for smaller facilities and upgrading biomethane 
in conjunction with combined heat and power (CHP) for bigger operations, especially 
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with external heat recovery. Crucially, recovering residual biogas from digestate storage 
reduces strong greenhouse gas emissions and substitutes [40].

4.  Challenges of biogas production and utilization

The production and use of biogas presents a viable path toward waste manage-
ment and the creation of renewable energy. However, a number of obstacles spanning 
the technological, financial, social, and environmental spheres stand in the way of the 
broad implementation of biogas technology [41]. To fully realize biogas’s potential as 
a sustainable energy source, these obstacles must be removed.

4.1 Technical and infrastructural challenges

One of the main technological challenges is the shortage of specialized knowledge 
and technical skills necessary for the efficient operation and upkeep of biogas reac-
tors. This lack of expertise results in regular malfunctions, diminished efficiency, 
and, in the end, the neglect of biogas facilities. In areas where biogas technology is 
still emerging the lack of proficient technicians and engineers presents a major hurdle 
to the ongoing effectiveness of biogas systems [42]. Establishing a sustainable tech-
nology is still a significant obstacle to the adoption of biogas in the underdeveloped 
nations as opposed to their industrialized counterparts. Although biomass is abun-
dant in developing nations, insufficient infrastructure that can support the necessary 
technology prevents them from making effective use of their resources. Additionally, 
the success of implementing biogas depends on how well users comprehend the 
technical basics [43].

Since most biogas operators lack the technical skills to generate biogas, combining 
biogas technology with eco-agricultural technology has proven difficult [44]. Low 
biogas output is another effect of it. For example, the feedstock composition (nutrient 
and organic content, contaminants, and potential inhibitors) affects the amount of 
biogas generated and can also lead to the process’s failure. Furthermore, low produc-
tion and digester failure can also be attributed to inefficient mixing capacities, a lack 
of technical competence to build high-quality digesters, and a lack of information 
about how to properly maintain these digesters. Temperature variations induce 
process instability in biogas digesters, which negatively impact biogas process perfor-
mance because microorganisms’ activity decreases at temperatures above or below 
their optimal range [35]. There is no efficient method to control the working tempera-
ture in the winter, particularly for colder regions. When the temperature drops below 
15°C, digesters without insulators do not work well. Nepal is a common example, with 
frigid temperatures (about 10°C) in steep areas. There is a scarcity of water in many 
developing nations. Wet fermentation, a popular technique for producing biogas, uses 
excessive amounts of water, which is problematic for developing nations that have 
water scarcity. Furthermore, a large amount of methane residue make it difficult to 
transport and apply digestate to agricultural areas [17, 21, 44]. Another major techni-
cal issue is the restricted availability of vital infrastructure, such as sewage networks 
and gas pipelines. Biogas distribution and transportation require a robust pipeline 
infrastructure that is frequently absent in rural or isolated locations. Similar to this, 
the continuous supply of organic waste to biogas plants depends on the existence of 
dependable sewage networks. Biogas projects’ scalability and financial sustainability 
may be hampered by the lack of such infrastructure [45].
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4.1.1 Heavy metal contamination

In the context of anaerobic digestion (AD), the presence of heavy metals (HMs) 
accumulated in digestion substrates, including plant residues and livestock manure, 
can exert a profound influence on biogas yields. Specifically, the presence of Cu2+ 
(ranging from 0 to 100 mg/L), Fe2+ (between 50 and 4000 mg/L), Ni2+ (from 0.8 
to 50 mg/L), Cd2+ (0.1 to 0.3 mg/L), and Zn2+ (up to 5 mg/kg) can stimulate biogas 
production. Conversely, elevated concentrations of these metals are inhibitory to 
AD [46]. Given the complex characteristics of the anaerobic system, heavy metals 
can engage in various physiochemical processes such as (1) precipitation as sulfides 
(except for chromium), carbonates, and hydroxides, (2) sorption onto solid sub-
strates, which may consist of either biomass or inert particulate matter, and (3) the 
creation of complexes in solution with intermediates and byproducts produced dur-
ing digestion. In addition to the physiochemical forms, differences in substrate types, 
bacterial genera, and environmental factors contribute to the significant variability 
(ranging from a few to several hundred mg L−1) noted in both the reported levels of 
heavy metals and their corresponding toxicity levels [47].

Heavy metals are absorbed through feed during both poultry and livestock 
breeding processes; however, the majority of them are not used and are excreted 
immediately through animal metabolism. When manure that contains heavy metals is 
used to generate biogas, the resulting digestate will still have these toxic substances. It 
is important to highlight that the presence of heavy metal residues in feces adversely 
affects biogas production because they can be detrimental to microorganisms if pres-
ent in excessive amounts [48]. The morphology of each metal during the anaerobic 
digestion process determined its bioavailability, which was a crucial component in 
predicting the ecological risk of heavy metals [49]. It was controlled by AD operating 
parameters such as pH, redox potential, and VFAs concentration [50]. Due to their 
non-degradability, the heavy metals may build up to potentially harmful levels in 
the digested form [51]. The environmental and hazardous effects of heavy metals are 
governed by their solubility and availability [28]. If biogas digestate is utilized for 
fertilizers or other applications without proper treatment, it may harm soil, water 
resources, and living organisms. Research has indicated that heavy metals such as Zn, 
Pb, and Cd found in biogas slurry used for soil irrigation can exceed acceptable limits 
leading to additional risks for human health through the consumption of vegetables 
and grains irrigated with it. Currently, numerous countries, including the United 
States, Canada, the European Union, and Japan, have established specific regulations 
concerning the maximum allowable levels of heavy metals in digestate, but these 
regulations still do not completely eliminate the potential ecological risks associated 
with its use [52].

4.2 Economic challenges

The overall investment for biogas generation and utilization is closely linked 
to the selection of the technical approach and the reliability of the biogas project. 
This is associated with subsequent operational efficiency, stability, product quality, 
and output. Therefore, it is essential to evaluate the advantages and disadvantages 
prior to making an investment. The recovery period of the investment, the internal 
benefit period, the asset return rate, and the sales profit margin are key metrics for 
the economic assessment of an investment project. Typically, the payback period for 
domestic project construction ranges from 6 to 8 years, and the internal rate of return 
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is generally above 15% before tax in the domestic market [50]. One of the biggest 
economic obstacles to the construction of biogas plants is the high upfront costs, 
particularly in developing nations. Reactors, equipment for gas upgrading, and other 
necessary parts can be too expensive for small-scale farmers and business owners. To 
get past this obstacle, it is essential to have access to reasonably priced financing and 
investment capital [41].

Another financial issue is that biogas systems frequently have to contend with 
competition from less expensive energy and waste treatment sources [16]. Despite its 
negative environmental effects, landfilling organic waste is still a more cost-effective 
solution than anaerobic digestion in many areas. In a similar vein, biogas may become 
less competitive in the energy market if fossil fuels are subsidized. To encour-
age the use of biogas technology, these economic inequalities must be addressed. 
Additionally, building a biogas plant requires a substantial capital investment, which 
can be a major obstacle, especially for smaller operations and agricultural communi-
ties. The upfront costs of obtaining funding and navigating intricate permitting 
procedures increase, postponing project implementation and possibly turning off 
potential investors. These financial burdens could be reduced and increase involve-
ment in biogas projects promoted by streamlining regulatory frameworks and 
providing financial incentives such as grants, tax credits, and loan guarantees. Policies 
that internalize the environmental costs of competing waste management and energy 
generation methods, such as carbon pricing or landfill taxes, could level the playing 
field and emphasize the true value proposition of biogas in addition to providing 
direct financial support. In the end, maximizing the potential of biogas as a sustain-
able waste management solution requires a multifaceted strategy that tackles the 
financial and legal obstacles [53].

4.2.1 Construction and operating costs

The expenses for construction encompass the prices for direct construction mate-
rials, land rental, transportation, and any losses from maintenance. It also accounts 
for the costs of employing workers, including basic wages for skilled labor, coolies, 
and handymen, along with bonuses and allowances, as well as provisions for accom-
modation and utility expenses. Additionally, costs related to equipment such as fer-
mentation tanks, internal combustion engines, and generators are included. Among 
these infrastructure expenses, the factory’s location would influence land rent, labor 
costs, and the costs of raw material supply. The operational costs of the plant involve 
the provision of essential raw materials, electricity, heating, and water necessary for 
the equipment’s operation, regular equipment inspections and maintenance, and 
environmental safeguards. It is important to note that the availability of energy and 
raw materials can fluctuate with the seasons, requiring more electric heating to keep 
the fermentation temperature consistent during winter. Furthermore, autumn and 
winter tend to see an increase in poisoning accidents, which can lead to casualties 
[15, 19, 54, 55]. Additionally, the waste and emissions produced by biogas power 
generation initiatives have led to environmental pollution. From the perspective of 
minimizing risks, technological advancements have the potential to significantly 
lower operational expenses; for instance, optimizing equipment, substituting raw 
materials, enhancing technological processes, implementing improved business 
management networks, and adopting adaptable management strategies could greatly 
boost the market competitiveness of products in these operational management 
areas [53].
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4.3 Biogas upgrading and purification

The surge in the world population has resulted in increasing ecological worries 
because of human-caused greenhouse gas (GHG) emissions and the intensification 
of harmful industrial, agricultural, and municipal discards. Biogas can resolve these 
issues by generating energy from wastes, therefore lessening global warming [40]. 
Besides environmental advantages, there are various economic perks of biogas, such 
as the production of a high-quality digestate from anaerobic digesters for its use as 
a fertilizer, or biogas as a potentially inexpensive and readily accessible local source 
of heat and power in isolated and small communities. The considerable ecological 
and economic benefits of biogas have led to a remarkable growth in the number of 
biogas upgrading plants in Europe, increasing from 483 to 729 from 2018 to 2020 
[22]. Presently, it is estimated that 20% of worldwide gas demand can be supplied 
by the complete utilization of available organic wastes toward the production of 
biomethane. Nevertheless, significant technological barriers exist in present biogas 
cleaning and upgrading technologies, and only 5% of the biogas produced worldwide 
is being used in the manufacture of biomethane [2]. Biogas can potentially play a key 
role in the world’s energy supply security and diversification. Biogas as a renewable 
energy resource can be broadly recognized as a carbon-neutral fuel, which reduces 
anthropogenic greenhouse gas emissions, mitigates global warming, and diversifies 
energy supply. However, the biogas share in the global renewable energy supply chain 
and technology deployment and maturity do not correspond with the potential. The 
impurities found in raw biogas, which can damage equipment and lower the gas’s 
energy content, include siloxanes, carbon dioxide, and hydrogen sulfide. The process-
ing of biogas is primarily undertaken for two crucial purposes: firstly, to eliminate 
contaminants that are incompatible with the natural gas network, equipment, or 
consumers (biogas cleaning); and secondly, to separate out carbon dioxide with the 
aim of improving the energy content, reducing the specific gravity of the refined 
biogas, and achieving the required Wobbe Index (biogas upgrading). By using differ-
ent purification technologies, these impurities must be eliminated in order to upgrade 
biogas to biomethane, a higher-value fuel. For small-scale biogas plants in particular, 
these technologies can be costly and energy-intensive. One major obstacle to broader 
adoption of biogas is its economical purification [9]. Table list outs challenges and 
benefits of biogas upgrading technology for biomethane productions. The challenges 
in biogas cleaning are articulated in Table 2.

4.4 Policy and political challenges

One major regulatory obstacle is the absence of comprehensive national poli-
cies created especially to encourage the development of biogas [1]. Investors and 
developers may be hesitant to fund biogas projects in the absence of clear policy 
frameworks because they face uncertainty. To create a supportive regulatory envi-
ronment, national biogas policies that offer incentives, standards, and guidelines 
must be established [42]. The vast majority of developing nations lack a dependable 
mechanism for collecting and sorting waste. Trash managers frequently gather var-
ious trash streams and dispose of them in uncontrolled dumps or in open fires [16]. 
There is no defined policy on the usage of renewable energy, and the environmental 
policy is extremely weak. Another major obstacle impeding the growth of biogas 
implementation is the lack of government commitment and the poor continuity of 
prior biogas program projects through succeeding governments [51]. Corruption is 
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Technologies Challenges

Water scrubbing High investment and operating costs
Slow and less efficient process
High pressure is needed for compressing biogas and high energy need for water 
circulation
Congestion due to bacterial growth
High requirement for water despite regeneration
Probable foaming and subsequent H2S poisoning leading to corrosion
Less flexibility toward variations of input gas
Additional drying step for removing water from biomethane

Organic scrubbing Complex process with expensive investment and operation
Expensive for small-scale operation
High energy needs for solvent regeneration
Expensive solvent with difficult handling requirements Loss of operational 
efficiency due to dilution of glycol into H2O
Difficult regeneration of solvent if H2S is not reseparated
Heating required for complete regeneration

Pressure swing adsorption Pre-removal of H2S and H2O is strongly recommended
Trade-of between the purity of CH4 and quantity of biomethane due to limited 
selectivity of membranes
Not appropriate for high-purity requirements
Low CH4 yield from a single step
Multiple modules are required for high purity
High electricity requirement for producing each unit of biomethane
Moderate-to-high CH4 losses
Possible congestion and contamination of membranes
Membranes need to be replaced within 1–5 years

Cryogenic separation Expensive investment, maintenance, and operation of high-energy requirements
Use of various expensive process equipment
Contaminant pre-treatment and removal required
Technically complex procedure

Membrane separation Pre-removal of H2S and H2O is strongly recommended
Trade-of between the purity of CH4 and quantity of biomethane due to limited 
selectivity of membranes
Not appropriate for high-purity requirements
Low CH4 yield from a single step
Multiple modules are required for high purity
High electricity requirement for producing each unit of biomethane
Moderate-to-high CH4 losses possible congestion and contamination of membranes
Membranes need to be replaced within 1–5 years

Chemical scrubbing High investment cost
Heating is necessary for solvent regeneration
High energy requirement
Possibility of contaminant accumulation
Possible reaction between O2 and amines, subsequent breakdown and fouling of the 
amines
Risk of brackish coagulation and foaming
Corrosion potential
Waste chemicals require additional treatment

Biological upgrading Still in pilot scale, no reliable data on investment, operation, and maintenance cost
Limitations and challenges for larger-scale operation is still unknown huge need for 
large amounts of H2
Risk of free and explosion if the setups are not handled properly
Operational parameters, mainly pH should be regularly monitored and controlled

Table 2. 
Challenges of actual biogas upgrading technologies [38].
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another issue that lowers the rate of return-on investment by raising the investment 
and operating costs associated with implementing biogas [22]. Spatial diversity 
in state-level regulations can lead to inconsistencies and complications for biogas 
developers in nations with decentralized governance structures [41] . States’ differ-
ing laws may make compliance more expensive and prevent biogas projects from 
expanding across regional borders. National regulatory harmonization can encour-
age more investment and expedite the development process. An additional layer of 
complexity is introduced by the lack of established definitions and procedures for 
evaluating biogas potential and project performance [49]. Investors and policymak-
ers find it difficult to assess the true impact of biogas technologies in the absence 
of a unified framework, which makes cross-state project comparisons difficult. A 
flourishing biogas industry depends on the creation of efficient support mecha-
nisms such as tax breaks and feed-in tariffs, which can be hampered by this lack 
of transparency. For biogas to reach its full potential as a renewable energy source, 
clear and uniform national standards for production, quality, and environmental 
impact must be established [50].

A number of government agencies and stakeholders are frequently involved 
in the drawn-out and complicated process of obtaining the required permits and 
approvals for biogas plants. Permitting delays can discourage potential investors 
and raise project costs. Similar to this, technical and legal obstacles may make it 
difficult to connect biogas plants to the gas or electrical grid. Accelerated biogas 
deployment depends on simplifying permitting processes and enabling grid 
connection [44]. Inconsistent regulations in various jurisdictions or regions can 
also impede economies of scale and cause uncertainty. Bureaucratic burdens 
would be greatly decreased by creating clear, consistent guidelines and harmoniz-
ing permitting standards [16]. Public perception can be a problem in addition to 
regulatory obstacles. Gaining local acceptance requires open communication and 
active participation in order to address concerns about noise, odor, and possible 
environmental effects. Positive public perceptions can be promoted by highlight-
ing the advantages of biogas plants, such as lower greenhouse gas emissions, waste 
management options, and rural economic growth. Lastly, offering project devel-
opers financial incentives and technical support can help promote the construc-
tion and operation of biogas plants, especially small-scale projects in rural areas. 
Biogas plants can overcome operational difficulties and initial investment costs 
with the aid of these support systems [49].

4.5 Social and cultural challenges

One major cultural barrier is the lack of awareness among the general public and 
substrate holders regarding the advantages of biogas. The economic and environmen-
tal benefits of biogas technology are not widely known, which breed resistance and 
skepticism. Promoting social acceptance and adoption requires increasing awareness 
through outreach and education initiatives [39]. Another cultural challenge is opposi-
tion to waste segregation practices. Organic waste must be separated from other waste 
types in order for biogas plants to operate efficiently. However, it is challenging to 
find high-quality feedstock for the production of biogas since many homes and busi-
nesses are unwilling to implement waste segregation procedures. A consistent supply 
of organic waste depends on encouraging waste segregation through rewards and 
public awareness initiatives [19].
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5.  Future perspectives in biogas development

In recent years, biogas production and use have drawn a lot of attention as an 
environmentally friendly and sustainable energy source. Biogas has become a com-
petitive alternative to conventional fossil fuels as a result of the growing emphasis 
on renewable energy sources and the need to lower greenhouse gas emissions. The 
creation of more economical and efficient technologies is one of the main outlooks for 
biogas production in the future. In order to increase the efficiency of biogas produc-
tion and lower production costs, developments in anaerobic digestion processes, 
bio-methanation, and organic waste management will be essential. Integrating biogas 
production systems with infrastructure is another crucial element. Creating biogas 
plants that are simple to incorporate into municipal, industrial, and agricultural waste 
management systems is one example of this [54].

Biogas production can be further increased while lessening the environmental 
impact of waste disposal by making the most of organic waste and byproducts. 
Regarding application, biogas’s potential as a renewable energy source for trans-
portation, heating, and power generation holds the key to its future. Biogas can be 
transformed into premium bio-methane that can be fed into natural gas pipelines or 
used as vehicle fuel as long as improvements in biogas purification and upgrading 
technologies continue [33].

5.1 Technological advancement in biogas production

Technological advancements in biogas production and upgrading aim to substi-
tute natural gas with biomethane. The yield and quality of methane in raw biogas 
can be improved by optimizing the parameters of the anaerobic digestion system. 
This includes selecting and treating biogas substrates, conditioning the bacterial 
community, and utilizing advanced anaerobic digesters, such as high-rate anaerobic 
biomass velarization using advanced reactors like up-flow anaerobic sludge blanket 
reactors with biofilm carriers [56]. Biogas application involves upgrading to remove 
carbon dioxide, hydrogen sulfide, silicons, and other trace compounds from raw 
biogas, as these pollutants can harm the environment and pose health risks at high 
concentrations. Additionally, they reduce the energy density of biogas. Therefore, 
the focus should not only be on producing biogas from organic matter but also on 
employing suitable and economical upgrading techniques to generate biometh-
ane with over 95% purity for use as a natural fuel substitute. Current upgrading 
technologies typically remove H2S, CO2, and H2O in separate, costly steps. Recent 
research has aimed at developing new adsorbents, such as metal oxides, modified 
mesoporous silicas, activated carbons, and metal-organic frameworks, but these are 
also expensive. Consequently, efforts are underway to improve the surface properties 
of natural adsorbents through chemical modifications or treatments for more cost-
effective applications. Future upgrading techniques will focus on using cost-effective 
natural adsorbents and integrating biological methods with conventional upgrading 
techniques.

Increasing the yield of biomethane from a variety of feedstocks requires improve-
ments in pretreatment techniques. Pretreatment methods such as oxidative, chemical, 
physical, and thermochemical have demonstrated promise in increasing the produc-
tion of biogas. Extrusion, for example, has been demonstrated to boost biomethane 
yield by as much as 190%. Another new field is microbial electrolysis cell (MEC) 
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technology, which provides an efficient and sustainable way to upgrade biogas with 
little energy consumption. Significant amounts of CO2 can be absorbed during bio-
electro-methanogenesis, which is made possible by MECs, increasing the methane 
content of biogas [57]. The potential of nanobubble technology to enhance methane 
production is also being studied. Another new field is microbial electrolysis cell 
(MEC) technology, which provides an efficient and sustainable way to upgrade biogas 
with little energy consumption. Significant amounts of CO2 can be absorbed during 
bio electro methanogenesis, which is made possible by MECs, increasing the methane 
content of biogas. The potential of nanobubble technology to enhance methane 
production is also being studied [58].

5.2 Biogas for circular economy and waste management

Indisputably, recycling resources, energy, and nutrients is a practical strategy to 
boost process efficiency. Recycling makes it possible to use resources more effectively, 
which can be enhanced by maximizing raw material and energy consumption. 
However, the inherent restrictions of thermodynamics prevent limitless recycling of 
any quantity. According to the second thermodynamic law, there is an inevitable loss 
in both the quantity and quality of the material during each cycle, making absolute 
circularity in any transformation process futile [55]. As a result, the concept of a 
circular economy is more frequently praised than rigorously examined by the scien-
tific community because its execution yields limited and brittle results as it is mostly 
accomplished globally. When using renewable energy production, the results indi-
cate that it is not acceptable to try to meet all of this demand only through material 
recycling and renewable energy production. A more thorough examination of cycle 
efficiency and energy recovery techniques is required. Also, the Circular economy 
Action Plan does not list using waste materials to generate energy as the main choice.

A crucial component of production lines is lowering the amount of trash generated 
while also valuing low-quality streams. The circular economy and the sustainability 
of industrial operations are compatible with this idea. But sometimes, at least not 
at the ideal rate, it might not be feasible to extract useful goods from waste streams 
[55]. Because biogas production turns waste into energy and useful byproducts, it is 
essential to the circular economy. In addition to producing renewable energy, anaero-
bic digestion of organic waste enhances the manure’s fertilizing properties, making 
it an eco-friendly manure management method [58]. Recovering household waste 
through composting and biogas production helps to generate renewable energy and 
waste value. To further close the nutrient loop and lessen dependency on synthetic 
fertilizers, the digestate nutrient-rich byproduct of the biogas process can be used as 
biofertilizer. By managing waste holistically, greenhouse gas emissions are decreased, 
environmental effects are minimized, and sustainable agriculture is encouraged. By 
encouraging a cooperative relationship between waste management, energy produc-
tion, and agricultural practices, the application of biogas technology provides a 
feasible route toward a society that is more resource-efficient and environmentally 
conscious [7].

5.3 Policy development and marketing strategies

Financial incentives and governmental regulations are essential for encouraging 
the advancement and application of biogas technologies. To fully utilize biogas tech-
nology, cross-sector collaboration and stable, predictable energy policies are required. 
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National biogas production can be further strengthened by tariffs and subsidies on 
biogas production facilities [7]. Amid climate change, environmental concerns, and 
global energy shortages, the biogas sector offers a dual benefit: generating clean 
energy and managing organic waste. Countries worldwide are focusing on sustainable 
development and adjusting their energy structures. Over the past 5 years, many have 
revised laws and policies related to biogas energy growth. Germany has updated its 
renewable energy law twice during this period, reflecting the EU’s biogas policy direc-
tion and showcasing advanced biogas technology. The first update in 2014 eliminated 
subsidies for energy crop-based power and landscape greening waste, while reducing 
production subsidies for biogas projects, emphasizing the need for medium-sized 
biogas power plants to compete in the market [12]. In 2017, the renewable energy law 
was modified to eliminate government pricing mechanisms based on fixed feed-in 
electricity rates, remove incentives for energy crops and new plant biogas upgrades, 
and establish a bidding system for the production of renewable energy power [43]. 
The marketization of power generation from renewable sources has been completely 
supported by these two measures. Owners of biogas started actively looking for 
technological ways to increase efficiency.

5.4 Research and development

Ongoing research and development efforts are focused on improving biogas 
production efficiency and expanding the range of usable feedstocks [2]. Enzyme 
addition: Studies have shown that pretreatment with enzymes such as amylase 
and cellulase can increase biogas yield. Microbial communities: Research into the 
microbial communities involved in anaerobic digestion can help optimize biogas 
production processes [7]. Future research should explore the integration of biogas 
with other renewable energy sources, such as solar and wind, to create more resilient 
and sustainable energy systems. Particularly when solar and wind energy are scarce, 
biogas can serve as a dependable energy source to supplement other renewable energy 
sources. In order to optimize energy production and storage based on current weather 
conditions and energy demand, this integration may entail hybrid systems that com-
bine biogas generators with solar panels and wind turbines [7]. Additionally, research 
is required to create sophisticated algorithms and control systems that can efficiently 
manage these integrated systems, guaranteeing smooth energy source switching and 
optimizing overall efficiency. It is also essential to look into the integrated biogas 
systems’ economic feasibility, including analyses of the costs of the initial investment, 
ongoing costs, and long-term return on investment. Lastly, future research should 
look at how widespread biogas integration affects the environment and society, 
taking into account things such as greenhouse gas emissions, waste reduction, and job 
creation [18].

6.  Conclusions

In summary, the advancement of biogas technology presents a practical solution 
to the environmental challenges and energy requirements associated with manag-
ing organic waste. As discussed in this chapter, biogas serves as a renewable energy 
source that yields nutrient-rich digestate, lowers greenhouse gas emissions, and 
contributes to the circular economy. The potential feedstocks for biogas production 
range from primary organic inputs such as corn silage and liquid co-substrates from 
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agricultural processes (such as manure) to aquatic plants and microalgae, which are 
favorable for biogas facilities due to their higher lipid and carbohydrate content, 
enhanced efficiency, and simplified production processes. Various pretreatment 
methods, including mechanical, microwave irradiation, extrusion, liquid hot water, 
steam explosion, and chemical treatments (alkaline, acidic, and organosolv), as well 
as oxidative and biogas upgrading techniques, are utilized to boost methane yield and 
quality for replacement with natural gas in pipelines. To fully harness their capabili-
ties, biogas systems need to be incorporated into existing energy and waste manage-
ment frameworks. Although biogas production has progressed significantly, several 
challenges persist, including policy gaps, financial constraints, and technological 
barriers. This chapter highlighted the lack of specialized knowledge and technical 
expertise required for the effective operation and maintenance of biogas reactors, as 
well as the inadequacy of appropriate pretreatment methods and contamination by 
heavy metals in anaerobic digestion as technical and infrastructural issues. Economic 
challenges include the overall investment required for setting up bioreactors and 
treatment technologies, along with competition from cheaper energy and waste treat-
ment alternatives. Policy and political obstacles consist of a lack of comprehensive 
national policies, insufficient government commitment, and the poor continuity of 
previous biogas initiative projects through successive administrations. Additionally, 
the general public and substrate suppliers are still largely unaware of the benefits of 
biogas, posing current challenges in the production and utilization sectors. The wide-
spread implementation of biogas plants continues to face obstacles due to their high 
construction and operational costs, particularly in developing countries. To create a 
more favorable environment for investment and innovation in biogas technologies, 
it is essential for both government and private sectors to establish policies and deci-
sions that will enhance biogas generation and scalability. Future forecasts indicate 
that further research and development will be crucial in expanding the variety of 
suitable feedstocks and enhancing the efficiency of biogas production; innovations in 
pretreatment methods, biogas upgrading technologies, and the integration of biogas 
systems with other renewable energy sources are vital. In conclusion, biogas technol-
ogy is positioned at the intersection of waste management and energy production.
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Chapter 2

Comparison of Biogas Production 
in Six Urban Houses: A Sustainable 
Approach to Reducing Energy 
Dependency
Guillermo Yorel Noriega Aquise

Abstract

In the pursuit of a bioclimatic and sustainable home that optimizes thermal 
comfort and minimizes dependence on external energy, reducing energy consump-
tion and mitigating environmental impact are essential. To achieve this, various 
techniques and processes are integrated and synchronized within the household. One 
such process is the production of biogas from the treatment of organic solid waste 
and biomass generated within the home. This process, developed under adequate 
thermal conditions, ensures the rapid production of biogas for cooking purposes, 
with the potential to generate additional energy for the household in an urban set-
ting. The study compares the availability of biogas in urban homes of varying sizes 
(77.34 m2 to 179.44 m2 on 160 m2 lots) using a vertical and compact biodigester that 
occupies 1 to 1.5 m2 and has a volume of 3 to 4 m3, minimizing spatial impact. The 
procedures for waste treatment and the amount of biomass generated are detailed, 
evaluating biogas availability over 1 year and comparing costs with liquefied petro-
leum gas (LPG). The positive impact of compact biodigesters in urban settings is 
highlighted, in terms of both environmental sustainability and long-term energy cost 
reduction. Finally, the scalability of this model is considered adaptable to different 
urban or rural contexts, enabling its implementation in communities of various sizes 
and characteristics.

Keywords: single-family housing, sustainable housing, solid waste, family biogas, 
domestic energy, compact biodigester

1.  Introduction

Like many cities in Latin America, Arequipa faces rapid population growth driven 
by rural migration, leading to disorganized urban expansion, reduced green areas, 
and overburdened basic services such as water and electricity [1]. With a population 
of 1,009,132 inhabitants and 301,570 households, solid waste management represents 
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a critical challenge. In 2019, the city generated 262,831.75 tons annually, with signifi-
cant increases projected by 2034 [2]. Furthermore, only 69.65% of the urban popula-
tion has access to sewage systems, and wastewater treatment remains insufficient [3].

The inadequate management of solid waste and rising energy costs call for innova-
tive solutions. One such alternative is biogas production in bioclimatic homes, which 
integrates sustainable technologies to optimize resource use and minimize environ-
mental impact.

Biogas, primarily composed of methane (CH4) and carbon dioxide (CO2), is 
generated through the anaerobic digestion of organic waste. This process, especially 
efficient in thermally conditioned homes, helps reduce greenhouse gas emissions and 
dependency on fossil fuels [4]. These bioclimatic homes, designed to leverage local 
climatic conditions, integrate passive and active technologies to optimize thermal 
comfort and energy efficiency while managing water and waste sustainably [5, 6].

Bioclimatic design incorporates renewable energies such as solar thermal and pho-
tovoltaic systems, reducing costs and emissions [7]. Waste management at the source, 
composting, and biogas production decrease reliance on landfills and fossil fuels [8]. 
Furthermore, efficient materials improve air quality and thermal insulation [9].

In urban environments, biogas plays a key role in the circular economy by convert-
ing waste into renewable energy and fertilizers, reducing methane emissions, and 
fostering green jobs [10, 11]. This approach helps lower the carbon footprint of cities 
while promoting sustainability and energy resilience.

This study evaluates biogas production in urban homes of varying sizes using 
compact biodigesters. The analysis spans one year, accounting for seasonal variations 
in production and its impact on waste management and energy consumption.

The main objective is to compare the feasibility of biogas production in urban 
homes with compact biodigesters as a sustainable strategy to reduce energy depen-
dency, optimize thermal comfort, and mitigate environmental impact.

The specific objectives are:

• Measure biogas production in urban homes of different sizes.

• Assess the efficiency of compact biodigesters in terms of space and functionality.

• Analyze the reduction of energy costs through biogas utilization.

• Study the environmental impact of biogas production.

• Explore the scalability of the model.

The research aims to address the question: Is biogas production in urban homes 
viable and effective for reducing energy dependency, improving thermal comfort, 
and mitigating environmental impact? Finally, the hypothesis posited is biogas 
production through compact biodigesters in urban homes is viable, significantly 
reducing external energy dependency, improving thermal comfort, and promoting 
environmental sustainability through efficient waste management.

The proposed system integrates advanced techniques to manage water, energy, 
and waste in bioclimatic homes. This includes wastewater separation, anaerobic 
digestion for biogas production, and solar energy harvesting. The benefits encompass 
reduced energy consumption, efficient waste management, and improved residential 
comfort.
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This chapter specifically analyzes biogas production as a sustainable energy source 
for cooking in urban homes.

2.  Biogas as energy for cooking in family houses

2.1 Perception of biogas in urban houses

Biogas is a renewable gas produced through the anaerobic digestion of organic 
matter, including food waste, manure, and wastewater. It is primarily composed of 
methane (50–70%) and carbon dioxide (30–50%), with small concentrations of gases 
such as hydrogen sulfide and ammonia [12, 13].

The biogas production process involves four stages: hydrolysis, acidogenesis, ace-
togenesis, and methanogenesis. During the final stage, methanogens convert inter-
mediate compounds into methane and carbon dioxide [14]. Factors such as the type of 
organic matter, temperature, and digest conditions influence its quality and efficiency 
[15]. Biogas can be used as fuel for cooking, electricity generation, or heating and can 
be purified as a substitute for natural gas [16].

In urban settings, perceptions of biogas are changing due to growing interest in 
sustainability and alternative energy sources. However, its adoption faces challenges 
related to perceived high costs and the complexity of installation and maintenance 
[17]. Despite technological advances improving its safety and efficiency, misconcep-
tions persist about its use, often viewed as dirty or hazardous [18].

Biogas plays a critical role in the transition to renewable energy and the circular 
economy by converting waste into useful energy and reducing dependence on fossil 
fuels [17]. In urban homes, its use generates clean energy, reduces costs, and lowers 
the carbon footprint, promoting energy self-sufficiency [19].

However, social and cultural factors influence its adoption. A lack of information 
and insufficient financial incentives hinder its implementation. To overcome these 
barriers, educational initiatives, government support, and effective communication 
about the benefits of biogas are essential [18, 19].

A comprehensive approach can position biogas as a sustainable and viable solution 
in urban homes, promoting technological adoption and enhancing the environmental 
and economic well-being of cities.

2.2 Technical aspects of biogas production

Biogas is produced through the anaerobic digestion of organic waste in biodigesters. 
Common feed stocks include food scraps, animal manure, and agricultural residues. 
Materials with high fat, sugar, and starch content are the most efficient, while lignocel-
lulosic waste, such as wood and straw, requires more time to break down [20, 21]. Food 
waste and manure are particularly effective due to their energy content. Ruminant 
manure is especially suitable, while poultry manure requires careful handling due to its 
high ammonia content [22]. Agricultural residues, such as corn stover or grass clippings, 
can be combined with other feedstocks to enhance biogas production [23].

The process begins with waste collection, mixed with water to form a homo-
geneous slurry before being introduced into the biodigester. Through hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis, microorganisms decompose organic 
compounds, generating biogas (CH4 and CO2) and digestate, a useful byproduct as 
fertilizer [20].
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Biogas production depends on a balanced carbon-to-nitrogen (C/N) ratio in the 
feedstock to optimize biodegradability. pH and temperature are crucial factors; a pH 
range of 6.5 to 8.0 and mesophilic (30–40°C) or thermophilic (50–60°C) tempera-
tures ensure optimal conditions for methanogenic microorganisms [20].

Co-digestion, the combination of different feedstocks, improves reactor stability 
and increases methane production [24]. Pretreatments such as steam explosion or 
alkaline hydrolysis break down complex structures, significantly enhancing process 
efficiency [25].

Phase-separated anaerobic digestion uses distinct reactors for each process stage, 
optimizing conditions and maximizing methane production [26]. Co-digestion bal-
ances the C/N ratio and stabilizes the process, significantly boosting biogas yield [27].

Continuous digestion systems allow for constant biogas production, which is 
ideal for industrial-scale installations requiring steady gas output [23]. Thermal 
and chemical pretreatments facilitate the degradation of complex materials such as 
lignin and cellulose, increasing biogas output, though they require significant initial 
investment [25].

The efficiency of biogas production depends on feedstock selection, rigorous 
process condition control, and the implementation of suitable technologies. Strategies 
such as co-digestion and pretreatments are key to optimizing process performance. 
The choice of ideal technology depends on available feedstocks, installation size, and 
production objectives.

2.3 Technology and equipment required for biogas production

Anaerobic digestion for biogas production requires specific technologies and 
equipment that ensure efficiency and high productivity.

The anaerobic digester is the central element of the system, responsible for the 
decomposition of organic matter in the absence of oxygen. Its design varies depend-
ing on the operating temperature, being classified as mesophilic (30–38°C) or 
thermophilic (50–60°C). Thermophilic digesters are more efficient in the destruction 
of pathogens and greater biogas production, although more expensive. Depending 
on the solid content, digesters can be for dry processes (high solids content) or wet 
processes (low solid content). Dry digesters are suitable for more solid waste, while 
wet digesters are used for liquid or slurry waste. Digesters can be continuous flow for 
constant feeding and continuous production, or batch for specific operations [28].

Pretreatment equipment improves the efficiency of anaerobic digestion. This 
includes crushers and pulverizes that reduce particle size, increasing the surface area 
available for microbial action. Hydrolyzers release sugars from lignocellulosic waste, 
facilitating its fermentation [25].

Biogas purification and upgrading systems remove impurities to improve its 
quality and expand its applicability. Membrane separation allows methane to be 
extracted, obtaining biomethane suitable for vehicle fuels or for injection into natural 
gas networks. Scrubbing systems remove contaminants such as hydrogen sulfide and 
water, reducing the risk of corrosion [29].

In addition to the main components, complementary equipment is required, 
such as biogas storage systems that allow gas management before use or marketing. 
Internal combustion engines or microturbines are used to generate energy, which 
converts biogas into electricity and heat [28].

Digestate treatment systems process the resulting solid or liquid waste, allowing it 
to be used as agricultural fertilizer and closing the nutrient recycling cycle [29].
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The use of appropriate technologies and specific equipment ensures an efficient 
and sustainable process for biogas production. From digester design to biogas puri-
fication and digestate handling, each component plays a crucial role in maximizing 
productivity and minimizing environmental impact.

2.4 Biogas production efficiency and yield

Biogas production efficiency and yield are essential to maximize energy genera-
tion and ensure the economic viability of the process. Key factors influencing these 
parameters include the following:

• Temperature and pH: Mesophilic conditions (30–38°C) are widely used, while 
thermophilic conditions (50–60°C) accelerate digestion and eliminate patho-
gens, although they require more rigorous control. The optimum pH for metha-
nogenic bacteria activity is between 7.0 and 7.5.

• Hydraulic retention time (HRT): An adequate HRT ensures complete digestion 
of the substrates. However, excessively long retention times can negatively affect 
the economic efficiency of the system [30].

• Biogas yield is optimized by measuring the amount of methane produced per 
unit of degraded organic matter. Strategies to maximize this include:

• Substrate pretreatment techniques such as grinding, thermal hydrolysis, and 
steam explosion are considered to increase the accessibility of substrates for 
microorganisms, which improves the biogas production rate [31].

In co-digestion, the combination of different types of organic waste balances the 
nutrients in the digester, increasing both methane production and process stability. 
The use of advanced technologies, such as membrane separation to purify biogas and 
anaerobic digestion in separate phases, improves process control and maximizes the 
conversion of organic matter to methane [28].

Optimizing efficiency and performance in biogas production requires precise con-
trol of process parameters, effective substrate pretreatment, and the incorporation of 
advanced technologies. These strategies increase methane production, improve biogas 
quality and enhance system viability.

Incorporating biogas into bioclimatic and sustainable housing design improves 
energy efficiency, reduces the carbon footprint, and encourages a self-sufficient and 
environmentally friendly housing model. Bioclimatic design focuses on optimizing 
the orientation and location of the home to maximize the use of local climate condi-
tions. Locating the biogas system near the kitchen or composting areas simplifies the 
management of organic waste and improves system efficiency [32].

The concept of closed energy and nutrient cycles allows biogas, produced from 
the anaerobic digestion of organic waste (such as kitchen scraps and wastewater), 
to be used for cooking, heating water, or generating electricity. The remaining 
digestate acts as a fertilizer, closing the nutrient cycle and reducing the use of 
chemicals [33].

Biogas complements sources such as solar and wind energy, ensuring a constant 
energy supply. For example, photovoltaic panels can cover daytime needs, while biogas 
is stored for nighttime use or cloudy days, maximizing energy self-sufficiency [34].



Biogas in the 21st Century – Developments and Perspectives

34

The use of biogas decreases dependence on fossil fuels and significantly reduces 
greenhouse gas emissions. Furthermore, as a local and small-scale system, biogas mini-
mizes energy losses associated with distribution, improving overall efficiency [33].

Bioclimatic architecture adapts to various climatic conditions, and biogas plays 
specific roles depending on the environment: in cold climates, as a heating source; in 
hot climates, for electricity generation and cooking [32, 33].

Biogas and bioclimatic architecture form an effective combination that offers 
a versatile and sustainable solution, optimizing the use of resources based on the 
specific needs of each climatic environment. This integration is essential for the 
development of more efficient and environmentally responsible housing.

2.5 Isolation and safety of biogas production

Isolation and safety in biogas production in urban homes requires exploring the 
best practices, technologies, and regulations that guarantee the safety of the inhabit-
ants and the environment.

The location of the biodigester must comply with regulations that ensure its 
installation in a well-ventilated area, preferably outside the home, to minimize the 
risk of gas accumulation. In many countries, there are regulations that specify the 
minimum distance that must be maintained between the biodigester and habitable 
areas [35]. It is advisable to establish physical barriers around the biodigester to 
protect it from external impacts or interference, using fences, concrete walls, or 
metal structures [36].

The construction materials of the biodigester must be resistant to internal gas 
pressure and corrosion caused by organic waste. Materials such as stainless steel, 
fiberglass-reinforced plastics, or coated concrete are common options [35].

Waterproofing and sealing are essential to prevent leaks; seals should be checked 
periodically to ensure the absence of gas leaks [37, 38].

Leak prevention, which includes installing gas sensors near the biodigester, is an 
effective measure to detect possible methane leaks. These sensors should be con-
nected to alarms to alert residents in the event of a leak [39]. Regular preventive 
maintenance, including checking valves, joints and connections, is crucial to prevent 
leaks [37].

Handling flammable gas requires an adequate ventilation system, which allows any 
accidentally escaping gas to be quickly dispersed [36]. It is essential to keep the biodi-
gester and biogas storage tanks away from ignition sources such as stoves, heaters, or 
electrical connections [39].

Evacuation plans should include training residents in procedures for handling gas 
leaks. It is important to have a clearly defined emergency plan [35]. It is important to 
install fire extinguishers designed for gas fires near the biodigester and biogas storage 
areas [39].

The installation of biogas systems must comply with local and international safety 
regulations, including certifications and periodic inspections by competent authori-
ties. In some cases, certifications or periodic inspections by competent authorities are 
required.

Biogas control systems must be modern and up-to-date, incorporating automated 
monitoring to monitor pressure, temperature, and gas levels in real time. The use of 
automated monitoring systems that monitor pressure, temperature, and gas levels in 
real time can prevent dangerous situations. Such systems can include automatic shut-
off mechanisms for emergency situations [40].
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Insulation and safety in biogas production require careful design, the use of 
resistant materials, constant monitoring, and compliance with regulations. These 
measures ensure a safe and efficient environment, minimizing the risks associated 
with biogas management in urban homes.

2.6 Environmental impact and sustainability of biogas production

Biogas production in urban homes contributes significantly to environmental 
sustainability by offering a renewable energy alternative and promoting efficient 
waste management.

Converting household waste into biogas reduces the amount of municipal solid 
waste reaching landfills, decreasing greenhouse gas (GHG) emissions associated with 
its decomposition [41, 42]. Safe processing of organic waste prevents the leaching of 
harmful compounds that could contaminate soil and groundwater [43].

Biogas replaces fossil fuels in cooking and heating, reducing CO2 and other GHG 
emissions, thereby decreasing dependence on fossil fuels [44]. Capturing and using 
methane generated by organic waste prevents its release into the atmosphere, which is 
especially beneficial given that methane has a higher GHG impact than CO2 [45].

Unlike fossil fuels, biogas combustion generates less particulate matter and 
nitrogen oxides (NOx), improving air quality and reducing respiratory health risks in 
urban areas [46].

Digestate, a byproduct of biogas production, acts as a natural fertilizer in urban 
gardens and orchards, closing the nutrient cycle and reducing the need for synthetic 
fertilizers that can pollute aquatic ecosystems [47].

Biogas production in urban homes promotes sustainable waste management, 
reduces GHG emissions, improves air quality, and contributes to nutrient recycling 
using digestate as a fertilizer, establishing a circular model that benefits both the 
environment and urban communities.

3.  Methodology

3.1 Comparative methodological considerations

The comparative method is an essential tool in scientific research, supported by 
authors such as Lasswell [48], Almond [49], Nohlen [50], and Smelser [51]. This 
method facilitates the analysis of similarities and differences between cases or vari-
ables, promoting empirical generalization and hypothesis validation [52, 53].

The advantages of comparative methods include understanding unknown 
phenomena and extrapolating knowledge from well-studied phenomena to less 
understood contexts. It aids in explaining and interpreting phenomena, fostering the 
development of new knowledge through the comparison of similar cases. The method 
organizes information systematically, highlighting peculiarities between compared 
phenomena and enabling the formulation of theories and concepts based on empiri-
cal generalization through the analysis of common patterns.

Harold Lasswell [48] highlighted the use of the comparative method to analyze 
power dynamics and political structures, identifying recurring patterns across dif-
ferent contexts. Gabriel Almond [49] emphasized its application in studying political 
development, comparing variables across cultures and geographies to understand 
key factors in the evolution of political systems. Dieter Nohlen [50] underlined the 
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method’s relevance for empirically generalizing and verifying hypotheses in social 
sciences through systematic comparisons based on solid evidence. Neil Smelser [51] 
advocated for a detailed and rigorous approach to the comparative analysis of eco-
nomic activities, aimed at identifying patterns and developing applicable theories.

In this research, the comparative method evaluates various techniques and 
procedures related to the construction and management of sustainable housing. This 
approach enables comparisons of variables such as energy consumption, wastewater 
treatment efficiency, biogas production, and electricity generation.

Comparative analysis is crucial for identifying more effective and sustainable 
practices, contributing to the development of housing models that optimize resource 
use and minimize environmental impact. By organizing information systematically 
and highlighting differences and similarities, the comparative method enables robust 
conclusions based on empirical evidence [50, 54, 55].

3.2 Sequential procedure

The sequential procedure to develop and evaluate biogas production using com-
pact biodigesters in urban dwellings follows a structured approach. The procedure 
begins by identifying urban dwellings with representative characteristics of different 
sizes to design the compact biodigester, optimized for biogas production [56]. Then, it 
continues as follows.

Definition of the comparative method, a comparative approach is applied to 
analyze the techniques in observation units (OU), evaluating the specific character-
istics of each urban dwelling. This method allows the establishment of the basis for a 
structured and exhaustive analysis.

Identification of main variables, energy needs, the characteristics of organic waste 
and the design parameters of the biodigester are determined. These variables include 
the average energy consumption, the type of waste available, and the required capac-
ity of the system [57].

Assessment of biogas needs, based on the identified variables, the specific biogas 
needs are calculated for each OU. This step includes the analysis of energy demand 
and the volume of waste generated by each household. Raw material preparation 
includes processes such as selection, crushing, adjustment of the carbon/nitrogen 
ratio (20:1 to 30:1), and pre-humidification to maximize nutrient availability and 
improve methane production.

Biodigester design and sizing of compact biodigesters are designed considering 
the identified needs. Technical sizing includes calculations for production capacity, 
optimal operating temperature, and hydraulic retention time (HRT). In addition, 
resistant materials such as high density polyethylene (HDPE), polyvinyl chloride 
(PVC), and fiberglass are selected, guaranteeing durability and efficiency [57, 58].

Biogas production, production processes are analyzed under real operating 
conditions. This includes biogas production tests and design adjustments to maximize 
efficiency in different scenarios. Biochemical processes such as hydrolysis, acidogen-
esis, acetogenesis, and methanogenesis are optimized to improve the performance of 
the biodigester [58].

Biogas production and need relationship, the balance between estimated produc-
tion and the energy needs of each home is evaluated. This analysis allows identifying 
possible adjustments in the design and operations to ensure a constant supply [59].

Environmental impact, the environmental impact of the system is analyzed, 
including the reduction of urban solid waste and the mitigation of greenhouse gas 
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emissions. The use of digestate as an organic fertilizer is also evaluated, promot-
ing the circular economy [59].

Energy cost reduction and the energy costs before and after the installation of the 
biodigester are compared. The analysis includes the reduction of liquefied petroleum 
gas (LPG) consumption and its impact on the family budget, highlighting the eco-
nomic benefits of the system. Previous studies have shown a significant reduction in 
energy costs for urban homes [60].

Scalability and technology adoption explores the possibilities of implement-
ing the system on a larger scale in different urban contexts. This step includes an 
analysis of economic, social, and technical feasibility to encourage mass adoption of 
technology [61].

The sequential procedure covers the design, implementation, and evaluation of 
compact biodigesters in urban homes. This approach facilitates the analysis of their 
technical, economic, and social feasibility, offering a sustainable model for biogas 
production in urban environments (Figure 1).

3.3 Units of study

The study units are single-family homes located in Arequipa, Peru, selected 
according to the National Building Regulations (RNE). The homes follow the type 3 
model, with 160 m2 plots and built areas reflecting the characteristics of the urban 
environment.

These homes represent diverse residential configurations typical of the city, all 
with access to basic water and sanitation systems.

The built areas vary depending on the number of residents, demonstrating a 
progression in land use as population density increases. The homes are situated 
in consolidated or developing urban areas, reflecting the actual conditions of the 
population (Table 1).

This diagram illustrates the relationships between built areas, free areas, and the 
number of residents, facilitating the analysis of the impact of design on space utiliza-
tion and the functionality of the residential environment (Figure 2).

3.4 Applications of the methodology

3.4.1 Biogas production in urban homes of different sizes

According to the 2020 National Household Survey (ENAHO), prepared by the 
National Institute of Statistics and Informatics (INEI) of Peru, LPG is the primary 
fuel used in Peruvian households for cooking. Approximately 80% of households in 
Peru use this hydrocarbon [62]. The regions of Arequipa (93.7%), Tacna (92%), and 
Tumbes (90.1%) report the highest levels of use [63].

At the national level, Osinergmin, the Supervisory Agency for Investment in 
Energy and Mining of the Peruvian Government, published a report on the Results, 
Consumption, and Uses of Liquid Hydrocarbons and LPG. It states that the average 
monthly consumption of LPG is 1.05, with 10-kg cylinders per household, slightly 
higher in urban areas, at 1.06 cylinders [63]. The average number of household 
members is 3.2 [62]. This equates to an average per capita LPG consumption of 3.31 kg 
per month.

The equivalent biogas consumption is determined based on the following 
calculations:
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The average LPG consumption is 3.31 kg per person per month.
1 kg of LPG is equivalent to 1.975 liters of LPG.
1 liter of LPG equals 23,091 british thermal unit (BTU).
Using these conversions, it is calculated that 1 kg of LPG corresponds to 45,604.73 

BTU/kg.
The average energy consumption per person is calculated as:

Figure 1. 
Block flow of the methodological process.
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3.31 kg/month × 45,604.73 BTU/kg = 150,951.64 BTU/month.
For biogas, 1 cubic meter contains between 18,000 and 22,000 BTU/m3; for this 

calculation, an average value of 20,000 BTU/m3 is used. The energy consumption is 
then derived from the ratio of BTU from LPG to BTU from biogas:

150,951.64 BTU/20,000 BTU/m3 = 7.22 m3 of biogas per person per month.
In this study, it is estimated that a person consumes 5 kg of LPG, where 3.31 kg per 

person/month is allocated for cooking, and the remaining 1.69 kg per person/month 
is used for other purposes.

All biogas design calculations are therefore based on 5 kg of LPG per person/
month under the conditions of Arequipa, Peru. With 1 kg of LPG equivalent to 
45,604.73 BTU, 5 kg LPG corresponds to 228,023.63 BTU/person/month.

The biogas consumption in cubic meters is established as follows:
228,023.63 BTU/20,000 BTU/m3 = 11.40 m3of biogas per person per month which 

translates to 0.38 m3/person/day.

Home ID Total land 
area (m2)

Length (m) Width (m) Residents Total built area in 
two levels (m2)

Free area (m2)

VUF2-01 160 8.48 4.56 4 77.34 121.33

VUF2-02 160 8.48 6.38 7 108.20 105.90

VUF2-03 160 9.40 6.38 7 119.94 100.03

VUF2-04 160 8.93 7.68 8 137.16 91.42

VUF2-05 160 9.18 8.48 8 155.69 82.16

VUF2-06 160 10.58 8.48 9 179.44 70.28

Table 1. 
Characteristics of study homes.

Figure 2. 
Built and unbuilt residential areas by number of residents.
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According to the biogas guide from the United Nations Energy Resources 
Development Series, New York, 1980 [64], the average gas consumption for cooking 
meals per person per day is between 0.28 and 0.42 m3. The value used in this study of 
0.38 m3/person/day falls within this range.

For a family of five, the daily biogas requirement is 1.90 m3, equivalent to 57.01 m3 
per month (Table 2).

The FAO Biogas Manual, 2011 [65], establishes a biogas production rate of 0.40 m3 
of biogas per kg of waste. Based on this rate, a digester for a family of five should 
produce 1.90 m3 of biogas/day, requiring 4.75 kg of organic waste per day.

The biogas production rate of 0.40 m3 per kg of organic waste is achieved under 
optimal conditions at 35°C. However, the average temperature in Arequipa is 22.69°C. 
Consequently, the biogas production efficiency is calculated as:

 ( )( )= −Efficiency Optimal Temp – Internal Temp / Optimal Temp1  

This results in an efficiency level of 0.6483. To achieve maximum efficiency, the 
required kilograms of waste are adjusted to 0.3517 compared to 1. This value corre-
sponds to 0.35 kg of organic waste. Under Arequipa’s average temperature conditions 
(22.6°C), 1.35 kg of organic waste is needed to produce 0.40 m3 of biogas. Thus, a 
family of five must produce 1.90 m3 daily, requiring 2.57 kg of organic waste.

Annually, a family of five requires 1850.16 kg/year of organic waste. Monthly, the 
requirement is 154.18 kg/month, and the daily requirement is 5.07 kg/day.

With this base data, a compact vertical biodigester can be sized for cooking food 
for a family of five.

With this base data, a compact vertical biodigester is sized to cover the cooking 
needs of a family of five (Table 3).

3.4.2 Detailed description of the compact biodigester

The compact biodigester is designed to optimize biogas production in small 
spaces, integrating mechanical rotating blades that improve the digestion process and 
guarantee high efficiency.

Items Description Quantity Unit

1.0. Data

1.1. Daily biogas consumption for a family of five members 1.90 m3/day

1.2. Biogas production: for 0.40 m3, 1.35 kg of organic waste is required

1.3. Daily biomass load: 5.07 kg/day

1.4. Hydraulic retention time (HRT): 25.00 Days

2.0. Digester volume

2.1. Total biomass load: 126.72 kg

2.2. kg of organic waste = 1 liter (0.001 m3) of volume

2.3. Total digester volume: (100%) 0.1690 m3

2.4. Digester volume = 126.72 kg × 0.001 m3/kg = 0.1267 m3 (75%) 0.1267 m3

2.5. Space for gas volume (25%) 0.0422 m3

Table 2. 
Key data for compact biodigester sizing.
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In the design of the compact biodigester, the typical spatial restrictions of urban 
environments were successfully adapted, having to occupy reduced spaces, which is 
what is considered in the recommendations of Bond and Templeton (2011) [66].

A detailed description of each component of the system is presented below.
Pre-digestion chamber: Its dimensions are 44.22 cm high, 1.83 m long and 

44.22 cm in diameter, with a total volume of 0.28 m3, of which 0.25 m3 (90%) cor-
responds to the pre-digestion volume and 0.03 m3 (10%) to the free volume. This 
chamber receives the biomass and carries out an initial anaerobic decomposition 
process. At this stage, the acidity is reduced and the preparation of the biomass for the 
following stages is improved, and the risk of obstruction is reduced by avoiding the 
formation of unwanted solids (Figure 3).

Digestion chamber (digesters), The design includes four digesters, each 1.10 m 
high, 44.22 cm in diameter and with a volume of 0.169 m3, adding up to a total 
volume of 0.68 m3. This chamber is the core of the system, where the main anaerobic 

Items Description Quantity Unit

1.0. Pre-digestion chamber

1.1. Height of the pre-digestion chamber 44.22 cm

1.2. Length of the pre-digestion chamber 1.83 m

1.3. Diameter of the digester 44.22 cm

1.4. Cylindrical volume: V = π × r2 × h 0.28 m3

1.5. Volume of the pre-digestion chamber 0.25 m3

1.6. Free volume 0.03 m3

1.7. Radius of the pre-digestion chamber 0.22 m

2.0. Digestion chamber (one unit)

2.1. Height of the digester 1.10 m

2.2. Cylindrical volume: V = π × r2 × h 0.169 m3

2.3. Radius of the digested chamber 22.11 cm

2.4. Diameter of the digestion chamber 44.22 cm

3.0. Total digestion chamber (four units)

3.1. Height of the digester 1.10 m

3.2. Cylindrical volume: V = π × r2 × h (one chamber) 0.169 m3

3.3. Cylindrical volume: V = π × r2 × h (four chambers) 0.680 m3

3.4. Radius of the digested chamber 22.11 cm

3.5. Diameter of the digestion chamber 44.22 cm

4.0. Effluent reception chamber (two units)

4.1. Height of the effluent reception chamber 32.40 cm

4.2. Radius of the effluent reception chamber 0.16 m

4.3. Length of the effluent reception chamber 1.83 m

4.4. Volume of the effluent reception chamber 0.30 m3

Table 3. 
Dimensions of the vertical compact biodigester.
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digestion occurs. In this stage, bacteria efficiently break down the biomass to produce 
methane. Each digester houses 0.1267 m3 of biomass, reserving 25% of its volume for 
gas accumulation. The installed mechanical rotating blades ensure a homogeneous 
mixture of the biomass and prevent sedimentation. The benefits allow for increased 
contact between the biomass and the bacteria. These blades also promote greater gas 
production and prevent blockages that could interrupt the flow of gases. The efflu-
ent reception chamber (digestate), its dimensioning considers two chambers, height 
32.40 cm, radius 0.16 m, length 1.83 m, and total volume 0.30 m3. This chamber 
collects and stores the final digestate, a nutrient-rich byproduct that can be used as 
organic fertilizer. This allows a controlled flow from the digesters, maintaining the 
necessary pressure for biogas production. It allows the periodic collection and dis-
posal of the digestate without interrupting the digestion process.

The biodigester cover provides structural protection to the system, maintains 
stable temperature conditions, prevents the entry of contaminants, and offers a 
compact and esthetic appearance suitable for urban environments.

Operation, production, and functioning data. The daily biogas consumption is 
1.90 m3, sufficient to cover the needs of a family of five people. Biogas production is 
0.40 m3 for every 1.35 kg of organic waste. The daily biomass load required is 5.07 kg 
of organic waste. The hydraulic retention time (HRT) is 25 days per digester.

Daily biomass loading initially passes through the pre-digestion chamber, where 
its acidity is reduced, and it is prepared for the main process. Anaerobic digestion 
takes place in the digestion chambers, where the biomass is broken down and biogas is 
released, a process that is optimized by the rotating blades. The gas accumulates at the 
top of the digesters and is extracted for domestic use.

The collection of digestate is the effluent that is directed to the reception cham-
bers, facilitating its disposal and use as fertilizer.

Figure 3. 
Compact vertical biodigester design.
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The compact biodigester design integrates efficiency, functionality, and space 
optimization, offering a sustainable solution for biogas production in urban areas. 
This design guarantees maximum energy production from organic waste, promoting 
energy savings and reducing waste generation.

4.  Results

4.1 Need for biogas per built surface

The need for biogas responds to the growing demand for sustainable, economic, 
and accessible energy sources in a global context of energy transition.

The energy crisis and diversification of sources, since the dependence on fossil 
fuels generates long-term sustainability challenges, such as high costs and environ-
mental problems. In this framework, biogas is presented as a renewable source that 
takes advantage of organic waste and contributes to energy security.

There is an urgent need to carry out organic waste management; the inadequate 
management of organic waste causes environmental problems, such as greenhouse 
gas emissions and soil and water contamination. Biogas allows these wastes to be valo-
rized, converting them into useful energy and reducing their environmental impact.

It allows achieving a socioeconomic impact, in communities with limited access to 
conventional energies, biogas provides an affordable alternative to meet basic energy 
needs, promoting self-sufficiency and improving the quality of life.

It allows us to contribute to climate change mitigation, and the production and 
use of biogas reduces methane emissions, a greenhouse gas with a significant impact, 
which would otherwise be released by the anaerobic decomposition of organic waste.

In this perspective, according to our study units, the need for biogas is shown in 
Table 4.

Table 4 shows that:
As for the land area, all the houses have an area of 160 m2, with two-story build-

ings that vary between 77.34 m2 and 179.44 m2. This shows different designs or build-
ing construction sizes. It shows that the greater the constructed area, the less free area 
available on the land.

The relationship between the number of inhabitants and the need for biogas is 
proportional: Houses with more inhabitants require greater volumes of biogas. The 
need for biogas is directly related to the number of inhabitants, so for four people 25 
m3/month is required, for seven people 43.75 m3/month is required, for eight people 
50 m3/month is required, and for nine people 56.25 m3/month is required.

The table suggests that the design of homes should balance the built area, the 
free area and the need for resources such as biogas, depending on the size of the 
family, and the free area allows for obtaining organic matter such as grass for biogas 
production.

Attention should be paid to the importance of planning homes not only in terms of 
building space and free area, but also considering the capacity to generate and provide 
sustainable resources for biogas production. For larger families, it would be necessary 
to consider more efficient biodigesters or those with a greater capacity to meet the 
needs (Figure 4).

The curve shows an increasing trend that flattens out as the built-up area 
increases. This indicates that the biogas requirement grows rapidly for small areas, 
but the increase slows down from a certain building size.
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Figure 4. 
Relationship of biogas requirement per built-up area.

The analysis of the cubic curve is represented by the polynomial equation:

 0.0024 2 0.806 26.738y x x= − + −  

Where x is the built-up area (m2) and y is the biogas requirement (m3/month). 
The coefficient of determination R2 = 0.92 indicates an excellent fit.

The trend of the curve shows that initially, the curve shows an increase in biogas 
requirement as the built-up area increases. Having reached a maximum around 
x ≈ 160 m2, the curve begins to decrease, showing that the biogas requirement 
decreases for larger areas. As the surface area of the dwelling increases, the need for 
biogas increases due to the expected higher energy consumption. However, after a 
certain size, energy efficiency can stabilize or existing systems cover the demand, 
decreasing the need for biogas.

Dwellings with a larger built-up area (such as VUF2-06 with 179.44 m2) reach the 
highest need for biogas (56.25 m3/month). The peak point of biogas need is reached 
with a built-up area of approximately 167.92 m2, where the demand is 40.93 m3/
month.

For built-up areas of approximately 70 m2 to 120 m2, the need for biogas grows 
noticeably. Between 120 m2 and 180 m2, the curve begins to stabilize, indicating that 
the increase in biogas need becomes less pronounced.

Home Total land 
area (m2)

Constructed area (m2) Free area (m2) Inhabitants Biogas requirement 
(m3/month)

VUF2-01 160 77.34 121.33 4 25

VUF2-02 160 108.2 105.9 7 43.75

VUF2-03 160 119.94 100.03 7 43.75

VUF2-04 160 137.16 91.42 8 50

VUF2-05 160 155.69 82.155 8 50

VUF2-06 160 179.44 70.28 9 56.25

Table 4. 
Relationship between constructed area, inhabitants, and biogas requirement.
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The curve indicates that although there is a direct relationship between built-up 
areas and biogas needs, this is not strictly proportional. Factors such as the efficiency 
of the design of larger homes influence this trend.

The graph suggests that when designing larger or more populated homes, it is 
important to consider that biogas demand may not increase indefinitely but may 
reach a practical limit. This could be useful for optimizing the capacity of biodigesters 
based on the actual needs of each home (Figure 5).

The relationship between the variables seems to remain constant throughout the 
analysis range, probably because almost all homes require a regular need for biogas. 
The number of inhabitants grows from 4 to 9, which proportionally increases the 
need for biogas. The number of inhabitants grows in a staggered manner (4, 7, 7, 8, 
8, 9); this variation is directly associated with the demand for biogas, since more 
inhabitants require more energy generation.

The need for biogas increases consistently with the number of inhabitants; homes 
with four inhabitants require less biogas and homes with nine inhabitants show the 
highest consumption. The need for biogas increases as the total built area increases. 
This is consistent with the logic that larger homes tend to have higher energy demand.

In segmental behavior, from 77.34 m2 to 108.2 m2, the need for biogas increases 
significantly from 25 m3/month to 43.75 m3/month. From 108.2 m2, the growth in the 
need for biogas became more stable, increasing from 43.75 m3/month to 56.25 m3/
month in 179.44 m2.

The need for biogas is directly influenced by the number of inhabitants and the 
built surface area. The graph highlights the importance of planning biogas systems 
based on the density of occupation of the homes, since the energy demand does not 
depend so much on the physical space as on the use of the home.

Table 5 shows the relationship between ambient temperatures and biogas produc-
tion in a system with one or two digesters throughout the months of the year.

The average temperature allows biogas production to fluctuate with the average 
monthly temperature: It reaches maximum values in warm months (16.5°C) and 

Figure 5. 
Relationship between land area, biogas needs, and inhabitants.
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minimum values in cold months (14.75°C). In warmer months (such as January and 
December, with average temperatures of ~16.5°C), biogas production reaches maximum 
values. In colder months (such as July, with 14.75°C), production decreases. Biogas 
production with one digester varies between 37.05 m3 (July) and 41.83 m3 (February). 
With two digesters, production is double, varying between 74.11 m3 and 83.65 m3.

In the months of highest production (high average temperatures), January, 
February, November, and December, the average temperature exceeds 16.4°C, which 
favors greater microbial activity in the digester. Biogas production in one digester 
remains above 41 m3.

In the months of lowest production (low average temperatures), June and July, the 
average temperatures are the lowest (~14.75 °C to 15.00 °C), and biogas production 
decreases to 37.05 m3 in one digester.

The impact of higher temperatures favors microbial activity, which increases 
biogas production. At lower temperatures, microorganisms slow down their activity, 
reducing anaerobic digestion. Therefore, using two digesters doubles the production 
capacity. This is consistent and proportional in all months.

There is a direct relationship between the average monthly temperature and biogas 
production. The months with warmer temperatures maximize production, and there 
is a need to double the number of digesters and increase production proportionally. To 
ensure that this production is achieved through improvement strategies, the digesters 
must be thermally insulated or heating systems implemented to stabilize production 
during cold months (Figure 6).

The interpretation of the trend lines presents in the function of biogas produc-
tion with a biodigester, an equation: y = 2.5121x − 2E−12 and presents a lower slope 
2.5121, which implies that the biogas production using a single biodigester increases 
linearly with x, but at a slower rate. The biogas production line with two biodigesters 

Month Maximum 
temperature °C

Minimum 
temperature °C

Average 
temperature °C

Biogas in m3 
at average 

temperature °C 
(one digester)

Biogas in m3 
at average 

temperature °C 
(two digesters)

January 22.1 10.9 16.50 41.45 82.90

February 22.1 11.2 16.65 41.83 83.65

March 22.3 10.6 16.45 41.32 82.65

April 22.8 9.8 16.30 40.95 81.90

May 22.8 8.2 15.50 38.94 77.88

June 22.8 7.2 15.00 37.68 75.36

July 22.6 6.9 14.75 37.05 74.11

August 22.9 7.8 15.35 38.56 77.12

September 23.1 8.4 15.75 39.57 79.13

October 23.2 9.1 16.15 40.57 81.14

November 23.0 9.4 16.20 40.70 81.39

December 22.6 10.2 16.40 41.20 82.40

Table 5. 
Biogas production as a function of temperature in Arequipa.
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represented by the equation y = 5.0242x − 9E−12, presents a greater slope 5.0242, 
which is exactly double the slope of the first and expresses that the biogas production 
using two biodigesters also increases linearly with x, but at twice the rate than with a 
single biodigester. It simply means having greater availability of biogas.

There is a direct proportionality, the slope of the line of the two biodigesters 
5.0242 is exactly twice that of the slope of the line of one biodigester 2.5121. This 
indicates that biogas production scales proportionally to the number of biodigest-
ers. Both lines maintain strict linear behavior, reflecting that there is no loss of 
efficiency when using an additional biodigester. The relationship is completely 
proportional.

The coefficient of determination R2 = 1 indicates that the trend lines perfectly fit 
the observed data. Biogas production in both cases (one biodigester and two biodi-
gesters) follows an exact linear relationship with respect to the variable x. There are 
no variations or discrepancies in the data that explain the relationship, and this may 
be due to the sample of inhabitants living in the buildings.

The perfect linear efficiency of both systems (one biodigester and two biodigest-
ers) is perfectly proportional in biogas production, doubling production when the 
number of biodigesters is doubled. R2 = 1 suggests an ideal model, which might not 
consider possible efficiency losses, technical problems, or external effects in practi-
cal applications, or it may be that as the number of inhabitants increases, this value 
is altered. However, this model can be useful to estimate the biogas production from 
multiple biodigesters in an ideal context.

The diagram illustrates the behavior of a compact biodigester throughout the year, 
considering variables such as biogas production, environmental factors, and energy 
demand, considering variables such as biogas production with one digester, with two 
digesters, environmental factors, the expected biogas need is identified.

Figure 6. 
Biogas production by monthly temperature in Arequipa.
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Figure 7. 
Biogas production during the year as a function of temperature.

Elements that intervene in the diagram are identified, on the X axis months of the year 
represents the 12 months of the year, indicating the seasonal behavior of the biodigester, 
on the Y axis presents the biogas production and other parameters (Figure 7).

The blue curve represents production with a biodigester under natural conditions, 
while the yellow curve simulates ideal conditions with thermal adjustments. The red 
line marks the energy demand necessary to meet consumption.

The blue curve of production with a biodigester presents a cubic polynomial 
model: y = 0.0074x3–0.0294x2–0.804x + 43.063, with a coefficient of determination 
R2 of 0.6988, indicating a moderate fit. They represent the actual biogas production 
under natural conditions of a biodigester, and it is directly affected by the actual aver-
age temperature (dark pink). In cold months, production falls below the purple line 
(necessary demand), indicating that the system cannot meet demand.

The blue curve of biogas production in two digesters, with the model: y = −0.0148
x3–0.0589x2 + 1.604x + 85.125, also has an R2 fit of 0.6988.

The yellow curve represents an ideal production with fits, it is the biogas produc-
tion if the ideal conditions (optimal temperature, balanced load) were achieved. It 
has two biodigesters and is influenced by the light pink bar (ideal temperature). This 
curve stays closer or above the purple line, showing that reaching the ideal calculated 
temperature can guarantee the necessary biogas supply.

The red horizontal line represents the expected biogas production and represents 
the amount of biogas needed to meet the energy demand of all homes, which is a 
target value that the biodigester system must reach or exceed each month.

The production curve fluctuates around this line. In some months (especially the 
colder ones), production falls below the expected value, indicating insufficiency in 
covering demand when biogas production is used with a biodigester.
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The dark pink bar represents the actual average temperature that occurs in the city 
of Arequipa and represents the actual temperatures of the environment where the 
biodigester operates. These natural conditions directly influence microbial activity 
and, therefore, biogas production. In the cold months, the actual average temperature 
is low, which significantly reduces production.

The light pink bar represents the ideal calculated temperature, which shows the 
optimal temperature required to maximize biogas production. This is an indicator of 
the gap between actual and ideal conditions. This reflects that, in most months, the 
actual temperature does not reach the ideal temperature, which explains the biogas 
insufficiency in some periods.

4.2 Compact biodigester efficiency

The efficiency of the compact biodigester reflects the capacity of the system to 
transform organic waste into biogas and valuable byproducts, such as fertilizers, 
under optimal operating conditions. It represents the relationship between the 
amount of energy or biogas produced and the amount of raw material used, consider-
ing factors such as design, size and operation of the biodigester. Although they take 
up less space, compact biodigesters are often more efficient in urban environments 
thanks to their optimized design to control operating conditions.

The efficiency of the compact biodigester ensures that small amounts of house-
hold waste are sufficient to cover basic energy needs, such as cooking. It features a 
sustainable design that can be used as an ideal solution to reduce the environmental 
impact of organic waste and minimize dependence on fossil fuels.

The compact design of biodigesters offers several benefits, especially in environ-
ments with limitations in space, costs, and operational efficiency. Compact biodi-
gesters are designed to take up less space, making them ideal for urban, residential 
environments, or areas with land limitations and can be installed in small spaces such 
as small yards, roofs, or even underground, adapting to urban needs. Their smaller 
volumetric capacity facilitates the control of internal parameters such as tempera-
ture and pH, optimizing biogas production., which maximizes biogas production. 
Their compact design facilitates thermal insulation, which reduces energy losses and 
improves anaerobic digestion. Fewer materials are required for their construction 
compared to larger systems. The small size facilitates cleaning, inspection, and repair 
tasks, reducing operating costs.

They are ideal for processing organic waste generated in homes, such as food 
scraps or garden waste. They generate enough biogas to cover basic energy needs such 
as for cooking, heating, lighting.

Despite their many advantages, compact biodigesters also face certain limitations, 
such as a lower capacity to process large volumes of waste and being more sensitive to 
extreme variations in operating conditions, such as temperature and excessive loads.

The compact design of a biodigester is an ideal solution for urban environments 
or areas with space restrictions. They offer high efficiency, ease of operation, and 
reduced costs, making them a viable option for households, small businesses, and 
communities looking to use organic waste sustainably (see Figure 8).

This diagram presents an analysis of biogas production with one digester and two 
digesters over a whole year, comparing it with the specific biogas needs of different 
family homes (VUF).

The X-axis represents the months of the year (January to December), indicating 
the seasonal behavior. The Y axis (Left) represents the biogas production in m3, 
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which varies according to the conditions of the digester and the specific demands. The 
Y axis (Right), expressed in m3, refers to the polynomial lines that describe the trend 
of biogas production.

The orange curve represents production with two digesters, highlighting a higher 
biogas production compared to a single digester. It has a cubic polynomial trend 
described by the equation: y = 0.0148x3–0.0589x2–1.6084x + 86.125. It shows that 
production is higher than that of a digester and follows a downward trend during 
the coldest months (May to July). It recovers from August and exceeds 80 m3 in 
December. The R2 = 0.6988 indicates a moderate fit.

The blue curve and blue markers represent the production with one digester and 
express the real biogas production with one digester. It has a cubic polynomial trend 
described by the equation: y = 0.0074x3–0.0294x2–0.8042x + 43.063. Production is 
approximately half of the biogas production with two digesters. It reaches a minimum 
in July ∼37 m3/month and recovers in the warmest months such as in December 
∼41 m3/month. The model fit is also moderate R2 = 0.6988.

In a temporal analysis, it indicates that during the cold months (May, June, and 
July), lower temperatures affect microbial activity, significantly reducing biogas 
production. The blue and orange curves drop significantly due to the decrease in aver-
age temperature, which affects microbial activity. In the warm months (December, 
January, and February), higher temperatures favor anaerobic digestion, increasing 
biogas production.

Compact biodigester represents an efficient and sustainable solution for urban 
environments, offering high efficiency, ease of handling, and reduced operating 

Figure 8. 
Efficiency of biogas production during the year depending on temperature.
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costs. Its design responds to the energy needs of homes while minimizing environ-
mental impact. With one digester, the minimum biogas demands of the smallest 
homes (VUF2-01 to VUF2-03) are met, while two digesters allow the needs of even 
larger homes to be exceeded.

4.3 Energy cost reduction

The transition from LPG to biogas in urban homes offers a key opportunity to 
reduce energy costs, improve environmental sustainability, and promote energy self-
sufficiency. This section analyses the economic and environmental benefits of biogas, 
highlighting its contribution to a more sustainable energy model.

LPG consumption in urban homes in Arequipa.
In Arequipa, LPG is mainly used for cooking food, with an average monthly 

consumption of 1.06 10 kg cylinders per family at a cost of S/60.00 per cylinder. This 
consumption generates an average monthly expense that varies between S/79.44 and 
S/178.74, depending on the size of the family unit. This expense represents a signifi-
cant part of the family budget, especially for large families.

Energy cost comparison between LPG and biogas.
Table 6 illustrates LPG consumption, its cost, and the impact of replacing it with 

biogas in different types of urban family homes:
Replacing LPG with biogas eliminates its associated costs, generating significant 

savings ranging from S/953.28 for a family of 4 to S/2144.88 for a family of 9. The 
initial investment of S/2000 per biodigester can be quickly amortized thanks to the 
annual savings in LPG costs.

Sustainable waste management is for biogas production from organic waste, 
which transforms waste into useful energy, significantly reducing its environ-
mental impact. Biogas captures and reuses methane, a potent greenhouse gas, 
that would otherwise be released in landfills. Biogas harnesses methane, a potent 
greenhouse gas, that would otherwise be released in landfills. The digestate, a 
byproduct of anaerobic digestion, can be used as an organic fertilizer, contributing 
to the circular economy.

The biodigester designed for urban homes in Arequipa is compact, efficient, and 
economical. The main materials include PVC or HDPE for the chambers, for their 
durability and resistance to corrosion. The steel frame ensures structural support, 
while 4-mm polycarbonate improves thermal insulation. Mixing paddles facilitates 
the agitation of the biomass to optimize anaerobic digestion. Consider the control 

Home Inhabitants Biogas 
(m3/month)

LPG consumption 
(kg)

Monthly LPG 
Cost (S/)

Annual LPG 
Cost (S/)

VUF2-01 4 25 13.24 79.44 953.28

VUF2-02 7 43.75 23.17 139.02 1668.24

VUF2-03 7 43.75 23.17 139.02 1668.24

VUF2-04 8 50 26.48 158.88 1906.56

VUF2-05 8 50 26.48 158.88 1906.56

VUF2-06 9 56.25 29.79 178.74 2144.88

Table 6. 
Comparison of energy costs between LPG and biogas in urban housing.
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valves to regulate the flow of biogas and organic materials. The estimated cost is 
S/2000 per unit, pending adjustments and optimization.

Replacing LPG with biogas in urban homes is an economically viable and environ-
mentally sustainable solution. Implementing compact biodigesters favors the sustain-
able management of waste, transforming it into useful energy and fertilizers, which 
results in significant annual savings compared to the use of LPG. It allows waste to be 
managed sustainably, valorizing organic waste into energy and fertilizers.

It contributes to mitigating environmental impacts by reducing methane emis-
sions and the carbon footprint.

4.4  Environmental impact of biogas production and organic solid waste 
management

Biogas production in family homes generates both individual and collective ben-
efits, promoting urban sustainability and mitigating key problems in cities, influenc-
ing the negative impacts of a city, which affects the following:

Reduction of urban solid waste, homes that produce biogas transform organic 
waste (food scraps, plant matter, etc.) into energy, reducing the amount sent to the 
municipal collection system or landfills. It affects the lower pressure on collecting 
and final disposal services and at the same time contributes to the reduction of the 
accumulation of waste in landfills, which prolongs their useful life, and this action 
reduces the generation of leachates and greenhouse gases, prolonging the useful life 
of landfills.

Mitigation of climate change, the methane generated in the biodigester, a green-
house gas 25 times more potent than CO2, is captured and used, preventing its release 
into the atmosphere. This contributes to reducing the carbon footprint of the home 
and this is added to the city. This encourages the adoption of low-carbon technologies 
and contributes to meeting global climate goals. The capture and use of methane to 
generate energy contributes to reducing the carbon footprint of homes and mitigating 
the effects of climate change. Studies such as Surendra et al. [67] and the UN [64] 
highlight that technologies such as biodigesters can reduce GHG emissions by up to 
30% and extend the life of landfills.

Reduction of dependence on non-renewable energy, the biogas generated can 
replace non-renewable energy sources such as LPG, electricity, or firewood for 
cooking and heating and contributes to influencing the lower demand for fossil fuels, 
reducing costs and emissions associated with their transport and use. In addition, 
it reduces the falling of trees for firewood, preserving urban and peri-urban green 
areas.

Reduction of soil and water pollution, the treatment of organic waste in biodigest-
ers prevents its accumulation in the open air, reducing the contamination of soils 
and bodies of water. This improves urban environmental quality, reducing the risk of 
diseases associated with poor waste disposal.

Production of biofertilizers, refers to digestate, as a byproduct of the biodigester, 
can be used as a natural fertilizer in gardens or family crops. This encourages urban 
agriculture, reduces the need for chemical fertilizers, and improves local food sus-
tainability. Use in city parks and gardens reduces the need for chemical fertilizers, 
decreasing the environmental impact of their production and use.

Promotion of the circular economy, biogas production is aligned with the prin-
ciples of the circular economy, transforming waste into resources such as energy and 
fertilizers and at the same time generates a benefit for the city and this encourages 
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sustainable management of urban resources and relieves pressure on municipal 
waste management systems. The compact biodigester reinforces a circular economic 
approach by transforming organic waste into energy resources and fertilizers. This 
approach is consistent with the sustainability principles promoted by the Ellen 
MacArthur Foundation [68].

Cost reduction for the city, the reduction of waste and lower consumption of 
conventional energy reduce municipal costs associated with transportation, treat-
ment and final disposal. This is a benefit for the city, since it affects the reduction 
of municipal costs in transportation, treatment, and final disposal of solid waste 
and, in addition, alleviates energy demand, minimizing the need to expand urban 
infrastructure.

Economic impact and cost reduction, according to the economic analysis, shows 
that replacing LPG with biogas can significantly reduce household energy costs, 
contributing to energy self-sufficiency and climate change mitigation. Cost reduc-
tion goes beyond direct savings; it also includes benefits derived from efficient waste 
management and biofertilizer production. The results show that the initial cost of the 
compact biodigester can be amortized in a reasonable period, depending on the level 
of use and access to subsidies. This reinforces findings such as those of IRENA [69], 
which identify biogas as a viable option to reduce dependence on fossil fuels in urban 
environments.

Environmental awareness and citizen participation, the implementation of biodi-
gesters promotes responsible habits in the separation and use of waste. It is a benefit 
for the city. This increases environmental awareness and encourages citizen participa-
tion in urban sustainability initiatives.

Biogas production in family homes reduces urban problems related to waste 
management, energy demand, and environmental pollution. While the benefits for 
a single home are the modest, the mass adoption of this technology could generate a 
significant change toward a more sustainable and resilient urban model.

4.5 Explore the adoption and scalability of biogas technology

The adoption and scalability of biogas production technology are key challenges 
for its massive implementation, especially in urban environments. Both concepts are 
interrelated and reflect the potential of biogas as a sustainable energy solution.

Scalability refers to the capacity of technology to adapt to a greater number of 
users or contexts, while maintaining efficiency and economic viability. In the case of 
biogas, scalability requires designs adaptable to different housing sizes and popula-
tion densities; economic viability that allows affordable costs on a large scale; and 
modular designs, such as compact biodigesters, that facilitate technological expan-
sion. In addition, economic viability expressed in the production and adoption of 
biodigesters must be economically accessible on a large scale, preventing costs from 
growing disproportionately. Modular designs present solutions such as compact 
and modular biodigesters that facilitate technological expansion in limited spaces. 
Mass production is linked to the industrial development of biodigesters and specific 
components, reducing costs and accelerating their adoption.

The adoption of this technology depends on its acceptance and integration into the 
daily life of families and communities. Factors such as the perception of clear benefits 
(energy savings and cost reduction), ease of use, available technical support, and 
cultural compatibility directly influence adoption. In addition, biodigesters should 
be intuitive to use and require minimal maintenance. They should have technical 
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support: The availability of technical support and spare parts ensures continued use. 
Initial costs are an initial investment that can be a barrier for many families, underlin-
ing the need for subsidies or accessible financing. There must be cultural compat-
ibility; in some cases, there are cultural prejudices or resistance to change that hinder 
adoption.

Despite these benefits, the adoption and scalability of compact biodigesters face 
challenges. Key barriers include initial installation costs, lack of technical knowledge 
on the part of users, and negative cultural perceptions associated with the use of 
organic waste. To overcome these limitations, it is essential to implement strategies 
that include economic incentives, community awareness campaigns, and public 
policies that support the use of renewable technologies. Research such as that by 
Wellinger et al. [70] and IRENA [71] underscores the importance of combining 
technical and social approaches to ensure successful implementation.

The analysis carried out identifies the following main barriers: socioeconomics 
due to high initial costs, lack of financing, and perception of cheaper energy alterna-
tives (such as subsidized LPG). Cultural barriers are expressed in stigmas associated 
with organic waste management and preference for traditional methods such as the 
use of firewood or charcoal. Existing infrastructure where there are limited spaces in 
urban areas limits the installation of biodigesters. Education expressed in low levels of 
technical and environmental knowledge hinders the acceptance and maintenance of 
the biodigester.

The availability of waste from families with low volumes of organic waste may 
make the biodigester unprofitable.

The adoption and scalability of biogas technology in urban environments requires 
a multidimensional approach that addresses technical, cultural and economic barri-
ers. The design of more compact biodigesters, centralized waste processing, and the 
implementation of economic and educational incentives can accelerate the transition 
to more sustainable and resilient energy systems. This model not only improves 
efficiency in waste management but also positions biogas as a viable and desirable 
solution in the urban context.

5.  Conclusions

The work demonstrates that the implementation of compact biodigesters in urban 
homes can effectively meet the stated objectives, such as energy self-sufficiency and 
sustainable waste management. The results confirm the initial hypotheses, showing 
that it is feasible to produce enough biogas for the energy needs of an average family, 
in addition to significantly reducing energy costs and environmental impact. This 
underlines the transformative potential of this technology to promote sustainability 
in urban environments.

It was shown that biogas production varies proportionally with the size and 
waste generation capacity of homes. Larger families, which generate larger volumes 
of organic waste, achieve greater biogas production, optimizing biodigester per-
formance. This finding is consistent with previous studies that highlight the direct 
relationship between waste generation and energy production. In addition, it is 
emphasized that biogas technology is adaptable to various urban configurations, 
allowing its scalability.

The compact biodigester designed in this study has proven to be an efficient and 
viable technology for biogas production in urban environments. Its optimized design 
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allows for maximizing biogas production in limited spaces, which is crucial in densely 
populated urban areas. The incorporation of innovations such as mechanical rotating 
blades has significantly improved the digestion process, by avoiding sedimentation 
of waste and ensuring a homogeneous mixture of biomass. These features not only 
improve the energy performance of the system, but also reduce maintenance require-
ments, positioning the compact biodigester as an ideal solution for environments with 
space restrictions.

The transition from LPG to biogas offers significant savings in family energy costs, 
with annual reductions varying between S/953 and S/2144, depending on the size of 
the family and the amount of biogas produced. This finding underlines the positive 
economic impact of biogas use, especially in contexts where the cost of LPG repre-
sents a considerable economic burden for households. In addition, biogas promotes 
energy self-sufficiency, decreasing the dependence on fossil fuels and the costs associ-
ated with their acquisition and transportation.

Biogas production has a positive environmental impact by contributing to 
the reduction of solid waste in landfills, which in turn decreases the emission of 
greenhouse gases, such as methane, and the generation of polluting leachates. In 
addition, digestate, a byproduct of the biodigester, can be used as organic fertil-
izer, promoting sustainable agricultural practices in urban and peri-urban areas. 
This approach not only improves environmental sustainability at the individual 
level, but also contributes significantly to mitigating environmental problems in 
urban environments.

The need for biogas in urban dwellings is mainly determined by the number of 
inhabitants and, to a lesser extent, by the built surface. The results show that the 
proper design and sizing of biodigesters, considering the density of occupancy of 
homes, can efficiently meet the energy demands of homes of different sizes. This 
reinforces the importance of planning energy systems based on real needs and not 
only on physical characteristics of homes.

Although compact biodigester technology has proven to be technically viable, its 
mass adoption faces economic, cultural and educational barriers. Initial costs repre-
sent a significant challenge for many families, especially in low-income communities. 
In addition, the lack of technical knowledge about the operation and maintenance 
of biodigesters, together with cultural prejudices associated with the use of organic 
waste, limits their acceptance. These barriers need to be addressed through innovative 
strategies and educational programs.

To facilitate the adoption and scalability of biogas technology, the following is 
proposed:

• Design of ultra-compact and automated biodigesters: Adapted for integration in 
small urban spaces and with systems that minimize manual intervention.

• Centralized waste collection and processing systems: These allow families to 
deliver their unprocessed waste and receive inputs ready to feed the biodigest-
ers. This simplifies the operation and increases the efficiency of the system. 
Collecting digestate also involves adding value and introducing the exchange 
process.

• Educational and training programs: These reinforce confidence in technology 
and promote its cultural acceptance, especially in communities with less famil-
iarity with this type of solution.
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The biogas model is framed within the principles of the circular economy, taking 
advantage of organic waste to generate energy and fertilizers. This approach connects 
markets, households, and urban waste management systems, promoting a sustain-
able cycle. Reusing digestate as organic fertilizer not only reduces dependence on 
chemicals but also boosts urban agriculture, encouraging greater food and energy 
self-sufficiency.

The use of biogas has the potential to transform urban sustainability by simul-
taneously addressing problems related to waste management, energy dependence, 
and climate change. Its massive implementation in urban housing can significantly 
contribute to reducing greenhouse gas emissions, promoting sustainable practices 
and reducing pressure on solid waste management systems. This positions biogas as a 
key solution to the environmental and energy challenges of cities.

The incorporation of biodigesters into sustainable urban policies can optimize 
waste management and foster energy self-sufficiency in cities. The results of this 
study suggest that the adoption of this technology, complemented by economic and 
educational incentives, can transform cities into resilient and sustainable systems, 
aligning global sustainability and climate change mitigation goals.

This study provides a solid foundation for future research on:

• The development of more compact and efficient automatic biodigesters.

• The creation of business models based on the circular economy.

• The exploration of educational and financing strategies to promote the mass 
adoption of technology.

• The analysis of the long-term environmental impact and the integration of these 
systems into public policies at local and national levels.

These findings highlight the transformative impact of biogas technology in urban 
housing, laying the foundation for its large-scale implementation and promoting 
more sustainable and resilient urban development.
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Abstract

This book chapter explores the biogas production potential of algae and its 
significance in sustainable energy. The main benefits of algae over traditional biomass 
sources for biogas generation will be analyzed together with their CO2 sequestration 
capabilities, high biomass yield, and rapid growth rates. Moreover, a comprehensive 
state of the art about biogas production focusing on anaerobic digestion and strate-
gies to enhance biogas yield, putting a particular emphasis on technological innova-
tions, will be presented. Furthermore, a comparative analysis of various production 
processes, substantiated by experimental data available in the literature, will be 
carried out. In addition, the possible employment of algae as green fuel for internal 
combustion engines will be investigated, and the compatibility with current engine 
technologies will be assessed. Finally, opportunities and constraints to the employ-
ment of algae resources on a large scale will be examined, and the policy landscapes 
that could facilitate widespread of its adoption and integration with other systems 
will be illustrated.

Keywords: algae biofuel, microalgal biogas, seaweeds, fuel blend, renewables, energy 
generation, yield, photobioreactor

1.  Introduction

Recent studies showcased algae biomass promising role in capturing CO2 to 
produce eco-friendly, high-yield biofuels with the potential of building the path to a 
sustainable energy transition [1, 2]. In the European bioeconomy, algae still represent 
an untapped resource, and their production accounts for just 0.28% of the global 
production worldwide. The term ‘algae’ englobes both microalgae and macroalgae 
biomass (also called seaweeds). Microalgae are generally cultivated in open ponds 
or in closed basins, while macroalgae are harvested from wild stocks or produced 
in aquaculture systems. Aquaculture systems for algae cultivation are still not so 
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common, but they have started to be employed more in recent years [3]. The growing 
interest in algae biomass as an energy resource resides in algae beneficial properties, 
mainly the high growth rates, with some species having the ability to double their 
population in a day under optimum conditions. Microalgae fast development can 
provide a growth rate of about 50–100 t of dry algae annually per hectare [4], greatly 
exceeding spread crops used for food, feed, and biofuel production, such as maize 
and soy, which growth rate ranges between 0 and 20 t annually per hectare [5].

Moreover, they have demonstrated a remarkable capacity to catch carbon dioxide 
with a potential of up to 1.83 kg of CO2 for each kilogram of dry biomass generated, 
providing a twofold benefit in carbon absorption and usage, thereby aiding climate 
change mitigation efforts [6, 7]. Macroalgae are characterized by unique biochemical 
properties and ecological benefits that make them suitable for biogas, biobutanol, 
and bioethanol production. In particular, they represent a third generation of bio-
fuels characterized by a high content of carbohydrates, lipids, and sugars with high 
efficiency conversion. Despite that, macroalgal-based biofuel production is still not 
ready to be economically feasible, as barriers exist when the whole production chain is 
considered [8]. Among them, the complex polysaccharide structures of the macroal-
gae result in the need for specific and expensive pretreatment methods that negatively 
impact on the production costs [9]. Substantial water content of algae (sometimes 
reaching 90%) requires energy-intensive dewatering methods, hence considerably 
elevating the operating expenses of biogas generation. Moreover, the resilient cell 
walls of some algae species might impede digestion efficiency, necessitating pretreat-
ment techniques such as mechanical disruption, heat treatment, or chemical hydroly-
sis to improve biogas production [10].

Economically, algal biogas facilities have high startup costs, but technical advances 
may lower them [11–13]. To minimize the cost of this technology, strain selection, 
genetic engineering for biomass quality, and digesting process optimization are being 
studied [14]. Economic examination of algae as a biogas substrate is complicated by 
its heterogeneity in production (100–500 mL CH4/g VS) based on species, growth 
circumstances, and digestion factors [15]. On the other hand, the seasonal availability 
of algae biomass is a challenge to ensure a reliable supply. To preserve algae produced 
in high productive period like summer, where production is generally three to five 
times higher than winter, drying or ensiling processes can be used. These techniques 
are especially relevant for applications of algae biomass in the biorefinery sector. The 
counterpart is that these processes are costly and high-energy-wasting, so that the 
possible composition changes due to algae biomass storage, an issue that still needs 
to be fully addressed [16]. Previous studies demonstrated that the ensiling preserva-
tion technique based on lactic acid fermentation can stabilize algae biomass (20% 
solids) and algae-lignocellulosic blends (40% algae/60% lignocellulosic biomass on 
dry basis) for over 6 months limiting microbial degradation with interesting cost 
savings and fewer emissions for the biofuel production [17]. Algae are biochemically 
ideal for anaerobic digestion. On the other side, microalgae contain 20–50% carbo-
hydrates, 10–30% lipids, and 6–71% proteins by dry weight, providing methanogenic 
bacteria with a large substrate. Therefore, biogas from microalgae is more stable and 
maybe higher in production with this diversified substrate. Algae cultivation may 
be included in wastewater treatment systems, where they absorb nutrients such as 
nitrogen and phosphorus for development, and successfully eliminate them from the 
water. This bioremediation component can substantially diminish the expenses and 
ecological consequences of wastewater treatment. Existing studies about algae pro-
duction, especially microalgae, have been predominantly carried out in laboratories 
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using artificial light in cultivation. But to achieve the maturity of algae carbon capture 
technologies, long-term studies under natural conditions need to be carried out [18]. 
In this context, this book chapter explores the potential of algae as a pivotal and 
sustainable energy source to produce third-generation biofuels. The main benefits of 
algae over traditional biomass sources for biogas generation will be analyzed together 
with their substantial CO2 sequestration capabilities, high biomass yield, and rapid 
growth rates.

A comprehensive state of the art of microalgal biogas production and techno-
economic analysis, with an examination of the current cultivation and production 
methods, putting a particular emphasis on technological innovations and economic 
considerations, will be presented. Furthermore, a comparative analysis of various 
production processes, substantiated by real-world data, will be carried out.

In addition, the possible employment of algae as green fuel for internal combus-
tion engines (ICE) will be investigated, and the compatibility with current engine 
technologies from algae will be assessed. Finally, opportunities and constraints to 
the employment of algae resources on a large scale and the policy landscapes that 
could facilitate widespread of its adoption and integration with other systems will be 
illustrated.

2.  Macroalgae and microalgae biomass as feedstock for biogas production

Algae as feedstock for bioenergy conversion include both macroalgae (seaweeds), 
characterized by a length of up 60 m, then microalgae, with microscopical cells of an 
average length between 2 and 200 μm [19].

Asia is leading the market in seaweed production, and countries outside Asia 
produced less than 2% of the total farmed seaweed volumes in 2020 [20]. Europe, 
the United States, Australia, and New Zealand are seriously committed to expand 
the seaweed cultivation, but China and Indonesia are still the main and undiscussed 
producers [1]. The Chinese government has envisioned a high-technology develop-
ment plan based on an investment of $3.3 million to develop marine microalgae farm 
to produce algal biofuel [21]. Developing countries in South Africa, Middle East, and 
Africa also possess favorable conditions for the large-scale production of algae for 
biodiesel [22]. In Europe, macroalgae account for an annual production of 31 Mt. wet 
weight with a harvesting of just 1.2 Mt. [2], with France, Ireland, and Spain as the top 
3 countries in number of macroalgae production units [23]. A study carried out by the 
European Commission mapped 447 algae production units in 23 countries (Figure 1). 
According to the results, more than 50% of these companies produce microalgae, with 
Germany, Spain, and Italy at the top of the list for microalgae production [24].

2.1 Seaweed cultivation techniques

As already mentioned, seaweed cultivation can be carried out in coastal or off-
shore open sea systems, in tanks or ponds. Their cultivation needs to be regulated due 
to the potential environmental risks of changing the structure of local fauna and flora 
by introducing parasites or alien species [25]. Due to the absence of lignin, low cellu-
lose content, and the presence of easily fermentable carbohydrates in their composi-
tion, marine macroalgae have a higher energy conversion potential of above 100 EJ/yr. 
If compared with terrestrial biomass [26, 27]. The five main seaweed species groups 
that are commercially farmed and the main farming countries are shown in Table 1.
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Seaweed family Seaweed group Seaweed group species Farmer countries

Solieriaceae Eucheumatoids Eucheuma seaweeds nei
Spiny Euchema
Eikhorn sea Moss

Indonesia
Philippines
Malaysia

Laminariaceae Saccharina Laminaria japónica
Saccharina latissima
Laminaria digitata

South Korea
Japan
China

Alariaceae Undaria Undaria pinnatifida South Korea
Japan
China

Bangiaceae Pyropia Pyropia yezoensis
Porphyra spp.
Porphyra columbina

South Korea
Japan
China

Gracilariaceae Gracilaria Gracilaria gracilis
Gracilaria verrucosa
Gracilaria spp.

Indonesia China

Table 1. 
Main seaweed species group that are commercially farmed (Source: Author elaboration from Hatch Innovation 
Service – Seaweed insights and FAO – Fisheries and Aquaculture).

Figure 1. 
Location of microalgae and macroalgae production plants (Source: Joint Research Centre – Algae Database 
Administrative Boundaries EuroGeographics, FAO, Turkstat. Available from: www.ec.europa.eu).
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In terms of production volumes, Gracilaria species shows the highest growth with 
a + 212% from 2010 to 2020 (Figure 2).

2.2 Microalgae cultivation techniques

Microalgae are photosynthetic organisms that comprise over 3000 aquatic species 
the majority autotrophic. Figure 3 shows the rRNA-based phylogeny of some selected 
microalgae and biogas yield [4].

Microalgae cultivation can be carried out in different ways. Most commonly, 
they are grown in open raceway ponds, but also advanced technologies are nowadays 
available, such as closed photobioreactors and two-stage hybrid systems [29]. In the 
raceway ponds, the cultivation is done in a closed-loop recirculation channel that 

Figure 2. 
Growth in production volumes 2010–2020 by species (Source: Author elaboration; Hatch innovation services; FAO 
fisheries and aquaculture created with datawrapper).

Figure 3. 
Phylogenetic tree of 25 industrially relevant microalgal species from GenBank database [28].
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can have different lengths and diameters. Open raceway ponds are cost-effective, 
but they have the disadvantages of high contamination, difficult growth control, and 
highly variable temperatures. Photobioreactor (PBR) is a competitive microalgae 
cultivation method where microalgae can grow using artificial light and is able to 
monitor all input data in real time [30], improving the final biomass density and 
purity. Moreover, thanks to this technology, mass-scale microalgae cultivation can 
be optimized by introducing an AI model to control process parameters and large-
scale industrial production. The volumetric productivity of microalgal cultivation in 
PBR is about 0.27–0.56 kg/L/day higher than the volumetric productivity of an open 
pond, which is about 0.035 kg/L/day [31]. Finally, microalgae cultivation can also be 
done using two-stage hybrid systems, a technology that combines open ponds with 
a photobioreactor, reducing the required surface area and that is able to boost the 
microalgae productivity, cutting the capital and operational costs [32].

3.  Anaerobic digestion for algae biogas production

Biomass can be an alternative fuel to address the challenges of sustainable energy 
supply and reduce fossil fuel dependence. Different biomass conversion technologies 
are currently available for biogas production from algae. Among them, anaerobic 
digestion (AD) is a natural biological process in use since 1957 [33]. It is the most 
direct route for biogas production from algae due to its distinctive advantages. The 
algae biogas production through AD consists of multiple stages, as shown in Figure 4: 
algae pretreatment, anaerobic digestion, and biogas storage. A series of actions 
undertaken by various groups of bacteria takes place in a bioreactor, where conver-
sional phases of hydrolysis, acidogenesis, acetogenesis, and methanogenesis occur. 
The result is the transformation of organic materials into biogas (methane, carbon 
dioxide) and digestate (bacterial biomass). The digestate, together with the CO2, is 
used as a nutrient for the algae growth in the ponds [36].

Figure 4. 
Seaweed process value chain for biogas production (Own elaboration by adaptation of Refs. [34, 35]).



71

A Perspective on Biogas Production from Algae Biomass: A Promising Third-Generation Biofuel…
DOI: http://dx.doi.org/10.5772/intechopen.1010872

Seaweed has been used for biogas production since the nineteenth century. The 
high content of water and the high productivity rate that characterized seaweed made 
them preferable to be treated by AD. In fact, biogas production from seaweed is closer 
to industrial exploitation than biogas production from microalgae [37]. The obtained 
biogas typically contains methane (50–70%), carbon dioxide (30–45%), hydrogen 
(<2%), and hydrogen sulfide (<3.5%) [34, 35, 38].

Currently, seaweed is largely used in food, beverage, and cosmetics sectors due to its 
nutritional properties. Indeed, the high polysaccharide content allows them to absorb 
CO2 and pollutants from the wastewater. Concerning microalgae, they are mainly used 
in commercial applications as livestock feed, bioactive compounds such as antibiot-
ics, or as a nutrient supplement for human consumption. Ultimately, they are being 
exploited for biofuel production by using different methods. Algal oil can be used for 
biodiesel production through transesterification and extraction. Thermochemical 
processes such as gasification, pyrolysis, hydrogenation, liquefaction, and combustion 
can be used to produce syngas, electricity, or heat power from microalgae. Finally, as 
depicted in Figure 5, biochemical conversion processes such as fermentation can be 
used, like AD, in order to produce bioethanol, methane, and others [39].

The proper selection of the biogas technology is fundamental for the feasibility 
and cost-effectiveness of the production process. Depending on the production tech-
nology adopted, the biogas yield can vary in a wide range. For instance, in the case of 
bio-methane, yields could vary from 25% up to 190% [40].

4.  Algae biogas applications to internal combustion engines

Under the Climate Change and Energy Transition Law, entered into force on 20 
May 2021, new passenger cars and light commercial vehicles must be emission-free, 

Figure 5. 
Microalgae process value chain for biofuels production [39].
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and no new exploitation authorizations will be allocated for hydrocarbon research 
permits or concessions. Despite that, the EU transport sector still accounts for 60% 
of the total air pollution due to automobiles running on fossil fuels. In 2023, in Spain, 
petroleum accounted for roughly 45% of the total consumption of primary energy, 
while the consumption of renewables (REN) represented only 21%. The total volume 
of petroleum products domestically consumed was derived from over 30 million 
metric tons of diesel products; meanwhile, the consumption of gasoline stood at 
approximately 6.1 million metric tons that year [41]. Additionally, the impact of the 
COVID-19 pandemic and the geopolitical tensions that led to the Ukraine War high-
lighted the socio-economic and political vulnerability of the EU and its energy depen-
dence on imported fossil fuels. In terms of energy supply, again in Spain in 2024, the 
transport sector was shown to be the highest energy-consuming sector, accounting for 
38.4% of the final energy demand, dominated by oil products (80.7%), the major-
ity of which are imported (96.1%) [42]. In this scenario, biomass, and consequently 
biofuels, are at the top of the list of alternatives to petroleum-derived fuels with the 
potential to promote energy independence to Europe and globally. Algae biofuel can 
be a sustainable resource to replace traditional fossil fuels due to its biological traits, 
the compatibility of the existing infrastructure, and its environmental advantages. In 
this context, research studies need to accelerate the investigation of the adaptability 
of biofuels to the existing reactor and internal combustion engine (ICE).

Previous studies showed that a co-digested mixture of raw algae and pig manure 
to be able to produce a higher yield of methane-rich biogas in ICE [43]. Moreover, 
biogas and biohydrogen blends supplied to biodiesel derived from algae in the ratio of 
14:6 emitted the lowest effluents when fueled in diesel ICE, improving combustion 
efficiency, reducing NOx emission, and particulate matter [44, 45]. The conversion 
of algal lipids into biodiesel entails transforming them into fatty acid methyl esters 
(FAMEs), which possess characteristics such as cetane number, viscosity, and cold 
flow that closely resemble those of petroleum diesel, making them eligible for direct 
application in diesel engines or blending [46].

Dual-fuel ICE can use two different fuels: a primary fuel for the combustion and 
an ignition starter as a secondary fuel. ICE operating in dual mode by using biogas 
and biodiesel has been demonstrated to have better performance and emissions 
compared with single-fuel engines [47].

Biogas produced from Chlorella vulgaris microalgae blended with hydrogen 
and nanoparticles in diesel, when used in ICE, demonstrates an increase in engine 
performance with the decrease of the maximum combustion pressure [45]. Until 
now, Chlorella vulgaris microalgae has been used in novel experiments for producing 
algal biodiesel through a transesterification process, where results have proved that, 
when adding potassium hydroxide and methanol to the obtained algal biodiesel, 
the yield of the diesel engine was higher, reaching 85%. But what is more important 
is that no amendments were required to run the engine with algae biodiesel, and 
the emission of CO, UBHC, NOx, and smoke opacity was much lower than those 
of a diesel engine, reaching the maximum decrease of 10 ppm in NOx at a power of 
1.19 kW [48]. Likewise, another study carried out on a diesel engine again fueled 
with Chlorella vulgaris microalgae blends and assisted with nanomaterials and biogas 
rich in HY and CO showed an increase in the ICE performance in the presence of 
carbon monoxide [49].

Furthermore, alternative approaches to utilizing microalgal biomass in diesel 
engines have demonstrated that algal slurry diesel emulsions with up to 6.6% wt/wt 
biomass emit lower exhaust NOx and PM than fossil diesel [50].
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Multiple studies have been found on Chlorella vulgaris microalgae as a primary 
source for biofuel production due to such beneficial chemical properties as higher 
heating values and low kinematic viscosity values when compared to other microalgae 
[15, 51–53]. Algae spirogyra methyl ester is another microalga that has been often 
tested in diesel engines. A recent study on a tri-fuel agricultural diesel engine operat-
ing algae spirogyra methyl ester showed that a smoother pressure rise is achieved by 
using algae residual carbon nanoparticles [54]. Moreover, an additional experiment 
carried out by the same authors assessed that on a dual-fuel combustion engine 
fueled by HY blended with algae spirogyra biodiesel, these HC, CO, and smoke 
emissions strongly decreased due to this fuel mix [55]. Although modest variations in 
fuel efficiency may arise from variances in chemical composition, algal biodiesel is 
generally regarded as a feasible substitute or supplement for diesel in several internal 
combustion engine applications. Moreover, engine evaluations have consistently 
demonstrated that algal biodiesel and biogas blends can sustain and enhance the 
performance parameters of conventional diesel fuels [56].

Though the positive aspects abound, several challenges remain. The variability of 
the composition of the raw material species due to differences in the biogas produc-
tion process is still a barrier to the large-scale application of biogas in ICE. The biogas 
blend with algae biofuels, and HY shows better performance than a diesel engine, but 
further studies are required to control the process parameters in detail [57].

The production of algal biofuel is limited by its economic feasibility due to high 
agricultural, harvesting, and processing costs. Advancements in energy-efficient cul-
tivation and conversion technologies are needed, together with strong quality control 
on the growing environment, to improve the biofuel properties [58].

Recently, the company Volkswagen launched into the market an algae biogas-
powered vehicle. The clean biogas fuel is obtained from microalgae with treated 
wastewater. The vehicle is equipped with a double fuel tank, one for biogas and one 
for emergency, and the car can run on compressed natural gas and biogas [59].

Finally, in 2024, Barbados University, in collaboration with The University of 
West Indies (UWI) Cave Hill, Rum and Sargassum Inc., and Supernova Lab of Future 
Barbados, presented the first vehicle powered by sargassum seaweed and rum waste 
to create biofuel [60].

During the latest years, algae biomass has also been seen by the army as a 
strategic fuel to be used in battle tank engines. The US Army Combat Capabilities 
Development Command Army Research Laboratory (DEVCOM ARL) and the Indian 
Army have focused their research since 2019 on biomass-to-energy devices with 
the goal of reducing the volume of energy supplies that soldiers must carry, such as 
batteries and electric generators, reducing operation risks and allowing soldiers to 
come home safely. Ideally, the army can cultivate algal biomass in camps and produce 
biofuel to be used in military vehicles in order to extend operations during wartime. 
Indeed, some algae grow in as little as 4–6 hours [61, 62].

5.  Strategies for improving biogas production

The production of biogas from microalgae still has some limitations that need 
to be addressed, such as high maintenance costs, low biomass productivity, and low 
yield. However, synergies with more mature technologies such as biorefinery could 
improve their applicability [55]. The effectiveness of the biogas production relies 
mainly on the optimization of the driving parameters. Among them, temperature, 
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Algae species
Biogas yield

No pretreatment Thermal pretreatment Mechanical pretreatment

Chlorella vulgaris 150–200 mL CH4/g VS 350–400 mL CH4/g VS 300–350 mL CH4/g VS

Scenedesmus obliquus 175–225 mL CH4/g VS 400–450 mL CH4/g VS 350–400 mL CH4/g VS

Table 3. 
Effects of pretreatments on biogas yield of two selected algae [14].

pH, retention time, and waste have been identified as crucial factors able to affect 
directly the AD biogas yield and stability [63]. An unwanted generation of sulfide, 
an excess of salinity, and lignin components have been demonstrated to affect 
negatively biogas production [36]. Process temperature regimes are specific for each 
algae species and should be kept under control. During the AD process, different 
possible temperature ranges have been identified: psychrophilic (5–20°C), mesophilic 
(25–45°C), and thermophilic (45–65°C).

Similarly, the pH varies at each stage, generally ranging between seven and eight 
for a single-stage AD [64]. Table 2 shows an example of the effects of different 
operational parameters on biogas yield for the two selected microalgae at two differ-
ent temperatures and pH values.

Pretreatment methods such as mechanical, thermal, microwave, enzymatic, and 
catalytic irradiation can be applied to boost biogas production [13]. Actually, they 
have the capability to improve biomass solubility by breaking down algae cell walls 
and increasing the production of lipids and proteins. It has been demonstrated, 
for example, that microalgae such as Chlorella and Scenedesmus could produce 
150–200 mL CH4/g VS without pretreatment, whereas after thermal or mechanical 
pretreatment, the yield can increase up to 450–600 mL CH4/g VS. The significant 
influence of pretreatment on biogas production is shown in Table 3 for the two 
selected microalgae [65].

Generally, mechanical pretreatment techniques are recommended for mac-
roalgae, while thermal techniques are the most feasible for microalgae. Among 
the mechanical pretreatment, the most common are chipping, milling, grinding, 
shredding, and cutting. The mechanical pretreatments enhance the digestibility 
and biodegradability of the seaweed as they can efficiently disrupt the cell wall; 
nevertheless, they are high-energy-wasting [66]. Table 4 shows previous results of 
studies available in the literature about the effects of pretreatments on microalgae 
biogas production and the beneficial effect of pretreatment on biogas yields. Among 
them, mechanical and thermal are the most favorable ones, while microwave 

Algae species
Biogas yield

Operational parameters

Mesophilic = 35°C Thermophilic = 55°C pH 7.0–7.5 pH 6.5–7.0

Chlorella vulgaris 250 mL CH4/g VS 320 mL CH4/g VS 280 mL CH4/g 
VS

260 mL CH4/g 
VS

Scenedesmus 
obliquus

280 mL CH4/g VS 360 mL CH4/g VS 300 mL CH4/g 
VS

280 mL CH4/g 
VS

Table 2. 
Effect of different operational parameters on biogas yield [15].
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pretreatments have been demonstrated to have scalability issues, and the thermo-
chemical increases the microalgae biodegradability with the risk of contaminating 
pilot-scale reactors [39, 71].

Algal biomass decomposition rate has been demonstrated to be increased by 
thermal pretreatment at temperatures between 70°C and 100°C, hence produc-
ing a 50–100% increase° in methane output relative to untreated samples [63]. 
Mechanical methods, like ultrasonic or high-pressure homogenization, might 
impair cell integrity and, therefore, release more organic substances for digestion. 
Co-digestion with other substrates like food waste or sewage sludge boosts the 
methane output by up to 30% if compared to traditional AD [10]. Furthermore, 
running digesters in thermophilic conditions—about 55°C—can boost microbial 
activity and methane production rates relative to mesophilic conditions [15]. Finally, 
enzymatic pretreatment can be more energy-efficient than thermal techniques, 
lowering energy input to 0.2–0.4 kWh per kilogram of algae while still increasing 
methane generation by 30–50% [72].

Diverse conversional processes for microalgal biogas generation have been techno-
economically compared in Table 5.

Direct anaerobic digestion has a negative energy balance and produces less bio-
gas (100–200 mL CH4/g VS) despite cheap capital and operational expenses [63]. 
Although pretreated anaerobic digestion requires more capital, it can increase biogas 
output to 300–500 mL CH4/g VS, improving energy balance [58, 73]. Co-digesting 
algae with various biomass types yields cost-effective biogas outputs of 250–450 mL 
CH4/g VS and a positive energy balance due to higher digestion efficiency [74]. The 

Microalgal biomass T (°C) Time (days) Biogas yield Pretreatment Ref.

Laminaria sp. 38 — 615 mL g − 1 VS Mechanical 
pretreatment

[67]

Ascophyllum nodosum 38 — 402 mL g − 1 VS Mechanical 
pretreatment

[67]

Dunaliella salina 38 32 505 mL g − 1 VS Fermentative 
pretreatment

[68]

Botrycoccus brauni 
(pretreated biomass)

30 — 521 mL CH4/g VS. Enzymatic 
pretreatment

[69]

Chlorella vulgaris 36 — 369 Without 
pretreatment

[70]

Botryococcus braunii 35 34–50 370 ± 9 mL/
gTVSin

Without 
pretreatment

[52]

Chlamydomonas sp. 35 34–50 333 ± 9 mL/
gTVSin

Without 
pretreatment

[52]

Isochrysis sp. 35 34–50 408 ± 4 mL/
gTVSin

Without 
pretreatment

[52]

O-E Chlorella minutissima 
microalgae

55 30 341.43 cm3g VS Without 
pretreatment

[53]

Ulvalactuca macroalgae 55 30 342.59 cm3/g VS Without 
pretreatment

[53]

Table 4. 
Biomass yield for biogas production using AD conversion process.



Biogas in the 21st Century – Developments and Perspectives

76

most expensive and sophisticated method is the multi-stage digestion process that 
produces the highest biogas (400–600 mL CH4/g VS), although it is not feasible for 
large-scale applications.

6.  Perspectives and barriers that prevent from large-scale production of 
algae biogas

Biogas production from microalgae is still an immature process, and additional 
research efforts are required to overcome the existing challenges. Algae cultivation, 
harvesting, pretreatments, and digestion infrastructure still represent a huge cost of 
the process. Vertical photobioreactors and floating offshore systems are being investi-
gated to enhance land use efficiency and sunshine exposure reducing algae cultivation 
costs. Studies carried out demonstrate these new technologies to be able to boost pro-
ductivity up to 30% in the unit area, lowering land use and manufacturing costs [75]. 
Integrating algae growing with wastewater treatment or carbon capture process can 
reduce production costs by offering the twin advantages in terms of biogas generation 
and environmental restoration. Algae capacity to capture CO2 (from 1.5 to 2.5 kg CO2 
per kilogram of dry biomass) makes them eligible to be incorporated into high-pol-
lutant industrial processes, enhancing the economic viability of algae farming [21]. 
Moreover, when integrated in wastewater, algae have been demonstrated to diminish 
nutrient loads efficiently, attaining up to 90% removal of nitrogen and phosphorus 
while concurrently generating biomass for biogas and reducing farming costs [76].

A pilot project conducted in 2022 found that biogas produced by combining algae 
growing and municipal wastewater treatment cost 0.35 per kg of dry biomass, far less 
than traditional farming techniques [58, 77]. To enhance the large-scale production 
and profitability of algae biogas, a biorefinery approach, where multiple products are 
derived from algae biomass, is often proposed [78]. Biorefineries might improve algal 
waste value by 400% [79]. Genetic engineering is creating algae strains with higher 
lipid content, faster development, and environmental resilience. Moreover, recent 
advances in biotechnology have enabled the possibility of isolating and easily select-
ing specific species/strains. This genetic manipulation can be a step forward to the 
improvement of harvesting efficiency by improving light utilization, algae produc-
tion, carbon dioxide fixation, reducing costs for cell lysis, and biomass recovery [80]. 
Unfortunately, just a few microalgae are known until now to be suitable for genetic 
manipulation. Among them, Chlamydomonas renhardtii, a green microalga, has 
demonstrated the best result, so it has been largely used for gene studies [81].

Process Capital cost Operational cost Biogas yield Energy balance Scalability

Direct anaerobic 
digestion

Low Low 100–200 mL 
CH4/g VS

Negative High

Pretreated anaerobic 
digestion

Medium to 
High

High 300–500 mL 
CH4/g VS

Positive Medium

Co-digestion Medium Medium 250–450 mL 
CH4/g VS

Positive High

Multi-stage 
digestion

High High 400–600 mL 
CH4/g VS

Positive Low to 
Medium

Table 5. 
Techno-economic analysis of microalgae biogas production processes [58, 63, 73].
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To be scalable, the AD process needs to reduce algae reduction of cultivation costs. 
The main problem is the energy required for cultivation, particularly in photobioreac-
tors, which remains high, with costs for light and aeration often exceeding $0.50 per 
kg of dry biomass [12]. Controversially, CO2 used as a nutrient for algae can reach 
a minimum cost of $0.02 per kg in industrial large-scale applications [15]. Recent 
advancements in harvesting technologies have reduced the operation costs of the algae 
dewatering, combining flocculation with sedimentation, with a cost of $0.10–$0.20 
per kg of dry biomass [13]. A 2022 research study revealed that electro-flocculation 
might reduce harvesting expenses by 50% over centrifugation systems [82]. Under 
optimal conditions, life cycle studies revealed that the energy return on investment 
(EROI) for algal biogas could vary from 1.2 to 2.5, indicating a possible positive energy 
balance when coupled with wastewater treatment or CO2 collection systems [83].

Moreover, it has been proved that large-scale systems can achieve high productiv-
ity (up to 30 tons per hectare per year), but they still require considerable investment. 
Initial investments for a medium-sized biogas plant from algae might range from $2 
million to $8 million, but they have been demonstrated to be lowered by using modu-
lar designs [84]. Although water use is still a problem, integration with industrial 
effluent has proven that growing algae may lower net water use; some systems even 
generate extra water for reuse.

Current changes in EU regulations are supporting a circular economy, promoting 
biomass use, and this trend can be favorable to the generation of algal biogas [85]. 
Carbon pricing and green energy certificates are enabling algal biogas to become 
more commercially feasible. Recent projections show that biogas from algae might 
become competitive in the energy markets at $0.07–$0.12 per kWh [22]. Table 6 
summarizes the main barriers to a large-scale application of algae biogas.

As it can be seen, policy support, R&D investment, and infrastructure develop-
ment will be crucial for algae biofuel delivery, as well as to address these technological 
and financial constraints. Technological advancements may contribute to lower 
prices, increased output, and the incorporation of algae cultivation into industrial 
processes for mutual benefit.

7.  Conclusions

Algae are a neutral alternative source that can play a pivotal role in current society, 
leading the way toward fossil fuel decarbonization. The growing interest toward this 

Cultivation cost $0.50 per kg of dry biomass

Harvesting cost $0.10–$0.20 per kg of dry biomass

Energy balance (EROI) 1.2–2.5

Pretreatment energy use 0.2–0.4 kWh/kg algae

Biomass yield variability 300–350 mL CH4/g VS

Scale-up investment $2 M–$8 M for biogas facilities

Water consumption Net zero or negative with wastewater integration

Biogas electricity price $0.07–$0.12 per kWh

Table 6. 
Recent data on algal biogas production barriers. Elaborated by the authors from [11–13, 22, 72, 83–86].
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third-generation biomass resides in its beneficial properties, mainly the high growth 
rates, fast development, and carbon dioxide absorption capability that give it a larger 
potential energy output compared to traditional fuel. Even if the algae biomass mar-
ket has been predominantly dominated by Asiatic countries, nowadays also, Europe, 
the United States, Australia, and New Zealand have started to expand seaweed and 
microalgae cultivation, investing in production technologies for the large-scale 
production of algae biogas. The analysis carried out has shown seaweed exploitation 
to be more mature than the production of biogas from microalgae, which still has 
some limitations that need to be addressed. Pretreatment methods have demonstrated 
the capability to improve biomass solubility, increasing the production of lipids 
and proteins and, consequently, biogas yield. Moreover, the study has enhanced the 
potential of algae biofuel as a sustainable resource to replace traditional fossil fuels in 
internal combustion engines. On the other side, applications for defense are gaining 
special interest where, ideally, the army can cultivate algal biomass locally and use it 
for biofuel production. High investment and operation costs are still the main issues 
that need to be addressed. Policy support, R&D efforts, and infrastructure develop-
ment have been identified to be crucial for algae biofuel delivery on a large scale.

Nomenclature

AD anaerobic digestion
B100 100% pure biodiesel
C/N ratio carbon to nitrogen ratio
EROI energy return on investment
FAME fatty acid methyl esters
HRT hydraulic retention time
ICE internal combustion engines
mL CH4/g VS milliliters of methane per gram of volatile solids—a measure of 

biogas yield.
PBR photobioreactor
VS volatile solids
TVS total volatile solids
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the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
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the original work is properly cited. 
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Chapter 4

Membrane Covers for Biogas 
Storage Tanks
Rosemarie Wagner and Kai Heinlein

Abstract

Membrane covers consist of foils and coated fabrics for the storage of biogas. 
These are mounted above pre-fermentation tanks, fermenters, and secondary 
fermentation tanks. The covers are used via digestate storage to prevent the spread 
of fermentation odour into the environment. They are economical, which can be 
installed in a short time and react more flexibly when producing, storing, and extract-
ing biogas. The covers have been in use for about 30 years, but a lack of experience in 
planning, manufacturing, mounting and operation has led to premature failure over 
the last few years. Own investigations of damage and studies on the interaction of 
external influences and biogas state on a test tank will be presented with the intention 
of reducing and avoiding defects and damage to the membrane covers over a reason-
able service life. Depending on the design, different polymer materials are used. The 
properties have to meet the requirements of the environment, the aggressive climate 
in the tanks and the operation. Knowledge of the interaction between environmental 
influences and operating conditions reduces defects and damage. This is presented on 
a test tank on the basis of measured quantities, as examples of critical situations. The 
tank was equipped with the typical devices used in biogas tanks, measuring devices, 
wind station and PC with enough capacity to store the measured data.

Keywords: biogas storage, biogas tanks, membrane cover, foils, coated fabric, shapes, 
material properties, operation behaviour

1.  Introduction

Membrane covers are used on biogas plants via pre-fermentation tanks, fer-
menters, secondary fermentation tanks and digestate storage facilities. These are 
low-pressure systems with an overpressure inside the covers of 200 Pa to 500 Pa, 
as experienced value of practise in Germany; in exceptional cases, the maximum 
internal pressure is 1000 Pa, depending on the size, storage volume and number of 
layers. At an atmospheric pressure of 1013 hPa in relation to sea level, this corresponds 
to 0.2–0.5% of atmospheric pressure. In order to avoid flaring in case of overproduc-
tion of biogas, the biogas is also collected in external membrane storage systems. 
The advantages of membrane cover compared to other designs are their low weight, 
flexible storage volume, cost-effective production, and time-saving mounting. The 
flexibility and folding allow it to be adapted to different fill levels. Common materials 
are made of polymers that are resistant to acidic and basic environments.
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For covers over tanks, both mechanically prestressed high-point systems and 
internal pressure-supported (pneumatic) systems are used. In the last 30 years of the 
development of biogas plants, both construction methods have prevailed against rigid 
covers made of steel, reinforced concrete or fibre-reinforced plastics for the storage 
of biogas. In the early years, the planning, production and installation of the covers 
were carried out using simple methods. The knowledge and experience from mem-
brane architecture were missing. The covers are over circular tank cones or spherical 
segments, Figure 1.

Films and coated fabrics were used by other sectors of the economy with a much 
less aggressive environment, such as tent halls or truck tarpaulins. The require-
ments for durability, long-term service life and gas tightness are considerably 
higher for membrane covers on biogas plants. The stresses in the membranes are to 
be calculated using simple equations. Cones allow for easy production because they 
can be unrolled without distortion into the plane. Spherical segments are made of 
equal strips in the shape of orange slices. Usually, one strip is covered with triangles 
on the spherical surface. Unrolling the triangles one after the other results in the 
cut of the strip [1]. In the past, the consequences were defects and damage to the 
covers. In order to make planning, production and operation safer, a recommen-
dation on biogas membrane storage systems was prepared in Germany and pub-
lished in 2016 [2]. This incorporates experience and knowledge from membrane 
architecture.

Membranes only carry tensile stresses, wrinkles occur under pressure or shear 
stress, and the membranes lose their ability to safely transfer loads. The geometry is 
established as an equilibrium between two normally related tensile stresses on the 
surface. This internal stress condition is achieved by prestressing the membranes or 
applying internal pressure. Without this internal state of stress, great deformations 
result under the influences, up to constant movement and fluttering in the wind. 
The surfaces are flat, uniaxial or biaxially curved. Flat or uniaxially curved surfaces 
tend to deform larger under loads. A biaxial curvature requires the least preload or 

Figure 1. 
Typical membrane covers at biogas plants [© Rosemarie Wagner].
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preload to be sufficiently load-bearing. The application of the internal stress state 
already leads to elastic strains during construction: both the internal stress state and 
the geometry change. To avoid this, the cutting strips are cut out of flat foil or coated 
fabrics slightly smaller and are referred to as compensation. This is determined in 
two-axis tensile tests. The intersecting threads result in an interaction between both 
directions in the membrane. Depending on the type of film or fabric, the strains differ 
significantly from the strains in the uniaxial tensile test. If this knowledge, developed 
in the second half of the twentieth century for membrane buildings, is missing [1], 
defects and damage to the covers are the result.

2.  Membrane storage systems

Covers over tanks and external membrane storage systems are presented. 
Depending on the function of a biogas plant, the covers consist of one, two or three 
independent layers.

2.1 Single-layer membrane covers

The requirements for the membranes are higher in single-layer covers than in 
two-layer ones. The membrane must be able to withstand all external influences over 
the long term, and it must be sufficiently methane-dense for service life. Damage to 
the membrane immediately results in a loss of biogas and reduces the load-bearing 
capacity.

Single-layer membranes are either cone-shaped systems that span between a mast 
in the middle of the tank and the upper edge of a circular tank or internal pressure-
supported cone shapes and sphere segments. If mechanically pretensioned covers are 
based on a cone geometry, large elongation occurs in the membranes under external 
loads and in case of overproduction of biogas, especially in the circumferential 
direction. The consequence is an irreversible strain in the membrane. This leads 
to increased fluttering as a result of gusts of wind up to bags of water and snow, 
Figure 2. The reason is the lack of pretension in the circumferential direction for uni-
axially curved cone shapes. After anchoring to the edge of the tank, the membranes 
are pretensioned by extending or raising the central mast. The transverse elongation 
in the membrane leads to strain in the circumferential direction when the membrane 
is tensioned.

If a geometry corresponds to a rotationally symmetrical hyperboloid instead of 
a conical geometry with uniaxial curvature, it has a biaxial or counter-directional 

Figure 2. 
Deformation with uniaxial (left) and biaxial (right) pretension under wind load [© Rosemarie Wagner].



Biogas in the 21st Century – Developments and Perspectives

88

curvature. During tensioning, additional preload is introduced into the circumfer-
ential direction and increases the stiffness. During gas production, high internal 
pressure leads to breakthrough and overstretching of the membrane in circumferen-
tial direction. Another disadvantage is the concentration of pretension and external 
loads at the top of the mast. This highly stressed area requires special design of the 
mast head, such as reinforcing the membrane with a second layer and avoiding too 
narrow or overlapping seam spacing of the individual cutting strips. A sufficiently 
dimensioned foundation is required in the middle of the tank under the mast. These 
high-point-supported surfaces are also sensitive to geometry inaccuracies. If the edge 
of the tank and the mast position are not checked before the membrane is manufac-
tured, and if it is cut to an exact geometry and welded together, an inhomogeneous 
stress state results, which affects the durability. One advantage of this type of cover 
is that it maintains stability, even if the tank is empty or no biogas is produced. These 
are therefore preferably used to cover digestate stores.

Internal pressure-supported membranes only receive their load-bearing capac-
ity if the internal pressure is higher than its weight or if external influences such as 
wind and snow. In addition, for all internal pressure-supported structures made of 
membranes, there is a direct correlation between the internal pressure, the geometry 
and the volume, the strengths of the membrane materials and load carrying. These 
pneumatic structures tend to have simple geometric volumes such as cylinder, cone, 
ellipsoid, and sphere. Cones, Figure 3 and spherical segments are the most used 
covers above round tanks. The volume of a cone is about 25% smaller than a spherical 
segment with the same height and over the same tank. The advantage of cone-shaped 
covers with radial cutting patterns is lower stresses at the cone tips compared to the 
pole in spherical segments.

The internal pressure is the decisive factor for the stability of the covers. However, 
this is not a constant quantity; it changes not only with the gas level in the tank but 
with the temperature in it and in the environment, the solar radiation, the surface 
temperature of the membranes, the radiation of heat through the moist air in the tank 

Figure 3. 
Cone-shaped membrane as internal pressure-supported structure [© Rosemarie Wagner].
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and operating conditions. This requires control of the internal pressure in order to 
maintain the load-bearing capacity permanently.

If the internal pressure is less than 15% of external impacts such as wind gusts or 
snow load, very large deformations occur until the membrane cracks or collapses. 
Too high internal pressure requires the less environmentally friendly flaring of biogas 
or leads to overstrain of the membrane. As soon as there is no internal pressure, the 
membrane must be secured above the substrate of a construction. This is either made 
of wood or consists of a mast standing in the middle of the tank. Belts are attached 
to this that stretch radially to the edge of the tank. Recently, a close-meshed web has 
been laid on the belt system.

Approximately, there is a simple relationship that the stress in a spherical segment 
is proportional to the internal pressure Δp and the radius of curvature R. In a flat, 
spherical segment, the radius of curvature R1 is greater than in a high one with R2. 
At the same internal pressure Δp1 = Δp2, the membrane stress in the flat, spherical 
segment is greater by the ratio of the radii of curvature, Figure 4.

The relation between radius R, diameter D, height H and internal pressure Äp is 
given by:

  
= + 
 

2

8 2
D HR
H

 (1)

The radius increases according to the reduction of height.
Without material properties and cutting pattern, the stress in the membrane in 

meridian direction σm and circumferential direction σ r  are the following:

 ,r 2m
Rpσ θ= ∆ ⋅  (2)

With the same diameter and internal pressure in Figure 4, the stress ratio of both 
geometries is in the meridian direction:
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Figure 4. 
Relation between curvature R and internal pressure Δp [© Rosemarie Wagner].
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The disadvantage of high covers compared to low ones is the more sensitivity 
against wind gusts. They react with larger deformation and changes of internals 
pressure.

For spherical segments with parallel cutting pattern, flat covers with a ratio of 
height H to diameter D between 1/8 < H/D < 1/5 are suitable. Studies have been made 
to apply this cutting pattern to high coverage [3]. The advantage of parallel cutting is 
to avoid stress concentrations in the centre of the cover. This is designed as a circular 
polar cap. The cutting strips are welded radially to it. The seam spacing shall be 
greater than five times the seam width between two adjacent strips.

The disadvantage of single-layer covers is that the internal pressure is permanently 
maintained and requires continuous gas production. The advantage is that fill levels 
and thus the internal pressure can be seen directly on the geometry of the cover.

2.2 Double-layer membrane covers

Two-layer covers consist of a weather-resistant outer membrane with a resistance 
against all impacts. Below this is the air support volume, which is bounded down-
wards by the gas membrane. The internal pressure is maintained by a blower. The gas 
membrane separates the support air space from the gas space. If a foil is used for the 
gas membrane that has a significantly lower strength than the outer membrane, it is 
made larger to fit the outer membrane. Both mechanically pretensioned two-layer 
membranes and spherical segments are built. The storage volume is significantly 
higher in spherical segments. The disadvantage is the installation of the support 
structure in the absence of internal pressure due to biogas, Figure 5.

2.3 Three-layer membrane covers

Depending on the substrate, bacterial cultures and process, the temperatures 
in fermentation tanks are between 25°C and 58°C [4]. Depending on the location 
and function, free-standing tanks are heated and insulated. Due to the thickness of 
1 mm to 2 mm of the membranes, the heat transport through the membrane is very 
high. With a temperature gradient of 1°C = 1 K between the inside and outside of the 
membrane and an average thermal conductivity of λ = 0.3 W/(mK), the heat flux for 
a 1 mm membrane is 300 W/m2 and for a 2 mm membrane is 150 M/m2. This applies 
on hot days, heat from the environment into the storage and on cold days and nights 
from the storage system in the environment. In addition, there is the heat from solar 

Figure 5. 
Two-layer mechanically pretensioned cover, without gas (left) and with gas (right) [© Rosemarie Wagner].
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radiation and the cooling from the radiation of heat into the clear, cloudless sky [5]. In 
order to reduce high heat transport in and out of the fermentation tank, a membrane 
is attached gas-tight to the belt layer, on which insulation is placed. Biogas is fed from 
the fermentation into the gas chamber and stored. The requirements for insulation are 
very high because the insulation must not show any loss of insulation properties even 
at 100% moisture, the condensed water must be collected and drained away, and the 
insulation must be resistant to the constituents of the biogas, Figure 6.

3.  Membrane materials

There are very few building materials that are suitable for the production and 
storage of biogas in the long term. These include films with a high resistance to acids 
and bases made of polyethylene low density (PE-LD) with a thickness of approx. 0.2 
to 0.8 mm or ethylene propylene diene rubbers (EPDM) with a thickness of 2 mm. 
For coated fabrics, PVC is preferred as coating and polyester as fabric. The properties 
of membrane materials are very diverse and different for long-term use.

The information available on data sheets of producers are weight, tear strength, 
elongation at break, resistance to tear propagation, methane tightness at 23°C and 
without tension, fire resistance, temperature stability and surface resistivity at 
23°C/30% rel. Humidity. The peeling and shear strength of welded or glued seams 
is mentioned in the data sheets for films. The adhesion is given between coating and 
fabric for welding seams of coated fabric. For example, PVC, as a polar material, can 
be welded by high frequency, thus achieving a seam strength in a uniaxial tensile test 
that is approximately equivalent to the tensile strength of the membrane itself. The 
disadvantage of the high-energy surface is a static charge. This means a risk to biogas 
plants because methane is flammable. The high surface energy leads to the deposit of 
dirt without an additional coating. Fungi and lichens grow on the weathered outside. 
This changes the radiation properties. Equipping it with a dirt-repellent coating 
and antistatic finish decreases the effort in welding. Both PE-LD and PVC have an 
oxygen permeability of between 800 and 1000 cm3/(m2∙bar∙d) and 23°C [6]. The gas 
chamber contains almost no oxygen and the result is oxygen permeation in it. Oxygen 
reacts with the hydrogen sulphide to sulphur and leads to sulphur deposits on the 
inside of the gas membrane, Figure 7.

Figure 6. 
Double layer membrane without and with a third layer onto the belt system as thermal isolation [© Rosemarie 
Wagner].
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3.1 Thermoplastic films made of PE-LD

Polyethylene low density (PE-LD) is a thermoplastic material consisting of 
long hydrocarbon chains with amorphous and semi-crystalline arrangements. The 
arrangement of the crystalline areas is without orientation. Under tension, the amor-
phously connected molecular chains are pulled apart. This leads to an alignment of 
the crystalline areas in the direction of tension and to large strain. The characteristic 
stress-strain behaviour shows little strain at low stresses. Depending on the material, 
alignment occurs between 30% and 50% of the tensile strength with a significant 
increase in elongation and load increases A yield strength can be seen, but it runs over 
a range of elongation and explains the trilinear behaviour. Depending on the thick-
ness of the film, the tensile strength is between 12 and 20 MPa, and the elongation at 
break is between 600% and 2000% depending on the thickness and production. The 
stress-strain behaviour of a PE-LD film for biogas covers is shown as an example with 
a thickness of 0.8 mm, carried out at the inhouse uniaxial testing machine. The results 
are derived from uniaxial tension tests according to DIN EN ISO 527 [7] on strips of 
50 mm x 10 mm and a loading speed of 50 mm/min. The tested films had been cut out 
of a sample of 1 m x 1 m. Tensioning the films in the direction of production (MD) 
leads to a less alignment of the molecular chains. The behaviour is slightly anisotropic, 
with a higher stiffness in production direction (MD) and blue curves, compared to 
the behaviour perpendicular to the direction of production (TD) and red curves, 
Figure 8 left. The thickness varies with a derivation of +/− 3%. This leads to a disper-
sion in behaviour, tensile strength and elongation at break. Figure 8 shows two test 
results in both directions, which were taken from the sample at different positions.

PE-LD is a non-polar polymer with a low-energy surface [8]. This can be seen by 
water drops on the surface that roll off. This positive property has the disadvantage 
that the welding of two film strips is associated with effort using heat welding. 
Heating during welding changes the strength and stress-strain behaviour in the seam 
area. The tested film with seam becomes more brittle and stiffer, as shown in Figure 8 
left with the green curves. Stresses up to approx. 7.5 MPa is assumed as the severabil-
ity state for the tested film. After the first loading and unloading, there is a permanent 
elongation of approx. 2% MD and 2,5% TD. With increasing load cycles, the remain-
ing elongation increases slightly, Figure 8 right. This behaviour must be considered 
when making the covers from foils. If the stresses are higher than the yield strength, 

Figure 7. 
The sulphur is deposited on the insulation in a three-layer membrane with condensation (left) and on the inner 
side of the gas membrane (right) after one year in use [© Rosemarie Wagner].
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depending on the dimensions and the initial load, the permanent strains lead to larger 
surfaces after unloading.

Uniaxial tensile tests provide an approximation to model the behaviour under 
external load and internal pressure. Depending on the geometry and load, a biaxial 
stress state is created in the foils. If the change in the film thickness is neglected under 
load, different behaviours can be seen depending on the tension ratio in the produc-
tion direction and perpendicular up to the yield stress. The Poisson ratio leads to the 
fact that the strains are determined by the biaxial stress state. Figure 9 shows the 
influence of the stress ratio on the strain in both directions. The test was carried out 
by the in-house biaxial testing device on a cross-shaped test specimen of 320 mm x 
320 mm, arm length of 120 mm and test field of 80 mm x 80 mm. The strain was mea-
sured by an optical device. The loading speed was 50 mm/min. The foil was the same 
as tested in Figure 8. The diagrams are derived from the stress and strain behaviour 
given in Figure 8 up to 3,75 MPa. The result leads to a three-dimensional diagram. 
The horizontal axis describes the stresses in MD and TD. The vertical axis shows the 
strain, left MD and right TD. The stress ratio had been MD:TD = 1:2; 1:1,5;1:1, 1,5:1, 
2:1 according to DIN EN 17117 [9]. The surfaces are extracted from these curves.

Figure 8. 
Strain-stress-behaviour of a 0,8 mm PE-foil, loading till tensile strength is reached (left), load cycling (right) [© 
Rosemarie Wagner].

Figure 9. 
Biaxial stress and strain behaviour of an 0,8 mm PE-foil [© Rosemarie Wagner].
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For a stress ratio of MD:TD with 2:1 or vice versa, the strain becomes larger in the 
MD direction and smaller in the TD direction. The influence of the Poisson ratio is 
shown in the comparison of the stresses to a uniaxial tensile test. At the same tensile 
stress, the strains for a uniaxial tensile test are greater by a factor of 1.5 to 2 compared 
to a biaxial stress ratio of MD:TD with 2:1 or MD:TD with 1:2.

The amorphous content in PE-LD films leads to a sensitivity to temperature 
effects. The tensile strength decreases by a third when the temperature rises from 
20–40°C [10]; accordingly, the strain increases. The biaxial strain has an impact on 
methane permeability. This increases threefold in PE-LD covers for an initial tem-
perature of 23°C and a temperature increase of 18°C [11]. The ageing of PE-LD films 
is mainly caused by the action of oxygen, temperature over 40°C and UV radiation. 
This leads to embrittlement and a decrease in tensile strength and elongation. Direct 
exposure to the weather requires additives that prevent ageing. PE-LD films have a 
very low electrical conductivity. They are used as an inner membrane in two-layer 
covers or for the third layer also as PE foam and film on a belt layer.

3.2 Elastomer-foil

In films made of EPDM as an elastomer, the hydrocarbon chains are cross-linked 
with each other. The production is carried out in the calendar process, and these are 
thicker than PE films. The tensile strength and elongation at break are slightly lower 
than PE-LD films. Cross-linking by a chemical bond means that EPDM is one of 
the materials with hyperplastic behaviour. Very large elongations of up to 500% are 
reversible and lead to only very small permanent elongations. The trilinear stress-
strain behaviour comparable to PE-LD films is evident during loading and unloading. 
The high ductility is suitable for biogas storage facilities because the volume adapts to 
gas production and extraction through reversible elongation.

To prevent overstrain, covers made of EPDM films should have a plastic mesh on 
the outside. Alternatively, the fill level is monitored by cable lying on the film with 
weight, Figure 10. EPDM has as positive properties such as better heat resistance, 

Figure 10. 
Single-layer membrane cover made of EPDM [© Rosemarie Wagner].
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weather and ozone resistance compared to PE-LD films. Fillers such as carbon black 
and plasticisers such as mineral oils make EPDM more flexible and weather-resistant, 
and its flammability increases. As a non-polar material, it is water-repellent and has a 
low electrical conductivity. The production of seams is done by vulcanisation [12].

EPMD films also show a dependence of methane emissions on temperature. At 
an initial temperature of 23°C, the permeability of EPDM films increases threefold 
when the temperature rises to 41°C. Gas permeability is reduced by additional fillers 
in film production [13]. Other influences on methane emissions are the foil thickness 
and the strains. With an elongation of 40%, the permeability increases by about 25%. 
Weathering of the film over 2.5 years does not lead to a further increase in the emis-
sion rate [14]. EPDM films are preferably installed in single-layer covers.

3.3 Coated fabrics

Polyvinyl chloride (PVC) as a coating is the third most produced plastic after 
PE-LD and polypropylene (PP) [15]. The load carrier fabric, made of polyester (PET), 
occupies fifth place in global plastics production. Both PVC and polyester have no flame 
resistance without additives. Heat, moisture, oxygen and UV radiation lead to prema-
ture ageing. For both raw materials, additives such as boron and phosphates are used 
to achieve flame retardancy. Additives to reduce the ageing process are soot, titanium 
dioxide or sulphur-containing compounds [8]. Ageing due to auto-, thermo- and pho-
tooxidative processes cause embrittlement, reduction of tear strength and elongation at 
break. Both PVC and PET are resistant to weak alkalis and weak acids. PET is more sus-
ceptible to alkalis than PVC [16]. Cost-effectiveness in production and processing as well 
as resistance to weak acids and bases are the reasons for using PVC-coated PET fabrics. 
PVC is formed from rock salt and petroleum. Caustic soda and hydrogen are produced 
during production. It is brittle up to a temperature of 0°C [17]. In order for PVC to 
be turned into films and coatings on textile fabrics, plasticisers such as phthalates or 
epoxied vegetable oil are necessary [8]. In addition, inert and solid fillers such as calcium 
carbonate (CaCO3) are used to increase methane tightness. Errors in the coating process 
lead to pre-damage. These are often hardly recognisable. In Figure 11, small pieces of 
lime can be found in the welded seam. These have an unfavourable effect on the seam 
strength because there is no adhesion between the coatings of the attached strips.

Additives are integrated that PVC becomes soft between 60°C and 70°C. This 
results in the need to test welded seams for strength even at a temperature of 70°C. 

Figure 11. 
Seam with pieces of lime in the coating [© Rosemarie Wagner].
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The decrease in tensile strength is approximately 25–50% of the membrane itself. 
The dispersion depends on the seam width, the welding process and the top coat. In 
Germany, light grey membranes are recommended to be used for biogas covers 
[18]. These must be questioned with regard to their integration into the landscape, 
especially since the absorption of solar radiation increases with the degree of surface 
roughness and pollution. PVC has high absorption in the near and far infrared range, 
regardless of the colour [19]. The heating of the membrane is a superposition of solar 
radiation from the outside and thermal radiation from the inside. For example, on hot 
summer days, temperatures of up to 75°C were measured on a green membrane [20].

Depending on the surface quality of the PVC against the atmosphere, the plasti-
ciser begins to migrate, and the surface silts up and becomes embrittle, Figure 12. The 
consequences are the adhesion of dirt and the appearance of cracks. The side facing 
the weather is provided with a varnish or protective film for permanent use. Among 
other things, polyvinylidene fluoride (PVDF), also polar, is used as a protective film. 
This allows HF welding. The PVC bottom is welded to the PVDF top. The protective 
layer differs in gloss from uncoated PVC.

Studies on CH4 emissions from PVC-coated fabrics show that methane occurs 
mainly at fastenings to the edge of the container, level measurement and connections 
to rigid components [21]. In recent years, measurements have been carried out on 
membrane storage systems, but there is no attribution of the leakage rates of methane 
to the number of membranes, the membrane material, maximum temperatures, 
maximum stresses and service life of the membrane, as these have been done for 
PE-LD films and EPDM films [22]. Methane emissions are prevented by the coating. 
If this is damaged or destroyed down to the polyester fabric, it increases.

Polyester fabric is available on the market for membrane covers with uniaxial 
tensile strengths in warp/weft direction between 65 kN/m/60 kN/m and 200 
kN/m/180 kN/m. The uniaxial tear strengths of EPDM films are between 11 kN/m 
and 15 kN/m. PE films achieve a tear strength of about 14 kN/m. The high tensile 
strength of the fabric is determined by membrane strips that are carried out after 
the coating has been applied or before assembly. At the end of the twentieth century, 
there were studies on the hydrolysis sensitivity of polyester fabrics [23, 24]. Long 
molecular chains of polyester are decomposed when exposed to moisture, ampli-
fied by higher temperatures in a weak, acidic or alkaline environment. The result 
is a decrease in tensile strength and embrittlement. This process is recognisable by 

Figure 12. 
Inside and outside of an approx. 5-year-old cover (left), PVC coating with PVDF layer on one side (right) [© 
Rosemarie Wagner].
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the yellow-brownish discoloration of the yarns. Damage to the coating, especially in 
the case of gas membranes, leads to a reduction in the tensile strength of the fabric. 
As shown in Figure 13, the stress-strain behaviour of a membrane cover failed after 
5 years. The membrane was connected to the ground. The tests were carried out with 
the in-house uniaxial testing device according to DIN EN DIN EN ISO 1421 [25]. The 
wick effect of polyester attracts moisture from the soil, so the transition from gravel 
to membrane tends to be very hydrolysed, especially on the sides exposed to solar 
radiation. Figure 13 shows this at one of the external gas storage facilities anchored 
in the ground. The tensile strength decreased by 66% on the southwest and west sides 
with a shallow position of the sun and directly on the road. Elongation at break is 
reduced by 46%. This behaviour is independent of the colour of the membrane and 
also occurs with a light grey coating.

3.4 Biaxial tension-strain behaviour

The interweaving of warp and weft threads leads to an interaction which differs 
depending on the tension stresses. The behaviour is also related to whether the fabric 
is tensioned in the weft direction during coating.

In both single-layer and multi-layer covers, depending on a double curvature, 
stresses arise in the warp and weft direction as a result of pretension, internal pres-
sure and external impact due to wind, snow and temperature. An unloaded, coated 
fabric behaves differently than one that has already been loaded several times. After 
three to five load cycles, there is permanent elongation. This changes the geometry of 
the membrane. If the membrane is manufactured on a sphere. This leads to a change 
in geometry under internal pressure. The strain across the circumferential direction 
increases, and the membrane becomes flatter in the polar region, Figure 14. The low 
curvature in the pole leads to high stresses, especially in the seam at the transition 
between radial cutting paths and the polar cap. The result is an early failure in super-
position with other influences such as high internal pressure, wind and temperature.

Figure 13. 
Strain-stress-behaviour depending on the orientation of the membrane to the geographical direction [© Rosemarie 
Wagner].
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The determination of the stress–strain behaviour in biaxial tensile tests is stan-
dardised in Germany [9]. For this purpose, a load history is first defined from the maxi-
mum and minimum stresses in the warp and weft directions as a result of a structural 
analysis. The proof of biaxial stress–strain behaviour and serviceability is based on mean 
values from the different load cases and load case combinations. These are individual for 
each cover, depending on geometry, location and applied loads. Then, a cross-specimen 
is clamped in a biaxial test device and loaded according to the minimum and maximum 
stresses in the serviceability state, given as a force-time diagram, Figure 15.

Depending on the structure and production of the coated fabric, the stress-strain 
behaviour differs in the warp and weft direction. The diagrams, in Figure 16, show a 

Figure 14. 
Elliptical shape caused by the stresses in the membrane [© Rosemarie Wagner].

Figure 15. 
Biaxial testing equipment, unloaded (left) and loaded (right) [© Rosemarie Wagner].
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non-linear behaviour of the tested fabric with the in-house biaxial testing device. The 
test was carried out for a membrane applied to circular, medium-sized biogas storage 
tanks of app. 25 m in diameter. The total size of the specimen is 850 mm x 850 mm, 
the biaxial loaded area is 600 mm x 600 mm, and the field of optical measuring is 
120 mm x 120 mm with 9 points of strain tracking. Depending on the pretension in 
warp and weft direction, the strain differs, Figure 16. The maximum load was in both 
directions 10 kN/m. The pretension was reduced from 5 kN/m to zero in steps of 1,25 
kN/m. At each step, the stress in weft direction war kept constant, in warp direction, 
the stress was increased from the pretension level to the maximum load of 10 kN/m 
and vice versa.

The amount of the pretension or the internal pressure and the stresses in both 
directions have a high influence on the strain behaviour. The higher the pretension, 
the lower the elongation at the same maximum load. This means that when the biogas 
storage tank is full, the covers react with lower deformations but higher stresses under 
external impact. This can also lead to overloading and cracks in the membrane if unfa-
vourable weather and operating conditions happen at the same time as full gas storage.

4.  Operation situations

The disadvantage of two- or three-layer membrane covers is that information 
about the condition of the gas membrane can only be obtained via a small window. 
An indication of defects in this is the methane emission over a longer period of time at 
the air flaps for the air support space and along the fastening at the edge of the tank. 
The reason for the increase in leakage can only be determined if the membrane is 
dismounted and examined.

On a double-layer test tank, the behaviour of the gas membrane was investigated 
by simulating the five different operating states [26]. The test tank had a diameter of 
15 m, a height of the outer membrane of 7,4 m and gas membranes of 6,9 m. The cov-
ers had been of biogas membrane material of a tensile strength warp/weft 68 kN/m/ 
60 kN/m. The tank was equipped with a ventilator, and overpressure valves were used 
in practice. Measuring devices for temperature, internal pressure and volume flow in 

Figure 16. 
Biaxial stress and strain behaviour, strain in warp direction (left) and weft direction (right) in relation to the 
stresses in warp and weft [© Rosemarie Wagner].
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and out of the chambers had been integrated and connected to a PC with enough stor-
age capacity. For safety reasons, the gas volume was also operated with air and without 
a fermentation substrate. The gas room was accessible. This was used to observe the 
movement of the gas membrane from one operating state to another, Figure 17.

With regard to gas production, an empty gas volume without substrate and biogas 
as well as a full gas volume and a completed gas production or no further increase in 
internal pressure due to gas production, can be assumed to be stationary. The addi-
tion of substrate, gas production and extraction are transient states. Depending on 
the substrate and gas masses, the volumes in gas and air support space change. The 
permanent tightness of the gas space is necessary to prevent methane from escaping 
into the atmosphere. Consequently, the internal pressure and temperature also change 
with the volume according to the thermodynamic state changes of ideal gases. Empty 
and filled gas space without gas production corresponds to a closed volume. The 
internal pressure changes over time at a constant volume when solar radiation on the 
outer membrane leads to the heating up of the membrane and the air support space. 
In order to maintain the internal pressure, volume flows in and out of the support air 
space must be adapted to the changing variables.

Filling with substrate, gas production, and extraction are open systems in which 
the substrate, gas and air are to be considered as volume flows. The thermodynamic 
state changes are to be extended by the time-dependent changes in the operating 
conditions.

Figure 17. 
Operation states of the gas membrane [© Rosemarie Wagner].
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The mathematical verifications of the stability of textile covers are carried out on 
the basis of mechanics and structural analysis without considering variables that vary 
over time. Consequently, these verifications may only be provided for one empty and 
one full gas container without gas production. There are no reference values for the 
superposition with unfavourable operating conditions, especially since gas produc-
tion and gas extraction are different for each plant [27]. The design of the supply air 
blower for pressure control in the support air space, the exhaust air openings, the 
overpressure and under pressure protections, the volume flows of the substrate and 
volume flows of the gas depending on ambient conditions is carried out according to 
different approaches. Assumptions for the time-dependent supply air and exhaust air 
volume into the support air space are based on the empirical values of the companies 
that offer biogas plants on the market. The same applies to gas production and gas 
withdrawal. Based on this experience, the blowers, pumps, diameters for the supply 
and exhaust air openings, the openings and pipes for the substrate supply and the gas 
withdrawals are designed.

In the following, different operating states are shown, and their influences on 
special features with regard to the gas membrane are pointed out and derived from 
the test tank mentioned above.

4.1 Empty gas volume

The gas volume is empty for maintenance work on the technical equipment, on 
the reinforced concrete or steel tanks or on the support structure. The gas membrane 
lies on the support structure and is stressed by the internal pressure in the air support 
space of a double-layer cover. If this is also without internal pressure, the outer mem-
brane is also on top of the gas membrane. Depending on the base of the tank and the 
surface of the gas membrane, it folds onto the supporting structure. The formation of 
wrinkles results from the ratio of the surface area when filled to the base of the tank. 
With a constant diameter, this increases quadratically with the height of the spherical 
segment. For a hemisphere, the surface area is twice as large as the base area. When 
depositing, folds mainly occur in the circumferential direction, starting at the edge 
of the tank and increasing towards the middle until the entire membrane rests on the 
support structure. The wrinkling is imprinted on the coated fabric because the pleat 
pattern remains almost the same without any further influences after several loading 
and unloading, Figure 18.

The tangential wrinkling leads to kinks, and the reason lies in the change in the 
length of circumference. The membrane also compresses the folds in the circumferen-
tial direction. The resulting kinks lead to a local weakening of the coating over time.

The imprinting of the folds and creases is reinforced by an existing internal pres-
sure in the air support space. In order to avoid overload due to internal pressure in 
the air support space and negative pressure in the gas space on the support structure 
and folded gas membrane, this situation requires adjusting the volume flow in the 
air support and gas space. Reducing the internal pressure in the air support space is 
only possible at low wind speeds. The low internal pressure leads to flutter at higher 
wind speeds.

4.2 Filling with substrate

When filling with substrate, the air in the gas chamber must escape because 
the gas chamber has a high methane and CO2 tightness. The consequence is an 
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increase in internal pressure during filling without overpressure protection and at 
a constant temperature. According to the simplified thermal equation of state, the 
product of volume and internal pressure is constant for closed volumes [28]. For 
an internal pressure in the empty tank that corresponds to the ambient pressure 
of 1013.5 hPa = 101.35 kN/m2, a volume decrease of 10% during filling leads to an 
internal pressure of 11.1 kN/m2, and the gas membrane can be stressed up to failure, 
depending on the diameter and dome height. To avoid this, pressure relief valves 
must be installed in the gas chamber and adjusted to the operation-related filling 
quantity and the volume change.

4.3 Gas production

After sufficient substrate has been filled in and brought to the production tem-
perature required for the bacteria, the fermentation process and gas production 
begin. Depending on the silage, overproduction occurs in one to four hours, which 
is up to 50% higher than the daily production [29]. The gas membrane can already 
be lifted from the support structure by the internal pressure that builds up if it is 
higher than the internal pressure in the air support space. During gas production, 
the internal pressure continues to increase, and the gas membrane is in an indifferent 
state of equilibrium. This results from the internal pressure in the gas space, which 
is directed in the opposite direction to the dead weight of the membrane with sul-
phur deposits and internal pressure in the air support space and is equal in amount. 
External influences such as gusts of wind are transferred to the gas chamber via the 
internal pressure in the air support space, change the equilibrium in which the gas 
membrane is located and lead to movements. In a radial cutting pattern, the polar cap 
is heavier than the membrane itself. The reasons for this are the close seam spacing of 
two adjacent strips and the design of the polar cap with two superimposed, flat and 
circular membrane surfaces. The more than twice the weight of the polar cap means 
that it floats much deeper in the gas chamber, Figure 19.

In order to examine the behaviour of the gas membrane during the increase of 
the internal pressure, laser measurements were carried out over the central axes of 
the cover in the north–south and east–west directions. The curves, which resulted 
from 24 measuring points for each axis, show that the polar cap has deposited outside 
the centre point and the influence of the weight of the polar cap on the geometry of 
the gas membrane. This begins to strain out from the edge of the tank, and the polar 

Figure 18. 
Depositing the gas membrane onto a belt system [© Rosemarie Wagner].
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cap hangs much lower. A torus-like geometry is created until almost the final state is 
reached and the internal pressure in the gas chamber is higher than the weight of the 
polar cap, Figure 20.

The fermentation process is the decisive variable of the biogas yield in m3 of biogas 
produced in relation to one kg of substrate and the biogas production rate in m3 of 
biogas in relation to the filling volume of the container and day [30].

In order to examine the influence of gas production on the internal pressure in the 
gas and air support space, gas production was simulated by increasing the internal 
pressure with a powerful fan. For a cycle of filling, the result is a gas production that 
corresponds to a volume flow of approx. 550 m3/h. The inertia of the overall system 
is shown by the interaction of the internal pressure in the gas and air support space 
with the increase in the volume flow into the gas space, Figure 21. The gas produc-
tion is similar to the volume flow in the gas space. Even if the volume flow in the 
air-supported space is constant, the internal pressure rises up according to the volume 
flow into the gas space.

This also applies after the gas space is filled. The control of the air support pressure 
to 250 Pa and the controlled internal pressure in the gas chamber with a frequency of 
the fan of 40 Hz lead to the same behaviour. The decrease in gas pressure at the test 
tank is explained by leakage on the overpressure valve, and the untightens of fixing 
to the tank boundary. Gas production is balanced against the atmosphere via the air 

Figure 19. 
Geometry of the gas membrane during gas production caused by the weight of the pol cap [© Rosemarie Wagner].

Figure 20. 
Measured geometry during filling of the gas space, parallel to the cable winch (left) and perpendicular to it 
(right) [© Rosemarie Wagner].
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support space with high-volume flows. This shows a direct relationship between air 
support and gas pressure during gas production.

4.4 Gas extraction

Gas extraction has the consequence that the volume in the air support space drops 
down as soon as the volume is taken out in the gas space. Volume increase leads to 
a decrease in internal pressure. In order to maintain the internal pressure in the air 
support space, almost the volume flow that is taken from the gas space is necessary. If 
tracking is dispensed with, the same behaviour of the internal pressure can be seen in 
both chambers. The increase in the volume in the support air space leads to a simul-
taneous decrease in the internal pressure in the support air space despite the control 
of the internal pressure by the constant volume flow, Figure 22. In order to ensure 
that internal pressure is maintained for the outer membrane that provides sufficient 
stiffness against external loads, a sufficient volume flow rate is required into the air 
support space. This means adjusting the air support volume to the gas volume.

If gas is removed and the membrane is already on the support structure, a negative 
pressure is created due to the high tightness of the gas chamber when further gas is 
extracted. With the superposition of the air support pressure and the dead weight, the 
gas membrane is pressed much more strongly on the support structure. If a belt system 
is used, the belts are subjected to additional stress. It remains to be seen how large this 
internal pressure is to be applied for the design of the belts and the centre mast under real 
conditions. If these situations occur several times, this leads to overstrain of the belts, 
and the folded membrane is pressed between the belts. The result is damage to the folded 
membrane at folds and kinks, pushing through membrane between the belts, Figure 23.

Figure 21. 
Internal pressure, volume flow in and out of the two spaces according to the filling of the gas space [© Rosemarie 
Wagner].
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In addition to inspecting the gas chamber during operation, this is one of the 
reasons why a plastic net is also placed on the belts today. There is a vacuum protec-
tion system for the gas chamber, which is intended to prevent too much stress on the 
folded gas membrane. The design of the volume flow to compensate for the negative 
pressure depends on the diameter of the pipe cross-section, the vacuum protection 
and the pressure in the air-supported volume. For the durability of the gas mem-
brane, it is necessary to ensure a low vacuum. If the system is operated over a day 
to meet the different demands for electricity, the gas is filled and removed at least 
once or twice. If there is no adjustment of the internal pressure in the air support 
space or if it is too sluggish, the outer membrane will flutter when the wind is 
applied at the same time.

Figure 22. 
Gas membrane with higher internal pressure in the support air space than in the gas chamber [© Rosemarie 
Wagner].

Figure 23. 
Gas membrane, loaded with pressure in the air-supported volume and negative pressure in the gas volume, from 
below (left) [© Rosemarie Wagner] and from above (right) [© Kai Heinlein] the gas membrane.
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4.5 Full gas volume

Full gas space means either the gas membrane rests against the outer membrane 
if it is larger or has large expansions as a PE film. If a coated fabric is used, the gas 
membrane has a larger radius compared to the outer membrane and a small volume of 
air remains. The support ventilators and the overpressure protections, often exhaust 
air flaps, have to compensate for the change in internal pressure in the air support 
space. This is due to fluctuations in ambient pressure, ambient temperature, solar 
radiation, wind flow and snow. For the full gas space, the internal pressure is higher 
than in the air support space, and thus, the gas volume is stiffer for wind and snow. 
Consequently, the gas membrane participates in the load transfer.

5.  Measuring the level of filling

The view into the gas chamber is only possible through a small window, which 
is mounted above the fermentation suspension in the tank wall. Through this open-
ing, it is impossible to observe the gas membrane during filling and emptying over 
the entire tank. In addition, the internal pressure in the gas space is low for a long 
time, and only when the gas space is filled above 50% does it rise, and the membrane 
begins to tighten. For this reason, the filling level of the gas chamber is measured on 
the systems [31]. Commercially available are cable winches and gas H-metres. For 
the cable winch measurement, a belt is placed on the gas membrane as centrally as 
possible in the air support space and secured in position. This is guided through the 
outer membrane, guided in a weather-protected tube above the edge of the tank and 
provided with a weight at the free end. The fill level can be read off by changing the 
length of the belt. The gas H-metre (https://www.seitz-electric.de) determines the 
level by means of the hydrostatic pressure of a liquid. A hose is filled with liquid and 
placed on the outside of the gas membrane. The hose extends from the edge of the 
tank to the polar cap. Depending on the height difference between the two hose ends, 
a pressure difference occurs. This is converted into an electrical signal and displayed. 
Both systems work with weight on the gas membrane. Lifting them requires a certain 

Figure 24. 
Folds in the gas membranes caused by measuring devices, below the gas membrane (left), from above (right) [© 
Kai Heinlein].
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internal pressure. As long as this is smaller, there is a fold of the membrane at the 
point where the devices are positioned on the gas membrane, Figure 24.

The tension of the cable winch caused by its weight pulls the membrane down-
wards till the gas pressure is high enough to rise the weight. It happens the same as 
the membrane is pressed on the belt system. Along the cable, winch wrinkles occur 
regularly. The folds and kinks are also reasons to damage the coating and lead to a 
higher gas emissions. The wrinkles are related to the height of the membrane. The 
higher it is, the deeper and more crumbled folds and kinks can be found.

The same wrinkle occurs with the liquid-filled hose of the gas H-metre. This 
means that the level can only be measured when the gas membrane is tensioned, and 
the internal pressure is reached, which is used for the design of the membrane. The 
fill level is displayed up to 50% lower than it actually is due to the folds and geometry 
of the gas membrane, Figure 25. The optical measuring is derived from the curves 
given in Figure 20. It is assumed that the geometry between the two lines of measured 
points is the same.

6.  Conclusion

The content deals with the applications, advantages and disadvantages of mem-
brane covers for the storage of biogas. Due to the geometry, there are differences 
between mechanically pretensioned and internal pressure-supported covers in the 
storage volume, use and stresses. Mechanically tensioned covers do not require a sub-
structure; the central mast to support the membrane requires a foundation because 
the entire load on the membrane is transferred to it via compression. The covers 
should have a two-axis curvature to be more stable against wind-induced fluttering 
and to avoid water sags. Covers supported by internal pressure require a substructure 
because, without internal pressure, they are folded on top of it. Layered covers are 
more complex to manufacture than single-layer covers. Separating the storage of gas 
and removing external influences such as wind and snow increases durability and 
reduces leakage compared to single-layer covers. For the membrane materials, the 
requirements for the special conditions, such as the precipitation of sulphur, the basic 
and acidic environment, the surface quality and the buckling behaviour, must be 
considered. It must be considered that the strain and stress behaviour lead to per-
manent elongation after the first load cycles. This results in different geometries and 
different stresses in the membranes. The deformations also differ from the tensions in 
the warp and weft directions. In two-layer internal pressure-supported covers, the gas 

Figure 25. 
Filling level related to different measures of the gas [© Rosemarie Wagner].
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volume, the gas pressure, the air support volume, and the internal pressure interact 
in the air support volume. This must be considered, particularly in operating condi-
tions. The geometry of the gas membrane is in balance with its own weight, including 
condensation and sulphur deposits, as well as the gas pressure and air pressure in the 
air support space. Higher self-weight at the pole cap or measurement device for the fill 
level results in different geometries and other volumes. These differ from the volume 
of a spherical segment.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 5

Biomass and Biogas to Hydrogen
Wilson Hago and John O’Connell

Abstract

Biomass holds immense promise for augmenting existing energy reserves by
converting it to low-carbon hydrogen for direct use in transportation, semiconductor
manufacture, power plant cooling, and as a reactant for ammonia, foods, and high-
value chemicals. In particular, biogas extracted from diverse sources such as agricul-
tural, animal, and municipal waste, and wastewater treatment can serve as feedstock
for hydrogen production. This chapter discusses contemporary technologies for
hydrogen production from biomass by comparing various feed sources and produc-
tion methods, as well as exploring the economic, greenhouse gas emission, and socie-
tal implications of using biomass as feedstock for hydrogen production. A process
under development by the authors is also described.

Keywords: biomass, biogas, hydrogen, biomethane, methane, biological method,
thermochemical method

1. Introduction

Because it can be utilized in many ways without significant greenhouse gas (GHG)
emissions, hydrogen is considered essential to the transition from materials and
energy using carbon-based sources-such as coal and oil-to carbon-neutral production.
Hydrogen is not found naturally, so raw materials containing it, such as water and
methane, along with significant energy, are needed to produce it. Currently, nearly all
the 100 Mt. per year produced is used in: (1) pure form for ammonia production and
oil refining, and (2) mixed with other gases for chemical and steel manufacturing. The
present amounts used in heavy industry, transportation, and energy storage, where its
contribution to the transition would be most effective, are less than 1% of the total
demand. Further, only about 1 Mt. per year comes from the low-GHG-emitting
processes of water electrolysis, biomass, carbon capture utilization, and storage
(CCUS). The overwhelming majority is from fossil sources, principally natural gas. If
the world is to achieve Net Zero Emissions (NZE) by 2050, low-emissions hydrogen
(green hydrogen) production will need to be more than 60 Mt. per year [1].

Many processes have been developed for generating hydrogen. Refs. [2–17] pro-
vide details of the various methods, including those with fossil fuel feed, principally
natural gas, and those with renewable feed, such as biomass and water. The technol-
ogies include natural gas decomposition, biomass conversion, electrolysis,
thermolysis, and biological reactions including bioelectrolysis.

Implementation of large-scale facilities for hydrogen production will not only
depend on the technologies available but also the economics of obtaining raw
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materials, construction and operation of facilities, storage, and delivery. To indicate
the present variations, Table 1 gives some estimates of the costs for hydrogen with
various technologies. AlHumaidan et al. [14] also describe in detail the current status
of hydrogen storage and delivery, as well as give a thorough discussion of the current
status of carbon capture methods, utilization, and storage. Singh et al. [9] describes
the Technology Readiness Levels (TRL) of the available technologies, along with Life
Cycle Analyses (LCA) of the methods.

The focus of the present chapter is on processes with renewable biomass feeds. Rey
et al. [10] give a very recent and comprehensive analysis of the technology and
economic aspects of such green hydrogen production.

Among the processes for green hydrogen production, using biomass as the source
material has many attractive features [2–4, 7, 9–11, 16, 17, 19]. Its use is carbon-
neutral because the GHG emissions are essentially the same as those from waste
decomposition or even less if some of the products that would emit CO2 are seques-
tered. Further, environmental problems such as air and water pollution from animal
and agricultural waste are somewhat alleviated by their collection for conversion.
Finally, the energy requirements for biomass conversion can be less than electrolysis
or CCUS [4, 7].

While the economics of biomass conversion are generally favorable, there are
serious technical challenges for large-scale implementation of biomass technology:
biomass availability, gasifier efficiency, integration into existing energy systems, and
disposal of the byproducts, principally solid carbon [2, 4].

This chapter is organized to first introduce different technologies associated with
biomass conversion to hydrogen and then present their technoeconomic results with a
particular example process.

2. Hydrogen production from biomass

Figure 1 is a block diagram of the common methods to obtain H2 from biomass.
The principal categories are biological and thermochemical, where the former
involves treatment with aqueous microorganisms to degrade biocompounds and pro-
duce hydrogen along with other compounds. The latter uses chemical reactions to
convert the gaseous products of biomass degradation, normally CH4, into hydrogen
and byproducts such as carbon and carbon oxides.

The source biomass materials are usually lignocellulosic residues from agriculture
or forestry, animal wastes, sewage, and municipal and industrial waste [6, 7, 10, 11].
Pretreatment of the biomass is necessary to eliminate undesirable chemical and
microbial components, to resize solids, and to remove water by drying [19]. In all

Technology Feed Cost, $USD/kg H2 Reference

Natural Gas Decomposition Natural Gas $0.77–$2.10 [6, 17, 18]

Biomass conversion Biomass $1.30–$6.60 [6, 17]

Electrolysis/Thermolysis Water $2.35–$7.70 [6, 7]

Biological Aqueous chemical, biomass $1.56–$11.39 [6, 7, 17]

Table 1.
Estimates of production costs for different hydrogen production technologies.
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cases, the gaseous product is a mixture of hydrogen-containing substances, such as
hydrogen or methane, along with other components, such as carbon oxides.

Biological processes yield H2, CO2, and other substances. Purification is principally
the separation of dilute hydrogen. The chemistries, bacteria utilized, operating condi-
tions, and hydrogen yield are tabulated in Refs. [12, 13]. There are also anaerobic light,
anaerobic dark, and integrated process systems (indicated in Figure 1 as fermenta-
tion). Thermochemical processing (biogas) yields H2, CO, CO2, and CH4. This is
followed by reforming reactions to yield only H2 and CO2 for purification.

Electrochemical processing is normally associated with water splitting to make
hydrogen and oxygen. However, there have been recent investigations into using
electrodes with biomass [6, 11, 13].

Some details of these processes are discussed in Section 2 with a focus on the
processes for treating the gaseous products.

2.1 Thermochemical methods

Commonly used thermochemical methods include pyrolysis, hydrothermal treat-
ment, and gasification.

• Pyrolysis involves heating pretreated biomass to high temperatures (300–800°C)
in the absence of O2. The products are gaseous H2, CH4, CO2, CO, and H2O.
Liquid tars and oil are found as well as solid char. Higher temperatures run faster
and yield less char. Figure 2 illustrates the process configuration for traditional
pyrolysis where the reforming step of Figure 1 is included. Heat integration is
possible, but not shown. A novel approach to pyrolysis is plasma pretreatment
followed by reforming [20, 21]. Because lignocellulose is quite stable, it may not
be fully degraded by traditional pyrolysis. Plasma is more able to break C-C and
C-H bonds. Further, the treatment not only reduces the lignin product, it
increases the sugar availability [15].

Figure 1.
Methods for biomass conversion to hydrogen. After Ref. [7].
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• Gasification involves very high temperatures (800–1100°C) to crack the biopoly-
mers to gaseous products in the presence of a catalyst. Figure 3 shows the flow
diagram which includes the reforming step of Figure 1. Pretreatment must
remove all components except CO2 and CH4 and condition the feed for gas
separation of the CO2 byproduct and the CH4 reactant. The reactor can be a
moving bed or fluidized [22] so that fresh catalyst can be fed along with the CH4,
and the coked catalyst can be removed and separated from the product gas
mixture. Since the extent of the CH4 decomposition reaction is not complete,
unreacted CH4 must be recycled after gaseous separation. If the coked catalyst is
sequestered such as by amending soil, the GHG emissions can become negative.

A technoeconomic example process for biogas conversion to H2 is given in Section
3 with its Life Cycle Analysis (LCA) in Section 4.

Figure 2.
Pyrolysis process diagram. After Ref. [10].

Figure 3.
Flow diagram of a general gasification process.
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• Hydrothermal processing

Hydrothermal processes involve high-temperature, high-pressure water as both
reactant and reaction medium. There are three different approaches involving car-
bonization (HTC), liquefaction (HTL), and gasification (HTG) [7] characterized by
their temperature ranges. HTG uses supercritical water (T > 374°C, P > 22.1 MPa)
while the others operate at lower temperatures and pressures. While the process
conditions are extreme and the process configuration complex, there are a number of
advantages to this treatment. In addition to competitive costing, a wider variety of
biomass can be handled, it need not be dried, and the products can be of high-value
with less tar being produced [7]. The output of hydrothermal processing requires
reforming.

2.2 Reforming

The goal of reforming is to generate more H2 from the biogas components either by
reacting with H2O (wet reforming), CO2 reforming (dry reforming), or by
decomposing the CH4 (catalytic decomposition). It is a standalone process when fossil
fuels are the feed. The reaction mechanisms are detailed in Ref. [23, 24].

2.2.1 Wet reforming

Reaction of methane with steam (SMR) is the most mature and widely used
process for hydrogen manufacture [3, 13, 14, 24]. It is applicable for both fossil fuel
and biogas feeds which produce methane. The temperature is high (700–1000°C) and
the process involves a catalyst, usually nickel-based.

CH4 þH2O ➔ COþ 3H2 Endothermicð Þ (1)

COþH2O ➔ CO2 þH2 Exothermicð Þ (2)

Reaction (2) is the water-gas shift reaction (WGS). A variation on SMR is partial
oxidation (POX) where the feedstock is partially oxidized via reactions (3) with
reaction (4) in place of reaction (2) at a very high temperature (1150–1500°C).

CH4 þ½ O2 ➔ COþ 2H2 Endothermicð Þ (3)

CH4 þ O2 ➔ CO2 þ 2H2 Endothermicð Þ (4)

Another variation is autothermal reforming (ATR) which is a combination of SMR
and POX with both O2 and H2O added to the feed and run at intermediate tempera-
ture (900 + 1100°C) and at moderate pressure (80–100 bar) [3, 9, 14].

By varying the relative amounts of CH4, H2O, and O2, in addition to temperature
and pressure, the product compositions will change. While the objective is normally to
produce H2, some systems are set to yield higher amounts of CO to produce syngas
that can be used for the synthesis of high-value chemicals [9, 14].

Note that all these processes require added heat, traditionally from the combustion
of fuels. It is stated that to produce 1000 kg of H2 by SMR requires 5.2 MWh of heat
energy, 2000 kg CH4, and 4500 kg H2O, in addition to contributions from an air
separation unit (ASU) for the O2. The GHG produced is 5500 kg CO2. Using
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concentrated solar energy for the heat source is being investigated with a significant
reduction in the fuel energy requirement being expected [3, 12].

2.2.2 Dry reforming (DMR)

In addition to processes for reforming methane with water, there is dry reforming
of methane with CO2 via reaction (4) [14, 18]. It is run at 700–900°C with a CO2/CH4

ratio of 1 to 1.5. Also occurring will be some extent of the reverse of reaction (2),
decreasing the production of H2, but increasing the amount of CO for syngas. Both of
these reactions are endothermic, so significant heat is required. It is reported that the
Ni-based catalysts can become coked from CH4 decomposition.

2.2.3 Methane decomposition

The reforming reaction (sometimes referred to as methane pyrolysis), is

CH4 gð Þ ➔ C sð Þ þ 2H2 (5)

Mechanisms and catalysts for this reaction are reviewed in Ref. [23–25]. Many
supported metal catalysts and carbon forms are mentioned, though biochar was not,
even even though it has been successfully used [22, 24, 26]. The carbon product
deposits on the catalyst, including inside the pores, often limiting the reaction rate and
extent.

2.3 Biological conversion technologies

Comprehensive reviews of hydrogen generation using biological methods are
given in [7, 11, 12]. Figure 4 shows the methods organized as in Figure 1.

Biological hydrogen production involves microorganisms that metabolically pro-
duce hydrogen gas by fermentation or photosynthesis. The methods are anaerobic and

Figure 4.
Biological methods to produce hydrogen from biomass. After Ref. [7].
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may involve light or darkness. Photo-fermentation and bio-photolysis (direct or indi-
rect) are light-dependent methods using algae or microalgae, while dark fermentation
uses bacteria. Hydrogen production from algae, microalgae, and bacteria produces
high yields at temperatures between 20 and 45°C at a lower cost than other production
methods. However, some secondary reactions can occur, such as oxygen from photo-
synthesis and organic acids from organic compound decomposition. These limit
hydrogen production to lower yields. Anaerobic dark–light integrated systems can
mitigate these issues while increasing efficiency, production rate, and hydrogen
yield [7].

2.3.1 Bio-photolysis

Hydrogen production via bio-photolysis uses photosynthetic oxygenic microorgan-
isms, including green microalgae (e.g., Chlamydomonas reinhardtii, Chlorella vulgaris,
Scenedesmus obliquus, and Chlorococcum minutum) and cyanobacteria (e.g., Nostoc sp.,
Cyanothece sp.). Solar energy causes photosynthesis and transfers electrons for hydrogen
with hydrogenase as a catalyst. Direct bio-photolysis (DbP) is when photoautotrophic
organisms convert water into H2 and O2 by the simultaneous reactions

H2O
Light

! 2Hþ þ 2e� þ½ O2 (6)

2Hþ þ 2e
�Hydrogenase

! 2H2 (7)

During indirect bio-photolysis (i-DbP) cyanobacteria synthesize carbohydrates via
reaction (8) and cell metabolism by microalgae forms hydrogen via reaction (9)

6CO2 þ 6H2O
Light

! C6H12O6 þ 6O2 (8)

C6H12O6 þ 6H2O
Light

! 12H2 þ 6O2 (9)

Rey et al. [7] list the microorganisms, substrates, operating conditions, and H2

yield for some systems. The substrates include glucose, glycerol, corn stalk, and
starch. Glucose is the common substrate for bio-photolysis. Also given are the vari-
ables that affect H2 yield including temperature, pH, O2 content, light intensity,
nitrogen and sulfur concentrations, added organic carbon, cell density, and
culture age.

2.3.2 Fermentation

There are several different routes for producing H2 via fermentation. Photo-
fermentation generates H2 by photosynthetic bacteria, primarily purple non-sulfur
(PNS) bacteria, with several steps catalyzed by nitrogenase and light. Yields are
affected by anaerobic conditions, light intensity, temperature, pH, wavelength, and
substrate concentration type. Oxygen inactivates the nitrogenase so anaerobic condi-
tions are necessary. The best substrates are short-chain fatty acids and volatile fatty
acids (e.g., acetate, butyrate, lactate, malate, etc.). Sugar substrates lower the hydro-
gen production.

Dark fermentation can be run with a wide variety of anaerobic microorganisms in
the absence of light and, depending on the microorganism, at temperatures of 25–45°C,
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45–80°C, or T > 80°C. Typically, the substrate, such as carbohydrates or other feed-
stocks, has high glucose. There are several metabolic pathways that have different H2

yields. While the theoretical yield of H2 from glucose via acetic acid is 4 mol H2/mol
glucose, the actual yield can be as low as 50% of the theoretical. Again Rey et al. [7] list
many different inocula, substrates, operating conditions, maximum H2 yields, and
references as well as the variables that affect H2 yield.

There is also the possibility of combining photo-fermentation with dark fermenta-
tion in either a one-step or the preferred two-step process [12]. First, dark fermenta-
tion bacteria generate some H2 and intermediate products such as acetic acid. Then,
photo-fermentative bacteria convert the intermediates into H2 and CO2. The theoret-
ical yield for this process would be 12 mol H2/mol substrate(glucose) but approaching
this requires pretreatments of concentration, composition, and pH.

2.3.3 Microbial electrolysis

Noori et al. [13] describe in detail the possibilities and issues in the production of
H2 with microbial electrolysis cells (MEC). In particular, unknowns about inocula and
reactor design have limited the scaling of the technology, but the analysis suggests
ways to overcome these difficulties. Unlike water electrolysis where O2 is produced,
the MEC feedstock is oxidized to produce H+ ions at the anode in the presence of
exoelectrogenic bacteria. The efficiency can be high for the mixed cultures of sedi-
ments, wastewater, and microbial mats. However, while some microbes produce H2,
others consume it.

A list of advantages and challenges for all the hydrogen generation processes
discussed in this section is given in Table 2.

Process Advantages Challenges

Steam
Reforming

No O2 needed; known technology High temperatures, catalyst regeneration;
CO2 produced

Gasification Recycles wastes, known technology; high
efficiency; no O2

High temperatures; catalyst coking; CO2

produced; high reactor cost

Pyrolysis Biomass variation, known technology;
recycles wastes

Tar, char, & CO2 produced; catalyst
regeneration; high reactor cost

Direct bio-
photolysis

High efficiency; recycles wastes; mild
conditions

Sensitivity to O2; low catalyst availability

Indirect bio-
photolysis

Separate H2 and O2 production, use both
hydrogenase and nitrogenase

Low efficiency; environmental
sensitivity

Photo-
fermentation

Wide range of substrates; mild conditions;
recycles wastes

High energy use; sensitivity to O2

Dark
fermentation

Continuous process; wide range of
substrates; mild conditions

Low efficiency; H2 reversal; volatile
effluent

Dark–Light
fermentation

High biomass conversion; H2 yield Capital intensive; specialized
infrastructure

Microbial
Electrolysis

No separation is needed; low electricity High-cost catalyst; pH sensitivity;
requires simpler feeds

Table 2.
Advantages and challenges of hydrogen generation processes. After Refs. [6, 7].
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3. Technoeconomic analysis (TEA) of biogas to hydrogen conversion: The
Hago energetics case

The sections above describe the technologies for conversion, considerations for
feed and reaction, as well as processing and life cycle analysis for biogas to hydrogen.
This section illustrates a particular system that has been studied by process simulation
and laboratory experiments and is now being constructed at the pilot scale: The Hago
Energetics process.

The path through Figure 1 that applies to this process is pretreatment to gasifica-
tion to biogas to reforming to separation. A block diagram of the system is shown in
Figure 5 and an AspenPlus® flowsheet is shown in Figure 6. Biowaste, mainly from
cow manure, is fed to a digester to generate raw biogas which is upgraded to with
biomethane separated from an off-gas product of mainly CO2. The methane is mixed
with recycled methane and biochar. After heat exchange, the methane is fed to a

Figure 5.
Block diagram of Hago energetics process for biogas to hydrogen.

Figure 6.
AspenPlus® flowsheet of Hago energetics process for biogas to hydrogen.
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moving bed reactor producing a hot gas product of hydrogen and methane and a hot
solids product of char with carbon deposited on it. The reactor can be heated by any of
several methods, including solar electricity. For the present case, part of the
biomethane is combusted for reactor heating. After heat exchange with the inlet
methane, the product gas is further cooled and then the H2 product is separated from
the unreacted CH4 by membrane filtration and compressed if desired.

An economic analysis of the process has been completed with the capital and
operating costs listed in Table 3. The values were obtained using an .xlsx template
from Downey and Vrana based on the economics in the text by Seider et al. [27]. The
H2 product conditions are 100 kg/h at 900 bar, so a compressor and cooler are
included in the equipment. Several cases are explored. The base is Case 1. Government
subsidies of $0.00 (Case 2), $6.50 (Case 3), and $13.00 (Case 1) have been used. Costs
of biogas (Cases 4 and 5) and the selling price of hydrogen (Cases 6 and 7) have been
varied �20% to determine the sensitivity of the ROI to feed prices. Changes in selling
price have a greater effect on profitability than biogas costs. No credit is earned from
the CO2 produced, but carbonized char is marketed for $0.33/kg H2. Returns on
investment (ROI) are in the range of �1.7 to 30.1% with positive returns only if there
is a government subsidy.

4. Life cycle analysis of biogas to hydrogen conversion

Life Cycle Analysis (LCA) is a powerful tool to gauge the effectiveness of an
approach toward assessing the overall emissions impact of a technology or approach.
It provides a basis for comparison between different technologies and processes that
may use a wide range of energy and mass inputs. The starting point of a life cycle
analysis is the choice of boundaries for the process under consideration, which limits
estimates of the embodied energy of the inputs vs. operational energy needed for the
various processes in the system. A mass and energy flow for the basic elements of a
process then sets the stage for an estimate of the total emissions out of the system, as

Case Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Item Base Subsidy Subsidy Feed Feed Price Price

Installed Capital, $MM $26.4 $26.4 $26.4 $26.4 $26.4 $26.4 $26.4

Fixed Costs, $MM/yr $4.60 $4.60 $4.60 $4.60 $4.60 $4.60 $4.60

Total Feed Cost, $/kg H2 $4.89 $4.89 $4.89 $3.91 $5.87 $4.89 $4.89

Biogas Cost, $/kg H2 $2.85 $2.85 $2.85 $2.28 $3.42 $2.85 $2.85

Utilities, $/kg H2 $0.55 $0.55 $0.55 $0.55 $0.55 $0.55 $0.55

Gov’t Subsidy, $/kg H2 $13.00 $0.00 $6.50 $13.00 $13.00 $13.00 $13.00

Selling Price, $/kg H2 $13.40 $13.40 $13.40 $13.40 $13.40 $10.72 $16.08

Sales Revenue, $MM/yr $9.55 $9.55 $9.55 $9.55 $9.55 $7.64 $11.46

Net Earnings, $MM/yr $6.68 -$0.45 $3.11 $7.07 $6.29 $5.67 $7.98

Return on Investment, % 25.3% �1.7% 11.8% 26.8% 23.9% 21.6% 30.1%

Table 3.
Economic analysis of Hago process.
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well as emissions from chemical or transformational changes within the system. It
should be noted that LCA estimates are highly specific to site location and are affected
by such local considerations as energy generation, feedstocks used in biomass gener-
ation, and transport of inputs and outputs.

Standardized methodologies exist to execute LCA calculations. The international
standards are ISO 14040 and 14044. The most comprehensive analysis addresses
cradle-to-cradle emissions. Other types of analyses include cradle-to-gate, and gate-
to-gate emissions, where gate refers to the production factory boundary. In the case of
transport fuels, the reference name is wells-to-wheels analysis. Software for
performing LCA analyses includes Microsoft Excel, GaBi [28], SimaPro [29], and
GREET [30].

A review of LCA analyses of biogas production in Europe was performed by Hijazi
et al. [31]. This review examined 16 LCA studies, covering a wide variety of feedstocks
and locations. It was noted that the primary use of the biogas was for electricity
production and/or heating.

4.1 Hago Energetics example

The following LCA calculations and results are provided as an example of a
biogas-to-hydrogen pyrolysis-based process. The LCA estimate for the Hago Energet-
ics case was performed by third-party firm EcoEngineers [32]. An estimate
the Carbon Impact (CI) was developed from hydrogen produced in a proposed
biogas to hydrogen project in a dairy farm in the Central Valley of California, USA.
Estimates are based on the technoeconomic analysis presented in Section 3. Data
was processed with model inputs for the California Air Resources Board Tier 1 CI
Calculator for Hydrogen and California GREET 4.0 model. Table 4 summarizes
the project’s key parameters based on the above documents and communication
with Hago staff.

Three scenarios were analyzed:

• Scenario 1: Gaseous hydrogen (G.H2) production with transport via tube trailer
truck to the nearest hydrogen refueling station 27 miles away

• Scenario 2: Liquid hydrogen (L.H2) production with transport via tanker truck to
the nearest hydrogen refueling station 27 miles away

• Scenario 3: Liquid hydrogen (L.H2) production with transport via rail 281 miles
away (to a nearby port)

The results for all three transportation scenarios are shown in Table 5. The CI of
the hydrogen produced is also presented with and without accounting for the down-
stream application of the waste biochar as a soil amendment.

For a better understanding of the breakdown of each factor contributing to the
achieved CI for the hydrogen production process shown above, Figure 7 demonstrates
each factor separately for the three transportation scenarios.

Key findings from the analysis include:

1.The negative CI scores are due to the negative CI of the feedstock of biomethane
(�269 g CO2-e/MJ), as well as the CI credits generated due to the downstream
application of the biochar to soil, leading to carbon soil sequestration. The CI of
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the biomethane and biochar production from pyrolysis was taken from the
literature and the downstream transport of biochar was modeled in
CA-GREET 4.0.

2.The results show that the positive transportation contributions to CI are very
small compared to the large negative contributions of the biomethane feed and
the biochar sequestration.

Category Name Value Units

Location Madera, CA — —

Fuel Pathway Inputs

Feedstock Biogas 13,187 MMBtu, LHV

Feedstock Biochar 231 ton/month

Process energy LH2 Liquefaction 875,405 kWh

Transportation and Distribution GH2 Tube Trailer Truck 2,079,000 kg-miles

LH2 Tanker Truck

LH2 Rail 21,637,000

GH2 Fueling 9,083,888 MJ LH2, LHV

LH2 Fueling 8,586,931 MJ LH2, LHV

Co-product transport Biochar transport 9,220,596 MJ biochar, LHV

Co-product agricultural effects Biochar application to soil

Co-product credit Biochar soil C sequestration

Table 4.
Key parameters for hydrogen production of the Hago energetics process using biogas as a feedstock. Biochar
feedstock was from woody biomass from nearby forests and biochar was used as the catalyst for biomethane
pyrolysis [32].

Scenarios CI, gCO2e/MJ H2, LHV CI, kgCO2e/kg H2

CI with biochar carbon soil sequestration

Scenario 1 (G.H2 by truck)1 �492 �59

Scenario 2 (L.H2 by truck) �484 �58

Scenario 3 (L.H2 by rail)2 �484 �58

CI without biochar carbon soil sequestration

Scenario 1 (G.H2 by truck)1 �376 �45

Scenario 2 (L.H2 by truck) �367 �44

Scenario 3 (L.H2 by rail)2 �371 �45
1Transportation distance is 27 miles.2Transportation distance is 281 miles.

Table 5.
CI score for hydrogen production with and without biochar carbon soil sequestration under the three
transportation scenarios [32].
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4.2 Summary of technoeconomic literature

A study from Columbia University [33] summarized the technoeconomic litera-
ture of biohydrogen production using different pathways. Table 6 shows a compari-
son of their findings vs. the results shown above. The Hago process has the least cost
and smallest footprint.

Figure 7.
Contributions to carbon intensity for various scenarios [32].

BioMethod Estimated Cost
($/kg H2)

Smallest Carbon Footprint
(kg CO2eq/kg H2)

Source

Gasification with CCS 10.3 �22.2 [34–37]

Biomethane Pyrolysis 10.5 �13.8 [34, 35, 38–41]

Biomethane SMR and ATR 8.0 �26.5 [36, 42–45]

Anaerobic Digestion 5.0 9 [34, 46–48]

Fermentation 8.6 0.96 [49–52]

Pyrolysis with Carbon Catalyst (Hago
Method)

5.6 �59 [53]

Table 6.
Estimated Production Cost and Best Carbon Footprint for various biomass-based hydrogen production processes.
After Ref. [33].
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5. Conclusions

Biomass and biogas conversion to hydrogen technologies present an additional
source for decarbonizing agricultural and industrial emissions. Conversion of biomass
to hydrogen via thermochemical and biological processes has been described and
comparisons have been made with these and conventional processes. Technoeconomic
and LCA analyses have been illustrated including for a novel patented process under
development. Research in unconventional technologies has been referenced. Some
challenges of scalability and economics for obtaining hydrogen from biomass and
reducing carbon emissions are mentioned.
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Chapter 6

Hydrogen Sulphide
Kofi Ofori

Abstract

Hydrogen sulphide (H2S), a highly toxic and corrosive molecule, is typically found
in hydrocarbon reservoirs, sewers and in the waste industry. It can be extremely
problematic during drilling, production and processing. This chapter offers a synopsis
of H2S, which is sulphur in its most reduced form of all its numerous oxidation states.
It delves briefly into H2S’s history on planet earth before there was life all through to
its diminishment during the latter Proterozoic era to present day. It also investigates
its various forms of generation and production, and its effect and impact especially as
an occupation-based hazard. Its utilisation in enhanced oil recovery (EOR) as a
standalone or together with carbon dioxide (CO2) and its role in geosequestration
together with CO2 is explored.

Keywords: hydrogen sulphide, palaeohistory, geosequestration, generation, impact

1. Introduction

Hydrogen sulphide (Figure 1) is a colourless, rotten egg smelling gas that poses
problems in many industries and occupations, especially in oil and gas and the waste
industries due to the anaerobic nature of its production. Chemically, even though
H2S is a chalcogenide (a molecule composed of hydrogen and a group 16 element) just
like water, it does not have the strong hydrogen bonds of water due to the oxygen
atom in water’s strong electronegativity, thus inducing the polarity in water that is
missing in H2S.

It usually occurs naturally in low-lying areas where there is a tendency for oxygen
to be absent. The increase in exploitation of sour reservoirs [1] means that issues with
H2S will be ongoing, especially in deep carbonate reservoirs [2, 3] for the foreseeable
future. It is toxic and corrosive and is immediately dangerous to life or health (IDLH)
at just a 100 ppm. This therefore complicates any mix or environment H2S is present
in. Exposure to H2S is largely occupational and not widespread, usually confined to
energy sources from the subsurface such as oil and gas fields and others such as crude
oil and natural gas refineries. Atmospheric H2S usually is released through leaks from
hydrocarbon field equipment including wellheads, sometimes through blowouts, and
abandoned reservoirs. These reservoirs can contain sulphate-reducing bacteria (SRB),
microorganisms (SRMs) or prokaryotes (SRPs). In the sewage industry, generation of
H2S could occur when the waste remains stationary for long periods of time, giving
rise and conditions ripe enough for SRB, SRMs and SRPs to infest and become active.
The primary function of the SRB, SRPs and SRMs is to break down (reduce) sulphur-
bearing compounds into H2S throughout the course of metabolism. Sulphur dioxide
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(SO2), the subject of this book, is related to H2S as a product through a limited
combustive oxidation reaction (and more importantly as the first reaction in the two-
stage Claus desulphurisation process);

2H2S gð Þ þ 3O2 gð Þ ! 2SO2 gð Þ þ 2H2O lð Þ (1)

2. A brief palaeohistory

Before the first life on earth developed in the late Eoarchaean-early Paleoarchaean
eras nearly 4 billion years ago (4 Ga), H2S was present, due to an abundance of
sulphur, and anoxygenic photosynthesis was occurring between H2S and CO2 [4].
Although the process’ time of evolution may be debated [5], oxygenic photosynthesis,
aided by cyanobacteria also involving both acid gases, is believed to have commenced
during the Archaean expansion of about 3.2–2.8 Ga ago (tail end of the Paleoarchaean
all through to the very end of the Mesoarchaean era) [6], even though there was
practically very little oxygen [7]. Some of these early life cyanobacteria, through their
activities in the formation of stromatolites, can still be found in the Pilbara Craton’s
Strelley pool chert [8] and Warrawoona group of fossils [9], Cervantes’ Lake Thetis
[10] and Shark Bay [11], all in Western Australia. The great oxidation event (GOE),
which occurred around the generally accepted �2.4–2.1 Ga ago (middle Siderian
through all the Rhyacian period) is hypothesised to have marked the enduring pres-
ence and spread of atmospheric oxygen from the oceans through cyanobacterial
activity. These cyanobacteria used water as fuel to conduct photosynthesis by
oxidising it into oxygen, and this produced oxygen filled out the atmosphere so fast in
a � 300 million year period, threatening the very existence of the same oxygen-
producing cyanobacteria. It also has been theorised that this event coincided with a
substantial growth in oceanic sulphates [12]. But atmospheric anaerobiosis (life with-
out free, molecular oxygen) shrunk and this affected the H2S-producing
cyanobacteria, driving them into low-lying spaces that were still anoxic. A focused
study of the Proterozoic aeon indicates that in the periods that followed the GOE in
the Paleoproterozoic era (Orosirian and Statherian), the oceans remained sulphidic,
and by extension anoxic, due to production of sulphates from sulphur oxidation
possibly aided by SRB, which was eventually swept out to the oceans [13]. The
Mesoproterozoic era (starting 1.6 Ga ago) is remarkable for the increase in oceanic
oxygen [14] and the development of multicellular eukaryotes over prokaryotes [15].
Note that prokaryotes are the basis for SRPs hence their diminution would mean a
reduction in available sulphur and its other forms including H2S. The rise of eukary-
otes is also presented as evidence of the existence of atmospheric oxygen in this time
period [16], even though the presence of H2S in the atmosphere is proposed to have
been responsible for the delay in eukaryotic development in this aeon [17]. Much of
the atmospheric H2S disappeared during the latter deglaciation years of the

Figure 1.
H2S molecule with white representing the two hydrogen atoms and yellow sulphur.
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Proterozoic aeon in the Neoproterozoic era, and specifically in the early parts of the
Ediacaran period. This was after the waning thaw of the Cryogenian period after both
the Sturtian and Marinoan snowball earth glaciation—between �720 and 630 Ma ago
[18]—when an influx of oxygen engulfed the atmosphere [4]. This is a little surprising
considering even the GOE which essentially served as a bridge between the Archaean
and Proterozoic eons and initiated multicellular life forms when free oxygen appeared
in the atmosphere in voluminous amounts was not as successful in removing much of
the H2S present, and the GOE had a lot more oxygen. More perplexing still is that the
GOE occurred simultaneously with the peak period in euxinic conditions, where
oceans and water bodies had high H2S content [19] and had little or no oxygen content
except for at the surface [20]. In the current Phanerozoic eon, the Cambrian explosion
of fossil biodiversity has been partly attributed to the cessation of euxinic oceanic
conditions [21]. Mass extinctions earlier in in this eon at the tail end of the Permian
period have been attributed in part to the accumulation of noxious H2S in both the
oceans and the atmosphere as well as CO2-inducing hypercarbia [22]. An oxygen
isotope study theorises that sulphates were probably lower in the early part of this
Cenozoic period [23], hence lowered presence of H2S to oxidate and/or not enough
sulphates to reduce. Another study posits an oceanic sulphate fluctuation in the
current period, with a 10 million year decrease starting 65 Ma ago, an increase for
10 Ma thereafter, then steady for the interval in between till the last 2 million years
when it has been uniformly decreasing [24]. Present day, less than 1% of all ocean
floors are covered by H2S [25].

3. Generation

Microorganisms that reduce sulphates into H2S (SRMs, SRPs, SRB) are found in
every ecosystem on earth, from water bodies to soils and even in human and animal
guts [26]. But most recent H2S occurrence results from the production and processing
of sour fluids in oil field operations. Sour fluids are defined in the oil and gas industry
as any natural gas or petroleum fluids that contain more than 4 ppm of H2S [27] at
standard temperature and pressure (STP) conditions of 0°C (273.15 K) and 1 bar
respectively. Whilst hydrogen sulphide (H2S) formation/generation is complex and all
processes involved are not entirely understood [28], it is known that H2S can be
formed either naturally or by industry production operations, especially during sec-
ondary and enhanced phases of recovery. A common denominator for each is the
requirement of the absence of oxygen (anoxic or anaerobic conditions). As hydrocar-
bons also form in the absence of oxygen, then these hydrocarbon reservoirs serve as
excellent media for in situ generation of H2S. The process by which H2S forms in
reservoirs in the absence of oxygen, but in the presence of oxidising agents (oxidants)
and/or nutrients together with hydrocarbons, is referred to as reservoir souring.
Marriott et al. [29] explained three mechanisms for the generation of H2S in the
petroleum industries. These are through the breakdown of reservoir biomass or
aquathermolysis, the breakdown and reduction of sulphate-bearing minerals through
microbes, microbial sulphate reduction (MSR), and also through heat, or thermo-
chemical sulphate reduction (TSR). They further stress that some operations in the oil
and gas industry can affect H2S production either by contributing towards its
increased production or delaying its emergence. For instance, sea water injected into
reservoirs to enhance recovery has also been shown to introduce microbes and initiate
H2S generation. Higher rates of H2S generation result when cold sea water is pumped
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into oil zone but lower rates when cold water is injected near the water zone below oil
zone [30]. This H2S generation has been attributed to large quantities of sulphate being
imparted by the sea water which is then worked on and reduced by SRPs in the
reservoir [31]. These electron donor-oxidising prokaryotes, which take in sulphates and
generate sulphides [32] are not restricted to just the reservoir but they can also sour
production pipework and well tubing and offshore topside facilities [33]. The technolo-
gies used in unconventional oil and gas resources during the exploitation and develop-
ment such as hydraulic fracturing and steam-assisted gravity drainage (SAGD) could
possibly add more H2S to the reservoir or turn existing sulphur in the reservoir to H2S,
Marriott et al’s study appends [29]. Another research showed that the chemical reaction
in crude petroleum between sulphoether and sulphur-alcohol may be responsible for
the generation of H2S, in addition to the thermochemical reactions of sulphate-
containing minerals [34]. Anthropogenically-induced H2S generation, especially in res-
ervoirs that were initially sweet, usually occurs through production activities such as
waterflooding. Ma et al. [35] conducted experiments based on superheat degree during
thermal enhanced oil recovery (EOR) processes. They found that at a constant reservoir
temperature, H2S generation was more likely to occur at a greater superheat tempera-
ture, with a superheat temperature of 62.19°C recording H2S formation of 0.178 mL/g
whereas a superheat temperature of 89.42°C reported an H2S generation of 0.345 mL/g.
They also established an inverse relation between the increase in H2S and the dwindling
of sulphur-generating sources such as sulphides and sulphates, and typically non-
sulphur generating sources such as methylene, carboxyl and carbonyl groups. H2S is
linked to CO2 in that the first method of H2S generation (through reservoir biomass)
occurs when carbon-essential organic matter decomposes to form H2S. This is often a
by-product of the decomposition of the same organic matter to usually form aliphatic
hydrocarbons (alkanes, alkenes and alkynes). The organic matter may include dead and
rotting vegetation, coral reefs, plankton, and even animals. In fact, H2S generation may
even be in direct competition to hydrocarbon generation (a heterotrophic relationship)
as methanogenesis (the generation of methane CH4, the foundational aliphatic hydro-
carbon) from peat bog sources may be delayed due to the effect of these sulphate-
reducing microorganisms (SRMs) [36]. A sample study from the Santanghu Basin
found that the 34S isotopologue contributed up to a fifth of the sulphur in the areal H2S
and concluded that TSR and/or the thermal decomposition of sulphur (TDS) was/were
the key generation mechanism(s) [37] and listed a TSR formation equation as thus [38]:

sulphate þ petroleum ! calciteþH2S�H2O� CO2 � S� altered petroleum (2)

The methionine-to-serine amino acid metabolic transsulphuration pathway occurs
when sulphur is transplanted to the amino acid l-cysteine from l-homocysteine and the
process eventually culminates in the generation of H2S [39]. Cysteines and the uptake of
the sulphur-containing cystine are particularly important in oncogenesis, when previ-
ously healthy cells start becoming carcinogenic [40]. The sulphur in persulphides
(RSSH) can also be reduced to the endogenous signalling biomolecule H2S, which plays a
paramount role in some mammalian physiology [41]. A simplified reaction is as follows:

R� SSH þ R� SH ! R� SS� RþH2S (3)

Simply put, a cysteine persulphilde is reduced by the organosulphur thiol to pro-
duce the disulphide cystine and H2S [42] where R is a functional alkyl or organic
substituent.
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The presence of humic acid in dissolved organic matter (DOM) in sediments and
soils could also serve as a key driver in H2S generation [43] and can also be responsible
for the multiplication of microorganisms in sediments and soils [44] which is
favourable for both H2S and hydrocarbon generation. Humic acid can also hasten or
hinder hydrocarbon generation through control over biodegradation solubilisation
and limiting cell adhesion [45] but petroleum hydrocarbons (PHs)—made up of
straight chain aliphatic hydrocarbons (AHs) and polycyclic aromatic hydrocarbons
(PAHs)—can also have their phytodegradation amplified by the humic acid [46]. In
soils and sediments, humic matter—humic acids, fulvic acids and humin—are classi-
fied as the key ingredients in organic composition when animals and plants wither and
decay through the biological and chemical agents and actions of microorganisms [47].
In the sulphur cycle, fulvic acids may also act as sinks (geological storage or reservoir)
in deep groundwater for when H2S deliquesces in water [48].

Generation of H2S in other industries is also well documented though in scale and
size, is dwarfed by generation in hydrocarbon reservoirs. In the waste and sewage
industry, Zhiqiang et al. [49] relate factors that affect H2S generation including iso-
lating the manhole septic tank as a major hotspot, the effects of temperature and flow
turbulence, water quality and how heavy rains hinder H2S production because of
sheer moving velocity. In thermal springs or geothermal fields, sulphur-bearing min-
erals deep in the earth oxidise to form H2S which in turn dissolves in the hot water. As
this hot water rises to the surface and the water gets colder, the H2S evolves from the
water giving the spring the rotten egg smell. These types of springs are called sulphu-
rous thermal waters (STW). Industries as diverse as tanneries, piggeries, pulp and
paper manufacturing, metallurgical and thermal coal plants, textile production espe-
cially rayon, landfills and manure storage pits have also been known to produce H2S.
With coal, H2S is usually generated or ‘sorbed’ out during high-pressure but below
calcination temperature gasification by limestone in the form of calcium carbonate
[50] whilst SOx is a/are direct product(s) when combustion takes place instead [51].
Biomass—in the form of biofuels, bioliquids, biogas, etc.—a source of renewable
energy touted as one of the potential fossil fuel substitutes, also releases amounts of
H2S during the processing into energy form [52]. Whilst most the generation is
through SRMs and chemolithotrophs (organisms that derive chemical energy and
sustenance through the oxidation of inorganic sources such as rocks), the influence of
temperature (thermochemical and thermobiological) is also felt as even under
anaerobiosis, the sulphate-reducing bacteria (SRB) thrive under warm conditions.
Underwater thermal vents, volcanoes, stagnant waters and polluted waters can also
produce H2S [53]. Stoichiometry-wise; one of the primary SRB reactions to produce
H2S is:

SO4
2� þ 10H� þ 8e� !SRB H2Sþ 4H2O (4)

And two others that convert the intermediate monosaccharide metabolite glycer-
aldehyde;

2SO2 þ C3H6O3 !SRB 2H2Sþ 3CO2 þH2O (5)

3SO4
2� þ 2C3H6O3 !SRB 3H2Sþ 6HCO3

� (6)

In wastewater systems, abundance of sulphate ions results in their reduction to an
intermediate sulphur ion and then conversion to H2S thus;
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SO4
2� þ organic matter !SRB S2� þH2Oþ CO2 (7)

S2� þ 2Hþ !SRB H2S (8)

All the above-listed equations occur anaerobiotically, that is, the microorganisms
perform them without the benefit of free, molecular oxygen. Outside of SRB equa-
tions, hydrogen gas and elemental sulphur can also react to form H2S;

H2 gð Þ þ S sð Þ ! H2S gð Þ (9)

The reaction between aluminium sulphide and water also achieves that purpose;

Al2S3 sð Þ þ 6H2O lð Þ ! 2Al OHð Þ3 sð Þ þ 3H2S gð Þ (10)

And another equation between ferrous sulphide and hydrochloric acid usually in a
Kipp’s apparatus in a fume hood also produces H2S;

FeS sð Þ þ 2HCl aqð Þ ! FeCl2 sð Þ þH2S gð Þ (11)

Solid thioacetamide decomposes in hot water to form acetate and ammonium ions
(acetamide or ammonium acetate) and is most importantly a precursor for H2S pro-
duction;

CH3CSNH2 sð Þ þ 2H2O lð Þ !heat CH3COO�
aqð Þ þNHþ

4 aqð Þ þH2S gð Þ (12)

The above listed are by no means exhaustive. H2S can be produced several
different ways synthetically in the lab but these are the major means by which H2S
is generated. Approximately 90% of H2S found in the environment occurs
naturally [54].

4. Effects and impact

In the petroleum field, H2S can make oil and gas reservoirs harder to develop and
can hinder hydrocarbon extraction from formation reservoirs as they are classified as
contaminants in natural gas which consists of mainly methane and ethane and thus
the natural gas has to be “sweetened” [55] to remove these impurities. Oil and gas
workers may also be exposed to the potentially fatal H2S that may be present in
drilling fluids as the gas may be brought up to the surface when drilling mud goes
through its cycle. H2S is corrosive and can make both concrete and steel equipment in
the upstream flowlines and tubing brittle [56]. It also has a similar corrosive effect on
iron, copper and brass [57], and its presence leads to increased corrosion rates [56].

In waste water and sewerage treatment plants, biogas plants, industrial and
manufacturing processes, chemical, petrochemical and oil refining processes, during
production, storage and transportation, H2S is known to be highly toxic even at low
concentrations. It has been proven to cause cognitive impairment [58] and has also
been linked to neurological symptoms and health effects on the central nervous
system and respiratory functions [59]. In a study of nearly 150 wastewater workers,
for whom H2S is frequently an occupational health and safety hazard, an
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inflammation was found, albeit low but pervasive, symptomatic of the effect on lung
capacity through exposure to workaday strength H2S [60]. H2S is usually the
unwanted end-product of the hydrodesulphurisation of coal and hydrocarbons and
may interrupt normal physiological functions and cause ailments such as asthma,
sepsis, neurodegenerative disease, cirrhosis and diabetes [54]. Elevated concentra-
tions of H2S in the gut can be detrimental to the intestinal and bowel regions because it
reduces pH and can induce toxicity [61].

Studies have shown that some prokaryotes (primarily archaea) and bacteria utilise
sulphur compounds through their oxidation or reduction to aid and invigorate both
cellular and chemolithotrophic growth [62].

5. Mitigation

Large-scale H2S produced from hydrocarbon reservoirs usually undergo a
hydrodesulphurisation Claus process where in the presence of a catalyst it is converted
into elemental sulphur. This has been the established choice for at least the last few
decades. Because H2S produced in the waste and sewage is localised in nature, it is
easier to fashion containment strategies, especially through chemical dosing using
nitrates and biocides [63] for prevention and remediation purposes. But these biocides
may require more space and more importantly their effluvia can possibly be carcino-
genic hence a nitrate-based solution whereby SRB are inhibited by the growth and
enrichment of the less-unpleasant nitrate-reducing bacteria (NRB) [33]. A free
ammonia based method wherein urine is dosed in the sewage system was found to
greatly reduce H2S production by the genus Desulfobulbus [64]. A free nitrous acid
(FNA) dosing was also observed to substantially lower operational costs and leave a
much lower carbon footprint [65]. The growth of the twin sulphide oxidisers
Rhizobiaceae and Xanthomonadaceae was reinvigorated by nitrates [66]. A study [67]
found that nitrate-reducing, sulphide-oxidising bacterium (NR-SOB) consisting of the
culture Thiomicrospira sp. strain CVO dosed in an SRB environment rife with
Desulfovibrio sp. strain Lac6 and the NR-SOB obstructed the growth of the SRB. In the
presence of high level of the NR-SOB, complete oxidation of the sulphide took place,
totally eliminating any remaining H2S, the study adds [67]. The nitrate-reducing
bacteria work by competing directly with SRB and heterotrophically beating it for
available organic matter to biodegrade [31]. They also oxidise H2S already produced
[68]. Sulphidogenesis, the process of sulphide generation, has also been controlled
with (per)chlorates by energising two known chlorate respirers Pseudoalteromo-
nadaceae and Pseudomonadaceae through biologically competitive exclusionary means
[66]. Other measures of control include the use of bacteriophages, inorganic
chemicals, sonication, filtration and disinfecting with UV rays [69]. Scavengers such
as zinc oxide (ZnO), copper(II) nitrate trihydrate (Cu(NO3)2�3H2O) and potassium
permanganate (KMnO4) of varying mass concentrations in drilling mud have been
used historically to reduce the threat posed by H2S in drilling fluids when they are
cycled during oil and gas drilling operations [70]. Further, it has been established that
in sewer pipes, the combination of conductive concrete containing magnetite, and the
presence of electricity-producing bacteria reduces the concentration of H2S [71].

Together, however, and in much larger volumes than found at waste sites, the
hydrocarbon reservoir-produced acid gases (primarily CO2 and H2S) can be used in
Enhanced Oil Recovery (EOR) [72]. This is whereby they are reinjected into forma-
tions to usually boost tertiary production of hydrocarbons after the natural pressures
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in the reservoir significantly reduce over time during primary production. This spe-
cific EOR, known as flue gas flooding, is on the ascendancy because components such
as CO2, H2S, CO, N2, NOx and SO2 are all part of the mix that is injected. These
flooding operations contribute towards reducing greenhouse emissions. The presence
of H2S is known to increase the sweep efficiency of the residual oil due to its greater
density and being more soluble in the residual oil compared to other acid gases [73].
The rise in acid gas flooding is also attributable to its inexpensive nature and the ease
of access [74]. The acid gas mix can also be used as part of a combination flooding
strategy (together with water flooding and surfactants) where their combined effects
may serve to improve the displacement efficiency of the unswept oil region [75].
Bolstering the case even further for their joint use is research that shows that an acid
gas mixture containing over four-fifths CO2 concentration—which is usually the case
except in very sour reservoirs—is almost azeotropic in nature [76]. This makes it
difficult to separate the mixture through binary distillation and the alternative process
may be energy-intensive and solvents may be required to proceed with separation (for
which m-xylene was discovered to be the best amongst four studied) [76]. This
phenomenon is analogous to why ethanol cannot be absolutely distilled to 100%
purity because of the non-ideal azeotropic behaviour; at a certain ethanol concentra-
tion—usually just under a 100%—the vapour phase concentration of both alcohol and
water becomes equivalent to the liquid phase’s concentration of both, hence any extra
distillation produces both water and ethanol and not the required ethanol, resulting
merely in a waste of energy.

6. Role in geosequestration

Utilising or geosequestering both acid gases together make sense in many ways
especially if they are produced together. Economically, disposing of both together
saves costs compared with storing them individually. They can be both used in
enhanced oil recovery (EOR) operations and their injection could be used to maintain
reservoir pressures [77]. Additionally, and perhaps significantly, research has shown
that the EOR injection of the acid gas mixture has a delayed breakthrough at the
producing well compared to a CO2 EOR injection alone [78]. Furthermore, there can
be another case made for the sequestration of these gases especially for H2S, as the
alternative, the desulphurisation process that ends in the reduction of the produced
H2S into sulphur [79] is proving to be financially unfeasible [80] mainly due to a
reduced global appetite for elemental sulphur.

In CO2 and H2S sequestration and storage projects, an important concern is to
ensure that the gases will be securely contained for the long term in the given geolog-
ical formation. According to International Energy Agency Greenhouse Gas Research
and Development Programme (IEAGHG), ‘long term’ is classified as a period any-
where from several hundred to thousands of years [81].

From a storage efficiency (minimum leakage) perspective, reservoirs (storage
sites) may be considered based on their ability to trap the fluids injected, and the
formation fluids (oil and water) will be more dense than the injected fluids [82].
Theoretically and practically, injected fluids are prevented from escaping to the sur-
face by four trapping mechanisms: structural trapping, residual trapping, dissolution
trapping and mineral trapping [83].

For multiple phase conditions, surface wetting in a hydrocarbon reservoir, ana-
lyses of the behaviour of the supercritical acid gas, and its eventual fate in the
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reservoir after sequestration, requires an in–depth knowledge of the processes,
molecular reactions and interactions between mineral and fluid phases to create
larger–scale simulation models [84]. For a safe and efficient CO2, H2S or acid gas
storage project, the accurate prediction of reservoir molecular interactions is very
important.

In 1989, Chevron injected acid gas containing 85% CO2 by volume and 15% H2S in
Acheson, Alberta, Canada [85] in what is perhaps the first of its kind. Whilst acid gas
injection (AGI) operations may not be as common as carbon capture and storage
(CCS), many projects have been investigated, with over 80 acid gas sequestration
operations in the world over a decade ago, especially in Canada [86], Poland [87] and
Algeria [88]. The geosequestration processing of acid gases is generally classified into
two main actions: the surface operational exercises which involves the capture, trans-
port and injection of the gas, and the in situ processes which relate to the storage
functions within the geological media [89]. Large-scale H2S capture is usually from
sour oil and gas reservoirs unlike CO2 which in addition to being captured from
hydrocarbon reservoirs can also be directly captured from the atmosphere.

In the oil and gas industry, produced fluids containing significant amounts of H2S
and CO2 are typically passed through a processing and refinery plant that contains two
essential components: an absorption column and a regeneration tower. The former,
also called an amine gas treatment column, usually uses an aqueous alkanolamine
variant such as;

• diethanolamine (DEA),

• triethanolamine (TEA),

• diglycolamine (DGA),

• diisopropanolamine (DIPA),

• monoethanolamine (MEA),

• methyldiethanolamine (MDEA),

• aminomethyl propanol (AMP),

Sometimes a hybrid mixture is used to absorb the acid gases out of the produced
gas stream, hence generating a hydrocarbon phase devoid of or containing low
amounts of acid gas (sweet gas or crude). The stream containing the acid gas and the
amine is then passed through the regeneration column where the acid gas is separated
from the amine and the amine can be reused in the absorption column for future
separation.

Separated acid gases are usually compressed and temporarily stored, transported
and injected in a supercritical state where they are neither liquids nor gases but enjoy
the distinct benefit of being very diffusive, like gases, but nearly as dense as liquids.

For simplicity and economic reasons, wellhead injection temperatures and pres-
sures are usually aligned with that of the compressed gas’s transportation conditions
[90] although temperatures can range between 30°C all through to 200°C and pres-
sures from 1 to 30 MPa, with both temperature and pressure ceiling usually deter-
mined by the reservoir’s state [91], and the acid gas injection strategy delineated to
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take advantage of system thermodynamics, including importantly, use of the phase
envelope [92]. Storage is usually implemented in deep saline aquifers, depleted oil and
gas reservoirs, clastic and basaltic formations, unmineable coal seams [93], and
unconventional oil and gas reservoirs [94]. The temperatures are non-trivial during
injection, as they affect the reservoir fluids and rock thermodynamically, chemically,
hydrologically and mechanically, wherein the Joule-Thomson cooling effect may
occur due to advection and expansion of injected fluids [90]. This disruption to a
system previously in equilibrium can lead to continued effects on the reservoir and
cap rock as it may cause stress/strain on them, opening up old fissures and faults or
creating new fractures hence affecting long term containment security and safe
storage [95].

Factors that go into selecting a geological disposal media are broadly framed under
physical, hydrodynamic, regulatory, geological, social, thermodynamic, economic and
technical [96]. They include the minimisation of geomechanical risks, site selection,
retention and optimising injectivity [97] containment security and reservoir capacity.
An expansive and exhaustive list laid out by Raza et al. [98] include common bench-
marks such as permeability, density, depth, porosity, trapping mechanisms,
injectivity, minerals present, residual hydrocarbon saturation, rock type, sealing
potential, well type, wettability, subsurface type, etc. Studies have shown that deep
saline aquifers have larger storage capacities compared to depleted oil and gas reser-
voirs [99] with the former having a range anywhere between 1000 and 10,000 Gt
compared to a maximum of 900 Gt of storage [100] as original reservoir pressures
during oil/gas producing life should not be superseded lest overlying cap rocks may be
impaired and may give rise to leakages and storage integrity compromised [101].
Economically, a low capital outlay on operational frameworks (infrastructure) and an
ability to sequester buoyant fluids safely in geological media and time are some of the
reasons that make depleted oil and gas reservoirs appealing [99, 102]. Added to that is
the fact that they have two other advantages: they once were producing reservoirs so
they’ll have been studied immensely through their geology, core and well logs and
production logs so they will have rich historical data, and secondly, because they have
a history of trapping oil and gas prior, they therefore make good candidates to trap
fluids being injected [103]. Depleted gas reservoirs are also understood to be a more
secure outlet for injection than other geological receptacles [102] since saline aquifers
may be subject to a buildup of pressure over a region due to water’s mobility [104].

There is more risk attached to the in situ geosequestration phase as it comes with a
greater degree of uncertainty [89], which is why a rigorous study of the interface
(interfacial tension, thickness, etc) is important to reduce the risks involved in the
process. This is especially imperative considering the recent problems both the semi-
nal Sleipner and Snøhvit CO2 injection operations in Norway have run into. Sleipner
has had CO2 migrate from the formation fluid and ‘hover’ just underneath the caprock
whilst Snøhvit has had its original 18 year storage capacity reduced to less than 2 years
[105]. The Borzęcin sequestration project in Poland is unique in that it injects the acid
gas into the water zone overlain by a producing gas cap and not as an enhanced gas
recovery (EGR) technique but as an ongoing study of the effects of the acid gas on the
formation water, and once formation water reaches critical saturation and the injected
gas starts buoyantly moving upwards, the effects on the producing gas cap [106].
Some of the injected acid gas will be soluble in the formation water. In that case what
will be the implications for newly formed weak acidic fluid, the interactions within
the new fluid and its relationship with the reservoir rock? A weak acid will still lower
the pH of the formation fluid and thereby increase solubility of the injected fluid. Both
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acid gases are diprotic, that is, they undergo two ionisation reactions when they
dissociate to release H+ or H3O

+ ions, with H2S shown thus;

H2S aqð Þ⇌Hþ
aqð Þ þHS� aqð Þ (13)

HS� aqð Þ⇌Hþ
aqð Þ þ S2� aqð Þ (14)

CO2 in water presents as weak carbonic acid, which is very important in the carbon
cycle as it is responsible for the storage of CO2 in carbonate rocks during weathering
[107], and the two dissociation steps written thus;

H2CO3 aqð Þ⇌Hþ
aqð Þ þHCO3

�
aqð Þ (15)

HCO3
�

aqð Þ⇌Hþ
aqð Þ þ CO3

2�
aqð Þ (16)

However, the two ionisation reactions for both CO2 and H2S typically have very
low equilibrium constants, K. Since K is several orders lower than 1 (order usually
between 10�7 and 10�19), then both acid gases will exist in the formation water in
their molecular form (CO2 and H2S) compared to in their dissociative states (HCO3

�,
CO3

2� and HS�, S2� respectively) as equilibrium would overwhelmingly favour the
reactants. This very likely will be temporary until geochemical reactions between
injected fluids, in situ fluids and reservoir rock commence. Some research suggests the
new fluid will dissolve some of the reservoir rock minerals which in turn may create
secondary reactions and new products hence the need to study thermodynamic,
geochemical, structural and physical properties [108]. A lot of research has been done,
especially for deep saline aquifers and the fluid-fluid-rock environment [109–112].
Our group’s work on both injected H2S [113] and acid gas (CO2/H2S) [114] using
molecular dynamics (MD) simulation showed that geosequestration in depleted oil
and gas reservoirs is ideal at low pressures and higher temperatures as more of the
injected fluid is absorbed into the formation water under these conditions. Higher
absorption rates reduce the risk of the injected fluid buoyantly escaping the subsur-
face environment. However, these conditions are also very germane for the generation
of clathrate hydrates, with H2S in particular singled out as the most amenable ‘guest’
molecule for hydrate formation [92], so a balance needs to be struck.

Research on H2S-water and acid gas-water systems lags behind CO2-water due to
the difficult reservoir conditions and the toxic and corrosive nature of H2S. Most
research has been on enhanced oil recovery (EOR) [72, 115]. Bachu and co-workers
[116–118] have done extensive work in Canada on CO2 and acid gases during
geosequestration using analytical models to approximate behaviour of injection
plumes. Isothermal cracking experiments have also been performed on heavy oil
samples to resolve the H2S generation mechanism and it demonstrated that increasing
the cracking temperature invariably increased the H2S yield [119]. H2S has also been
injected in small rates in hydrothermal reservoirs in Iceland as a pilot, with prospects
for later expansion [120]. Metal-organic frameworks (MOFs) have been recognised
for their adsorbency in gas separation and storage due to their high selectivity of the
corrosive H2S [121, 122]. Koschel and co-workers [123, 124] have also performed
considerable research and reviewed enthalpy and solubility data for H2S under geo-
logical storage conditions. Chapoy et al. [125] developed a vapour-liquid equilibrium
(VLE) model for the H2S-water system at conditions (temperatures between 25 and
65°C, and pressures up to 4 MPa) below typical reservoir conditions. Possibly the
widest range of temperatures and pressures parametrised for the H2S-water binary

139

Hydrogen Sulphide
DOI: http://dx.doi.org/10.5772/intechopen.1003662



system and the acid gas-water ternary system was by Springer et al. [126] who
developed VLEs for these systems by reviewing several different data points in the
literature. A considerable number of diagenetic, hydrogeological, mineralogical and
stratigraphic appraisals have been performed [127] for acid gas injection and
geosequestration. In all these works however, they have not necessarily looked at the
intermolecular interactions, but at more specific properties and macroscopic scale
behaviours. The work of Ng et al’s [128], stressed the need for proper property
calculations, especially density, near the critical point of the acid gas mixture as this is
at injection conditions and properties are functionally very dependent on pressure and
temperature.

7. Conclusion

Hydrogen sulphide (H2S) is a molecule that presents mostly in oil and gas reser-
voirs and processing operations. Due to its acutely toxic and corrosive nature, it
represents a specific complication during operations. This chapter attempts to high-
light some of the issues. It also briefly traced its presence on earth before the genesis of
life in the Archaean all through to its role in different timelines to the present Ceno-
zoic era. Generation and production mechanisms have also been discussed, with
emphasis on natural production which accounts for the majority of H2S on the planet.
Its effects as mainly an occupational health and safety risk, together with mitigation
strategies are also deliberated upon. Finally, its topical and relevant position as a
constituent acid gas injected for geosequestration is also briefly examined.
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