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Abstract
Indonesia, due to its abundant resource of organic waste and a climate characterized by elevated and constant
temperatures, is perfectly suited for anaerobic degradation and biogas production without applying expensive
technologies. A huge number of household-level fixed-dome biodigesters installed in the last years in Indonesia
have manifested problems such as costs, complex logistics, a bad follow-up strategy, the poor quality of the
material and lack of farmers’ knowledge to operate and maintain the system. For this reason, a local company
started to develop a prototype of a household balloon biodigester technology as an alternative to the common
system, as a solution for the identified problems. Starting from a deep understanding of the issues shown by
the prototype pilot test, a literature review of the anaerobic degradation process and similar technologies applied
in developing countries was conducted, and the balloon biodigester was improved and a final product
implemented. A second pilot test was carried out to assess the technical and economic feasibility of the
technology. Its results showed that, compared with the prototype, the developed balloon design led to an
increased time to carry out the installation steps due to the excavation process, but a reduced time to complete
the operational activities and higher stability of the balloon. Moreover, the system provided almost the same
output as the fixed-dome digester, achieving biogas to cook for almost three hours per day with no weight
system required to achieve a sufficient pressure to cook. The biogas production was considerably faster than
the first prototype, due to the sunlight irradiation. The material used for the bag, PVC 550, appeared sturdy
and elastic, therefore offering an effective solution for the balloon digester technology. However, the
technology should be tested for a longer period of time to ensure that no problem occurs in the material and
in the anaerobic degradation process. Additionally, the economic assessment showed that, with a final cost of
637 dollars, the developed technology is not advantageous for the farmers as a substitute for LPG for cooking
and more expensive than a fixed-dome digester. This is due to the expenses that cover the installation and the
cost of the material. However, if part of the biogas could be used to cover the electricity needs for lightning,
the NPV could slightly increase. The sensitivity analysis showed that at least the investment cost should be
reduced by 20% to 500 dollars or the LPG price would need to increase by 80%, reaching 0.86 dollars per kg
to make the system profitable for the farmers.

-III-

Acknowledgment
The Master's Thesis project is the result of a collaboration between KTH University and DTU: the Nordic Five
Tech, which is a Double Degree Program between the two universities.
Firstly, I would like to thank my supervisor Dr. Dilip Khatiwada and Fumi Harahap to support me during this
project. I am grateful for the help that they provided me and I apologize for my mistakes.
I would also like to the Semida Silveira, my master coordinator Stefan Trapp and Magnuss Svensson to give
me the opportunity to complete my master thesis project in Bali, the best experience of my life so far. Thanks
also to my co-supervisor Irini Angelidaki for supporting and reviewing my Master work.
I want to express my gratitude to Dr. Takeshi Takama, CEO of Su-re.co, who assisted me in this work and
during my internship thesis project. He was not only a boss, but a teacher and a father. He transmitted me an
incredible amount of knowledge, from the scientific, to the management and economic areas. Moreover, He
enlightened me as person, considerably changing my mindset in a positive way.
Thanks also to my colleagues Giacomo, Andra, Arti, Ivan, Kai, Mariana, Velly, Laksmi, Cyprian, Stan, Henry,
Tya, Mayun, Juliette, Margaux, Anto, Ibnu, Jasmine and the Takeshi’s family for the time toghether. I never felt
alone thanks to them and they were always ready to help me. If I achieved this result, it is also thanks to them.
I would also like to say thanks to my cousin Silvia, my uncle Paolo, my brother Giulio, my grandmother Rina
and my father Massimo for the great support and love provided during these years.
Lastly, I want to mention the source of my daily inspiration, my mother Norma. It is not only thanks to her if
I achieved this result but it is for her that I am motivated every day to achieve my goals. She transmitted me
the passion for life, to never give up and I will never forget all the love that she provided me.

-IV-

Table of Contents
Abstract ..............................................................................................................................................................................III
Acknowledgment ..............................................................................................................................................................IV
Table of Contents .............................................................................................................................................................. V
List of figures ................................................................................................................................................................... VII
List of tables.......................................................................................................................................................................IX
1 Introduction...................................................................................................................................................................... 1
1.1 Objectives ............................................................................................................................................................... 2
1.2 Research questions ................................................................................................................................................ 3
1.3 Scope and Limitation of the study...................................................................................................................... 3
1.3.1 Local context..................................................................................................................................................... 3
1.3.2 Purpose of the technology and feedstock used ........................................................................................... 3
1.3.3 Limitation of the case study conducted ........................................................................................................ 4
1.4 Structure of the report .......................................................................................................................................... 4
2

State-of-the-art of Anaerobic digestion process parameters and household technologies ............................ 6
2.1 Anaerobic digestion process ................................................................................................................................ 6
Hydrolysis...................................................................................................................................................... 7
Acidogenesis ................................................................................................................................................. 7
Acetogenesis ................................................................................................................................................. 7
Methanogenesis ............................................................................................................................................ 7
2.2 Process parameters................................................................................................................................................ 8
Temperature .................................................................................................................................................. 8
2.2.2 pH ....................................................................................................................................................................... 9
2.2.3 Volatile fat acids ............................................................................................................................................. 10
2.2.4 Toxic compounds .......................................................................................................................................... 10
2.3 Operational and design parameters .................................................................................................................. 10
Organic Loading Rate (OLR)................................................................................................................... 10
Hydraulic Retention Time ........................................................................................................................ 10
Biogas production ...................................................................................................................................... 11
2.4 Anaerobic digester technology: Plug flow biodigester .................................................................................. 12
2.5 Household balloon biodigester technology development ............................................................................ 13
2.6 Feedstock characteristics for small scale biodigester technologies ............................................................. 15
-V-

2.7 Installation procedure and start-up process of a household balloon biodigester ..................................... 17
3

Methodology and data............................................................................................................................................. 18
3.1 Case study - PVC balloon biodigester prototype developed by the company .......................................... 19
3.1.1

Material: PVC 550 ...................................................................................................................................... 20

3.1.2 Guidelines developed by the company ....................................................................................................... 20
3.2 First pilot test, balloon prototype technology ................................................................................................ 21
3.2.1 Installation process ........................................................................................................................................ 22
3.2.2 Operate the system ........................................................................................................................................ 22
3.2.3 Biogas production .......................................................................................................................................... 23
3.2.4 Material and design assessment.................................................................................................................... 23
3.3 Improvement of the balloon biodigester ........................................................................................................ 23
3.3.1 Prototype-to-final-product process ............................................................................................................. 23
3.3.2 Dimensioning the second biodigester......................................................................................................... 24
3.3.3 Design and characteristics of the second biodigester ............................................................................... 25
3.4 Second pilot test, refined balloon technology ................................................................................................ 28
3.4.1 Installation process ........................................................................................................................................ 28
3.4.2 Operate the system ........................................................................................................................................ 31
3.4.3 Biogas production .......................................................................................................................................... 32
3.4.4 Material and design assessment.................................................................................................................... 32
3.5 Economic analysis ............................................................................................................................................... 33
3.5.1 Data collection and assumption................................................................................................................... 33
3.5.2 Net present value (NPV) .............................................................................................................................. 36
3.5.3 Internal rate of return (IRR) ......................................................................................................................... 37
3.5.4 Payback time (PB) .......................................................................................................................................... 37
3.5.5 Sensitivity analysis .......................................................................................................................................... 37
4

Results and discussion............................................................................................................................................. 38
4.1 First pilot test ....................................................................................................................................................... 38
4.1.1

Issues encountered in the installation process ...................................................................................... 38

4.1.2

Issues encountered operating the system ............................................................................................... 38

4.1.3

Biogas production ...................................................................................................................................... 40

4.1.4

Evaluation of material and design ........................................................................................................... 41

4.2 Improvement of the balloon biodigester ........................................................................................................ 42
-VI-

4.2.1 Prototype to final product process evaluation........................................................................................... 42
4.2.2

Dimensioning of the second biodigester................................................................................................ 42

4.2.3

Design and characteristics of the second biodigester........................................................................... 43

4.3 Second pilot test .................................................................................................................................................. 44
4.3.1

Assessment of the installation process ................................................................................................... 44

4.3.2

Analysis of operational activities ............................................................................................................. 45

4.3.3

Biogas production ...................................................................................................................................... 45

4.3.4

Evaluation of material and design improvements ................................................................................ 47

4.4 Economic analysis ............................................................................................................................................... 49

5

4.4.1

Biogas for cooking activities..................................................................................................................... 49

4.4.2

Integrated lightning usage ......................................................................................................................... 50

4.4.3

Sensitivity analysis ...................................................................................................................................... 51

Conclusion ................................................................................................................................................................ 54
5.1 Future work ............................................................................................................................................................ 55

References .......................................................................................................................................................................... 56

List of figures
Figure 1 Average minimum and maximum temperature trend over the year in Indonesia (Weatheronline,
2009)...................................................................................................................................................................................... 3
Figure 2 anaerobic degradation process stages. Source (Girarrd, 2013) .................................................................... 6
Figure 3 Relative growth rates of methanogens (Angelidaki, 2004) ........................................................................... 9
Figure 4 Relative biogas yields, as a function of temperature and retention time (Al Seadi, et al., 2008) .......... 11
Figure 5 Specific gas production rate and accumulated biogas yield for a set amount of feedstock treated (Al
Seadi, et al., 2008).............................................................................................................................................................. 12
Figure 6 Schematic representation of a plug flow biodigester (Ferrer, et al., 2011) ............................................... 13
Figure 8 Flexi biogas system developed in Kenya by IFAD ...................................................................................... 14
Figure 7 Polyethylene balloon developed in Belize ..................................................................................................... 14
Figure 9 PVC balloon developed in South Africa by DIY ........................................................................................ 15
Figure 10 Schematic representation of the biodigester ............................................................................................... 19
Figure 11 Picture of the balloon biodigester ................................................................................................................ 19
Figure 12 representation of the balloon design and shape ......................................................................................... 19
Figure 13 Composition of PVC 550 .............................................................................................................................. 20
-VII-

Figure 14 first prototype installation.............................................................................................................................. 22
Figure 15 expected schematic representation of the biodigester during the biogas production phase .............. 25
Figure 16 expected schematic representation of the improved biodigester during the biogas usage phase ...... 26
Figure 17 different views of the drawing concerning the improved biodigester balloon ..................................... 26
Figure 18 detailed views of the drawing concerning the improved biodigester balloon ....................................... 27
Figure 19 Assembled pipe connection and valve ........................................................................................................ 28
Figure 20 Assembly of the L junction and PVC hard pipe ........................................................................................ 28
Figure 21 Inlet and outlet pipe trench dimension ....................................................................................................... 29
Figure 22 Trench dimensions ......................................................................................................................................... 29
Figure 23 Start-up steps carried out to insert the amount of feedstock required ................................................... 29
Figure 24 outlet pipe installation .................................................................................................................................... 30
Figure 25 installation of the outlet pipe and bioslurry tank ....................................................................................... 30
Figure 26 Gas connection installation to the stove ..................................................................................................... 31
Figure 27 Daily steps required to feed the biodigester ............................................................................................... 31
Figure 28 biodigester condition after 7 days................................................................................................................. 32
Figure 29 biogas design proposed by Eawag (2014) ................................................................................................... 39
Figure 30 illustration of the twisted pipe encountered issue...................................................................................... 39
Figure 31 Biogas yield and litres of biogas produced in function of the time ........................................................ 41
Figure 32 Schematic representation of the balloon prototype conceptual mistakes .............................................. 41
Figure 33 Completed balloon.......................................................................................................................................... 43
Figure 34 Biogas production curve ................................................................................................................................ 47
Figure 35 Biodigester exposure and condition after the incubation time ................................................................ 49
Figure 36 sensitivity analysis of investment cost ......................................................................................................... 52
Figure 37 sensitivity analysis of LPG price ................................................................................................................... 53

-VIII-

List of tables
Table 1 Typical composition of biogas from bio-waste (Eawag, et al., 2014) .......................................................... 8
Table 2 Substrate characteristics of the main digestible feedstock (Teodorita Al Seadi, 2001) ........................... 16
Table 3 biodigester characteristics values developed by the company ..................................................................... 21
Table 4 List of parameters and correspondent criteria used to assess the technology .......................................... 22
Table 5 List of the component cost of the balloon ..................................................................................................... 33
Table 6 calculated total cost of the mentioned investments. ..................................................................................... 36
Table 7 discount rate and number of period assumed values.................................................................................... 36
Table 8 Elaborated values of litres of gas produced and cumulated biogas yield .................................................. 40
Table 9 size and volume of the cylindric biodigester .................................................................................................. 43
Table 10 List of the characteristics of the balloon with the correspondent value.................................................. 44
Table 11 Biogas usage data collected by the farmers .................................................................................................. 46
Table 12 total cost of the balloon and relative cash flow for the 5 years’ time considered .................................. 49
Table 13: calculated values of NPV, IRR and PB ....................................................................................................... 50
Table 14 calculated values of NPV, IRR and PB with electricity integrated usage case ....................................... 51
Table 15 sensitive analysis of NPV value and relative increase of NPV based on investment cost variation ... 51
Table 16 sensitive analysis of NPV value and relative increase of NPV based on LPG cost variation ............. 52

-IX-

1 Introduction
Indonesian government stated in the presidential decree 79 of 2014 an ambitious energy target, specifically to
achieve 23% of renewable share in 2025. According to Irena (2017 pp. 2-9), in 2016 only 7% of renewable
energy was generated for this reason the goal is relatively far from being reached. However, Indonesia has an
abundant resource of organic feedstock since agriculture is the main economic source. For this reason,
bioenergy and biogas could considerably contribute to achieve the target set (Transrisk, 2016 pp. 1-3). Besides
that, many people in Indonesia have lack of access to economical and convenient energy sources as electricity
or fuel, required to carry out daily activities as cooking or for transportation. For various reasons, energy services
provided by the government or the private sector are difficult to access by those living in remote areas. They
become reliant on conventional forms of fossil fuels and natural resources (World Energy Council, 1999).
For instance, to improve their living condition, and as a follow up to the World Summit on Sustainable
Development, in 2006 the government of the Netherlands created a program on sustainable development that
emphasizes relations between poverty and energy. One main goal of this program is to provide access to energy
services for 10 million people (2 million households) through means of sustainable renewable energy, including
biogas. In order to achieve the target set, a Dutch non-governmental not-for-profit organization (Hivos) in
collaboration with the Indonesian Ministry of Energy and Mineral Resources, developed in 2012 a strategic
plan called BIRU (Biogas Rumah, or “biogas for the home”). It aims to install and promote the use of anaerobic
biodigesters as a local, sustainable, energy source by developing the market (BIRU, 2015). Indeed, in the absence
of oxygen, anaerobic bacteria consume the organic matter to multiply and produce biogas that is a clean,
renewable energy. In average, 20 to 30 kg of organic waste can produce approximately 1 m3 of biogas that
correspond to 6.1 kwh of clean energy (22 MJ), the same amount produced by 0.7 liters of gasoline (Jørgensen,
2009). Therefore, transforming the abundant bio resource available in Indonesia in renewable energy as biogas
could help to achieve the renewable target set by the Indonesian government.
Since 2009, a vast number of biodigesters have been built in nine provinces in Indonesia and the system is
expected to continuously expand in other areas. The type of reactor installed is the fixed dome biodigester,
widely used in China and India (Jørgensen, 2009). These reactors are usually built underground using a concrete
and brick structure and it runs with a semi-continuous mode, where the feedstock is added once per day. The
same amount of bioslurry is automatically removed from the outlet. Since no mixing technology is used to stir
the digestate in the tank, it is required to remove the settled sediments once every 2 to 3 years. Typical
biodigester size installed in Indonesia varies between 4 and 12 m3 and the feedstock used is animal manure
(BIRU, 2015). The installation of these fixed dome biodigesters usually requires skilled technical expertise and
complex logistics, making installation expensive and time-consuming especially for rural areas (Al Seadi, et al.,
2008). Moreover, a lot of plants constructed by the government are now abandoned under the ground due to
several problems. Indeed, due to the low quality of the concrete structure and the presence of frequent
earthquakes, the biodigester dome gets fractured and its life span is considerably lower than expected. As well
as this, several studies concerning the social assessment of the actual system underlined a bad follow up strategy
and several issues of the system. First, one year after the installation, the farmers are not supported anymore in
case that any problem occurs and they must pay themselves the reparation cost. Moreover, the results show
that farmers are generally willing to install the technology and maintain it on they own if they have the required
knowledge to do it and they can see a direct economic revenue from it (Johnson, et al., 2017). As well as this,
the time required to install and run the system should be reduces as more as possible to make the system
interesting from their point of view. Indeed, the change of habits from collecting firewood to run the system is
feasible if they can effectively save time in the daily activities to achieve energy for cooking. Besides that,
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problems of discontinuous source of feedstock due to the necessity to sell livestock are also reported and, at
the moment, the cost of the fixed dome biodigester is not competitive with the actual cost of LPG that is highly
subsidised by the government, leading to a disadvantageous investment for the farmers. Economic support
from the government and microfinance institutions is required since they cannot effort the one-time installation
cost on their own (Takama, et al., 2016).
The thesis aims to develop, implement and evaluate a small-scale PVC balloon biogas system technology as an
alternative to the fixed-dome biodigester that could provide a solution of the encountered problems, promoting
an efficient alternative to the fossil fuels and enabling sustainable rural socio-economic opportunities. This
specific technology was selected since it is suitable for the local conditions and it is already diffused in several
developing countries with positive results due to the fact that, contrary to the fixed dome, it is relatively cheap,
easy to use, maintain, transport and install. As well as this, the balloon biodigester could be moved to different
areas to use the biogas for seasonal agricultural activities and, if any problem occurs, the balloon could be sent
back to the company and repaired. Moreover, little maintenance should be required and the materials problem
explained before could be avoided thanks to the flexibility of the material used, PVC. However, the actual
technology developed by the company in Bali, Indonesia, shows several issues as in design, pipe size, achieving
the anaerobic condition and efficiently distributing the technology. The mentioned issues encountered by the
first prototype are analysed and, from the technical assessment of a first pilot test, the technology has been
improved. Subsequently, a second pilot test of the improved biodigester balloon was carried out in order to
evaluate the techno-economic feasibility of the system through a technical assessment (comparing it with the
first pilot test) and an economic analysis of the final product developed.

1.1

Objectives

The Objectives of the study are:
•

•

•

To perform a pilot test to assess and understand the technical issues of the first biodigester balloon
prototype in terms of installation process, usability, biogas production, material and design. Specifically,
the biogas production was analysed to obtain the optimal HRT and the biogas yield of the system
according to the local conditions.
To develop a final product of the balloon biodigester technology based on the findings of the first pilot
test, taking into account the review of similar technologies and the prototype-to-final-product process.
Moreover, the dimensioning and designing process were carried out according to the social,
environmental and climatic conditions and the feedstock characteristics.
To perform a second pilot test in order to assess the technical feasibility of the improved technology,
specifically to analyse the technical improvements carried out, and to compare the result with the first
pilot test and other similar technologies. Moreover, the economic feasibility of the system was carried
out through an economic analysis and compared to the fixed dome technology currently installed in
Indonesia.
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1.2

Research questions

How can the current technical issues of the balloon biodigester prototype developed by the company be
identified? How could a biodigester balloon technology be designed and dimensioned, solving the encountered
technical issues and moving from a prototype to a final product taking into account the local conditions and
the review of similar technologies? How could the techno-economic feasibility of the improved technology be
carried out? Could the developed balloon biodigester be a feasible alternative to the actual technology installed
by the Indonesian government, providing an efficient and advantageous clean energy source for cooking?

1.3

Scope and Limitation of the study

1.3.1 Local context
Indonesia is characterized by a tropical climate with an annual average temperature of 28 degrees Celsius. As it
can be seen in Figure 1, the temperature fluctuation is negligible during the day and, even though the presence
of wet and dry season affects the amount of rainfall, it is not reported a considerable influence on the
temperature over the year (Weatheronline, 2009).

Figure 1 Average minimum and maximum temperature trend over the year in Indonesia (Weatheronline, 2009)
The total land area is 1,919,317 square kilometres (741,052 sq mi), composed of 17000 islands and diversified
territory (Country-Data, 1992). Agriculture and cattle farming are one of the most common activities in the
greatest part of the country with 70% of people involved in it (FAO, 2005), leading to a high availability of
organic waste and feedstock all over the year (Badan Pusat Statistik, 2016). The island of Bali was chosen as the
case study because the first pilot test started on the Island of Bali and the company that supported me in the
development, implementation and communication with the farmers is located on Bali. Due to the geographical
conditions specified before, by the time fuel and fertilizer reaches rural areas, the end price is relatively expensive
due to high transport costs, leaving people to find alternative resources other than oil. Cooking activities
accounts for up to 90% of energy consumption in the rural areas in developing countries and the common
energy source is firewood (IEA, 2006).

1.3.2 Purpose of the technology and feedstock used
The system will be designed considering the aim, the availability of feedstock and the time spent by the local
farmers to cook. The aim of the balloon biodigester is to decrease the use of fossil fuel by the farmers, and limit
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the usage of wood for cooking purposes that leads to several health problems and requires a considerable
amount of time (Gautam, et al., 2009).
Cow manure will be used as a source of organic matter due to the high quantity available in the rural areas.
Indeed, in Indonesia, a considerable number of farmers own 2 or 3 cows. A cow produces approximately 10
kg of manure per day that can be transformed into 400 litres of biogas through the anaerobic digestion (Ahmed,
2014). An average biogas cooking stove consumes roughly 0.4 m3/h, that correspond to approximately to 8.8
MJ or 2.4 kwh (Kossmann W., 2015). Therefore, a biogas cooking stove can be operated for approximately 2
or 3 hours per day in a farm where two or three cows are owned, covering the required cooking needs for an
average family of 5 to 6 people (Jørgensen, 2009).

1.3.3 Limitation of the case study conducted
The technology developed is a balloon biodigester with a volume around 3 m3, slightly smaller compared to the
standard volume of the household biodigesters mentioned in the introduction. The volume of the reactor
biodigester produced by the external company could be slightly different from the expected value due to homemade construction and low-quality tools used. The feedstock load used in the calculation is approximately 20
to 30 kg, which corresponds to 50 to 60 litres of daily inflow (assuming that water is added with a proportion
equal to 1:1), considering that in average farmer owns between two and three cows. However, the lack in
detailed data about added quantity could lead to uncertainty in the biogas production result. Due to the lack in
equipment to measure various physical and environmental parameters as the characteristic of the feedstock,
biogas production, temperature and biogas pressure, the data are achieved through assumptions and
extrapolated from direct observation. For example, the biogas production is calculated from the minutes of
used of the biogas stove and the temperature from the expected values in a shadow environment and under
the sun. The pressure of the gas inside the reactor is estimated by the height of the flame from coming out
from the stove and from the direct observation of the biodigester balloon volume. The latter was not analyzed
as influential parameter in the anaerobic digestion process since the reactor is not subjected to any significant
pressure. The presence of toxic compound in the bioslurry and in the digestate and the microorganism analysis
is not carried out due to the high cost of the laboratory analyses. The quality of the feedstock and of the inlet
material from the reactor output was also not considered in the biogas system evaluation due to the lack of
time to carry out the required laboratory test. The biogas potential is approximately 30 m3 biogas/month, that
could cover the required energy consumption of a 5 to 6 people family size. A filter for the hydrogen sulphide
removal is not be initially installed due to lack in time to develop the mentioned system and for economical
reason. Moreover, the decision was made according to several studies as the one carried out by Hamburg (1989)
and the one carried out by Eawag (2014), that show no direct negative effect of health if the biogas is used for
cooking activities as the current thesis work. The cost of the balloon biodigester is estimated at around 200
dollars per cubic meter while the expected technology life time is approximately 5 to 10 years; however, the life
span could not be properly evaluated due to the lack of time and it can only be estimated from similar
technologies review.

1.4

Structure of the report

This report is structured in six chapters. Chapter 1 contains the introduction, background, objectives, research
questions, the scope and limitation of the study. It includes the local context, the purpose of the technology,
the feedstock used and the case study limitation. In the chapter 2 the anaerobic digestion process, the process
-4-

parameters and the operational parameters are introduced. As well as this, the balloon biodigester technology
characteristics and development, the feedstock characteristics and the different installation procedures are
reported. Chapter 3 describes the methodology selected for the assessment of the balloon technology and it is
divided in 4 parts: the first pilot test to assess the prototype developed by the company, the designing process
and improvement of the final product based on the prototype pilot test result and the second pilot test of the
improved design to analyse the techno-economic feasibility of the system. Chapter 4 presents the results and
the discussion regarding the technical assessment of the two pilot tests carried out regarding the technology
developed by the company and the improved design, together with the economic assessment of the second
pilot test. Chapter 5 contains the conclusions and the suggestions for further studies.
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2 State-of-the-art of Anaerobic digestion process
parameters and household technologies
As mention in Chapter 1, this study is focused on the technology to achieve anaerobic digestion cow manure
in Bali, Indonesia. In the following paragraphs, the process of the anaerobic digestion is described, considering
the parameters involved, the characteristic of the feedstock, the different technology, design and inlet material
of a small-scale biogas system to obtain the required information to optimize the system.

2.1

Anaerobic digestion process

Anaerobic digestion (AD) or biomethanation is a biological process carried out by microorganisms that, in
absence of oxygen, breaks down biodegradable material. AD is efficiently applied for treating different organic
matter as animal manure, agricultural waste and sludge from sewage water treatment plant (Al Seadi, et al., 2008)
This biodegradation process is composed by four stages: hydrolysis, acidogenesis, acetogenesis and
methanogenesis. In the first stage, the carbohydrates, proteins and lipids are degraded into soluble organic
molecules such as sugar, amino acids and fatty acids. Subsequently, in the acidogenesis stage the latter
compounds are converted into alcohols, carbonic acids and VFA (volatile fat acids). The acetogenesis bacteria
convert the mentioned substances in several simpler compounds and, in the final methanogenesis stage, these
compounds are degraded in CH4, CO2 and a small percentage of H2S (Al Seadi, et al., 2008). A reaction scheme
is presented in the Equation 1 below:
Equation 1 biogas composition
𝐶6 𝐻12 𝑂6 → 3𝐶𝑂2 + 3𝐶𝐻4
Moreover, one other product is finally obtained from the degradation process: the digestate (Jørgensen, 2009).
The Figure 2 shows the elements involved in each stage of the AD process.

Figure 2 anaerobic degradation process stages. Source (Girarrd, 2013)
Below each stage is explained, including the organisms involved, the products and the main characteristics of
the processes.
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Hydrolysis
In the first stage of the anaerobic digestion process, called hydrolysis, the polymers (complex molecules) of the
feedstock are decomposed into mono and oligomers (small molecules). Specifically, during this stage,
carbohydrates, proteins and lipids are degraded into glucose, glycerol, purines and pyridines (Al Seadi, et al.,
2008).The hydrolysis stage is carried out by several microorganisms known as facultative anaerobe
microorganisms. The complex molecules that compose the feedstock are degraded by several exoenzymes
produced by these specific microorganisms. For example, the chemical bonds of lipids are broken down by the
enzyme lipase to produce fatty acids and glycerol pyridines. The characteristics of the feedstock affect the
required time to complete the hydrolysis stage. For instance, the degradation of cellulose and hemicellulose
takes longer time compared to the degradation of proteins and lipids (Jarvis, et al., 2009).

Acidogenesis
After the Hydrolysis, the second degradation process that involves the degradation of sugar, fatty acids and
amino acids is called acidogenesis. During this stage, the products of the Hydrolysis step are converted into
several compounds, like organic acids, e.g. acetic acid, butyric acid and propionic acid, alcohols, ammonia,
carbon dioxide and hydrogens. The bacteria involved in the fermentation process are called Acidogenic bacteria
and the products formed depends on the type of bacteria involved and the digestion condition, such as
temperature and pH (Kim M, 2003).

Acetogenesis
The rest of the compounds that cannot be degraded in the acidogenesis phase are degraded by the Acetogenesis
bacteria. These compounds include propinionic acid, butyric acid and alcohols. The latter are converted into
Hydrogen, carbon dioxide and acetic acid. Hydrogen plays a crucial intermediary role in this step. Indeed, the
reaction will only occur if the hydrogen partial pressure is low enough to thermodynamically allow the
conversion of all the acids. This procedure of lowering the partial pressure is completed by the specific bacteria,
thus the hydrogen concentration inside a biodigester is an indicator of its functionality (Mata-Alvarez, 2003).
At this stage, both acetogenic and methanogenic bacteria are involved in the anaerobic digestion process.

Methanogenesis
The fourth and final stage of the anaerobic degradation is the methanogenesis phase. It is the main methane
formation stage and it is the slower biochemical reaction of the process. During this stage, the methanogenic
bacteria degrades the acetic acid into methane and carbon dioxide, and the hydrogen and carbon dioxide into
methane and water. The mentioned bacteria live in a strict anaerobic environment. Therefore, no oxygen should
be present in order to achieve the production of methane. Approximately 70% of the methane produced comes
from the acetates and the remaining 30% comes from the degradation of carbon dioxide and hydrogen (Jarvis,
et al., 2009). The final components of the biogas are listed in Table 1 below.
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Table 1 Typical composition of biogas from bio-waste (Eawag, et al., 2014)

2.2

Components

Symbol

Concentration (vol/ %)

Methane

CH4

55-70

Carbon dioxide

CO2

35-40

Water

H2O

2(20˚C)-7(40˚C)

Hydrogen sulphide

H2S

20-20 000 ppm (2%)

Nitrogen

N2

<2

Oxygen

O2

<2

Hydrogen sulphide

H2

<1

Ammonia

NH3

< 0.05

Process parameters

Several parameters influence the anaerobic degradation process and the methane production. As explained in
the chapter above, different microorganisms are involved in the process of anaerobic digestion and they require
certain conditions to work. The main parameters in the AD and their importance are presented in this section.

Temperature
Temperature is one of the main parameter to take into account during the biodegradation process, in particular
the methanogenesis. Indeed, it can occur at different temperature ranges: between 25-42°C it is called
mesophilic range, between 43-55 °C is called thermophilic range and below 20°C psychrophilic range. As it can
be seen in the Figure 3, the range below 20 °C is called psychrophilic and is not recommended for anaerobic
digestion, as the reaction rate is very slow. Mesophilic systems are considered more stable, faster and require
less energy input than thermophilic digestion systems. However, the higher temperature of the thermophilic
digestion systems facilitates faster reaction rates and faster gas production. Operation at higher temperatures
also leads to several advantages as a higher hygienisation of the digestate, a better degradation of solid substrates,
improved digestibility and availability of substrate and a higher possibility to separate liquid and solid fractions
(Al Seadi, et al., 2008).
Furthermore, the efficiency of the AD process is influenced by the temperature. Indeed, a rapid variation in
temperature can affect the microorganism’s efficiency and lead to gas losses and discontinuity of the process.
For this reason, the latter should be constant to achieve a higher efficiency and reliability (Jarvis, et al., 2009).
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Figure 3 Relative growth rates of methanogens (Angelidaki, 2004)
Temperature also has a direct correlation with the Hydraulic Retention Time (HRT). Indeed, the methane
production takes less time at high temperatures compared to low temperatures. At temperatures below 35°C,
the methane production decrease considerably due to the slow degradation of organic matter. Moreover, the

operation temperature influences the toxicity of ammonia. Indeed, Ammonia toxicity increases with
increasing temperature and can be relieved by decreasing the process temperature. However, when
decreasing the temperature, the growth rate of the thermophilic microorganisms will drop drastically, and
a risk of washout of the microbial population can occur, due to a growth rate lower than the actual HRT.
Experience shows that at high loading or at low HRT, a biodigester that operates at termophilic
temperatures has a higher gas yield and higher conversion rates compared to a biodigester that operates at
mesophilic temperatures (Angelidaki, 2004).

2.2.2 pH
The pH-value is a parameter used to measure the acidity/alkalinity of a solution (respectively of substrate
mixture, in the case of AD) and is expressed in parts per million (ppm). The growth of methanogenic
microorganisms is affected by pH. The latter also influences the dissociation of some compound that have
an important role in the AD process, like ammonia, sulphide and organic acids. Moreover, the
methanogenesis phase takes place within a relatively narrow pH interval that varies from about 5,5 to 8,5,
with an optimum interval between 7,0-8,0. The solubility of carbon dioxide in water decreases at increasing
temperatures. The degradation of protein in Ammonia or the presence of Ammonia in the feed stream
leads to an increase of the pH value while the accumulation of VFA leads to a decrease in the ph value.
(Kostoula, 2016).
The bicarbonate buffer system controls the value of pH in Anaerobic reactors. Indeed, the pH value inside
the biodigesters is influenced by the partial pressure of CO2 and the concentration of alkaline and acid
components in the liquid phase. The buffer capacity counteracts the changes of pH in the system.
However, when the buffer capacity of the system is exceeded, huge changes in pH-values occur and the
process can be inhibited (Eawag, et al., 2014).
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2.2.3 Volatile fat acids
The concentration of intermediate compounds called volatile fat acids (VFA) influences the stability of the
AD process. Indeed, the accumulation of acetate, propionate, butyrate and lactate produced during the
acidogenesis phase leads to an accumulation of VFA and, consequently, a drastic decrease of pH. However,
the buffer capacity of the biodigester thanks to the presence of CO2 gives to the ph variation a considerable
margin before the accumulation of VFA substantially affects the pH level. This means that the
accumulation of VFA may lead to several problems such as stop the degradation process even before that
a change in pH occurs. Concluding, the alkalinity of the manure affects the acceptable concentration of
VFA and it is possible that a certain concentration is acceptable for one system and inhibitory for one
other. For this reason, the VFA concentration cannot be used as monitor parameter for the anaerobic
degradation process (Jarvis, et al., 2009).

2.2.4 Toxic compounds
Another parameter that affects the activity of anaerobic microorganisms, is the presence of toxic
compounds in the biodigester. They can be generated automatically during the degradation process or
inserted with the feedstock. Indeed, during the AD, in specific condition of pH and compositions of
substrates, some toxic compound can be released that lead to the inhibition of bacteria growth and
methane formation (Al Seadi, et al., 2008). One example is the high concentration of carbohydrate and
lipids that lead to high concentration of Ammonia and sulphides. On the other hand, the feedstock may
be polluted by external chemical compound that affect the functionality of the bacteria. However, usually
the concentration of the latter is not high enough to considerably affect the system (Tefera, 2009).

2.3

Operational and design parameters
Organic Loading Rate (OLR)

The organic load is a fundamental operational parameter, that indicates the amount of organic dry matter can
be added into the biodigester, per volume and per time unit. It is calculated by dividing the product of mass of
substrate fed per time unit and the concentration of organic matter by the biodigester volume. Several factors
such as the design of the biodigester, the technology and the temperature influence the mentioned parameter.
OLR is particularly important in a continuous system because an overload of the biodigester may lead to a
drastically increase of the volatile fat acids and consequently an acidification of the system (Jarvis, et al., 2009).
Besides that, several studies show that the optimal OLR is between 4 and 8 kg VS/m 3 reactor and day for a
stirred reactor. On the other hand, no more that 2kg Vs/m3 reactor and day is the recommended OLR for nonstirred tank reactors (Eawag, et al., 2014).

Hydraulic Retention Time
The average interval of time where the feedstock is being kept in the reactor is defined as the hydraulic retention
time (HRT). This parameter is calculated by dividing the volume of the reactor by the input flow rate of
feedstock. Assuming a constant volume of the biodigester, the HRT value decreases when the organic load
increases. The required HRT to complete the degradation process varies depending on the function of the
technology used, the process temperature and the feedstock characteristic. However, it should be long enough
to guarantee a complete degradation of the substrate by the microorganisms involved in the process. A stable
fermentation at long retention times (more than 30/40 days) leads to a higher methane production and a lower
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volatile solids formation (Eawag, et al., 2014). Lower retention times down to a few days only, are required in
biodigesters operated in the thermophilic range (Jarvis, et al., 2009).

Biogas production
The biogas production can be estimated through the biogas yield curve, a parameter dependent on feedstock
quality (and therefore the OLR) and HRT (expressed in days) for a certain temperature. Assuming the same
feedstock, several biogas yields can be estimated as shown in Figure 4. The biogas yield is expressed by m3/day
and represent the capacity of a certain amount of feedstock to produce a specific amount of biogas, expressed
in cubic meters, per day. Nowadays, several studies as the Laboratory Scale Experiments for Biogas Production using
Gas Chromatography Analysis (2013) and the Hydrolysis and acidogenesis of particulate organic material in mesophilic and
thermophilic anaerobic digestion (2003) have been carried out through laboratory test and experiments to achieve
the most precise biogas yield curve and almost all the studies show similar result (Eawag, et al., 2014).

Figure 4 Relative biogas yields, as a function of temperature and retention time (Al Seadi, et al., 2008)
On the other hand, the biogas production rate expresses the production of biogas by a certain amount of
organic waste as a function of time. As depicted in Figure 5 below, the biogas production rate reaches its peak
during the methanogenesis phase that depends on temperature, incubation period (the time required by the
bacteria to reach the methanogenesis phase) and the quality of organic source. Subsequently, the biogas
production decreases until the available organic source to be digested by the bacteria end. The cumulative curve
represents the sum of the biogas produced by a certain amount of feedstock along the time. As the Figure 5
shows, it increases along a logarithmic trend where the peak of the biogas production rate corresponds to the
steepest slope of the curve (Al Seadi, et al., 2008).
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Figure 5 Specific gas production rate and accumulated biogas yield for a set amount of feedstock treated (Al Seadi, et al.,
2008)
From these graphs, it is possible to estimate the biogas yield of a specific plant depending by the temperature
and estimate the optimal HRT to be applied to a specific plant.

2.4

Anaerobic digester technology: Plug flow biodigester

The plug flow biodigester is a type of anaerobic biodigester that is characterized by a horizontal tank where the
manure is added in one side of the reactor and it automatically pushes the other material out the other side,
while it is digested. As shown in Figure 6, it usually has a long and narrow shape with a five to one proportion
of length to width. Typically, a plug flow biodigester is insulated and heated, and is made of reinforced concrete,
steel or fiberglass while the small-scale technology is usually made by polyethylene, but also PVC (geomembrane) is beginning to be used (Rajendran, et al., 2012). PVC biodigesters are more expensive in
comparison to polyethylene biodigester but they have longer life time due to its resistance. A plug flow
biodigester does not require any agitation, in fact the manure goes through the biodigester tank as a "plug"
being pushed to the outlet when new feedstock is added (Ferrer, et al., 2011). The degraded feedstock goes
through different densities during the degradation process and it might move faster than expected. The biogas
is collected in the top part of the biodigester by a gas pipe connected directly to a stove or to a gas reservoir.
The main advantage of the plug flow design is that it is usually simple and economical to install and operate
(Eawag, et al., 2014). However, it is not as efficient or as solid technology as the design does not allow a
complete mixing of the digestate and a high rate of sedimentation of the organic matter in the balloon
(Rajendran, et al., 2012). Moreover, plug flow technology can be efficiently applied only when the feedstock
contains a limited amount of low sand, dirt, or grit, because their accumulation in the bottom part can lead to
technical problems and may be required to be removed. To limit the damages to and deterioration of the
biodigester that will considerably reduce its life time, it is also important to protect the balloon from direct solar
radiation and from possible damages caused by animals (Lüer, 2010).
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The gas pressure of the biodigester fluctuates during the usage phase, causing problem to achieve a constant
pressure. However, it can be controlled by locating weights on the top of the biodigester. However, this must
be done carefully to avoid damaging the biodigester. if the maintenance practices are carried out in the correct
way, the technology can last up to 5-10 years. However, the average life span is between 2 to five years (Eawag,
et al., 2014).

Figure 6 Schematic representation of a plug flow biodigester (Ferrer, et al., 2011)

2.5

Household balloon biodigester technology development

As part of the plug flow biodigester technology, the household balloon biodigester is one of the most common
system applied in developing countries (Sasse, 1988). A balloon biodigester is a sealed tubular structure made
of soft plastic that may vary in size and thickness; it was first developed in Taiwan in the 1960s and subsequently
introduced to other countries (Shikun, 2014). Indeed, this system aims to produce and optimize the biogas
production with the lowest cost as possible to be produced. It also aims to be the simplest system possible to
install, run and maintain it, leading to the possibility to the farmers to do it themselves with any specific
knowledge required (Eawag, et al., 2014). The monitoring procedures for the process parameters as temperature
and OLR are reduced to the minimum needed or eliminated to make the system simple and further reduce the
cost. For this reason, this system is usually applied in warm and tropical countries where the temperature is
high and constant all over the day and the year and no insulation and heating system are required (Ferrer, et al.,
2011). Since land acquisition is a considerable issue to consider in the mentioned area, the balloon biodigester
aims to reduce the space required and the possibility to remove it in case of any issue, locating the reactor over
the ground or partially below it. The technology is also developed with reduced weight and simplicity to
transport it to remote areas, with the possibility to deliver it with a car or even a backpack (Ferrer, et al., 2011).
Usually, local materials are used when possible to reduce the cost of the technology (Rajendran, et al., 2012).
Since the material should be weather and UV resistant, specially stabilized, reinforced plastic or synthetic
caoutchouc are usually preferred. Other materials which have been used successfully include RMP (red mud
plastic), Trevira and butyl (Sasse, 1988). However, one of the main problem of the balloon technology is the
average reduced life span of the system (2-5 years) due to low quality material, lack of skills to run and maintain
it and limited monitoring processes (Al Seadi, et al., 2008). As well as this, the balloon technology usually shows
problem to achieve a sufficient pressure to run the biogas stove for a sufficient amount of time to carry out the
cooking activities (Shikun, 2014).
Different technologies have been developed in the last decades in several developing countries as Kenya,
Uganda, South Africa, Bolivia, Peru and Belize with the overall goal to develop a technology with the
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characteristics mentioned before. For example, one solution is the system proposed by the International Fund
for Agricultural Development (IFAD) shown in Figure 7, the flexi biogas technology developed in Kenya. This
technology is characterized by a red mud biodigester balloon, located over the ground. Its design allows a fast
and simple procedure to carry out the maintenance and a reduced time to install it. Due to the high-quality
material used for the reactor but it is supposed to have a longer life span (10 years). However, compared to
other systems, it is considerably more expensive. Moreover, not solid structure to sustain and contain the
reactor it is built and high pressure cannot be reached with this system. Fluctuation of temperature might also
cause problems in the biogas production. One other solution, applied in Belize, is the polyethylene biodigester
balloon developed by IICA, along with the Belize Audubon Society and the Ministry of Agriculture and
Fisheries described by Ortega (2009). The cost of the material is lower than the system developed in Kenya and
the balloon can be entirely produced with material found in the local stores. As shown in Figure 8, the system
is located partially under the ground to keep the temperature constant and protect the reactor from damages.
On the other hand, longer time is required to install the system and carry out the maintenance activities and the
expected life span is definitely lower (2 to 5 years).

Figure 7 Flexi biogas system developed in Kenya by IFAD

Figure 8 Polyethylene balloon developed in Belize

One other system, developed in South Africa, is the DIY biobag biodigester (Energyweb, 2014). As shown in
Figure 9, it consists in a PVC bag installed under the ground with a concrete structure for the inlet and outlet,
providing a compensation volume for the digestate and, consequently, higher gas pressure. However, the
installation cost is higher and requires more skilled technician and more expensive material.
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Figure 9 PVC balloon developed in South Africa by DIY
Concluding, several solutions for the balloon technology have been developed and implemented in developing
countries. The simplest in terms of biogas pressure achieved, usability and longer life span are usually the most
expensive one. For this reason, there is still a need to develop a simple and cheap system that could increase
the biogas production, reducing the installation and maintenance time and increasing the life span.

2.6

Feedstock characteristics for small scale biodigester
technologies

The choice of the substrate is a determinant parameter for biogas production. Additionally, the amount of
feedstock available per day and its nature in terms of physic and chemical properties will be a major factor for
the sizing of the biogas plant. Indeed, the volume of biogas produced for a substrate depends on different
parameters like the dry matter percentage (DM %) in the material, the volatile solid percentage (VS %) which
correspond to the weight of solids that is combustible (volatilized) at a temperature of 550°C. Moreover, as
described by Teodorita Al Seadi (2001)and showed in the table 2 below, the C:N (carbon to nitrogen) ratio has
a significant influence on the gas production. This is due to the the accumulation of ammonium nitrogen and
free ammonia and the occurrence of ammonia inhibition. Indeed, the increase of C/N ratios reduced the
negative effects of ammonia and maximise the methane potentials and when the temperature increased, an
increase in the feed C/N ratio is required in order to reduce the risk of ammonia inhibition (Wang, et al., 2014).
The optimum C/N ratio is usually set between 16 and 25 (Dieter Deublein, 2010).
In general, animal manure is the most common feedstock for agricultural small and medium scale biogas plants.
However, other kinds of organic waste such as kitchen waste, and crop residues can also be used. As shown in
Table 2, cow manure is characterized by a C:N ratio between 6 and 20 and a VS content of 80% that falls into
the suggested values, while the garden and fruit waste carbon content exceeds the optimal value. Fresh cow
dung is considered a suitable substrate because the high-water content acting as a solvent ensure proper biomass
mixing and flowing. Moreover, it usually has a low solids content that could sediment at the bottom of the
biodigester (Al Seadi, et al., 2008).However, if the collection step is not done correctly, soil, straw and other
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solid products could end up inside the mix. Cow manure can also contain antibiotics, disinfectants and NH4+
so a filtration of the gas and a control of the bioslurry should be done. (Teodorita Al Seadi, 2001).
Table 2 Substrate characteristics of the main digestible feedstock (Teodorita Al Seadi, 2001)
Substrate

C:N
ratio

DM
%

VS % of Biogas yield Unwanted impurities
DM
(m3*kg-1 VS) other matters

Cow manure

6-20

5-12

80

0.2 – 0.3

and

Wood shavings, bristles, sand,
cords, straw
Antibiotics, disinfectants

Poultry slurry

3-10

10-30

80

0.35-0.60

grit, sand, feathers
Antibiotics, Disinfectants, NH4

Garden wastes

100-150

60-70

90

0.2-0.25

Fruits wastes

35

12-20

75

0.25-0.15

Organic household waste

Soil,
cellulosic
Pesticides

components.

Plastic, metal, stones, wood, glass
Heavy metals, organic pollutants

Grass Grit

12-25

20-25

90

0,55

Pesticides

The methane percentage is another key factor to take into account in the feedstock characteristics. Indeed,
methane is the chemical compound which permits the ignition of gas and its percentage depends on the
substrate quality. For example, biogas produced by cow manure contains approximately 55% of the total
volume of biogas but it can be increased up to 65 %, adding other source of carbon as food waste or pig
manure. Indeed, combining different substrates to achieve an optimal C:N ratio is a solution commonly applied
to raise the gas yield. Co-digestion often has a synergistic effect by improving the nutrient balance and
maintaining the pH value within the recommended ranges (Al Seadi, et al., 2008).
Another factor that can affect the quality of feedstock, is the mixability. Indeed, to achieve a complete digestion
of the feedstock in the biodigester it should be mixed with water homogenously. Well mixed digestate is easier
accessible by the bacteria in the reactor and degraded into methane. Furthermore, if the feedstock is not
completely mixed, it can float or flow out only partially degraded leading to a low quality of bioslurry. In general,
the recommended feedstock and water ratio 1:1 but it depends on the water percentage in the substrate that is
used (Al Seadi, et al., 2008). The availability of the feedstock is one relevant factor that affects the reactor
characteristic and volume. Indeed, the feedstock should be available every day in sufficient quantity to fulfil the
daily needs of the biogas biodigester. It is also recommended to have a source of feedstock and water near to
the reactor in order to avoid wasting in time and effort to move the feedstock from the source to the reactor
(Eawag, et al., 2014).

-16-

2.7

Installation procedure and start-up process of a household
balloon biodigester

All the mentioned household biodigester balloon technologies required different installation procedure that will
not be analyzed. However, some general rules can be listed. For example, three main factors for site selection
should also be taken into consideration:
•
•
•

areas prone to flooding should be avoided
area close to the feedstock source is recommended
close to the kitchen stove or where the gas will be used

In Case of underground or partially underground plants, the soil that is excavated should be completely moved
away from the edges of the pit so that traffic around the biodigester during or after installation, or subsequent
heavy rains, does not cause the soil to fall back in. In order to prevent decrease of pressure, it is recommended
to respect the maximum distance of 30 m between the reactor and the stove (Lüer, 2010).
Concerning preparation of the pit for the balloon biodigester, it is important to observe the following rules:
The sides and the floor should be smooth with no protruding stones or roots that could damage the reactor.
Besides that, in order to avoid the deterioration of the balloon by solar UV radiation, it is suggested to locate it
in a shadow spot or protect it from the direct sunlight. A place surrounded by trees could also lead to damages
from branch falling in the case of heavy rain or wind. Moreover, it is important to protect the balloon from
animals or any other potential damage (Al Seadi, et al., 2008). Regarding the gas outlet installation, it is important
to use a rigid pipe, especially for a longer distance. It should be located under the soil to prevent damages. At
the lowest part of the pipe a water drain system is plugged to avoid clogging problems. A simple water
manometer, is usually plugged just before the gas using device to know if there is enough pressure to use the
gas. A valve is also integrated into the circuit before any gas using device.
In order to start up the biodigester, it is required to introduce the necessary amount of feedstock in one time.
Indeed, the bacteria requires several days to reproduce and create the specific environment to reach the
methanogenesis phase. If the anaerobic conditions are not fulfilled or too much feedstock is added during the
first growing phase, called “incubation period”, the bacterial community could be negatively affected (Sasse,
1988). For example, if the reactor has a volume dedicated to the digestion phase equal to 2 m3, 1000 kg of cow
manure mixed with 1000 liters of water have to be added to the biodigester in one-time process (usually one
day). For this reason, it is required to collect the quantity of feedstock to start up the biodigester before the day
of the installation. Cow manure is usually preferable as start-up feedstock material due to the fact that is easily
degradable by the microorganism and it does not contain any substance that could affect the microorganism
environment. Moreover, it is one of the most suitable due to its characteristics in terms of carbon to nitrogen
ratio and VS contain as explained in the chapter 2.6. The incubation period depends by several factors as
feedstock used and temperature and it generally varies between 7 to 20 days (Lüer, 2010).
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3 Methodology and data
This chapter explains the methods and assumptions used in this study. The first step of the methodology used
in the developing process was to test the PVC biodigester balloon technology prototype, installing and running
it according to the company guidelines. From the result of the technical assessment of the pilot test, the
encountered issues were evaluated and, together with the literature review of the AD process and technologies,
the design and characteristics were improved and a new biodigester balloon technology was developed. Finally,
the improved technology’s technical and economic feasibility was evaluated through a second pilot test carried.
The three steps carried out to assess the biodigester are listed below:
•

•

•

a first pilot test of the prototype technology developed by the company in order to evaluate material,
design and biogas production and understand the technical issues of the system. Moreover, the
installation and usability processes were evaluated. The first pilot test was carried out by installing and
running the biodigester under local conditions according to the guidelines developed by the company.
The designing process of the second balloon biodigester, based on the result of the technical
assessment of the first pilot test. The encounter technical issues were corrected through the literature
review of similar technologies, the AD parameters and the process to develop and implement a final
product from a prototype. Moreover, the size and characteristics of the technology were improved
according to the local condition of feedstock and climate.
A second pilot test, concerning the implementation of the improved biodigester balloon to evaluate
the techno-economic feasibility of the technology. Specifically, the improved system was evaluated in
terms of biogas production, material and design, usage and installation steps to technically assess the
improvement technology and compared with the first prototype. Additionally, an economic
assessment of the biodigester balloon was carried out to analyze its economic feasibility. The results
were also compared with the technology installed in installed in Indonesia and other similar systems.
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3.1

Case study - PVC balloon biodigester prototype developed by
the company

The developed technology is a balloon biodigester system with the characteristics explained in chapter 2.4.1, it
can be easily transported and installed since it is light and foldable. As shown in Figure 10, the feedstock that
is inserted into inlet flows through all the entire length of the reactor due to the downward gradient, gets
degraded under anaerobic conditions and produces gas that can be used from the gas pipe outlet. At the same
time, the bioslurry can be removed through the outlet pipe, closed by a cap and directed downwards. The first
prototype balloon was developed with the design shown in Figure 11 and Figure 12. It has a half cylindrical
shape, 130 cm long, 50 cm width and 20 cm high with an overall volume of 0.13 m3. The inlet was located in
the central part of the frontal size with an upward orientation of approximately 30 degrees while the outlet pipe
was slightly directed downward. The inlet pipe was 20 cm long with a diameter of 6 cm, made with the same
material of the balloon. The outlet pipe was 15 cm long with a 5-cm diameter, made with rigid PVC. The outlet
gas pipe was located on top of the reactor in a position near the outlet. The material used for the balloon is
PVC 550. Two extra holes were located on the side of the balloon that could be used to monitor the temperature
and pH with specific sensors if needed.

Figure 10 Schematic representation of the biodigester

Figure 12 representation of the balloon design and shape

Figure 11 Picture of the balloon biodigester
-19-

3.1.1 Material: PVC 550
The PVC 550g/m² Striped PVC Coated Polyester was selected as material for the reactor. It is a multilayered
composite materials with special densely woven low-wick yarns in the base fabric. The different membrane
materials are graded by weight, strength, lacquering system and translucency. As it can be seen in Figure 13,
the membrane consists of different layers combined with the fabric; a prime coat, a top coat and a surface
treatment for sealing or printing as shown in figure 9.1. The prime coat has the main functions described above
and is itself protected by a thin, chemically distinct top coat. The outer layer is specific to the chemical nature
of the coatings to allow the joining and sealing of pieces of fabrics by chemical compatibility of the components.
(Rainer Blum, 2013).

Figure 13 Composition of PVC 550

3.1.2 Guidelines developed by the company
The balloon was developed by the company to be used with 2.5 kg of cow manure feedstock per day and the
space dedicated to the digestion of the digestate in the reactor will cover 2/3 of the total volume with a value
of approximately 100 L while the remaining part of 30 L will be dedicated to the storage of the gas. The weight
of the empty balloon is 5 kg with a correspondent empty volume of 0.1 m3. The reactor is also supposed to lay
directly on the ground. 50 kg of cow manure with 50 L of water are required to start up the system. Since the
prototype has a small volume, the pressure reached inside cannot reach a sufficient pressure to distribute the
gas over long distances, for this reason the stove should be located lower within 3 meters of the reactor. The
feedstock is added into the inlet pipe with a funnel after a pre-mixing stage carried out directly in a bucket.
Moreover, according to the company guidelines, the balloon should be located in the shadow to avoid
fluctuations of temperature in the reactor that could affect the environment ideal for anaerobic microorganisms.
For this reason, considering the climate in Bali, an average temperature around 28° is expected in the reactor
leading to mesophilic conditions as explained in the chapter 2.2.1.
Assuming an HRT of 25 days and the daily input quantity mentioned before, it is expected that 25 litres of
biogas per day will be produced per kg of feedstock added. Therefore, approximately 62L of biogas are expected
daily after an incubation period (described in chapter 2.7) of 15 to 20 days, which corresponds to approximately
10 minutes of cooking time. The overall biodigester characteristics are reported in Table 3 below.
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Table 3 biodigester characteristics values developed by the company
Biodigester characteristics

value

HRT

25 days

Volume of biodigester

0.13 m3

Daily input quantity

2.5 kg of manure +2.5l of water

Start-up feedstock quantity

50kg + 50l of water

Location and position

Shade, above the ground

Expected biogas production per day

Approx. 65 liters after 2 to 3 weeks of start-up time

Empty weight

5 kg

Empty volume

0.1 m3

Maximum distance from the stove

< 3 meters

Maximum distance from the feedstock source

< 10 meters

3.2

First pilot test, balloon prototype technology

Since the first biodigester balloon was a prototype, the first pilot test aimed to test the design, the biogas
production and usability of the system. The produced biogas was not expected to cover any realistic energy
need and the economic and social assessment was not carried out. The first pilot test was carried out in a farm
located next to the office to easily access the reactor and monitor the process.
In order to carry out a technical assessment of the developed PVC balloon technology, a pilot test was firstly
set up, with the technology developed by the company, to technically analyze the system. Firstly, the installation
process was carried out according to the guidelines developed by the company as reported in chapter 3.1.2. and
analyzed to evaluate the time and skills required to complete it and if any problem occurs. Then, the operational
activities were evaluated to test if a sufficient pressure to use the gas was achieved and the time and skills
required to run the system and the encountered issues. The volume of biogas produced under the local
conditions of temperature, feedstock used and HRT set by the guidelines was evaluated to optimize the
anaerobic degradation process. The volume of biogas was estimated from the counting the minutes of biogas
burned with a biogas stove. Besides that, the material and design were analyzed. Specifically, it was tested if the
design allowed the optimal anaerobic degradation of the substrate, if it allows the production and storage of
gas without problems of clogging or instability and the material described in chapter 3.1.1 was evaluated in
terms of resistance and elasticity. The problems encountered were analyzed and possible solution were
proposed, considering the information collected from the literature review. The criteria used for the evaluation
are summarized in the table 4 below. These criteria are the most important concerning to the biogas technology
assessment. Indeed, as explained in chapter 2.4.1, an efficient balloon biogas biodigester should be easy to
install and use, a considerable biogas pressure should be achieved for a reasonable amount of time (necessary
to cook) and a long life-span is pursued. As well as this, as mentioned in chapter 2.3, the anaerobic degradation
process should be optimized to increase the biogas production and accomplish a complete degradation of the
substrate.
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Table 4 List of parameters and correspondent criteria used to assess the technology
Parameter

Method used

criteria used for the analysis

Installation process

Collection of time and technical skills
required to complete the installation

compared to similar system

Operate the system

Evaluation of time and technical skills
required to operate the system and
pressure achieved in the stove

Compared to similar system,
achievement of enough pressure to
cook

Biogas production

biogas produced along the time,
evaluation of cumulate gas produced
and biogas yield curve.

data analysis of minutes of fire used in
order to evaluate the anaerobic
degradation process and optimize the
biogas production

Material and design

Underlined
problem
in
the
achievement
of
anaerobic
degradation. Resistance and elasticity
of the material.

Comparison with similar technologies

3.2.1 Installation process
The biodigester was transported by hand and installed in the
location shown in Figure 14. It was located around 10 meters
away from the cow’s paddock, surrounded by a wooden
structure. As suggested in the company guidelines mentioned
in chapter 3.1.2, the balloon was located directly on the
ground and in the shade. According to the prototype
guidelines, the reactor was filled with 5 buckets of manure
mixed with water. The feedstock source was located
approximately 10 meters far from the reactor while the water
source at approximately 5 meters. Since each bucket
contained approximately 10 kg of manure and 10 liters of
water, the total volume added was approximately 100 liters.
The mixing process was carried out with proper tools and
consequently the slurry was added from the inlet pipe. The
total time required to install the biodigester was obtained and
the problem encountered reported.
Figure 14 first prototype installation

3.2.2 Operate the system
After the start-up of the plant, it was required to wait until the biogas generated in the reactor was ready to use.
After the mentioned time, it is supposed to add the daily amount of feedstock and start to use the biogas.
However, due to technical problems of the digester it was not possible to run the biodigester normally and
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complete the analysis. Specifically, it was not possible to add the feedstock since the inlet pipe was too low and
methane started to flow out of the inlet when the cap was opened. Therefore, no feedstock was added and the
system was operated a sequence batch reactor and only the pressure achieved in the stove for the cooking
process was evaluated. To enhance the gas flow from the gas outlet pipe, weights were added on both sides of
the balloon. Two people were required to run the biodigester.

3.2.3 Biogas production
As explained before, it was not possible to obtain the daily biogas production using the biodigester as a normal
plug flow system since no feedstock could be added to the biodigester. Therefore, the results collected are only
used to evaluate the optimal HRT and the incubation time and not be comparable with the expected daily
production of biogas of the technology showed in the guidelines. To calculate the biogas production, it was
decided to burn the gas with a biogas stove and calculate the time length of the cooking time. From this data,
the corresponding amount of gas in liters was achieved assuming that 1 minute of cooking time corresponds
to approximately 6.6 liters of gas. The values were collected in terms of minutes of cooking and corresponding
liters of gas and displayed in the graph of cumulated biogas curve and biogas yield curve. From the graph it was
possible to achieve the optimal HRT and the incubation time according to the local climate conditions and
feedstock. The burning operations were carried out every two to three days. It is important to mention that the
difficulties in the use of gas, a partial outflow from the inlet, the variability in gas pressure and the design of the
outlet pipe lead to high uncertainty in the results.

3.2.4 Material and design assessment
The material and design described in Chapter 3.1 were analyzed from the result of the pilot test. Specifically, it
was evaluated if the design allowed the optimal anaerobic degradation of the substrate, if it allows the
production and storage of gas without problems of clogging or instability. As well as this, the material described
was evaluated in terms of resistance and elasticity. Some of the issues encountered in the installation and
operational activities that are inherent to the design and have been discussed will not be repeated.

3.3

Improvement of the balloon biodigester

The design was improved considering the results and encountered issues from the first pilot test and literature
reviews of similar balloon biodigester technology. Moreover, the process to move from a prototype and a final
product was followed. The encountered issues are reported below while the achieved improvements in the
design and functionality are discussed in the technical analysis of the second pilot test.

3.3.1 Prototype-to-final-product process
Prototypes is an essential stage when looking to manufacture. In some instances, the design phase is enough to
send the model directly to a manufacturer, but this usually happens when the product is very simple and
composed of existing parts. Often, a prototype is a necessary step to prior approach a manufacturer in order
to further refine the design. Prototype is done to provide basic information regarding its simple use, specifically
to the basic functionality aspects it exposes. On the other hand, the actual product, in addition to what the
prototype exposes, also provides useful information on various other aspects such as performance, quality,
user-interface, and most importantly, one aspect that is often overlooked, the "user-experience". Indeed, if the
product does not provide the actual user-experience it is expected to, no matter how well it does on other
factors, it will lead to a bad solution (OECD, 2002). In simple words, a prototype is a fast approach to test a
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technology and demonstrate the potential of the business case, while the actual product is something that people
can use; the product should be able to withstand load, stress and several other quality aspects (Breiland, 2013).
In this case, Since the aim of the first prototype was only to technically test the proposed design and
functionality of the system while the biogas digester should also consider the socio-economic conditions, during
the improvement phase it was decided to design a final product and not a prototype anymore. As explained
before, the reason is that with a final product it is possible to technically and economically assess the technology
as a real substitute of LPG for cooking, according to the real needs of the farmers and the technology should
be developed taking into account to the social aspects mentioned in the introduction.

3.3.2 Dimensioning the second biodigester
In order to dimension the biodigester, the parameters to be set are the HRT, the availability of feedstock and
the required cooking time. In this case, the amount of feedstock available was used as a relevant parameter to
dimension the biodigester instead of the cooking time required. Indeed, it was assumed that the amount of
biogas produced with the available feedstock would cover or at least will not be less than the required cooking
time.
Assuming that the average available feedstock is around 30 kg per day of fresh manure (three cows) and it has
to be mixed with 30 litres of water (1:1 assumed proportion), the daily inlet volume can be set equal to 60L.
This value, considering cow dung, correspond to 0.5 kg VVS/day. As found from the first pilot test, the optimal
HRT for the local condition is around 20 days for an average temperature of 28 degrees. Therefore, the
biodigester volume can be calculated using the following equation 2 (Jørgensen, 2009):
Equation 2 biodigester volume equation
𝑉𝐷(𝑙) = 𝑆𝑑(𝑙/𝑑𝑎𝑦) 𝑥 𝐻𝑅𝑇 (𝑑𝑎𝑦𝑠)
Where, Vd

is the Volume of the biodigester [l]

Sd

is the amount of feedstock added per day [l/day]

HRT

is the Hydraulic retention time [day]

Once that the biodigester volume is calculated, it is necessary to evaluate the required gasholder size, one of
the most important planning parameters in the dimensioning of the biodigester. Indeed, if the gasholder
capacity is not spacious enough, part of the gas produced will be lost. On the other hand, if the gasholder is
too large, the gas might not reach the required pressure and the construction cost will be unnecessarily high.
For this reason, the gasholder should be large enough to store the produced biogas in a certain interval of time
and allow to store the entire volume of gas consumed at a time. Furthermore, the gasholder should be made to
compensate the daily fluctuations in gas production. These fluctuations range from 75 % to 125 % of calculated
gas production. In general, it is hard to calculate the exact production of gas during the day time. Indeed, during
the night with lower temperature, the production decreases even though the gas storage has to be spacious
enough to collect 12 hours of produced gas. On the other hand, during the day, especially under the sun, the
gas pressure can considerably increase. For this reason, as recommended by Sasse (1988), a proportion between
total biodigester volume and gasholder equal 3:1 was used.
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3.3.3 Design and characteristics of the second biodigester
An average proportion between the length and height is recommended to be 5 to 1 (Rajendran, et al., 2012),
and will be maintained from the first prototype. The size of the inlet and outlet pipe was be selected
proportionally to the size of the biodigester to and facilitate the daily adding process of the feedstock. The
position of the inlet and outlet was decided to direct the flow to approximately the center of the balloon and
the inlet area be submerged by the digestate to avoid the inflow of oxygen from outside. Moreover, to increase
the gas pressure, the volume inside the inlet and outlet pipes was used to provide the digestate with some space
to expand, working as compensation volume during the production of gas without overflowing immediately.
The gas pipe was positioned in the centre of the balloon in order to facilitate the application of weights, in case
they would be necessary to achieve a sufficient pressure, symmetrically on both sides. The balloon had to be
located partially under the ground. Indeed, this solution provided a solid structure to sustain the reactor and it
would stabilize the temperature.
Concerning the functionality of the system, the feedstock should be added in the inlet vertical pipe with a funnel
after a pre-mixing stage carried out directly in the bucket. A scheme of the functionality of the balloon is shown
in Figure 15 and
Figure 16 below: during the production of the gas, it will push down the manure inside the reactor that will start
to expand in the inlet and the outlet, reaching the same level since they are subjected to atmospheric pressure.
The level will raise proportionally to the pressure inside the reactor, until the digestate will reach the outflow
hole and it will start to flow out to the bioslurry container. On the other hand, as shown in the Figure 15, when
the gas is consumed, the level of the digestate in the inlet and outlet pipe will decrease, and the space occupied
by the gas in the reactor will substitute by the digestate.

Figure 15 expected schematic representation of the biodigester during the biogas production phase
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Figure 16 expected schematic representation of the improved biodigester during the biogas usage phase
The design was improved according to the review of several balloon biodigester technologies already efficiently
used as the one developed in Africa by IFAD (2012) and Energyweb (2014) and the one in South America by
Sistemabio (Sistema Biobolsa, 2017). That should allow higher resistance due to a uniform pressure all around
the reactor and lead to the possibility to develop the balloon in length, achieving better degradation process of
the substrate that is moving through it. The bottom part should be reinforced with a double layer of PVC to
provide a strong area to sustain the feedstock and avoid scratches and leakages. The drawing of the expected
reactor design was carried out with the software AUTOCAD as shown in the Figure 17 below.

Figure 17 different views of the drawing concerning the improved biodigester balloon
The inlet and outlet pipe is made of rigid PVC pipes used for water system, with a sufficent radius to simplify
the daily activities of adding the feedstock and provide a volume for expansion of the digestate. They should
be connected as shown in Figure 18 below. The distance from the bottom and from the sides of the balloon
should be sufficient to avoid bending problem. As mentioned before, the vertical PVC pipes should be
connected with a 90-degree corner and they should have a sufficient height to allow the expansion of the
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digestate, acting as small compensation tanks and high enough to facilitate the operation to add the input
material.

Figure 18 detailed views of the drawing concerning the improved biodigester balloon
The digestate level inside the balloon should approximately be equal to the ground level in order to sustain the
weight, provide a solid structure, reduce the volume over the ground and achieve a constant temperature. To
calculate the height of the liquid to reach 0.7 times of the volume, the following Equation 3 was used.
Equation 3 calculation of the partial volume of a cylinder
𝑉 = 𝐿 (𝛼 ∗ 𝑟 2 − (𝑟 − 𝑦)) ∗ √2 ∗ 𝑟 ∗ 𝑦 − 𝑦 2
𝛼 = 𝑎𝑟𝑐𝑐𝑜𝑠 ∗ (

𝑟−𝑦
)
𝑟

Where:
•
•
•
•
•

D is the diameter of the cylinder
L is the length of the cylinder
r is the radius of the cylinder
y is the height of the volume occupied by the liquid inside
α is the angle of the cylinder occupied by the liquid
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In general, the elasticity of the material and the compression of the digestate should enhance and increase in
the quantity of gas that can be accumulated and used before the bioslurry goes out, achieving a considerable
pressure for a sufficient time. Concerning the bioslurry container, it was dimensioned assuming that the
bioslurry will be accumulated from the outlet and that a farmer could use or store for maximum one week
without using it. If 50 liters per day flows out from the outlet, the storage capacity was set at approximately 300
liters according to the time span mentioned above.

3.4

Second pilot test, refined balloon technology

The second pilot test was set up in a farm located in west Bali, Jembrana. The main reason of the chosen pilot
test was that the farmer is part of a local cooperative that was willing to participate in the research and
development of the project. This farm was a suitable place for the pilot test since the farmer has three cows,
that covers the required amount of feedstock available and the paddock is located 20 meters from the house,
which is an acceptable distance to install the biodigester. From the pilot test, the technical assessment was
carried out to analyse the parameters already mentioned in the first pilot test and compare the improved balloon
with the first prototype and similar technologies. Moreover, the pilot test was used to carry out the economic
assessment.

3.4.1 Installation process
Since the balloon is light, small and compact, it only required a car to transport all the material required. The
first step consists in assembly the inlet and outlet pipe and the gas outlet to the reactor. Indeed, the vertical
PVC pipe was connected to the reactor through a “L” junction. As shown in Figure 20, to ensure that there is
no leakage all the parts were sealed with pipe glue and PVC sealant on all the junction. This action requires few
minutes and it is recommended to wait two hours to be sure that the glue is dry. The same procedure is carried
out for the gas pipe outlet. As it can be seen in Figure 19, the outlet pipe was connected to a valve and all the
pieces and the valve are sealed together with PVC glue.

Figure 20 Assembly of the L junction and PVC hard pipe

Figure 19 Assembled pipe
connection and valve

The farmer and other two people from the local community helped the team to carry out the installation of the
plant. The homogenous and soft soil allowed an easy and fast excavation phase and the low probability of
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runoff problems, collapse or damages to the balloon. The reactor was located at 20 m of the kitchen and 4 m
far from the cow paddock and at 1 m from the water source to optimize the time required to run the system.
The place where is located the biodigester is under little trees, so the reactor is under the sun during the central
part of the day. A trench with equal to is approximately 4m long, with a width of 1.5m and 50 cm deep was
excavated as shown in Figure 22 and Figure 21. The shape of the trench was done slightly bigger to the volume
of the balloon to facilitate the operation of installation. Furthermore, two holes of 80 cm long, 25 cm width
and 70 cm deep shown in the were dig for the inlet and outlet pipes on each part. The time required to complete
the excavation was annotated during the process.

Figure 21 Inlet and outlet pipe trench dimension

Figure 22 Trench dimensions

The farmer collected the cow manure in the cow paddock during five days before the setup of the installation,
this allowed to have enough cow manure available for the first charge. 30 buckets have been added in three
hours with the help of the farmers. Assuming that each bucket contains approximately 12 kg of cow manure
and 12 litres of water, the total volume of inlet material after the first charge (30 buckets of 24 liters each)
correspond to the required amount of 0.6 m3. The procedure steps are shown in Figure 23 below. A net was
also installed around the biodigester to protect it from the animals.

Figure 23 Start-up steps carried out to insert the amount of feedstock required
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Subsequently, the bioslurry outlet pipe was installed at the mentioned height. In this
case, a hole of 5 cm (size of the pipe to plug) was drilled into the outlet pipe as shown
in the Figure 24. When the hole is realized, the PVC screw system is plug inside. It
was ensured that the size of this PVC screw system fit perfectly into the hole to avoid
any leakage. Then the system is screw inside and PVC silicone is added for the sealing.
Thereafter, the screw system was plugged in, a PVC elbow and a pipe to guide the
bioslurry to the bioslurry tank. Then, a hole of 1 m x 0.85 m large and 0.35 m deep,
with a correspondent volume of 300L, was excavated and the completed system is
reported in Figure 25. The hole was excavated 1 meter from the outlet pipe, reducing
as much as possible the distance between the hole and the plant to reduce the space
needed. A waterproof plastic layer was positioned in the hole, and a wood structure
was placed around the hole to sustain the plastic layer. To finish the outlet installation
a drain from the tank to a lower part of the field was dig. This one permit to directing
the flow in case of an overflow due to rain. The total time required to complete the
bioslurry tank was also annotated.

Figure 24 outlet pipe
installation

Concluding, the gas connection was finalized as shown in Figure 25. A flexible pipe
of 1.5m is connected from the gas outlet on top of the balloon to a rigid pipe on the ground. The rigid pipe as
a diameter of 3.8 cm and it is located underground. Before each device, it was installed a valve that will allow
to close the gas flow in different section for maintenance aims. The underground pipe was 16 meters long in
total and, at the end of the pipe on the kitchen side, it was plugged one valve followed by a “T” outflow pipe.
On one side, the water manometer was plugged, that provides information about the pressure to know if is
sufficient to cook while, on the other, it was attached the stove. A water drain was also installed at the lower
point of the pipe connection between the reactor and the stove: this system was installed to collect and remove
the humidity contained in the biogas that could lead to clogging problems.

Figure 25 installation of the outlet pipe and bioslurry tank
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Figure 26 Gas connection installation to the stove

3.4.2 Operate the system
After the incubation period, the balloon was full and ready to be used. To use the biogas, it is only required to
open the valve and turn on the stove. The time required to add the three buckets of feedstock per day was
calculated, including the time to collect the manure from the pit in the bucket, mix it with water and pour it
inside the reactor. The process is shown in the below Figure 27 below.

Figure 27 Daily steps required to feed the biodigester
The time required to use the fertilizer was also reported by the farmer, considering that it only requires one
bucket and they can directly spread it in the surrounding plants, mixing it with water. This process can be
carried out once per week. No maintenance activities were required in the brief period analyzed. The effective
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maximum time of cooking was calculated using the stove from the maximum pressure achievable by the
balloon.

Figure 28 biodigester condition after 7 days

3.4.3 Biogas production
The evaluation of the exact amount of biogas produced per day was based by the cooking time reported by the
farmers, in hours. The stove was used in average three times per day. From the achieved values, it was possible
to analyze the anaerobic degradation process efficiency, the average daily biogas produced, the incubation
period and the biogas production peak and compare it with the first pilot test and similar technologies.
However, uncertainly due to intensity of the flame used and the approximate time reported by the farmer could
affect the result. Since the two digester analysed have different volumes, it is not possible to directly compare
the biogas production quantity. In order to compare the biogas production values with the result of the first
pilot test, the achieved biogas production quantity was divided by the ratio volume of the two reactors. The
equation 4 used is showed below.
Equation 4 biogas production quantity value proportionally scaled to the first reactor
𝑆𝑐𝑎𝑙𝑒𝑑 𝑏𝑖𝑜𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝐺𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑟
(𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑟/𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑖𝑟𝑠𝑡 𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒)

3.4.4 Material and design assessment
The material and design described in Chapter 3.1 were analyzed from the result of the pilot test. Specifically, it
was evaluated if the design allowed the optimal anaerobic degradation of the substrate, if it allows the
production and storage of gas without problems of clogging or instability. As well as this, the material described
was evaluated in terms of resistance and elasticity. Finally, it was compared with the result of the first pilot test
and similar technologies.
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3.5

Economic analysis

This section presents the methods used and the data collected in order to carry out the economic analysis.
Firstly, the required data collected are reported in the section 3.5.1 while in the section 3.5.2 the net Present
Value (NPV), Internal Rate of Return (IRR), Payback time (PB) methods are described.

3.5.1 Data collection and assumption
The data regarding the total cost of the balloon regarding the material used was collected during the
implementation phase and are shown below in Table 5. Considering all the material and tools used to install
the biodigester, the total cost accounted for 6 450 000 million rupiah. The exchange rate between Indonesian
rupiah and American dollar is set at 13392 and dollar will be used as reference monetary unit in the economic
analysis.
Table 5 List of the component cost of the balloon

Input Unit

Unit
(IDR)

PVC 550 balloon

1

balloon

PVC pipe 8‘’ / 4m length

1

Big plastic bucket (20L)

Item

cost

Price (IDR)

Price (Dollars)

4,000,000

4000000

280

Feet / m

500,000

500000

35

2

L

15,000

30000

2.1

Small plastic bucket (3L)

2

L

7,000

14000

0.98

Gloves

2

unit

7500

15000

1.05

Shovels

2

unit

40,000

80000

5.6

L PVC pipe 4’’ connection
2
(90°)

feet

185,000

370000

25.9

Gas outlet valve

1

unit

20,000

20000

1.4

Gas outlet Pipe

1

unit

10,000

10000

0.7

Adhesive sealant

1

unit

30,000

30000

2.1

Glue gun

1

unit

40,000

40000

2.8

Mixer

2

unit

10,000

20000

1.4

reactor:
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Plumbing tape

1

unit

10,000

10000

0.7

Funnel

1

unit

10,000

10000

0.7

1

3 x 4 m
78000
unit

78000

5.46

7

unit

18000

126000

8.82

L PVC pipe 1.5’’ connection
6
(90°)

unit

2500

15000

1.05

Biogas stove

1

unit

225000

225000

15.75

Hose

4

unit

30000

120000

8.4

Gas Tap

2

unit

60000

120000

8.4

L Drat

1

unit

10000

10000

0.7

T Drat

1

unit

4000

4000

0.28

T connection 1.5"

1

unit

3000

3000

0.21

COP hose

2

unit

25000

50000

3.5

Manometer

1

unit

50000

50000

3.5

Screw system (outlet)

1

Unit

10000

10000

0.7

Drill for hole

1

Unit

20000

20000

1.4

Pipe 2''

2

m

20000

40000

2.8

Elbow pipe 2''

1

Unit

10000

10000

0.7

6455000

451.85

gas system and outlet pit:
Waterproof
(tarpaulin)

plastic

PVC pipe 1.5" / 4m length

Total material cost

In this case, no labor cost was included since the farmers spontaneously collaborated with us for the installation.
However, it can be assumed that three workers could be required to complete the installation with an average
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cost of 150 000 rupiah per day per worker considering that the average salary of a worker is approximately 2/3
million per month in Bali (Bidang Sosial Statistic, 2015).
The profit markup was assumed 20% of the total cost, equal to 1’280’000 rupiahs while the annual maintenance
and repair cost is estimated approximately 5% of the total cost, equal to 300 000 rupiah. The transport cost is
assumed equal to 500 000 rupiah. Therefore, the total cost of the balloon can be calculated summing the values
showed above. It was also assumed that the biogas produced will entirely cover the daily cooking needs. As
well as this, the saved cost of the fertilizer was considered in the calculation, assuming the biodigester produces
bioslurry for 2/3 of the volume of the inlet material and that the treated bioslurry will produce fertilizer with a
further 20% of mass lost due to the composting processing phase (Garcia, 2012). Therefore, the final volume
of fertilizer produced is equal to:
25𝑘𝑔 ∗ 0.66 ∗ 0.8 ∗ 365 𝑑𝑎𝑦𝑠 = 5110 𝑘𝑔 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟
Where:
•

25 kg is the inlet manure quantity per day

•

0.66 is the coefficient of volume loss, equal to 2/3 of the total, during the degradation phase.

•

0.8 is a coefficient of further mass loss

•

365 days is the year time considered

The produced fertilizer will cover the required need of one-hectare area according to (Warnars, et al., 2014).
Therefore, the chemical fertilizer usage could be fully substitute by the bioslurry produced for the mentioned
area. Assuming that in average a farmer invests approximately 1 million per year in the chemical fertilizer per
hectare (Fan Way Machinery Manufacturing Co. Ltd, 2015), this cost could be denied installing a biogas
biodigester. Furthermore, LPG in Indonesia has an average cost of 6000 rupiah per kg in the rural areas and a
farmer consumes in average 72 kg of LPG per year (Johnson, et al., 2017), leading to a total investment equal
to approximately 500 000 rupiah per year. The electricity equivalent of 1 m3 of biogas can be assumed 1.2 kwh
(IEA, 2006) while a gas light consumes around 0.1 m3 (100 liters) of gas in one hour. According to Blum (2013),
an average family in rural areas in Indonesia consumes approximately 0.5 kwh per day for lightning purpose.
The electricity cost in Bali has an average price of 11 cents per kwh, however the price can considerably go up
in rural areas (Damuri, 2011). Therefore, in a scenario where biogas will be used for lightning purpose, 0.5 m3
of biogas are assumed to be used for cooking activities saving 19 dollars per year while 0.5 m 3 of biogas will be
used to avoid the electricity usage, saving 24 dollars per year. Therefore, the total saving by installing the
biodigester correspond to 43 dollars plus 76 dollars from avoiding the investment cost of the chemical fertilizer.
From these values, the estimated yearly amount of money invested in electricity can be easily calculated and,
the achieved value corresponds to 24 dollars per year. All the data are listed below in Table 6.
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Table 6 calculated total cost of the mentioned investments.
Rupiah/year

dollars

6 455 000 + 1 280 000 + 300 000 + 600 000= 8 035
000

637

Total cost of the balloon
Price of LPG (rp/kg)

6 000

0.45

Total cost of LPG

500 000

38

Total cost of electricity for lightning

315 000

24

1

76

Chemical fertilizer cost

000 000

3.5.2 Net present value (NPV)
The NPV method is used to evaluate the feasibility of a project. It is based on the calculation of the present
value of the cash flows in a determined period of time. The cash flows represent the difference between the
benefits and the costs of a determined year (GTZ, 2015). The NPV can be calculated by Equation 3.
𝑁

𝑁𝑃𝑉 = −𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 + ∑
𝑡=1

𝑅𝑡
(1 + 𝑖)𝑡

Equation 3 Net Present Value equation
Where, 𝑖

is the discount rate [%]

𝑁

is the total number of periods [year]

𝑅𝑡

is the cash flow in year t [USD]

The discount rate in Equation 4 is the interest rate used to calculate the present value of future cash flows. It
also reflects the risk of the inversion. In this case, as showed in the Table 7, it is assumed a value of 5% and the
number of periods is assumed to be 5 years (GTZ, 2015). This period of time is assumed considering that the
average lifespan of the biogas balloon technologies with regular maintenance. However, this assumption has a
considerable uncertainty due to the impossibility to test the technology for a longer period.
Table 7 discount rate and number of period assumed values
Discount rate

Number of period

5%

5 years
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The interpretation of the NPV results depend on the number obtained. If the NPV value is positive, the project
is profitable and the opposite if the number is negative. The purpose of the NPV method is to indicate if the
capital costs of a project can be covered by the return of investment during a fixed period (GTZ, 2015).

3.5.3 Internal rate of return (IRR)
Usually when evaluating NPV, it is also calculated the internal rate of return. The IRR is the discount rate at
which the NPV is zero. Therefore, the IRR is the value when the present value of the costs and the present
value of the benefits are equal (GTZ, 2015) As rule if the IRR is bigger to the discount rate of a project, the
investment should be done. In contrast, if the IRR is lower to the discount rate the project should not be
conducted. Equation 4 can be used to calculate the IRR.
𝑁

𝐼𝑅𝑅 = 𝑁𝑃𝑉 = −𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 + ∑
𝑡=1

𝑅𝑡
= 0Equation
(1 + 𝑖)𝑡

Equation 4 Internal rate of return equation

3.5.4 Payback time (PB)
The payback time represents the necessary number of years to recover all the investment costs (GTZ, 2015).
The PB is calculated using Equation 5.
𝑃𝐵 = 𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛𝑣𝑒𝑠𝑡𝑒𝑑/ 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤𝑠
Equation 5 Payback time equation

3.5.5 Sensitivity analysis
Some factors suggested for sensitivity analysis when analyzing biogas technologies are the availability of
feedstock, the expected biogas production and its effects by the climate conditions, the economic lifetime of
the technology, the interest rate, the investment costs and the operational and maintenance costs (GTZ, 2015).
In this study, the electricity price and the investment costs (specifically the cost of the material) were analyzed.
The decision to carry out the sensitivity analysis of the latter is due the fact that some of the costs included in
the analysis relatively to the tools and materials required to complete the installation could be reduced moving
to “mass installation” of the technology. Moreover, the cost of the material could be further reduced moving
the production in country where the cost of the material is cheaper. Therefore, is reasonable to analyses a
scenario where the investment cost decreases. As well as this, the change in price of LPG is relevant for the
study to evaluate at which cost of the fossil fuel the biodigester is competitive with the LPG usage for cooking
activities. The parameters were evaluated decreasing every 10 % and in a range from 0% to -50% for the
investment cost and from 0 to 100% increase for the LPG cost. The range of percentage are chosen estimating
a possible decrease in investment cost not higher than 50% and a possible increase of LPG price up to 100%
since the price is considerably low at the moment. The results will be presented in Chapter 4.5.
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4 Results and discussion
4.1

First pilot test

Several technical aspects of the prototype developed by the company were evaluated through a pilot test in
order to improve the technology and solve the encountered issues. Two main problems occurred immediately
during the setup of the pilot test. Firstly, due to the low position and flexibility of the inlet pipe, it was not
possible to insert the feedstock without letting oxygen flow inside. Secondly, it was clearly impossible to remove
4 liters of bioslurry daily from the outlet due to its downward position. Indeed, once the outlet cap was opened,
it was not possible to stop the outflow due to hydraulic pressure and it was not possible to calculate when
exactly 4 liters were collected. For this reason, it was decided not to run the biodigester as a continuous flow
reactor, but a sequence batch reactor. Finally, the results achieved from the first pilot test have been discussed
and the encountered issues have been analyzed. Possible solution from empirical knowledge and the review of
several biodigester balloon design are thereafter proposed.

4.1.1 Issues encountered in the installation process
The time required for the installation was considerable short since no extra parts were added, no excavation is
required and no inlet and outlet pipe had to be connected to the system since they are already integrated.
Moreover, thanks to the light weight and volume of the digester, it was possible to transport it by hands.
However, the distance of 10 meters from the cow paddock to the balloon led to 2 hours’ time to complete the
set-up operation. This amount of time was relatively long, considering the little amount of manure required to
start up the system. Therefore, in order to reduce the time required, the biodigester should be located closer to
the cow paddock as suggested by Anjan (1988).
Concerning the feedstock adding phase, the bending of the inlet pipe that is made with the same material of
the bag caused issues in the process. Indeed, two people were required to hold the pipe and pore the slurry
inside. Moreover, the absence of a structure around the bag led its instability during the installation. For this
reason, the inlet should be rigid as suggested by Ortega (2009) to facilitate the addition of the feedstock. As
well as this, the solution to create a structure around the bag or install it partially under the ground as suggested
by Eawag (2014) should be considered to increase the stability of the balloon.

4.1.2 Issues encountered operating the system
In general, significant problems were underlined during the usage phase. Indeed, as before, it was not possible
to normally operate the biodigester, adding the feedstock every day as expected. Moreover, it was not possible
to open the bioslurry outlet due to the pressure of the digestate. For this reason, it will be required to change
the design of the system and direct the inlet and outlet vertically as shown in the design by Eawag (2014) shown
in the picture 29 below.
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Figure 29 biogas design proposed by Eawag (2014)
The result from the biogas usage shows that very little pressure is obtained at the stove. Moreover, the fact that
two people were required to run the system and add weights to reach enough pressure and keep the gas pipe
straight led the system to be inefficient. Indeed, it is usually just required to open a valve and turn on the fire
to use the stove as described by Ortega (2009). Therefore, different solution should be proposed in the design
or shape of the bag to achieve a considerable pressure and avoid the mentioned steps to use it. For example,
positioning the inlet and outlet pipes vertically and increase their volume could lead to a higher pressure in the
balloon. Indeed, when the biogas is created inside the biodigester, the digestate is compressed and it starts to
flow out from both the inlet and outlet pipes. The expansion volume available in the vertical PVC pipe could
generate a further pressure working as compensation tank as used in the fixed dome technology (Eawag, et al.,
2014), leading to an increase of the gas pressure in the reactor. Concerning the gas pipe, the problem showed
in Figure 30 could be solved used a specific pipe for gas as showed by (Lüer, 2010), avoiding bending problems.

Figure 30 illustration of the twisted pipe encountered issue
As mentioned in the installation analysis, the lack in a rigid structure around the reactor also lead to complicate
operation to apply weights and use the gas, due to its instability. Therefore, the solution suggested before to
install a rigid structure around the bag or install it half under the ground could also avoid the problem in the
operational stage.
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4.1.3 Biogas production
As explained before, the expected daily production of gas was not evaluated due to design issues. However,
from the cooking time values obtained in Table 8 it was possible to evaluate the incubation time and the peak
of biogas production to achieve the optimal HRT according to the local conditions.
Table 8 Elaborated values of litres of gas produced and cumulated biogas yield
Day

Minutes Correspondent
cumulated litres
of
litres
produced (biogas yield)
cooking (biogas production
rate)

0-12

0

0

0

12

3

21

21

15

6

42

63

18

25

175

238

21

19

133

371

24

25

175

546

27

18

126

672

30

14

98

770

33

13

91

861

38

10

42

903

43

4

28

931

50

0

0

931

The results are displayed in Figure 31. As it can be seen, the biogas starts to be produced after 12 days of
incubation period and the peak of biogas production of gas is around 20 days after the installation set up.
Subsequently, the biogas is still produced by the biodigester, with a decreasing rate, for other 20 days. The
cumulative value, after 38 days, is equal to approximately 900 liters. This result slightly diverges from the
suggested HRT of 25 days to maximize the biogas production mentioned in the guidelines. For this reason, a
lower HRT, equal to 20 days, is recommended to maximize the biogas production as suggested by Teodorita
Al Seadi (2008). However, if a low HRT is applied, it could cause a not complete degradation and hygenization
of the substrate as mentioned by Eawag (2014). Therefore, attention should be done in the quality of the
bioslurry produced with low HRT conditions. As well as this, the solution to install the balloon under the sun
could be tested even though it could lead to problem in the anaerobic digestion process as mentioned by
Teodorita Al Seadi (2008).
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Figure 31 Biogas yield and litres of biogas produced in function of the time

4.1.4 Evaluation of material and design
As shown in Figure 32, the main problem encountered by the balloon prototype was that the biogas flowed
out from the inlet pipe due to its design, and, at the same time, oxygen flowed inside leading to the loss of
anaerobic condition when the inlet cap is opened. As well as this, the downward direction of the outlet led to
an uncontrolled outflow of the bioslurry once the outflow cap opened. For this reason, as mentioned before,
it is required to change the position of the inlet and exit pipe and direct them in an upward direction, with no
requirement of a cap to hermetically close the system. The inlet and outlet pipes should also be designed to be
partially submerged by the digestate to avoid the flow of the oxygen inside as described by Eawag (2014). No
slope is also required to achieve the flow through the reactor, that can be accomplished simply installing the
outlet pipe slightly lower than the inlet one as shown by Lüer (2010).

Figure 32 Schematic representation of the balloon prototype conceptual mistakes
The shape proposed requires also a considerable amount of welding, does not maximize the volume available
and it not the optimal shape to allow the flow of the digestate through the reactor. For this reason, in order to
facilitate the digestate flow through all the volume of the balloon, maximize the available volume to store the
gas and reduce the risk of leakages, a modification in the shape, specifically a cylindric one, it is recommended.
For example, the one proposed by Lüer (2010) and Rajendran (2012) could be proposed to solve the problem.
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Concerning the material, the fact to put the reactor directly on the soil and rocks affected the stability of the
balloon and, even though no damages were observed, the material could have been subjected to small scratches.
For this reason, as mentioned before, it is recommended to sustain and protect the reactor for example installing
it partially under the ground. Moreover, stable, smooth and homogeneous soil should surround the biodigester
to avoid damages and scratches to the balloon as recommended by Ortega (2009). Even though the balloon
did not observe any damage, a double layer of PVC should be applied to reinforce the most vulnerable area
(bottom part and welding) and avoid risk of leakages due to the pressure reached inside the reactor. The
flexibility of the material could not be evaluated since due to the design problem, no high pressure was achieved.
The tank for the bioslurry was not installed due to the technical problem in the design but, in general, it is
required to install a tank with a specific volume to store the bioslurry as shown by Luer (2010). A water drain
should be also installed in the gas connection to avoid clogging due to water accumulation in the lowest part of
the connection as suggested by Luer (2010). As well as this, a net around the biodigester to protect it from
animals and external damages should be built as recommended by Eawag (2014)

4.2

Improvement of the balloon biodigester

The results of the improvements achieved from the problems identified in the first pilot test are described in
the following chapters. The improvements of the new balloon biodigester are based on the process to move
from a prototype to a final product, the issues encountered in the design and characteristics of the first
prototype and following the development and implementation of similar technologies already diffused in
developing countries. The improved design has been commissioned to a company that produces balloon with
different materials in Yogyakarta.

4.2.1 Prototype to final product process evaluation
In order to move from a prototype to a final product, it was firstly required to dimension the biodigester
according to the feedstock availability. Indeed, the dimension was improved according to the real cooking time
needed by a family of 5 to 6 people that owns two or three cows. As well as this, since the biodigester could be
subjected to higher biogas pressure, the materials were selected to be more resistant and the junctions welded
more strongly. Moreover, the final product required more advanced tools to complete the installation, a better
understanding of the site location, as the distance from the kitchen and a gas pipe system designed properly
according to a real scale system as the one proposed by Luer (2010). More workers were also required to install
the biodigester and more time was required. As well as this, the usage, operational activities and maintenance
required were carried out directly by the farmers. This led to a better evaluation of the system and a more
consistent comparison with similar technologies from a techno and economic point of view. However, due to
these facts, it is not possible to fully compare the prototype with the final product, especially from an economic
point of view.

4.2.2 Dimensioning of the second biodigester
Considering an inlet quantity equal to 60 litres per day and a HRT equal to 20 days, the obtained volume Vd is
equal to 1.2 m3. According to the Figure 4 shown in the 2.3.3, the expected daily biogas production was
approximately 1 m3 per day that corresponded to 2.5 hours of cooking time that it will cover the cooking needs
of an average Indonesian family. Moreover, assumed that the gasholder volume required to store the gas was
set equal to 1:3 of the total volume, the calculated gasholder volume was found equal to approximately 0.7 m3.
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Therefore, the final volume of the PVC balloon biodigester was found equal to 1.9 m3 that was, for simplicity
in the construction phase, approximated at 2 m3.

4.2.3 Design and characteristics of the second biodigester
As reported in the Table 9 below, the designed cylindric digester has a radius of 0.4 meters and a length of
approximately 3 meters, that leads to a total volume of 2 m3. The size respected the required proportion between
length and width (5:1).
Table 9 size and volume of the cylindric biodigester

cylinder

Radius(m)

Length (m)

Volume (m3)

0.4

4

2

The inlet and outlet pipe are made by rigid PVC pipes used for water system, with a radius of 10 cm. The
distance from the bottom of the balloon is equal to 10 cm and the distance from the lateral sides equal to 35
cm. The pipe is 60 cm long, with approximately 30 cm located outside of the balloon and 30 cm inside the
balloon. In Figure 33 below is shown the completed reactor produced to an external company according to
the instruction mentioned in the methodology: it has a weight of approximately 30 kg and it can be folded for
a total volume of 0.28 m3 (1m x 0.7m x 0.4m).

Figure 33 Completed balloon
The vertical pipe inlet and outlet pipes are connected to the balloon through a “L” junction and 130 cm long.
This means that the pipe is located approximately 70 cm over the ground level. A first charge of 600 kg of cow
manure mixed with the same amount of water is required to achieve the expected quantity of digestate in the
reactor and, consequently, the calculated HRT. In this case, the volume occupied by the liquid inside the
biodigester is set at 1.2 m3, obtaining a value for y equal to 0.63 m that can be approximate to 0.6m. The final
obtained characteristics of the improved biodigester are shown in the Table 10.
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Table 10 List of the characteristics of the balloon with the correspondent value

4.3

Characteristics

value

HRT

20 days

Volume of biodigester

2 m3

Daily input quantity

30 kg of manure +30l of water

Start-up quantity

600 kg of manure and 600 liters of water

Location and position

Partially under the sun, 40cm below the
ground

Empty weight

30 kg

Empty volume

0.28 m3

Expected distance from the stove

<30 meter

Distance from the feedstock source

<5 meter

Biogas production per day

Approx. 2 hours per day after 2/3 weeks of
start-up time

Second pilot test

4.3.1 Assessment of the installation process
As mentioned before, the small volume and low weight of the biodigester led to the possibility to transport it
by car or eventually by scooter to remote areas. In this case, the material was transported with a normal car and
the installation was completed in one day with four people working on it. The time required to complete it
appear reasonable compared to the labour force required for a standard installation of a balloon biodigester as
the one described by Ortega (2009). All the installation steps were carefully followed and no problems were
underlined. The reactor was installed partially under the ground, in a location that is irradiated by the sun for
several hours during the central part of the day. This solution, compared to the first pilot test where the reactor
was above the ground, required much more time mainly due to the excavation process that was the most
demanding in terms of energy and labour. For this reason, as mentioned in the chapter 4.3.2, a feasible
alternative could be to move back to the prototype solution and install it over the ground. However, further
test and design improvements must be carried out to avoid instability problems. No specific skills were required
during the process; however, it was important to follow the installation step carefully to avoid leakage problems
or malfunctioning of the system. The decision to install the biodigester 4 meters from the cow paddock and 15
meters from the kitchen led to a limited time required to complete the set-up operation and it appeared an
efficient solution to reduce the time to carry out the operational activities and achieve enough pressure to cook.
Indeed, no problem in gas pressure were registered and limited time was required (only 3 hours), compared to
the first pilot test, to carry out the first charge operation. The gas pipe installation was carried out with any
problem and in limited time. It was also ensured that the installation area was not subjected by flooding. In
general, a layer of sand in the bottom of the trench could also be applied to secure the bed of the balloon from
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damages and instability as proposed by Mazumdar (1982). The bioslurry tank construction also appeared an
efficient solution compared to the fixed dome digester (Mazumdar, 1982) since all the parts could be removed
in case of maintenance, local materials were used and it did not require any specific knowledge to install it.
However, this solution should be tested over a longer period to check if leakages appears to the polyethylene
layer or clogging problems come outs.

4.3.2 Analysis of operational activities
The rector reached a considerable pressure, however, since it is mainly provided by the elasticity of the material,
once that the compression decreased, the gas pressure in the stove rapidly decreased as well. It was found that,
with the maximum pressure available, it was possible to cook around 45 minutes before that the flame in the
stove decreased in intensity. Proportionally, the maximal cooking time achieved is considerably higher
compared to the prototype thanks to the proposed design. The mentioned time is enough to carry out the
cooking activities needed by the farmer. However, the observed gas pressure decrease could lead to problems
if it is required to cook for a longer time. Compared to the classic fixed dome biodigester technology described
by Eawag (2014), the cooking time achievable was slightly lower (45 minutes compared to one hour). To
increase the pressure, it could be possible to further enlarge the size the volume of inlet and outlet pipe.
However, this could lead to pressure problems of the balloon and higher installation cost. For this reason, the
material and design should be further tested under these specific conditions.
No specific skills were required to run the system. Indeed, by contrary of the first prototype design, it is only
required to check the gas pressure and open the gas pipe valve. The solution to install the reactor 4 meters from
the paddock leads to a limited time to complete the daily operation. The time required by the farmers to add
the manure to the buckets and mix it with water was approximately 10 minutes per day while he time required
to use the fertilizer corresponded to one hour per week that, compared to the fixed dome technology, is slightly
higher. This is due to the mixing tank made in concrete used for the fixed dome biodigester system that allows
a reduced time to mix the manure. However, the fact that it does not require any specific tool and it can be
completed with a simple shovel and bucket is an advantage of this system. Generally, the time could be further
reduced installing an automatic system to directly flow the manure from the paddock to the mixing tank.
However, it could require more material, longer installation time and higher cost.

4.3.3 Biogas production
By contrary of the first prototype, the system appears to work normally since anaerobic conditions were
achieved in the reactor and the system works as a plug flow technology. The approximated daily cooking time
was reported by the farmers and the data are listed in Table 11 below.
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Table 11 Biogas usage data collected by the farmers
days

hours of cooking

Biogas production

0

0

0

1

0

0

2

0

0

3

0

0

4

0

0

5

0

0

6

0

0

7

2.5

1000

8

2.5

1000

9

2.5

1000

10

3

1200

11

3

1200

12

3

1200

13

3

1200

14

2.5

1000

15

2.5

1000

16

2.5

1000

17

2.5

1000

18

2.5

1000

19

2

800

20

2

800

21

2

800

22

2

800

23

2

800

24

2

800

25

2

800

As it can be seen in Figure 34, the maximal production was achieved after ten days while, after twenty days,
the usage time slightly decreased to 2 hours and it remained constant around this value.
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Figure 34 Biogas production curve
Moreover, it was observed a significant increase of gas pressure in the central hours of the day, when the balloon
was directly irradiated by the sun. This is due to the increase of temperature, indeed, an estimated temperature
between 40 and 50 degrees was probably reached in the reactor during the mentioned period. On the other
hand, during the night, the temperature can be assumed constant around 28 degrees.
Due to these elevated temperatures reached by the reactor, the digestate was probably working under
thermophilic condition. This led to a considerably faster incubation period and a general higher biogas
production compared with the first pilot test. Indeed, the incubation period was found to be only 7 days, almost
half of the first pilot test and the biogas production was higher than expected, equal to 3 hours between 10 and
13 days, that is, proportionally, 4 times higher of the first prototype. Indeed, since the proportion between the
two volumes is 15.3, the scaled volume of biogas produced is equal to 84 liters compared to the 21 produced
by the biodigester prototype after 12 days. On the other hand, after 25 days the cumulative amount of biogas
produced is almost the same comparing the two biodigesters, with a scaled value of 1196 for the improved
digester against 1214 for the first one. As it can be seen in the figure 35, this is due to the decrease of biogas
production of the improved biodigester after 15 days, caused by a too high HRT set. With further test on the
material and on the biodegradation process, it could be possible to reduce the HRT from 20 days to only 10,
maximizing the biogas production. Compared to the fixed dome technology that usually set an HRT between
30 and 40 days (Rajendran, et al., 2012), this improvement could lead to approximately 100% lower HRT and
the correspondent increase in the reactor efficiency. Indeed, according to the equation 2 showed in chapter
3.3.2, a decrease of the HRT value lead to a possible increase of feedstock used by 100% doubling the biogas
production or a decrease in volume of the digester by the same percentage, reducing considerably the
installation cost as proposed by IFAD (2012). On the other hand, reducing to 10 days the HRT could lead to
an uncompleted degradation of the substrate and consequently hygenization problem of the fertilizer (Al Seadi,
et al., 2008).

4.3.4 Evaluation of material and design improvements
The proposed design allows the creation of anaerobic condition inside the biodigester. Indeed, no flow of
oxygen or outflow of biogas from the inlet or outlet bioslurry pipe was observed. By contrary of the first
biodigester prototype, the proposed design of the balloon allowed the automatic flow of the digestate through
all the length of the reactor, due to the different height of inlet and outlet pipe. The biogas created is stored in
the upper part of the balloon, for one third of its volume. By contrary of the first pilot test results, no problem
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of clogging or bending were observed in the gas pipe thanks to the application of a specific material for the gas
pipe. The achieved improvements in the design showed a considerable increase in efficiency of the biodigester
compared to the first balloon. Indeed, the cylindrical shape allowed to maximize the available volume and
reduce the welding areas, decreasing the risk of leakages. Moreover, the solution to make the inlet and outlet
with vertical rigid PVC pipes connected to the reactor provided a fixed and solid structure to insert and remove
the bioslurry and an extra volume for the digestate to expand. Thanks to that solution, the balloon reached a
much higher pressure compared with the prototype and, probably, a slightly higher pressure compared to the
standard balloon design as where no expansion volume is designed and weights are often required to achieve
enough pressure to cook. On the other hand, this solution with ‘L’ pipe design diverged from the classic design
proposed by Sasse (1988) and Rajendan (2012) where pipes should have no curves to facilitate the flow to the
center of the reactor and the outflow of the bioslurry, reducing the risk of clogging. For this reason, the
biodigester should be further monitored to check if this solution could affect the functionality in a longer
period.
Furthermore, the decision to put the balloon half under the ground led to a solid structure to contain the reactor
and low risk of damages. On the other hand, it increased the time to complete the installation compared to the
first digester and it could lead to problem to carry out the maintenance phase. As well as this, this solution led
to a more constant temperature inside the reactor but not all the biodigester volume can be irradiated by the
sun. For this reason, a solution to install the reactor over the ground as proposed by IFAD (2012) should still
be considered to further increase the biogas production and reduce the time required for installation and
maintenance. Indeed, the settled material in the balloon must be removed every two years and the operation
could require skilled technician and a considerable amount of work (Rajendran, et al., 2012).
Concerning the material used, PVC 550, it appeared suitable for the biogas balloon system as already suggested
from the first pilot test. Indeed, it provided elasticity to store the gas and high pressure was achieved with no
significant problem. Moreover, compared with the fixed dome digesters, it facilitated the operation of transport
and installation and it could be easily repaired in case of any damages. As well as this, since it could be folded
and transported even with a motorbike, it is suitable to really remote areas while the fixed dome digester material
is difficult to transport without a good road infrastructure available. It is also not subjected to vibration since it
is elastic and flexible. As it can be seen in Figure 35, the balloon was exposed to UV radiation for approximately
4 hours per day and high pressure during the maximum storage capacity but no problems were observed.
However, even though it appeared resistant to the pressure reached and to the direct sun irradiation, it could
be reasonable to apply a UV resistant net or a greenhouse to keep the temperature high and constant and
protect it from the extended exposure to direct sunlight that could deteriorate the material, especially in the
welding areas. As well as this, PVC tarpaulin should be tested since it is one of the most common material used
for biogas installation as the one proposed by IFAD (2012).
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Figure 35 Biodigester exposure and condition after the incubation time

4.4

Economic analysis

All the data and assumptions presented in the methodology were used for the calculations of the net present
value NPV), the internal rate of return (IRR), and the Payback time. Moreover, the information was used to
carry out the sensitivity analysis in order to obtain at which investment cost or price of LPG the technology is
advantageous for the farmers.

4.4.1 Biogas for cooking activities
In this case, the total revenue from the balloon biodigester is calculated summing the saved money invested in
LPG and the one saved from avoiding the purchase of chemical fertilizer reported in the methodology. The
calculated possible revenue (cash flow) is equal to approximately 1 500 000 rupiahs for the first year, that
correspond to 112 dollars. For the next years, the obtained values are shown in the Table 12 below. These
values are obtained assuming an increase of price of 5% per year of LPG and fertilizer.
Table 12 total cost of the balloon and relative cash flow for the 5 years’ time considered

rupiah

dollars

6 455 000 + 1 280 000 + 300 000 + 600 000= 8 035 000

637

Total cash flow first year

1 000 000 + 500 000= 1 500 000

112

Total cash flow second year

1 500 000 + (1 500 000*0.05)= 1 545 000

118

Total cash flow third year

1 545 000 + (1 545 000*0.05)= 1 602 000

124

Total cash flow fourth year

1 602 000 + (1 602 000*0.05)= 1 670 000

130

Total cash flow fifth year

1 670 000 + (1 670 000*0.05)= 1 730 000

136

Total investment cost of the digester
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As shown in the Table 13 below, the calculated NPV is equal to -98 dollars. It indicates that the investment by
the farmers in the balloon technology is not economically feasible at the moment. On the other hand, the
calculated IRR is equal to – 0.2665%. The negative IRR indicates that the sum of post-investment cash flows
is less than the initial investment; i.e. the non-discounted cash flows add up to a value which is less than the
investment. It means that the investment loses money at the rate of the negative IRR. Finally, the calculated
payback time is equal to 7 years. It means that, it will take 7 years to recover the investment cost and, according
to the assumption that the biodigester will last for an average time of 5 years, the investment is not economically
profitable.
Table 13: calculated values of NPV, IRR and PB
NPV

-98 dollars

IRR

-1.021%

PB

7 years

As it can be seen from the achieved value, the balloon technology is too expensive and not economically feasible
with an expected life time of 5 years compared with the actual cost of the LPG. Compared with the fixed dome
digester, the technology at the moment does not appear as a valid alternative under an economic point of view.
Indeed, it more expensive than the fixed dome digester (637 dollars against approximately 500 according to
Devisscher (2017)), it has a shorter expected life span and no subsidies are provided by the local government
for the balloon technology. The negative result achieved are due to the considerable cost of the material itself
and due to the cost of all the materials and tools required to complete the installation that are included in the
evaluation. However, further test should be carried out to effectively evaluate the life span of the technology.
Indeed, if the balloon is correctly maintained, it might reach approximately 10 years of life span like similar
technologies as the one developed by IFAD (2012) and turning the balloon biodigester into a profitable
investment. Moreover, the cost of the technology could be significantly decrease if it will be produced directly
in china or India, where the production and material cost is relatively lower. As well as this, the “mass
production” of the balloon could lead to a significant decrease in the material and installation cost as the
installation tools should be bought only once and the material from stocks with a more advantageous price as
mentioned by IFAD (2012). The application of a cheaper material for the balloon should also be considered
since the PVC 550 is relative expensive for a low-cost technology. It is also important to mention that the
negative result is also due to low cost of the LPG. Indeed, at the moment LPG is highly subsidized by the
government (iisd, 2015), therefore a decrease in the subsidies, reflecting in an increase of the cost of the fossil
fuels, could turn the technology into a more economically convenient investment for the farmers.

4.4.2 Integrated lightning usage
Considering the scenario where the biogas is also used for lightning to cover the daily usage, the NPV, IRR and
PB can be calculated and the result compared with the cooking usage. The achieved values are shown in the
table 14 below. As it can be seen, the NPV value is negative, equal to -66 dollars while the IRR is equal to
+0.906 and the PB correspond to 5 years.
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Table 14 calculated values of NPV, IRR and PB with electricity integrated usage case
NPV

-66 dollars

IRR

+0.906%

PB

5 years

The results show that, using a part of the biogas produced to cover the energy needs for the household lightning
usage it appears more advantageous compare to the single use of biogas for cooking. Indeed, the NPV value is
40% higher than the single cooking case and the IRR turned from the negative value of -1% to the positive
value of +0.9%. As well as this, the PB time decreased from 7 to 5 years. Therefore, the solution to install
biogas lamp to cover the electricity for lightning usage it is recommended compared to the single use of the
biogas stove. Moreover, extremely pour villages, the possibility to use the biogas as source of energy for the
lamps could allow the children to go to school during the day and study during the late afternoon time. It could
also avoid the air pollution due to the kerosene lamps (Amare, 2015).However, since the NPV value is still
negative and the IRR is lower than the discount rate (fixed at 5%), the investment is still not profitable for the
farmers. Moreover, it is important to mention that the calorific efficiency of using biogas is 55% in stoves, but
only 3% in lamps and a biogas lamp is only half as efficient as a kerosene lamp (Eawag, et al., 2014). Therefore,
in economic terms a biogas lamp is not profitable compared to a kerosene lamp (Sasse, et al., 1991). As well as
this, a wrong or excessive usage of the biogas lamps could lead to a malfunctioning of the lightning system and
an excessive consumption of biogas, causing a lack of gas to cover the cooking needs that it is the main reason
for the installation of the biogas plant.

4.4.3 Sensitivity analysis
The outcomes from the economic analysis show that the investment of the biogas technology as substitute of
LPG is not profitable due to the high investment cost and the low price of LPG. For this reason, the mentioned
parameters were evaluated in the sensitivity analysis in order to find out how a change on the parameters
influence the NPV. Specifically. The results show at which cost of the investment and LPG price the outcome
value turns from negative into positive and the investment from disadvantageous to economically profitable
for the farmers.
As mentioned in chapter 3, the parameters were evaluated by decreasing every 10% from 0 to -50% for the
investment cost and increasing every 20 % and in a range from -0% to 100% for the LPG cost. The results
from the sensitivity analysis of investment cost are shown in the table 15 and figure 36 below.
Table 15 sensitive analysis of NPV value and relative increase of NPV based on investment cost variation

NPV
% increase of NPV

10% reduction

20% reduction

30% reduction

40% reduction

50% reduction

($-39.02)

$20.03

$79.07

$138.12

$197.17

61.36%

119.83%

178.29%

236.75%

295.22%
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$250.00
$200.00

$197.17

$150.00

$138.12

NPV VALUE

$100.00
$79.07
$50.00
$20.03

$0.00
0%

-10%
($39.02)

($50.00)
($100.00)
($150.00)

-20%

-30%

-40%

-50%

($98.07)
CHANGE ON INVESTMENT COST

Figure 36 sensitivity analysis of investment cost
On the other hand, result related to the sensitivity analysis of LPG price are reported in table 16 and figure 37
below.
Table 16 sensitive analysis of NPV value and relative increase of NPV based on LPG cost variation
NPV

% increase of NPV

20% increase cost of LPG

($-68.93)

31.75%

40% increase cost of LPG

($-36.33)

64.03%

60% increase cost of LPG

($-3.73)

96.30%

80% increase cost of LPG

$28.86

128.58%

100% increase cost of LPG

$61.46

160.85%

-52-

$80.00
$61.46

$60.00

$40.00
$28.86

NPV VALUE

$20.00
$0.00

($20.00)

0

20%

40%

($60.00)

80%

100%

($68.93)

($80.00)

($120.00)

($3.73)

($36.33)

($40.00)

($100.00)

60%

($98.07)
CHANGE ON LPG PRICE

Figure 37 sensitivity analysis of LPG price
The sensitivity analysis carried out showed that a decrease of the investment and LPG cost cause an increase
the net present value. Table 13 and 14 shows that the investment price generates the largest changes in the
NPV. A 20% cost reduction, reaching approximately 500 dollars, is enough to turn the NPV from a negative
to a positive value and a variation of 50% on the investment costs generates an increase of 295% in the NPV
value. On the other hand, regarding the LPG cost, a decrease of 80 % of its price is required to turn into a
positive value the NPV and make the biodigester investment economically profitable. This difference is due to
the fact that the initial investment is the largest contributor to the economic analysis and even a small change
considerably affects the NPV. On the other hand, since the LPG cost (equal to 0.48 dollar per kg) is
considerably low, it has a smaller contribution in percentage to the NPV value compared with the investment
cost. Therefore, it is required a largest change in price of LPG, in this case a cost of 0.86 dollars per kg, to turn
the NPV to a positive value. The achieved result suggests that, first of all, technical improvement should be
carried out first in order to reduce the investment price down to at least 500 dollars. As mentioned in by IFAD
(2012), technical improvements and the change from a single product to a multiple production could
significantly help to achieve the mentioned target. On the other hand, since the LPG price depends by
governmental decision, it is required a considerable change in future plans to achieve the expected value of 0.86
dollars per kg. However, according to the governmental energy target set and future plans of Indonesia (Irena,
2017), renewable energy will be enhanced at the expense of the fossil fuels, decreasing the subsidies to the latter.
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5 Conclusion
A deep understanding of the technical issues of the first prototype developed by the company have been
accomplished through the first pilot test analyses. Indeed, the mentioned biodigester balloon presented several
problems regarding the installation, usage stage and design. For instance, the design of the bag, the position of
the inlet and outlet pipes and the bending of the biogas pipe caused the outflow of biogas from the inlet, the
impossibility to achieve an effective anaerobic degradation process as continuous tank reactor, complex process
to use the gas and the instability of the gas. Moreover, from the peak of biogas production analysed it was
found that the optimal HRT, according to the local condition, it is approximately 20 days. From the analysis of
the encountered issues, together with the review of similar technologies, considerable improvements in the
design and characteristics have been carried out. Indeed, several design solutions to solve the mentioned
problems were applied and a final product of the balloon technology was developed, dimensioned and
successfully implemented according to the cooking needs of a family of 5 to 6 people, the environmental
conditions and the feedstock characteristics. The material used for the first pilot test, the PVC 550, was
confirmed since it appeared flexible and resistant. The improved balloon biodigester made had a cylindric shape,
a volume of 2 m3, a daily feedstock quantity required of 25 kg of cow manure, it is supposed to produce
approximately 2.5 hours of biogas per day and it had an increased volume in the vertical inlet and outlet pipe
to provide more biogas pressure to the stove.
In order to technically and economically assess the feasibility of the biodigester, a second pilot test was carried
out. From the result of the technical assessment and its comparison with the first technology it was found that
the improved balloon technology showed an increased time to carry out the installation process due to the
excavation process compared to the first prototype, but a reduced time to complete the first feedstock load and
improvements in the stability of the reactor. Moreover, the time to carry out the operational activities and use
the biogas has been considerably reduced, even though it still longer than the fixed dome technology. The
achieved biogas production was considerably faster than the first prototype (7 days against 12), due to the partial
sunlight irradiation that provides a higher temperature and a faster anaerobic degradation. The provided to the
farmers sufficient pressure to cook for almost one hour consecutively with a daily total cooking time, reached
around 10 days, equal to three hours thanks to the improved design of the balloon. From the biogas production
assessment, it was found that the HRT could be further reduced to further maximise the biogas production,
however it might lead to problem in the anaerobic degradation process. The material used, PVC 550, was
confirmed to being flexible and resistant even under a considerable pressure. As well as this, the possibility to
transport it and install with limited time and skills in extremely remote areas could solve the issues showed by
the actual fixed dome technology installed by the government in Indonesia. However, further improvements
and test has to be done to check if any problem of clogging or maintenance will appear in the future, since the
balloon biodigester functionality was only analysed for a limited time after the installation.
On the other hand, the results of the economic assessment show that installing the developed biodigester to
cover the energy needs for cooking activities is not economically advantageous for the farmers. The final cost
of 637 dollars is due to the high cost of the material used and of the installation procedure, together with the
low price of LPG highly subsides by the government. Indeed, with an assumed life span of the technology
equal to 5 years, the calculated NPV reached a negative value equal to -98 dollars, with a negative Interest rate
of return and a payback time correspond to 7 years. If part of the biogas could be also used to cover the
electricity needs for lightning purpose, the achieved value of NPV is slightly higher (-68 dollars) with an IRR
equal to +1%. However, further test should be carried out to effectively evaluate the life span of the technology
that could reach up to 10 years and its cost could be significantly decrease if the balloon will be produced
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directly in china or India, where the production and material cost is relatively lower, moving to a “mass
production”. Moreover, the tools used to carry out the installation procedure could be used for several
installations and not included in the total cost. The sensitivity analysis shows that if the cost of the installation
could be reduced by 20% to 500 dollars, the investment will turn into advantageous with a positive NPV
outcome value. On the other hand, the cost of LPG should considerably rise by 80% to 0.86 dollars/kg to
reach the same result. Since Indonesia set the ambitious target to reach 23% of renewable energy by 2025, it is
expected a reduction of LPG subsidies during the next years, however the percentage required appears
unrealistic in the imminent future.

5.1 Future work
First, since no detailed data have been used to assess the process and the technology, the first step is to use
technical tools and laboratory experiment to clearly evaluate the outcome of the anaerobic degradation process
as the pressure, Ph and temperature achieved in the reactor and the influence of temperature and location of
the bag on the biogas production. As well as this, the presence of toxic compounds in the digestate, the
characteristics of the feedstock used and of the bioslurry should be analysed in order to optimize the system
and achieve a better understanding of the chemical and physical processes inside the reactor. Moreover, the
quality and elasticity of the material used, the resistance of the welding areas and the balloon insulation should
be analysed. Other material as PVC tarpaulin, already used by similar system, should be tested to evaluate
differences and characteristics compared to PVC 550. The possibility to install the digester above the ground
to reduce the installation and maintenance time should be considered. Moreover, The HRT calculated could
be further decreased leading to a smaller volume required to complete the anaerobic degradation and a further
increase in the biogas production. This solution, integrated with a greenhouse around the balloon to keep the
temperature high and constant during all day could further increase the biogas production and avoid problems
related to change in temperature as affect the microorganism environment. A reduction in the volume required
could also lead to a reduction in the cost of the material needed. Besides that, a longer time span is required to
analyse the durability of the technology and the maintenance that could be required, for example the occurrence
of clogging problems in the inlet and outlet pipes.
From an economic point of view, the next step should be in the reduction of the installation cost and calculate
the NPV considering that the construction material could be bought in a higher amount at a cheaper price
(assuming to start a “mass production”). As well as this, it could be reasonable to exclude the cost of the tools
to complete the installation as shovel, gloves and glue from the economic assessment since they could be used
again for a higher number of installations. Moreover, some of the materials as the bag could be ordered in
countries where the production is cheaper as India or China. Concluding, the possibility to use the gas for
different post harvesting that could lead to a further source of revenue for the farmers and, consequently, a
more advantageous investment. Moreover, the life span of the balloon, actually assumed equal to 5 years, should
be further evaluated to estimate the real profit of the investment.
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