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Abstract
Abu Dhabi, which is the capital city of the United Arab Emirates, is known for its fast and
advanced development in a short period of time. The city however generates a large amount
of waste on a daily basis and a large amount of this is dumped or landfilled. Landfilling of the
organic fraction of municipal solid waste (OFMSW), contributes to greenhouse gas (GHG)
emissions and circa 80 % of the OFMSW is landfilled in Abu Dhabi. However, Abu Dhabi
has shown its commitment to reducing GHG emissions by aiming to generate 7% renewable
energy by 2030, improving waste management, and developing a strategy for green economy.
In this study the approach evaluated is the waste-to-biogas system which utilizes anaerobic
digestion of the OFMSW. Modules based on the Aikan® and REnescience® plant designs
were simulated using SuperPro Designer® where energy and economic values were obtained
and used for the evaluations. Excel was used to make a cash-flow analysis for both modules.
A SWOT analysis was conducted to compare the strengths, weaknesses, opportunities and
threats between both modules.
Energy Returned on Investment is an approach that calculates the efficiency of a fuel by
dividing the energy acquired by the energy required in a process. Both modules give an
energy returned on investment (EROI) ratio for biogas of slightly below 2:1, in regards to
electricity which is considered relatively low when compared to other fuels. Three methods
were used for calculating the profitability of the modules, internal rate of return, pay-back
period and net present value (NPV). However the net present value (NPV) was found most
reliable and showed an NPV of $500 000 and $3 000 000 for module one and two
respectively and calculations show that module one has more risks while module two could
result in a bigger risk monetarily. The results show that implementing such a system will
have a minimal contribution to the city’s aim of 7 % renewable energy generation. However,
it will contribute to the city’s target of reducing GHG emission, improve waste management,
and lead to a green economy.
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Sammanfattning
Abu Dhabi, huvudstaden för Förenade Arab Emiraten, är kända för deras snabba utveckling
under en kort period. Staden generar mycket avfall dagligen och detta deponeras oftast. Den
organiska delen av hushållsavfall som deponeras bidrar till utsläpp av växthusgaser och cirka
80 % av detta organiska avfall deponeras i Abu Dhabi. Staten i Abu Dhabi har visat
engagemang för att minska utsläppen av växthusgaser genom att försöka generera 7 %
förnybar energi, förbättra avfallshanteringen, och utveckla en strategi för "grön ekonomi". I
denna studie undersöks biogassystemet som utnyttjar rötning av den organiska delen av
hushållsavfall för sin produktion av biogas. Moduler baserade på två olika kraftanläggningar,
Aikan® och REnescience®, simulerades med hjälp av programvaran SuperPro Designer®.
Värden för energiåtgång och ekonomiska storheter erhölls och användes för beräkningar i
arbetet.
Energikvot är ett begrepp som används för att beräkna hur effektiv ett bränsle är genom att
dividera energin som ges med energin som behövs i en process. De två olika modulerna ger
energikvot (EROI) värden för elektricitet som nästan fördubblas i båda fallen. Tre metoder
användes för att beräkna lönsamheten av modulernas lönsamhet, ”internal rate of return, payback period ” och Nuvärdesmetoden ”NPV”. Nuvärdesmetoden ansågs vara mest pålitlig och
en NPV av 500 000 $ respektive 3 000 000 $ ficks för modulerna. Dessa resultat visar att
genomförandet av ett biogassystem kommer ge ett mycket litet bidrag för att uppnå Abu
Dhabis mål på 7 % förnybar energi till och med år 2030. Däremot minskas utsläpp av
växthusgaser, avfallshanteringen förbättras samt bidrar till en grönare ekonomi.
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Nomenclature
UAE: United Arab Emirates
PV: Photovoltaic Power
GHG: Green House Gas
AD: Anaerobic Digestion
MSW: Municipal Solid Waste
OFMSW: Organic Fraction of Municipal Solid Waste
GDP: Gross Domestic Product
EROI: Energy Returned On Investment
AED: Arab Emirates Dirhams (currency)
IRR: Internal Rate of Return
PBP: Pay-back Period
NPV: Net Present Value
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Glossary
Municipal household waste: Waste generated by the public (garbage) (U.S. Environmental
Protection Agency, 2014).
Gross domestic product (GDP): "An aggregate measure of production equal to the sum of
the gross values added of all resident, institutional units engaged in production (plus any
taxes, and minus any subsidies, on products not included in the value of their outputs)"
(OECD, 2002)
Biogas: Mix of gasses, consisting mainly of methane and carbon dioxide, which is produced
when organic material is broken down in anaerobic conditions.
Fossil fuel: Non-renewable fuel, produced from remainders of dead organisms. It is one of
the largest sources of GHG emissions (Oxford Dictionaries, u.d.).
Present value (PV): Value of money reflecting in the present time’s worth
Anaerobic Digestion: A naturally occurring process in which microorganisms break down
organic matter in the absence of oxygen.
Hydrolysis: A chemical process in which a reaction with water breaks bonds and molecules.
Methane: A chemical compound consisting of one carbon and four hydrogen atoms
The Net Present Value (NPV): PV (revenues) – Investment
Pay-back Period: Period of time required for the investment to be fully paid back.
Internal Rate of Return: Gives the interest rate at which the NPV is zero.
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1. Introduction
This chapter introduces the study by presenting its objectives and purposes. It also gives an
overview of Masdar Institute and Abu Dhabi which is where the concepts of the study are
aimed.
Abu Dhabi, the capital city of the United Arab Emirates (U.A.E.), a country with an
astounding history of development since its independence in 1971, has become a polity that
can be considered the most successful in the Gulf region (Luomi, 2009). The country has
quickly developed one of the strongest economies in the world, with great thanks to its
abundant oil and natural gas resources. However, in a world where energy and environmental
issues are discussed worldwide, Abu Dhabi is fulfilling a duty of research and development
within the area and setting high goals for the future (Luomi, 2009). Abu Dhabi is investing in
projects and studies in light of reducing greenhouse gas emissions (GHG) and by 2030 Abu
Dhabi has an aim of being a leading country in regards to waste management (Environment
Agency, The Center of Waste Management, 2013).
As the world’s population is growing significantly, consideration must be taken to the
greenhouse gas emissions which are increasing with time. One of the contributors of GHG
emissions is the OFMSW, or the organic fraction of municipal of solid waste, and today circa
80% of the OFMSW in Abu Dhabi is either landfilled or dumped (Bonk, et al., 2015).
OFMSW contributes majorly to the emission of GHG since microorganisms will, in a
naturally occurring process, break down organic matter thereby release GHG such as
methane into the atmosphere. Statistical figures from year 2013 indicated that the organic
fraction accounted for 39 % of the city’s household waste (Statistics Centre, 2013). With the
use of a waste-to-biogas plant, the OFMSW can alternatively be transformed into biogas for
electricity and heat generation, while its digestate can be composted and used as fertilizer
(Bonk, et al., 2015). When implementing energy systems, such as a waste-to biogas system, it
is important that they also be economically feasible.

1.1 Aims and Objectives
The aim of this research is to compare two plant designs in order to study the production of
biogas from OFMSW in Abu Dhabi. The objective is to analyze whether a waste-to-biogas
system can be considered a good investment and the evaluation will be done from energy as
well as an economic point of view. A discussion will also be conducted on what kinds of
obstacles are present from a social point of view.
The theoretical modules in this study are based on the Aikan Technology and the
REnescience Technology, both of which are plant designs used for the production of biogas
and digestate as a coproduct of these processes. The modules utilize the biological process
anaerobic digestion which is discussed in section 2.1. The purpose of this study is to be able
to compare the benefits, the weaknesses, efficiencies, and the fiscal differences for both plant
1

designs and thereby evaluate the possible implementation of such a system in Abu Dhabi.
According to Dr. Jens Ejbye Schmidt, head of iEnergy, at Masdar Institute (Schmidt &
Bastidas-Oyanedel, 2015), the Aikan and REnescience technologies were chosen as a
result of a thorough screening process at iEnergy and were deemed to be most suitable for a
waste-to-biogas system in Abu Dhabi.

1.2 Masdar Institute
Masdar, a subsidy of an Abu Dhabi government owned company, serves partially as a
research driven graduate university, this is known as Masdar Institute of Science and
Technology. Here, researchers from all corners of the world work together to study
alternative energy sources, sustainable technologies and policies (Luomi, 2009). The institute,
developed in 2007, aims to study and tackle obstacles in these fields that the world is facing
now and may face in the future. Masdar Institute researchers are studying to find viable
solutions to today’s environmental and energy challenges. Masdar Institute is also working to
achieve a goal that the government of Abu Dhabi has set for 2030. This 2030 Vision
(Environement Agency, 2009) has five main priorities, one of which is to optimize waste
management. One of the ways to achieve this is by implementing a waste-to-biogas plant.

2

2. Background
Chapter two gives a deeper understanding of anaerobic digestion, the waste situation and the
economy in U.A.E. as well as presents the concept green economy.

2.1 Anaerobic Digestion
The purpose of this section is to give background information about what anaerobic digestion
(AD) is, since it is the process utilized in the technology in this study.
Anaerobic digestion is a biological process in which microorganisms break down organic
material in the absence of oxygen (The Official Information Portal on Anaerobic Digestion ,
u.d.).While there are several types of AD with different operating conditions, which will be
discussed throughout this section, the final products of such a process are biogas and
digestate (Organic Power, 2015).
Biogas is a renewable resource for energy and can be used as a substitute to generate
electricity and heat (Chen, et al., 2008). Biogas consists mainly of 60 % methane (CH4), 40 %
carbon dioxide (CO2) and traces of other gases such as hydrogen sulfide (Lawson, u.d.).
Depending on the feedstock composition, the exact consistency of biogas may change.
AD is used to biologically decompose waste and results in fuels, whilst eliminating pathogens
from the environment. Biogas contains carbon dioxide and methane; however the carbon in
biogas is a result of CO2 which is present due to photosynthesis in plants. Therefore,
producing and combusting the biogas will not add to GHG emissions and can be seen as a
neutral occurrence (University of Florida, 2013). Thereby, emitting a smaller amount of CO2
per unit of energy when compared to other fuels such as natural gas.
Digestate consists of the material that remains after the process, i.e. remaining undigested
waste as well as microorganisms. Digestate, which can be composted and used as organic
fertilizer due to its nutritious composition of nitrogen, sulfur, and phosphorus, improves soil
quality and provides nutrients to plants (Alexander, 2012). Digestate amounts to roughly 95
% of the volume of the feedstock initially put into the anaerobic digester (The Official
Information Portal on Anaerobic Digestion , u.d.).
There are two operating temperatures for AD discussed in this study, mesophilic with an
average temperature of 35°C, and thermophilic with an average temperature of 55°C, both of
which are ideal operating conditions for the microorganisms used to break down the organic
material in each respective operating condition (Kardos, et al., 2011; The Wales Center for
Excellence for Anaerobic Digestion, u.d.). These operating conditions are used in either wet
or dry AD, depending on the feedstock in question. Dry anaerobic digestion is used for
feedstock with a moisture content less than 85 % while in wet it is higher than 85 %, during
the digestion process. Wet AD, however, occurs when the feedstock is treated before the
digestion process in order to be sanitized and water is added to give the matter a more pulplike consistency (Aikan, u.d.), while in dry AD, the digestate is sanitized at the end of the
process. There are both advantages and disadvantages with using the different kinds of
3

anaerobic digestion. These will be further discussed in section 4.3 and section 5 as they are
both utilized in this study.
When digesting waste anaerobically, pre-treatment is usually necessary in order to remove
contaminants and make for a more homogenous mixture. This can differ from one process to
another, depending on the composition and purity of the waste (Unuyol, 2005). The waste
does however need to be shredded for size reduction as well as mixed before the anaerobic
digestion takes place. Hydrolysis is an important part of the pre-treatment process where the
waste’s compounds are chemically broken down and the size is further reduced (Monnet,
2003).
With its production of biogas and digestate, anaerobic digestion can minimize the use of
synthetic fertilizer and contribute to the use of renewable energy rather than fossil fuels. The
process requires a relatively low amount of energy to run and can be fueled by its own gas
production. Several factors can however affect the biogas yield. Such factors include
moisture of the feedstock, total solid content, pH, and carbon to nitrogen ratio (Monnet,
2003). It is therefore difficult to say exactly how efficient the biogas and digestate will be for
their respective later use.

2.2 Energy and Waste in Abu Dhabi
U.A.E. ranks number four in countries with highest environmental footprints, which is a
result of the fact that all of the country’s energy comes from the burning of natural gas
(National Geographic, u.d.). Abu Dhabi has circa 95 % of the total country’s oil and gas
reserves (Suleiman, 2007). The government of Abu Dhabi is however dedicated to reducing
greenhouse gas emissions and has therefore made commitments to generate 7 % of the
emirate’s total power generation from renewable resources.
Currently, there are two solar power plants, Masdar City Solar PV Plant and Shams One,
which each have a capacity of 10 MW and 100 MW respectively (Masdar Institute, u.d.),
(Shams, u.d.). These power plants alone cannot meet 7 % of the electricity needs in a city
where more than 47 million MWh of electricity were consumed in 2012 (Statistics Centre,
2013). In order to further contribute to the goal of reaching 7 % renewable energy, more
technologies and methods should be investigated and implemented. Utilizing waste, or more
specifically the OFMSW, for energy generation is one of the technologies that are interesting
in Abu Dhabi, mainly due to the great amount of food and other organic waste that is being
discarded of. In 2012 the total amount of waste generated was 35 thousand tons per day
(Statistics Centre, 2013).
According to the Statistics Centre – Abu Dhabi, over 12 million tons of waste were generated
in 2012, of which municipal solid waste (MSW) made up nearly 900 thousand tons. The
OFMSW accounted for circa 33 % of the MSW resulting in over 300 thousand tons, in 2012
(Statistics Centre, 2013). However, Abu Dhabi has a goal of improving their waste
management by diverting 85 % of the waste from landfills by 2030 (Environment Agency,
The Center of Waste Management, 2013). Today only 16 % of the OFMSW is composted,
meaning that a large amount of this organic fraction is dumped or landfilled (Bonk, et al.,
4

2015). This may lead to leaching and greenhouse gas emission such as the release of methane
when the organic matter is naturally broken down (Bonk, et al., 2015). However, using the
OFMSW waste for the production of biogas will contribute to the increased use of renewable
energy sources, reduce greenhouse gas emissions, as well as divert a significant amount of
waste from landfills. Thereby, assist in accomplishing their goal of improving the waste
management in Abu Dhabi (Emirates News Agency, 2011; Masdar, u.d.). Another advantage
is that residual digestate, which can be used as fertilizer, will also be produced in the process.

2.3 Green Economy
This section discusses U.A.E.’s commitment to a “Green Economy for Sustainable
Development”.
U.A.E.’s “A Green Economy for Sustainable Development” is an initiative for the country to
build a long term economy that will focus on green energy, green investment, green city,
climate change, green life and green technologies (Beeatna.ae, 2013). On March 4-5, 2014,
the Prime Minister and Vice President of U.A.E. hosted a conference which aimed on a
Green Growth Strategy. The objectives for reaching this goal will be discussed in this section.
Section 5.1 in this study will discuss how implementing a waste-to-biogas system will
contribute to such a strategy (Partnership for Action on a Green Economy, 2014).
Green economy is defined by UNEP (United Nations Environment Programme) as ” A
system of economic activities related to the production, distribution and consumption of
goods and services that result in improved human
wellbeing over the long term, while not exposing future
generations to significant environmental risks and
ecological scarcities” (Beshehri, 2012).
Figure 1
exemplifies the different factors that need to be taken into
consideration when building a Green Economy.
Below are some of the key concepts that make up a green
economy:
Figure 1: Dimensions of Green Economy

A Low Carbon Economy: An economy that minimizes the emissions of GHG
(Regions for Sustainable Change, u.d.).
Green Growth: The country’s GDP increases by investing in green sectors, such as
renewable energy technologies (Beshehri, 2012).
Green Jobs: Jobs created for the benefit of the environment (United Stated
Department of Labor, 2010).
Circular Economy: An economy that utilizes the waste from one process as a
resource in either the same or a different process (Beshehri, 2012).

5

2.4 United Arab Emirate’s Economy
To be able to calculate the investments, its risks and possible revenues for the different
plant designs discussed in this study, one must first look into the country’s economy and
get a better understanding of it. This is in order to get a perspective of whether the
country has a stable and strong economy for such investments. First one should note that
the U.A.E. has a no tax policy except for foreign banks, hotel services and oil companies
(Galdari & Associates - Advocated and Legal Consultants, u.d.) .
The U.A.E.’s highest recorded inflation was in year 2008 when the rate was 12.3 %,
however in year 2011 the country experienced its lowest inflation at -1.6 %. The average
inflation rate of the country is 2.15 % and the present inflation rate is 3.6 %, as calculated
February 2015 (Trading Economics, 2015). Circa 80 % of the U.A.E.’s profits are a
result from the country’s exporting of oil and gas. Statistics from 2013 showed that the
country’s population was approximately 9 million and the unemployment rate was 3.8 %.
The country’s gross domestic product (GDP) in the same year was recorded to be $ 272
billion and has an average of 1.9 % compound annual increase over a 5 year period (The
Heritage Foundation, 2015).
U.A.E.’s Ministry of Economy has stated its goal of changing laws to grant full foreign
ownership in some sectors and with the country’s existing zero tax policy, the “free trade
zone” country would potentially attract many foreign investors (The National, 2015). For
that reason and the country’s aim of being environmentally friendly, a foreign power
plant can be seen as an advantageous opportunity in terms of investment. However the
law is set to apply for certain sectors and whether the energy sector is included has yet to
be determined.

6

3. Methodology
This chapter describes the different methods used and presents the system limitations that
were taken in the study.
A visit to Masdar Institute for three weeks was conducted where the opportunity to learn and
use the program SuperPro Designer was given. SuperPro Designer was used to simulate
the processes and gave data that was used in both the economic and energy analysis. An
interview was conducted with Dr. Jens Ejbye Schmidt and Dr. Juan Bastidas to answer
questions regarding these specific plant designs and why they were chosen, as well as to get
better insight of the potential of waste management in Abu Dhabi. Excel was used in the
economic analysis to calculate the costs, revenues and different outcomes; it also explains
how these values are expected to alternate in the future.
Similar studies, “Converting the Organic Fraction of Solid Waste from the City of Abu
Dhabi” (Bonk, et al., 2015) and “Techno-economic Evaluation of Biofuel Production from
Organic Fraction of Municipal Solid Waste (OFMSW) Generated in Abu Dhabi” (Nwobi,
2013) have been done in Abu Dhabi regarding the two plant designs used in this research and
were adjusted to best fit Abu Dhabi and its environment. Since no experimental analysis was
done for this study on the composition of the waste available in Abu Dhabi, the program was
simulated using the composition found in Techno-economic Evaluation of Biofuel Production
from Organic Fraction of Municipal Solid Waste (OFMSW) Generated in Abu Dhabi”,
(2013). There the chemical analysis of the OFMSW showed that the waste consists of the
following components; acetid-acid, arabinose, ash, ethyl alcohol, fats, glucose, klason lignin,
lactic acid, nitrogen and oxygen, proteins, water and xylose. The waste has a moisture content
of 64% (Nwobi, 2013).
This study takes into consideration the Energy Returned on Investment, or EROI, which was
used to determine the value of the biogas produced from both plant designs, compared to the
amount of fuel required in its production. Appendix C presents an Excel file which shows all
calculations and assumptions made for the fifteen years, i.e. is the assumed running time for
the plant designs. Finally a SWOT analysis, a method used to evaluate the technologies
strength, weaknesses, opportunities and threats, was conducted for each technology to be able
compare them. The SWOT analysis also gives better insight of the different factors that can
make impact when implementing a waste-to-biogas system in Abu Dhabi.
The two modules in this study; module one and module are based on the Aikan® and the
REnescience® respectively, and therefore will be referred to as module one and module two
throughout majority of this study.

3.1 Project Limitations
When doing economic and energy calculations the system boundaries were chosen to only
include the centralized plant, i.e. all the steps from when the waste is put in, until biogas and
digestate are produced. This means that costs, emissions or other factors that may arise
7

outside of the plant are not taken into consideration. How this may affect the study will be
discussed in section 5.1.
REnescience Technology can be used to co-produce bioethanol and biogas. In this study
however, module two, which is only based on the REnescience Technology, has been
adjusted, from after the distillation step, to only produce biogas and compost as a byproduct.
Therefore no consideration was put in the production of bioethanol as it is outside the
limitations of this project. This will also be further discussed in section 5.1.
Biogas can be used as a substitute for fossil fuels to generate electricity and heat by using a
co-generator that burns the methane. The remaining heat and electricity can be sold, however
in this study no consideration will be put in the surplus heat being produced due to lack of
data regarding the amount of heat that is consumed in Abu Dhabi. For that reason, the
economic evaluation will only be in regards to the selling of biogas and digestate being
produced and not electricity and heat.

3.2 SuperPro Designer
SuperPro was used to design the two plant concepts discussed in this study. It calculated
the energy requirements and the cost of each of the equipment. It is a tool that can be used to
model, evaluate and optimize different processes in various industries.

3.2.2 Module one (based on Aikan)
Aikan Technology uses batch processing to transform waste into biogas and compost
(Aikan, u.d.). The process consists of three main steps: hydrolysis, biogas production, and
composting. The biogas is produced through a two-step anaerobic digestion process,
hydrolisation and dry anaerobic digestion at mesophilic conditions (circa 35 C) which are
optimal for the bacteria to act on the waste (Muller, 2011; Aikan, u.d). Sanitization of the
matter occurs after the production of biogas where the residuals are heated to 70 C and
thereafter transformed into compost by the addition of air. Figure 2 shows the full process as
designed on SuperPro and the steps are described below it.
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Figure 2: Module one (Based on Aikan)
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Description of steps

As shown in Figure 2, solid waste which is manually sorted on site to remove inorganic
material such as glass or metal, is loaded in storage SL-101 to initiate the flow. It is then
separated by flow splitting FSP-101 where impurities such as plastic, that may still be
present, are removed from the process. Belt conveyor BC-101 transports the waste to
shredder SR-101 where green waste such as pieces of wood, yard, and garden waste, are all
added to the existing waste. In SR-101 shredding occurs to reduce the size of the material.
The green waste contains lignin, a complex polymer that can be found in wood and some
plants. Anaerobic digestion cannot break down the lignin and therefore the biogas yield is
lowered. However, shredding and hydrolysis of the matter both aid in improving the biogas
yield from anaerobic digestion (Heiske, et al., 2013). In mixer MX-101, the shredded material
is further mixed together before it is transported by belt conveyor BC-102 to be stored in
storage bin SL-102. Belt conveyor BC-103 then transports the material to hydrolysis tank
WSH-101 where hydrolysis occurs. Hydrolysis will weaken the fatty acids that have emerged
when the organic waste was stored and will further breakdown the compounds and lignin.
The material is then moved to by centrifugal PM-101 to the process module, anaerobic
digester AD-101, where methane is produced from the wet fraction of the waste. In this
module however, the waste is “recycled” between the hydrolysis tank WSH-101 and
anaerobic digester AD-101, this ensures that the maximum amount of methane is produced
and the remaining waste is kept in the module. The biogas is also captured simultaneously.
This recycling of the waste continues for as long as there is methane potential. Once the
potential has decreased, the anaerobic digester is switched off. FSP-101 shows that the waste
and biogas are split up.
Composting of the waste is the next step of the process. Here, the anaerobic digester, or
process module, becomes a composting processor. The digestate which has been stored in
this process module is ventilated. The temperature in the process module is then increased to
70-75°C to sanitize the organic matter. It is then taken out of the module and exposed to
outdoor conditions in SLDR-101, a sludge dryer, to further compost and is then ready for use.
3.2.3 Module two (based on REnescience)
REnescience which is a continuous process uses wet anaerobic digestion to convert waste
into biogas (REnescience, u.d.). The process occurs at thermophilic conditions and includes a
pre-treatment step to sanitize and break down the waste. The residuals of this process can be
composted to be used as fertilizer. Figure 3 shows the full process as designed on SuperPro.

10

Figure 3: Module two (Based on REnescience)
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Description of steps:

Figure 3 above shows the raw material of the process, which is the manually sorted OFMSW,
entering storage tank SL-101 in order to give the process a steady flow rate. Belt conveyor
BC-101 transports the solid waste to shredder SR-101 for size reduction. It then enters the
sterilization tank, V-101, via belt conveyor BC-102. In this sterilization tank, the material is
heated up to 85°C in atmospheric pressure for one hour. Next, screw conveyor SC-101
transports the material to heat exchanger, HX-101, where water cools it to 50°C.
This pretreatment of the waste is required in order sanitize as well as breakdown the
waste to improve the hydrolysis rate and allow better enzymatic access. After pretreatment,
the waste is transported via SC-102 to hydrolysis reactor R-101. This is where an enzyme
mix is pumped in to chemically breakdown the compounds. Enzymatic hydrolysis can occur
between 45°C to 50°C, depending on the enzymes used (Nwobi, 2013). The time allowed
for hydrolysis does not have a large effect on the efficiency, addition of more enzymes, on
the other hand, will lead to a more preferable degradation. However, this affects the cost of
the process due to the high cost of enzymes (Nwobi, 2013).
The centrifugal pump, PM-101, transports the now liquefied material to heat exchanger HX102, where it is chilled to 30°C using cool water. The steps including fermentation in FR101, centrifugal pump PM-102, and distillation tank C-101 are relevant for the production of
bioethanol. The biogas production process then continues by the fluid being transported
through the centrifugal pump, PM-103, to be heated in heat exchanger HX-103 and flow
through centrifugal pump PM-104 to finally enter the anaerobic digester AD-101. Here,
methane is produced and captured, and the digestate, a by-product of the process, is stored in
storage tank V-102. It can then be processed to be used as fertilizer.
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4. Results
Chapter 4 presents the environmental, energy and economical results of both modules.

4.1 Energy Returned on Investment
In this section the quantities of biogas produced for both modules are calculated with their
resulting energy contents. The term EROI is also presented and calculated.
According to the Statistics Centre – Abu Dhabi, over 12 million tons of waste were generated
in 2012, of which municipal solid waste made up nearly 900 thousand tons. The organic
fraction of the municipal solid waste accounted for about 33%, resulting in over 300 thousand
tons of organic household waste in 2012, as previously mentioed (Statistics Centre, 2013).
As mentioned previously, the biogas produced can be combusted to generate heat and
electricity. This biogas will however have to compete with other fuels in terms of efficiency,
i.e. energy content per meter cubed biogas. This can be assessed by calculating the energy
returned on investment (EROI). EROI is an approach that can be used to determine how
efficient a fuel is. The EROI value is calculated through division of the amount of energy
given from a process by the amount of energy used to supply the process, as shown in
equation (1). In other words, it is simply the energy output divided by the energy input in a
process. It should be noted that when calculating an EROI ratio, the numerator and
denominator have the same units and therefore, the resulting value is deemed dimensionless
(Hall, et al., 2009).

EROI =

Quantity of energy acquired from process
Quantity of energy required to supply process

(1)

EROI ratios can vary greatly, however these values depend on factors such as the region for
which the value is calculated and the year. For example, the global EROI value for oil and
gas has decreased from 30:1 to almost half its value 18:1 between 1995 and 2006 (Hall, et al.,
2014). Natural gas in the United States was found to have an EROI ratio of 67:1 in 2005.
These values can be compared with those of renewable resources such as biodiesel and
photovoltaics which showed EROI ratios of 1.3:1 and 6:1 respectively, for unknown years
and regions (Kubiszewski & Cleveland, 2009; Pimentel & Patzek, 2005).
Generally, when calculating an EROI ratio the energy quantities that are used are sums of the
direct and indirect energy quantities acquired and supplied. Indirect energy quantities can
include energy required to construct equipment as well as transportation (Vaid & Garg,
2013), however the limits for this study include only the centralized plant in both modules,
that is, the direct energy quantities. Further clarifications regarding the significance of the
EROI will be discussed in chapter 5. It can however be noted that for a fuel to be considered
efficient, the EROI should have a higher ratio than 1:1, i.e. the quotient should have a greater
value than 1. If a fuel does have an EROI ratio of 1:1, the process has reached an “energy
breakeven point”, meaning all of the energy produced will be used to fuel the process (Hall,
et al., 2009).
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In this study, two EROI values are calculated in each respective module. In the first
calculation the numerator consists of only the electrical energy generated, and in the other,
the numerator is all consumable energy generated. In both cases however, the denominator is
all of the energy required in the process. The purpose of the first calculation is to evaluate
how society can directly benefit from these processes, i.e. the electricity generated in each
respective module. The second one is in order to evaluate how society can both directly and
indirectly benefit from the respective processes. By indirectly, it is meant that energy
generation is not the only benefit; diversion of waste from landfills is also an advantage of a
waste-to-biogas system.
In order to calculate the EROI values for each of the two modules in this study, the energy
required and acquired needs to be determined and therefore several assumptions are made,
see Table 1 below. These assumptions are based on values from the corresponding references
as shown in Table 1 and are further explained below.

Table 1: Assumptions and their corresponding references.

Factor

Value

Assumption

Reference

Biogas Composition

60% CH4; 40% CO2,
explicitly given

60% CH4
40% CO2

Energy content in CH4

6.0-6.5 kWh/m3 CH4

6.3 kWh/m3 CH4

(The Official
Information Portal
on Anaerobic
Digestion , u.d.)
(Nwobi, 2013)

CH4 that can convert to
consumable to energy

89% of all CH4 in the
biogas, explicitly
given

Energy consumed in
process

25% electrical; 75%
thermal

89% of all CH4 in the (Waste Refinery
biogas
Australia Project
Association
Incorporated, 2009)
25% electrical, 75% SuperPro
thermal

Co-generator conversion
efficiency

40% electrical;
48% thermal,
explicitly given

40% electrical,
48% thermal

(Pöschl, et al., 2010)

As previously mentioned, biogas consists mainly of methane and carbon dioxide, however
traces of other gases can also be found in its composition. For simplicity, the traces of other
gases are unaccounted for and the biogas is assumed to be made up of only methane (60%)
and carbon dioxide (40%). When the biogas is burned it results in consumable energy ranging
from 6.0 to 6.5 kWh per cubic meter of methane, therefore the average 6.25 kWh/m3 CH4 is
rounded up and 6.3 kWh/m3 CH4 is used in this study. Since the reaction of combusting
methane releases energy and also results in carbon dioxide and water, it is assumed that the
14

co-generator can convert 89% of the methane, see equation (2). The resulting energy
generated in the co-generator results in consumable energy consisting of 40% electrical
energy and 48% thermal energy; the remainder is lost as excess heat (Pöschl, et al., 2010).
The process of producing biogas consumes on average 25% electrical energy and 75%
thermal energy of the total energy required, in each respective module.
𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2 𝑂

(2)

4.1.1 Module one (based on Aikan®)
According to Aikan® one ton of feedstock will produce 80 m3 of biogas (Aikan, u.d.). The
feedstock consists of the manually sorted OFMSW and green waste. For each ton of
OFMSW, 500 kg of green waste is added, which consists of yard and garden waste as well as
wood. The resulting digestate that remains after the process is 800 kg per ton waste. These
values and the assumptions presented in Table 1 are used to calculate the biogas obtained, its
methane content, electricity and heat generated, as well as the electricity surplus from module
one with regard to waste in Abu Dhabi, (see table 2). Figure 4 below shows a flowchart of the
process in module one.

15

Figure 4: Module one flowchart
Table 2: Module one process summary

OFMSW + Green waste
Biogas produced
Methane in Biogas (60%)
89% of methane (will convert to consumable
energy)
Energy content in CH4 (6.3kWh/m3)
Electrical energy (40% of energy content in
CH4)
Thermal energy (48% of energy content in CH4)
Consumable Energy (electrical + thermal)
Total energy required for process as given from
SuperPro® (electrical + thermal)
Electrical energy required in process (25%)
Electricity surplus (produced – required in
process)
Remaining digestate

495 000 ton
39 600 000 m3
23 760 000 m3
21 146 400 m3
133 222 320 kWh
53 288 928 kWh
63 946 713 kWh
117 235 641 kWh
29 352 129 kWh
7 333 032 kWh
45 950 896 kWh
338 250 ton

The following values are results of calculations shown in Appendix A. The process, which
utilizes 330·103 ton OFMSW and 165·103 ton green waste, requires a total of 29.4·106 kWh
of energy. The process yields 39.6·106 m3 biogas consisting of 23.8·106 m3 methane which
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gives an energy equivalent of 53.3·106 kWh electricity, and 63.9·106 kWh heat. The process
also results in 235·106 ton digestate. The resulting surplus of electricity amounts to 45.9·106
kWh, which can be used outside the plant. The remaining heat not used in the process can
also be used outside the plant, that is, however, outside the scope of this study. The two EROI
values, discussed in chapter 4, can now be calculated, as shown below in equation (3) and (4).
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑞𝑢𝑖𝑟𝑒𝑑 53 288 928
=
= 1.81
𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
29 352 129

(3)

𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑞𝑢𝑖𝑟𝑒𝑑 117 235 641
=
= 3.99
𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
29 352 129

(4)

Equation (3) shows the EROI calculated for the electricity consumed and has a ratio of
roughly 2:1. This indicates that the energy breakeven point has been surpassed and that the
processes generates almost two times the amount of electricity compared to all the energy
that is needed for it to be fuelled, i.e. almost twice the amount of energy invested will be
returned in the form of electricity which society can directly benefit from. Equation (4) has an
EROI ratio of almost 4:1 which means the energy returned will be almost four times as much
as the energy invested. A portion of this energy that is returned will be used to continue
fuelling the process, while the remainder can be used outside the plant.

4.1.2 Module two (based on REnescience)
One ton of feedstock in this process will produce 160 m3 of biogas (Kraemer, 2012). The
feedstock consists of only the OFMSW. The resulting digestate that remains after the process
is 715 kg per ton waste. These values and the assumptions presented in Table 1 are used to
calculate the biogas obtained, its methane content, electricity and heat generated, as well as
the electricity surplus from module two with regard to waste in Abu Dhabi, (see table 3).
Figure 5 below shows a flowchart of the process in module two.
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Figure 5: Module two flowchart
Table 3: Module two process summary

OFMSW
Biogas produced
Methane in Biogas (60%)
89% of methane (will convert to consumable
energy)
Energy content in CH4
Electrical energy (40% of energy content in
CH4)
Thermal energy (48% of energy content in CH4)
Consumable Energy (electrical + thermal)
Total energy required for process as given from
SuperPro® (electrical + thermal)
Electrical energy required in process (25%)
Electricity surplus (produced – required in
process)
Remaining Digestate

330 000 ton
52 800 000 m3
31 680 000 m3
28 195 000m3
177 629 760 kWh
71 051 904 kWh
85 262 284 kWh
156 314 188 kWh
38 425 423 kWh
9 565 904 kWh
61 486 333 kWh
235 950 ton

The following values are results of calculations shown in Appendix B. The process, which
utilizes 330·103 ton OFMSW, requires a total of 38.4·106 kWh of energy. The process yields
52.8·106 m3 biogas consisting of 28.2·106 m3 methane which gives an energy equivalent of
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71.0·106 kWh electricity, and 85.3·106 kWh heat. The process also results in 235·103 ton
digestate. The resulting surplus of electricity amounts to 61.5·106 kWh, which can be used
outside the plant. The remaining heat not used in the process can also be used outside the
plant, that is, however, outside the scope of this study. The two EROI values, discussed in
chapter 4, can now be calculated, as shown below in equation (5) and (6).

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑞𝑢𝑖𝑟𝑒𝑑 71 051 904
=
= 1.84
𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
38 425 423

(5)

𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑞𝑢𝑖𝑟𝑒𝑑 156 314 188
=
= 4.06
𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
38 425 423

(6)

Equation (5) shows the EROI calculated for the electricity consumed and has a ratio of
roughly 2:1. This indicates that the energy breakeven point has been surpassed and that the
processes generates almost two times the amount of electricity compared to all the energy
that is needed for it to be fuelled, i.e. almost twice the amount of energy invested will be
returned in the form of electricity which society can directly benefit from. Equation (6) has an
EROI ratio of over 4:1 which means that the energy returned will be over four times as much
as the energy invested. A portion of this energy that is returned will be used to continue
fuelling the process, while the remainder can be used outside the plant.

4.2 Economical results
This section presents the expenses, revenues and different expected outcomes for both
technologies.
The following assumptions, as shown in table 4, apply for calculations on both technologies.
They were chosen and/or calculated based on previous researches.
Table 4:Economic Assumptions

Factors
Interest rate
Inflation
Target Pay-back period
Project lifetime

Used value
5%
2.15 %
10 years
15 years

The interest rate is assumed to be 5 % as suggested by research previously done (Bonk, et al.,
2015) and (Nwobi, 2013). The inflation rate is 2.15 %, which is the average rate in the U.A.E.
as mentioned earlier. Maintenance cost is presumed to be 2 % of the equipment costs (Nwobi,
2013). Further assumptions suggest that the maintenance cost would increase with regards to
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the inflation rate. Based on values from (Nwobi, 2013), calculations show that the annual
operating cost is 45 % of the yearly revenue. Increase in revenue is also considered to
alternate with the inflation rate. Due to the previously mentioned national no tax policy, the
tax rate in these calculations is 0 %.
The following section describes the formulas used in the calculations:
(7)
𝑅𝑒𝑣𝑒𝑛𝑢𝑒 𝑦𝑟. 𝑛 = 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 𝑦𝑟. 1(1 + 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛)𝑛

(8)
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 𝑦𝑟. 𝑛 = 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 𝑦𝑟. 𝑛 ∗ 45%

(9)
𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 𝑦𝑟. 𝑛 = 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 𝑦𝑟. 1(1 + 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛)𝑛

(10)
𝑁𝑒𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑖𝑛𝑐𝑜𝑚𝑒(𝑁𝑂𝐼)
= 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 − 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 − 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠

(11)
𝑆𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 = 𝑁𝑂𝐼16

(12)
𝑆𝑉𝑛
𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑆𝑎𝑙𝑣𝑎𝑔𝑒 𝑉𝑎𝑙𝑢𝑒(𝑃𝑉. 𝑆𝑉) =
(1 + 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑟𝑎𝑡𝑒)𝑛

(13)
𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 = 𝑃𝑉. 𝑁𝑂𝐼 + 𝑃𝑉. 𝑆𝑉

(14)
𝑁𝑒𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 (𝑁𝑃𝑉) = 𝑇𝑜𝑡𝑎𝑙 𝑃𝑉 − 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

A safety analysis was conducted for both constructions to give more insight into how
different scenarios would impact the outcome of the investment as well as to help select the
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most “secure” investment. Table 9 and 14 in section 4.2 and 4.3 respectively show a
summary of the calculated values. The expected outcome is the outcome which results from
using the above mentioned assumptions. Note that all calculations were done in an excel file,
found in Appendix C.
A calculation with the pessimistic outcome was also conducted. Three factors were taken in
consideration when calculating this outcome. These factors were first calculated individually
to see the change each would have on how lucrative the investment is and then the change if
all factors were to occur at the same time, i.e. pessimistic outcome. Those factors are: the
investment cost increasing by 15 % and the biogas and compost selling price each decreasing
by 10 % respectively.
In order to calculate the optimistic outcome the following information was used. In 2010 the
price of oil (more specifically Diesel oil) in U.A.E. changed from 2.35 AED to 2.55 AED,
which is approximately 8.5 % increase in price. Since oil is used abundantly in U.A.E.,
assumptions will be made that the price of biogas will only increase by 25 % of the increase
in oil. This results in (0.25 ∗ 0.085 = 0.02125) roughly 2.1% increase in biogas price
(Rasheed, 2010) .

4.2.1 Module one (based on Aikan)
As previously mentioned 320 000 tons of waste is put in the process and then 165 000 tons of
green waste is added to the mix, resulting in 39 600 000 m3 biogas and 338 250 tons of
digestate. From the total amount of biogas produced used only 13 801 730 m3 can be sold, the
remaining is needed to fuel the process. From this digestate produced, 169 125 tons is
composted and used as fertilizer while the remaining 169 125 tons is reused as green waste.
The equipment costs are taken from SuperPro with default settings. For more information
regarding the equipment prices for module one, see appendix D.
Table 5: Various cost for module one

Purchased equipment
Installations
Process piping
Instrumentation
Insulations
Electricals
Buildings
Yard improvements
Auxiliary facilities
Total Plant Direct Cost
Engineering
Construction
Total Plant Indirect Cost
Contractor’s fee and contingency
Total

Price ($)
2 096 000
272 000
734 000
839 000
63 000
210 000
943 000
314 000
839 000
6 309 000
1 577 000
2 208 000
3 785 000
1 515 000
11 608 000
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Table 6: Labor cost

Labor type

Unit cost ($/hour)

Operator
Total

4.26

Annual amount
(hour)
48 183

Annual cost ($)
205 260
205 620

Table 7: Utility cost

Utility

Cost ($)

Total

5 940

Utility costs include the cost of standard power needed in this module. The investment cost is
the sum of the costs listed in tables 5, 6, 7 i.e.
11 608 000 + 205 620 + 5 940 = $ 11 819 560.

Since the investment cost is relatively low, assumptions and comparisons to previous work
were made. A previous study done in the U.A.E. for the same technology showed that the
investment was calculated to $ 74 million (Bonk, et al., 2015) and a study from Denmark
found it to be $ 39 million (Anon., u.d.). The mean of the three investments gives $ 41
million, however in this study the fastidious and research-anchored assumptions give rise to a
more realistic outcome of $ 38 million.
Since the equipment costs of $ 2 096 000 make up circa 18 % of the total investment (Nwobi,
2013), it is considered reasonable that this price should be larger with a larger investment.
Therefore, for the $ 45 000 000 investment outcome, an equivalent share of 18 % is taken as
the new equipment price, resulting in $ 8 100 000, as seen in table 8 below. The equipment
cost is needed for the maintenance cost.
Table 8: Calculated cost vs. assumed realistic cost

Investment
Equipment cost

Calculated cost ($)
11 819 560
2 096 000

Assumed realistic cost ($)
38 000 000
6 840 000

Below are the results of the NPV with the expected outcome; each of the individual factors
independently; the pessimistic outcome as a result of the simultaneous impact of all three
factors; as well as the optimistic outcome as a result of an increase in biogas price, as
described in the previous section 4.2.
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Table 9: Summary of different outcomes

Expected outcome
Investment cost increases
Biogas price decreases
Compost price decrease
Pessimistic outcome
Biogas price increases (optimistic
outcome)
For detailed calculation see Appendix A.

NPV ($)
500 000
-8 000 000
-300 000
-90 000
-8 800 000
1 200 000

The investment was calculated to be paid back after 13.69 years and the internal rate of return
(IRR) is 5.5 %. These values from the payback-period and the internal rate of return method
will be further discussed in chapter 5.

4.2.2 Module two (REnescience)
In this module 330 000 tons of waste was initially placed in the process module resulting in
52 800 000 m3 of biogas whereof 18 718 976 m3 can be sold, remaining needed within the
process and 235 950 ton of digestate produced annually.
The equipment costs were taken from SuperPro® with default settings. Appendix C shows
the detailed equipment pricing for module two.
Table 10: Various costs for module two

Purchased equipment
Installations
Process piping
Instrumentation
Insulations
Electricals
Buildings
Yard improvements
Auxiliary facilities
Total Plant Direct Cost
Engineering
Construction
Total Plant Indirect Cost
Contractor’s fee and contingency
Total

Price
5 299 000
1 721 000
2 112 000
2 414 000
181 000
603 000
2 715 000
905 000
2 414 000
18 364 000
4 775 000
6 685 000
11 460 000
1 528 000
34 408 000
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Table 11: Labor cost

Labor type
Operator

Unit cost ($/hour)
4.26

Annual amount (hour)
73 818

Annual cost ($)
314 465

Table 12: Utility costs

Utility
Cost ($)
Total
23 482 436
Utility costs include the cost of standard power, steam, chilled water and cooling water
needed in this module.
The investment cost is again the sum of the costs listed in tables 10, 11, 12, i.e.:
34 408 000 + 314 465 + 23 482 436 = $ 58 204 901.

A study in the U.A.E. calculated the investment to $ 37 million (Nwobi, 2013) and a study in
Denmark calculated it to $ 74 million (Anon., u.d.). The average of these three is $ 54 million
however for corresponding reasons as module one $ 50 million was chosen to be the realistic
investment cost.
In this module the equipment cost made up 14 % ($5 200 000) of the total investment
(Nwobi, 2013) and that same percentage of the estimated investment cost was chosen as the
new equipment cost ($ 9 100 000), and was used for needed calculations as shown in table 13
below. The equipment cost is needed for the maintenance cost.
Table 13: Calculated cost vs. assumed realistic cost

Investment
Equipment cost

Calculated cost ($)
37 000 000
5 299 000

Assumed realistic cost ($)
50 000 000
7 000 000

Below are the results of the NPV with the expected outcome; each of the individual factors
independently; the pessimistic outcome as a result of the simultaneous impact of all three
factors; as well as the optimistic outcome as a result of an increase in biogas price, as
described in the previous section 4.2.
Table 14: Summary of different outcomes

Expected outcome
Investment cost increases
Biogas price decreases
Compost price decrease
Pessimistic outcome
Optimistic outcome
For detailed calculations see EXCEL.

Net Present Value ($)
3 000 000
-4 400 000
-1 000 000
2 200 000
-9 300 000
4 000 000
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The investment was calculated to be paid back after almost 10.54 years and the internal rate
of return (IRR) is 6.2 %. As previously mentioned, these two methods will be discussed
further in chapter 5.

4.3 SWOT analysis
This section will take into consideration the results of the chapter and analyze the different
outcomes when evaluating the strengths, weaknesses, opportunities and threats for the
different modules.

A SWOT analysis, a framework used to identify and analyze a projects strategic methods for
planning and development (Hill & Westbrook, 1997), is conducted for both modules as
shown in Figures 6 and 7 below.
Module one uses dry AD at mesophilic conditions where a smaller amount of energy is
required due to lower temperature operating conditions. Less water is added to the process
since it requires moisture content below 85 %. It is also simple in the sense that it requires
less equipment and maintenance since majority of the process occurs in the anaerobic
digester which is also used as a composting processor. Module one also has a built in
ventilation system that leads to a quicker composting. Module two, on the other hand, uses
wet AD at thermophilic conditions. It is a more complex system that consumes more energy,
than module one, in order to fuel the process due to transportation needed between the
different process equipment. The heat pre-treatment and hydrolysis steps in module two give
the material a pulp like consistency due to addition of water with the enzymes. This results in
a higher moisture content therefore the process overall uses larger tanks than those of module
one.
The green waste which is added to the feedstock in module one gives the digestate a more
desirable structure (ADBA, 2014) but leads to a significant amount of lignin in the organic
matter, which can limit the potential biogas yield since its breakdown is difficult. Therefore
the material needs to be more thoroughly shredded as opposed to module two where material
is also broken down through enzymatic hydrolysis. The use of enzymes is efficient because
of their ability to chemically breakdown the compounds and speed up the process. Enzymes
are however expensive, approximately 648 thousand $/year (Nwobi, 2013), and therefore
increases the total cost of the process in module two.
In this study, calculations showed that module two produced almost double the amount of
biogas (160 m3/ton feedstock) when compared to module one (80 m3/ton feedstock), this is a
result of factors such as the process occurring in thermophilic conditions, the use of enzymes
which aid in the breakdown of the organic matter, and due to less lignin being present in the
feedstock. With slight adjustments, module two has the capability of producing bioethanol
which can be used as fuel in the transportation sector. Additionally, it resulted in a larger
amount of digestate, which is an attribute of the water added with the enzyme mix in the
hydrolysis reactor, thereby increasing the overall mass of the resulting digestate. In this
module, large impurities are only removed manually and not in the process itself, therefore,
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since the pretreatment step includes heating the feedstock, the digestate can contain traces of
substances that may have dissolved due to high temperatures that. These can be hazardous to
soil and can affect plant growth rate. Examples of these substances are phtalater and
cadmium, which can be found in plastics (Anon., u.d.)
Module two can process waste that is not separated beforehand which is suitable in Abu
Dhabi since in many residential areas waste segregation is still under progress (Ahmad,
2013). As previously mentioned, this kind of system does have drawbacks like traces of
hazardous substances in the digestate as mentioned above. Module one, on the other hand,
does require the waste to be manually sorted (Aikan, u.d.), which can lead to more job
opportunities for waste separation at plant site.
Calculations in module one and two showed that the NPV’s of both the investments are
positive and resulted in revenues of $ 500 thousand and $ 3 million respectively. However,
module two required an investment which was $ 12 million more than that of module one. In
both cases, an increase in the investment cost resulted in a negative NPV. A 10 % decrease
in the selling prince of biogas also leads to a negative NPV in both modules. However, a 10%
decrease in the selling price of fertilizer only resulted in a negative NPV for module one.
A threat to both modules is the fact that the U.A.E. does not have set policies regarding
renewable energy, only goals for 2030 (Schmidt & Bastidas-Oyanedel, 2015).This may lead
to the government finding it more economically beneficial to invest in other technologies that
could help with reaching their 2030 Vision of 7 % renewable energy. A common threat with
waste-to-biogas technologies is that the output largely depends on the input. This means that
the quality of the digestate and the quantity of biogas will vary depending on the composition
of the waste used. Another threat is that the location of the plant can cause a negative impact
on surrounding residential areas. It can be considered unattractive to live near such sites,
which can lead to lower real estate pricing. This can be due to noise from trucks carrying
waste, possible bad odors, and other social factors such as general reluctance to live in
proximity to a waste-to-biogas facility. An additional mutual threat is that there are no wasteto-biogas plant designs in Abu Dhabi that utilize AD, therefore, it is difficult to know exactly
what obstacles and opportunities to expect unless compared to anaerobic digestion facilities
in regions with similar conditions as Abu Dhabi.
Although Abu Dhabi has no policy regarding their 2030 vision, the goals that have been set
show the commitment of being more sustainable in terms of environment. This is an
opportunity for technologies such as the ones mentioned in this study, which will minimize
the use of landfills. An opportunity for module one as previously mentioned is the fact that
due to waste needing separation, more jobs will be available. On the other hand, an
opportunity for module two is the possibility of finding an alternative for enzymes that is less
expensive thereby lowering operational costs. Since both modules use an onsite co-generator
it is possible that development of these technologies will lead to a higher conversion ratio and
result in more electricity being generated from the biogas. As mentioned in section 2.3, the
U.A.E. has stated its plans to grant full ownership to foreign investors within various sectors.
If the energy sector is included in this new plan, this will be an opportunity for the modules
26

considering they are both based on Danish plant designs. These strengths, weaknesses,
opportunities and threats are summarized in figures 7 and 8 for modules one and two
respectively.
STRENGTHS

WEAKNESSES

Dry AD (Simple) due to less
equipment needed
Built in ventilation
Better structured fertilizer
Low investment cost
Positive NPV, economically feasible
Low energy usage
OPPORTUNITIES

Lignin in green waste
Relatively low biogas production
Requires waste to be separated
manually
Lower revenue

THREATS

U.A.E.’s commitment for renewable
energy
Better engine efficiency
Can give more jobs since waste
needs to be manually separated.
Potential for full foreign ownership

U.A.E. has no policy only goals
No anaerobic digester in Abu Dhabi
Location of plant
Investment price increase
Different composition of waste will
give different results

Figure 6: Module one (based on Aikan) SWOT analysis, comparison with module two.

STRENGTHS

WEAKNESSES

Use of enzymes, speeds up process
Waste can be unsorted when
entering the process; less manual
work.
Potential to also produce bioethanol.
Positive NPV, economically feasible

OPPORTUNITIES

Wet AD (Complex system), due to
more equipment needed
Requires larger tank
Expensive enzymes
Process results in more waste water
Pulp produced in process may
contain hazardous substances
Higher investment cost
More energy is required in
thermophilic process
More waste water
THREATS

U.A.E.’s commitment for renewable
energy
Alternative cheaper enzymes
Better engine efficiency
Potential for full foreign ownership

U.A.E. has no policy only goals
No anaerobic digester in Abu Dhabi
Location of plant
Investment price increase
Different composition of waste will
give different results

Figure 7: Module two (based on REnescience) SWOT analysis, comparison with module one.
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5. Discussion/Conclusion
This section concludes the study by analyzing the results and discussing the outcomes.

5.1 Discussion
Before analyzing the results, it is important to discuss the limitations taken and what impact
they may have on the results. Firstly, in order to be able to fulfil this study with the time and
resources available many assumptions are made; system boundaries that may affect the
results are also drawn. The process input may also vary depending on amount and
composition of OFMSW generated, however the used values were chosen in accordance with
available data for year 2012. The output of the process in module two can also be adjusted to
produce bioethanol due to the fermentation and distillation steps existing in the design.
However, as previously mentioned, this is outside the scales of this study and focus is put
mainly on one output which is biogas, and digestate since it is a by-product of the process.
It is however important to note the significance and use of the bioethanol in order to get
better insight on the impact its removal may have. First of all, the project investments may
increase due to the requirement of more equipment to continue the bioethanol production
process, such as another distillation step which can lead to a 99% bioethanol yield (Nwobi,
2013). It will also result in a lower biogas yield due to the feedstock used eventually being
separated into two processes. Further studies do however have to be conducted in order to get
a deeper understanding of exactly how bioethanol production will affect the costs and
revenues should the project be expanded.
Bioethanol can be used in the transportation sector to fuel vehicles and which could make its
production a profitable investment. As the transportation sector contributes to GHG
emissions, using greener fuels, such as bioethanol, will reduce these emissions and thereby
minimize environmental impacts. As previously mentioned, the production of bioethanol may
increase the costs of the investment, however its average selling price, 2.05 $/liter
(E85Prices, 2015), will also increase the revenues. This price is also higher than that of
biogas which is 0.36 $/m3 which will most likely result in a higher NPV. The resulting NPV
will depend on the amount of bioethanol, biogas and digestate produced.
The quality of the fertilizer that is obtained from the digestate of biogas production is another
factor that should be considered. Its quality can increase its value both economically and
environmentally, as well as give potential for more agriculture in Abu Dhabi. However, the
quality of the digestate and how much of it that can be composted and used as fertilizer
largely depends on the feedstock used in the process (Seadi & Lukehurst, 2012). Therefore it
is also difficult to specify just how valuable this digestate may be which is interesting since
its selling price may affect the revenues of this investment. In general, SuperPro® gives
higher equipment pricing, however, since the overall investment calculated amounted to a
relatively low total, and had to be adjusted to reflect a more realistic total investment, no
safety analysis was conducted where lower equipment pricing was considered.
The concept in this study will help U.A.E. achieve a Green Economy in various ways. By
investing in a waste-to-biogas plant, GHG emissions from landfills will inevitably decrease
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as a result of the OFMSW needed to fuel the biogas production process and also lessen
dumping in landfills. Calculations shows that while the investment may not be very
economically beneficial due to the overall profit being relatively low; it is very unlikely that
it will have any impact on the country’s GDP. Green jobs will be available with these types
of technologies as mentioned in section 4.3, however a deeper analysis of how that will come
to be or which technology will provide more jobs can be conducted in a more advanced
evaluation of implementing a biogas system in Abu Dhabi. As for the circular economy, it is
obvious that investing in a system that uses waste to produce heat and electricity will fulfil
the requirement of utilizing waste as a resource within the process. The remainder of the
resource, i.e. heat and electricity, can be sold and consumed outside the plant and the
calculated EROI ratios showed that such utilization is possible.
In the case of EROI and economic values, factors such as equipment manufacturing as well
as transportation to and from site are unconsidered. This is mainly due to limited available
data and time restrictions. It is also difficult to study the exact biogas yield from the processes
due to factors such as moisture content, pH, carbon to nitrogen ratio, and total solid content
(Monnet, 2003) as mentioned in section 2.1. These factors, which are unaccounted for in
this study, can alter the calculated EROI's since they can increase or decrease the biogas
yield. Therefore a higher or lower EROI can be obtained depending on the impact of the
aforementioned factors. The conversion efficiency of the co-generator may also result in a
higher or lower loss of heat, which will affect the amount of consumable energy.
When studying the electricity output, the EROI shows ratios of 1.81:1 and 1.84:1 for module
one and two respectively when compared to the total energy input. Hall, et al. has stated that
for a fuel to be considered beneficial to society it should have a minimum EROI ratio of 3:1
for electricity (Hall, et al., 2009). However, one can argue that if the energy breakeven point
has been reached, the fuel can be considered efficient (Hall, et al., 2009). This is particularly
true in the case of a waste-to-biogas system, where energy generation is not the only
advantage of the process. The system utilizes waste that would otherwise have been landfilled
and thereby have negative impacts on the environment. Nevertheless, this argument can be
countered by the fact that a society's direct benefits from the process will be minimal, that is,
the quantity of electricity generated is too small to be of significant value to society as a
whole. This indicates that using biogas derived from the OFMSW in Abu Dhabi cannot be
considered efficient enough to alone compete with other fuels for electricity generation in the
emirate.
Regarding the economic evaluation, both monetary and environmental calculations show that
it is a standard “higher price gives higher quantity” case. The investment price for module
two was almost $ 3 million more expensive than that of module one and resulted in a larger
amount of biogas and digestate produced. However it is important to note that the fertilizer
produced from module one will have smaller risks in regards to toxins due to large impurities
being removed at the beginning of the process. This differs from module two where large
impurities are present in the feedstock at the beginning of the process and even though
module two gives a larger amount of digestate, the useable quantity of this is unspecifiable.
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The PBP method showed a period of 13.69, for module one, and 10.54, module two, these are
both considered bad investments due to a targeted PBP of 10 years. However, it is important
to keep in mind that the PBP is not a reliable method due to the fact that it does not account
for the cash flow after the payback period, thereby ignoring the overall profitability of the
investment. Another disadvantage is that it does not take into consideration the "time value of
money" meaning that the money does not reflect its present worth, as opposed to the IRR
method which does take this into consideration (Boundless , u.d.).
According to the definition of IRR, both investments are said to be good if the IRR > r, both
investments fulfil this criteria, with an IRR of 5.5 % and 6.2 % respectively. However this
method cannot be used to compare between the two projects due to their different investment
size. That being said, the NPV method is considered optimal and most reliable in this study.
Both investments are expected to be profitable with an NPV of $ 500 thousand and $ 3
million for modules one and two respectively. In the scenario where the investment cost
increased by 15 %, both investments resulted in a negative NPV of $ -8 million and $ -4
million.
The 10 % decrease in the biogas selling price would give an NPV of $ -300 000 and $ -1
million for module one and module two respectively. The same percentage decrease in
fertilizer resulted in an NPV of $ - 90 thousand for module one and gave a positive NPV of
over $ 2 million for module two. Interestingly, the pessimistic outcome, with the above
factors, led to an NPV of over $ -8 million in module one and an even bigger loss of more
than $ -9 million in module two, granted that in the other scenarios, module two resulted in a
greater revenue. Nonetheless, in the optimistic scenario where the biogas selling price
increases by 2.1 %, the NPV also increases to $ 1.2 million and $ 4 million in module one
and two respectively. However, it is important to note that the uncertainty in usable fertilizer
in module two could result in lower revenue.
If the investment is to be assessed solely based on the PBP, then it goes with saying that
from a purely fiscal point of view, module two is the most profitable investment and the one
with lower risks for financial loss. The possibilities of this financial loss, among other factors,
are taken into consideration when comparing the attributes of the two modules in the
conducted SWOT analysis.
The results of this study show that investing in a waste-to-biogas system in Abu Dhabi is
profitable, both economically and environmentally. The differences in the two technologies
do however have an impact on the choice made. Nonetheless, it is difficult to say if either
plant design is more suitable for Abu Dhabi due to both having advantages and
disadvantages. The comparisons of the two modules in this study don’t focus on which
technology is better, i.e. REnescience or Aikan, but gives an overall picture of the pros
and cons of each respective technology. It shows how a possible combination of the strengths
and opportunities in each module can result in an optimal choice for Abu Dhabi, from energy,
environment and fiscal aspects.
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To be able to attain the goal of 7% renewable energy, however, Abu Dhabi cannot rely on a
waste-to-biogas system alone. The energy results show that the biogas obtained from
OFMSW has a low EROI value and when compared to that of other fuels it is obvious that
the energy from OFMSW will have a small to Abu Dhabi's 2030 goal of 7% renewable
energy. It does however contribute significantly to the goal of diverting waste from
landfills. By investing in either of these modules, waste that would have been land filled is
used to provide energy.
This study focuses on the energy returned on investment as well as economic aspects.
However, as stated in the SWOT analysis, social aspects are also noteworthy when evaluating
an energy system. The threats and opportunities in the SWOT give a clearer indication that
factors such as policies and human preferences will also play a role in the implementation of
an energy system in society. Nevertheless, the results in this study show that a waste-tobiogas system in Abu Dhabi will have a more beneficial effect on ecological factors when
compared to the economic and social factors affected.
When discussing with Professor Schmidt (Schmidt & Bastidas-Oyanedel, 2015) the question
of where the waste would be sorted was raised and according to him, the waste is to be sorted
on site. However, waste separation at the source of the waste generator could lead to a more
efficient system in both economic and environmental terms. Money would be saved due to
fewer work forces needed to separate the waste and the feedstock in the process would
contain less inorganic material resulting in higher quality digestate. However, waste
separation, recycling and lower energy consumption are social factors that are results of
higher awareness and education on the matter in a society. How these are implemented in
Abu Dhabi are questions that require further studies, however, initiatives such as Masdar and
the 2030 Vision show that the city is working for higher environmental awareness and
education.
The importance of minimizing energy consumption in a society is an important factor that
should be considered when implementing an energy system. As previously mentioned, Abu
Dhabi consumed circa 47 million MWH of electricity in 2012 and the modules in this study
show that the OFMSW can contribute by 0.096% and 0.129% of this total. Reduction of the
electricity consumed, will lead to a higher contribution from the waste-to-biogas system as
well as reduce the amount of electricity that is generated from other sources such as fossil
fuels.

5.2 Conclusion
In conclusion, biogas production from the OFMSW in Abu Dhabi will generate 0.096 % and
0.129 % of the country's needed electricity as calculated in module one and two respectively.
Given the relatively low economic revenue versus the large investment needed, it is important
to note the impacts that these technologies will have in the U.A.E. Their contribution to the
city’s electricity needs makes the 7% renewable energy goal that the country has set difficult
to achieve with only waste-to-biogas technology. That being said, it is clear that a waste-tobiogas system needs to be combined with other technologies to reach the targeted goal.
However, from an environmental point of view, implementing such a system will contribute
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largely to minimizing landfill usage and can therefore be seen a good investment. From a
fiscal point of view, there's always an alternative to investing money. However by investing
in a waste-to-biogas plant, not only do calculations show that both investments are somewhat
monetarily profitable but it should be considered an investment for the environment.
Further studies can be done in order to get a deeper understanding of exactly how bioethanol
production will affect the costs, revenues and the overall efficiency should the project in
module two be expanded to include this. Advanced studies can also be conducted where the
system borders include factors such as transportations, emissions, and costs that are generated
outside the limits of the centralized plant. They can also include deeper analysis of the waste
composition where more chemical data such as pH values and carbon to nitrogen ratio can
also be taken into consideration. These will give more accurate data in the evaluation of
implementing a waste-to-biogas in Abu Dhabi. Further analysis on how social factors such as
awareness and education can impact the environment and thereby can affect an energy
system and the overall energy consumption in a society will also give a better understanding
on how this is applicable in Abu Dhabi.
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Appendices
Appendix A: Energy Calculations for Module One

References: (The Official Information Portal on Anaerobic Digestion , u.d.), (Nwobi, 2013),
(Waste Refinery Australia Project Association Incorporated, 2009), SuperPro®, (Pöschl, et
al., 2010)
330 000 𝑡𝑜𝑛 𝑂𝐹𝑀𝑆𝑊 + 165 000 𝑡𝑜𝑛 𝑔𝑟𝑒𝑒𝑛 𝑤𝑎𝑠𝑡𝑒 = 𝟒𝟗𝟓 𝟎𝟎𝟎 𝑻𝒐𝒕𝒂𝒍 𝒘𝒂𝒔𝒕𝒆
1 𝑡𝑜𝑛 𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒 → 80𝑚3 𝑏𝑖𝑜𝑔𝑎𝑠
495 000 𝑡𝑜𝑛 𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒 → 𝟑𝟗 𝟔𝟎𝟎 𝟎𝟎𝟎 𝒎𝟑 𝒃𝒊𝒐𝒈𝒂𝒔

Biogas consists of 60% CH4 and 40% CO2:
39 600 000 𝑚3 · 0.6 = 𝟐𝟑 𝟕𝟔𝟎 𝟎𝟎𝟎 𝒎𝟑 𝑪𝑯𝟒

89% of the CH4 will be converted to energy:
23 760 000 𝑚3 𝐶𝐻4 · 0.89 = 𝟐𝟏 𝟏𝟒𝟔 𝟒𝟎𝟎 𝒎𝟑 𝑪𝑯𝟒

Energy content in CH4:
1 𝑚3 𝐶𝐻4 → 6.3𝑘𝑊ℎ
21 146 400 𝑚3 𝐶𝐻4 → 133 222 320 𝑘𝑊ℎ

Co-generator efficiency: 40% electrical energy and 48% thermal energy (remainder lost as excess
heat)
133 222 320 𝑘𝑊ℎ · 0.4 = 𝟓𝟑 𝟐𝟖𝟖 𝟗𝟐𝟖 𝒌𝑾𝒉 𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍 𝒆𝒏𝒆𝒓𝒈𝒚 𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅
133 222 320 𝑘𝑊ℎ · 0.48 = 63 946 713 𝑘𝑊ℎ 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

Total energy required in process: 29 352 129 kWh (25% electrical, 75% thermal)
29 352 129 · 0.25 = 𝟕 𝟑𝟑𝟖 𝟎𝟑𝟐 𝒌𝑾𝒉 𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍 𝒆𝒏𝒆𝒓𝒈𝒚 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒅

𝑬𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒊𝒕𝒚 𝒔𝒖𝒓𝒑𝒍𝒖𝒔 = 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠
→ 53 288 928 − 7 338 032 = 𝟒𝟓 𝟗𝟓𝟎 𝟖𝟗𝟔 𝒌𝑾𝒉
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Appendix B: Energy Calculations for Module Two

References: (The Official Information Portal on Anaerobic Digestion , u.d.), (Nwobi, 2013),
(Waste Refinery Australia Project Association Incorporated, 2009), SuperPro®, (Pöschl, et
al., 2010)
330 000 𝑡𝑜𝑛 𝑂𝐹𝑀𝑆𝑊
1 𝑡𝑜𝑛 𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒 → 160𝑚3 𝑏𝑖𝑜𝑔𝑎𝑠
330 000 𝑡𝑜𝑛 𝑂𝐹𝑀𝑆𝑊 → 𝟓𝟐 𝟖𝟎𝟎 𝟎𝟎𝟎 𝒎𝟑 𝒃𝒊𝒐𝒈𝒂𝒔
Biogas consists of 60% CH4 and 40% CO2:
52 800 000 𝑚3 𝑏𝑖𝑜𝑔𝑎𝑠 · 0.6 = 𝟑𝟏 𝟔𝟖𝟎 𝟎𝟎𝟎 𝒎𝟑 𝑪𝑯𝟒

89% of the CH4 will be converted to energy:
31 680 000 𝑚3 𝐶𝐻4 · 0.89 = 𝟐𝟖 𝟏𝟗𝟓 𝟐𝟎𝟎𝒎𝟑 𝑪𝑯𝟒

Energy content in CH4:
1 𝑚3 𝐶𝐻4 → 6.3𝑘𝑊ℎ
28 195 200 𝑚3 𝐶𝐻4 → 177 629 760 𝑘𝑊ℎ

Co-generator efficiency: 40% electrical energy and 48% thermal energy (remainder lost as excess
heat)
177 629 760 𝑘𝑊ℎ · 0.4 = 𝟕𝟏 𝟎𝟓𝟏 𝟗𝟎𝟒 𝒌𝑾𝒉 𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍 𝒆𝒏𝒆𝒓𝒈𝒚 𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅
177 629 760 𝑘𝑊ℎ · 0.48 = 85 262 284 𝑘𝑊ℎ 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

Total energy required in process: 38 425 423 kWh (25% electrical, 75% thermal)
38 425 423 · 0.25 = 𝟗 𝟓𝟔𝟓 𝟓𝟕𝟏 𝒌𝑾𝒉 𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍 𝒆𝒏𝒆𝒓𝒈𝒚 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒅

𝑬𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒊𝒕𝒚 𝒔𝒖𝒓𝒑𝒍𝒖𝒔 = 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠
→ 38 425 423 − 9 565 571 = 𝟔𝟏 𝟒𝟖𝟔 𝟑𝟑𝟑 𝒌𝑾𝒉
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Appendix C: economy_results_ (3).xlsx
Appendix D:
Name
SL-101
BC-101
BC-102
SL-102
AD-101
SLDR-101
BC-103
PM-101
SR-101

Description
Silo/Bin
Vessel volume 1000 L
Belt conveyor
Belt length 100 m
Belt conveyor
Belt length 100 m
Silo/Bin
Vessel volume 1000 L
Anaerobic Digester
Sludge Dryer Evaporate

Cost ($)($)
77 000

Belt Conveyor
Belt length 100 m
Centrifugal Pump
Pump power
Shredder
Size/Capacity
Unlisted Equipment
TOTAL

290 000

Description
Silo/Bin
Belt conveyor
Length=100m
Shredder
Capacity=559. kg/h
Belt conveyor
Length=100m
Blending tank
Vessel volume= 283.75L
Screw conveyor
Pipe length=15.00m
Heat exchanger
Area=31 m2
Screw conveyor
Pipe Length=15.00m
Stirred Reactor
Vessel Volume=8460.36L
Centrifugal Pump
Pump Power=30.07kW
Heat Exchanger

Cost ($)
77 000
290 000

290 000
290 000
77 000
529 000
35 000

10 000
79 000
419 000
2 096 000

Appendix E:
Name
SL-101
BC-101
SR-101
BC-102
V-101
SC-101
HX-101
SC-102
R-101
PM-101
HX-102

79 000
290 000
174 000
6 000
9 000
6 000
771 000
12 000
9 000
39

FR-101
PM-102
C-101
PM-103
HX-103
PM-104
AD-101
V-102

Area=31 m2
Fermenter
Vessel Volume=500L
Centrifugal Pump
Pump Power=36.56kW
Distillation Column
Column Volume=26.38L
Centrifugal Pump
Pump Power=36.65kW
Heat Exchanger
Area=31 m2
Centrifugal Pump
Pump Power=36.65
Anaerobic Digester
Flat Bottom Tank
Vessel Volume=1700L

1 272 000
94 000
322 000
94 000
20 000
94 000
484 000
41 000
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