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This dissertation was written as a part of the M8cEnergy Systems of the
International Hellenic University. Nowadays a moaonal waste management stream
is considered necessary due to the environmertahomic and social demand. The
willingness for the minimization of the accumulatedste and the increased energy
demand led to the development of the third germratvaste management systems.
Such systems are the Waste to Energy facilitiechviare considered friendly for the

environment and the society.

This dissertation studies the transformation of Greek islands Skopelos and Kos in a
third generation waste management stream with exgowf energy. Moreover, it is
included a detailed research on which is the optimuaste to energy technology
between combustion, gasification and anaerobicstije The effort of comparison
between the pre mentioned alternatives createdaae program helping the decision
makers and engineers to select the optimum tecgypato mechanical, financing and

environmental terms.

In the end of this dissertation a parametric anglgsid some conclusions, extracted
from the software program, concerning the finanoimapility of the waste to energy

facilities in the two case studies and in genenad,presented.

Soulios Vasileios

10 September 201
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Background

Opening this dissertation a short description @ ititeraction between people and
waste in urban areas will take place to illustrdite development of the processes

through the years.

Initially, a historical background shows the witlimess of urban society to solve the
problem of the waste accumulation. Since man lefhadic life behind to create

settlements some 10,000 years ago he startedngeediste. The accumulation of this
waste appears to have troubled early communitiethee is evidence of waste
management measures in a number of ancient towisianand southern Europe. For

the most part however, people in urban areas wedng their waste.

This led to dangerous situations for the inhabgaantd in many cases laws were
passed to enforce urban waste to be deposite@afispocations far from the city.

During the middle ages and the on-going rise inaaripopulation these waste
management mechanisms were lost and city dwelledsired unimaginable filth.
After the Black Death urban populations plummetdbviating the problem until the

rise of the industrial revolution created a new gat urbanization.

Through this time period it was customary to threaste in the streets where ragmen
would salvage what was useful. An early form ofymding was attempted in
Baltimore in 1874 but was not very successful &asons similar to today's recycling

programs [1][2].

As early as 1657 throwing garbage into the strest iNegal in New York. The first
incinerator was built in 1887 to dispose garbagewdver the first municipal
collection system was created in 1895. At the titne method of disposal was
executed by loading all the waste on a barge angpdhg it into the water outside the
city. A comprehensive materials recovery was amgtil to recycle usable materials

and sell them but it was quickly abandoned dueutdip opposition.

The eventual fouling of beaches forced legislatio©934 and dumping of municipal

waste in the sea became illegal. The first holhénground that served as a dumping




site similar to today's modern landfills was cousted in California in 1934. The
American Society of Civil Engineers published tirstfguide to sanitary landfills in
1959 [2].

Problem definition

The accumulation of the waste is a major problewnh the creation of a sustainable
waste management stream is vital for every regitme existing waste management
streams could be classified/ categorized into tlye®erations which are still exists.
The first generation deals with the uncontrolledst@adisposal site the second one
with the sanitary landfills and the third generatiovith an integrated waste

management stream with energy recovery.

The uncontrolled waste disposal is nothing more thigen-air dump sites, similar to
dumping waste in the ocean for communities nears#t®e However this leads to a
large number of pollution and health problems aad led to the development of
sanitary landfilling. These consist of engineergrrations, designed and operated

with acceptable standards.

The basic characteristics of these landfills is ltheng of the landfill prior to waste
disposal to prevent ground contamination, the dépgsf the waste, the compacting
with heavy machinery and the covering with eartldéter the attraction of animals

and insects, as showing in Figure 1[1][3].
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Figure 1: Section of a sanitary landfill [1].

After the waste is buried in landfills the orgamnaterial decomposes anaerobically,

producing various gases (primarily methane andaradioxide) and liquids that have




extremely high pollutional capacity when they erter groundwater. This leachate is
blocked by liners, made of either impervious clayptastic, from moving into the

groundwater.
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Figure 2: Comprehensive cross section of an enwiemtally safe landfill design [1].

Synthetic landfill captures most of the leachatg,they are never perfect. No landfill
is sufficiently tight so that groundwater contantioa could be totally avoided. Wells
have to be drilled around the landfill to check gyoundwater contamination from
leaking liners, and if such contamination is foureinedial action is necessary. The
landfill never disappears limiting the use of taad for other purposes.

Modern landfills, such the one showing in Figureal®o require the gases generated
by the decomposition of the organic materials tadécted and burned or vented to
the atmosphere. The gases are mostly carbon dioxde methane which are
greenhouse gases. Larger landfills use the gasesufming turbines for the
production of electricity, as showing in FigureaBo known as landfill gas.

The fact that landfills produce methane gas has kerewn for a long time, and many
accidental explosions have occurred when the gasshaped into basements and




other enclosed areas where it could form explosneures with oxygen. Modern

landfills are required to collect the gases produoea landfill

and either flare them or collect them for subsegbeneficial use[1] [4].

Figure 3: Landfill gas recovery system using veitigells [4].

The third generation waste management stream ctongslve the problems of the
previous generation streams with the most effectisay. The philosophy of an
integrated waste management stream starts witbepparation of the waste. The last
one can be done with a sorting in the source systemith a municipal recovery
facility. The first alternative is more effectiven ifinancing terms. However,
cooperation of the local population is requiredteAtthat the Municipal Solid Waste
is separated in various fractions. The recyclabbetions proceed in recycling
facilities and the biodegradable fraction of thesteaproceeds to energy recovery

facilities or for aerobic digestion.

The pre mentioned procedures before the final deposf the MSW have a direct
impact in the existing landfills, where only resedufrom the recycling procedure and
some residues from the waste to energy facilitfethe selected route is not able to

convert the residues of the procedure into usedulilizer (compost), end there.




Therefore a new generation of landfills is aris€his third generation includes only
Landfills for residues which are much more enviremtal friendly, easier to handle
them, less required space, no ground or water gomtlueconomic benefits both from
the recycling materials and from the production udeful renewable energy.

Furthermore, the expansion of the life cycle ofelesting landfills is a side benefit.
Aim of thesis

The current dissertation deals with the relativev m®ncept of an integrated waste
management stream. More specifically, the aim & thesis is to indicate the

development of a 3rd generation waste managenreainst

For this purpose two real case studies are seleBwith case studies, Skopelos and
Kos, are Greek islands. However these islands,iwduie under investigation, display
two main differences. The first one is the factttB&opelos is an interconnected
island while Kos is not. The second deals with ititensity of the touristic period
during the summer months, which is much higher iosKresulting in higher

accumulation of MSW.

Although, an integrated and sustainable waste meanagt stream is indicated, the
research focuses in the recovery of energy trohghwtaste. For that reason a self-
developed software tool is constructed to illugtrathich is the optimum technology
in financing and environmental terms for each casely between combustion,

gasification and anaerobic digestion.
Structure of thesis

The content of this dissertation is structuredhi@ introduction and in the 8 chapters

which are presented below.

The first section of the thesis is introductory,vitnich a historical background is

presented along with the problem definition, the and the structure of the thesis.

Chapter 1 contains a theoretical background, reéggardhe thermochemical
conversion routes which are combustion, pyrolysasd gasification and the
biochemical conversion routes which are anaerohicaerobic digestion. The basic
operation principles with advantages and disadgmstaf each technology are also

presented to this chapter.




Chapter 2 is formed of three SWOT analyses whigsemt existing waste to energy

facilities, indicative for each technology.

Chapter 3 explains the recommended scenarios doveey energy from waste in the
two case studies.

After that the estimation of the available feedktfor the waste to energy facilities in

the two islands is taking place in Chapter 4.

Chapter 5 includes the methodology and the stepsthfe construction of the
standalone program which developed in Matlab tasithte which is the most

appropriate technology to convert the MSW to usedukewable energy.

Chapter 6, which is the core of the thesis, ilatss the results of the stand-alone
program for the two case studies. Based on tlessdts the most sustainable waste to

energy facility can be identified.

Chapter 7 contains the parametric analysis. Thenpetric analysis is mainly
conducted examining the influence of some paramétethe viability of the projects,

using as indicator the NPV.

Chapter 8 includes the conclusions of the dissertdbr the two case studies and
some more general conclusion for the usage of M®W\biamass for renewable

energy production.

Finally, Chapter 9 is only a personal opinion gbihe future development on the

sector.




The production of municipal solid waste has beetrdased significantly the last
decades, due to the consumerism that charactetiwedvestern world during the
second half of the 20th century. It is a phenomes@ected to expand rapidly in the
future, making the problems of waste disposal aadt&wmanagement, key issues for
the future and present generations.

In the same direction, agricultural waste has bewmeased due to the novel
technologies in the cultivation of land and therégased demand of goods, which is

the natural result of the ongoing growth of the ikquopulation.

The accumulation of waste is a major problem, cliffi to solve. The solution of that
problem is strictly connected with a lot of diffateand complex parameters;
economic parameters such as the possible benkfitscan occur from a recycle
program instead of simplified methods of landidj energy parameters, such as the
energy required for the transportation, treatmemd disposal of waste and the
benefits that could be generated from a possiblerggn recovery project;
environmental parameters, such as the polluticdghe@atmosphere, the ground and the
aquifers; social parameters, such as the degradaficareas in which the waste
disposal takes place. Granted that all the prevparameters should be considered,
emphasis should be given on the methods of wasément and disposal and also,

the energy and the materials that can be recovesedwaste.

Renewable biomass deposits are classified intoetlcedegories. The first one is
wastes coming from plant crops, animal productithe, processing of agricultural
products, crop residues, wood industry and the dgoatable fraction of the
municipal waste. The second one is forest biomash @s wood, forest wood
residues, trees, bushes and forest cycle residheslast one is energy crops such as
short cycle forest crops, leafy forest crops, ahmaa-woody crops, cereals, sugar

crops, forage crops, oilseed crops, and aquatits[a].

The ongoing project will deal only with the wastadtion of biomass, as the target is

not only to recover energy from waste but to intrcel an integrated waste




management stream. The municipal waste particuladystitutes a major problem
and has a steady production instead of the sedgqmatiuction that the agricultural

wastes have.

The Thermochemical conversion of biomass is taklage through 3 main processes.
These processes are combustion, gasification aralypis. Through these processes
the initial biomass feedstock is converted to thd product which can be power,

heat, transportation fuel or chemical feedstocke dptimum solution depends on the

economics of biomass availability and the prefexavid product [6].

The thermal conversion of biomass, using air, imé@t and electricity is the most
established process worldwide. This is happeninip whe rapid oxidation of the
biomass which is used as a fuel (after the requdrgohg) to produce heat. The main
products of the combustion of biomass are carboridie and water, because the
components with the biggest concentration in thiéainfeedstock are carbon,

hydrogen and oxygen and the procedure is madeexiéss air.

The combustion is takes place in a boiler, furnaicetove, where the fuel is burned
directly to produce heat. Different types of biosyasmuch as wood, agricultural waste,
wood pulping liquor, municipal solid waste (MSWydarefuse derived fuel, can be
burned in industrial facilities like. The main tatgf the combustion procedure is to
release all of the chemical energy stored in thenbss. Also in the same direction the

losses should be minimized due to incomplete cotidous

The combustion should be complied with three resqnénts in order to be proper and
sufficient. These are high temperatures for ignitisufficient turbulence for the mix
of the oxygen with the rest of the components, thedequired time for the oxidation

reaction to be completed.

Combustion can be divided into four phases. Iiytitle biomass is heated up for the
removal of the water, so the drying procedure digpla small volume reduction of
the biomass. Then the second phase is consistégk gfyrolysis or de-volatilization

which is the chemical decomposition of biomasshim absence of oxygen in order to




get the volatile matter. The last one is composeghin of HC, CO, CQ, H,, and
CH,. The remaining of this phase is called char oedixarbon and the volume of
biomass decreases significantly as most of the dmgnleaves as removal gasses. The
third phase is the gasification (flame combustioh)the previous gasses that are
emitted from the pyrolysis with mixed air and ammbusted at high temperature to
CO, and HO. The last phase is the combustion of the restdae remains (char)
which is made slower in lower temperature and hdewer reduction ratio of the
biomass. The residue of the previous proceduteeisish.

Combustion is more commonly performed in boilererehheat is adsorbed by water
to produce either lower pressure steam for heatmigigh pressure steam for power
generation. Combustion efficiency is higher thaa ltoiler efficiency, because it also
depends on the efficiency of the transmittance eathin the water for steam

production.

The losses that appears in the combustion aredhethat is lost to the exiting flue
gasses (the heat leaves the chimney), the heahusitapped in the ash. Then the
heat which is used for the evaporation of the wdtssn’t offer useful heat. Also
useful heat is lost from the incomplete combustibforeover losses can occur

through radiation in the boiler [7].

Biomass with low percentage of moisture is preferalue to the step of ignition. If
the percentage of moisture is above 50%, a presflbjomass is required. However,
if the moisture appears in high concentrations,iahgmical conversion process

could be a nice alternative solution instead oftdt@mochemical route.

The combustion is the simplest thermochemical m®@and can be easily installed in
the existing production and distribution networksmpared with the gasification and
pyrolysis. Nevertheless, some steps are requirédasdt can remain competitive with
the other two technologies. These steps have tovitto the development of the
existing technology, the increase in the efficienthye reduction in the capital and
operational cost, and the reduction of greenhoasegynissions. Co-combustion of
biomass with coal or natural gas is an efficieny w@ achieve high yields and to

reduce the emissions.




High temperatures up to 200Q are required, depending on the moisture of tiet f
for the combustion of biomass. This procedure pteduhot gases at temperatures
between 800C and 1000C, which can be used for heat production in theskbald
and industrial sector or in the cogeneration oftelaty and thermal power in a steam
turbine like in a Rankine cycle [5], [6], and [7].

Combustion technologies

The basic aim of a combustor is the conversiorhefdhemical energy included in
fuels, into high temperature exhaust gases. Theé comsmon unit is called boiler and
it is used for the production of steam. The lattan be used for process heat, or
power generation, in case that the steam is in doegsure and high-pressure
respectively. Apparently, all the energy providathwhe fuel, cannot be available for
the steam production. This can be explained bytwairrence of various losses, such
as heat losses to the exiting flue gas and askpoeaton of the water from the
biomass due to its moisture, incomplete combustod radiation losses. Boiler

efficiencies range from 50% to 80%, in favor ofgiscale boilers [6].

Combustion technologies can be classified as fiked, fluidized bed, and dust

combustors.

In fixed bed combustors, processes such as dryfimgvo material, gasification and

combustion of charcoal (solid residue) take placa fixed bed, through which the
primary air stream flows. Secondary air is stoketh the top of the bed, in order to
oxidize the flue gases from the gasification. Aprapriate design should avoid the
bad interaction of biomass with air, the productidrilying ash, which is harmful for

the environment and the human health and the sogpiary need for excess air.
Fixed bed combustors are more suitable for fuetk l@w ash concentration and they

can function effectively under low feed conditigbs

In fluidized bed combustors, solid fuels are susgpénin jets of air during the
combustion, resulting in the mixing of solids andsg The installation cost is
relatively high, making the fluidized bed combustsuitable for plants with power
capacity over 20 MWth. A smaller feedstock of biemaequires the removal of one
part of the bed. Thus, the operation under low feaaditions is less effective. The

recirculation combustor, which is a kind of fluidik bed combustor, increases the




fluidization speed with a usage of smaller parcéad displays higher turbulence,
which has as a result the uniformity of temperatdisgribution. The disadvantage
appears to be the high cost, which makes this ¢ygeant economically feasible for
power units over 30 MWth [5].

When the fuels are in powder form, an appropri@téoa is the usage of dust burners.
In dust burners the fuels are atomized into then@ry air stream, achieving a high
rate of heat release. They are suitable for unitis power capacity between 2 and 8
MW [5].

"l #

Gasification is a thermochemical process that casv@omass into gaseous biofuel
by partial oxidation. The temperatures neededHerprocedure range from 680 to

1200°C. Besides the conversion of organic materialsifigason can be used for the
conversion of coal into gas, a method which waslus® centuries ago. After the
energy crisis, circa 1973, the attention paid isifgation techniques started to grow
in the direction of energy production from smalékecindustrial generators and in the

decrease of the dependence on fossil fuels.

In gasification, a lot of different processes ogdiilt the emergence of the final
product, a gas mixture that is called syngas (®fitlyas) and consists mainly of H
and CO. The basic stages that raw materials undgrg® their entrance into the
gasifier are the following: a) dehydration of bissab) dry biomass pyrolysis, c)
combustion of the products of pyrolysis, d) gasificn and e) reforming of

hydrocarbons towards CO and.H

Using biomass for gasification leads to a lowelboarfootprint. Additionally, using

biomass for gasification can contribute to a wisaste management [6].

Compared to the gasification of coal, the gasiftcabf biomass is considered to be
easier, due to the high amount of volatile subgtanthe latter contributes to a higher
production of gas and lower amounts of solid ressd®n the other hand, drawbacks
appear, caused by the lower energy density, thieehiggansportation cost and the
more complex gas clean up. In addition, in the cdiselarge scale gasifier, a big area

may be needed in order to supply the necessarymsiotifeed stock [6].




Compared to combustion, gasification can displapnescadvantages such as the
potential for use in fuel cells or to produce cheats, lower emissions of NOx and S
and the purging from dioxins and furans. Furtheemogases produced from
combustion are fully oxidized while syngas is plyi oxidized. In combustion the
amount of excess air supplied varies from 6 to okair per kg of biomass, while in
gasification the same analogy is 1.5 to 1.8 kg iofpar kg of biomass. Also a
difference appears in the solid byproducts of gzsibn and combustion. In low
pressure gasification the solid residue could B®wce of activated carbon and in

high pressure gasification the remaining slag @refected as a non-hazardous waste
[6].

In contrast to combustion, which is an exothermrocess, gasification is an
endothermic one, meaning that in order to opegdditional energy is needed. The
source of this energy needed, could be externaiternal, in the case that a part of

the biomass is burning to heat the gasifier [6].
Gasification technologies

Gasifiers can be classified into different categ®ridepending on the gasification
agent used, the direction of the gasification agawltthe resulting gas, the material of
which the gasifier is heated and the technologyse. Therefore, gasifiers can be
divided into co-current or counter-current, upd@fidowndraft and finally into fixed

bed, bubbling fluidized bed or recycling fluidizbdd, while the most commonly used

agents are air, oxygen and steam [5].

Each gasification agent has its pros and consekample, using air can lead to lower
operating costs although the produced gas appeanave a lower heating value.
Using oxygen creates a syngas with high heatingeyvakhich can contribute to the
formation of chemicals and fuel cells. Catalyticsifjaation uses steam along with
feedstock and leads to the production of CO and IH advanced gasification

technologies the gasification agent can be hydrdgethe production of syngas with

higher heating value [6].

In co-current gasifiers, the direction of the sdidmass and the direction of the gas

are the same, while in counter-current are the sipp{b].




Fixed bed gasifiers are the most commonly ones, tduiaeir simplicity. It is the
simplest type of gasifier consisting of usuallyydirdrical space for fuel feeding unit,

an ash removal unit and a gas exit [8].

Updraft gasifiers are heated by the combustiorhefdhar, while downdraft gasifiers

are heated by the combustion of the volatiles. Hfpdyasifiers are simple and have
low capital cost, they are suitable for operatiathvinigh moisture and high inorganic

percent, such as municipal solid waste, and they @msidered as a proven
technology. On the other hand, updraft gasifierfilek certain disadvantages,

including the high amount of tar contained in thengas, which constrains an

extensive cleanup of the syngas. For that partigelason, the syngas produced from
updraft gasifiers, is most commonly burned in costimn devices, where possible
high amounts of tar do not cause notable problé&hs [

Another type of fixed bed gasifier is the downdrg#tsifier, which has a more
complex design. Compared to updraft gasifiers, dbaft ones require a more
stringent fuel size, and biomass with low moistcoatent. Also, the temperatures of
the exiting gas are a lot higher, in comparisorhwtite gas exit temperatures from
updraft gasifiers, a characteristic that leadsh® atilization of a secondary heat
recovery system and flue gas cleanup. Neverthedesendraft gasifiers are a proven
technology, relatively simple, with a low cost cakmprocess and most importantly,
they do not need a tar cleanup, as the producedhamdow tar content, making it

useable in engines [6].

Increasing the size of the gasifier could lead @¢gesal problems according to the
contact between the fuel and the source which gdesvithe heat. The basic aim of
fluidized bed gasifiers is to eliminate these peofd by allowing the continuity of
uniform temperatures between gases and solidscaadoid the hot spots formation.
In fluidized bed gasifiers, temperatures variesveen 750°C and 900°C, while in
fixed bed, varies from 100 to 1200°C. Most of the large scaled gasifiers that have
been constructed during the recent past are fleddied gasifiers [6].

Inside bubbling fluidized bed gasifiers there aractive particles of sand or alumina.
The biomass fed into the bed is broken up by theliffed particles, resulting in a

more appropriate heat transfer. Except the uniftyoi the product gas and of the
temperature distribution, bubbling fluidized bedifjars have also the advantage of




being able to use as a feedstock various biomasglpasizes, including fines and
also to provide efficient heat transfer betweentingaterials, biomass and gas. Last
but not least, the residue is formed of low amowtsr and unconverted carbon. The
main disadvantage of this technology is that tmgeldubbles lead to gas bypassing
through the bed [6].

Inside circulating fluidized-bed gasifier, sometges are entrained due to high gas
velocities and then returned to the reactor thraighseparation in a cyclone as they
had escaped earlier from the top of the gasifiesseke They are proper for rapid
reactions and efficient heat transfer as bed na$edre designed to maintain high
heat capacity. Furthermore, the residue is formédow amounts of tar and
unconverted carbon. However, in the path of sdbd ftemperature variations occur.
Moreover, the size of biomass particles may rasuthe corrosion of the equipment
in high transport velocities. Besides, circulatifigidized-bed gasifier has less

efficient heat exchange than bubbling fluidized bedifier [6].

Another option is the usage of two fluidized bedcters; the first one for the
pyrolysis and the second one for the combustiorthef solid residue. The heat
released during combustion of the solid residuelmansed to provide energy for the
pyrolysis in the first reactor. The main advantagises from the separation of the
combustion and pyrolysis which lead to a synga$ wiuch higher BTU content
because of the low percentage of nitrogen and oarhoxide. Through catalytic
reaction the advanced syngas can be used for theafion of other chemicals and
fuels or the power production with a less capitémnsive and lower operating costs

installation.

After the gasification of the biomass feedstock pineduced syngas can be used for
the formation of hydrogen, or methanol, or ethanolthe production of wax, diesel,
gasoline, and naptha with the Fischer-Tropsch ambroor the power production. The
power production can be occurred in a gas turkmnen a steam turbine, or in fuel
cells. The overall efficiency can be increased vaitbombined cycle power plant. In
this approach both a gas and a steam turbine atk Tike gas turbine operates on the

Brayton cycle and the steam turbine on the Ranéycte.
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Pyrolysis is the thermochemical decomposition ofimass at high temperatures in the
absence of oxygen, having as products gases, bemdichar. The bio oil and the
gases, come from the volatile part of the orgaawe material. On the other hand, char
comes from the fixed carbon component [6].

The duration of the process can play a significatg, thus pyrolysis is divided into
slow pyrolysis and fast pyrolysis. Slow or conventl pyrolysis, is a well-known
procedure, during which biomass is heated for abmrmof minutes to about 50C,
producing in the end charcoal or char. As a matfefact, when simple organic
matter, such as wood, paper, or cloth, is beingdalir pyrolysis is usually the first
chemical reaction that takes place. In fast pyie)ysiomass is heated in the absence
of oxygen during only few seconds. This resultshe creation of vapors, aerosols
and char. Vapors do not stay for long into the t@afgess than 2s), minimizing in that

way the reactions between the char and the vdiatile

Cooling and condensation of the vapors and thesakparticles lead to the formation
of bio oil, a dark colored liquid which has haletheating value of fuel oil. Bio oil
can reach up to three quarters of all the prodottéast pyrolysis, making fast
pyrolysis an ideal method for the production of bits. In order to use bio oil for an
application, some of its characteristics may neetd upgraded. For example, bio
oil's low pH and the alkali metals that it contgimsay lead to corrosion, or to cause
damage to the blades of the turbine. Also, its Wigkosity makes the transportation
of the bio oil through pipes quite difficult, whilés water content leads to a less
homogenous state. Moreover, high oxygen conciseoiebg oil results in a lower
heat value and stability. Therefore, some methodsiding the installation of filters,
hydrogenation, or catalytic cracking may be indrgadble. Another point worth
mentioning is that, bio oils can be used as fuets combustion boilers or to be

transformed to transportation fuels through a petro refinery.

Pyrolysis is not the appropriate technology to pialelectricity. It is mostly used to
produce bio-oil through the fast pyrolysis procedut is cheap and much simpler
technology than gasification. When biomass is ithgted in an area and it is
necessary to collect it in a central power plagtplysis could be a nice solution as

the bio-oil is much more transferable than bionj@gs




Anaerobic digestion consists of several biochemicaactions, triggered by

microorganisms with the ability to live without aygn. These microorganisms
convert the organic biomass molecules into lesspticated chemical molecules. The
final products of the previous conversion are nyastblecules of methane and carbon
oxides and in a much lesser degree (less than 1%eofyas volume), ammonia

hydrogen and hydrogen sulfide [5] [9].

The process of anaerobic digestion is divided th® following four basic steps:
hydrolysis, acidogenesis, acetogenesis and metbarsi. The procedure starts with
hydrolysis, which takes place after the decompmsitof the organic polymers
(carbohydrates, proteins, lipids and nucleic acid3uring hydrolysis, organic
polymers are depolymerized into monomers. Differaritro-organisms produce
enzymes which play a catalytic role in order toiaeé a relatively fast decomposition
of the organic polymers. Afterwards, the most int@or stage of acidogenesis starts,
by converting the simple monomers, into the mawdpct, called acetate, along with
volatile fatty acids, alcohols, carbon dioxide, fogen sulfide and other byproducts.
Acetogenesis is the transformation into acetic ,asfdhe VFAs produced from the
previous process of acidogenesis. [alternative:tdgenesis is the transformation of
volatile acids to acetate and hydrogen.]In thigetaarbon dioxide and hydrogen are
also produced. The terminal stage is called metyamesis during which the products
of the previous phase (acetate and htdorgen) areeded into methane and carbon
dioxide, by the methanogenic bacteria. In normaidattons, approximately 70% of
the produced methane derives from the degradatioacetic acid, while the rest
derives from the reaction of carbon dioxide witldiogen. Noting that methanogenic
bacteria have the slowest rate of growth fromredl &naerobic micro-organisms, they
play a significant role to the speed and the edficy of the whole process [5], [7],
[10], [11], and [12].

Although anaerobic digestion can be functional imide range of temperatures, there
are two separate ranges, where the performancetisiined: mesophilic process
(between 30 °C and 40 °C) and thermophilic progestween 50 °C and 65 °C).




Thermophilic processes can achieve higher convessio less time than mesophilic
processes. Nevertheless the energy costs are higti@rmophilic processes. In fact,
mesophilic processes are preferable to thermoploies, due to the increased
financial costs of the latter.

Anaerobic processes are not highly exothermic andat produce large amounts of
heat. Even for the mesophilic process the bioldlyigaroduced heat is not at the
‘required level for the optimum temperatures tadached. Thus, additional, external
heat is needed to be provided. The extra amouhtaf needed can be generated by
burning the produced biogas, which is sufficientrtaintain the required temperature

and to produce excess energy.

Critical factors for the anaerobic digestion are tload rate of the feedstock,
temperature and ph. The load rate of feedstock terx lower in low temperatures
locations, whereas is higher in warmer regions (téations is 48 gr VS/m”3-d in
the north to 96 VS/m”3-d TO in the south of the B)Sdue to the fact that the
variation of temperature is crucial for the baakactivity. The dilution of the waste
by water is an efficient method used for keeping Bh. from 7 to 8 in order to

contribute to the maximization of the degradatibthe waste.

Another critical factor has to do with the stagé$eomentation, which can be single
or multiple. There are digesters where the stepssaparated with the different
bacteria in each step and digesters where all stepsn the same phase. The first
alternative appears to be more capital intensivkeyagids of higher amount of biogas,

while the second one is more economical but yigldeswer amount of biogas [7].

There is a great number of different types of amlaierdigesters. The selection of the
most appropriate solution depends on several issues as the composition of the

biomass used, the amount of the biomass neededpénating conditions etc.

In general, anaerobic digestion has a high proegssificiency, which leads to the
reduction of the pollution load of waste along witle production of biogas and high
quality compost. Another advantage is the low ahitcapital cost and the low
operating cost, in compare with some thermochengoatesses such as combustion
and gasification. On the other hand, the firstvatibn of a wastewater treatment

plant, without the presence of the appropriatevatgd sludge, requires a lot of time




(several months) due to the low growth rate of eol@e bacteria. Anaerobic
digestion for municipal solid waste requires greatounts of water so that the
percentage of moisture will reach the desired |lesemething that could be avoided
by using sludge with high moisture content. Alsben the treated biomass contains
sulfur compounds, the anaerobic treatment can bengganied by evolution of odor
due to the formation of hydrogen sulfide [5], [1[1], and [12].

Other advantages of anaerobic digestion are thiyaio use wet and dry biomass
and high variety of feedstock. Such as waste ohals, harvest surplus, vegetable oil

residues, waste water sludge, municipal solid wasteé dedicated energy crops.

Another alternative option for the exploitationtbé waste is aerobic digestion. In this
option the recovery of energy is not possible. Hasvesignificant amounts of high

guality compost can be produced.

Aerobic digestion is the regulated decompositiorth&f organic compounds of the
waste. The final results of the decomposition il contribution of microorganisms

are humus (compost) which is used as soil impranedrCQ and HO [13].
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In Chapter 2 an investigation of existing WtE fdigk takes place. The investigation

focuses in Europe. The existing projects are latateUnited Kingdom, Spain and

Germany. The gathered information is presentedSW&T analyses.

Table 1: SWOT Analyses —Gasification.

Gasification power plant

Location: Isle of Wight United Kingdom
Commissioned:October 2008

Fuel capacity: 30,000 tones/year

Energy production (electrical)/year: 2.3MW

Installation cost: 10,000,000 € (4,348 €/ kW)

Strengths Weaknesses

Powers 2000 homes producing 2.3 MWe. Suspended operation in 2010 (opengd
Diverts 15,000 tons of waste from again in October of the same year),
landfill. due to increased dioxin emissions (8
Localized production, less wastage during times the legal limit).

transmission. Retrofitting the plant into the older

Lower cost due to retrofitting to existing  incinerator plant may cause several

1S4

incineration plant (The cost of building @ additional problems.

new facility would have been 15 million Failure of protection against the
euros to 18.5 million euros) effects on increases in landfill tax and
LATS (Landfill Allowance Trading

Scheme) penalties.

Opportunities Threats

People in the island should accept that the The people of the island may become
power plant is safe for their health and the conscious about the emissions of the
environment. power plant.

The business to be successful both in Isle of Wight council decided to
financing, operation terms and to be an reduce its dependence on the

experiment for the development of similar gasification plant, due to its history pf




facilities.
The dependence of landfills is reduced
while useful renewable energy is

produced.

limited reliability (increased dioxin
emissions incident).

A poor managing in financing and
operation terms could lead to an

example to be avoided.

[14], [15], [16], and [17].




Table 2: SWOT Analyses —Combustion.

) Melilla Spain (Morocco)
1996
* 30,000 tones/year
& + - 2.5MW
Strengths Weaknesses
Provides 2.5 MWe, covering 10 % of the city’'s Sacks of incineration
total power consumption. residue build up on a site,

Diverts almost 90 % of all the waste produced by very close to the coast.
the city from landfill. Discharge of waste produc

Localizes electricity production, important element without the appropriate
for an autonomous city such as Melilla. treatment
Along with MSW, the facility accepts clinical

wastes, tires, used oils and hydrocarbon sludge

Opportunities Threats
People should accept that the power plant is safe The usage of clinical waste
for their health and the environment. along with tires is a risk
Due to its geoFigureical and political situation, factor for potential
Melilla acts like an island, making electricity environmental pollution.

production and waste management vital issues. Environmental activist
The dependence of landfills is reduced while usgful groups are opposed to

renewable energy is produced. incineration.

[18], [19], [20], and [21].




Table 3: SWOT Analyses —Anaerobic Digestion.

) Kirchstockach, Germany
1997
* 30,000 tones/year
&
+ - 1MW
Strengths Weaknesses

Supplying of heat to nearby industrial premises  The installation cost for the
along with electricity production. anaerobic digestion of
Digestion process is more stable on account of themunicipal solid waste is
hydrolysis which takes place. higher compared to the

Production of compost and substrate. agricultural and animal wast

D

Attempts to store energy via
silicum silicate failed.
The plant is very

complicated. Today digestio

=}

plants are built easier and

cheaper. *
Opportunities Threats
The dependence of landfills is reduced while Small possibility of bad odor
useful renewable energy is produced. nearby.

* Information came by personal contact with therafien manager (by e-mail) [22],
[23], and [24].

The general conclusions, derived from the invesibgaof existing WtE facilities, are

that there is a new innovative concept that ishie $tage of development and that




there are not many installations in the Europeaiore The next inference is that
these installations can effectively reduce the n@uof the waste and improve the
waste management scheme. However whatever inclodeeration of any type of

waste is treated with caution by residents.
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The scope of the current thesis is to illustrateappropriate technology for recovery
energy from waste in two case studies. The firse ciudy takes place in Skopelos, an
interconnected island in the region of Sporade® Jdtond takes place in the island

of Kos, a not interconnected island in the regibbodekanisa.

The purpose of both projects is to bring out thealfistage of an integrated waste
management stream. Every region which adopts thegegic plan could solve the
waste problem while contributing in the productiohrenewable energy from the
biodegradable fraction of the municipal solid wastiee animal waste and the

agricultural waste.

After the existing Landfills, which succeeded thecontrolled waste disposal, the
third generation of the waste management is beingeu development. In this
direction all the recyclable fraction of the wagte being recycled, while the
biodegradable fraction of the waste is used froempttevious described technologies
to produce energy. In the end, only the residuethefrecycling system and from
waste to energy technologies are disposed to neallesnscale Landfills . Therefore,
the life cycle of existing Landfills is expandingdaafter that new small scale and

more efficient in economic terms Landfills, only fesidues are needed.

In both case studies the first scenario which $® gdroposed is that the integrated
waste management should start with a sorting in stherce system, where the
biodegradable fraction of the municipal solid wa®SW) should be separated from
the rest of the waste. Moreover, the blue bins lvic@lect all the recycled segments
should be separated in more bins, for plastic, sglasper, aluminum, and other
metals. Only the residues from the recycle willdigposed to the Landfills residues .
At this point an investigation could take place atbihe possibility of combining the
agricultural waste (residues from the oils and gas)l, the manure, and the sludge
from the biological treatment with the biodegra@afvhction of the MSW. However,
in the current study, the waste that is disposeithénexisting Landfills is taken into
account. In this scenario households should sepdhnair waste in certain bins. A
separate investigation should take place, regarttisgeconomic feasibility, for the
investor of the whole process (state, municipalitydividual investor or an




organization), of giving incentives to people, Iretform of real finance support or
reduction of municipal taxes. Moreover, in thisrso@o the information of citizens is
required, because they are the bottom of the pyraaii the integrated waste

management stream and nothing could work withaeit tontribution.

An alternative solution which does not require twatribution of the citizens, the
sorting in the source system, is the installatiba central collection facility. In this
center the sorting of the waste will take place nghthe recycled segment will be
separated of the biodegradable fraction. The lattkrbe transferred in the waste to

energy facility and it will be used as feedstock.

In the island of Skopelos the municipality is unde¥gotiations with a private
company which is willing to install an aerobic dstjen facility. All the sorting of the
waste will remain to the local municipality whichilmwinstall separate bins for the
biodegradable fraction of the MSW and for the réaganaterials (the existing blue
bins). The agreement is that the private compatiyhave a place where the garbage
trucks of the municipality will transfer all the agcle segments and the private
company will sell the recycled materials as raw emats to other companies.
However, there will be a small percentage of tHessaf the recycle products which
will be given to the municipality (a percentagenfréhe sales of the plastic bottles for
the example). Moreover the garbage trucks of theniamality will transfer the
biodegradable fraction of the (MSW) to the aerobigestion facility. Then the

produced compost will be available for sale asikisprover.

In the Current thesis, it is assumed that all tbdirgy system will remain to the
municipality which is responsible to transfer thedegradable fraction of the MSW
to the waste to energy facility (WtE) adopting timst or the second scenario of
sorting. However the investment could be made kg dtate, the municipality,
individual investors or an organization. Therefaeach of these interested possible

investors could invest in the whole process ofwhste management.

In the case of Skopelos the results of this thasigd be an alternative solution where
an integrated waste management stream could inthedproduction of energy from

RES. Moreover, it is an alternative solution foe tihvestors which on the one hand
face higher installation cost but on the other hahdy will have stable annual cash
flows. This is a result of the dependence of reesran the fixed tariff of RES and the




energy production which can be handled smoothly wie right waste management
stream. In contrast, in the aerobic digestion opttbey will have to face the volatile

market of soil improvers.

In the case of Kos, the integration of a waste rgameent option which will produce
renewable energy too could be even more sustain&d®eause Kos is not an
interconnected island, it is fully dependent orr@etum. Therefore, it is a vital issue
for the local community to be less dependent oexaensive and not environmental
friendly source of electricity. Moreover, it wilave positive effects to the citizens of
the whole country, as they pay extra taxes for #hectrification of the not

interconnected islands.
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The feedstock of the waste to energy power plafitsoe the biodegradable fraction
of the (MSW). Using the total amount of the waster the thermochemical
conversion processes, on the one hand provideshigtier installed capacity on the
other hand it does not provide the recycle streachwaill probably have dangerous
emissions. For the biochemical procedures onlybibdegradable fraction could be
digested.

[ * 0

After a research made in the municipality of Skopedata for the waste disposal in
the existing Landfill for the years 2011, 2012 a2@l13 was collected. Table 4
illustrates the final data which shows the averafjghe total amount of waste per
month for the years 2011, 2012, 2013 in tons.

Table 4: Average of the total amount of waste pentim for the years 2011, 2012, 2013 in

tons[25].
January 155
February 159
March 173
April 223
May 219
June 318
July 441
August 537
September 307
October 188
November 134
December 139

Therefore, the total amount of waste for one yeapaling to the average amount of
the 3 years is 2,993,450 kg (2993.45 tons). Figuie constructed by the data of
Table 4. Figure 4 illustrates the seasonal distiobuof the waste in Skopelos, which
is mainly related to the high increase of populatinring the summer period caused
by tourists. Even the small increase in April itated to Easter, during which the

population is increased.




Municipal solid waste(tons)

Figure 4: Average of the total amount of wasterpenth for the years 2011, 2012, 2013.

From a document containing waste management datatd region of Greece, table

5 was constructed. From this table, by using thegmage of the biodegradable

fraction of (MSW) for the region of Thessaly, tlmeal amount of biodegradable waste

for Skopelos is found to be 1,407 tones.

Table 5: Qualitative composition of solid wasteTimessaly region. [26]

Qualitative composition of solid waste in Thessaly
region
Composition Percentange (%)
Biodegredable 47
Paper 20
Plastic 8.5
Metal 4.5
Glass 4.5
The rest 15.5
Total 100
/"= 1

After a research made in the municipality of Koatadfor the waste disposal in the

existing Landfill for the year 2012 was collectéichble 6 illustrates the final data

which shows the average of the total amount of evpst month for the years 2011,

2012, 2013 in tons.




Table 6: Total amount of waste in Kos per monthtiieryear 2012 (tons) [27]

January 1,183
February 1,288
March 1,607
April 1,869
May 2,899
June 3,697
July 4,293
August 4,650
September 3,653
October 3,047
November 1,685
December 1,421

Therefore, the total amount of waste for the yéHr22is 31.291.314 kg (31.291 tons).
The percentage of the biodegradable fraction of(M8W) in Kos is 45.1 %][26].
Therefore, the biodegradable fraction of the (MS$\)4.112 tons.

Figure 5 illustrates the seasonal distribution fed tvaste in Kos, which is mainly

related to the high increase of population durihg summer period caused by
tourists.

Municipal solid waste (tons)

Figure 5: Total amount of waste in Kos per monthil@).




Comparison between Figures 4 and 5 clarifies tmgdo touristic period in Kos.
Moreover, from the distribution of the waste sel/déaators can be examined with
high accuracy. For example both of the Figures stttevmonths during which the
islands have only their permanent population: tived winter months in Kos and
from November to March in Skopelos. Furthermore, distribution of tourists in the
island of Kos the three summer months is smoothlgontrast with Skopelos where a

sudden increase happens in August.
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The scope of the study is to examine which is thpr@priate waste to energy
technology to install in two case studies, in Skopand Kos. The basic elements that
the decision maker has to examine are: the indtalacity (related to the volume of
the feedstock), economic and financing variablesl dne emissions of each
technology. For this estimation a program is needdé@r research, the only tool that
had been found was system advisor model. Howelat wtas not enough because it
contained estimations only for the combustion. Tlausew program was constructed,
containing information for gasification and anaecodligestion too. Initially all the
calculations were made in EXCEL. After this all tlogjic of the calculations was

coded in MATLAB, forming a new stand-alone program.

2 |

In the combustion example, the technology simulaiedhat of the fluidized bed
combustor. Although most combustion technologidieiothe same basic principles,
there are same differences that should be takeracttount, considering the fact that
the simulation is based on the fluidized bed cortdyus

Initially the user of the program has to import teedstock (biodegradable fraction of
the municipal solid waste), the composition of tiemass, the percentage of the
moisture and ash, the temperature of exhaust ¢&gsand the percentage of excess
air and of CO. Figure 6 shows the above mentionpdts from the program.

In the computational procedure, only the basic elgial composition of the biomass
that will be fed into the combustor is used. Thaams that the user has to type the
percentage of weight that each of the three bdsments (C, O, H) corresponds to
the total weight of the dry and ash free biomagsag&uming that the dry and ash free
biomass contains no other element except the puswiaree (obviously, the sum of
the percentage of C, O and H should be 100%), we ba keep in mind that the
actual products from the combustion will be slighdifferent from the products of
this specific simulation. This mainly has to do twithe other elements that the
feedstock could have, like N, CL, F and S.




Figure 6: Combustion inputs.

Despite the fact that complete combustion of biamasother carbon based fuels,
produces solely COand HO, in reality we do not have a complete combustian,
matter how much excess oxygen will be used. Thegefioe final products of the
combustion are Cf£and HO, but also CO and INFollowing the assumption that the
dry and ash free biomass contains only the elenadr®s O, and H, we do not expect
the appearance of sulfur or nitrogen oxides, contta what we may notice in

practice. Along with the elemental composition, theer will have to type the




percentage of moisture and ash contained in thedss. High values of moisture and
ash are considered to be a drawback in combustiocegures, leading to lower

efficiencies.

Figure 7 illustrates the effect of moisture in timeal efficiency (electric) and the
different values of the total efficiency was estiathwith stable feedstock equals to
14,112,427 kg (the feedstock in the case of Kos)

total efficiency (%)

moisture

Figure 7: Effect of moisture in total efficiency.

Other variables that can influence the final ressate the percentage of CO existing in
the exhaust gases, the temperature of the exhagss gand the percentage of the

excess air feed.

Figure 8 illustrates the effect of excess air italtefficiency. Similarly, Figure 9
illustrates the effect of percent of content of ®Qotal efficiency and Figure 10 the
effect of ash in the total efficiency. All of thewhen are increased are drawbacks for
the overall efficiency. Moreover, these three Feguare formed with stable feedstock
that equals 14,112,427.26 kg (the feedstock in o&s€os) and stable all the other

parameters that user could change.
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Figure 8: Effect of excess air in total efficiency
\

5 T~

~

~

Percent of content of CO

Figure 9: Effect of percent of content of CO iretatfficiency




Totall efficiency

Ash

Figure 10: Effect of ash in total efficiency
High Heating Value derives from the known formula:
(kJ/kg) (1)

Afterwards, the amount of the air fed in the comimusis calculated, taking into the
account the percentage of the excess air and tiseofaN, and Q existing in the air
which is 79/21.

Then the composition of the products of the react® computed, considering the
percentage of the CO existing in the exhaust gaBgsusing the enthalpy of

formation of each product, the amount of heat gedrby the reaction is calculated.

The heat removed with waste gas is given by thatsmu

(Te—"s) (2)

Te corresponds to the temperature of the exhagssga

Finally:

" 012/)1(1'2/1% "
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In order to produce electricity, a Rankine heatimags used to provide the needed

power to the generator.




Figure 11: Rankine cycle.

Figure 11 shows the inputs that the user can pupfonp efficiency and turbine
efficiency.
In the simulation that takes place, the followirsgamptions take part:
The superheated steam leaves the boiler at&G0dist before entering the
steam turbine.
The operating pressure of steam turbine is 30MPa.

Heat rejection takes place at ambient temperati2&°c.

The vapor fraction after the turbine is 90%.

Figure 12: View more results, combustion.

Taking into account the previous assumptions glestarbine and pump efficiencies,

we can calculate the work that the turbine deli®®ut), the work that the pump




consumes (Win) and finally the net power outputrfrime steam turbine (Wel). All of

them are shown in the following table.

The window from the program (Figure 12) shows tk&ailed results which appears

when the user push the view more results button.
2" #

Regarding the gasification simulation, the techgglosed was that of the recycled
fluidized bed gasifier. The basic characteristiched recycled fluidized bed gasifier,
in comparison with other gasification technologgsh as fixed bed gasifiers or
fluidized bed gasifiers, is that they are moreogfit in the conversion of solids,
although that they are expensive in manufactureglament that makes them more

suitable for capacities of 15 tons of dry biomasshmpur, or more.

The variables related to the chemical compositiothe biomass, that the user has to
define are the same as the ones in the combustasion. The differences occur in
the variables that describe the percentage ofegjuired for complete combustion,
which is the air that enters the gasifier, the ®ixbg weight of the combustion and the
percentage by volume of the methane contained @ résulting gas. Another
important set of variables is the chemical compmsitf the organic portion of the

solid residue, given by the percentage of C, H@rtat form it.

The amount of oxygen required for the complete asstibn of the biomass that
enters the gasifier in one second is calculatextder to define the amount of air that
enters the gasifier, by using also the percentdgexcess air, which is one of the
variables mentioned above. Taking into account chemical composition of the
organic portion of the solid residue, along witle thy weight extent of the complete
combustion and the percentage of methane thatsexighe produced gas, the final

composition of the resulting gas is determined.

The energy balance of the gasification is giverthgyfollowing equation (4):

A(.-41012/15/() (. -41 012/ 1(/1' () 012/ '+%&*1% 012/ 6'+, 42/1(/ 012/ +6
310 +9%8* )2. 310 "12%/2(. 10'+&)0 '12*/ +( +4% "1 %&1 ¢+, 0+ /&1




We presume the sensible heat entering with thetae&cto be equal to zero, by
assuming that the biomass and the air enteringasifigr are both at ambient

temperature.

Figure 13: Brayton and Rankine cycles efficiencies.

Figure 14: View more results, gasification.

Taking into account the previous assumptions, aleitly the compressor and turbine
efficiencies for the brayton cycle and the pump tamtline efficiencies of the rankine
cycle (Figure 13), the total electricity and thelmganeration of the whole procedure
can be calculated, as well as its efficiency. Fegi4 shows the detailed information
that the user is able to extract by pressing tee/vnore results button.
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For the simulation of the anaerobic digestion, desen process is that of the
mesophilic process. In contrast to the thermoplpitmcess, where the digestion takes
place in a region of temperatures betweetC58nd 65C, mesophilic process takes
place in a region of temperatures aroundC33espite the fact that thermophilic
process requires less time to convert the same @nafusolids, than mesophilic
process, the latter has a significantly lower epeargst, a characteristic that makes
mesophilic process more desirable in most of theagons.

The variables that describe the composition ofbilbenass feedstock, are the same as
in the two previous technologies, and are the pegages of C, O and H existing in
the dry ash free biomass, along with the percentdg®isture and ash concentration.
The difference occurs in the variables that desctite percentage of the total solid
biomass that is converted and the percentage ofallagile part, which corresponds to
the dry biomass without the inorganic part andftked carbon, by weight of total
solids (Figure 15).

The hydraulic retention time (in days) required tbe conversion of x % of the

volatile solids to biogas, in the mesophilic pragas given by the empirical formula:

9; <

78 =< (5)

The total volume of the digester (ir)is:
- 78 7?7

VFR stands for volumetric flow rate (infday) at the entrance of the digester.

Afterwards, the amount of biogas produced in a ysaralculated, along with its
composition in methane and carbon dioxide. Thergao/alue of the biogas can be

calculated by using the lower calorific value ofthane, which is 802.6 kJ/mol GH

In contrast to the technologies of combustion aaslifigation, in order to produce
electrical or/and thermal power, in anaerobic diges an internal combustion
engine, such one described by the Diesel cyclesésl. For this specific simulation,
the compression ignition engine in use is assumegbérate at a compression ratio of

20, a cutoff ratio of 2.2 and with an ideal effivoy of 90%. Along with the previous




variables, the electrical efficiency of the reabee can be defined (Figure 16), so
that the amount of the generated electrical anthtlepower can be calculated, as

well as the overall efficiency of the engine.

Figure 15: Mesophillic proccess.

Figure 16: Diesel engine.

The percentage of the thermal power that must éédek into the process in order to
keep the temperature of the digester up to theatipgrtemperature of the mesophilic
process, which is 38, is also calculated in relation to the averagebiant
temperature of the year. Subsequently, the eledficiency of the integrated
digestion process is calculated, via the LHV of themass. Figure 17 shows the
detailed information that the user is able to esttkay pressing the view more results

button in the anaerobic digestion section of tregmm.




Figure 17: View more results, anaerobic digestion.
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The procedure is followed for the estimation of #o®nomic data is the same for all
the technologies. The user has to import some hasaand some others are

calculated by functions.

The cost of installing an integrated biomass coribnsand cogeneration unit for

thermal energy and electricity in a steam turbggiven by the following relation:

Capital investmentCl = 4029 - 643InC[€ / kWe] (7). The corresponding cost of
installing an integrated biomass gasification angeneration unit in a combined gas-
steam turbine cycle (Biomass Gasification Combi@gdle - BIGCC) is given by the
following equation: Capital investmer@l = 7,675 - 1,235 InG€ /kWe] (8). And the
cost of installing an anaerobic digestion plantairdiesel engine is given by the
following relation:15,35-2,256*InC(9), when the installed capacity is lower than 500
kW and 1.25 million euros for each 500 kW whenitistalled capacity is higher than
500 kW.

Where in C is the nominal capacity of the planviwe, while the jobs created are




estimated at 3 employees/MWe. The user can impertaverage annual cost per
employee (including social security contribution8). this way the total annually
labor costs are estimated. Similarly, the costmaintenance, management, security,
utilities, etc. are estimated at 2/3 of the totatoof labor.

The formula 15,35-2,256*InC had to be created du¢he high divergence of the
results between the formula used for installed ciéipa over 0.5 MWe and real case
studies, when their installed capacities were béddavMWe. For the construction of
the current formula used for installed capacitieless than 0.5 MWe, the installation
costs of real anaerobic digestion facilities weakeh into account. [11], [28], [29],

[30], [31], and [32].

However, for the two case studies of this thesiedslos and kos) the thermal energy
isn't used, mainly because of the lack of the appate infrastructures and especially
in case of Kos is difficult such an investment ® économically feasible due to
environmental conditions. However parametric anslysill take place in a next

chapter to illustrate the results when the thempoaler is also taken into account.

After that the user could import a government grtapital investment funding and
a price of biomass per ton. In the case of thedgoadable fraction of the municipal
solid waste the price of the feedstock could besmred zero or it could be
examined the possible price that will be given e titizens (in order to have
incentive for the collection of the biodegradahilacfion of the waste) keeping the
investment economically feasible. Also the costgafisportation could remain to the
local municipality as they have to transfer the teas the Landfill in any case or it

could be examined the possibility of the investoradopt this cost.
The annual electricity in MWh/year is estimatedthy formula:
Installed capacity x 24 h/day x 365 days/ygdr)

The installation cost is estimated by the formula:

Installed capacity x capital investment (€/K{))

Then the user has to import the depreciation, dlhee [@ice of electricity (€/MWh) and

the tax rate.

Afterwards, the following calculations are takingge:




Subsidy: Capital investment funding x Installatewst(12)

Equity capitals: Installation cost- Subsifi/3)

Electricity Income: Sale price electricity x Annuectricity (14)
Total operating costs: Total cost of labor + Co$nmaintenancgl5)
Total finance costs: Equity capitals x depreciat{®6)

Earnings before taxes and depreciation (EBTD): Eleity Income- Total operating

costs(17)

Profit before tax: Earnings before taxes and defaion (EBTD) - Total finance
costs(18)

Net profit: Profit before tax- Profit before taxtax rat(19)

22*%

The aim of the previous part of the program is élx&action of a detailed finance
table in incremental cash flows for each year ef phant operation. Table 6 has the

following elements:

Table 6: Elements of the finance table.

Revenues(+):

Total cost for labor:
Cost of maintenance*:

Total operating costs(-):
Installation Cost(-):
Earnings before taxes and depreciation(EBTD):
Finance cost (Depreciation)(-):
Profit before tax:
Taxes(-):
Net profit (after taxes):
Depreciation:(+)
Cash flows:
Discount Rate:
NPV (for each year):
NPV(sum of 25 years):
Real equity payback period (including taxation):
Profitability index:
IRR:
MIRR:




Then the Table 7 shows the calculations in orddintbthe Cost of Capital, which is
then used as the discount rate in order to find\R¥ and as hurdle rate in order to
compare it with IRR. The user has the possibilgyiristall the discount rate or to

import the variables as are shown in Table 7 arestinate the discount rate.

Table 7: Variables for estimating the Discount rate

EQUITY

Risk free rate:
Beta:
Base premium for matture equity
market:
Country premium:
Equity risk premium (SUM of the
previous 2):
Percentage of financing that is equit|
(wl):
Cost of equity:
DEBT
Annual Nominal Interest rate:
128/75
defauld spread
percentage of financing that is debt
(w2):
Cost of debt:
COST OF CAPITAL (WACC):

<
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Due to the fact that only the basic compositiontted biomass feedstock is taken
under consideration, which includes the elementsaobon, oxygen and hydrogen,
the estimation on the produced emissions is limitedhe chemical compounds of
carbon dioxide (C¢) and carbon monoxide (CO). Therefore it is impairt® notice

that there are a large number of chemical compotimaiscan be emitted into the
atmosphere through the technologies of combustgasification and anaerobic

digestion.

Regarding the emissions from the combustion preo¢hssamount of carbon dioxide
and monoxide in metric tons was estimated by assyrtiiat the percentage of the
moles of carbon monoxide (CO) in the products,uditig excess air, is known. The

emissions from the gasification process includey ¢m the program) the chemical




compound of carbon dioxide which derives from théarist gases of the Brayton
heat engine. Lastly, in the anaerobic digestiorcgge only the amount of carbon
dioxide was computed by making the assumption tifatquantity in moles of the
carbon dioxide, after the combustion in the Dieswedine, is equal to the quantity in

moles of the carbon dioxide and methane existirtgernproduced biogas.







In order to make predictions concerning the fedigibof each energy production

technology, based on the available feedstock de#rifrem the annual waste

production in the islands of Kos and Skopelos, thass flow of the biomass

feedstock is needed to be calculated. Thereforeaasdming that all energy facilities
operate without interruption for the whole yeard déinat the mass flow of the biomass
is equal at any given moment for each island, ttreesponding amount of biomass
feedstock is 0.044615677 kg/sec for the island kafp8los and 0.447502133 kg/sec
for the island of Kos. The amount of the biodegtdeldraction of the waste produced
annually in each island is 1,407,000. and 14,112,48 for the islands of Skopelos
and Kos respectively. (1,407 tons and 14,112 tons)

The next necessary step in order to accompliskéseed calculations is to define the
elemental composition of the biodegradable fractbrihe waste which is also the
feedstock of each technology. Since there are railadle studies concerning the
elemental composition of the municipal solid wdsteany of the islands of Kos and
Skopelos, or any other geoFigureical region in Geaa particular, the required data
were acquired from the ECN database for biomassvaste and are corresponding to
the dry ash free biodegradable fraction of the wipai solid waste collected and
measured in Netherlands. Data concerning the pexgerof moisture and ash in the
biodegradable fraction of municipal solid waste veddained from a recent study
which took place in the island of Cyprus, an islanith relatively similar
geoFigureical, climatic, sociological and nutrittdncharacteristics, especially with
that of the island of Kos. The composition of thaste concerning the percentages of
carbon, hydrogen, oxygen and moisture is influericath the nutritional habits of the
people of each region. However, this project assutmat the variance of the
percentages is in small scale and is not able flaeimce significantly the project

valuation.




Figure 18: Composition of Dry Biomass.

Figure 18 shows the composition of the biodegraglfdaiction of the municipal solid
waste [33], and [34].

The combustion and gasification would be more &ffit with lower percentage of
moisture. Specifically moisture content around 1@e6uld be great for the
thermochemical procedures. Though, the procedumryong the biomass increases

the cost. That's why it is considered wiser to tnt biomass without pre drying.

Also the volatile part of the biodegradable fractiaf the municipal solid waste, an
element required for the anaerobic digestion pmces estimated to be 80 %
according to the same data required from the EGhbdae [33].

For the simulation of the combustion procedureldoth islands, the temperature of
the exhaust gases is assumed to be’C5nd the excess air feed is assumed to be 25
%. The percentage of carbon monoxide containedarekhaust gases is presumed to
be 1%. All the above values are considered to pedl/for combustion technologies
and were obtained from the university notes of ¢barse Introduction to energy

Systems [5].

Similarly, for the gasification procedure, the partage of the required air entering
the gasifier is assumed to be 10 %, the exteriteotomplete combustion by weight is




assumed to be 90 %. Also, in order to acquire testle amount of methane found in

the produced gas is presumed to be 5 %.

The presumptions made for the anaerobic digestierdimited to the percentage of
conversion of total solid biomass that is expetteloe 50 % [5].

Economic variables

Regarding the economic inputs of the technologyuation, for all three available
technologies and for both the islands, the annost per employee was estimated at
12000 euros while the number of employees requoethe operation of each waste
to energy facility is estimated to be analogought® magnitude of the installation
capacity, with a ratio of 3 employees per 1 MWrddtalled capacity. The annual cost
of maintenance is presumed to be equal for alletheehnologies and both islands,
and it is estimated at a level of about 66 % ofatheual labor cost.

The percentage capital investment funding is setet@ due to the lack of capital

investment funding on similar projects by the stateelevant development projects.

Also, no price for the obtaining of the biomass wakulated, since it is considered
that the biomass feedstock will arrive at the wastenergy facility without any extra
cost for the acquisition, transportation and regglitreatment of the biomass

feedstock, prior to its usage by the correspondiagte to energy facility.

The level of depreciation, according to ttdficial Government Gazette (OGG),
A96/5.5.1998, is different for the three technoézgiand it is: 4 % for the combustion
facility, 5 % for the gasification facility and 8 %r the anaerobic digestion facility
[35].

The sale price of electricity was the same fothake technologies, although different
for the two islands. The sale price for the islafidos was 99,45 €/ MWh, while for

the island of skopelos was 87,85 €/ MWh. The difieeecan be explained by the fact
that the island of Skopelos is connected to thennadéctrical grid, through four

submarine power cables, whereas the island of £o®t connected to the main grid
and therefore relies mainly on conventional ligtudls that are regularly shipped to
the island [36]. However, law 4254/2014 has chartgedrevious feed in tariffs. The

new ones do not have distinction between contiheataons and not interconnected




island in the case of biomass. The only distincappears when the project has taken
subsidy or not. For the base case scenario thedguthas been considered to be zero
as a subsidy scheme could not be found at thelieirey. Therefore, the feed in tariff
is for both islands 131 €/ MWh for anaerobic digastand 90 €/ MWh for combustion

and gasification [37].

No sale price for the produced heat was estimaieé, to the lack of relevant
infrastructures for the distribution of the heatveo to the populated areas of both
islands, although the scenario of future usagéhefprojected produced heat power
for water heating, from nearby to the waste to gyndacilities large scale hotels,
should be taken under examination, as should thgeusf the produced heat power

for residential and other purposes.

The level of taxation is set to 35 % for all tecluges and islands, according to the

applicable laws.

The growth rate of labor cost and the growth rdtmaintenance are set to be 0.01%
for all technologies and islands. The growth rdtdéabor is influenced mostly from
the inflation rate. The growth rate of maintenarscefluenced both from the inflation

rate and from the cost associated with the houopefation.

The capacity factor is set to be 0.85 for all textbgies and islands according to an

average value estimated for biblioFigureic resef38h and [39].

Figure 19 illustrates the above mentioned econanpats that have been used for the
extraction of the results. The depreciation andstde price of electricity are changed

according to the technology.




Figure 19: Economic Inputs.

Table 8 shows the Calculation in order to find @ust of Capital, which is then used

as the discount rate in order to find the NPV asithardle rate in order to compare it
with IRR.

Table 8: Calculation of the cost of capital.

EQUITY
Risk free rate: 5.26%
Beta: 0.95
Base premium for matture equity
market: 3.88%
Country premium: 10.50%
Equity risk premium (SUM of the
previous 2): 14.38%
Percentage of financing that is equit
(wl): 50%
Cost of equity: 18.92%
DEBT
Annual Nominal Interest rate: 6.30%
128/75 0.60%
defauld spread 2%
percentage of financing that is debt
(w2): 50%
Cost of debt: 8.90%
COST OF CAPITAL (WACCQC): 12.35%




In order to find the cost of equity the risk freger is set to be 5.26% according to the
Greek ten-year euro bond [40]. The beta is caledldb be 0.95 according to
Bloomberg. The estimation was made from 12/01/20@H 12/01/2013 in a weekly
linear correlation between PPC GA Equity and AS&ek For the estimation of the
base premium for mature equity market the USA Tusabond for 80 years (1928-
2008) has been used. (3.88% for the USA, for 8@syaecording to Damodaran) The
country premium is based in Damodaran estimatiodstlae values are changing over
time. The specific value 10.5 was taken in Jan2&d4. The equity risk premium is
the summation of the base premium for mature eqmgrket and the country
premium. After that, an assumption was made aboaitfinancial decision which

corresponds to equal percentages of debt and equity

The estimation of the cost of debt predominantlg Wwased on an interview with the
head of lending department of National Bank of Gee@etavitsiadis K. department
of Kastoria). The law 128/75 has to do with a lery corporate loans. The default
spread was set to be 2% after the assumption nmadédich the company is rated
BBB. Finally the cost of capital is estimated acliog to Weighted Average Cost of
Capital (WACC) [41], [43], and [43].
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The first three Figures are finance tables for castibn, gasification, and anaerobic
digestion respectively. Specifically are referredricremental cash flows. The tables
are constructed for 25 years, but here are visiblg the first six, because then all the
lines behave with the same way, except depreciati@nvalues of which are related
to the type technology used, as described in chdjgonomic variables”. For

combustion is 4%, meaning that depreciation pelasts 25 years, for gasification is
5%, meaning that depreciation period lasts 20 yaadsfor anaerobic digestion is 8%
meaning that depreciation period lasts 13 yearghénend a project valuation is

taking place.




Figure 20: Incremental cash flows for 25 years, Bostion, Skopelos

Figure 21: Incremental cash flows for 25 yearssifé&ation, Skopelos.

Figure 22: Incremental cash flows for 25 years, éohic digestion, Skopelos.




In Figures 20, 21, and 22 the first line illusteatthe revenues which can be
considered predictable and stable, as they conme fihe fixed feed in tariff scheme
that is applicable in the RES. Biodegradable foactof MSW is considered RES
which has priority in the dispatch of the systerd &red price for all the years of the
contract. Then the operational costs appear to hdwegical increase throughout the
years. After that the influence of depreciation dhe tax scheme takes place. The
cash flows appear, starting with the year 0 whieb the expenditure of the initial
investment and after that the cash flows haveghtstiecrease due to the increase in
operational costs. NPV of each year takes intoidenstion the time value of money
and the cash flows appear much higher decreaseasake into account the discount

rate.

Net Present Value (NPV) is the most common usednfie indicator for project
valuation. It is calculated form the sum of thegenet values of each of the cash flows,
positive as well as negative that occurs over ifieeolf the project. The decision rule
for NPV for independent projects is if the NPV>Qetproject is accepted if the
NPV<O0 the project is rejected. Moreover, when tH&/Ns greater than O the project
makes a return greater than the hurdle rate [#40lhé current thesis the project for
the waste to energy technologies is valuated aspirbent project. However, this
procedure is considered an integrated waste mareageamd presents a lot of side
effects for the municipality and for the societyhi§ adds more skepticism in the

rejection of the project.

Payback period is calculated with the summatiooash follows until the Installation
cost be equal to the summation. When the summattinat exactly balanced with the
installation cost the months are also calculatede Ppay pack period including
taxation is absolutely logical in the case of aobgr digestion for such an investment

in Skopelos.

Profitability index (PI) is a scaled version of NPahd is computed by dividing the
NPV with the initial investment. The PI providescagh measure of the NPV for the
return of every invested euro. It is a very uséfdex when the capital is limited and
many alternatives arise with positive NPV. The mpim solution is the one with the
highest PI[40]. Therefore for the case of Skopehas index would be useful if we
had two positive NPV to select the more efficierdject.




Internal Rate of Return (IRR) is the discount rtitat makes the NPV of a project
equal to 0 and takes into account the project'sesd@ecause the IRR is a scaled
measure it tends to push decision makers to smpitlgect which usually yields
higher percentage of returns. If IRR > cost of tajhe project is accepted, otherwise
if IRR< cost of capital the project is rejected.the current analysis cost of capital is
used as the discount rate in order to find the NfPd as hurdle rate in order to
compare it with IRR. [40] In the case of anaerddigestion in Skopelos the IRR is
slightly smaller than the discount rate, which ggeto the rejection of the project. To
this point the computation of the discount rateusthidoe taken into consideration. The
discount rate is computed through WACC accordinget data for Greece at the
time being where the finance situation in the courmg a problematic one. A small
variation in the discount rate could have signifitcanodifications in the results.
Therefore, a slight decrease in the discount ratédcmake the project of anaerobic
digestion in Skopelos sustainable in financing terioreover a similar region in
another country with better economy like Germanylddave a discount rate around
10 % which makes the project economical viable.s€hdiscussions will continue in

the chapter of parametric analysis of the discoaiat

Modified Internal Rate of Return (MIRR) assumest tthee intermediate cash flows
get reinvested at the hurdle rate (discount rats)ead of the assumption of IRR
where the intermediate cash flows get reinvesteth@atcomputed IRR [40]. This
explains the higher value of MIRR compared to IRRthe tree projects under
consideration, as in all projects the discount ratligher than the IRR in case of

Skopelos.

As it is obvious from the project valuation nonetlé three projects is economical

sustainable.

Figure 23 illustrates the comparison between tipeogect in technological, financial
and environmental terms for the island of Skopeloseveals the economy of scale
for waste to energy facilities. Skopelos an islanith average annually production of
biodegradable fraction of municipal solid waste usd 1407 tons, which is not
economical feasible to proceed in such an invesintémwever the NPV in the case
of anaerobic digestion is slightly below zero ahd Payback period is logical for

such an investment.




Figure 23: Technology comparison, Skopelos.

Moreover, the financial indicators IRR and MIRR alightly below the discount rate.
Therefore if someone sets off the economic benefita waste to energy facility,
which is the extension of the lifecycle of the ¢xig landfill, environmental benefits,
a most sophisticated waste management stream WiR\aslightly below zero, the

project of the anaerobic digestion in Skopelos @dnd accepted.

In environmental terms combustion has the highep €@issions and in financing
terms is in the middle ground. Although gasificatipresents the highest installed
capacity and the lower environmental impact per Miihstalled capacity, it doesn’t

contribute to any positive value in financial terms

Figure 24 illustrates that gasification is the meficient process and has the highest
electricity production in the case of Skopelos.haligh, combustion has higher
efficiency and electricity production than anaecobigestion, it doesn’t differentiate

significantly.




Figure 24: Electricity production and ElectricafiEency, Skopelos.

Figure 25: Thermal production and Thermal Efficigrgkopelos.

For thermal generation the situation is differemtregure 25 shows. Combustion has
the highest thermal efficiency and thermal produrctigasification follows and in the

end is the anaerobic digestion which is a bioldgicacedure.




Figure 26: Installation cost, Installation cost paih, Skopelos.

On one hand Figure 26 shows that gasification requhigh initial investment,

around four times higher than the other two teobgiels, on the other hand
installation cost per MWh is only double from comsban and anaerobic digestion.
This could be explained from the much higher eincly of the gasification duo to the
combined cycles (brayton and rankine)

Figure27: CO2 emmisions, CO2 emissions per MWhpS8kas.




According to Figure 27 anaerobic digestion is th=agest alternative in absolute
terms. However, gasification is the cleanest in @@2MWh.

Figure28: Payback period for combustion, Skopelos.

Figure29: Payback period for gasification, Skopelos




Figure 30: Payback period for anaerobic digesigkopelos.

Figures 28, 29, 30 illustrate the payback periacech technology.

Figure 31: Feedstock with NPV for anaerobic digestSkopelos.

Figure 31 illustrates which is the appropriate &tedk in order for the project of
anaerobic digestion to be economic viable for SkagpeSkopelos has an average

annual production of the biodegradable fractionM8W around 1407 ton. If the




average annual production be 1550 ton the profeahaerobic starts to have positive

value and this makes it sustainable in financimgge

3" 1

The first three Figures (31,32, and 33) are finaabées for combustion, gasification,
and anaerobic digestion respectively. Specifically referred to incremental cash

flows. The tables are constructed for 25 years,Heue are visible only the first six,

because then all the lines behave with the same way

Figure 31: Incremental cash flows for 25 years, Gastion, Kos.

Figure 32: Incremental cash flows for 25 years,ifigasion, Kos




Figure 33: Incremental cash flows for 25 yearsaéwobic digestion, Kos

The most important element to predict in the dgwelent of such tables is the
revenues. However in the current tables revenuedixed through the feed in tariff

scheme. The latest feed in tariff scheme doesnkemany difference about the
continental regions and the not interconnectech@daSo the feed in tariff scheme is
the same for the two islands. Nevertheless, the ifetariff between the technologies

differs and the highest ranking belongs to the eotae digestion.

Figure 34 illustrates the comparison between tpeofects in technological, financial
and environmental terms for the island of Kos. fhsification is the most efficient
route and for the same feedstock has the highesitrieity installed capacity.
However, combustion has the highest thermal capathis effect comes from the
utilization of combined cycle in the gasificatiofhe heat rejected from the brayton
cycle feeds back the boiler of the rankine and whatains from the second cycle is
the thermal generation in the case of gasificatlornthe case of combustion where
only a rankine cycle exist the heat rejected fromrankine is the thermal generation
which is higher than gasification with the samedfgeck. That's why the thermal
generation and the thermal efficiency in combustign slightly higher than
gasification. If gasification process becomes vaitthy one cycle, it will have higher
thermal generation and thermal efficiency, but m&n interest is in the electricity

generation.




Figure 34: Technology comparison, Kos.

The higher installation cost and installation cpest MWh comes from gasification

and the lowest from anaerobic digestion, whiledbmbustion remains in the middle.

The finance indicators illustrate clearly that thiely alternative that adds positive
value in financing terms is the anaerobic digestidme total amount of gain that the
project of anaerobic digestion will produce compate the amount that could be
earned simply by saving the money in a bank orsting it in some other opportunity
that generates a return equal to the discountisaseound 2.5 million(the value of
NPV).

The payback period of anaerobic digestion is nedhtilow and much lower than the
other alternatives. It doesn’t take into accoumt time value of money but gives a
clear view about the time of the recovery of th&iah expenditures, including

taxation.

The Pl illustrates a high percentage and showsfoin@naerobic digestion every euro

that is being invested now it will return in 25 yedthe assumed life cycle of the




project) the double money discounted in the pregémvill return 1,98 euros in the

present value of money)

The IRR is much higher than the hurdle rate (128%%the case of anaerobic
digestion, so again shows that the project is dedepThe MIRR which more

accurately reflects the profitability of a projeas the intermediate cash flows
reinvested at the cost of capital (12,35%) appagesn higher value than the hurdle

rate and shows that the project is accepted.

Over again exactly like the case of Skopelos, wirenmental terms combustion has
the higher C@emissions and in financing terms is in the middieugd. Although

gasification presents the highest installed capaaind the lower environmental
impact per MW of installed capacity, it doesn’t trilbute to any positive value in

financial terms.

The following charts are formed in the same way lik the case of Skopelos, but
differentiate in the scale.

Figure 35: Electricity production and Electricafiiency, Kos.

Figure 35 illustrates that gasification is the meficient process and has the highest
electricity production in the case of Kos for tleene feedstock. Although, anaerobic




digestion has the lowest efficiency and the lowadsttricity production is that that
adds positive value in the case of Kos accordingegrevious tables.

Figure 36: Thermal production and Thermal Efficigri€os.

For the thermal generation the situation is differ@igure 36). Combustion has the
highest thermal efficiency and thermal productigasification follows and in the end

is the anaerobic digestion which is a biologicalgedure.

Figure 37: Installation cost, Installation cost paiVh, Kos.




On the one hand gasification requires high inihakestment (Figure 37), around four
times higher than the other two technologies, @ndtiher hand installation cost per
MWh is only double from combustion and anaerobigedtion. This could be
explained from the much higher efficiency of thesifeation due to the combined

cycle (brayton and rankine)

Figure 38: CQemmisions, CQemissions per MWh, Kos.

According to Figure 38 anaerobic digestion is th=agest alternative in absolute

terms. However, gasification is the cleanest in @& MWh.

Figure 39: Payback period for combustion, Kos.




Figure 40: Payback period for gasification, Kos.

Figure 41: Payback period for anaerobic digestims.

Figures 39,40, and 41 illustrate how long it walke for the projects to "break even,”

or generate enough money to cover the startup.costs
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The aim of this section of the chapter is to iltatd the energy production in the
island of Kos and the magnitude of the WtE techgie®. Table 9 constructed

according to data obtained from the Public PowapGation of Kos.

Table 9: Energy production in Kos[44].

Montly energy production in 2012 year in Kos
Production
of electriciy| Production of
from electricity from
Months oil(MWh) RES(MWh)
January 3.396 2.034
February 3.029 1.909
March 2.801 1.687
April 2.896 1.763
May 4171 1.682
June 5.677 2.428
July 6.910 3.942
August 7.028 4.266
September 5.268 2.854
October 4.005 2.102
November 2.439 1.871
December 3.115 1.744
Total annual
energy

production: 50.734 28.283

The data from the production of energy are in thmes year with the data from the

landfill. The Figure 42 constructed from the preisgdable.
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Figure 42: Production of electricity in Kos for tiiear 2012.

The Figure 42 indicates that in the summer permeddiectricity production is much
higher. Energy production is leaded from the enelgyand which appears increased
from the population growth due to the tourists. Btorer, the Figure shows the
portion of the energy production covered by RESrgweonth, which comes only
from wind parks and photovoltaics. The percentaféhe total energy production
covered by RES for the year 2012 in Kos is 36%.

Table 10: Percentages covered by WtE technologi&®s.

Annual energy | Percentage of totg ~_ Percentage of
WIE technologies| production from the| €nergy production felectlr.fny comtljng
WIE technologies | covered by the | TTom oll covered by
WIE technologies WIE technologies
Combustion: 8.300 | MWhlyear 10,50 % 16,36 %
Gasification: 15.905| MWh/year 20,13 % 31,35 %
Anaerobic o 0
digestion : 7.417 | MWhlyear 9,39 & 14,62 %

From table 10 useful conclusions may arise for dwomtribution of the WtE
technologies in the electricity needs of Kos. Aligb gasification produces the

highest amount of energy, anaerobic digestionasfittancing sustainable alternative




with the lowest annually energy contribution. Thensnation of the production of
electricity from oil and from RES from Table 9, gs/the total energy production for
Kos. It is a not interconnected island and is fatnoé an autonomous microgrid
mainly based in the combustion of oil to cover #lectricity demand plus the
contribution of the wind farms and the installedofvoltaics. In year 2012 RES
covered the 36% of the total energy productiorhgnricrogrid of Kos. The adaption
of the gasification alternative for Kos could ada the existing percentage of
renewable energy production a percentage around 20% the adaption of
combustion or anaerobic digestion could add a p¢age of 10% (second column of
Table 10). So, adopting the alternative of gadiittacould be covered around 56%

of the energy needs of the island and adoptingtier two alternatives around 46%.

As it has been mentioned earlier, Kos is stronglpeshdent on oil. The third column
of Table 10 indicates the percentages of indepared&om oil with the adaption of
each technology. Anaerobic digestion could covét b the production of electricity

coming from oil and gasification up to 31%.

Production of electricity
from oil

m Production of electircity
from PV, Wind

® Production of electricity
form Anaerobic Digestion |

MWh
|
|
|

Figure 43: Distribution of the production of elécitly for the year 2012 with the adaption of
anaerobic digestion alternative, Kos.




Figure 43 developed taking into account the adaptiothe alternative of anaerobic
digestion in Kos, which is the only alternativetthdds positive economic value. WtE
technologies are operating in steady state comdites it is clear from the Figure,
which aims to illustrate the reduction of the eletty coming from oil with the

operation of a WtE power plant.
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In this chapter an analysis will take place, fothboase studies Skopelos and Kos,
about the influence of some variables in the vigbof the project, keeping all the

other variables constant.
4 *

Initially an analysis about the influence of theden tariff in the financing viability

of the projects will take place.

Case of Skopelos

Figure 44: Influence of feed in tariff in the firang sustainability of the projects in

Skopelos.

Figure 44 illustrates that for Skopelos, the anbierdigestion starts to be financially
sustainable from a feed in tariff around 140 €/ MWbinbustion around 160 €/ MWh
and gasification around 240 €/ MWh.




Case of Kos

Figure 45: Influence of feed in tariff in the firdng sustainability of the projects in Kos.

Figure 45 illustrates that for Kos, the anaerohigestion starts to be financially

sustainable even with a feed in tariff much loweart the authorized at the time being
around 65 €/MWh. It is mentioned previously thamtmstion and gasification do not
add value in the case of Kos with a feed in taifd0 €/ MWh, but they do add value

with a feed in tariff around 105 €/MWh for combuwstiand a feed in tariff around 170
€/MWh for gasification.

The pre mentioned feed in tariffs for which thehteglogies start to be financially
sustainable are not extraordinary values, as thakees of feed in tariff or even

higher are authorized for other types of biomasstber types of RES. For example,
according to law 4254/2014 the feed in tariff iffelient types of biomass could be
from 90 €/ MWh up to 230 €/ MWh for projects withostibsidy. For other types of
RES the variation of feed in tariff fluctuates beem 90 €/ MWh and 280 €/MWh for
projects without subsidy. Moreover, according tw 1&734/2009 feed in tariff for

photovoltaic varies between 260 €/ MWh and 320 €/ MWh

Therefore, it can be easily understood that thanionl sustainability on a project in
RES sector strongly depends from the value of ¢lee in tariff scheme. The waste to

energy facilities (WtE) which use as feedstock Hiedegradable fraction of the




municipal solid waste, as it has been mentioneliteare considered RES and have a
feed in tariff scheme. Although, these projectsehaviot of side effects from the
environment and the society as it contribute tonéegrated waste management that
solves the problem of waste while it produces cleaargy and reduce the ground
pollution of landfills and the emissions in the aBphere when the waste
decomposes, they have reduced values of feed ifh campared to other types of
biomass or photovoltaic in Greece. On the othedhawmotovoltaic projects produce
clean energy without emissions and without the ipdgg of odors, problems that
may arise from WtE projects. However, waste to gnéechnologies produce much
more renewable energy in the same installed capbettause they have much higher
capacity factor and are not have the problem oérmittency that arises in
photovoltaic projects. Therefore, the value of feedariff is a debate and strongly
depends on what renewable alternatives the statéswa boost. Figures 44,45 and
similar Figures of the current thesis could help state to define the level of feed in
tariff scheme according to each region, so thah suojects could be developed. For
example, different regions with different specidlamcteristics and amount of
available biomass could have different feed infitagthemes, enabling the projects to

be sustainable in financing terms.

4”

The base case scenario doesn't take into accoenthétrmal power that waste to
energy technologies produce. Initially due to theate in Greece the heating period
is restricted especially in the case of Kos. Thoubh solar thermal power could be
used for domestic hot water or for a district hegtnetwork. Moreover, the usage of
the solar thermal power needs the construction gfié that will transfer the hot

water to the final usage. This will have an exwatcFurthermore, there is a lack of a
support scheme in the distribution of thermal endiige the feed in tariff scheme and

it would be difficult to predict the revenues.




Case of Skopelos

Figure 46: Influence of the sale price of therm@alvpr in the financial sustainability of the

projects in Skopelos.

In the current parametric analysis the thermal pasvéaken into account. The Figure
46 illustrates the contribution in the economicbility of the projects in Skopelos
through the NPV, of the combined purchasing of rtt@drenergy with electricity.

Specifically, it shows the differentiation of thé°N through a variation of sale prices

of thermal energy.

In the case of Skopelos none of the three alteresiis economic feasible by selling
only electricity. The trade of thermal energy cepends to an added value for the
projects which makes the alternative of anaerolgeddion financing sustainable with
a selling price of thermal 9 €/ MWh, and for combustwith 28 €/ MWh. Gasification

IS not appropriate for this scale and this is obsi@nce again. It doesn't add any

positive value even with trading the thermal powéh the electricity.




Case of Kos

Figure 47: Influence of the sale price of therm@alvpr in the financial sustainability of the

projects in Kos.

In the case of Kos the anaerobic digestion is swtée in financing terms even

without the contribution of the trading of therneadergy. Nevertheless, the trading of
thermal energy increases linearly the NPV, as shbegigure 47. Combustion starts
to be financing sustainable with a sale price ddriitml around 7 €/ MWh and

gasification around 70 €/ MWh. The sale price ofrtiie where gasification starts to

be financially sustainable seems high, since ldgicee for the thermal energy is

around 20 €/ MWh.

4% %

The feedstock for the WtE power plants is the bypddable fraction of the municipal
solid waste. The assumption of the base case sceisathat the biodegradable
fraction has no price and that the municipalityledk it from the bins where the
people have the commitment to accumulate it. Then runicipality instead of
transferring it in the Landfill has the obligatitmtransfer it to the WtE power plant in
order for the plant to use it as feedstock. Ther@ debate about incentives that could
be given to the people in order for them to beimglito accumulate the biodegradable

fraction of the municipal solid waste. The inceativcould be direct with a given




price in the accumulated biodegradable waste araadwith an exemption from the
license fee of the people that follow the plan.si$ection of the chapter examines the

direct incentive scenario with a given price ofrbass in the case of Kos.

Figure 48: Influence of the price of biomass infihancial sustainability of anaerobic

digestion in Kos.

Anaerobic digestion is an alternative that addstipeseconomic value in the base
case scenario. A question that may arise is, irthivpoint of which level can you give

incentives to individuals for accumulating the lBgdadable waste, while the project
remains economic sustainable? Figure 48 gives iibavex to the previous question
for the alternative of anaerobic digestion in Kobe biodegradable waste could be
sold by the individuals in a price that fluctuabetween 1 €/ton until 35 €/ton in order

for the project to remain sustainable in finandiexgns.

Figure 49 has been constructed with the assumgtiinthe thermal power in Kos is
also utilized with a price of 20 €/ MWh. Assumingsththe project of anaerobic
digestion has improved financing indicators and alternative of combustion also
adds positive value. In this case, the biodegradatrste could be sold by the
individuals in a price that fluctuates between fo€/and 45 €/ton for anaerobic
digestion and betweenl€/ton and 20 €/ton for cotdusin order for the project to

remain sustainable in financing terms.




Figure 49: Influence of the price of biomass infihancial sustainability of anaerobic

digestion, combined the selling of electricity @hdrmal power, in Kos.

4/5

The discount rate that comes from the WACC formislavery important for the

project valuation. WACC formula is used in ordefital the Cost of Capital, which is
then used as the discount rate in order to find\R¥ and as hurdle rate in order to
compare it with IRR. This clearly defines that aainthange in the discount rate
could make the decision maker to accept or refexiptoject. Moreover, the discount
rate is not steady and fluctuates continuouslhecé#id from the general economical
and financial situation of each country. This dita is reflected from the country

risk and the banking system policies.




Case of Skopelos

Figure 50 illustrates the values of the discouné that makes the projects to be
financially sustainable. Although, there is not sbiing that someone can do to
change the value of discount rate, the Figure shinasfor a value of 11.5 % the

anaerobic digestion in Skopelos displays a poshiR/.

Figure 50: Influence of the discount rate in thficial sustainability of the projects in

Skopelos.

A percentage that is not irrational, if you tak&inonsideration that most of the firms
use as a discount rate for the valuation of thegjeots, when is not computed
analytically, a percentage of about 10% to 12 %tl@nother hand, combustion starts
to have positive NPV with values of discount ragssl than 5% and gasification less
than 2.5%. These values are difficult to displagireal project valuation, unless you

take into consideration only the inflation rate.
Case of Kos:

In the case of Kos the anaerobic digestion is firaly sustainable anyway and as the
Figure 51 shows, it continues to have positive NBWextreme values of discount

rate up until 25%.




Figure 51: Influence of the discount rate in thmaficial sustainability of the projects in Kos.

The combustion starts to have positive NPV fdues less than 10.5%, which is a
normal value for the discount rate. Gasificatioerein Kos which has more waste is
financially sustainable only for extreme valuedha discount rate, about less than 5.5
%.

420

Subsidies are a support scheme and a major dovendertake a project. They are
often used for projects that have positive sidea$ to the specific industry, to the
economy, and to the society in general solving m@joblems. Although, handling of
the waste is such a major problem there is no didssiat that moment in Greece.
However, it is possible to have financial supportguch a venture in the next years.
That's why this section examines the sustainabiitythe projects with different

percentages of subsidies.

Case of Skopelos:

As it has been mentioned earlier in the base ceseaso for Skopelos, anaerobic
digestion is not far from displaying positive NPWith a rational subsidy between 20

and 25 % it starts to be financially sustainableoading to Figure 52. Contrariwise,




combustion and gasification need very high pergmdaf subsidy to be considered

as sustainable in financing terms.

Figure 52: Influence of different percentages dfsédy in the financing sustainability of the

projects in Skopelos.

Case of Kos

Figure 53: Influence of different percentages difssdy in the financial sustainability of the

projects in Kos.




Figure 53 illustrates that the combustion could dsmnomically viable with a
percentage of subsidy around 27. Gasification naedsh higher subsidy up to 55%.

43

The annual cost per employee varies proportionallthe minimum salary of each
country and the demand for such work positions. debate may arise about the
highest possible level of salaries while the projemains financially sustainable. In
this section of the chapter an investigation wake place about the influence of the

high salaries in the project viability.

Figure 54: Influence of annual cost per employeiénfinancial sustainability of the projects

in Kos.

Figure 54 show that the annual cost per employeesrdb have significant
contribution to the economic viability of the profs. The lines decrease but with a
slight slope. Anaerobic digestion could easily hameannual cost of 20000 euros per
employee instead of the basic scenario of 12000seannual cost per employee,
without significantly differentiate the NPV. Similg, for the other two alternatives,
the increased annual cost per employee does netdigmificant negative influence to

the economic viability of the projects.
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The available feedstock for a WtE power plant wgtal characteristic and is one of
the main factors that determine the scale of tlaatphnd subsequently the installed
capacity, the required initial investment, and #oenual energy production. The
biomass is a renewable source that doesn’t digpkyroblem of intermittency that
other RES have such as solar, wind, wave and titlalis, the production of energy is
not affected from the specific climatic conditioofsevery different region. Thereby,
the conclusions of different amounts of feedstocldld be considered as viable for
other WEE power plants with different scales woiildisv However if someone wants
to use the outcomes of the current section ofdhépter concerning the feedstock, he
has to take into consideration all the data thateHazeen used for this study. These
data have been described in the previous chapitaesefore if someone takes into
consideration the composition of the feedstock (@ashe percentage of moisture,
and the feed in tariff scheme, he could easily takeidea on what is the most
sustainable solution in financing terms accordimdghie available feedstock. There is
no separation between Kos and Skopelos in thisopebecause after the new law,
which modified the feed in tariff scheme, the mdiffierence in the two islands is the
available feedstock, so the cases of Skopelos asdake included in the following

Figure.

Figure 55: Influence of feedstock in the finanaastainability of the projects.




The purpose of Figure 55 is to illustrate the keijnpwhere every technology begins
to add value in financing terms according to thailable feedstock. The feedstock
varies from 1,000 tons up to 220,000 tons per yEae.first zoom (left) indicates that
anaerobic digestion begins to have positive NP¥raf600 tons, which are slightly
higher than the available biodegradable fractiothefMSW that is used as feedstock
in Skopelos (1407 tons). The second zoom (rigltticates that combustion begins to
add positive value after 36,000 tons. This explaine negative value in the
alternative of combustion in Kos where it has adbtime half of this value (14,112
tons). Gasification begins to indicate positive NBfier 220,000 tons feedstock per
year which clearly specifies that gasificationdsleessed for a larger scale. Therefore,
Figure 55, taking into consideration the defaulluea that are used in this thesis,
could easily illustrate in the case of Greece wlaltbrnative could be sustainable in
financing terms according to the available feedstoEor example, a region
somewhere in Greece that has available feedstock08f000 tons per year. This
Figure shows that with the current situation in €& at the time being, combustion
and anaerobic digestion will be financially sussdle. Moreover, in this scale
anaerobic accumulates more positive value than ostidm. Thus, taking into
consideration only the NPV, anaerobic digestiomseé& be the optimum solution.
However, the decision maker has to run the prograchexamines all the facts and
the rest of the finance indicators to be accurate.




Figure 56: Influence of feedstock in the selectboptimum technology in financing terms.

Figure 56 has been developed to illustrate whidhesoptimum technology for every
given available feedstock in the case of Greecé waking into consideration the
present conditions. The Figure formed with annuddlgdstock from 1,000 up to
800,000 tons. Figure 56 shows that the anaerobeston is continuously above the
combustion. The higher feed in tariff of anaeratmatributes significantly to this and
the higher installation cost of combustion. Gasiilcn seems to be a superior
alternative to combustion after 400.000 tons per pé available feedstock and better
than anaerobic digestion after 580.000 tons of ahf@@dstock. The mitigation of the
difference in feed in tariff between gasificationdaanaerobic digestion could make
gasification a superior alternative in financingie in smaller scale. Gasification of
the biodegradable fraction of the MSW could hawghér feed in tariff because it is
most efficient and has the lowest emissions per M\&tom this Figure useful
conclusions can be obtained for the most econolyicficient technology for
different available feedstock in the case of Gredtesomeone uses the program
developed for this thesis and adjust the data tdh&n country, he could have useful
results for every region globally for the biodegbl® fraction of the MSW.
Moreover, if he modifies the composition of thedsick, the program could be used

for different types of biomass.
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The main driver associated with the usage of bienmglimate change. The use of
biomass is not a matter of lack of resources, bmadter of necessity for clean
renewable energy sources. Moreover, waste is a tyénof biomass. Therefore, the
treatment of waste to produce energy can solveptbblem of waste accumulation

and produce useful renewable energy.

The usage of biomass is associated with a numbenalfenges too. A problem may
arise, when the feedstock comes from 1st generdtiomass, which compete the
food cultivation. For example in USA the productiminethanol from corn contributes
to the increase of corn prices. Furthermore, envrental challenges have been
arisen, such as deforestation, biodiversity los#,esosion due to intense cultivation,
water and air pollution due to the extent use dilieers. Last but not least when the
land is not cultivated, it is able to absorb £On the other hand when the soil is
under the production of agricultural products ntits CQ.

The challenges described in the previous paraFidareot exist when the source of
biomass is waste. Waste is a 2nd generation bi@ndl doesn’t contribute to the

previous mentioned environmental concerns.

The biomass has the potential to cover a signifipancentage of the energy demand.
Today biomass is by far the largest RES contriburtdhe energy mix. However this
also contains traditional biomass uses which aeffiaient. In large scale power
plants, as has been described in the current tHesimass (waste) plays a bigger role
with more modern ways of using it which are much rencefficient and

environmentally-friendly (lower emissions).

Although the WLE facilities could be a sophistichdternative to solve the problem
of the accumulated waste and to produce renewalgleyg, at the same time it is not
a widespread procedure. Nevertheless, these iegiltend to become the third
generation of an integrated waste management Wwehntinimum disposal for the

landfills.

The necessity of this thesis on what is the optilWaE facility for the two case
studies (Skopelos-Kos) led to the creation of dagrated software program. It is a
detailed program as it has been described whicpshde decision maker or the




engineer to choose between deferent projects deladeconverting biomass to
electricity. The independence of using biomass fthenspecific climatic conditions

makes the program able to be used for any inteteéstgon worldwide.

By executing the program, the most probable scenanieals the economy of scale
for WtE facilities. Skopelos, an island with avezagnnual production of the
biodegradable fraction of municipal solid wasteusuw 1407 tons is not economically
feasible to proceed in such an investment at amylable technology. However, a
slight increase in the average annual productiothefwaste makes the project of
anaerobic digestion sustainable in financing termMdoreover, taking into
consideration the positive side effects from a W#Bture in the environment, in the
society and in the economy, the discussion of toe@atance of such a project with a
NPV slightly below zero comes into the table.

In the same direction, executing the program fer ¢hse of Kos, the most probable
scenario reveals that anaerobic digestion is titatda alternative for this scale. It is
the only alternative that adds positive value maficing terms. The gasification is the
most efficient route and for the same feedstock thashighest electricity installed
capacity while in the same time combustion hashigdest thermal capacity. The
higher installation cost and installation cost gg%h comes from gasification and the
lowest from anaerobic digestion, while the comlarstiemains in the middle. Over
again, exactly like in the case of Skopelos, inimmmental terms, combustion has
the highest C@emissions and in financing terms is in the midgheund. Although
gasification presents the lower environmental imgeee MWh of installed capacity,

it doesn’t contribute to any positive value in ficéal terms.

For the case of Kos useful data obtained from tRE€ oncerning the electricity
According to the real case studies analyzed in toerent thesis only the
biodegradable fraction of the municipal solid wasteler the anaerobic digestion
route can cover the 9.39 % of the total energy si@@dos. The anaerobic digestion
route could also cover the 14.62 % of electricitynang from oil. The adaption of a
more efficient route like the gasification couldveo the 20.13 % of the total energy

needs in Kos and the 31.35 % of electricity conimog oil.

The general conclusion from the parametric analfiggishe case of Skopelos is that
even through changing some variables, combustidrgasification are difficult to be




financially sustainable. Conversely, anaerobic sliga starts to display positive
financing indicators when some variables changecfiipally, NPV starts to indicate
positive value for anaerobic digestion in Skopelath feed in tariff around 140
€/MWh which is a slight increase compared with tbegoing 131 €/MWh.
Combustion and gasification could be financiallgtainable with much higher feed
in tariff around 160 €/ MWh for combustion and 248&Vh for gasification when the
ongoing is 90 €/ MWh. Anaerobic digestion could lstainable in financing terms
along with selling the thermal power too in thecprof 10 €/ MWh, with a discount
rate around 10 % instead of 12,35% and with a dybaround 25%. Combustion
could also be financially sustainable with utiligithe thermal power in the price of
28 €/MWh.

The general conclusion from the parametric analysithe case of Kos where the
anaerobic digestion is already sustainable in e lxase scenario is that changing
some variables anaerobic digestion is enhanced@mdustion and gasification starts
to indicate positive finance indicators in someesas$Specifically, with a feed in tariff
around 110 €/MWh for combustion and 170 €/ MWh fasi§cation respectively
NPV starts to illustrate positive value. The congairutilization of the thermal power
makes the combustion financially sustainable evemf8 €/ MWh and gasification
from 70 €/ MWh. Combustion is also sustainable mraficing terms with discount rate
around 10% or subsidy around 25 %. Moreover, incise of anaerobic digestion the
citizens could compensate for the collection oflifeelegradable fraction of the MSW

with 35 €/ton, maintaining the economic viabilititbe project.

A very interesting conclusion coming from this tiseis the determination of which
alternative of WtE facility could be sustainablefinancing terms according to the
available feedstock in the case of Greece withdéfault values that used in the
current thesis. Anaerobic digestion begins to hpesitive NPV after 1600 tons,
combustion begins to add positive value after 36.@hs, and gasification begins to
indicate positive NPV after 220.000 tons feedstpek year which clearly specifies
that gasification is addressed for larger scaletheamore, useful conclusions may
arise on which is the optimum technology for evgyen available feedstock in the
case of Greece with taking into consideration thesg@nt conditions. Anaerobic
digestion is superior alternative up to 580.000stcennual feedstock where




gasification starts to be better alternative. Geaion seems superior alternative than

combustion after the 400.000 tons per year of albglfeedstock.
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Moving forward in a sustainable manner the useiofbss could be based in 2nd
generation feedstock and mainly in waste and residii could be a major contributor
in a high percentage and versatile renewable enmigy Because it is a base load
power plant that can mitigate the problem of intélency that other renewable

energy sources have as the wind and solar energy.

Last but not least, a general direction exists tdwdhe development of sustainable
solutions in the three bio based sectors; elettramd heat, transportation fuels, and
bio based products. In my point of view it couldabe sustainable to move mainly
towards the electricity and heat. Since, all thevemtional fuels can be only used in
the transportation sector because they are moiaestf, they have more economical

production and it is easier to handle them.

To this point juxtaposition will be arisen. Fosgbources will eventually be depleted.
This generates the need for finding alternativesafbsectors that will be compatible
with the current infrastructure. However, latestastigation have shown that the
conventional resources are have over 50 years wepketed and leaving the fossil
fuels only for the transportation sector will matkeés period longer and eventually
will decrease the price of fossil fuels. Then g@buthe electricity could cover a
percentage of the transportation needs. For exanmimlly electricity could cover

the public transportation and public vehicles.

Biofuels could be produced only from feedstock, akhin not suitable for electricity
production like algae. The production of Bio bapeaducts could be based according

to the demand.

Towards this direction another conflict might areeout the sustainability of a bio
refinery. Heat and electricity as final products anuch cheaper than transportation
fuels and chemicals. Producing transport fuels leendcals from biomass would
increase the profitability of the bio refinery amdake it economically viable.
However, as it has been mentioned before, leavimg fossil fuels for the
transportation sector will have positive impact ttve price of fossil fuels for the
consumers. Moreover, it is most important the sogkality in general and not the
sustainability of a bio refinery, which can alwaalert the percentage of production




between the electricity and heat, transportatiaisiuand bio based products due to

versatile behavior of biomass.

This movement will eventually contribute in a highpenetration of different
renewable sources in the energy mix that could dsedb in electricity. Smart cities
able to produce the required energy through renkenwsdurces from large scale base
load power plants and distributed energy resourcegering the needs for heating,
cooling, use of appliances, and transportationkimgrall together in a smart grid like

a virtual power plant
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