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This master’s thesis examines the effects of increased material recycling on different waste-
to-energy concepts. With background study and a developed techno-economic
computational method the feasibility of chosen scenarios with different combinations of
mechanical treatment and waste firing technologies can be evaluated. The background study
covers the waste scene of Finland, and potential market areas Poland and France. Calculated
cases concentrate on municipal solid waste treatment in the Finnish operational environment.

The chosen methodology to approach the objectives is techno-economic feasibility
assessment. It combines calculation methods of literature and practical engineering to define
the material and energy balances in chosen scenarios. The calculation results together with
other operational and financial data can be concluded to net present values compared
between the scenarios. For the comparison, four scenarios, most vital and alternative
between each other, are established. The baseline scenario is grate firing of source separated
mixed municipal solid waste. Second scenario is fluidized bed combustion of solid recovered
fuel produced in mechanical treatment process with metal separation. Third scenario
combines a biomaterial separation process to the solid recovered fuels preparation and in the
last scenario plastics are separated in addition to the previous operations.

The results indicated that the mechanical treatment scenarios still need to overcome some
problems to become feasible. Problems are related to profitability, residue disposal and
technical reliability. Many uncertainties are also related to the data gathered over waste
characteristics, technical performance and markets. With legislative support and
development of further processing technologies and markets of the recycled materials the
scenarios with biomaterial and plastic separation may operate feasibly in the future.
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Taman diplomityon tarkoituksena on tutkia kierratyksen vaikutuksia jatteen energiahyoty-
kayttoon. Taustatutkimuksen ja kehitetyn laskennallisen menetelmén avulla tarkastellaan
yhdistettyjen mekaanisen kasittelyn ja jatteen polton ratkaisujen toteutettavuutta. Tausta-
tutkimuksessa perehdytaan Suomen seké potentiaalisten markkina-alueiden Puolan ja Rans-
kan yhdyskuntajatteiden kasittelyyn. Laskentaosassa tarkastellaan yhdyskuntajétteiden ka-
sittelyvaihtoehtoja Suomessa.

Tutkimusmenetelmaksi on valittu teknis-taloudellinen kannattavuustarkastelu. Menetel-
massa on hyodynnetty kirjallisuuden ja kaytannon insingorityon laskentamenetelmid mate-
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Tulosten perusteella mekaanisen késittelyn vaihtoehtoihin liittyy vield ongelmia, jotka ra-
joittavat toteutettavuutta. Ratkaisuja tulisi 10ytdd muun muassa kannattavuuden, tuotanto-
jaannosten kasittelyn ja teknisen luotettavuuden varmistamiseksi. Myos kaytettavissa ole-
vaan aineistoon jatteiden ominaisuuksista, laitteiden teknisesta suorituskyvysta ja hintatie-
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1 INTRODUCTION

1.1 Background

EU Waste Strategy strives towards implementing waste hierarchy to prevent the negative
environmental impacts of waste treatment. Prevention should be favored as the first choice
of waste management. In the hierarchy, prevention is followed by reuse and recycling. The
second lowest level in the hierarchy is incineration before landfilling. The Waste Framework
Directive includes 50 % reuse and recycling target of certain waste materials from
households and other similar origins by the year 2020. (European Commission Directive
2008/98.) The target has since been revised. December 2015 European Commission
presented a new circular economy package proposing amends to Waste Framework
Directive together with five other inter-connected directives. The new proposal sets a target
of 65 % on reuse and recycling of waste materials from households and similar origins by
the year 2030. (European Commission Proposal 2015/0275/COD.) Figure 1 shows the
improving trend of the overall municipal solid waste treatment in EU until 2013. However
the Union also faces large differences among the Member states. Six members landfilled less
than 3 % in 2011, while in 18 the share of waste landfilled was over 50 %. (European
Commission Proposal 2015/0275/COD.)
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Figure 1. Municipal solid waste treatment in EU-27 countries. (Eurostat 2015.)



In Finland 50 % of municipal solid waste (MSW) was incinerated in 2014 (Statistics Finland
2015a). Energy recovery has been in steep rise due to government’s degree on landfills,
banning landfilling of organic waste from the beginning of 2016 (Government degree on
landfills 331/2013). Waste incineration is also supported by climate targets set by EU with
the objectives for carbon dioxide reductions and renewable energy shares (European
Commission directive 406/2009). Waste incineration complies both of these objectives as
waste is partly renewable fuel substituting fossil fuels. Currently the most common waste to
energy concept in Finland is mass combustion of source separated MSW in grate incinerators
while other technologies like fluidized bed combustors (FBC) tend to be used for alternative

waste fuels.

While energy recovery has been increasing, recycling has not been growing as expected and
lot of recyclable materials end up to incineration or landfills. Finnish national goal is to
increase source separation of MSW but the potential of increase in recycling rates with
source separation is unsure as the recycling rate has remained at the same level of 30 % for
a decade with only little annual variation (Statistics Finland 2015a). This calls for new means

to fulfil the priority order, for example mechanical separation of recyclable material.

Solid recovered fuels (SRF) are prepared from non-hazardous waste to be energy recovered
in incineration or co-incineration plants. SRF meets the classification and specification
requirements laid down in SFS-EN 15359. (Nasrullah et al. 2014a.) SRF preparation is
processing, homogenizing and upgrading the material to a quality that can be traded amongst
producers and users. (Rada & Andreottola 2012.) Use of SRF is attractive due to versatile
fuel markets and carbon dioxide reductions (Rechberger 2011). Preparation of SRF with
increased material recovery would respect priority order but simultaneously the effects on

combustion and sustainability regarding energy recovery are not completely understood.

This thesis is written as a part of ARVI-research program (Material value chains) targeted
towards understanding, developing and increasing knowledge of material recycling and
businesses related to it. The output of the program is new information, methods and concepts
related to controlled material value chains. (Cleen 2015.) To keep up with growing circular

economy demands also waste incineration has to be seen from new point of view. The targets
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set in legislation can be achieved with waste to energy concepts that support recycling and

adapt to circular economy.

1.1 Definition and context

Waste is not an ideal fuel and the properties of the fuel affect greatly on combustion process.
To get much more uniform fuels than unprocessed MSW, with treatment to SRF, properties
like particle size, calorific value, and water and ash concentrations can be improved. (Rotter,
2011) The SRF produced in Europe is mainly produced with mechanical treatment (MT) or
mechanical biological treatment (MBT) (Nasrullah et al 2015a). Rotter et al. (2004) defined
the objectives of mechanical waste treatment to be,

a) producing fuel with high yield,

b) raising SRF’s energy content, and

c) reducing the hazardous substances in SRF by concentrating them in other

product flows. (Rotter et al. 2004.)

Earlier studies have mainly concentrated on these issues. Nasrullah et al. presented mass,
energy and material balances of certain SRF process for commercial and industrial,
construction and demolition and municipal solid waste in their article series. (Nasrullah et
al. 2014a; Nasrullah et al. 2014b; Nasrullah et al. 2015a.) In their further studies Nasrullah
et al. (2015b) examined elemental balance and potentially toxic elements in SRF production.
Some other studies have also been performed to minimize or identify the hazardous or

harmful compounds in the waste stream. (Velis et al. 2012; Rotter et al. 2004)

Caputo & Pelagagge (2001a) wrote double-barreled article on refuse-derived fuel (RDF)
production plants targeting design and costs with recovery factor transform function (RFTF),
matrix method developed by Diaz et al. already in 1982. Economics and profitability was
studied in the second part with net present value index. Also recovery of materials was taken
into account in later part but not extensively as the materials had negligible market value, if
none. (Caputo & Pelagagge 2001a; Caputo & Pelagagge 2001b.) Also Consonni et al.
studied different waste management scenarios’ mass and energy balances, emissions and
costs including scenarios with mechanical treatment. (Consonni et al. 2004a; Consonni et al.
2004b.)
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Other than already defined objectives of SRF processing, the treatment process could also
be seen as a way to recover materials from the waste stream. This could increase the
effectiveness of mechanical treatment in the new context of circular economy. Recycling
can be expected to have influence on the quality and quantity of SRF and the possible
impacts must be researched as the objectives of the treatment process may not always go
along with each other. Assessment should be focused on finding the most potential material
fractions to be recycled from municipal solid waste, how effectively they could be separated
and what are the effects of such operations in the SRF processing and combustion. Target is
the optimization of material recovery in the context of circular economy without losing the

cost-effectiveness of SRF.

1.2 Objectives and Methods

One objective of the thesis is to identify the most relevant parameters related to quality and
combustion of SRF. The effect of increased recycling can so be researched. With literature
review the basic boundaries set by the existing operational environment can be defined. The
threshold values set by the processes and operational environment are recognized and
promising techniques for optimizing the material separation are discussed. Theoretical part
is constructed to support the main objective and to find the answer for the set main research
questions, defined as following:

o How the effects of the changed SRF composition can be examined with exploiting

techno-economic assessment?
e What are the effects of circular economy demands into feasibility of SRF processing

and combustion?

The topic will be approached with limited life cycle perspective. Four different scenarios or
waste treatment concepts in the objective of the thesis are picked to pilot the developed
calculation method. Inventory analyses on the chosen scenarios are performed to calculate
the life cycle costing and unit costs. The results can be compared between different scenarios.
Sensitivity analyses are prepared to understand how the chosen parameters affect the results.
Aim is also to develop a computational tool which can be used in future applications and
which fluidized bed boiler manufacturers can utilize, when preparing for the upcoming

changes in the business environment.
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The chosen scenarios are mechanical (-biological) treatment plants with different line
compositions attached to modular FBC boiler or grate combustion process to fire the waste
fuel. Scenarios are exploiting MSW due to interest set by legislative proposals and data
availability. The plants of the scenarios are placed in Finland but the needs found in France
and Poland as potential business areas are also studied in the background study. Other
business areas are left outside the feasibility study to control the number of scenarios, but

the computational tool can later be applied on these alternatives as well.
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2 SRF TO ENERGY

First waste incinerators objectives in the early 1900°s were mainly to reduce the volume and
hygienic problems of the waste. Since then the technology has taken huge steps forward. In
the 1970°s during the time of energy crises the term refuse-derived fuel (RDF) was
introduced. RDF plants like power plants, cement kilns or other combustion plants utilized
the energy content of the fuel by preparing the waste into solid fuels. The definition of RDF
may differ across countries and it has suffered from poor reputation, due to variable quality.
The term solid recovered fuel (SRF) is nowadays more often used, when referring to waste
derived fuels prepared from non-hazardous waste meeting a standardized quality criteria.
(Rotter 2011, 486.)

The SRF standard is based on three criteria each divided to five classes. Net calorific value,
chlorine content and mercury content limit values are presented in Table 1 class specific.
(SFS-EN 15359.) Also name REF (Recovered fuel) is often employed, when referring to
waste derived fuels as earlier national standards utilized this abbreviation.

Table 1. Classification characteristics to SRF according to EN 15359. (SFS-EN 15359, 17.)

Classification Statistical | Unit Classes

characteristics Unit 1 2 3 4 5

Net calorific value | Mean MJ/kg (ar) |>25 >20 >15 >10 >3

(NCV)

Chlorine (CI) Mean % (d) <0.2 <0.6 <1.0 <15 <3

Mercury (Hg) Median 80th | mg/MJ (ar) [<0.02 |<0.03 |<0.08 |<0.15 |<0.50
percentile | mg/MJ (ar) [<0.04 [<0.06 [<0.16 [<0.30 [<1.00

2.1 Solid waste generation and characteristics

Solid waste characteristics refer to quantities, composition and physical and biochemical
properties of waste. Understanding these properties of input and output streams of treatment

plant enables effective design and optimization of the plant. (Velis et al. 2012.)
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The planning of the waste management requires information and reliable data on solid waste
characteristics and quantities. These are also important factors, when defining the economic
feasibility of the waste to energy concept. The revenues in facilities are generated through
gate fees and material and energy recovered which all correlate to the amount of solid waste
received. Another critical factor is the composition of the waste as it affects the quantities of

recyclable materials as well as the energy content. (Rogoff & Screve 2011, 45-46.)

Characterization of waste can be difficult due to heterogenic nature of waste. Also temporal
and spatial variations may have significant role on waste characteristics. In this thesis the
waste analyses are performed based on existing data to characterize waste quantity and
composition for the design of waste fired power plant. SRF preparation affects the
characteristics of waste but the same parameters can be used to characterize the untreated

waste and SRF prepared for combustion.

2.1.1 Origins of solid waste

Municipal solid waste (MSW) means usually residential waste together with waste from
similar origins such as administrational, service or commercial activities. For the SRF
quality it is important to know from which origins the waste comes from. The source has a
great importance on the fuel quality. Technical Research Centre of Finland Ltd did a research
in 2007 concluding that the origin, affecting the quality of input waste in the SRF preparation
process, is more significant than the treatment process itself. (Ajanko et al. 2005, 77.) Often
only lower gquality SRF can usually be prepared from sources counted as MSW as the waste
presents a very heterogeneous mixture. Although Nasrullah et al. (2015a) demonstrated that
high quality SRF can be produced from MSW separately collected as energy waste, higher
quality fractions are often prepared from separate collected commercial or industrial sources.
(Finnish Solid Waste Association 2015a.)

Residential waste origins from single-family or multi-family households. Ordinary
household waste includes all kinds of waste generated in everyday activities and on top of
that bulky wastes, garden waste and hazardous chemicals. The household waste is usually
split into separate fractions collected as recyclables and the rest waste. Typically in countries

with high income economy residential waste arises to 500 kg/person/year. (Christensen &
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Fruergaard 2011a, 85-86.) The quality of residential waste is often very homogeneous which

makes it challenging to utilize.

Whole sale and retail stores, restaurants, markets, office buildings, hotels and other similar
establishments, and large institutional facilities like hospitals, schools and religious
institutions generate commercial waste. Commercial waste is similar to residential waste in
characteristics. The characterizing of commercial and institutional waste is problematic as
often only part of it is handled in the MSW system. The composition is highly dependent on
the sector of operations. Paper and cardboard are significant fractions in many sectors and
organic fraction is large in grocery stores and restaurants. (Christensen & Fruergaard 2011b,
97-99.)

In addition to already mentioned waste origins some special wastes can be counted as MSW
as well. These fractions are gathered from different origins with a need for special treatment,
such as bulky materials. These may stand for abandoned vehicles, used tires, white goods,
furniture and materials generated in demolition and construction projects. (Rogoff & Screve
2011, 46.)

Municipal solid waste comprises only 7 % of all the waste generated in EU. (European
Commission Proposal 2015/0275/COD). This means that also waste from other sectors
offers great potential for SRF production. Framing the study to MSW is done as the area of
commercial and industrial waste covers many sectors and large variations exists in terms of
the waste generated. Very limited data is available on the actual composition and it must be

provided field specific.

2.1.2 Quantity

The circular economy package is targeted to decrease the amount of waste. The growing
economy may simultaneously increase the amount of waste generated and in less developed
countries the growth can be rapid. Still, an increasing share of this waste should be recycled.
For plants to be prepared for the changes, estimates on future waste quantities have to be
made. The quantities ending up to theoretical power plant can be estimated using

assessments done on waste generation and utilization. Figure 2 presents the MSW generation
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in referred EU countries. For last few years the total amount of waste has been decreasing.

This can be connected to the economic situation.
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Figure 2. Municipal solid waste generated per capita in years 2000-2013. (Eurostat 2015a.)

From Figure 2 can be seen that Poland is behind of France and Finland in the waste quantities
per capita. In the absolute amounts of generated MSW the total amount in EU was estimated
to be 242 million tons, France generating 35, Poland 11 and Finland 3 million tons. (Eurostat
2015a.) The waste sector in Poland and France holds a lot larger capacities than in Finland

and also the waste generation per area differs from Finland.

2.1.3 Composition

The material distribution in solid waste is an essential parameter when examining waste
management. Waste from different origins have specific compositions with wide variations.
When examining the effect of recycling, the changes in fractional composition play a vital
role. Composition by weight of residual municipal solid waste in Finland, Poland (Krakow)
and France are presented in Figure 3. The data includes some uncertainties, and from Poland,
only information of urban waste composition could be found. For realistic case study more

specific areal information on the composition should be known and used.
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Figure 3. Average mixed municipal solid waste compositions in Finland, Poland (Krakow) and France.
(Finnish Solid Waste Association 2015b; den Boer at al. 2010; Beylot & Villeneuve 2013).

Comparing the compositions shows some differences in sorting methods. The areal
differences within countries may proof to be more significant than the differences found
between countries. Generally it looks like the share of organic waste tends to be higher in
Poland and France than Finland. In Finland the shares of plastics and mixed fraction seem

to be more significant than in other studies.

Composition can also be defined by the constituent chemical elements of the waste. In
combustion solid waste is the largest input in the system and since, it determines the majority
of the emissions from the overall system. With known chemical composition the amount of
combusted carbon and some of the emissions from treatment processes for example can be
predicted. Particularly when it comes to inorganic trace element, such as heavy metals,
which generally pass unchanged trough the treatment process. (McDougall et al. 2001, 184.)

By looking the chemical elements in different waste fractions the total concentration of the

elements in the fuel can be estimated and it can be taken into consideration, when calculating
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the emissions for the process. For example, when the total carbon content is known the
carbon dioxide emissions from the process can be predicted, when the elemental balance of
the reaction is known. Typical data for different MSW fractions from ultimate analysis in

presented in Table 2.

Table 2. Typical data on the ultimate analysis on the components in residential MSW. (Modified from
Tchobanoglous et al. 1993, 81.)

Percent by weight (dry basis)
Component Carbon | Hydrogen | Oxygen | Nitrogen Sulfur Ash
Organic
Food waste 48.0 6.4 37.6 2.6 0.4 5.0
Paper 43.5 6.0 44.0 0.3 0.2 6.0
Cardboard 44.0 5.9 44.6 0.3 0.2 5.0
Plastics 60.0 7.2 22.8 - - 10.0
Textiles 55.0 6.6 31.2 4.6 0.2 2.5
Rubber 78.0 10.0 - 2.0 - 10.0
Leather 60.0 8.0 11.6 10.0 0.4 10.0
Yard waste 47.8 6.0 38.0 3.4 0.3 4.5
Wood 49.5 6.0 42.7 0.2 0.1 1.5
Inorganic
Glass 0.5 0.1 0.4 <0.1 - 98.9
Metal 4.5 0.6 4.3 <0.1 - 90.5
Dirt, ash, etc. 26.3 3.0 2.0 0.5 0.2 68.0

The easiest way to characterize waste as a fuel is to determine its moisture content, ash
content and combustible solids content (Hulgaard & Vehlow 2011, 367). With these, the
suitability of the waste for incineration can be examined as well as the improvements
achieved with pretreatment. Moisture, ash and combustible solids content can usually be
determined with standard laboratory measurements. Horttanainen et al. (2013) collected
some moisture, ash and energy contents from different studies to present the typical range
of properties for waste or waste derived fuels in Finland. Collected combustion properties

are presented in Table 3.
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Table 3. Comparison of the combustion properties of REF and MSW. (Modified from Horttanainen et al. 2013)

Moisture Ash
LHVar
Waste type Study content content,
(MJ/kg)
(%) dry (%)
REF Il1I# Alakangas 2000 28.5 14.6 95
Combustible waste, range Ajanko et al. 2005. 25-35 13-16 5-10
Combustible waste, Jyvaskyla | Hietanen 2002 31.5 15.2 7.6
Combustible waste, Ekokem ] )
o ] Silakoski 2009 9.3-9.8
incineration plant
Mixed MSW Myllymaa et al. 2008 11
Combustible waste, South- )
) Horttanainen et al. 2013 32 17 8
Karelia
Mixed MSW, Mikkeli Sorsa 2009 33 14 14
Mixed MSW, South-Karelia Horttanainen et al. 2013 29 15 16

8REF 111 means the recovered fuel prepared mechanically from source separated MSW.

2.1.4 Source separation

The first sorting of waste is usually done at the place where the waste is generated and called
source separation. The source separation efficiency defines the quality and quantity of waste
coming to SRF production as majority of the waste collected as source separated fractions

are reasonable to utilize in material recycling processes.

In different regions the level of source separation might be in different stages meaning that
the EU targets may significantly increase the share of source separated fractions in some
areas. The increase of source separation will affect the composition and quantity of the waste
entering the mixed waste processes. In Table 4 a comparison of the stage of source separation
is presented between Finland and Poland. It should be noted that separate collection doesn’t
always mean collection for recycling. For example wood and others fractions are extensively
utilized as energy. Still, it gives indicative results on the stage of development of the source
separation scheme. More efficient source separation means less mixed residual solid waste

entering the collection.
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Table 4. Collected and source separated municipal solid waste in 2013 in Finland and Poland. (Statistics
Finland 2014; Polish Central Statistical Office 2014.)

Finland, municipal solid [kt/a] | % of | Poland, municipal solid [kt/a] % of
waste generated in 2013 total | waste collected in 2013 total
Total 2682 | 100 % | Total 9474 100 %
Mixed 1372 | 51% | Mixed 8199 87 %
Separate collected in total, 1152 43 % | Separate collected in total, | 1275 13 %
of which of which
Paper and cardboard 407 15 % Paper and cardboard 197 2%
Biowaste 370 14 % Biodegradable 312 3%
Glass 34 1% Glass 316 3%
Plastics 41 2% Plastics 220 2%
Metals 57 2% Metals 18 0%
Wood 44 2% Textiles 37 0%
WEEE 40 1% Hazardous 1 0%
Others 158 6 % Bulky waste 136 1%

It can be seen from Table 4 that the source separation efficiency in Poland is still low and it
can be expected to grow in future if the EU waste management policy is applied. Finland on
the other hand might already have met the maximum level of source separation achievable
with moderate level of costs. The increase in source separation rates might require collection
of new recycled fractions and new means to boost the collection of already source separated

fractions.

Although the recycling rate has not been increasing explicitly in the last years, Finnish
national waste plans background study by Salmenperd et al. (2015) assumed that the
recycling rate of 70 % can be achieved by the year 2030 with source separation. This
demands intensifying the collection of already collected fractions and starting the collection
for fractions that are not yet actively collected, like textile and plastics. Finnish
environmental institute also estimated the waste quantities and shares of different fraction in
MSW in 2030. The study took into account likely progression in waste fractions generation
based on present knowledge. The total MSW quantity is assumed to grow moderately from
2.7 million tons in 2012 to 3 million tons in 2030. From this 3 million tons 70 % was

supposed to be directed to recycling mainly through source separation systems. This mostly
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affects the quantity of waste going to incineration processes, but also some changes in the
composition may happen. With defined recycling efficiencies for each fraction and assuming
that the recycled part goes to source separation while rest ends up to mixed MSW, the mixed
MSW composition can be estimated. (Salmenperd et al. 2015.) Figure 4 presents the
calculated composition of mixed MSW in 2030 modified to match the waste partition used

later in this thesis.
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Figure 4. Estimated mixed MSW composition in 2030 with national recycling rate of 70 % achieved by source

separation systems. (Calculated, Salmenperd et al. 2015.)

Comparing Figure 4 to Finnish solid waste composition in 2013 the biggest changes can be
seen in smaller fraction of biowaste and larger of textile and other combustible and
incombustible. The growth of other fractions is due to the assumptions that these fractions
are not source separated as efficiently as the others. These fractions may be hard to recycle
due to heterogeneous nature. The composition of waste to the treatment processes may
become even harder to estimate reliably.

2.1.5 Heating value
Since the energy sales has an important role in the economic feasibility of the examined

facility, the heating value of the waste or SRF is a key factor. Heating value measures the
heat energy release through the incineration of solid waste. (Rogoff & Francois 2011.) The
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heating value of waste can be expected to be very variable and it is highly dependent on the

composition of the waste.

Both higher heating value (HHV) and lower heating value (LHV) can be computed for the
fuel. LHV is the energy released upon complete oxidation of the fuel, where water is leaving
the process in evaporated state. For waste derived fuels lower heating values between 9.3—
16 MJ/kg as received were achieved in different studies according to a review by
Horttanainen et al. 2013 (Table 3.). HHV doesn’t take into consideration the evaporated
water, so it expresses the theoretical maximum energy release. Water vapor in the flue gases
originate from the moisture in the waste and moisture generated by the oxidation of hydrogen
bound within the chemical structures of the waste. The relationship between heating values
can be expressed as Equation 1. (Hulgaard & Vehlow 2011, 368.) 2.441 MJ/Kg is the latent
heat of evaporation of water in reference temperature +25 °C and at standard atmospheric

pressure.

LHV = HHV — 2.441 2 i
= — 4. — %k *
kg ¥ 100

1)
HHYV = higher heating value [kJ/kg]

LHV = lower heating value of the dry fuel [kJ/kg]

x = molecular weight relationship of water and hydrogen [-] = 18.015/2.016

H = hydrogen content [%]

There are several ways to determine the heating value of waste or SRF. The calculations can
be based on information of the different fractions. The heating value for the fuel in the as

received condition can be expresses as Equation 2.

LV, = LHV « 220" W oM W
=  — — 2 — %
ar 100 kg " 100

(2)

LHVar = heating value of the fuel as received [kJ/kg]

w = moisture content in the fuel [%]
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2.1.6 Other characteristics

Other characteristics like waste density, particle size and particle size distribution are
important, when designing and using treatment lines and storing and conveying processes.
The required particle size defines the type of equipment chosen for the SRF production.
Particle size has effect on the combustion characteristics of the fuel as well as efficiency of
separation processes. The particle size can be ensured by screens in the preparation process
and the required quality is specified by the power plant. Physical characteristics may affect
greatly on the overall efficiency of the power plant, fuel supply to the boiler might be
endangered if the fuel isn’t homogeneous and treatable enough causing jams and breaks into
the system. These may have economic impacts lowering utilization rate of the plant and

causing additional maintenance costs.

Bulk density is the weight of wet waste packed in a known volume. It is dependent on a
pressure exerted. Loose residential waste bulk density is usually between 90-150 kg/m? and
in compacting collecting trucks in the range of 350-420 kg/m?®. (Lagerkvist et al. 2011, 71—
72.) Technical Research Centre of Finland Ltd. laboratory has determined an average bulk
density of 210 kg/m® for REF prepared from source separated municipal solid waste.
(Alakangas 2000, 113.)

Elastic properties of the waste materials effect the needs set for shredders. The commercially
available shredders are usually optimized to shred certain type of material such as municipal
solid waste containing various kinds of elements; high tensile particles such as film plastics

and fragile elements like glass or bricks.

2.2 SRF preparation

The sorting of waste can occur at any state of the waste’s life cycle, the earliest happening
at the source of the waste, earlier referred to as source separation. Same or additional
materials may also be separated further during the treatment from the residual waste stream.
(McDougall et al. 2001, 227). The treatment processes are usually consistent of separate unit
processes each having their purpose in the line. In this report the focus is on mechanical and

mechanical-biological treatment (MT/MBT) options for residual municipal solid waste
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including biological fractions. Interest is on plants producing SRF/RDF as one end product.
Also so called material recovery facilities (MRF) recovering recyclable materials from
separate collected single stream recyclables fraction exists in Europe. These plants can also
be referred to as mechanical treatment facilities using partly same solutions as MBT
processes, but these facilities are out of the scope of the study.

SRF production can happen in mechanical or mechanical-biological treatment plant utilizing
a wide range of process configurations. The process optimization and design can be
challenging when the process has to be fit for the unique varying waste composition and
quantity, and to the local regulatory surrounding. Sometimes the plant has to be capable of
treating waste from different origins. The efficiencies achieved elsewhere cannot be
straightforwardly applied to another case, as several variables have to be taken into account
beforehand. (Thiel & Thomé-Kozmiensky 2011.)

Different existing treatment plants have already proven their functionality, even though the
period of development has been relatively short, around 30 years. The scope of the treatment
has changed from producing a material suitable for landfilling to producing waste suitable
for incineration and slowly more towards materials recycling. Still, the MBT plants have had
to go through various problems, part of which already solved, while others still in

configuration. (Thiel & Thomé-Kozmiensky 2011.)

Mechanical processing has met problems like high level of wear and tear with processing
and conveying aggregates and blockages and contaminations in unit operations. These
require time and effort on cleaning, maintenance and repairs which lead to more and longer
still stands and maintenance periods and thereby reduction of time availability and
throughput. It requires also more personnel, this requirement being often underestimated.
Ecological problems include disposal of secondary waste from the plant which may contain
higher organic than the ash from incineration leading to increased landfill gas emissions and

mobilization of other pollutants such as heavy metals. (Velis et al. 2010.)
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2.2.1 Processing options

SRF or RDF can be produced from waste from residential, commercial and industrial origins.
The production process has several objectives: removal of components like moisture,
harmful or inert materials and improving mechanical properties like grain size and bulk
density. (Rotter 2011, 487.) In treatment plants the waste can be treated mechanically,
biologically, thermally or with some combination of these. With processing of solid waste,
many positive effects such as increased heating value, additional material recovery, pollution
reductions, easier handling of the waste and a wider range of applicability can be achieved.
Various unit processes, summarized in Table 5, can be used to achieve desired end products.
(Fitzgerald 2013, 57.)
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Table 5. Processing operations for SRF. (Modified from Tchobanoglous et al. 1993, 544; Typical applications
modified from Velis et al. 2010, 988.).

Processing option

Description and typical applications

Size reduction

Size separation

Density separation

Electric and magnetic

field separation

Optical separation

Densification

Materials handling

With size reduction processed the waste is shredded into appropriate
particle size for the separation processes and end use.

Typical applications: hammer mills, shear shredders, tub grinders, bag
splitter

Operations where materials are separated by size or shape.

Typical application: reciprocating screens, trommel screens, disc
screens, ballistic separator

Materials separated by density.

Typical applications: air knife, air-drum separator, inertial separation,
flotation, settling tank

Materials separated by their electrostatic charge or magnetic
permeability.

Typical applications: overband magnet, magnetic drum , eddy current
separator, electrostatic separator

Material separation with optical sensors identifying the characteristics
of the pieces. Usually combined with separation by air knife.
Common applications: visible light, ultra-violet and near infra-red
sensors (McDougall 2001, 231.)

Operations that are used to increase the density or recovered materials
to reduce transportation costs and storage space.

Typical application: baling, cubing, pelletizing

Operations to transport and storage materials.

Typical applications: conveyors, storage bins, rolling stocks

2.2.2 Unit operations

Unit processes and machinery exploited in waste treatment are usually developed for mining

industry and later adapted to treat waste (Velis et al. 2010, 985). Next chapter introduces the

most common technologies and concepts used. The exact implementation may differ from

supplier to another.
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Manual Sorting

Manual sorting is usually done as the first state of the treatment process. It might be executed
by separating the bulky materials from the tipping floor or to avoid clogging. Sometimes
manual sorting can also be done in later stages of the production line by picking up material
fractions from the conveyors. Automatic processes are often preferred due to occupational

health and safety reasons.

Size reduction processes

Size reduction processes break material into more homogenous mixture and to more uniform
particle size. Size reduction enables the following subsequent sorting and separation
processes to work more effectively. It also has other beneficial effects such as volume
reduction and enhanced combustion characteristics. Size reduction is done with large
machinery which can be defined into two categories: high-speed, low torque (HLST)
hammer mill shredders and low-speed, high torque (LSHT) shear cutters. With HLST
breakage is mainly achieved with impact forces, while LSHT relies on shearing mechanisms.
The hammer mill shredder is usually used for processing brittle material which shatter under
the impact forces. (Fitzgerald 2013, 65-69.) The MSW treatment often employs shear
shredders to reduce also the size of the tensile elements. The operation principles of hammer
mill and shear shredder are presented in Figure 5 and an example of a shredder used to
process waste is presented in Figure 6. The waste is feed to the machine from above to go

through the counter-knife system shredding the waste to the desired particle size.
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Figure 5. Operation principle of hammermill (a) and rotary shear (b). (Velis et al. 2010, 996.)

Figure 6. Example of shear waste shredder with counter-knife system. Courtesy of BMH Technology. (BMH
Technology 2015a.)

Screening

In screening processes fractions are separated by particle size. Most common ones are
trommel screens, also known as drum screens, where inclined cylinder with holes rotates
slowly and the material inside the drum tumble around until it falls through the holes. Reject
material passes through the drum. (McDougall et al. 2001, 227-232.) Figure 7 clarifies the

operation principle.
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Figure 7. Operational principle of rotating drum screen. (Fitzgerald 2013, 59.)

Drum screens have gained importance in the treatment processes due to the high throughput
and effective size separation (Fitzgerald 2013, 59). In Figure 8 can be seen one commercially

available implementation of a drum screen.

Figure 8. Drum screens for stationary processes. Courtesy of Komptech. (Komptech 2015a.)

Vibrating screens can be used to separate undersized particles. Vibrating screens for waste
treatment are inclined and use a vertical motion. Disc screens consist of several sets of
parallel horizontal shafts discs. The undersized material fall between the discs while the
oversized are carried over the discs. The size of the separated materials can be adjusted by
changing the space between the discs. (Tchobanoglous 1993, 258.) The shape of the discs
and the disc gap is determined by the purpose of the screen which can be to separate bulkier
or finer materials. Figure 9 illustrates the operational principle and an example of a flower

disc screen.
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Figure 9. Operation principle of disc screen (Bilitewski 2011, 332.) and example of a commercial disc screen.
Courtesy of Komptech. (Komptech 2015b.)

Ballistic separator

Ballistic separators take advantages of the shape of the particles to separate 3-dimesional
particles from 2-dimensional. Waste is dropped onto paddles vertically set side by side,
moving with eccentric circular movement, conveying the 2-dimensional particles upwards
while the 3-dimensional particles shift downwards the inclined paddles, like modeled in
Figure 10. Screening can be combined to the process. Fines are separated through perforated
paddles.
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Figure 10. Operational principle of a ballistic separator. (Velis et al. 2010, 1032.)

2D fraction materials like paper, cardboard, plastic sheets and bags are carried upwards while
3D fraction scrolling down includes pieces like bottles, metals and hard plastics. (Velis et al.
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2010, 1032.) Figure 11 shows one model of ballistic separator device commercially

available.

Figure 11. Ballistic separator by Komptech. Courtesy of Komptech. (Komptech 2015c.)

Air classification

With air classification light fraction like plastics and paper can be separated from the heavy
fraction, mostly organics and incombustible material. Upward airflow catches light materials
while heavier particles drop down. The different fractions can be separated from the air
stream with a cyclone, box, or a bag. Air knife works similarly but the air is blown
horizontally through a vertically dropping waste stream. (McDougall et al. 2001, 227-232.)
In more advanced separation, air separation techniques are combined to optical sorting
devices (Fitzgerald 2013, 60). Operational principle of an air classification device can be

seen in Figure 12.
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Figure 12. The operating principle of a cross-flow air separator with pneumatic transport of the low-gravity
material. (Velis et al. 2010, 1029.)

Magnetic separation

Separation of ferrous metals with magnets is one of the most common and simplest
separation methods used in waste processing. Mainly two magnet separation techniques are
used: rotating drum magnets or overhead belt magnets. In the first case either suspended
drum or top feed configuration is used. In both cases the basic idea is that a rotating magnet
attracts ferrous materials as the conveyor passes the drum magnet. (Fitzgerald 2013, 60-61.)
Magnet separator like the one in Figure 13 can be installed over a conveyor to separate

magnetic materials to the rotating belt conveyor.
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Figure 13. On the left overband magnetic separator operation principle. (Tchobanoglous 1993, 566.) On the

right example of a commercial overband magnetic separator. Courtesy of Mastermag. (Mastermag 2015a.)

Eddy current separation

Eddy current separator inducts eddy currents into conductive metal particles with modulating

electromagnetic fields. These eddy currents then interact with magnetic field and are

separated out of the process stream. (McDougall et al. 2001, 227-232.) With this advanced

technique non-ferrous materials such as aluminum, brass and copper can be separated from

the waste stream. The eddy current generator works typically with rotating drum technique.

(Fitzgerald 2013, 62.) An example of eddy current separator device is presented in Figure

14.

Figure 14. Operation principle and example of Eddy current separator device.

(Mastermag 2015b.)

Courtesy of Mastermag.
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Detect and route systems

This method uses characteristics of the material, to identify the objects, passing separately
the sensor with suitable array. Identified materials can then be separated with air knife to
appropriate collection bin. Array of the sensor can be visible light spectrum, ultra violet,
infra-red, or X-ray. Different colors of, for example glass and plastics, can be separated with
color sensors using visible light spectrum. PVC, harmful in combustion process, can be
separated from the other plastics with X-ray fluorescence which detects the chlorine atoms
in the material. Recent research is mostly focused on near infra-red (NIR) sensors which are
utilized in plastic sorting. (McDougall et al. 2001, 227-232.) Figure 15 demonstrates the

optical sorting unit recovering plastics.
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Figure 15. Optical sorting equipment. Courtesy of Tomra. (Tomra 2015.)

Biological treatment in MBT-plant

Mechanical biological treatment is not a unit process but entire treatment plant where
described mechanical unit processes are combined to biological treatment. In MBT facilities
the biological processes convert biologically degradable components of solid waste to more
stabilized end-products. The biological part of the process is commonly performed via
anaerobic digestion or aerobic degradation but also other methods have been developed.
(Fitzgerald 2013, 62.)
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Anaerobic digestion is a process where microorganisms break down biodegradable material
in anaerobic conditions. Organic matter is converted into carbon dioxide and methane and
the energy content of the methane can be exploited. The process can be set to operate in
temperature zones between 30-60 °C with different moisture levels. After the treatment
process, the biological digesting residue left has to be disposed or utilized depending on the
quality of the product. The residue may be utilized as fertilizer products and in some cases

disposed by incineration.

Aerobic degradation, also known as composting, is a microbial process where organic matter
is converted to CO», H,O, nitrates, sulfates and heat under aerobic conditions. The process
stabilizes the matter so it can be used as fertilizer for agriculture crops. (Fitzgerald 2013,
63.) In the processes where biowaste is separated from mixed solid waste the compost matter
usually cannot be used for other purposes than landfill structures, because the amount of
impurities in the compost is too high (Myllymaa et al. 2008, 17). Velis et al. (2010) have

reviewed the most commonly applied biological processes in MBT plants in Table 6.
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Table 6. Main bioconversion reactors commonly used in MBT plants. (Modified from Velis et al. 2010)

Bioconversion | Subcategory Description
reactor
Aerobic Tunnel Long enclosed chambers, operated as
composting continuous or batch flow
In-vessel/enclosed halls Composting happens on the floor of an
enclosed hall, usually in long beds
Continuously agitated bays Rows of enclosed beds where material is
between two walls and continuously
agitated by turning machines
Maturation Last state of composting process; usually
done without aeration or agitation
Biodrying Waste is stabilized by using heat released
during aerobic decomposition, supported by
aeration
Percolation Material washed with water in a reactor to
transfer organic material in liquid phase
Anaerobic Wet single-stage mesophilic Anaerobic fermentation reactors operated in
digestion Wet single-stage thermophilic variety of modes. The used moisture

Dry single-stage mesophilic
Wet multistage mesophilic

Wet multistage thermophilic

content, temperature and stages of the

process vary between applications

2.2.3 Line architecture

The production line is composed of unit operations with different functions arranged in

series. Several actual line compositions exist but some general rules in the processing should

be complied. For the next equipment to work efficiently the treatment process should begin

with shredding or screening process (Caputo & Pelagagge 2001a). Shredder as a first

operation may cause jams in the process because of hard to shred particles in the waste. A

mill should be added only after metal separation to avoid excessive wear due to presence of

metal scrap. (Caputo & Pelagagge 2001a).

If biological processes are used, the inorganics content in the biological material should be

avoided with precautions to not to pollute the biological material. This can be achieved with
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screening before shredding which allows the bulky material to go on to the process while

only fine material can be separated.

In the process more than twice the same equipment in the line is not advisable due to added
cost. However this cannot be applied on all components like screens supplementing the
actions of shredders. Multiple lines may need to be placed parallel due to standardized
machine dimensions not matching among different unit operations. (Caputo & Pelagagge

2001a.) Figure 16 shows an example of SRF preparation line configuration.

PRIMARY METAL AR NIR SECONDARY
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Figure 16. Example of SRF production line. (Modified from Nasrullah et al. 2014a.)

Comminution in some stage of the process, screening to fine and coarse fraction and
magnetic separation of ferrous scrap are common components in almost all processing lines,
but also sophisticated classification and sorting methods may be added. In many plants air
classifiers and ballistics separators are used to divide the stream into high-gravity and low-
gravity fractions. Eddy current separators for the removal of non-ferrous scrap are often
installed as well. When changing to production on even higher quality fuel, the near-infrared
spectroscopy (NIR) gains importance. It can be used in positive sorting to remove low-
pollutant high-calorific materials from sub-streams. Negative sorting removes unwanted
materials like PVC-plastics. (Thiel & Thomé-Kozmiensky 2011.) NIR separators can also
be exploited for the separation of recyclable materials. Figure 17 gives example of whole
processing line put together.
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Figure 17. SRF production line constructed of shredding, screening, air classification and metals separation
processes. Conveyors move the material between processes and into the storage silo. Courtesy of BMH
Technology. (BMH Technology 2015¢.)

2.2.4 Mass and energy balances in the SRF processing

The process optimization is often based on theoretical models combined to practical
experiments. The process line produces different streams usually the most valuable of them
maximized. The mass balance of the MBT plant depends on the input stream composition

as well as on process concept and the objective and technical equipment applied on the plant.

Thiel & Thomé-Kozmiensky (2011) estimated a mass balance presented in Figure 18 in their
study of German MBT plant. In this plant the objective is towards production of high quality
fuel, when only a small amount of the incombustible input stream is recycled. When
producing a higher quality fuel, also combustible fraction of poor quality is generated partly
due to German legislation setting limits for the LHV of SRF produced in MBT plants.
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Figure 18. Mass balance of M(B)T plants throughput in Germany (estimation, 11/2007) (Thiel & Thomé-
Kozmiensky 2011).

When the mass balance is determined, also energy balance can be estimated either
experimentally or theoretically. Nasrullah et al. (2014a; 2014b; 2015a) presented mass,
energy and material balances for SRF production process of commercial and industrial,
construction and demolition, and municipal solid waste. The used production line was
presented earlier in Figure 16. The results for MSW processing are presented in Figures 19
and 20. The MSW was separately collected energy waste from households, which may
improve the energy content and quality of the input waste compared to average residual
MSW stream. The lower heating value of the SRF, also known as net calorific value as used
by Nasrullah et al., was measured to be 22.4 MJ/kg. This, relatively high heating value, is
due to high share of paper, cardboard and plastics in the waste. Calorific values were
determined with tests ran with bomb calorimeter for combustible fractions of processed

waste. Also in this treatment process the main objective was production of high quality SRF.
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Figure 19. Mass balance for MSW to SRF process. (Nasrullah et al. 2015a.)
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Figure 20. Energy balances for MSW process presented based on wet waste input on the left and dry waste

input on the right. (Nasrullah et al. 2015a.)

Mass and energy balances are in an essential role in the process design and process
performance examinations. In sorting plant each unit process performs a binary process. The
incoming stream generates a main output stream and a secondary stream of separated

materials.

A matrix calculation method can be used to model the process train. A diagonal matrix can
be used to present the process itself. The elements in the matrix specify the fraction of each
waste component that remains in the primary stream after unit processes have occurred, as

expressed in Equation 3. A complementary matrix (Equation 4) can be created to identify
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the elements in the secondary waste stream. If the input of the system is defined as vector U,
whose elements specify the quantities of each waste fraction contained in the waste stream,
the quantities in the output can be defined as following. (Caputo & Pelagagge 2001a.) With
the same model also moisture and energy content can be determined, if the entries to the

matrix R are known.

X =RU ?)

X = elements in the primary waste stream
R = diagonal matrix presenting the process unit
U = input to the system

Y=R'U=(-RU 4)

Y = the waste component contained in the secondary flows
R’= complementary matrix, specifying components in the
Secondary waste stream

| = identity matrix

The entries in the matrix R for fitted process combination must be determined analytically
or empirically from field data. The mass balances can then be carried out using the waste
compositions of the case study in question and by placing the elements to matrix equations
3 and 4. Table 7 presents the recovery transfer matrix components used by Caputo and
Pelagagge (2001a) for different process equipment and material fractions.
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Table 7. Recovery transfer function matrix components used by Caputo and Pelagagge. (Caputo & Pelagagge
2001a.)

Equipment Fraction Fe Al Glass Paper Plastics OIR OR
Shredder Refuse 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Moisture 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Hammermill Refuse 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Moisture 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Trommel screen (fine) Refuse 0.8 0.8 0.2 0.85 0.9 0.25 0.25
Moisture 0.8 0.8 0.2 0.85 0.9 0.25 0.25
Preliminary screen Refuse 0.41 0.37 0.01 0.69 0.62 0.02 0.11
(coarse Trommel or Moisture 0.41 037 0.01 0.69 0.62 0.02 0.11
Pretrommel)
Air classifier
Shredded refuse Refuse 0.1 0.8 0.7 0.98 0.98 0.2 0.7
Moisture 0.09 0.72 0.63 0.882 0.882 0.18 0.63
Unshredded refuse Refuse 0.1 0.5 0.02 0.98 0.98 0.15 04
Moisture 0.09 045 0.018 0.882 0.882 0.135 036
Ballistic classifier Refuse 0.1 0.8 0.7 0.98 0.98 0.2 0.6
Moisture 0.1 0.8 0.7 0.98 0.98 0.2 0.6
Magnetic separator Refuse 0.2 1.0 1.0 0.98 0.98 1.0 0.95
Moisture 0.2 1.0 1.0 0.98 0.98 1.0 0.95
Eddy current separator Refuse 0.2 0.1 1.0 0.98 0.98 0.95 0.98
Moisture 0.2 0.1 1.0 0.98 0.98 0.95 0.98
Hand sorting Refuse 0.9 0.5 0.7 1.0 1.0 0.7 0.9
Moisture 0.9 0.5 0.7 1.0 1.0 0.7 0.9
Dryer Refuse 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Moisture 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Densifier, Extruder, Refuse 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Pelletizer Moisture 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Consonni et al. (2004a) conducted a study in which they compared four different scenarios
of waste incineration. First two options were incineration without pre-treatment and with
light pre-treatment in grate combustor. In the third and fourth scenario the waste was
converted into RDF in MBT-plants with material recovery and combusted in fluidized bed
combustor. In the study the mass and energy balances were created for small and large
capacity plants. In the study the data for creating mass and energy balances was partly
received from the industry and partly from literature sources. Power outputs and relevant
operating parameters were estimated by computer code. Consonni et al. (2004a) concluded
in the study that increasing the LHV value of the input had only marginal effects on the
overall energy efficiency. The more thorough the pre-treatment is the smaller the amount of
energy recovered per unit of overall waste is. The economy of scale applies to the scenarios,

higher energy efficiency could be achieved with larger plant size.
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2.2.,5 Material recovery with mechanical separation

For a material recovery to be worthwhile sensible applications for the material must exist.
For separate collected materials such as glass, metal, fibers and biowaste such applications
already exists. On a contrary for example plastics and textiles are in a more complex situation
as developed recycling materials markets doesn’t yet exist. For mechanically separated
fractions the situation is difficult too as the achievable material quality with processing can
be unknown or unsure or it is not high enough for the primary application. Many fractions
still need further mechanical or biological processing, after separation for primary stream.
Legislation and risks related to the materials can also set barriers for the application of the
materials separated from residual MSW, like compost like products usage for food crops
fertilizing. Table 8 summarizes the possible outputs from MBT processes and their
applications. The definition of material recycling is still unclear in the EU and some of the

applications may prove to be more reasonable than others.
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Table 8. Possible outputs from MBT processes. (Modified from Velis et al. 2010, 987.)

Type of Output

Application

Compost like outputs (Solid
conditioner, low-grade soil improver,

etc.)

Food crops, forestry, energy crops, Improve soil structure
and moisture retention, Pasture land, Horticultural
applications, Domestic gardens, Verges and amenity land,

Landscaping (road construction)

RDF/SRF

Co-fuel for direct combustion in power plant

Plastic rich fraction

Gasification or pyrolysis plants
Co-fuel in bonding agent industries
Co-fuel in industrial boilers

Fuel for dedicated incinerator (FB)

Co-fuel for existing incinerator

Biogas applications

Produce electricity
Blend with landfill gas or syngas from waste gasification

Produce a transportable fuel

Output intended for disposal options

Landfill daily cover
Biostabilized residue, suitable for depositing in landfills

Landfill cap

Digestate (liquor or fertilizer)

Liquid fertilizer

Liquor from dewatered digestate

Liquid fertilizer

Fibrous dewatered digestate

Potential as bulking agent or fuel

Ferrous metal

Secondary raw material

Nonferrous metal

Secondary raw material

Aggregates

Construction and landfilling

Glass

Secondary raw material

Textile, paper and light plastics

Potential as secondary material

The cost of the treatment compared to the cost of the virgin material determines the demand

for the recycled material. The value is often lower than the costs of the waste management.

The revenues and costs of the material treatment are hard to estimate as local conditions

affect them greatly. Also the purity of the recovered material from MT process is uncertain

and the material must be used on processes tolerant for lower and variable material quality.

In this study biowaste, metals and plastics are considered as the most favorable materials,

when it comes to mechanical separation for material recovery. This is due to new
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applications on trial (Saarinen 2015). Biowaste and metals yield will improve the calorific
value of the SRF and metal recovery is often economically profitable. Biowaste comprises
large share of the mass of residual waste which makes it interesting fraction, when the goal
Is to improve recycling rates. Glass separation would be sensible for optimization of the
combustion process but the material has quite limited applications and value, and the share
of glass in the residual waste is low in most cases. Also the technical implementation of glass

separation may proof to be difficult with high product purity.

Fiber material make a significant share of mixed waste and Ojala (2014) did a master’s thesis
study on utilization of fiber materials separated from municipal solid waste. The biggest
challenges for using fibers separated from MSW were poor fiber quality and strength
properties of the products prepared. Additionally the fibers were microbe contaminated
when they were in contact with biowaste. (Ojala 2014.) Because the technologies are still in
early developing state, fiber materials are not considered to be separated for material
recycling. Same applies for textiles which constitute only a small proportion of the total

waste load.

2.2.6 Residues

One of the biggest ecological and economic challenges related to mechanical processing is
the generation of residues hard to utilize. These residues may be inorganic and organic fine
or heavy fractions or materials harmful for further processes in recycling or combustion. If
no utilization option for the residues exists, the residues need to be landfilled. Landfilling
causes costs for the plant so the fraction going to landfill needs to be optimized according to

economic and environmental interests.

The amount of residues is dependent on the quality of the input waste as well as on the pre-
treatment process itself. In German MBT-plants the amount of residues going to landfill in
average was estimated to be 22 % mass based. (Thiel & Thome-Kozmiensky 2011.)
Nasrullah et al. came to a conclusions that the reject materials, heavy fraction and fine
fraction together, comprised 25 % of the total input. (Nasrullah et al. 2015a, 150.) In Italy
the study of Consonni et al. assumed that depending on the scenario from 20 to 46 % of the

input materials ended up to landfill before incineration, directly or through biological
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treatment state. (Consonni et al. 2004a, 127-128.) In Riikinvoima power plant the amount
of residues is assumed to be as low as 8 % of the total input stream. (ISAVI 2013, 29.)
Ekokem has stated that their utilization rate will be 98 % for a circular economy village
separating biowaste, plastics and metals from mixed waste while the rest is directed to
incineration. This means only 2 % of the input would be treated as reject before incineration
and biological treatment. (Ekokem 2015.)

2.3 Combustion

Waste combustion converts the chemical energy of waste to thermal energy with excess air.
As the process discharges energy it produces solid residues and flue gases. However, waste
or waste derived fuels are far from ideal fuel and their special characteristics reflect highly
on the combustion process. These characteristics must be taken into account already in the
design and selection of combustion technology. The most common technologies used and
the technologies on the scope of this thesis are moving grate for source separated solid waste
and fluidized bed combustion for pretreated waste (Hulgaard & Vehlow 2011, 365).

2.3.1 SRF as a fuel

Solid recovered fuels are difficult fuels if compared to for example fossil fuels. Typically,
SRF has high chlorine and heavy metal content, and large amounts of incombustible debris.
The energy conversion density, burnout behavior, fouling, corrosion and combined
corrosion-erosion tendency may cause problems in the combustion process. The problems
can be overcome with combination of conscious pre-treatment, optimized boiler concepts
and special features for challenging fuels in the boiler. These features can include special
design on superheaters, exchangeable heater surfaces, and robust fuel feeding and ash

discharge equipment. (Luomaharju & Viljanen 2011.)

The combustible fractions in the fuel can be divided to fossil and biomass fraction. Fossil
fraction includes plastics and small amounts of rubber and textiles. The biomass fraction is
mainly composed of paper, cardboard, wood and biowaste, depending on the treatment
process and quality of the collected waste. The incombustible fractions like metals, glass,

ceramics and aggregates are usually wanted to be separated before combustion. As these
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fractions tend to enter the furnace anyway in lower or higher quantities, they must be
removed from the grate regularly to avoid bad fluidization, and for improved temperature

and emission control. (Vesanto et al. 2007, 40-49.)

The combustion properties are dependent on the composition of the fuel. Film plastics and
paper react fast in the furnace which may cause too fast pyrolysis and gasification and
therefore unideal combustion. This may lead to anaerobic conditions over fuel supply spot.
Light fractions may also flow with the flue gases to the upper furnace causing slagging and
increased emissions. To control the combustion process the fuel should be as homogenous
as possible and the supply should be steady and stable. (Vesanto et al. 2007, 40-49.)

The fuel and its ash composition and quantity are related to the fouling tendency of the boiler.
Certain elements such as calcium, alkali metals, especially chlorine, and phosphorus and
ferrous compounds may increase the fouling properties of ash. When the fuel burns, organic
carbonates and salts of calcium and alkalis react to oxides, sulphates and chlorides. The
melting point of chlorine is relatively low which makes the chlorine in the fuel increase the
fouling tendency of the ash. The exact interaction of compounds in the ash is hard to
approximate beforehand. Mixed plastics often contain some share of PVC, a plastic
including chlorine, causing problems in the combustion process. (Vesanto et al. 2007, 40—
49.) The fouling in the boiler can be prevented with adequately low flue gas temperature and
design velocities. Also soot blowing strategies are implied. Extra tube shielding protects the
pack pass tube bundles and cyclones prior convection are maintaining fly ash particle size

small and reducing erosion potential. (Luomaharju & Viljanen 2011).

In addition to fouling, chlorine in fuel causes high temperature corrosion when reacting
together with alkalis, like sodium or potassium. These form alkali-chloride salts, NaCl or
KCI. Part of the chloride is also as HCI. These salts brake the protecting oxide surface on
the heat transfer pipes making the structural material vulnerable to chlorine corrosion
process on high temperature heat transfer surfaces. Heavy metal contents in the fuel may
lower the melting temperatures of salts resulting in corrosion at lower temperatures.
(Vesanto et al. 2007, 40-49.) The corrosion can be minimized by lowering the flue gas

temperatures, cooling the empty pass, using corrosion resistant metal coating in the upper
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part of empty pass, and with optimized superheater placing. The tube banks used in the

superheaters should also be easily changed. (Luomaharju & Viljanen 2011).

The properties of the fuel are hard to analyze as the fuel composition is often so
heterogeneous. Six fuel characteristics defined by Rotter (2011) should be concentrated on
when looking into solid recovered fuels prepared with different mechanical processing
concept. With the parameters defined, the specific characteristics demanded by the fuel user
can be described. The characteristics defined together with related parameters are listed
below:
1. Calorific and incineration properties: Calorific value, total moisture content, ash
content, ash deformation temperature, volatile matter
2. Supplying and storing properties: particle size, particle size distribution, bulk
density, potential rate of microbial self-heating
3. Corrosion potential: Total chlorine content, water soluble content of chlorine, sodium
and potassium, alkali content, zinc lead and tin content, metallic aluminum
4. Commercial incentives related to the usage of SRF: Biomass content, emission factor
5. Environmental impacts caused by the use of SRF: Volatile heavy metals
6. The effects of fuel usage to the side products generated by the process: Chlorine,

mercury, nonvolatile heavy metals

2.3.2 Energy production

In the condensing power plant steam boiler provides steam to power a steam turbine, which
extracts the heat from the steam turning it into work. Usually the turbine drives a generator
that turns the work into electricity. After the turbine, the steam can be recycled by cooling it
until it condensates back to water. If the condensing happens in the district heat exchanger
producing heat, the plant is called combined heat and power (CHP) plant. The turbine island
process description together with other main elements of a power plant, fuel handling, boiler
and, flue gas treatment system can be seen in Figure 21 in the case of circulating fluidized

bed technology.
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Figure 21. Main modules of CFB power plant. Courtesy of Valmet. (Valmet 2015.)
In waste incineration the heat to the condensing plant is produced by firing waste or SRF in
the boiler. The efficiency of the plant defines how big share of the total input energy can be

transformed to power and heat. The energy content of the fuel can be calculated using the

LHV and the mass flow of the fuel into the process with Equation 5.
quel = LHV Mryel 5)

Qruel = energy content of the fuel [MWh/a]

Mruer = Mass flow of the fuel [t/a]
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The capacity of the plant is often reported as a fuel power. With the energy content of fuel
the fuel power input can be can be defined with Equation 6. Utilization period in the power

plant is often assumed to be 8000 h/a, if the plant only operates on base load.

Pryuet = Qfyer * ty (6)

Pruel = fuel power [MW]

tn = utilization period of maximum load

The electricity production efficiency can be defined by computational models or
measurements. Now the ideal generated power is assumed to be defined and known with
computational tools and reference cases. In this connection the produced energy can be

calculated by simply multiplying known efficiency with fuel input energy (Equation 7).

Ee =1 * quel (7)

Ee = electricity production [MWh/a]

ne = electricity production efficiency

If the plant produces district heat as well, its heat production can be predicted, if the heat
production efficiency is known, similar to electricity production (Equation 8).

Eth = Qfuer * Nin 8)

Ew = heat production [MWh/a]
ne = electricity production efficiency
n = heat production efficiency

The heat can be calculated similar to electric power and the total output is the sum of these
two. The power to heat ratio of the power plant defines the share of the produced electricity
compared to the produced heat. In the case of waste firing the fuel quality may restrict the
steam values leading to lower power production efficiency and power to heat ratio than in
power plants operated with high quality fuels such as fossil fuels.
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2.3.3 Fluidized bed combustion

In fluidized bed reactors sand or similar medium works as bed material and jets inject air
vertically from the bottom of the bed. The air causes the sand to become fluidized. The fuel
can then be feed into the sand bed where combustion occurs. The medium retains its heat in
the process causing a stable combustion process and the turbulent mixing provides a high
degree heat transfer. Flue gases rise upwards from the process and out of the reactor to pass
through a boiler for heat recovery. (Grillo 2013, 72-97.) Fluidized bed combustion can be
implemented with bubbling fluidized bed (BFB) or circulating fluidized bed (CFB). In the
first option particles remain in the bed while in circulating fluidized bed solid particles move
along the gas stream out of the fluidizing space and are then returned back. The temperature
in the process may range between 750 to 950 °C. The temperature should still stay lower
than the ash melting point. (Hyppénen & Raiko 1995, 417.)

Figure 22 presents commercial circulating fluidized bed (CFB) boilers furnace and cyclone
separator. The furnace has a bed of sand, which is fluidized with primary air through the grid
of the bottom of the furnace. Secondary air and fuel are fed to the lower furnace. From the
upper furnace the gas and particles enter a cyclone separator, which separates the solids from
the gas to be returned back to the furnace. The gas exits from the top of the cyclone to move

towards the flue gas treatment. Heat surfaces transfer the heat to the power plant cycle.
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Figure 22. Example of CFB boiler. The image courtesy of Valmet. (Valmet 2015.)

2.3.4 Grate firing

Conventional mass burn incinerators often exploit moving grate firing technology. In this
technology inclined moving grate transports the waste trough the furnace. First an overhead
crane feeds the waste into the hopper, where it is transported with a chute into the furnace.
On the grate in the furnace the waste first dries and then burns when air is supplied trough
the grate. The ash leaves the furnace via the ash chute as bottom ash. Moving grate
technology is a well proven technology that can accommodate to large variations in the
composition and heating value of the waste. Possibility to utilize the technology in a large
plant sizes is also a great advantage. (Hulgaard & Vehlow 2011, 380.) Figure 23 illustrates

the operation and main components of grate incinerator.
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Figure 23. Typical waste incineration plant with moving grate technology. (Hulgaard & Vehlow 2011, 375.)
2.3.5 Water treatment

Power plants need additional water that is used to compensate the water lost with exhaust,
evaporation or drains. The water treatment includes demineralized water making and
condensate water purification. The treatment of water is done with a process specified to fill
the quality demands of the power plant. First step is usually raw water treatment where
coarse materials and microorganisms are removed with different techniques. Water is often
filtered before removing the hardness of water with addition of chosen chemicals. Last the

water is demineralized with chosen technique. (Huhtinen et al. 2000, 300.)

The additional demineralized water need is usually 2-3 % of the steam mass flow (Strémdahl
2016.) The additional water is treated before feeding into the water-steam circuit. Reverse
osmosis (RO) is becoming a common technique to remove salt and impurities from treated
raw water, also ion exchange technologies are exploited. In the reverse osmosis the water is
moved with pressure through semipermeable membrane and the membrane lets the water
trough leaving the impurities behind. The reject water is removed from the process as waste
water. With phasing the process 75 % permeability of the process can be achieved and the

inflow water to the RO plant can be calculated with Equation 9.
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dm * Xsteaming 9

XRo

Qwater,RO =

Qwater, Ro = Water to RO plant [kg/s]
gm= mass flow of steam [kg/s]
Xsteaming= Share of exit of the steam flow [%]

Xro=permeability of the RO plant

2.3.6 Flue gas treatment

Waste incineration generates large volumes of flue gases which require treatment before
releasing to the atmosphere. The compounds generated in combustion process depend on the
composition of the fuel and the combustion conditions. The most problematic pollutants are
dust/particles, acidic gases (HCI, HF, and SOz), NOx, heavy metals and organic pollutants
(dioxins, furans, PCDD/F). These must be brought down to acceptable level with air
pollution controlling systems. (Vehlow & Dalager 2011, 393-394.) The main elements and

water in the fuel are assumed to react with oxygen with following reactions.

C+0, — CO, N, - N,
H,0 - H,0 S+ 0, - S0,
H, + 0, - H,0 0, » 0,

N2 is assumed to originate mainly from the nitrogen in combustion air but the nitrogen in
combustion air is not as reactive as the nitrogen in fuel and it is assumed to stay mainly
unreacted in the process. Trace elements react with different elements with multifold

different reactions to countless number of compounds.

Input to the furnace is converted into the most chemically stable products under oxidizing
conditions due to the high temperature and oxygen surplus in the combustion chamber.
Selection of the gas cleaning equipment depends on the local conditions. Administrative
regulations of output waste streams and the investment and operating costs define the used

technologies.
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Dust removal

High efficiency dust removal is used to remove the fly ash from the flue gases as well as
solid reaction products formed by the addition of chemicals to control other pollutants. The
particle process is selected according to acid gas cleaning system. In wet flue gas systems
the first treatment system is the separation of fly ash. In dry or semi-dry systems the acid
gases are first brought to react with the alkaline chemical and solid reaction products are
then collected together with the fly ash. (Vehlow & Dalager 2011, 398-403.)

Different physical mechanisms can be used for the removal. Different technologies make
use of gravitation forces, inertial impactions, centrifugal forces, diffusion and electrostatic
force. The main types of removal systems used are described in Table 9. The technologies
differ in the removal efficiencies which is a variable of particle size. (Vehlow & Dalager
2011, 398-403.)

Table 9. Operation and efficiency of particle removal technologies. (Modified from Vehlow & Dalager 2011,
399-403.)
Type Operation Efficiency (%) according to

particle size (pum)
<25 2.5-6.0 | 6-10

Cyclones Gas enters a cylinder at high velocity. The centrifugal | 10.0 35.0 50.0
forces cause the particles to collide with the walls and
settle down into the discharge hopper while the gas

extracts through a central tube.

Electrostatic Electrical field is established and the flue gas passes it. | 95.0 99.0 >99.5
precipitators The particles are ionized by corona discharge and start
(ESP) to move along the lines of the electric fields until they

impinge upon the collection plates. Deposited particles

are removed by rapping the plates.

Fabric or bag | Gas passes through fabric bags and the dust stays on the | 99.0 99.5 >09.5
house filters fabric and is periodically removed by an air pulse

opposite to the filtration direction.

High efficiency | The flue gas passes a funnel where also water is injected | 90.0 95.0 99.0
venturi and atomized. The water aerosols pick up a large
scrubbers fraction of the ash particles. Larger water aerosols can

be removed with cyclones.
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Acid gas neutralization

The acid gas removal systems can be divided into two main categories: wet systems with
and without liquid discharge and dry and semi-dry systems with different neutralizing
agents. Wet systems are usually used only after dust removal with ESP. The basic principle
is to adsorb the gaseous components into a liquid in a scrubber. Different techniques are used
to get the liquid to react with the gas. The scrubbers are often spray type where the liquid

containing reagents are sprayed into the gas. (Vehlow & Dalager 2011, 403-410.)

In the dry or semi-dry systems the reagents like lime or sodium hydrogen carbonate
(Ca(OH)2 /NaHCOg) are injected into the flue gas for neutralization of the acidic gas
components. In the dry process dry powder is used, while semi-dry means injection of slurry
that dries in the flue gas. In semi-dry systems also calcium oxide (CaO) can be used. The
reaction products are most often removed together with the fly ash by a fabric filter. (Vehlow
& Dalager 2011, 403-410.)

Calcium or sodium based reagents are not able to remove mercury nor organic compounds
and since carbon in the form of activated carbon or lignite coke is often used as a co-additive.
The co-addition is either separately injected or mixed with neutralizing agents. The
operational temperature of the dry and semi-dry processes are kept at 130-160 °C. The
decision between dry or wet systems is highly dependent on the costs of the chemicals and
the disposal costs of the residues. (Vehlow & Dalager 2011, 403-410.) The amount of
sorbents needed can be calculated with Equation 10, when the quantity of emission in moles

is known.

_(ne0) =@ —7rX))) (10)
M) =TT M (Cat)

Mca(x) = mMass of the air pollution control (APC) residue [t/a]
n(X) = concentration of emission in the fuel [mol/h]
r(X) = self-reduction of emission in the combustion process [%]

M(Ca(X)) = molecular weight of the end product
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When calcium compounds are sprayed into the furnace or flue gas channel, calcium
hydroxide or carbonate decompose in heat and compose calcium oxide. The oxide then
reacts with sulphur compounds to calcium sulphates with following reactions. (Teir 2003,
174))

Ca(OH), —» Ca0O + H,0
1
Ca0 + 50, + 5 0, = CaSO,

Ca0 + SOz — CaS04

Calcium compounds, used to control the sulphur and chlorine based emissions from the
combustion process, as well as the activated carbon are removed from the process with
particulate collection equipment. The residues removed are reacted end products and
unreacted surplus chemicals. The collected residues are often qualified as hazardous waste
and the treatment and disposal must be done according to hazardous waste disposal
regulation. The mass of generated APC residues can be estimated with estimating the sorbent
need with molecular ratio and combining the reaction products to the estimated the share of

unreacted chemicals.
Dioxins and Furans (PCDD/F)

PCDDI/F are usually generated in the waste combustion but destroyed in the combustion
chamber. Problem is the boiler where new formation may take place in the lower
temperatures down to 200 °C. Since these species cannot be removed with precipitations or
scrubbers, extra measures have to be taken into consideration. Gaseous PCDD/F can be
absorbed on activated carbon. Also combined processes using catalytic filters in fabric or
bag house systems can be used. Carbon can be used in bed filter or with injection system in
combination with bag house filter. (Vehlow & Dalager 2011, 403-410.)

Reduction of nitrogen oxides

NOx is a general term used for nitrogen oxide and nitrogen dioxide. Typically 95 % of the

NOx is present as NO. If the combustion temperature drops below 850 °C, increasing fraction
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of the nitrogen is present as N2O, having extremely high greenhouse gas potential, although
not embraced by the NOy emission limits. Almost all the NOx is originated from the nitrogen
in the waste. (Vehlow & Dalager 2011, 413-416.)

The primary ways to limit the NOx amount in emissions are keeping the excess air ratio low,
by phasing the air input to restrict the generation of NO, and recirculation of flue gas to the
furnace, to keep the combustion temperature steady. For secondary measures there are two
principal options; selective non-catalytic reduction (SNCR) or selective catalytic reduction
(SCR). First one uses injection of ammonia or NH2 containing compounds into the secondary
combustion zone for the reduction of NOx to N.. The SCR technology also exploits NH3 but
the reductions are achieved in much lower temperatures at a surface of a catalyst. The most
common catalyst are V20s stabilized in TiO2 and zeolite materials designed in honeycomb
modules. (Vehlow & Dalager 2011, 413-416.)

2.3.7 Solid residues

In combustion processes unburnt inorganic residues, referred to as ash, is generated as a
result of physical and chemical reactions depending on the technology and the fuel. Different
fuels contain different shares of ash generating elements. Main part of the ash leaves the
furnace as solid residues either as bottom ash or as fly ash collected with air pollution control
devices. Ash may have great effect on plants overall profitability. According to waste
legislations ash is waste and its disposal or reuse requires accurate environmental permits.
The ash quality and intended applications define whether ash can be utilized as material. To

define the ash quality it must be separately examined. (Vesanto et al. 2007, 48-50.)

Ash may contain various elements which concentration and solubility have to be known
before disposal or utilization. Within the EU loss of ignition (LOI) should be below 5 % and
the total organic carbon (TOC) content below 3 %. These are monitored to ensure the proper

burnout and immaobilization of heavy metals. (Vesanto et al. 2007, 48-50.)

The total solid wastes produced include ashes from the fuel, sulphur retention reaction
products and unreacted Ca(OH).. In FBC also sand is removed from the process with bottom

ash. The solid residues from combustion processes is dependent on the used technology. In
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general, fluidized bed combustion is thought to generate less combustion residues as the
incombustible material is separated beforehand (Hupponen et al. 2014). Typically solid
residues are collected as bottom ash or slag, empty pass ash or APC-residues. With the
Equation 11 the amount of generated bottom ash can be computationally defined (Stromdahl
2015).

dp = Qfuel * (1 - WHZO) * ASH + (QSand + qCaCO3) * Xp (11)

gp = generated bottom ash [t/a]

Gruer = fuel input to the boiler [t/a]

WH20 = moisture content of the fuel [%]

ASH = fuel ash share [%)]

Qsand = Sand addition to the FBC [t/a]

(cacos = calcium carbonate addition (if used) [t/a]
Xp = share of ash removed as bottom ash [%]

Empty pass ash combines a small share of the total ash load from the combustion process.
Removed part of sand together with additional reactants feed to the fluidized bed are
removed together with bottom ash and empty pass ash. The mass of empty pass ash can be
estimated with Equation 12 (Stromdahl 2015).

qep = qfuel * (1 - WHZO) * ASH * xep + (QSand + QCaC03) * (xep + xf) (12)

Jep =generated empty pass ash [t/a]
Xep= Share of ash removed as empty pass ash [%]

x¢ = Share of ash removed as fly ash [%)]

The mass of generated fly ash can be determined with Equation 13. If fly ash is captured
together with APC-residues, which often is the case when dry or half —dry acid gas control
methods are used, the mass of these residues are determined by Equation 10. Also activated
carbon can be captured with same equipment and added to the mass of fly ash and APC
residues (Stromdahl 2015).
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dr = Qfuel * (1 - WH20) * ASH * x¢ (13)
gs = removed fly ash [t/a]

Hupponen et al. (2014) studied environmental effects of waste treatment in Southern Carelia.
In their study residues from grate firing and fluidized bed combustion were reviewed and
calculated from different sources. Grate firing plants from Riihiméki and Kotka and a FBC
plant still at the time on planning state, Leppdvirta, were evaluated and compared to literature
values of residue end product shares. Comparison in Table 10 shows that the amount of
residues in the FBC is slightly lower due to separation of non-combustible fractions before

combustion.

Table 10. Share of residues generated from waste combustion per waste mass directed to combustion.
(Hupponen et al. 2014.)

Grate [%0] FBC [%0]
Koivunen 2007,
Koivunen Chen &
Riihiméki | Kotka 2007 Leppévirta | Christensen 2010
Reject from pre- .
treatment
Reject, metal 2
Bottom ash 16 17 20-30 1 27
Boiler ash 1 1 0.5
APC-residues 2 2 1-3 s 4-11
Total 19 20 22-34 14 6-18
2.4 Policy

Waste to Energy solutions are regulated with legislation from several fields. Waste, the waste
incineration and the energy sector related legislation all set conditions to the operations. Not
only the existing legislative measures and incentives effecting the operation should be
understood but also the upcoming changes should be identified and taken into consideration.
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2.4.1 Waste legislation

European Commission’s Circular economy package’s waste legislation review, proposed by
European commission in July 2014, was withdrawn in 2015. The package was targeted to
review the targets on three Directives: the Waste Framework Directive, the Landfill
Directive, and the Packaging and Packaging Waste Directive. (European Commission
04/2015.) The proposal was replaced with a new proposal in the end of 2015. The new
proposal includes a common EU target for recycling 65 % of municipal waste, and breaking
the habit of landfilling reducing it to a maximum of 10 % of all waste. Proposal includes
amendments on several waste related directives including directives on waste, packaging
waste and landfill. (European Commission Proposal 2015/0275/COD.)

Waste Framework Directive instructs the national waste legislation within EU laying down
basic concepts, definitions and principles related to wastes. As mentioned before it gives
orders on the priority order and targets on utilization objects. Each country should have made
waste management program and waste management plans according to the directive.

Implementation of the waste legislation varies between the member states.

Landfill Directive 1999/31/EC divides the landfills into categories according to the
hazardousness of the waste. (European Commission Directive 1999/31.) The most
noticeable article in the directive includes targets set for reducing the amount of
biodegradable waste sent to the landfills. Only pretreated waste can be disposed on landfill.
This article should end the untreated MSW disposal on landfills but the extent of the
treatment may vary. To achieve the recycling targets member states have also implemented
different kinds of legislative instruments and incentives like landfill taxes. Beside the two
introduced directives Packaging and packaging waste directive sets obligation and minimum
utilization rates for packages made of different materials. (European Commission Directive
94/62.)

2.4.2 Waste incineration directive

EU regulation differs whether the waste or waste derived fuels incineration is defined to be

incineration or co-incineration. The definition is based on the plants primary purpose, to treat
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waste or to generate heat and power. In practice these objectives are often mixed and the
applied legislation depends on the permit granted by the authority.

European Parliament has given directive on the incineration of waste. The directive concerns
both incineration and co-incineration plants. The directive demands that the plant must have
permit for operation issued by competent authority. Operating conditions must be set so that
the plant keeps the gases at the temperature of at least 850 °C for two seconds or at 1100 °C,
if the hazardous waste with a content of more than 1 % of halogenated organic substances,

expressed as chlorine, is incinerated. (European Commission Directive 2000/76.)

The directive sets limit values for air emissions. The limit values for incineration are
presented in Table 11. Separate limit values and calculation methods are defined in the Waste
incineration directive’s Annex II. The Directive requires also installation of measurement
systems to monitor the parameters of an installation and relevant emissions. Continuous
measurements are obligatory for NOy, CO, total dust, TOC, HCI and SO.. Heavy metals,
dioxins and furans have to be measures at least twice a year. (European Commission
Directive 2000/76)
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Table 11. Waste directive limit values for waste incineration air emissions. (Modified from European

Commission Directive 2000/76, Annex V.)

Daily average values Half hour average values [mg/m?]
[mg/m?3] (100 %) A (97 %) B

Total dust 10 30 10
TOC 10 20 10
HCI 10 60 10
HF 1 4 2
SO 50 200 50
NOx 200 400 200
CO 50 - 150/100*
All average values over sample period of 0,5 - 8 hours [mg/m?]

Cd, Tland Hg 0.05
Sh, As, Pb, Cr, Co, Cu, Mn, Ni, V 0.5
All average values over sample period of 6 - 8 hours [ng/m°]

Dioxins and furans 0.1

*150 mg/m?® of combustion gas of at least 95 % of all measurements determined as 10-minute average values

or 100 mg/m® of combustion gas of all measurements determined as half-hourly average values taken in any

24-hour period.

2.4.3 Greenhouse gas reductions and emission trading (ET)

Greenhouse gas emission trading schemes directive came out in 2003 (European

Commission Directive 2003/87). It aims to significant greenhouse gas emission reductions.

The directive concerns also energy sector meaning the operators need to purchase emission

allowances. Calculation methodologies, free emission trading allocations and emission

allowance prize in the auctions define the additional costs for the energy producer.

(European Commission Directive 2003/87.) When it comes to waste-to-energy applications,

there exists a special condition for waste incineration in the emission trading EU legislation

but some countries like Denmark and Sweden have circumvented it by interpreting all

incinerator as co-incineration. (Poyry 2015.)
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2.4.4 Other legislative incentives effecting energy recovery of waste

In some EU countries taxes are applied also for waste incineration to support viability of
recycling. The implementation can be based on mass of waste, the fossil carbon in waste or
the energy produced with waste. (POyry 2015.) Incineration tax is also mentioned as one
possible measure to increase recycling in the proposed circular economy package (European
Commission Proposal 2015/0275/COD).

In some member states incentives supporting waste incineration can be employed. Typical
solutions are certifications of green energy or similar which can be applied to waste energy
or to the renewable part of it. Also obligations on renewable energy purchases are utilized

in some countries (Poyry 2015).

2.4.5 Waste to energy policy in Finland, France and Poland

Three countries are chosen for inspection. The waste and energy legislation in Finland,
France and Poland is summarized in Table 12. Finland is chosen to work as a reference
country and France and Poland present potential business environments with high interest
rate towards MBT-treatment. In both of these countries also the utilization level of MBT

plants RDF output could be improved as large shares are still landfilled.
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Table 12. Waste management and policy in Finland, France and Poland. (Treatment: Eurostat 2015; Landfill

tax, landfill ban: Cewep 2015; Wte in emission trading: European Commission Directive 2003/87; MBT-

plants: Ecoprog 2015.)

1.1.2016 on all organic

waste

Finland France Poland
Treatment of MSW (2013)
= Landfill / disposal 0 0
14% 5% 17% 13%
= Total incineration . 16%
19%
Material recycling ‘ 21% ' (
8%
63%
Composting and digestion 42% 34%
Landfill tax in €/t 60 €/t (excluding | 150 €/t for non- | 26.6€/t Typical charges
hazardous waste) authorized 28.13-92.94 €/t (but
40 €/t for authorized 32 | mostly 48.92 €/t)
€/t for standard.
20 €/t with 75 % energy
recover
Landfill ban implemented | According to landfill | Since 2002 according to | Since 1.1.2013 on
directive, From | the Landfill Directive combustible waste

collected separately

WIE tax

WIE in emission trading
(ET)

Co-incinerators in ET

Co-incinerators in ET

Co-incinerators in ET

Waste to energy capacity

6 plants

2 in construction

1 in planning

Total capacity for MSW
1.1 Mt (Finnish solid
waste
2015b)

association

127  plants/14.5 Mt

(Cewep 2013)

2 plants

11 plants in planning
(2.4 MY)
(Switzerland
Enterprise 2015)

Global

Existing MBT plants

53 plants/2.5 Mt/a

120 plants /9.1 Mt/a

2.5 Cost structure

To examine the costs in the power plants the costs can be divided into different components.

One way is to divide the costs on the operational life time of the plant, investment cost before
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operation, operational cost during usage and end of life costs. Table 13 specifies the elements

under each category.

Table 13. Cost elements in typical power plant (Ruska & Pirila 2004, 180)

Before operation During operation After operation
o Power plant and other | o Fuel e Waste management passed
production plant | e Operating personnel wages to after operation

construction

Maintenance and repairs e Power plant disposal
e Fuel supply and energy | e Insurance etc.
transit systems

construction

On the other hand the same costs that belong to these three categories can be divided into
fixed and variable costs. The fixed costs are not dependent on the production output and the
variable costs are approximately proportional to it. This division is not unambiguous as many
costs are independent from fast changes in the production but can be avoided if the
production is brought down systematically. (Ruska & Pirila 2004, 180.)

Investment costs make often a significant share of the fixed costs in the power plants. These
costs can then be divided to depreciations, which together with interests, make the capital
costs. Other fixed costs are fixed operational costs like wages, yearly maintenance,
insurances and fuel storing. From the variable costs the fuel costs are usually the highest, but
typically this doesn’t apply to waste derived fuels. The other costs accumulate from
operation and maintenance costs proportional to the production. (Ruska & Pirild 2004, 181.)
These include such elements as chemical, electricity and sand consumption, start up fuel and
ash and process water disposal. The costs in different times during the life span of the power
plant cannot be assumed to be equal. The costs caused later must be corrected with net

present value factor dependent on the time difference. (Ruska & Pirild 2004, 181.)

The costs in the SRF production can be divided similarly as the power plant costs described
earlier. The basic idea is to divide the costs into variable and fixed costs. In SRF production
income is usually generated from gate fee received from the collector of the waste. The price

of the SRF itself is highly dependent on the SRF market situation and the value may be
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negative from time to time. Same applies to recovered materials depending on the material

from material recycling processes, if these are applied.

The variable costs in SRF production consist of utilities like electricity or diesel used and
residual disposal costs. Labor and maintenance costs can be counted to semi-variable costs.
In SRF production it must be noticed that these plants are often operated, different from
traditional power plants, in non-continuous way, meaning that the plant is working five days
a week in two shifts instead of round-the-clock (Hakanpera 2015). Capital costs involve the
total investment costs of the plant like site preparation and machinery as well as capital

recovery, and interests.

In the chapter 2.2.4 it was already mentioned that according to Consonni et al. (2004a)
increasing the LHV value of the input had only marginal effects on the overall energy
efficiency. The more thorough the pre-treatment is, the smaller the amount of energy
recovered per unit of overall waste is. In the following article Consonni et al. (2004b)
performed economic analyses between the same four waste management scenarios as in
the preceding article. Breakdown of the scenarios are presented in Table 14. Conclusion
drawn from the results presented in Table 14 by Consonni et al. (2004b.) were that RDF
production increases costs compared to mass incineration. The cost levels may be outdated
but comparison between the cost components can be made. The information is based on
plants that had recently started operating in Italy. The results indicate that when it comes to
total costs in MSW treatment grate firing would be a more feasible solution.
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Table 14. Cost breakdown of waste treatment from Consonni et al. (2004b) in observed scenarios 1 (Grate

combustor), 2 (light MT + grate combustor), 3 (bio-stabilization+ heavy MT + FBC combustion) and 4 (heavy

MT + removal or organic fraction + FBC combustion).

[Mé€/a] 1 2 3 4
Pre-treatment
Capital + O&M + personnel - 1.30 4.23 2.60
Organic fraction disposal - 0.16 - 0.20
Inert fraction disposal - - 0.33 0.21
Total - 1.46 4.55 3.01
WTE
Capital + O&M + contingencies 6.34 5.85 5.54 5.60
Reactants 0.23 0.19 0.10 0.12
Personnel 1.72 1.64 1.60 1.60
Ash disposal 1.68 1.16 0.57 0.59
Electricity sales 1.91 1.77 1.71 1.71
Total 8.06 7.07 6.10 6.19
Total costs of waste management system 8.06 8.53| 10.66 9.20
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3 METHODOLOGY

The case scenarios were evaluated by techno-economic feasibility study. Feasibility study is
amethod to uncover the prospects of success in the proposed case. It identifies the constraints
in regard of technical, economic, regulatory and managerial aspects (European Commission
2008, 3). Not all the perspectives discussed in comprehensive feasibility studies are taken
into account thoroughly in this study, sections such as the production plan, timing and
implementation, and environmental aspects are left out due to restricted scope of the study.
For the implementation of feasibility study an Excel based computational tool was
developed. The used approach to the problem adapts academic and practical engineering
approaches to meet the needs of expediency consideration and to comply the existing
feasibility studies in best practices. In the calculation the costs and incomes are divided into

three main categories: investment costs, operation and maintenance costs and incomes.

3.1 Goal and scope definition

The objective of the study is to look into the system, which combines pre-treatment and
combustion unit operations with different process configurations. The study is done to
compare the economic feasibility of the different options and to better understand the unit
operations and their significance in the system as well as understand their effect on the SRF
combustion properties. The results are applied to examine and compare the scenarios using
different perspectives. The scenarios are looked through the cash flows caused by the chosen

scenario.

Figure 24 presents the boundaries of the system looked into and the costs taken into account.
The pre-treatment processes vary between scenarios and some of the input and output flows
may be set to zero depending of the operations of the scenario. Further processing operations
for separated materials: plastic, biowaste and metals are assumed to be left out of the
consideration. In realistic cases operations or parts of the operations are often shared between
different input waste and materials from other sources to achieve benefits from the scale.
Now only the input waste is assumed to be treated in each operational unit and the capacity
Is sized according to that to avoid allocation procedures between processes. All the end
products are assumed to be forwarded to further processes.
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Figure 24. System boundary for the Feasibility study.

As the comparison can be based on several parameters based on the angle of view, two
different functional units are chosen for the scenarios. In the first case A the limiting factor
is assumed to be the waste quantity, which is assumed to be 200 000 t/a, for each studied
system. Case B takes more into consideration the demands of waste incinerator. In case B,
it is assumed that annual fuel input into the furnace is 40 MW, meaning the waste input to

the treatment varies while the power plant unit stays the same except in the baseline scenario.

The data is collected with consultant knowledge and literature review by choosing the most
suitable data for the context. The temporal, geographical, technical, and statistical coverage
are taken into account, in the realms of possibility, when selecting parameter values. The
calculation is reached to cover the lifetime of the investment, which is chosen to be 20 years.

Costs arising after the operation like plant disposal are not taken into account.

The calculation is based on information gained or estimated over markets, costs, incomes
and capital needs. Basic information needed are initial investment, overhead expenses and
incomes, imputed rate of interest, lifetime and residual value. Residual value is the income
that can be gained from the initial investment in the end of its lifetime. In most cases, as well

as in this one, the residual value is assumed to be zero.
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The impacts of different process flows causing overhead expenses and incomes are evaluated
by transforming the flows to the relevant market values of the goods or refuse. By summing
the annual inflows and operational costs, the annual net incomes can be defined.
Depreciations and interest rate costs are taken into account in the calculation. The imputed

rate of interest can be defined as the minimum return requirement for the project.

3.2 Waste properties

Some assumptions are made on the properties of the input waste. The exact values on the
area of the waste management solutions should be preferred and the calculation tool may
later be used in such way. Now the MSW input is assumed to be the Finnish residual fraction
after source separation of metal, glass, cardboard, paper, biowaste, and hazardous waste.

In Finland several compositions studies on MSW has been performed. The results show a
great variety, partly due to different implementation methods between studies. Now the
waste is assumed to be divided into fractions according to composition study guide published
by Finnish Solid Waste Association with few adaptations to the existing problem. (Toivonen
& Sahimaa 2014.) The guide divides the fractions into eleven fractions in the first level

(Table 15) and these fractions are further divided to sublevels.

The first level gives the adequate accuracy with some further knowledge on the compositions
of couple of the most heterogeneous fractions and their adaptation to combustion process
interests. With understanding what sublevels comprise the largest share of the upper levels,
the most representative combustion properties for each 1. level fraction can be chosen.
Mixed waste is divided to sublevels, which are included in the groups of incombustible and
combustible waste. Electric equipment, batteries and hazardous chemicals together with
incombustible share of mixed waste comprise the incombustible fraction of MSW. From
mixed waste 73 % is assumed to be other combustible waste. Metals are taken as only one
group, but separated later in different processes. For this purpose half of the metal is assumed
to be ferrous metals and half other metals. Table 15 summarizes the made assumptions and
their bases.
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Table 15. The waste fractions applied in the study. (Sublevels: Liikanen 2015, Appendix VII1.)

Composition model
applied in the study

1. level fractions

The main sublevels

Biowaste Biowaste Kitchen waste (81 %), Other biowaste

Paper under producer responsibility (62 %),
Paper Paper

other paper (26 %), paper packages

Carton packages (69 %), aluminum covered
Cardboard Cardboard and carton | cardboards packages (18 %), other carton and

cardboard

Other wood (71 %), construction wood (29
Wood Wood

%)

Film plastic packages (49 %), Hard plastic
Plastics Plastics packages (42 %), other hard plastics and film

plastics
Glass Glass Glass packages (88 %) and other glass

Other metal packages (48 %), Aluminum
Metal Metal

packages (39 %), other metals (13 %)

) ) Clothes (65 %), other textiles (29 %), shoes

Textile Textile and shoes

and bags (6 %)

Other incombustible

waste

WEEE and batteries

Electric equipment (75 %)

Hazardous chemicals

Other hazardous chemicals (67 %), medicine
(33 %)

Other combustible

waste

Mixed waste

Diapers and sanitary products (49 %), other
incombustible waste (19 %), rock material
(13 %), other incombustible (12 %), mixed
packages (5 %)

Figure 25 presents the waste composition used in the scenarios. Composition is derived from
Finnish mixed municipal solid waste composition in Figure 3 with assumptions described in
Table 15. Regional information would otherwise be used but representative studies with

applicable classification criteria were not available.
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Figure 25. Waste composition in the study. (Modified from Finnish Solid Waste Association 2015a.)

The input data for waste includes waste characteristics like moisture and ash content and
heating value of waste. Heating value and moisture properties were determined fraction
based in a study executed in spring 2015 as a part of ARV research project. In the study the
HHYV was determined with bomb calorimeter, moisture with infra-red dryer and ash content
by heating the sample in furnace to 815 °C for 60 minutes and weighting the residues. The
dry LHV was determined by exploiting literature knowledge on hydrogen contents.
(Poyhonen & Heikkinen 2015.) The results were gained for sublevel waste fractions and the
upper level results were determined as weighted average from these results. Properties of

waste gained as results and used in the calculation are gathered to Table 16.

Table 16. Input properties of the waste. (Modified from Péyhtnen & Heikkinen 2015.)

Default data Moisture LHVary [MJ/kg]
Biowaste 67.8 % 18.0
Paper 25.3% 15.9
Cardboard 30.0 % 17.2
Plastic 20.7% 35.8
Wood 194 % 194
Metal 0.0% 0.0
Glass 0.0% 0.0
Textile 20.3% 21.0
Other combustible 51.2 % 22.5
Other non-combustible 0.0% 0.0
MSW (Weighted average) 39.9 % 20.0
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Chemical composition and harmful contaminants were estimated by literature values in the

input waste. Ultimate analysis results from Riber et al. (2009) were matched to waste

fractions by finding the best-corresponding value and the results are presented in Table 17.

Table 17. Estimated elemental composition of input waste. (Modified from Riber et al. 2009.)

Fraction Source indexing | Carbon | Hydrogen | Oxygen | Nitrogen | Sulfur | Ash
term Percent by weight (dry basis)
Biowaste Veg. food 47.7 % 6.6 % 39.5% 1.9% 02% | 52%
Paper Other clean paper | 38.3 % 5.0% 38.5% 0.2% 02% | 174 %
Cardboard Cardboard 40.9 % 5.4 % 39.5 % 0.1% 01% | 140%
Plastic Average 77.5 % 11.2 % 4.5 % 1.6 % 01% | 46%
Wood Wood 52.1 % 6.4 % 30.5% 0.8 % 0.1% | 10.0%
Metal Metal containers | 0.0 % 0.0% 0.0% 0.0 % 0.0% | 100.0%
Glass Other glass 0.0% 0.0% 0.0% 0.0% 0.1% | 100.0 %
Textile Textiles 521 % 6.0 % 34.8% 32% 00% | 3.6%
Others combustible | Other
combustible 54.2 % 8.1% 9.6 % 09% |02% | 26.9%
Other non- Other non-
combustible combustible 1.3% 0.1% 0.7% 0.0% 01% | 97.7%
MSW (weighted average) 46.4 % 6.4 % 20.7 % 11% |01% | 25.2%

Trace element concentrations were also evaluated even though the accuracy cannot be

expected to be very good as the concentrations are relatively small and variation between

different sources is large. The most significant of the harmful elements was considered to be

chlorine. Also mercury was taken into inspection due to its environmental hazardousness

and because it is criteria in the SRF standard. The used concentrations in study are presented

in Table 18.
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Table 18. Chlorine and mercury content in the input waste fractions. (Nasrullah et al. 2015b.)

Trace elements Chlorine wt.% dry Mercury, mg/kg, dry
Biowaste 1.20 % 0.05
Paper 0.15% 0.05
Cardboard 0.15% 0.05
Plastic 1.22% 0.075
Wood 0.05 % 0.05
Metal 0.00 % 0
Glass 0.00 % 0
Textile 1.10 % 0.2
Other combustible 0.15% 0.05
Other non-combustible 0.00 % 0.49*
Weighted average 0.67 % 0.06

* Source: Riber et al. 2008.

3.3 Scenarios

The study assesses four scenarios of MSW treatment. The first scenario is a baseline scenario
where untreated residual MSW is combusted with grate firing, the most common practice to
treat residual waste in Finland. Only very large particles go through coarse shredding and
metal separation is done after combustion from the boiler slag with magnet and eddy current
separators. In the scenario, MSW is fed directly into the moving grate combustor, which
releases heat to the boiler generating steam for the Rankine cycle. The emissions are
controlled with SNCR fed with ammonia water and dry scrubbing with calcium oxide and
activated carbon to remove acid gases, heavy metals and dioxins. Efficient fabric filter
removes the solid particles from the flue gases. Bottom ashes are utilized in earthworks, in
applications like road, street, field and roadside construction (Motiva 2015). With this, high
waste treatment and tax costs can be avoided. Fly ash together with APC residues is directed

to disposal as potentially hazardous waste.

The second scenario is FBC combustion with light mechanical treatment. A wheel loader
loads the waste from the tipping floor to the intermittent feeder, from where the waste is
conveyed into waste shredder. The shedder shreds the waste to the desired particle size. After
that, the waste undergoes a magnetic separator, which separates the magnetic metals from
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the waste stream. Next, the fines screen separates the fine materials such as sand, glass,
ceramics, organics, and other fine materials from the waste stream before eddy current
separator separating non-magnetic metals (BMH Technology 2012). The last step of the
process is air classifier for the removal of incombustible or harmful heavy fractions from
recovered waste fuel. This fraction includes heavy materials like stones, metal, glass,
ceramics and medium fraction of hard plastics like PVC and possibly some organics (BMH
Technology 2012). The fine material from fines screen and heavy fraction from air classifier

are directed to disposal performed according to Finnish legislation and reject quality.

In the third scenario, MBT facility is employed to separate organic waste from the process
and directed to biological processing. The separation of biowaste is done with pre-treatment
process prior to SRF preparation line described as scenario 2 (Hakanperd 2015). The process
is fed with wheel loader. The pre-treatment line includes intermittent feeder and shredder as
first unit operations. Only coarse shredding is done to be able to separate the biological
material as under flow from the drum screen and to be utilized in biological processes. From
the drum screen, conveyor brings the overflow to SRF processing line similar to the one
described in scenario 2. The biological state itself, where the drum screen under flow is
directed, is left outside the observation. Biomaterial is only assumed to have a certain value,
often negative, and the process is performed by external operator. For the sake of simplicity,
it is assumed that all the pre-treatment in scenarios is carried out at the same site with

combustion.

The fourth scenario applies more sophisticated treatment methods and it is the scenario with
least practical experience. The objective of the concept is to separate recyclable materials to
material recycling while only the unexploitable fractions are directed to energy recovery. A
concept with similar objectives and unit operations but with unknown configuration and
smaller capacity is under construction in Riihimé&ki, Finland (Saarinen 2015). The first
separation process is done only after light bag shredding. This should make it possible to
efficiently separate first the fine biological material with drum screen, to be utilized in
biological processes, similar to scenario 3. After drum screen, metals are separated with
magnetic separator and eddy current separator from where the waste is directed to ballistic
separator. The ballistic separator divides the stream into two (2D) and three dimensional

(3D) particles. In addition, fine materials are separated through the ballistic separator like in
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screening processes. The 2D particles are directed straight to SRF production while the 3D
particles still go through air classification. Air classification separates the heavy fraction
going to residual waste treatment. The remaining waste after mechanical treatment processes
is directed to optical sorting units in two streams of 2D and 3D materials. Each optical unit
separates a defined plastic type. After sorting, plastics are washed and granulated to be sold
as materials, but these downstream operations are out of the scope of this study. The residual
stream after plastic separation units goes through a secondary shredder producing refuse

derived fuel to be combusted in CFB.

In the scenarios 2, 3 and 4 the FBC is fed with SRF from the fuel storage. The pre-treatment
processes are assumed to be placed together with the power plant on the same site. This is
done to avoid the costs of transportation in the process. The combustion occurs in CFB,
which is feeding the steam cycle. The plant is equipped with flue gas system with the
difference to grate firing that no SNCR is needed (Stromdahl 2015). This is due to lower and
more homogeneous combustion temperatures and lower excess air need (Pressley et al.
2014). Ashes are treated as in the case of grate firing. Power plant capacity is chosen to fit
the combustible output from the pre-treatment processes in the case A and in case B the
power plant input is assumed to be 40 MW. All the alternative scenarios with unit operations

are illustrated in Figure 26.
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Figure 26. Compared MSW treatment processes.
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Matrix method presented in Equations 3 and 4 was exploited to determine the pre-treatment
outputs from the different scenarios. The separation rates for the recovery factor transfer
function matrix are described in Appendix I. The selection of components is done by
selecting the most suitable parameters from literature sources and comparing them to
information gained from existing MT-processes. Some scenario based assessment was used
because the waste classification, quality and unit process applicability wasn’t always optimal

for the studied case.

3.3.1 Specific data on pre-treatment

The quantitative data for inputs and outputs of a unit processes was determined with
calculation or estimation methods. The data is needed to specify the fixed and variable cost

as well as the profits of different scenarios.

The operational costs in the pre-treatment are comprised of personnel, maintenance and
power consumption costs of the plant. Residue disposal will be a significant cost component
in scenarios where residues are generated. Waste is brought to the treatment plant with trucks
on expense of waste generator and tipped on the tipping floor, or in the first scenario, to the
waste bunker. In the scenarios 2, 3 and 4 the waste is loaded to the treatment with a wheel
loader. The total waste input in case A scenarios is 200 000 t/a. In the case B the input is
dependent of the scenario and can be calculated backwards based on the heating value, waste
composition and mass losses in the pre-treatment to supply the power plant with 40 MW
input. The waste quantities needed are summed up in Table 19 together with the recovered
materials calculated with assumptions made and presented in Appendix I. The recovered

materials present the total separated fraction with impurities.
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Table 19. Recovered materials in different pre-processing options.

1A 2A 3A 4A 1B 2B 3B 4B
Waste input [t/a] 200 000 | 200 000| 200 000 | 200 000| 97 229| 107 882 | 135529 | 187 244
Plastic [t/a] 0 0 0| 16737 0 0 0| 15670
Ferrous metals [t/a] 5100%| 4010| 2900| 2930| 2479%| 2163| 1965| 2743
Other metals [t/a] 0] 2821 2448| 2448 0] 1522 1659| 2292
Biomaterial [t/a] 0 0| 71022] 75112 0 0| 48128| 70321
Reject [t/a] 0| 30381| 10892| 11438 0| 16388| 7381| 10708
To recycling [ta] 5100 6831 76371| 97227 2479 3685| 51752 91026
To recycling [%] 26%| 34%)| 382%)| 486%| 26%)| 34%)| 382%| 48.6%

* Metal recovered from ashes in grate firing. Not classified to ferrous and non-ferrous, but in total 85 % of
input metals assumed to be recovered (SYKE 2015, 45)

Power consumption is dependent on the process equipment configuration and equipment
powers. The process throughput differs between scenarios, and the throughput correlates to
the power needed for each process step. The process is assumed to be in operation five days
a week in two shifts making a total of 4000 hours per year. The waste is received usually
during working days. Noise limits and other restrictions may limit the operation so that the
most common operation practice differs from power plants, which are in average operating
8000 hours per year. Also blocks or other interruptions in the production must be prepared
to with enough capacity. The power input of the machinery is set to correspond the input
stream to the equipment. With Equation 14, the total electricity consumption of the pre-
treatment equipment can be defined in kWh per ton of waste (Pressley et al. 2014). Table 20

gives some initial values to be placed in the Equation.

(ee * fmc) (14)

E, = —< Mt

(mj * fec)

E. = electricity requirement of equipment [KWh/t]
ee = motor size of the equipment [KW]

fmc = fraction of motor capacity utilized [%]

me = maximum throughput of the equipment [t/h]

fec=fraction of equipment capacity utilized [%0]



80

Table 20. Throughput, energy requirement, cost, and labor data for each piece of automated equipment
(Pressley et al. 2014).

Equipment Max Fraction of Fraction of Rated Diesel Investment Fixed  Numberof Laborers MNumber of Lifetime
throughput  equipment motor rated motor use cost($) O&M required for max. drivers (yr)
(Mgfh) capacity capacity capacity (LiMg) cost* throughput required
utilized utilized (kW) ($hyr)
Conveyor 30 0.85 0.5 5.6 o 46,000 10000 O o 10
Drum feeder 30 1 0.5 15 1] 150,000 100 0 1] 10
Vacuum 10 0.85 0.5 5 0 150,000 100 2 0 10
Disc Screen 1 45 0.85 0.5 85 1) 175,000 10000 O 1) 10
Disc Screen 2 21 0.85 0.5 5.5 o 400,000 13000 0O o 10
Disc Screen 3 7 0.85 0.5 10 1] 280,000 10,000 0O 1] 10
1-Way baler 51 1 0.5 63 1] 550,000 5000 1 1] 10
Glass breaker 9 0.85 0.5 30 0 220,000 10000 0O 0 10
screen
Air knife 36 0.85 0.5 164 o 62,500 10000 O o 10
Optical glass 5 095 0.5 69 1] 825,000 30000 0O 1] 10
Optical PET 10 0.85 0.5 13 1] 225,000 5000 0O 1] 10
Optical HOPE 10 0.85 0.5 40 0 450,000 10000 0O 0 10
Magnet 2 0.85 0.5 4 o 35,000 5000 O o 10
Eddy current 12 0.85 0.5 9 1] 128,000 5000 0O 1] 10
separator
2-Way baler 30 1 0.5 59 0 530,000 5000 1 0 10
Trommel 45 0.85 0.5 62 0 125,000 10000 O 0 10
Rolling stock 24 0.85 - - 10 350,000 5000 O 1 10

* O&M = operations and maintenance.

By using Equation 14 for NIR separators in scenario 4, estimations on power consumption
can be achieved. The plant utilizes seven optical separators, three of them for film plastics
and four for hard plastics separated to 2D and 3D streams with ballistic separator. The
throughput for the first NIR separator, assuming the plant operates 4000 h/a, would be
approximately 92 700 t/a making 23.2 t/a separated to either in 2D or 3D line. The combined
motor capacity for seven optical separators, now assumed to be NIR separators, is 199 kW
according to Table 20, when four separators are for denser and three for lighter plastics.
Assuming that 85 % of the motor capacity is utilized the energy consumption of NIR in total
Is 16.9 kWh/t according to Equation 14, when the total equipment capacity is assumed to be
in use. The scale of the equipment should be slightly bigger but knowledge is only available
on this capacity so it is exploited in the calculations as the later NIR units serve a smaller
throughput, which balances the estimation. With a similar calculation the ballistic separators
energy consumption can be estimated to be 0.25 kWh/twaste, When the motor capacity was
assumed to be 9.25 kW (Komptech 2015c) with max throughput of 150 m3h equal to 31.5
t/h with bulk density of 210 kg/m?.

In scenario 2 the total power consumption of SRF preparation is assumed to be 30 KWh/twaste.
In the scenario 3 the energy consumption is known to be approximately 20 kWh/twaste.
(Hakanpera 2015.) In scenario 4 the known electricity consumption of scenario 3 can be
used by adding the estimated power consumption of ballistic separator and NIR separators
making the total power consumption 37.15 kWh/twaste. Other unit processes of the process
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are assumed to stay similar. When estimating power consumption, exact values cannot be
achieved as the power need is reliant to the operation practice. Other energy consumption of
the plant such as lighting and heating is assumed to be negligible compared to the power
consumption of treatment unit operations. Additional to power consumption the wheel

loader is assumed to consume 0.5 I/twaste Of diesel (Hupponen et al. 2015).

Personnel need in pre-treatment is estimated according to expert opinions. The need in real
situation depends on the plant configuration. Pre-treatment line in scenarios 2 and 3 can be
operated approximately by three persons per shift. With two shifts, operating in total 4000
h/a, 6 employees are needed. The personnel need includes operators and wheel loader
drivers. (Hakanpera 2016.) Personnel for outsourced operations such as maintenance and
cleaning are shared between pre-treatment and power plant to avoid additional costs. For
scenarios with divergent operational practices following assumptions are made.

e Scenario 2A: in total 8 employees for two parallel lines

e Scenario 3B: operated only in one shift with 3 employees

e Scenario 4A/B: Some additional labor needed, assumption of 10 employees used

3.3.2 Specific data on power plant

Data gathered from combustion process contains consumed goods such as chemicals,
internal power, water, sand, and start-up fuel. Personnel need is estimated for different size
plants as well as ash generation and articles produced for sale; heat and power. Some basic
assumptions were made on combustion calculations, which are presented in Appendix II.
Parameters are commonly used values in power plant design and estimations. Many
assumptions regarding the power plant has been made. To gain more exact information,
power plant steam circuit modulation should be used with knowledge on exact case
circumstances. Detailed knowledge on the scenario operational environment is unknown,
detailed design would take require severe design operations, and as many parameters still
tend to have only marginal effect on the total feasibility, coarse estimations and assumptions

are justified to be used.

Plants are assumed to produce power and heat with similar power plant concept in scenarios

2, 3, and 4. In scenario 1 the concept is chosen to fit the grate alternative. The turbine
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efficiency is assumed to be same between the scenarios but as the input fuel quality changes
the mass flow to the turbine and the produced power and heat generated vary. Plants are
assumed to be operating as peak-load power plants meaning that the power plant can run
with maximum load whenever there is need for heat, which is assumed to be the limiting

factor. The heat production is improved by adding a flue gas condensation unit in the plant.

However, the changes in the heat load during summer time have to be taken into account. It
is assumed that during summer, assumed to last 3000 hours per year, the power plant is
operated with 20 % of the maximum heat load. Additional cooling is needed and assumed
to be used during summer time. This affects also the power output but as the effect is small
it is assumed to stay same. The used operational values on power plants are presented in
Appendix Il. With average power and heat loads through the year the average efficiency of
the plant is calculated with Equations 7 and 9 and used to determine the produced power and
heat in each scenario. Table 21 presents the estimated maximum heat and power outputs
from the power plants in different scenarios with used annual heat and power production
efficiencies. From the table it can be noted that part of the heat is assumed to be produced
with flue gas condensation (FGC), which utilizes the heat content of flue gases to produce
district heat and so increases the total efficiency of the plant. The FGC was chosen as an
additional element to increase the efficiency of the plant but profitability of this investment

should be evaluated case by case.
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Table 21. Heat and power outputs in different scenarios (Pasanen 2016.) and used annual power and heat

production efficiencies. (Calculated)

A: Constant waste input (200 000 t/a) 1 2 3 4
Fuel input [MW] 82.3 74.2 59.0 427
Electricity [MW] 16.7 175 14 10.1
Heat [MW] 52.3 44.4 35.6 255
Flue gas condensation [MW(] 7.3 5.4 3.6 3.1
Annual efficiency of power production 20.3 % 23.8% 23.9% 23.9%
Annual efficiency of heat production 50.7 % 47.4 % 46.9 % 47.3 %
B: Constant fuel input (40 MW) 1 2 3 4
Fuel input [MW] 40 40 40 40
Electricity [MW] 9.5 95 95 9.5
Heat [MW] 23.9 24.2 24.3 24.1
Flue gas condensation [MW(] 35 2.9 2.4 2.9
Annual efficiency of power production 171 % 23.8% 23.8% 23.8%
Annual efficiency of heat production 53.2 % 47.4 % 46.7 % 47.3 %

The concentrations of sulphur and chlorine are used to examine the chemical consumption

in the air pollution control. The concentrations are estimated by average concentrations

found in the literature for each waste fraction. Weighted average in each scenario is used for

prepared SRF. Concentrations used for chlorine and sulphur in each scenario are presented

in Table 22. Calcium oxide or calcium hydroxide is used for chlorine and sulphur control

and the usage is dependent on emission concentrations in the fuel and combustion

technology. The amount of calcium oxide or in grate firing calcium hydroxide sorbent is

calculated as in Equations 10. The total usage of calcium based sorbents is presented in Table

22 together with activated carbon consumption. The activated carbon usage is assumed to

be proportional to flue gas volume flow the input being constant 10 mg/m?.
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Table 22. Calcium based sorbents and activated carbon usage in APC.

Chlorine in | Sulphur  in | Amount of sorbent | Activated carbon

fuel A/B fuel A/B needed [t/a] addition [t/a]

[%, dry] [%, dry] A B A B
Scenariol | 0.7 0.1 781 380 134 65
Scenario2 | 0.8 0.1 702 379 118 64
Scenario3 | 0.7 0.1 488 331 90 61
Scenario4 | 0.5 0.1 334 314 66 62

The ammonia water is used to control nitrogen oxide emissions. The control is also done
with combustion control techniques. The amount of ammonia water sprayed can be
calculated based on hourly input. For CFB the assumption is that no ammonia is needed and
for grate firing the consumption of 4 kg/twaste (Hupponen et al. 2014, 90.) is used, making in
total ammonia water usage 800 t/a, when the input waste mass is 200 000 t/a and 389 t/a
with the 40 MW fuel input.

Water consumption of the plant depends on the steam flow of the process. Certain percent
of the steam can be assumed to be discharged from the process and it must be replaced while
part of it is piped to sewer. The exhaust steam compensation water consumption can be
calculated with Equation 15. Water is also used in flue gas conditioning line to transfer heat
to district heating. The total of these three streams comprise the process water consumption
of the plant. The FGC plants water need can be estimated by estimating the flue gas

condensation heat exchangers power with Equation 15.

Droe = qm * cp * AT (15)

®rcc = power of the flue gas condensation heat exchanger [kW]

gm = mass flow of the flue gas [kg/s]

Cp = specific heat capacity of flue gases [kJ/kgK]

AT = T1-T» = temperature difference in the flue gas inlet and outlet [K]
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When the power of the flue gas condensation is known, the mass flow of water needed can
be calculated with the assumption of average specific enthalpy of 2200 kJ/kg with equation
16 (Stromdahl 2015).

Dpge (16)

Qwater,FGC = Ah

Quater, Fec = Water to FGC [kg/s]
Ah = average enthalpy difference in the inflow and outflow water
[kI/kg]

The waste water can be assumed to be the sum of demineralized water piped to sewer plus
the water from conditioning. Table 23 sums up the process water need and waste water
generation in different scenarios. The caustic soda (NaOH) is assumed to be used in process
water treatment 4 kg/twater (Calculated, Strémdahl 2015).

Table 23. Water treatment consumption figures in power plant processes.

Steam flow to Process water Water to sewer NaOH

the turbine consumption, [t/a] consumption [t/a]

(Pasanen 2016). | with FGC [t/a]

[ka/s]

A B A B A B A B
Scenario 1 29.7 12.5 | 23400 | 11000 4600 | 2100 94 36
Scenario 2 22.9 12,5 20100 | 10900 3800 | 2100 81 44
Scenario 3 18.2 12.5| 15800 10 800 3100 2100 66 43
Scenario 4 13.2 12.5| 11500 10 800 2 200 2100 50 44

Sand consumption in FBC can be assumed to be proportional to the energy content of the
input fuel. In the thesis, sand consumption is assumed to be 2 kg/MWhser (Stromdahl 2015).
The consumption of sand in different scenarios is presented in Table 24. The same amount
of sand can also be assumed to leave the furnace with bottom ash.

Start-up fuels are needed to reach the temperature high enough for waste incineration.

Without additional shutdown of the power plants the average of four start-ups per years can
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be assumed to be made. The heating up is assumed to take 24 hours and start-up fuel capacity
in use is expected to be 70 % of the input fuel power. (Stromdahl 2015.) With the
assumptions made the fuel is needed 96 hour per year. The consumption of start-up fuels can
be calculated with these assumptions similar to total energy production and the results are
presented in the Table 24.

Personnel need in a power plant cannot be assumed to grow directly proportional to the plant
size. Larger capacity plants gain advance of their size compared to minor ones. The
assumptions on personnel need are based on expert opinions. The estimation was that 20-25
persons are needed to operate the 40 MW plant and as the capacity increases the personnel
need does not necessarily increase as the power plant components stay similar and only the
scale of them grows (Strémdahl 2016). Moderate increase in personnel is assumed to happen
and the used assumption can be seen in Table 24. Maintenance requires labor as well, but in
this case the maintenance is assumed to be taken into account as unit costs per produced

energy, as the service is bought in as outsourced operation.

To estimate the electricity usage of the power plant the main components of power
consumption are taken into account. Now the internal power consumption of the total energy
production of the plant excluding pre-treatment is assumed to be 7 % in CFB and 6 % in
grate (Calculated, Strémdahl 2015). The calculated consumption figures and personal needs

are summarized in Table 24.

Table 24. Yearly operational and maintenance consumption figures and residue generation.

Electricity Startup fuel Sand [t/a] Personnel

[MWh/a] [MWh/a]

A B A B A B A B
Scenario 1 28000 | 13500 2800 1300 0 0 30 25
Scenario 2 29600 | 16000 2500 1300 1200 600 28 25
Scenario 3 23 400 15 800 2 000 1300 1000 600 27 25
Scenario 4 17 000 15900 1400 1300 700 600 25 25

Rejects from pre-treatment and ash from combustion need to be treated and disposed safely.

The utilization for these fractions should be favored but it might be found out to be
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unrealistic. The amount of residues generated in different stages of the treatment process
was estimated with calculation methods presented as Equations 11-13. From the pre-
treatment the amount of separated rejects with pre-treatment processes was estimated with
the assumed separation efficiencies and material compositions. Residues may also be
generated after biological treatment processes but these are out of the scope of the study.

The ash generation is estimated based on the percentage of ash generating elements in the
fuel. Some unburned fuel can be assumed to leave the furnace with ash, but this share is so
small, approximately 1 % in the bottom ash and 2 % in the fly ashes that they are not
considered in the calculation. (Latva-Somppi 2015.) Removed sand from the FBC and APC
residues are removed together with ash elements. Ash is divided into bottom ash, removed
from the bottom of the boiler, and fly ash, captured with the fabric filters. In general the
share of bottom ash tends to be greater in grate incineration while CFB generates more fly
ash. The total sum of ashes generated was calculated with Equations 11-13 and the results
are presented in Table 25. In grate firing 85 % of the metals was assumed to be separated to
recycling after combustion (SYKE 2015, 45) and this share was subtracted from grate firing
bottom ashes.

Table 25. Residue generation in different scenarios.

Reject [t/a] Bottom ash Fly ash and Total [t/a] /Share of
[t/a] APC-residues | the input waste mass
[t/a]
A B A B A B A B [%]
Scenario 1 - -1 21300 | 10400 | 15200 | 7400 | 36500 | 17700 | 18.2

Scenario2 | 30400 | 16400 | 7800 | 4200| 6700 | 3600 | 45000 | 24200 | 225
Scenario3 | 11000 | 7400| 8800| 6000| 6900 | 4700 | 26700 | 18000 | 13.3
Scenario4 | 11400 | 10700 | 8200 7600| 6200| 5800 | 25800 | 24100 | 12.9

3.4 Financial analysis

Calculation is reached to cover the lifetime of the investment. The goal is to define the
advantages of the investment project. In the case where several options exists the

profitability of the options can be put in order according to calculations. Several methods for
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this appraisal exists, for example net present value (NPV), annuity (AN), internal rate of
return (IRR) and repayment period method. (Neilimo & Uusi-Rauva 2012, 224.) Feasibility
studies may also contain information on sources and sustainability of the finance but these
are out of the scope of the study. The sources, which may be public funds like EU or national
grants or private equity or loan, effect the costs of the capital (European Commission 2008,
160). Often the financing is done with a combination of liabilities and equity. (Neilimo &
Uusi-Rauva 2012, 216). Now the imputed rate of interest or minimum return requirement of
the investment is assumed to be 7 %. With the set interest the payments occurring in different

times can be compared.

The investment costs can be divided to the total life span of the plant for yearly costs with
annuity method. In this method the total investment cost is multiplied with annuity factor to
get the annual fixed costs as a result as in Equation 17. The residual value is in this case

assumed to be zero.

i(1+10)¢

A=IN*—?
A+ 0t-1

(17)

A = annual capital cost [€/a]
IN = investment [€]
I = interest rate [%]

t = plant life time [a]

In net present value (NPV) method the costs and incomes from the investment are discounted
to present value with chosen hurdle rate. If the sum of result is above zero, the investment is
profitable, meaning the net incomes net present value is larger than initial investment costs.
The net income can be assumed to be equal between years. Equation 19 shows how to define
NPV. (Neilimo & Uusi-Rauva 2012, 220.)

_@+nt-1

= - 19
NPV == e S —IN (19)

NPV = net present value [€]
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In yearly costs inflation and growth rates on the product prices should be taken into account
to calculate exact yearly net inflows. As the growth or decline in the producer prices has
been unsteady and rather declining than growing in recent years, the annual growth rate is
assumed to be zero. From figure 27 can be concluded that the prices are reaching the level
of 2010 while the trend is still heading down.
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Figure 27. Producer price index 1/2010-12/2015. Domestic goods curve shows the change in manufactured
products’ prices compared to base year 2010 in domestic markets and export goods curve for export products.
PPI Total shows the combined curve. (Statistics Finland 2016.)

3.4.1 Total investment costs

Total investment costs are defined for the power plant and pre-treatment separately, to be
able to compare the components causing costs. The site for the plant is assumed to be
included to the power plant investment costs. The investments costs are assumed to fall on
the initial year even though the outlays can be divided for several years and some
replacement should be made in more distant years. The projects economically useful life
time is assumed to be 20 years, although the investment horizon is often infinite as repair
and replacements can be done endlessly, at least in principle. In the power plant, pressure
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vessel often limits the life time and maintenance costs tend to grow through the years finally

reaching the point where maintenance is no more advisable (Joronen 2016).

The fixed costs on pre-treatment buildings is estimated with average building costs. To
estimate the total investment on pre-treatment assumptions on start-up costs and working
capital have to be made. The costs of power plant and scenario 4 pre-treatment are gained as

combination of information gained on realized projects and with assumptions made.

The investment is divided to pre-treatment and power plant. When it comes to pre-treatment,
the offer includes only machinery and equipment meaning that some construction should be
added to the initial investment together with installation, planning, engineering and
supervision work costs. Investment costs for the pre-treatment machinery are obtained from
suppliers together with the space requirement. In real fixed investment evaluation the
investment prices would be studied by inviting product manufacturers or service providers
to tender. Instead of this, now only single tenderers products are inspected, when information
gained from suppliers is used. This applies to the scenarios 2 and 3. Scenario 4 differs from
these ones, as in this one, the initial investment is based on real life investment decision. The

reference case at the same time holds only half of the capacity as the case studied now.

For the pre-treatment the light pre-treatment equipment with the capacity of 100 000 t/a is
assumed to cost 5 M€ (Hakanperd 2015.). On top of this some money must be allocated for
construction work. If the construction work is assumed to cost 950 €/m? the investment for
the construction can be calculated (Haahtela & Kiiras 2015). The area required for the
production lines are 2100 m? in scenario 2 and 3400 m? in scenario 3 (Hakanperd 2015).
Installation of the machinery is assumed to make approximately 10 % of the machinery price.
Interest and supervision is 10 % of the costs of machinery, installation and construction and
3 % addition to the total investment is assumed to be caused by the interests during
construction time. The assumptions are based on cost structure of similar scale energy
investment projects (Marttila et al. 2008). Table 26 illustrates the calculation and the final

investment cost of the pre-treatment in scenarios 2 and 3.
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Table 26. Initial investment to the pre-treatment.

Scenario 2 Scenario 3
Machinery and equipment (A) 5000 000 € 6 200 000 €
Installation (B) =A*10 % = 500 000 € =A*10 % = 620 000 €
Construction (C) =2100 m?*950 €/m?=2 185 000 € | =3400 m?*950 €/m?=3 230 000 €
Engineering and supervision (D) | =(A+B+C)*10 %=768 500 € =(A+B+C)*10 %=1 005 000 €
Interest during construction (E) | =(A+B+C+D)*3 %=253 600 € =(A+B+C+D)*3 %=331 700 €
Total 8707 000 € 11 387 000 €

For the scenario 2B the incoming waste load was calculated to be 107 000 t/a, which can be
treated with the evaluated machinery. In the case 2A two parallel lines are assumed to be
build and so the costs are doubled. Some cost benefits may be achieved with bigger
production unit but the estimation is considered accurate enough (Hakanpera 2015). The
third scenario is already scaled for 200 000 t/a and the initial investment from Table 27 is

used with different operation times.

The fourth scenario is more complex to estimate. Similar plant without plastic separation
and half the capacity is known to cost 11 million euros (Ekokem 2015). The costs of two
similar lines can be assumed to be doubled to 22 million euros. In addition NIR separators
are added to the cost of eco refinery. Table 20 presented machinery investments and from
there investment on NIR separators can be assumed to make approximately 2.1 million
euros. In addition to the equipment, conveyors to the unit process and for the output streams
are needed as well. The process must also be built on supporting structure and guide through
and maintenance surfaces are added. From 30-100 % can be added to the machinery cost
itself depending on the amount of conveyors and automatization wanted (Rahikainen 2016).
With this assumption the NIR separators total cost can be assumed to be 3.15 million euros.

This addition would increase the total initial investment to 25.15 million euros.

Several grate firing plants exists in Finland, to which, a new plant can be compared to. The
coverage of the investment may vary. In some investments more capital for the site or access
to power or heat network may be needed. Also new and more complex technologies may

increase the investment cost.
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Some references were also gained for CFB. For the determination of investment costs of
grate incinerator and CFB, investment costs cost functions were formed. The data points
from reference cases where collected and set to table form, which can be found in Appendix
IV. With ordinary least square measure the best fit for the observed values was found and

the cost functions can be seen in Figure 28. The exiguous number of data points limits the
reliability of the method.
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Figure 28. Cost functions of grate incinerator and CFB.
By adding the power plant investment cost estimation achieved with the cost function, to the

pre-treatment plant investment costs estimation, the total initial costs are achieved. The
results are presented in Table 27.

Table 27. Investment costs in different scenarios in millions of euros.

- Pre-treatment Power plant Total
Millions of €
A B A B A B
Scenario 1 0 0 124.7 62.6 124.7 62.6
Scenario 2 17.4 8.7 113.8 72.5 131.2 81.2
Scenario 3 114 114 95.4 69.4 106.8 80.8
Scenario 4 25.2 25.2 89.8 77.0 115.0 102.2
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3.4.2 Operation and maintenance costs

The overhead costs from different operations can be defined, when the unit prices for
different components are known. The cost information is presented in Table 28. With the
estimation of utilized goods the total costs of the operation can be defined and the most

significant cost components can be found.

Table 28. Utility prices used in the calculation.

Utility Price Unit Source

Reject disposal 45 €/t Poyry 2015

Electricity 42 €/MWh Nord Pool 2015

Diesel 0.8 €/1 Statistics Finland 2015

Wheel loader rent 6000 €/month Ramirent 2015

Startup fuel 35 €/MWh Statistics Finland 2015b
Ca(OH)2 150 €/t Strémdahl 2015

CaO 115 €n Stromdahl 2015

Activated carbon 1000 €n Stromdahl 2015

NaOH 400 €n Stromdahl 2015

Ammonia water (25 %) 220 €n Stromdahl 2015

Process water 3 €/m? Stromdahl 2015

Waste water 2 €/m? Stromdahl 2015

Bottom ash disposal 30 €n Anderson 2015, Stromdahl 2015
Fly ash disposal 120 €n Anderson 2015, Strémdahl 2015
Personal 50 000 €/a/person | Estimated

Maintenance, power plant 35 €/MWh Stromdahl 2015

Maintenance, pre-treatment 1.5-25 €n Hakanperé 2015/Estimated

The residues from pre-treatment are estimated to be disposed or combusted at the same price
of 45 euros per ton as the income waste. With the disposal should be noted, that if the reject
material includes organic compounds more than 10 %, it cannot be disposed on a landfill as
organic waste disposal is banned. That is why it is assumed that organic rejects are directed
to grate combustion. When it comes to inorganic residues, the hazardousness of the material
should be evaluated and treatment and disposal chosen according to that. If rejects have to
be landfilled, the waste tax will increase the costs making the total disposal cost 110-140

€/t, of which waste tax comprises 70 €/t (Anderson 2015).
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Electricity price is estimated according to Nord pool average spot prices from last ten years
and diesel price is chosen according to the light fuel oil average price in 2015. The oil
products prices were relatively low that year. Start-up fuel is assumed to be natural gas and
it is estimated to cost 35 €/MWh according to energy prices in 2015. Chemical prices and
water treatment unit costs are achieved from another power plant costing study performed
by Stromdahl (2015).

Bottom ash disposal costs are typically 20-30 €/t, if the ash can be utilized in earthwork
projects (Anderson 2016). If the ash does not fulfill the quality criteria or suitable
applications cannot be found, the ash must be disposed on landfills. This will increase the
costs to 40-70 €/t, addition to which waste tax of 70 €/t in Finland have to be paid (Anderson
2016). Fly ash can be assumed to include more difficult compounds and the treatment and
disposal have to be done according to hazardous waste legislation. The costs for this are
dependent on the ash quality, typically varying from 120 to 200 €/t (Anderson 2016).

One person-work-year is assumed to cost for the operator 50 000 €/a. Maintenance costs are
assumed to be approximately 3.5 € MWh in the power plant in every scenario. This is not
necessarily quite correct as better fuel quality is likely to reduce the maintenance need and
also scale benefits may be achieved in larger plants. Still 3.5 €/ MWh is used in all scenarios
as the effect of above-mentioned circumstances are difficult to estimate quantitatively. The
maintenance costs of pre-treatment are estimated to be smaller but these include only wear
part costs as the maintenance personnel is assumed to be shared between power plant and
pre-treatment so that maintenance cost savings can be achieved. In scenario 2 the wear parts
are assumed to cost 2 €/twaste, and 1.5 €/twaste IN SCenario 3 (Hakanperd 2015). In scenario 4
the maintenance costs are unknown but as the process includes more unit operations the costs

are assumed to be higher and so the estimation of 2.5 €/twaste IS Used.

The costs from loading the waste to the treatment are assumed to comprise from machine
rental and diesel consumption. The machine rent is assumed to be 6000 €/month (Ramirent
2015.), the need is 12 months per year, and the diesel consumption 0.5 liters per ton of loaded
waste (Hupponen et al. 2014). Together with data from pre-treatment processes and costs
information from Table 26 the total costs per year for each cost factor can be achieved. The

operational costs for pre-treatment processes are presented in Table 29.



Table 29. Operational costs from pre-treatment.
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Absolute | Total cost | Unit costs | Absolute | Total cost | Unit costs

amount [k€/a] [€/twaste] | amount [k€/a] [€/twaste]
Scenario 2 A B
Residue disposal [t/a] 30381 1367 6.84] 16388 737 6.84
Electricity [MWh/a] 6 000 252 1.26| 3236 136 1.26
Maintenance, [€/MWh] 2 400 2.00 2 216 2.00
Personnel 8 400 2.00 6 300 2.78
Wheel loader [€/month] 6 000 72 0.36 6 000 72 0.67
Diesel [I/a] 100 000 80 0.40 40 983 43 0.40
Other 0 0 0.00 0 0 0.00
Total 2571 12.18 1504 13.94
Scenario 3 A B
Residue disposal [t/a] 10 892 490 2.45 7 381 332 2.45
Electricity [MWh/a] 4 000 168 0.84 2711 114 0.84
Maintenance [€/MWh] 2 300 1.50 2 203 1.50
Personnel 6 300 1.50 3 150 111
Wheel loader [€/month] 6 000 72 0.36 6 000 72 0.53
Diesel [I/a] 100 000 80 0.40| 34837 54 0.40
Other 0 0 0.00 0 0 0.00
Total 1410 7.43 925 6.83
Scenario 4 A B
Residue disposal [t/a] 11438 515 2571 10708 482 2.57
Electricity [MWh/a] 7430 312 1.56 6 956 292 1.56
Maintenance, [€/MWh] 3 500 2.50 3 468 2.50
Personnel 10 500 2.50 10 500 2.67
Wheel loader [€/month] 6 000 72 0.36 6 000 72 0.38
Diesel [I/a] 100 000 80 040 41819 75 0.40
Other 0 0 0.00 0 0 0.00
Total 1979 9.17 1889 10.09

Table 30 sums up all the operational costs from the combustion process in different

scenarios. The annual cost from each component is defined by multiplying the unit price

with the consumed quantity or production figure, to which the unit price is proportional to.
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Table 30. Operation and maintenance costs in different scenarios in thousand euros.

Scenarios 1A 2A 3A 4A 1B 2B 3B 4B
Electricity for power plant 1178| 1242 983 715 567 670 663 669
Startup fuel 97 87 69 50 47 47 47 47
Materials utilized 517 395 299 215 249 213 203 202
Sand 0 71 57 41 0 38 38 38
Ca(OH)2 0| 105 73 50 0 57 50 47
CaO 90 0 0 0 44 0 0 0
Activated carbon 134 118 90 66 65 64 61 62
NaOH 37 32 25 18 18 17 17 17
Ammonia water 176 0 0 0 86 0 0 0
Process water 70 60 47 34 33 33 32 32
Waste water 9 8 6 4 4 4 4 4
Residue disposal 2462 | 1043| 1093 985| 1197 563 741 923
Bottom ash disposal 639 235 264 245 311 127 179 229

Fly ash and APC residues

disposal 1823 808 830 740 886 436 562 693
Personnel 1500 1400| 1350| 1250 1250 1250| 1250| 1250
Maintenance 2304| 2076| 1653| 1196| 1120| 1120 1120| 1120
Others 0 0 0 0 0 0 0 0
Total 8057 | 6243| 5447| 4412| 4430| 3863| 4024| 4210

3.4.3 Incomes

Incomes in the processes are generated through selling goods: waste management services,
recycled materials, electricity and district heat. To be able to calculate the net profit, utility

prices must be set.

Waste producers pay gate fee to cover the costs of waste treatment to the waste receiver.
Gate fee is dependent on the area and affected by the market situation. In Finland over
capacity of waste incineration is expected to lower the gate fees, when the competition on
the sector increases. The gate fee in scenarios is assumed to be 45 euros per ton of waste as
received. (POyry 2015.) Usually gate fee is set to cover the costs from waste treatment
process, but now it is assumed to stay constant to keep the system competitive and

comparable. In waste incineration plants in Finland the gate fees can be a lot higher than
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now assumed. In a plant operated by Kotka Energy the gate fee for municipal solid waste
was set to be 68 euros per ton in 2013 (Takalo 2014) and in upcoming plant of Riikinvoima
in Finland the gate fee without transportation costs is set to 47 €/t (Ekokymppi 2014). With
Riikinvoima plant it must be taken into account that the power plant uses mankala-principle
intending that several smaller service subscribers together own a non-profit company
building and operating required services. Earlier in Laanila power plant Ekokymppi waste

management company paid 60-70 €/t gate fees. (Ekokymppi 2014.)

Recycled materials market isn’t yet well developed. Within some time period the value of
recycled materials may increase as the competitiveness of the technologies will increase, the
supply capacity will grow, and the quality of the material together with the material
reputation improves. Maybe the most commonly traded recycled materials are metals.
Viinikka (2015) assumed in his master’s thesis that the value of ferrous metal would be 84.5
€/t and 50 €/t for other metals. The quality of separated materials will affect the value greatly.
The purity of separated metals can be expected to range between 85-95 % depending on the

application. (Hakanpera 2015.)

Recycled plastics markets in Finland are yet so small-scale that realistic market prices are
hard to come by. Assumption is that with advanced refining processes and plastic grade
separation high quality secondary materials can be produced for material markets. The
recycled plastics market price is affected by the virgin material market price and availability.
Converters are usually willing to pay lower price for recyclates. Recyclates are also
unsuitable for many applications and the marketing advantages of using recyclates is not yet
strong enough to overcome the price gap (European Plastic Recyclers Association 2010, 10.)
From the Figure 29 it can be noted that the price of plastic waste is highly variable. The
lowest price around 200 €/t in 2014 is for imported plastic recyclates. The price of different
plastic types separated from mixed MSW with NIR separators can be assumed to be lower
than the price in Figure 29 as the material still needs to go through further processing and
the MSW origin may lower the quality compared to commercial or industrial sources. With
this in mind, the average price of separated plastic ton despite the plastic type is assumed to

be 100 €/t. The type of the plastic has a great impact to the recyclates unit price.
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Figure 29. The Price indicator of plastic waste in EU-28 according to trade flows. (Eurostat 2014.)

Fines fractions separated with drum screen is composed mainly of biomaterials but may
contain variable amounts of impurities. The sales value for this material is assumed to be
negative but it is dependent on the bilateral contract of the producer and utilizer. For
receiving biowaste the gate fee in Finnish biological treatment plants is from 60 to 100 euros
per ton. (Setald et al. 2011, 21). As biological treatment plants treating material separated
from mixed MSW does not yet exists in Finland, realistic price estimation is hard to make
and the price is assumed to be equal to source separated biowaste, 60 €/t. The price can be
assumed to be dependent on the quality of the material as well as on biological treatment
method used. The price assumed is realistic for anaerobic digestion. The quality of the
material may not be suitable for composting and other methods for biomaterials treatment
are not yet applied on full-scale on MSW derived biowaste in Finland. The question whether
the biological processes can be considered to be recycling processes is also relevant as clear
definitions does not yet exists and the use of end products from processes, such as digestate,

have to be solved as well.

Electricity price is determined in Finland by the Nord Pool power markets where produced
electricity is sold between nine Nordic and Baltic countries. The price of the electricity is set
on the market for different areas for each hour of each day as a spot price. In 2015 the average

spot price was 29.66 €/ MWh in Finland. The price of electricity has been relatively low
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recently but the power plant solutions should be made with predictions of longer-term
development in the electricity market. Still it is impossible to presume how the market will
develop in the future. The average price of the last ten years is 41.6 € MWh. (Nord Pool spot

2015.) Figure 30 illustrates the changes in electricity prices.
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Figure 30. Elspot system and are price in Finland 2005-2015. (Statistics Finland 2015c.)

Heat price is usually set case-specific, when the power plant produces both power and heat.
It is strongly dependent on the location of the plant, which affects the need for heat. To be
able to calculate the scenarios the price of 30 € MWh is used in the calculations as a heat

selling price. (Stromdahl 2015.) All the assumed sale prices are collected to Table 31.

Table 31. Utility prices for sold utilities.

Utility Price Unit Source

Gate fee 45 €/twaste Pdyry 2015

Ferrous metals 85 €/tmetal Viinikka 2015

Other metals 50 €/tmetal Viinikka 2015

Plastic 100 €/tplastic Estimated based on Eurostat 2014
Biomaterial -60 €/tvio Setédld et al. 2011

Power 42 €/MWh Nord Pool 2015

Heat 30 €/MWh Strémdahl 2015
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The cash inflow can be calculated using the prices and determined production volumes.

Annual cash flows from these sales are presented in Table 32. In Appendix Il all the

scenarios mass, energy and cash flows are presented case by case.

Table 32. Annual cash inflow from sales.

Thousand €/a 1A 2A 3A 4A 1B 2B 3B 4B
Pre-Treatment process 9000 9482 5108 6 538 4375 5115 3461 6121
Gate fee 9000 9 000 9 000 9000 4375 4855 6099 8426
Plastic 0 0 0 1674 0 0 0 1567
Ferrous metals 0 341 247 249 0 184 167 233
Other metals 0 141 122 122 0 76 83 115
Fines 0 0| -4261| -4507 0 0| -2888| -4219
Power plant 16 058| 14366| 11384 8 281 7616 7749 7682 7740
Electricity 5612 5930 4740 3431 2298 3199 3199 3199
District heat 10 012 8 436 6 644 4 850 5107 4 550 4483 4541
Metals from ash 434 0 0 0 211 0 0 0
Total 25058 | 23848| 16492 14820 11991 12864 11143 13861
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4 RESULTS

4.1 Feasibility analyses

The made assumptions between scenarios included process configuration and their utilized
goods, personnel need and investment costs. Based on these differences the scenarios could
be built to Excel tool utilizing explained calculation methods. The analyses are presented
dividing the costs and incomes into components and summing them up to estimate the final
profitability of the scenario with NPV method. The results are presented in Table 33 and a

comprehensive summary of the results is found as Appendix V.

Table 33. Results of financial analyses (Thousands of euros).

Millions of € 1A 2A 3A 4A 1B 2B 3B 4B
Annual operating costs 8.1 8.8 6.9 6.4 4.4 54 4.9 6.1
Pre-treatment 0.0 2.6 14 2.0 0.0 15 0.9 19
Power plant 8.1 6.2 5.4 4.4 4.4 3.9 4.0 4.2
Annual sales 246 | 238 16.5 148 | 118 | 129 | 111 | 139
Pre-treatment 9.0 9.5 5.1 6.5 44 5.1 35 6.1
Power plant 156 | 144 | 114 8.3 7.4 7.7 7.7 7.7
Annual net income 16.6 15.0 9.6 8.4 74 7.5 6.2 7.8
Total investment 1247 | 129.8 | 96.8 | 1025 | 63.4 | 816 | 76.4 | 99.1
Net present value 50.8 | 29.6 53 -133 | 145 | -22 | -10.8 | -16.8

From the NPVs can be seen that the first scenario is profitable with both defined constants.
The bigger scale in case A still brings notable economic benefits. The sales in scenario 1A
brings more incomes than any other A scenario meaning that the energy sales are more
profitable than material sales. Higher operating costs and investment in scenario 1A

compared to 3A or 4A does not overspend the sales incomes.

Second scenario is still profitable in the case A but the NPV is remarkable lower than in
scenario 1A. This is due to higher investment costs raising from more expensive power plant
with addition of relatively expensive SRF production lines. The pre-treatment production
line in 2A is more expensive than in scenario 3A due to additional costs needed for second
SRF production line. In scenario 3A the preliminary processing prior the same SRF
production line reduces the capacity needed for the SRF production line, decreasing the
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investment costs as well. The costs saved in power plant operation due to lower ash disposal
costs and material saving from combustion process achieved with removal of incombustible

fractions are not high enough to overcome the costs of pre-treatment and FBC technology.

It must be noted, that scenario 2 pre-treatment operation and maintenance costs are also
higher than in scenario 3 or 4, due to the same reason mentioned with pre-treatment
investment costs, the biological separation process with simple drum screen is cheaper
option, if biological material further treatment costs are not taken into account. The
preliminary treatment with drum screen removing large mass shares from the further
processes limits the capacity, energy and maintenance need in later, more complex and
energy consuming, unit operations. Sales incomes in the second scenarios are not that much
behind the first scenario but the pre-treatment seems to remove also material with energy
content from combustion resulting to lower energy sales. Higher efficiency on electricity
production cannot fill this gap and also the relatively low electricity price limits the
competitiveness. Metal removal in pre-treatment does not have significant effect on

profitability compared to scenario 1.

Scenario 3 is still profitable in case A but the NPV turns on negative side in the case B. This
is due to better exploitation of pre-treatment capacity, as in scenario 3A the pre-treatment
can operate 4000 hours per year while in B the capacity is needed only approximately 70 %
of the time. Also the power plant benefits from the economy of scale. Compared to other
scenarios relatively low investment and operating costs can be achieved with the scenario 3
but the poor incomes from sales lower the net income to non-competitive level. This scenario
produces the lowest incomes from pre-treatment. This is due to far on the negative side value
of biomaterial, which is not compensated by sales of other materials. Growing gate fees in
case B equalizes the incomes between scenarios. Also the sales from the power plant are
lower because of lower fuel mass to the combustion, which reduces the fuel power input,

even though highest heating values of all scenarios could be achieved.

Scenario 4 seems to be the most unprofitable of all the scenarios despite the set constant of
A or B cases. Basically the scenario 4A and 4B are very close to each other as the chosen
parameters of 200 000 t/a waste input and 40 MW fuel input seem to nearly fulfill in both

cases. Because of this the effect of scale cannot be examined in this case. The reasons for
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unprofitability can be found to be partly same as is scenario 3. The annual sales are low due
to negative value of biomaterial. Still, the plastic sales increase the pre-treatment incomes to
higher level than in scenario 3. The power plant produces less energy due to smaller mass
input and also due to lowered heating value of the produced SRF with smaller plastic fraction
and the sales of material in pre-treatment cannot fill this gap. The investment is also bigger
than in scenario 3, even though, the power plant has to serve relatively smaller capacity also

decreasing the operational costs from power plant operations.

Figure 31 shows the comparison between the scenarios as annual turnover estimated with
annuity method. Quick look on the Figure reveals that grate firing stays on the positive side
with larger or smaller volume of business. With the same waste input the plants with wider

pre-treatment are able to work on less capital but hardly or not at all able to reach the turning

point in overall profitability.
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Figure 31. Annual costs in different scenarios in thousands of Euros.
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4.1.1 SRF production

Cost of the pre-treatment can be examined, when the sum of operating and investment costs
and incomes is divided by the amount of produced fuel. This is done to track down the
limiting factors regarding feasibility. As the heating value changes between scenarios the
comparison is based on energy unit. Table 34 shows values calculated with annuity method
in each scenario. The annual result per SRF unit for power plant represents the minimum fee
the power plant should gain from receiving the SRF to work profitably. Table 34 also shows
that in every profitable scenario, the sum of results per SRF unit in pre-treatment process
and in power plant process stays on the positive side.

Table 34. Divided result per produced waste/SRF unit from pre-treatment and power plant.
1A 2A 3A 4A 1B 2B 3B 4B

Pre-treatment result

per SRF unit 13.67 8.88 5.55 6.39 13.67 8.71 4.57 5.81
[€/MWhsre]

Power plant result

per SRF unit -6.38 | -4.18 | -450 | -10.06 | -9.40 | -935 | -7.75 | -10.77
[€/MWhsge]

As the framing used in the study affects the final results and the applicability cannot be
assumed to be infinite, the calculation tool can be used to define the circumstances in which
the CFB alternatives would be competitive compared to baseline scenario. In other words
the NPVs would be equal to the baseline scenarios. The NPV in scenario 1A was calculated
to be 50.8 million euros and in 1B 14.5 million euros. Following variables, interpreted to be

the most important ones, were examined:

1.) Energy prices.
If the limiting factors of the SRF production are evaluated, it can be noted, that
energy prices do not significantly change the situation as changes would affect also
on the baseline scenario.

2.) The SRF purchase from the market.
In many cases SRF is produced by an external operator. The purchasing price of SRF,

with what the power plant operator could compete with grate firing, is presented in
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Table 35. The results would still require negative price for the SRF, so the producer
would have to be prepared to pay for the power plant to receive the SRF.

3.) Higher gate fee.
Mechanical material separation could benefit from treatment of waste according to
priority order, if waste producer is willing or imposed to follow the waste hierarchy.
This would probably still require a supportive assessment that environmental benefits
can be achieved. For the operation to be competitive option for grate firing the waste
producer would have to pay gate fees presented in Table 35.

4.) Higher price for recycled materials.
Higher material prices would benefit the scenarios 3 and 4. The price effect is
evaluated later in chapter 4.4.2.

5.) Decreased waste quantity.
If the EU achieves its circular economy targets the waste amount to energy recovery
would be decreased. In Finland the waste incineration capacity would not be
increased as it has already reached the targeted 50 %. Instead, incineration capacity
would have to be lowered. In less developed countries in regard of waste
management the incineration capacity would be increased at the first stage but later
moved more towards material recycling. This may release combustion capacity. The
fuel flexibility would in this sense be an advantage as the plant could still be operated
with full capacity.

6.) Total investment costs.
The investment costs in relation to waste input is lower in material recycling schemes
as more mass is separated with simple mechanical devices from following
mechanical unit operations and combustion. Yet, further processes for separated
fraction would require additional investment from external operators. If the
investment would be as low as presented in Table 35 the alternatives could compete

with the baseline scenario.

Table 35. Limiting values for the examined variables compared to baseline scenario.

Limiting factor Unit 2A 3A 4A 2B 3B 4B

SRF from the market |€/MWh 12.3 14.7 24.1 13.6 12.0 15.0
Higher gate fee €n 55.1 66.5 75.3 59.6 62.5 60.8
Total investment Me 108.4 51.2 38.5 65.0 51.1 67.8
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The defined values cannot be said to be feasible in every scenario. The circumstances may

also change simultaneously which is not taken into account.

4.1.2 Costs of recycling with mechanical treatment

The calculation tool can also be utilized in reverse analyses for example to examine how big
the gate fee would have to be, if the chosen scenario would be classified to be feasible with
the given interest rate and life time. This might be interesting in a social angle of view, if the
costs of material recycling are evaluated in a current context. For the analyses iterative
calculation is used with the assumption that NPV is set to zero and the result are shown in
Table 36.

Table 36. Gate fee with NPV set to zero.

Scenario 1A 2A 3A 4A
Gate fee [€/twaste] 21.0 31.1 425 51.3
Scenario 1B 2B 3B 4B
Gate fee [€/twaste] 310 46.9 52.5 53.5

From the gate fees it can be seen that with the same waste quantity the recycling increases
the waste management costs. When comparing the tons going to recycling from Table 19 in
scenario 1A and 3A, the increased costs for recycled waste ton would be 60.3 €/t and all the
additionally recycled material is biowaste. In scenario 4A the increased cost per recycled
waste ton is 65.8 €/t the recycled material being biowaste and some plastics. If the increased
costs in scenarios 3A and 4A are compared, the increase per recycled plastic ton would be
105.2 €/tpiastic. The price assumed for separated plastic was 100 €/t so if the price could be

doubled the costs of scenario 3 would be achieved.

4.2 Fuel quality

Fuel quality can be evaluated between the scenarios by comparing the results gained with
the calculation tool and made assumptions in scenarios of case B. The changes in waste
compositions can be seen in Figure 32. Scenario 1 can be considered as the initial data.
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Figure 32. Waste/SRF composition to combustion.

The share of biowaste is remarkably lower in scenarios 3 and 4 because of selective
treatment. The total amount of fuel is lower in these cases as well. This means that all the
other fractions constitute a bigger cut of the SRF. From scenario 4 it can be seen that even
when plastics are separated from the process, they still make a significant share in the

mixture.

Table 37 shows that the heating value can be improved by removing biological material,
which contains a lot of moisture, and inert materials from the process. With the used method
significant changes in the chlorine content could not be tracked and the same applies to
sulphur content. In the last scenario also plastics are removed and since the chlorine
concentrations doesn’t consider different plastic types but just the average, the calculation
method results into situation where some high chlorine concentration plastics are separated
as well. Ash share is assumed to be lowest in scenario 2 where mainly inert materials are
separated before incineration. In scenario 3 and 4 the fading effect of the major fraction,

biowaste, with relatively low ash share, is lost and the ash concentration increases again.



Table 37. Studied combustion properties in different cases.
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Scenario 1 Scenario 2 |Scenario 3 | Scenario 4
LHV. [MJ/kg] 11.8 141 16.5 13.8
Moisture content [%] 39.9 % 39.5% 28.5 % 32.7%
Chlorine content [%] 0.7% 0.8 % 0.7% 0.5%
Sulphur content [%] 0.1% 0.1% 0.1% 0.1%
Ash share, dry [%] 25.3% 129 % 18.6 % 21.5%

Seems that with more recycling the quality of SRF may even get worse in some categories
as the concentrations of hazardous substances are not gathered to output streams but more
concentrated on the SRF stream. This is because to material recycling processes large
fractions with good quality are wanted to be separated. The situation is balanced by reject
streams containing variety of fractions and fractions with higher concentrations of harmful

substances.

4.3 Effect of increased source separation

The estimated mixed MSW composition in 2030 from Figure 4 was set as input composition
into the calculation tool to evaluate the effects of increased source separation to the waste
treatment through changed waste composition. The biggest change in the input to the
treatment and also in the composition directed to combustion was the smaller share of
biowaste. The share of other combustible and incombustible fractions increased in
proportion. The same amount of these other fractions was assumed to be in the waste already
in the 2013 case, but as more waste is directed to recycling, these fractions gain importance.
The biggest effect would be the changed waste quantity but it was not evaluated. All the
other characteristics and input parameters were kept same. Some changes in recovery rates
and waste characteristics would be beneficial in achieving more accurate results but this

information was not available. The test showed following results presented in Table 38.
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Table 38. Cost breakdown from result achieved with estimated waste composition in 2030.

Millions of € 1A 2A 3A 4A 1B 2B 3B | 4B
Operation, Pre-treatment 0.0 -2.6 -1.5 2.1 0.0 -15 | -09 | -1.7
Operation, Power plant -8.7 -6.8 -6.5 -5.5 45 | -39 | 43 | -45
Sales, Pre-treatment 9.0 9.2 6.2 7.6 4.1 4.6 3.7 | 5.7
Sales, Power plant 16.7 15.5 131 10.3 7.4 7.7 77 | 1.7
Annuity, Pre-Treatment process 0.0 -1.6 -1.1 -2.4 0.0 -08 | -11 | -24
Annuity, Power plant -11.8 | -10.8 | -94 -8.8 -56 | 66 | 6.5 | -7.2
Total 2030 (Annuity method) 5.2 2.8 0.8 -0.9 1.4 -05 | -14 | -23
Total 2013 (Annuity method) 4.8 2.8 0.5 -1.3 1.4 -0.2 | -1.0 | -16

From Table 38 the difference between the annual net results with annuity method cannot
really be seen, as the final results between two waste compositions is so marginal. Some
variation in the analyses could be recognized. The operating costs were higher due to bigger
amount of generated residues both in pre-treatment and power plant operations. On the other
hand the biomaterial disposal costs in scenario 3 and 4 were lower due to smaller share of
biomaterial in the waste but this would also lower the achieved recycling rates with
mechanical separation. In the B scenarios less waste was needed to achieve the 40 MW fuel
input as the heating value of the waste was higher and less biomaterial was separated in
scenarios 3 and 4. This leads to smaller gate fees from receiving the waste but with higher

energy density per waste ton more energy could be produced.

4.4 Sensitivity analyses

Sensitivity analyses are useful tools to evaluate the model and the assumptions made. It takes
into account the uncertainties in the input parameters. It directs to the spots where
uncertainties are important and shows the most influential parameters in the modelling. The
tested parameters were chosen from operating and investment costs and prices and input
waste characteristics. Also demand data could be evaluated but was left outside to simplify
the procedure. All the price parameters used in the scenarios were tested by changing one
variable at the time 1 % around the estimate made. The most critical parameter were

identified by choosing the variables, which corresponded for the NPV change more than 1
%.
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For the price inputs to the model, the sensitivity was easy to define as only one parameter at
a time could be easily changed. Other tested input waste parameters were biowaste and
plastic shares, LHV, moisture and ash. While biowaste and plastic shares were changed each
one at a time by percent share of the original share, other fractions input shares were changed
collectively by the same percent unit as the tested fraction. The change was divided for
different fractions with the relation of the other fractions in the input waste. LHV could be
tested by chancing the LHV of all fractions with the defined percent simultaneously. Same
was done for moisture and ash shares in the waste fractions, except for the waste fractions
with assumed ash content of 100 %, which cannot be increased. Recovery transfer matrix
components were also tested by chancing all the elements, excluding those with a value of

100 %, simultaneously with the same percent share.

Figure 33 collects together the most sensitive parameters from all the scenarios. The critical
parameter varied between the scenarios but the most critical ones could be recognized by
picking the ones with highest effect. As the comparison was made to NPV, the changes in
scenarios with NPV close to zero the sensitivity tend to grow significantly larger.

Comprehensive sensitivity result can be examined in Appendix V1.



-30,0 %

Reject disposal cost

Electricity price

Biowaste share

Plastic share

LHV, dry

Moisture share

Ash share

Recovery rates

Flys ash disposal cost

Personnel

Power plant maintenance cost

Gate fee

Biomaterial price

District heat price

Pre-treatment investment

Power plant investment

Change in the NPV when changing the variable +1 %
-200%  -10,0% 0,0% 10,0 % 20,0 %

)
=
AN

i
e
ok

)

Ty
5

-81.9%

T

AR

|
AR

B

—
R R R R R R R R R R R R R R R R R
R

. :

—
ey
prrey

AR

-33.9 %

A
AR R R R R R R R R R R R R R R R R

ooy

H1A m2A ®B3A B4A ©D1B ®E2B ®m3B BE4B

111

30,0 %

Figure 33. Sensitivities in different scenarios of the most critical parameters.

Depending on the scenario either power plant investment or gate fee is the most sensitive
variable in the model. Second most sensitive is the energy prices lead by the heat price,
which is quantitatively larger sales article for the power plants. In some scenarios the heating
value of the input waste is more important as it is directly proportional to the produced

energy.
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4.4.1 Subsequent risk analyses

To examine the risks related to the input parameters the subsequent analyses are performed
for the parameters discovered to be the most critical ones in sensitivity analyses. The results
of sensitivity analyses was presented in Figure 33 and from there the most critical ones are
chosen by limiting the examination to the parameter which exceed the NPV change of +/-
10 % in one or more scenarios. In table 39 the most sensitive parameters and the made
hypothesis on their variation range is presented. The range is estimated according to
information gained during the thesis and by estimating the scale factor in which the

parameter can be assumed to vary.

Table 39. The analyses range for the chosen parameters.

Parameter Range Unit Source

Electricity price 14.9-56.6 €/MWh Figure 30

LHV, dry 16-26 MJ/kg Table 3/Calculated
Recovery rates -10-10 % Estimate

Gate fee 40-70 €/t Chapter 3.4.3.
District heat price 20-40 €/MWh Estimate

Power plant investment -30-30 % Estimate

When the parameter is changed and the NPV is calculated in seven evenly distributed points
within the range, Figure 34 and 35 can be drawn. From the figures the magnitude of the risk
related to the variation of the parameter can be estimated. For example, if the LHV of
scenario 3A would decrease to the lower part of the given range, the scenario would no
longer be profitable as the NPV sets below zero. In this manner the scenarios feasibility can

be examined if the limits of acceptable risk are determined.
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Figure 34. The subsequent risk analyses for the scenarios in case A.

The scenarios 3 and 4 are already on the negative side. Even though with higher LHV or

gate fees the scenarios could be profitable the risks related are high. The analyses may now

give a more realistic picture on the sensitivity as the parameters are compared in the range

of made hypothesis, even though some uncertainty is related to the determination of the

ranges. With wider risk analyses even better understanding could be achieved.



Millions of €
O

15

10

w

[=}

'
won

-10

-15

Millions of €

-20

-25

-30

-35

Scenario 1B

\/fﬁ

30

= /\ i

1 2 3 4 5

Scenario 3B

Millions of €
<

-30

20

10

(=}

1 2 3 4 5

——Electricity price
—Gate fee

—NPV (result)

-20

Millions of €

-30

-40

-50
7

LHV. dry

——District heat price

114

Scenario 2B

N~

Scenario 4B

Recov ery rates

—Power plant investment

Figure 35. The subsequent risk analyses for the scenarios in case B.

4.4.2 Effects and feasibility of the material recycling

The effect of changes in material prices was examined closer as material recycling increase

was the main reason to implement the study. Metals had quite minor impact on the overall

feasibility of the scenarios and metals markets are already well developed and it comprises

relatively small share of the overall MSW even though having a good sales value.

Biomaterial was assumed to have value far beyond the negative side. The effect of this

fraction to the feasibility of the scenarios 3 and 4 should be evaluated, as yet these scenarios

are far behind the other two, when it comes to profitability. In Figure 36 the effect of change

in biomaterial price to NPV in case A is presented for each scenario. The change does not
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have any effect on scenario 1 and 2 but they are presented as comparison. By changing the
biomaterial cost in Figure 36 the scenario 3 and 4 descriptors overcome the zero line and
scenario 1 and scenario 2 descriptors. At the point where the scenario descriptor crosses the
zero axis, the price with what the scenario is profitable can be estimated. With the horizontal
axis value in the cross point of 1A and 3A, the price hurdle for biomaterial, where the
scenario 3A becomes more profitable than all the other scenarios, is achieved. The value is
close to zero. Also other cross points can be used to gain information on biomaterial hurdle

prices.
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Figure 36. Effect of biomaterial disposal cost or selling price to the feasibility of the scenarios in case A with

constant waste input of 200 000 t/a.

For the scenario 3 to become the most feasible scenario the price would have to turn on
positive side. In this comparison scenario 4 does not seem to catch the scenario 3 within the

boundaries under review. By changing the plastic price this could be achieved.

Figure 37 shows the same comparison with scenarios in case B. In the case B the scenarios
3 and 4 cross the other scenarios with lower biomaterial prices because the NPV in the other
scenarios is already lower in the beginning. Because of the different perspective used in the
case B the scenario 4B also overrides the scenario 3. This is due to bigger gate fees
accumulated from bigger received waste masses into the treatment. When the biomaterial
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price increase, also more from the gate fee is benefited compared to the starting point where

the gate fee was lower than the biomaterial price.
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Figure 37. Effect of biomaterial disposal cost or selling price to the feasibility of the scenarios of case B with
constant fuel input of 40 MW.

The plastic price is also interesting parameter to analyze as the price estimation was found
out to be relatively hard and it is important in the regard of material recycling. Figure 38
shows a situation where plastic and biomaterial price is changed simultaneously in scenario
4B.
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From the picture the highest NPV on this scale is around 37 million euros with plastic price

of 200 €/t and biomaterial 0 €/t. The scenario seems to be more sensitive on biomaterial price

as the NPV zero can only be achieved with biomaterial price above -60 €/t in the used scale.
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5 DISCUSSION

5.1 Method

Waste characteristics and gathered data often include high uncertainties. This makes
theoretical analyses and methodologies hard to be established on waste, the reliance is
unstable and also practical reference might be hard to find with adequate confidence and
applicability. This has lot to do with the well-understood non-homogeneous nature of waste
and especially MSW. In that regard practical calculation tools cannot be applied without

consideration and critical mind set towards the results achieved.

In the study the input waste characteristics are important parameters. In this study the used
characteristics were partly from different sources and applied to new situation with some
further assumptions made. This leaves room for inaccuracy, which may be multiplied in the
calculation procedures. In the ideal situation the waste characteristics would be investigated
right from the beginning of sampling and sorting experiments through to the heating value
and elemental analysis with the purpose of the experiment in mind. However for waste these
experiments are large scale projects and some theoretical results supporting the hypothesis
have to be gained first.

The methodology used combined engineering knowledge from waste management and
energy technology to the financial analyses. The greatest uncertainties of these methods lay
on the financial part as the final results are most sensitive on this data. Part of the economic
data is also uncertain, availability is limited and the practical reference does not necessarily
exists, however, this data can be relatively easily improved in further studies. In the second
critical area, the waste management, the risk acceptability is harder to gain. Uncertainties
does not only concern the waste parameters, but also the waste treatment unit processes
performance is hard to measure and operational data can correlate to the special
characteristics in input or operational practice. Measures to examine this other than tests runs

are hard to come up with.
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5.2 Feasibility

In Finland waste-to-energy capacity is estimated to reach the maximum capacity needed in
few years. The plants are also relatively new so it can be assumed that there exists no demand
for new waste-to-energy concepts at least not ones for MSW and with a need for the entire
treatment chain. Some retrofit technology to increase the recycling rate may be taken

advantage of.

The concepts studied in the thesis were chosen according to existing supply of
manufacturers. For combustion technology already a lot of reference exists and the
technology in that part of the concept can be assumed to be well operative. The treatment
process may even improve the functionality, if problematic fractions can be removed more
effectively after biowaste separation. Plastic separation lowers the heating value but
simultaneously some harmful elements for the combustion process or environment might be
get rid of. On the other hand the share of unknown or mixed fractions in SRF increases,
which may lead to increased variations in the quality. The mixed fractions seem to increase
no matter how the recycling rates are increased, with mechanical treatment or source

separation.

When it comes to SRF production, the simple solutions, combining mainly crushing and
reject separation operations, have proven their functionality and references can be found.
The risks are already understood and can be prepared to. Scenario 3 combined biowaste
separation and biological treatment to the SRF production. In Finland the mechanical
separation from mixed municipal solid waste is not yet done so unexpected problems may
arise. The treatment of separately collected biowaste is done in Finland but plants utilizing
biowaste separated from mixed MSW are not yet operating. Although investment support is
already guaranteed for a project in Riihimaki using separated biowaste in anaerobic digestion
plant. (Keski-Korpela 2016.) The applicability of the material to anaerobic digestion and the
systems feasibility still needs to be tested and also the utilization of residues after the
biological process has to be solved. When it comes to other biological treatment options, the
stage of development is even more behind, as far as we know, no planned facilities or

promoting feasibility studies on the topic exists. Demand for energy products from biological
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operations can be assumed to exist but for solid or liquid side products development work

still needs to be done.

For plastic recyclates demand exists, if high enough quality can be reached with moderate
costs in further processing. Yet a receiver for unprocessed consumer plastic for further
treating the plastic into usable form can be hard to find at least in Finland. The costs for the

separation also tend to grow relatively high.

The biowaste price can be assumed to have great impact on the overall feasibility as the mass
of separated material is large and the price for treatment is high. In this perspective the
separation does not look attractive as the gate fee for separated fraction can be higher than
the received gate fee from mixed residual MSW. The separation might still be essential to
the further separation processes. In Finland mainly composting and anaerobic digestion from
the common bioconversion reactors are used to treat biowaste and so far none to treat
mechanically separated fractions. If composting is assumed to be inapplicable for separated
material, anaerobic digestion is left from well-known technologies. The price of biowaste
treatment should be lower for the MBT processes to be feasible. For this, new low-cost
bioconversion technologies or technologies producing more valuable end products would
have to be available. Also with shared solutions for the treatment of residues from different

stages of the treatment process, the costs could be reduced.

The financial analyses from the process shows quite clear results that currently the analyzed
alternative concepts do not seem profitable. On this ground the mechanical separation for
recycling does not seem profitable. In the future, if waste generators wish or are sanctioned
towards higher recycling rates, higher gate fees could turn the profitability on the positive
side. Simultaneously other regulation such as waste tax may push down the profitability as
some rejects are generated from the processes. Another matter that could increase the
profitability of MTB concepts is the price of recycled materials. For this, more efficient and
profitable further processes would have to be developed or added value for end products

using recycled materials should exist.

Also other future aspects may influence the feasibility of the scenarios. The waste quantity

in general should be reduced in Europe and waste incineration should be kept at the current
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level in Finland and increased in some European countries. The future trends may show the
need for more flexible solutions to be able to achieve the set target and environmental
benefits in the waste management, which grate firing plants with large capacities may not
serve. Waste management capacity must be build according to existing demand but the
future demand may differ from that. Later the overcapacity may lead to competition on

waste, which could hinder the development towards higher levels of priority order.

Regulation sets challenges and possibilities for all the scenarios. The down side is, that in
the circular economy concepts, clear framework concerning definition of recycling does not
yet exist. The calculation procedure for defining the waste treatment utilization rates will
effect on whether some concept has the potential to become the best practice. The issue often
raised in this matter is the concept of high-quality recycling. Some recycling operations may
be considered to be done to achieve the targets set and to emphasize the environmental
friendliness of the operation rather than truly striving towards circular economy and to the
reduction of environmental impacts. More time is needed to better understand the regulatory

boundaries and methods, which are feasible in that sense.

5.3 Further study

The method developed in this study was used to define the conclusions but before the validity
can be verified some applied science on the method should be done. This could include
laboratory analyses on waste characteristics or pilot scale test runs or such in existing
facilities. The need for such procedures should still be evaluated case by case more
thoroughly as the feasibility includes also other than technical boundaries, which should be

overcome as well.

Even if the feasibility of the concept in Finland was questioned, other areas like Poland and
France, earlier studied in the theory section, may proof to be feasible business areas. At least
in Poland the demand for new waste management solutions exists and in France the
popularity of MBT-processes is higher than in Finland and the waste incineration capacity
older.



122

Another still unexplored area is the waste from different than municipal origins. In this study
the residual MSW was chosen to be in the scope of the study. In the similar manner waste
from commercial and industrial sources could be analyzed as a potential input material for
different scenarios. These origins often serve waste with more homogenous and higher

quality than MSW, which could be beneficial in the recycling processes.

Even though the alternative concepts from scenarios 3 and 4 did not show much potential in
economical point of view environmental benefits may be gained. The environmental impacts
should also be evaluated with comprehensive study, for example with proper life cycle
assessment. Regulation shows the way towards recycling rather than incineration with
environmental arguments but whether recycling should be favored in this manner should be
proven. Studies may already exist meaning also review study and some analysis on their

applicability could be done.

5.4 Conclusions

Application of techno-economic comparison was one of the objectives of the study. The
waste characteristics data found proved that some kind of uncertainty is always related to
the waste data. The same can be said about mechanical treatment operational data. It is very
limited, applicability is questionable and it also plays a vital role in the assessment as could
be concluded from the sensitivity analyses. As the recyclable materials markets are not yet
established and real life reference is hard to find, the financial analysis are also challenging

to establish.

Another research question set in objectives was the effects of circular economy demands
into the feasibility of SRF production. The most significant of these demands in regard of
waste-to-energy is the demand to increase recycling. Recycling rate can be increased by
source separation, already relatively well established in Finland, and mechanical separation
of materials from mixed solid waste. The mechanical treatment concepts with separation of
materials to recycling are not yet widely applied in Finland for MSW. This leaves questions
for the technical functionality of the system in practice. However, a more severe concern is
that according to the results of the financial analyses, these concepts cannot function

profitably with made assumptions. If circular economy demands enable an increase in the
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prices of waste management services and recycled materials, the situation may change.
Problems concerning the treatment of materials separated to recycling and rejects from the
treatment processes still need to be solved, cost effectively. When it comes to the effect of
increase in recycling with source separation to the SRF processing and combustion
feasibility, the analyses did not show much difference in the results, when the estimated
waste composition in 2030 and the waste composition now were compared. A more severe
issue, in the perspective of waste processor, would be the minor waste quantities effecting

the demand for the service.
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6 SUMMARY

EU targets strive towards implementing waste hierarchy with targets set in proposed circular
economy package amending four waste directives. Solid recovered fuels (SRF) are fuel
produced form non-hazardous waste fulfilling a standardized criteria. The objective of the
master’s thesis was to examine how effects of material recycling increase can be studied and

what are the effect of it on SRF production and combustion feasibility.

The most important waste characteristics were considered to be heating value and moisture
and ash share in the material. From the MSW, SRF can be prepared with processing lines
combining different unit operations, like size reduction processes, often complied with
shredders, and separation processes where particle size separation, material density or optical
sensors can be utilized. From the main stream of waste, secondary streams can separated as
harmful element directed to disposal, or recovered materials going to further processing and
material recycling. Biological processes are commonly utilized in Europe for separated
biological share.

Waste or SRF produced from waste can be incinerated with grate firing or fluidized bed
technology to produce power and heat. The problems arising from combustion of
heterogeneous and unideal fuel must be acknowledged. Optimized solutions are needed in
fuel feeding and ash handling equipment, heat transfer surfaces and in flue gas treatment.
The generated solid residues, bottom ash, fly ash, and air pollution control residues, must be

treated and disposed according to the quality of the residues and demands of the legislation.

In the study four scenarios were built to compare the feasibility of different waste-to-energy
concepts with different levels of material separation for recycling. The first scenario was
baseline scenario of grate firing where source separated waste is incinerated in grate
combustor and metals are afterwards separated from the ashes. Second scenario was a
scenario utilizing circulating fluidized bed technology. Prior to the combustion of waste, the
waste was shredded and metals for recycling and harmful compounds for the combustion
process were separated. In the third scenario the SRF production line from scenario 2 was
equipped with pre-treatment line including pre-shredder and drum screen for the removal of

organic materials from the process. The fourth scenario utilizes partly the same equipment
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as the previous ones. This scenario was created to add a plastic separation possibility to the
SRF preparation. The line started with pre-shredding and drum screen followed by metal
separation processes. In this concept a ballistic separator divides the waste stream into two
separate streams of 2-dimensional and 3-dimensional fractions. From these streams different
plastic types can be recognized with near-infra-red sensors and ejected with air nozzles.
Finally the rest of the waste is prepared into SRF by shredding the waste into desired particle

size.

The material and energy flows in each scenario were defined using calculation procedures
in the developed Excel computation tool. Two cases were analyzed to benefit the needs of
different stakeholders. First, scenarios were analyzed with constant waste input of 200 000
tons of waste per year in each scenario and secondly a constant fuel input of 40 MW per
years for the power plant was exploited. By defining the costs and prices of different
purchased and sold articles and total investment costs, the total yearly net inflow could be
defined for each scenario. The results from the analysis were calculated as net present values.
Positive NPV means that the scenario is profitable. The table 40 shows the results of different

scenarios.

Table 40. NPV values from different scenarios in thousands of Euros.

Scenario 1A 2A 3A 4A
NPV [Million of €] 50.8 29.6 5.3 -13.3
Scenario 1B 2B 3B 4B
NPV [Million of €] 145 -2.2 -10.8 -16.8

Scenarios 1A, 1B and 2A could be concluded to be safely on the positive side, while
scenarios 4A, 3B and 4B did not look attractive. Scenarios 3A and 2B were close to zero and
the sensitivity analyses showed that with small changes in the input values large variation in
the profitability could occur. In the analyses the most sensitive parameters were found to be:
the used recovery rates for different pre-treatment unit processes, power plant investment
costs, gate fee, and energy prices. Also waste input characteristics were found to be relatively

sensitive.

The study showed that with the made assumptions the scenarios with mechanical separation

for recycling were not feasible. Not only the economical sustainability would have to be
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overcome but also issues related to demand, policy and technical feasibility were recognized.
The developed computational tool could not observe all the risks and uncertainties related to
input data and calculation procedures, which leaves the liability of the interpretation partly
on competence of the applier. Further studies on the topic could be related to other
geographical areas, other waste origins and waste properties. Environmental impacts
assessment with life cycle assessment or as review study would also provide more

comprehensive approach to the problem.
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Appendix I, 1

Recovery transfer function matrix components.
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Appendix Il. Made assumptions on combustion technology.

Appendix 11, 1

[MWh/MWh]

Combustion technology CFB Grate |Source
Operation time h/a 8000 8000 | Assumed
Air coefficient 1.15 1.15| Assumed
Chemical consumptions
Sorbent usage in molar
. . - 1 1 [ Strémdahl 2015
relationship Ca/S
Active carbon mg/m3 100 100 | Strémdahl 2015
S self-reduction % 80 % 0 % | Stromdahl 2015
Cl self-reduction % 10%| 10 % | Stromdahl 2015
. . Hupponen et al.
Ammonia water consumption | kg/twaste 0 4
2014, 90
Ash split
Bottom ash % 60% | 70 % [ Stromdahl 2015
Empty pass ash % 2% 5 % | Stromdahl 2015
Fly ash % 38% | 25 % | Stromdahl 2015
Sand consumption kg/MWhtuel 2 0 | Stromdahl 2015
Startup fuels
Number of start per a 4 4 | Strdmdahl 2015
use of installed burner capacity | MW/MW 50% | 50 % [ Stromdahl 2015
capacity of solid fuel input MW/MW 70% | 70 % | Stromdahl 2015
Start duration h 24 24 [ Stromdahl 2015
Water consumption
Demineralized water
) ) %, [kgs/kg™] 1% 1 % [ Strémdahl 2015
consumption, share of steaming
RO plant, excess water of
) 75 % 75 % [ Stromdahl 2015
steaming
RO plant, excess water to sewer 25 % 25 9% | Stromdahl 2015
NaOH consumption kg/h 4 4 | Stromdahl 2015
Water for FGC, Temp in °C 160 160 | Stromdahl 2015
Water for FGC, Target temp
) °C 140 140 | Stromdahl 2015
cooling
. ) %, Calculated,
Electricity consumption 7% 6 %

Stromdahl 2015
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Appendix IV, 1

Appendix IV: Investment cost information.

CFB, investment cost information (Stromdahl 2016.)

Capacity (t/a) Investment cost (€)
50 000 51 300 000.00 €
170 000 123 000 000.00 €
300 000 180 000 000.00 €
450 000 240 000 000.00 €

Grate, investment cost information (Viinikka 2015.)

Capacity (t/a) Investment cost (€)
100000 51300 000.00 €
120000 82 500 000.00 €
120000 71 500 000.00 €
150000 102 700 000.00 €
150000 94 200 000.00 €
180000 141 000 000.00 €
180000 100 000 000.00 €
300000 121 300 000.00 €
340000 300 000 000.00 €
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d results.
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Sensitivity of tested parameters
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