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ABSTRACT

Determination of the fossil carbon content in
combustible Swedish municipal solid waste

This project aimed to determine the fossil carbon content in municipal solid waste used as a fuel in
Sweden by using four different methods at seven geographically spread combustion plants. In total, the
measurement campaign comprised 42 solid waste samples, 21 flue gas samples, three sorting analyses
and two investigations of fossil carbon content by using the balance method. The fossil carbon content
in the solid waste samples and in the flue gas samples was determined by using an accredited laboratory
for C+ analysis. From the C'4 analyses it was concluded that about a third of the carbon in solid waste
is of fossil origin. The two other methods, based on assumptions and calculations, gave similar results
in the plants where they were used. Furthermore, the chemical characterisation of all the solid waste
samples showed a relatively homogeneous composition in terms of the elements present. A systematic
error for the solid sampling method was discovered during the project, making the total measurement
uncertainty 14 % fossil carbon, compared to 3 % fossil carbon for the flue gas samples. It was also noted
that the accuracy of determining the fossil content by sorting analysis is greatly affected by knowledge
of, and correct data for, different waste fractions, and particularly for the plastic fraction’s moisture
content.
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AMS  Accelerator Mass Spectrometry
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SUMMARY

The results from this project show that the proportion of fossil carbon in municipal solid waste used for
combustion in Sweden is about one third. The conclusions are based on results from four different analysis
methods used in seven waste combustion plants in Sweden. Each plant took six solid waste samples
and three flue gas samples, and both types were analysed in terms of the proportion of fossil carbon
at Betalab Inc. in Miami, USA. In addition, all solid waste samples were also used for further chemical
characterisation, which gave a good picture of the waste’s chemical composition and its variations. In
addition to the solid samples and flue gas samples, three of the plants performed sorting analyses, and
two plants used the balance method to calculate the fossil content by using the software BIOMA®. The
balance method is a method based on the fact that there are several fundamental differences between
how the biogenic carbon and the fossil carbon react in a combustion process. These differences allow
separation of the processes by computer models.

The results from the chemical characterisation of the waste show that the difference between the
samples that contained high proportions of industrial waste (nearly 80 %) and the municipal solid waste
were not as great as first expected. The main parameters, such as the amounts of carbon, oxygen and
hydrogen, show a relative standard deviation of less than 10 %. The mean calorific value of all samples
was measured to be about 11 MJ/kg.

The results from the fossil proportion study of all solid samples and flue gas samples indicate fossil carbon
proportions of 36 % and 38 % respectively. This corresponds to a fossil carbon share of approximately
10 % by weight in a waste mixture. The two other methods, based on assumptions and calculations, gave
similar results in the plants where they were used. Simplified, it can be said that a third of the waste
that is combusted in Sweden has a fossil origin. During the project, a systematic error was discovered
in the solid waste sampling method. The method delivers too low results when there is a low proportion
of fossil carbon in the waste, and slightly too high results when there is a higher proportion of fossil
material in the waste. The total measurement uncertainty (i.e. the sum of the random and systematic
errors) is estimated to amount to 3 % fossil carbon for the flue gas samples, while the solid sampling
method has a much greater uncertainty due to the systematic error, amopunting to 14 % of fossil carbon.
The accuracy of determining the fossil proportion by sorting analysis is greatly affected by knowledge
of and correct facts about different waste fractions, mainly the moisture content of the plastic fraction.

The balance method was evaluated over a three-month period by installing the software in one plant, and
using previously logged data from another plant to perform calculations. Overall, the balance method
is a user-friendly method, but there are some areas that need to be further developed before it is fully
suitable for this application. The method was used for only a short period of time in this project, which
means that there are significant potential to improve the measurement uncertainty for continuous use.

Besides investigating the fossil proportion of the waste, the project also included investigation of the
usability of various methods. However, it is difficult directly to compare the different methods used
in this project as, in addition to estimation of fossil carbon emissions, the methods provide other
information, of value to the plant owner. The choice of method can also be affected by factors other than
direct determination of the fossil fuel emissions.
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1. BACKGROUND

The waste management sector will very probably be facing changes in national policy measures over
the next few years: it is likely, for example, that emission rights for the fossil carbon proportion in
domestic waste will be introduced in 2013. Changes such as these emphasise the importance of methods
for correct determination of the proportions of fossil carbon and biogenic carbon in emissions from
waste combustion plants.

The methods that are used today to estimate emission quantities of fossil carbon from waste combustion
are based on sorting analyses and rule-of-thumb calculations, which most probably result in a simplistic
view with a risk of major sources of error. Analysis results from a smaller feasibility study that was
performed by Renova in Géteborg showed that the proportion of fossil carbon dioxide from waste
combustion can be lower than had previously been assumed. This project (i.e. as of this report) was
initiated as a result of the Renova project in order to perform a careful investigation and to collect
material for a discussion of the role of waste combustion in a climate-aware waste management and
energy system. The results can then provide a basis for better assessment of the climate effects of
waste combustion, and also provide material for discussions of various policy measures, such as green
electricity certificates or emission rights trading.

Sweden is not the only country that has started to investigate the matter of direct fossil carbon emissions
from waste combustion. Work is in progress, or is being started in, for example, Denmark, Holland and
the UK.

1.1 Project aims

The aim of the project has been to determine the proportion of fossil carbon in the waste that is burnt
in Sweden, and to evaluate the advantages and drawbacks of four different methods of determination,
namely:

1. sampling of the solid waste,

2. flue gas sampling,

3. calculations using the balance methods, and finally

4. modelling based on sorting analyses.

As the work has resulted in the taking of a large number of solid waste samples, it has also provided a
potential basis for chemical characterisation of the waste that is burnt in Sweden.

The long-term and overall aim of the project has been to provide the industry and public authorities
with high-quality data for coming discussions on changes to future policy measures concerned with the
waste field.



1.2 The project group

The project was initiated and financed by Swedish Waste Management in 2010. Other financers of the
project are the Swedish Energy Agency and the seven participating waste combustion plants: Diva
CHP plant (Umed Energi), Hogdalen (Fortum), Handel6verket (Eon), Tekniska Verken in Link&ping,
Ryaverket (Bords Energi och Milj6), Renova (G6teborg) and Sysav in Malmo.

Project management has been in the hands of SP Technical Research Institute of Sweden, together
with a management group of representatives from each of the participating plants, Swedish Waste
Management, the Swedish Energy Agency and the Swedish Environmental Protection Agency. Others
involved in the project have been Miljomitarna AB, Ramboll Energy, and Profu who, in that named
order, have performed flue gas analyses, balance method calculations and sorting analysis calculations
respectively.

1.3 Legal requirements and regulations

Waste combustionis an area thatis well regulated. Itis covered both by regulations for waste management
and by regulations governing the energy sector. Regulations and policy measures for the sector have
been concerned with various aspects: however, here we consider only some of those that are relevant in
connection with the proportion of fossil carbon in waste.

The taxation of waste when used as a combustion fuel has been investigated on several occasions. The
most recent of which are "En BRASkatt? - beskattning av avfall som férbrinns” [”A burning tax? —
Taxation of waste used as fuel”] [1] and ”Skatt i retur” ["Tax back”] [2]. After a number of consultation
circulations, and various changes, the former resulted in domestic waste being included among the fuels
that would be taxed under the Act Concerning Tax on Energy [3] that was introduced on 1st July 2006,
while the latter provided the main reason for excluding domestic waste under the same Act with effect
from 1st October 2010.

There have been several reasons for taxing the combustion of waste. On the one hand, the wish to
achieve greater quantities of materials recovery, while on the other the aim of fulfilling the overlying
aims of the Swedish energy system (such as combined heat and power [CHP] production). When waste
was so taxed, it was on a rule-of-thumb basis that 12,6 % of municipal solid waste (MSW) consisted of
fossil carbon. In addition, it was only domestic waste that was taxed. The use of an assumed proportion
of fossil carbon was due to the fact that it was regarded as too difficult and expensive to measure the
actual proportion of fossil carbon. Skatt i Retur also pointed out these factors, and noted that, apart from
its effect on CHP production, the tax did not deliver the policy effect that it was supposed to do.

The situation today is that there is another rule-of-thumb value for the proportion of fossil carbon in
domestic waste. Tt is set out in the Act Concerning Guarantees of Origin, which came into force on 1st
December 2010, and in which 60 % of energy from domestic waste is regarded as being from renewable
sources.

The new trading period of the EU Emissions Trading Scheme (ETS), from 2013 to 2020, includes co-
combustion plants. The status of the Swedish combustion plants, which are traditionally regarded as
waste combustion plants, is unclear, and it may be so that ‘ordinary waste combustion plants’ will fall
within the remit of the system from 2013. This has created additional pressure to measure fossil carbon
emissions, as ETS requires high accuracy in determination of emissions. The accuracy required assumes,



or is based on, the use of more homogeneous fuels, such as oil or coal, but affects waste used as fuel as
the rules require the same accuracy regardless of the type of fuel. Work is at present in progress on
drafting regulations for measurement and monitoring in connection with ETS. As these regulations have
not yet been published, it can at present only be noted that the results of this project are of particular
relevance to legislative aspects as well as to the purely quantitative aspects.

1.4 Earlier studies in Sweden
Profu’s 2003 report “CO, utsldpp frdn svensk avfallsférbranning

1%

[4] describes investigation of what
proportion of the fuel burnt in Swedish waste combustion plants should be regarded as being of fossil
origin. The results are based on the composition of waste, as reported by Swedish waste combustion
plants to RVF? from 1996 until the date of the study. In the report’s conclusions, Profu states that
about 14 % by weight of the incoming waste is of fossil origin. The report is also summarised, with an
additional preface and comments, in RVF’s report no. 2003:12 [5]. The report’s results provide the basis
for guidelines such as 85 % of waste used as fuel should be regarded as biofuel, and recommendations
that the CO, factor for combustion of waste should be just 25 g/MJ of fuel in official reports.

On its own initiative, Renova in Go6teborg has investigated five fuel samples taken in 2008 from the
Siavenids CHP waste combustion plant. The samples, of mixed waste, were taken from the waste bunker
using the same method as used in this project. The proportion of carbon-14 was then analysed, although
by an as-yet-unaccredited laboratory. These first results showed a proportion of fossil carbon in the
mixed waste of only about 10 %, which was very much lower than the value that had been assumed in
the rule-of-thumb values employed by public authorities and the waste sector today [5]. As the results
of these first analyses were unexpectedly low, the samples were analysed again, by Beta Analytics in the
USA, which is an accredited analysis laboratory. These analysis results showed a fossil carbon content
of closer to 30 %, showing the importance of using the services of a laboratory that is accredited for
determining fossil carbon proportions.

17CO, emissions from Swedish waste combustion”.
2 RVF has since changed its name to Avfall Sverige (Swedish Waste Management).



2 METHODS

2.1 Sampling plan

The project involved seven waste combustion plants, geographically distributed across the country from
Malmd in the south of Umea in the north, and using either travelling grate or fluidised bed boilers as
typical of the country’s waste combustion plants (see Table 1). Over the period from October 2010 to
August 2011, all seven plants took six representative waste samples and three flue gas samples, and also
created two “fossil-free” waste samples (see 2.5.3 below). In addition, four ofthe plants also performed
sorting analyses to produce data for future calculations / modelling, while two plants also evaluated
application of the balance method (see 2.6 below). All the methods were applied in such a way as to
produce a representative 24-hour sample. The samples were also distributed in time, in order to produce
a matrix that was as representative as possible of a year’s combustion of waste in Sweden. The sampling
matrix shown below (Table 2) shows when the samples were taken at each plant.

Table | Plants in the project

Renova Goteborg Grate
Sysav Malmd Grate
Umea Energi Umea Grate
Fortum Hogdalen Stockholm Grate
Tekniska Verken Linkoping Grate
EOn Handeloverket Norrkoping Fluidised bed
Boras Energi och Miljo Boras Fluidised bed

Table 2 Theproject sampling matrix.

H
AR

Renova A A A A, R, FIF AR F
Sysav A A A AR F AR A, R,

F, P
Umea Energi A A A F F F AR

A
AR F

Fortum Hogdalen A A A ARF ARF ARP
Tekniska Verken A A A, AR AR ARP
Eon Handeloverket A A A ARTF AR A RF
Boras Energi och Miljo A A AR AR A R, F AR

A = Solid waste fuel sample, R = Flue gas sample, P = Sorting analysis for calculations, F = Fossil-carbon-free waste sample



2.2 Sampling of solid waste fuels

Taking samples of waste is a complicated process due to the uncertainty of being able to ensure a
representative sample from a relatively heterogeneous mixture. A sample, with a mass of only a few
grams, to be used for the chemical analysis, is intended faithfully to represent the composition of the
materials in a large waste bunker. A sample can be used if sampling has been correctly performed and
in a representative manner, but with the reservation that it represents only one particular body of waste
and its unique composition at the time of taking the sample. A better picture of the fuel composition is
gradually built up by taking repeated samples over a longer period of time. The complexity of sampling
is considerably affected by whether the waste fuel has been pre-treated by crushing or not before it is
burnt. See Appendix 1 for further information on the sampling.

Sampling the solid waste fuel was performed by the personnel of each plant.

2.2.1 Grate-type boilers

As most of the waste to be burnt in a grate-type boiler is not crushed and mixed before it is burnt
in the boiler, samples from this group have a high heterogeneity. This means that the fuel requires a
complicated sampling process in order to ensure that the resulting samples are representative. An earlier
investigation looked into the quality of the results of a method for sampling and dividing heterogeneous
waste, and this method has been used in this work here described [6]. The method starts with the crane
operator mixing the material in the waste bunker, and then lifting out a first sample mass of about 5-7
tonnes. This is then crushed and mixed, before dividing down to a final sample of 30 kg. A sampling
method based on CEN/TS15442 was therefore used when taking the samples from plants having grate-
fired boilers. The resulting samples were then sent for final test preparation and analysis, with some of
the material being saved in case it should be needed for any future analyses.

2,2.2 Fluidised bed boilers

In the two plants that have fluidised bed boilers, the incoming waste stream is pre-treated and crushed,
and thus also mixed. This means that a sample can be taken relatively simply by positioning a spade
directly in the falling stream of waste before it enters the bed for combustion. A representative 24-hour
sample (i.e. 30 kg) can be collected by taking several samples over the 24-hour period. The final sample
volume is then sent for test preparation and analysis, with some of the material being saved in case it
should be needed for any future analyses.

2.3 Fuel analyses

2.3.1 Element analysis

All the samples were prepared and analysed at SP’s accredited chemical test laboratory. The samples
were divided and ground in accordance with procedures and standards for the preparation of samples
for analysis. Each samples was analysed in respect of presence of main elements, analysis of ash-forming
substances (inorganic components with a concentration of normally g/kg of dry fuel), and a trace element
analysis (components present in low concentrations, normally as mg/kg of dry fuel). Table 3 shows the
various methods of analysis that were used, and which parameters that were analysed in the samples.



Table 3 Analysis methods employedfor thefuel samples

Moisture SS-EN 14774-2
Ash content SS-EN 14775

S, Cl CEN/TS 15289
C,H N CEN/TS 15104
Calorific value SS-EN 14918
Ash-forming elements (Al, Si, Fe, Mn, Ti, Ca, Mg, Ba, Na, K, P) Mod. ASTM D 3682
Trace elements (As, Pb, Cd, Cr, Cu, Co, Ni, Zn, V, Mo, Sb) Mod. ASTM D 3683
Mercury EPA 7473

2.3.2 Determination ofthe proportion offossil carbon in solid waste samples

The ground and prepared samples from the chemical analysis were sent to Beta Analytic Inc., an
accredited laboratory in Miami, USA, for measurement of their proportion offossil carbon. The samples
were analysed by Accelerator Mass Spectrometry, in accordance with SIS-CEN 15747.

2.4 Flue gas sampling

Flue gas samples were taken on three occasions at each plant in accordance with ASTM D7459-08. As
this method is based on a constant gas flow rate over a period of time (equivalent to a sampling flow rate
ofabout 12-15 ml/min), the plant needs to be operating with a relatively constant load. The standard sets
out approved limits for by how much the flue gas flow may vary ifthe sampling method can be regarded
as producing a sample that is proportional to the total flue gas flow. To confirm this, at least one plant
operating parameter that could be directly linked to operational stability and boiler load was therefore
logged while the samples were being taken. Examples of these parameters are flue gas flow rate, fuel
feed rate etc. As it was performed in accordance with the standard, the flue gas sampling in the project
can be regarded as equivalent to flow-proportional sampling. The samples were taken for a period of 24
hours downstream of flue gas cleaning, in parallel with sampling of the solid waste at the same time. A
total of 20 litres of flue gas was collected over 24 hours. This sample was then proportioned down, with
a 5-litre sample being sent for fossil carbon analysis and the rest being saved as a reserve. The samples
were analysed by Beta Analytic Inc. in Miami, USA, by Accelerator Mass Spectrometry in accordance
with SIS-CEN 15747.

Sampling was performed by Miljomatarna i Linkoping AB.

2.5 Determination of the proportion offossil carbon

2.5.1 Background concentration

Calculating the proportion of fossil carbon in a material involves relating the measured value to a
background concentration thatis representative ofthe age ofthe material. Thisbackground concentration
represents the quotient of the 14C/12C isotopes in the atmosphere at the time that the material was
growing, and thus absorbing carbon dioxide.

The quotient ofthe 14C/12C isotopes in the atmosphere has been measured since the 1950s, and shown in
Error! Reference source not found, as pMC (Percentage Modern Carbon). The clear peak in the middle
of the 1960s was caused by atmospheric nuclear weapons tests, after which the relative atmospheric
concentration of carbon-14 declined. pMC in a fossil material has a value of zero, while that in young
biomass (such as grass or food) has a value equivalent to the present-day atmospheric value, i.e. 107.
Older biomass - e.g. 40 years or 20 years - will show respective pMC values of 131 and 114 (Figure 1).
Ifthe material is relatively homogeneous (e.g. a homogeneous biofuel), and has grown during a limited



period of time, its background concentration can be estimated relatively accurately. Things become
somewhat more complicated for heterogeneous materials such as SRF (Solid Recovered Fuel) or waste,
as the carbon fraction is heterogeneous. This means that a representative background concentration in
waste is a mix of various pMCs, ranging from present-day values to as far back as perhaps the 1930s.
SIS-CEN/TS 15747:2008 recommends an assumed value of 112 for pMC of SRF. This value has been
calculated for an assumed mix ofthe various carbon sources.

Figure | Relative carbon-14
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2.5.2 Calculation offossil carbon
The following formula is used to calculate the proportion of fossil carbon as measured in the test:

(Co2, X (PMCuppml/~)

(PMGJ/
/too
Cfossil = Fossil carbon, (%)
Ctotal = Total measured carbon, (%)
pMCuppmatt = Measured quotient in the sample, (%)
pMC”p = Calculated background concentration, (%)

Example: An SRF sample, i.e. with an assumed background concentration (pMC”") of 112, gives a
measured value of 61,7 pMC and contains 52,0 % C. From the equation, the proportion of fossil carbon
is 71,4 %.

It is clear that the background concentration is important for the result, which meant that the project
group decided to investigate the possibility of measuring a representative background concentration for
waste by creating fossil-free samples of waste.

2.5.3 Fossil-free waste — a reference

Two additional samples of waste were taken at each plant in order to determine a background
concentration for use in the project. One sample, of unopened waste bags, was divided down by the
same method as before, to produce a representative sample of about 30-50 kg. The fossil materials in
this sample ware then removed (to the best of the samplers’ abilities), and the remaining "fossil-free”
sample was sent for further analysis.



2.6 The balance method

The balance method is a method of calculation based on mass balances and energy balances, which
together produce an overdeterminedequation system, taking operational data from the plant’s existing
control system. The most important input data is the balance between oxygen consumption and carbon
dioxide formation in the process. The method is based on the fact that there are several fundamental
differences between how biogenic and fossil carbon react in a combustion process, which makes it
possible to separate the reactions. Examples of these differences are:

Carbon / Oxygen ratio: Fossil fuels, such as plastics, have a high ratio of carbon to oxygen. In extreme
cases, such as polyethene, the proportion is infinite, as polyethene does not contain any oxygen at all. A
typical biomass material, on the other hand, such as cellulose (-C.H
ratio of nearly 1.

10

0)-,, can have a carbon/oxygen

Oxygen consumption: The higher oxygen content in a biogenic material means that it consumes less
free oxygen (i.e. free oxygen in the combustion air) when it is burnt.

Energy content: Generally, fossil materials have a higher energy content, as biogenic materials contain
more water and less inert material per unit of mass.

Combustion of waste produces CO,, while oxygen from the air is consumed in accordance with the two
general reactions below, specific for the two types of carbon sources:

A. Biomass (cellulose): (-C,;H, 0,-), + 60, —>»6CO, 5H,0

B. Fossil (Polyethene plastic): (-CH,-CH,-) + 30, —»2CO, + 2H O

There is, in other words, a difference in the amount of O, used by the two reactions. Reaction A uses
1 mol of O, for each mol of CO, produced, while Reaction B uses 1,5 mol of O, for each mol of CO,
produced, giving a difference of 50 % in O, consumption, depending on whether it is biogenic or fossil
carbon that is the source of the CO,.

Starting from the two extremes, of 100 % biogenic material and 100 % fossil carbon material, we can
calculate theoretical values of calorific value (HV___ , kj/kg) and oxygen consumption (O __ ). A

plausibility test to check whether the calculated values are reasonable — i.e. whether they lie within the
limits of what is possible — can also be performed.

Information on the following process parameters is required in order to perform the calculations:
Continuous input data

« 0, and CO, concentrations in the flue gas (actual value, dry, %)

+  Waste quantities (tonne/h)

»  Masses of bottom ash, filter ash and filter cake

»  Flue gas quantity (Nm3/h)

»  Steam production (tonne/h)

»  Steam pressure and temperature (bar and °C)

»  Feed water temperature (°C)

» Quantity of additional fuel (oil [tonne/h], gas [Nm3/h] or [for example] sludge [tonne/h]).

Of these parameters, it is the measured O, and CO, concentrations in the flue gas that are the most
important for the calculations.



Predefined input data

Water content in the bottom ash (slag), %

Water content in the fly ash, %

Slag content in the waste, excluding metals, %

Energy efficiency of the boiler, (%)

0O, content of the combustion air, %. (Normally atmospheric air, but there are occasions when it is
sometimes enriched or changed.)

See Appendix II for further information on the balance method.

Rambdéll AB performed all balance method calculations, using the BIOMA® program.

2.7 The sorting analysis method
2.7.1 Sorting analyses

Four of the plants (Renova, Sysav, Fortum Hégdalen and Tekniska Verken) performed their own sorting
analyses in accordance with Avfall Sverige’s instructions for sorting analyses [8]. The results were then
used as input for calculation of fossil carbon proportions.

The sorting analyses divided up the waste into the following nine primary fractions, with the plastics and

‘Other’ fractions being further divided into secondary fractions:

Biological waste (“Biowaste”)
Paper

Plastics:

»  Soft plastics

«  Expanded plastics foam

»  Hard plastics packaging

»  Other plastics

Glass

Metal

Other inorganic

Hazardous waste

Electrical and electronic waste
Other:

+  Woods

o Textiles

»  Absorbent hygiene products
+  Miscellaneous

The sorting analyses were performed by plant personnel or sub-contractors at each plant, with the

subsequent calculations performed by Profu, using its models.



2.7.2 The calculation method
The model links each fraction from the sorting analysis to an assumed chemical composition of the

fraction. In this project, this information has been taken from Profu’s “Avfalls-Atlas?” data base, which

contains chemical analyses of various waste fractions such as paper, plastics and glass. In this way, a

description of the following parameters can be built up for each fraction:

Moisture content

Dry solids content (TS)

Carbon content (C) as % of dry solids (both biogenic and fossil contents)
Hydrogen content (H) as % of dry solids

Oxygen content (O) as % of dry solids

Nitrogen content (N) as % of dry solids

Sulphur content (S) as % of dry solids

Ash as % of dry solids

Combining data on the composition of each sorting analysis (percentage by weight) and the chemical

composition of each fraction enables the chemical composition of the waste as a whole to be calculated,

from which the biogenic and fossil carbon proportions can be determined. If it is assumed that all carbon

is oxidised to carbon dioxide, then the biogenic, fossil and total emissions of carbon dioxide can be

calculated.

An effective calorific value of the entire body of waste was also calculated in order to be able to relate

emissions to the delivered quantity of energy from the waste.

See Appendix III for further information.

3 Waste Atlas.
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3 RESULTS

3.1 Chemical characterisation of waste

A chemical characterisation of all the waste samples taken from the seven combustion plants over a
ten-month period was prepared for evaluation. Some of the plants burned only MSW, while some of
the others burned (in some cases) waste containing an admixture of up to 79 % of waste from business/
commercial sources. However, despite these relatively large differences in the waste fractions, the results
of the chemical characterisation show relatively little spread. The main parameters, such as carbon,
oxygen and hydrogen, show a relative standard deviation of less than 10 %, while more product-specific
elements such as sulphur and iron exhibit a higher standard spread. Together, the 42 samples had an
average moisture content of 38 (805,9) %, and an effective calorific value of 11 (SDi,s) MJ/kg. The
results from selected parameters are shown in the three diagrams below. All data can also be found in
tabular form in Appendix 14.

Figure 2 Calculated average values, with standard deviation,
for the 42 analysed samples of waste. Concentrations are
expressed as percentage ofdry solids by weight.

Figure 3 Calculated average values, with standard deviation,
for the 42 analysed samples of waste. Concentrations are
expressed as percentage ofdry solids by weight.

Figure 4 shows the average composition of the waste mixture as burnt in Sweden. As expected, the
clearly dominating elements are carbon, oxygen, hydrogen, silicon and calcium. Proportions of other

elements do not exceed 1 %.

Summa Sparamnen Figure 4 The calculated average composition ofwaste burnt in

Sweden. Values are expressed in percentage by weight ofdry

i Kallra solids.

MedelsanmansSttnlng avfallsmixen
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3.2 Determination of fossil carbon in waste by chemical analysis

The quantity of fossil carbon in the waste was determined by analysis of the solid waste (a total of 42
samples, being six samples from each plant), and by sampling the flue gases (a total of 21 samples, being
three samples from each plant). The six solid waste samples were taken at times spread over the whole
sampling period, such that both summer and winter fuels were represented (see the sampling plan in
Table 2). Figure 5 shows the results from both measurements, expressed as the proportion of fossil
carbon in the total carbon quantity, which can also be read as the proportion of fossil CO, in the total
CO, emission.

All the results can also be found in Appendix V, expressed as fossil carbon kg/Gj and as fossil carbon per
tonne of waste.

Figure 5 The proportion offossil carbon or CO0! in the total
quantity ofcarbon in waste burnt in Sweden. The proportion of

o 1 st waste fi-oni business sources varies fi-oni o to 79 % among the
various samples. Blue diamonds indicate the results fi-oni solid
waste sampling, and the red squares indicate the results fi-oni

Slue gas sampling. All data has been calculated with an assumed

Awkdrhembetertell 89 background value ofloypMC.

Two of the results - one flue gas sample and one solid waste sample - are clearly deviant, and have
therefore been excluded from further calculations. Statistical analysis of the results shows that there is
no link between the date of sampling and the proportion of fossil carbon, but there is a weak correlation
with whether the waste consists of MSW alone, or whether it includes waste from commercial sources.
However, there is no correlation with the proportion of admixture of waste from commercial sources.

The results ofthe solid waste sample analyses indicate a mean value of36 % (SD7) offossil carbon in the
total carbon quantity in the samples, which is the same as saying that the waste contains a total of 10 %
of fossil carbon by weight. Mean value calculations ofthe flue gas analyses give approximately the same
results; that 38 % (SD5) ofthe CO, has a fossil origin.

3.2.1 Background concentration in the waste

As part ofthe work ofthe project, a further 14 samples (two from each plant) were taken, and the fossil
material in them sorted and removed from the samples before they were analysed. This was done in
order to try to create a fossil-free waste sample that could be used to give a measure of the background
concentration of fossil carbon in the heterogeneous biogenic waste fraction/ Section (2.5.1) (above)
describes how the background concentration was calculated.

Table 4 shows the measured levels of background concentrations, from which it can be seen that all the
samples exhibit a lower value than that of the present-day atmosphere (107 pMC). This indicates that
it is most likely that all the samples are contaminated with fossil material, and that sorting to remove
such material was not entirely successful. Another hypothesis, although less likely, is that all the waste
samples contain high proportions of biomass that are older than the 1960 value (Figure 1).
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Table 4 Background concentmtions (pMC quotient of carbon-14 and carbon-12) in waste samples
[from whichfossil material has been removed.

101,4 +0,5 104,6 +0,3
104,7 +0,4 104,2 +0,3
91,7 +0,5 101,0 +0,3
102,5 +0,5 98,5 +0,3
102,0 +0,5 102,2 +0,5
90,7 +0,4 105,4 +0,3
103,2 £0,3 N.D

N.D.: No data, as the sample was destroyed before the analysis was concluded.

As we cannot be certain that our measured background concentrations are correct, their values will not
be used in the calculations ofthe proportion of fossil carbon in waste. Unless otherwise stated, all results
have been calculated using a background level of 107 pMC, as recommended in the standard (SIS-CEN

15747).

3.2.2 Calculation offossil carbon in waste with different background concentrations

The final reported fossil concentrations depend on the background concentration with which the sample
is compared. Figure 6 shows the significance of the reported fossil carbon proportions for two different
pMC levels. The two levels can be regarded as representing minimum and maximum levels of fossil
carbon in waste, as probably not all biomass is “young” biomass (food waste), and the proportion of
wood waste fractions is hardly exceeds the value in an SRF mixture. The reported value increased by a
little over two percentage points ifthe background value for SRF is used instead of 107 pMC as given in
the standard.

Figure 6 The significance ofcomparison background
RBlgsprovacning concentration measurementsfor the reportedfossil

concentration. The average valuesfrom the solid waste

samples (blue diamonds) and theflue gas samples

(red squares) are shownfor tivo different background

concentrations.

Ny biomassa pMC=107

3.3 Four methods of determination of the fossil carbon content of waste
In addition to determining the proportion of fossil carbon in waste burnt as fuel in Sweden today, the
work of'the project also aimed at evaluating the advantages and drawbacks of four different methods of

determination offossil content.

3.3.1 Comparison ofsolid fuel sampling and flue gas sampling

The two methods are both based on the collection of samples and subsequent isotope analysis for
determination of the proportion of fossil carbon. In order to be able to compare the two methods, the
sampling was planned so that, as far as possible, the two types of samples (solid waste and flue gases)

were taken at the same time.
Figure 7 shows the difference between the results from the parallel samplings on three occasions in each

plant. A systematic difference between the results from the two methods can be clearly seen. At low
concentrations of fossil carbon, the solid waste sampling method shows lower concentrations, while at
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high concentrations it shows higher proportions than the results from flue gas sampling. This systematic
error between the two methods was not noted when only the average values and standard deviation were
compared, as the systematic errors at the lower and higher concentrations cancelled each other out.
Which ofthe two methods can therefore be regarded as giving the most correct result value?

Figure 7 Differences in measured concentrations between the

*oe

crushed waste, while the black rhomboids show values from

o O - . .

H . . solid samples and the simultaneous flue gas samples, plotted
3 00 against the measured concentrations in the solid waste samples.
= # o 1 | *Roster . L. X .

H o 20 ~7N40 s w0 o Yellow circles show values from fluidised bed boilers burning

* grate boilers burning unti'eated waste.

Uppmffit ha* i fact avfal

Based on the material that we have obtained in this project, we feel that the flue gas methods gives the

most correct measure of the proportion of fossil carbon. This is because:

* in comparison with sampling of solid waste fuels, flue gas sampling collects from a relatively
homogeneous source, which reduces the potential for error;

+ the method provides a figure for the quantity offossil carbon emitted from the plant.

As yet, we have no reasonable explanation for the cause of the systematic error: this would need to be
further investigated in a project intended specifically to find the answer. Data from this present project
does not show any systematic link to the proportion of commercial waste or to pre-treated or untreated
waste. The results from this statistical analysis of the two different methods of measurement show how
important it is that methods should be carefully compared with each other in order to reveal any errors.

The total uncertainty of measurement in the two methods is an estimate of the random and systematic
errors in the sub-areas shown in Figure 8. The total uncertainty of measurement ofthe flue gas sampling
method in this project is estimated as 3 % offossil carbon, as against the considerably higher uncertainty
value of 14 % given by the solid fuel method, due to the systematic error in that method.

Osakerheter
relaterad till hur Osakerheter Osakerheter
val proverna relaterade till relaterade till
represented hela provtagning och bestamning av
avfallet | Sverige? neddelning. fossilt kol.
vv VV.

Figure 8 The total uncertainty ofmeasurement in a method consists of estimates ofthe random and

systematic uncertainties in the three defined sub-areas.

Taking samples of solid waste is a relatively complicated process that requires considerable resources
in terms of personnel and equipment when dealing with unprocessed waste. Sampling waste that has
been processed and crushed is not particularly complicated or demanding of resources, as the samples
can be taken from a falling stream ofwaste, which also simplifies the taking ofa collection of many small
samples over a longer period of time and then adding them together. However, all solid waste samples
require further treatment and sample preparation before their fossil carbon contents can be analysed.
One advantage of sampling solid wastes is that it permits other chemical characterisation ofthe waste,
and also allows samples to be kept for future analyses.
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By comparison, sampling flue gases is relatively simple to do, but it needs to be done by someone who
knows how to work in the way specified by the relevant standard. In addition, the plant must have
suitable access points for sampling the flue gases. The gas is collected in a sampling bag, which can then
be sent offfor analysis without any pretreatment. The drawbacks ofthis method are that the boiler must
be operating in a relatively stable mode while the samples are being taken, as the sampling method is
dependent on a steady flue gas flow. In addition, there is a slight risk ofthe sample being lost when being
sent for analysis, unless double samples are taken.

When all is said and done, the various methods cost about the same if it is borne in mind that the
services of a consultant are used for flue gas sampling and that more of the company’s own personnel
are involved in sampling sold waste materials. The cost of taking samples of waste in a plant where
the waste is fragmented before combustion is considerably less; only about a little over a third of the
cost of sampling untreated waste. The cost of analysis for determining the proportion of fossil carbon
can probably be substantially reduced if a simpler method of analysis - liquid scintillation - is used
instead of AMS. However, although its performance is not as good as AMS, and so it is no longer used
for archaeological dating, it would probably be sufficiently accurate for determining the proportion of
fossil carbon in fuels.

3.3.2 The balance method

The balance method was evaluated at two plants: Renova, where the BIOMA® program was installed for
three months, and at Sysav, where previously logged data was used for post-collection processing by the
program. The results from, and experience of using, the balance method are described below.

3.3.2.1 Experience from Renova, Goteborg
As the program was installed at the plant, it enabled the project to obtain experience ofhow the software
works under real conditions for three months.

Figure 9 presents the results from BIOMA® as weekly mean values ofthe proportion of fossil CO,, in the
flue gases, together with the estimated proportion of the waste being from non-domestic sources. It can
be seen that five values of calculated fossil carbon content differ from the others: they occurred during
the weeks when a replacement instrument for oxygen and carbon dioxide measurements was being used.
The accuracy of these two parameters is particularly important for the results, as the calculations are
largely based on carbon/oxygen ratios. The replacement instrument that was used measured an oxygen
content that was, on average, about 0,2 percentage points higher than the reading from the normal
instrument, while its carbon dioxide measurement was about 0,9 percentage points lower than that from
the normal instrument. These relatively small differences in measured values had a very considerable
effect on the calculated value of fossil carbon in the flue gases (Figure 9). A check calculation, using
corrected measured data, returned calculated values of fossil content to the normal levels,

Figure 9 The proportion offossil carbon dioxide in the flue
gases as weekly average values, as calculated by the BIOMA'
program (green triangles) and approximate proportion of
commercial waste in the waste mix (blue dots), plotted against
week numbers.
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It can also be seen from Figure 9 that the proportion of fossil carbon in the flue gases exhibits a declining
trend from winter to summer, which also coincides with a lower proportion of waste from business
sources in the mix.

A brief overview of the user-friendliness of the program

The software licence was restricted, which meant that Renova did not have access to all the essential
functions during the test period. One of the effects of this was that the proportion of fossil carbon was
not reported on-line by the software, but had to calculated afterwards by Rambéll and the University of
Vienna (which had developed the program). In its present version, the program is intended primarily to
indicate the proportion of non-fossil energy. It would be desirable for the proportion of fossil carbon to
be calculated on-line, and for the results to be included in the automatic reports that the program can
produce. Further, if the program is to be useable, it is essential that the licensing aspects between the
three parties (the waste combustion plant, Rambdéll and the University of Vienna) should be cleared up.

If the software is to be used to calculate the direct fossil carbon emissions from a plant, it is important
that the plant has checked that the necessary input data is available in the correct format and that it is
of good quality. The apparently minor changes in the oxygen and carbon dioxide concentrations caused
by the use of the spare instrument during the test period resulted in a doubling in the calculated value
of fossil carbon proportion, which indicates that the method is very sensitive to the quality and values
of the input data.

The additional value of using the program is that, in addition to being told the proportion of fossil carbon
dioxide, users are also told what proportion of the energy being produced derives from fossil carbon.
This is information that is of interest for further discussions on guarantees of origin and on electricity
certificates. The software also delivers a probability value for the measured values, reflecting the quality
of the data produced by the plant’s instruments.

3.3.2.2 Experience from Sysav in Malmé

Table 5 shows the results of the calculations, based on logged process data from Sysav for the period from
1st December 2010 to 27th February 2011, showing that 52 % of CO, emissions during that period were
fossil-sourced. However, the uncertainty of the results is relatively large, due to unknown uncertainties
in the input data from the plant. The weight of the waste fuel, for example, has not been measured
by/from the crane: instead, the total quantity of waste has been calculated from weighing scale data,
with the quantity being supplied to the boiler being estimated visually, giving an estimated uncertainty
of 8 %. In addition, uncertainties of how the steam has been used in the process introduce further
uncertainties to the calculations.
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Table 5 Results from BIOMA-, calculated for Sysav between 1st December 2010 and 27th February
2011.

Total calorific value of the waste 10060 583 kl/kg
Total calorific value of the biogenic portion 4697 1366 kl/kg
Total calorific value of the fossil portion 6269 1455 kl/kg
Proportion of calorific value from biogenic sources 39% 10% %
Proportion of calorific value from fossil sources 61% 10% %
Proportion of inert material in the waste 12% 2% wt-%
Proportion of biogenic material in the waste 62% 18% wt-%
Proportion of fossil material in the waste 26% 7% wt-%
Proportion of CO2 emissions that are biogenic 48% 9% %
Proportion of C02 emissions that are fossil 52% 9% %
Tonnes fossil CO2 emission 33819 ton
15,8 ton/h
380 ton/day

3.3.2.3 Comparison ofthe balance method

Figure 10 shows the results oftests using the balance method and flue gas sampling performed at Renova

and Sysav. The balance method results are shown as mean values over time and its standard deviation.

It should be noted that there is good potential to reduce the spread of results for this method at both of
the plants by logging data continuously over a longer period and by improving the quality of parts ofthe

input data. For Renova, the calculated results from the balance model are in relatively good agreement
with the measured flue gas concentrations, while there is a somewhat greater difference between the two
sets of results for Sysav, which could be due to uncertainties in parts ofthe input data.

Figure 10 Comparison ofthe results obtainedfor two
plants by the balance method and byflue gas sampling.
Three approvedflue gas tests were obtained at Renova,
in parallel with application of the balance method
over a period of three months. The balance method
results are shown in the diagram as mean values, with
the standard deviationfor the measurement series. At
Sysav, twoflue gas test results were approved, while
the balance method was evaluated using historical
data. In this case, too, the balance method results are
shown as mean values over the time, with standard

deviation.

Estimating the direct emissions of fossil carbon from waste combustion by the balance method, rather
than by sampling the flue gases, is a relatively simple process that requires little in the way of additional
personnel resources. However, it does require the program to be able automatically to report the value
of fossil emissions, and also requires the plant to be able to provide good quality input data for the
calculations. A bonus here is that, in addition to information on fossil carbon, the software also provides
information on other process parameters of interest to the plant operator.
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3 3 3 The sorting analysis method

A sorting analysis was also performed at four of the plants on about 500 kg of mixed waste. After the
analysis was performed, the sample was remixed and a representative quantity was sent for further
chemical analysis of its fossil carbon content. This procedure, of simultaneous sampling, provides a
direct comparison of test methods, as two different methods of determining fossil carbon were used on
the same waste sample from the process.

Table 6 shows the results ofthese sorting analyses in terms ofthe main fractions into which the waste was
sorted. Unfortunately, the results from one of the four plants could not be used for further calculations,

as some ofthe fractions had not been separated in a comparable manner.
Table 6 Resultsfrom sorting analyses ofmixed wastefi'om the waste combustion plants

Type of waste 40-45 % domestic 100 % domestic waste 100 % domestic waste
waste and 55-60 %
commercial waste

Composition (%)

Bio-waste" 24,8% 14,6% 31,4%
Paper 20,8% 37,6% 23.2%
Plasticsl 15,8% 25,7% 13,8%
Glass 1,8% 3,4% 1,4%
Metal 3.8% 3,1% 2,8%
Other inorganic 3,0% 0,4% 2,7%
Hazardous waste 0,1% 0,1% 0,1%
Electrical and eclectronic 0,6% 0,1% 0,3%
Otherl 29.3%

15,1% 24.5%

a) At Tekniska Verken, this fraction was divided into food waste and garden waste.

b) In all three sorting analyses, this fraction was divided into soft plastics, foamed plastics, hard
plastic packaging and other plastics.

c) In all three sorting analyses, this fraction was divided into wood, textiles, nappies, sanitary prod-
ucts and similar, and miscellaneous. See Appendix Il for all data on secondary fractions.

Data from the three sorting analyses was then used as input for further calculations of fossil carbon
contents (Table 7). It can be seen that the calculated fossil CO, emissions are clearly linked to the
measured proportions ofplastics in the sorting analyses. The results of the sorting analyses as shown in
Table 6 show that Fortum’s waste had by far the greatest plastics content, which is reflected in Table 7
by Fortum having by far the highest fossil CO, emission.

Fortum’s waste clearly differs from the two other combustion plant wastes in terms of its plastics
concentrations. Where there are less differences between the results of the sorting analyses in terms
of their plastics contents, as is the case for Renova and Tekniska Verken, the composition of the rest
ofthe waste plays an important part in deciding the fossil carbon content. An important reason for the
differences between Renova and Tekniska Verken is that, in Goteborg, the ‘Other’ fraction consisted
largely of wood (in which the carbon is treated as too % biogenic), while the same fraction in Tekniska
Verken was dominated by nappies, sanitary products etc., in which 64 % of the carbon is treated as

fossil-sourced.
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Table 7 Proportion offossil carbon, calculated using sorting analysis data as the input

Fossil carbon as proportion of total carbon 31 48 38
(percentage by weight)

Fossil carbon per tonne of waste 9,5 15 9.4
(percentage by weight)

Fossil carbon (kg/GJ) 8,1 12 10
Fossil CO) (tonne/tonne of waste) 0,35 0,54 0,34
Fossil C0? (kg/GJ) 30 43 36

The calculated results are directly dependent on the chemical composition assigned to each fraction.
This means that the identification and description of the plastics fraction is particularly important, as
it plays a large part in determining the amount of resulting emissions of fossil carbon. A key parameter
is that of moisture content, as it affects both the calculated carbon content and the effective calorific
value. The figures given in the table above have used an assumed moisture value of43 % for the plastics
fraction. This assumption is based on earlier estimates of dirt contamination of plastics fractions [8].
Figure 11 below shows the results of a sensitivity analysis for the calculated proportion of fossil carbon
in relation to the total carbon content if the moisture content increases or decreases by 20 percentage
points.

Figure 11 Estimated proportion offossil carbon in total carbon
fi-oni calculations with different assumed values of moisture
content in the Plastics 'fraction

Appendix III provides a more detailed description ofthe results.

3.3.3.1 Comparison ofresults from sorting analyses and isotope analyses

The calculated results can be compared with those from the parallel isotope analysis on the same
quantity of waste (Figure 12). A clear difference can be seen in the sorting analysis method results from
those for Fortum and those for Tekniska Verken. As described above, the assumed moisture content of
the plastics fraction plays an important part in the final result. Ifthe moisture content increased by 20
percentage points, the calculated proportion offossil carbon becomes ofthe same order as that reported
by chemical analysis (Figure 11). The calculated values for Renova agree fairly well with those from
chemical analyses. A reasonable explanation for the fact that these results are in better agreement is that
the assumption ofthe proportion of moisture in the waste sample was easier to determine, as the Renova
waste mix consisted of more wood and less plastics than either the Fortum samples or the Tekniska
Verken samples. However, the conclusion from this is that knowing the value of moisture contents in the
waste and in the various fractions is most important in determining how accurate the calculated results

are, which is a clear limitation ofthe method.
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Figure 12 Comparison oftheproportions offossil carbon in waste,
as given by the sorting analysis method calculations (yellow
dots) and corresponding isotope analyses (blue rhomboids) of
solid waste. The grey tiiangle indicates the average value, with
standard deviation, oftheflue gas samples takenfi-om the same
plant.

One advantage of the sorting analysis method is that, once the necessary basic work has been done
in the model, it is straightforward to enter the sorting analysis results and obtain output results. In
comparison with the other methods evaluated in this project, the cost of the actual evaluation method
itselfis probably quite low. However, the overall cost ofthe method is relatively high, as sorting analyses
have to be performed at frequent intervals in order to ensure that the samples are representative ofthe
waste being burnt.

3.3.4 Evaluation ofall four methods in one plant

All four methods were evaluated at one plant, although based on different numbers of actual individual
tests. Another difference is that two of the methods - solid waste and flue gas — are based on isotope
analysis, while the two other sorting analyses and the balance method are based on a number of
assumptions in the models that then perform the calculations. Figure 13 shows a summary ofthe results
obtained from the different methods tested at Renova in Goteborg. The five differing measured values
for the balance method are due to measurement errors. It can be seen from the figure that the samples
were taken on three different times: around Week 5, Week 15 and after Week 25. The results from the
different methods at the different sampling times do not differ very much from each other.

Figure 13 Proportion offossil carbon in relation to total carbon
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1 m 5 and December oftheprevious year. Thefive differing valuesfi-om
the balance method are the result of an incorrectly calibrated
instrument.
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It is difficult directly to compare the results from the four methods as, in addition to their estimates
of direct fossil carbon emissions, they also provide other information that is of value to the plant
operator. The choice of method can therefore by influenced by circumstances other than those of direct
determination of fossil carbon emissions. The following is a comparison of the methods in respect of

their estimated uncertainty of measurement, resource requirements and user-friendliness.

Solid fuel sampling

Uncertainty of measurement: The total uncertainty of measurement for determination of the
proportion of fossil carbon, including the systematic error, is estimated as amounting to 14 % of fossil
carbon.
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Resources: For a plant burning untreated waste, this sampling method requires relatively substantial
resources in terms of personnel for sampling, and space and equipment for sampling and division of
the waste. However, the method is considerably simpler for a plant burning crushed waste, requiring
only one person who, at regular intervals during the sampling period, abstracts samples from the falling
stream of waste in the plant. The costs for sampling and analysis of untreated waste are estimated as
about SEK 20 000 — 30 000 per sample, while those for crushed waste are estimated as a maximum of
SEK 10 000 per sample.

User-friendliness: Sampling of untreated waste is a relatively labour-intensive process, but it can be
done if the plant has the necessary space and equipment to do so. Sampling of crushed waste is a more
user-friendly and simpler process. Advantages of both types of waste are that sampling also offers the
opportunity of chemical characterisation of the waste, and that a prepared sample can easily be saved
for a long period of time for sometime future analyses. An important drawback of the method, however,
is that it includes an unexplained systematic measurement error. In addition, regardless of whether it is
taken from pretreated waste or not, the sample must be further prepared for laboratory testing before
its fossil carbon content can be determined.

Flue gas sampling

Uncertainty of measurement: The total uncertainty of measurement for determination of the
proportion of fossil carbon is estimated as amounting to 3 % of fossil carbon.

Resources: Sampling requires the knowledge and ability to perform the work in accordance with the
requirements of the relevant standards, together with availability of the necessary physical equipment.
In addition, the plant must have a suitable accessible sampling point in the flue gas duct downstream of
the flue gas cleaning. The estimated costs for sampling and analysis are at least SEK 20 000 per sample:
this cost includes the services of an measurements consultant to do the sampling.

User-friendliness: This sampling is relatively user-friendly if the plant has the resources required by
the standard. The advantage of the method is that it produces a sample that is ready for analysis of the
proportion of fossil carbon. Its drawbacks are that the combustion process must be able to maintain
a relatively constant flow, and that there is a risk of the sample being lost in transit on its way to the
laboratory, unless two sets of samples are taken. It is also difficult to save samples for sometime future
analysis.

The balance method

Uncertainty of measurement: This method has not been evaluated for a sufficiently long period
of time in this project to enable uncertainty of measurement of the proportion of fossil carbon to be
estimated.

Resources: The method requires the plant to invest in and install software that can perform the
calculations. Good quality of the measurements of CO, and O, concentrations in the flue gases is also
necessary if the results are to be reliable.

User-friendliness: Once the program has been installed, and all automatic calculation procedures
are working, this is a very user-friendly method. An additional benefit is that other interesting energy
parameter values from the process can be calculated at the same time. The drawback that we have found
during this project is that the program is not yet fully developed to the point that it can perform on-line
calculations of the proportion of fossil carbon in the waste.
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The sorting analysis method

Uncertainty of measurement: Not enough sorting analyses have been carried out in this project
to enable the method’s uncertainty of measurement of the proportion of fossil carbon to be estimated.
However, the results are very dependent on accurate knowledge of the moisture content of each fraction.
A sensitivity analysis of the effect of varying the moisture content of the plastics fraction by 20 percentage
points showed major variations in the results.

Resources: Sorting analysis of mixed waste is demanding of personnel resources, and the plant must
also have access to suitable premises for the purpose. To calculate the proportion of fossil carbon
requires the use of mathematical models for the purpose. The cost of performing a sorting analysis and
associated evaluation of the proportion of fossil carbon by modelling is estimated as amounting to about
SEK 25 000 - 30 000 per sample.

User-friendliness: Sampling, i.e. sorting analysis of mixed waste, is a labour-intensive process,
more or less necessitating the waste to be untreated if a sorting analysis is to be feasible. However,
once the results of the sorting analyses are available, the subsequent modelling is user-friendly and
straightforward if those doing the work are familiar with the model. In order to reduce the uncertainty
of measurement of this method, it is recommended that the moisture content of (particularly) the plastic
fractions should be determined. The advantage of the model is that it also provides information on the
composition of the waste. Its drawbacks are that it requires a relatively large labour input, and that it is
associated with considerably uncertainties of results.
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4 CONCLUSIONS

Composition ofthe waste

Despite substantial differences, ranging from o to 79 %, in the admixture of commercial waste among
the MSW being used as fuel by the plants in this project, the final mixes of waste exhibit a relatively
similar chemical composition. As expected, the predominant elements are carbon, oxygen, hydrogen,
silicon and calcium, while all other elements occur at less than | % concentration. The relative spread of
the dominant elements is about 10 %.

What proportion ofthe waste burnt as fuel in Sweden is fossil?

The direct emission of fossil carbon was measured both by sampling of'the solid waste and by sampling
ofthe flue gases at seven waste combustion plants over a ten-month period. The results from calculating
the average values from the 42 solid waste samples show that 36 (SD7) % ofthe carbon is of fossil origin,
equivalent to a fossil carbon concentration in a sample mix of about 10 % by weight. The results from
the 21 flue gas samples show almost the same result: namely, that 38 (SD5) % ofthe carbon in the waste
is of fossil origin.

In simple terms, this can be expressed as saying that about one third ofthe carbon in the
waste burnt as fuel in Sweden is offossil origin.

What are the advantages and drawbacks ofthe various methods of determination?

Table 8 is an overall presentation of the advantages and drawbacks of solid waste sampling, flue gas
sampling, the balance method and the sorting analysis method for determining the proportion of fossil
carbon in waste, as investigated in this project.

Table 8 Presentation ofthe advantages and drawbacks ofthe methods investigated. Theprices shown
are only indicative, and could be changed.

Waste! >14 % fossil carbon Material resources: Considerable. Permits further
Cost: >20 - 30 000 SEK/sample characterisation.
Waste2 >14 % fossil carbon Material resources: Modest. Systematic meas-
Cost: <10 000 SEK/sample urement error.
Flue gas >3 % fossil carbon Material resources: Modest. Simple sampling. /
Cost: >20 - 30 000 SEK/sample Only one sample.
Balance method  Insufficient data. Material resources: Modest. User-friendly. /
Cost: No information on cost per Requires good
sample. quality data.
Sorting analysis Insufficient data, but ~ Material resources: Considerable. Permits further
probably >20 % fossil Cost: >25- 30 000 SEK/sample characterisation. /
carbon. Considerable
uncertainty of
measurement.
1. Untreated waste

2. Crushed waste
3. Initial cost of about SEK 230 000 for software, which includes the user licence, calculation for
one boiler, and training. Subsequent cost, about SEK 40 000 per year.
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5 CONTINUED WORK

It was noted, within the framework of this project, that there was a systematic error in the method
based on sampling of solid waste, that did not occur in the flue gas sampling method. It has not been
possible to find a reasonable explanation for this error from the material available today. It would be
very interesting to investigate this further, in the form of a project intended to find an answer to this
question.

One possible approach would be that of simultaneous sampling of solid waste and flue gases in a plant
burning known mixtures, e.g. with 0 %, 50 % and 100 % fossil carbon materials.
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APPENDIX | - FUEL SAMPLING

Sampling at grate boilers

The relatively heterogeneous fuel in a bunker at a combustion plant with a grate requires a complex
sampling process for the fuel sample to be representative. A segmentation method based on CEN/
TS15442 was used during the sampling Campaign at the plants that have grate boilers. The method
starts with the material in the bunker being mixed before a sample of 5-7 tonnes is collected. The sample
is crushed and mixed twice resulting in the largest pieces being a few centimeters in size. The shredded
fuel is spread on a clean surface in a square shape of about 10x10 m and then divided into two halves,
one ofthe halves are removed and the remaining halfis spread out again to about 10x10 m and as before
one halfremoved, etc. The procedure is repeated until the height of the fuel pile is about 20 cm. After
that the square is divided into small squares of about one square meter. From each square one sample
is collected with a spade, and the goal is to ensure that sample composition is representative from the
bottom to the top ofthe waste pile. The total weight ofthe final sample is about 30 kg. Figure I-t shows
a schematic representation ofthe method.

Figure I-i. A schematic view of the dividing process usedfor the grate boilers. In Swedish: Bort =
discard, volym = volume.

Sampling at facilities with fluidized beds

Because ofthe fuel preparation, where fuel is shredded and mixed, the fuel sampling in a fluidized bed is
a relatively simple process. A hatch in the vicinity of the fuel feed to the fluidized bed is used to sample
directly from the falling stream of waste. The sample is taken by repeatedly insert a spade in the falling
fuel stream until a sample of about 30 kg have been collected.

Sampling ofthe “fossil-free Sample”

The goal of the fossil free sampling was to find a truck with household waste and make a division as
routine for sampling fuel from a grate boiler but with unopened garbage bags. In the last step, which
divided the larger square into many small ones, one takes two bags from each square. These bags are
opened and all fossil material is removed, the remaining material is sent for chemical analysis and
carbon-14 analysis.

The plants were free to draw up details about this sampling since the conditions were different.
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10
00

Renova

Sampling week

Share of commercial waste

Simultaneous flue gas
sample

Other information

FOSSIL FREE SAMPLE
Sampling week
Share of commercial waste

Simultaneous samplings

Other information

39, 2010 41, 2010 50,2010
65 % 63% 67 %
The whole project
group joined in to
observe a sampling

SAMPLE 1

14,2011

Fuel Sample
Flue Gas Sample
Sorting analysis

5,2011

64 % Fuel Sample
64 % Flue Gas
Sample

Yes

Fuel Sample ca 5
h combustion, Flue
Gas Sample 24 h

14, 2011

62 % Fuel Sample
52 % Flue Gas
Sample

Yes

Fuel Sample ca 5
h combustion, Flue
Gas Sample 24 h

SAMPLE 2
26,2011

26, 2011

45 % Fuel Sample
48 % Flue Gas
Sample

Yes

Fuel Sample ca 5
h combustion, Flue
Gas Sample 24 h

Fuel Sample
Flue Gas Sample

The fossil free sample was mixed using the fossil free materials from the

sorting analysis



Sysav

Sampling week

Share of commercial
waste

Simultaneous flue gas
sample

Other information*

43,2010
42 %

22 % wood came in

to the bunker, 1657
tonnes came in during
the sampling time. 4
tonnes were extracted.

Shredded 1 time. Only
three divisions due to
small sample volume.

One of the project
leaders was present
for the sampling.

*The samples were all performed the same way:
Day 1: Waste was sampled from the bunker between 8-15. At 15.30 one scoop of ca 4 tonnes was extracted.
Day 2: The waste was shredded twice and divided indoors. The flue gas sampling was performed from 09:00 day 1 to 09:00 day 2.

Sampling week

Share of commercial waste 0

Simultaneous samplings

Other information

One truck with waste from both households and industries

50,2010
30%

32 % wood came
in to the bunker,
1358 tonnes
came in during
the sampling
time. 4.6 tonnes
were extracted

3,2011
44%

17 % wood came
in to the bunker,
tonnes came

in during the
sampling time.
4.3 tonnes were
extracted

was used. Representative for Malmo city.

8, 2011
60%

Yes

6 % wood came in to the
bunker, 1726 tonnes came in
during the sampling time. 6.3
tonnes were extracted

The sample was delivered in
two separate boxes to the
analysis laboratory so this
sample have two reports.

1.2 m3 oil was used a
supporting fuel during the Flue
Gas Sampling.

25
36%
Fuel Sample

Flue Gas Sample
Sorting analysis

19, 2011
37%

Yes

0 % wood came
in to the bunker,
tonnes came

in during the
sampling time.
5.3 tonnes were
extracted

The sample
was delayed
to the analysis
laboratory

25, 2011
36 %

Yes

0 % wood came in
to the bunker, 711
tonnes came in
during the sampling
time. 4 tonnes were
extracted

The 4 tonnes are
most probably not
representative for
the 711 tonnes. 18
% of the 711 tonnes
consisted of SLF.

The sample extracted from the bunker didn't contain much

MSW or fossil free materials. Not representative.



Umea Energi

Sampling week
Share of commercial waste

Simultaneous flue gas
sample

Other information

44
48%

Start sampling of fuel
Monday 101102 at
06.00

End sampling of fuel
Tuesday 101103 at
12.00

Time for extraction
from bunker:
Tuesday 101103 at
12.30

Total weight ca 7

tonnes
Shredded 2 times.
One of the project

leaders was present

for the sampling.

49
63 %

Start sampling of fuel
Monday 101206 at
06.00

End sampling of fuel
Wednesday 101208 at
12.00

Time for extraction
from bunker:
Wednesday 101208 at
13.30

Total weight ca 6,7

tonnes

Shredded 2 times.

10
66%
Yes

Start sampling of fuel
Tuesday 110308 at
06.00

End sampling of fuel
Thursday 110310 at
12.00

Start time for flue gas
sampling:

Wednesday 110309 at
10.00

End time for flue gas
sampling:

Thursday 110310 at
10.00

Time for extraction
from bunker:
Thursday 110310 at
13.00

Total weight ca 6.5

tonnes
Shredded 2 times.

No oil was used during

the flue gas sampling.

11
63%

Start sampling of fuel
Monday 110314 at
06.00

End sampling of fuel
Wednesday 110316 at
12.00

Time for extraction
from bunker:
Wednesday 110316 at
13.00

Total weight ca 7.2

tonnes
Shredded 2 times.

Our crane operator
thought the fuel was
very light. He needed
3 full scoops to get
the right amount (ca
7 tonnes) of waste
(previously 2 scoops

was enough).

13
68 %
Yes

Start sampling of fuel
Monday 110328 at
06.00

End sampling of fuel
Wednesday 110330 at
12.00

Start time for flue gas
sampling:

Tuesday 110329 at
09.00

End time for flue gas
sampling:

Wednesday 110330 at
09.00

Time for extraction
from bunker:
Wednesday 110330 at
13.00

Total weight ca 6,9 ton

Shredded 2 times.

No oil was used during

the flue gas sampling.

Light fuel this time
as well, 3 scoops

necessary.

24
57%
Yes

Start sampling of fuel
Monday 110613 at
06.00

End sampling of fuel
Wednesday 110615 at
12.00

Start time for flue gas
sampling:

Tuesday 110614 at
08.00

End time for flue gas
sampling:

Wednesday 110615 at
08.00

Time for extraction
from bunker:
Wednesday 110615 at
13.00

Total weight ca 5.7

tonnes
Shredded 2 times.

No oil was used during

the flue gas sampling.



Sampling week 14
Share of commercial 0%
waste

Simultaneous samplings

Other information One truck load of MSW was chosen (110406). The truck contained
MSW from houses and apartments in the neighborhoods Rddang
and Vasterslatt in Umea. Food waste should have been separated
but we found it in ca 50 % of the bags. The truck contained ca 5
tonnes of MSW.

2 bags were taken from every other square, 44 bags in total.

Fortum Hogdalen

Sampling week 44, 2010 50, 2010 4, 2011
Share of commercial 0% 0% 0%
waste
Simultaneous flue gas
sample
Other information One of the project leaders
was present for the
sampling.
Sampling week 12,2011

Share of commercial waste

Simultaneous samplings Fuel Sample
Flue Gas Sample

Other information

20
0%

One truck load of MSW was chosen (110517). The truck contained
MSW and food waste from houses and apartments in the
neighborhood Robertsfors outside Umea. The truck contained ca
3.9 tonnes.

2 bags were taken from every other square, 30 bags in total.

12,2011 17, 2011 21, 2011
0% 0% 0%
Yes Yes Yes

17, 2011

Fuel Sample

Flue Gas Sample



Tekniska Verken

Sampling week
Share of commercial waste

Simultaneous flue gas
sample

Other information

3,2011
0%

Start sampling of fuel
Monday 110117 at
07.00

End sampling of fuel
Wednesday 110119 at
12.00

Time for extraction
from bunker:
Wednesday 110119 at
09.00

Total weight ca 10

tonnes
Shredded 1 time.
One of the project

leaders was present

for the sampling.

8, 2011
0%

Start sampling of fuel
Monday 110221 at
07.00

End sampling of fuel
Wednesday 110223 at
12.00

Time for extraction
from bunker:
Wednesday 110223 at
09.00

Total weight ca 10

tonnes

Shredded 2 times.

12,2011
0%

Start sampling of fuel
Monday 110321 at
07.00

End sampling of fuel
Wednesday 110323 at
12.00

Time for extraction
from bunker:
Wednesday 110323 at
09.00

Total weight ca 10

tonnes

Shredded 2 times.

15,2011
0%
Yes

Start sampling of fuel
Thursday 110407 at
07.00

End sampling of fuel
Wednesday 110413 at
12.00

Time for extraction
from bunker:
Wednesday 110413 at
09.00

Total weight ca 10

tonnes
Shredded 2 times.

Start time for flue gas
sampling:

Wednesday 110407 at
12.00

End time for flue gas
sampling:

Thursday 110408 at
10.00

Shorter sampling time
due to operational

problems.

No oil was used during

the flue gas sampling.

20, 2011
0%
Yes

Start sampling of fuel
Thursday 110512 at
07.00

End sampling of fuel
Wednesday 110518 at
12.00

Tidpunkt da avfall
tagits ur bunker
Wednesday 110518 at
09.00

Total weight ca 10

tonnes
Shredded 2 times.

Start time for flue gas
sampling:

Wednesday 110518 at
10.00

End time for flue gas
sampling:

Thursday 110519 at
10.00

Now using line 2

instead of 2.

No oil was used during

the flue gas sampling.

23, 2011
0%
Yes

Start sampling of fuel
Thursday 110602 at
07.00

End sampling of fuel
Wednesday 110608 at
12.00

Tidpunkt da avfall
tagits ur bunker
Wednesday 110608 at
09.00

Total weight ca 10

tonnes
Shredded 2 times.

Start time for flue gas
sampling:

Thursday 110609 at
11.00

End time for flue gas
sampling:

Friday 110610 at
11.00

0.4 MWh of oil was
used during the flue

gas sampling.



FOSSIL FREE SAMPLE SAMPLE 1 SAMPLE 2

Sampling week 9, 2011 13, 2011
Share of commercial 0% 0%
waste

Simultaneous samplings Fuel Sample Fuel Sample

One truck load of MSW was chosen (Monday 110228). The truck One truck load of MSW was chosen (Monday 110328). The truck
contained MSW from houses and apartments somewhere in contained MSW from houses and apartments somewhere in
Linkdping. The waste is not sorted. Linkdping. The waste is not sorted.

Other information

1-2 bags were taken from each square, ca 50 bags in total. 1-2 bags were taken from each square, ca 50 bags in total.

EOn Handeldverket
Sampling week 45,2010 49,2010 5, 2011 11, 2011 18,2011 23, 2011
o Share of commercial 20 % 30 % 40% 40% 34% 40 %
waste

Simultaneous flue gas
sample

Other information

Sampling week

All fuel samples are

extracted from a stream of
falling waste.

13

Share of commercial waste

Simultaneous samplings

Other information

Yes

1816 kg of oil was
used during the flue
gas sampling.
Sampling from
2011-03-14 kI 16:00
to

2011-03-15 kl 16:00

25

Yes

No oil was used
during the flue gas
sampling.

Sampling from
2011-05-02 kI 15:00
to

2011-05-03 kI 15:00

Yes

No oil was used
during the flue gas
sampling.

Sampling from
2011-06-07 kI 15:00
to

2011-06-08 kI 15:00



Boras Energi och Miljo

Sampling week

Share of commercial waste

Simultaneous flue gas
sample

Other information

45,2010
79%

The fuel sample
was collected in
a falling stream
during 24h. One
sub-sample was

extracted every

second hour. The

total sample weight

was 30-40 kg.

49, 2010
79%

The fuel sample
was collected in
a falling stream
during 24h. One
sub-sample was
extracted every

second hour. The

was 30-40 kg.

total sample weight

5,2011
70%

Yes

The fuel sample was
collected in a falling
stream during 24h.
One sub-sample was
extracted every second
hour. The total sample
weight was 30-40 kg.

No oil was used during

the flue gas sampling.

The first"Sampie 6" that was extracted in week 26 was lost in an accident. A new sample was extracted in week 34.

Sampling week
Sampling week
Simultaneous samplings

Other information

Sample 2 was lost in an accident.

23

14, 2011
75%

Yes

The fuel sample was
collected in a falling
stream during 24h.
One sub-sample was
extracted every second
hour. The total sample
weight was 30-40 kg.

During the 24 h flue
gas sample 0.1 MW oil
was used a supporting
fuel.

20, 2011
73%

The fuel sample was
collected in a falling
stream during 24h.
One sub-sample was
extracted every second
hour. The total sample
weight was 30-40 kg.

26 and 34, 2011

72% (v.26) and
78% (v.34)

Yes, v.26

The fuel sample was
collected in a falling stream
during 24h. One sub-sample
was extracted every second
hour. The total sample
weight was 30-40 kg.

The fuel sample from week
26 was destroyed in an
accidental fire. The flue gas
sampling from week 26
included 7.5 MW oil as a
supporting fuel.



APPENDIX Il - MORE ABOUT THE BALANCE METHOD

Additional information on the balance method

The Balance method is based on the mathematical solution of five theoretic balance equations, one
energy balance equation (for mass, element and energy), and measured data. The measured data is
conventional measurement data available on waste combustion plants (for example, flue gas volume,
0,-, and CO,-concentrations, steam production, ash and slag production).

The equations solved are the following:

1. Mass balance: m,+m.+m+m =1

1. Ash balance: m=a_.

1. Carbonbalance: c¢*m_,+c*m,=C__

1. Energy balance: HV *m + HV *m,_ -2.45*m =HV__

1. O2-balance: 0,°p" my + O Fm, =05

2. The difference O -comsumption: CO,-production: AOC,*m, + AOC, = AOC___

m, the share of biogenic material in the waste, %

m, the share of fossil material in the waste, %

m, the share of inert material in the waste, %

m the share of water in the waste, %

A, the mass of ash in the waste, kg

o the carbon share in biogenic material, g/kg ash free

c. the carbon share in fossil material, g/kg ash free

C,ucto the carbon share in the waste, g/kg ash free

HV, the lower heating value of biogenic material, kJ/kg

HV, the lower heating value of fossil material, kJ/kg

HV . the lower heating value of waste, kJ/kg

0,% the oxygen share in biogenic material, %

0.%, the oxygen share in fossil material = %

0,%aste the oxygen share in waste, %

AOC, the difference between oxygen consumption and CO,-production for the biogenic share
AOC, the difference between oxygen consumption and CO,-production for the fossil share
AOC_ .. the difference between oxygen consumption and CO,-production for the waste

The following is taken from the combustion plant:

A, the mass of ash in the waste, kg

C,ucto the carbon share in the waste, g/kg ash free

HV . the lower heating value of waste, kJ/kg

0, vaste the oxygen share in waste, %

AOC_ .. the difference between oxygen consumption and CO,-production for the waste
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The unknown parameters from the equations are the mass fractions ofinert, biogenic, and fossil material
as well as the share of water (m., mB, mF, and mw). The coefficients in the equations for these parameters
(HVB, Cg, etc) can be extracted from the chemical composition of the fuel (here: waste). The chemical
composition is described in the table below. A more detailed description ofthe equations and the method
to solve them can be found in Fellner et al. and I patent A539/2005, see the reference list below.

Table I1-i. Chemical composition ofthe biogenic and thefossil share ofwaste

Mean STD Mean STD Mean STD Mean STD Mean STD
Biogenic 483.3 3.2 65.0 0.8 1.2 0.3 8.0 2.9 441.4 5.3
Fossil 768.6 20.2 109.0 7.0 3.0 1.1 13.3 5.5 87.7 21.8

STD = standard deviation

Excluding the combustion of organic material the method also take into consideration reactions involving
inorganic elements, for example, CaCO decomposes to CaO + CO,, or the oxidation of aluminum or iron.

1. Fellner, J., Cencic, O. und Rechberger, H., 2007. A New Method to Determine the Ratio of Electricity
Production from Fossil and Biogenic Sources in Waste-to-Energy Plants. Environmental Science
und Technology 41, 7, 2579-2586.

2. Fellner, J., Cencic, O. und Rechberger, H., 2005. Verfahren zur Ermittlung der Anteile biogener
und fossiler Energietrager sowie biogener und fossiler Kohlendioxidemissionen beim Betrieb of
Verbrennungsanlagen (Bilanzenmethode). Osterreichisches Patent A539/2005, Wien.
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APPENDIX Ill - SORTING ANALYSIS METHOD
- REPORT FROM PROFU

Calculations and results according to the sorting analysis method

Method and input data

Within the project sorting analyses has been conducted on waste for combustion in Goteborg, Stockholm
and Linkoping. The sorting analyses were performed according to the instructions from Avfall Sveriges
"Manual for plockanalys av hushallsavfall”, 2005:19 (in Swedish). Table III-i presents the results of
these sorting analyses by showing the primary fractions that the waste was sorted in. Raw data and the
weights for the secondary fractions are presented for each plant in the three following tables if more data
is wanted. All raw data was used by Profu for evaluation.

Table I11-i. The resultsfrom the sorting analyses

Type of waste Ca 40-45 % MSW and 100 % MSW 100 % MSW
ca 55-60 % commercial
waste
Analysis performed 2011-04-07 2011-05-25 2011-06-07
Composition (%)
Biowaste} 24.8 % 14.6% 31.4%
Paper 20.8 % 37.6% 23.2%
Plastics| 15.8% 25.7% 13.8%
Glass 1.8 % 3.4% 1.4%
Metal 3.8% 3.1% 2.8%
Other inorganic 3.0% 0.4% 2.7%
Hazardous waste 0.1% 0.1% 0.1%
Electrical and electronic waste 0.6 % 0.1% 0.3%
Otherf 29.3 % 15.1% 24.5%

a) In Linkoping this fraction was divided into food waste and garden waste ,
b) In all three analyses this fraction was divided into soft plastics, expanded plastic foam, hard plastics packaging, and other plastics,
c) In all three analyses this fraction was divided into woods, textiles, absorbent hygiene products, and miscellaneous.
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Renova Goteborg

Analysis performed 2011-04-07, Total weight: 481.15kg

Biowaste
Paper
Plastics
Soft plastics
Expanded plastic foam
Hard plastics packaging
Other plastics
Glass
Metal
Other inorganic
Hazardous waste
Electrical and electronic waste
Other
Woods
Textiles
Absorbent hygiene products
Miscellaneous

Fortum Hogdalen Stockholm

Analysis performed 2011-05-25, Total weight: 508.3 kg

Biowaste
Paper
Plastics
Soft plastics
Expanded plastic foam
Hard plastics packaging
Other plastics
Glass
Metal
Other inorganic
Hazardous waste
Electrical and electronic waste
Other
Woods
Textiles
Absorbent hygiene products
Miscellaneous

119.4
100.3
76.1
35.6
2.05
15.3
23.15
8.55
18.35
14.45
0.4
2.65
140.95
83
17.2
7.85
32.9
74
191
130.5
80.5
2.5
42
5.5
17.5
16
2
0.3
0.5
76.5
8
23
34
11.5
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Tekniska Verken linkoping

Analysis performed 2011-06-08, Total weight: 586.4 kg

Biowaste 183.9
Paper 135.8
Plastics 80.7
Soft plastics 55.3
Expanded plastic foam 1.9
Hard plastics packaging 19.1
Other plastics 4.4
Glass 8.1
Metal 16.7
Other inorganic 15.9
Hazardous waste 0.3
Electrical and electronic waste 1.6
Other 143.4
Woods 2.2
Textiles 8
Absorbent hygiene products 93.6
Miscellaneous 39.6

In this method each fraction is connected to a chemical composition. This composition is taken from

Profus database AvfallsAtlas where Profu has gathered chemical analyses of different waste fractions,

such as paper, plastics and glass. With this connection one gets a description ofthe following parameters

for each fraction:
+  Moisture content
*  Dryshare (DS)

Carbon share (C) in % of TS (both biogenic and fossil share)
Hydrogen share (H) in % of DS

Oxygen share (O) in % of DS

Nitrogen share (N) in % of DS

Sulphur share (S) in % of DS

Ashin % of DS

By combining data about the composition in each sorting analysis (Table I1I-i) and the chemical

C

omposition of each fraction, one can determine the chemical composition of the whole waste sample.

This means that one can determine the biogenic and the fossil carbon share. By assuming that all carbon

is oxidized to carbon dioxide one can also determine the biogenic, fossil, and total emission of carbon

dioxide.
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To relate the emission to the energy in the waste a lower heating value (LHV) is calculated. An equation
(from ECN (2011)), is initially used to decide the higher heating value (HHV) per TS.

HHVMile = 0.341-C + 1.322-H - 0.12-0 - 0.12-N + 0.0686-S - 0.0153-Ash [MlJ/kg DS]

A LHV for the whole material, including moisture (w = moisture in %) is gained from the following
equation:

LHV = (HHV - 2.442-8.936-H/100) -(t-w/too) - 2.442-w/too [MJ/kg]

Results

Table I1I-2 shows the results according to this method. With this method the fossil emissions of CO, is
often increased with the share of'plastics in the waste. The sorting analyses (Table I1I-i) shows that out
ofthese three analyses the share of the plastic fraction was higher in Stockholm than in the two other
cities, which can be seen in Table I11-2 with high emissions for Stockholm.

When the difference of the plastics shares between the analyses is smaller, like between Goteborg and
Linkdping, the rest of the waste plays an important part when determining which waste mixture that
gives the highest emissions of fossil CO,. The plastics share is somewhat higher in Goteborg but still
the emissions (tonnes CO,/tonnes waste) is approximately the same as for Linkdping. One important
explanation to this is that in Goteborg the main share of the fraction “Other” consisted of wood (where
the carbon is too % biogenic), whereas the main share in Linkdping was absorbent hygiene products
(where 64 % ofthe carbon is fossil). This means:

+ The fraction "others” barely gave any increase in fossil carbon in Goteborg but a significant
contribution in Linkdping, thus showing approximately the same emissions in total due to Goteborgs
higher share of plastics.

+  That the waste in Linkdping, according to the calculations, had a higher moisture share (which was
further increased by a high share of biowaste), giving a lower LHV and therefore a higher fossil
carbon and CO, / GJ waste. The higher moisture content also gave a lower total carbon share,
increasing the share of fossil carbon in the total carbon.

Table III-2 Results according to the sorting analyses method

Share of fossil carbon of total carbon (wt-%) 31 48 38
Share of fossil carbon per tonnes waste (wt-%/ 9.5 15 9.4
tonnes)

Fossil carbon (kg/GJ) 8.1 12 10
Fossil C02 (tonnes/tonnes avfall) 0.35 0.54 0.34
Fossil C0O2 (kg/GJ) 30 43 36
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Discussion about pros and cons of the sorting analyses method

An advantage with this method is that when all the basic work is done (calculations structure, deciding
what chemical composition each fraction should have etc.) it is easy to insert the result from the sorting
analyses to get the calculated results. The method is easily adapted to the sorting analyses data available.
In comparison with the other methods in this study the total cost for the evaluation itselfis low, but the
total cost could increase dramatically depending on how often the sorting analyses have to be performed
to get arepresentative overview ofthe waste thatis going to be burnt. This is a disadvantage/challenge for
the method. The sorting analyses in this study were performed on 480-590 kg waste. Even though this is
arelatively large amount of waste, it only represent 0.03-0.05 % ofthe amounts that were combusted on
the same day as the sorting analyses were performed. This means that it is extremely important that the
extracted portion of waste (for example, from a bunker) used for analysis really reflects the composition
of'the whole waste bunker.

Another disadvantage/challenge is whether the chemical composition that is assigned to each fraction
gives a correct description of the current fraction. In these calculations the description of the plastic
fraction especially important since it plays such an important role when it comes to the resulting
emission of fossil CO,. One other important parameter is the moisture content, since it affects both
the carbon share (higher moisture content leads to lower carbon share) and the LHV (higher moisture
content leads to lower LHV). In the calculations an assumed moisture content of43 % was used for the
plastic fraction (from RVF (2005)). A sensitivity analysis is shown in Figure I1I-i, based on how the total
carbon share (wt-%) would change ifthe moisture content would be 20 percentages lower or higher than
the assumed value (ie a moisture content of 23 % and 63 %, respectively).

Figure l11-i. Resulting share ofcarbon with three different moisture contents ofthefraction plastics.
Renova = Goteborg, Fortum = Stockholm, Tekniska Verken = Linkloping. (y-axis = Share ofthe total

carbon (wt-%), x-axis = The moisture content in the plasticfraction (%)).
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APPENDIX IV - RESULTS FROM THE CHEMICAL ANALYSIS OF
THE WASTE FUEL FROM ALL PLANTS

The tables below present the raw data from the chemical analysis of all six samples at all seven plants.

Renova

Moisture, wt-%
Ash, wt-%

C, wt-%

, wt-%

N, wt-%

S, wt-%

Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
C, wt-%
H, wt-%
N, wt-%
S, wt-%
Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
Al, wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%
F wt-%

36
13,2
29,9

8,1
0,6
0,21
0,58
12,86

11,09

20,7
0,32
0,91
46,7
6,5
0,94
24

20,11

18,71
1,28
4,38
0,86
0,24
0,02
0,33
2,75
0,05
0,75
0,35

<0,02

36,5
14,2
28,1
7,8
0,64
0,17
0,54
11,78

10,07

22,3
0,85
0,27
442

5,9

1,0
25,4

18,55

17,27
1,21
5,57
0,61
0,26
0,02
0,42
3,00
0,03
1,06
0,42
0,16

42

42,5
16
24,2
7,8
0,53
0,5
0,5
10,29

8,59

27,9
0,86
0,86
42,1

5,3
0,91
22,1

17,90

16,76
1,68
5,59
1,57
0,20
0,03
0,40
3,52
0,11
0,86
0,45
0,07

27,7
19,4
31,1

0,79
0,54
0,7
13,39

11,87

26,8
0,74
0,96
43,1

5,4

1,1
21,9

18,52

17,36
1,02
4,64
1,22
0,25
0,02
0,37
3,04
0,06
0,71
0,36
0,07

30,1
16,6
31,9
7,5
0,62
0,3
0,6
13,73

12,11

23,8
0,43
0,85
45,6

5,9
0,89
22,5

19,64

18,37
1,37
4,74
0,83
0,21
0,02
0,34
3,14
0,06
0,71
0,34
0,09

37
12,4
30,5

8,2
0,67
0,14
0,89

13,08

11,29

19,6
0,22
1,4
48,4
6.5
1,1
22,8

20,75

19,34
0,98
3,92
0,79
0,22
0,02
0,26
2,34
0,05
0,76
0,39
0,14



Cu, mg/kg
V, mg/kg

Cr, mg/kg

Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb mg/kg

Al wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

P wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb, mg/kg

840
16
180
13
44
630
860

<5

6,12
21
4,13
1,16
0,09
1,56
13,2
0,26
3,58
1,68
<0,05
4000
75
890
60
210
3000
4100
15
24
<20

250
11
43

25
450
63

W

25

4,82
22,2
2,44
1,02
0,06
1,66
12,0
0,13
4,25
1,68
0,63
1000
45
170
25
100
1800
250

20
100

43

2200
22
280
11

85
1600
400

11
20
400

5,92
19,7
5,55
0,69
0,10
1,41
12,4
0,40
3,05
1,60
0,24
7700
79
1000
38
300
5600
1400
12
40
70
1400

1650
15
120
26
47
1500
280

47
70

4,33
19,7
5,18
1,08

0,1
1,57
12,9
0,24

1,54
0,3
7000
64
500
110
200
6500
1200
11
28
200
300

3050
16
63

26
840
180

43

5,75
19,9
3,51
0,87
0,09
1,44
13,2
0,24

1,45
0,36
12800
66
260
29
110
3540
750
10

14

20
180

300
12
40

20
580
120

0,2

25

4,98
19,9
4,03
1,11
0,08
1,3
11,9
0,25
3,86
1,97
0,7
1500
60
220
22
100
3000
630

26
30
120



Sysav

Moisture, wt-%
Ash, wt-%

C, wt-%

, wt-%

N, wt-%

S, wt-%

Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
C, wt-%
H, wt-%
N, wt-%
S, wt-%
Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
Al, wt-%

Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

! wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg

39,0
11,7
28,8
8,1
0,70
0,24
0,36
12,44

10,68

19,1
0,39
0.6
47,2
6,2
1,1
25,4

20,39

19,05
0,86
4,56
0,72
0,20
0,02
0,28
2,34
0,03
0,71
0,39
0,02
1100

15
57

41
850
1830

40,1
11,1
26,1
7,7
0,76
0,12
0,19
10,98

9,29

18,5
0,19
0,32
43,5

5,4

1,3
30,7

18,33

17,15
0,84
4,44
0,93
0,14
0,02
0,26
1,89
0,03
0,72
0,42
0,10
280
11
57

13

640
90

44

38,9
14,6
26,4
7,7
0,59
0,26
0,32
11,06

9,37

23,9
0,43
0,52
43,2

5,6
0,96
25,4

18,1

16,89
1,1
5,61
0,85
0,19
0,02
0,32
2,92
0,08
0,7
0,46
0,13
1550
20
52

19
1090
110
|

4

38,3
16,5
26,4
7,8
0,82
0,35
0,68
11,73

10,03

26,8
0,57
1,1
42,9
5,7
1,3
21,6

19,01

17,78
1,28
5,28
0,98
0,38
0,03
0,36
3,25
0,07
0,64

0,4
0,09
1640

12
96
10

110
1900

120

1
5

41
15,1
25,6

7,8
0,88
0,28

0,5

10,86

9,16

25,6
0,47
0,84
43,4

55

1,5
22,7

18,4

17,21
1,2
5,29
1,06
0,44
0,03
0,35
3,12
0,07
0,62
0,4
0,1
510
14
58
11
43
910
160

24.4
13,2
38.4

7,6
0,66
0,28
0,61
17,1

15,46

17,4
0,37

0,8
50,7

6.4
0,87
23,4

22,61

21,23
1,1
3,06
0,7
0,19
0,01
0,26
2,31
0,08
0,44
0,23
0,07
2080
10
250
40
100
950
120

21,5
31,5
30,8

6.4
0,82
0,27
0,72
12,7

11,31

40,1
0,35
0,92
39,3

5,1

13,2

16,18

15,08
1,79
7,24
5,68
0,36
0,06
0,49

3,1
0,28
1,1
0,5
0,12
6400
20
200
20
330
15000
1000
16
20



As, mg/kg
Sb mg/kg
Hg, mg/kg

Al wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

B wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb, mg/kg

14
110
0,12

4,23
22,4
3,52
1,01
0,09
1,37
11,5
0,13
3,50
1,94
0,12
5500
75
280
35
200
4200
9000

20
70
550

8
10
0,12

4,44
23,5
4,92
0,72
0,11
1,38
10,0
0,18
3,79
2,22
0,53
1500
59
300
36
71
3400
480

10

43
54

45

11
19
0,35

4,52
23,2
3,51
0,8
0,09
1,33
12
0,31
2,91
1,9
0,54
6400
82
220
20
80
4500
470

14
44
80

34
0,92

4,94
20,3
3,77
1,46
0,12
1,38
12,5
0,26
2,47
1,55
0,36

6300

48
370
40
420

7400

480

19
30
130

10
18
0,89

4,72
20,8
4,16
1,76
0,12
1,39
12,3
0,29
2,46

1,6
0,41
2000
56
230
44
170

3600

650
11
20
40
70

4
<100
0,17

6,41
17,6
4,03
1,1
0,08
1,5
13,3
0,48
2,56
1,35
0,4
12000
55
1450
240
600
5500
680
10
40
<20
560

40
130
0,95

4,47
18
14,2
0,88
0,16
1,23
7,72
0,69
2,74
1,25
0,31
16000
50
500
50
800
37000
2500
40
50
100
330



Umea Energi

Moisture, wt-%
Ash, wt-%

C, wt-%

, wt-%

N, wt-%

S, wt-%

Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
C, wt-%
H, wt-%
N, wt-%
S, wt-%
Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
Al, wt-%

Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

! wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb mg/kg

38,5
13,1
29,1
8,2
0,85
0,17
0,6
13,03

11,24

21,3
0,27
0,98
47,3

6.4

1,4
22,3

21,21

19,82
1,03
4,12
0,63
0,33
0,02

0,3
3,21
0,03
0,68
0,35
0,11

220
10
76

8

17
1100
110
1,5

90

37,5
8,1
33,6
8,6
0,41
0,11
0,36
15,27

13,4

13
0,17
0,57
53,8

7,1
0,66
24,7

24,44

22,92
0,8
2,47
0,4
0,14
0,02
0,21
1,92
0,03
0,44
0,22
0,06
130

95

820
51

85
23

46

42,8
7,2
30,1
8,7
0,4
0,19
0,39
13,39

11,5

12,5
0,34
0,68
52,65
6,9
0,71
26,2

23,41

21,93
0,94
2,04
0,43
0,18
0,01
0,24
1,95
0,02
0,31
0,17
0,08

140

28
14

1800
140

26

34,6
9,3
32,5
8,1
0,46
0,2
0,64
14,15

12,38

14,3
0,3
0,98
49,7
6,6
0,7
27,5

21,66

20,24
0,63
2,21
0,34
0,22
0,02
0,25
2,65
0,03
0,47
0,19
0,09

130

57
17
100
640
210

26
14

33
9,4
34,2
8,3
0,63
0,24
0,74
15,43

13,63

14,1
0,36
1,1
51
6.9
0,94
25,6

23,02

21,53
0,81
2,15
0,37
0,28
0,03
0,38
2,26
0,04
0,55
0,22
0,08

250

100

13
450
77
0,7

20
<3

35,9
17,9
28
7,7
0,64
0,2
0,45
12,38

10,7

27,9
0,31

0,7
43,7

5,8
0,99
20,6

19,31

18,06
1,32
4,91
0,99
0,29
0,02
0,38

2,8
0,06
0,8
0,43
0,11
190
17
70

24
660
120

<5
12



Al wt-%

Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

B wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb, mg/kg

4,72
18,9
2,88

1,5
0,09
1,38
14,8
0,15
3,12

1,6
0,52
1000

44

350

35

80

5000

500

20
30
400

5,94
18,4
2,96
1,3
0,13
1,56
14,3
0,21
3,25
1,68
0,42
1000
62
710
42
67
6100
38

28

630
170

47

7,68
16,7
3,54
1,51
0,11
1,96
16
0,13
2,54
1,38
0,68
1140
60
230
57
120
14600
1130
12
30
60
210

4,41
15,5
2,39
1,5
0,13
1,75
18,5
0,2
33
1,32
0,64
900
60
400
120
700
4500
1500
11
20
180
100

5,81
15,4
2,64

0,19
2,76
16,1
0,26
3,92
1,56
0,55
1800
54
700
56
94
3200
550

15
140
<120

5,49
20,4
4,12
1,2
0,09
1,57
11,6
0,25
3,31
1,8
0,47
780
70
290
38
100
2750
500

27
<20
50



Fortum Hogdalen

Moisture, wt-% 45,2
Ash, wt-% 10,7
C, wt-% 25
, wt-% 8,5
N, wt-% 0,66
S, wt-% 0,09
Cl, wt-% 0,4
Higher heating value 11,09

at a constant volume, MJ/kg

Lower heating value 9,23
at a constant pressure, MJ/kg

Ash, wt-% 19,6
C, wt-% 0,16
H, wt-% 0,73
N, wt-% 45,6
S, wt-% 6,4
Cl, wt-% 1,2
Higher heating value 26,4
at a constant volume, MJ/kg

Lower heating value 20,25
at a constant pressure, MJ/kg

Ash, wt-% 18,88

Al, wt-% 1,31

Si, wt-% 4,23

Fe, wt-% 0,42
Ti, wt-% 0,13
Mn, wt-% 0,02
Mg, wt-% 0,25
Ca, wt-% 2,86
Ba, wt-% 0,02
Na, wt-% 0,95
K, wt-% 0,38
! wt-% 0,16
Cu, mg/kg 990
V, mg/kg 7
Cr, mg/kg 53
Co, mg/kg 4
Ni, mg/kg 25
Zn, mg/kg 950
Pb, mg/kg 500
Cd, mg/kg 0,6
Mo, mg/kg 2
As, mg/kg 6
Sb mg/kg 116

46,5
10,8
24,5
8,5
0,71
0,08
0,3
10,81

8,96

20,2
0,15
0,56
45,8

6,2

1,3
25,8

20,19

18,86
1,07
4,38
0,35
0,13
0,02
0,3
3,02
0,02
1,12
0,38
0,15
660
8
50
32
280
840
65
0,9

<4
18

48

47,5
9,7
25
8,7
0,57
0,09
0,46
11,22

9,32

18,5
0,17
0,88
47,6

6,6

1,1
25,2

21,38

19,97
0,84
3,28
0,43
0,13
0,01
0,22
2,64
0,04
0,86
0,3
0,16
250

59

12
480
36
0,4
<
<4
22

43,3
11,8
26,6
8,4
0,64
0,12
0,48
12,02

10,18

20,8
0,21
0,84
47
6,4
1,1
23,6

21,21

19,83

1,05

4,4
0,64
0,14
0,02
0,26
2,89
0,02
0,92
0,34
0,17

220

60
14

420
75

<5
25

45,9
11,1
24,4
8,3
0,66
0,05
0,33
10,81

20,6
0,09
0,61
45,1

5,9

1,2
26,6

19,99

18,72
0,68
4,79
0,21
0,1
0,01
0,26
3,35
0,02
1,32
0,37
0,18
47

77

100
260
30
0,2
<3
<5
<5

442
11,2
25,8

8,4
0,59
0,07
0,48
11,8

9,97

20,1
0,12
0,86
46,2

6,2

25,4

21,17

19,83

1,03

5,1
0,39
0,13
0,01
0,28
3,16
0,02
1,19
0,41
0,12
590

80
10
450

110
0,7

30



Al wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

B wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb, mg/kg

6,2
20,1

0,3
0,08
1,19
13,6
0,09
4,51
1,81
0,75

4700
35
250
20
120
4500
2400

10
30
550

4,97
20,3
1,62

0,6
0,08
1,41

14
0,08
5,21
1,78
0,69
3060
36
230

150

1300

3900
300

15

<20
83

49

4,68
18,2
2,39
0,71
0,06
1,25
14,7
0,22
4,76
1,64
0,88
1380
32
330
28
66
2700
200

<10
<20
120

5,05
21,1
3,09
0,66
0,07
1,26
13,9
0,1
4,42
1,66
0,82
1040
33
290
28
70
2000
360

14
<20
120

3,01
21,2
0,92
0,46
0,03
1,16
14,8
0,07
5,85
1,66
0,81
210
15
340
18
470
1160
140

<10
<20
<20

4,45
22
1,67
0,57
0,06
1,2
13,7
0,11
5,15
1,78
0,53
2600
33
340
16
24
1950
460

10
22
130



Tekniska Verken

Moisture, wt-%
Ash, wt-%

C, wt-%

, wt-%

N, wt-%

S, wt-%

Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
C, wt-%
H, wt-%
N, wt-%
S, wt-%
Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
Al, wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

! wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb mg/kg

40,2
14,3
25,4

0,74
0,12
0,39
11,02

9,28

24
0,21
0,66
42,5

5,8

1,2

25,6

18,43

17,17
1,18
5,07
0,52
0,16
0,02
0,33
3,12
0,06

1,1
0,48
0,23

230

24
11

250
43

92

46
9.4
26,1
8,6
0,69
0,16
0,37
11,53

9,64

17,4
0,31
0,68
48,4

6,6

1,3
253

21,37

19,96
1,09
3,57
0,56
0,17
0,02

0,3
2,69
0,02
0,83
0,34
0,13

380
11
90

30
250
32
0,8

<4
16

50

45,3

26,2

8,6
0,64
0,08
0,35
11,8

9,93

16,5
0,15
0,63
48
6,5
1,2
27,1

21,58

20,18
0,92
3,15
0,36
0,16
0,01
0,23
2,72
0,01

0,8
0,42
0,2
110

23

12

380
34
0,7

<4
26

42.4
9,6
27,8
8,2
0,79
0,08
0,39
12,17

10,37

16,6
0,14
0,68
48,3

6,1

1,4
26,8

21,15

19,82

3,62
0,35
0,13
0,01
0,22
2,47
0,01
0,79
0,4
0,14
270

40
7

10
300
45
0,4

<4

46,7
12,2
23,2
8,4
0,73
0,1
0,32
10,08

8,25

22,8
0,18

0,6
43,5

1,4
25,6

18,9

17,62
1,51
5,26
0,79
0,13
0,15
0,28
2,82
0,02

1,2
0,59
0,18

120
11
47

15
1250
140
<0,3

10
<5

37,8
11,1
29,7
8,2
0,73
0,21
0,5
13,33

11,54

17,8
0,19
0,8
47,7
6,4
1,2
26

21,41

20,03
0,85
3,27
0,47
0,18
0,01
0,24
2,69
0,01
0,81
0,37
0,17

210

30
10

280
28

<4
11



Al wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

B wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb, mg/kg

4,9
21
2,17
0,65
0,07
1,39
12,9
0,26
4,55
2,01
0,97
950
38
100
12
46
1030
180

10
20
380

5,81
19
2,98
0,9
0,1
1,61
14,3
0,11
4,4
1,83
0,69
2030
57
480
23
160
1340
170

13

<20
84

51

5,44
18,5
2,15
0,92
0,06
1,35
16
0,8
4,68
2,5
1,18
660
36
130
24
70
2200
200

12
<20
150

5,55
20
1,93
0,74
0,07
1,19
13,6
0,07
4,36
2,24
0,8
1500
36
220
40
53
1700
250

10
<20
50

6,04
21,1
3,16
0,52
0,61
1,13
11,3
0,07
4,8
2,35
0,73
470
44
190
22
60
5000
560
<1
10
40
<20

4,79
18,4
2,66
0,99
0,07
1,33
15,1
0,06
4,57
2,07
0,97
1200
36
170
36
60
1600
160
12
20
<20
60



Fon Handeldverket

Moisture, wt-%
Ash, wt-%

C, wt-%

, wt-%

N, wt-%

S, wt-%

Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
C, wt-%
H, wt-%
N, wt-%
S, wt-%
Cl, wt-%

Higher heating value
at a constant volume, MJ/kg

Lower heating value
at a constant pressure, MJ/kg

Ash, wt-%
Al, wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

! wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb mg/kg

35,6
13
30,3

0,8
0,29
0,6
13,66

11,93

20,2
0,46
0,93
47,1

6,2

1,2
23,9

21,2

19,87
2,26
4,14
0,66
0,19
0,02
0,38
3,16
0,03
0,69
0,28
0,01

2000

14
250

39
830
680

25
50

41,8
11,2
26,2

8,2
0,71
0,22
0,24
11,2

9,42

19,2
0,37
0,41
45,1

1,2
27,7

19,22

17,92
0,93
3,94
0,46
0,12
0,02
0,46
2,59
0,03
0,81
0,33
0,11

720

170
743

550
690

59
22

52

40,1
12,2
27,3

0,68
0,43
0,43
11,99

10,24

20,3
0,72
0,72
45,5

1,1
25,6

20,01

18,72
0,92
3,76
0,57
0,24
0,02
0,36
3,26
0,02
0,69
0,35
0,12

110
12
90

23
860
2000

16
60

39,2
10,3
30,2
8,3
0,5
0,31
0,57
13,52

11,72

17
0,51
0,93
49,7

6,4
0,82
24,6

22,23

20,84
1,04
2,63
0,58
0,24
0,02
0,33

2,8
0,02
0,45
0,23
0,11

920
10
170

50
1020
110

10
10
50

33,8
15,6
29,8
7,6
0,69
0,48
0,72
12,98

11,33

23,5
0,72
1,1
45
5,7

22,9

19,61

18,38
1,16
4,73
0,92

0,2
0,02
0,31
2,96
0,03

0,7
0,42
0,11

400

13
330

10
120
660
200

22
10
120

32,1
16
30,9
7,6
0,94
0,58
0,5
13,59

11,94

23,5
0,85
0,73
45,5

5.9

1,4
22,1

20,3

18,76
1,34
5,06

0,9
0,21
0,02
0,37

3,6
0,04
0,75
0,38
0,05

300
20
100
10
40
1000
180

25
40



Al wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

B wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb, mg/kg

10,9
19,9
3,17
0,93
0,08
1,81
15,2
0,16
3,34
1,37
0,05
9600
65
1200
30
190
4000
3300
18
30
120
240

4,73
20
2,33
0,6
0,09
2,32
13,2
0,17
4,12
1,66
0,54
3650
45
850
41
220
2800
3500

15

300
110

53

4,24
17,4
2,63
1,1
0,09
1,65
15,1
0,11
3,18
1,61
0,54
4900
55
410
23
100
4000
9300
11
24
76
280

6,13
15,5
3,44
1,38
0,11
1,97
16,5
0,14
2,62
1,36
0,65
5400
60
980
50
300
6000
640
12
60
60
300

4,65
19
3,69
0,82
0,09
1,23
11,9
0,13
2,82
1,67
0,44
1600
50
1340
40
470
2700
820
29
90
40
500

5,33
20,2
3,58
0,84

0,1
1,48
14,4
0,16

1,52
0,21
1200

80
400
40
160
4100
700
15

37
100
160



Boras Energi och Miljo

Moisture, wt-% 36,4 33,9 36,6 30,3 344 37
Ash, wt-% 13,6 12,7 11,1 14,2 14,2 13,4
C, wt-% 29,5 30,8 30,1 31,9 29,8 31,1
, wt-% 7,9 7,8 8 7,5 7,7 8,3
N, wt-% 0,67 0,85 0,81 0,8 0,82 0,84
S, wt-% 0,32 0,36 0,26 0,32 0,16 0,19
Cl, wt-% 0,55 0,02 0,59 0,55 0,59 0,83
Higher heating value 12,86 13,38 13,09 13,56 12,96 13,77
at a constant volume, MJ/kg

Lower heating value 11,14 11,67 11,35 11,94 11,29 11,96

at a constant pressure, MJ/kg

Ash, wt-% 21,4 19,2 17,5 20,4 21,6 21,2
C, wt-% 0,5 0,55 0,41 0,46 0,25 0,3
H, wt-% 0,87 0,03 0,93 0,79 0,9 1,3
N, wt-% 46,4 46,5 47,5 45,8 45,5 49,3
S, wt-% 6,1 6,1 6,2 5,9 5,9 6,7
Cl, wt-% 1 1,3 1,3 1,1 1,2 1,3
Higher heating value 23,7 26,3 26,2 25,5 24,7 19,8
at a constant volume, MJ/kg

Lower heating value 20,22 20,24 20,66 19,47 19,74 21,86
at a constant pressure, MJ/kg

Ash, wt-% 18,9 19,92 19,33 18,2 18,47 20,43
AL wt-% 1,47 0,97 0,85 0,98 1,19 0,9
Si, wt-% 5,41 3,59 3,51 3,05 4,67 3,2
Fe, wt-% 0,72 0,57 0,38 0,7 0,66 0,58
Ti, wt-% 0,27 0,18 0,32 0,23 0,21 0,26
Mn, wt-% 0,03 0,02 0,02 0,02 0,02 0,02
Mg, wt-% 0,4 0,31 0,31 0,28 0,31 0,25
Ca, wt-% 3,43 3,07 2,97 2,92 2,57 2,45
Ba, wt-% 0,06 0,03 0,03 0,04 0,05 0,04
Na, wt-% 0,78 0,53 0,65 0,52 0,67 0,5
K, wt-% 0,41 0,32 0,26 0,3 0,38 0,23
! wt-% 0,14 0,15 0,07 0,1 0,13 0,1
Cu, mg/kg 1100 770 970 420 190 1500
V, mg/kg 12 14 10 10 12 12
Cr, mg/kg 66 93 300 100 160 100
Co, mg/kg 12 10 6 9 11 18
Ni, mg/kg 22 48 22 26 40 100
Zn, mg/kg 960 1000 750 910 930 630
Pb, mg/kg 280 89 110 110 220 200
Cd, mg/kg 1 | | 2 15 3
Mo, mg/kg 5 4 3 2 4 4
As, mg/kg 10 5 5 4 5 4
Sb mg/kg 30 50 35 50 5 40
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Al wt-%
Si, wt-%
Fe, wt-%
Ti, wt-%
Mn, wt-%
Mg, wt-%
Ca, wt-%
Ba, wt-%
Na, wt-%
K, wt-%

B wt-%

Cu, mg/kg
V, mg/kg
Cr, mg/kg
Co, mg/kg
Ni, mg/kg
Zn, mg/kg
Pb, mg/kg
Cd, mg/kg
Mo, mg/kg
As, mg/kg
Sb, mg/kg

6,27
23
3,05
1,14
0,12
1,72
14,6
0,25
3,32
1,73
0,61
4600
50
280
50
95
4100
1200

23
45
130

5,03
18,6
2,94
0,96
0,1
1,58
15,9
0,15
2,74
1,64
0,8
4000
74
480
53
250
5200
460

19

25
260

55

4,55
18,8
2,03
1,72
0,09
1,65
15,9
0,17
3,48
1,4
0,39
5200
51
1600
34
120
4000
570

14
25
190

5,61
17,5

1,31
0,11
1,6
16,8
0,21
2,96
1,7
0,6
2400
60
580
50
150
5250
620
12

14

20
280

5,62
22
3,12
0,98
0,12
1,48
12,1
0,24
3,15
1,78
0,62
890
57
740
50
190
4400
1050
70
18
20
20

5,04
17,8
3,25
1,46
0,11
1,4
13,7
0,22
2,8
1,3
0,55
8600
65
580
100
570
3500
1100
15
20
25
220



APPENDIX V - DETERMINATION OF FOSSIL CARBON

In the tables below the results from Betalab Analtyics carbon-14 analysis of'the project’s solid samples
and flue gas samples are presented. The results from Betalab (“The share offossil carbon in total carbon
content (%)”, column 3, and “The share of fossil carbon in the flue gas, contemporary samples (%)”,
column 7) are calculated with a background value of 107 pMC. Other results in the tables are calculated
using the individual chemical analyses are given in Appendix IV.

Further down in the Appendix are two graphs that present the data and how they relate to the two
standard values that have been used and discussed by the authorities and industry. Both standard values
are calculated from the same basic data in the RVF Report 2003:13. Interestingly, it is noted that the
results of this project is less than one norm value and higher than the other. This result suggests that
some ofthese earlier standard values must be calculated wrong.

Sample 1 65 38 11 38 10

Sample 2 63 29 8 30 7

Sample 3 67 32 8 33 8

Sample 4 63 33 10 32 7 39
Sample 5 60 38 12 37 9 43
Sample 6 30 33 10 33 9 26
Sample 1 42 29 8 29 8

Sample 2 30 10 3 10 3

Sample 3 44 28 7 29 7

Sample 4a 60 37 10 36 9 8
Sample 4b 60 34 9 35 9 As above*
Sample 5 37 53 20 48 12 42
Sample 6 36 46 14 46 8 43

* Sample 4 was delivered in two separate boxes on two separate days and was analyzed as two separate samples.
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Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

48
63
66
63
68
57

S O O O o O

S O O O o O

45
46
50
37
45
37

34
30
35
36
27
34

25
36
32
30
23
27

13
15
15
12
15
10

10

o L o X O

57

43
42
48
36
41
36

34
30
34
34
27
32

25
36
31
29
24
25

13
14
16
10
13

10

10
10

10

—_
—_

o N O O

44
48
40

31
32
35

35
35
36



Sample 1 20 40 12 37 11

Sample 2 30 26 7 27

Sample 3 40 34 9 33 9 -

Sample 4 40 48 14 45 14 36
Sample 5 34 33 10 32 8 37
Sample 6 40 44 14 42 11 41
Sample 1 79 39 12 38 10

Sample 2 79 33 10 32 9 -

Sample 3 70 38 11 37 10 39
Sample 4 75 31 10 30 7 34
Sample 5 73 30 9 29 8 -

Sample 6* - - - - - 43
Sample 6 78 46 14 44 13

*The first’Sample 6" that was extracted was lost in an accidental fire. There is no parallel flue gas sample for the last solid sample.
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Thefigure shows the amount offossil CO)per GJoffuel. The red line corresponds to the standard value
(25kg/GJ) that have been discussed and used by authorities to date. This standard value is calculated

from the previous sorting analysis studies ofRVEFReport 2003:12.
(Y-axis = Calculatedfossil C02(kg/GJ), x-axis = share ofcommercial waste, (%>))
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The figure shows the proportion offossil carbon per tonnes waste. The red line corresponds to the
standard value (12.6% / tonnes waste) that have been discussed and used by authorities to date. This
standard value is calculatedfrom the previous sorting analysis studies ofRVF Report 2003:12.

(Y-axis =The share offossil carbon per tonnes of waste (%o/tonnes), x-axis = share of commercial

waste, (%))
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