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Abstract

Biomass-based waste fuels are used in many induapplications since combustion of biomass
gives no net emissions of carbon dioxide. Some evastls, e.g. refuse derived fuels (RDF),
contain not only biomass, but also some fossil naidence can be classified as partially,CO
neutral fuels. The biomass fraction of a mixed dsdliel is an essential parameter for the
determination of net COemissions. It is also important to know the accyraf the different
biomass fraction determination methods. In thegrestudy, the biomass fraction of artificially
made RDF was determined by means of the seledseeldtion method (SDM) in total carbon
basis and also by tHéC method in total carbon, weight and calorific \elbases. Then the
relative accuracy was compared using findings feoprevious study. SDM shows very high
accuracy in weight and calorific value basis. Ff@ method gives comparable results in most
cases, but shows considerable deviations for s@mples. The SDM results in total carbon
basis show less accuracy compared to the othes.b@fieen performing the SDM analysis in
total carbon basis, one should correct for ash ifmgrmatter in order to increase the accuracy of
the biomass fraction determination.

Key words: Biomass fraction; Refuse derived fuel; Selectiiesblution Method:*C method:;
Accuracy; Ash forming matter

Abbreviations: AM = artificial mixture; AMS= accelerated mass sfgemetry; DAF = dry and ash free; HHV =
higher heating value (gross calorific value); NAnet analysed/not available; PE = polyethylene; PET
polyethylene terephthalate; pMC= percent moderbagrPVC = polyvinyl chloride; RDF = Refuse DerivEdel;
RSD-= relative standard deviation; SDM = Selectivgsblution Method; SRF = Solid Recovered Fuel
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Nomenclature

oal Ash content of residue out of total original sampléry basis (wt%)
Agr Ash content of solid recovered fuel sample in dagib (Wt%)
Crio. s Biogenic carbon content of solid recovered fuadin basis (wt%)
C pjastmix Total carbon content of dried plastic mix sampl&v
C.eidie Total carbon of dissolution residue out of residudry basis (Wt%)
C.waees,  Yotal carbon content of residue ash in dry bast$aw
Car Total carbon content of solid recovered fuel in dagis (wt%)
Crieassr '(I'Vcteoz)retical total carbon content of dried solidoreared fuel sample in dry basis
Coporix Total carbon content of dried wood-paper mix sanipi&so)
Meae-aen  VVeight of residue ash in dry basis (kg)
Mg Weight of total original sample in dry basis (kg)
Qe Calorific value of the solid recovered fuel samiplelry basis (kJ/kg)
Olup —rmix Calorific value of the wood-paper mix sample in dasis (kJ/kg)
W, prast Wood-paper mix: plastic mix ratio in solid recovegfeels in dry basis (kg/kg)
x& Biomass fraction, expressed as a percentage byfral@lue (%)
XeC Biomass content in dry basis by total carbon (wt%)
ng?Theo Theoretical biomass content in dry basis by tasabon (wt%)
Xt Biomass content in dry basis by weight (wt%)
XévTCom Combustible biomass content in dry basis by we(gifo)
X2 Non-biomass fraction, expressed as a percentagelbsific value (%)
X esidue Dissolution residue out of total original samplediy basis (wt%)
YC et 4C content of reference (100% biogenic carbon) yntdisis (pMC)
UC o 1C content of solid recovered fuel in dry basis (PMC

1. Introduction

The world economy is strongly dependent on foasdld. Rising fuel prices and the Kyoto
Protocol are driving a shift towards renewable gpesources to reduce G@missions. In that
sense, energy from waste play an important rol&dkling climate change, by displacing the
use of fossil fuels and by providing a more envinemtally sustainable method for waste
management. Since wastes or solid recovered f8&§&) are generally composed of fossil and
biogenic materials, only part of the g@missions is accounted for in greenhouse gas



inventories or emission trading schemes. Howewaantifying accurately the biomass fraction
Is not straight-forward. Hence, development of pramethodologies for the measurement of the
biogenic fraction in mixed waste fuels is necesdarype in compliance with the reporting
requirements.

Refuse derived fuel (RDF), also called solid recedefuel (SRF), is typically produced by
shredding, classifying and drying municipaldamdustrial solid wastes, and is a very
heterogeneous fuel [1]-[3] . It contains severatenals, such as paper, plastics, wood, organic
waste, fabrics, rubber and metals in very diffel@rpositions, depending on the origin of the
waste [1], [4]. Table 1 shows compositions of sodiiéerent RDF materials found in the
literature. However, column 2 in the table refeysSRDF samples manually sorted by authors.
This RDF sample was collected from a cement pldrdres RDF is used as an alternative fuel in
the precalciner unit. The facts that RDF contaigsmsiderable amount of biomass and is also a
less expensive fuel, explains the increasing usddgeDF as an alternative energy source in
industrial applications [1], [5]-[6]. Cement indus{7]-[9] and power plants ([2], [4], [10]) are
few potential examples where RDF is used as fassilreplacements.

Table 1. Composition (wt%) of some RDF samples

Type Our [11] [3] [10]
analysis Flemish Italy
region
Plastics 13.4 25.0 29.2 31.0 23.0
Paper/cardboard 15.6 19.0 8.1 13.0 44.0
Wood 10.0 8.0 4.6 12.0 4.5
Tissue/sanitary products 12.0
Fabrics/textile 4.3 14.0 7.4 14.0 12.0
Leather/rubber 0.1 3.0 1.1
Carpets/mats 3.0
Liquid packaging board
3.0
Food/Biological waste 2.2 0.0 14.0
Glass 0.6 0.0 2.5
Metal 0.3 1.1
Ceramic 0.9 0.0
Fines 52.6 13.0 48.5
Other 30.0

In Norway, plants with significant CQemissions have to comply with the national emissio
trading regulations [12]-[13], which are based de EU Emissions Trading Directive [14].
When reporting net COemissions, the biomass content (or converselyfdksil fraction) of
RDF is a key parameter. It can be represented lghivecalorific value or carbon content.



Four methods for the determination of biomass auntnd hence fossil fraction in solid
recovered fuels are published in technical spetiin CEN/TS 15440:2006 [15], the
subsequent European pre-standard Draft prEN 15480and later in NS-EN 15440:2011 [17].
These are; the selective dissolution method (SDM)'C method, the manual sorting method
and the informative reductionistic method.

Investigations related to this research field hlagen carried out by several authors. Accelerator
mass spectrometry (AMS) radiocarbon analyses haea bpplied on carbon dioxide sampled at
the stack of three power plants burning natural ¢msdfill biogas and solid recovered fuel
derived from municipal solid waste [18]. The sam®cpdure has been used for waste
incinerators [19]*C analysis for flue gas is recommended by some maitteors [20]-[22], and
some of them [20]-[21] have proved the reliabildgly the method by comparison with those
based on carbon mass input and output and an ebatggce data of the relevant plants. The
bio-based content of manufactured products has Weend by some researchers using
radiocarbon dating procedures [23]. Further infdiomacan be found fot*C contents of
different biogenic waste as well as mixtures ofedént wastes and solid recovered fuels [24].
The repeatability and accuracy of SDM have previoumen investigated by the current
authors, and a simplified method has been develf#ige26]. An alternative method called the
balance method has been developed to determinédadsbiogenic C@emissions from waste-
to-energy plants [27]. Similarly, a method to detigre the mass, energy and carbon content of
biogenic and fossil matter in RDF is described bynbining standard chemical information
about biogenic and fossil material with data fronthemical analysis of the RDF [28]. In
another paper [29], the balance method, SDM and’@enethod are explained in detail. In still
another study, a method to evaluate the renewatdnlenan-renewable energy fractions released
during combustion of biofuels and bioliquids thatildl be produced through chemical processes
is presented [30]. A comparison of the manual sgrthethod and SDM for a range of process
streams from a mechanical-biological treatmenttdias also been presented [31]. Further, one
may find comparison between manual sorting, SDM aaductionistic method results in
references [11] and [32]. Similarly, some authasehused th&'C method, sorting analyses and
the balance method in order to determine the féssition in municipal solid waste (waste and
flue gas) in Sweden [33].

In the present study, different artificial RDF mirgés are analysed by SDM in total carbon basis
and '“C method in weight basis, calorific value basis &tdl carbon basis. These results are
compared with previous findings of SDM for weiglatsis and calorific value basis [25] in order
to compare the accuracy of the SDM method and*“4Bemethod. Furthermore, the effect of
biomass ash forming matter on the SDM result ialtoarbon basis is analysed, and possible
corrections are proposed.

2. Materials

Spruce wood (50 wt%, dry and ash free; DAF) andyqugper (50 wt%, DAF) were mixed to
mimic the biomass content in RDF, whereas polyethy! (PE, 74 wt%), polyvinyl chloride
(PVC, 20 wt%) and polyethylene terephthalate (P&Tt%) were mixed to mimic the fossil



fraction of RDF (all weight fractions in dry andhafree basis). Prior to mixing, the pure
materials were separately ground into <1 mm pagiend then dried in an oven to remove the
moisture. For the grinding, a Retsch SM 2000 grigdapparatus was used. The PE: PVC: PET
proportion in the plastic mix was according to dataplastic manufacturing and recycling rates
in Western Europe [34]. Table 1 shows that the waagkr ratio varies a lot, and according to
“our analysis” in that table, the paper:wood rasial.56. However, the plant where that RDF
sample was collected had a plan to increase thelweocentage of RDF by mixing it with
impregnated wood, so an approximate value of 5(D&F %) was selected for the wood-paper
mix.

The two mixtures were mixed with each other in efiéint proportions. Altogether seven
artificial RDF samples with different higher heagimalues (HHVs; gross calorific values) were
made. One can observe from Table 1, that the catigws can vary within a wide range.

Therefore, the higher heating values of the aréfimixtures were specified so as to obtain
evenly distributed values covering a relativelydataange, from about 20 MJ/kg to about 40
MJ/kg in DAF basis (Table 3). Table 2 summarizes ¢cbmpositions of the artificial mixtures

made.

Table 2. Corresponding compositions of artificiakiures.

Composition (wt% dry)

Mixture
Wood-paper mix Plastic mix

AM 1 93 7

AM 2 82 18

AM 3 68 32

AM 4 57 43

AM 5 45 55

AM 6 24 76

AM 7 0 100

3. Theory

3.1. The selective dissolution method

The basic theory behind the dissolution test catauh is that the biomass in RDF selectively
dissolves and oxidizes in,BOJ/H,O,, while the non-biomass (fossil material) and thert
material remain in the residueCellulose, which is the major constituent of Hiemass fraction

is first degraded by acid hydrolysis and gives giecbase units. The reaction is strongly pH-
dependent and continues at a very strong ratewaipld and temperature well under 100 °C.
Secondly, the oxidizing reagent deteriorates thgsighl properties of fibrous cellulose rapidly
under hydrolytic conditions [35]-[36].

! Residue is the remaining filter cake after the gandissolving, filtering and drying.



However, it should be noted that some of the asimify matter from both biomass and non-
biomass can be dissolved in theS@,/H,O, solution and then penetrate through the filtenjevh
the rest remains in the residue. Moreover, somi@fash forming matter will remain on the
surface of the filter paper along with the resiaitele some will penetrate into the pores of the
filter paper. The latter phenomenon has to be cosgied in some cases when calculating the
biomass and non-biomass fractions of RDF in catowBlue basis [25]. The effect of ash
forming matter on calculation procedure in totalboe basis is discussed in more detail in sub
section 6.4.

3.2. The **C method

4C develops in the atmosphere by an interactioroefic radiation and the existing nitrogen.
The radioactivé“C atoms are quickly oxidized to G@ the terrestrial atmosphere. The 46
absorbed by plant tissues and moves up the fodd anél the'*C/*°C ratio in all living matter
is essentially the same as that in the atmospWéter. life ends, the amount dfC diminishes
with time because carbon uptake has stopped wihédé*€ continues to undergo radioactive
decay according to the half-life period of 5730 rgeavith the emission off radiation.
Consequently, thé*C/*°C ratio declines with time since the amount'@ (which is stable)
remains constant [23].

The *C method uses this principle for the determinatibrbiogenic content in wastes. After
about 18 half-life periods (<100 000 years) tf€ content is about 0.0004%, which is
negligibly small and not determinable. Fossil egecgrriers, such as coal or oil, as a rule are
much older than 100 000 years, whereas renewaldgyercarriers, such as wood, last for
several hundred years and should have a measufébleontent (modern carbon) [29]. The
relation between the fraction of biomass and“isvalue is considered as linear [21]. However,
due to nuclear weapons tests in the past centugyradiocarbon content in the atmosphere has
not been constant, which has resulted in a varfi@gontent of biogenic matter, depending on
the period of growth ([19], [24], [29]).

4. Method

The experimental plan and procedures are explamedb sections 4.1 and 4.2. One may also
refer to Fig. 1, to get an overview of the expenitaéplan. In Fig. 1, the samples analysed, the
analyses carried out and the reason for analysemdaicated by thick margined blocks, normal

margined blocks and grey blocks, respectively. Misthe analyses were carried out in three
parallels, and averages of the parallels are usethwomparing values.

4.1. The sdlective dissolution method

The experimental procedure mentioned in Annex EBN/TS 15440:2006 [15] was followed,
and this procedure is also described in [16] and. [Ihree dried representative samples were
taken from each artificial mixture (Table 2) anceasf those was analysed for ash according to
[37] and this result of ash analysis was also tdkerthe **C calculations whenever required.
Selective dissolution was carried out for the secsample, and the residue was collected for
total carbon analysis. This residue and the thitifi@al mixture sample were sent to an external



laboratory for total carbon analyses [38]-[40]. §tgrocedure was carried out for all seven
artificial mixtures, and the total carbon contehtlee wood-paper mix was also determined as
that result is required for comparison. Howevee, tibtal carbon of the mixture ashes were not
determined since the ash contents of artificialtares were below 10 wt% [15].

For SDM, the used volumes of chemical solutionsewgmoportioned in accordance with the
sample weights. The materials were dried at 10517} a constant weight was achieved, using
an electric oven. The ash analyses were carriednoat muffle furnace, in accordance with

CEN/TS 15403:2006 [37]. An electronic balance watthower measuring limit of 0.1 mg was

used for weighing purposes.

4.2. The ¥*C method

Samples of 1g from each of the seven artificialtaries (Table 2) and the pure wood-paper mix
were given to an external laboratory f6€ analysis, as the authors did not have accedseto t
required laboratory equipment for that type of gsial

At the laboratory, the sample was prepared by festoving contamination, then combusting
the carbon and finally reducing the gi@to graphite. Then the graphite was analysedguia
accelerated mass spectrometry method. A NEC 15SPiH2tron instrument was used for the
AMS analysis. Pretreatment typically takes somesdakilst combustion and conversion into
graphite takes around 24 hours. The time for AM@isneement depends 6fC content of the
sample, however typically it is 30 minutes/samplee results from the laboratory were given as
percent modern carbon (pMC), which correspondkéabntent of biomass.

The calorific values of each artificial mixture amebod-paper mix were determined by the
authors. For the determination of higher heatinlyejaa Leco AC-350 automatic calorimeter
was used. The sample weights after drying werehé range 0.6-1.4 g. The range of the
calorimeter is 14-35 MJ/kg for a 1 g sample, thecjgion is< 0.05 % RSD and the resolution is
1 kJ/kg.

5. Calculations

5.1. SDM in total carbon basis

The calculations related to theoretical carbon @ointexperimental biomass fraction and
theoretical biomass fraction are presented here.ekiperimental carbon content in dry basis is
directly given by the elemental analysis.

5.1.1. Theoretical carbon content

The theoretical carbon content of the artificiaktures are based on the measured total carbon
content of wood-paper mix and chemical formula®Bf PVC and PET. The calculated carbon
content of plastic mix is 75 wt%. The theoretication percentage in dry basis of each artificial
mixture is calculated using equation (1).



For the calculation of theoretical carbon conteftSDM residues, it is assumed that only the
plastic mix is retained as the residue i.e. nofasiing matter from biomass and non-biomass.
Therefore, the carbon content of the residue shthddretically be equal to that of plastic mix
(AM 7).

CtheqSRF = (pr—miwappIast + Cplast—mix) /(\pr[plast +:D (1)

5.1.2. Experimental biomassfraction
As mentioned in CEN/TS 15440:2006 [15], equationig2ised to calculate the biomass fraction
in total carbon basis since the ash content ofotiginal mixtures is less than 10%. Here it is
assumed that there is no inorganic carbon in thmass fraction, and also no inorganic carbon
in the dissolution residue [15]; i.eX 4. IS based on the plastic mix only. However, when
collecting the residue for total carbon analysésecshould be taken in order to correct the result
for fractions of ash forming matter. This is dissed in sub section 6.4.

ch = 100)/0 - (Xresidue Cresidue /CSRF ) (2)

5.1.3. Theoretical biomass fraction

Since the total carbon content of the ash in thepéa was not measured, the theoretical
calculation of biomass fraction was based on totabon of biomass fraction including ash
forming matter of biomass. Equation (3) is useddltulate the theoretical biomass fraction in
total carbon basis for the dry sample.

(C

xe = Wp‘miXWWp:plast )100%
B,Theo (C

W

wp: plast + C plast —mix )

3)

WP —mix

5.2. Calculations for *C analyses

The biomass content froffC analyses are calculated according to Annex C raftDprEN
15440 [16]. The same calculation procedure canooed in [17]. First the biogenic carbon
content in dry basis is calculated by equation (4).

Chiowr = (Cxe 14CSRF )/14CREF (4)

Here, the referencé’C. value is taken as 115.02 pMC which is correspantinthe value of

the pure biogenic wood-paper mix. Then the bionfesion of the dried sample in weight
basis is calculated by equation (5).

Xl\glt = Cbio,SRF 1000A)/pr—mix (5)

For comparison with SDM, the combustible biomass lba calculated according to equation
(6), since there are no ash and ash forming mettter than in biomass here.



X\Elsv,tcOm = X\ElsVt - ASRF (6)

The biomass fraction of the dried sample in to&lbon basis and calorific value basis are
calculated by equation (7) and equation (8), rebpey.

X = Cyo e 100%/ Cge (7)
x& = Chio.str Qup-mix L00%/ C, i, Oee (8)

Equation (9) is used, when the calorific value assults are presented as fossil fraction instead
of biomass fraction.

X2 =100% — x& (9)
6. Resultsand discussion

The results are discussed in the subsections bélost. in 6.1, the results of ash and higher
heating value analyses of wood-paper mix and ttikiceal RDF mixtures are discussed. Next in
6.2 and 6.3, the total carbon analysis resultsgaleith theoretical manipulations followed by
14C results are presented. Finally in 6.4, the mesults, the biomass fractions in three bases are
presented and discussed.

6.1. Ash and HHV analyses

The average ash and HHV analyses of the wood-papeand artificial mixtures are presented
in Table 3. While the second and third columns direct experimental measurements, the
values in the fourth column are calculated basethertwo former columns. The ash contents
are required when the combustible part of the bgsmantent is calculated in weight basis. The
higher heating values of the wood-paper mix andattiicial mixtures (Table 3) are used in
equation (8). It can be observed that the ash ot all artificial mixtures are below 10%,
therefore a correction for carbonate present inasiges is not made, in accordance with the
recommendation [15].

Table 3. Average ash contents and higher heatilgyaf wood-paper mix and artificial
mixtures (relative standard deviations given inepéneses) [25]

Material Ash contentin  Higher heating value in  Higher heating value in
dry basis (wt%o) dry basis (kJ/kg) DAF basis (kJ/kg)
Wood-paper mix 10.4 (0.2%) 16 696 (0.1%) 18 634
AM 1 9.7 (0.5 %) 18 088 (0.1 %) 20 028
AM 2 7.8 (0.6 %) 20 857 (1.0 %) 22 632
AM 3 7.3 (1.2 %) 23779 (0.2 %) 25 658
AM 4 6.0 (1.3 %) 26 391 (0.7 %) 28 089

AM 5 5.8 (1.5 %) 28 748 (0.1 %) 30 526



AM 6 3.1 (2.3 %) 33538 (0.1 %) 34 627
AM 7 0.0 (NA) 39 395 (0.6 %) 39 395

6.2. Total carbon content

The total carbon contents of the artificial mixtiend the wood-paper mix are presented in Fig.
2. The maximum error within the measurement is @o8%. The errors are likely due to
sample preparation and analysis errors. Basictltg] carbon determination necessitates very
small amounts of test material (in order of mg)jckhdemands very representative samples to
obtain a high accuracy [11].

It has been assumed that only plastic mix wasolefthe filter paper as residue, hence the total
carbon content of the residue should be equalabdhthe plastic mix. This is an assumption
proposed in [15]. Generally, the deviations do staiw any systematic error (Fig. 3). However,
the deviations can be due to; 1) the assumptionentlagt the residue is only composed by
plastic material (this is more explained in subtisec6.4); 2) the residue after SDM is often
more heterogeneous than the initial sample [32]aralysis necessitates very small samples as
described above.

6.3. 1*C analyses

The measured’C values and the calculated biogenic carbon contahies are presented in
Table 4.

Table 4. MeasuretfC values and calculated biogenic carbon contemthéomixtures

Material C in dry basis (pMC) Biogenic carbon content (wtbg)d
Wood-paper mix 115.02 48.40

AM 1 90.57 36.93

AM 2 95.50 40.68

AM 3 76.62 35.11

AM 4 38.26 19.93

AM 5 47.56 23.94

AM 6 27.61 16.44

AM 7 0.23 0.14

According to [16], for the calculation of the bigge carbon, d“C content of 105.26 pMC is
regarded as a 100% biogenic carbon content for &ssnHowever, it can be seen that the wood-
paper mix, which is a pure biogenic mix, H&8 value of 115.02 pMC, which is higher than the
normal value (Table 4). This is due to varying cadrbon content in the atmosphere in different
years as described in sub section 3.2. It can belwded that the wood-paper mix has been
derived from young biomass materials. However tliercalculation of biogenic carbon content,
115.02 pMC was taken as reference value sincaghhe actual value measured for the wood-
paper mix, and the other artificial mixtures areivk from this wood-paper mix and a plastic
mix. The analyses showed that the maximum and naimirerrors for thé’C measurement in
pMC are around 0.56% and 0.09% for wood-paper mik@astic mix, respectively.



6.4. Biomass fraction

In this section, the results from tH€ method and from SDM are compared for all threzseba
weight, total carbon and HHV. The theoretical amiVBresults in weight basis and HHV basis
from a previous study done by current authors fBJused for comparison. In [25], an accuracy
improvement procedure for HHV based results of SBd% also been suggested and used.
(Since SDM is not recommended for fuel mixtureshvidsiomass content higher than 95%, SDM
results are not available for the pure wood-pap&r)m

SDM gives very good agreement with theoretical &gJuboth in weight basis (Fig. 4) and in
HHV basis (Fig. 5) [25]. The error is on averagesléhan 2% in weight basis, and around 4% in
HHV basis (Fig. 7). These results are qualitativelgmparable with SDM results for
reassembled SRF samples derived from municipatl sediste as discussed in [11] and [32].
Even though the suggested correction procedure i2&llowed to improve the HHV based
result, it can give larger errors than the weighsda results, because the errors introduced
during the HHV analysis can increase the totalrd32)].

For the '*C method (Fig. 4) in weight basis, five out of digtamples show quite good

agreement between experimental and calculatedtse@yerage 5 % error). For the remaining
three samples (AM 1, AM 4 and AM 6), the error mwever quite large (20-45%), so the
average error based on all eight samples is arb@#e (Fig. 7).

The**C method in calorific value basis has an averag® ef 22% (Fig. 7). Two samples (AM
1 and AM 4) contribute with more than 15% error,ilethe others have around 3% error (Fig.
5).

The errors encountered witfiC do not follow any trend, which indicates that tresic errors
are random errors. Since several instruments weee in the’*C method, the accumulated
instrument error may be quite high. The calculatbiiomass fractions in all three bases also
requires a total carbon measurement of all samplgsich may introduce additional
uncertainties as described in sub section 6.2.cldamnliness of the original sample and process
contamination are also important parameters wiganeto accuracy in théC method.

In total carbon basis, neither SDM nor i@ method show good agreement with the theoretical
values (Fig. 6 and Fig. 7). The SDM error is onrage about 18%, mainly due to the 71% error
of sample AM 6. For th&'C method, the average error is about 20%; two sesn@#M 4 and
AM 6) have a relatively high error (on average 35%)

Generally, compared to the other bases, the tetddlon basis gives a much larger error for
SDM. Also in [32] it was reported that the totatman basis gives the largest errors. For'ffe
method, the three bases give comparable errors{Fig

Many researchers recommeH€ analysis of flue gas samples ([18]-[22], [29]3])3 but few
have discussed SRF itself for the determinatiorfogkil fractions ([22], [29], [33]). Some



discuss uncertainties associated with represeatatampling and™’C concentration in the
atmosphere.

In Fig. 6, it is observed that around 50% of th@erinental values from SDM are almost
similar to the theoretical values, whereas the rotr®dues have some deviation. Since the
measured total carbon content of all mixtures isaiquite good agreement with theoretical
numbers (Fig. 2), the weight percentage and tha tairbon content of the dissolution residue
are the decisive factors when calculating biomasgent in total carbon basis. (The discrepancy
of total carbon in the residue is shown in Fig. \Bhen doing the theoretical analyses, it has
been assumed that only the plastic mix leavessaadue, and that value is an input to the total
carbon analysis. However, there may be some inargambon (in addition to the plastic mix)
left in the residue, which gives somewhat highdues: for X, 44, but lower for C in

equation (2). The deviation of biomass fractiothis combined result of these. Some samples
have very little deviation, though, indicating tithe residue of those mixtures contains only
plastic mix and only negligible amounts of ash forghmatter. Hence, care should be taken to
correct for the ash forming matter content in ortteimprove the accuracy of the biomass

fraction results. The authors propose a corregirosedure as described below.

residue

A dried RDF sample which has been subjected toSBM can be represented by several
fractions as shown in Fig. 8. Basically, this ismgmsed of combustible biomass (a),
combustible non-biomass (e), inert (g) and differash forming matter. Some portion of the
biomass ash forming matter can dissolve (b), scamepenetrate into filter paper pores (c), and
some can be retained on top of the filter as phtte collected residue (d) in SDM. Since the
ash forming matter from the non-biomass fractigns(usually negligible in a real RDF sample,
it is assumed to be zero.

The residue used in a total carbon analysis caneistl, e, f and g. Therefore, these parts are
considered when determining.,,. and C,4q.. in equation (2). When inspecting equation (2),

it is observed that the ash forming matter of bissneetained on the filter paper (d) is not
included in the biomass fraction. Since this i©glart of the biomass, it should be accounted
for. Otherwise, errors may be introduced, dependimghe mass and the total carbon of the ash
forming matter of biomass retained on the filtepgraand collected as residue. The ash forming
matter may contain some carbon as carbonate, asuthncases it must be corrected for [15]. If
one uses ash corrections according to formula (Eigptioned in Annex E of CEN/TS
15440:2006 [15], still ash forming matter which penetrated through filter paper and ash
forming matter penetrated into filter paper ponesreot counted into the biomass fraction.

For the correction, the authors propose to cartySiM for an additional sample. The residue
from this sample after SDM should be scraped aralyaad for ash [37], and then the ash
percentage of the residue (out of total mass ofsdraple) should be calculated according to
equation (10). Further, this ash should be analysedotal carbon, and this value should be
given as the total carbon content of the residins Tesidue ash contains the fractions d and g
according to Fig. 8. To calculate total biomasstfoa in total carbon basis, equation (11) is
used.



total

esidue — meﬁidueasthOOA)/ %F (10)
X‘éc =100%- ((Xresidue Cresidue - A:—:;adluecresdue —ash) /CSQF) (ll)

For accurate results, authors recommend equatib)y) Ebth when the residue is scraped off
from the filter paper and when residue is takem@bhwith crushed filter paper as well.

However, appropriate repeated determinations drarigmount of test material for total carbon
analyses are also recommended [11] in additiorbtwe corrective procedure in order to avoid
the errors introduced by non-representative analgébeterogeneous materials.

7. Conclusion

Substitute fuels for thermal utilization in wastednergy systems are quite popular, and fuels
such as RDF are already being used in the cemdastiry and in power plants. One of the
guality characteristics of partly G@eutral fuels is the biomass content since thigeves one

of the key inputs to calculations of net £&missions when reporting under the international
emissions trading system for greenhouse gases.eH&madhe plants utilizing alternative fuels, it
is important to have access to easy, reliable amdrate methods for the determination of
biomass content in such fuels. The present study effort to compare two determination
methods with regard to accuracy.

The Selective Dissolution Method (SDM) and tf@ method were used for the determination of
biomass fraction in seven artificial waste mixtungisnicing RDF. SDM gives the most accurate

results for weight and calorific value bases. Tt@ method gives comparable results, but has
larger errors for some samples. The SDM resultsotal carbon basis show less accuracy
compared to weight and calorific value bases.

The higher accuracy and lower time consumption DFScompared to thé*C method, which
also requires laboratories that are specializethis technique, suggests that SDM is more
suitable for regular determinations of biomasstioas in industry.

Corrections for the ash forming matter of biomassutd be taken into account when SDM is
used. The present study proposes such an ashtamrpoocedure for determination of biomass
content in total carbon basis.
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Figure captions:

Fig. 1 Flow chart for the whole methodology

Fig. 2 Total carbon content of mixtures in dry lsasi

Fig. 3 Total carbon content of dissolution residunedry basis

Fig. 4 Comparison of results frolfC and SDM for combustible biomass fraction in weigh
basis

Fig. 5 Comparison of results frolfC and SDM for fossil fraction in higher heatingwalbasis

Fig. 6 Comparison of results frolfC and SDM for biomass fraction in total carbon basi

Fig. 7 Comparison of average errors for two methodkiree bases

Fig. 8 Representation of a dried refuse derivedobasubjected to SDM

Note: Each figurefitswith single column.
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