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Different directives of the European Union require operators of waste-to-energy (WTE) plants to report
the amount of electricity that is produced from biomass in the waste feed, as well as the amount of fossil
CO2 emissions generated by the combustion of fossil waste materials. This paper describes the applica-
tion of the Balance Method for determining the overall amount of fossil and thus climate relevant CO2

emissions from waste incineration in Austria. The results of 10 Austrian WTE plants (annual waste
throughput of around 2,300 kt) demonstrate large seasonal variations in the specific fossil CO2 emissions
of the plants as well as large differences between the facilities (annual means range from 32 ± 2 to
51 ± 3 kg CO2,foss/GJ heating value). An overall amount of around 924 kt/yr of fossil CO2 for all 10 WTE
plants is determined. In comparison biogenic (climate neutral) CO2 emissions amount to 1,187 kt/yr,
which corresponds to 56% of the total CO2 emissions from waste incineration. The total energy input
via waste feed to the 10 facilities is about 22,500 TJ/yr, of which around 48% can be assigned to biogenic
and thus renewable sources.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In many affluent countries waste has become an important
resource for energy production. For the European Union it is esti-
mated that almost 78,000 kt of waste are annually utilized in
waste-to-energy (WTE) plants, thereby generating 112,000 TJ of
electricity and 280,000 TJ of heat (CEWEP, 2014). The biomass
share of waste thermally utilized is usually accounted for as
renewable energy and thus not included in national CO2 invento-
ries. However, as mixed waste (municipal solid waste MSW,
commercial waste CW and industrial waste IW) is highly heteroge-
neous with respect to its composition and may significantly vary
over time, the determination of the biomass content and thus the
share of renewables in the feed of WTE plants constitutes a signif-
icant challenge.

In recent years different methods, including manual sorting
(QUOVADIS, 2007; van Dijk et al., 2002), selective dissolution
(Cuperus et al., 2005; van Dijk et al., 2002), the radiocarbon
method (Mohn et al., 2008) and the Balance Method (Fellner
et al., 2007) have been developed to determine the biomass con-
tent of waste, and thus the fraction of renewable energy and fossil
CO2 emissions produced by WTE plants. The Balance Method is in
the last stage of standardization, whereas the other three methods
are already specified in the European Standard EN 15440 and in the
ASTM standard D6866 as application for solid recovered fuels
(CEN/TC343, 2011; ASTM, 2012). A detailed description of these
standardized methods is additionally given in Staber et al.
(2008). Until now all of these methods have also been applied to
different WTE plants (Fellner et al., 2011b; Jones et al., 2013;
Mohn et al., 2008; Palstra and Meijer, 2010) and different wastes
(Fellner et al., 2011a; Larsen et al., 2013; Muir et al., 2015; Saiz-
Rodríguez et al., 2014) aiming at, on the one hand, the determina-
tion of characteristic values for the biomass content and fossil CO2

emissions per unit of waste (mass or energy content) and on the
other hand, at a comparison of the different analysis methods.
With respect to the latter, results of the different studies indicate
that methods requiring waste feed sampling (e.g. sorting analysis
or selective dissolution method) are much more vulnerable to
waste heterogeneity and temporal changes in waste composition
as quantities of manageable waste samples (at maximum a few
tons) are very small in comparison to the total amount thermally
utilized. The Balance Method as well as the radiocarbon method
largely avoid problems associated with waste heterogeneity as
the measurements or sampling takes place in the highly homoge-
neous flue gas. Compared to the other methods, these twomethods
have additionally been proven to be practical for a continuous
monitoring of the biomass content in the feed of WTE plants which
ethod.

http://dx.doi.org/10.1016/j.wasman.2016.01.025
mailto:therese.schwarzboeck@tuwien.ac.at
http://dx.doi.org/10.1016/j.wasman.2016.01.025
http://www.sciencedirect.com/science/journal/0956053X
http://www.elsevier.com/locate/wasman
http://dx.doi.org/10.1016/j.wasman.2016.01.025


2 T. Schwarzböck et al. /Waste Management xxx (2016) xxx–xxx
provides the possibility to investigate temporal differences with a
much higher resolution than, for example, with the selective disso-
lution method (Palstra and Meijer, 2010; Fellner et al., 2011b;
Mohn et al., 2012). A further advantage of the Balance Method is
that it is based on routinely recorded operating data of WTE plants
which usually avoids the need for additional sampling and mea-
surement efforts.

Recent research (e.g. from Fellner et al., 2011b; Fuglsang et al.,
2014; Larsen and Astrup, 2011; Mohn et al., 2012; Obermoser
et al., 2009) on the composition of wastes furthermore suggests
that there is no typical biomass content in terms of mass, energy
or carbon. Monthly variations in fossil CO2 emissions for one
particular plant (expressed as % fossil CO2 relative to total CO2

emissions) could be in the range of 20% (Fuglsang et al., 2014) or
even higher (Fellner et al., 2011b). Also for specific types of wastes
(such as MSW, CW or IW), no typical biomass contents are observ-
able. Jones et al. (2013), for instance, investigated the fraction of
fossil carbon in mixed waste containing different shares of MSW
and IW. They report large variations in the composition of the dif-
ferent waste mixtures. However, no significant correlation
between the share of MSW or IW and the content of fossil carbon
was detected. Based on their results, it could at best be speculated
that higher shares of IW are associated with slightly larger fossil
carbon contents. Mohn et al. (2012), however, observed a contrary
pattern. Their application of the radiocarbon method to five Swiss
waste incinerators over a time period of several months indicates
significant variations in the waste composition, with a slight ten-
dency of lower fossil carbon contents at higher shares of industrial
waste. Horttanainen et al. (2013) and Larsen and Astrup (2011)
conclude that the type of source separation of household waste sig-
nificantly influences the fossil carbon ratio and thus the emission
factors (after investigating different scenarios). This suggests that
regional variations of waste compositions also strongly depend
on the collection scheme.

Recent analyses of the waste feed conducted at five different
WTE plants in Denmark reveal once more no identifiable correla-
tion between the content of fossil carbon and the waste types
received at the plants (Fuglsang et al., 2014). Moreover, their
results, provided as fossil CO2 emissions as a percentage of total
CO2 emissions, varied significantly between the different plants,
ranging from 52% to 78% (based on weekly measurements via the
radiocarbon method).

Hence, all investigations demonstrate a highly heterogeneous
and varying composition of the waste feed in WTE plants, making
it questionable to simply translate plant or waste specific results to
other facilities. Yet such extrapolation using either data once deter-
mined for one specific plant or default values for fossil CO2 from
waste combustion (e.g. from IPCC) are used in practice to derive
emission data from WTE facilities for national CO2 inventories.
These practices can easily lead to considerable over- or underesti-
mations of greenhouse gas emissions from waste incineration.
Obermoser et al. (2009) mention a possible miscalculation by a fac-
tor of 2 when generic emission factors are used. In countries where
WTE plants already participate in the CO2 emission trading scheme
according to the European Directive 2009/29/EC (European
Parliament, 2009b), such as Denmark and Sweden, this factor
directly affects the required emission certificates and thus financial
burdens for the plant operator (Pacher et al., 2007). Additional
financial distortions may arise in case that the share of ‘‘green”
electricity produced by WTE plants (e.g. according to the European
Directive 2009/28/EC by the European Parliament, 2009a) is
miscalculated, as ‘‘green” electricity is subsidized in many
European countries. According to findings from Obermoser et al.
(2009) incorrect money transaction associated with over- or
underestimation of the biomass content in the feed of Austrian
WTE plants could be in the range of millions of Euros per year.
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These limitations of using generic emission factors illustrate the
need for a reliable and cost efficient method which accounts for
variations in waste composition.

The objective of the presented study is to determine the total
fossil and thus climate relevant CO2 emissions from waste inciner-
ation in Austria over a period of one year. Ideally all WTE plants in
Austria are considered and plant-specific emission factors are to be
determined and compared. For these tasks only the Balance
Method appears applicable as it allows representative sampling,
long-term monitoring and reliable results (<4% relative
uncertainty) and can deliver results at the given budget constraint
(compared to the radiocarbon method with significant analysis
costs) (Staber et al., 2008).

In the meantime, the results of the analysis presented have
been incorporated into the national greenhouse gas inventory of
Austria.
2. Materials and methods

2.1. Balance Method

The Balance Method, applied within the present study, relies on
the distinct chemical composition of biogenic and fossil organic
matter and the significant differences between the two materials.
Theoretical data on the chemical composition of moisture- and
ash free biogenic and fossil organic matter are combined with rou-
tinely measured operating data of the incineration plant. In princi-
ple the method is based on five mass balances and one energy
balance, whereby each balance describes a certain waste charac-
teristic (e.g. content of organic carbon, heating value, ash content)
(Fig. 1 – right side). For setting up the theoretical balances, the
waste is virtually divided into four fractions: inert (mI), biogenic
and fossil organic materials (mB, mF) and water (mW). Inert materi-
als include all incombustible solid residues like glass, stones, ashes
or other inorganic matter from biowaste and plastics (e.g. kaolin in
paper). Biogenic and fossil organic material groups refer only to the
moisture-and-ash-free organic matter (see Fig. 1 – left side). As the
qualitative composition of organic materials in the waste is usually
well known (e.g. biogenic matter encompasses paper, wood,
kitchen waste, etc., and fossil organic matter includes PP, PE, PET,
PVC, etc.), the content of C, H, O, N and S as mass fraction of total
mass of moisture-and-ash-free biogenic material (mB) and of total
mass of moisture-and-ash-free fossil organic materials (mF) is
derivable (Fellner et al., 2007). From this theoretical chemical com-
position the coefficients at the left side of the equations can be
determined according to Fellner et al. (2007).

Each balance equation encompasses a theoretically derived
term (left side of equations) that has to be attuned to data deter-
mined from routinely recorded operating data of the WTE plant
(right side of equations). A simplified structure of the set of equa-
tions is illustrated in Fig. 1 (right side). A detailed mathematical
description of each equation is given in Fellner et al. (2007).
Required input data for the Balance Method include besides infor-
mation about the chemical composition of moisture-and-ash-free
biogenic and fossil organic matter, information about the quantity
of fuels incinerated (waste mass and auxiliary fuels), the amount of
solid residues and steam produced as well as data on the volume
and composition (O2 and CO2 content) of the dry flue gas (see also
supplementary information). Further, uncertainties for each input
parameter need to be defined.

Because the system of equations (set of constraints) used within
the Balance Method is over-determined (6 equations for 4
unknowns), data reconciliation can be performed to improve the
accuracy of the results. In particular, non-linear data reconciliation
according to Narasimhan and Jordache (2000) is conducted (for
reenhouse gas emissions from waste-to-energy using the Balance Method.
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Fig. 1. Left side: split-up of waste fractions into the four ‘‘material groups” (mB, mF, mW, and mI); Right side: simplified set of equations of the Balance Method (Fellner et al.,
2006).

Table 1
Overview of waste-to-energy plants in Austria.

WTE
plant

Combustion technology Waste incinerated
(qualitative information)

A Grate incinerator (GI) MSW
B Grate incinerator (GI) MSW and CW&IW
C Stationary fluidized bed

combustion (FBC)
RDF and SS

D Stationary fluidized bed
combustion (FBC)

RDF and SS

E Circulating fluidized bed
combustion (FBC)

RDF and SS

T. Schwarzböck et al. /Waste Management xxx (2016) xxx–xxx 3
details please refer to Fellner et al., 2007 and Rechberger et al.,
2007). The improved values for the elemental composition (C, H,
O, N, S) of moisture-and-ash-free biogenic and fossil organic matter
and for parameters derived from operating data are used to calcu-
late the unknown fractions (mB, mF, mW, and mI) including their
uncertainties. Inserting these results into the carbon balance and
considering the ratio of molar mass of carbon dioxide and carbon
allows the amount of fossil CO2 emissions to be determined. For
calculating the share of energy from biogenic matter, the results
for mB and mF are inserted into the energy balance equation (for
details please refer to Fellner et al., 2007).
F Grate incinerator (GI) CW&IW
G Stationary fluidized bed

combustion (FBC)
RDF

H Grate incinerator (GI) MSW and CW&IW and minor
amounts of SS

I Grate incinerator (GI) MSW
J Grate incinerator (GI) MSW and CW&IW and minor

amounts of SS

MSW – municipal solid waste, CW&IW – commercial and industrial waste, SS –
sewage sludge, RDF – refuse derived fuels.
2.2. Application of the Balance Method to waste-to-energy plants in
Austria

The Balance Method is applied to all Austrian WTE plants, with
the exception of three facilities; two only combust hazardous
waste and do not provide all operating data necessary for applying
the Balance Method, and one facility was under reconstruction in
2014, the year the analysis was being conducted. Thus altogether
the waste feed from 10 waste incineration plants can be included
in the study and around 91% of the waste incinerated in Austria
in 2014 is characterized with respect to its biogenic and fossil car-
bon content as well as in terms of its share of renewable (biogenic)
energy. Based on the information on the composition of the waste
feed of each plant and their respective annual waste throughput,
the total fossil CO2 emissions as well as the total amount of renew-
able energy from WTE in Austria are determined.

Table 1 gives an overview of the 10 Austrian waste incineration
plants that are investigated. The annual throughput of these facil-
ities amounts to about 2300 kt of waste per year. The WTE plants
utilize different types of combustion technologies (grate incinera-
tion or fluidized bed combustion) and mainly incinerate municipal
solid waste (MSW), commercial and industrial waste (CW&IW),
sewage sludge (SS) and refuse derived fuels (RDF) (see Table 1),
whereby the share of the different waste types may significantly
vary during the one-year period investigated (2014).

The procedure for the application of the Balance Method to the
operatingdataof theWTEplants is schematically illustrated in Fig. 2.

A list of the input parameter required together with their neces-
sary temporal resolution and precision is defined and transmitted
to the plant operators. The specific requirements for the different
parameters basically depend on the sensitivity of the final results
to the respective parameters (Fellner et al., 2007). CO2 and O2
Please cite this article in press as: Schwarzböck, T., et al. Determining national g
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concentrations in the dry flue gas, for example, strongly affect dif-
ferent balances (carbon balance, O2 consumption as well as the dif-
ference between O2 consumption and CO2 production) and thus
need to be available at a high temporal resolution (like hourly
mean values) and high accuracy, whereas the mass of solid resi-
dues have a low impact on the output and might also be derived
from long-term experiences (Fellner et al., 2007). After the collec-
tion and transmission of the operating data by the plant operators,
the data are checked for their plausibility. Thereto, existing corre-
lations between the flue gas and steam production are used (e.g.
during the combustion of organic matter the consumption of 1
mole of O2 corresponds to an energy equivalent of 360–400 kJ;
and the combustion of 1 g of organic carbon produces an amount
of heat ranging from 34 up to a maximum of 44 kJ) (Fellner
et al., 2007). Only data which are within the expected theoretical
limits are subsequently evaluated by means of the Balance Method.
Additional information from the operator on experiences with the
measurement methods, on calibration practices or the combustion
process might be necessary to find the cause for implausible data
sets. Once a plausible data set is obtained, it is imported into the
software BIOMA, which has particularly been developed for the
application of the Balance Method in WTE plants (http://iwr.
tuwien.ac.at/ressourcen/downloads/bioma.html). It allows the
reenhouse gas emissions from waste-to-energy using the Balance Method.
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Fig. 2. Procedure for the analysis of the operating data of the WTE plants using the Balance Method (software BIOMA).
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biogenic and fossil mass fraction in the waste feed and the amount
of biogenic and fossil CO2 emissions to be determined for any time
period required. In addition, other parameters of interest for oper-
ators of WTE plants, such as the lower calorific value of the waste,
its water content or its total carbon content can be calculated and
automatically displayed by the BIOMA interface. For the presented
study monthly results as well as annual results on fossil CO2 emis-
sions and emission factors (emissions per unit of mass or unit of
energy) are generated for each plant. Thereto the input data are
aggregated to monthly and annual values before being evaluated
by means of the Balance Method. Finally, the annual results for
all plants are aggregated in order to determine the total amount
of national greenhouse gases from WTE plants in Austria in 2014.
The total emission factors (for all plants) are estimated by weight-
ing the annual emission factor per plant by the total waste feed (for
the mass related emission factor) or by the respective energy input
of the waste (for the energy related emission factor). The overall
renewable share of the energy in the waste feed is calculated by
relating the sum of energy input from biogenic sources to the total
energy input by waste and auxiliary fuels.

In order to aggregate the uncertainties for each plant to an over-
all uncertainty (all plants are considered together) the following
procedure is chosen:
Please cite this article in press as: Schwarzböck, T., et al. Determining national g
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First the uncertainties for each plant (for annual results) are
split into two parts. One part origins from the ‘‘uncertain assump-
tion” concerning the composition of moisture-and-ash-free bio-
genic and fossil organic matter, whereas the other part results
from the uncertainties of the plant operating data. In a second step
the latter is aggregated by error propagation (random effects on
the overall uncertainty). The other part of the uncertainty, which
results from the uncertain chemical composition of the biogenic
and fossil organic matter, is simply added up for each plant
(systematic effects on the overall uncertainty). Finally the so aggre-
gated ‘‘composition based” uncertainty and the ‘‘operation data
based” uncertainty are added to arrive at the overall uncertainty
for the sum of all plants investigated (an example for the splitting
is provided in Table 3 of the Supplementary information). The
‘‘composition based” uncertainty of the results is determined by
solving the set of balances under the assumption that operating
data of the plant are applied without uncertainty.
3. Results and discussion

The Balance Method is applied to 10 WTE plants for a period of
12 months (the year 2014). As for one facility (plant D) the
reenhouse gas emissions from waste-to-energy using the Balance Method.
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required operating data are incomplete or connected with mea-
surement errors, the analysis period for this particular plant has
to be reduced to 7 months.

An important step prior to determining the waste composition
with regards to biomass and fossil organic matter via the Balance
Method is the plausibility test of the operating data (as indicated
in Fig. 2). Results of these plausibility checks are summarized in
the following section.
Fig. 4. Results of plausibility checks (correlation between O2 consumption and
carbon content) of the operating data of WTE plant G on a 6-hourly basis.
3.1. Plausibility checks on operating data

For the plausibility tests, operating data (hourly values) are
aggregated to 6-h averages (in order to account for the fact that
there is obviously a temporal difference between certain input
and output flows of the facility), which are subsequently tested
for their correlation between O2 consumption, carbon content
and the lower calorific value of the waste. In Figs. 3 and 4 results
of the plausibility tests for plant G are summarized. From the cor-
relation in Fig. 3 it can be expected that there are no significant
systematic under- or overestimations of the CO2 and O2 measure-
ments or of the measured flue gas volume. As the calculation of the
lower calorific value of the waste does not account for possible
changes of the boiler efficiency over time, only the correlation in
Fig. 4 between O2 consumption and carbon content is used to
decide on the plausibility of data points. It can be seen that the vast
majority (more than 90%) of the 6-h averages are within the
defined limits for plausible data pairs and can thus be used for
the analysis in accordance with the Balance Method. However, in
order to end up with a high share of plausible values, additional
data or information on the measured data or the combustion pro-
cess had to be requested from the operators in all cases within this
study as data were either scattered outside the expected range or
other errors in measurements (e.g., no opposite trend of O2 and
CO2 data), data conversion or data transfer were evident. Addi-
tional to the plausibility checks, results of calibration measure-
ments at the WTE plants are used (if available) to confirm the
validity of the operating data. This is particularly crucial for the
measurements of the O2 and CO2 content in the flue gas, to which
the final outcome of the Balance Method is highly sensitive.

Table 2 summarizes the share of plausible operating data for all
10 WTE plants analyzed. With the exception of plant D and I, all
facilities are characterized by a high ratio (well above 95%) of plau-
sible operating data. The lower share of plausible operating data
for plant D and I can be explained by instable CO2 measurements
in plant D and by a lower temporal resolution of measurement data
in plant I (daily mean values instead of hourly mean values). In
Fig. 3. Results of plausibility checks (correlation between lower calorific value and O2 con
a 6-hourly basis.
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total over 96% of the waste (thus almost 2200 kt of waste out of
2300 kt of waste throughput in the 10 plants) is analyzed in the
study, a sample that can hardly be achieved by any other determi-
nation method.

3.2. Fossil CO2 emissions from Austrian WTE plants

In the end all plausible operating data are used to analyze the
waste composition and to determine the amount of fossil CO2

emissions as well as the share of energy from biogenic sources by
means of the Balance Method (Fellner et al., 2007). In Figs. 5–7,
results for the different plants are summarized and compared.
Besides monthly data, annual averages are given.

Fig. 5 shows the specific fossil CO2 emissions per ton of waste
on a monthly basis for all 10 WTE plants, divided into fluidized
bed combustion (FBC) plants (upper part) and grate incinerators
(GI) in the lower part of the figure. The FBC plants predominantly
utilize refuse derived fuels (RDF) and sewage sludge (SS), whereas
the grate incinerators are generally fed with municipal solid waste
and commercial and industrial waste. The monthly averages for
the specific CO2 emissions of the different WTE plants (FBC and
GI) range from 189 ± 17 to 598 ± 31 kg fossil CO2 emitted per ton
of waste. This wide range of emission factors for different plants
reflects wide regional variation in waste feed composition, which
is understandable in light of the fact that the plants presented in
Fig. 5 are situated in different federal states of Austria, which are
characterized by different waste collection schemes (e.g. separate
sumption and carbon content, respectively) of the operating data of WTE plant G on

reenhouse gas emissions from waste-to-energy using the Balance Method.
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Table 2
Share of plausible operating data (given in % of total waste mass combusted).

WTE plant A B C Db E F G H I J Total

Share of plausible dataa 98.3% 99.3% 95.8% 84.4% 99.5% 99.5% 98.3% 99.0% 82.8% 99.7% 96.7%

a Expressed as waste mass combusted during the record of plausible operating data referred to the total waste throughput.
b Only a period of 7 months has been evaluated.

Fig. 5. Monthly averages (incl. standard deviation) and weighted (based on waste flows for each plant) annual means of fossil CO2 emissions (given in kg CO2 per ton of
waste) of 10 (out of 13) WTE plants in Austria in 2014; upper part: fluidized bed combustion plants (treating RDF + SS); lower part: grate incinerators (treating MSW
+ CW&IW).

Fig. 6. Monthly averages (incl. standard deviation) and weighted (based on energy content of the waste for each plant) annual means of fossil CO2 emissions (given in kg CO2

per GJ heating value of the waste) of 10 (out of 13) WTE plants in Austria in 2014; upper part: fluidized bed combustion plants (treating RDF + SS); lower part: grate
incinerators (treating MSW + CW&IW).
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Fig. 7. Annual averages (with standard deviation) of fossil CO2 emissions from 10 (out of 13) WTE plants in Austria, including weighted mean values: (a) related to total waste
feed; (b) related to energy content of waste and standard values for fossil CO2 emissions from waste incineration according to IPCC (2000), EPA Sweden (Olofsson, 2004), and
Anderson et al. (2011) for Finland. For plant D the annual mean value given is based on the analysis of the waste feed over a period of 7 months only.
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collection of either all packaging plastics or just PET bottles; sepa-
rate collection or joint collection of biowaste; the latter is practiced
in some urban centers) and since different types of industry and
businesses are found throughout the region. No quantitative infor-
mation about the ratios of different waste types utilized is avail-
able to the authors for the WTE plants investigated. However, the
highest specific fossil CO2 emissions are found for WTE plant F,
which treats almost exclusively commercial and industrial waste.
This suggests that diverse ratios of commercial and industrial
and municipal solid waste may cause significantly different CO2

emission factors. However, the available data does not suggest a
correlation between waste types (household waste and commer-
cial waste) and emission factors, which confirms observations of
Larsen et al. (2013). They concluded, based on their investigations,
that a considerable variability in terms of biomass content was
observable for each waste type and that the difference in biogenic
carbon for the different waste types was not significant considering
a 95% confidence interval.

Furthermore, temporal variations of specific CO2 emissions are
obvious from Fig. 5. For instance, the monthly emission factors
for WTE plant G range from 255 ± 38 to 499 ± 40 kg CO2,foss per
ton of waste input (which corresponds to a standard deviation of
the monthly values of 22%), thereby highlighting that a reliable
analysis of the waste composition requires methods that charac-
terize the waste feed over longer time periods, as already indicated
by other studies (Fellner et al., 2011b; Fuglsang et al., 2014;
Obermoser et al., 2009).

When comparing the weighted (based on the waste flows of
each plant) annual mean values for GI plants (419 ± 19 kg CO2,foss/ton
waste) and for FBC plants (390 ± 21 kg CO2,foss/ton waste),
there tends to be lower emission factors observable for FBC plants
(significant differences at a confidence level of 95% using rank sum
test). This trend is ascribed to the higher share of sewage sludge
(up to 20% of total waste) incinerated in FBC plants, which reduces
the fossil carbon content in the waste (carbon from sewage sludge
is regarded as biogenic). However, the monthly variations in waste
composition for both types of incineration technology are on a
similar level, with a standard deviation from the annual mean of
21–26% (no indication of significant differences in variances at a
confidence level of 95% using the Levene’s test). This indicates that
the feed of both plants is prone to changing composition despite
the fact that pretreated and thus more homogenous waste material
is fed into FBC plants which would imply lower variations than in
GI plants.
Please cite this article in press as: Schwarzböck, T., et al. Determining national g
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Monthly averages of fossil CO2 emissions related to the energy
content of the waste feed (lower heating value) are summarized in
Fig. 6. The monthly values range from 25 ± 2 to 62 ± 3 kg fossil CO2

per GJ and thus cover the whole range of emission factors deter-
mined by Obermoser et al. (2009), who compared data of 11
WTE plants in different European countries (revealing a range of
30–67 kg fossil CO2 per GJ). The difference between results for
FBC plants (weighted mean of 42 ± 2 kg CO2,foss/GJ) and GI plants
(weighted mean of 43 ± 2 kg CO2,foss/GJ) is less pronounced for
the energy related emission factors compared to the specific fossil
emissions based on the waste mass.

Annual averages for the specific CO2 emissions per ton of waste
and per GJ energy content of the waste are presented in Fig. 7(a)
and (b) for all 10 plants investigated. Again a high variation of
the results for the different plants can be identified, ranging from
255 ± 18 (WTE plant C) to 548 ± 27 (WTE plant F) kg CO2,foss per
ton of waste and from 32 ± 2 (WTE plant A and WTE plant C) to
52 ± 3 (WTE plant F) kg CO2,foss per GJ of energy input from waste.

Comparing the variations among the values in Fig. 7(a) and (b),
it is evident that specific fossil CO2 emissions per energy input are
scattered less (with 17% standard deviation) in comparison to
specific fossil CO2 emissions that are related to the waste mass
(with 23% standard deviation). This observation is explained by
the fact that variations of the energy related emission factor reflect
only differing ratios between biogenic and fossil organic matter in
the waste feed. Changes in the total content of organic matter,
which obviously influence specific CO2 emissions, are to a large
extent already reflected by the calorific value of the waste. Hence,
variations in the total organic matter content of the waste hardly
change the energy related emission factor. The waste mass related
emission factor however has to account for both, varying contents
of total organic matter and changing ratios of biogenic and fossil
organic matter. Hence, it is concluded that the energy related emis-
sion factor (in kg CO2,foss per GJ) represents the more reliable indi-
cator for waste characterization, since its variability is lower by
definition.

When considering a default standard emission factor provided
by the Intergovernmental Panel on Climate Change (IPCC) of
557 kg fossil CO2 per ton of waste (IPCC, 2000), the fossil CO2 emis-
sions would be significantly overestimated for almost all WTE
plants investigated (up to 100%). Emission factors reported for Ger-
many with 354 (Hoffmann et al., 2010) or 382 kg fossil CO2 per ton
of combusted waste (ITAD, 2013) are closer to the value found
within this study for Austria (409 ± 18 kgCO2,foss/t). Whereas the
reenhouse gas emissions from waste-to-energy using the Balance Method.
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Fig. 8. Annual CO2 emissions from 10 (out of 13) WTE plants in Austria with an
annual waste throughput of about 2,300 kt.
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EpE (2008) in France estimates even lower specific fossil CO2 emis-
sions from waste incinerators, with only 293 kg fossil CO2 per ton
of household and non-hazardous industrial waste.

The annual waste throughput of all plants amounts to around
2300 kt (2110 kt of solid waste and 150 kt of sewage sludge), with
an average lower calorific value of the solid waste (excl. sewage
sludge) combusted of 10,400 ± 70 MJ/kg waste. Thus, the overall
amount of energy input to the 10 facilities in 2014 is about
22,500 TJ per year (21,950 TJ/yr stem from MSW, CW&IW and
RDF; 250 TJ/yr from SS and 300 TJ/yr from auxiliary fuels), resulting
in average energy specific greenhouse gas emissions from Austria’s
WTE plants of approximately 43 ± 2 kg CO2,foss/GJ (Fig. 7b). Com-
paring this finding once more with emission factors reported from
other European countries, the deviation appears lower than for the
mass-related emission factor. For example, the Swedish EPA
(Olofsson, 2004) suggests an emission factor of 33 kg CO2,foss/GJ
for waste incinerators. For waste incineration in Finland a default
factor of 40 kg CO2,foss/GJ has been estimated by Anderson et al.
(2011) and Denmark has implemented a generic emission factor
of 37 kg CO2,foss/GJ (Danish Energy Agency, 2013).

The presented study shows that from the overall amount of
energy input to the 10 WTE facilities in Austria, 47.7 ± 2% stem
from biogenic material.

Based on the evaluations for the year 2014, the total annual CO2

emissions from WTE plants in Austria can be estimated to
2130 ± 35 kt. In Fig. 8 these emissions are divided according to
their climate relevance, with 43 ± 2% originating from the combus-
tion of fossil matter (924 ± 22 kt fossil CO2), 56 ± 2% originating
from the combustion of biomass (1187 ± 25 kt biogenic CO2) and
around 1% can be assigned to the utilization of auxiliary fuels such
as fuel oil and natural gas (20 kt ± 1 kt fossil CO2).
4. Conclusions

The evaluationof thewaste composition of 10WTEplants inAus-
tria (with a total annual waste throughput of around 2300 kt of
waste) via the BalanceMethod reveals that there are significant dif-
ferences regarding the specific fossil CO2 emissions between the
facilities. Annual energy specific greenhouse gas emissions for
Austria’s WTE plants range from 32 ± 2 to 52 ± 3 kg fossil CO2 per
GJ of energy input fromwaste. The average fossil CO2 emission factor
amounts to 43 ± 2 kg fossil CO2 per GJ, which is higher than values
suggested for other European countries, like Sweden, Denmark or
Finland (Anderson et al., 2011; Danish Energy Agency, 2013;
Olofsson, 2004).

In addition to regional differences, large temporal variations
regarding the composition of the waste (biogenic, fossil) can be
Please cite this article in press as: Schwarzböck, T., et al. Determining national g
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observed for at least some of the plants analyzed (when monthly
mean values are regarded). It is assumed that these variations
are not only caused by a changing composition of the different
wastes combusted, but also by changing shares of the different
types of waste (municipal solid waste, commercial waste, refuse
derived fuels, sewage sludge).

The results further indicate that the usage of generic emission
factors (e.g. 557 kgCO2,foss/t waste as default given by the IPCC
(2000)) can result in considerable overestimations (or in some
cases possibly underestimations) of fossil CO2 emissions (as also
demonstrated in other studies (Fellner et al., 2011b; Fuglsang
et al., 2014; Obermoser et al., 2009). Thus, a plant-specific and con-
tinuous evaluation of the waste composition is highly recom-
mended as it constitutes the only reliable means for quantifying
fossil CO2 emissions or green electricity production from WTE
plants.

By means of the Balance Method the waste composition can be
evaluated for any time period required. The method allows both
trends and the variability in the composition of the waste feed to
be identified. In addition, the Balance Method delivers statistically
valid results with specified uncertainties and requires no addi-
tional sampling or measurements (except in those cases in which
the CO2 measurement of the flue gas needs to be implemented),
which results in virtually no additional costs for the plant operator
who wants to analyze the biomass content in the waste feed. The
plausibility checks done with the software BIOMA can help to dis-
cover systematic measurement errors or faulty data documenta-
tion. However, valid operating data are crucial for reliable results
and additional calibration efforts and control measurements might
be required, especially when a routine application of the Balance
Method is intended.

The produced results represent the first comprehensive evalua-
tion of climate relevant CO2 emissions from all WTE plants on a
national basis and have directly been incorporated into the green-
house gas inventory of Austria.

Acknowledgments

The authors would like to acknowledge the funding of the pre-
sent study which was provided by the Austrian Federal Ministry of
Agriculture, Forestry, Environment and Water Management. In
addition we thank the operators of the waste-to-energy plants
for their cooperation.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.wasman.2016.01.
025.

References

Anderson, R., Dahlbo, H., Myllymaa, T., Korhonen, M.-R., Manninen, K., 2011.
Greenhouse Gas Emission Factors for Helsinki Regions Waste Management, Life
Cycle Management Conference LCM 2011, Berlin, Germany, p. 10.

ASTM, 2012. ASTM D6866 – Standard Test Methods for Determining the Biobased
Content of Solid, Liquid, and Gaseous Samples Using Radiocarbon Analysis.
American Society for Testing and Materials, p. 14.

CEN/TC343, 2011. DIN EN 15440: Solid Recovered Fuels – Methods for the
Determination of Biomass Content. European Committee for Standardization,
p. 62.

CEWEP, 2014. Heating and Lighting from Waste. Confederation of European Waste-
to-Energy Plants <http://www.cewep.eu/about/cewep/index.html>.

Cuperus, J.G., van Dijk, E.A., de Boer, R.C., 2005. Pre-Normative Research on SRF.
TAUW, Deventer, Netherlands, p. 128.

Danish Energy Agency, 2013. Notat: Standardfaktorer for brændværdier og CO2-
emissioner – indberetning af CO2-udledning for 2012, Ref.: RZS <http://
www.ens.dk/sites/ens.dk/files/klima-co2/co2-kvoter/produktionsenheder-co2-
kvoteordningen/aarlig-co2-rapportering/Standardfaktorer%202012.pdf> p.3
(Accessed: 11th January 2016).
reenhouse gas emissions from waste-to-energy using the Balance Method.

http://dx.doi.org/10.1016/j.wasman.2016.01.025
http://dx.doi.org/10.1016/j.wasman.2016.01.025
http://www.cewep.eu/about/cewep/index.html
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0025
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0025
http://www.ens.dk/sites/ens.dk/files/klima-co2/co2-kvoter/produktionsenheder-co2-kvoteordningen/aarlig-co2-rapportering/Standardfaktorer%202012.pdf
http://www.ens.dk/sites/ens.dk/files/klima-co2/co2-kvoter/produktionsenheder-co2-kvoteordningen/aarlig-co2-rapportering/Standardfaktorer%202012.pdf
http://www.ens.dk/sites/ens.dk/files/klima-co2/co2-kvoter/produktionsenheder-co2-kvoteordningen/aarlig-co2-rapportering/Standardfaktorer%202012.pdf
http://dx.doi.org/10.1016/j.wasman.2016.01.025


T. Schwarzböck et al. /Waste Management xxx (2016) xxx–xxx 9
EpE, 2008. Protocol for the Quantification of Greenhouse Gases Emissions from
Waste Management Activities. Version 3.0. Entreprise pour L‘environment
(EpE), Paris, p. 58.

European Parliament, 2009a. Directive 2009/28/EC on the Promotion of the Use of
Energy from Renewable Sources and Amending and Subsequently Repealing
Directives 2001/77/EC and 2003/30/EC Official Journal of the European Union,
pp. 16–62.

European Parliament, 2009b. Directive 2009/29/EC on Amending Directive 2003/
87/EC So as to Improve and Extend the Greenhouse Gas Emission Allowance
Trading Scheme of the Community. Official Journal of the European Union, pp.
63–87.

Fellner, J., Aschenbrenner, P., Cencic, O., Rechberger, H., 2011a. Determination of the
biogenic and fossil organic matter content of refuse-derived fuels based on
elementary analyses. Fuel 90, 3164–3171.

Fellner, J., Cencic, O., Rechberger, H., 2006. Bilanzmethode – Ein Verfahren zur
Bestimmung der fossilen CO2-Emissionen, in: Lorber, K.E.e.a. (Ed.), Proceedings
DepoTech 2006: ‘‘Abfall- und Deponietechnik, Abfallwirtschaft, Altlasten, 8.
DepoTech Konferenz”, Leoben, Austria.

Fellner, J., Cencic, O., Rechberger, H., 2007. A new method to determine the ratio of
electricity production from fossil and biogenic sources in waste-to-energy
plants. Environ. Sci. Technol. 41, 2579–2586.

Fellner, J., Cencic, O., Zellinger, G., Rechberger, H., 2011b. Long term analysis of the
biomass content in the feed of a waste-to-energy plant with oxygen-enriched
combustion air. Waste Manage. Res. 29, 3–12.

Fuglsang, K., Pedersen, N.H., Larsen, A.W., Astrup, T.F., 2014. Long-term sampling of
CO2 from waste-to-energy plants: 14C determination methodology, data
variation and uncertainty. Waste Manage. Res. 32, 115–123.

Hoffmann, G., Wünsch, C., Brunn, L., Schnapke, A., Schingnitz, D., Günther, M.,
Baumann, J., Wagner, J., Bilitewski, B., 2010. Nutzung der Potenziale des
biogenen Anteils im Abfall zur Energieerzeugung, in: Umweltbundesamt (Ed.).
Institut für Abfallwirtschaft und Altlasten der Technischen Universität Dresden
und INTECUS GmbH, Pirna, Germany, p. 284.

Horttanainen, M., Teirasvuo, N., Kapustina, V., Hupponen, M., Luoranen, M., 2013.
The composition, heating value and renewable share of the energy content of
mixed municipal solid waste in Finland. Waste Manage. 33, 2680–2686.

IPCC, 2000. IPCC Good Practice Guidance and Uncertainty Management in National
Greenhouse Gas Inventories – Chapter 5 – Waste <http://www.ipcc-nggip.iges.
or.jp/public/gp/english/>. p. 32.

ITAD, 2013. Beitrag zum Klimaschutz – Berechnung der CO2-Gutschrift durch
thermische Abfallbehandlung (Belastung und Substitution).
Interessensgemeinschaft der Thermischen Abfallbehandlungsanlagen in
Deutschland e.V., <https://www.itad.de/ITAD/klimaenergie/329.html>.

Jones, F.C., Blomqvist, E.W., Bisaillon, M., Lindberg, D.K., Hupa, M., 2013.
Determination of fossil carbon content in Swedish waste fuel by four
different methods. Waste Manage. Res. 31, 1052–1061.

Larsen, A.W., Astrup, T., 2011. CO2 emission factors for waste incineration: influence
from source separation of recyclable materials. Waste Manage. 31, 1597–1605.

Larsen, A.W., Fuglsang, K., Pedersen, N.H., Fellner, J., Rechberger, H., Astrup, T., 2013.
Biogenic carbon in combustible waste: waste composition, variability and
measurement uncertainty. Waste Manage. Res. 31, 56–66.
Please cite this article in press as: Schwarzböck, T., et al. Determining national g
Waste Management (2016), http://dx.doi.org/10.1016/j.wasman.2016.01.025
Mohn, J., Szidat, S., Fellner, J., Rechberger, H., Quartier, R., Buchmann, B.,
Emmenegger, L., 2008. Determination of biogenic and fossil CO2 emitted by
waste incineration based on (CO2)-C-14 and mass balances. Bioresource
Technol. 99, 6471–6479.

Mohn, J., Szidat, S., Zeyer, K., Emmenegger, L., 2012. Fossil and biogenic CO2 from
waste incineration based on a yearlong radiocarbon study. Waste Manage. 32,
1516–1520.

Muir, G.K., Hayward, S., Tripney, B.G., Cook, G.T., Naysmith, P., Herbert, B.M.,
Garnett, M.H., Wilkinson, M., 2015. Determining the biomass fraction of mixed
waste fuels: a comparison of existing industry and (14)C-based methodologies.
Waste Manage. 35, 293–300.

Narasimhan, S., Jordache, C., 2000. Data Reconciliation and Gross Error Detection –
An Intelligent Use of Process Data. Gulf Professional Publishing, Housten, TX,
USA, p. 406.

Obermoser, M., Fellner, J., Rechberger, H., 2009. Determination of reliable CO2

emission factors for waste-to-energy plants. Waste Manage. Res. 27, 907–913.
Olofsson, M., 2004. Waste-to-energy from an environmental point of view.

Presentation at the 2nd CEWEP Congress ‘‘Where is EU Waste Policy going?”,
Amsterdam, Netherlands.

Pacher, C., Weber-Blaschke, G., Faulstich, M., 2007. Emissionszertifikate für
Müllverbrennungsanlagen – Möglichkeiten des Emissionshandels und der
Anwendung von Klimaschutzinstrumenten (Emission allowances for waste to
energy plants - possibilities of emissions trading and climate protection
projects). Müll und Abfall 08, 372–379.

Palstra, S.W.L., Meijer, H.A.J., 2010. Carbon-14 based determination of the biogenic
fraction of industrial CO2 emissions – application and validation. Bioresource
Technol. 101, 3702–3710.

QUOVADIS, 2007. Quality Management, Organisation, Validation of Standards,
Developments and Inquiries for SRF. In: Giovanni, C. (Ed.). CESI RICERCA,
Milano, Italy, p. 134.

Rechberger, H., Fellner, J., Cencic, O., 2007. Verfahren zur Ermittlung der Anteile
biogener und fossiler Energieträger sowie biogener und fossiler
Kohlendioxidemissionen beim Betrieb von Abfallverbrennungsanlagen
(Method for determining the proportion of biogenic and fossil energy carriers
and of biogenic and fossil carbon dioxide emissions in the operation of
combustion systems). In: Bilitewski, Schnurer, Zeschmer-Lahl (Eds.), Müll-
Handbuch. Erich Schmidt Verlag, Chapter 9312, pp. 1–21.

Saiz-Rodríguez, L., Bermejo-Muñoz, J.M., Rodríguez-Díaz, A., Fernández-Torres, A.,
Rubinos-Pérez, A., 2014. Comparative analysis of 14C and TGA techniques for
the quantification of the biomass content of end-of-life tires. Rubber Chem.
Technol. 87, 664–678.

Staber, W., Flamme, S., Fellner, J., 2008. Methods for determining the biomass
content of waste. Waste Manage. Res. 26, 78–87.

van Dijk, E.A., Steketee, J.J., Cuperus, J.G., 2002. Feasibility Study of Three Methods
for Determining the Biomass Fraction in Secondary Fuels. TAUW, Deventer,
Netherlands, p. 51.
reenhouse gas emissions from waste-to-energy using the Balance Method.

http://refhub.elsevier.com/S0956-053X(16)30025-3/h0050
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0050
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0050
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0060
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0060
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0060
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0065
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0065
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0065
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0070
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0070
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0070
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0070
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0080
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0080
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0080
http://www.ipcc-nggip.iges.or.jp/public/gp/english/
http://www.ipcc-nggip.iges.or.jp/public/gp/english/
https://www.itad.de/ITAD/klimaenergie/329.html
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0095
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0095
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0095
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0100
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0100
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0100
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0105
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0105
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0105
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0110
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0110
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0110
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0110
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0110
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0110
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0115
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0115
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0115
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0115
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0120
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0120
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0120
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0120
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0125
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0125
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0125
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0130
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0130
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0140
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0140
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0140
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0140
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0140
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0145
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0145
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0145
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0145
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0160
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0160
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0160
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0160
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0165
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0165
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0170
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0170
http://refhub.elsevier.com/S0956-053X(16)30025-3/h0170
http://dx.doi.org/10.1016/j.wasman.2016.01.025

	Determining national greenhouse gas emissions from waste-to-energy using the Balance Method
	1 Introduction
	2 Materials and methods
	2.1 Balance Method
	2.2 Application of the Balance Method to waste-to-energy plants in Austria

	3 Results and discussion
	3.1 Plausibility checks on operating data
	3.2 Fossil CO2 emissions from Austrian WTE plants

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary material
	References


