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In many affluent countries, energy recovery from waste has become an important
part of their waste management, resource recovery and energy supply strategies. It is
regarded as a viable treatment option to save land for landfill facilities, to significantly
reduce waste volumes, and to completely disinfect waste. While these aspects have been
the main arguments in the past, developments in recent years depict Waste-to-Energy
(WtE) as important tool for material recycling and resource conservation [2, 7, 15].
Thus, driven by the climate debate, the promotion of renewable energies and the demand
for high energy efficiencies, the efficient recovery of energy from waste is becoming
increasingly important. On the one hand, the energy gained represents an important
source of income for WtE plant operators, on the other hand, efficient recovery of
energy indirectly reduces the greenhouse gas emissions from WtE plants (through
the higher substitution of fossil fuels). However, compared to conventional thermal
power plants (coal, gas, fuel oil), energy efficiencies of WtE plants are significantly lower
[2, 3, 14]. This is primarily due to three factors:
a) steam parameters of WtE boilers are significantly lower than those of conventional
thermal power plants, because of the highly corrosive properties of waste flue gas
(mainly due to high Cl content),
b) a higher air surplus is required as a buffer due to fluctuations (and heterogeneity)
of the waste,
c) energy input from waste is not constant as for conventional fossil fuel power plants,
but subject to considerable temporal fluctuations, depending on its composition
(variable calorific value).
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Factor a) is partially compensated by extracting heat only (provided that there is demand
for heat) or by reheating the steam between high pressure and low pressure stage of the
turbine. Furthermore, in certain WtE plants higher steam parameters are attempted
to be achieved by increased corrosion protection (cladding of the boiler flues), which
lead to a higher total electrical efficiency (e.g. WtE plant in Amsterdam, planned WtE
plant in Shenzhen) [8, 9].
Factors b) and c) both arise from variations in waste composition, which are usually
unavoidable. The composition of the delivered waste is influenced by the settlement
structure, social disparities in the catchment area of the WtE plant, seasonal factors as
well as the type of waste (household waste, commercial waste, industrial waste, etc.) [5,
6]. By mixing the delivered waste in the bunker of the WtE plant, the operator tries to
compensate for the varying composition. This attempt to homogenize the waste (e.g.
in terms of calorific value, water content or ash content), is beneficial for the energy
efficiency but also reduces emissions of air pollutants (such as CO, NOx, or dioxins). In
particular, emission peaks, which are primarily caused by unstable operation of the plant
(fluctuating firing capacity) and insufficient burnout, are thereby avoided [1, 3, 13-15].
However, so far, it cannot be assessed if waste mixing in the bunker is conducted sufficiently, as there is a lack of information on the short-term variability of the waste feed
composition. Thus, the changing waste feed composition cannot be considered in the
combustion control system [16]. First investigations by the authors at one WtE plant
showed that the so-called Balance Method [4] can potentially be utilized to deliver
appropriate data on the short-term variation in waste composition (e.g. hourly data on
the share of biomass in the waste). Furthermore, it was shown that short-term changes
(hourly) in waste composition are much more pronounced compared to variations in
daily means or monthly means [10, 12].
The paper presents the first detailed analysis of the effect of changing waste feed composition in WtE plants on different operating data, such as steam production, auxiliary
fuel consumption, waste throughput or excess air. The analysis is done by empirical
statistical evaluations of real WtE plant operating data. Data from three WtE plants
are evaluated at a high temporal resolution (hourly values) over a period of one year.
In particular, the following general questions are addressed:
• Which factors lead to a variability of the steam production and which parameters
could be used as indication for an unstable steam production?
• Is there a connection between variability in steam production and the variability
in waste feed composition?
• Which losses of steam production can be expected to be avoided when mixing of
the bunker waste is improved (thereby reducing the temporal variability of the waste
composition)?
A further objective of the paper is to evaluate the suitability of the Balance Method
for the purpose of detecting short-term fluctuations of the waste composition (e.g.
biomass share) and thus, providing a potential tool to avoid insufficiently mixed waste
on the grate.
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1. Material and methods

1.1. Determining the waste feed composition
by applying the Balance Method
The Balance Method is used to generate data on the waste feed characteristics in the WtE
plants. The method is based on different material and energy balances, which use plant
operating data and information upon the elemental composition of biogenic and fossil
materials. This allows the content of biogenic (biomass) and of fossil materials (plastics)
to be determined [4]. The calculations based on the Balance Method are integrated into
the Software BIOMA, which can be applied to WtE plant operating data (https://iwr.
tuwien.ac.at/ressourcen/downloads/bioma/) and which is used in the presented study.
Waste composition data is provided by BIOMA based on the following mass shares:
Biomass share, fossil share (plastics), share of water, share of inert materials and metals.
Different to previous (common) evaluations by means of the Balance Method (e.g.
[11]), the output data are generated on an hourly basis instead of monthly or annual
averages. This possibility to generate high temporal resolution data by means of the
Balance Method (restricted only by the temporal resolution of the input operating
data) is considered as a chance to provide valuable information to the plant operators
on short-term change of waste characteristics. The following output parameter of the
Balance Method are used in the presented investigations: water content of waste feed
(mW), share of biomass in waste feed (mB), and lower heating value of waste feed (LHV).

1.2. Analysing the variability of the steam production
The variability of the steam production is compared with different plant operation characteristics (steam production, waste throughput, O2-content in the flue gas, utilization
of auxiliary fuels) and with different waste characteristics (mW, mB, LHV) and their
respective variability. The comparisons are made in order to ascertain if an unstable
steam production is generally connected with lower efficiency of the plant operation
(higher excess air, lower steam production) and if the assumption that a varying steam
production is caused by the heterogeneity of the waste composition, is valid.
The variability of the different parameters is defined as standard deviation (SD) over
a period of six consecutive hours. All data during start-up and shut-down times are
excluded from the conducted statistical analyses. Empirical cumulative distribution
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The conducted analysis is based on the evaluation of real operating data from three
different WtE plants over a period of one year. All three WtE plants are equipped with
a grate firing system and have a capacity between 100,000 and 300,000 tons of waste
per year. Hourly values during regular operation of the plant are used for the empirical
statistical analyses. Shut-down and start-up periods are disregarded because they are
considered as unavoidable due to annually required plant revisions. The analyses are
conducted with data which are measured directly at the plants as well as with data
which have been calculated by means of the Balance Method.
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functions are applied to hourly values and to the 6-hours SD. The variability of the
steam production and of the biomass share mB is divided into different categories as
listed in Table 1. Figure 1 shows an example of varying steam production over a period
of around three days.
Table 1:

Categories of variability for the parameter steam production and biomass share (mB)

		 Variability of the hourly
Variability of the hourly
		
steam production
biomass share mB
(standard deviation over 6 hours) (standard deviation over 6 hours)
t/h

kg/kg

			

< 0.01

no variability*
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0.01 – 0.02

low variability

		

0.5 to 2

0.02 – 0.03

medium variability

		

2 to 4

0.03 – 0.05

high variability

		

>4

> 0.05

very high variability

* times declared with no variability in mB are used to calculate the reference steam production
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Qualitative description
of the variability

Auxiliary fuel consumption

Figure 1:

Relative steam production

Example of the hourly steam production (given relatively to the target hourly steam
production) and hourly usage of auxiliary fuel over a period of 80 hours for a Waste-toEnergy plant

2. Results
2.1. Variability of steam production
Figure 2 to Figure 5 show the relative cumulative frequency of different plant operation parameter compared with the variability of the steam production. It can be seen
that a higher variability of the steam production (given as standard deviation over a
period of six consecutive operating hours) is connected with a lower steam production
by trend for all three plants. When there is a low variability of the steam production
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When comparing the variability in the steam production to the waste throughput (Figure 3), there is no clear trend between waste throughput and unstable steam production.
From Figure 4 it can be expected that a higher instability of the steam production is
connected with a higher excess air (as indicated by an increasing oxygen concentration
in the flue gas) for all plants. This indicates that a lower boiler efficiency (due to higher
flue gas volume) is reached when the steam production is not stable. Finally, also the
demand for auxiliary fuels (heating oil, natural gas) is elevated when the variability of
the steam production is high (Figure 5).
For all regarded three plants, Figure 2 to Figure 5 show that there is a general interrelation between different plant operating parameters and an unstable steam production.
Hence, it can be assumed that the variability of the steam production gives an indication
of the degree of stability or instability of the WtE plant operation.
WtE plant A
Relative cumulative frequency
1.0

WtE plant B
Relative cumulative frequency
1.0

WtE plant C
Relative cumulative frequency
1.0

0.8

0.8

0.8

0.6

0.6

0.6

0.4

0.4

0.4

0.2

0.2

0.2

0

0
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

0
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Relative steam production per hour t/t
Variability of steam production (over 6 hours):
< 0.5 t/h
0.5 - 2 t/h
2 - 4 t/h
> 4 t/h

Figure 2:

Relative cumulative frequencies of hourly steam production (referred to the target
hourly steam production) for different variability categories of steam production (given
as standard deviation over a period of six hours); hourly operating data over a period of
one year are considered
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standard deviation over a period of six hours); considering data over a period of one year
231

Waste Incineration

(SD below 0.5 t/h, blue line in Figure 2), then at least 90 % of the target steam production is reached during more than 90 % of the time. At high variability (SD above 4 t/h,
red line in Figure 2), 90 % of the target steam production is only reached during 60 %
(WtE A, WtE B) to 80 % (WtE C) of the time.
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Figure 4:
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Relative cumulative frequencies of oxygen concentration in the flue gas for different
variability categories of steam production (given as standard deviation over a period of
six hours); considering data over a period of one year
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Figure 5:
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Relative cumulative frequencies of the demand for auxiliary fuels (heating oil, natural
gas) for different variability categories of steam production (given as standard deviation
over a period of six hours); considering data over a period of one year

2.2. Relation between variable steam production and waste characteristics
Figure 6 to Figure 8 compare different waste characteristics (water content mW, biomass
share mB, lower heating value LHV) to the variability of the steam production for the
different plants. The presented waste characteristics do all represent parameters, which
are determined by the Balance Method (output parameter of the software BIOMA).
The results show that for WtE plant B, a high variability of the steam production
(SD > 4 t/h) is connected with a higher mW and thus, a lower mB (on a dry basis) and a
lower LHV of the waste feed (upper middle graph in Figure 6 to Figure 8). This indicates
that in this plant, the water content of the waste (which is in average above the ones in
WtE plant A and C) affects the stability of the steam production. For WtE plant A and WtE
plant C, this interrelation is less apparent (upper left and upper right graph in Figure 6).
However, the relation between a variable steam production and LHV is observable
for all three plants, whereby least distinct for WtE plant C (Figure 8 upper graphs).
Comparing the graphs for WtE plant C for the parameter mW, mB, and LHV in Figure 6
to Figure 8 show that mB is rather diverse in this plant in the course of one year (flat
curve for upper right graph in Figure 7). Still, the curves for mW and LHV for WtE plant
C are in a narrow range (steep curves in upper right graphs of Figure 6 and Figure 8).
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Figure 7:
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Relative cumulative frequencies of water content (mW) of the waste feed (top row),
and relative cumulative frequencies of variability of mW (given as SD over a period of
six hours) (bottom row) for different variability categories of steam production (given
as SD over a period of six hours); hourly operating data over a period of one year are
considered for each graph
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Relative cumulative frequencies of biomass share (mB) in the waste feed (top row), and
relative cumulative frequencies of variability of mB (given as SD over a period of six hours)
(bottom row) for different variability categories of steam production (given as SD over
a period of six hours); hourly operating data over a period of one year are considered
for each graph
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Figure 8:
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Relative cumulative frequencies of lower heating value (LHV) of the waste feed (top row),
and relative cumulative frequencies of variability of LHV (given as SD over a period of
six hours) (bottom row) for different variability categories of steam production (given
as SD over a period of six hours); hourly operating data over a period of one year are
considered for each graph

These different frequency curve appearances for WtE plant C suggest that the varying
waste feed composition in terms of biomass content can generally be better compensated than in the other two plants. A better waste mixing (or easier mixable waste) can
be expected for WtE plant C. However, high short-term variabilities (here: 6 hours)
for mW, mB and LHV of the waste, appears to be linked with a high variability of the
steam production in all three plants (bottom graphs in Figure 6 to Figure 8). Thus, a
(short-term) change in the waste composition (e.g. from 25 to 30 weight-% of biomass
in the waste within a few hours) leads to an unstable plant operation (lower steam
production, lower efficiency).

2.3. Effect of variable waste composition on steam production
Based on the analyses in the previous chapter, the variability of both parameters mB
(biomass share) and mW (water content) appear to be appropriate indicators for a
changing waste composition (and thus the heterogeneity of the waste feed). In this
chapter, the waste heterogeneity based on the parameter mB is directly compared to
the steam production. Expected losses of the steam production are estimated when
mB is varying at certain levels. Thereto, five different categories for the variability of mB
are defined (see Table 1) and the respective data on the hourly steam production are
assigned. The first category (mB variability < 1 weight-%) is used to define the reference
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The results show that there are losses in steam production with increasing variability
of the biomass share. The highest losses (-8.7 %) are expected for WtE plant B when
there is a variability of mB of above 5 weight-%. However, this high variability is only
occurring during a very limited number of time (0.3 % of the regarded hours). The
highest total losses (or optimization potential by better mixing of the waste feed) of
steam production during times of high variable waste composition are expected for WtE
plant A (Figure 9). In average, a reduced steam production of 2.5 % is found when mB
is varying in average by more than 3 weight-% (over six hours). This variation occurs
during 13 % (sum of 9 % and 4 % as given in Figure 9) of the regular operating hours.
For WtE plant C, the steam production losses due to the variability of the waste feed
can be estimated to be below 0.5 % (Figure 11). A low heterogeneity of the waste feed
(and thus a good mixing of the waste in the bunker) of WtE plant C can be expected.

Relative difference between the actual
and the reference* steam production (hourly values)
0.15
n = 1,000 (13 %) n = 3,733 (49 %)
n = 1,854 (24 %)

WtE plant A
n = 668 (9 %)
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- 0.20
- 0.25
< 1 wt%
Mean
Median
25 - 75 %
10 - 90 %

Figure 9:

1-2 wt%

2-3 wt%

3-5 wt%

> 5 wt%

Variability of the share of biomass in the waste (mB) Standard deviation (over 6 hours)
* reference steam production: mean steam production at lowest variability of mB (<1 wt%)
n...number of operating hours

WtE plant A: Variability of waste composition (SD over six hours of the parameter biomass
share mB) and the related relative losses in steam production, given as relative difference
between the actual hourly steam production and the reference steam production; mean
relative differences are provided as bold numbers for each box plot
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steam production (mean value). Based on this reference value, the differences per hour
to the actual steam production are calculated and presented as relative difference in
Figure 9 to Figure 11 depending on the variability of mB.
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Figure 10:
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WtE plant B: Variability of waste composition (SD over six hours of the parameter biomass
share mB) and the related relative losses in steam production, given as relative difference
between the actual hourly steam production and the reference steam production; mean
relative differences are provided as bold numbers for each box plot
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Figure 11:
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WtE plant C: Variability of waste composition (SD over six hours of the parameter
biomass share mB) and the related relative losses in steam production, given as relative
difference between the actual hourly steam production and the target steam production;
mean relative differences are provided as bold numbers for each box plot
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3. Conclusions

The highest optimization potential with regards to higher steam production by a
better waste homogenization can be expected for WtE plant A, where a medium to
very high variability of the waste composition was found during 37 % of the operating
time (during regular operation). For WtE plant B and C this share is at 4 % and 19 %,
respectively. First estimations on the energy losses due to reduced steam production
reveal that between 500 to 15,000 GJ per year could be additionally produced when
the bunker waste mixing is improved (and thus, the waste composition variability is
reduced to a low level). This can be translated to additional gains per plant of up to
75,000 EUR per year. Additional economic benefits can be expected due to a reduced
auxiliary fuel consumption and an increased waste throughput during times of better
waste homogenization.
The Balance Method appears suitable for providing data on the waste composition on
an hourly basis. But still the method has some limitations regarding its data provision
on a high temporal-resolution. This is because it requires a variety of operating data
for the mathematical calculations, which are usually not available on an hourly (or
even lower) basis and for which (annual, monthly) mean values need to be considered
(e.g. amount of incineration residues). Furthermore, the Balance Method combines
operating data measured at different points/locations in the plants, which are slightly
time shifted (e.g. time of waste input versus time of flue gas composition or steam
production). Thus, it is expected that the Balance Method underestimates the actual
variability of the waste composition and the improvement potential might be even
higher than presented in this first analysis.
In the presented investigations, the variation in steam production is used as indication
for a stable or unstable plant operation and for estimating the optimization potential.
Other parameters (such as excess air, boiler efficiency, air emissions, etc.) are equally
important for a stable and efficient plant operation. Thus, future investigations will
focus also on other factors and will include other WtE plants with different waste
feed and different firing technologies. Finally, practical tests will be done in order to
test if the Balance Method is suitable to provide real-time information on the waste
variability on the grate; information which could be useful for the operating personal
to systematically intensify the bunker waste mixing and thereby improve the stability
and energy efficiency of the WtE plant operation and reduce emissions.
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