Real-time Analysis of SRF using Sensor Technology

Real-time Analysis of Solid Recovered Fuels
using Sensor Technology

1.

Description of the NIR-RTA system..........................................................340

1.1.

Operation of the system..............................................................................340

1.2.

Impacts on the accuracy of the system......................................................343

2.

Large-scale investigations...........................................................................344

2.1.

Material and methods .................................................................................344

2.2.

Results............................................................................................................345

3.

Conclusions and outlook............................................................................348

4.

Sources...........................................................................................................348

Quality assurance plays an important role for the production and utilization of solid
recovered fuels (SRF) generated from municipal solid and production waste.
The quality control is currently done by regular sampling of the SRF and chemical
analysis of the samples in an extern laboratory (Offline-Analytic). However, since the
chemical analysis results have a time lag of several days; it is not possible to regulate
the SRF’s quality during processing.
Near infrared technology (NIR) allows the identification of the type of material, particle
surface area and moisture content. By linking detected material types with specific material properties such as; calorific value, chlorine content, ash content, etc. it is possible
to calculate these relevant parameters for a total SRF in real time.
The Company TOMRA Sorting GmbH developed a NIR-based real-time analytic
system for solid recovered fuels (NIR-RTA system). This system has been developed
continuously since 2010 through different cooperative research projects at the Institute
for Water • Resources • Environment (IWARU) at the Münster University of Applied
Sciences. The main point of this research project is to investigate relevant calorific
material categories of SRF as well as determining the accuracy and optimization of
the NIR-RTA system.
The following study gives an overview of how the NIR-RTA system works and shows
results of an investigation on the system accuracy in a large technical scale.
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1. Description of the NIR-RTA system
1.1. Operation of the system
The material identification is made by using near infrared spectroscopy (NIR), which
is based on the interaction of material and electromagnetic radiation, in which the molecules are put into vibration and a certain amount of radiation energy is absorbed [6].
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The spectrum is described by registering the intensity of absorbed radiation in a specific
spectral range [8].The identification is carried out through an automatic comparison
between the generated spectra and comparative spectra stored in the system database.
Simultaneously, the system can identify and calculate the material-specific surface
areas of the particles.
An integrated database contains information of characteristic material groups of solid
recovered fuels (PE-films, textiles, wood, paper, etc.); regression models for the determination of mass and moisture content as well as average values of specific material
properties (e.g. calorific value, chlorine content, ash content). Figure 1, describes the
processes needed for the calculation of parameters of a detected SRF.

NIR unit output

Integrated database

• Detected material group
- PE-film
- PE-hard plastics
- paper/paperboard/
cardboard
- wood
- textiles
- PP-hard plastics
- …

• Constant average values of
material specific properties
- gross calorific value
MJ/kgdm
- chlorine content %dm
- ash content %dm
- …

• Detected surface area Ai
- PE-film
- PE-hard plastics
- paper/paperboard/
cardboard
- wood
- textiles
- PP-hard plastics
- …

• Variable parameters
- material specific mass
mi (kg)
f: Ai  mi

Real-time analysis output
->
->
->
->
->

gross calorific value (MJ/kgdm)
net calorific value (MJ/kgar)
chlorine content (%dm)
moisture content (%ar)
ash content (%dm)

- moisture content
Mi (%ar)
f: Ω  Mi

• Metric
- water variable Ω

Figure 1:

Schematic representation of the NIR based on real time analytic system

The total material flow concentrations over a time period [t] are determined with the
average material specific concentrations respectively gross calorific values and the cal.
culated material group mass [m] of the detected surface areas as shown in equation 1:
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n

∑ i=1 (ci m. i)
.
								
*
c =
n
∑ i=1

.

.

(Eq. 1)

mi

over a period of time t
( MJ
kg )
MJ
= average concentration (%) or energy content (
of the material group i
kg )

c = Total concentration (%) or energy content
ci

mi = Mass of the material group i (kg) over a period of time t

The net calorific value [qp,net,m] is calculated along with the equation 2 using the
gross calorific value [qV,gr,d] and the moisture content. The calculation of the net
calorific value is carried out according to guideline RAL-GZ 724 in accordance with
the guideline for sampling, sample preparation and analysis of the Gütegemeinschaft
Sekundärbrennstoffe und Recyclingholz e. V (BGS e. V.), German association for quality
control of solid recovered fuels. [1]

.

(Eq. 2)

based on the original substance over a period of time t
( MJ
kg )
MJ
= Gross calorific value (
based on dry substance over a period of time t
kg )

qp,net,m = Net caloric value
.

qV,gr,d
M

= Moisture content (%) related to the original substance over a period of time t

NIR unit output
• Detected material group
- PPC
- PE-films
• Detected surface area Ai
- PPC = 1,457.8 m2
- PE-films = 9,535.4 m2
• Metric
- water variable
Ω = 0.0868

Integrated database
• Constant average values of
material specific properties
- q V,gr,d
-> PPC = 17.4 MJ/kgdm
-> PE-films = 38.8 MJ/kgdm
- chlorine content
-> PPC = 0.4 %dm
-> PE-films = 0.3 %dm
- ash content
->PPC = 16.8 %dm
-> PE-films = 4.2 %dm

Real-time analysis output
->
->
->
->
->

q V,gr,d = 27.0 MJ/kg
q p,net,m = 20.3 MJ/kg
chlorine content = 0.36 %dm
moisture content = 17.45 %
ash content = 11.13 %

• Variable parameters
- material specific mass
mi (kg)
-> PPC = 758.1 kg
-> PE-films = 619.8 kg
- moisture content Mi (%)
-> 17.45 %

Figure 2:

Example of calculated data in real-time for relevant fuels using near infrared technology
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Figure 2 shows an example of data determination of fuel relevant parameters of a SRF.
In order to have a better understanding, the SRF was modeled by two different material
categories, paper/paperboard/cardboard (PPC) and polyethylene films (PE-films).
In the modeled example, the NIR unit detected 1,457.8 m² PPC and 9,535.4 m² PE-films
over a period of time t. The measurement of absorption intensity in a specific wavelength
range (water peak) identifies a water variable of 0.0868 [-] for this fuel mixture.
Since regression functions are stored in a database, the moisture content can be calculated
as well as the weights of the two material categories via the detected surface area. The
stored functions are based on extensive empirical investigations.
The calculation of the total material flow concentration was carried out in accordance with
the above equations. The basis data and (preliminary) results are summarized in Figure 2.
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The system described above is grounded on real-time analytics using methods based on
the law of large numbers (LLN), which states that, the average of the results obtained from
a large number of trials should be close to the expected value and will tend to become
closer as more trials are performed. [7].
Figure 3 explains the mentioned principle using chlorine content in polyvinyl chloride. In
this example, there is an expected value of an average chlorine content of 28.0 percent in
PVC hard plastics. The actual chlorine content in PVC-particles does not always match
with the expected value, but scatters log-normal distribution [3]. The average chlorine
content converges with the growing number of measured particles against the expected
value (Figure 3).
Chlorine
%dm
29.0
28.8
28.6
28.4
28.2
28.0
27.8
27.6
27.4
27.2
27.0
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Number of particle
Average concentration
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Figure 3:

Development of an average chlorine content with an increasing number of particles

The simulated example makes clear that it is necessary to apply a minimum flow rate
(critical number of measuring particles) in order to achieve reliable results.
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1.2. Impacts on the accuracy of the system
Previous investigations have identified eight causes that impacted the accuracy on the
NIR-RTA system. These are shown below in Figure 4.

Process related
effects
(dirt, dust,
water vapor, etc.)

Regression models
for determination
of moisture
content

Not detectable
materials
(< 8 mm,
metals, glass,
dark materials)

System settings
(Speed of the
conveyer
belt, etc.)
Target-performance
deviations
of parameters
determined
by NIR-RTA system

Figure 4:

Stored average
concentration in
the system

Detection of
material groups

Regression models
for mass
determination

Factors that have an effect on the accuracy of the system

Source: Krämer, P.; Kölking, M.; Flamme, F.: Nahinfrarotgestützte Echtzeitanalytik für Ersatzbrennstoffe – Durchführung einer
Systemanalyse im großtechnischen Maßstab. Tagungsband der 14. Münsteraner Abfallwirtschaftstage, Münsteraner Schriften zur
Abfallwirtschaft, Band 16, Flamme et al. (Ed.), Münster, 2015, pp. 288 ff.

In Figure 4, the majority of the described effects are caused by the operating principles
of near infrared radiation. This is done base on the relatively low penetration of NIR
radiation, which only detects material surfaces. Thus, this can lead to inaccuracies in
the determination of the moisture content of extremely water-absorbent materials. In
addition, electromagnetic rays are absorbed completely by dark particles. Dark particle
show a very low reflection of NIR light and can therefore not be identified correctly.
For this reason, the minimization of dark particle in solid recovered fuel is needed
here. This is also valid for materials for which no comparative spectra are stored in
the database. The currently used system is able to detect particles from a grain size of
approximately 8 mm; however particles smaller than 8 mm cannot be directly detected
nor described. Other effects related with the exactness arise by the process engineering,
i.e. the integration of the system at the treatment plant. Subsequently, negative influence
on the measurement like dust and steam needs to be avoided. System parameters have
to be adjusted in an optimum way, e.g. the speed of the conveyor belt.
If the measurement is carried out in a bypass, a representative separated partial flow
has to be ensured. Lastly, material-specific parameters stored in the database must be
reliable in order to achieve high accurate results on the system. [5]
Previous works based on the assessment of SRF with high biomass content have already
shown that NIR-RTA is able to generate sufficient results, inter alia, for the parameter
chlorine, after getting adapted to local technical conditions [2].
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Nevertheless, in spite of analyzing the system accuracy, detailed investigations were
carried out in a large technical scale. Deviations were determined and analyzed with
the aim of inferring approaches for optimization.

2. Large-scale investigations
2.1. Material and methods
Tests were performed in a SRF preparation site of a cement plant, in order to determine
the performance of the system under practical conditions. Therefore, the results of the
NIR-RTA system of the parameters such as; gross calorific value, moisture content,
chlorine content and ash content were compared with laboratory analyses of mixed
samples, which were obtained after an NIR-RTA measurement. The NIR-RTA system
was installed after two shredding machines. The SRF was reduced to a grain size smaller
than 50 mm and then fed into the NIR-RTA system (approximately 3.5 Mg/h).
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SRF samples
No. 1 (n=6 batches)
No. 1.1 (n=3 batches)
No. 2 (n=6 batches)
No. 2.1 (n=3 batches)
No. 3 (n=3 batches)

Measurement
NIR
(0.5 h per batch n)

Sampling of SRF
(Sample volume of 10
liters every 5 minutes)

Manuel sorting
SRF sample No. 1.1 (n=3 batches)
SRF sample No. 2 (n=6 batches)
SRF sample No. 2.1 (n=3 batches)
SRF sample No. 3 (n=3 batches)

Laboratory analyses
of each batch (n=21)

Laboratory analyses
of 19 material groups
per batch
(SRF 1.1; 2.1; 3)
Fractionate characterization
Concentrations were calculated
out of the percentage weight
and the average concentrations or
the respectively calorific value
Data for
verification

Target-performance comparison
of analyzed data (n=21)

Figure 5:

Analysis of deviations and
optimization of the stored
equations in the system

Schematic representation of the methodical approach

Figure 5 illustrates the schematic representation of the methodical approach. After NIR
measurement of the SRF, samples of ten liters were taken in intervals of five minutes. Seven
individual samples were combined in a 70 liters mixed sample, having a time interval of
half an hour each. Characteristic batches of mixed samples were analyzed in a laboratory in
accordance with the regulations of BGS e.V. [1] and compared with the NIR-RTA results.
In addition, another characteristic batch of the samples was sorted manually into relevant
material categories. These material categories were also analyzed in a laboratory. Concentrations were calculated out of the percentage weight and average concentrations (method
of fractionated characterization). This was done to verify the results out of NIR-RTA
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and laboratory analysis of the mixed samples. In order to determine the deviation type
(systematical/random), correction factors were calculated out of ratios between laboratory
values and NIR-RTA values. Furthermore, correlations between NIR-RTA and laboratory
analyses were investigated to determine equations for optimization.
The tested SRF originates from residues out of sorted packaging waste. These came from
two different processing plants. Moreover, two different sorts of qualities are produced
in one of these processing plants, so that a total of three different materials with a similar
material composition could be tested. Samples, time intervals and quantities are shown
in Table 1.
Sampling characteristics of solid recovered fuels

		
SRF 1
SRF 2

SRF 3

SRF 1.1

SRF 2.1

dd/mm/yy

21/08/14

25/08/14

18/09/14

18/09/14

18/09/14

Period of measurement

h

3

3

1,5

1,5

1,5

Number of batches

n

6

6

3

3

3

Mg

~ 10.5

~ 10.5

~ 5.3

~ 5.3

~ 5.3

Liters

420

420

210

210

210

Date of sampling

Throughput
∑ Batch size of samples

2.2. Results
The composition of manual sorted test SRF (1.1; 2.1; 3) out of three different treatment processes are shown in Figure 6. Except for Paper/Paperboard/Cardboard
(PPC) in SRF 1.1 the composition of the different sorted SRF samples indicates that
the tested materials are relatively similar. With amounts between 33 mass percent and
37 mass.-percent, fine fractions (< 10 mm) have the largest ratio in the sorted materials.
The high amount of different plastics of approximately 39 mass-percent (without PVC) is
also significant. Polyvinylchloride (PVC), as main input source of chlorine has an amount
of approximately 2 mass-percent.
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Figure 6:

SRF 2.1

SRF 3

Composition of SRF samples from residues out of sorted packaging waste
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The results obtained between ratios of laboratory analysis and NIR-RTA were statistically
examined and evaluated (21 samples). The arithmetic mean, quartiles, minima and maxima
are illustrated in Figure 7.
As the figure shows, the ranges of the calculated correction factors are very small at parameters such as gross calorific value (GCV) and moisture content. On the other hand, parameters
such as chlorine and ash have greater spreads. The reason why the chlorine shows a greater
range is due to the substance load which is not evenly distributed over the material categories in contrast to e.g. the energy content. Chlorine content is indeed mainly generated by
PVC. Nevertheless, the spread of the calculated correction factors of the chlorine and ash
content are relatively low. Therefore, it could be proved, that the deviations are systematic.

Boxplot* of correction factors of fuel-relevant parameters
(Laboratory value: NIR RTA value)

MBT and SRF

Correction Factor
10.0

1.0

0.1

Figure 7:

Moisture
Chlorine
Ash
Gross caloric value
(n=21)
(n=21)
(n=21)
(n=21)
* The quartiles, minima, maxima and the arithmetic mean (diamond) are shown

Correction factors of relevant fuel properties

For a further description of the deviation classification, regression analyses have been
performed between variables of NIR-RTA value and the laboratory value. The analysis has
shown that except for the parameter chlorine the variables of the other investigated parameters have relatively strong correlations. Figure 8 shows an example of the moisture content.
The linear function generated out of these analyses has been integrated as correction
function in the system algorithm. The average deviation factor has been considered concerning to the parameter chlorine.
The impact of the correction functions regarding the accuracy of the calculated data
have been obtained with the raw data provided by the NIR-RTA system. Figure 9
shows an optimized NIR-RTA result compared with laboratory data analyses and fractionate
characterization. The result of the fractionate characterization (FC) is based on 57 single
analyses per batch (n); the results provided by the NIR-RTA system is based on 2.88E+08
measurement per batch (n). Since the accurate determination of the moisture content of
single material fraction after sorting is not possible, then no fractionate characterization is
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done for this parameter. However, the determination of moisture content with a drying oven
in compliance with DIN EN 15414-3 is accurate enough. The outlined moisture content in
figure 9 is based on 10 single analyses for each batch (n).
Laboratory moisture content
%
17.0
16.0
15.0
14.0
13.0
12.0

y = 0.745x + 0.5415
R2 = 0.5758

10.0

10
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SRF 1

Figure 8:
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NIR-RTA moisture content %
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20
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MJ/kg
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SRF 2.1
(n=3)
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%
20
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%
20
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12
10
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6
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2
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Chlorine Content
%
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Figure 9:

SRF 2.1
(n=3)

8
6
4
2
0

SRF 1
(n=6)

Real Time Analytics

SRF 2
(n=6)

Fractionate Characterization

Comparison of the obtained results from NIR-RTA, laboratory analyses and fractionate
characterization
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In comparison with FC, which is the most reliable method in this research, the generated data provided by NIR-RTA with modified algorithms also show sufficient accurate
results. Therefore, the deviations are relatively low at the calorific value (Figure 9, above
right). The maximum difference is about 1.3 MJ/kg (SRF 3). The calculated moisture
content shows small differences as well (Figure 9, below right). The differences here
are between 0.1 and 0.5 percentage points. The ash content deviation (Figure 9, below
left) is also low. The biggest difference is about 1.4 percentage points (EBS 1.1).Chlorine
content shows a maximum deviation of 0.2 percentage points.

MBT and SRF

3. Conclusions and outlook
The results of this paper show that NIR-RTA is able to generate sufficient accurate
data about relevant properties of a SRF in real time. Inaccuracies due to errors by NIR
detection and/or the reliability of the stored specifications in the systems algorithm
lead to systematical deviations. Thus, it is possible to adjust the calculation algorithms
through mathematical equations. Therefore, preliminary investigations of the local
technical conditions such as the composition of a SRF and the technical process are
needed. A periodic review and calibration of the NIR-RTA system should also be
performed as well.
In future, more parameters should be integrated into the NIR-RTA system. Previous
investigations related to heavy metals such as; cadmium, antimony, chromium and
lead have also shown useful results.
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