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Sensor-based sorting is an essential technology in processing primary and 
secondary raw material. Over the past 30 years, sensor technology has 
provided important development impulses for increasing the efficiencies 
of processing procedures and processing chains regarding throughput, 
yield, and product quality. However, increasing material composition and 
product design complexity as well as handling of non-bulk materials re-
quire further improvements in sensor-based sorting.

Furthermore, digital characterization of material flows opens a new role 
for sensor technology in process chains. Sensor-based material flow cha-
racterization methods can provide new process insights, enable an auto-
matic process and machine control, and make material flow data available 
across the value chain, which could greatly increase the process perfor-
mance and generated ecological and economic benefits.

These latest solutions and findings, new applications and developments 
are key aspects of the 9th international conference „Sensor-Based Sorting 
& Control 2022“.
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Relevance and challenges of plant control in the pre-processing stage for enhanced sorting performance
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Collection Pre-Sorting Recycling
100% 80% 80% 80% 64% 80% 51%

End-of-life Collected
packaging material packaging waste Pre-concentrates Recyclates

Fig. 1: Relevance of collection-, pre-sorting and recycling-performance (80% 
exemplary performance) for the overall achieved recycling performance
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Fig. 3: Positions of moveable conveyor under drum screen for screen 

0%

10%

20%

30%

40%

50%

60%

70%

80%

0%
MF

0%
MC

10%
MF

10%
MC

20%
MF

20%
MC

30%
MF

30%
MC

40%
MF

40%
MC

50%
MF

50%
MC

60%
MF

60%
MC

70%
MF

70%
MC

80%
MF

80%
MC

90%
MF

90%
MC

100%
MF

100%
MC

O
cc

up
at

io
n 

de
ns

ity

Conveyor belt position

of conveyor belt position (positions in Fig. 3 are colour coded accordingly)



Sensor-Based Sorting & Control 2022

  



Relevance and challenges of plant control in the pre-processing stage for enhanced sorting performance

  

  

 



Sensor-Based Sorting & Control 2022

International Solid Wastes and Public Cleansing Association, ISWA 37
 

 

 

 

 



Relevance and challenges of plant control in the pre-processing stage for enhanced sorting performance

  

 

 

 



Sensor-Based Sorting & Control 2022



Assessment of sensor-based sorting performance for lightweight packaging waste through sensor-based material 
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Figure 2: Exemplary material distributions with similar ODs, but 
(a) high, (b) medium, and (c) low particle singling.
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Figure 3: (a) NIR recipe and resulting false-color images (red marked 
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based on impurity and projection area thresholds (dashed line in [a] and [b]) and or-conjunction on 
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and centroid distances. CDi: centroid distance to i-th nearest neighbor. (1s moving average; 
scatterplot for better visualization limited to a random selection of 1,000 data points each)
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(5s moving average; scatterplot for better visualization limited to 
a random selection of 1,000 data points each)
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Fig. 1: Input material: PET-bottles from Belgium (left) and Germany (right).
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Tab. 1: Number of input object manually sorted by grade of labelling.

No label label Total

2
22

Total

 

Fig. 2: Flowchart of test setup (“Delabelling phase”).



 

Fig. 3: Scheme and picture of the STADLER “Label Remover” (Küppers et al., 2019).
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Fig. 4: Output material of PET_Belgium: Fines (left) and 2D-material (right).  

A: shredded PS contaminants, B: shredded labels, C: caps



Fig. 5: Excerpt of the Teach-In for PET-material including material 
classes (left) and reference spectra (right).
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Tab. 2: Chosen settings within the teach-in.

Setting Value

Spatial range





Sensor-Based Sorting & Control 2022

Fig. 7: Pictures of manually sorted “Partly delabelled” (left) and “No label” (right)  
material after delabelling. A: Exemplary bottles without caps.
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Fig. 9: Total number of detected pixels before (left) and after (right) delabelling 
of Belgian (up) and German (down) PET-material (PET: black).
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Fig. 10: Comparison between manual sorting and NIR-data including losses before 
and after delabelling for Belgian (left) and German (right) material (Black: No Label or 

PET pixel share, Light grey: Complete Label or sum of non-PET pixel shares).
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Tab. 3: Number of delabelled bottles sorted by colour.

clear green
0
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Total
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for separation equipment, oval shapes stand for products)



Fig. 2: Test setup in the sorting plant (left: 2D line, right: 3D line), 
A: NIR sensor, B: Lamps, C: Conveyor belt handover

Fig. 4

Fig. 4
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Fig. 5: Example false-color image of the 3D line 
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Recipe creation



Fig. 6: Photo impressions of the conveyor belts at the location 
of measurement (left: 2D, right: 3D with cleats)

Object recognition

Fig. 7: Photo impressions of object singling on the 2D (left) and 3D (right) line
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Systematic misrepresentation due to overlays

Carbon-black plastics

Pulp-based materials



 

related to dust content and further systematic errors 
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Fig. 10: Challenges for white calibration and light exposure
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Fig. 2: “Flow control” - control loop model
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Fig. 3: Qualitative sorting dependencies
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2020 

Tab. 1: Estimated environmental and productivity value add of sensor-based  sorting

 

in the process
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Sorting of Construction and Demolition Waste for coarse fractions
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Fig. 1:  Schematic showing the freefall sorter, ©OptoSort GmbH, IAB Weimar gGmbH



Sorting of Construction and Demolition Waste for coarse fractions
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Fig. 2: “Apollo” freefall sorter at its installation site, ©IAB Weimar gGmbH



Sorting of Construction and Demolition Waste for coarse fractions

 

Fig. 3:  First derivative of NIR spectra for brick, concrete and gypsum ©IAB Weimar gGmbH
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Fig. 4:  Sorting result for the separation of gypsum from mixed construction rubble, ©IAB Weimar gGmbH



Sorting of Construction and Demolition Waste for coarse fractions

Fig. 5:  Sorting result for the separation of brick and concrete, ©IAB Weimar gGmbH
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Fig. 1: Schematic depiction of the sorting procedure of the investigated SBS system



Sensor-Based Sorting & Control 2022

feed rate, particle 
size particle shape eject fraction ratio  operating pressure 
the splitter position 

.



factors factor
levels

experimental design

Design Expert, 
SPSS Statistics

runs (nruns



Sensor-Based Sorting & Control 2022

 

on the p
p



compressed air consumption electricity consumption of the 
valves purity of the reject fraction



Sensor-Based Sorting & Control 2022



Fig. 3: Visualization of a face-centered central composite design

occupation density 
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Fig. 4: Occupation densities (1 %, 5.5 %, 10 %) of the medium particle size 
with sand-lime particles on the left and clay particles on the right.
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( , , ) = (0.152 0.004 + 0.008 0.012 + 0.001+ 0.0007 + 0.001 + 0.00030.0001 )  



Fig. 5: Regression model for the occupation density in l per kg CDW
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SenSoRe: A sensor-based testbed for sorting and innovative recycling
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SenSoRe: A sensor-based testbed for sorting and innovative recycling

Fig. 1: A physical infrastructure part of the testbed with a LIBS equipment 
installed and material circulating on the conveyor
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SenSoRe: A sensor-based testbed for sorting and innovative recycling

XRF analysis of the same batch (right). The analysis shows the distribution of the samples 



Sensor-Based Sorting & Control 2022

Fig. 4: Between 06:35 and 07:45 there was a change of scrap from another batch 
which showed an increase in Zink and a decrease in Copper content (from 26 to 

22 % and 8 to 14 % respectively). This was expected from that batch.



SenSoRe: A sensor-based testbed for sorting and innovative recycling

Fig. 5: Schematic of the experimental set up for LIBS measurements (left). Plastic 
scrap and LIBS prototype used in this study mounted on the automatic conveyor 

belt to simulate conditions for sorting at industrial recycling facilities (right).



Sensor-Based Sorting & Control 2022

Fig. 7: Comparison of the LIBS spectra of a clean sample of PS and 
a real scrap sample of PS from recycling facilities
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Industrial applications of laser-induced 
breakdown spectroscopy: a review

 A review of laser-induced 
breakdown spectroscopy for plastic analysis. 

A compact LIBS system for industrial applications.

LIBS analyses for industrial applications – an overview of developments from 
2014 to 2018
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A hybrid LIBS-Raman 

and sorting.



Latency evaluation of an FPGA-based sorting system
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Latency evaluation of an FPGA-based sorting system

Fig. 1: Side view into the sorting process of plastic balls. Black balls are separated from white balls. 
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Latency evaluation of an FPGA-based sorting system

Fig. 2: Basic system diagram
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Latency evaluation of an FPGA-based sorting system

Fig. 3: The measurement setup
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Fig. 4: Global minimum image of all images of one sample captured by the area scan 
camera. This shows the trajectory of a single ball falling and being shot in the system. 

Left to right: Falling direction, Bottom to Top: Direction to the line scan camera.

Fig. 5: Cropped image of the line scan camera showing a falling ball. The line scan frequency 
is higher as it should to get quadratic pixels, therefore the object looks elliptic.
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Tab. 1: Line scan system components

Tab. 2: Area scan system components

Tab. 3: Oscilloscope system components
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Latency evaluation of an FPGA-based sorting system

Fig. 6: (a): Histogram of valve controller latencies in 32 actuator setup. (b): 
Histogram of valve controller latencies in 64 actuator setup.
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Latency evaluation of an FPGA-based sorting system

output high for two consecutive bus cycles (1ms each), the resulting pressure pulse is about 4 
ms long while the controller output (second and third Plot) turns the valve on for ca. 2 ms.
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Tab. 4: Timing values for Section 3.1 and 3.2, all values in μs. The sample count is denoted 
as N. *) The calculated standard deviation of multiple values is lower than one FPGA 
clock cycle (8.0 ns), which implies to add the standard deviation of the corresponding 

continuous uniform distribution with the width of one clock cycle period (6.48 ns).

Std*

Tab. 5: Timing values for Section 3.3 to 3.8, all values in μs

Std
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Std

several process steps. The thickness of the horizontal lines results from the 
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position. The x axis is the position in the scan line.

The y axis is the position towards the line scan camera.
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Fig. 1: A WPCB sample visualized in RGB (left) and DE-XRT (center and right) domain
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Fig. 2: Visualization of one example of the component classes (BGA/PGA, IC, connector 
and TC (tantalum capacitor)) each presented in visual and DE-XRT data domain

I0

= log( )



Fig. 3: Preprocessed X-ray image (WPCB-ID 063)
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Fig. 4: Ground truth labels of WPCB ID 065



Fig. 5: Ground truth labels of WPCB ID 063
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Tab. 1: Quantity of available component classes in the data sets for training, validating and testing

Training 22

Test
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Tab. 2: Summary of the used object detection model
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True
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20

Fig. 6: Confusion matrix

Tab. 3: Target and estimated value of the component classes
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Fig. 7: Predicted Components WPCB ID 065



Fig. 8: Predicted components WPCB ID 063

Tab. 4: Total value estimation in €-cents of an example WPCB ID 065

0 0 0 ct

Total Value
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Tab. 5: Total value estimation in €-cents of an example WPCB ID 063

Total Value
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Fig. 1: Example of the used images: original RGB image (left), greyscale image (middle), 
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INSTAnT Innovative sensor technology for optimised material recovery from bottom ash treatment
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INSTAnT Innovative sensor technology for optimised material recovery from bottom ash treatment
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INSTAnT Innovative sensor technology for optimised material recovery from bottom ash treatment

Slag Ferrous
A

Fig. 1: Training fractions, 4-8 mm. A) Colour scan, resolution 0.25 mm, B) dual energy X-ray transmission 
scan, total energy, resolution 100 μm, C) Average atomic number DE-XRT, resolution 100 μm
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INSTAnT Innovative sensor technology for optimised material recovery from bottom ash treatment

Tab. 1: Glass limitation in aggregates

Standard

Asphalt granulate
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Fig. 3: Principle of Autosort laser

Fig. 4: Principle of Combisense chute and Prototype Laser
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Tab. 2: Performance of glass sorting techniques

Autosort 

chute

Autosort 

belt
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granulaten (



INSTAnT Innovative sensor technology for optimised material recovery from bottom ash treatment
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Deep-Learning-based Aluminum Sorting on Dual Energy X-Ray Transmission Data
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Deep-Learning-based Aluminum Sorting on Dual Energy X-Ray Transmission Data
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basis material decomposition 



Deep-Learning-based Aluminum Sorting on Dual Energy X-Ray Transmission Data

Fig. 1: Overview of the applied steps to preprocess the measured dual energy information
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process as it helps visualizing the structural properties of the residual waste class.
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Tab. 1: The Cohens Kappa scores between two recycling and X-ray 
physics experts and three non-expert annotators
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noisy dataset
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Fig. 4: Illustration of the data augmentation strategies applied on the Dual Energy Data



Deep-Learning-based Aluminum Sorting on Dual Energy X-Ray Transmission Data

n n
 controls their strength as 

xi

are three annotations yi1 y y yij  
y*i

yi1 y y

annotation y*
i

as global annotation y*
i  

Label Noise Annotator Noise



Sensor-Based Sorting & Control 2022

Annotator 
Noise 

Annotator Noise



Deep-Learning-based Aluminum Sorting on Dual Energy X-Ray Transmission Data

F

= (1 + ) ( ) +  



Sensor-Based Sorting & Control 2022

Tab. 2: Final results of the proposed methods and their experimental setups
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Tab. 1: Average GEOSCAN repeatability performance for copper

4 6 8
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Rapid GEOSCAN fully penetrative analysis enabling bulk diversion

Fig. 1: GEOSCAN and laboratory results for Cu %

Fig. 2: GEOSCAN and Laboratory results for Ni %
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Fig. 3: GEOSCAN and laboratory results for Au ppm
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Fig. 4: GEOSCAN and laboratory results for Pt ppm
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Fig. 1: Cassiterite ore sample
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Fig. 2: XCT scanner used for measurement



Tab. 1: XCT scan parameters

Filter

Fig. 3: Four views of the pre-processed density model; Sample plug 
dimensions are: diameter 36 mm and height 46 mm respectively
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Fig. 5: Particle segmentation (a) and particle separation and rejection of particle touching the border (b)

Fig. 6: Cassiterite particle segmentation (a) and separation of Cassiterite particles (b)



Fig. 7: Particle Number Frequency Distribution
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Fig. 8: Particle size distribution



Fig. 9: Tin grade distribution per size fraction
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Fig. 10: Grade frequency distribution



may 



Sensor-Based Sorting & Control 2022



Engineering



Sensor-Based Sorting & Control 2022



New Protocols for Pre-Concentration Sampling and Testing
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Fig. 1: Company B Sample Heterogeneity and Scale

The blue line in Fig. 4
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Fig. 2: Company B Composite-Sample Relationship 
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New Protocols for Pre-Concentration Sampling and Testing

Fig. 3: Drillhole visualization
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Fig. 7: Company A Composite-Sample Relationships 
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Fig. 1
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Tab. 1: Heterogeneity parameters for pre-concentration evaluation

Target Ore Sort N/A
N/A

N/A
N/A

N/A

Ni
Au
Pt

Ni
Au
Pt
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New Protocols for Pre-Concentration Sampling and Testing
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Laser sensors enable robotic sorting for tool alloys recycling
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Laser sensors enable robotic sorting for tool alloys recycling

Fig. 1: A series of LIBS measurements on a drill bit moving on a belt conveyor from 
left to right; left: long-exposure photography; right: schematic of the scanning LIBS 

measurement position, see text for further explanation [property: Fraunhofer ILT]
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Fig. 2: A drill bit is picked by a robot gripper [property: Cronimet Ferroleg.]



Laser sensors enable robotic sorting for tool alloys recycling
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Shredder Plant
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Fig. 1: Relation between content and LIBS peak intensity of chromium in the shredder magnetic product
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Fig. 2: Relation between content ratio and LIBS peak intensity ratio 
of chromium/iron in the shredder magnetic product
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Fig. 6: Pilot plant to realize horizontal recycling for aluminium in the NEDO project (2010-2012)

Positioning

Fig. 7: Conceptual diagram of LIBS sorting
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Tab. 1: Typical separation result in case of mutual separation of various aluminium alloys
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bio

Fig. 9: Conventional and novel metal recycling processes
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Fig. 10: Results of the LCA compared several scenarios of Cu manufacturing processes
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Fig. 11: Image of energy consumption comparing conventional and novel processes
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Fig. 12: “Intelligent Comminution“ and “Intelligent Sorting“ expected to be developed
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Sorting of post-consumer aluminium scrap using Laser-Induced Breakdown Spectroscopy (LIBS) and machine learning
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Sorting of post-consumer aluminium scrap using Laser-Induced Breakdown Spectroscopy (LIBS) and machine learning
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