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Abstract. Solid waste separation is an imperative part for closing material flow 

under principles of the circular economy. A multitude of technologies are at a 

different stage of development to perform this task and meet performance re-

quirements at extracting valuable resources from waste streams. A thorough re-

view of available options and possibilities for future development was required 

to pursue further progress. TRIZ (from Russian abbreviation: Theory of In-

ventive Problem Solving) methodology facilitated drawing a technological 

landscape for state of the art in solid waste separation for material recovery, as 

well as generating new directions of research. From the vast collection of TRIZ 

tools for systematic invention two approaches helped in the survey: effects da-

tabases and function-oriented search. Positive outcomes of their application in-

clude systematization of available knowledge, identification of potentially use-

ful phenomena and getting ideas for the adoption of technologies from other 

domains. The case illustrates how rather loose (due to the broadness of the top-

ic) application of TRIZ methods results in fruitful insights. A view at the effects 

databases as a collection of technological “genes” is given. 

Keywords: effects database, function-oriented search, material recovery, waste 

separation. 

1 Introduction 

Concerns about scarce natural resources and ever-increasing amount of waste pro-

mote the implementation of the circular economy principle. One of the key points of 

the circular economy is material recovery from waste for further reuse in new prod-

ucts. Material liberation and separation are the essential prerequisites for closing the 

loop of material flow, as materials recycled from waste should attain a certain level of 

purity to be used for new products of same quality [1]. Separation of materials from 

commingled waste streams poses technological challenges and addressing them re-

quires an in-depth knowledge of state of the art in both industry and academia. Fur-

ther development of technical means for waste separation cannot progress without 

novel ideas. Acquiring such knowledge together with insights into the future prospec-

tive is the task a research institution faces as it enters the field and seeks for its own 

path. 

Various decision support tools were developed in the past for the recycling field. 

They suggested optimal waste treatment scenario [2], predicted achievable material 
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recovery from complex products [3], maximized profit by rearranging waste separa-

tors in sequence [4]. Recent reviews of separation technologies discussed their pros 

and cons in a narrative manner [1, 5, 6], attempting to address one of the significant 

issues with technological roadmapping – capturing large sets of quantitative and qual-

itative data [7]. An idea generation tool for the treatment of a particular waste through 

structured web search queries of related terms was realized in [8]. Methods of techno-

logical roadmapping for manufacturing enterprises fall into four categories according 

to [9]:  

• Causal models, 

• Phenomenological models, 

• Intuitive models, 

• Monitoring and mapping. 

When technological forecasting is taken more broadly (including research interests, 

for example), the analysis itself can be classified in nine dimensions (driver, locus 

etc.), whereas the methods fall into more than ten families of distinct purposes [10]. 

Review and comparison of technologies for mechanical separation of solid waste 

was done to determine their capabilities and limitations. The broadness of the topic 

and technological diversity required auxiliary tools to make the analysis systematic 

and facilitate the generation of feasible ideas. Tools applied in the study belong to the 

methods of modern TRIZ. TRIZ (from Russian abbreviation: Theory of Inventive 

Problem Solving) methodology provides a set of tools for systematic invention given 

the defined problems and goals [11]. Wide research question and limited experience 

in TRIZ narrowed the arsenal used in the study down to a couple of tools: databases 

of physical effects and the Function-Oriented Search (FOS) [12]. Presenting the out-

comes of their fragmentary application is the subject of the present paper. 

2 Methods 

The study [13] consisted of two parts: a comparative review of technologies based on 

literature search and suggestion of new principles that could potentially improve 

waste separation. Although they have a different meaning, the latter stems from the 

former one, as it will become clear from the following description. 

The use of effects databases had several goals in mind: 

1. For every technology, there was found a set of effects that play the role in its oper-

ation. This could help to categorize technologies and draw boundaries between 

technologies of a similar kind. 

2. Representation of technologies as the sets of effects allowed to see better the evo-

lution path among technology families, especially for old separation technologies 

stemming from the centuries-long mining industry. 

3. A list of effects (together with technologies) would suggest those that remain un-

used in modern recycling, some of which could find a real application. 
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As it can be seen already, the same database can have a positive effect on both review 

and idea generation parts of the study. The list of effects and technologies was taken 

from the online databases by Aulive [14] and Oxford Creativity [15]. Altogether they 

made about 600 entries (with repetitions). The idea of the effect lists was extended 

with a list of material properties that focused on the intrinsic properties by which 

materials were distinguished from each other. The list of material properties was tak-

en from filter values of the material search database Matmatch [16]. 

For objective comparison of technology the diverse information found was stored 

in .json format text file in a nested form (see Fig. 1), namely a record of every tech-

nology constituted a tree, with the technology basic definition and associated proper-

ties (like target material properties, effects, affecting factors, maturity level) in the 

root and splitting into branches with instances of research or industrial devices and 

associated performance figures, both categorical (like materials sorted) and numerical 

(purity grade, recovery rate etc.). A custom piece of software was written in Julia 

language to parse the file and extract information about technologies meeting the 

search criteria in both tabular and graphical form (see example in Fig. 2). Information 

from 199 scientific publications, patents and commercial leaflets about more than 40 

technologies was collected in the database. 

 

Fig. 1. Excerpt from the .json text file, showing the nested structure of the database. 

Finally, the FOS was used to recruit working principles and technologies used 

elsewhere outside recycling. A couple of striking similarities between waste sorting 

and other fields of technology will be shown. 
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Fig. 2. The efficiency of several optical spectrometry methods for classifying different materi-

als, plot generated straight from the database. 

3 Useful outcomes of TRIZ 

In the following, some examples of the applied TRIZ procedures are given alongside 

with observations on their applicability. 

3.1 Effects for systematics 

The organizing power of matching technologies with effects can be illustrated with 

the family of separation methods based on the difference in density. The very basic 

sink-float process lets waste fragments to segregate depending on their buoyancy in a 

liquid. The process is rather slow and obscured by material wettability and fluid vis-

cosity. The gravity force can be replaced with centrifugal force produced either in 

hydrocyclone [17] or decanter centrifuge [18]. Another approach to diminish the un-

wanted secondary factors is replacement of hydrostatic (Archimedes’) force with 

hydrodynamic forces acting intermittently in the wet shaking table [19], multidune 

[20], water jigging [21] or wet fluidized bed processes [22]. It can be further subdi-

vided whether the alternating acceleration is excited with vibrations or zigzag flow of 

fluid. Practically for every aforementioned wet process, a complementary dry separa-

tion process can be found. Again, the underlying effects make the match rather explic-

it, like the use of zigzag flow pattern in multidune and zigzag air classifier [23]. 

Recently some new density-based methods emerged that introduced considerable 

adaptivity to the ordinary sink-float methods. The principle that attained the greatest 

success is manipulation of the Archimedes’ force by placing the separation medium in 

the magnetic field. Options for the fluid are a solution of paramagnetic salt [24] or 

ferrofluid – the suspension of iron particles in water [25]. The interaction between the 

magnetic fluid and the field alters the apparent density of the fluid so that its layers 

attain different density. This enables separation of materials into multiple fractions in 

one separation volume (material particles float at the different depth), as well as ad-
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justment of the density ranges without altering the fluid itself. One step further from 

that is the creation of a virtual inclined plane in the tank by inclining the external 

magnetic field. In this case, no propulsion for the floating items is needed, since they 

slide downhill along the layer of constant fluid density. This shows the broadness the 

effects can be treated with to build analogies between the processes. Also, the mac-

roscale of material separation in waste processing allows utilization of effects not 

applicable for solid handling in conventional process engineering (compare with 

[26]): Magnus effect (eddy current separation [27]), stick-slip effect (air tabling [28]), 

triboelectricity (triboelectrostatic separation [28]). 

Certain difficulties were faced in the description of sensor-based sorting, as the un-

derlying interaction between matter and electromagnetic (EM) radiation is not so well 

covered by the list of effects and a significant amount of know-how is hidden behind 

the classification algorithms. Still, some systematization was possible as to which part 

of the EM spectrum is used, type of interaction, e.g. reflection, transmission or fluo-

rescence etc. 

3.2 Unused effects and material properties 

A large part of the effects remain unused in recycling for a good reason – they have 

limited applicability, for example, they concern a very narrow class of materials under 

special conditions (like piezoelectric or electrets). Consequently, there is not much to 

say about those effects that did not fall into approximately 100 that were used or test-

ed in recycling. The same holds for material properties that are often challenging for 

continuous measurement (take stiffness, for example). However, a few effects and 

material properties have drawn attention and provided ideas for their application. 

The first one is the Coandă effect – adherence of a fluid jet to a convex surface it 

flows along. An illustrative example of its use is the enhancement of lifting force of 

an airplane by deflecting the stream exhausted from the engines by utilizing its at-

tachment to the upper surface of flaps pointed downwards (when being in the take-off 

or landing position). At this point, it becomes apparent that deflection of stream pro-

duces centrifugal action on the particles following the very same stream. There are 

commercial devices based on this principle, such as Coandă screen [29] and Coandă 

classifier [30], see Fig. 3. Coandă screen is a self-cleaning filter used to remove sedi-

ment from water stream without clogging and at high throughput. This device does 

not seem to be used in recycling, although it can help to recirculate the separation 

medium in the wet density-based separation methods without compromising their 

performance. Coandă (or elbow jet) classifier is laboratory equipment for separation 

of powders into fine, medium and coarse fractions by blowing them with the air 

around a rounded corner. Only the finest (and lightest) particles are able to follow the 

corner, while the heavier ones exit the stream and end up in other sectors. The size of 

powders classified (<200µm) is below that typical for waste, but targeted develop-

ment may result in separators for finely granulated printed circuited boards (PCB), for 

example. 
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Fig. 3. Coandă effect applications: Coandă screen (above) [29], Coandă classifier (below) [30]. 

A rather unexpected benefit of going through the effects list was finding separation 

technologies that did not appear in a targeted search. For example, supercritical fluids 

possess several properties highly desired for density separation medium, namely: 

liquid-like density, gas-like viscosity and compressibility, thus making adjustment of 

density rather straightforward. Indeed, the search about supercritical fluids revealed 

one technology that was developed and patented back in the 1990s for separation of 

plastics by density [31]. The technology has not gained popularity, but without it, the 

technological landscape would be incomplete. Paramagnetism is yet another term that 

deserves attention as it leads to using gas for density-based separation. Oxygen pos-

sesses paramagnetic properties, which makes it possible to suspend solids in oxygen 

or even air in a high-gradient magnetic field with slight pressurization (tens of bars). 

The need for strong magnetic fields can be further reduced when using liquid oxygen-

nitrogen mixture (which is essentially the product of air liquefaction) as separation 

medium [32]. The idea may benefit from the synergy with the other features of cryo-

genics: 

• cryocomminution of waste allows to crush and liberate materials from certain 

kinds of waste more effectively [33]; 

• high-temperature superconducting magnets outperform permanent magnets and 

they work at the temperature of liquid nitrogen [34]; 

• liquid nitrogen enables dry, eco-friendly cleaning (already used in industry [35]), 

so it can be applied to the waste as well. 

As cryogenic technology and superconductors are gaining widespread use, they may 

finally enter the field of waste processing. 
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It is quite challenging to find a new material property that is both sufficient for ma-

terial discrimination and has adequate means for measurement. Still, two ideas got 

support for their feasibility. The first one should distinguish between thermoplastics 

with low and high softening temperatures. Among other test procedures, Vicat hard-

ness test is used for plastics. Vicat softening temperature measures the point when the 

plastic softens enough to be penetrated by the steel test probe [36]. This test procedure 

could be approximated for continuous operation on a conveyor, analogue to the way 

the PaperSpike [37] mechanism separates cardboard items from paper, see Fig. 4. 

 

Fig. 4. PaperSpike pierce a piece of cardboard (left) [37], view of mechanism (right) [38]. 

Another material property that becomes attractive for discrimination between ma-

terials is the refractive index. Advances in the theory of light reflection resulted in 

computational algorithms for estimation of refractive index from several photos of an 

object [39]. It is worth mentioning that one of the key drivers for research here is 

photorealistic image rendering (for computer games as well). Given that the refractive 

index was successfully measured by this technique for objects like tomato and apple 

[40], it might help in sensor-based classification of materials in waste. 

3.3 FOS: security scanners and printers in recycling 

Two cases of the FOS have provided an insight into technologies that could be 

adapted for sensor-based material sorting. The general problem of extracting valuable 

materials from the commingled waste stream has a direct analogy to the security 

check for dangerous or forbidden objects, for example, in airports. Security scanners 

are at the cutting edge of technology, as they may use several kinds of radiation (X-

ray, gamma and neutron) to classify materials in opaque containers [41]. With the 

recent trend for developing compact, portable, low-cost devices for threat detection 

(and related to that non-destructive testing) it becomes a fruitful source of inspiration 

for material recognition in recycling. For example, a technique that uses infrared stars 

of various wavelength to see through materials may become an affordable and safe 

replacement for X-ray scanners on sorting conveyors [42]. The technique is also re-

markable for its use of mathematically-proven signal amplification method, which 

obviously cannot be found in physical effects databases. 
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Another FOS was run to address the existing gap between the ever-increasing reso-

lution of sensors (such as hyperspectral cameras) and the dominant ejection method 

with an array of pneumatic valves, the so-called air jet blow bar. Although the nozzles 

can be placed as close as 3 mm from each other, their operation may lead to co-

ejection of particles that belong to different fractions. Consequently, the waste is 

spread on the conveyor belt, so that it barely covers 5-10% of its area [43]. At the 

same time, air jets may divide the material flow into two, at the most three fractions, 

while sensors may classify several materials at once. From the viewpoint of energy 

consumption, the solution cannot be optimal either, as it is an inherent property of 

pneumatic circuitry to waste about 80% of energy [35]. The general problem state-

ment, in this case, is how to deliver specific particles from a dense stream to the cor-

rect collection points. One of the ultimate leader in this respect is electrophotography 

that is used in laser printers. Indeed, a typical printer can deliver toner particles at the 

precision of several hundred dots per inch. The technology needs modification or 

even a completely different embodiment for adoption in the domain of recycling. 

Precisely activated electroadhesive devices should eventually outperform pneumatic 

ejectors in the waste sorting. 

4 Discussion 

The collected database of technologies has an advantage over paper reviews in that it 

is extendable with new information and can immediately show comparative in-

fographics for the metrics chosen by the user (whose preferences may change over 

time). The tree-like storage of the data helps to cope with different level of details 

provided in publications, though some valuable information (such as price) remained 

in unstructured textual comments alongside with other categorical and numerical data. 

The developed software, however, lacks material modelling and simulation aids. The 

decision analysis is left outside and can be both algorithmic (e.g. Multi-Criteria Anal-

ysis) or merely judgmental. For example, in the case study [13] concerning the sepa-

ration of plastics from construction and demolition waste the technologies were as-

sessed as to which of them sort by the most divergent properties of the target materi-

als and can sort them with associated impeding factors (dirt, moisture etc.). In the 

space of technological foresight, the conducted analysis leaned towards Monitoring 

and mapping class [9], as the study was conducted mainly through the literature 

search, enhanced by creativity approaches of TRIZ for ideation [45] and wider cover-

age of alternatives [10]. 

The effects-based approach takes the understanding of technologies and processes 

at another abstraction level that drives the search beyond the domain of the problem. 

A set of corresponding effects can be thought as a “genetic code” of the technology, 

which, in turn, allows to construct phylogenetic trees of technologies. Phylogenetic 

trees (see Fig. 4) are built using dedicated algorithms from bioinformatics for compar-

ison of genomes and they visualize the genetic relationship between species, as well 

as the process of evolutionary development. Differences in genomes help to set bor-

ders between species, just as they facilitate classification of technologies. 
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Fig. 5. Example of a phylogenetic tree, adapted from [44]. 

The idea of technological “genes” has already appeared in [46], where the morpho-

logical analysis of textual description in patents provided “chromosomes” of technol-

ogies that were fed into a genetic algorithm to get more versions of a particular tech-

nology. The quality of a “chromosome” was set proportional to the number of patents 

reflecting its structure. If a technological “genotype” (a set of genes for a particular 

mechanism) was explicit enough to reflect quantitatively the actual topology and 

physics of operation it could be used for the evolutionary optimization algorithm to 

search for a completely new solution and test in a multiphysics simulation environ-

ment. Evolutionary computing has shown in some cases enough creativity to outsmart 

researchers that set seemingly unsolvable problems to their algorithms [47]. 

A plain set of effects is a vague representation of technology, but it can be firmly 

concluded that the effects databases need enhancement with similar building blocks 

from information technology, the algorithms. There can be a true synergy between 

sensing hardware and data processing software that will result in qualitatively new 

detection capabilities, as was demonstrated in [30]. Awareness of such possibilities 

can become a competitive advantage in innovation. 

The FOS seems to fall off from the paradigm of the strong problem-solving analyt-

ical tools of TRIZ, like the substance-field analysis, resource analysis, inventive prin-

ciples and many more. Its application for innovation in process engineering stalled 

since the 2000s [11]. However, it is a ready-to-use heuristic to make a well-guessed 

jump into another industrial field and escape from a local optimum of domain-specific 

technologies towards the best globally available technique. 

5 Concluding remarks 

The broad scope of the conducted technological survey impeded the use of many 

TRIZ tools aimed at defining inventive problems and resolving contradictions, how-

ever, even loose and fragmentary application of TRIZ principles promotes feasible 

search directions. New terms that are hardly associated with the domain under inves-

tigation lead to device concepts of considerable potential, as it was demonstrated in 

this work. The success of the conducted survey and ideation can only be proven by 

future implementation and testing of the concepts in practice, as the quantitative eval-

uation was hardly possible in such an early stage. 
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