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PREFACE 

This report includes results taken forward within the framework of two projects with focus 

on thermochemical conversion of reject fractions. The projects “återvinning av 

textila/polymera material” funded by the Stiftelsen Svensk Textilforskning and “4.1.5 

Återvinning av rejektströmmar från textilsortering och kartongåtervinning” funded through 

the project framework Climate-leading Process Industry (Vinnova) and its members were 

aligned to create synergies. A wide range of actors contributed to the success of the project 

with their time in fruitful discussions and practical support. Here specifically the 

contribution in form of analyses by BASF and the willingness to contribute with material in 

form of textiles from Röda Korset Sverige and Blåkläder AB and reject fractions from Fiskeby 

AB is acknowledged. A project of aiming at trials in industrial scale requires equipment 

being available all along the process chain; here the role of Wargön Innovation taking care 

of the sorting and SLU BTC of the upgrading and pelletizing as contractors should be 

highlighted.  

Martin Seemann       martin.seemann@chalmers.se 
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SUMMARY  

The work performed in the context of this project aimed to investigate to what extent the 

existing waste streams comprising polymer blends could be used as raw materials for new 

material production by means of thermochemical conversion. For that purpose, the project 

was taking forward mass balances and yields of the main products from thermochemical 

conversion in a fluidized bed steam gasification for three different mixed waste fractions.  

Two reject fractions out of current recycling schemes, rejected textiles after sorting and the 

reject fraction from cardboard recycling, and a representative material of working cloth 

were investigated. The common characteristic of the waste fractions was the presence of 

both naturally polymers and synthetic polymers often in a blended material which makes 

none of the fractions a first choice for feedstock recycling. 

In the light of a required circular use of carbonaceous materials, steam gasification presents 

a viable option to make the most out of such resources as it is a less energy intensive way to 

re-use all the carbon in the material blends, compared to combustion and carbon capture 

and utilization. 

However, the results from the conversion trials reflect the blended nature of the parent raw 

material yielding a variety of products. Most relevant are mono-aromatics and light olefins, 

which are direct products from decomposition which can be extracted directly by 

separation. As a matter of the composition, the thermochemical conversion yields as well a 

relatively large amount of carbon in the permanent gases and to reach a circular material 

usage a conversion of this stream is required. Here catalytic synthesis processes such like 

methanol or syngas fermentation processes are an option.   

As expected from the molecular structure of the materials in the waste mixture, the 

evolution of permanent gases and more importantly carbon oxides depends heavily on the 

oxygen bound to carbon. As a matter of fact, the content of cellulose and polyester is a driver 

and the results from the Blåkläder trials emphasize this as both materials are dominant in 

the blend. 

For the same reason olefins such like ethylene and propylene are only formed in larger 

quantities if the parent material comprises a considerable amount of alkane structures with 

saturated C-C bonds, as can be seen from the results obtained with the reject fraction from 

carboard recycling.  

Monoaromatics, more specifically benzene, toluene and styrene make up 10-15% of the mix 

in all cases and the origin and reaction route is twofold. a) the decomposition of a polymer 

containing an aromatic ring, e.g., polyester. b) a cyclisation/aromatization reaction based 

on primary decomposition products which can stem from both natural as well as synthetic 

polymers. An increase of the temperature induces a growth towards the formation of 

polyaromatic hydrocarbons (PAH) such like naphthalene which is more pronounced for 

route b).  
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Keeping in mind that none of the fractions is first choice for feedstock recycling due to its 

complex composition, steam gasification presents a viable option to make the most out of 

a stranded resource.  Especially in the light of a required circular use of carbonaceous 

materials, it is a less energy intensive way to re-use all the carbon in the material blends, 

compared to combustion and carbon capture and utilization. 

 

In summary the product yields analyzed lead to the following main conclusions 

1. By separation, valuable chemicals such like monoaromatics and light olefins can be 

extracted directly.  

2. The amount of carbon in the permanent gases is relatively large and to reach a 

circular material usage a conversion of this stream is required. Here catalytic 

synthesis processes such like methanol or syngas fermentation processes are an 

option.  

3. The results from the cardboard reject trials show that the yield of light olefins per 

kg polyolefins in the waste is of the same magnitude as for pure polyolefins. Based 

on that it can be concluded that a prior separation or sorting of such blended waste 

fractions is an unnecessary effort if the downstream gas separation dimensioned 

accordingly. 

The industrially relevant experimental data obtained from this project can be used to 

provide a better basis to evaluate steam gasification as recycling route for mixed materials. 

Specifically, to what degree further processing, separation of the distribution and synthesis 

of base chemicals, are economically viable. 
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1. Project description 

BACKGROUND 

Many of the products we use on a daily basis like packaging and clothes, consist of a blend 

of materials of both biogenic and fossil origin. The blending of such materials is often 

required to achieve the desired product properties and gives freedom to design resource-

efficient products with high functionality. However, from a recycling perspective, blended 

materials are very challenging since the different parts are usually difficult to separate from 

each other. As a result of that, energy recovery is currently the main recycling process used 

for this type of material. If ending up in recycling schemes the remaining of such products 

can often be found in residual fractions, rejects, after sorting or separation as for example 

textile waste or residual fractions after cardboard recycling. The first one is often a mixture 

of cotton, polyester, nylon and acrylic with minor elastane contents, while the last one 

consists of the remaining of the plastic-coated cardboard with a possible aluminum layer. 

These materials with their composite nature, pose a major challenge for traditional 

mechanical recycling or fiber recycling. From a thermochemical recycling perspective, 

however, many of the contained materials are of high value. Especially the combination of 

high-quality cellulose fibers and pure polymers. 

When it comes to clothes, only 1% of its waste is recycled as high-quality materials globally. 

Even though secondhand use and material recycling to lower-quality materials is 

emphasized, in Sweden about 56% (which corresponds to around 65.ooo tons) is 

energetically recycled to recover energy. Regarding the rejected fraction of cardboard 

recycling, around 75% of the 35-40.000 tons that are used in total in Sweden, is sent to 

energy recovery. About 14 ktons of this packaging waste is collected for recycling, of which 

approximately 75%wt represents fiber that is recovered and around 25%wt is incinerated 

[1]. Nonetheless, this 25% that is currently rejected, consists of a plastic-rich residual 

fraction which also contains fiber residues (mainly cellulose) and aluminum traces. 

Nowadays, the above-mentioned waste fractions which are remaining after sorting and/or 

mechanical recycling are not further recycled into materials. Thus, this project investigated 

the possibility to thermochemically recycle these materials via steam gasification in the 

temperature range of 700-825 °C. As steam gasification is indifferent of the source of 

carbonaceous fuel it can convert materials of both a biogenic origin or fossil origin into 

primary raw materials. This means that this recycling path could act as a future way of 

phasing out fossil primary raw materials and replacing these with bio-based raw material to 

produce synthetic carbon-based materials and chemicals. 

Particularly the biogenic part of the feed could be a very valuable resource, considering the 

limited amount of biogenic carbon sources available for material production. This carbon 

being part of a blend can create a flow of renewable raw material to produce new synthetic 

materials and/or chemicals.  
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PROJECT AIM AND STRUCTURE 

This project aimed to investigate to what extent the existing waste fractions could be used 

as raw materials for new material production by means of thermochemical conversion. The 

main objective of the project was to create experimental data for the products obtained via 

thermal gasification of the blended reject fractions in a steam atmosphere in the 

temperature range of 700-825 °C. Both experimental trials at lab-scale and at industrial-

scale were part of this project. The industrially relevant experimental data obtained from 

this project can be used to provide a better scientific basis to evaluate different recycling 

routes of mixed materials and convert them into high-quality materials and chemicals via 

steam gasification. 

The project was connected to two basic goals in the framework of “Klimatledande 

Processindustri”: (1) to ensure the efficient recycling of materials for high-quality products 

to minimize the need for primary raw materials in general; and (2) to replace fossil primary 

raw materials in the processes with a renewable raw material. 

In the project two reject fractions were investigated, rejected textiles after sorting and the 

reject fraction from cardboard recycling. 

The textile materials used came from collections of the Red Cross and were sorted at the 

sorting plant of Wargön. These materials consisted of fiber mixtures that could be recycled 

into fiber with a reasonable effort. In addition, work cloth from Blåkläder were considered 

as a separate fraction. The reject fraction of the cardboard recycling came from Fiskeby’s 

Fiber Recycling process.  

As the experiments are aiming at an industrial scale, challenges linked to pre-treatment and 

to the efficient feeding of materials for thermochemical recycling processes were also taken 

into account in the project.  

The specific goals for the project were: 

1. Closure of the mass balance for the thermal gasification of the blended reject 

fractions in a steam atmosphere in the temperature range of 700-825 °C and provide 

analysis of the product yields for  

a. Industrial scale trials for textiles in two batches; Batch#1 and Batch#2 

b. Lab-scale trials for cardboard reject and working cloth from Blåkläder 

2. To provide insights and gain practical experience on how materials of this type can 

be pre-treated and upgraded for an efficient logistic and to facilitate feeding in an 

industrial thermochemical recycling process.   

The report is organized in different sections as explained below and its structure is 

presented schematically in figure 1. First, the materials used, and the problematic associated 

with them is presented in the Introduction section. In the second chapter, the sorting 

methodology for the textile fractions is presented along with the understanding gained after 
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that. In the third chapter, the upgrading techniques including shredding, sizing and 

pelletizing are presented with the results obtained for each of the wastes considered. Then, 

in the fourth chapter, the characterization of the upgraded materials is shown identifying 

the weaknesses and strengths of each of them. Finally, the experimental trials are presented 

in the fifth chapter, including both the methodology followed and the results obtained. This 

experimental investigation was performed both at lab scale for the reject fraction of 

cardboard recycling and Blåkläder samples, and at industrial scale for the textile fractions 

(Batch#1 and Batch#2).   

 

 

 

Figure 1. Schematic representation of the organization of the report 

2. Sorting of the reject fractions 

This section describes the sorting to create a representative reject fraction from second hand 

textile collection. This pre-treatment should help to make the waste fraction suitable for 

transport, handling and feeding.  

First, a sorting of the textile samples was performed in two different steps. Two batches 

were considered in this section (Batch#1, which consists of 500 kg of the reject fraction from 

textile sorting; and Batch#2, which comprises 1.5 ton of textiles). Batch#1 was subjected to 

manual sorting. Based on the learnings obtained from this first pre-test with Batch#1, a 

second batch of textiles (Batch#2) was sorted automatically. This allowed for a more 

detailed characterization. 

As no previous experience to make pellets from textile existed at Biomassateknologiskt 

Centrum (BTC), sorting manually and gathering a wider insight in the material composition 
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offered good opportunities to learn in all following steps. It also allowed to get specific 

samples of mixed textiles which were used to teach the automatic sorter (FiberSort) for 

application in sorting for Batch#2. For that purpose blended textiles were fed manually to 

create a suitable database.  

For batch#1 the sorting was carried out by the project partner Wargön Innovation. In their 

facilities 500 kg of textile material was collected for batch#1 with the aim to sort for more 

than 50% content of fossil synthetic fibers (largest fiber groups; polyester, acrylic and 

polyamide) in the reject stream. The material to sort was provided by the collection of 

second-hand clothes of Röda Korset Sverige and was taken from the part which had been 

assessed as unsaleable in their second-hand stores in Sweden. This fraction usually is 

exported to the second-hand market in other countries or to unspecified material recycling 

in Europe. The material consists mostly of clothes but also a small part of home textiles 

including curtains, pillows, blankets, etc. Shoes and accessories were not included in this 

batch. Metal objects occur in zippers or buttons, but larger metal objects (i.e., bra straps or 

curtain eyelets) have been avoided. 

Of Batch#1, in addition 100 kg were sorted using the automatic sorter, FiberSort, which 

separated the clothes into three categories according to their spectral responds (polyester, 

acrylic and polyamide). In this context it should be mentioned that the FiberSort reads from 

the side of the clothing that ends up facing the sensor but cannot determine the totality of 

materials for layered garments, e.g., a lining on the inside, or filling in a jacket. 
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Figure 2. Picture of the FiberSort equipment 

The material for those 100kg was categorized based on the main fiber type analyzed. Based 

on the proportions of these fibers, the material was divided in three categories with the 

following proportion (% weight): 

- Polyester: 71% 

- Acrylic: 13% 

- Polyamide: 16% 

Materials that could not been assigned by FiberSort into any of the three categories above 

mentioned, have gone straight through the sorting machine, and they were not included in 

this compilation. To learn more about the automatic sorting, from each category, samples 

have been taken to assess to what degree the garments were containing other fiber types 

beyond what was indicated by the FiberSort. The information was retrieved from the 

garment label. 

Table 1. Results from the manual evaluation after FiberSort sorting for Batch#1 

Majority 
fiber 

Number of 
analyzed 
garments 

Proportion of 
garments with 
100% uniform 
fiber content 

Proportion of 
garments with 
fiber blends 

Average 
content of 
majority 
fiber 

Other materials 
that the garments 
contained 

Polyester 20 65% 35% 67% cotton, polyamide,  
elastane  

Acrylic 10 40% 60% 74% Wool, polyester, 
polyamide, alpaca, 
mohair, elastane  

Polyamide 10 50% 50% 58% PVC, acrylic, 
polyester, elastane 

 

Textiles from Batch#2 were sorted completely automatically via FiberSort, after 

optimization based on the learning from the first step. Fiber characterization renders a 

more detailed characterization as can be seen in Table 2. On average, 65% is polyester and 

9% respectively on nylon and acrylic, which are within similar range of Batch#1. In addition 

to that, the fiber content of cotton, viscose and wool (accounting for 7%) are made 

available via FiberSort. This fiber characterization offers a better understanding of the raw 

material entering the gasification process. 

Table 2: Fiber contents in the textiles Batch#2 

 Box 1 Box2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 10 Avg. Dev. 

Polyester 59.7% 61.2% 70.2% 69.0% 66.8% 64.3% 60.1% 65.8% 69.0% 66.3% 65% 4% 
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Nylon 8.7% 12.4% 9.1% 6.1% 8.0% 11.6% 9.2% 8.8% 10.3% 7.5% 9% 2% 

Cotton 0.3% 0.5% 0.0% 0.8% 0.8% 1.0% 1.1% 0.6% 1.0% 1.7% 1% 0% 

Acrylic 10.7% 10.7% 5.2% 9.3% 9.4% 9.3% 6.5% 11.1% 8.3% 9.1% 9% 2% 

Viscose 1.2% 1.5% 2.8% 2.1% 1.7% 2.3% 1.9% 2.0% 1.0% 1.7% 2% 1% 

Wool 4.2% 3.8% 3.9% 2.7% 4.2% 2.6% 12.2% 2.6% 2.1% 3.0% 4% 1% 

Total 

synthetic 

79.1 84.3 84.5 84.4 84.2 85.2 75.8 85.7 87.6 82.9   

3. Upgrading 

The upgrading presented in this section includes grinding, classifying and pelletizing. The 

experience gained in this process and the problems found are shown along with the 

conclusions obtained. The objective of the grinding and pelletizing tests was to evaluate the 

mechanical properties that the pelletized waste will present during transport, handling and 

feeding in gasification tests. The upgrading was done for all three raw materials. 

To be able to pelletize, a first shredding step is needed. Secondly, a purification step to 

remove foreign materials. At this point, the metal parts contained in the shredded material 

are removed. Then, the pelletizing takes place in a rotating ring matrix according to the 

same principle as wood material is pelletized. 

1. The comminution was performed in a slow-moving shredder (Lindner Micromat 2000) 

coupled with a 15 mm sieve. Textiles were heavily ground with a capacity of 250 kg/h, 

which was surprisingly low. From this step the resulted material was finely ground, and 

it was able to be pelletized without further grinding. 

2. The separation of metal parts took place in a separation table coupled with a suction 

nozzle (Franssons Lift-Sep LS60-420) with a capacity of 100 kg/h. Here, the light fraction 

was separated from the heavy one by removing impurities like metals or stones. 

3. The pelletizing was performed in a pellet mill (Buhler DPCA) equipped with a die with 

75 mm active press channel length and 8 mm diameter. The capacity was 100 kg/h, 

which is considered very reduced compared to the usual rate for wood (around 500 

kg/h), but it was needed due to the low bulk density of the material. 

Textile 

Minor attempts were made to test the suitability of the equipment for processing the 

textiles. Other types of dies were tested before the choice fell on the one mentioned above. 

A fundamental problem in the handling of the ground material is the low bulk density and 
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flow properties which means that conveying systems designed for materials with higher 

bulk densities could not be used. This also explains the low capacity for pelletizing. 

The 500 kg corresponding to the first batch of textiles (Batch#1) were sorted into four 

different boxes (TX1 to TX4) based on the arrival time of the waste. Therefore, four 

representative samples were used for further characterization. The mechanical quality of 

the pellets varied greatly between the boxes. The temperature of the pellets measured 

immediately after pressing, varied between 80-100˚C but could not be related to the quality. 

The differences here observed were probably due to the different composition of the textiles 

in the different boxes. In the following picture, the difference in pellets’ quality from Batch#1 

is visible. 

å 

Figure 3: Pellets obtained from Batch#1 of textile samples. A difference in the quality reflected in the 

average size of the pellets can be observed depending on the textile box used. 

In this upgrading step it was also investigated whether a further grinding could improve the 

properties of the material but grinding it in a hammer mill after the first decomposition led 

to a deteriorated product. Regarding the separation of the metal parts presented in the 

textile fraction, it resulted in a heavy fraction of 2.7-4.1% of original material. 

The pellets quality was improved in Batch#2. In this case, Wargön Innovation provided 10 

different boxes of 125 kg each. The quality of the pellets improved substantially, as indicated 

by their strength value, which reached an average value of 95.8%. Visual inspection also 

supports this verdict as can be seen in Figure 3.  
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Figure 4: Textile pellets received from Batch#2.  

When a comparison of the pellet quality of the different boxes is made, interesting 

conclusions can be obtained. For example, box 7 contains significantly more wool, which 

has a lower melting point (130 °C). This facilitates the glue effects during further pelletizing, 

therefore contributing to a more compact structure. Hence, wool content could be a driver 

to the highest pellet quality observed. On the contrary, the total synthetic content may have 

a negative impact in the quality of the pellets. The melting point in this case is higher, which 

leads to bulkier pellets, thus resulting in a lower pellet strength. This can be observed in 

Boxes 1 & 7, which present the lowest content of synthetic materials (79 & 76% respectively) 

and the highest strength (>98%). 

Table 3: Recall of fiber contents in the textiles Batch#2 including the pellets characteristics  

 Box 1 Box2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 

10 

Avg. Dev

. 

Polyester 59.7

% 

61.2

% 

70.2

% 

69.0

% 

66.8

% 

64.3

% 

60.1

% 

65.8

% 

69.0

% 

66.3% 65% 4% 

Nylon 8.7% 12.4% 9.1% 6.1% 8.0% 11.6% 9.2% 8.8% 10.3% 7.5% 9% 2% 

Cotton 0.3% 0.5% 0.0% 0.8% 0.8% 1.0% 1.1% 0.6% 1.0% 1.7% 1% 0% 

Acrylic 10.7% 10.7% 5.2% 9.3% 9.4% 9.3% 6.5% 11.1% 8.3% 9.1% 9% 2% 

Viscose 1.2% 1.5% 2.8% 2.1% 1.7% 2.3% 1.9% 2.0% 1.0% 1.7% 2% 1% 
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Wool 4.2% 3.8% 3.9% 2.7% 4.2% 2.6% 12.2% 2.6% 2.1% 3.0% 4% 1% 

Total 

synthetic 

79.1 84.3 84.5 84.4 84.2 85.2 75.8 85.7 87.6 82.9   

Pellets’ characteristics 

Bulk density 

(kg/m3) 

503 463 504 430 462 457 506 472 418 418 463  

Strength (%) 98.1 96.8 97.5 94.4 95.5 95.5 98.5 95.9 92.3 93.3 95.8

% 

 

 

Blåkläder 

In addition to the sorted Textiles from Wargön 400kg of working cloth were treated the 

same way. After pelletizing the measured bulk density was 290 kg/m3, and the average 

composition was: 

•  50% polyester 

•  40% cotton 

•  10% synthetic (elastane + others) 

As clearly visible the material did not form compact pellets but rather lumps of 

compressed textiles. It was at that point deemed feedable though as part of batch#1 

displayed similar characteristic.   

In figure 5 the appearance of these samples can be visualized. 

 

Figure 5: Blåkläder samples received from Blåkläder company that ask their clients to give them used 

working clothes 
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Reject fraction Carboard Recycling 

The reject fraction from carboard recycling was first dried and pretreated in the same way 

as the textile fractions. For pelletizing three different press channel lengths were studied 

(30, 37,5 and 45 mm). From each size, different results in terms of density and strength were 

obtained. The pellets produced with a longer press channel presented the highest density 

and strength, therefore, these pellets were the ones selected for further experimental tests. 

Table 4: Mechanical properties of the pellets from cardboard recycling reject fraction 

Mesh (mm) Bulk density (kg/m3) Strength (%) 

30 280 75.0 

37.5 324 84.1 

45 342 87.5 

 

 

Figure 6: Appearance of the pellets obtained from the cardboard recycling fraction. From left to right, 

from the lower mesh size (30mm) to the higher (45mm). 

4. Characterization of the upgraded materials 

This section is aimed at describing the characterization techniques used for both fractions 

(textiles and cardboard recycling reject fraction) along with the results obtained from each 

of them. This characterization allows to have an overall idea of the homogeneity and 

consequently the repeatability of trials performed with smaller samples, their composition 

in terms of contaminants and/or the expected behavior during the thermal treatment. 

Thermogravimetric analysis was conducted for textiles samples and the reject fraction after 

cardboard recycling, while elemental analysis was only carried out for Batch#1 textiles 

samples. 

Thermogravimetric analysis (TGA) allows to investigate the thermal decomposition of the 

samples. This analysis also provides the contents of moisture, volatile matter, fixed carbon 

and ashes in the different materials tested, commonly known as proximate analysis. To this 

end, both textiles and cardboard recycling reject samples were studied via TGA. The 
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analyzer used in this project was a LECO TGA701. Due to its configuration, the furnace 

allows to analyze 19 samples at the same time. This equipment allows to measure the weight 

loss of the different samples when a heating rate is applied in a specified atmosphere. A 

maximum of 5 g can be added in every crucible, and the balance resolution of the TGA is 

0.0001 g. The following method was used for the TGA analysis. For the moisture and volatile 

content, a nitrogen atmosphere was selected with a heating rate of 5 °C/min from 25 to 700 

°C. To calculate the amount of ash present in the samples, these were cooled down until 

450 °C, then the atmosphere was changed to oxygen ang they were heating up again from 

450 to 550 °C at a heating rate of 15 °C/min. 

Textiles and Blåkläder 

Textile fractions (Batch#1, Batch#2 and Blåkläder samples) were firstly subjected to TGA 

analysis. As this kind of waste is highly heterogeneous, it is very important to have a detailed 

characterization before any experimental test is performed. This allows to predict if the 

gasification process will be stable and if it is possible to have steady production. For Batch#1 

four representative samples were analyzed based on the 4 boxes already mentioned. The 

results obtained from these samples are shown below. 

As it can be seen from figure 7, the 4 boxes that arrived in different time periods share very 

similar characterization in terms of thermal decomposition. This fact gives a good indicator 

of the repeatability and the stability of the expected results from conversion trials since no 

great differences were found between the boxes. Even though it is a waste, the composition 

was homogeneous enough according to the results obtained. 

Regarding the proximate analysis, the average results for the four representative samples 

are presented below: 

• Moisture: 0.6% 

• Volatile matter: 86.6% 

• Fixed carbon: 11.5% 

• Ash: 1.3% 
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Figure 7: Thermogravimetric analysis of 4 representative samples from Batch#1. This analysis shows 

the thermal decomposition of the different samples. 

We can draw similar conclusions based on the elemental analysis. Results obtained from 

the four boxes are very alike (see Table 5), with a major share in carbon (60%) followed by 

oxygen (30%). The remaining compounds are hydrogen, nitrogen and sulphur (which 

altogether account for 10%). However, it is noted that nitrogen differs the most among the 

four boxes varying between 2.9% to 5.3%.  This is possibly because the contents of nylon 

and acrylic, which also vary among different boxes. In addition, chlorine and flour content 

was also analyzed. Results indicate that these elements represent a weight average 

percentage of 0.12% and 0.008%, respectively for the TX mix (mix of the different boxes). 

Table 5: Elemental analysis of the four representative samples taken from Batch#1. *Oxygen calculated 

by difference 

 TX1 TX2 TX3 TX4 TX mix TX average 

C 60.1% 61% 59.8% 59.3% 60.5% 60.1% 

H 5.6% 5.5% 5.2% 5.7% 5.2% 5.4% 

N 3.2% 5.3% 3.3% 4.6% 2.9% 3.8% 
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S 0.2% 0.1% 0.1% 0.2% 0.1% 0.2% 

O* 31.0% 28% 31.5% 30.2% 30.0% 30.2% 

 

Regarding Blåkläder samples, the measured bulk density was 290 kg/m3, and the average 

composition was: 

•  50% polyester 

•  40% cotton 

•  10% synthetic (elastane + others) 

Concerning the proximate analysis for Blåkläder samples, the average values obtained are: 

• Moisture: 2.9% 

• Volatile matter: 88.8% 

• Fixed carbon: 5.8% 

• Ash: 2.5% 

 

Reject fraction Carboard Recycling 

For the reject fraction from cardboard recycling TGA was used first to check the variation 

within a population of pellets to assure representative results with a series of batch tests; 

and second to get a rough estimate of what kind of materials, cellulose and plastic were 

present and their corresponding ratios. Moreover, as explained before, this technique also 

allows to obtain the proximate analysis of this material. Many repetitions taking samples of 

pellets randomly were analyzed. In figure 8, some of them are represented. From the results 

here obtained, we consider that the repeatability is good since all the profiles are similar 

and within a narrow range, and therefore, the further decomposition of larger volumes of 

fuel via steam gasification should report similar values as the small batches used in the 

bench scale trials.  
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Figure 8: Thermogravimetric analysis of random samples from cardboard recycling samples. This 

analysis shows the thermal decomposition of the samples, and it is an indicator of the repeatability 

of the samples. 

 

From this analysis a clear decomposition of cellulosic and polymeric materials is observed. 

At lower temperatures (around 300°C) the first peak of devolatilization can be related to 

cellulosic materials decomposition (paper, cardboard, etc.). The second peak can be 

associated to synthetic polymer decomposition. Based on this, a first ratio of 30-40 %wt 

cellulosic materials/60-70 polymers (linear polymers like polyethylene or polypropylene) 

was estimated.   

The average values reported from the proximate analysis of the performed test with TGA 

are summarized here: 

• Moisture: 1.80 % 

• Volatile matter: 90.86 % 

• Fixed Carbon: 0.10% 

• Ash: 7.24% 
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Most of the components present in the pellets can be devolatilized in an inert atmosphere. 

Less than 10% of the materials represent the ash fraction. In this category can be included 

pieces of metal, glass or aluminum. 

5. Thermochemical recycling trials 

In this section the experimental tests performed for the different waste fractions are 

presented. As usual, first the methodology followed is described. Next, the results obtained 

for each of the scales analyzed are shown. At this point it is interesting to note that lab-scale 

experiments were performed for the reject fraction of cardboard recycling and for Blåkläder 

samples, whereas industrial-scale results are presented for textile samples (Batch#1 and 

Batch#2). 

LAB-SCALE EXPERIMENTS 

The lab-scale experimental setup is illustrated in Figure 9. It consists of a stainless-steel 

bubbling fluidized bed (BFB) reactor with an internal diameter of 88.9 mm and a height of 

1,305 mm. This BFB reactor when operated with batch feeding mimics the condition of a 

dual fluidized bed (DFB) gasifier as the one used in the power plant at Chalmers [2]. 

 

Figure 9: Lab-scale BFB reactor used for the cardboard reject fraction and Blåkläder samples 

The reactor is heated externally with an electric oven, and the temperature along the height 

of the reactor is measured and logged continuously by thermocouples. The produced gases 
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are taken through a gas sampling probe. The probe is heated to 350°C with an electrical 

heating band, to avoid the condensation of hydrocarbons and steam. The sampled gas is 

then split into two parts, one part goes through a gas conditioning system and the other 

passes through a solid-phase extraction (SPE) amine. 

To be able to establish mass balances based on the measurement of permanent gases, total 

carbon and relevant condensable hydrocarbon compounds, the following procedure was 

employed. For the lab-scale experiments, the gas conditioning system involves the 

scrubbing and cooling of the sampled gas with isopropanol followed by drying with silica 

gel beads and glass wool. The cold and dry gas is then analyzed in a SICK GMS 820 

permanent gas analyzer. The SPE amine used is a SupelcleanTM Envi-CarbTM/NH2 tube, 

obtained from Sigma-Aldrich. The gas samples collected during each experiment were 

analyzed in an Agilent 490 micro-GC system. The quantification of aromatic hydrocarbons 

was performed with a Bruker-430 GC-FID system. 

Reject fraction Carboard Recycling 

For the cardboard recycling reject fraction, three reaction temperatures of steam 

gasification were selected to evaluate the influence of this parameter in the product 

distribution. There is a clear effect of the temperature in the distribution of products. As it 

can be observed from figure 10, the production of C2 and C3 compounds is higher at lower 

temperatures. On the contrary, aromatics present a lower production at 700°C. Also, the 

syngas production is the lowest at this temperature.  

When higher temperatures are applied, the values of CO2, CH4 and syngas increase. In 

comparison to the TGA trials the amount of char is slightly higher. The value attributed to 

char corresponds to the unconverted material that remains after devolatilization which is 

assessed by combustion. In these experiments, this value was lower when increasing the 

temperature. This fact indicates that further gasification of unconverted char could be taken 

place at higher temperatures, therefore reducing the “char” value and at the same time 

increasing the CO and CO2 release. Aromatic hydrocarbons tend to form more likely when 

the temperature increases. However, the yield of produced olefins which would be the main 

product aimed at from this raw material is the lowest at 800 °C. 
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Figure 10: Product distribution of the compounds obtained through the steam gasification of the 

cardboard recycling reject samples at different temperatures. 

In a process aiming at carbon utilization CO, CO2, H2 and CH4 should be utilized to gain 

further carbon as feedstock. Based on the raw material properties and the knowledge of the 

decomposition patterns a large share of the carbon in this fraction will stem from the 

decomposition of the cellulosic part and present therefore a biogenic carbon source which 

could be utilized in further synthesis. In figure 11 the different values obtained within this 

fraction are shown as mols/kg fuel to give a better representation of the eventual hydrogen 

demand in a downstream synthesis process. As can be observed, a clear increase in hydrogen 

production is seen when the gasification temperature is higher. The same trend is observed 

with the methane production. Both trends are in line with the decrease in light olefins and 

the increase in aromatics where CH4 is an alternative product to light olefins and hydrogen 

a side product of aromatization. CO and CO2 show a slight increasing trend when the 

reaction temperature is increasing, but the trend is not very pronounced. 
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Figure 11: Distribution of syngas (CO+CO2+ H2+CH4) produced at the different reaction temperatures 

The main share of the aromatic fraction is benzene, toluene, xylene and styrene (BTXS) as 

can be observed in Figure 12. With the increase of gasification temperature, the overall 

formation of aromatics increases but the fraction of BTXS decreases, from approximately 

80% to almost 60%. This indicates that higher polyaromatic compounds are produced at 

higher temperatures. Both observations are in line with trends observed in experiments 

with pure polyolefin materials. 
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Figure 12: Distribution of syngas (CO+CO2+ H2+CH4) produced at the different reaction temperatures 

 

From the facts here exposed, it can be concluded that a lower temperature (e.g., 700°C) is 

more convenient to valorize this reject fraction because: (1) the yield of olefinic compounds 

is higher at this gasification temperature; (2) less polyaromatic hydrocarbons are produced 

at lower temperatures, which favors the recovery of BTXS; and (3) less syngas is formed, 

which requires more effort to be valorized as feedstock for new material production. 

 

Blåkläder 

 

When it comes to Blåkläder samples, two different reaction temperatures were selected (750 

and 800 °C). In the figure 13, the product distribution in kg per kg of fuel is presented.  
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Figure 13. Product distribution in kg/kg fuel for Blåkläder samples at 750 and 800 °C 

In this case, the syngas percentage is very high due to the chemical structure of the initial 

products in the samples. Both polyester and cellulose contain high shares of oxygen and do 

inevitably yield carbon oxides during thermal decomposition. The yield of olefinic 

compounds is very low in this case because very few alkane like bonds are present in the 

initial material. The yield of aromatic compounds is in the range of the cardboard recycling 

reject fraction at the lowest temperature studied. In this fraction, the BTXS compounds are 

the most abundant ones (See Figure 14), as observed as well in the trials with the cardboard 

recycling reject fuel.  
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Figure 14. Aromatics distribution in kg/kg fuel for Blåkläder samples at 750 and 800 °C 

 

If the syngas fraction is detailed in mol/kg of fuel, a slight increase of H2, CH4 and CO2 is 

observed when the gasification temperature increases. This trend can be seen in figure 15. 
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Figure 15. Product distribution of CO, CO2, H2 and CH4 in mol/kg fuel for Blåkläder samples at 750 and 

800 °C 

 

INDUSTRIAL-SCALE EXPERIMENTS  

For textile samples, industrial scale experiments (>100 kg/h) were performed during a two-

week period. These experiments allow to evaluate opportunities and risks associated with 

the use of textile materials at industrial scale. The experiments were carried out in the 

Chalmers power plant. It is a DFB which consists of a 12MWth circulating fluidized bed 

(CFB) boiler connected with a 2-4 MWth BFB gasifier. In Figure 16, a schematic of how the 

power plant is divided can be found. The gasifier is entirely fluidized with steam and heated 

by the sand circulating through the system. At Chalmers the boiler is dimensioned after the 

heat demand of the Campus with an own fuel feed and not as in a general constellation in 

an indirect dual fluidized bed gasifier after the heat demand of the gasification. To assess 

the amount of gas produced 20l/min of helium are added as trace gas to the gasifier. As 

helium can be detected later by GC analysis the measured concentrations can be converted 

into mass flows. 
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Figure 16. Schematic of the Chalmers power plant used for textile gasification. 

 

To establish the mass balances based on the measurement of permanent gases, total carbon 

and relevant condensable hydrocarbon compounds, the following procedure was employed. 

The raw gas sampled from the gasifier is filtered to remove particulate matter and split into 

two streams for analysis. The first one is quenched with isopropanol, to condense the tar 

and water, and the permanent gases are analyzed in a Varian CP4900 gas micro-GC. A 

sampling port before the quenching point allows for the sampling of tar using the solid-

phase adsorption (SPA) method. The adsorbed hydrocarbons are eluted afterwards and 

analyzed in a Bruker-430 GC-FID system. The second raw gas sample stream is further 

reacted in a high-temperature reactor, where it is cracked down to H2, CO, CO2, and H2O, 

at 1700 °C. It is then analyzed to quantify the overall amount of carbon in the raw gas in a 

micro-GC similar to that used for the first sample stream. The amount of unconverted fuel 

(or char) leaving the gasifier is obtained by comparison of the carbon content of the raw gas 

given by this high temperature reactor and the carbon content of the fuel. 

Two different gasification temperatures (790 and 810 °C) were selected for the experimental 

tests of the textiles included in Batch#1, while 730 °C was the temperature selected for 

samples from Batch#2.  
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Pellet stability and feeding 

The feeding of the textile pellets was assessed with the pellets from batch#1 before pre-

treatment of batch#2 was initiated. The feeding of the textile pellets during this initial test 

was done at 120kg/h for around 4 hours of stable operation. What was observed during that 

period was a massive increase in gas production now and then resulting in a CO spike in 

the flue gas of the combustor where the gas is flared. This was attributed to the low density 

of the textile pellets not filling the pockets in the cell feeders properly. The real reason was 

identified during the trials with batch#2. 

During the trial with batch#2 the true nature of the observation became apparent as the 

feeding port got blocked after 3-4 hours of feeding (ca. 0.5 tons). The identified cause was a 

blockage in the shaft towards the gasifier, after the cell feeder. Most likely the blockage did 

form starting with a melt on the shaft surface which got covered with the lightweight textile 

material. As the textile material has good insulating properties the structure could fill up 

the entire shaft without getting heated enough until reaching the cell feeder and blocking 

the passage completely. After shutting down the feeding the blockage could be burned free 

by exposure to both heat and oxygen during the night. Investigating the state of the pellets 

after screw feeding, see figure 17 one can state that the pellets did disintegrate and become 

fluffy already after the screw feeding above the cell feeders. From this second test feeding 

the pellets from Batch#2 one can conclude two things.  

a) that the current design of the feeding system is not suitable for light weight pellets having 

a tendency to become fluffy 

b) the mechanical strength of the pellets seemed not to be enough to be fed through a 

conventional feeding for biomass pellets without disintegrating.   

Because of the accumulation of fuel in the feeding shaft, the measured fuel flow, which is 

the weight change of the storage container, is misleading. As a matter of fact, the fuel flow 

reaching the bed and being converted is overestimated for all trials with textiles. For the 

results at 790 and 810 °C as the samples were taken during stable periods avoiding the times 

when CO spikes were observed. With the reason for the spikes being fuel accumulation in 

the shaft and a collapse of the build-up from time to time the fuel flow during the remaining 

periods is decreased. During the trial at 730 °C this effect was even more pronounced as the 

build-up of fuel led to a complete blockage. 

For future investigations trials with the available extruder feeder were performed for both 

textiles and the reject fraction from cardboard recycling with promising results. 
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Figure 17. Left hand side: the gasifier with the fuel shaft to the right. Upper right picture: inside of the 

shaft after burning of the blockage and stop of the plant. Lower right picture: pellets at the outlet of 

the feeding screw with clear signs of disintegration 
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Analysis results 

Following the same structure that was used in the previous section, the product distribution 

obtained in the gasification of these samples at industrial scale is presented below. The 

product distribution is shown in figure 18. 

 

Figure 18: Product distribution in kg/kg fuel obtained through the gasification of textile samples from 

Batch#1 (790 and 810°C) and Batch#2 (730°C)  

As mentioned earlier the experiments suffered of fuel feeding issues which provides the 

quantification of some values with some uncertainty. Due to the helium tracing however 

the actual mass flow of each analyzed species is known. When calculating yields in kg/kg 

fuel all yields will be underestimated as the mass flow of product is divided by the apparent 

mass flow of the raw material. The difference in mass is instead attributed to the amount of 

char making char the only yield shown in figure 18 that is not proportional in relation to the 

other yields. As the yield of char is generally decreasing when the reaction temperature 

increases the overall trend seen in the graph is correct and will not change if a correction of 

the assumed fuel flow is made. 
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As expected from the chemical structure of the feed, the amount of CO2 produced is very 

high stemming both from the decomposition of polyester and cotton. The yield of C2 and 

C3 compounds was quite small compared with the reject fraction from cardboard recycling 

due to the lack of substantial alkane like chains in textile materials. The results are therefore 

similar to the values measured for Blåkläder samples in lab scale. 

As already seen in the results from lab scale, the composition of the aromatic fraction 

consists mainly of BTXS compounds, which can be further valorized.  

 

Figure 19: Aromatics distribution in kg/kg fuel obtained through the gasification of textile samples 

from Batch#1 (790 and 810°C) and Batch#2 (730°C)  

 

During the gasification of textiles at industrial scale, it is worth to mention that a great 

increase in the CO2 and H2 is observed when the temperature increases which indicates the 

occurrence of the water-gas-shift reaction. Methane and CO do not show a clear trend with 

the temperature, as can be seen in Figure 20.  
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Figure 20: CO, CO2, H2 and CH4 distribution in mol/kg fuel obtained through the gasification of textile 

samples from Batch#1 (790 and 810°C) and Batch#2 (730°C)  

  

0,0

5,0

10,0

15,0

20,0

25,0

30,0

Y
ie

ld
 (

m
o

l/
k

g
 f

u
el

)

Temperature (°C)

CO+CO2+H2+CH4 distribution in mol/kg of fuel of textiles at 
large scale

CH4

CO2

CO

H2

730 °C                          790 °C                         810 °C



PAGE 33 

Sensitivity: External 

6. Conclusions and future works 

The industrially relevant experimental data obtained from this project can be used to 

provide a better basis to evaluate steam gasification as recycling route for mixed materials 

with the aim to convert them into high-quality materials and chemicals via steam 

gasification.  

For that purpose, the project was taking forward mass balances and yields of the main 

products for three different mixed waste fractions. The common characteristic of the waste 

fractions was the presence of both naturally polymers and synthetic polymers often in a 

blended material. Looking at the summary of results in figure 21 which shows the product 

distribution for the different waste fractions used in this project some trends are apparent.  

As expected from the molecular structure of the materials in the waste mixture, the 

evolution of permanent gases and more importantly carbon oxides depends heavily on the 

oxygen bound to carbon. As a matter of fact, the content of cellulose and polyester is a driver 

and the results from the Blåkläder trials emphasize this as both materials are dominant in 

the blend. 

For the same reason olefins such like ethylene and propylene are only formed in larger 

quantities if the parent material comprises a considerable amount of alkane structures with 

saturated C-C bonds, as can be seen from the results obtained with the reject fraction from 

carboard recycling.  

Monoaromatics, more specifically benzene, toluene and styrene make up 10-15% of the mix 

in all cases and the origin and reaction route is twofold. a) the decomposition of a polymer 

containing an aromatic ring, e.g., polyester. b) a cyclisation/aromatization reaction based 

on primary decomposition products which can stem from both natural as well as synthetic 

polymers. An increase of the temperature induces a growth towards the formation of 

polyaromatic hydrocarbons (PAH) such like naphthalene which is more pronounced for 

route b).  

Conclusions 

Keeping in mind that none of the fractions is first choice for feedstock recycling due to its 

complex composition, steam gasification presents a viable option to make the most out of 

a stranded resource.  Especially in the light of a required circular use of carbonaceous 

materials, it is a less energy intensive way to re-use all the carbon in the material blends, 

compared to combustion and carbon capture and utilization. 

In summary the product yields analyzed lead to the following main conclusions 

1. By separation, valuable chemicals such like monoaromatics and light olefins can be 

extracted directly.  
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2. The amount of carbon in the permanent gases is relatively large and to reach a 

circular material usage a conversion of this stream is required. Here catalytic 

synthesis processes such like methanol or syngas fermentation processes are an 

option.  

3. The results from the cardboard reject trials show that the yield of light olefins per 

kg polyolefins in the waste is of the same magnitude as for pure polyolefins. Based 

on that it can be concluded that a prior separation or sorting of such blended waste 

fractions is an unnecessary effort if the downstream gas separation dimensioned 

accordingly. 

The industrially relevant experimental data obtained from this project can be used to 

provide a better basis to evaluate steam gasification as recycling route for mixed materials. 

Specifically, to what degree further processing, separation of the distribution and synthesis 

of base chemicals, are economically viable. 

 

 

Figure 21. Summary of the product distribution of the different fractions used in this project in kg of 

product per kg of fuel 

Pretreatment of those lightweight materials proofed to be challenging and requires certain 

modifications of existing shredding, conveying and pelletizing equipment. As well it appears 

that the numbers assessed for the mechanical strength for textile-based pellets are somehow 

misleading as the pellets do not break under the mechanical stress they are exposed to 

under transport and dosing but seem to expand gradually 
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Future work is aiming at industrial scale trials for the reject fraction from carboard recycling 

in a follow up project withing the framework of Klimatledande Processindustri. For mixed 

textile waste a more detailed look into the requirements and pre-conditions is required to 

make steam gasification the backbone of a textile recycling hub.  
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