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ABSTRACT 

Mechanical-biological treatment (MBT) is an effective method for reducing 

biogenic additions to landfill, producing fuel products and recovering recyclate 

from residual waste. However, large amounts of contamination in the non-

biological outputs reduce their market value. In many cases, valuable materials 

are either landfilled or require significant upgrade before they can be sold to 

reprocessors.  

The aim of this paper was to identify the principal drivers and barriers to the 

marketability of ferrous metals (MBTFe) and heavy inert reject (MBTr) 

recovered from UK MBT plants. Samples were characterised for composition 

and particle size distribution from two biodrying and two anaerobic digestion 

(AD) MBT plants. Recovery processes were mapped for each facility and the 

results compared with the material composition results.  

Processes at the two biodrying plants produced higher quality MBTFe than the 

two AD-MBT plants. Approx. 10% of the MBTFe fraction comprised non-target 

material which had become entrapped in the folds of metal food containers as a 

result of powerful external compression forces. A possible cause may be that 

materials are pressed together in the cutting gap of low-speed high-torque 

cutting mills. MBTFe recovered from the two biodrying plants showed 10% less 

contamination that the AD-MBT plants. Upgrading MBTFe outputs could save 

the UK MBT industry up to £4.4 million per annum or up to £230 K for the 

average sized facility (capacity 108,000 tonnes per annum).  

Glass content in the MBTr samples ranged between 44 and 62%, however all 

plants showed approx. 85% combined content of glass, bricks, stones and 

ceramics. The biodegradable content in indicated that only minimal upgrade 

would be required to achieve the Landfill Directive requirements for inert waste. 

Valorisation of MBTr could save the UK MBT industry up to £1.9 million tonnes 

per annum or an average of £160,000 per annum for the average sized facility. 

Keywords: Mechanical-biological treatment, optimisation, quality, 

contamination, reject 
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ABSTRACT 

Mechanical-biological treatment (MBT) is an effective method for reducing 

biogenic additions to landfill, producing fuel products and recovering recyclate 

from residual waste. However, large amounts of contamination in the non-

biological outputs reduce their market value. In many cases, valuable materials 

are either landfilled or require significant upgrade before they can be sold to 

reprocessors.  

The aim of this paper was to identify the principal drivers and barriers to the 

marketability of ferrous metals (MBTFe) and heavy inert reject (MBTr) 

recovered from UK MBT plants. Samples were characterised for composition 

and particle size distribution from two biodrying and two anaerobic digestion 

(AD) MBT plants. Recovery processes were mapped for each facility and the 

results compared with the material composition results.  

Processes at the two biodrying plants produced higher quality MBTFe than the 

two AD-MBT plants. Approx. 10% of the MBTFe fraction comprised non-target 

material which had become entrapped in the folds of metal food containers as a 

result of powerful external compression forces. A possible cause may be that 

materials are pressed together in the cutting gap of low-speed high-torque 

cutting mills. MBTFe recovered from the two biodrying plants showed 10% less 

contamination that the AD-MBT plants. Upgrading MBTFe outputs could save 

the UK MBT industry up to £4.4 million per annum or up to £230 K for the 

average sized facility (capacity 108,000 tonnes per annum).  
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Glass content in the MBTr samples ranged between 44 and 62%, however all 

plants showed approx. 85% combined content of glass, bricks, stones and 

ceramics. The biodegradable content in indicated that only minimal upgrade 

would be required to achieve the Landfill Directive requirements for inert waste. 

Valorisation of MBTr could save the UK MBT industry up to £1.9 million tonnes 

per annum or an average of £160,000 per annum for the average sized facility. 

 

Word-count: 7,998 

Key words: Mechanical-biological treatment, optimisation, quality, 

contamination, reject 
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1 INTRODUCTION 

The European Landfill Directive (ELfD) (EC, 1999) is driving the UK waste 

management industry to develop a range of treatments to reduce biogenic 

additions to landfill. One technological approach is mechanical-biological 

treatment (MBT) which, since 2007, has been successfully implemented across 

22 plants in the UK with a combined treatment capacity of > 2.3 million tonnes 

pa (Figure 1 and Table 1). The Green Investment Bank (2014) has estimated 

that by 2020, MBT capacity will increase by > 50%; accounting for approx. 15% 

of the UK’s residual waste treatment capacity. 

 

MBT plants incorporate a range of mechanical and electromagnetic processing 

components which can be configured in a variety of different combinations to 

meet the specific objectives of the plant (Banks et al., 2010). Broadly, they can 

Figure 1: Location of MBT plants across 

the UK (not to scale) 
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be grouped into two major categories: mechanical-biological treatment (MBT) 

and biological-mechanical treatment (BMT) (Juniper, 2005). Figure 2 

summarises the MBT and BMT process order.  

Residual 
Waste 

Dry 
recyclates

WDF

Biogas

Compost 
like output

Landfill 

Mechanical 
biological 
treatment

Biological 
mechanical 
treatment

Anaerobic 
digestion

In-vessel 
composting

Preparation

Separation

Maturation

Preparation

Separation

Biodrying

Air emissions Liquid effluent Solid reject fraction

 

Figure 2: Simplified diagram showing the process order of MBT and BMT 

facilities (Redrawn from: Velis et al., 2010). 

BMT (biodrying) facilities incorporate a front-end stage in which shredded 

residual MSW is aerobically digested for between 7 and 15 days in containers, 

closed halls or rotating drums (Robles-Martínez et al., 2012). The heat from the 

exothermic decomposition evaporates moisture from the surface of waste 

particles and the moisture is then transported between the waste fragments via 

mechanical aeration (Frei et al., 2004). The biodried material which undergoes 

mechanical separation is a dry shredded matrix that has been reduced in mass 

and volume, and has significantly lower adhesive properties making mechanical 
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processing easier (Velis, 2010). A drawback of primary comminution (size 

reduction of as-received waste prior to material separation) is that finer, brittle 

particles such as glass can become embedded into softer materials, such as 

textiles, paper, and food, and thus affect output product specification (Barton et 

al., 1985; Tchobanoglous et al., 1993). 

The main output of biodrying facilities, Waste derived fuel (WDF), retains a 

large proportion of the dried biogenic material from the input waste (Velis et al., 

2009). WDF has recently seen a rapid expansion in exports to Europe from 

11,000 tonnes in 2010 to over 2.2 million tonnes in the first six months of 2014 

(EA, 2014b). Biodrying is therefore an attractive option for waste disposal 

authorities because only a very small proportion of the material is landfilled 

which helps them to meet their next ELfD target to reduce the biodegradable 

fraction of waste sent to landfill to 35% of 1995 levels by 2020 (EC, 1999). 

In MBT type facilities, the mechanical separation takes place before biological 

treatment (Bardos, 2004). As with BMT plants, material often undergoes 

comminution prior to mechanical separation. However some plants use bag 

openers which allow separation of materials to take place before comminution 

which can reduce cross contamination of waste constituents and prevent 

entrapment of contraries in target materials. 

The biological stages in MBT plants include composting and anaerobic 

digestion (AD). Whilst composting fulfils the requirements of the ELfD, AD has 

the additional advantage of biogas production which can be used to generate 

electricity and hence attract subsidies in the form of renewable obligation 

certificates (The Renewables Obligation Order, 2002). This type of power 

generation also helps England achieve its target to generate 15% of its energy 

through renewable sources by 2020 (DECC, 2011). 
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Table 1: Overview of operational MBT facilities in the UK. 

Plant 

Ref. 
Operator Facility name  Location 

Technology 

provider 

Biological 

process used 

Design 

capacity 

(tpa) 

1 Amey Cespa Waterbeach Cambridge BAM Nuttall / Kelag Composting 179,000
[1]

 

2 Biffa Hoods Close Leicester Not specified AD 100,000
[1]

 

3 Global Renewables Lancashire Farington Leyland UR - 3R Process
®
 AD / Composting 170,000

[5]
 

4 Global Renewables Lancashire Thornton Fleetwood UR - 3R Process
®
 AD / Composting 170,000

[5]
 

5 Hills Waste Northacre Westbury Entsorga Biodrying  60,000
[6]

 

6 John Wade Aycliffe Quarry Darlington Not specified 
Biodrying / 

composting 
50,000

[8]
 

7 Levenseat Ltd Levenseat Waste Management Site   Lanark Not specified Composting  60,000
[9]

 

8 New Earth Solutions Avonmouth Bristol  Not specified Composting 200,000
[4]

 

9 New Earth Solutions Canford Wimborne Not specified Composting  75,000
[4]

 

10 New Earth Solutions Cotesbach Leicestershire Not specified Composting 50,000 
[4]

 

11 Shanks Frog Island  London Ecodeco
®
 Biodrying  180,000

[1]
 

12 Shanks Jenkins Lane London Ecodeco
®
 Biodrying  180,000

[1]
 

13 Shanks Hespin Wood (Northern Resource Park)  Carlisle Ecodeco
®
 Biodrying  75,000

[2]
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Plant 

Ref. 
Operator Facility name  Location 

Technology 

provider 

Biological 

process used 

Design 

capacity 

(tpa) 

14 Shanks Sowerby Woods (Southern Resource Park) Barrow Ecodeco
®
 Biodrying 80,000

[3]
 

15 Shanks Locharmoss Dumfries Ecodeco
®
 Biodrying 65,000

[xx]
 

16 SITA Byker Reclamation Plant Newcastle Not specified Composting 85,000
[8] 

17 Veolia Southwark London WTT Germany Biodrying  87,500
[1]

 

18 Viridor  Reliance Street Manchester Enpure  
AD (includes pre-

pasteurisation) 
100,000

[7]
 

19 Viridor  Longley Lane Manchester Eggersmann Haase AD 130,000
[7]

 

20 Viridor  Cobden Street  Salford Eggersmann Haase AD 70,000
[7]

 

21 Viridor  Bredbury Park Way Stockport Enpure AD  110,000
[7]

 

22 Viridor Arkwright Street Oldham Enpure 
Output is  

transferred for AD 
110,000

[7]
 

Although the mechanical treatment processes in Plant 22 are similar to those in plants 18 – 21, the biological outputs are not processed on site but transported to 

another facility. It has therefore been included in the list as the material undergoes the same treatment as other MBT plants.   

Three other facilities have been reported as operational but are not included in Table 1. The Western Isles Integrated Waste Management Facility which is operated by 

Comhairle nan Eilean Siar Council was originally constructed as an MBT plant, however due to operational difficulties the plant has been reconfigured as a materials 

recovery facility accepting dry recycling and an AD plant accepting source segregated municipal solid waste (MSW) (Cambell, Personal communication). The facility 

operated by Organic Waste Management Ltd. was also reported as being operational however this study found that construction has not commenced (Brookes, 

Personal communication). The Viridor facility reported to be operating near Northwich had its funding withdrawn in 2012; construction did not commence.  

After: Eunomia (2014), Defra (2013b) and Ibbetson (2006) except: 
[1] 

(Defra, 2013b); 
[2]

 (Shanks, 2013a); 
[3]

 (Shanks, 2013b); 
[4]

 (New Earth Solutions, 2014); 
[5]

 (Global 

Renewables, 2014); 
[6]

 (Hills, 2014); 
[7]

 (Mannall and Chinn, 2011); 
[8]

 (SKM Enviros, 2010); 
[8]

 (Bains and Robinson, 2012); 
[9] 

(Sullivan, 2013). 
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The focus on fuel production (biogas and WDF) and landfill diversion means 

that the recovery of dry recycling, mainly metals, plastics and glass, is not a 

priority for MBT operators (Velis et al., 2010). Also dry recyclates represent only 

a small proportion of the overall output (de Araújo Morais et al., 2008) and are 

generally more heavily contaminated than those recovered through either 

source segregation or via mechanical separation in ‘clean’ materials recycling 

facilities (MRFs) (Defra, 2013b).  Due to the reasons mentioned above, there is 

to date little information on the quality of recyclates from MBT operations. 

Recently, three comparable studies funded by the UK Waste and Resources 

Action Programme (WRAP) were carried out to address quality issues within the 

“clean” materials recovery facility (MRFs) sector. Dougherty Group LLC (2006) 

compared the processing technologies, performance and contamination 

reduction techniques at 13 MRFs across the UK, Europe and the USA. In 

contrast to the international participants, Dougherty Group LLC noted that UK 

MRF operators were not guided by clear specifications for recyclate quality from 

their customers and that in the UK, output materials were not routinely tested for 

quality. Furthermore they reported that most reprocessors prefer to accept 

materials originating from source segregated collections which minimise the 

potential for cross-contamination. 

The findings of Dougherty Group LLC (2006) were obtained from MRF 

operators, and many were anecdotal, therefore WRAP commissioned two 

further studies in 2009 to provide further evidence in support of policy revision.  

The first of these studies was carried out by Enviros (2009). They analysed 180 

tonnes of output recyclates from 18 UK MRFs and reported a 0 – 30% 

contamination rate across 11 different target materials. The second study was 

conducted by Resource Futures (2009) and collected qualitative data from 27 

MRF operators and 13 reprocessors. A key finding of their report was that, 

despite the existence of publicly available standards, cause for rejection or 

renegotiation of prices is often decided informally. Additionally, it was 

discovered that there is a lack of consistency in the language used to categorise 

contamination between supplier and customer.  
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The Resource Futures (2009) report also found that the majority of MRF 

operators claimed their materials “always” met product specification with the 

remainder saying they “usually” met specification. This was in contrast to the 

majority of surveyed reprocessors who claimed that MRF outputs “sometimes” 

met specification.  

One important factor in the supplier - customer relationship is that the quality of 

a bale or container of recyclate cannot be ascertained until it has been opened 

or emptied. This can create a situation where reprocessors are biased towards 

paying recovery merchants a low price for material (Defra, 2013c). In turn, this 

creates a situation where the recovery merchants are not willing to improve 

quality if they cannot be certain it will return a higher price. The disjunction 

between MRF operators and reprocessors has now been acknowledged as a 

missed opportunity to add value to the materials recovery market and help meet 

the revised Waste Framework Directive (WFD) target for recycling and 

composting of household waste of 50% by 2020. 

The Department for Environment Food and Rural Affairs (Defra) is now 

committed to improving quality standards and transparency between recovery 

merchants and reprocessors (Defra, 2013c). Amendments to the Environmental 

Permitting (England and Wales) Regulations (2014) will oblige MRF operators 

to sample their input and target materials and report results to the Environment 

Agency. Furthermore, Defra have pledged to tighten enforcement of the Green 

List wastes under the European Waste Shipments Regulations (EC, 2006) 

which will make it harder for exporters to ship contaminated recyclates. 

The impetus to recover dry recyclates using MBT processes is not only to avoid 

landfill disposal charges and taxes, but also to meet the recycling targets 

required by the WFD. Furthermore, in addition to the value of the recovered 

materials, the packaging manufacturing industry is compelled to subsidise 

reprocessors and exporters via the packaging recovery note (PRN) system (The 

Producer Responsibility Obligations (Packaging Waste) Regulations, 2007). 

Under the PRN system reprocessors and exporters are only paid for the 

proportion of material which is actually reprocessed or exported (EA, 2014a). 
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Therefore reprocessors are further disincentivised to handle contaminated 

material because they lose out on PRN value which is not paid for the 

contaminated portion and also have to pay for the disposal of the contaminants. 

A recent industry survey of reprocessors by the Resource Association (2012) 

estimated that the annual cost to its nine members for the disposal of 

contaminants in MRF products is at least £51 million (based on 3.3 million 

tonnes of processed material at 5.9% contamination at £15.67/tonne). 

It is unusual for MBT recovered glass to achieve sufficient quality to be sold in 

remelt applications. Recovery is usually by size and density separation, which 

equally selects non-recyclable glass, bricks, sand and stones; described 

hereafter as heavy inert reject (MBTr). High levels of organic particle surface 

contamination (Dias et al., 2012) and small particle size can also reduce the 

effectiveness of optical sorting processes used in glass separation and material 

derived from wet processing requires significant dewatering before further 

mechanical recovery can occur. Some specifications for the quality of recycled 

glass cullet are summarised in Table 7 (Appendix C) however thresholds are 

commonly negotiated between supplier and customer. 

More commonly, MBTr is either landfilled or passed to reprocessors for 

upgrading to unbound aggregate. From a lifecycle perspective this approach is 

equipollent with landfill (Parfitt et al., 2006) however operators can make 

significant financial savings compared to the landfill option.  

Defra (2013c) recently instigated changes to the PRN system which now 

encourages the use of glass in re-melt applications and discourages use in 

aggregate over time. Furthermore, EC (2012) has provided clarification on the 

point at which glass ceases to become waste which may allow PRNs to be 

issued earlier in the supply chain. MRF and MBT operators may then be 

encouraged to improve the quality of their outputs in pursuit of PRN revenue.  

Most MBT plants are optimised to reclaim metals due to their value and relative 

ease of recovery (Defra, 2013b). Magnetic belts and eddy-current separation 

are both technologically advanced and highly effective methods; however, MBT-

derived ferrous metal (MBTFe) outputs vary considerably in quality between 
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plants. Steel production using recycled material is a well-developed industry 

(Björkman and Samuelsson, 2014) and the high furnace temperatures oxidise 

volatile contaminants which can be removed as dross. However, increased 

dross causes lower metal yield, higher operating costs and hence lower price 

paid by the mill to the scrap dealer. Furthermore, contamination by putrescible 

organics and items which may cause nuisance as litter can contravene the 

conditions of a scrap metal dealer’s Environmental Permit (Environmental 

Permitting (England & Wales) Regulations, 2007) and infringe environmental 

health legislation (Chaddock, Personal communication). MBTFe is therefore 

considered undesirable by many scrap metal dealers and must be upgraded to 

realise its maximum value. Several national and international published 

specifications are available for ensuring quality (Table 8, Appendix C). 

However, as with glass, thresholds are commonly negotiated between supplier 

and customer. 

During the course of this study, Defra published statistics which indicate that 

although household waste arisings in England fell by 1.8% in 2012/13, the rate 

of recycling increased by only 0.1% (Defra, 2013d; 2014b; 2014c; 2014d). 

Furthermore, the European Commission has also recently adopted a legislative 

proposal (EC, 2014) to amend the WFD (EC, 2008) by setting an EU wide 

recycling target of 70% by 2030 and an amendment to the ELfD (EC, 1999) 

which would ban the landfill of recyclates by 2025. 

Provisional figures for 2012, suggest that Austria, Belgium, Germany, and 

Switzerland have already reached the 2020 recycling target (50%) stipulated in 

WFD (Eurostat, 2014). These countries also look set to achieve the new targets 

proposed by the European Commission proposal (EC, 2014). However, at the 

current rate of increase, the UK may default on its obligations and will therefore 

need to implement new strategies to ensure that it meets both current and 

proposed targets. 

Also, as more MBT plants are commissioned, the proportion of more 

contaminated recyclates on the market will increase. If quality standards across 

the industry are improving, it may become increasingly difficult for MBT 
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operators to secure markets for their contaminated material. This could lead to 

stockpiling or eventual disposal and thus undermine the efforts of MBT 

technology. 

The aim of this study is to identify the principal drivers and barriers to the 

marketability of ferrous metals and aggregate from MBT plants. Specifically, the 

study focused on how the quality, quantity and fate of these materials are 

affected by the mode of technology employed and the order of process. The key 

objectives are as follows: 

 To gather primary data from the MBT and reprocessing industries in 

order to understand better the challenges posed by different amounts of 

contamination within non-biological output materials NBOMs.  

 To characterise the materials which contaminate MBTFe and MBTr 

fractions recovered from MBT facilities, and determine which stages are 

responsible for contamination.  

 To provide recommendations in order to aid the optimisation of product 

stream purity through each recovery stage with a view to improving the 

marketability of MBTr and MBTFe. 

 

2 METHOD 

2.1 Questionnaire for MBT operators 

An online questionnaire for MBT operators was developed using the Qualtrics 

Research Suite software (http://www.qualtrics.com). Questions were developed 

using methods described by Sinclair (1975) and Oppenheim (1992). The survey 

was designed to be completed within 5 to 10 minutes (a summary can be found 

in Appendix A). Questions were closed and respondents were asked as few 

questions as possible to increase survey completion.  

The aim was to establish the quantities of NBOMs recovered by MBT plants in 

relation to their throughput and utilisation rate. Market prices for materials were 

also investigated. Respondents were also asked whether their customers 

provided clear quality requirements for NBOMs and whether they met them 

http://www.qualtrics.com/
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(Questions adapted from: Resource Futures, 2009).  Finally operators were 

asked to rank the process objectives of their facility (Objectives adapted from: 

Juniper, 2005; Velis, 2010). 

The survey was sent to 22 UK MBT operators and followed up by telephone to 

increase participation. Implementation of the survey took place on a Monday 

morning before 09:00 to improve response rate (Sauermann and Roach, 2013; 

Hamilton, 2009; Zheng, 2011). A reminder was sent by email after one month.  

Operators were informed that their responses would be anonymised and 

randomised to protect their commercial interests. Supplementary data was also 

obtained through interviews with plant operatives and managers during the 

material sampling study. 

2.2 SWOT analysis and process overview 

Schematic flow charts of the unit processes were prepared for each of the four 

facilities in the study (Plants A, B, C and D) using information provided by the 

operators.    

A SWOT (strengths, weaknesses, opportunities and threats) analysis was 

carried out to assess the effect of the technological processes in each of the 

four plants on the quality of NBOMs. Method was adapted from Hill and 

Westbrook (1997). Information for the SWOT analysis was collected from plant 

operators and through literature search.  

2.3 Sampling of non-biological output materials  

2.3.1 Sample collection 

Between five and eight representative samples were collected at each facility, 

for each output stream, at intervals of no less than four hours over five days 

(Petersen et al., 2005).  

Figure 3 shows the steps for sampling and analysis. Samples from were 

collected from directly underneath ejections chutes to ensure representation of 

the full particle size range (Figure 3a). As the ejection chutes were approx. 2 x 2 
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m, it was important to capture material from the entire drop-zone as particles of 

varying shape and density were observed to settle in different locations (Figure 

3b). Collection containers varied according to availability and included: a clean 

and empty skip, set of 5 buckets and a cleaned shovel loader bucket (Figure 15, 

Appendix B). 

   

   

   

Figure 3: Sample collection and preparation. (A) sample collection; (B) example 

of material with different composition collected from two sampling buckets 

under the same ejection chute; (C) sample homogenised; (D) division of sample; 

(E,F) moisture determination; (G) particle size determination; (H) further division 

of particle size fractions; (I) compositional analysis. (as recommended by: Dias 

et al., 2014) 

One exception was the MBTr from Plant C which is produced by two different 

processes (pulpers and hydrocyclones). Samples were obtained separately and 

aggregated at a ratio of 60% for the course MBTr fraction and 40% for the fine 

(B) 

(D) (E) (F) 

(G) (H) (I) 

(A) (C) 
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MBTr fraction. The coarse MBTr fraction was captured with a high side shovel 

from underneath the ejection chute of whichever pulper was ejecting a batch of 

material. The fine MBTr fraction was scraped directly from the conveyer belt 

downstream of the hydrocyclone and sand-trap grit removal system. 

In plant D, MBTFe is also discharged from two locations. The results 

aggregated at a ratio of 90% for the course MBTFe fraction and 10% for the fine 

MBTFe fraction (according to the plant’s mass balance data). 

2.3.2  Sample preparation  

Between 17 and 60 kg of MBTr and 40 – 120 kg of MBTFe were collected and 

sequentially coned and quartered to obtain sub-samples of approx. 0.75 kg 

(±0.25 kg) for the MBTr and 8 kg (±3 kg) for the MBTFe.  

Special care was taken to avoid fragmentation of particles during manipulation 

of the MBTr as homogenisation and division was carried out with a shovel on 

hard ground. Rejected quarters were carefully swept to ensure fines were not 

inadvertently added to the selected quarters. 

2.3.3 Moisture content 

Samples were heated in an oven at 105°C until the material mass remained 

constant to within 0.5% for 1 minute. Moisture content (MC) is expressed as a 

mas-fraction percentage throughout, i.e. following Equation 1 (Tchobanoglous 

et al., 1993). 

               

        
        Equation 1 

Where: MINITIAL = mass of sample as received; MDRIED = mass of sample after 

drying. 

2.3.4 Composition 

The method for characterisation of samples was adapted from Dias et al. (2012) 

and LRS Consultancy (2014).  
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For the MBTr, particle size distribution (PSD) was determined using a sieving 

series with 13.2, 10, 6.7, 3.35 and 1 mm square mesh openings. At plants A 

and B, the < 3.35 mm fraction was very small and, due to its appearance and 

tactility, was categorised as biodegradable (BD). 

At plants C and D, the 1-3.5 mm fraction contained a high proportion of material 

with diverse composition and was thus analysed manually. Particles in the < 1 

mm fraction were too small to be separated manually. Therefore a loss-on-

ignition (LOI) test, adapted from USEPA (2001) and ASTM International (2008), 

was performed to determine the volatile solid (VS) content. Duplicate samples 

were dried for 1 hour at 105°C until the material mass remained constant, and 

then heated at 550°C for 3 hours. VS content is expressed throughout as a 

mass fraction percentage i.e. following Equation 2. Since no plastics could be 

visually observed in the samples it was assumed that all of the VS content was 

due to biological organic matter. 

   

 
        Equation 2 

Where: W = pre-ignition mass; P = post ignition mass. 

Each particle size fraction (PSF) was manually sorted by material type into eight 

categories (Table 2). 

Table 2: Summary of abbreviations and material type categories used to 

characterise the MBTr fraction. 

Abbreviation Description of material type in category 

CG Clear glass (flint). 

GG Green glass including blue glass. 

BG Brown glass (amber). 

GBSC Non-recyclable glass, bricks, stones and ceramics. 

POC Plastics and other combustibles. 

M Metals (ferrous and non-ferrous combined). 

BD Biodegradable waste including: paper and card; putrescible waste; material which 
could not be identified but due to its tactility and appearance was thought to be 
comprised of organic matter.  

WEEE Waste electrical and electronic equipment  
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Size fractions with a high number of particles were further reduced in mass by 

coning and quartering to speed up sorting. The mass of material type categories 

within each PSF were then multiplied by the ratio which the size fraction had 

been reduced (Equation 3 and Equation 4). 

  

  
   Equation 3 

            Equation 4 

where: TW = total mass of the size fraction; RW = reduced mass of the size 

fraction after cone and quarter; R = ratio of reduction; MMTC = measured mass 

of material type category; MTC = reported mass of material type category. 

At Plants A and B, for practical reasons, compositional and particle size 

analysis were carried out on an ‘as received’ (ar) basis; MC was determined 

afterwards. At Plants C and D the analysis was carried out on a dry basis. The 

compositional and particle size results from Plants A and B were adjusted by 

deducting the MC from the BD fraction and then recalculating the percent mass 

of each data point. 

PSD determination in the MBTFe fraction was carried out using a sieving series 

with 50, 12.5 and 3.35 mm square mesh openings. Ferrous metal in the >50 

mm fraction was further manipulated with tin-snips and a spoon to remove and 

categorise material which had become entrapped within the folds metal objects. 

Assemblies of items were also dismantled into their sub-components and added 

to the ‘entrapped’ category. 

Each PSF and the entrapped material were manually sorted into six categories 

(Table 3); as with the MBTr, some categories were aggregated where the 

content was low. A hand-held magnet was passed over the < 3.5 mm PSF to 

separate ferrous metals. The remaining material was categorised as BD. 
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Table 3: Summary of abbreviations and material type categories used to 

characterise the MBTFe fraction. 

Abbreviation Description of material type in category 

FM Ferrous metal. 

POC Plastics and other combustibles. 

T Textiles 

NCO Non-combustible other including: glass, bricks, stones and ceramics and non-ferrous 
metals 

BD Biodegradable waste including: paper and card; putrescible waste; material which 
could not be identified but due to its tactility and appearance was thought to be 
comprised of organic matter.  

WEEE Waste electrical and electronic equipment  

 

3 RESULTS AND DISCUSSION 

3.1 MBT operator survey 

Six survey responses were received accounting for 790,000 tpa (34%) of the 

UK’s MBT plant capacity. The plants ranged in design capacity from 90,000 to 

180,000 tpa and had an average size of 130,000 tpa; larger than the national 

average of 108,000 tpa (Equation 7, Appendix E). Four plants used biodrying 

and two used AD technology.  

The mean capacity utilisation rate across all plants increased from 60% in 2011 

to 75% in 2013 which is slightly lower than the national average of 80% 

reported by Defra (2013a). It is not clear why utilisation rates increased in 

recent years, however it may be that some facilities have been recently 

constructed and were taking time to secure input material contracts. Assuming 

the 75% utilisation rate is the national average; the actual waste processed by 

the UK’s MBT plants is approx. 1.7 million tpa. 

Average MBTr output was 1.5% of actual annual throughput (2011 – 2013). 

Two plants sold MBTr as low grade unbound aggregate and the remaining 

operators sent it for landfill. The average disposal cost of MBTr to landfill  or as 

aggregate increased from £66 / tonne in 2011 to £76 / tonne in 2013 (average 

over three years £72 / tonne). Two respondents stated that their customers 
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always provided written quality requirements for MBTr and both stated that they 

“usually” met them. 

Average MBTFe output was 2.6% and the average price paid (ex-works) was 

£12.50 / tonne in 2011, £25.00 / tonne in 2012 and £20.00 / tonne in 2013 

(average over three years £19 / tonne). Out of five responses, three 

respondents sold their MBTFe to a “UK reprocessor” and one to an “other 

reprocessing facility”. Further to this only one facility indicated that their MBTFe 

customer provide clear written quality requirements, two said they “always” 

meet the requirements and one said they “usually” meet them; two respondents 

did not answer this question.  

As described in Section 1, the findings of this survey indicate that material is not 

subject to rejection by reprocessors; rather, that the market price is kept low in 

expectation of the contamination. Compared to the average prices paid for 

clean MRF derived ferrous metals for the same time period (£131 per tonne - 

Lets Recycle, 2014c), MBTFe materials attracted just 15% of the revenue. 

Recyclate recovery was not considered to be the first priority by any of the 

respondents and only one ranked it second which is commensurate with the 

findings of Velis (2010) who states that most operators consider recyclates to 

be co-products of other processes.  

3.2 Case studies 

3.2.1 Plants A and B 

Input material to Plant A is composed of approx. 74% MSW; the remaining 26% 

is classified as commercial waste but has a similar composition to MSW (based 

on actual inputs from 2011 to date). The municipal input to Plant A is collected 

from four urban communities which achieve recycling rates of between 21 and 

50% (Defra, 2014a) via separate kerbside collection of dry recyclables and 

garden waste (kitchen waste and glass are not collected). The feedstock for 

Plant B arises from two urban communities with average recycling rates of 25%; 

achieved via the same collection arrangements as the inputs to Plant A.  
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Capacity utilisation rates for the last three years were 90.4% for Plant A and 

94.9% for Plant B. 

Three ‘lines’ of unit processes (shown within the red dotted line in  

Figure 4), feed into a single refinement section. Incoming residual waste is 

stored in reception halls for approx. 48 hours, before transfer via automatic grab 

crane for comminution to c. < 300 mm by dual-shaft low-speed high-torque 

cutting mill (described as ‘cutting mill’ hereafter). Material is ejected from the mill 

into a holding pit and then transferred to a biodrying hall by grab crane into ca. 5 

m windrows where it undergoes forced aeration for two approx. two weeks. A 

grab crane then transfers the biodried waste for size separation by trommel 

screen. 

Material of < 20 mm falling through the trommel grate passes beneath an over-

band magnet (OBM) to an oscillating flip-flop screen where < 8 mm fines of 

mostly organic material are discharged and transported for composting. The 

remaining 8 – 20 mm material is passed through a rotary drum air classifier to 

remove light material which is added to the solid recovered fuel (SRF) fraction. 

The heavy material (MBTr) is discharged to a container for onward transport 

and sale as infill in the construction industry. 
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Figure 4: Unit process configuration for Plants A and B. 

Two further OBMs recover MBTFe material. The first OBM captures 20 – 300 

mm heavies ejected from the windshift air classifier and the second removes 

MBTFe from the lights which have undergone secondary comminution to < 150 

mm. 

Table 4 presents a SWOT analysis of unit processes in Plant A and B which 

affect MBTr and MBTFe quality. The benefits of the two biodrying plants over 

other technologies are mostly related to reduction in MC and BD which 

enhances material separation. However, a potential drawback is that pressure 

to accept higher inputs which exceed capacity may reduce the biodrying time. 
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Table 4: SWOT analysis of unit process operations and their effects on MBTr and 

MBTFe quality in Plants A and B 

Strengths Weaknesses 

 Biodrying reduces BD and hence contamination 
of MBTFe and MBTr. 

 Minimal mechanical agitation of the MBTr 
fraction ensures larger particle size and hence 
increased potential for optical separation. 

 Reduced MC (i.e. dry process) improves 
marketability of NBOMs. 

 MBTr material is of sufficient quality to be 
accepted for upgrade by aggregate 
reprocessor. 

 

 Primary comminution may be the cause of 
entrapped material in ferrous metals reducing 
marketability. 

 > 20 mm glass and GBSC is diverted to RDF 
fraction which; 

o increases ash content in RDF; 

o may be a missed opportunity to recycle 
large glass particles. 

 < 8 mm glass and GBSC is diverted to organic 
composting fraction. 

 BD material of 8 – 20 mm is diverted to MBTr 
fraction. 

Opportunities Threats 

 Potential space available for on-site upgrade of 
MBTFe to increase market value. (see Section 
3.5). 

 Potential space available for on-site upgrade of 
MBTr to single colour glass products and higher 
grade aggregate (see Section 3.4). 

 Optimisation of biodrying time may improve 
recovery quality through reduced adhesion 
between waste components. 

 BD and MC increases when system becomes 
overburdened by inputs causing decreased 
residence time in biodrying hall. This can 
cause: 

o increased adhesion between waste 
components and thus reduce the 
effectiveness of some mechanical 
separation processes (Shao et al., 2010; 
Velis et al., 2009); 

o clogging of trommel mesh openings  (Figure 
15 and Figure 16 in Appendix B) or paddle 
perforations of oscillating flip-flop screens 
can cause reduction in recovery of smaller 
PSFs (Velis, 2010). 

 Infrequent maintenance (‘hard-facing’) of knives 
on primary cutting mill reduces comminution 
efficiency, causing larger or less regular particle 
size.  

3.2.2 Plants C and D 

The waste inputs to Plants C and D are from predominantly urban communities 

which present waste and recycling in four streams: mixed dry recycling 

(including glass); paper and card; kitchen and garden waste; and residual. Two 

communities provide the inputs to Plant C which have recycling capture rates of 

37% and 61% (Defra, 2014a). Plant D is also supplied by two communities with 

recycling rates of 37% and 48%. 

The primary objective of Plants C and D is the production of biogas through AD 

of the mechanically separated organic fraction of MSW. Process flow diagrams 

for each plant are shown in Figure 5 and Figure 6. Although Plant C had been 
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processing waste for approx. three years, it was still undergoing commissioning 

at the time of sampling.  
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Figure 5: Unit process configuration for Plant C. 

Incoming waste material to both plants resides in a reception hall for 2 - 4 days 

before comminution to < 300 mm target size by cutting mill. In Plant C, an over-

belt magnet removes some ferrous metals before the material is size separated 

by an inclined single-deck vibrating screen with 80 mm paddle perforations. In 

Plant D the material is conveyed directly to a trommel with 150 mm and 300 mm 

mesh openings.  
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Figure 6: Unit process configuration for Plant D. 

In Plant C, the < 60 mm fraction is conveyed to an air knife and film separator 

from which light material is transferred to the refuse derived fuel (RDF) line. In 

Plant D the < 150 mm particles undergo magnetic separation before further size 

separation by a star screen with 40 mm disc spacing. The < 40 mm fraction 
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undergoes both ferrous and non-ferrous metal (NFM) removal before entering 

an inclined vibrating screen which is also set to screen > 40 mm material which 

has slipped through the star screen. 

In both plants, the < 60 mm (Plant C) and < 40 mm (Plant D) fractions are 

composed of mainly BD material, GBSC and glass. This fraction then 

undergoes wet processing with the objective of separating the BD material from 

the contraries (MBTr) so it can undergo AD without causing silting in the tanks 

or abrasion damage to moving parts. 

In plant C the < 60 mm material is added to process water in one of four BTA® 

Waste Pulpers which operate in batch sequence. The organic material 

undergoes dissolution and defibering via a rotating impeller (Haines, 2009). 

Lighter material floats to the top of the tank and is raked, removed, dewatered 

and transported to the RDF stream. Under centripetal force, the heavy material 

sinks to a peripheral pocket at the bottom of the tank; at the end of the batch 

cycle, it is released into a small chamber through a sluice before being cleaned 

with process water and then discharged via a lubricated Rotary Screw. The 

remaining organic substrate and grit is pumped through a screen with 10 mm 

mesh openings to the surge tank of a BTA® Grit Removal System (GRS). 

The GRS consists of four hydro-cyclone classifiers which operate in sequence; 

each cleaning successively more dense material from the substrate. Pulped 

organic material travels upwards in the hydro-cyclone at a rate of 150 m3/h and 

is transported onwards for AD, whilst the heavier grit falls into a chamber 

against an elutriating counter-current (Haines, 2009). The settled grit is 

discharged intermittently through a slide valve where it is washed further and 

discharged to a conveyer. 

In Plant D, the < 40 mm fraction is added to one of three batch mixing tanks 

with liquid recovered from downstream dewatering. As with Plant C, a high 

speed impeller defibres and dissolutes the organic matter. However, in contrast 

to Plant C, the entire substrate is discharged into one of two elutriating sand 

traps for material separation. Aeration from the base of the tanks causes light 

material to float so it can be removed and conveyed to a rotary kiln where it is 
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dried and discharged as a low calorific value fuel. The medium density 

suspension is then discharged to the AD process whilst the heavy material falls 

to the bottom of the tank. An inclined rotary screw transports the MBTr upwards 

against a counter-current of process water which aims to wash any remaining 

organic matter back into the sand trap enclosure. 

MBTFe is removed from the waste in both plants C and D via OBMs. In Plant C, 

magnetic separation takes place before primary size separation and then again 

afterwards for both size separated fractions. A fourth magnet removes MBTFe 

from the RDF stream prior to discharge. All four MBTFe fractions are conveyed 

to a single discharge container.  

In Plant D, magnetic separation is applied to both trommel size fractions and the 

MBTFe is transferred to one container. A third OBM removes MBTFe from the 

star-screen undersize fraction. This third fraction is discharged to a separate 

container and manually screened for hazardous material (mainly batteries). 

A SWOT analysis of the effect of unit processes on MBTr and MBTFe is 

presented in Table 5. 
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Table 5: SWOT analysis of unit process operations and their effects on MBTr and 

MBTFe quality in Plants C and D. 

Strengths Weaknesses 

 BTA
®
 grit removal system effectively removed 

BD from MBTr. 

 Wet processing reduces organic particle 
contamination on surface of MBTr. 

 Higher quantity (approx. double) of MBTr 
recovered, compared to biodrying plants.   

 Extra mechanical screening process may cause 
erosion and shattering of glass particles, 
reducing potential for optical sorting. 

 High speed shearing forces in pulper may 
reduce particle size of friable particles (e.g. 
glass and ceramics) (Worrell and Vesilind, 
2012), reducing potential for optical sorting. 

 Front-end comminution may be the cause of 
entrapped material in ferrous metals reducing 
marketability. 

 No biological pre-treatment and hence greater 
BD and MC in MBTFe. 

 The MBTr is wet which costs extra in landfill 
and precludes its use as aggregate. 

Opportunities Threats 

 Improved washing efficiency in rotary screw lift 
ejector from pulpers and hydrocyclone 
efficiency could reduce the remaining organic 
material in MBTr enabling use as aggregate. 

 Significant arisings of NFM recovery from the 
course MBTr fraction could present an 
opportunity for recovery. 

 

 BD and MC in the waste are higher due to lack 
of biological pre-processing. This can cause: 

o increased adhesion between waste 
components and thus reduce the 
effectiveness of some mechanical 
separation processes (Shao et al., 2010; 
Velis et al., 2009) 

o clogging of trommel mesh openings  (Figure 
15 and Figure 16 in Appendix B) or paddle 
perforations of vibrating screens can cause 
reduction in recovery of smaller PSFs (Velis, 
2010). 

3.3 Dry recyclate quality 

3.3.1 Moisture content (MC) 

MC in the MBTr and MBTFe samples is shown in Figure 7. The mean MC of the 

MBTr was 5% in Plant A and 7% in Plant B. These results are commensurate 

with the MBTFe samples which showed 4% and 9%, respectively. The higher 

MC at Plant B in both the MBTr and MBTFe may indicate a shorter retention 

time for material in the biodrying hall at the time of sampling. 

As expected, the MC in the MBTr samples from Plants C and D was higher, as 

the material had undergone wet processing. Plant D showed the highest MC 

with a mean of 17% whilst the mean MC in samples from Plant C was 13%. 



 

28 

 

MC in MBTFe samples from Plants C (14%) and D (15%) was higher when 

compared to Plants A and B because the material in Plants C and D had not 

undergone biodrying. 

  

Figure 7: Comparison of the range of MC measurements (A) MBTr (B) MBTFe 

(n = number of samples analysed) 

3.3.2 MBTr characterisation 

3.3.2.1 Composition 

A comparison of the aggregated mean values of the MBTr samples is shown in 

Figure 8. Plants A and B showed similar content across most categories 

although Plant B showed more BD material. This higher BD content is 

consistent with the higher MC measured in both the MBTr and MBTFe samples 

from Plant B and likely to be caused by decreased residence time in the 

biodrying hall. The BD content in samples from Plants A and B was also more 

variable than for Plants C and D which may again suggest variations in 

biodrying time (see section 3.2.1). 
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Figure 8: Comparison of the mean composition of MBTr samples.  

The data for GG, BG and WEEE categories, showed similarity across the 

samples with maximum ranges of 8% (data not shown). CG content was most 

variable across all four plants with Plants A, C and D showing ranges of 10 - 

15%.  

Notably, Plant C showed approx. 15% more GBSC content than the other 

plants. However when combined, the content of the glass and GBSC categories 

was similar across all plants. As the mechanical separation processes do not 

differentiate between particles of the same size, shape and density, the 

differences between the three glass colours and GBSC content are likely to be 

a result of varying waste input composition. 

The combined M and WEEE content in Plant C was approx. 5 – 6% higher than 

the other plants and showed the greatest variability between samples. This may 

indicate that the upstream magnetic and eddy-current separation processes in 
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Plant C are ineffective at removing this material prior to its addition to the 

pulper. 

Non-ferrous and ferrous metal categories were aggregated in this study as the 

content was low in most samples. However it is worth noting that NFMs in the 

coarse MBTr fraction from Plant C constituted 7% of the total mean output 

which amounts to approx. 150 tonnes pa. 

A comparison of the previously aggregated fine and coarse MBTr fractions from 

Plant C is shown in Figure 9. The WEEE, M and POC arose almost entirely in 

the coarse pulper rejects accounting for 16% of the composition. Some POC 

content is expected in the coarse fraction because Plant C is configured to 

divert dense particles below 80 mm to the pulper. The high M content is 

discussed further in Section 3.4. 

 

Figure 9: Comparison of the coarse and fine components which were analysed 

separately at Plant C 
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BD content was higher in the fine fraction which arose from the BTA® GRS 

(hydrocyclone series). However the combined glass and GBSC content was 

approx. 92%.  

3.3.2.2 Particle size 

The PSDs for MBTr samples analysed at the four MBT plants are shown in 

Figure 10. Plants A and B showed a similar PSD. Plant C showed seven times 

more particles below 3.35 mm and Plant D showed three times more. This is 

explained partly because in Plants A and B, material < 8 mm is removed by the 

oscillating flip-flop screen. Also, both Plants C and D include a unit process in 

which liquid substrate is subjected to the action of a high speed impeller (Plant 

C: pulping and Plant D: mixing) which may shatter and erode the more friable 

particles such as glass and ceramics. In Plant C, which exhibits the greatest 

proportion of fine particles, the pulper may be of particular significance due to 

the very high speed (240 rpm) hydro-dynamic shearing forces. 

 

Figure 10: Comparison of the mean PSD of MBTr samples. 

5% 2% 3% 3% 

15% 

8% 8% 
13% 

25% 

31% 
21% 

24% 

10% 19% 37% 

38% 
14% 

19% 

30% 
21% 

30% 
21% 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

A B C D

%
 m

as
s 

MBT plant 

>13.2 mm

10 - 13.2 mm

6.7 - 10 mm

3.35 - 6.7 mm

1 - 3.35 mm

<1 mm



 

32 

 

Comparatively, Plant A showed the smallest range of sample values across all 

PSFs; most notably this range was smaller than Plant B. One explanation may 

be the heterogeneity of the input waste material. Another reason may be that 

equipment is maintained differently in each of the three process lines which 

feed the final refinement line (see Table 4). Plants B, D and to a lesser extent C, 

showed a very large range of values (approx. 20 – 40 %) in the >13.2 mm 

fraction. 

As discussed in Section 1, there is very little published information on the 

quality of NBOMs. Two comparable studies (Dias et al., 2012; 2014) 

characterised samples from Portuguese MBT plants. Samples showed a wide 

range of compositional and size variation between plants studied. MBTr 

fractions contained a very wide range of compositions. Some of the MBTr 

fractions contained up to 80% recyclable glass. Portugal has a 26% national 

recycling rate (Eurostat, 2014) and therefore the nature of the input waste is 

likely to be different to the plants in this study.  

3.3.3 MBTFe characterisation 

3.3.3.1 Composition 

Comparison of the range of compositional data for the MBTFe samples showed 

low variation across the four plants (data not shown).   

Figure 11 compares the mean compositional data for the MBTFe outputs from 

the four plants. 
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Figure 11: Comparison of the mean composition of MBTFe samples. 
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likely to pass through mesh openings in size separation units and less likely to 

stick to other waste components.  

3.3.3.2 Particle size and entrapped material 

As shown in the compositional data, the range of PSD data for the MBTFe 

showed low variation. The mean PSD for the four facilities was similar (Figure 

12), with a small variation between plants at the boundary between the 3.35 – 

12.5 mm and 12.5 – 50 mm PSFs. 

The proportion of entrapped material showed a high similarity between plants. 

Samples were not analysed between unit processes in this study and therefore 

the reason for this phenomenon could not be attributed to a single component. 

However the following causes are suggested in Table 6 

Table 6: Suggested causes of entrapped contraries in MBTr 

No. Cause of entrapped material 

1 Material is left or placed in containers by householders prior to being discarded 

2 Entrapment is caused during compaction in refuse collection vehicles 

3 Metal objects become enfolded around contraries in the axial and/or radial gaps between cutting 
mill shafts 

4 Material becomes adhered to external surfaces of ferrous metal particles or ensnared or entrained 
on jagged edges during mechanical manipulation processes such as vibrating screens, trommels, 
star-screens and metering bins 

5 Contrary material is lifted by ferrous metal objects undergoing attraction beneath the OBM 

6 Assemblies of items which include ferrous metal items have not been dismantled into sub-
components by comminution and are lifted together by the OBM. 

Without further investigation, it is difficult to ascertain which factor is most 

influential in material entrapment. During analysis, a significant proportion of 

contraries were observed to be present inside containers as a consequence of 

point 1 (above). However, the visual appearance of samples and the difficulty 

experienced when manually extracting entrapped material indicated that 

powerful external compression forces had caused the tight folds observed in the 

FM components. It seems unlikely that the forces in the refuse collection vehicle 

would have caused this indicating that point 3 is more likely to be influential. 

Several plant technicians, who were informally interviewed during the course of 

this study, also suggested that point 3 was the most influential. 
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Figure 12: Comparison of the mean PSD of MBTFe samples. 
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Figure 13: Comparison of the mean composition of entrapped material in the 

MBTFe samples. 
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ensnared. More efficient comminution may also dismantle assemblies of items 

more effectively.  

To the best of the author’s knowledge this is the first time that MBT derived 

ferrous metal has been characterised in literature. Therefore there are no 

published studies with which to compare the findings of this study.  

3.4 The case for improving MBTr quality 

Approx. 27,000 tonnes of MBTr output arises from UK MBT facilities each year 

(Equation 6, Appendix E). The total cost to the average MBT plant is approx. 

£125,000 pa (Equation 11, Appendix E) if the MBTr is landfilled or approx. 

£65,000 pa if upgraded to aggregate (Equation 10, Appendix E). 

Two options are suggested for upgrading MBTr to increase its value. The first 

option is to remove a proportion of the WEEE, BD, POC and M to create an 

aggregate product for use in construction. The second option is to further 

separate the three glass colour fractions from the aggregate and sell them for 

remelt applications. 

A common specification for aggregate is that the precursor material must be 

classified as inert under the ELfD. EC (2002) establishes the aforementioned 

criteria and specifies maximum thresholds for a range of substances. In 

particular, it states that the total organic carbon (TOC) content must not exceed 

3% dry mass (except soils). 

Although TOC was not measured specifically in this study, the content can be 

estimated. According to Riber et al. (2009) and Pichtel (2014), common 

putrescible components of MSW contain approx. 47% and plastics 68% TOC. 

On this basis the TOC in the MBTr samples can be estimated as: Plant A 5%; 

Plant B 8%; Plant C 4% and Plant D 7%. Considering that the MBTr from Plants 

A and B is already processed as aggregate, it is surprising that Plants C and D 

are unable to find a similar market. One reason may be that a suitably equipped 

reprocessor is not available in the locality. Furthermore, the high MC may be of 

significance as this would need to be reduced prior to dry processing.  
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Other substances with thresholds specified in EC (2002) include heavy metals, 

BTEX (benzene, toluene, ethylbenzene and xylenes), fluoride, chloride, phenol, 

PAH (polyaromatic hydrocarbons), PCBs (polychlorinated biphenyl) and mineral 

oil (C10 to C40). Although the WEEE was not analysed thoroughly in this study, 

some of these substances may be present and would have to be removed as 

part of the upgrade processing to aggregate.  

Figure 14 shows that most of the WEEE occurred in the largest PSF in all 

samples, suggesting that material could be size screened and then undergo 

manual separation to remove remaining WEEE. Many electrical items and 

batteries could also be removed by further magnetic separation. 

 

Figure 14: Occurrence of WEEE in MBTr for each PSF 

In the AD-MBT plants, which use wet processing to separate the MBTr, the 

existing equipment could be optimised to improve removal of organic material. It 

is conceivable that material could be passed through the hydrocyclones a 

second time and that this may be enough to reduce TOC to < 3%. Once 

0.0%

0.5%

1.0%

1.5%

2.0%

2.5%

3.0%

>13.2 mm 10 - 13.2 mm 6.7 - 10 mm

%
 m

as
s 

PSF 

Plant A

Plant B

Plant C

Plant D



 

39 

 

upgraded to EC (2002), another option available is to landfill the MBTr as inert 

waste which could reduce the disposal cost to the average plant to approx. 

£28,000 (Equation 12, Appendix E). 

Further segregation of glass colour particles and removal of GBSC and other 

materials, would require optical separation. A summary of component types can 

be found in Beerkens et al. (2011) and a list of manufacturers and their brands 

in ZWS (2012). Some of these components claim to be able to separate 

particles as small as 2 or 3 mm, although more typically the minimum size for 

efficient sorting is approx. 5 or 6 mm.  

Glass upgraded to sufficient quality to EC (2012) criteria, may also be eligible to 

be eligible for PRNs. Assuming the remaining material is sent for upgrade to 

aggregate and that all, the glass content is sold for remelt and that PRNs are 

issued; the average plant could generate an income of £36,000 pa (Equation 

14, Appendix E). Compared to the baseline of landfill discussed above this 

equates to a saving of approx. £160,000 pa. Compared to the baseline where 

material is already upgraded to aggregate the saving is approx. £100,000 pa. 

As discussed in Section 3.3.2.1, approx. 150 tonnes of non-ferrous metal arises 

in the pulper rejects from Plant C each year. The recovery of this fraction, which 

could be achieved via a positive manual sort, could save the operators of Plant 

C approx. £119,000 pa (Equation 15, Appendix E). 

3.5 The case for improving MBTFe quality 

According to Enviros (2009), steel cans from clean MRFs contain an average of 

6% contraries. In this study, average contamination in MBTFe samples was 

26%; based on the survey responses discussed in Section 3.1, this reduced the 

market price of £131 / tonne by 85% to just £19 / tonne.  

Approx. 47,000 tonnes of MBTFe is recovered nationally (Equation 16, 

Appendix E). Upgrading this fraction to ‘clean MFR’ quality could save the 

average plant approx. £207,000 pa (Equation 20, Appendix E).  
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While specific recommendations for the technology required to upgrade ferrous 

metals are beyond the scope of this study, the following may provide a basis for 

further investigation. It is likely that the removal of entrapped contraries would 

require comminution to liberate them from the tight metal folds (Barton et al., 

1985). Cutting mills may prove inappropriate for this purpose due to the 

potential for further compression and, although hammer-mills have been 

criticised for their high energy consumption and high maintenance burden 

(Bardos, 2004), they have the capability to break apart the tightly compressed 

folds of metal containers and liberate the contents.  

The previously comminuted particles may then be ready for a positive sort by 

magnetic separation, however light materials such as plastic bags can become 

entrained metal fragments and subsequently lifted onto the OBM. Air classifiers 

could therefore be used to exploit the density difference between particles. 

Common components are air knives, rotary drum and cyclone separators. More 

comprehensive information on different air classification systems can be found 

in Shapiro and Galperin (2005), Leverenz et al. (2002) and Velis (2010). 

 

4 CONCLUSIONS AND RECCOMENDATIONS 

The compositional and particle size analysis of ferrous metal and heavy inert 

reject material from four facilities demonstrate that biodrying-MBT plants 

produced significantly better quality of ferrous metal outputs than AD-MBT 

plants. Primary comminution by cutting mill is an effective method for improving 

mechanical manipulation and material separation. It causes less contamination 

of soft materials by friable particulates than a hammer or flail-mill and uses 

significantly less energy. However it may be the cause of significant 

contamination of the ferrous metal outputs which costs the average MBT plant 

£110,000 pa in lost revenue. Further work is recommended to identify 

alternative methods of comminution if which do not compress metal containers 

and thus entrap contrary materials. 
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The heavy inert reject outputs from the AD-MBT plants may represent a missed 

opportunity for the operators who currently landfill these materials. Optimisation 

of the BTA® Grit Removal System could reduce TOC levels below the threshold 

for inert waste. Further magnetic separation or positive manual sorting could 

sufficiently reduce hazardous components and also recover valuable NFMs 

attracting significant revenue for the operator.  

In the likely event that proposed EU recycling targets are incorporated into law, 

it is likely that a strategy will be necessary which seeks to exploit a wide range 

of technologies and optimise recovery. As the amount of waste undergoing 

MBT increases, improvements in recyclate recovery will have a greater effect 

on national recovery rates. 

It is recommended that further studies analyse input waste material which may 

enable better understanding of the reasons for variations in output composition.  
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Appendix A : MBT Operator Questionnaire 

The introductory email and overview of the survey which was sent to UK 

MBT operators is below.  

 

Dear MBT Operator 

You are invited to participate in a CIWM / Cranfield University research study which aims to 

identify factors affecting the quality of recyclate recovered from mechanical-biological 

treatment (MBT) facilities.      

The survey will take between 5 or 10 minutes to complete. The information collected will help 

to improve understanding of the factors affecting quality of recyclate and to support future 

decision-making in the industry as a whole. 

The survey is completely anonymous and the results will be stored by Cranfield University in 

accordance with the Data Protection Act. Where financial information is requested, 

information will be aggregated and anonymised. No data will be attributed in the report to 

individual MBT plant facility.      

If you have any questions or you would like to withdraw your response, please contact Ed Cook 

at e.r.cook@cranfield.ac.uk.  

We sincerely value your input and look forward to your participation. 

Ed Cook   

MSc student in Waste and Resource Management   

Cranfield University 

Please only include information for your MBT facility and not for other processing technologies 

which may be present on the same site.  
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Q1  What is the design capacity of your MBT facility? 

______ per year (1) 

 

Q2  How much waste was processed at your MBT facility in each of the last three years? 

______ 2011 (1) 

 

______ 2012 (2) 

 

______ 2013 (3) 

 

Q3  Which of the following dry recyclate materials are recovered by your MBT process? 

 aluminium (1) 

 ferrous metal (2) 

 mixed plastic (3) 

 HDPE (4) 

 PET (5) 

 other (6) ____________________ 

 LDPE (7) 

 mixed glass / aggregate (8) 

 paper (9) 

 cardboard (10) 

 mixed paper and cardboard (11) 

 other (12) ____________________ 

 

Q4  To whom do you most commonly sell your [answer from Q3]? 

 UK reprocessor  

 Direct export overseas  

 UK based broker  

 Landfill  

 Other processing facility 
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Q5  [Answer if Q4 “Landfill” is selected] 

What are the reasons for landfilling materials which have been recovered from your 

MBT facility? 

 cheaper (1) 

 too heavily contaminated to process further (2) 

 can't find a customer in the UK (3) 

 can't find a customer overseas (4) 

 Other (5) ____________________ 

 Other (6) ____________________ 

 

Q6  [Question repeats for each Q3 answer] 

Please indicate how much (answer from Q3) was recovered from your MBT facility in 

each of the last three years?  

2011 (1) _____________ 

2012 (2) _____________ 

2013 (3) _____________ 

 

Q7  [Question repeats for each Q3 answer] 

What was the average price offer per tonne of [answer from Q3] that was recovered 

from your MBT facility during each of the following years?  

(please provide the average price paid ex-works i.e. excluding the cost of delivery to the 

buyer) 

______ per tonne in 2011 (1) 

______ per tonne in 2012 (2) 

______ per tonne in 2013 (3) 
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Q8  [Question repeats for each Q3 answer] 

Does the customer who most commonly buys your (answer from Q3) provide you with 

clear written quality requirements? 

 Yes (1) 

 No (2) 

 n/a - output is landfilled (3) 

 

Q9  [Answer if Q8 “yes” is selected] 

Does the [answer from Q3] output recovered from your MBT facility meet those 

requirements? 

 always (1) 

 usually (2) 

 often (3) 

 not at all (4) 

 

Q10  Which of the following biological steps are included in your MBT process? 

 biodrying (1) 

 composting (stabilisation) (2) 

 composting (maturation) (3) 

 anaerobic digestion (4) 

 autoclave (5) 

 percolation (6) 

 other (7) ____________________ 

 other (8) ____________________ 

 



 

57 

 

Q11  In order of priority, what are the priorities of your MBT process? i.e. what is the 

process optimised for?  

(Where 1 is the most important and 7 is the least important. Please leave blank if it is 

not an objective of your facility) 

______ mass and/or volume reduction (1) 

______ stabilisation of biodegradable fraction (2) 

______ production of SRF and/or RDF (3) 

______ generation of biogas (4) 

______ recovery of dry recyclate (5) 

______ other (6) 

______ other (7) 

 

Q12  How is incoming waste processed at the front/primary end of your MBT facility? 

 shear shredder / cutter (1) 

 hammer mill (2) 

 flail mill (3) 

 bag opener: single rotating ripper drum (4) 

 bag opener: dual rotating ripper drum (5) 

 bag opener: pendulum (6) 

 metering bin feeder (7) 

 trommel with internal blades (8) 

 other (9) ____________________ 

 other (10) ____________________ 

Q13  If you have any comments you would like to share about this survey or any issues 

surrounding the quality of dry recyclate recovered from MBT facilities then please use 

the box below; your comments and opinions are gratefully received. 
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Appendix B : Photographs 

This section includes assorted photographs taken during sampling at the four 

MBT plants.  

  

Figure 15: Collection of samples: A; MBTr using buckets B; MBTFe using 

shovel loader 

 

(B) (A) 
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Figure 16: Build-up of waste affecting efficiency of lifting baffles in trommel at 

Plant A.  

 

Figure 17: Blockages in mesh openings at Plant A. 

  

Mesh openings

Lifting baffle

Build-up of waste 
reduces baffle efficiency

Mesh openings can 
become blocked
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Appendix C : Photographs of material entrapped in the 

MBTFe samples 

This section includes photographs demonstrating the different ways in which 

material becomes entrapped within ferrous metal items and fragments.  

   

A: Items entrained in folds of 
metal can  

B: Multiple entrapped items C: Multiple entrapped items 

   

D: Multiple items entrapped in 
folds of container 

E: Items entrapped inside metal 
object 

F: Pt material causes adhesion of 
plastic film 

 
  

G: NFM and other items 
entrapped in folds of metal 
container 

H: Ferrous metal container 
enveloped by paper  

I: Plastic film entrapped in ferrous 
metal container  

   

J: Metal can with entrapped K: Metal can with entrapped L: bottle top with plastic bag 
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material inside material in folds adhered to outside 

   

M: Aerosol cans are assemblies 
of dense plastic (lid etc.) and 
ferrous metal  

N: Plastic cup with metal 
container inside 

O: Metal can with entrapped 
material in folds 

   

P: Car part with entrapped 
material folded within 

Q: Ratchet strap is already an 
assembly of different materials 
and has additional entwined 
items 

R: Metal can with entrapped 
material in folds 

   

S: Metal can with entrapped 
material in folds 

T: Steel toecap is an assembly 
of items including leather and 
rubber sole 

U: Metal can with entrapped 
material in folds 

Figure 18: Entrapped material found in ferrous metal samples 
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Appendix D : Summary of standards and specifications 

Table 7: Summary of standards and specifications for glass cullet  

Standard Material category CG GG BG 
Other 
colours 

BD NFM FM GBSC Others Moisture Particle size 

ISRI (2014) 

Un-processed CG >95% <5% <5% <5% 
not 
specified 

0% 0% 0% 

ores, minerals, 
clay 

Free of 
excess 
moisture 

Cullet may be 
broken but not 
pulverized 

Un-processed GG 
(includes blue) 

<10% >90% <10% <10% 
not 
specified 

Un-processed BG <5% <5%  >95%  <5% n/s 

Furnace ready CG >95% <1% <5% <0.5%  <0.2%* 

not specified Not specified 
1.9 - 9.5 mm 
(10% min. of 
fine particles)* 

Furnace ready GG <15% >70% <15% <10% <0.2%* 

Furnace ready BG  <10%   <10%  >90% <5% <0.2%* 

BSI (2008) 
PAS101 

†
 

Grade A (CG) < 4%, (GG&BG) < 5% other colours < 0.5% < 0.2% < 0.1% 

not 
specified* 

0% medical or 
HW  

not specified not specified Grade B 
(CG) < 6%, (GG) < 30%, (BG) < 5% other 

colours 
< 0.5% < 0.2% < 0.1% 

Grade C 
(CG) < 6%, (GG) < 30%, (BG) < 5% other 

colours 
< 1% < 0.4% < 0.2% 
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Standard Material category CG GG BG 
Other 
colours 

BD NFM FM GBSC Others Moisture Particle size 

Grade D any ←               < 3% total contraries               → 

GTS (2004) 
"Typical glass 
manufacturer"  

CG 
not 
specified 

< 2% < 2% 

not 
specified 

< 0.3% < 0.002% < 0.005% < 0.002% not specified 
shows no 
drainage 

< 50 mm GG < 12% 
not 
specified 

< 10% 

BG < 12% < 10% 
not 
specified 

EC (2002) All colours n/a n/a n/a n/a 
≤ 2,000 
ppm 

≤ 60 ppm ≤ 50 ppm 

< 100 ppm 
for GC size 
> 1 mm 

not specified not specified not specified 
< 1,500 
ppm  for GC 
size ≤ 1 mm  

Beerkens et al. 
(2011) 

CG 
not 
specified 

< 0.05% 
- < 0.7% 

< 0.2% 

not 
specified 

< 0.02% 
or 0.05% 

< 
0.0005% 

< 
0.0005% 

< 0.0025 - 
0.0035% 

Plastics < 
0.006%; 
aluminium < 
0.0005%; 
Paper, cork, 
wood 0.15%; 
lead 0.0001%; 
opal glass < 
0.01% 

2 - 3% 
(preferred) 

Non-cullet 
pieces < 70 
mm; cullet 
pieces 5 mm 
(max. 12%) 

GG < 15% 
not 
specified 

< 5% 

BG 8 - 10% 8 - 10% 
not 
specified 

* Specifications vary according to agreement between buyer and seller  
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† NB: PAS101 is based on a visual assessment of the material; all other standards are mass based 

Table 8: Summary of standards and specifications for ferrous metals 

Issuing body Grade Contamination specification  

Cast Metals Federation, UK Steel 
and the British Metals Recycling 
Association (2006) 

Non-incinerated magnetically 
extracted steel cans: Grade 6C 
(baled) and 6D (loose) 

May have minor visible presence of other materials such as paper and plastics 

Clean steel cans: Grade 6E (baled) 
and 6F (loose) 

Should be free from excessive contamination by other materials. 

ISRI (2014) 213: Steel can bundles 

Cans may be baled without removal of paper labels, but free of other non-
metallics. May include up to 5 gallon tin coated containers.  

All grades shall be free of dirt, nonferrous metals, or foreign material of any kind, 
and excessive rust and corrosion. However, the terms “free of dirt, nonferrous 
metals, or foreign material of any kind” are not intended to preclude the 
accidental inclusion of negligible amounts where it can be shown that this 
amount is unavoidable in the customary preparation and handling of the 
particular grade involved. 

Maximum thresholds of the following: Nickel 0.45%, Molybdenum 0.10%, 
Chromium 0.20%, Manganese 1.65%, The combined residuals other than 
manganese shall not exceed a total of 0.60 percent. 
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Table 9: Overview of standards applicable to recycled aggregate products 

Standard Description 

The Construction Products 
Regulations (2013) 

 Created a system of technical specifications and assessments of conformity 
which are harmonised.  

 CE marking of products is mandatory for aggregate products (see  

 Table 10 Appendix C). 

 (after: Construction Products Association, 2012) 

Manual of Contract Documents for 
Highway Works (Highways 
Agency, 2007) 

 Used as a standard in an estimated 90% of aggregate sales (McGrath 
Group, 2013) 

 Series NG800 (Volume 2) provides details on properties and testing.  

 Refers to multiple BS EN standards which contribute to compliance. 

End of Waste Criteria for the 
Production and Use of Aggregates 
from Inert Waste (WRAP, 2013) 

 Clarifies the point the supply chain at which recycles aggregate from inert 
waste cease to become waste (i.e. waste management legislation no longer 
applies).  

 Refers to multiple BS EN standards which contribute to compliance. 

 Refers to EC 2008 (below) 

BS EN 13242: Aggregates for 
Unbound and Hydraulically Bound 
Materials for use in Civil 
Engineering Work and Road 
Construction (BSI, 2008) 

 Applies to aggregates obtained by processing natural or manufactured or 
recycled materials. 

BS EN 13285:2010 Unbound 
Mixtures - Specifications (BSI, 
2010) 

 Applies to unbound aggregates which are the likely end use of MBT derived 
outputs. Cross references with BS EN 13242 (above).  

EC (2002): Criteria for waste 
acceptance at landfills 

 Establishes thresholds for a range of substances below which the waste can 
be classified as inert including:  

o Max. 500 mg / kg dissolved organic carbon at own pH 7.5 – 8.0. 

o Max. 3% total organic carbon (%w/w) (except soils) 

o BTEX 6 mg / kg; PCBs (7 congeners) 1 mg / kg; mineral oil (C10 – C40) 
500 mg / kg; PAHs 100 mg / kg; As 0.5 mg / kg; Ba 20 mg / kg; Cd 0.04 
mg / kg; Cr (total) 0.5 mg / kg; Cu 2 mg / kg; Hg 0.01 mg / kg; Mo 0.5 mg 
/ kg; Ni 0.4 mg / kg; Pb 0.5 mg / kg; Sb 0.06 mg / kg; Se 0.1 mg / kg; Zn 4 
mg / kg; Cl 800 mg / kg; F 10 mg / kg; SO4 1,000; Total dissolved solids 
4,000 mg / kg; Phenol index 1 mg / kg.  

  



 

66 

 

Table 10: Harmonised standards for aggregate (copied from: McGrath Group, 

2013) 

Harmonised standard product 
description 

Product description  

EN 12620:2002 Aggregates for concrete 

EN 13043:2002 
Aggregates for bituminous mixtures and surface treatments for roads, 
airfields and other trafficked areas 

EN 13055-1:2002 
Lightweight aggregates – Part 1: Lightweight aggregates for concrete, 
mortar and grout 

prEN 13055-2 
Lightweight aggregates - Part 2: Lightweight aggregates for bound and 
unbound applications, excluding concrete, mortar and grout 

EN 13139:2002 Aggregates for mortar 

EN 13242:2002 
Aggregates for unbound and hydraulically bound materials for use in civil 
engineering work and road construction 

EN 13383-1:2002 Armourstone Part 1 – Specification 

EN 13450:2002 Aggregates for railway ballast 
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Appendix E : Calculations and assumptions 

Assumptions and nomenclature for the following equations are shown in Table 

11. 

                                   Equation 5 

                                 Equation 6 

              

   
                Equation 7 

                              Equation 8 

                             Equation 9 

                                      Equation 10 

                                         Equation 11 

                                       Equation 12 

                                                 

                                

                          

Equation 13 



 

68 

 

                                                 

                                

                            

                                

                             

                        

                                  

              

Equation 14 

                                                       Equation 15 

                                   Equation 16 

                               Equation 17 

                                Equation 18 

                                     

                           

                                 

Equation 19 

                                           Equation 20 
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Table 11: List of assumptions used for calculations in Sections 3.4 and 3.5.  

Nom  Assumption Value Source 

a Combined UK MBT design capacity  2,386,500 tpa Table 1, Section 1 

b Mean utilisation rate for UK MBT plants 75% 
Derived from survey results in 
Section 3.1 

c Actual waste processed in UK MBT plants 1,789,875 tpa Equation 5 

d Average MBTr recovery rate 1.5% 
Derived from survey results in 
Section 3.1 

e Average MBTr recovered in UK 26,848 tpa Equation 6 

f Number of MBT plants in the UK 22 Table 1, Section 1 

g Average MBT plant size  180,477 tpa Equation 7 

h Average MBT plant utilisation  81,375 tpa Equation 8 

i 
Average MBTr recovered per average MBT 
plant 

1,220 tpa Equation 9 

j 
Average cost of MBTr disposal via upgrade 
to aggregate 

£53 / tonne* 
Derived from survey results 
(anonymised data hence not 
shown) 

k 
Total cost to the average size MBT plant if 
MBTr material is sold for upgrade to 
aggregate 

£64,6602 pa* Equation 10 

l Active landfill (median gate fee) £102 / tonne* (WRAP, 2014) 

m 
Total cost to the average size MBT plant if 
MBTr material is landfilled 

£124,440 Equation 11 

n Inert landfill (median gate fee) £23 / tonne * (WRAP, 2014) 

o 
Cost of MBTr disposal to the average sized 
MBT plant if sent for inert landfill (assumption 
is zero disposal cost for the removed TOC) 

£28,060 tpa* Equation 12 

p Mean clear glass content in MBTr 38% 
Calculated from compositional 
analysis results in this study 

q Mean green glass content in MBTr 11% 
Calculated from compositional 
analysis results in this study 

r Mean brown glass content in MBTr 7% 
Calculated from compositional 
analysis results in this study 

s Clear glass (current mean value) £27 / tonne * (Lets Recycle, 2014b) 

t Green glass  (current mean value) £14 / tonne* (Lets Recycle, 2014b) 

u Brown glass  (current mean value) £24 / tonne* (Lets Recycle, 2014b) 

v PRN remelt (current mean value) £27 / tonne * (Lets Recycle, 2014d) 

w 

Total revenue available if all glass in MBTr 
sold for remelt and available for PRN issue. 
Includes savings on disposal through 
diverted glass and assumes remainder is 
sold for aggregate upgrade at £53 / tonne 

j
 

£35,528 pa Equation 13 

x NFM content in pulper rejects from Plant C 150 tpa Section 3.3.2.1 

y Aluminium cans (current mean value) £690 / tonne* (Lets Recycle, 2014a) 

z Potential income through recovery of the 
NFM from the pulper reject in Plant C 

£118,800 Equation 15 
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Nom  Assumption Value Source 

including avoided disposal costs 

aa Average MBTFe recovery rate 2.6% 
Derived from survey results in 
Section 3.1 

ab Average MBTr recovered in UK 46,537 tpa Equation 16 

ac 
Average MBTFe recovered per average MBT 
plant 

£2,116 tpa Equation 17 

ad Average price paid for MBTFe £19 / tonne 
Derived from survey results in 
Section 3.1 

ae 
Current average revenue from MBTFe for the 
average sized MBT plant 

£40,204 pa Equation 18 

af 
Steel cans (lowest value taken from the 
published range assumed to be clean MRF 
product) 

£131 / tonne * (Lets Recycle, 2014c) 

ag Average ferrous metal content in MBTFe  74% 
Calculated from compositional 
analysis results in this study 

ai Average ferrous metal content clean MRF 94% (Enviros, 2009) 

aj 

Potential revenue for the average size plant 
if MBTFe is upgraded to clean MRF standard 
(94% ferrous metal content 

ai
) including 

disposal of residual. 

£247,615 pa  Equation 19 

ak 
Potential saving if MBTFe is upgraded, 
compared to current revenue for average 
plant  

£207,411 pa Equation 20 

* Prices are ex-works 
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Appendix F : Waste Management Journal Authors 

Guidance 
Use of wordprocessing software  

It is important that the file be saved in the native format of the wordprocessor used. The text should be in 

single-column format. Manuscripts must be typewritten with a font size of 12 or 10 pt, double-spaced with 

wide margins, and numbered consecutively. Keep the layout of the text as simple as possible. Most 

formatting codes will be removed and replaced on processing the article. In particular, do not use the 

wordprocessor's options to justify text or to hyphenate words. However, do use bold face, italics, 

subscripts, superscripts etc. Do not embed "graphically designed" equations or tables, but prepare these 

using the wordprocessor's facility. When preparing tables, if you are using a table grid, use only one grid 

for each individual table and not a grid for each row. If no grid is used, use tabs, not spaces, to align 

columns. The electronic text should be prepared in a way very similar to that of conventional manuscripts 

(see also the Guide to Publishing with Elsevier: http://www.elsevier.com/guidepublication). Do not import 

the figures into the text file but, instead, indicate their approximate locations directly in the electronic text 

and on the manuscript. See also the section on Electronic illustrations.  

To avoid unnecessary errors you are strongly advised to use the "spell-check" and "grammar-check" 

functions of your wordprocessor. 

Please use page and line numbers in your manuscript. When submitting a revision, please upload a track 

changes manuscript (together with a clean version). 

Article structure 

Subdivision - numbered sections  

Divide your article into clearly defined and numbered sections. Subsections should be numbered 1.1 (then 

1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). Use this numbering also for 

internal cross-referencing: do not just refer to 'the text'. Any subsection may be given a brief heading. Each 

heading should appear on its own separate line. 

Introduction  

State the objectives of the work and provide an adequate background, avoiding a detailed literature survey 

or a summary of the results. 

Material and methods  

Provide sufficient detail to allow the work to be reproduced. Methods already published should be 

indicated by a reference: only relevant modifications should be described. 

Results  

Results should be clear and concise. 

Discussion  

This should explore the significance of the results of the work, not repeat them. A combined Results and 

Discussion section is often appropriate. Avoid extensive citations and discussion of published literature. 

Conclusions  

The main conclusions of the study may be presented in a short Conclusions section, which may stand 

alone or form a subsection of a Discussion or Results and Discussion section. 

Appendices  

If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in 

appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix, Eq. 

(B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc. 

Essential title page information  

• Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid abbreviations 

and formulae where possible. 

• Author names and affiliations. Where the family name may be ambiguous (e.g., a double name), 

http://www.elsevier.com/guidepublication
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please indicate this clearly. Present the authors' affiliation addresses (where the actual work was done) 

below the names. Indicate all affiliations with a lower-case superscript letter immediately after the author's 

name and in front of the appropriate address. Provide the full postal address of each affiliation, including 

the country name and, if available, the e-mail address of each author. 

• Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing and 

publication, also post-publication. Ensure that phone numbers (with country and area code) are provided in 

addition to the e-mail address and the complete postal address. Contact details must be kept up to date by 

the corresponding author. 

• Present/permanent address. If an author has moved since the work described in the article was done, 

or was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as a footnote to 

that author's name. The address at which the author actually did the work must be retained as the main, 

affiliation address. Superscript Arabic numerals are used for such footnotes. 

Abstract  

A concise and factual abstract is required. The abstract should state briefly the purpose of the research, 

the principal results and major conclusions. An abstract is often presented separately from the article, so it 

must be able to stand alone. For this reason, References should be avoided, but if essential, then cite the 

author(s) and year(s). Also, non-standard or uncommon abbreviations should be avoided, but if essential 

they must be defined at their first mention in the abstract itself. 

Keywords  

Immediately after the abstract, provide a maximum of 6 keywords, using British spelling and avoiding 

general and plural terms and multiple concepts (avoid, for example, 'and', 'of'). Be sparing with 

abbreviations: only abbreviations firmly established in the field may be eligible. These keywords will be 

used for indexing purposes. 

Abbreviations  

Define abbreviations that are not standard in this field in a footnote to be placed on the first page of the 

article. Such abbreviations that are unavoidable in the abstract must be defined at their first mention there, 

as well as in the footnote. Ensure consistency of abbreviations throughout the article. 

Acknowledgements  

Collate acknowledgements in a separate section at the end of the article before the references and do not, 

therefore, include them on the title page, as a footnote to the title or otherwise. List here those individuals 

who provided help during the research (e.g., providing language help, writing assistance or proof reading 

the article, etc.). 

Nomenclature and units  

Follow internationally accepted rules and conventions: use the international system of units (SI). If other 

quantities are mentioned, give their equivalent in SI. You are urged to consult IUPAC: Nomenclature of 

Organic Chemistry: http://www.iupac.org/ for further information. 

Authors are to use SI (metric) units and international quantities and abbreviations. Equivalent values in 

other systems may be used provided their metric equivalents are included in every case. 

Math formulae  

Present simple formulae in the line of normal text where possible and use the solidus (/) instead of a 

horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to be presented in italics. 

Powers of e are often more conveniently denoted by exp. Number consecutively any equations that have 

to be displayed separately from the text (if referred to explicitly in the text). 

Footnotes  

Footnotes should be used sparingly. Number them consecutively throughout the article, using superscript 

Arabic numbers. Many wordprocessors build footnotes into the text, and this feature may be used. Should 

this not be the case, indicate the position of footnotes in the text and present the footnotes themselves 

separately at the end of the article. Do not include footnotes in the Reference list.  

Table footnotes  

Indicate each footnote in a table with a superscript lowercase letter. 

http://www.iupac.org/
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Electronic artwork  

General points 

• Make sure you use uniform lettering and sizing of your original artwork.  

• Embed the used fonts if the application provides that option.  

• Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman, Symbol, or use 

fonts that look similar.  

• Number the illustrations according to their sequence in the text.  

• Use a logical naming convention for your artwork files.  

• Provide captions to illustrations separately.  

• Size the illustrations close to the desired dimensions of the printed version.  

• Submit each illustration as a separate file.  

A detailed guide on electronic artwork is available on our website:  

http://www.elsevier.com/artworkinstructions  

You are urged to visit this site; some excerpts from the detailed information are given here. 

Formats 

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel) then please 

supply 'as is' in the native document format.  

Regardless of the application used other than Microsoft Office, when your electronic artwork is finalized, 

please 'Save as' or convert the images to one of the following formats (note the resolution requirements for 

line drawings, halftones, and line/halftone combinations given below):  

EPS (or PDF): Vector drawings, embed all used fonts.  

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.  

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 1000 dpi.  

TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a minimum of 500 dpi. 

Please do not:  

• Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically have a low 

number of pixels and limited set of colors;  

• Supply files that are too low in resolution;  

• Submit graphics that are disproportionately large for the content. 

Color artwork  

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or MS 

Office files) and with the correct resolution. If, together with your accepted article, you submit usable color 

figures then Elsevier will ensure, at no additional charge, that these figures will appear in color on the Web 

(e.g., ScienceDirect and other sites) regardless of whether or not these illustrations are reproduced in color 

in the printed version. For color reproduction in print, you will receive information regarding the 

costs from Elsevier after receipt of your accepted article. Please indicate your preference for color: in 

print or on the Web only. For further information on the preparation of electronic artwork, please 

see http://www.elsevier.com/artworkinstructions.  

Please note: Because of technical complications which can arise by converting color figures to 'gray scale' 

(for the printed version should you not opt for color in print) please submit in addition usable black and 

white versions of all the color illustrations. 

Figure captions  

Ensure that each illustration has a caption. Supply captions separately, not attached to the figure. A 

caption should comprise a brief title (not on the figure itself) and a description of the illustration. Keep text 

in the illustrations themselves to a minimum but explain all symbols and abbreviations used. 

Tables  

Number tables consecutively in accordance with their appearance in the text. Place footnotes to tables 

below the table body and indicate them with superscript lowercase letters. Avoid vertical rules. Be sparing 

in the use of tables and ensure that the data presented in tables do not duplicate results described 

elsewhere in the article. 

References 

http://www.elsevier.com/artworkinstructions
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Citation in text  

Please ensure that every reference cited in the text is also present in the reference list (and vice versa). 

Any references cited in the abstract must be given in full. Unpublished results and personal 

communications are not recommended in the reference list, but may be mentioned in the text. If these 

references are included in the reference list they should follow the standard reference style of the journal 

and should include a substitution of the publication date with either 'Unpublished results' or 'Personal 

communication'. Citation of a reference as 'in press' implies that the item has been accepted for 

publication. 

Reference links  

Increased discoverability of research and high quality peer review are ensured by online links to the 

sources cited. In order to allow us to create links to abstracting and indexing services, such as Scopus, 

CrossRef and PubMed, please ensure that data provided in the references are correct. Please note that 

incorrect surnames, journal/book titles, publication year and pagination may prevent link creation. When 

copying references, please be careful as they may already contain errors. Use of the DOI is encouraged. 

Web references  

As a minimum, the full URL should be given and the date when the reference was last accessed. Any 

further information, if known (DOI, author names, dates, reference to a source publication, etc.), should 

also be given. Web references can be listed separately (e.g., after the reference list) under a different 

heading if desired, or can be included in the reference list. 

Reference formatting  

There are no strict requirements on reference formatting at submission. References can be in any style or 

format as long as the style is consistent. Where applicable, author(s) name(s), journal title/book title, 

chapter title/article title, year of publication, volume number/book chapter and the pagination must be 

present. Use of DOI is highly encouraged. The reference style used by the journal will be applied to the 

accepted article by Elsevier at the proof stage. Note that missing data will be highlighted at proof stage for 

the author to correct. If you do wish to format the references yourself they should be arranged according to 

the following examples: 

Reference style  

Text: All citations in the text should refer to:  

1. Single author: the author's name (without initials, unless there is ambiguity) and the year of publication;  

2. Two authors: both authors' names and the year of publication;  

3. Three or more authors: first author's name followed by 'et al.' and the year of publication.  

Citations may be made directly (or parenthetically). Groups of references should be listed first 

alphabetically, then chronologically.  

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999). Kramer et al. (2010) 

have recently shown ....'  

List: References should be arranged first alphabetically and then further sorted chronologically if 

necessary. More than one reference from the same author(s) in the same year must be identified by the 

letters 'a', 'b', 'c', etc., placed after the year of publication.  

Examples:  

Reference to a journal publication:  

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article. J. Sci. 

Commun. 163, 51–59.  

Reference to a book:  

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.  

Reference to a chapter in an edited book:  

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in: Jones, B.S., 

Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New York, pp. 281–304. 

Journal abbreviations source  

Journal names should be abbreviated according to the List of Title Word 

Abbreviations:http://www.issn.org/services/online-services/access-to-the-ltwa/. 

http://www.issn.org/services/online-services/access-to-the-ltwa/

