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Preface

This book contains the proceedings of the 10th International Conference on Waste Management 
and the Environment (WM20), which was held from 7 to 9 July, 2020. The conference was 
jointly organized by Wessex Institute (UK), University of Naples Parthenope (Italy) and Nagoya 
University (Japan), and we planned this meeting initially to take place at Madrid, Spain. However, 
the coronavirus pandemic did not allow us to open it as scheduled, and the conference committee 
decided to host the conference online.

Waste Management Conferences have been organized every two years since 2002; i.e., the first 
conference  founded by Professor Carlos A. Brebbia (Wessex Institute) in Cadiz (2002), then 
held in Rhodes (2004), Malta (2006), Granada (2008), Tallinn (2010), the New Forest, home of 
the Wessex Institute (2012), Ancona (2014), Valencia (2016), and Seville (2018). A long-term 
accumulation of the data and discussion on waste management and the environment in the past 
two decades could contribute to the progress of waste management technology and its application 
to the social and economic system by international collaboration among researchers, engineers, 
companies and national/local governments. 

The topics of the conference varied widely from very specific issues in local areas concerning 
the sanitary safety of municipal and hazardous wastes, and the development of each recycling 
technology, to large-scale environmental problems with deep concerns, e.g., global warming, 
climatic change, marine pollution and sustainable management of energy and material resources. 
It should be noted that the public consensus formation methodology has been developed among 
stakeholders including citizens, governments and companies. The main agendas of this online 
conference in WM20 were (1) municipal waste management, (2) landfill design and management, 
(3) reduce, reuse, recycle and recovery, (4) energy from waste, (5) hazardous waste, and (6) waste 
treatment technology, innovation and planning.

Even under such exceptional circumstances caused by the COVID-19 crisis, a good number of 
quality papers were submitted and accepted for publication, which is a testament to the dedication 
of academics and researchers in this field. Delegates were encouraged to access to the online 
conference website and download the papers and presentations in any order and as many times on 
demand, after that they could contact each other and promote discussion freely. 



We are aware of the importance that the scientific community keeps on working in their institutions, 
then presenting their outcomes in the relevant academic societies and finally publishing their own 
research in the authorized books or journals. We have decided that the accepted papers should 
be published in a volume of the WIT Transactions on Ecology and the Environment, which are 
indexed in Scopus.

The Organizing Committee, who edited the proceedings, wishes to acknowledge the authors of 
the contributions, and the members of the International Scientific Advisory Committee who have 
peer-reviewed the submitted papers. The Editors would also like to express sincere thanks to Ms 
Priscilla Cook, the Conference Coordinator, and Ms Isabelle Rham, the Production Manager of 
WIT Press, in order to create this book.

The Editors hope this volume will open new horizon for the next Waste Management Conference 
after the current coronavirus crisis.

The Editors, 2020
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BIODEGRADABLE PLASTICS FRAGMENTATION IN  
SOIL AND WATER: LESSONS LEARNT AND 

COMPARATIVE ASSESSMENT WITH  
HYDRO-BIODEGRADABLES 

SULTAN MAJED AL-SALEM 
Environment and Life Sciences Research Centre, Kuwait Institute for Scientific Research, Kuwait 

ABSTRACT 
In the current climate, there is a surge of controversy surrounding the topic of plastics. Undeniably 
and unavoidably, plastic has become a crucial part of this generation. However, the inappropriate 
disposal of plastic waste, as well as the increase in consumption, provokes serious environmental 
issues. The rising environmental awareness on a global scale has imposed considerable pressure for 
associated authorities to take actions. This includes the research into alternative options to 
conventional plastics which is latched on to a negative reputation. Nevertheless, the greenness of 
these so called environmentally friendly alternatives is often questionable. Since April 2015, the 
European Parliament and the Council established Directive (EU) 2015/720, has amended Directive 
94/62/EC with regards to reducing the consumption of lightweight plastic carrier bags. Subsequently, 
the directive aims to reduce the level of littering of these bags which accumulates in the environment 
where more plastic-related problems (i.e. marine pollution) aggravates. In this work, a comprehensive 
fragmentation analysis was conducted on biodegradable plastic bags claimed to be green and 
environmentally friendly for arid environments. Various biodegradable compounds were tested and 
verified for such claims in this work. The first stage of the experimental campaign involved 
conditioning the samples under UV (to trigger decomposition) until fragmentation is reached; and 
record the Fourier Transform Infrared Spectroscopy spectra every 72 hours. The use of a reference 
material for comparative analysis was also applied, and the material was chosen to be polylactic acid. 
Furthermore, fragmentation in water was conducted where the plastic is conditioned in an aqueous 
environment. Lastly, the samples were mixed with sand and mud, and weathering induced 
fragmentation was continued. Infrared analysis was undertaken and the rate of biodegradation was 
determined. The above analysis was also used to draw lessons learnt from this exercise for oxo and 
hydro-biodegradables; and how to best utilize them as a waste management mitigation strategy. 
Keywords:  biodegradation, polyester, starch, polymer waste, waste management. 

1  INTRODUCTION 
Landfilling is considered to be the most common waste disposal method namely for 
municipal solid waste (MSW). With all the advances in technology available to it, the 
United States (US) generates some 267 million tonnes of MSW on an annual basis 
amounting to 4.5lb per person per day [1]. The total of 52% (139 million tonnes) is also 
landfilled on an annual basis. A major element of which are plastics. Plastic solid waste 
(PSW) comprises 12% of the global MSW composition [2]. Some reports show, namely for 
developing countries, that PSW comprise over 18% of MSW that is landfilled [3], [4]. 
Problematically, PSW is lightweight and inert on a chemical level. These might be some of 
its advantages when production and conversion takes place, however, are a major obstacle 
to landfill authorities when PSW is disposed of. Both film and rigid PSW also occupy 
valuable landfill space and has been related to various environmental stressors in the past 
[5]. A prime solution as of late is biodegradable plastics that have been popularised recently 
due to various advantages namely weight and size reduction of material with exposure to 
humidity and UV light [6]–[9]. Biodegradation refers to a degradation mechanism which 
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involves the breakdown of organic chemical compounds via biological activity into more 
environmentally acceptable substances such as water, CO2, new biomass or mineral salts of 
any present elements known as mineralisation. More specifically, the biological activity 
may be enzymatic, microbial and/or fungal activity. Furthermore, this process may take 
place in an oxygen-rich environment (aerobic condition) or in the absence of oxygen 
(anaerobic condition). In order for a plastic to be certified as a “biodegradable plastic”, it 
must oblige to three specified parameters: (1) degree of degradation, (2) timespan of 
degradation, and (3) surrounding conditions of degradation. In addition, the certification 
bodies that are authorised to award such certifications, must follow standardised test 
methods (maybe more than one) to ensure the material satisfies all the appropriate 
specifications. It must be noted that all compostable materials are biodegradable, but a 
product that is labelled as biodegradable is not necessarily compostable. This statement is 
to clarify any misconception and prevent public from misleading information. The reader is 
referred to Al-Salem et al. [7]–[9] for the recent advances in standardization within the 
State of Kuwait for oxo-biodegradable plastics.  
     Biodegradable plastics can be classified into two main types, oxo-biodegradables and 
hydro-biodegradables. Oxo-degradable plastics are additivated with inorganic metal salts or 
pro-degradants. Whereas, a smaller portion of the group uses organic additives which are 
claimed to be consumed by micro-organisms. During the consumption process, the micro-
organisms excrete acidic and enzymic substances which aid the breakdown of plastic 
material. Subsequently, the broken down and smaller pieces of plastic can be consumed by 
microbes with ease. This group is known as the “enzyme-mediated degradable plastics” 
[10]. On the other hand, hydro-biodegradables are a class of plastics with a portion of a 
renewable (naturally biobased) component such as rice or potato starch additives. The US 
guideline ASTM D6954 was once the sole available guide on testing oxo-degradable 
plastics for many years. As of 2009, increasingly number of guides and standards were 
developed throughout Europe and Middle East. Moreover, it must be acknowledged that 
guidelines and standards are separate entities. To elaborate, guidelines prescribe the 
procedures of different test methods, in which the ASTM D 6954 and BS 8472 are 
comparable in this case. However, standards consist of a higher level of details and quality 
which includes pass/fail criteria alongside the timescales in which the criteria must be 
satisfied by. For example, UAE/S 5009 and SPCR 141 are qualified as standards. In 
summary, the claim of conformity is not possible when testing complies solely to 
guidelines but without standards. According to a study published by the European 
Commission in 2018 [11], evidence shows suggests that oxo-degradable plastic is not 
suitable for any form of anaerobic digestion or composting. Thus, it will not fulfil the 
existing standards for packaging recoverable through composting within the EU. The Oxo-
Biodegradable Plastic Association (OPA) stated that oxo-degradable plastics are not 
marketed for composting [12]. Dissimilarly to biodegradable plastics, despite some claims, 
oxo-degradable plastics are not compostable and will not degrade in landfill conditions. 
This is agreed upon by a large share of the industry. Furthermore, oxo-degradable plastics 
do not fulfil the specified requirements of (industrial and domestic) composting laid out by 
many accredited standards. This means that this type of material is not appropriate for 
compostable food service applications as an example which alternatively is a major share of 
solid waste landfilled.  
     In 2015, France was the first country to take concrete action to prohibit the production, 
distribution, sale, provision and utilisation of packaging or bags made either partially or 
completely of oxo-degradable plastics [13]. Recently, Spain became the second country to 
implement a similar law [14]. It is highly likely that other (EU) countries will follow suit as 
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well. At the beginning of 2018, the European Commission (EC) has issued a statement that, 
the commission will take actions to “restrict the use” of oxo-degradable plastic across the 
EU member states. This statement was motivated by the concern that oxo-degradable 
plastics fragments into microplastic (MP) which subsequently pollute fauna and flora. This 
statement was published in the EC’s plastics strategy on 16 Jan. 2018 [15]. A summary of 
standardisation and standards used in oxo-biodegradation is available elsewhere for the 
reader’s consideration on the subject matter [8]. The commission further adds that there is 
no evidence to prove that oxo-degradable plastics offer any advantages over conventional 
plastics (which can be recycled).  
     Furthermore, the commission has revealed plans to regulate that all plastic packaging to 
be recyclable by 2030. The statistics is manly influenced by policies and legislations which 
are dependent on the country and regions. For instance, countries such as Pakistan, UAE 
and Yemen have legislations in favour of oxo-degradable plastic. Thereby, even for 
European based additive manufacturers, the main supply demands come from other regions. 
The estimation is determined on the basis of aggregated tonnage data obtained from 
European and non-European manufacturers. Nevertheless, from the available data, the 
Middle East and Central and South America were the two largest markets for pro-oxidant 
additives, each dominating around a third of the market. Recently efforts have taken place 
within the State of Kuwait to standardise the use of such materials with the aim of reducing 
waste accumulation [16]–[19]. Therefore, and as a continuing effort led by the Kuwait 
Institute for Scientific Research (KISR), standardisation of the use of hydro-biodegradable 
plastics in context of past effort with oxo-biodegradables is initiated. This communication 
represents the cornerstone of the aforementioned project where the experiences gathered 
from past efforts on oxo-biodegradables are compared with those from our ongoing 
research works on hydro-biodegradable polymer blends. The behaviour of the prior is 
investigated in various media to mimic their behaviour in various environmental sinks.  

2  EXPERIMENTAL 
The samples acquired were presumed to be environmentally friendly and biodegradable, 
which were secured from various sources within the state. The samples were cut into 
standard testing dimension specimens accepted by international protocols for thin plastic 
film characterization as described previously. For further details on types of the three bags 
which will termed Types 1 (yellow), 2 (blue), and 3 (white) herein, the readers are referred 
to our earlier work cited in this communication [7]–[9] including metal/additive content and 
experimental campaign for field testing. For the sake of comparison, plastic grades were 
purchased in the form of a standard grade of polylactide acid (PLA) which is a natural 
biodegradable material (Ingeo™ Biopolymer 4043D), as well as, a standard type of 
polyethylene (PE) bag used in an internationally recognised commercial outlet. Weathering 
in accelerated mode was conducted using stripes from the three different bags placed in a 
UV weatherometer machine from Q-SUN (Q-SUN Xe-3 Xenon Arc Test Chamber). The 
Q-SUN Xe-3 xenon arc chamber reproduces the damage caused by full-spectrum sunlight 
and rain. In a few days or weeks, the Q-SUN tester can reproduce the damage that occurs 
over months or years outdoors. The Q-SUN Xe-3 tester is a full-featured lightfastness, 
colourfastness, and photostability chamber. For conditioning the principles of ISO 4892-
1/2016 – Part 1; were followed. To simulate the conditions in the Middle East and at the 
same time to speed up the fragmentation process we have used the following UV 
weathering parameters: Weatherometer: Eriskay, X3HS, T178, Filters: Daylight Q Filters, 
T211-Irradiance (nm): 340 (T169) – Power (Wm–2): 0.35 – Chamber Temperature (°C): 43 
– Black Panel Temperature (°C): 63 – Relative Humidity (%RH): N/A – Light Cycle only – 
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No spray cycles – Calibration Radiometer: CR20/340-D (Daylight filters) M142R. 
Specimens from the Types 1, 2, 3, commercial bag and PLA samples were placed for UV 
weathering and tested every 48 hours till 576 hours for carbonyl growth via the FTIR and 
every 100 hours till 200 hours for tensile performance. For Reference, 210 hours of 
weathering corresponds to approximately 2 to 3 months in real exposure time in sun. An 
IS10 Thermo-Nicolet FTIR machine equipped with an ATR attachment was used for the 
analysis of the bags. Sample were tested without any prior sample preparations. 32 scans 
per specimen were taken for better accuracy. For the carbonyl-oxidation analysis the 
weathered samples were analysed with the FTIR IS10. The peak areas from the 2,800 to 
2,870 cm–1 and from the 1,600 to 1,850 regions were used for the carbonyl index (CI). An 
example of the analysis is shown in Fig. 1. See FTIR Index section for further details. In 
addition to the carbonyl, vinyl index was also calculated using the IR peak at 909 cm–1 and 
the reference peak 2,800 to 2,870 cm–1 (Figs 1 and 2).  
 

 

Figure 1:    FTIR Spectrum highlighting the carbonyl formation due to degradation/ 
reference peak used in the analysis. 

 

Figure 2:  FTIR spectrum highlighting the carbonyl formation due to degradation. 

     Ageing in water took place by placing samples from the three different bags in glass 
bottles of water. The bottles with the samples were then placed in an air oven set at 65°C 
for ageing. Samples were inserted for testing the 22 Mar. 2018 and removed after 2 months. 
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3  RESULTS AND DISCUSSION 
Specimens cut out from the commercial bags were placed in accelerated UV weathering 
chambers to assess the initiation and progression of the degradation process. The samples 
placed in the UV chamber were visually inspected on a periodical basis and tested under the 
FTIR for carbonyl growth, i.e. oxidation. In addition, the mechanical properties of the bags 
were determined upon UV exposure [17]. In the meantime, all samples were placed in 
water and at elevated temperature to investigate whether degradation is triggered in dark 
humid environments. Strips of the all the three samples were placed in water bottles at 65°C 
for ageing. A PLA sample along with a non-biodegradable bag form the commercial PE 
bag (Type 4) were also placed in water for testing. After almost 2 months of conditioning, 
none of the three types of bags showed evidence of degradation, including the supermarket 
bag (Type 4). But, the PLA film after approximately 20 days of conditioning became very 
brittle with a sugary texture when handled, indicating that the sample was degrading. 
Preliminary UV weathering tests revealed that the Type 2 blue sample started to fragment 
significantly after 65 hours, while the Type 1 and 3 bags were becoming brittle at 
approximately 200 hours. 200 hours of weathering corresponds to roughly 2 to 3 months in 
real exposure time in sun. Fig. 3 below shows the specimens after exposure to UV. This is a 
direct indication that the additives used to break down the PE bags are oxo-biodegradable 
and are activated with UV light [9] (Fig. 3). Composition of each bag is given elsewhere 
[7]–[9]. 
 

 

Figure 3:    Preliminary UV weathering resistance tests in the three types of bags (210 
hours). 

     Upon completion of the preliminary tests, more samples were placed in the UV chamber 
for in depth comparison of the oxidation and degradation processes. Specimens were 
removed from the chamber for infrared testing every 48 hours. From the collected FTIR 
spectra, the carbonyl indexes were determined and plotted against the time of UV exposure 
for each sample. Table 1 below shows the carbonyl index data along with the peak area 
calculations from the FTIR spectra. Fig. 4 shows the relation between carbonyl index and 
weathering time in hours for all three types of bags along with the reference commercial-
international supermarket bag up to 384 hours. The linear trend lines are also shown. The 
slopes (gradient) are also highlighted in Fig. 4 with the Type 2 sample showing the highest 
slope and the Type 3 and commercial bag (Type 4) the lowest. In addition, Fig. 5 presents 
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the graphs for all specimens across the full accelerated UV weathering conditioning. From 
the graphs we found that Type 2, blue bag showed faster growth of carbonyls on the surface 
and subsequently faster oxidation compared to the rest of the samples. The slope (gradient) 
of the blue sample was almost double than the slope of the yellow (Type 1) sample and 
much higher than the rest samples. Type 1, yellow bag showed slightly faster and higher 
oxidation than the Type 3 bag and less than the Type 1. Finally, according to the graph in 
Fig. 4, the Type 3 white bag showed similar oxidation behaviour with the commercial PE 
non-biodegradable bag. According to the graphs in Fig. 5, the best fitting for the Carbonyl 
growth behaviour is the polynomial, as a result the oxidation process does not have a linear 
relation with the weathering time. 
     The FTIR spectra focusing on the region where the carbonyl growth takes place at 
approximately 1,720 cm–1 are shown in Fig. 5. Near the carbonyl peak, an additional peak 
at around 1,800 cm–1 was evident in all samples including the reference commercial PE 
bag. According to the IR spectra the size of this additional peak was reduced with 
increasing the weathering exposure and the carbonyl peak was growing. It is very likely 
that these additional peaks are associated with the presence of UV absorbers or  
 

   

Figure 4:    (Left) UV Weathering exposure vs. carbonyl index for all three types of bags 
plus the type 4 (commercial bag) reference PE bag, focusing on the up to 400 
hours of weathering area. The linear fitting curves are also shown along with 
the slope gradient, (right) weathering exposure vs. carbonyl index for all three 
types of bags plus the reference pe bag, focusing on the up to 500 hours of 
weathering area. The polynomial fitting curves are also shown along with the 
square root of fitting. 

 

Figure 5:  Carbonyl growth showing IR spectra for Type 1. 
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antioxidants. But, as shown in Fig. 5, the Type 2, blue bag did not show a similar 
UV/antioxidant peak like the rest of the samples. It did show though a small peak at  
1,660 cm–1 which could be related to antioxidants, but further analysis is required to 
support this argument. In any case, lack of antioxidants and or UV absorbers could be the 
reason why the Type 2, blue sample exhibited faster and bigger degradation-fragmentation 
than the rest of the samples. Furthermore, the vinyl index has been also calculated and 
plotted against the UV weathering hours. Fig. 6 presents the Vinyl index vs. UV weathering 
graph for the three types of bags including the reference commercial PE bag. From the 
graph it became evident that the reference bag from commercial PE bag (non-
biodegradable) yielded much higher vinyl index during weathering exposure compared 
with the three types of bags. Also, the vinyl index of the Type 3 (white) bag did not change 
significantly during the UV weathering exposure.  
 

 

Figure 6:  Type 1: Yellow sample IR spectra focusing on the vinyl growth. 

     Visual inspection of the weathered samples showed that the Type 1 yellow bag started 
fragmenting after approximately 288 hours, while the Type 2 blue sample after 192 hours. 
The Type 3 white bag did not show evidence of fragmentation before 400 hours. The 
reference clear bag from commercial PE bag showed traces of decomposition after  
190 hours of weathering and PE specimens were blown away inside the UV chamber. The 
composition of each bag is given elsewhere [7]–[9].  
     The degradation process, simulating landfill conditions, will also be assessed and 
discussed in this section. The reference Type 4 was used for comparative assessment. The 
fragmented specimens from the analysis shown before will be mixed in wet sand and wet 
mud, compressed in individual boxes and was placed in the UV weatherometer for further 
conditioning. A wet cycle was added in the weathering program to keep the sand and mud 
samples wet in order to apply more “pressure” in the fragmented plastic pieces and 
accelerate the degradation process. Specimens were assessed periodically for degradation. 
For further UV weathering, the fragmented sample pieces were mixed with wet sand and 
wet mud and placed in rectangular plastic boxes of the same size. The sample preparation 
was kept consistent in order to apply packing, stacking pressure and environmental 
conditions similar to an actual landfill. Fig. 7 presents the filled boxes with all the samples 
mixed in sand. Both the boxes with the wet sand and the wet mud were then placed in a 
state-of-the-art accelerated UV (Xenon-arc) environmental chamber (Fig. 7). The 
environmental conditions were as per the following: RH: 60%, Temperature: 65°C using a 
daylight program. Sand and mud properties are depicted in Al-Salem et al. [19].  
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Figure 7:    Samples mixed in mud and sand placed in the UV weathering chamber for 
further conditioning. 

     In total, the samples were exposed under UV for 1,200 hours which is more than a year 
in real time of sun exposure. The samples were mixed manually approximately every  
72 hours. Every 200 hours (or 100 hours occasionally) of UV weathering a small amount of 
mixed sand and mud was removed from the boxes for degradation analysis. The 
degradation analysis was carried out visually, with GCMS and with FTIR, carbonyls. The 
presence of relatively large fragments in the mud and mud made the GCMS method very 
difficult to get meaningful results. The readers are referred to Al-Salem et al. [19] for 
further details. Following the completion of the UV weathering cycle, the sand and mud 
boxes were visually inspected for any remains of PE fragments. Fig. 8 shows an example of 
the sand and mud boxes exposed in UV for Type 1. The red circles in Fig. 8 highlight the 
presence of plastic fragments at all sand and mud samples. This is a clear indication that 
none of the bags were fully decomposed even after approximately 1 year of exposure in 
daylight (1,200 hours under UV). However, we have noticed visually the presence of much 
smaller polymer fragments in the mud samples. 
 

 

Figure 8:  Type 1: Yellow bags in sand and mud, conditioned under UV for 1,200 hours. 

     The fragmented polymer pieces left in the sand and mud boxes after UV weathering, 
were collected and analysed with FTIR in order to assess the levels of carbonyls. The 
analysis was carried out and continued with the same method as previously mentioned. 
From the analysis, it is concluded that the Type 2 blue sample reached the maximum of 
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oxidation between 400 and 500 hours i.e. no further oxidation-degradation took place in the 
sand box. In regards to the Type 1 and Type 3 samples, these have shown further 
degradation-oxidation during conditioning in the sand box. The fragments from the PE bag 
yielded higher carbonyl growth-oxidation in line with the Type 1 and Type 3 bags, with a 
slight decrease after 1100 hours. Finally, the oxidation behaviour of all the samples 
conditioned in sand and mud under UV was also studied. Fig. 9 shows the carbonyl index at 
1200 hours of accelerated UV weathering vs. the mud and sand.  
 

 

Figure 9:    Carbonyl index at 1,200 hours of UV weathering of the samples conditioned in 
sand and mud. 

     From Fig. 9, it becomes evident the biodegradable samples conditioned in mud showed 
higher oxidation compared with the samples mixed with sand. This is not the case for Type 
4. These results are in line with the visual observations undertaken and presented in 
previous sections. Breslin [20] studied the extent of deterioration of starch-plastic 
composites over a 2-year period for samples buried in a landfill. The limited degradation 
observed was attributed to the ineffectiveness of the pro-oxidant additive to catalyse the 
thermal oxidation of the plastic component of the starch-plastic composite under the 
environmental conditions present within the landfill. Song et al. [21] performed UV 
accelerated weathering followed by mechanical abrasion (MA) on various plastics to 
simulate the mechanism of microplastic evolution in marine environments. The rate of 
fragmentation by UV exposure duration increased more for PP than PE. These findings also 
support our current work, where it is suspected that the content of plasticizers, pro-oxidants 
and pro-degradants, will impact the fate of the biodegradable plastic exposed to open 
environments. It is also essential to keep track of potential chemicals that might pollute 
soils that plastics deteriorate in [22]. Viera et al. [23] assessed the impact of false claims by 
manufacturers in support of certain products which are marketed as biodegradables. 
Recently, Abed et al. [24] showed that oxo-biodegradable polymers are susceptible to bio-
fouling. The formation of hydroxyl groups and carbonyl bonds, by Fourier-transform 
infrared spectroscopy (FTIR), suggests chemical degradation of the oxo-PE grade tested in 
the Arabian Gulf sea body. 

4  CONCLUSION AND IMPLICATIONS ON HYDRO-BIODEGRADABLES 
Accelerated UV exposure tests, revealed that all three types of bags started degrading after 
a certain time of conditioning. Upon 210 hours of exposure in UV, type 2 bags showed 
higher extent of fragmentation than the rest of the bags. 200 hours of UV exposure is 
approximately 2 months of exposure in UV in real conditions. From the analysis it was 
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noted that Type 1 bag showed evidence of fragmentation after approximately 280 hours or 
3 months in real time exposure to sun. The slope (oxidation rate) was lower than the Type 
2, blue bag and higher than the Type 3 and the reference Type 4 bag. The presence of 
antioxidants appeared to have slightly delayed the carbonyl growth and oxidation. After 
approximately 5 months of simulated exposure, the specimens showed extensive brittle 
behaviour and fell apart when handled with hands. When compared with the reference PE 
bag from Type 4, Type 1 sample showed faster growth of carbonyl but similar 
fragmentation process. Type 3 bag: Type 3 white bag, showed traces of fragmentation after 
approximately 4 months of real time exposure. The presence of antioxidants might have 
hindered the oxidation and fragmentation process. The tensile strength of the White bag has 
been dropped by 43% after 200 hours of conditioning in the UV chamber, indication that 
the bag has not yet been fully degraded [19]. All three types of PE bags along with the 
reference non-biodegradable PE bag were placed in an accelerated UV chamber in humid, 
high temperature and daylight conditions to assess their total decomposition behaviour. To 
better simulate the landfill environmental conditions all samples were mixed with wet sand 
and mud and placed in plastic boxes (compacted) before placed into the UV chambers. The 
total time of exposure under UV for all specimens was approximately 1,200 hours. This 
corresponds to more than 1 year of actual exposure under the daylight (approximately  
15 months). Sand and mud samples with the PE films were taken out from the chamber 
every 200 hours for visual and infrared inspection. FTIR, revealed the further oxidation of 
the Type 1, Type 3 and the reference Type 4 samples. Following the full weathering cycle, 
a series of fragments from all samples were evident still in the mud and the sand boxes, 
clear indication that the samples have not been fully decomposed. Quantitatively, more 
fragments were evident in the sand boxes compared with the mud ones. Also, the extent of 
oxidation at 1200 hours of UV was great in the mud boxes for the Types 1, 2 and 3 samples 
compared with the oxidation in the sand. In conclusion, it became evident from the results 
that the PE bags (Type 1, Type 2 and Type 3) did not decompose following a prolonged 
exposure under UV in a high temperature humid environment and mixed with sand and 
mud. It is imperative to consider these findings in-light with naturally filled biodegradables 
with starch and other chemicals, namely hydro-biodegradables to identify the best practice 
in a certain region or a country.  
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ABSTRACT 
The generation of Municipal Solid Waste (MSW) in Maputo grew from 2007 to 2017. Annual 
generation of the MSW increased from 319,010 tons in 2007 to 433,985 tons in 2017 and waste  
disposal in the dumpsite increased from 127,385 to 365,000. These numbers indicate that in 2007,  
waste disposal in dumpsite it was 39.93% from the total generated and in 2017, it was 84.10% of the 
total generated. The objective of this paper is to evaluate the evolution of MSW generation in Maputo 
municipality as a function of population growth and the variation of Maputo City’s Gross Domestic 
Product (GDP) from 2007 to 2017. GDP varied, population and generation of MSW grew at different 
rates. At this time, the economy slowed down, and GDP fell from 7.4% to 6.8% due to the country’s 
financial crisis. Although the national GDP and, consequently, of Maputo city fell significantly during 
this period, waste generation continued to grow because of the continuous migration of people from the 
other provinces to the capital city of Maputo. According to INE [1], the population of Maputo city had 
the lowest national growth, increasing slightly from 1,111,638 inhabitants in 2007 to 1,120,867 
inhabitants in 2017, representing a population growth of 0.8%. During this period, MSW generation 
increased by 26.50%. The average capitation rate increased slightly from 0.96 kg/(inhab.day) in 2007 
to 1.06 kg/(inhab.day). 
Keywords:  generation, dumpsite, Maputo, Gross Domestic Product (GDP), Municipal Solid Waste 
(MSW), capitation rate. 

1  INTRODUCTION 
Solid waste is the set of materials with solid consistency that the holder intends or needs to 
discard and may include what is left of the raw materials after use and which cannot be 
considered as a by-product or product [2]. Levy and Cabeças [2], defined MSW as similar 
material in consistency and nature generated from service and commercial sectors. The 
Municipal Solid Waste Management Regulation (MSWMR) of Maputo City defines MSW 
as being originating from domestic and commercial activities of settlements. The city’s 
growth, emerging neighborhoods without an organized urban structure, coupled with the 
influx of people from other provinces and insufficient Eco-points, pressures consumer 
demand, making the MSWM in Maputo a major challenge. 
     The increase in consumer culture, combined with the growth of the world [3] and urban 
[4], population, change the standard consumption due to the long period of absence of their 
homes during the day. These changes led to an inevitable change in the economic and 
environmental framework [3]. MSW generation in Maputo follows the consumerist trend 
caused by the country’s economic growth. Oliveira et. al. [3], understands that young people 
with a high academic level and new entrepreneurs are beginning to gain awareness of 
environmental responsibilities in relation to the MSW management. This awareness is 
growing, and it is noted that more and more people are sorting out MSW before and after 
being disposed of in the municipal Hulene dumpsite, with earnings for their family incomes. 
Aderoju et. al. [5], understands that MSWM is not only the responsibility of the government, 
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but also requires self-discipline, change in people's perception and attitude to build a 
sustainable environment. 
     The annual world average of MSW generation is, according to Mantovani et al. [6],  
1.4 billion tons, resulting in a per capita average of 1.2 kg/(inhab.day) while Kasaki and 
Kawai [7], which analyzed capitation rates from 157 countries, noted that the lowest 
capitation rate in the world is from the Ghana with 0.09 kg/(inhab.day), the highest is  
from the Antigua and Barbuda with 5.50 kg/(inhab.day) and the annual world average of  
0.94 kg/(inhab.day). Mozambique’s average capitation rate is 0.14 kg/(inhab.day), being the 
second lowest rate in the world after Ghana [7]. By contrast, the average capitation rate of 
EU countries is 1.22 kg/(inhab.day). This study is intending to evaluate the MSW generation 
in Maputo municipality as a function of population growth and the variation of Maputo  
City’s Gross Domestic Product (GDP) from 2007 to 2017. 

2  STUDY AREA  
Maputo city is located on the western shore of Maputo Bay in the far south of the country, 
near South Africa and Swaziland borders. The boundaries of the Maputo municipality lie 
between the latitudes 25º 49' 09" S and 26º 05' 23" S and the longitudes 33° 00' 00" E (on 
Inhaca island) and 32° 26 '15" E and at an average elevation of 47m. The municipality has 
an area of about 346.77 square kilometers and a population density of 35 inhab/km2. About 
60% of the municipality’s works in the informal sector, with the remaining 40% of the 
population in the formal sector divided into fisheries, agriculture, manufacturing, tourism and 
services. Throughout the year, the temperature ranges from 16°C to 29°C and is rarely below 
14°C and can often exceed 40°C in the rainy season. 
     Maputo municipality consists of 7 municipal districts, namely: KaMpfumo, 
KaNlhamankulo, KaMaxaquene, Kamavota, KaMubucuane, KaTembe and KaNyaka. The 
last two districts were not included in this study because of their geographical location.  
The KaTembe district is located on the southernmost shore of Maputo Bay while the 
KaNyaka district is an island, so that its waste does not reach to Municipal Hulene dumpsite. 
     Data published by INE [8], point to a decrease in Mozambique’s per capita GDP from 
US$ 458 to US$ 453 between 2007 and 2017. Maputo city has only 4% of the country’s 
population but contributes with 18.5% of national GDP. INE [8] points out the sectors of 
commerce, transport and communications and manufacturing industry as the most 
significant, contributing respectively, with 29.6%, 29.5% and 12.4% of national generation. 
Mozambique has 53 municipalities and Maputo is the largest municipality in the country.  
     Trade is characterized by two types of markets: formal, comprising the retail and wholesale 
network, and informal, comprising fixed and mobile retailers scattered throughout the city 
streets and through formal and informal markets. In the Infulene green belt, a variety of 
vegetables are produced. In many suburban neighborhoods, poultry, rabbits and pigs are raised. 
     In urban neighborhoods, sanitation is served by a conventional domestic and rainwater 
sewage drainage system built in the colonial era and in older and emerging suburban 
neighborhoods, consisting essentially of septic tanks, generally unconnected to the public 
sewage drainage system. In terms of environmental legislation, the municipality has legal 
and normative MSWM instruments in which each of them complements in the absence of a 
more appropriate policy, namely:  

 Decree 94/2014, of December 31st: Regulation on Urban Waste Management) [9]; 
 Resolution No. 86/AM/2008, of May 22nd, Posture of Cleaning of Solid Urban 

Waste in the Municipality of Maputo [10]; and 
 Solid Waste Management Master Plan (SWMMP) [11]. 
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2.1  Case study 

Hulene’s dumpsite is the case study of this work. It is located about 7km from Maputo city 
center and with the coordinate of the 25º 54' 03" S and 32º 35' 55" E at the center point  
(Fig. 1). The dumpsite has been operated since 1972 and reached the end of its useful life in 
2016 and extended in 2018 for another 10 years due to compaction work. The dumpsite 
occupies an area of 17 hectares and has a maximum accumulated waste height of about 15 m. 
 

 

Figure 1:  Location of Municipal Hulene dumpsite. 
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     For the purposes of this study, MSW generation data were made public by the Maputo 
Municipal Council (MMC). GDP and population data are those officially published by the 
National Institute of Statistics (INE) of Mozambique in April 2019 and available on the 
internet and on the Government of Mozambique website. 
     The raw data of the paper/cardboard and disposable paper fractions were grouped and 
designated according to the urban solid waste segregation categories (Decree No. 94/2014), 
in paper/cardboard; the glasses and glass bottles were grouped into glasses; soft and hard 
plastics were grouped into plastics. The average solid waste generation was calculated using 
the following equation:  

𝑀𝑆𝑊𝑔 ൌ ሺ𝑊𝑢 ∙ 0.25ሻ ൅ ሺ𝑊𝑠 ∙ 0.75ሻ, 

where  

 MSWg = Municipal Solid Waste generation, 
 Wu = Waste generated in the Urban neighborhoods 
 Ws = Waste generated in the Suburban neighborhoods 

     GDP per capita is the gross domestic product divided by midyear population. Maputo's 
GDP was calculated, considering the contribution of Maputo city indicated by INE [9], as 
18.5% of national GDP. The capitation rate was calculated, considering the daily generation 
of MSW, divided by the number of the city’s population. 

3  COMPOSITION OF MSW GENERATED IN MAPUTO 
According to Article 14 of the Maputo MSWMR, waste is segregated according to the 
following categories: paper/cardboard, organic matter, rubble, plastic, glass, metal, textiles, 
rubber, bulky household waste and special waste. The annual disposal of municipal waste in 
Hulene dumpsite increased from 127,385 tons in 2007 to 365,000 tons in 2017 (Table 1). 
During this period, the collection capacity also increased from 39.3% to 84.10%. 

Table 1:  MSW generation and disposal in Hulene dumpsite, GDP and capitation rate. 

Year 
*MSW 

Generation 
(Ton/day) 

MSW 
Generation 
(Ton/year) 

*MSW 
Disposal 

(Ton/day)

*MSW 
Disposal 

(Ton/year)

Maputo 
GDP 

**National 
GDP 

Capitation rate 
(kg/(inhab.dia)) 

2007 874 319,010 349 127,385 1.37 7.4 0.97 
2008 972 354,780 437 159,505 1.28 6.9 0.99 
2009 1,080 394,200 560 204,400 1.18 6.4 1.00 
2010 1,093 398,945 650 237,250 1.24 6.7 1.01 
2011 1,106 403,690 700 255,500 1.31 7.1 1.02 
2012 1,120 408,800 780 284,700 1.33 7.2 1.03 
2013 1,133 413,545 850 310,250 1.31 7.1 1.04 
2014 1,146 418,290 900 328,500 1.37 7.4 1.04 
2015 1,160 423,400 950 346,750 1.17 6.3 1.05 
2016 1,174 428,510 1,000 365,000 1.11 6.0 1.06 
2017 1,189 433,985 1,000 365,000 1.26 6.8 1.06 

Source: Adapted from MMC*, INE**. 

 
     The suburban neighborhoods, with about 75% of the population, are responsible for the 
average generation of 73% of organic matter as shown in Fig. 2, against 64% generated in 
urban neighborhoods as shown in Fig. 3. Fig. 4 shows the MSW generation in Maputo city 
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and it is observed that organic matter is the most commonly produced waste with an average 
of 71%. 

Figure 2:  MSW generated in Urban neighborhoods. 

Figure 3:  MSW generated in Suburban neighborhoods. 
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Figure 4:  MSW generated in Maputo. 

     The MSW generated in Maputo city mostly are as follows: paper/cardboard, textiles, 
glass, metals, plastic, organic matter, and others. Bulky household waste, including 
construction waste, is used in foundations of new building under construction. The Hulene 
dumpsite does not receive this kind of waste. 
     Waste pickers essentially collect waste such as cardboard, plastics, pet and glass bottles, 
cans and metals selling them to companies that export to South Africa. Metal & Paper,  
Lda, a South African company, bought in 2018, 218,270 tons of cardboard and cover boxes  
at a cost of 3.0 meticais per kilogram, getting a yield of 654.810 million meticais (about 
US$9.6 million). 
     The evolution of MSW generation in Maputo over the years as a function of GDP behavior 
is shown in Fig. 5.  
     From 2007 to 2017, the population of Maputo City grew by 0.8% and MSW generation 
increased by 26.5%. At the same period, the economy slowed, and GDP fell from 7.4% to 
6.8% due to the country’s financial crisis. This is due the continuous migration of people 
from the other provinces to the capital city of Maputo. The average capitation rate increased 
slightly from 0.96 kg/(inhab.day) in 2007 to 1.06 kg/(inhab.day) in 2017 (Fig. 6). By 
comparison, the average capitation rate in green economies according to Elagroudy [12], is 
1.2 kg/(inhab.day). Johannesburg’s capitation rate determined by Masebinu et al. [13], for a 
high-income population averages is 1.91 kg/(inhab.day); middle-income class yields average 
1.01 kg/(inhab.day) and lower-income class yields average is 0.92 kg/(inhab.day). The 
average capitation rate of Maputo city is equivalent to the average capitation rate of the 
middle-income class population of Johannesburg. The average capitation rate of the Lisbon 
city is 1.56 kg/(inhab.day) [14]. Fig. 7, show the MSW generation in Maputo city compared 
with capitation rate and Fig. 8, shows the average capitation rate of some cities in EU 
countries and Johannesburg, in South Africa, compared with Maputo city.  
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Figure 5:  MSW Generation and GDP. 

 

Figure 6:  Capitation rate and GDP. 
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Figure 7:  MSW Generation and Capitation rate. 

 

Figure 8:    Capitation rates of the EU and African cities. (Source: Adapted from Masebinu 
et al. 2017 [13] and Brussels DG ENV 2015 [14].) 
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4  CONCLUSION 
The city’s population grew by 0.8% and MSW generation increased by 26.5%. Although 
national GDP fell from 7.4% in 2007 to 6.8% in 2017 with some variation, MSW productions 
continued to grow. The average capitation rate of Maputo city grew over the same period 
from 0.97 kg/(inhab.day) to 1.06 kg/(inhab.day) and is close to the average capitation rate of 
the middle-class population of Johannesburg. This rate is above the average capitation rate 
of the Sofia city and below the Lisbon, London and Paris cities and above of the average 
Mozambique capitation rate. 
     Organic matter produced in Maputo is the largest fraction of MSW, with a total of 71%, 
indicating higher demand for food compared to other products. Suburban neighborhoods with 
75% of the population, produce 73% of organic matter against 64% of urban neighborhoods 
that have 25% of the city’s population. In contrast, the production of paper/cardboard, textile, 
glass, metal, plastic, and other fractions in urban neighborhoods is 36%, while in suburban 
neighborhoods is 27%. Over the period studied, the effectiveness of the MSW collection 
system in Maputo City increased from 39.93% to 84.10%, representing a growth of 44.17% 
and a difference of 237,615 tons of waste disposed.  
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ABSTRACT 
The recovering and recycling of municipal solid waste (MSW) plays a most crucial role in sustainable 
waste management and environmental preservation. The rapid urbanization and migration of people is 
urging the bigger cities of china to handle significantly higher amount of waste. Likewise, the 
overdependence of peri-urban regions like Zhaoquanying town (ZQY) on bigger cities is making  
the concept of recycling and recovery a major challenge and simultaneously causing a higher burden 
on urban areas for sustainable waste management. In this concern, it is crucial to make peri-urban 
regions like ZQY self-reliant in their waste management. The current study provides the integration of 
experimental analysis and theoretical evaluation to determine the waste value potential of the MSW 
produced in ZQY. The experimental sorting analysis of MSW in ZQY has revealed that the major 
component of MSW consists of recoverable waste with an average of 28% (kitchen and other organic 
waste) and recyclable waste with an average of 20% (paper, plastic, and metal). Despite the having a 
higher amount of recoverable and recyclable waste, all the produced waste in ZQY is currently ending 
up in the Shunyi central incineration plant without efficient waste value recovery. The experimental 
analysis from the organic waste in ZQY has proved to have a higher potential in producing better quality 
methane and compost. The analysed results reveal that organic waste produced in ZQY has 
comparatively higher value potential than the recyclable waste available in ZQY, and the total estimated 
value potential of municipal waste produced in ZQY is between 2.93–3.66 million Yuan/year. The 
outcome of this study will provide policymakers with the first-hand information and reasoning for 
directing efforts to achieve waste recovery and recycling in their current waste management practice in 
ZQY. 
Keywords:  municipal solid waste in China, waste management, waste value, anaerobic digestion, 
composting, waste recycling. 

1  INTRODUCTION 
The steady rise in the human population has resulted in the generation of a large quantity  
of waste. Especially developing countries like China have a relatively higher composition of 
bio-waste which together with the challenges (environmental, social, and economic) provides 
various opportunities for the production of value-added products. In China, the average per 
capita volume of municipal waste in cities is 1.17 kg/day, in townships 0.79 kg/day, and in 
villages 0.5 kg/day [1], [2]. According to the Statistical Yearbook of Urban and Rural 
Construction (Ministry of Housing and Urban-Rural Development of People’s Republic of 
China, MOHURD 2020), 53% of China’s municipal waste was disposed of in landfills  
in 2017. Another study shows that in 2014 only 10% of solid municipal waste generated in 
villages was properly treated [1]. Several developed countries such as Belgium, Denmark, 
Germany, Japan, and Sweden have a municipal waste reuse index of over 90% [3].  
Bio-digestion, composting, incineration, and recycling are the most popular methods of 
treating organic and inorganic waste to produce useful products such as biogas (heat and 
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electricity) and organic fertilizers. Similarly, recyclable waste can be recycled and sent back 
to the production chain as raw materials creating several economic, energetic, environmental, 
and social benefits [4].  
     This research proposes a scenario for treating and reutilising the municipal solid waste 
produced in Zhaoquanying (ZQY) by bio-digestion, composting, and recycling. The 
proposed scenario is based upon the household waste analysis, collection of additional data 
during the on-site visits and discussions, assessment of additional data in the literature 
comparison that was made within the consortium of the PERIVAL project. Recycling is 
proposed to understand the value potential for recyclable waste such as paper and cardboard, 
plastic, glass, and metal that is present in solid waste from ZQY. Among the various  
bio-waste treatment options, composting and biogas production has gained wide popularity 
owing to its associated benefits such as hygienization of waste, cost-effectiveness, and waste 
value creation [5], [6]. In this concern, experimental and theoretical analysis has been 
conducted on composting and biogas to understand the bio-waste value potential of ZQY. 
     The study results manifest the environmental benefits and socio-economic potential that 
can incur by sustainably treating the waste produced in ZQY. Several additional benefits 
include the reduction in the operational costs of solid waste management and a significant 
decrease in the overdependence of peri-urban areas (ZQY town) on bigger cities for their 
waste management. The treatment of organic waste by anaerobic digestion and composting 
enables in the production of additional energy and bio-fertilizer which can supplement the 
network of energy and fertilizer uses in the locals. In addition to the reductions in emission, 
decrease in the soil and water contamination amongst other potential positive outcomes. 

2  MATERIAL AND METHODS 

2.1  Study area 

As part of the PERIVAL – Waste to value chains in peri-urban environments projects, ZQY 
was selected as a pilot town in the periphery of Beijing. ZQY town is a part of the Shunyi 
district’s administrative divisions. ZQY town consists of 24 villages with 30,182 inhabitants 
and produces approximately 38 tons of municipal waste/day. ZQY was particularly selected 
taking into account of eco-industrial potential in intensive horticulture in the Beilangzhong 
district. The waste from 24 villages of the ZQY municipality is collected every day from the 
doorstep and transported to a central waste transfer station in ZQY and treated together. 
Delivered waste is treated together by compacting to remove leachate and transported further 
to a centralized waste incineration plant in Shunyi and incinerated leaving behind lots of 
recyclable and removable resources. ZQY has the optimal prerequisite to link the produced 
organic waste (biogas and/or heat, electricity, and fertilizer) to heat greenhouses for heated 
orchid growing in greenhouses and to fertilize the crops. The primary and practical aim of 
this research is to explore the waste value potential of the municipal waste produced in ZQY 
which can later be used as a model study for analysing waste value potential in typical 
Chinese peri-urban settlement areas. In this concern this research integrates the experimental 
and literature data to provide the detailed analysis results on biogas production, composting, 
and recycling. 

2.2  Waste sampling procedure and sorting analysis 

The sorting analysis was carried out on the mixed residual waste consisting of waste materials 
with high heterogeneity. The waste for sorting analysis was delivered from the central waste 
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transfer station of ZQY before compaction. The waste sorting analysis nomenclatures were 
adapted from literature data [7], [8] and optimized to fit the local waste fraction behavior (see 
Fig. 1). The sorting analysis was carried out in an open area with the presence of a roof to 
restrain the addition of rainwater or moisture that can alter the characteristics of waste. To 
understand the seasonal waste composition changes, two separate waste sorting analysis was 
carried out comprising of one each in spring 2019 (27 March–1 April) and summer 2019  
(5–11 July). The obtained waste samples were initially sieved using a 40 mm sieve and the 
coarse fraction with size > 40 mm was manually sorted by hand. During the sorting analysis, 
qualified samples were filled into paper bags and pre-dried using a makeshift ventilator 
system and transported to Germany to determine the physical and chemical properties of the 
collected sample. However, glass, metals, and mineral wastes have no heating value and are 
relatively inert, thus these waste streams were excluded from further chemical analysis. The 
representative samples of kitchen waste, other-organic waste, and fine fractions (< 40 mm) 
were finely grounded to make homogeneous samples of grain size 3 mm and were chemically 
analysed in Germany. 

2.3  Biogas 

The biogas analysis was carried out at the laboratory site of the University of Rostock 
equipped with 50 batch-fermenters. Each batch-fermenter is of 60 liters capacity and installed 
with the magnetic stirrer for continuous stirring. The tests are carried out in accordance with 
the German directive VDI 4630 at mesophilic temperature. Batch-tests are featured by  
one-time feeding of the substrate and the logging of the amount and quality of the biogas 
over the test period. Batch tests aids in analysing the biogas and methane yield of the tested 
substrate, anaerobic digestion rate, and inhibitory effects of the substrate within the  
tested range of concentration. According to the directive VDI 4630, the sample mass is 
determined by the ratio of dry organic matter of the tested substratum and the inoculum. 
Thus, the sample mass is about 0.2–0.3 kg of the substrate from ZQY is used with the sewage 
sludge from a municipal sewage water treatment plant as inoculum. 
     The produced biogas is stored in special gas sampling bags which are deflated regularly. 
While deflating, the volume and composition of the produced biogas are measured. The 
volume is measured by a RITTER drum-type gas meter. For the representation of the results, 
the gas volume is converted to the volume under normal conditions (273 K, 1013 hPa). For 
the measurement of the gas composition, an EHEIM gas analyzer with sensors for CH4, CO2, 
O2, and H2S is used. The duration of the batch test depends on the daily increase of the biogas 
volume. Tests are aborted if the daily increase is lower than 1%. 

2.4  Composting and recycling 

To assess the value potential of recyclables and compostable waste, an economic model is 
proposed. In this concern besides the population, accurate estimates of waste quantities 
generated and collected separately are required. Material that is already separated and 
diverted can be quantified through direct measurement, but in the case of organics mixed 
with other waste types, solid waste professionals must extrapolate quantities from known 
values that represent their percentage of the incoming waste stream. To assess the value 
potential of recyclables the waste fractions from PPC (paper, paperboard, and cardboard), 
glass, plastic packaging, and metal are considered. After calculating the actual weight of the 
sample concerning their dry matter content, the economic value potential is analysed based 
on the market value for the recyclables in China. Similarly, to understand the value potential 
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of composting the waste fractions from kitchen waste, organic waste and < 40 mm fractions 
were used. The reason behind considering the waste fractions < 40 mm is that this fraction 
of waste had significantly larger amounts of compostable fractions. High levels of heavy 
metals represent an obvious concern when the compost is destined to be applied to food crops. 
Similarly, the concentration major elements such as nitrogen, phosphorus, and potassium  
in the produced organic waste play a major role in deciding the quality of the compost in  
China. In this concern, the selected samples were analysed for their heavy metal and  
nutrients concentrations. 

3  RESULTS AND DISCUSSION 

3.1  Waste sorting analysis 

The waste composition of ZQY was dominated with a fraction < 40 mm size with a close 
following of the kitchen waste. Kitchen waste consisting of vegetable and animal-derived 
food waste constituted for 28.69% in spring and 18.45% in summer. Despite the fact that 
waste composition was dominated with a < 40 mm fraction, this particular fractions had  
a major composition of finer kitchen waste and a comparable portion of mineral and  
hygienic materials. 
     Fig. 1 depicts the waste composition in ZQY. The fine fraction (0–10 mm fraction) 
includes all kinds of materials present in the waste but represents mainly a mixture of mineral 
and organic particles. Food waste composition consisting of vegetable and animal-derived 
food waste constituted for 28.69% in spring and 18.45% in summer. Followed by food waste, 
plastic packaging waste constituted 10.69% and 15.39% of total waste generated in spring 
and summer, respectively. PPC had a composition of 2.65 and 2.62%, glass constitutes 2.28 
and 3.74%, and metal with 1.85 and 1.01% respectively in spring and summer 2019. A 
relatively higher fraction of undefined waste was found in spring season 4.39% compared to 
summer 1.70%. The composition of textile waste was 3.06 and 4.49% and hazardous  
waste/e-waste were 0.55 and 0.27% in spring and summer season respectively. The 
percentage of total recyclable waste generated from PPC, glass, and metal constituted 6.78 
and 7.37% in spring and summer, respectively. Except for PPC, the analysis results of 
recyclables were similar to the results obtained from most of the middle-income  
countries [9]–[11]. 
 

 

Figure 1:  Composition of mixed solid waste in ZQY town in spring and summer 2019. 
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     There is a significant decrease in the composition of kitchen waste in summer compared 
to winter. In contrast, the fractions < 40 mm in the summer season has increased in 
comparison with winter. As explained earlier, the fraction < 40 mm is dominated by the finer 
fractions from kitchen waste and the decrease in the kitchen waste composition in summer 
can be directly correlated with the increase in the composition of < 40 mm fractions. The 
composition of recyclable wastes is lower compared to the average MSW composition in  
the EU and reason seems to be the source-segregation of recyclables and informal waste 
collections in ZQY [12]. As explained earlier ZQY is the peri-urban city where most of the 
produced recyclable wastes are retained by households for further sale or collected by  
the informal sectors. As the characteristic of the organic waste does not provide the direct 
recycling/monitory benefit this category of waste ends up in the incineration plant without 
resource recovery. Variations in the source-segregation pattern in ZQY town may potentially 
explain differences in the composition of recyclables. Nevertheless, additional factors such 
as income levels, local sorting guidelines, consumption patterns, demographics, and 
development, in general, may influence the composition. 

3.2  Biogas potential in ZQY 

3.2.1  Organic residue available in ZQY for biogas production 
The biogas plant in ZQY can play an important role in addressing the organic waste 
management and pollution control of agriculture residues. Introducing biogas production in 
ZQY waste management will aid in the efficient utilization of waste resource and promotes 
the development of the circular economy. ZQY produces nearly 38 t of MSW/day of which 
nearly 23.57% of waste was solely from food/kitchen waste (analysis made in spring and 
summer 2019). In addition to the organic waste from the household, there is a huge amount 
of biomass available in the form of agriculture residues in ZQY. Despite the fact of rapid 
urbanization due to the fact of being located in close proximity to Beijing, agriculture has 
still been of greater importance in ZQY. According to the Beijing Shunyi 2018 statistical 
yearbook; wheat, corn, and orchids are the most important crops that are grown in ZQY [13]. 
According to the literature, there were about 3218 tons of collectible agriculture residue 
available in ZQY in 2017 [13] (see Table 1). The available biomass in ZQY has significant 
potential to produce high calorific value methane. The produced methane from available 
biomass has the potential to reduce GHG emissions by replacing fossil fuels and biomass 
energy simultaneously providing sustainable waste management pathways. 

3.2.2  Biogas and fermented residue resource potential in ZQY 
Developing the biogas plant in ZQY can exploit the energy value present in the organic 
residues. Additionally, the utilization of the fermented residue after biogas production can 
not only help to generate additional revenue but also reduces the use of chemical fertilizer 
and aids in reducing GHG emissions. Considering all the available biomass in ZQY there is 
a possibility to set a biogas plant of 238 kW power (assumption includes 7,000 operation 
hours/annum and 30% of electrical and thermal efficiency). According to the experimental 
analysis there is a potential to produce 586,522.96 m3 CH4/a, which is equivalent to  
1,500 MWh/a of electricity and 1,228 MWh/a of heat (see Table 1). Considering the selling 
price of electricity at 0.55 Yuan/kWh and heat at 0.16 Yuan/kWh [6] a revenue of 1 
.02 million Yuan/year can be generated by selling heat and electricity produced by biomass 
in ZQY. 
     The anaerobic fermentation residue contains many major elements such as nitrogen, 
phosphorus, and potassium that are necessary for plant growth. Co-digestion of agricultural 
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waste with the kitchen waste produced in ZQY can produce approximately 5,417.48 tons of 
fermented residue/a. Additionally, the economic feasibility of any biogas plant greatly 
depends on the marketability of the produced digestate. Co-digestion of agricultural waste 
with kitchen waste produced in ZQY can produce 5,417 tons of digestate/a. Considering the 
selling price of the digestate of 160 Yuan/t, there is a possibility to produce additional revenue 
of 0.87 million Yuan/a. 

Table 1:  Methane and fermented residue potential of the biomass produced in ZQY. 

Substrate 
Availability 

(t/a)
CH4 potential (m3 CH4/a) 

Fermented 
residue t/a 

Municipal waste in ZQY
Kitchen waste ZQY 3,269.15 189,415.55 2,970.23 

Collectable agriculture residue in ZQY [13]
Corn-cob-husks-silage 748.00 125,745.98 508.94 
Flower residues (cash crop) 840.00 29,739.36 783.933 
Wheat straw 1,630.00 241,622.07 1,154.37 
Sum 6,487.15 586,522.96 5,417.48 

3.3  Compost potential in ZQY 

3.3.1  Evaluation of ZQY raw organic waste composition for composting 
To evaluate the compost potential from ZQY the compostable waste fractions from kitchen 
waste, other organic waste, and fractions < 40 mm size were considered (see Fig. 1). The 
produced waste in ZQY had the typical waste characteristics of most developing countries, 
such as high moisture content and large organic fractions. This particular characterises of the 
waste has significantly high potential to hinder the incineration or direct heat recovery. 
     The composition of the total waste delivered shows that the fresh matter in the waste for 
both trials (spring and summer 2019) was strongly dominated by organics. The overall waste 
composition consists of three waste fractions with the potential to be composted and sums up 
to 63% of total generated waste (Kitchen waste, other organic waste, and < 40 mm fractions). 
Diversity in organic waste creates promising opportunities for optimal utilization of this 
waste, specifically concerning the production of high quality finished compost. Organic 
waste contains kitchen waste (nitrogen source) and garden waste (carbon source) guarantees 
the suitable C/N ratio needed for efficient decomposition. This is due to the fact that the 
quality of the compost produced depends largely on the level of the C/N start-up ratio and 
the quality of constituents within the mixture. 

3.3.2  Evaluation of the chemical properties of ZQY raw organic waste  
High levels of heavy metals represent an obvious concern when the compost is destined to 
be applied to food crops [14]. Similarly, the concentration of major elements such as nitrogen, 
phosphorus, and potassium in the produced organic waste plays a major role in deciding the 
quality of the compost. Heavy metals do not degrade during the composting process and 
always become more concentrated due to microbial degradation. Heavy metals in compost 
products are sourced from the raw materials that have been subjected to composting. In this 
context, analysis results showed that the resulting heavy metal and nutrients in ZQY raw 
organic materials were appropriate with the limits set by urban waste for agriculture use, 
China [15] and ordinance on the recovery of bio-waste on agricultural, forestry, and 
horticultural uses, Germany [16] (see Table 2). 
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Table 2:   Heavy metal and nutrients concentrations of ZQY raw organic materials compared 
with Chinese [15] and German standards[16]. 

 
     The content of the heavy metals (Pb, Cd, Cr, Cu, Ni, Hg, Zn, and As) shown in Table 2 
indicates that the concentrations of all seven heavy metals and the nutrient concentration 
were appropriate with the limits set by Chinese and German Standards. The low 
concentrations of heavy metals are because the waste was generated and collected from the 
rural area. Usually, the waste generated from rural areas has a very low percentage of heavy 
metals, in contrast to those that are generated in urban areas (high concentrations of  
heavy metals). 

3.3.3  Economic feasibility of compost production in ZQY 
To assess the economic benefits of composting in ZQY a model is proposed and the proposed 
model considers several facts and assumptions as following;  

i. 38 tons/day of waste generation 

ii. 100% waste collection efficiency 

iii. 63% of the collected waste is compostable waste  

iv. Composting duration of 12 weeks 

v. 30% volume reduction in windrow piles during composting and 

vi. The selling price of compost at 500 Yuan/ton.  

     With the above assumptions nearly 5825.4 tons/year of finished compost can be produced. 
Considering the finished compost has 50% of moisture content, nearly 2912.7 tons/year of 
finished dry compost can be produced from the waste generated in ZQY. This, in turn, can 
produce revenue of 1.46 Million Yuan/year from the sales of finished compost. 
 
 

Parameter 
Range in ZQY 
organic waste 

Control standards for 
urban wastes for 

agriculture use in China 

German standards 
BioAfV, 2017 

Class A Class B 

Heavy metal concentration
Pb mg/kg 2.94–26.70 <50 <150 <100 
Cd mg/kg < 0.40 <3 <1.5 <1.0 
Cr mg/kg 6.48–69.10 - <100 <70 
Cu mg/kg 8.89–59.30 - <100 <70 
Ni mg/kg 2.39–26.40 - <50 <35 
Hg mg/kg 0.050–0.053 <2 <1.0 <0.7 
Zn mg/kg 46.80–126.00 - <400 <300 
As mg/kg 1.00–2.60 <15 <10 <10 

Nutrients concentration
N% 1.79 >0.5 - 

P2O5% 1.13 >0.3 - 
K2O% 1.33 >1 - 
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Table 3:  Recyclables composition of municipal waste from ZQY city, an average of both 
trial analysis. 

Recyclable 
fractions 

Spring 
trial 
(%) 

Summer 
trial (%) 

Average 
(%) 

Average 
dry matter 

(%)

Amount 
(ton/a) 

Price/kg in 
Yuan [18] 

Annual 
revenue 
(Yuan) 

PPC 2.65 2.62 2.64 53.17 195 0.80 156,000.0 
Glass 2.28 3.74 3.00 - 416 0.95 395,200.0 
Plastic 
packaging 

10.69 15.39 13.00 59.52 1063 0.70 744,100.0 

Metal 1.85 1.01 1.43 - 198 0.90 178,200.0 
Total revenue (price vary from city to city) 1,473,500.0 

3.4  Recyclables potential in ZQY 

3.4.1  Quantity of recyclables generated in ZQY 
In the recyclable waste category, the composition of PPC is comparatively similar without 
any major seasonal variations (refer to Fig. 1). The glass composition is relatively higher in 
summer with 3.74% and 2.28% in spring. The plastic packaging fractions have dominating 
shares in the recyclable waste category with 10.69% in spring and 15.39% in summer. 
Nevertheless, the overall recyclable waste composition is lower compared to the average 
recyclable produced in the EU [12]. In the recyclable waste category, the composition of PPC 
is significantly lower not only in comparison with the different economic levels of the 
counties but also with the same economic level as well. PPC averages about 2.64% in ZQY 
in comparison with 9.5% in other middle-income countries [17], the source-segregation of 
PPC in ZQY explains it. However, the composition of plastic, glass, and metal almost similar 
in ZQY with other middle and low-income countries. The difference observed in the 
composition of ZQY can be related to (i) consumption pattern and geographical factors,  
(ii) waste management system, (iii) local regulations, (iv) methodology of waste 
characterization. 

3.4.2  Economic feasibility of recycling the recyclables in ZQY 
Due to the huge recycling potential as a resource, PPC, glass, plastic, and metals waste are 
subject to recycling obligations with specific quotas as legally stipulated by national 
guidelines. In the same light, China is currently planning to implement a source-separated 
collection system for recyclables waste. To this concern, this study helps to identify the value 
of those recyclable fractions and the economic feasibility of utilizing them. Table 3 shows 
the most notable valuable recyclable fractions that should be focused and their potential 
monitory benefits. 
     The recyclable fraction in Table 3 was sorted from the highly heterogeneous municipal 
waste from ZQY. Fraction like paper and plastic packaging due to their obvious surface and 
structural characteristic tends to attract moisture and dirt, with some portion of PPC reacting 
moisture up to 70%. Hence the separate waste collection is the primary prerequisite for 
successful waste recycling. However, in this feasibility analysis the recyclable waste 
produced is calculated according to their dry matter % enabling the most reliable cost 
estimations. Considering the waste generation rate of 38 tons/year and 100% collection 
efficiency over 365 days of the year, there is a potential to generate 195 tons/year of PPC, 
416 tons/year of glass, 1,063 tons/year of plastic packaging, and 198 tons/year of metal. The 
amount of generated recyclables in ZQY has latent to produce total revenue of 1.47 million 
Yuan/year. 
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3.5  Total estimated waste value potential of the municipal waste produced in ZQY 

Table 4 represents the summary of the total value potential of the municipal waste generated 
in ZQY. The obtained results depict that organic waste produced in ZQY has comparatively 
higher value potential than the rest of the available wastes. The total estimated value potential 
of municipal waste produced in ZQY is between 2.93–3.66 million Yuan/year (depending on 
the choice of treatment technology; Biogas + recycling or composting + recycling). 

Table 4:  Total estimated value potential of the municipal waste produced in ZQY. 

Treatment 
method 

Value product 
Estimated value in 
million Yuan/year

Total revenue in 
million Yuan/year 

Biogas 
Heat and electricity 1.02

1.89 
Fermented residue 0.87

Composting Compost 1.46 1.46 

Recycling 

PPC 0.15

1.47 
Glass 0.39
Plastic packaging 0.74
Metal 0.18

4  CONCLUSION 
The study depicts the detailed value potential of the waste produced in ZQY town. The 
illustrated results have a high potential to serve as a basis for the municipal decision-makers 
and to use as a model study for analysing waste value potential in typical Chinese peri-urban 
settlement areas. From the environmental and economic viewpoint, composting and biogas 
production can be beneficial in treating the organic fractions of solid waste in ZQY. The 
overall, waste composition of ZQY and its chemical properties indicate that the composting 
and biogas production is an economical and sustainable alternative to treat the waste 
produced in ZQY. Similarly, recycling the recyclables also provides an opportunity to 
generate huge additional revenue. However the separate waste collection system is highly 
recommended to successfully recycle the recyclables. The self-reliance of waste management 
in the peri-urban region like ZQY can significantly reduce the overburden on bigger cities in 
their waste management. Additionally, the obtained results depict that organic waste 
produced in ZQY has a comparatively higher value potential than the rest of the available 
wastes. This gives major reasoning for making bio-waste management and value recovery a 
primary focus in ZQY. Conversion of organic waste in ZQY into compost and biogas can 
bring unparalleled economic, environmental, and social benefits and has a higher potential in 
developing sustainable waste management in ZQY by promoting a low-carbon circular 
economy.  
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EVENT IN SOUTHERN THAILAND 
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ABSTRACT 
Marathon running is the most popular sporting event in the world. Therefore, marathon solid waste is 
an important aspect of these events. Many activities that support the runners produce much waste, which 
is difficult to control and manage. This paper aimed to study marathon solid waste management at an 
international full-marathon running event, along with the support activities. The data included the types 
and volumes of waste in addition to waste storage, collection, transfer, and disposal. The sample site 
was an international full-marathon event in southern Thailand. Two groups of activities were identified. 
The first group included 11 activities at service points directly concerned with the runners. The second 
group included two activities not related with marathon running, i.e. an expo zone and food zone. All 
waste was classified into general waste, compostable waste, recyclable waste, and hazardous waste for 
each group activity. The total amount of waste from all activities was 2,702.70 kg, that included 
2,527.20 kg and 175.50 kg that were related and unrelated to marathon running, respectively. Moreover, 
it was noted that unsuitable protective equipment was worn by the workers. Some containers and 
vehicles did not follow the guidelines according to the laws; however, the government allowed them to 
work. A waste recycling facility received 458.10 kg of recyclable waste. General waste, compostable 
waste, and hazardous waste (2,244.60 kg) were transferred without separation for disposal by 
incineration. Although the organizers tried to control and manage the waste at the event, some of the 
waste handling procedures were incorrect and ineffective. In conclusion, the organizers and participants 
need greater awareness of eco-friendliness for an eco-marathon.  
Keywords:  international full-marathon running event, marathon running, solid waste management. 

1  INTRODUCTION 
Recently, most people exercise frequently and play sports. One sport that is the most popular 
is marathon running. Many marathon running events at the local, national, and international 
level are conducted worldwide. Some running events are world famous, such as the London 
Marathon, BMW-Berlin Marathon, Boston Marathon, Chicago Marathon, New York City 
Marathon, and Tokyo Marathon [1]. It is a challenge, especially for runners who want to beat 
the previous records. Normally, a running event includes the organizers and the owners of 
the running area who organize and manage the event to support the runners and spectators. 
All of these events produce waste as a result of the event. During the event, waste is scattered 
in the area of the event and along the running route which can be an ugly sight. In addition, 
waste from food, packages, and goodie bags get left behind by the spectators and runners [2]. 
In the Boston Marathon of 2017, 1.4 million paper cups were distributed to the runners and 
171,380 paper brochures and visitor’s guides were printed [3]. In the London Marathon of 
2018, the Westminster City Council collected 5,200 kg of rubbish and 3,500 kg of materials 
for recycling that included 47,000 plastic bottles from the street [2]. Moreover, some 
international marathons do not control or manage the waste correctly even though they are 
aware of the environmental impact from the event.  
     Thailand has many marathons at both the local and national levels that produce a lot of 
waste. Therefore, we aimed to study waste management at an international full-marathon 
running event in southern Thailand and collect data on the support activities, running 
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matches, types and quantities of waste, the storage, collection, and transfer/transport of the 
waste, and the disposal of solid waste materials.  

2  METHODOLOGY 
This survey research focused on solid waste management at an international full-marathon 
running event (IFmRE) that was!set in!southern Thailand. IFmRE replaces the true name of 
the marathon running event to protect the identity. This event is the biggest marathon in 
South-East Asia, and meets the highest international standard that is also the qualifier for the 
Boston Marathon. The event is professionally scheduled by Sportstats Asia and it is certified 
by the Association of International Marathons and Distance Races.  

2.1  Area site 

The IFmRE was set in a district of Phuket Island in southern Thailand. The number of  
runners exceeded 13,000 participants from more than 50 countries and took place during  
7–9 June 2019. 

2.2  Survey method 

2.2.1  Surveys and interviews  
Surveys and interviews were conducted with the organizer, the owner of the area for the 
marathon, and employees to determine the overall format of the running event, the related 
and unrelated activities of the running events, and the waste management of the IFmRE. This 
study documents the types and quantities of waste and the storage and collection of waste in 
terms of containers, employees, and equipment. Also studied were the transfer/transport and 
disposal in terms of employees, periods of time for transfer/transport, equipment, vehicles 
used, and the disposal site. 

2.2.2  Sampling frames 
The types and quantities of the IFmRE waste (IFmREW) were studied by sort segregation 
and the waste was weighed from all activities of the marathon that covered three running 
matches that consisted of a half-marathon (21.0975 km), marathon (42.195 km), and 
marathon relay (42.195 km). On 9 June 2019, the number of runners was around  
7,304 people. The waste was collected from 04:00 a.m. to 12:00 p.m. The IFmREW that was 
collected included waste related directly to the running event and waste that was unrelated to 
the running event.  

3  RESULTS AND DISCUSSION 
The results of this article describe the activities and running matches, types and quantities of 
waste, waste storage and collection, and waste transfer/transport and disposal at the IFmRE. 

3.1  Marathon running event activities 

A total of 13 activities produced waste materials. Eleven activities produced waste that was 
directly related to the running event (IRFmRE) and two activities produced waste that  
was unrelated to the event (IUFmRE) (Table 1).  
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Table 1:  Activities and sources of waste. 

3.2  Types and quantities of solid waste 

The total amount of waste was 2,702.70 kg which consisted of 2,527.20 kg of IRFmRE waste 
(IRFmREW) and 175.50 kg of IUFmRE waste (IUFmREW) (Fig. 1). The rate of waste based 
on the amount per person from all activities was 0.37 kg/person/day. The types and quantities 
of the waste were also categorized into four types: general waste, compostable waste, 
recyclable waste, and hazardous waste (Figs 2–4).  
     The amount of general IRFmREW was the greatest which consisted of paper (wax cups, 
bowls, and plates), sponges, and plastic bags. The results of paper cups (wax cups) were 
similar to reports by Mahmud [4] and Mervosh [5]. The compostable waste included 
coconuts, food waste, and fruit peelings from bananas and watermelons. The results of fruit 
waste materials were similar to a report by Mahmud [4] on the annual Singapore marathon 
and a report on the shrinking carbon footprint event at the Salzburg Marathon [6] where 
banana peels were found. In the category of recyclable waste, the amount of single-use water 
bottles was similar to the reports by Mahmud [4], Smithers [7], United Nations Environment 
Programme [8], Mervosh [5], Lewis [9], and Cheung [2]. The amount of single-use plastic 
cups was similar to the reports by the United Nations Environment Programme [8] and Lewis 
[9]. The amount of cardboard materials was similar to a report from the Monterey Bay Half 
Marathon [10]. Finally, the hazardous waste category found infectious waste materials, such 
as toilet rolls, Accu-Chek FastClix and absorbent cotton/paper contaminated with blood, 
masks, and medical plaster bandages. Toxic waste materials included containers of pain relief 
medicine for relief of muscular aches and pain in the forms of spray, cream, and gel, and 
bottles for 70% alcohol. 
     In the IUFmREW, general waste was the highest amount which included plastic bags, 
paper materials including wax cups, bowls, and plates, wet paper and wet cardboard, foam 
boxes, plastic spoons and boxes, and packs of energy gel. These materials were similar to the 

No. Activities and sources of waste 
1 International related  

full-marathon running 
event (IRFmRE) 
 

1.1 Souvenir service point 

1.2 Water service point 

1.3 Relaxing massage service point 

1.4 Food service point for runner 

1.5 Start/stop point 

1.6 Sponsor service point 

1.7 Winner register point 

1.8 First aid point 

1.9 Luggage drop-off service point 
1.10 Water service point along the running route 
(running route was used in 3 running matches) 
1.11 Toilet service point 

2 International unrelated  
full-marathon running 
event (IUFmRE) 

2.1 Expo zone 

2.2 Food zone 
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findings by Mahmud [4]. In the category of compostable waste, food materials were found 
and in the category of recyclable waste, single-use plastic bottles were found. These results 
were similar to those reported by Mahmud [4], Smithers [7], Mervosh [5], Lewis [9], and 
Cheung [2]. The amount of aluminum cans was similar to the report by Mahmud [4] and the 
amounts of glass bottles and single-use plastic cups were similar to the reports by the United 
Nations Environment Programme [8] and Lewis [9]. The amount of cardboard materials was 
similar to the Monterey Bay Half Marathon report [10]. The hazardous waste materials 
included spray bottles, batteries, and print cartridges (Fig. 2). The amounts of waste  
materials are illustrated in Figs 3 and 4. 
 

 

Figure 1:  Types and quantities of IFmREW. 

Figure 2:   (a)–(d) Waste materials from IRFmREW; and (e)–(h) Waste from IUFmREW. 
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Figure 3:  Types and quantities of IRFmREW. 

 

Figure 4:  Types and quantities of IUFmREW. 

     Some waste at the marathon event was found to be separated at the sources for disposal at 
the end of pipe. These waste materials were separated into two types that consisted of general 
waste (2,244.60 kg), such as wet plastic materials (bags, boxes, bowls, and plates), wet paper 
materials (boxes, wax cups, plates, and bowls), foam (boxes, bowls, and plates), and 
recyclable waste (458.10 kg) that included clear plastic PET bottles, colored plastic bottles, 
and paper and cardboard materials (Fig. 5).   
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Figure 5:  Types and quantities of IFmREW disposal. 

3.3  Waste storage and collection 

Most waste materials were not separated at the source. The various waste materials were 
deposited together into black plastic bags that were placed inside steel frames, plastic 
buckets, or baskets (Fig. 6). Waste materials at some points were separated by waste workers 
at the sources into the two types of general waste and recyclable waste for easier disposal at 
the end. All waste materials from the running event were moved to temporary waste storage 
areas: Storage 1 and Storage 2.  
     At Storage 1, the waste was collected from souvenir service points, food service points 
for the runners, winner registration point, first aid points, luggage drop-off service points, 
toilet service points, and waste from the running route. At Storage 2, waste was collected 
from the water service points, relaxing and massage service points, start/stop points, sponsor 
service points, and food zones. Storage 1 and Storage 2 areas were unsuitable according to 
the laws because they were not buildings and did not have roofs for protection from rain  
in the event of rainfall. The two storage areas were simple stalls in an area near the  
activities zone.    
     In each of the storage areas, the waste materials were combined and classified by workers 
for separation into two kinds of waste: general waste destined for an incinerator and 
recyclable waste destined for a recycling shop.  
     The waste workers who collected the waste can be classified into three groups: 12 
employees employed from an outsourced company; five employees (garden department 
workers) of the owner of the marathon event area; and three temporary workers that the 
owner of the marathon running event area employed for waste collection. Seventeen workers 
kept the waste from all activities within the running event area, except the running route. The 
three temporary workers collected the waste and moved it from the running route by local 
vehicle. They then moved all of the waste materials to the two temporary waste storage points 
and waited for transfer of the waste to a disposal site around two days later. 
     While working, they wore unsuitable personal protective equipment. They did not wear 
health masks, gloves, rubber boots, plastic apron, medical caps, or eye goggles (Fig. 7). These 
practices were in conflict with the Ministerial Regulation on General Waste Management 
B.E. 2560 (2017) [11]. 
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Figure 6:    Containers of waste. (a) Steel frame for hanging black plastic garbage bag; (b) 
Plastic!bucket with black plastic bag; and (c) Basket with black plastic bag. 

 

Figure 7:  Personal protection equipment suits of the waste workers. 

3.4  Waste transfer/transport and disposal 

The waste materials at the two storage points remained there for around two days. The general 
waste and recyclable waste were then transported for disposal by six employees from a 
private company sanctioned by the government. They moved the waste materials using two 
pickup trucks following the completion of the running event. The local vehicles and pickup 
trucks were in conflict with the guideline (Fig. 8) [11] because the vehicles were unsuitable 
for hauling waste materials because they could leak, spill, or allow the waste to fly away 
during transfer and transport which would contaminate the environment. According to law, 
the vehicles must be made from a durable material and structure that is easily cleanable and 
can be closed to prevent waste from leaking and flying away from the transport vehicle. At 
the end of the process, the waste materials were transported for disposal at an incinerator or 
to a recycling center. 
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(a) 

 
(b)

Figure 8:    Waste transfer and transport vehicles. (a) Local vehicles move waste from 
running route; and (b) The pickup truck moves waste to disposal. 

     The general waste materials were moved to an incinerator plant and the recyclable waste 
was transported to a recycling shop that met the requirements of the Ministerial Regulation 
on General Waste Management B.E. 2560 (2017) [11]. The disposal recycling methods were 
similar to reports from the AACR Philadelphia Marathon 2017 [12], Swiss City Marathon 
2018 [13], Monterey Bay Half Marathon 2017 [10], BMW Berlin Marathon 2019 [14], 
Sanlam Cape Town Marathon 2019 [13], and the London Marathon 2019 [15]. The 
Philadelphia Marathon disposed waste by recycling, donation, and landfill, the Swiss City 
Marathon disposed waste by recycling, the Monterey Bay Half Marathon disposed waste by 
recycling, composting, donating, and landfill, the BMW Berlin Marathon put the waste into 
recycling processes using normal recycling and thermal recycling (energy-from-waste), and 
donating, the Sanlam Cape Town Marathon disposed waste by recycling or composting,  
and the London Marathon used recycling for disposal of the waste.  
     The waste disposal flow chart of the IFmREW is shown in Fig. 9. Overall, the waste 
materials were not separated. In fact, these waste materials could have been separated at all 
points for easy classification of the waste for disposal. The organizer should put specifically 
labeled and suitable containers for depositing the waste according to the type of waste for 
easy handling before transfer to the temporary waste Storage 1 and Storage 2. Some waste at 
some points in the storage areas were separated into recyclable waste and general waste and 
was mixed with compostable and hazardous materials. The waste materials were transferred 
and transported for disposal at a recycling shop or incinerator using pickup trucks. The 
methods used for waste disposal followed the laws but the vehicles were in conflict with the 
laws. In addition, all waste materials were produced by the main organizer and sponsors. If 
they are aware of the environmental impact, they must control and manage the waste at each 
activity at the sources with the concept of reduce, reuse, and recycle.  
     We have these suggestions.  

1. Change and reduce some types of containers for food and drinks. All single-use 
plastic and foam items, such as plastic spoons, plastic boxes, wax cups, plastic 
bottles, and plastic cups should be replaced with compostable or biodegradable cups 
made from maize straw. Plastic bottles should be made from 100% or 50% recycled 
plastic and reduce the unrecyclable plastic packaging for food and drinks.  
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2. Change and reduce some types of fruits since some fruits are difficult to destroy and 
are not compostable, e.g., coconuts. Coconuts should not be available or the supply 
of coconuts should be greatly reduced.  

3. Add more types of containers for the depositing of waste and use at least 4 types, i.e. 
general waste, compostable waste, recyclable waste, and hazardous waste for 
separation of the waste at the source site.  

4. Separate the waste for suitable disposal, i.e. recycling, compost, donation, landfill, 
and incineration.  

5. The temporary waste storage facility should be a durable structure with a roof to 
protect the waste from rainwater. When waste materials become wet, they can 
produce a leachate that contaminates the soil, reservoirs, and streets during waste 
transfer/transport. Also, some wet recyclable waste materials cannot be moved to a 
recycling center.  

6. The waste handlers need to wear suitable personal protective equipment according 
to the guideline. 

     Finally, the vehicles for waste transfer/transport should be suitable and meet the 
requirements according to the law.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9:  Waste disposal flow chart of IFmREW. 

4  CONCLUSIONS 
The IFmREW were separated into two types of waste. (1) IRFmREW included hazardous 
waste, recyclable waste, compostable waste, and general waste. The main sources of waste 
were from 11 activities (souvenir service points, water service points, relaxing massage 
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service points, food service points for the runners, start/stop points, sponsor service points, 
winner register point, first aid points, luggage drop-off service point, water service points 
along the running route, and toilet service points. (2) IUFmREW included hazardous waste, 
recycle waste, compostable waste, and general waste. The main sources of waste were from 
the expo and food zones. The proportion of IRFmREW was much greater than IUFmREW. 
The waste storage points and collection were improper. The personal protective equipment 
of the waste workers was unsuitable and vehicles used for the transfer and transport of the 
waste materials were in conflict with the guideline. The practices of using an incineration 
plant for general waste and recycling shops for recyclable waste were lawful according to the 
laws of Thailand. Even though an international full-marathon running event is conducted 
over a short period of time, it can produce much waste. The organizer, sponsors, owner of 
the running event area, runners, and participants need to be aware of the impact on the 
environment and use positive measures to protect the ecosystem.  
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ABSTRACT 
The understanding of a sustainable municipal solid waste (MSW) management plan requires proper 
education and awareness by all the stakeholders. Uncoordinated disposal pattern of MSW, nonchalant 
attitude of the authorities and stakeholders, weak legislation and policies among others have contributed 
to the increasing human health risk, greenhouse gas emissions, as well as the degradation of the 
environment at large. Currently, Mozambique is faced with the problems of indiscriminate dumpsites 
in most of its major cities. Hence, this study aims at enlightening the stakeholders on their roles towards 
a sustainable MSW management through an education and outreach model. The methodology 
employed in this study was an integrated concept with four main components, which includes principal 
actors, routes, procedures, and people. However, in conclusion, the integration of this conceptual model 
into the existing MSW management framework in Mozambique is likely to promote environmental 
consciousness amongst the people. Furthermore, aesthetic, pollution-free, as well as a sustainable 
environment is assured. 
Keywords:  education, environment, management, MSW, outreach, sustainability. 

1  INTRODUCTION 
The problem of municipal solid waste management (MSWM) has emerged as one of the 
trending environmental issues in the world, especially for developing countries. Aderoju  
et al. [1], stated that the world will continue to generate municipal solid waste (MSW) in high 
quantity and varieties as a result of rapid urbanization, industrial development and socio-
economic impact, which in turn has become an environmental issue that requires urgent 
attention by every nation. In a study by Nnaji and Utsev [2], it was reported that the 
overstretching of waste management facilities and the inability of waste management 
authorities, to cope with the volume of solid waste generated is associated with increasing 
urbanization in major cities. It is unfortunate that the standards of waste management are still 
poor and outdated in many developing countries, with poor documentation of waste 
generation rates and its composition, inefficient storage and collection systems, disposal of 
municipal wastes with toxic and hazardous waste, indiscriminate disposal or dumping of 
wastes and inefficient utilization of disposal site space [3].  
     The issues of creating awareness and proper education on MSW management and 
disposal, ethics plays a good role in attaining environmental sustainability. Aderoju et al. [4] 
suggested that MSW sensitization and environmental education programs should be carried 
out in both urban and the rural communities. Moreover, Jackson [5] reported that many 
people are unable to exercise deliberate choice because they find themselves locked into 
unsustainable patterns caused by habits, routines, lack of knowledge, institutional structures, 
inequalities in access, social expectations and cultural values. In many African communities, 
lack of awareness and proper education on integrated waste management has contributed to 
the pattern of disposal of MSW and poor management practices. Several studies have 
reported that many African cities are still deficient in the proper management of their solid 
waste. For instance, many Mozambican cities are no exception to this whereby most of their 
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MSW are being buried, burnt, or disposed haphazardly in the environment. According to INE 
(Instituto Nacional de Estatistica de Moçambique) [6], 46% of the Mozambican population 
engage in the combustion of MSW within the perimeter of their homes, 23% bury, while 19% 
dispose of their MSW on open land. Concerns were raised in the past by the WHO [7] on 
poor sanitation and unsatisfactory waste management in African societies in a way to mitigate 
human health risk. According to the IPCC report of the 12th season of the intergovernmental 
panel on climate change [8], methane emission from landfill was estimated to account for 3% 
to 19% of the anthropogenic sources in the world. Moreover, UNWSSD [9] reported that the 
theme of the World Summit on Sustainable Development in Johannesburg, South Africa was 
on waste minimization, recycle, reuse and safe disposal of waste to minimize pollution of the 
environment. 
     Overcoming public attitudes and unsustainable behaviour requires effective 
communication, a broad public understanding of the requirements of solid waste 
management and active participation of all relevant stakeholders throughout all project stages 
[10]. One of the merits of active participation was reported by Rousta and Dahlén [11], that 
inhabitants’ participation in waste separation schemes seems crucial for the improvements 
needed to achieve a better ambitious material recycling goal. According to Sallwey et al. 
[12], it was reported that illiteracy and low education levels pose a challenge for waste 
management services and awareness campaigns. However, the initiatives taken by the 
international stakeholders are often ineffective due to poor coordination and thus have not 
fostered much sustainable changes in waste management [13]. The transformation of the 
society to gain environmental and sanitary awareness is dependent on the level of education 
and outreach. The attitude of the Mozambican people in the major cities on waste disposal 
pattern and sanitation ethics has become an overburden on the authorities and the 
communities at large as it adverse effects, as reported by countless researchers, threaten 
human health risk. In this view, the study aims at enlightening the stakeholders on their roles 
towards a sustainable MSW management through an education and outreach model. This 
study is likely to bridge the gap of awareness on environmental ethics and solid waste 
management in the major cities in Mozambique. Furthermore, the study is likely to improve 
the mentality, behavior and practice of the inhabitants of the communities towards attaining 
a sustainable and aesthetic environment.  

2  STUDY AREA 
The Republic of Mozambique is located on the latitudes 10° 27'S and 26° 52'S and longitudes 
30° 12'E and 40° 51'E, with a surface area of 799,380 km2 [14]. Also, it is bordered on the 
north by Tanzania, on the west by Malawi, Zambia, Zimbabwe, and South Africa, and on the 
south by Swaziland and South Africa, with its territory bordered by the Indian Ocean, in a 
span of about 2,515 km to the east. Mozambique has a population density (see Fig. 1), that is 
predominantly a rural, with an estimated population at 27,909,798 inhabitants [6]. However, 
according to Muchangos [14], a little above 23% of the entire population resides in urban 
areas. The economy of Mozambique is dependent on agriculture, in which subsistence type 
of farming is the major practiced. 
     The geographical situation and history of this country marked by various migratory 
processes result in a heterogeneous population group, with multicultural and multiethnic 
characteristics. Furthermore, for economic reasons, Mozambique is a member of the 
Southern African Development Community (SADC) group of countries. 
 
 
 

48  Waste Management and the Environment X

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 247, © 2020 WIT Press



 

Figure 1:  Population density map of Mozambique. (Source: Adapted from [6].) 

3  STATUS OF MSW MANAGEMENT IN MOZAMBIQUE 
The ideal practice in Mozambique on MSW management is for MSW to be collected, 
transported, and deposited in the municipal open containers by a public–private partnership, 
managed entirely by municipal city agencies, municipal town’s agencies and govern of 
district administrations.  
     The national collection coverage ranges between 40–65% [15]. However, according to 
Tas and Belon [16], it was reported that Maputo’s collection coverage increased to about 
82% as compared to other major cities. Hence, the collection of waste from the local 
dumpsites in the inner city of Maputo increased profoundly from 76 million kilograms in 
2007 to 253 million kilograms in 2014 [12]. However, there are setbacks affecting this 
effective and efficient plan includes, soft implementation of policies, low coverage of MSW 
collection, low financial support, absence of modern technological equipment, and 
ultimately, low awareness and education on waste management initiative. The reality of the 
environmental issues caused as a result of poor MSW management program in Mozambique 
is as shown in Fig. 2. INE [6] reported that at the national level, the rate of collection of 
household waste by municipal or administrative authorities is 7.6%, while 1.1% is collected 
by private companies.  
     Also, MITADER (Ministério da Terra, Ambiente e Desenvolvimento Rural) [17] showed 
that Maputo city produces the most MSW, with 415,005 tons per year of the country’s total 
production and Inhambane city produces the least, with 17,520 tons per year (see Fig. 3). 
Individual municipalities, and private companies under a contract with the authorities also 
collects MSW from markets, restaurants, and other larger clusters in the community.  
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Figure 2:    MSW reality in Mozambique. (a) Drainage dumping; (b) Street littering; (c) 
Illegal dump site; and (d) Indiscriminate dumping. (Source: Authors’ field 
investigation.) 

 

Figure 3:    MSW generation in the capital cities of Mozambique. (Source: Adapted from 
[17].) 
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However, private companies, and few NGOs such as AMOR (Associação Moçambicana de 
Reciclagem) among few engage in waste segregation into waste categories like 
paper/cardboard, glass, plastic, metals, and others, for profit purposes. Cart pushers collect 
waste in places where there is no car access due to the absence of roads. In addition, the 
informal sector of the MSW management is clearly involved in the picking valuable and 
reusable materials from dumpsites for the purpose of recycling and useable. This is usually 
carried out by waste pickers otherwise known as “catadores”, who earn their livelihood by 
collecting valuable materials from dumpsites and other places and selling it to vendors in the 
recycling industry.  
     The integration of waste pickers into the MSW management cycle is very significant as 
their contribution is likely to improve the recycling of MSW recycle in the many cities in 
other hand to clean the cities, helping the government. Again, it was reported in AMOR [18], 
and Buque and Ribeiro [19] that in a way to support informal collection, AMOR installed 
Eco-Points throughout Maputo to purchase recycled goods from private persons and waste 
pickers and resell to the recycling sector. Sallwey et al. [12] also reported that AMOR 
estimated that approximately 350 waste pickers sold about 300,000 kg of waste per month to 
these collection points in 2011. 

4  EXISTING MSW MANAGEMENT LEGISLATIONS IN MOZAMBIQUE 
The existing legislation and policy framework for solid waste management in Mozambique 
is mainly concerned with the requirements for licensing and auditing of public and private 
institutions involved in solid waste management [12]. The management of MSW remains the 
responsibility of the municipals, townships or district administrations. However, in the rural 
communities, particularly, MSW is usually managed by individuals, which is characterized 
by open dumping, burying and combustion which has a negative impact on human health and 
the environment at large. This prompts the government of Mozambique, to issue Decree No. 
94/2014, in all the major cities on MSW management [20]. Although there is an existing 
Master Plan for the MSW in Maputo, the capital city of Mozambique, which is “Resolution 
No. 86/AM/2008 of 22 May 2006 [21], MSW Cleaning Posture in Maputo Municipality”. 
This document defines the Maputo City cleaning system, integrating the MSW screening and 
management of the components. It applies to all public and private activities that directly or 
indirectly influence the cleanliness component of the municipality. It aims to establish the 
framework of general principles and standards of the MSW cleaning system. 

4.1  Decree No. 94/2014, of 31 December, Regulation on  
Municipal Waste Management 

The Decree No. 94/2014 [20] was established as a guideline to address one of the most 
serious urban environmental problems in Mozambique. This decree at the national level sets 
forth its principles, objectives, instruments, as well as guidelines regarding integrated solid 
waste management which include hazardous waste, the responsibilities of people and the 
government. The two most significant sections of this Decree No. 94/2014 [20] are Articles 
4 and 8, respectively. Article 4, states that “all public and / private entities engaging in 
MSWM should develop and implement an integrated solid waste management plan that is 
managed based on the principles of the waste management hierarchy”. Article 8 further states 
that it is imperative to promote good municipal solid waste management practices (recycling, 
composting, selective collection and landfill), in coordination with other public institutions, 
civil society organizations and the private sector. It is the obligation of public or private 
entities that carry out activities related to waste management to draw up a waste management 
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plan they manage before the start of their activity. The mandate of these public and / private 
entities includes solid waste plans; semi-annual solid waste inventories and reporting 
systems; environmental monitoring and inspection; environmental education and the national 
register of hazardous waste operators. 

5  STRUCTURE OF MSW MANAGEMENT IN MAPUTO CITY 
The management of MSW in Maputo city utilizes a specified framework (see Fig. 4), 
whereby the Maputo City Municipal Council (MCMC) is responsible for sweeping and 
cleaning the municipal streets and the collection of all MSW produced in the city. The per 
capita generation of MSW per individual was estimated at 1 kg per person daily in the inner 
city in Maputo compared to 0.56 kg per person daily in the suburban areas [22].  
 

 

Figure 4:  MSWM structure in Maputo city. 

     The MCMC through public private partnership (PPP) engaged two companies which 
include: the Ecolife, which collects wastes in the urban zones, and Enviroserv, which collects 
wastes in the suburban zones, particularly in markets, and transport terminals [23]. These two 
companies utilize 1.1 cubic meters of plastic containers with lids (Ecolife), and 6 to 10 cubic 
meters of metal containers (Enviroserv) and transports the collected MSW for safe disposal 
at the municipal Hulene dumpsite. It is unfortunate that the collection services in Maputo 
varies according to the level of income based on the income level and status of the 
neighbourhood. The MSW entrepreneurs also known as private micro-enterprises, licensed 
to collect household wastes, representing public–private partnerships (PPP), are licensed to 
collect at restaurants and other high-waste production sites. These private micro-enterprises 
also collect according to requests from any individual or institution that has enough MSW to 
dispose of if they pay the company for transportation costs. Also, the private micro-
enterprises do not have the jurisdiction to transport the MSW collected to the municipal 
dumpsite. Instead, the MSW collected is transported to a private dumpsite to separation into 
different components for the sale of valuable materials. In addition, there exist cart pushers 
who are individual waste collectors in suburban areas that are not within the reach of the 
companies collecting for the MCMC. The cart pushers are also regarded as a member of the 
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informal sector in the waste management chain. They are identified with their locally built 
two-wheeled traction vehicles used for the collection of MSW from homes with no access 
roads to MSW pick-up trucks. Fig. 4 shows the MSW management structure in Maputo. 

6  CONCEPTUAL MODEL FOR EDUCATION AND OUTREACH 
ON MSW MANAGEMENT 

The conceptual framework (Fig. 5) is to change the attitude and actions of the Mozambican 
people to achieve a sustainable waste management program. The proposed conceptual model 
on education and outreach on MSW management is a tool to enlighten the people of the 
society on waste disposal ethics, solid waste management benefits, and stakeholders’ 
participation to attain sustainability in the waste management sector. This model is a 
composition of the four components, which include: principal actors, route, procedure, and 
people. The model is further expanded in Fig. 6 for proper understanding. 

Figure 5:  Conceptual framework. 

Figure 6:  Education and outreach framework. (Source: Adapted from [4].) 

     Fig. 5 shows the main components of the education and outreach framework which 
include principal actors, route, procedure and people. The main objective of the principal 
actors in this study is to enlighten the people on environmental ethics and waste management 
practices and its benefits. The principal actors comprise of the government, local leaders, 
religious leaders, private sector, NGOs, as well as the civil society (see Fig. 6). 
     The principal actors convey their messages on and waste management practices with lots 
of emphasis on the benefits through some routes (see Fig. 6). This routes where the education 
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and awareness are conveyed includes through the media, institutional courses/sermon, 
political willingness and legislation. The media remains one of the fastest ways of 
dissemination information to the public because people want to be well informed, learn, and 
perhaps satisfy their leisure time with pleasure on the current trends locally and globally. 
Also, information like is conveyed using different procedures with role models using their 
social media platforms to educate the people, demonstration or pronouncement in movies/ 
cartoons, as part of the lyrics in music, as radio adverts and broadcast and many more. Today, 
social networks play an important role in disseminating information to both urban and rural 
communities. Considering that most of the rural population is illiterate, music, radio 
broadcast and images on billboards is likely be the best way to disseminate information. 
     Furthermore, another way of educating the society on environmental ethics and waste 
management practices and its benefits is simply by introducing it as a subject/course are 
another in schools (elementary, high and tertiary). The recipient of such education in schools 
is likely to reflect in their perception and practice. This type of education can also be extended 
to orphanage homes, and religion houses (churches, mosques, temples) as sermon where the 
phrase “cleanliness is next to godliness” is constantly uttered during counselling.  
     Political willingness to support education and outreach programs on environmental ethic 
on waste disposal practices and waste management by the government will be a positivity for 
any nation’s sustainable development. With the support of the government, there will be 
commitments by providing support to the campaign through financial support, employment 
of competent staff to educate the people, providing basic infrastructures and assured equality 
in services will be provided. For instance, MSW infrastructures and operation will not be 
focused only in the high-income districts, but it will rather be for all the inhabitants. 
     Again, the legislative arm of the government needs to see the importance to supporting 
environmental development concept, as weak policies and legislation have been detrimental 
to the environmental and the society. Hence, the existing legislation can leverage on or rather 
create new laws that supports environmental consciousness and waste management with full 
implementation and enforcement. It is important that the people in the society are aware of 
such laws. Nevertheless, it must be made known that defaulters are likely to face heavy 
penalty. 
     The education and outreach program benefit the society to enlighten and build a 
sustainable attitude towards the environment and particularly MSW management. The people 
of the society are usually governed or coordinated by the principal actors of the society. 
Hence, the use of different routes of communication is used to disseminate information to the 
society. It is expected that with such education and outreach program on environmental ethics 
and MSW management disposal practices, the horizon of the people is broadened on 
sustainable MSWM and disposal practices to attain an environment that is free of pollution 
and human health risk for the future generations. 

7  CONCLUSION 
In Mozambique, the weak policies and legislation of MSW management are mere 
pronouncement, non-implementation, and low enforcement, has contributed to the 
degradation of the urban environment. However, the creation of awareness and education on 
environmental ethics, and sustainability, enabling participatory management of MSW, to the 
people will take some time to produce the desired effect. A better environmentally educated 
society tends to understand that environmental awareness contributes to environmental 
sustainability and, consequently, it mitigates the human health risk and promote an aesthetic 
environment. This study has shown and discussed a conceptual model that emphasized that 
MSW management is not solely the responsibility of the government but a collective 
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responsibility of all stakeholders to enhance the building of a sustainable environment. 
Hence, the outreach and education programs in MSW management should be a continuous 
and practicable exercise for sustainable development of the society. Also, it was deduced 
from the conceptual model that MSW management should begin with civil society and 
municipalities to establish an integrated solid waste management mechanism that are best 
suited to each of the capital cities and whole Mozambique. Again, synergy between principal 
actors and the society is likely to drive urban development of cities and towns.  
     In recommendation, the government should give priority to the environment by ensuring 
that solid waste management policies and legislation are revived, implemented and enforced 
in all arms of the government. The sensitization programs of solid waste management should 
not be resident in the cities alone but rather be extended to the rural communities 
continuously and not to be abolished by any change in government so that a good 
environmental consciousness is built and passed on to the future generation. The rate of 
urbanization in Mozambique requires adequate planning and efficient strategies in the 
management of the MSW generation, hence this study is likely to be the baseline line strength 
of such MSW management programs, especially with the channels of education, 
communication and participation practice. 
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ABSTRACT 
The accumulation of waste in Peru has become a problem that affects the entire population and has 
generated the need to understand how and why this situation has developed. This situation can be 
described and understood through an examination of the most relevant social indicators of a very 
specific community. Consequently, it is necessary to understand the link between the situational reality 
of solid waste accumulation and the social indicators that are relevant to this process. Therefore, the 
main objective of this research is to contribute to the improvement of municipal solid waste 
management plans, specifically solid waste collection tasks. To this end, a methodological tool that 
focuses on the study of social indicators (e.g., age, education level, and financial income, among others) 
is proposed to identify the sectors most prone to solid waste accumulation. This study proposes a set of 
indicators that describe the economic, social, and environmental conditions of the location inhabitants 
and answers the questions initially posed. The district chosen for this case study is Puente Piedra. This 
research resulted in a set of social indicators divided into sociodemographic, socioeconomic, and 
sociocultural categories that can be used to forecast future tasks in sectors prone to solid waste 
accumulation. 
Keywords:  solid waste, social indicators, waste management, Peru. 

1  INTRODUCTION 
Solid waste generation has become a global problem because the planet has experienced 
alarming levels of production [1]. According to Kaza et al. [2], the world generated  
2.01 billion tons of municipal solid waste in 2016 and this number is expected to increase  
to 3.40 billion tons by 2050. Consequently, it is important to manage it efficiently, as well as 
raise awareness among populations to control the problem that is becoming more acute daily. 
The elimination of solid waste has undoubtedly become a problem that must be treated with 
the utmost urgency [3]. 
     On the other hand, factors such as continuous economic growth, urbanization, and 
industrialization, hinder the correct management of solid waste and create a problem for the 
authorities with responsibility for executing it efficiently [4]. One of the major sources of 
environmental pollution is domestic solid waste, especially in developing countries, where 
only 4% of the waste generated is recycled [2]. Therefore, efficient and modern solutions are 
being sought in different regions of the world to minimize the production of solid waste; 
however, the efficacy and success achieved have been uneven and limited [2]. 
     Against this background, this research focuses on studying the process of solid waste 
generation/accumulation, considering solid waste as any substance or product in a solid or 
semi-solid state that when it has fulfilled its function or been used and/or served an activity, 
then is subsequently discarded. The mismanagement of solid waste can create a risk to health 
and the environment [5], [6]. On the other hand, the management process is divided into 
hazardous and non-hazardous waste and classified as municipal and non-municipal waste 
accordingly [7]. The main actors in solid waste policy are the competent authorities, 
companies, and the population, the latter being the most decisive [8]. 
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     For this reason, the National Environmental Action Program and the National 
Environmental Action Plan in Peru have agreed on a priority objective: the comprehensive 
management of solid waste at the national level. Established goals must be met by 2021, 
including environmental education about responsible consumption [9]. From this 
perspective, the Ministry of Environment (MINAM) has identified 28 critical points in 43 
districts of Lima. In addition, the Environmental Assessment and Inspection Agency (OEFA) 
has determined 148 critical points of waste generation (also in Lima), which add up to a total 
of 8,670 tons of waste per day [10]. However, of the total national waste generated, only 
43.5% is deposited in sanitary landfills and only 55.4% is deposited correctly or safely [11]. 
According to Alata [12], the Metropolitan Municipality of Lima registered the generation of 
more than three million tons of garbage in 2017, which is equivalent to more than 8,970 tons 
per day. This is an uncomfortable situation for citizens as evidenced by a survey conducted 
in Lima. The survey results reflected citizens’ dissatisfaction with the waste collection 
service (32.6%) and the lack of an effective and efficient recycling system (18.9%) [13]. 
     At an international level, the situation is not very different from that in Peru. A series of 
projects are being planned and implemented to improve solid waste management. For 
example, in Colombia, a methodological proposal was developed to determine how much 
waste of residential origin is generated in developing countries. The results obtained were 
acceptable for medium-sized cities. The research team conducted prior visits and home 
surveys which led to a fluid and organized collaboration with the community itself [14]. In 
Iran on the other hand, the same strategy was applied to 1,782 households to determine the 
factors associated with domestic solid waste generation, and information was collected 
through a questionnaire that evaluated sociodemographic factors (e.g., age, marital status, 
gender, etc.) [15]. Likewise, in Canada, Kannangara et al. [16] conducted research to develop 
a predictive model based on demographic and socioeconomic indicators. This model was 
created through a residential mapping exercise in 220 municipalities. They analyzed the data 
collected detailing the generation of annual residential waste and obtained successful results 
with a good predictive percentage (72%). 
     In the same way, Torres et al. [17] developed a comprehensive management model in 
Mexico that addressed the problem of solid waste accumulation in public places. The study 
highlighted the importance of people as fundamental change agents. Similarly, in the 
Netherlands, an estimate of the amount of solid food waste was made through a survey of 
763 citizens using a cell phone application and classification techniques of household solid 
waste in 130 households [18]. A similar project was conducted in Dehradun, India, where the 
quantity and quality of household waste were studied in terms of socioeconomic groups and 
family size [19]. In addition, a study was conducted in Cape Haitian, Republic of Haiti, 
through a survey of socioeconomic groups and waste generation [20]. 
     An important feature of the studies shown is that, despite their variety, the methods 
applied in different countries have in many cases involved creative or traditional strategies, 
such as surveys. In this sense, this research hopes to establish a tool to develop knowledge 
about the accumulation of solid waste and to elucidate the social, economic, and cultural 
characteristics that influence this process to improve citizens’ living conditions.  
     This research developed a set of social indicators that identify key spots of solid waste 
generation in urban areas. Studies conducted from this perspective can be used to geo-
reference the relationship between selected social indicators and solid waste generation. This 
article is divided into five sections. The first section focuses on describing a global vision of 
the subject as an introduction. The section that follows describes the methodology and 
important characteristics of the case study (Puente Piedra district). Section 3 describes the 
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main results obtained. Section 4 discusses the most relevant results and finally, the Section 5 
presents a conclusion. 

2  METHODOLOGY 
In this section, a description of the methodology, the case study, and the information sources 
used for this research are presented. The study focuses on an urban area of Lima, in Puente 
Piedra district. The methodological framework is presented in Fig. 1 and explained in the 
following paragraphs. The first part details the information collection process and the 
selection of the case study, using information from work conducted by the Ministry of 
Environment of Peru (MINAM) and the National Institute of Statistics and Informatics of 
Peru (INEI). The second part identifies the social indicators used based on the characteristics 
of the study area and relevant prior information; and finally, an analysis was conducted and 
selected indicators proposed. 
 

 

Figure 1:  Methodological framework. 

2.1  Description of the case study 

Puente Piedra is located north of Lima Province and is a district with a total area of  
72.81 km2 and a population of 329,675 inhabitants [21]. It was chosen not only for its 
accessibility but also because it is one of the most contaminated districts in Peru [22]. Given 
the district’s land area, we decided to focus on two sectors: “Santa Juana de Copacabana” 
and “Los Frutales del Norte I” Associations. The location and spatial features of the chosen 
sectors are presented in Fig. 2. 

2.2  Identification of social indicators 

According to Acuña and Valera [23], one community’s social indicators do not necessarily 
explain the behavior of wider society; therefore, to have greater control and minimize errors, 
we aimed to identify social indicators specific to the case study location to identify the  
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Figure 2:  Case Study: Santa Juana de Copacabana and Frutales del Norte I. 

average behavior of residents of the study area. For this reason, it was necessary to define 
what to measure and how to measure it. This project analyzed the most relevant social 
characteristics influencing the solid waste accumulation process. Therefore, we validated the 
features of each social indicator to determine its relevance and how representative it was of 
the topic being studied [24], [25]. 
     We also needed to analyze demographic data and collect information samples to design a 
survey that covered all the study indicators [19]. For this project, the residents of the study 
area were interviewed and this information was used to identify the relevant social indicators. 
This selection process involved establishing communication strategies with the residents to 
obtain their greatest possible collaboration including awareness workshops, prior visits, and 
interviews. Another important thing to consider was that each indicator needed linking to 
both the locality and the dwellings in an environmental context, and the intrinsic 
characteristics of the physical environment [26].  
     Social indicators were selected using an existing bibliography and expert judgment. The 
selection process involved interviews with the residents of both locations, to identify 
correlations between existing living conditions and the generation of infectious foci. A total 
of 176 residents were interviewed. Therefore, the assessment process and results obtained in 
this study are only applicable to a certain time and space; however, the methodology is 
reproducible at all levels of scale. Finally, the selected social indicators were grouped into 
three categories for clarity: sociodemographic, socioeconomic, and sociocultural factors. 
Table 1 presents the set of social indicators proposed for subsequent application in the study 
area, to make it possible to assess the correlation between the social profile obtained and the 
locations of solid waste accumulation. 
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Table 1:  Classification of indicators according to validity and representation. 

Categories Social indicators 

Sociodemographic conditions 

Age
Education level
Population density
Land use

Socioeconomic conditions 
Consumption pattern
Existence of ambulatory trading 
Average monthly income

Sociocultural conditions 
Local customs
Waste management awareness 
Participation in training

2.3  Analysis of social indicators 

This section explains the procedure involved in applying the social indicators previously 
selected for identifying possible sectors of solid waste accumulation. For this, the study 
carried out by Thomas Bohorquez [27] was taken as a reference, since it used a mixture of 
analysis and data processing tools to improve city planning. The result of this adaptation is 
shown in Table 2. The sociodemographic, socioeconomic, and sociocultural profile of the 
study area was expected to be the final product. Multivariate analysis can be conducted to 
obtain subsequent geo-referencing and prediction. 

3  RESULTS 
The main contribution of this methodology was a set of ten social indicators characterized in 
three dimensions: sociodemographic, socioeconomic, and sociocultural. 
     The sociodemographic dimension comprised the following descriptors: age, education 
level, population density, and land use. This category will permit a better understanding of 
whether there is any relationship between its descriptors and solid waste accumulation such 
as how relevant education level or age is to these processes. On the other hand, the 
socioeconomic dimension comprised the following descriptors: consumption patterns, the 
existence of ambulatory trading, and average monthly income. This layer of information 
provides an understanding of the economic profile of the study sector and its relationship 
with solid waste accumulation. For example, if the consumption pattern occurs daily rather 
than weekly, it could be that the generation of solid waste is greater. Finally, the sociocultural 
dimension comprised the following descriptors: local custom, awareness of solid waste 
management policies, and participation in training. This last level of information permits a 
better understanding of the social constructs in the sector analyzed. For example, it will 
describe residents’ behavior patterns and incentives to take the garbage out (waiting for the 
collector or leaving it in a place that serves as an accumulation spot). 
     The ten descriptors mentioned above provide an understanding of the population in action, 
thereby helping to protect their environment by identifying whether there is a lack of 
opportunity for development to improve residents’ living conditions. To understand the 
importance of the proposed indicators, official information provided by the INEI during the 
last 2017 census was used because it collected multiple social indicators to assess inhabitants 
living conditions. Statistics for the study area indicated that 82% of dwellings were inhabited. 
Another important fact is that 71.3% of dwellings have both basic water and electricity  
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services. In terms of educational level, 44.4% of the population had completed secondary 
school and 4% never had an education. Age stratification measures indicated that 46.6% of 
the residents were between 18–44 years old. Economic profiling indicated that 34.35% were 
independent workers, 32.07% were employees and 23.84% were engaged in mixed activities. 
Finally, the family composition tended in most cases to consist of 4 people (70.02%) [28].  

4  DISCUSSION 
The proposed set of indicators provides a robust and replicable tool to identify places prone 
to solid waste accumulation. In addition, it could contribute to the optimization of municipal 
management, providing methods that make it possible to understand residents better and 
implement a management plan according to their needs. It is important to understand the 
attitudes and beliefs of a population to understand how individual behavior impacts on 
environmental contamination [29]. Therefore, social indicators help identify the behavior that 
generates solid waste accumulation spots, to better understand this phenomenon and 
implement corrective measures to improve waste treatment leading to an overall reduction in 
waste dumping. 
     Solid waste accumulation areas are difficult to predict using a single social descriptor; 
therefore, it was necessary to combine different descriptors grouped into the categories that 
we have addressed: sociodemographic, socioeconomic, and sociocultural factors. Given that 
it was important for the authors to prioritize indicators in order of the relevance to their 
respective categories, we produced a hierarchical weighting matrix based on Saaty’s studies 
[30]. Table 3 presents the results of the hierarchical analysis. 

Table 3:  Hierarchical analysis of social indicators. 

Categories Social indicators 

Sociodemographic 
conditions (48%) 

Age (6.6%)
Education level (42.2%)
Population density (38.1%)
Land use (13.1%)

Socioeconomic conditions 
(11.5%) 

Consumption pattern (40.5%)
Existence of ambulatory trading (11.5%) 
Average monthly income (48%)

Sociocultural conditions 
(40.5%) 

Local customs (55.7%)
Waste management awareness (32%)
Participation in training (12.3%)

 
     When evaluating the relevance of each category, we observed that sociodemographic and 
sociocultural indicators were the most relevant with 88.5% since local residents’ customary 
disposal of solid waste depends on these. However, sociodemographic indicators including 
education level, closely followed by population density, and the number of household 
occupants directly affects the generation of waste. In the area chosen, age was not relevant, 
since the vast majority of the population were young [28]. In the same way, at the 
sociocultural level, local customs were a more relevant indicator than awareness and 
participation in issues related to solid waste management. This organizational hierarchy 
indicates that social constructs are inherent in the formation of individual behavior. Finally, 
socioeconomic indicators revealed that the average monthly income and consumption 
patterns go hand in hand. 
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5  CONCLUSIONS 
This research identified a set of social indicators that influence solid waste accumulation in 
urban areas. Three categories of socioeconomic, sociocultural, and sociodemographic factors 
were used to bundle the proposed set of indicators. Sociodemographic indicators describe the 
resident’s social profile: land use, age, population density, and education. Socioeconomic 
indicators describe the relevant economic parameters influencing the accumulation process: 
average monthly income, consumption patterns, and the presence of ambulatory trading. 
Meanwhile, sociocultural indicators describe residents’ awareness and subsequent behavior. 
Finally, this research is presented as a starting point for future research papers which will 
implement and validate the descriptors analyzed in this proposal. 
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ABSTRACT 
This article aims to provide a contribution to the value and possibility of using composting as a tool for 
the treatment and management of the organic fraction of urban solid waste in developing  
contexts – specifically, the city of Beira, Mozambique. The aforementioned process should be intended 
not as an exhaustive tool but rather as a useful form of treatment to be employed within an Integrated 
Waste Management Plan. The high and diversified presence of materials suitable for the specific 
treatment in question is ascertained while also highlighting the diversification of the users that can be 
involved. Mixing strategies are drawn up in order to provide indications for a correct composition of 
the matrix that is intended to be started as a process and, according to the quantities considered 
(according to a modular approach), the production that can derive from it. A technical proposal is then 
drawn up on the functional areas making up the plant in order to develop the process in question. In 
addition to promoting the composting process itself, the article aims to valorize its final product, the 
compost, which in certain specific contexts, such as the one considered, can be useful or even necessary. 
Keywords:  composting, developing countries, Mozambique, MSW management, organic waste. 

1  INTRODUCTION 
Waste Management is the second most important problem after water quality in developing 
countries and worldwide [1]–[8]. According to the United Nations Environment Programme 
(UNEP) [9] waste disposal is a relevant problem in the less developed countries due to the 
demographic increase, poverty and high rate of urbanization, all that combined with 
inefficiency and under-financing by Governments in providing an adequate strategy for the 
management of municipal solid waste (MSW) [10]–[14]. 
     Factors such as waste composition, technologies and/or lack of infrastructures, have been 
recognized as basic elements to set up a good and sustainable MSW management in 
developed and developing countries [15]–[18]. Generally, in the developing countries the 
only form of final disposal is generally open landfills, which periodically develops 
uncontrolled combustion with the inevitable production of atmospheric pollution and 
leachate [19]–[25]. 
     MSW generated in developing countries is characterized by a high density and high 
content of organic matter, few metals and plastics content [26]–[30]. Big problems refer to 
the inefficient facilities for MSW collection, low treatment technologies and presence  
of slums built in a random and unplanned manner with unavoidable problems of  
accessibility [31]–[35]. 
     At national level, in Mozambique, the Decree No. 13/2006 introduces Waste Management 
Plans (WMP) and includes relevant rules, provides principles, objectives, tools and 
guidelines for an Integrated Solid Waste Management (ISWM) [36].  
     The city of Beira (Conselho Municipal da Beira – CMB), is making concrete efforts in 
improving provided services to citizens promoting an international partnership coordinated 
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by Consortium of Associations with Mozambique (CAM). CMB has drafted the “Postura 
Municipal para a Gestão de Resíduos Sólidos”, which aims not only to find management 
tools, but also to improve life conditions of population, in order to establish the sufficient 
conditions for a sustainable development. 
     The use of compost as a strategy for the management of the organic fraction of municipal 
solid waste (OFMSW), in Mozambique, it was already used in Maxixe [37]. Also, in Beira, 
composting has been identified as a possible method of OFMSW treatment, with a view to 
valorisation and reuse [38]. This article presents the results and proposals for the Beira case. 

2  MATERIALS AND METHODS 
Beira is the capital of the Sofala Province and the second city of Mozambique with a 
population of about half million of inhabitants. It represents the second industrial park and 
the third biggest seaport in Mozambique for the import-export flows. The city’s economy is 
mainly based on trade and port activity and the commercial and transport sectors appear to 
be the most developed; a sector of equal importance is certainly represented by agriculture. 
     The MSW management is on the responsibility of the VGUE (Vereação de Gestão 
Urbana e Equipamentos). The current state presents several problems both with regard to the 
equipment available, their excessive use as well as an incomplete coverage of the service for 
the areas of the city. A weak link in the chain is precisely the collection service. There are 
three different systems forms of waste collection: contendores (6 m3), tambores (200 L) and 
direct arrangement on the ground. Container trucks, auto-compacting machines and tractors 
are the means used for the MSW collection, whose number of units is reduced, and the 
availability often not guaranteed. The final point of waste delivery, the municipal landfill, is 
not delimited and presents significant problems with regard to the access especially during 
the rainy period. The waste disposal is completely uncontrolled, so there are problems of both 
volumes and run-off; the landfill, as common in other developing contexts, presents the 
informal collection phenomena.   
     For the development of the present research, six sectors of different types of waste were 
considered (domestic, market waste, industrial, commercial, green street sweeping waste). 
The total daily production being about 523 t/d (190,822 t/y). The domestic sector represents 
the major contribution, 65%, followed by the market waste sector, 20% [38], [39].  
     In the context of Beira, different directions were taken that include a direct approach with 
local institutions, with managers and activities aimed at the quality-quantitative 
characterization of materials and/or the identification of spaces in order to combine all useful 
and necessary information to draft the project proposal for MSW management. The field 
work was divided into: identification of the matrices to be treated and their production points, 
transfer modes of the selected matrices, treatment plant, composting process and compost, 
intended destination. 
     Regarding the market and food wastes, data were collected together with VGUE. The 
percentage of organic matter (100 m3/month) produced in these markets was identified 
through field analysis, direct comparisons with local responsibles and measurements of the 
apparent density of the waste were carried out in order to extrapolate the weight value of  
the effective quantity of organic matter produced. The characterization of waste from 
restaurants activities was conducted through questionnaires. The georeference of the 
restaurants was made in order to estimate the produced quantities of waste and its percentage 
of organic fraction (OF). 
     Thanks to the collaboration with VAPPMA (Vereação de Agro-Pecuária, Pescas e Meio 
Ambiente), and local responsibles, it was possible to retrieve data regarding the maintenance 
of the urban green waste (number of cropper trees), the pruned roads and the specifications 
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relating to the operating conditions of the activities themselves (number of means used and 
their capacity). The average timber productions associated with a tree has been identified  
and has allowed the extrapolation of the average monthly production and maps have been 
drawn up to identify the urban areas undergoing maintenance. 
     Regarding seeping and sludge waste, data were obtained thanks to the collaboration with 
SASB (Servições Autónomos de Saneamento da Beira) and with ETAR (Estação de 
Tratamento de Águas Residuais). The investigative activity concerning this type of material 
was possible thanks to a comparison with the treatment plant manager, the direct vision of 
operations conducted inside the wastewater treatment station and the estimation of the 
apparent density of the sludge in order to extrapolate quantitative production at monthly 
scale. Furthermore, chemical analyses have been carried out on the sludge, which has 
ascertained the suitability for use in the composting process.  
     The proposed plant, for the above considered materials, is shown in Fig. 1. Compost 
market opportunities represent a crucial point in order to understand the potential use of  
the final product. The problem does not consist in identifying the intended use, but in the 
cost-benefit aspect, in order to make the entire supply chain economically sustainable.  
     Chemical analyses have been taken on soil samples of some countryside in the outlying 
areas of the city and investigation in theoretical form have been carried out additionally. As 
regard the cost-benefit analysis, realities possibly interested in the purchase of compost have 
been investigated and are worthy of further investigation. The first stage was the 
identification and selection of the available matrices that it was decided to use in  
the composting treatment (their quality-quantitative characterization being a nodal point).  
     In this paper the OFMSW considered to be sent in the composting plant was divided into 
two components: market and catering waste. Regarding the first one, the production of the 
two main urban markets of the city, Maquinino and Goto, have been evaluated. 
 

 

Figure 1:  Flow chart of a composting plant. 
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3  RESULTS 
Thanks to the collaboration with local bodies and VGUE, VAPPMA, SASB, ETAR, CAM 
and CMB, it was possible to obtained the determination of mass quantities, reported in  
Table 1, useful and necessary to draft the mixing plans.  
     The values reported have been time scaled, starting from the determination of the 
OFMSW production on daily basis (day of market) and considering the number of days of 
market along the year. Half of the containers considered in each market are also improperly 
used by citizens, so only those for use almost exclusively in the markets were taken into 
consideration: almost exclusively OFMSW was found with a low percentage of other 
materials (15%). 
     Regarding the restaurant activities, a map was created in order to have a graphical 
representation of their spatial arrangement within the urban fabric. Among those surveyed, 
20, only half were taken in consideration. These are the major ones which presented at the 
same time a greater interest and willingness to collaborate. In Table 2, data regarding  
the OFMSW for the considered matrices are reported. The OFMSW quantities from these 
have a contribution of an order of magnitude lower than that of the markets but not less 
important for this reason. The reported data demonstrate also that it is essential to integrate 
and involve the users. 
     Regarding the lignocellulosic material to be used in the composition of the initial matrix, 
the green waste production was estimated considering the units undergoing maintenance, and 
the potential of the management service for urban green areas. A production range of  
0.4–1.4 t/tree has been assumed, considering the size and variability of the tree type. The 
average production value of each tree was considered 0,9 t. In Table 3 the production 
fluctuation during a year is reported.  
     In order to verify the values, the calculations were performed according to the number of 
working days (visible in Table 4), the number of means used daily (during maintenance 
operations) and their capacity. 
 

Table 1:  Production of potential organic matter (OM). 

Marketplace 
Total annual production OM Total monthly production OM 

(m3/y) (t/y) (m3/month) (t/month) 

Maquinino 5,875.2 2,908.2 489.6 242.4 

Goto 2,937.6 1,454.1 244.8 121.2 

Total 8,812.8 4,362.3 734.4 363.5 
 

Table 2:  Quantitative production. 

Source 
Total monthly production O.M. 

(t/month) 

Market waste 364 

Restaurants 11 
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Table 3:  Monthly lignocellulosic material production. 

Months Pruned trees Average production (t/month) 

January 0 0 
February 145 130.5 

March 164 147.6 

April 176 158.4 

May 275 247.5 
June 345 310.5 
July 357 321.3 

August 294 264.6 

September 365 328.5 
October 410 369.0 

November 204 183.6 

December 50 45.0 

Table 4:  Further estimate of potential quantities of lignocellulosic material. 

Period Days 
Working days 
(Theoretical)

Theoretical 
production (t)

Assumed 
production (t) 

March to 
August 

184 127 1,587.5 1,587.5 

September to 
February 

181 124 1,550 1,162.5* 

January to 
December 

365 251 3,137.5 2,750 

* Reduced value of 25% due to the climatic conditions characterizing this period 
(reduced service efficiency) 

 

Table 5:  Amount of produced fresh and dried sludge. 

Monthly sludge 
production 1 

Monthly sludge 
production 2 

Sludge 
average 

density 2

Monthly sludge 
production 2 

Daily sludge 
production 2 

(m3/month) (m3/month) (t/m3) (t/month) (t/month) 
27 13.5 0.694 9.4 0.310 

1 = Fresh sludge leaving the anaerobic reactor; 2 = Dried sludge leaving the drying beds 
(arranged in cells) 

 
     The sewage sludge (SS) production reported in Table 5, is very low due to the current 
operating conditions of the whole sanitation infrastructure. Data were given by ETAR. Once 
the availability of the different materials was known, using a modular approach, and 
establishing the initial input material as 1,500 t/y (125 t/month), it was possible to draw up a 
mixing plan on a monthly scale, that is reported in Table 6. 
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Table 6:  Mixing strategy. 

Raw 
material 

Weight Weight A.D. Vol. Vol. SS SS SS N C C/N 

(t/month) (%) (t/m3) (m3) (%) (%) (t) (%)    

OFMSW 78.1 62.5 0.75 104.1 49.3 25 19.5 44.8 1.4 30 21.4 

Sludge 9.4 7.5 0.7 13.5 6.4 17 1.6 3.7 2.9 25 8.6 

Ligno- 
cellulosic 

37.5 30 0.4 93.8 44.3 60 22.5 51.5 0.7 45 64.3 

Total 125 100 0.6 211.4 100 35 43.6 100 1.1 38 34.3 

Table 7:  Compost quantities produced. 

COMPOST Weight (t/y) Volume (m3/y) Weight (t/d) Volume (m3/d) 

Raw1 
675* 1,269* 3.2 6 

Fine2 450** 923** 2.1 4.4 

1 = downstream of the maturation phase; 2 = downstream of the post-treatments 

* Raw Compost yield: 45% in Weight e 55% in Volume compared to the input quantity; 

** Finished Compost yield: 30% in Weight e 40% in Volume compared to the input  

 
     The first phase of the process (accelerated bio-oxidation) is proposed to be carried in 3 
cells and will be characterized by 21 days lasting (about 17–18 cycles/y). In each cell, about 
29 tons of organic material by cycle can be treated. The aerobic conditions will be guaranteed 
by an insufflation system consisting of perforated corrugated tubes, a fan for the supply of 
air and one for suction. The exhausted process air will be sent to a bio-filter for its treatment 
before release into the atmosphere. This solution (used mainly from the mechanical 
biological treatment) is the most economic one and have a good pollutants removal efficiency 
[40]–[42]. Downstream of the accelerated bio-oxidation, a reduction in weight and in volume 
of 30% and 25% respectively, is was foreseen. In this way the quantity for the second phase 
is equal to 1,050 t/y (1,730.8 m3/y). 
     The second phase is carried out by placing the material on a stave along the linear-shaped 
piles. This area will represent the largest area inside the station. The maturation stage will be 
characterized by a duration of about 60 days for a total number of 6 cycles/year, about 173 
tons/cycle will be treated. It has been hypothesized 4 piles, with a base and length of 3 m and 
32 m respectively (384 m2 in plan covered with material in the secondary stabilization phase). 
     The piles are not aerated but they are subjected to turning operations thanks to a revolving 
machine, actuated and driven by the tractor, which plays a multifunctional role within the 
whole process. The wetting operations will be carried out by means of a rotary sprinkler 
located above the revolving machine. The overlapping of the two operations allows the 
optimization of the time-management aspect. In Table 7 the expected quantities of compost 
are reported. 
     For the OFMSW, a manual selection was considered for the removal of the bulkiest 
materials. For the brushwood, a bio-shredder was proposed. For the materials handling 
operations (mixing, heaps preparation and loading/unloading) a tractor with front blade can 
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be used. At the end, a final screening trough a cylindrical roll was proposed. In this way, a 
homogenization of the material can be made but also will allow the recovery of any material 
not intercepted in the initial phases. 
     In Table 8 the surfaces needed for the proposed composting plant, considering the quantity 
of organic material that will be treated, are reported. 
     Given the above, the initial matrix value to be subjected to the treatment that was chosen 
to be considered is equal to 1,500 t/y. This assumption, following the natural reductions that 
occur during the proposed process, would allow a production of about 450–675 t/y, 
depending on whether the compost is considered refined or raw, or downstream or upstream 
of the post-treatments (dimensional screening), which allow a higher final quality. 
     Regarding the possible use of compost, the first and simplified land analysis has 
highlighted that its application can be suitable with the existing land and will improve its 
physical, chemical and biological characteristics. Its use in the agricultural field can be made 
only after the development of a proper campaign of dissemination, promotion and 
demonstration, in order that compost will be considered a product of value. 

4  CONCLUSIONS AND PERSPECTIVES 
The study carried out, has allowed highlighting how the considered city, Beira, presents a 
high and diversified potential of suitable available materials for the biodegradation process 
such as composting. The main contribution in the organic material productions is certainly 
due to market utilities; also, the catering activities represents an important contribution in 
terms of quality and diversification of the commercial activities involved. 
     With regard to the wood-cellulosic material, used as the bulking agent, there is a 
significant quantity, as the city has numerous tree-lined avenues. It must be considered that 
in Mozambique, wood is widely used in domestic combustion for cooking purposes. The 
sewage sludge, is taken in consideration with a view to an integrated approach of the utilities 
and materials involved. Its involvement covers the additive function, however if  
SS characteristics become unsuitable, it is possible to implement a mixing plan without  
this element.  

Table 8:  Internal surfaces of composting plant. 

Areas 
Surfaces 

(m2) 

Receiving and pre-treatments 
materials area 

Green waste storage and shredding area 200 

Waste storage box 25 

Mixing box 25 

Active composting area 
3 Cells 75 

Biofilter 5 

Maturation area 

Heaps/windrow surface 390 

Lanes surface 260 

Operations surface 200 

Post-treatments and storage 
compost area 

Screening and storage compost area 240 

Services area Services local (/room) 40 

Total ~1,500 
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     Regarding the composting plant design, the choice to use a modular approach, i.e. to align 
the sizing to the quantity of input material established rather than the potentially available 
one, is configured as an evaluation tool for a successful project outcome. This, in fact, allows 
an analysis step by step of the real potential of using composting as an alternative to disposal 
in landfill, allowing a better understanding of the possible management limits and process 
difficulties on a small scale, minimizing the failure risk on a larger scale. 
     From a managerial point of view, for the success of the composting process, the logistic 
component must be taken into consideration by the personnel in charge. In this regard, the 
transmission and acquisition of adequate professional and managerial skills through a 
completed and iterated training is absolutely vital. 
     The composting process is capable of presenting its maximum effectiveness only within 
an ISWM. Composting is not and does not pretend to present itself as an absolute and 
exhaustive solution, but rather as an effective form of management of a given component of 
MSW, the biodegradable one. 
     In additional to the function of composting as a treatment form, the promotion of the 
“compost” use is important. This means that parallel projects that encourage the use of  
the product must be implemented. An example is the urban agriculture programs  
(agro-economy), which may prove capable of combining agricultural production activities 
for food purposes with the creation of useful spaces for the application of the obtained 
product, the compost (the country is currently undergoing strong timber exports). 
     Regarding the plant location, a crucial phase in the design of composting station, this 
remains a question not completely resolved within this study. Although some possible, 
suitable sites of the plant installation have been assessed, the selection of one rather than 
another must follows a careful and in-depth context analysis, also making use of geotechnical 
instruments. The choice, in addition to the various known criteria necessary to carry it out, 
should not be dictated by purely economic-financial issues in the short term. On the other 
hand, it cannot be exempt from careful assessments regarding medium/long-term, technical 
complications and burdens. 
     For the project implementation, at whatever scale it is carried out, a wide-ranging 
evaluation is absolutely necessary, which is capable of taking into consideration social, 
economic and environmental elements. It is essential, to not underestimate absolutely all 
those socio-educational and informative paths; that even if they seem apparently marginal, 
are fundamental ingredients for the success of the project, both from an acceptance and 
development point of view. 
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ABSTRACT 
In recent years, by developing cities and increasing population, reconstructing on closed landfill sites 
is unavoidable in some regions. Long-term settlement is one of the major concerns associated with 
reconstruction on landfills after closure. The purpose of this research is evaluating the effect of 
preloading in various patterns of height and time on long-term settlements of closed landfills. In this 
regard, five scenarios of surcharge from 1 to 3 m high within 3, 4.5 and 6 months of preloading time 
have been modelled using PLAXIS 2D software. Moreover, the numerical results have been compared 
to those obtained from analytical methods, and a good agreement has been achieved. The findings 
indicate that there is a linear relationship between settlement and surcharge height. Although, long-term 
settlement decreased by applying a longer and higher preloading, the time of preloading was found to 
be a more effective factor compared to preloading height. 
Keywords:  preloading, long-term settlement, closed landfill, PLAXIS 2D. 

1  INTRODUCTION 
Nowadays, considering the population growth, the cities are developing, which can lead to 
place some closed landfill sites within urban areas. Therefore, in some cases reconstruction 
on closed landfill is inevitable. Roads and public transport network are most probable cases 
for reconstruction on the top of closed landfill sites. There are a variety of challenges related 
to redevelopment on the top of closed landfills including, long term settlement control and 
protecting the stability of landfill structure. In order to reduce the super-structure settlement, 
improving the settlement characteristics of waste material is necessary. Moreover, the used 
method for improving the mechanical properties of waste disposal should be safe for the 
landfill cover layer and the drainage system. 
     Different methods can be applied for improving the ground, including stone columns, 
cement grouting, chemical stabilization, dynamic compaction and preloading [1]. However, 
some of ground improvement methods are not appropriate for landfills as a result of 
heterogeneous nature of wastes and existing different landfill components such as the liner 
structure. As an example, intrusive improvement techniques such as dynamic compaction 
(DC) can destroy the landfill cover layer, which usually consist of compacted clay with a 
synthetic barrier or geosynthetic clay liner (GCL) as a hydraulic barrier. Among the existing 
improvement techniques, preloading is a safe and non-intrusive method. Preloading is 
applying an external load on a low-permeable soil in order to accelerate the consolidation 
process and increasing the effective stress [2]. Referring to [3], the process of preloading is 
a simple form of applying induced settlement. Since wastes in landfills have heterogeneous 
nature, predicting settlement, especially secondary settlement is a major challenge. 
Therefore, there are limited studies associated with applying preloading technique on top of 
landfills. The most recent case study of using preloading for landfill improvement have been 
presented by [4] at Fresh Kills landfill on Station Island, New York. The landfill classification 
was the mixture of municipal solid wastes and construction debris. According to the results 
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of this research, it was concluded that the predicted settlement under the embankment was 
from 0.15 m to 1.83 m. The initial measurements indicated that about 0.5 m of the predicted 
settlement occurred during the first 1.5 months. Moreover, the settlement parameters were 
calculated for wastes at Fresh Kills landfill using back analysis method, which are as follows 
[4]: 

 The average value for modified secondary compression indices is 0.022. 
 The average values for modified primary and recompression indexes are 0.23 and 0.023, 

respectively. 

     There is another case study at Tinton Falls landfill in New Jersey, USA [5]. In this site, 
both method of dynamic compaction and preloading were used aiming to improve landfill 
behaviour. The results of this case study illustrated that the secondary compression index was 
between 0.059 and 0.0817, which was considerably different with the values presented by 
[4] and showed the variation of settlement parameters for different wastes in various landfill 
classifications. Furthermore, it is outlined that observed total and differential settlements for 
preloading zone was higher than those observed in the zones where dynamic compaction 
were applied [5]. 
     Aforementioned, preloading is a very simple (no need to employ special equipment), non-
intrusive and an effective method (even for deeper improvements); however, it is a time 
consuming method. Although using a vertical drainage system is a common method to 
decrease the time of applying surcharge, vertical drains cannot be used in the landfill because 
they may destroy the landfill cover layer. Vertical drains can also provide a route in which 
the hazardous substance can be released [6]. In order to make preloading a time effective 
method, increasing the height of surcharge can be proposed as a suitable alternative. Having 
the knowledge of long-term settlement of landfills based on time and height of preloading 
leads to optimize the preloading design. As a result, in this research the effect of preloading 
on long-term settlements in closed landfill sites, considering the time and height of surcharge, 
has been investigated using numerical and theoretical methods. 

2  THEORY OF SETTLEMENT 
There are a variety of factors contributing to landfill settlements including, type of waste, 
organic content, moisture content, compaction density, compressibility, and level of nutrients 
available for biological activities, pH, temperature, and time [7]. Landfill settlement is 
considerably complex in comparison with coarse and fine soils as a result of heterogeneous 
nature of wastes, large particle sizes, compression of refuse particles, and the loss of solid 
due to biodegradation [8]. In addition, landfill settlements are classified into five groups [9]: 

1. Initial compression: This settlement is the immediate mechanical compression caused 
by compression of highly deformable waste components and takes place immediately 
after an external load applied to the waste. 

2. Primary settlement: It is the mechanical settlement due to continuous compression or 
reorientation of waste which is a slower process. This settlement is the consolidation 
settlement that occurs due to dissipation of water and gas from the pores as a result of 
applying the load. 

3. Secondary settlement: This settlement is the mechanical compression due to the creep 
and primary decomposition of the waste. 

4. Decomposition settlement: The settlement as a result of decomposition of organic 
material. 

5. Residual settlement: Mechanical deformation and organic decomposition cause residual 
settlement. 
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     Fig. 1 presents the settlement stages of wastes based on categories mentioned above. 
According to this figure, the settlement due to the self-weight or surcharge takes place within 
3 months. The settlement at stages III to V is highly substantial and is time-dependent. 
Decomposition settlement is considerably important at landfills with organic and putrescible 
materials. In this research, it has been assumed that the waste materials are old and mostly 
inorganic and non-putrescible. Therefore, decomposition settlement due to biodegradation of 
putrescible material is disregarded. 
 

 

Figure 1:  The typical time-settlement data at landfills [9]. 

     There are many investigations associated with the theory and the methods to evaluate the 
primary and long-term settlements at landfills [10]–[12]. The following equations for 
estimation the primary (∆𝐻௉) and secondary settlement (∆𝐻௦) has been presented [11] 

 ∆𝐻௉ ൌ 𝐻𝐶௖௘log
௉బା∆௉

௉బ
     where  𝐶௖௘ ൌ

஼೎

ଵା௘బ
, (1) 

 ∆𝐻௦ ൌ 𝐻ଵ𝐶ఈఌlog
௧మ

௧భ
           where  𝐶ఈఌ ൌ

஼ഀ

ଵା௘೛
, (2) 

where, 𝐻 is the height of waste layer, 𝐻ଵ is the height of waste layer at the beginning of the 
secondary settlement, 𝐶௖ is the primary compression index, 𝑒଴ is the initial voids ratio of 
waste, 𝑃଴ is the existing pressure at midlevel of layer, ∆𝑃 is the increase in overburden 
pressure acting at midlevel of layer, 𝐶ఈ is the secondary compression index, 𝑒௣ is the void 
ratio after primary compression, 𝑡ଶ is the time, 𝑡ଵis the time which is necessary for primary 
compression. 
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3  MATERIALS AND METHODS 
The geometry of landfill considered for evaluating the effect of preloading is shown in  
Fig. 2. According to this section, total height of landfill is 20 m with 5 m above the natural 
ground level and the thickness of cover layer is assumed 0.5 m. As mentioned earlier, in this 
research, the waste material has been assumed non-putrescible with no biodegradation 
settlement. In order to calculate the long-term settlement, a detailed numerical analysis using 
PLAXIS 2D has been carried out, and the results have been verified with those obtained by 
analytical methods. 
 

 

Figure 2:  A typical cross section of the proposed landfill. 

3.1  Material 

In order to determine the geotechnical parameters of materials, the most effective parameters 
are settlement parameters of waste materials, including the primary compression index 𝐶௖௘ 
and the secondary compression index 𝐶ఈఌ. There are some references reporting different 
values for 𝐶௖௘ and 𝐶ఈఌ in waste materials. According to Table 1, [13] reported the values of 
𝐶ఈఌ for various landfill ages. It can be concluded that values of 𝐶ఈఌ ranges from 0.001 to 0.24 
and it is difficult to use one 𝐶ఈఌ for the entire period of landfill. Moreover, there is another 
literature review conducted by [14]; and data were collected from several published studies. 
The most recent and relevant data of these investigations are illustrated in Table 2. 
     Based on the value of settlement parameters, mentioned in the literature, and based on the 
assumed condition for the waste material (non-putrescible), the geotechnical and design 
parameters considered for landfill and sub-soil layers are summarized in Table 3. 

Table 1:  Secondary compression parameters for waste material [13]. 

Material 𝑪𝜶𝜺 
Ten year old landfill 0.02

Fifteen year old landfill 0.24

Fifteen to twenty year old landfill 0.02

Old landfill 0.04

Old landfill with high soil content 0.001 to 0.005
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Table 2:  Summary of 𝐶௖௘ and 𝐶ఈఌ parameters from literature [14]. 

Primary 
𝑪𝒄𝒆 Secondary 𝑪𝜶𝜺 Reference 

0.09–0.19 0.006–0.012 [15] 
0.16 0.02 [16] 

0.17–0.24 0.01–0.016 [17] 
0.073–0.132 0.015–0.03 Field monitoring, [18] 
0.17–0.23 0.024–0.030 Field monitoring, [19] 

– 
𝐶ఈఌሺா௅ሻ:0.02a

𝐶ఈఌሺௌௐሻ: 0.19–0.28b [20] 

– 
𝐶ఈఌሺா௅ሻ: 0.014 for waste treated with DDCc

𝐶ఈఌሺா௅ሻ: 0.045 for waste treated with surcharge 
Field monitoring for 

external load [5] 
aEL = External load; bSW = Self-weight; cDDC = Deep dynamic compaction.

Table 3:   Proposed geotechnical and design parameters for assumed landfill and sub-soil 
layer. 

Material type Unit weight 
(kN/m3) 

Effective 
cohesion 

(kPa)

Effective 
friction angle 

(degree)
𝑪𝜶𝜺 𝑪𝒄𝒆 

Medium strength rock 21 10 30 – – 
High strength rock 21 200 30 – – 
Waste 15 0 30 0.02 0.15 
Cover layer 20 10 25 – – 
Embankment 21 2 33 – – 
Upper fill (extra surcharge) 21 10 30 – – 

3.2  Methods 

In this research, the numerical simulation is performed using finite element analysis software 
PLXIS-2D which is a powerful software for two dimensional analysis of deformation in 
geotechnical engineering. The finite element mesh of the landfill section with 15 node 
triangular element is shown in Fig. 3. 
 

 

Figure 3:  Deformed mesh of the model. 
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     The soft soil creep (SSC) model has been considered for calculation of creep (secondary 
settlement). This model is very common for soft soils such as normally consolidated clays, 
peats and wastes and this model in PLAXIS computes the secondary compression. Since soft 
soils are highly compressive, in the oedometer test normally consolidated clay behaves ten 
times softer than normally consolidated sand [21]. In addition, oedometer stiffness of soft 
soil has linear dependency and in the stress-stiffness curve a line in the form 𝐸௢௘ௗ ൌ 𝜎/𝜆∗ 
can be plotted, where 𝜆∗ is the modified compression index. The SSC model is an extension 
of soft soil (SS) model, which is based on Cam Clay model considering Mohr Coulomb 
criterion for failure. In soft soil (SS) model, increasing the load would cause the stress state 
to fall outside the current cap and the cap expands instantaneously, while in the SSC model 
this cap shift needs time. It means that by applying higher load, the cap does not expand 
immediately and it may take one day to adopt to the new stress state [22]. In order to calculate 
creep settlement, [23] proposed the following equation: 

 𝜀ு ൌ 𝜀஼
ு ൅ 𝜇∗. 𝑙𝑛 ቀ

ఛ೎ା௧ᇱ

ఛ೎
ቁ, (3) 

where, 𝜀஼
ு is consolidation settlement, 𝜇∗ denotes the creep index describing secondary 

compression per logarithmic time increment, and 𝜏௖ and 𝑡′ are time parameters. The total 
volumetric strain in an isotropic stress state as a result of increasing the mean effective stress 
from 𝑝଴

ᇱ  to 𝑝′ during the time of ሺ𝜏௖ ൅ 𝑡′ሻ is expressed as: 

 𝜀௩ ൌ 𝜅∗. 𝑙𝑛 ቀ௣ᇱ

௣బ
ᇲ ቁ െ ሺ𝜆∗ െ 𝜅∗ሻ. 𝑙𝑛 ൬

௣೛೎
ᇲ

௣೛బ
ᇲ ൰ ൅ 𝜇∗. 𝑙𝑛 ቀఛ೎ା௧ᇱ

ఛ೎
ቁ. (4) 

     In eqn (4), the parameters 𝑝௣బ
ᇱ  and 𝑝௣௖

ᇱ  represent the pre-consolidation pressure relating to 
before loading and end of consolidation, respectively and 𝜅∗ is the modified swelling, which 
determines soil behaviour during unloading/reloading. The relationships between basic 
stiffness (𝜅∗, 𝜆∗, 𝜇∗) an internationally normalized parameters (𝐶௥, 𝐶௖, 𝐶ఈ) are [24]: 

 𝜆∗ ൌ ஼೎

ଶ.ଷሺଵା௘ሻ
, 𝜅∗ ൌ ଶ

ଶ.ଷ

஼ೝ

ଵା௘
  𝜇∗ ൌ ஼ഀ

ଶ.ଷሺଵା௘ሻ
. (5) 

4  RESULTS AND DISCUSSION 
The obtained numerical results for the five evaluated scenarios at three different preloading 
time are presented in Table 4. In this table, hs is the surcharge height, which is assumed 
ranging from 1 m to 3 m with 0.5 m increment in each scenario and tp is the preloading time, 
which is considered to be 3, 4.5, and 6 months. It is obvious that after removing surcharge 
and applying the reconstruction load, the value of settlement increases with time and this 
settlement is calculated up to 10 years of applying external load. As an example, the 
settlement values at Scenario 1 and Scenario 5 of preloading for 3, 4.5, and 6 months 
preloading time are plotted in Fig. 4. As expected, by increasing preloading time from  
3 months to 6 months, the long-term settlement decreased. The maximum of this settlement 
decrease is 319 mm, which occurred at Scenario 5 of preloading. On the other hand, 
increasing surcharge height from 1 m to 3 m can reduce the settlement with maximum value 
of 83 mm for 6 months preloading time. 
     In order to verify numerical results, a comparison has been performed between numerical 
and analytical method [11]. Fig. 5 shows this verification for Scenario 1 and Scenario 3 at  
3 and 6 months applying preloading. According to these graphs, it can be seen that by 
increasing the time of applying the reconstruction load, the difference between calculated 
settlement using theoretical and numerical methods are developing. However, the maximum  
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Figure 4:    Settlement versus time after applying the reconstruction load at Scenario 1 and 
Scenario 5 preloading. 

 
(a) 

 
(b) 

 
(c) (d)

Figure 5:    Verification of numerical results with analytical results. (a) Scenario 1,  
6 months; (b) Scenario 1, 3 months; (c) Scenario 3, 6 months; and (d) Scenario 
3, 3 months. 

value of this difference which is related to Scenario 3 and 3 months preloading, is limited to 
17% and this value of disagreement is reasonable. Therefore, the numerical and analytical 
results are in acceptable agreement with each other. 
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(a) 

 

 
(b) 

 

 
(c)

Figure 6:    Settlement versus surcharge height for 2, 4, 6, 8 and 10 years after applying the 
reconstruction load. (a) 3 months; (b) 4.5 months; and (c) 6 months. 
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     In Fig. 6, the variation of settlements versus surcharge height after different times of 
applying reconstruction load (2, 4, 6, 8, and 10 years) are presented. According to these 
graphs, there is approximately a linear relationship between the long-term settlement and the 
height of surcharge, and the corresponding equation is presented close to each graph. On the 
other hand, the rate of settlement reduction decreases by increasing the time of applying 
external load, indicating that in the first years of applying reconstruction loads, increasing 
the surcharge height has more effect on decreasing settlements. In order to evaluate the effect 
of preloading time and surcharge height in reducing the settlement of landfills under 
reconstruction loads, the settlement values after 10 years of applying external loads and 
preloading time for different scenarios of preloading (different surcharge heights) are plotted 
in Fig. 7. Based on the obtained results, by increasing the preloading time for 1.5 months, the 
long-term settlement decreases about 15% while by increasing the surcharge height from  
1 m to 3 m, the settlement values decrease approximately 5%. As a result, by comparing these 
two crucial parameters in the preloading ground improvement method, it can be concluded 
that the preloading time is a more important factor compared to the surcharge height in 
curtailing the settlement. 
 

 

Figure 7:  Settlement versus preloading time for different surcharge scenarios. 

5  CONCLUSIONS 
Preloading is a non-intrusive ground improvement technique at closed landfill sites, which 
can prevent damages to the landfill structures, such as drainage systems and liner cover, under 
reconstruction loads. In this method, height and time of applying surcharge are two crucial 
factors to save time and make projects be cost effective. In other words, by selecting a proper 
combination of height and time of preloading, the time of ground improvement method can 
be reduced, while the project costs can be kept under control. In this research, the effects of 
these two factors on long-term settlement of waste material deposits have been investigated 
by conducting an array of numerical analyses with PLAXIS 2D. The predicted results were 
verified with an existing theory of settlement. In the assumed conditions, the results indicated 
that, preloading time was a more effective parameter compared to the surcharge height. 
Moreover, the settlement values for different surcharge height varied linearly; and this linear 
relationship was developed for each fitted line. 
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     To conclude, in projects in which preloading is a proposed method of ground 
improvement, a reasonable combination of preloading height and time can be opted by 
considering the maximum allowable settlement. There might be some time, cost, and 
construction limitations in some projects, which can affect the optimum combination of 
preloading time and height. Hence, waste materials can be managed for reconstruction 
purposes by adopting preloading method as a non-intrusive method to control long-term 
settlement of landfills. Since preloading approach does not disturb the internal systems of 
closed landfills (e.g. cover, drainage, liner, gas collection and leachate collection systems), it 
can be considered for redevelopment in areas with land scarcity employing environmental 
concerns. 
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ABSTRACT 
The reliance on conventional polymeric materials derived from petrochemical sources, has been 
associated with various environmental burdens and stressors that are well documented. These are namely 
associated with the overall carbon print of plastics conversion and an overwhelming accumulation of 
solid waste; which on the other hand is associated with soil and water aquifers poisoning in many 
regions the world over. In this work; and in an effort to develop a polymeric blend that can sustain itself 
in terms of mechanical integrity, thermoplastic starch polyester was converted with virgin linear low 
density polyethylene (LLDPE) and a plastic solid waste (PSW) component retrieved from municipal 
sources. The objective in this communication is to study the effect of different compounding conditions 
on the resulting blends which were characterized using scanning electron microscopy (SEM), 
mechanical profiling in accordance with ASTM 882-12 and physical-optical properties determination. 
The blends were originally prepared using single screw extrusion (SSE), twin screw extrusion (TSE) 
and blown-filming, to determine which of the processes are more reliable for industrial bulk 
production purposes in the future to establish a plastic conversion line suitable for biodegradable 
plastic film conversion. 
Keywords:  biodegradation, polyester, starch, polymer waste, waste management. 

1  INTRODUCTION 
Due to the environmental concerns associated with the disposal of plastic solid waste (PSW), 
the development of a new class of materials becomes a necessity rather than a luxury. 
Biodegradable plastics presents itself as such, and it has proven itself as an effective measure 
against conventional plastics. Comprehensive assessments of biodegradable polymers 
applications and current developments were reviewed previously by Amass et al. [1]. 
Emadian et al. [2] reported that biodegradation cannot lead to a complete disappearance  
of the material. The colonisation of microorganism on the plastic occurs when materials  
are exposed to the appropriate conditions of soil and humidity. Chiellini et al. [3] has  
also provided an overview of the degradable polymers in agricultural applications. Orhan 
and Büyükgüngör [4] tested the biodegradability of polyethylene (PE) bags containing 12% 
by weight of starch. They reported that PE plastics build-up in the environment is at a  
rate of 25 million tons per year. Ohtaki and Nakasaki [5] examined the degradability of 
several biodegradable plastics under controlled composting conditions and concluded  
that the degradability of 8 plastic ranged from a few percentage points to approximately 
65% over the 8 days composting period at 50oC. Studies of polymer degradation during 
their lifecycle have shown that there are usually two main steps involved: abiotic and  
biotic degradation. Abiotic degradation involves the degradation of the polymeric content 
due to environmental exposure and is accompanied by microbial colonisation (biotic 
degradation) [6]. 
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     Biodegradation at chemical level is initiated by containing a carbonyl functional group 
(C=O) within a chemical chain. Hydro-biodegradable materials contain carbonyl groups, 
which break down with heat and moisture. A 100% of such material is therefore classified 
on its own as biodegradable. Oxo-biodegradable plastics, do not contain carbonyl groups 
making it essential to introduce other additives which will change their chemical properties 
and accelerate the oxidation process leading to biodegradation of the material. Reddy et al. 
[7] revealed that biodegradables can mitigate harmful pollutants from leaching into 
surrounding environments, such as chlorinated compounds and toxins. The reader is 
referred to our earlier work on the biodegradability of oxo-biodegradables in arid climates 
as well [8]–[10]. 
     Montagna et al. [11] also reported the use of different pro-degradant materials to 
enhance polymers biodegradability and showed the influence of an organic pro-degradant 
on PP under the two different environmental conditions (abiotic and biotic). According to 
literature, various characterisation methods such as spectroscopy (FTIR), mechanical 
testing [12], [13], and thermal analysis (TGA and DSC) [14] have been used to assess the 
composition of waste [15] as a result of their susceptibility to changes in material 
properties. FTIR spectroscopy is found to be the most effective and sensible technique for 
measuring polymer degradation [15]. In this article which is the first part of a two series 
communication, we present the compounding and basic characterisation of various 
biodegradable blends originating from virgin linear low density polyethylene (LLDPE) and 
PSW, enhanced with a prod-degradant and a thermoplastic starch (TPS) resin.  

2  EXPERIMENTAL  
Commercial grade LLDPE (EFDC-7050) was used as received in a pellet form with a 
reported density of 0.918 g cm-3 [8]. The LLDPE polymer was compounded with a 3 wt.% 
ECOVIO® (TPS) resin and by the same amount with a PDQ-M Willow Ridge Plastics 
(Inc.) pro-degradant chemical, using three different techniques that are standardised in the 
industry of plastics conversion. These techniques are namely, (a) single screw extrusion 
(SSE), (b) twin screw extrusion (TSE), and (c) blow-filming (BF) which are the most 
common among commercial film production lines, and have been chosen to study the effect 
of processing and melting on the materials. SSE was performed using a Dolci extruder (L/D 
ratio 1/28) using 10 kg as master batch mix. The blends with TPS were conducted in  
the same mix ratios as the oxo-additives. Mixing with palletized PSW was also conducted 
in the same blend ration of 3 wt.%. Furthermore, BF was conducted with the same 
formulations aforementioned using a Windsor blown-film coupled with an L/D (1/28) SSE 
operated under 6 bars of pressure. TSE was performed using a Kung Hsing operated in  
co-rotation with a maximum speed of 75 RPM maintained throughout the experimental 
work. The TPS samples were extruded in a standalone Brabender SSE which was used in 
the compounding process of the samples. All samples were extruded as sheets of 100 m 
thickness meeting standard market specifications and as an average of major film 
applications. Mechanical properties were studied following test protocol of ASTM 882 
using a Tinius Olsen Universal Testing Machine (UTM) machine as depicted previously  
in Al-Salem et al. [8]. The optical and physical properties of the samples were evaluated 
using the PCE-CSM3 colorimeter following ASTM D 2244 protocol to measure colour 
parameters. The tests were used to establish the colour parameters for light/dark (L*), 
red/green (a*), and yellow/blue (b*). The average readings of the specimen are reported. 
The haze (%) and light transmission (%) of the samples were determined using a MF709 
(spherical) haze meter (model BS 2782) following ASTM D 1003 similar the methods 
applied in past works [8], [16]. This provided an estimate of the crystalinity change and 
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amorphous region loss within the polymer matrix to determine the pre-degradation 
behaviour. Replicates of the specimens were tested for haze (%) and light transmission (%) 
and the average of the readings were reported. 

3  RESULTS AND DISCUSSION 
Table 1 depicts a sample of the mechanical properties estimated in this work. Typically, 
stress values are not related to the waste content in the blend [17]. Due to polymer films 
processing conditions, the change in the amorphous region affects the stress at break, which 
results from the heating cycles at compounding stages [18]. Stress at break was measured 
for the LLDPE and its blends and was compared with PSW. The effect of the compounding 
technique on stress at break, as well as, additive content was evident in the stress at break 
values (Fig. 1). SSE compounding gave the highest stress at break values for the LLDPE 
and PSW blends with and without PDQ-M. On the other hand, LLDPE/TPS blend 
exhibited the highest stress when compounded using TSE. Overall, the presence of the 
additives has affected the stress at break of the LLDPE polymer only. The PDQ-M additive 
allowed LLDPE blends to withstand the highest stress at break values compared to the pure 
LLDPE. The PSW, PSW/PDQ-M and PSW/TPS samples showed the same mechanical 
behaviour, i.e. they have similar stress at peak values for all compounding techniques. In 
general, the reported stress at break for pure LLDPE is several folds higher than that 
reported earlier in literature. TPS is a low-cost biodegradable polymer that can offer 
undesirable mechanical properties [19]. Adding TPS to the blends has been found to reduce 
the modulus and tensile strength of the Young but generally speaking this impact becomes 
greater as the TPS content increases [20]. The TPS sample reported the highest stress at 
break value (373 MPa) compared to all samples tested. This indicates that on a molecular 
level, the crystallinity of the TPS formulation is higher than the other examined blends, 
which is due to it exhibiting a higher stress at break as observed in Fig. 1. Again, the 
reported TPS stress at break values were several folds higher than those reported in 
literature [20], [21]. A study of particular interest is that of Shan et al. [22] which 
investigated the change in tensile stress over strain for a mixture of LDPE and two types of 
PP, namely homogeneous PP (PPH) and PP block‐copolymer (PPC), over the full range of 
blend composition. The blends were compounded in a TSE and then injection moulded into 
test specimens. The mechanical properties of the blends were reported to show that pure 
LDPE had the lowest stress point (about 11 MPa) compared to its blends with PP.  

Table 1:   Sample of the mechanical properties estimated in this work showing the 
mechanical tensile pull properties of the blow film samples.  

Material/Blend  
(wt.%/wt.%) 

Young’s Modulus 
(MPa) 

Stress at 
break  
(MPa) 

Strain at 
break  
(%) 

Strain at 
break  
(N) 

LLDPE (100) 5048 ± 1783.94 291 ± 11.49 922 ± 20.30 29.1 ± 1.15 

LLDPE/PDQ-M (97/3) 3333 ± 740.14 305 ± 15.12 939 ± 28.44 30.5 ± 1.51 

LLDPE/TPS (97/3) 3697 ± 254.46 276 ± 6.31 887 ± 21.51 27.6 ± 0.63 

PSW (100) 3891 ± 199.90 194 ± 5.99 782 ± 20.80 19.4 ± 0.60 

PSW/PDQ-M (97/3) 3718 ± 269.67 186 ± 15.25 749 ± 50.54 18.6 ± 1.52 

PSW/TPS (97/3) 3951 ± 181.57 184 ± 7.02 752 ± 45.17 18.4 ± 0.70 
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Figure 1:    Stress at Bre||AK (MPa) measured for the compounded LLDPE and PSW films 
without and with TPS and PDQ-M. 

     The mechanical behaviour of the graphite nanophalates/LDPE manufactured with 
compression moulding and blown film extrusion technologies, was investigated by 
Carotenuto et al. [23]. The pure LDPE was found to be capable to stand extension up to 
600% by activating necking and cold-drawing mechanisms. In BF, mechanical properties in 
the machined direction (MD) and the transverse direction (TD) were tested. In the 
transverse direction the unreinforced LDPE in the blown extrusion process exhibited a 
behaviour that is very similar to that observed for compression moulded samples. The 
polymeric chains’ orientation effect was clearly visible in the Machined Direction (MD) 
sample curve, where LDPE behaved more like a brittle material, hitting higher tensile 
strength values (22 MPa) but a lower maximum pressure. However, the maximum strain 
reached only 300% which was almost twice for previously tested LDPE. Similar results 
were reported by Guichon et al. [24]. Another important consideration was the Young's 
modulus, which was not influenced by the transverse and the machined direction (180 MPa 
for TD and 185 MPa for MD), which means that the chain orientation mainly affected the 
necking and re-crystallisation phases and not the elasticity of polymers. Mechanical 
properties in terms of compressive response of LDPE were investigated across a range of 
strain rates and temperatures [25]. The LDPE plate samples were machined in the through-
thickness direction, with a few experiments conducted in the two orthogonal directions. The 
LDPE stress–strain curve revealed an initial linear elastic region followed by a non-linear 
transition to yield, followed by strain softening and strain hardening afterwards. As 
predicted in most polymers, LDPE is showed an increase in stress with higher strain rate or 
lower temperature. LDPE stress-strain response was qualitatively similar to Omar et al. [26] 
LDPE response. 
     Strain at break (%) was estimated and depicted in Fig. 2. A clear variation is seen in 
relation to the additive content in the measured stain at break values for all the LLDPE 
formulations using the different compounding techniques. Furthermore, pure LLDPE and 
LLDPE-PDQ-M samples compounded in SEE exhibited the highest change in terms of 
strain when compared to their compounded samples using TSE and BF. This is in contrast 
to LLDPE-TPS sample compounded using SSE where a clear drop is noted in its strain 
value. This can be attributed, to the immiscibility on a physical level of the polymeric blend 
using this compounding technique. For the PSW and its blends it can be seen that similar 
strain values were maintained for all compounding techniques. This shows that an amount 
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of 3 wt% of additive could be added to PSW samples with no effect on the product 
integrity. All of the samples tested in this study revealed higher strain at break values than 
TPS, indicating superiority of the blends over the TPS material. All of the PSW samples 
measured in this study showed relatively high strain at break values in comparison to the 
pure LLDPE and its blends, proving clear superiority of the waste blends over the pure 
polymer from an economical and environmental point of view. 
 

 

Figure 2:    Strain at break (%) measured for the compounded LLDPE and PSW films 
without and with TPS and PDQ-M. 

     Colour parameters were measured and summarised in Table 2. The effect of 
compounding techniques on the blends in terms of the difference in the measured colour 
parameters was evident in SSE samples. LLDPE/PDQ-M blend compounded in SSE were 
lightest in colour and more yellow compared to LLDPE and LLDPE-TPS. Using the same 
compounding technique also, PSW had the highest lightness value compared to its blends. 
Amongst all compounded samples using SSE, TPS had the highest lightness, while L* 
values of its blends declined by increasing LLDPE and PSW content (97 wt.%) in the films. 
Lightness recorded for pure LLDPE, PSW and their blends compounded in TSE and BF 
were relatively within the same range (Table 2). Overall, the LLDPE and PSW films did 
not have the same L* and a* values in all compounding techniques. The same was also 
observed for their blends with PDQ-M and TPS. The a* values which stand for redness (or 
greenness) in colour space were insignificant, and even for films compounded in TSE and 
BF they were near zero. For b* values, PSW/TPS blend and PSW films had the highest 
yellowness levels in SSE and BF, respectively. The LLDPE/PDQ-M blend compounded in 
TSE had the most yellowness level amongst all compounded films. In general, lightness 
(L*) was in line with the general colour measurement theory, since transparent and 
achromatic films should have high lightness and minimum colour space values of a * and 
b*. Al-Salem et al. [27], [28] also tested colour parameters of control unexposed 
LLDPE/Waste (100/0) sample extruded using a single screw extruder (L/D=30) and film 
blowing machine. The reported L*, a* and b* values were 29.0, –0.4, and –3.5, 
respectively. These were slightly different from those of the pure LLDPE colour parameters 
reported in the study. Al-Salem et al. [28] also concluded that there was no change in 
colour parameters with respect to DHT. 

Waste Management and the Environment X  97

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 247, © 2020 WIT Press



Table 2:   Colour parameters compounded LLDPE and PSW films (with and without TPS 
and PDQ-M additives).  

Material/Blend (wt.%/wt.%) L* a* b* 
Single screw extrusion

LLDPE (100/0) 35.06 ± 0.55 -1.16 ± 0.07 0.25 ± 0.28 
LLDPE/PDQ-M (97/3) 44.50 ± 1.74 -1.43 ± 0.34 0.90 ± 0.43 
LLDPE/TPS (97/3) 40.29 ± 0.33 -1.22 ± 0.13 0.28 ± 0.14 
PSW (100/0) 37.92 ± 0.67 -1.31 ± 0.12 0.57 ± 0.41 
PSW/PDQ-M (97/3) 23.93 ± 0.43 -1.47 ± 0.13 0.18 ± 0.05 
PSW/TPS (97/3) 34.60 ± 0.95 -1.17 ± 0.41 3.48 ± 0.37 
TPS (100/0) 72.49 ± 0.16 -2.33 ± 0.01 -3.91 ± 0.07 

Twin screw extrusion
LLDPE (100) 27.64 ± 0.39 0.22 ± 0.06 2.40 ± 0.22 
LLDPE/PDQ-M (97/3) 28.58 ± 0.16 0.40 ± 0.05 3.59 ± 0.18 
LLDPE/TPS (97/3) 23.86 ± 0.06 -1.25 ± 0.13 0.14 ± 0.22 
PSW (100) 31.50 ± 0.11 -0.32 ± 0.04 0.56 ± 0.13 
PSW/PDQ-M (97/3) 27.46 ± 0.12 -0.31 ± 0.11 0.37 ± 0.12 
PSW/TPS (97/3)  32.37 ± 0.15 -0.68 ± 0.07 -0.72 ± 0.19 

Blow filming/extrusion
LLDPE (100) 30.90 ± 0.18 -0.09 ± 0.03 0.44 ± 0.14 
LLDPE/PDQ-M (97/3) 29.73 ± 0.11 0.06 ± 0.03 1.36 ± 0.08 
LLDPE/TPS (97/3) 26.32 ± 0.13 -0.42 ± 0.09 0.63 ± 0.32 
PSW (100) 27.54 ± 0.18 0.22 ± 0.09 2.08 ± 0.64 
PSW/PDQ-M (97/3) 31.69 ± 0.07 0.27 ± 0.01 1.57 ± 0.02 
PSW/TPS (97/3) 31.65 ± 0.17 0.01 ± 0.00 0.66 ± 0.63 

 
     Light transmission (%) values were measured for LLDPE and PSW blends and are shown 
in Fig. 3. All pure samples and their blends showed similar transparency characteristics in 
comparison with TPS. Samples containing 97 wt.% LLDPE and PSW did not lose their 
transparency more rapidly because of the low percentage of additives in the blends. It is 
generally ideal for the packaging industry to manufacture films with low hazel and high gloss 
when the product does not need light protection [29]. Factors that can influence haze are the 
degree of crystallisation and/or crystal structure, and the time of polymers relaxation [30]. 
Higher relaxation time allows the crystallisation to occur under the influence of stress 
elongation, allowing the crystalline structures to be small, thin and oriented (lower haze and 
higher gloss) [31]. In addition, the loss of amorphous regions in polyolefins leads to hazy 
specimens; this was reported for TPS and its blends (LLDPE/PDQ-M and PSW/TPS) and is 
shown in Fig. 4. Pure LLDPE and its blends showed comparatively similar trend amongst all 
three compounding techniques indicating the dependency of haze (%) on the additive 
presence and the compounding technique applied. The LLDPE blends showed a clear shift in 
haze values when compared to the pure LLDPE. The same was also observed for PSW and its 
blends (PSW/PDQ-M and PSW/TPS). The virgin LLDPE proved tested by Al-Salem et al. 
[27] to be hazier its other blends with waste. The reported Haze% and Light Transmission% 
of unexposed virgin LLDPE (100) were 42% and 91.5%, respectively. The Haze% value was 
higher than that reported in the study for all LLDPE samples. The light transmission on the 
other hand was in agreement with that reported by Al-Salem et al. [27] (91.5%). Al-Salem et 
al. [27] also reported a notable decrease in haze measurement as the waste content increased 
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and light transmission showed a gradual decrease with exposure time. In addition, Al-Salem 
et al. [28] reported a decrease in Haze% and light transmission% of the virgin LLDPE/waste 
blends (100/0, 90/10, 75/25, 50/50, 75/25, and 10/90), compounded using single screw 
extruder (𝐿/𝐷 =30), with the increase in waste content due to the lack of miscibility between 
constituting polymers. The sensitivity of colour parameters to waste content was not evident 
in this study as seen in Fig. 4. The haze% and light transmission% were measured for 
unexposed LLDPE/waste (100/0) and (0/100) blends extruded, and blown using a single 
screw extruder (Tecnova, L/D=30) as part of the study conducted by Al-Salem et al. [8]. The 
study reported LLDPE/waste (100/0) haze% and light transmission% values of 41.27 ± 3.1 
and 91.48 ± 0.09, respectively. The reported haze% and light transmission% values for 
LLDPE/waste (0/100) blend were 24 ± 0.32 and 90.60 ± 0.08, respectively. 
 

 

Figure 3:    Light transmission (%) of compounded LLDPE and PSW films without and 
with TPS and PDQ-M. 

 

Figure 4:    Haze (%) of compounded LLDPE and PSW films without and with TPS and 
PDQ-M. 
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     It should be highlighted at this stage that oxo-biodegradables were criticised as of late 
for the possibility of environmental pollution (due to chemicals/toxics release to 
surrounding environment) and contributing to the overall microplastic (MP) release. These 
issues are related to oxo-biodegradables fragmentation in open environments and landfill 
conditions, as previously depicted in the EU Directive 94/62/EC [32]. Oxo-biodegradables 
are also known to be non-compostable materials, unlike hydro-biodegradables investigated 
in the research presented in this article. Combined with the presented efforts, and following 
previous recycling and biodegradation of plastics efforts in the region and its impact on the 
environment [9], [27], [33]–[36] the promotion of hydro-biodegradable plastics presents 
itself as a viable environmental solution. The execution of landfill burial experiments and 
following the same methodology for investigating the impact of landfill conditions on 
hydro and oxo-biodegradables presented elsewhere [8], [36] will also be part of this major 
research project in the near future that can deliver a more realistic assessment of 
environmental impact of such materials.  

4  CONCLUSION 
Formulated blends of virgin linear low density polyethylene (LLDPE) and plastic solid waste 
(PSW) with pro-degradant additive and starch based resin, were studied for their mechanical 
integrity and physical characteristics. All blends were in-line with past efforts characterising 
the mechanical integrity of market products which indicates their applicability to be mass 
produced as a biodegradable plastic for local markets. The compounding technique showed an 
immense impact on the stress at break of the blend. Single screw extrusion resulted in the 
highest value for the stress at break namely for the LLDPE and PSW blend. On the other 
hand, LLDPE/TPS blend exhibited the highest stress when compounded using TSE. It is 
therefore recommended to produce such blends with the aforementioned technique to meet 
certain demands and specifications of the market based on consumer demands. The change in 
mechanical properties could be attributed to the heating loop power and amount of shear 
applied due to the screw configuration. Starch based resin was also the haziest amongst 
sample produced in this work. However, the blending using twin screw extrusion showed that 
samples produced with this technique had the lowest haze (%) due to the high blending 
resulting from the twin screw configuration. There was no apparent impact with colour 
parameters light transmission between all samples.  
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ABSTRACT 
In an effort to develop a biodegradable blend that could withstand arid environmental conditions; and 
standardise the use of biodegradable plastic films originating from hydro-biodegradable blends, this 
project was initiated by the Kuwait Institute for scientific Research. In this work, linear low-density 
polyethylene (LLDPE) was compounded with a 3 wt.% thermoplastic starch (TPS) resin and by the 
same amount with a pro-degradant chemical, using three different techniques that are standardised in 
the industry of plastics conversion. These are extrusion by single screw compounding, twin screw 
compounding and blown-filming machine as well. The materials were studied in comparison to the 
virgin LLDPE, as well as, formulated blends with plastic solid waste (PSW) materials, also in an 
effort to determine the impact such chemicals and pro-degradants have on the municipal solid waste 
(MSW) stream. Firstly, mechanical properties were studied using a universal testing machine by 
applying ASTM 882-12 and compared to other market grades available within localities. 
Furthermore, the thermogravimetric behaviour and infrared spectroscopy (IR) were established and 
have resulted in a clear shift within the onset and end set temperatures, in comparison to other 
commercial grades. This study establishes a baseline for compounds that could be used in the future 
as a biodegradable plastic film in an effort to combat plastic solid waste (PSW) accumulation in 
developing countries. 
Keywords:  biodegradation, polyester, starch, polymer waste, waste management. 

1  INTRODUCTION 
Packaging is a process that encloses or covers goods intended for shipment, storage, sale 
and use. Polyethylene (PE) is the commonly used polymer in packaging. It is converted into 
packaging materials by thermal processes such as film blowing, sheet extrusion, or 
extrusion coating [1]. The packaging sector is the largest consuming sector by demand for 
all polymer types and resin. Fig. 1 shows the global demand for plastics by sector where 
packaging, building and textiles represents the major share of the market by 34%, 17% and 
10%, respectively [2]. The increase in dependency on plastics has led to an increase in the 
amount of plastic solid waste (PSW) generation, which is estimated to be 260 million 
tonnes per annum on a global basis [3].  
     The properties of products play an important role in improving the quality and shelf-life 
of the food in terms of food packaging and other products where plastic covers are typically 
used [4]. A key requirement for food packaging materials is that they should not emit 
substances that interfere with the product, i.e. cause odour and taste. EQUATE 
Petrochemical Company in the State of Kuwait currently produces approximately 825 ktpa 
of linear low-density polyethylene (LLDPE) and high-density polyethylene (HDPE) with 
an expected increase in market demand in the coming years. Plastic converters that make 
shopping bags, trash bags, agricultural mulches, greenhouse covers and many others use a 
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significant portion of these polymers locally most of which end up as waste. The generation 
of PSW in Kuwait is estimated at around 150 to 200 ktpa and is predicted to grow as a 
result of population growth and high living standards in Kuwait. The predominant 
technique of disposal of solid waste (SW) in Kuwait is landfill burial and with PSW taking 
very long time to effectively degrade in the environment. PSW accumulation and 
management is perceived to be one of the main issues facing both government and private 
sector parties. Recent estimates have shown that Kuwait produces 825 ktpa of PE and 
imports more than 25 ktpa of virgin resin most of which are used in the packaging industry 
and the production of bags [5]. 
 

 

Figure 1:  Plastic resin global demand by sector. (Source: Redrawn from Parker, 2018 [2].) 

     In this work, linear low-density polyethylene (LLDPE) was compounded with a 3 wt.% 
thermoplastic starch (TPS) resin and by the same amount with a pro-degradant chemical, 
using three different techniques that are standardised in the industry of plastics conversion. 
These are extrusion by single screw compounding, twin screw compounding and  
blown-filming machine as well. The materials were studied in comparison to the virgin 
LLDPE, as well as, formulated blends with plastic solid waste (PSW) materials, also in an 
effort to determine the impact such chemicals and pro-degradants have on the municipal 
solid waste (MSW) stream. 

2  EXPERIMENTAL 
LLDPE (grade EFDC-7050) was used as received in a translucent pellet form with a 
reported density of 0.918 g cm-3 [1]. The LLDPE polymer was compounded with a 3 wt.% 
thermoplastic starch ECOVIO (TPS) resin and by the same amount with a PDQ-M Willow 
Ridge Plastics (Inc.) pro-degradant chemical, using three different techniques that are 
standardised in the industry of plastics conversion. These techniques are namely, (a) single 
screw extrusion, (b) twin screw extrusion, and (c) blow-filming which are the most 
common among commercial film production lines, and have been chosen to study the  
effect of processing and melting on the materials. Throughout the rest of this paper,  
these techniques will be coded as follows: a) SSE, (b) TSE, and (c) BF, respectively. The  
PDQ-M pro-degradant chemical was used as received in the form of tan pellets and a 
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melting point (Tm) equal to 110°C. The thermoplastic starch (TPS) was used as white 
translucent pellets and was certified by the manufacturer in accordance with EN17033  
with a Tm equal to 120°C. SSE was performed using a Dolci extruder (L/D ratio 1/28) using 
10 kg as master batch mix. The blends with TPS were conducted in the same mix ration as 
the oxo-additives, to have a comparable baseline between the materials. Mixing with 
palletized PSW was also conducted in the same blend ration of 3 wt.%. Furthermore, BF 
was conducted with the same formulations aforementioned using a Windsor (monolayer) 
blown-film coupled with an L/D (1/28) single screw extruder operated under 6 bars of 
pressure with an RPM of maintained between 75 and 80. TSE was performed using a Kung 
Hsing (1:28, L/D ratio, 6 bars) operated in co-rotation with a maximum speed of 75 RPM 
maintained throughout the experimental work. The TPS samples were extruded in a 
standalone Brabender SSE which was used in the compounding process of the samples. All 
samples were extruded as sheets of 100 m thickness meeting standard market 
specifications and as an average of major film applications. The samples appeared 
consistent with no visual fractures or crazing and were comparable to each other by touch. 
The mechanical properties were studied following test protocol of ASTM 882 using a 
Tinius Olsen UTM machine as depicted previously in Al-Salem et al. [1]. Variation in 
processing and cutting was negligible over the length of some samples between the width 
and thickness, accounting for less than 1% of the total number of samples measured. The 
variation for the samples was not greater than ± 0.05 mm for width and ± 0.02 mm for 
thickness, and a constant width of 12.50 mm and 0.10 mm for thickness was taken. 
Thermogravimetric analysis (TGA) was conducted for all compounded compounded 
LLDPE and PSW films without and with TPS and PDQ-M under nitrogen atmosphere in a 
Mettler-Toledo TGA Unit coupled with a StarE software using 7.5 mg sample mass and at 
a heating rate of 15°C min-1 from room temperature to 600oC. Following previously 
conducted work [6], [7], the samples were thermally monitored via infrared spectroscopy 
using Fourier transform infrared spectroscopy (FTIR) in attenuated total reflectance (ATR) 
mode. The film samples were mounted on the crystal of the machine’s holder, and the 
spectra after each sample unloading was taken. Background spectra were collected before 
each measurement. An initial frequency range of 500 to 5000 cm-1 with an average 32 scan 
of a resolution of 4 cm-1 was used at room temperature. The ketone carbonyl bond at 1714 
cm-1 was considered and its bond index (KCBI) was estimated as the ratio of the carbonyl 
group, band and that of the PE band thus 

 
1470
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I

I
KCBI  . (1) 

     The 1470 cm-1 absorbance is taken as the PE band. Upon studying the evolution of the 
carbonyl band, the other component indices were calculated and the main products 
according to literature [8] are namely: Lactone (L), Ester (E)/Aldehydes (A), Carboxylic 
Acid (CA), and Vinylidene (V). An index was allocated to each of these products, which 
was determined to measure the degree of thermal degradation in relation to the PE band 
reference point, bearing in mind that reference bands could vary with the type of polymer 
film and the type of test conducted. The target bands may differ, hence at first the peaks 
must be tracked and calculated using the FTIR results of the control sample 
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where n stands for I1714, I1770, I1733, I1698, and I888 which are which are associated 
with band absorbance at 1714, 1770, 1733, 1698, 888, respectively following previously 
depicted methodology shown elsewhere [9].  

3  RESULTS AND DISCUSSION  
The extrusion profile with respect to temperatures of various temperature zones against for 
all three compounding techniques showed a typical processing conditions trend that was 
reported previously by other authors [1], [9]. The relationship between the polymer 
structure and its mechanical behaviour should not be disregarded, and several studies have 
been carried out over the last few years to investigate the impact of molecular structures on 
the overall characteristics of PE, in particular its mechanical properties [10]–[12]. LLDPE 
is typically produced by co-polymerisation of ethylene and such higher alpha olefins, 
including butane, hexane or octane, at lower temperatures and pressures. The 
copolymerisation process gives LLDPE a narrower molecular weight distribution, linear 
structure and significantly different rheological properties than traditional LDPE polymer. 
The sample preparation technique was taken into account when comparing the LLDPE data 
from this study with data from other PE studies. One of the earliest studies conducted on 
LLDPE was that of Dumoulin et al. [13] who examined the tensile properties of two series 
of LLDPE with isotactic PP. The blends were prepared using TSE at 245°C. The 
composition dependence of Young’s modulus and of the strain at break versus 
concentration of PP in LLDPE blends was reported. The strain at break of LLDPE-1/PP 
(100/0) and LLDPE-2/PP (100/0) blends were 6.5% and 8.5%, respectively. The Young’s 
modulus measured for LLDPE-1/PP (100/0) and LLDPE-2/PP (100/0) were approximately 
0.30 and 0.13 GPa, respectively. Change in mechanical properties of LLDPE polymer and 
molecular structure due to degradation were followed in depth by Naddeo et al. [14]. 
Mechanical parameters were also correlated to exposure time and carbonyl index. The 
LLDPE pellets were moulded in a hot press at 240°C to form films of 130 µm thickness. 
The stress–strain curve of the initial LLDPE sample before being exposed to accelerating 
weathering derived the mechanical properties of interest namely: Elastic modulus (120 
MPa), stress at yield point (8.3 MPa), stress at break (9 MPa), strain at break (1690%) and 
toughness (323 MPa). The mechanical properties in terms of Young’s modulus, yield 
stress, impact strength, and elongation at break of pure and zeolite filled LLDPE blends 
were studied by Biswas et al. [15] using a UTM of Instron 4465, at 25oC and 30% 
humidity. The pure LLDPE and its blends were prepared using a Brabender twin-screw 
extruder (PL 2000) with L/D screw dimension of 16 at temperature gradient of 170°C in the 
feeding zone, 180°C in the compression zone, 190°C in the metering zone and 200°C at 
die. The screw’s rotation speed was kept between 60 and 70 rpm. Two specimen types, 
dumbbell and film, were prepared for the mechanical properties’ measurement at different 
crosshead speeds. For the film specimens (dimensions: 15 x 0.4 x 165 mm3) in particular, 
the initial grip distance was between 50 and 500 mm /min. The stress–strain curves of  
the pure LLDPE film showed that elongation at break for 5 mm/min exceeded 1000%  
(i.e. sample can be elongated up to 500 mm) and a similar behaviour was observed at  
500 mm/min. In addition, for the pure LLDPE, the Young’s modulus obtained for 50 and 
500 mm/min strain rates was 120 and 127 MPa, respectively. The yield stress measured for 
the pure LLDPE at strain rates of 50 and 500 mm/min were 6.8 and 9.5 MPa, respectively. 
The elongation at break for the pure LLDPE was 200% and 1000% (i.e. machine can 
elongate the sample up to 500 mm) at strain rates of 50 and 500 mm/min, respectively.  
     The comprehensive literature review conducted on the mechanical properties of LLDPE, 
LDPE, and HDPE and their techniques of compounding provided a solid basis for 

106  Waste Management and the Environment X

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 247, © 2020 WIT Press



comparison of the films examined in this study. The films compounded were all 
comparable to market standards which renders them applicable for use as a carrier film and 
packaging product [1]. The polymer blends compounded using the SSE, TSE and BF 
showed slight variations in the Young’s modulus (Fig. 2). The compounding method and 
the incorporation of TPS and PDQ-M additives into the blends altered the mechanical 
properties of the samples in comparison to the pure LLDPE and PSW. The highest 
calculated Young’s modulus value for the pure LLDPE was 5048 MPa compounded using 
Blow-filming/extrusion which was much higher than the other LLDPE blends with and 
without additives (Fig. 2). The highest calculated Young’s modulus value for PSW (100) 
compounded using twin screw extrusion was 4547 MPa which was slightly higher than that 
reported for its blends with TPS and PDQ. This showed that their relative compounding 
techniques allowed the pure blends (100 wt.%) to exhibit higher stiffness and less rapid 
deformation. In general, the Young’s modulus reported in the study are several folds higher 
than those reported in literature. This could be attributed to the high content of plasticisers 
in LLDPE and PSW which gave increased flexibility to the compounded films.  
 

 

Figure 2:    Young’s modulus (MPa) measured for the compounded LLDPE and PSW 
films without and with TPS and PDQ-M. 

     The estimated Young’s modulus value of the TPS compounded in single screw 
extrusion was 3696 MPa. The thermal and mechanical properties of a comparative TPS 
commercial grade blend with PP were investigated by Pang et al. [16]. Sheet extrusion was 
performed in a Berlyn model single-screw extruder with an L/D ratio of 31:1 and 
processing temperature range of 150–170°C, and screw speed of 50 rpm. Tensile properties 
of dumbbell specimens were determined with an Instron model 3366 tester according to 
ASTM D 638, at a cross-head speed of 50 mm/min. The tensile properties of the extruded 
pure TPS (100) sheets showed the lowest tensile Strength (5–7 MPa), Elongation at break 
(6%–16%) and relatively high Young’s modulus (540–660 MPa) values compared to the 
other blends. This is due to the high starch content in the formulation (biobased content 
above 50%) compared to NTS/PP, AWS/PP, and AWT/PP blends (biobased content  
35%–37%). This finding is consistent with previous research, where the introduction of 
starch granules to synthetic polymers influenced the mechanical properties by reducing 
tensile strength and elongation at break, while the Young’s modulus increased as the starch 
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content increased due to the stiffing effect of the granules [17]. In addition, according to 
Azhari and Wong [18] a high content of starch in the sample can cause poor dispersion as 
starch granules agglomerate, leading to a reduction in mechanical properties. 
Polystyrene/TPS blends were prepared by melt mixing and characterised by TGA, FTIR 
and tensile tests (strength, modulus, elongation at break and tenacity) [19]. PS/TPS blends 
were prepared using an intensive Brabender type mixer with two counter-rotating roller 
rotors at a mixing temperature of 155°C, speed rotation of 150 RPM and mixing time of 10 
min. Films were prepared by compression moulding with a thickness of 300–500 mm. For 
TPS (0/100) blend, the stress–strain curve, conditioned at 30% Relative Humidity (RH), 
showed a linear elastic behaviour and a subsequent plastic deformation but without strain 
hardening. The curves obtained from the tensile tests were used to measure the mechanical 
properties of TPS at 30% RH and 25°C. Tensile Strength of 9.5 MPa, Elongation at break 
of 3.4% and Young’s modulus of 790 MPa were measured at 30% HR. The effect of 
relative humidity on the mechanical behaviour was studied further at 60% and 75% RH to 
test the environment impact on the mechanical behaviour of TPS. Humidity has been found 
to have a major impact on TPS’ mechanical properties as it serves as a plasticiser for TPS, 
lowering the modulus and tensile strength of its blends and increasing the elongation at 
breakage. The impact of TPS on lowering Young’s modulus was mainly evident in all the 
LLDPE blends as see in Fig. 2. 
     The degradation of pure LDPE and its blend with a starch-based pro-degradant additive 
(PSH) (25 wt.%) under various degrading media was previously studied [20]. The 
LDPE/PSH blend was compounded in a Brabender Plasticorder (Mixer 50E) for 10 min at 
temperature of 1408oC and mixing speed of 60 rpm. The stress–strain plots for the 
LDPE/PSH before aging showed that the incorporation of the pro-degradant additive 
caused a drop in mechanical properties. The reported tensile strength of the pure LDPE and 
LDPE/PSH blends containing 25 wt% of PSH before aging were 15.30 ± 0.09 MPa and 
11.40 ± 0.10 MPa, respectively. The pure LDPE and LDPE/PSH blend recorded elongation 
at break of 338 ± 2.12% and 118 ± 6.8%, respectively, before aging. The application of 
weathering tests to determine the degradation profile polymers used in plastic production 
has been studied to a great extent in literature [21]–[24]. The mechanical and physical 
properties of PSW in the form of discarded plastic films were tested along the pure LLDPE 
polymer [24]. Dry blends of LLDPE and PSW were extruded, and blown using SSE 
(L/D=30). Pure LLDPE/PSW ratio of the compounded blends were 100/0, 95/5, 90/10, 
75/25, 50/50, 25/75, 10/90 and 0/100. The mechanical behaviour of pure LLDPE (100) and 
PSW (100) blends in terms of the Young’s modulus, stress and elongation at break was 
assessed and compared to the mechanical assessment conducted in this study. The Young's 
modulus measured for the pure LLDPE and the PSW blends was 21 and 72 MPa, 
respectively. The PSW blends also showed a decreasing trend in the modulus as the waste 
content increased signifying that the plastic film waste acts as a degrading agent to the pure 
LLDPE. The pure LLDPE and PSW samples had a relatively similar stress at break values 
of approximately 19 MPa and 18 MPa, respectively. The pure LLDPE an PSW samples had 
a strain at break values of 1478% and 500%, respectively. From the study a clear decrease 
in mechanical properties was observed as a result of both the waste material and natural 
weather exposure. Al-Salem et al. [23], [24] also evaluated mechanical and physical 
(optical) properties of pure LLDPE and its blends with PSW under accelerated weathering. 
They further investigated in depth the effect of die head temperatures (DHTs) at 
compounding stage on the degradation of the compounded blends [24]. Samples properties 
were tested at three DHTs in the extruder section: 175°C, 185°C and 195°C and those 
reported at 195°C in particular were used in comparison to the current study for samples 
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compounded using BF/ESS DHT of 190–200°C. The Young’s modulus and stress at  
break values reported for pure LLDPE were similar at all DHTs reaching values of a round 
62 MPa and 18 MPa, respectively, at DHT=195oC. The strain at break reported at 195°C 
DHTs was 1500%. On the other hand, the Die Head Blown-film method used by the 
extruder altered mechanical properties of the samples when waste fractions were added to 
the blends in comparison to the pure LLDPE. The Young’s modulus and stress at break 
values reported for LLDPE/PSW (10/90) at DHT=195°C were 20 MPa and 14 MPa, 
respectively. A strain at break value of 400% was reported at 195°C DHTs for the 
LLDPE/PSW (10/90) blend.  
     For the SSE, TSE and BF techniques (used in this work) the ranges of Young’s Modulus 
measured for the pure LLDPE, LLDPE/PDQ-M (97/3), and LLDPE/TPS (97/3) were 
3180–3620, 3176–4027, and 3333–5048 MPa, respectively. For the PSW, PSW/PDQ-M 
(97/3), and PSW/TPS (97/3) blends compounded using SSE, TSE, and BF techniques the 
ranges of Young’s Modulus measured were 3185–4210, 3766–4547, and 3718–3951 MPa, 
respectively. The tested films and PSW in particular were seen to have relatively high 
modulus values when compared to LLDPE films in literature and have surpassed the 
stiffness measurements required for the local market. The tested PSW films have shown 
potential for utilising the plastic waste in the local plastic production industry. The modulus 
is found to dependant on the individual modulus values of the materials used in the blend 
and is showing an increasing trend when certain polyolefin or polyester polymers are 
present in the blend in proportion to their amount [25]. In the study, Young’s modulus was 
found not to be related to waste content in the blend especially when chemical additives 
were added due to the low TPS and PDQ-M percentage (3 wt.%). 
     All samples experienced a major weight loss stage in the TGA associated with the 
degradation of the synthetic polymer such as LLDPE. In the case of LLDPE and PSW 
blends with TPS two major weight loss stages were expected the first being that of the 
synthetic polymer and the second is typically due to the degradation of the starch. Also in 
this study, ATR-FTIR was used as a qualitative assessment method to aid in polymer 
identification based on their specific absorption bands. Each FTIR spectrum of LLDPE and 
PSW virgin and compounded films were compared with reference spectra from the spectral 
database of the FTIR FDM Library. The program shows a variety of compounds correlated 
with correlation coefficients, of which the FTIR spectra matches the spectra of the analysed 
film sample. In order to determine the samples degree of degradation, the region of 
carbonyl group’s absorption band (1680–1820 cm-1) was investigated for all pre-degradable 
tested films. Martínez-Romo et al. [26] tested the changes in structural properties of HDPE, 
LDPE, bio-degradable polyethylene (PE-BIO), and oxo-degradable PE films without 
exposure to UVB radiation. The infrared spectra of the tested films showed the PE 
characteristics bands: 2772–3038 cm-1 (the stretching vibration of Carbon-Hydrogen (CH)), 
1440-1490 cm-1 (shaking and rocking vibration of methylene (CH2), 700–750 cm-1, 
respectively [27]. The PE-BIO in particular showed peaks at 700–750 cm-1 and 1440–1490 
cm-1 due to the polymers’ linear structure, while for LDPE and PE-OXO, these same bands 
were divided because they represent branched polymers. The IR spectra of the PE-BIO 
films showed absorption band at 1740 cm-1 (stretching vibration of the carbonyl group 
(C=O) and PE-OXO film showed absorption band at 909 cm-1 (stretching vibration of the 
vinyl group (CH2=CH)). Such functional groups are found in chromophores and are 
considered precursors of PE photochemical reactions [28]. The carbonyl and vinyl groups 
are considered the PE’s key photo-oxidation products [29]; thus, the carbonyl index (ICO) 
and the vinyl index (IV) are parameters used to determine the effect of UV-B radiation in 
PE films [30]. The PE-BIO film IR spectrum without exposure to UV-B radiation presented 
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the characteristic carbonyl group IR band (1640 cm-1) which indicated that the PE-BIO 
content is oxidised during the manufacturing process. 
     FTIR spectra (see Fig. 3 for an example) showed that all LLDPE and PSW films 
compounded without TPS and PDQ-M using the three compounded techniques presented 
major characteristic PE absorbance bands that are located at 2916 cm-1 and 2846 cm-1 (C–H 
stretching asymmetric and symmetric vibrations), 1462 cm-1 (crystalline phase of CH2 
bend), and 719 cm-1 (CH2 rocking vibrations). A weak absorption band at 1471 cm-1 (CH2 
scissoring vibrations) was also observed for all pre-degradable films suggesting that 
degradation is not occurring. The 1470 cm-1 and 798 cm-1 peaks are used to identify and 
quantify the presence of PE [31]. In general, the detected bands follow a polyethylene (PE) 
spectrum as previously depicted by past works [32]. In addition, the detected bands are  
in agreement with the FTIR spectra of unexposed [6], commercial LDPE grade material 
[33] and IR spectra of the control LLDPE film blends [34] to predict the lifetime of  
oxo-degradable polyolefin and biodegradable polymer films. FTIR spectra obtained for 
LLDPE are comparable to published spectra for respective polymer blend [33]–[35]. 
 

 
(a) (b)

Figure 3:    SSE samples showing the spectra obtained with ATR analysis for (a) LLDPE; 
and (b) LLDPE/TPS).  

     In general, compared to LLDPE and PSW the peak locations and peak shapes of the 
blends were alike, however, absorbance of LLDPE/TPS was higher than LLDPE and 
LLDPE/PDQ-M for single screw extrusion. In addition, it was also observed that 
absorbance of LLDPE was lower than that of its blends compounded with PDQ-M and TPS 
using blow-filming/extrusion. On the other hand, peak locations, peak shapes and 
absorbance of all films compounded in twin screw extrusion were alike for all tested films. 
The LLDPE films with PDQ-M also showed absorption band referent to PE 2916 cm-1 
(CH2 asymmetric stretch bonds), 1462 cm-1 (crystalline phase of CH2 bend), and 719 cm-1 
(crystalline phase of CH2 rock). In general, very weak absorption band closer to 1715 cm-1 
(stretching vibration of C-O groups) that indicates the presence of carbonyl (C=O) 
reflecting the esters of biopolymers and the possible oxidation of the LLDPE and PSW 
compounded films. In literature, a typical FTIR spectra of PE+AD (AD: oxo-degradable 
additive) blend will have main peaks corresponding to hydroperoxides (3200 cm-1), 
alcohols (3416 cm-1), Ketones (1715 cm-1), aldehyde (1725 cm-1), carboxylic acids (1710 
and 1715), noncyclic/cyclic esters (1735 and 1785 cm-1) and double bonds (909 cm-1) [36]. 
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The spectra of LLDPE/PDQ-M (97/3) and PSW/PDQ-M (97/3) had appreciable differences 
due to the low PDQ-M% in these blends. For TPS, weak absorption band at 2918 cm-1 
(CH2 asymmetric stretching vibration), strong absorption bands at 1711 cm-1 (C-O 
stretching vibration), 1267 cm-1 (C-O bonds symmetric stretching vibration of C-O bonds 
for alcohols), 1101 (bending vibration at the surface of adjacent hydrogen atoms on  
the phenyl ring bonds) and 727 cm-1 (bending vibration absorption of CH-plane of the 
benzene ring bonds) [37]. In addition, weak band at 1450 cm-1 (vibrations of the angular 
deformation of CH2) was detected [34]. The absorption band at approximately 1016 cm-1 
that is attributed to the extent of deformation and bending of C-O-C and OH groups of the 
starch structure (999 cm-1) was detected. In addition, a large band in the 3350 cm-1 region 
that is typically associated with TPS structure was not found [38]. The PE-BIO film IR 
spectrum without exposure to UV-B radiation presented the characteristic carbonyl group 
IR band (1640 cm−1) which indicated that the PE-BIO content is oxidized during the 
manufacturing process [26].  
     In particular, the ketone carbonyl and vinyliene indices are used to measure the degree 
of films degradation. The calculated KC bond indices from the FTIR spectra are found to 
be below 0.25. TPS on the other hand exhibited a much higher KC bond index of 3.2. In 
literature, films containing mainly PE were found to exhibit KC bond index around 1 which 
means that PE containing blends are more degradable compared to polypropylene (PP) 
[39]. An increase in the KC bond indices was observed for LLDPE and PSW blends with 
TPS and PDQ-M (97 wt.%/ 3wt.%) compared to LLDPE (100) and PSW (100). This is 
caused by the PDQ-M and TPS in the LLDPE and PSW films which cleaved the polymer 
chain, enhancing chain movement and leading to an increase in crystallinity [40]. The 
smaller double bond indices seen for some blends in comparison to others may suggest  
that the double bond was used in polymer crosslinking [40]. The effect of additives in 
increasing KC bond index was also observed in the study of Portillo et al. [36] where 
Carbonyl Index for PE+AD (AD is oxo-degradable additive) was found to be greater than 
PE. The KC bond index of unexposed LDPE was also reported in literature to be greater 
than HDPE and PE-OXO as it is a branched material with a greater number of tertiary 
carbon which makes it more prone to undergo photooxidation reactions [26]. The ketone 
carbonyl and vinylidene indices of LLDPE compounded in SSE were 0.11 and 0.12, 
respectively. The ketone carbonyl and vinylidene indices of LLDPE compounded in TSE 
were 0.07 and 0.08, respectively, and those of LLDPE compounded in BF/SSE were 0.06 
and 0.075, respectively. The indices of LLDPE compounded in TSE and BF/SSE were in 
agreement to the ketone carbonyl and vinylidene indices of PE (0.08 and 0.09, respectively) 
[40]. The promotion of this research work, namely considering hydro-biodegradable 
plastics is considered to be quite topical as of late after the restriction of the use of  
oxo-biodegradable [41]. Following the research conducted by our group [42], [43] and  
the continuation of the research efforts in this communication, legislations are expected  
to presented and formulated by local authorities to dictate the use of both oxo and  
hydro-biodegradable plastics. These will also eliminate possible threats of fragmentation 
and environmental pollution in eth near future [42]–[45]. 

CONCLUSION 
Various plastic blends encompassing pro-degradants and thermoplastic starch resin, where 
compared with virgin polyethylene, plastic solid waste and thermoplastic starch films. 
Compounding was achieved using single, twin and blow film extrusion to produce 100 m 
thinness films which were tested for mechanical integrity and thermal properties. 
Thermogravimetry showed a single stage loss to all materials with the exception of the  
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starch based compound indicting loss of polyester and starch. On the other hand, the samples 
showed minimal changes with respect to compounding technique and chemical fingerprinting 
using infrared spectroscopy. Furthermore, the materials were of acceptable market properties 
that allowed comparison of mechanical properties to typical plastic film products. This points 
towards the fact that biodegradable plastic waste blends could be utilised in the future as a 
standalone product to reduce dependency on virgin plastic materials.  
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ABSTRACT 
Developing countries are faced with an overgrowing solid waste problem that various governmental 
bodies are trying to combat using either source mitigation or end of pipe solutions. Furthermore, the 
accumulation of plastic solid waste, in particular, is causing major concern to various entities around 
Gulf Council Countries (GCC), where various efforts are undertaken at state level to mitigate its 
accumulation from point sources. One such, is the development of standards for biodegradable plastics, 
namely comparing market available grades of oxo (pro-degradant enhanced) biodegradables against 
thermoplastic resin masterbatches. In this work, we have initiated such research efforts that takes into 
consideration governmental demands in the GCC and have considered a commercially available 
polyester masterbatch to study using the standard test method of the American Society of Testing and 
Materials D 5988-18 “Determining Aerobic Biodegradation of Plastic Materials in Soil”. Laboratory 
controlled conditions were used to initiate the study of determining the degree and rate of aerobic 
biodegradation of the material in contact with soil that represents an active landfill site within the State 
of Kuwait. The masterbatch resin considered was previously claimed to be certified by the manufacturer 
in accordance with EN 17033 as a bio-based plastic derived from corn rendering the material as a 
modified polyester and polyactide. A potato  starch (MSDS CAS No. 009005-84-9) purchased from 
Loba Chemie Company was used for positive control experimental runs. The soil was aerated with the 
compost in laboratory conditions and mixed in a 1:25 ratio (e.g. 18:450 g compost/g soil) with a 
moisture content of 80–100% maintained throughout the full duration of the experiment by adding 
distilled water. The biodegradation rate (%) was evaluated based on the carbon evolution estimation 
from the stoichiometry of the degradation reaction. The reported results can be used as a comparison 
baseline for both standards development (for market purposes) and applicability of material as a plastic 
waste mitigation technique for use. 
Keywords:  biodegradation, polyester, starch, ASTM D 5988, waste management. 

1  INTRODUCTION 
With the increasing threat of plastic solid waste (PSW) namely due to its non-degradable 
nature, water clogging of soil and micro/plastics fragments distribution in environmental 
sinks, efforts have increased the world over to overcome this issue [1]–[3]. One of the most 
promising solutions to the PSW accumulation problem is the development of biodegradable 
plastics. This class of polymers seem to represent themselves as an advantageous solution 
especially in developing world countries where PSW generation is considered to be higher 
than other parts of the world [1], [4]. In more specific terms, Arab Gulf Council Countries 
(GCC) have been trying to combat this problem for the past decade or so and various research 
efforts have taken place with successes in developing various standards and determining the 
applicability of such materials to their arid environments [5]–[8]. GCC countries are also 
characterised by being high waste generating countries, where for instance a relatively small 
nation such as Kuwait produces over 200 ktpa of PSW [3].  
     Biodegradability of plastics is also a matter that has been researched to a great extent in 
recent years [9]–[11]. There exist various standardised testing protocols that have been 
developed by various bodies such as the American Society of Testing and Materials (ASTM) 
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and the International Standards Organization (ISO) to measure the extent of biodegradability 
for polymers. The majority of these tests involve soil burial, enzymatic degradation and 
carbon evolution measurements. For a review of such tests methods, readers are referred to 
Al-Salem et al. [5]. Nonetheless, it is of immense importance to have these tests mimic the 
reality of the region and the nature of the studied samples. To this end and following this 
research group’s recent work in this research area [5]–[7], we have applied the standard test 
method of ASTM D 5988-18 “Determining Aerobic Biodegradation of Plastic Materials in 
Soil” on a number of biodegradable plastic blends that were prepared and compounded within 
our facilities. The plastics mimic those that are used on a daily basis within regional (west 
Asian) and international markets and have been popularized as of late namely on the Kuwaiti 
market. The test method has been also modified using soil that resembles landfill sites in 
Kuwait to determine the actual fate of such materials if they were discarded as a polymeric 
waste material. In addition, biodegradation has been enforced on real-life reclaimed PSW 
blended with pro-degradants to study the possibility of eliminating PSW using 
biodegradation as a waste minimization solution. To the best of our knowledge, such a study 
angle has not been attempted in past research efforts on such plastic blends. 

2  MATERIALS AND METHODS 

2.1  Materials 

PSW originating from municipal sources (in films form) was outsourced from waste 
recyclers within Kuwait. The materials were previously characterised for type and percentile 
distribution as shown in [3]. Linear low density polyethylene (LLDPE) is the most common 
plastic film grade used the world over, and was used in this work as a 3 mm translucent 
pellets with a reported density of 0.918 g cm–3 and a melt flow index (MFI) of 2 g 10 min–1. 
A PDQ-M Willow Ridge Plastics (Inc.) oxo-pro-degradant additive was used in the 
masterbatch preparation, which has a reported Tm of 110°C and was used as tan pellets. A 
BASF Ecovio certified compostable masterbatch (thermoplastic starch, TPS) declared as a 
finished product was used as white translucent pellets. The masterbatch is claimed to be 
certified by the manufacturer as a biobased plastic (modified polyester and polylactide) with 
a melting point of 120°C. Polycaprolactone (PCL) was also acquired and used as a reference 
biodegradable plastic material (Polysciences/CAT 19561).  

2.2  Plastic film compounding 

PSW was air blown with an air jet (2 bar) and were milled to 3 mm flakes using an industrial 
Tecnova S.R.L. cutting mill and pelletized to 3 mm pellets using a Tecnova single screw 
extruder (L/D = 30) at 40 bars pressure and 180 rpm. The extrusion zone temperatures were 
maintained between 155 and 195°C at die. Single screw extrusion (SSE) was performed using 
a Dolci extruder (L/D ratio 1/28) using 10 kg as masterbatch mix ratios maintained between 
165 and 200°C for extrusion zones. A flow rate of 50 kg h–1 was kept throughout with an 
operating pressure of 6 bars. The study samples were compounded with the following dry 
weight percentages (wt./wt.%) to mimic the grades available on the market including 
comparative assessment with virgin LLDPE and a 100 (wt.%) PSW film: LLDPE (100 wt.%), 
PSW (100 wt.%), LLDPE/PDQ-M (97/3 wt.%/wt.%), PSW/PDQ-M (97/3 wt.%/wt.%), 
LLDPE/TPS (97/3 wt.%/wt.%) and PSW/TPS (97/3 wt.%/wt.%). TPS and PCL were  
used as received pellets as described below. All samples were extruded as sheets of  
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100 µm thickness meeting standard market specifications and as an average of major film 
applications [12]. 

2.3  Biodegradation test 

Biodegradation was performed based on ASTM D5988-18 [13] to evaluate the degree and 
rate of aerobic biodegradation of plastic materials relative to reference material in contact 
with soil under laboratory controlled conditions.  

2.3.1  Soil source and characterization 
A mixture of natural soil and mature compost was used as a test matrix. Natural surface soil 
samples (50 kg) was obtained locally originating from Maqwa’a area mimicking waste 
landfill soil [5]. The soil was used fresh (as received) to ensure presence of active microbiota 
after sieving it to > 2 mm particle size which allows the components to be well distributed. 
Soil was mixed local compost (sheep manure) in a 1:25 ratio. The pH value (in a 20 to 20 
(w/v) slurry), water content (after drying for 16 h at 110 ± 5°C), ash content (by igniting the 
oven-dried sample in a furnace at 440 ± 40°C), organic matter content, water holding capacity 
(WHC), total carbon and nitrogen, the microbial population of the soil were measured 
according to standard methods of ASTM D4972-19, ASTM D2974-14, BS EN ISO 846, 
Dumas dynamic method and Gupta method, respectively [14]–[19]. The pH value was 7.8; 
water content was 3.7%, ash content was 2.5% and the organic matter was 40.2%.  

2.3.2  Experimental set-up 
The test was performed in triplicate for each of the technical control (desiccator that contains 
only the absorbing solution in a sealed air-tight system), soil blank (showing the background 
activity of the soil), positive reference material (to check the viability of the soil microbial 
community), and test materials (triplicate for each test material). Starch powder from Loba 
Chemie Company were employed as a reference material for the biodegradation test in the 
soil. The soil was weighed and mixed with compost in a 1:25 ratio (18:450 g compost/g soil) 
in a separate container to get a homogeneous mixture (test matrix). Thereafter, the soil was 
transferred to the bottom of each vessel (150 mm desiccators with 4 litres internal volume 
equipped with an air-tight seal). The final soil water content was adjusted to 12.7% (about 
50% of the water holding capacity). Approximately 600 mg of test material (sufficient 
quantity to yield enough carbon dioxide that allows for better monitoring of the actual 
biodegradation rate for the test materials), in the form of pellets or films that were cut out 
square-shaped coupons with a dimension of approximately 2 cm2. The mass was recorded 
for each sample. To improve the contact of the tested material with the microbiota, the 
powder/pellets were mixed thoroughly into the soil. In the case of film coupons, the tested 
material was evenly spread and pressed with a spatula in the soil. Each vessel contained two 
100 mL beakers, one with 20 ml of potassium hydroxide (0.5 N KOH) and the other 
containing 50 ml of distilled water and were placed on the perforated plate inside the vessel.  

2.3.3  CO2 analysis 
The CO2 analysis was measured based on the CO2 evolved in each vessel by analysing its 
reaction with KOH to produce potassium carbonate (K2CO3) and unreacted KOH. The 
titration was performed with hydrochloric acid (0.5 N HCl) to a phenolphthalein end-point 
according to the following equations: 

 2 KOH + CO2 → K2CO3+H2O, (1) 
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 KOH + HCl → KCl+H2O (at pH equals to 7), (2) 

 K2CO3 + HCl → KHCO3+KCl (at pH equals to 8.5). (3) 

The amount of CO2 produced by a test material was calculated by the difference (in ml of 
titrant) between the test and blank vessels. The volume of HCl consumed in ml, was used to 
calculate the molar concentration (mmol) of CO2. The readers are referred Al-Salem et al. 
[5] for further methodological details; and Fig. 1 for a pictorial depiction of the test set-up.  
 

 
(a) (b)

Figure 1:   (a) Dark room set-up for biodegradation test; and (b) Open glass desiccator (4 
litres) used in biodegradation tests. 

3  RESULTS AND DISCUSSIONS 
To be able to determine the extent of biodegradation for the materials used, various 
parameters must be observed within the experimental matrix. These will include the rate of 
biodegradation, the nature and experimental error of the results and the carbon evolution with 
respect to the study time. The total experimental time for the test method is given at a 
maximum by the standard protocol test methods followed as six months in total. Fresh soil 
was used to assure that the soil microbiota is of maximum diversity and of high activity in a 
suitable degrading environment. The initial pH value for the soil used was found to be 7.8. 
This indicates that the media if of a weak alkali nature and has the potential to contain a 
typical microbial population [13]. The total organic content of the soil was estimated at 40.2% 
which indicates that it is of a suitable ratio to maintain microbial growth. The water content 
was adjusted to about 50% of the maximum WHC and was controlled throughout the 
experimental period as the water availability is a crucial parameter for the microbial growth 
and metabolic activity and having a significant effect on the biodegradation processes [20], 
[21]. The total number of microorganisms (including bacteria and fungi) in the soil was  
4 × 106 cfu per gram of the test matrix (estimated by determining average colony forming 
units, cfu, using spread plate method). ASTM D5988 was used to assess the degree of aerobic 
biodegradation on the compound films in soil by measuring the evolved CO2 as a function of 
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exposure time to determine the extent of their biodegradability, as it is one of the latest and 
approved standard methods. Based on previous work [13] and the recommendation of the 
ASTM, a KOH trap was used as an alternative to barium hydroxide solution (Ba(OH)2) to 
facilitate the diffusion of CO2 into the absorbing medium. The biodegradation was calculated 
from the ratio between the net CO2 production and the theoretical CO2 based on the carbon 
content. The plastic material was tested in the form of pellets and film as it is acceptable for 
test specimens to be introduced in the form of films, pieces, fragments, powders, or shaped 
articles [13]. Biodegradation extent is shown in Fig. 2. Each material studied is represented 
with respect to real-experimental time (in days) stemming from the mean value of three 
triplicate runs. 
 

 

Figure 2:    Biodegradation rate (%) estimated (to date) for 76 days of experimental run-
time. 

     The starch reference material was the highest in biodegradation rate as anticipated at the 
start of the experimental run. The material exhibited over 50% of degradation rate in less 
than 50 days of continuous monitoring. The starch material also showed a percentage of 
biodegradability of > 70% after 70 days which meets the validation criteria for the test 
method [13]. This on the other hand indicates that the soil was active and the test are valid. 
Furthermore, the TPS material was the second in-line, in terms of biodegradation rate  
(Fig. 2). The mineralization for TPS reached 29 ± 0.28% in 76 days, rendering it second 
highest in degradation rate to the starch (78 ± 0.44%). PCL, the biodegradable polymer used 
as well for comparative reasons, was third in the depicted results showing a rate of 
biodegradation of some 18.3 ± 0.22% by the end of the testing duration which is noted to be 
a delayed response considering the cycle for this materials nature. This also indicates that the 
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soil conditions aforementioned might not be suitable for such materials under certain arid-
land conditions. The humidity levels are also suspected to be a crucial element for the 
degradation of PCL under certain conditions. Šerá et al. [22] showed that the temperature of 
the incubation temperature from 25 to 37°C, increases the biodegradation rate of certain 
biodegradable plastics. At this stage, it should be noted that ASTM D 5988 is somewhat 
equivalent to the standard test protocol of ISO 17556. Mater-Bi HF03V1, a commercially 
available TPS made with similar characteristics to the TPS used in this work was studied 
using similar test conditions by Pischedda et al. [23]. At 15 and 20°C, the mineralisation 
(biodegradation rate) was estimated at some 20% after 100 days which is considerably lower 
than the estimated rate in this work. The behaviour observed in the aforementioned curve 
could also be explained by the rapid increase in microbial population at the beginning of the 
test period are readily available for assimilation which get depleted with experimental time 
[24]. Fig. 3 shows the degradation rate of the commercial plastics considered in this work.  
 

 

Figure 3:    Biodegradation rate (%) estimated for the experimental run-time showing 
commercial polyolefin plastics considered. 

     The least favourable material in terms of biodegradation rate after 76 days of testing, was 
the PSW on its own used in the form of films simulating discarded waste buried in landfill 
sites. The material showed a 12.9% rate of biodegradation which was lower than the virgin 
LLDPE used in this work (15.8%). This could be attributed to the fact that the PSW was 
exposed to more heating cycles/loops that increases its crystallinity and hardens its structure 
compared to the virgin LLDPE. On the other hand, initial testing trials of the concept of 
inducing the biodegradation rate of PSW proved viable. This is supported by the fact that the 
PSW filled with pro-degradant (by 3 wt.%) was degrading faster than the other materials 
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considered in this study. The biodegradation rate of the PSW/PDQM (97/3%), 
LLDPE/PDQM (97/3%), and LLDPE (100%) films was 17.3 ± 0.33%, 16 ± 0.12% and 
15.89±0.23%, respectively. 

4  CONCLUSION 
In the context of environmental management, it is almost a certainty that plastic solid waste 
accumulation and generation, is favoured and serious mitigation measures should be taken to 
combat it. In this work, plastic and virgin commercial grade plastics were tested after 
studying their biodegradability with both a pro-degradant additive and a thermoplastic starch 
material. The materials were also compared to biodegradable polymers and resins. The test 
method of ASTM D 5988-18 was used to study the biodegradation using a soil matrix that 
simulates landfill environments in arid-lands. Rigorous testing of the soil material was also 
conducted to have a clear overview of the testing environment. In terms of the materials 
tested (to date), the pro-degradant additive that rendered both the virgin linear low density 
polyethylene and plastic solid waste, made it more susceptible to biodegradation and 
fragmentation. This is when compared to the other tested material in this work excluding the 
naturally (as is) biodegradables. This indicates that it is possible to consider the mechanical 
recycling of plastic waste with the addition of pro-degradants to make them more favourable 
to biodegradation. There is a certain concern when it comes to interrupting these preliminary 
results obtained in this work. The main barrier is to assess the eco-friendly design and aspect 
of having metal added pro-degradants that might increase the toxicity of the plastics when 
exposed to high humidity environments. Therefore, and since the materials tested in this work 
with starch based components show promising results, it might be worth in the future to 
consider a comparative assessment of their life cycle or impact assessment works. 
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ABSTRACT 
There are formal and informal recycling workers as a part of the mainstream and resource management 
system that are handling separation of waste at source duties instead of urban dwellers who are facing 
the loss of aesthetic value of their cities. Less recycling wastes remain in the strewed waste bins to serve 
a circular economy from this disgusting perspective where uncontrolled waste collection, recycling, 
treatment, and disposal is likely to have health impacts on such workers. Further, their operations cause 
dispersal of contamination and debris that do not sound effective and environmentally waste 
management for a clean city and a pleasant and healthy living environment that is attractive to residents 
and visitors. The increasing number of informal workers demonstrates unsuccessful strategies of 
separation of waste at source and aborted due to lack of citizens engagement. Recently smart 
technologies emerged that sound useful to tackle the issues due to its capabilities of monitoring waste 
stream. Hence, the investigated performance indicators by scholars to improve waste management, 
reviewed in this study to develop a model for smart waste recycling. The service design approaches 
employed to be compatible to local infrastructures of the studied cities of Tehran and Mashhad in Iran 
that the potential smart waste segregation model figured out, based on integrated smart identification 
of all stakeholders, to apply legislation for citizens, communities and advocates, and private sector, and 
to provide monitoring and measurement tools about recycling waste and 4R (reduction, reuse, 
recycling, recovery) procedures. The system could be implemented in similar metropolises like Ankara, 
who face such issues. Further local analysis for technology acceptance evaluation should apply to refer 
client types, generation, and local infrastructures whether a combination of different identification and 
pickup methods will meet their satisfaction and improve the waste management system.  
Keywords: informal recycling workers, separation of waste at source, monitoring waste stream, 
integrated smart waste recycling, smart waste identification, potential smart waste segregation system, 
disgusting perspective of cities, SAAS, DSS, circular economy. 

1  INTRODUCTION 
The world’s urban population has grown rapidly from 751 million to 4.2 billion in 2018 [1]. 
It expects to increase by 25% by 2050, Leading to a global population of 9.8 billion [2]. Now 
more than ever, cities are hot spots that threaten global ecological boundaries. Hence global 
sustainability pivots mainly on cities and that meeting this challenge requires an urgent 
change in urban policymaking and planning (Olazable and Pascual [3]). Therefore, we are 
facing lots of issues in our daily life in the cities as urban dwellers. The increasing volume 
and complexity of waste associated with the modern economy is posing a serious risk to 
ecosystems and human health [4]. Adequate and affordable solid waste collection services 
sound accessible in metropolises of Iran for citizens, where have been facing numerous 
informal waste workers in the recent decade due to failing separation at source strategies. 
There are remaining recycling waste management kiosks from previous management that 
still provide barter products instead of transferring all their clients’ waste to the informal 
workers where they are accessible around every single waste bin. 
     A practical and environmentally waste management where contributes to a clean city, and 
a pleasant and healthy living environment needs urgent collaboration of both citizens and 
management to tackle informal workers issue. Fortunately, expanding digital technologies 
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introduce new signs to struggle with complicated challenges like separation of waste at 
source during a scientific journey to figure out a potential smart waste segregation system 
that would be based on any further complementary research. What are the indicators of a 
potential smart waste segregation system for Tehran and Mashhad’s target cities to engage 
all citizens that would be compatible with available infrastructure?  
     The aim of the research addresses the objective of minimizing the informal workers by 
maximizing the participation of citizens in the separation of waste at source, or less informal 
supply concludes less informal demand. 
     There is an urgent need to look into the issues of SWM and improve city leaders’ ability 
to manage with shrinking budgetary support. Performance indicators (PIs) are measurement 
tools used by organizations to evaluate the success or failure of a given activity. He conducted 
a holistic review of articles to develop performance indicators for municipal solid waste 
management after analyzing 387 research papers published in the area of solid waste 
management (SWM) (Sanjeevi and Shahabudeen [5]). The initial SWM models were 
optimization models, and most dealt with minimizing costs (Berger et al. [6]). There were 
developments of new models by researchers as [7]–[10], with increasing complexity in SWM 
in the cities of the developing world, selection, or setting up of an optimum SWM system 
becomes difficult for technical and operation research professionals. Researches led to the 
use of various mathematical models and systems analysis techniques to develop integrated 
solid wastes management systems. By focusing on the application of general management 
techniques, the research papers grouped under various types in a flowchart makes it easier to 
understand the nature of SWM systems  .Also, the authors grouped the papers for each decade 
under the 18 different types, such as cost reduction, optimization, reports/guidelines, and 
legislation. Then modern productivity tools like research focusing on the introduction of 
GIS/GPS, RFID, barcodes, and their implications in improving SWM via DSS, which started 
to appear only since 2000, synchronized with the commercial arrival of these technologies. 
     Further inferences from flowchart for the field research are characteristic of SWM issues 
and challenges in various cities, Models based on real-life case studies, current standards of 
SWM, and life cycle assessment. These would be researched this study by evaluating for 
recycling waste management. The challenge is separation at source by citizens to struggle 
with informal worker increment in Tehran and Mashhad. Our model, based on real-life case 
studies, compares the current facilities of recycling waste management services (consists of 
formal recycling workers by vans and recycling kiosks). To find out covert elements of the 
smart system, whether it is service or decision support system (DSS). A service-based smart 
system sounds more compatible with an integrated system by software as a service or SAAS 
system.  
     Armijo et al. [11] incorporated vital requirements such as social participation, social 
perception, and communication levels like those of the PIMS for the first time. They designed 
a driving force-pressure-state-impact response (DPSIR) model, involving 18 indicators like 
coverage, generation, composition, and efficiency. They also suggested that a user-friendly 
tool, which captured the complexity of the SWM, be developed. The performance criteria 
detailed by indicators such as the percentage of citizens in favour of recycling and those 
complying with the government regulations might not require from the PI’s point of view. 
Nevertheless, in the interest of this study, a user-friendly tool considers generation and 
composition or different types of potential smart waste segregation system customers in 
favour of recycling waste. Those should comply with government regulations. As 
demonstrated by Sanjeevi and Shahabudeen [5] the study with 5PIs includes social perception 
and social participation (only 0.4%), which complies with the objectives of this study further 
suggested future research agenda for the future like community engagement where could 
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have an important role in the improvement of recycling waste management, Maryono and 
Hasmantika [12] defined the high-level application of smart waste recycling with excellent 
community support. The provision of this application service must balance with socialization 
from the Government to the community. Hence, the mobile application facilitates 
communication between management and stakeholders in the era of digitization.as our 
platform is an integrated system. Therefore, the community acts should conduct into the 
system, and co-relation between citizens and communities would be possible to avoid any 
interruption in the data gathering process. Official data for MSW recycling often come from 
municipal governments, which in many developing countries focus on managing the MSW 
they collect (or which is collected on their behalf by the formal sector, leaving the collection 
of materials for recycling often to the informal sector). Official data, either at the city level 
or compiled from city-data by national governments, are thus likely to be under-reporting 
recycling rates (Wilson et al. [13]). The informal recycling that is often dominant in many 
developing countries is generally from mixed MSW. However, there can be a significant 
contribution from itinerant waste buyers who collect and pay for source-separated materials 
accumulated by householders or domestic servants. Community initiatives may also collect 
source-separated materials to gain funds for local charities (Wilson et al. [13]). Hence, the 
integrated smart system could be more useful for raising funds for local charities. In the worst 
case, 15% of citizens recycled waste in a month, which empowers charities to support the 
monthly wage of 5,000 informal workers according to the study despite waste management 
revenue from recycling waste. Segregation of MSW at source is critical to ensure that the 
waste separated into organic and dry recyclable fractions. Segregation of MSW at source, 
separating organic and dry recyclable fractions, is critical to avoid cross-contamination and 
to maintain the quality of the materials, which will lead to more effective recycling and divert 
waste from landfills. Further, segregated waste reduces health and safety-related risks to 
waste pickers and to the ecosystems around the waste treatment and disposal sites (Wilson et 
al. [13]). The issue addresses guidelines importance within smart system growth to lead better 
participation updated materials and illustration could affect the results. Economic instruments 
serve to steer stakeholders’ behaviours and practices towards strategic goals through market-
based incentives and disincentives. For example, a pay-as-you-throw (PAYT) is a charging 
system for residual (mixed) waste. It rewards people for segregating their waste, taxes on 
landfilling or incineration will discourage opting for these methods; fiscal benefits will 
encourage private companies’ investment in SWM (Wilson et al. [13]). Economic 
instruments, as the legislation drivers are desirable in the recycling waste system. The 
incentives indicator for delivering waste to any verified picker, even charities versus 
disincentives, charge more tax for citizens if they do not deliver recycled waste at least once 
a month. Refer to the introduction elements of the potential smart waste segregation figure 
out as a smart recycling waste model shown in Fig. 1.  
     The connectivity of the elements as the conclusion of the research method covered by 
several iterations is the indicator of Smart Identification. 

2  METHODS 
To find out the expected specifications of a potential smart waste segregation system for 
target cities of Tehran and Mashhad. By considering discussion that the system would use as 
a service or SAAS. The appropriate approach to propose a prototype of a system is the service 
design approach that exploring the qualitative study. So inductive button-up research implied 
via a journey map of the autoethnographic approach. “Real” (i.e., rather academic) 
autoethnographic research might involve researchers immersing themselves for months  
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SMART IDENTIFICATION

 

 

Figure 1:  Smart waste stream identification. 

within an organization. In service design, we often use a short version of this: team members 
explore a particular experience in the real situational context, mostly as customers or as 
employees. Autoethnography is often one of the first research methods undertaken as it helps 
researchers to interpret behaviours they will see when they observe participants. Also, it helps 
researchers to conduct interviews more efficiently and comprehensively when they already 
have a rough understanding of the subject matter. Hence, in this study, the author explored a 
particular experience of it self-document this using field notes, photographs, and both covert 
and overt interviews depend on conditions to avoid observer effect (Stickdorn et al. [14]). 

2.1  Material 

To analyze waste collection services of target cities, a simple persona between different 
generation and composition selected as a single middle age customer where produces an 
average amount of recycling waste per person. The journey of how it can deal with recycling 
waste describes the interrelation of recycling waste picker with the customer, and how waste 
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pickers damage the aesthetic perspective of daily urban life despite dispersal of 
contamination and debris within their operation.  

2.1.1  Persona 
The persona case (Fig. 2) faces with recycling workers around the bins, sometimes he delivers 
recycling waste to the recycling waste kiosk and got other products instead of the value of 
the waste or leave the waste cost to the kiosk, sometimes he delivers waste to the informal 
workers. Waste management collection service runs twice a day appropriately. The customer 
has no problem with waste collecting service, and He regularly throws the waste to the bins. 
 

 

Figure 2:  Citizen persona of waste tasks. 

     The waste management system has two stakeholders acting as recycling waste pickers, 
kiosks, and formal workers with pick-up where there is an allegation that some of the 
informal workers transfer their collected recycling waste to the formal workers. The issue is 
a conflict with other stakeholders as waste pickers who strew recycling waste from the bins 
cause an ugly image of the city. 
 

2.1.2  Retrospective challenges 
A retrospective analysis of what made a citizen MAD, SAD, and Glad mapped in Fig. 3 
would bring some insights for understanding customer challenges. It segregates recycling 
waste, then delivers the recycling waste to the kiosk by car and must pick up barter goods 
instead of where the kiosk does not care about citizenship. The recycling waste workers made 
a disgusting perspective when strewing the bins for solid wastes. Their operations cause 
dispersal of debris and contamination due to mismanagement of recycling waste 
management. 
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Figure 3:  Customer retrospective. 

2.2  Pre-ideation 

Retrospective challenges develop some questions about the origin of the issue, whether those 
could lead us to find out a solution to tackle these challenges. Why have recycling workers 
expanded in the city? Due to the importance of the circular economy, economic conditions, 
illegal immigration, low participation of citizens at the separation of waste at source caused 
the abundant supply of recycling waste for workers. So, why do not more citizens participate 
in the separation of waste at source? Due to far facilities, Lack of obligation and no cost-
benefit motivation, and why do some citizens participate in the separation of waste at source? 
Due to cultural reasons, environmental worries, the life cycle of materials, charity intention, 
and saving the planet for the next generation.  
     Hence, the above concludes a few hypotheses as if a system could decrease the supply of 
recycling waste at the bins, then recycling waste working demand would decline if citizens’ 
engagement increases at the separation of waste at source, the supply of recycling waste 
would decrease. Finally, appropriate obligations and facilities raise citizens’ participation. 
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2.2.1   Case studies from overseas 
What kind of recycling waste collection systems has implemented to overcome the issues? 
     Case studies from overseas, from similar persona customer, from countries with less 
informal workers as demonstrated in Fig. 4 indicates that disincentives and guidelines 
incorporated as obligations by fines and cautions. It is plausible for waste management to 
apply obligations through the identification of customers by codes of the bins and RFID. 
Thus, identification addresses the system’s key indicator.  
 

 

Figure 4:  SWM Customers persona cases UK and The Netherlands. 

     Other criteria noticed by the Smart systems, although the further study of peer-reviewed 
articles, generally focused on smart waste collection systems by using different integrated 
methods for optimizing waste collection by container identification (Fig. 5) consisting of the 
control centre and bins sensors, IoT of bins, mobile application and more. This optimization 
applies to formal recycling workers with puck-up where should receive signals by customers 
instead of a container, however, 
 

 

Figure 5:  Smart waste collection system [15]. 
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     The technology case study demonstrates other features of smart systems usually used by 
the smart underground system; those identify customers by RFID, barcode bags, mobile 
applications and could measure and calculate incentives and disincentives. There are separate 
recycling waste inlets that customers throw their waste according to the guidelines. The 
underground network of tubes shown in Fig. 6 (left) is suitable for condense spatial parts of 
the cities where collection trucks could not drive in the alleys but needs costly infrastructure 
construction. The next one, Fig. 6 (right), digs the underground bins. It could be more 
compatible with the collection system consist of trucks and bins, even though it is still costly 
infrastructural operation for waste management, whether the cost of such systems could be 
affordable. Hence, the most critical issue of these systems is their cost of implementation. 
Despite the capability of the underground system to tackle objectives of this study like 
aesthetic perspective damaged by informal and formal recycling workers further avoiding 
dispersal of contamination and debris due to covered and unreachable bins and container as 
a holistic approach for separation at source and solid waste management system, but urgent 
action is a practical solution compatible to the current facilities. 
 

 

Figure 6:  Smart waste bins solutions [16], [17]. 

3  RESULTS AND DISCUSSION 

3.1  Prototyping potential smart waste segregation system 

According to a comprehensive review during the journey map, adequate information reached 
to propose a prototype that connects elements of the smart recycling waste model as a service 
blueprint to adopt local facilities and gather offers. The smart improvement in local recycling 
waste services based on smart identification facilitates separation at source operation to 
struggle with current issues and concludes the objectives of the study. The cross interrelation 
of stakeholders addresses collaboration between recycling waste management and customers. 
The generation of customers covered by different types of identification makes it plausible 
for elder or youth generation to connect to the system despite composition, whether 
household or tradespeople. The community acts in the integrated system to avoid the extra 
cost to the system by identifying their advocate from the primary customer identification 
system. However, the system is capable of leading charity and donations inside the system, 
for example, transforming informal workers in the formal direction. The recycling waste 
management applies incentives and disincentives inside the system where indicates a 
condition that needs guidelines. However, this basic system adopts any further technology 
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improvement in waste management infrastructure, hence avoid waste of resources and 
support waste management as a data tool for future analysis and research. Based on the smart 
identification, an affordable system developed by service blueprint shown in Fig. 7 as a 
model. 
 

 

Figure 7:  Potential smart recycling waste segregation. 

3.2  Next research agenda 

The current research is according to the analysis of customers’ adaptation to the potential 
smart waste segregation system to identify the effects of the indicators on different aspects 
of Waste Management Dimensions environmental, economic and social where from Sanjeevi 
and Shahabudeen [5] point of view, in addition to two other political and administrative 
aspects, would be ideal for any city and simple enough for execution and performance 
evaluation and monitoring of an integrated SWM system. The proposed model demonstrates 
the administrative key role in developing a potential integrated system include system 
implementation, which followed by incentives, disincentive, and guideline application. 
Wherefrom the author’s point of view, in the recycling waste system administrative aspect 
can merge to economic and social dimensions through incentives, disincentives, and 
guidelines. The political aspect evaluates inter-relation between different organizations that 
the issue could affect their boundaries like health and environmental organizations. Hence, 
any future research in this field can evaluate effective regulations and relation about the issue 
as agenda. 
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     Though the technology acceptance model agenda evaluates potential system any further 
research on the performance of a plausible implemented integrated system recommended by 
the authors, therefore, the complementary study includes other aspects like financial analysis 
and technology acceptance model to iterate and improve. 

4  CONCLUSION 
The evaluation of potential smart system leads the waste management system to develop a 
system for further analysis with appropriate data. Implementation of a preliminary potential 
smart recycling waste system service serves the administration to figure out the procedures 
of the decision support system (DSS). Nevertheless, both systems need to address initial 
technology for any future infrastructure development of waste management systems in the 
next phase. 
     The resources come from the potential integrated smart waste segregation system can 
transform recycling waste workers into the formal part of the recycling waste circle that 
deserve human dignity and remove disgusting aesthetic perspective from the cities. 
     Any cities that struggle with informal recycling issues need the implementation of a smart 
waste stream identification system for all stakeholders, which is the base of any future 
development. Without sufficient data from all customers, it cannot manage to achieve 
sustainable development goals. The system could implement in similar metropolises like 
Ankara who face such issues but needs further local analysis for technology acceptance 
evaluation refer to client types, generation and local infrastructures whether a combination 
of different identification methods will increase their satisfaction and improve waste 
management system or not. 
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ABSTRACT 
Olive pomace is the main by-product generated by the olive oil mills, representing 80% of total fruit 
weight, which has high water content (60–70%). Reducing its moisture to 10–15%, the dry olive 
pomace (DOP) is obtained, which is a very interesting biofuel with a high calorific value  
(~4,100 kcal/kg). Annually, large quantities of this product are produced, nevertheless only part of it is 
used for self-consumption through electrical and thermal energy generation, by combustion. Olive oil 
mills are industries with high electrical energy consumption. The present study aims to give added value 
to this material, in order to supply electrical energy to the industries for self-consumption. The 
pelletized DOP (PDOP) has been subject to a gasification process using a downdraft fixed-bed gasifier 
in a pilot plant. The gas produced – syngas – has been cleaned through different filtering stages. 
Subsequently, it is introduced into a genset in order to generate electrical and thermal energy. The 
generated syngas has very promising characteristics, such as an upper calorific value (HHV) of  
1,337.11 kcal/Nm3 and a high content of nitrogen (N2) and hydrogen (H2), 47.29% and 19.54%, 
respectively. With this syngas, an average instantaneous power of 10 kW has been generated for  
6 hours. The outcomes show the potential of using DOP as raw materials in the gasification process on 
an industrial scale. This allows to valorize the generated DOP in the olive oil mills and it contributes to 
reduce CO2, it is favored the transition to the circular economy in the olive sector. 
Keywords:  dry olive pomace, biomass gasification, downdraft gasifier, syngas, power generation, self-
consumption, circular economy. 

1  INTRODUCTION 
Andalusia is the main olive oil producer region worldwide. The olive grove area in Andalusia 
amounts to 1.5 million ha [1], which produces around 4.7 million tons of olives (Olea 
Europaea fruit) per year [2]. This olive is processed in the oil mills to make olive oil. The 
important activity developed by this sector results in the generation of a large number of by-
products. Given the seasonality of the olive oil processing sector, the generation of this sub-
product occurs in a very short time [1], between 4 and 5 months. Managing these agro-
industrial by-products has become a problem for the mills, so their recovery is necessary. 
     Until the end of the 1980s, the olive oil production process was characterized by a three-
phase centrifugation system, in which oil, water or “alpechín” and wet olive pomace (WOP) 
were produced. However, at the beginning of the 1990s, the three-phase process was changed 
to the two-phase process, in which, in addition to olive oil, a new phase is obtained, a 
combination of the other two that come out in the three-phase process. Therefore, the olive 
pomace, or “alperujo”, produced contains all the water that previously came out as “alpechín” 
[3], [4]. Starting from a ton of olive, with 20% fat richness, 200 kg of olive oil and 800 kg of 
“alperujo” are produced, without adding water to the process. The “alperujo” has a high 
humidity (60–70%), which is why it is necessary to dry it to moisture between 10% and 15%, 
obtaining the dry olive pomace (DOP). 
     DOP has huge potential as a fuel; it is a homogeneous product with a high carbon content, 
high calorific value and low moisture. Annually, in Andalusia, an amount that ranges between 
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1.2 and 1.45 million tons is generated [5]. A part of this production, approximately 20%, is 
invested in generating the thermal energy necessary for self-consumption by the industries 
themselves; another part, around 45%, is used as raw material to generate electrical energy 
in combustion plants; and the rest presents market difficulties at this time, being able to be 
valued through other alternatives [5]. The industries producing DOP, extractors of olive 
pomace oil, have a high demand for electrical energy and thermal energy, necessary for 
drying WOP. 
     Gasification is a thermochemical process that converts carbonaceous solid materials, such 
as biomass, into value-added gaseous products (syngas) [6]–[8]. In order for gasification to 
take place, a process initiating and maintaining agent is required. For this, steam and air are 
used, or this can be substituted by pure oxygen. In a typical gasification process the following 
stages take place: drying, pyrolysis, partial combustion and gasification [7], [8]. 
     The different types of gasification processes are classified according to the type of reactor 
used, namely fluidized bed gasifiers and fixed bed gasifiers. After analyzing the different 
reactors, it was decided that the one that best suits the industries in the olive grove is the 
downdraft fixed-bed gasifier, since it is used for smaller units with powers equal to or less 
than 1 MW [9]. In these gasifiers, the gasifying agent is inserted above the reduction zone, 
flowing downwards and producing gasification in the lower part of the reactor and, therefore, 
the output of the gas produced through an ash bed at high temperatures [10]–[12]. These 
reactors produce less tar (0.015–3 g/Nm3) than the rest, because the resulting gas is in optimal 
conditions for cracking to occur when passing through the hot ash bed [10], [11]. 
     In this paper, a Downdraft fixed-bed gasifier is used. In this reactor the raw material is 
introduced through the upper part, while the gasifying agent enters through the lower part, at 
a certain height. The syngas produced flow down with the biomass exiting the bottom of the 
gasifier [10], as shown in Fig. 1. 
 

 

Figure 1:  Schematic of a throated-type downdraft gasifier [9]. 

     The aim of this work is the valorization of DOP, through its gasification in a downdraft 
gasifier. For this, previously, the olive pomace must be densified, due to its high content in 
fines (80%), through the use of a pelletizer, and then it is introduced into the gasifier. 
Everything will be done at the pilot plant level. 
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2  MATERIALS AND METHODS 

2.1  Materials characterization 

The wet olive pomace comes from an olive industry located in the province of Jaén, Spain. 
This olive pomace is dried in a rotary dryer, obtaining the raw material object of this study, 
DOP (Fig. 2(a)). The main physico-chemical characteristics of the product are shown in 
Table 1. DOP is a good fuel, due to its high calorific value (4,192 kcal/kg) and its high fixed 
carbon content (17.56%). However, about 80% of the sample has a particle size of less  
than 3 mm, therefore, this high content of fines can prevent fluidization during the 
gasification process. 
     To improve the biomass fluidization inside the gasifier, DOP is densified in a pelletizer, 
obtaining pelletized DOP (PDOP) (Fig. 2(b)) 10 mm in diameter and between 10 mm and  
30 mm in length. 
 

 
(a) (b)

Figure 2:  (a) Sample of dry olive pomace; and (b) Pelletized dry olive pomace. 

Table 1:  Physico-chemical analyse of dry olive pomace and pelletized dry olive pomace. 

Parameters Dry olive pomace Pelletized dry 
olive pomace 

Moisture content, % wb 7.07 11.63 
Ash, % db 9.38 7.36 
Volatile, % db 73.06 71.77 
Fixed carbon, % db 17.56 20.87 
Ash fusion, in °C – at 1,200 
Ash deformation, in °C at 1,100 at 1,100 
No Ash fusion, in °C at 1,000 at 1,000 
Bulk density, kg/m3 580 680 
True density, kg/m3 – 1,393 

Size, in mm 
> 3mm: 20.48% 
< 3 mm: 79.52%

Diameter: 10 
Length: 10–35 

Ignition test Burns easily Burns easily 
Flow ability test Flows easily Flows easily 
Calorific value (HHV), kcal/kg db 4,192 4,429 
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     PDOP has better fuel characteristics than raw DOP and, in addition, allow an increase in 
the efficiency of the gasification process, while reducing gas treatment costs. The 
characterization of the PDOP can be seen in Table 1. When densifying, their calorific value 
and fixed carbon content are increased, reaching values of 4,429 kcal/kg and 20.87% 
respectively. Furthermore, its ash and volatile compounds content is reduced, going from 
9.38% to 7.36% in the ash case and from 73.06% to 71.77% in the volatiles case. 
     For these reasons, it was decided to use the PDOP as raw material for the gasification 
process described below. For this, 5 tons of PDOP were prepared to send to India, where the 
pilot plant is located where the test will be carried out. 

2.2  Experimental process 

PDOP gasification plant consists of the downdraft fixed-bed gasifier, a gas cooling and 
cleaning stage, and an engine genset, all at the pilot plant level. An operation scheme is shown 
in Fig. 3. 
 

 

Figure 3:  Gasifier schematic system. 

     The main stage of the process is the Downdraft fixed bed biomass gasifier “Ankur model 
FBG-100”. The components of the gasifier, combustion cone, rotor, vertical grate, inner 
shell, nozzles, water flow channels and ash pipe are made of special stainless steel alloys, 
adapted to the conditions that must be met put up with. Some parts, such as hopper, structural 
support cones, etc., are made of mild steel with the necessary thicknesses and worked and 
painted appropriately. The entire blower construction is stainless steel. 
     After the gasifier, the ash removal system and the gas cleaning, dust, tar and inorganic 
impurities system is installed. This system is made up of high temperature filtering equipment 
(HTFE), condensate removal subsystem (CR), condensate neutralization subsystem (CT), 
mist eliminator (ME), fine filter (FF), pleated filter (PF) and, finally, dry blower (DB). The 
cyclone and scrubber system are also made of suitable stainless steel alloys. Filters are made 
of mild steel. 
     After the syngas have been cleaned, there is the engine genset, made up of two 100% gas 
engines, to produce electrical energy with a nominal power of 10 kWe and also thermal 
energy from cooling and exhaust gases. 
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3  RESULTS AND DISCUSSION 
During the test implementation, the Downdraft gasifier was kept running for 9 hours. As a 
gasifying agent, air at atmospheric pressure was used. The biomass feed to the gasifier has 
been set at 75 kg/h. The temperature inside the gasifier ranged from 1,050–1,100°C. 
Conditions described above summarize in Table 2. 

Table 2:  Gasifier operating conditions. 

Parameters FBG 100 
Total run hours 9
Gasifying agent Air
Pressure Atmospheric
Biomass consumption 75 kg/h
Temperature 1,050–1,100°C

3.1  Syngas production 

The syngas characteristics at the gasifier outlet are measured, determining an average syngas 
flow of 156 Nm3/h at a variable temperature between 300°C and 500°C. The yield of the 
determined process has been 71%, in cold gas. 
     During the test, two gas samples are taken, at different times, to check the possible 
variation of its characteristics. The gas is collected filtered and clean. Table 3 shows the 
composition of both samples of the synthesis gas obtained from PDOP. It is observed that 
both gas samples have a very similar elemental composition with very small variations in the 
proportion (between 0% and 3%). The calorific value is also very similar in both samples, 
obtaining an average calorific value of 1,337.11 kcal/Nm3. 

Table 3:  Produces syngas sampling, analysis and test results. 

Gas parameters Unit Sample 1 Sample 2 
Outlet gas temperature range °C 300–500 
Average gas flow Nm3/h 156 
Cold gas efficiency of the system % 71
H2 % 19.28 19.81 
O2 % 0.0 0.0 
N2 % 45.91 48.67 
CH4 % 2.74 2.42 
CO % 15.09 15.59 
CO2 % 16.98 13.51 
Calorific value (HHV) kcal/Nm3 1,336.11 1,338.12 
Average HHV kcal/Nm3 1,337.11

3.2  Electricity production 

The produced and clean syngas is introduced into a genset consisting of two 100% syngas 
engines, to produce electrical energy with a maximum gross power of 10 kWe and also 
thermal energy from cooling (hot water at 90°C) and from the exhaust gases at approximately 
400°C, also usable. During the operation of both motors, every 30 min or one hour, the  
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Figure 4:  Instantaneous power evolution during the test. 

 

Figure 5:  Discharge bio-char photography. 

instantaneous power produced is measured, whose measurements can be seen in the graph in 
Fig. 4. Motor 1 obtains higher instantaneous power values with an average of 10.33 kWe, 
while motor two gets an average of 9.47 kWe. 

3.3  Bio-char production 

A solid product called bio-char (Fig. 5) is also obtained from the gasification process, with 
an average production of 10.77 kg/h. This represents 14.36% of PDOP consumption. 
     Table 4 shows the bio-char physico-chemical characteristic. As can be seen, it has a high 
moisture content (38.38%), which is due to the sum of the residue’s own moisture, plus that 
added during discharge in order to decrease its temperature at the gasifier outlet. The 
characteristics of the bio-char are very good for use as a fuel, since it has a high fixed carbon 
content (66.58%) and a high calorific value (5,841 kcal/kg), on a dry basis. Furthermore, its 
volatile content (6.93%) is reduced compared to the content present in the raw material 
(71.77%). However, it has a high ash content (26.49%), which can pose a problem for the 
cleaning and maintenance of combustion equipment. 
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Table 4:  Physico-chemical analyses of discharge bio-car. 

Parameters Bio-char 
Average dry discharge 10.77 kg/h 
Moisture content, % wb 38.38 
Ash, % db 26.49 
Volatile, % db 6.93 
Fixed carbon, % db 66.58 
Bulk density, kg/m3 675 
Size, in mm 0–20 
Ignition test Burns easily 
Flow ability test Flows easily 
Calorific value, kcal/kg db 5,841 

4  CONCLUSION 
From the results obtained, it can be deduced that the gasification of the PDOP is a good 
alternative for the recovery of this kind of waste, since a high gas yield with a high calorific 
value is obtained, and a carbonaceous residue that can have a very good market. Furthermore, 
with the PDOP gasification the following advantages are obtained: reduction of energy costs 
(OPEX) and reduction of CO2 emissions in the olive oil sector; favoring the transition 
towards a circular economy in this sector. Sector well established in the Mediterranean 
countries, highlighting above all Spain. 
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ABSTRACT 
In-situ backfilling experiment using spray method in the small scale drift (approximately 4 m by 3 m 
scale) was conducted at a 500 m depth in the Mizunami Underground Research Laboratory (MIU), 
established by JAEA (Japan Atomic Energy Agency). The aim of this experiment is to demonstrate 
backfilling by spray method deep underground and establish the quality control methodology as the 
one of the techniques applied for geological disposal in Japan. The backfill material consists of a sand 
and bentonite mixture. Specification for the backfill material was designed to satisfy the target 
permeability of a generic host rock (10-8 m/s) assumed by NUMO. In this case, effective clay density 
should be 0.4 Mg/m3 or more. Quality control of the material before backfilling was performed by 
setting the initial water contents (14±2%) based on the results of the Laboratory testing and preliminary 
spray testing on ground surface. While the quality control of the backfilled material during the 
experiment was performed by density measurement with the standard method and a 3D-scanning 
method. Densities of the backfilled material measured at any points satisfied the specification (more 
than 0.4 Mg/m3) and the results suggested the establishment of the practical quality control 
methodology of the backfilling by spray method under actual deep geological environment. 
Furthermore, the measurement of the moisture transfer characteristics and the swelling of bentonite 
using several instruments, as well as the amount of the outflowing of bentonite from the backfilled 
material, was carried out. 
Keywords:  backfilling, spray method, in-situ experiment, deep underground, crystalline rock. 

1  INTRODUCTION 
One of the features of the geological disposal policy in Japan is the establishment of multiple 
URLs. The URLs must be distinct from actual disposal facilities which will be constructed 
by the Nuclear Waste Management Organization of Japan (NUMO). The URLs of the JAEA 
projects are distinct from on-site (site-specific) URLs classified as purpose-built generic 
URLs as described in the OECD/NEA report [1], to be constructed at potential waste disposal 
sites. JAEA’s URL projects aim to improve the reliability of geological disposal technologies 
and to develop advanced safety assessment methodologies. In order to characterize the 
general range of geological environments in Japan, two generic URLs were constructed. One 
is the Mizunami Underground Research Laboratory (MIU) focused on crystalline rock  
(Fig. 1), and the other is the Horonobe Underground Research Laboratory focused on 
sedimentary rock. The MIU project has been performed in three overlapping phases: “Phase 
I: Surface-based investigation,” “Phase II: Construction” and “Phase III: Operation.” The 
construction of research galleries in the MIU has completed to –500 m depth. Since 2010, 
research activities in Phase III have started in the underground. Current R&D activities 
include a gallery closure test at the GL-500 m level to study recovery processes in the 
geological environment around a gallery after it has been backfilled, the development of  
long-term monitoring technology, a post-excavation grouting experiment to demonstrate the 
feasibility of impermeable grouting and a mass transport experiment in MIU [2].  
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Figure 1:  Location of MIU and schematic layout of the gallery [2]. 

     The in-situ backfilling experiment was carried out as a part of development of technology 
for backfilling the underground structure in MIU excavated in crystalline rock as one of the 
current R&D items. 

2  SITE LOCATION AND GEOLOGICAL ENVIRONMENT 
The MIU Construction Site is located at an altitude of 200 m above sea-level in a hilly area 
adjacent to the urban area of Mizunami City, Gifu Prefecture, central Japan. Around the site, 
Tertiary sedimentary rocks widely and unconformably overlay the cretaceous Toki Granite 
(60–70 Ma) [3]. The Toki Granite, a zoned pluton, has three rock facies grading from 
muscovite-biotite granite at the margin through hornblend-biotite granite to biotite granite 
[3]. The R&D work of the MIU project conducted mainly in the Toki Granite basement.  
     Due to the geological disposal of HLW will be under 300 m depth according to Japanese 
law, experiment site shown in Fig. 2 was located in research gallery excavated 500 m depth 
as a demonstration. The site was a horseshoe-shaped cross-section drift with a length of about 
10 m, a height and a width of about 3 m. Inflow rate in the drift was less than 0.1 L/min and 
it is relatively small in MIU drift in granite. 
 

 

Figure 2:  Location of the in-situ experiment site. 
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3  PLANNING 
The Backfilling experiments were carried out both within and outside Japan. Geological 
disposal in Japan is still R&D phase for geological disposal and engineered barrier system 
related to the backfilling is not fixed yet. The experiment for horizontal disposal technology 
has been conducting at Horonobe URL. Therefore, backfilling is assumed the type of  
KBS-V in this experiment and focused on backfilling of disposal tunnel.  
     We referred previous studies in Japan and overseas that were subject to literature surveys 
for planning. Literature surveys were carried out in view of the site-generic perspective in 
Japan for geological disposal and the in-situ experiment plan was focused on backfilling a 
drift, in the case of vertical deposition of the MIU project. As a result, advection suppression, 
chemical stability between materials, buffer position retention, canister lift prevention and 
tunnel stability of disposal tunnels were extracted as the required performance for backfilling. 
In addition, the result confirmed that the permeability and swelling pressure of the backfill 
material were used as performance indicators. These results are the same as required 
performance for backfilling that NUMO has studied. 
     From the viewpoint of a site-generic test plan, it was determined that the values of the 
permeability of backfill was controlled to be less than the one of a host rock presented in 
NUMO [5]. Specifically, measured averaged hydraulic conductivity of Toki granite around 
in-situ experiment site in Fig. 3 was 10-8 m/s order and the permeability of backfill was less 
than 10-8 m/s order as a target. 
 

 

Figure 3:  Relationship between hydraulic conductivity and effective clay density [5]. 

     Fig. 3 shows the relationship between the density of the clay material (bentonite) to be 
applied for geological disposal (effective clay density) and permeability. The result suggested 
that the effective clay density over 0.4 Mg/m3 satisfies the permeability of 10-8 m/s or less for 
both groundwater and saline water. Therefore, effective clay density of 0.4 Mg/m3 or more 
was adopted as a control parameter for the material specifications in this experiment. 
Effective clay density (ρe) is calculated following equation: 
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where ρd: dry density (Mg/m3); Rs: mixture rate of dry sand; ρs: soil particle density of sand. 
(Average value of dry density of sand and crushed rock in the case of crushed rock is used.) 
     On the other hand, it was judged that this test will be able to conduct for only two years 
due to political situation of MIU project. Therefore, tunnel stability of disposal tunnels, the 
one of the required performance was not adopted in this study because the presence or 
absence of backfilling material does not affect the mechanical stability of the in-situ 
experiment site. In addition, it was decided that a retaining wall that allows drainage was 
constructed instead of a plug due to the very short period allowed for this experiment. 
     Based on above condition, the preliminary Lab. testing using different compaction energy 
of mixed soil composed of bentonite (Kunigel V1), sand, and crushed rock was carried out 
as shown in Table 1 and Table 2. The results show that both materials were satisfied the 
above described requirement (effective clay density is 0.4 Mg/m3 or more) under different 
compaction energy.  

Table 1:  Specification of the tested backfilling material. 

 

Table 2:  Results of laboratory compaction testing. 

 
 
     There are several construction methods of backfill material, which are rolling and 
compaction, block stacking and spraying and they were demonstrated in Japan and overseas. 
In this experiment, a full-section spraying method was applied, which is the unprecedented 
method within and outside Japan. However, there was large limitation of the materials and 
machines used for the spray construction because they were required to pass through the 
opening (1.9 m) of the ventilation shaft scaffold of MIU. Thus, examine the quality of backfill 
materials was planned for the development of quality control methodology, the full-section 
spraying method. Consequently, the backfilling in this experiment was planned to divide into 
8 steps, and the measurement work and the spraying construction are repeated for each step 
(Fig. 4). Table 3 shows the measurements for quality control. These items were planned based 
on the results of literature survey as well. 

Composition Mixture(wt%) ρs(Mg/m3)

Kunigel V1 15 2.767

Sand 35 2.681

Crushed rock 50 2.686

Kunigel V1 15 2.759

Sand 85 2.674

Material A

Material B

Compaction
energy

1Ec 0.6Ec 0.4Ec 1Ec 0.6Ec 0.4Ec

ρd max(Mg/m3) 1.933 1.855 1.799 1.747 1.681 1.648

wopt (%) 11.6 12.5 14.8 14.2 14.5 15.9

ρe (Mg/m3) 0.727 0.656 0.609 0.589 0.542 0.519

Material A Material B
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Figure 4:  Steps of backfilling in this experiment. 

Table 3:  Measurement and monitoring items. 

 

4  SELECTION OF MATERIALS AND MACHINES FOR THE IN-SITU  
BACKFILLING EXPERIMENT 

According results of planning, the backfill material A and backfill material B were used to 
investigate the effects on workability and quality due to the difference in materials used for 
in-situ spray on ground surface (Fig. 5).  
     Firstly, the test was conducted by spraying of backfill material A (the water content ratio 
is set to 13.7% on average of 0.4Ec and 0.6Ec optimum water content ratio) using a spraying 
machine (Ariba 285). The result shows that the effective clay density after spraying was 0.571 
to 0.611 Mg/m3, while a relatively high density was obtained. On the other hand, it required 
63 minutes (net spraying time of 13 minutes) for spraying one bag (428 kg). The main reason 
was that the addition of crushed rock. It made the backfill material agglomerated by 
compaction during transportation and it was difficult to put into the spraying system. 
Therefore, material A was not adopted for this experiment due to practical reason. 

Item Method Number Objective
Lab. Test 50
Evaluation based on the
3-D scanning data

After spraying
of each section

Total Pressure Pressure meter 10 Mesurement of the
swelling pressure

Water Pressure Water pressure meter 12 Mesurement of the
water pressure

Water content Soil moisture meter 10
Variation of water
content in buffer
material

Total outflow
volume

Water lebvel indicator 1

Concentration
of bentnaite in
outflow

Absorbance meter 1

Estimation of the
outflow of bentnaite
from buffer material

Confirmation of the
quality of sprayed
buffer material

Density
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(a) (b) (c) 

Figure 5:   Preliminary test on ground surface. (a) Layout of preliminary test on ground 
surface; (b) Spraying the buffer material with 14% water content; and (c) 
Spraying the buffer material with 18% water content. 

     The following test was conducted with material B. In this test, equipment and machine 
were selected taking into account workability and quality based on the result of the first test 
shown in Table 4. Especially, spraying machine (AGC PRIBRICO with a small spraying 
amount per injection) was used to prevent clogging in the material hose. In this test, the 
requirement was set to be up to the dry density after sprayed material up to that of 0.4Ec in 
Lab. conservatively. Fig. 6 shows the dry density of material B after sprayed with 14% and 
16% water content was expected up to that in the case of 0.4Ec. Regarding workability  
(Table 4), it was confirmed that a net spray amount of about 1 ton per hour could be secured 
in the cases of w=14% and 18%. This result shows that improvement from the previous test. 
The minimum loss rate was obtained at W=14%. On the other hand, stability of sprayed 
material and density were extremely low in the case of W=18% (shown in Fig. 6). 

Table 4:  Obtained speed of spray method on ground surface. 

 
 
     Based on above series of selection processes and test results, materials and machines were 
selected for the in-situ experiment. Table 5 shows the material specifications of backfill 
materials. The moisture content of backfill material was set to 14 ± 2% (considering errors 
due to mixing), which resulted in high construction density and good workability 
(construction speed, loss rate).  

5  OVERVIEW OF THE IN-SITU BACKFILLING EXPERIMENT 
The demonstration test was conducted in the equipment horizontal shaft (GL-500 m) of 
Mizunami Underground Research Laboratory. Example of the state of in-situ spraying is 
shown in Fig. 7. 

W=14% W=16% W=18%

Total time(min) 62 79 53

Time of spraying(min) 29 31 20

Weight of sprayed material(kg) 951 858.5 820.5

Speed of backfilling by spraying (kg/h) 1967.6 1661.6 2461.5

Loss rate* 1.287 1.445 1.364

*　Loss rate: Total weight of used material / Weight of sprayed material
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Figure 6:    Results of the compaction test with different water content (Lab. test and 
preliminary test on the ground surface for material B). 

Table 5:  Final mixture of backfilling material for in-situ experiment. 

 
 

 

Figure 7:  Spraying of back fill material. 

     In this test, construction speed and spraying speed were applied for workability 
evaluation, and effective clay density (ρe) was applied as an index for quality evaluation.  
Fig. 8 show the water contents of the material at site preparation and after spraying. Most of 
the material water content just before spraying were satisfied with its specification (14±2%) 
and well controlled. And the water content after spraying was also in the same range. The  
 

Mixture
(%)

Water content
(%)

Bentnaite
(Kunigel-V1)

15

Sand 85
14±2
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Figure 8:  Measured water content of buffer material at site preparation. 

Table 6:  Results of the evaluated backfilling speed in each section and estimated effective 
clay density of backfilling material with different methods. 

 
 
measurement for material density, water content etc. of sampled backfill material were 
performed at on-site immediately.  
     Table 6 shows the summary of the results of averaged construction speed by in-situ 
spraying and density at each section. Measured density except existing gutter part showed 
0.41–0.60 Mg/m3 of effective clay density and it is confirmed to satisfy the requirement of 
ρe (0.4 Mg/m3 or more). The averaged backfilling speed by spray method in in-situ obtained 

Lab.test
(Ave.)

Evaluation
based on
the 3-D
scanning
data

Preriminary
testing at ground
surface

951.0 1967.6 0.534 ‐

Section 1 6173.0 1119.0 0.447 0.326

Section 2 13689.7 1342.1 0.527 0.450

Section 3 8308.1 1724.9 0.566 0.514

Section 4 22394.4 1514.8 0.477 0.420

Section 5 13542.6 1599.5 0.521 0.408

Section 6 16319.5 1962.3 0.509 0.343

Section 7 9115.8 1905.7 0.513 0.587

Section 8 5015.3 1662.5 0.492 0.631

Effective bentnite
density (Mg/m3)

Weight of Sprayed
buffer material(kg)

Speed of backfilling by
spraying (kg/h)
(Ave.)
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1119.0–1962.3 kg/h. The speeds of the first 2 sections were relatively low due to inexperience 
of workers. However, the speed after section 2 is close to it of second test on ground surface 
and the total system for in-situ spraying was concluded with productive work in this 
experiment.  
     Fig. 9 shows the planed and actual sampling points of splayed material. Coordination of 
actual sampling points were obtained from 3D scanning data. The planned sampling positions 
were determined with consideration of the reliable results of 3-D contour map. The difference 
between detail planed and actual positions was mainly due to practical reason. Fig. 10 shows 
the 3-D distribution of effective clay density of backfill material using measured actual 
sampling position as an example. The results suggested that the effective clay density close  
 

 

Figure 9:  Sampling points (planned: red; actual: green). 

 

Figure 10:    An example of distribution of the measured properties of backfill material based 
on 3-D contour map (effective clay density). 
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to drift end was relatively low, Section 1 and Section 6 in this case. In Section 1, the splaying 
pressure might be low because of inexperience of workers and energy loss by upward 
splaying affect for the density in Section 6.  
     Fig. 11 shows an example of the 3D scanning results. 3D-scanner was Focus3D 
S120(FARO Co.ltd.) and averaged time for 3D scanning in this experiment was about  
20 min/1 scanning. Fig. 12 shows the comparing of the effective clay density between 
measured and calculated based on 3D scanning data and actual weight by spraying. Error bar 
shows the variation of the measured effective clay density in each section. Variation range 
of measured effective clay density was max. 0.1 Mg/m3. The effective clay bulk density of 
Sections 1–6 wa smaller than that of measured. It might be caused by the overestimate of the 
volume due to insufficient extract of rebound at those sprayed parts. While effective clay 
bulk density of the Sections 7 and 8 was higher, which was caused by the underestimation of 
the sprayed volume due to some obstacles (retraining wall etc.). The estimation of the bulk 
density based on 3D scanning has several advantages (no damage at backfilled part, minimize 
the impact on the backfilling schedule because of its short-term measurement and safety of 
backfilling work) and it may be useful if the calibration curve like indicated in Fig. 12 will 
be made in the future geological disposal.  
 

   
Front view Side view Bird view 

(a) 

   
Front view Side view Bird view 

(b) 

Figure 11:  An example of 3D scanning results. (a) Section 5; and (b) Section 6. 

 

Figure 12:  Relation between estimated effective clay densities. 
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     Fig. 13 shows the used equipment, arrangement of monitoring during and after 
backfilling. Fig. 14 shows the schematic layout for the in-situ measurement of erosion of 
bentonite from backfill material. Monitoring results are summarized below. 
 

 

Figure 13:  Monitoring equipment and its arrangement. 

 

Figure 14:  Monitoring of the outflow of ground water including of a bentonite. 

     The soil moisture meter (M-1, M-2, M-6, M-7) installed on the top end shows a value of 
80% or more of water content immediately after installation, and those parts maintain stable 
condition. Moisture in other backfill materials also gradually rose until around May 2019, 
indicating a moisture content of more than 60%. The soil moisture meter at the M4 point 
showed a value of 100% immediately after installation; however, the value suddenly dropped 
in the middle of February 2019 then showed unstable behavior. Possible cause of the behavior 
is failure of measuring instrument (Fig. 15(a)). 
     Most of water pressure gauges resulted in a slight increase in negative pressure over time. 
On the other hand, qualitatively, H-1 and H-5 that are closest to the face turned to positive 
pressure, which is consistent with the infiltration of groundwater from the boundary of 
backfilled area and drift wall (Fig. 15(b)). 
     For total earth pressure, the E-11 point on the bottom and the E-1 point on the face tend 
to rise slowly until May 2019 while fluctuating. On the other hand, the point at E-10 tends to 
decrease gradually. Other than that, it rose immediately after installation and then levelled 

Drift end

Pressure meter Water pressure meter Soil moisture meter

Retaining wall
Drift endRetaining 

wall

Drift end
Retaining wall
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off (Fig. 15(c)). E12 installed on the retaining wall has been almost staying at the same value 
and there is no appearance of swelling pressure behavior on the retaining wall. It was not able 
to extract the swelling pressure of bentonite in total earth pressure quantitatively due to its 
quite small value (averaged swelling pressure predicted based on the previous study  
result was 0.013 MPa [6]). 
 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 15:    Monitoring results. (a) Soil moisture; (b) Water pressure; and (c) Total earth 
pressure. 
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     From the variation in the total earth pressure, the state changes during the backfilling can 
be roughly divided into two stages (Stage 1: Start – middle of May, Stage II: Middle of  
May – Monitoring end). The state and its possible reason in each stage as follows: 

Stage I:  All earth pressures including the two earth pressure at the top increase gradually 
and suddenly drop at some point. During this period, soil moisture also showed a 
relatively increasing trend, and the water pressure also increased to positive pressure 
in some cases．It is supposed that the degree of saturation increases and the 
swelling behavior occurs due to the infiltration of groundwater into the backfill 
material, however, when the pressure behavior on the drift wall reaches the certain 
level, the pressure drops rapidly due to some deformation in backfilling part.  

Stage II:  Moisture rise almost constantly and the total earth pressure moves up and down on 
the spike. Water pressure shows a tendency to being stable. The infiltration of 
groundwater in the test area has reached the steady state (not full saturation). Flow 
paths through, which may be made by backfill material. Changes in the spike of the 
earth pressure seem to be linked to the behavior of groundwater infiltrated in  
the backfill material through the paths. 

     It is estimated that above different conditions are observed due to the fact that outflow 
from backfilling part is allowed for the in-situ measurement of erosion of bentonite and the 
local heterogeneity of the physical properties in the backfill area. 
     Fig. 16 shows the comparing of the bentonite erosion between the results of an existing 
study [7] and this experiment. The results are consistent with existing study for Kunigel V1 
bentonite. In addition, amount of erosion volume with total outflow is also similar with 
SKB’s results using MX-80. Although the bentonite used and experiment condition were 
different, it is interested and the results of our experiment will provide useful information for 
predicting the bentonite erosion when the future geological disposal is designed. 
 

 

Figure 16:    Comparing between existing results and the result of in-situ measurement for 
erosion of clay (bentonite) in the backfilled material of this study. 

6  CONCLUDING REMARKS 
In this in-situ experiment, the applicability of spray method for backfilling was evaluated 
from both the “workability” and “quality” aspects. In the evaluation of workability, 
parameters directly related to the construction work such as “spraying speed” were 
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calculated, and “effective clay density” was used as an evaluation index of “quality”. The 
target value of the effective clay density is set to 0.4 Mg/m3, which correspond with  
the averaged permeability of host rock around test site (10-8 m/s order). It is difficult to 
compare the construction results in other places in Japan and overseas and the applicable 
construction methods (rolling and compaction, block construction, etc.), because of the 
various geological environment and the environmental conditions of a place where it can 
actually be used. However, the full-section spraying method applied in this experiment  
can be evaluated as one of the practical methods for backfilling in the future geological 
disposal project for the following reason: 

• The spraying speed, which are the parameters of “workability,” are comparable to the 
results of preliminary tests on the ground surface where there are almost no restrictions 
except for the Section 8, that was final part. 

• Regarding the “quality” of the backfill material required, all sections can achieve a value 
up to 0.4 Mg/m3 or more which required low permeability (at least 10-8 m/s order of host 
rock).  

     On the other hand, from the data of construction in this in-situ experiment, the operator’s 
experience, spraying conditions (nozzle position and orientation) and construction 
environment (ventilation environment and sufficient electric energy) can affect the 
workability and quality. In particular, the available utilities in underground such as 
electricity, ventilation system etc. may become a practical problem even in an actual 
geological disposal site and it is necessary to consider the design of the future geological 
disposal facility. The decreasing of spraying pressure was observed when spraying with the 
nozzle facing upward. It may be resulted in decreasing of density of the backfill material. In 
this case, the control of the nozzle direction keeping either horizontal or downward as 
possible and the improvement of the spray nozzle and sufficient discharge volume at least 
for the height of the backfill area (3 m in this test) were performed. As a result, the influence 
was minimized.  
     In addition, after spraying, a slight gap of a level was observed near the top, which caused 
the self-weight settlement with time of the backfill material mainly and backfilled material 
close to the drift wall was loosed by only a small amount of ground water from the drift 
surface. It was presumed that the backfill material was made near the optimal moisture 
content for compaction. This also causes the degraded quality of the backfill material. It 
seems that one of the countermeasures is to use a backfill material with a high bentonite 
content at spraying close to drift wall and it is desirable to incorporate the use of shoring 
without rock bolts when designing and constructing the facility. 
     One of the purposes of this in-situ experiment was to obtain scientific basis for the 
development of a quality control methodology when all sections are sprayed in the future 
geological disposal facility. The results of planned laboratory testing during backfilling by 
spraying and preliminary tests on the ground surface indicate that the applied quality control 
methodology was highly evaluated and appropriate for the quality control of backfill material 
as described above. The bulk density measurement with the 3D scanner tended to be slightly 
smaller than the values obtained by Lab. testing. However, the measurement method has the 
several advantages such as a certain volume can be calculated in about 20 minutes with no 
damage of backfilled area and worker’s safety. These are important issues for the quality 
control related to backfilling of long tunnels focused on the actual geological disposal 
projects and the results suggested that the quantitative estimation of bulk density should be 
made calibration curve between the Lab. testing and 3D scanning. 
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     As regards the monitoring, in the view of quality control, it was difficult to conclude in 
this experiment due to its small swelling pressure, allowance of outflow from backfilled part 
and in-situ experiment duration. However, the results showed changes of state in backfilled 
parts, which is important information to understand the real phenomenon in the area and to 
support the quality of backfilling. 
     Finally, measurement of the erosion rate of bentonite in backfilled material was 
performed. The method was simple. The results suggested that it will be roughly predicted 
the amount of erosion of Kunigel V1 in in-situ with time. It is also valuable result for the 
design of the backfilling in actual geological disposal.  
     This study was performed as part of a commissioned project funded by the Ministry of 
Economy, Trade and Industry of Japan. 
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ABSTRACT 
Hazardous waste treatment options in developing countries are limited. The main problems include 
scarce or no specialized facilities, and a lack of analytical tools for characterization. In some cases, 
there are also minimal regulations. Costa Rican hazardous waste legislation dating from the 1990s was 
improved over the last decade. We describe the management system implemented in Costa Rica that 
permits an increase in the amount of hazardous waste that could be properly managed, from around 
7,432 tons in 2015 to 31,268 tons (76%) in 2019. Similarly, during the same period, the number of 
official waste-generator companies and specialized waste management companies increased from 107 
to 736 (85%), and from 11 to 35 (69%), respectively. We also present the collaboration of a public 
university with a local small company. Characterization of hazardous waste and evaluation of possible 
treatment methods were performed at a laboratory level in the university. Later, the small company, 
under university staff supervision, scaled up the selected treatment method. This small company has 
two reactors with capacities for 2,000 and 500 kg, both are equipped with pH and oxidation potential 
reduction sensors that control the pumps used for adding acid, base or oxidants into each reactor. 
Examples of successfully treated liquid waste are sulfide and cyanide wastes from a metal finishing 
company. Both types of wastes were oxidized using chlorine, to obtain calcium sulfate and nitrogen 
gas, respectively. Heavy metal waste is precipitated and then solidified using Portland cement. 
Hazardous organic waste is normally sent to a local cement kiln for co-processing; however, some 
waste does need pre-treatment before burning, such as the case of di-isocyanates, which, during 
burning, could generate hydrogen cyanide. So the waste has to be transformed into urethanes by an 
aqueous reaction, with ethanol and ammonia. This study demonstrates cooperation between academia, 
through technical knowledge and analytical skills, and industry, providing appropriate infrastructure 
and management in accordance with local regulation. 
Keywords:  Costa Rica, developing countries, environmental legislation, hazardous waste, hazardous 
waste treatment, university–industry cooperation, waste disposal methods. 

1  INTRODUCTION 
The use of chemicals in industry, commerce and global research is becoming more common. 
The chemical industry is expected to continue to grow steadily until 2030 [1]. The 
mishandling of chemicals, as well as their residues, can adversely affect human health and 
the environment. The World Health Organization (WHO) estimates that at least 355,000 
people die from accidental poisoning each year, with two-thirds of those deaths occurring in 
developing countries. Poisoning is closely related to excessive exposure to toxic chemicals, 
including pesticides, and the inappropriate use of these products [1].  
     As part of the use of chemicals, there is an intrinsic generation of hazardous waste. In 
response to the identification of global problems regarding treatment and management of 
hazardous waste at the international level, the “Basel Convention on the Control of 
Transboundary Movements of Hazardous Wastes and their Disposal” was adopted. This 
agreement establishes, among other measures, the possible treatments that can be offered to 
process hazardous waste, for either its recovery or the reduction of risk. As a signatory to this 
agreement since 1994, Costa Rica subscribes to the treatment options that are allowed for 
hazardous waste mentioned in that convention [2]; however, only those that may lead to 
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recycling, recovery, regeneration and reuse have been considered appropriate, among which 
are [3]: 

 Use as fuel (other than direct incineration) and power generation. 
 Recovery or regeneration of solvents. 
 Recycling or recovery of organic substances (that are not used as solvents); and metals, 

metallic compounds and other inorganic materials. 
 Regeneration of acids, bases and used oils. 
 Recovery of components from catalysts and/or components used to reduce 

contamination. 
 Soil treatments that benefit ecological agriculture or other improvement. 

     As part of the fulfillment of this agreement, as well as the interest of Costa Rica in 
preserving its environment and the health of its inhabitants, legislation was created 
surrounding the integrated management of waste, with the proper management of hazardous 
waste being accorded great importance; however, compliance with that legislation can be 
complex, especially for small businesses that work as waste managers. Technologies and 
methods developed to treat and/or recover energy from waste are often complex; in addition 
to limitations on, or unavailability of, the necessary resources and knowledge. These small 
companies has seen a need to seek support from the academy, which, through their experience 
and knowledge, could provide the necessary tools. 
     This article describes the Costa Rican legislation and procedures that must be followed in 
order to responsibly manage hazardous chemical waste. In addition, we present the specific 
case of successful synergy between a small waste management company, Greco Chemical; 
and the public university, Costa Rica Institute of Technology (ITCR). 

2  HAZARDOUS WASTE MANAGEMENT IN COSTA RICA 

2.1  Legal context 

In Costa Rica, the Ministry of Health has the responsibility for acting as the lead institution 
in integrated waste management. This institution is responsible, among other things, for 
issuing regulations and ensuring compliance; defining indicators in this area; encouraging 
inter-institutional public environmental action; and encouraging the development of new 
technologies, models and investments to improve waste management [4]. This ministry is 
also supported by the Ministry of Environment and Energy (MINAE), in actions related to 
the management of hazardous waste, such as the creation of regulations and tools, verification 
of compliance, updating, definition of goals and indicators, development of diagnoses on the 
national situation regarding hazardous waste, carrying out environmental impact assessments 
and fulfilling the functions of the Environmental Comptroller, for companies that manage 
hazardous waste [2]. MINAE helps to promote socially fair and environmentally appropriate 
commercialization structures for recoverable waste and the products obtained from this, as 
well as for requesting life cycle analyses or similar studies to evaluate risks and impact [4]. 
     The implementation of regulations dates back to 1998, when three regulations, remaining 
in force to date, were decreed. Initially, Regulation 27000-MINAE, “Regulation on the 
characteristics and list of industrial hazardous waste” was created. This regulation establishes 
the characteristics that allow waste to be classified as hazardous. Within these, are mentioned 
the limiting parameters for infectiousness, toxicity, flammability, explosiveness, corrosion 
and reactivity [5]. Also decreed, Regulation number 27001-MINAE, “Regulation for the 
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management of industrial hazardous waste” [6]. It establishes eight stages and guidelines to 
be met by hazardous waste generators and managers at each step. The stages are: generation, 
accumulation, pretreatment, storage, transportation (outside the generator facilities), 
treatment, energy recovery and final disposal [6]. It is understood that some waste does not 
go through all the stages; as, for example, conditioning within the generator facilities is not 
always possible or necessary. Moreover, not all waste can be assessed, some are only treated 
and sent for final disposal with a lowered degree of risk. Regulation 27002-MINAE was 
created: “Regulation on the procedure to carry out the extraction examination to determine 
characteristics that make a waste hazardous due to its toxicity to the environment” [7], with 
the objective to determine whether a residue has hazardous characteristics, using a leaching 
procedure similar to the US Environmental Protection Agency (USEPA) toxicity 
characteristics leaching procedure (TCLP) [8]. Finally, there is regulation 24715-MOPT-
MEIC-S, “Regulation for the land transport of dangerous products”, rules on the transport of 
hazardous materials (not only waste) [9]. 
     In 2010, the country’s first “Law for Waste Management” (Law 8839) was created in 
Costa Rica. In 2012, the regulations of this law (37567-S-MINAE-H): “General regulation 
of the law for waste management” came into force. Both documents focus not only on 
hazardous waste, but also on ordinary waste as well as waste classified as “Special”. Among 
the topics included in this law and its regulations, is the need for the companies responsible 
for waste handling, at any stage, to ensure compliance with proper management and 
traceability. The responsibilities of the waste generators and managers are identified, as well 
as those of the government entities related to compliance, with regulations on this matter. 
The sanctions that must be imposed for poor waste management are stipulated, in addition to 
all the requirements and restrictions related to transboundary movements. For example, in 
the specific case of hazardous waste, transportation without authorization, leaving hazardous 
waste in unauthorized places and the mixing of hazardous waste with non-hazardous waste 
are penalized in a “very serious” manner [4]. Carrying out any of these activities may be 
punished with a fine of approximately ($16,000–$79,000), in addition to the repair of any 
environmental damage. 
     From 2010, when the Law for Waste Management was created, a series of modifications 
was made to the legislation, regarding the management of hazardous waste, especially 
because Costa Rica made the decision to become part of the Organization for Economic 
Cooperation and Development (OECD). Thus, waste classified as hazardous was redefined 
according to the list in the “Basel Convention on the Control of Transboundary Movements 
of Hazardous Wastes and their Disposal”: the waste became subject to control by the OECD, 
in Decision C (2001)107. The responsibilities of waste generators and managers in all stages 
of waste management are specified in greater detail. Therefore, modifications were made to 
the legislation, and regulation number 41052-S: “Regulation of recoverable waste recovery 
centers” was introduced in June 2018 [10]. Here, compliance regarding physical space, good 
practices and documentation showing that waste managers have carried out storage, 
treatment, recovery or final disposal of waste (including those of a hazardous type) are 
indicated. Additionally, in January 2019, regulation 41527-S-MINAE: “General regulation 
for the classification and management of hazardous waste” came into force [2]. This last 
regulation expands the necessary requirements for the integrated management of hazardous 
waste in Costa Rica. 
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2.2  Requirements for the management of hazardous waste in Costa Rica  
(generators and waste managers) 

Considering all the existing regulations before the Law 8839 of 2010, as well as the 
regulations that arose after this, both waste generators and waste managers are forced to 
comply with a large number of requirements [11], such as: 

 Carry out integrated management of the waste generated (at all stages, from generation 
to final disposal). 

 Implement an Integrated Waste Management Program. This is a document that contains 
the diagnosis of the current situation regarding the waste management of a generator or 
a waste manager, in addition to proposing improvements. This document must have a 
section dedicated exclusively to the integrated management of hazardous waste. The 
document details each hazardous waste that is generated or managed, including its 
destination, risk of handling, as well as ways to prevent and reduce its generation and to 
minimize risk. 

 Register with the Ministry of Health any movements and release of hazardous waste. 
 Notify the MINAE Environmental Comptroller of the dispatch of waste outside 

generator facilities. 
 Have the necessary permits for the transboundary movement of hazardous waste. 
 Guarantee that the packing and labeling of hazardous waste is carried out in accordance 

with the aforementioned regulations. 
 Have adequate storage, recovery, transportation, treatment or final disposal facilities, as 

dictated by regulations. 
 Immediately inform the Ministry of Health in the case of any disappearance, loss or 

spillage of hazardous waste. 
 Prepare and implement an Occupational Health Plan and an Emergency Care Plan. 

     Meanwhile, in the accumulation stage, it is requested that separation points be placed as 
close as strategically possible to the waste generation focus. Chemical incompatibilities must 
be respected; and there must be appropriate containers, labeled according to the type of waste 
to be accumulated.  
     For the storage stage, the same requirements for safety and labeling of containers, and 
respect for incompatibilities during accumulation, must be followed. Also, waste must be 
taken outside the generator facilities for assessment, treatment or final disposal at least once 
a year, for each type of waste contained, or whenever storage reaches 1,000 L. Care must be 
taken in storage, with pallets also according to the type of waste.  
     Regarding transportation, the waste manager and the generator who contracts transport 
must comply with the rules stated for transporting hazardous materials. Only trained drivers 
and authorized transportation vehicles can perform this task. They must respect chemical 
incompatibilities, with pallets and safe packaging. They must carry documentation indicating 
the waste(s) being transported, with notification of that movement made to MINAE and with 
national circulation permits.  
     Included among the requirements that waste managers must abide by for waste treatment 
are environmental impact studies, risk analyses, and use of treatment methods that lead to the 
recovery of the waste or at least to reduce its dangerousness, in the event that it cannot be 
recovered. 
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     The final disposal allowed in Costa Rica is the export or shipment to sanitary landfills, as 
long as it is waste that has been treated or placed in safety cells in the sanitary landfill, cells 
that prevent the waste from causing damage. 
     It is very important to mention that Costa Rica’s regulations maintain the concept of 
“survival of responsibility”, which is defined as: “The entire responsibility of the generator 
remains until the hazardous waste is assessed or disposed of permanently. The waste manager 
hired by the generator will be jointly responsible for it, once the waste has been received for 
its integrated management” [2]. 

2.2.1  Notifications of waste movements  
As mentioned, waste must be take outside of the generator facilities at least once a year  
(6 months, in the case of the waste managers), or when there is a stored quantity of 1,000 L. 
Often, both due to space availability and risk issues in storage, waste must be removed much 
more frequently, making the transportation of waste a daily practice throughout the national 
territory.  
     Each of these movements must be notified to the MINAE Environmental Comptroller. In 
order to carry out the notifications effectively, the System of Integral Management of 
Hazardous Waste (SIGREP) has been created by this ministry. This is a web platform that 
allows generators to register all of the hazardous waste they generate; also, waste managers 
can register the hazardous waste that they can accept and for which they can provide 
transportation, storage, treatment, recovery or final disposal. In addition, this platform 
enables the registration of drivers and vehicles that have the corresponding training and 
permits to carry out the transportation work. Prior to each movement of waste outside the 
facilities of the generator or the waste manager, MINAE is notified of the waste being 
transported, its physical and chemical characteristics, incompatibilities, quantity, destination, 
the driver’s name and vehicle in which it is transported. Fig. 1 graphically presents the 
general process of hazardous waste management in the country. 
 

 

Figure 1:  General process of hazardous waste management in Costa Rica. 

3  APPLICABILITY OF INTEGRATED HAZARDOUS  
WASTE MANAGEMENT IN PRACTICE  

Although the legislation is exhaustive, it is not always possible to apply it as the regulations 
suggest. Currently, many waste managers work illegally, and many waste generators do not 
meet the minimum requirements established; however, the SIGREP platform has provided 
data that supports the improvements made and also provides evidence for decision-making. 
     Subsequently, we present the results reported on the platform, followed by details 
regarding an authorized manager. 
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3.1  Hazardous waste management from 2015 to 2019 

For the year 2019 [11], the Costa Rica Environmental Comptroller reports on the 
management of 31,268 tons of hazardous waste, transported from the generation point to the 
different waste managers. The processes these residues were subjected to were: use as an 
alternative fuel, solvent recovery, recovery of organic substances, neutralization, oil 
regeneration, and recovery of lead. 
     The waste managed in the largest quantity was lubricating oils (9,218 tons); followed by 
solids contaminated with harmful impurities (4,400 tons); and then third, paint, solvent and 
sludge residues produced by painting, coating and cleaning activities (4,300 tons). Other 
waste managed in lesser quantities were: contaminated fuels, plastic waste, contaminated 
absorbent materials and textiles, lead acid batteries, solvents, and other oils. 
     Since the introduction of this platform, there has been an increase in the amount of waste 
processed and the number of generating companies, managers, transporters and transport 
manifests reported (Table 1) [11]. This indicates the impact that the new legislation has had 
on the entire waste chain, from generation to final disposal. 

Table 1:  Hazardous waste generation and management in Costa Rica from 2015 to 2019. 

Topic 2015 2019 Increase (%) 
Total hazardous waste (ton) 7,439 31,268 76.2
Generating companies 107 736 85.5
Management companies 11 35 68.6
Transport companies 23 32 28.1
Total transportation manifests 1,192 12,138 90.2

3.2  Example of a small hazardous-waste management company  

Greco Chemical is a small Costa Rican company with which the Research Center for the 
Protection of the Environment (CIPA) of the ITCR has had a successful relationship 
regarding the research and development of efficient methods for treating hazardous chemical 
waste, since 2012. Tests were initially carried out in the ITCR laboratories, to design an 
appropriate treatment method for a series of hazardous wastes (detailed in next section). Once 
these methods were validated, they were able to be scaled up in the Greco Chemical facility. 
     Currently, the company has a 200 m2 treatment and storage facility and a small laboratory 
to characterize the waste and to test treatment methods. The plant has the capacity to treat 
waste in small quantities (25 mL vials), up to 20,000 kg. It has two reactors with capacities 
of 2,000 kg and 500 kg, with pH and oxidation potential reduction (ORP) controllers for 
dosage of chemical products.  
     As a waste manager, the company has authorization from the Ministry of Health and is 
registered on the SIGREP platform, which, as previously mentioned, allows for the 
notification of waste movements from generators to management companies. 
     Currently, the company offers hazardous waste treatment services by both physical and 
chemical methods (Table 2, Fig. 2). In the case of physical treatments, it offers filtration, 
gravity separation, evaporation, carbon absorption, ion exchange and solidification 
(immobilization). The chemical treatments carried out by Greco Chemical are: neutralization, 
reduction, oxidation-reduction, oxidation decomposition, substitution, modification or 
decomposition of functional groups. In addition, the company provides treatment to waste to  
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be managed through co-processing in a cement kiln. In the case of waste that cannot be 
recovered, it is disposed of in a sanitary landfill. 
     At Greco Chemical, prior to submitting any waste to treatment, it is analyzed, in order to 
determine the best way to manage it; and always seeking recovery, rather than co-processing, 
and trying to avoid final disposal in sanitary landfills. Fig. 2 shows the decision path followed 
in the company. 
 

 

Figure 2:  Decision diagram for waste management. 

     Among the chemical treatments carried out is the treatment for chromium residues (eqns 
(1) and (2)). 

 2H2CrO4 + 3Na2HSO3+ 3H2SO4             Cr2(SO4)3 + 3NaHSO4 + 5H2O, (1) 

pH = 2.5–3.0, ORP = 250–300 mV, 

 Cr2(SO4)3 + 3Ca(OH)2               2Cr(OH)3 + 3CaSO4, (2) 

pH = 8–9. 

     Cyanide waste used in the jewelry industry is treated by oxidation with sodium 
hypochlorite (eqns (3) and (4)). 

 NaCN + NaOCl                NaCNO  + NaCl, (3) 

pH more than 10; ORP = 300–350 mV, 

 2NaCNO + 3NaOCl               2CO2 + N2 + 2NaOH + 3NaCl, (4) 

pH = 7.5–8.0; ORP more than 650 mV. 
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     Another example is the destruction of isocyanates by reaction with alcohol in an alkaline 
medium, to produce urethane (eqns (5) and (6)) [12], which is subsequently co-processed by 
the cement industry 

 ROH + NH3.              RO- + NH4
+, (5) 

 R1-N=C=O + -OR.             R1-NH-COOR + NH3. (6) 

3.3  Final remarks: Importance of the synergy between the university and small hazardous 
waste managers 

In Costa Rica, scientific research is mainly carried out in public universities; at the same time, 
synergy with private companies permits optimal results for technological and industrial 
development. In the particular case of Greco Chemical and the academic ITCR, a synergy 
occurred due to the educational center’s need to responsibly manage the waste from its 
laboratories, while Greco Chemical lacked the knowledge and equipment of the specialized 
research laboratories; therefore, the ITCR provided the support required by Greco Chemical. 
As a result, it was possible to develop treatment systems and appropriate logistics for 
treatment and disposal of hazardous waste that enabled the environmental performance 
within the country to be enhanced. 
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ABSTRACT 
Each year more than 2 billion tonnes of municipal solid waste are produced globally. The greatest 
worldwide users of resources in terms of raw materials and energy are from the construction sector. 
Construction, demolition and excavation waste accounts for a large share of municipal waste and the 
majority of this waste goes to landfill. Worldwide, the proportion of landfilled construction, demolition 
and excavation waste compared with the total amount of waste is variable from 13% to 60%+. Many 
developed countries are now facing issues with land capacity and are less flexible in their approach to 
solid waste treatment. New Zealand is a relatively young and geographically isolated country with 
enough available land to be able to trial new options for waste treatment and currently has seven 
different types of landfills, including construction and demolition and cleanfill options. Biodegradable 
substances can be treated via processes such as composting and anaerobic digestion, but substances 
which are either hazardous or inorganic in structure are generally considered to be untreatable and 
therefore reduce practical options to landfill or incineration. As any potential treatment in landfills is 
limited by less than optimal environmental conditions, their primary purpose is simply to hold and 
isolate waste. Incineration has high energy costs and does not support a low carbon economy. As neither 
of these options present an ideal long-term solution to solve this waste problem, this paper will consider 
sustainable options for the disposal and treatment of construction, demolition and excavation waste 
with a focus on hazardous materials. It will consider New Zealand as a potential case study location for 
trialling solid waste treatment options whilst discussing waste issues in other countries such as 
Australia, the United Kingdom and the United States of America. It will also identify barriers  
which may prevent the treatment of solid waste including considerations for protecting public health 
and safety. 
Keywords:  waste management, waste disposal, waste treatment, CD&E waste, hazardous waste. 

1  INTRODUCTION 
Worldwide, more than two billion tonnes of municipal solid waste (MSW) are produced 
annually [1], where the construction sector is the largest global user of raw material and 
energy resources [2]. Construction, demolition and excavation (CD&E) waste contributes to 
a large share of the total MSW in developed countries [2]. Typically, construction and 
demolition (C&D) wastes are defined by activity [3] and consist of relatively inert materials 
such as concrete and bricks.  
     The average proportion of total waste reaching landfills which is derived from CD&E 
waste is 30% [4] although this proportion varies globally from 13% [5] to 60%+ [6], [7]. In 
2016, 61% of waste generated in the UK was classified as CD&E waste [6] whereas Australia 
reported 31% CD&E waste [8] (Table 1). In Hungary, 23% of waste was labelled as CD&E 
[9] whereas Romania reported no CD&E waste [9]. This could be due to individual countries 
either not reporting their figures or simply not having the separate CD&E waste stream but 
does demonstrate a lack of certainty around this data globally. Although the United Nations 
Environmental Programme (UNEP) [2] reported that the bulk of waste disposed via landfills  
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Table 1:  Waste generation and breakdown of waste in seven countries [5]–[10]. 

Country Year 
Total
mass 

Waste 
generation 
per capita 

(2015)

CD&E Household C&I** Others 

UK [6] 2016 222.9 1.8 61% 12% 19% 8% 
Australia [8] 2016 66.8 2.2 31% 21% 31% 18% 
Germany [7] 2015 351.2 2.1 60% 15% 17% 9% 
Japan [10] 2011 380 – 20% 11%* 63% 6% 
South Africa [5] 2017 42.7 2 13% 20% 7% 60% 
Hungary [9] 2016 16 – 23% 18% 34% 25% 
Romania [9] 2016 178 – 0% 2% 95% 3% 

Notes: Total and waste generation per capita as million tonnes. *Food, paper products and communication devices 
only. **C&I include commercial and industrial, as well as agricultural and energy generation sectors.  

was derived from CD&E waste in developing countries, this has not been supported by other 
research (as demonstrated in Table 1). 
     Regardless of the reliability of the CD&E waste data, the vast scale of the problem is 
concerning and other options to landfill disposal need to be investigated. Established waste 
disposal and treatment processes for MSW include composting, incineration, landfill and 
recycling, globally, technology choice is based predominantly on land space availability. In 
terms of CD&E waste, previous research indicates a high potential for recovery [5], [7], [8] 
(with the highest rate available in the absence of hazardous waste (UK) [6]). In New Zealand 
(NZ), it is possible to recycle and/or reuse most streams of C&D waste. For example, Green 
Gorilla, a waste management company in NZ recycles timber, non-ferrous metals, cardboard, 
plasterboard, steel, rocks and concrete. However, there are other barriers preventing effective 
recycling or reuse which include a lack of training and education to encourage on-site waste 
separation, space limitations on site for adequate materials storage and a clear lack of 
incentives to reduce waste. For hazardous CD&E derived wastes, recycling or reusing waste 
is rarely if ever a viable option. So, despite impressive improvements in the capability to be 
able to divert this waste stream from landfill, this disposal route remains the most common 
option, globally.  
     The NZ government defines hazardous waste as that which “contains hazardous 
substances at sufficient concentrations to exceed the minimum degrees of hazard specified 
by Hazardous Substances Regulations 2000” or meets the definitions for infectious 
substances or radioactive materials [11]. The hazardous characteristics that form the basis for 
these criteria include explosiveness, flammability, capacity to oxidise, toxicity, corrosiveness 
or eco-toxicity [11]. The lack of hazardous waste management in NZ was identified as a key 
issue twenty years ago [12] and yet the NZ Waste Strategy (2010) gives little or no mention 
to hazardous waste disposal [13]. Furthermore, there has been little focus on hazardous 
wastes which are created due to past activities such as the large quantities of contaminated 
land which currently follow a similar hazardous waste disposal protocol. 
     Globally, we produce 400 million tonnes of hazardous waste each year [14]. However 
hazardous waste from the CD&E sector consists of three distinct types which should be 
considered separately. These include, hazardous products (HP) used during construction, e.g. 
paints and solvents, which are often in liquid form. Hazardous waste (HW) by which we are 
referring to hazardous components of building products for example, fluorescent lamps 
containing mercury or electrical components containing polychlorinated biphenyls (PCBs). 
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Finally, hazardous by-products (HBP) which are often solid wastes containing a low 
concentration of hazardous component, such as asbestos or lead contaminated soils. In fact, 
contaminated soil waste and asbestos waste contributes a significant portion of low 
concentration, high volume waste to landfill. A previous study quantified the C&D waste 
materials in all states across Australia (2008–2009) where 1,055,797 tonnes of contaminated 
soil waste and 728,477 tonnes of asbestos waste were generated [15].  
     Lack of available land is becoming an increasing issue for many developed countries 
reducing flexibility in terms of future solid waste treatment. Are there other options for the 
disposal of CD&E waste? And, do these options include more sustainable waste treatment? 
This paper will investigate the current options available whilst highlighting the issues 
associated with long-term landfill disposal of hazardous substances. 

2  LANDFILL DISPOSAL 
Modern landfills are designed to minimise the impact of MSW on the environment and 
human health, providing storage but requiring land-use restrictions and continuing 
maintenance [16]. Landfills are the most common method of waste disposal in NZ, with an 
estimated 3.2 million tonnes of waste to MSW landfills in 2006 [17], [18]. This waste 
typically includes 28% organics, 16% rubble, 11% timber, 8% plastics, 7% paper and less 
than 5% of glass, metals, and textiles [19]. In NZ, there are currently seven different types of 
landfills where waste can be disposed; five non-hazardous landfills (MSW, managed, C&D, 
cleanfill, industrial) [20] and two hazardous landfills (Class A, Class B) [21]. Cleanfills are 
defined in NZ as, “material that when buried will have no adverse effect on people or the 
environment” (e.g. clay, brick, concrete etc.) [20].  
     From 1995 to 2007, the number of landfills in NZ reduced from 327 to 60, (often as a 
result of less than optimal environmental controls), with just 54% utilising engineered liners 
for leachate containment [18]. Nevertheless, the amount of waste to landfill in NZ appears to 
be increasing, rising to just over 1 tonne/capita/yr [22], representing close to 5 million tonnes 
of waste per annum. It has been estimated that 26% of waste to landfill is derived from C&D 
waste [23]. However, this value does not include waste that is sent to cleanfill sites which 
was estimated to be between 2.7 and 3.7 million tonnes in 2007 [23]. 
     For hazardous substances, Class A landfills have engineered systems designed to the 
Centre for Advanced Engineering’s Landfill Guidelines (2000), in comparison, Class B 
landfills are existing landfills that do not meet this guideline, and have little to no engineered 
systems [21]. Despite landfills specific for hazardous waste, it is estimated that 
approximately 14% of waste to four MSW landfills was deemed potentially hazardous [19].  
     Although there is currently a heavy reliance on waste disposal via landfill, NZ is a 
relatively young country with a small population and could investigate alternative options for 
the treatment of CD&E and associated hazardous wastes. This would be advantageous to 
support its reputation as an environmentally focused society and to provide a more 
sustainable option to protect future generations and a fast-growing population.  

3  THE FUTURE OF LANDFILL TECHNOLOGY 
There is evidence to suggest that the world has reached a level of stagnation with respect to 
landfill design and waste disposal. In 1995, a seminar in the United States was called to 
examine “an alternative approach to landfill operation that greatly minimizes long-term risks 
associated with potential landfill containment system failure” [24]. This alternative approach 
was bioreactor landfilling and it was stated that “this method represents the future of waste 
disposal because it transforms waste disposal practice from a passive system to an active 
process” [24]. In 2000, NZ revised their Centre for Advanced Engineering Landfill 
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Engineering Guidelines (1992), now called Landfill Guidelines (2000) [25]. These guidelines 
stated, “bioreactor and aerobic landfills have not been designed or operated in New Zealand 
to date”, however it was stressed that overseas research and trials should be monitored for 
their applicability to NZ (e.g. bioreactor landfills) [25]). The Landfill Guidelines (2000) were 
superseded in 2016 (with a further revision in 2018) to Technical Guidelines for Disposal to 
Land (August 2018), with no reference to bioreactor landfills [26]. Which shows little 
progress made in terms of landfill design in 25 years.  
     Current landfill designs and management have a number of issues including a poor level 
of degradation of waste and issues associated with leachate toxicity due to increased chemical 
use [27]. Traditional landfills have a large land requirement, and with a growing global 
population, land space is at a premium. In addition to this, there is a trend towards increasing 
disposal costs for hazardous waste disposal, which in turn is encouraging illegal dumping 
of waste [28]; an issue which has been forewarned for New Zealanders over 35 years 
previously [29].  
     Issues with landfill failures are widespread despite apparent engineering developments. 
In the late 1980s problems began to arise for the community of Oakland County Waterford 
Township (US) in the form of groundwater contamination [30]. It is unclear whether the 
failure was a result of leachate collection and removal or liner fault [30]; however, it is clear 
that at the time of landfill construction, guidelines and regulations were less stringent than 
today. In developing countries, the regulations regarding landfill design are not as well 
controlled, which has contributed to many landfill failures (Table 2). 

Table 2:  Worldwide landfill failures [31]–[38]. 

Location Date Cause Fatalities 
Payatas, Manila, 
Philippines [31]

Jul. 2000 
Heavy rain triggering
landslides

More than 200 

Leuwigajah, Java, 
Indonesia [32] 

Feb. 2005 
Explosion due to sudden 
biogas release, 3 days of 
high rainfall

Approx. 143 

Morro do Bumba, Niteroi, 
Brazil [33] 

Apr. 2010 
Heavy rain triggering
floods and landslides 

Approx. 200 
(across the 
region) 

Baguio, Philippines [34] Aug. 2011 
Typhoon – collapse of
retaining wall

5 

Guatemala City, 
Guatemala [35]

Apr. 2016 Heavy rain Approx. 30 

Koshe, Ethiopia [36] Mar. 2017 Conflicting reasons Approx. 120 
Meethotamulla Garbage 
Mountain, Sri Lanka [37] 

Apr. 2017 
Instability – approx. 48.5m
high pre-collapse

Approx. 40 

Verter Recycling Landfill, 
Basque Region, Spain [38] 

Feb. 2020 
Instability – with asbestos
waste release

2 

     In the past, an acceptable disposal route for hazardous or “special” waste was selected to 
reduce the possibility of future problems arising from the disposal process [29]. At this time, 
observations from UK landfills informed that “sensible landfill is realistic and an ultra-
cautious approach to landfill of hazardous waste is unjustified” [29]. However, we have 
observed since then that there is an increased risk to the public when landfills fail, as there is 
always a possibility that hazardous substances could be exposed. Landfill failures can happen 
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at any time and in any country as evidenced by the landfill failure along the Fox River of 
NZ’s West Coast, where asbestos and hazardous substances were suspected to have been 
among the strewn rubbish [39]. Even if landfills have not failed yet, there is the risk of 
collapse, such as Kettle Park in Dunedin, NZ, where large swells are impacting and washing 
away the protective dunes [40]. Along the coasts of England and Wales, 1,000 historic 
landfills are at risk of failure by erosion, posing a substantial risk to the local populations 
[41], [42]. This includes the former landfill in East Tilbury that has been leaking waste and 
hazardous substances into the Thames River [42]. Landfill failures are not limited to waste 
discharge but can also include gas leaks, such as the methane leak from Sunshine Landfills 
in Melbourne, Australia [43]. Failures of historic, recently closed, and active landfills is a 
trend that could become more frequent as landfills are exposed to more extreme weather 
events combined with poor siting and lack of adequate regulation. Whilst landfills provide 
public health protection in the short-term, they can still pose a long-term risk made worse by 
environmental and human-derived change on climate and land-use. 

4  TREATMENT OPTIONS 

4.1  Chemical and physical processes 

Chemical transformation processes have potential to reduce toxicity prior to further treatment 
or disposal. This type of process is often expensive and by-products may be hazardous 
themselves and pose a further risk. Chemical methods include complexation, neutralisation 
and oxidation [44] whereas physical processes include complete thermal destruction 
(incineration) as well the removal of substances from aqueous solution via processes such as 
carbon adsorption. For hazardous substances, these may include pre-treatment or pre-
disposal stages which can often involve high energy costs. There are a number of other 
disadvantages associated with these processes including waste production (often toxic), high 
energy usage and a lack of adaption to wastes of highly variable quality. Similarly, 
incineration has high energy costs and may not be sustained long-term within a low carbon 
economy. It is also responsible for the production of air pollutants such as dioxins (unless 
well-maintained) and highly toxic by-products (such as incinerator ash).  
     Physical and chemical processes can treat the majority (if not all) of the waste flow and 
may be useful for pre-treatment however they do not currently provide a sustainable long-
term option.  

4.2  Biological processes 

Biological processes have been slow to adopt partly due to limitations on substances resistant 
to biodegradation, however recent developments support further investigation. Readily 
biodegradable substances can be treated via biological processes however substances which 
are either hazardous or inorganic are generally considered to be untreatable. If waste can be 
considered to exist along a continuum which describes ease of treatment, where inorganic 
(e.g. hazardous) substances lie at the extreme end (Fig. 1), there is evidence to suggest that 
treatment has potential even for the most recalcitrant substances, such as asbestos fibres 
within a cement matrix [45]. The degradation times for some substances are known and in 
the case of simple and complex organic molecules, this timescale varies depending upon 
molecular weight and chemical characteristics such as polarity and microbial toxicity.  
     The treatment of solid wastes remains problematic however bioremediation (biological 
process) is capable of treating both solid and liquid wastes. Bioremediation can be either in- 
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Figure 1:    Continuum of relative microbial degradation rate, where length of bar indicates 
relative degradation timeframe. (Degradation rates of petroleum products [47].) 

situ, (bioventing and bioaugmentation); or ex-situ (landfarming and bioreactors (slurry 
reactors)) [46]. In-situ treatment options are more desirable as they tend to be lower cost and 
provide less disturbance by treating in place, whereas ex-situ bioremediation involves the 
excavation of the contaminated soils from the ground and transferred to a separate location 
for treatment [46]. An example of an ex-situ, partial bioremediation process is the bioreactor 
(or activated) landfill. 

4.2.1  Bioreactor landfills 
Bioremediation has been trialled on a limited scale within a landfill-type enclosure, called a 
bioreactor (or activated) landfill, defined where “liquid or air is injected in a controlled 
fashion to the waste mass in order to accelerate or enhance biostabilisation of the waste” [44]. 
These reactors are primarily for organic wastes and are designed and operated under 
conditions to enhance biodegradation and biogas production. Within bioreactors, ambient 
moisture levels are critical (as microbial growth is enhanced at moisture contents greater than 
40% by weight) so this typically involves the addition of moisture to the process [48]. The 
addition of moisture serves two purposes, firstly, the creation of conditions favourable for 
the transport and proliferation of the microbial community and secondly, provides a pathway 
for mixing organic substrates, nutrients and waste products [48] and the dilution of high 
concentrations of microbial inhibitors. However, it has been observed that continuously 
achieving the target moisture content in a landfill is rarely achieved by leachate recirculation 
alone.  
     Furthermore, bioreactor landfilling is the least promising option for many wastes 
(including wood, textiles and paper), based on their estimates of biogas production from 
anaerobic digestion of organic waste [49]. It appears that currently bioreactor landfills do not 
deliver the promise of accelerated treatment but still produce undesirable toxic products such 
as landfill leachate and rank poorly in terms of environmental impact. Due to this and various 
other limitations mentioned above (such as higher moisture requirements, anaerobic 
environment, and lack of adequate mixing for transportation of microbes and substrates), the 
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use of bio-landfilling has not served to improve the actual degradation of solid wastes 
substantially in full-scale applications [48], [50] and has not been adopted in NZ. However, 
bioremediation on a longer and larger scale may provide a sustainable solution for the 
treatment of CD&E and associated hazardous wastes, providing public health and safety can 
be assured. 

4.2.2  Bioremediation 
Bioremediation utilises living organisms such as plants, microbes and their enzymatic 
products to reduce toxicity in xenobiotic compounds [51]. Microorganisms are versatile and 
are capable of rapid adjustment during environmental changes and can therefore serve to 
protect their ecosystems from deterioration. Microbial-mediated bioremediation is cost 
effective, sustainable and in-situ application is easily implemented. Either naturally occurring 
metabolic activity can be utilised during bioremediation for the degradation, transformation 
or accumulation of many substances [52] or microbial augmentation with non-native species 
can be effective [51]. Despite the perceived low potential for biological degradation of 
inorganic species (Fig. 1), successful steps towards bioremediation have been identified 
recently. For example, the bacterial bioremediation of metal-contaminated waste [51] and the 
successful use of bioremediation strategies for radionuclides [53], highlighting the potential 
for bioremediation [54]. 
     Phytoremediation of acidic mining drainage in mine tailings has also shown plants to 
facilitate the immobilization of other heavy metals such as lead, cadmium, zinc, iron and 
nickel [55]. Phytocapping, (growth of plants over mine tailings), relies on the addition of an 
amendment layer on the mine tailings to enable plants to adapt to biotoxins and the acidic pH 
[55]. Similarly, in the potential bioremediation of other inorganic hazardous materials such 
as asbestos [56], these and other factors will need to be addressed, especially the lack of 
organic material and nutrients for growth present within pure asbestos deposits. Unless these 
can be sufficiently supplemented either by the managed ecosystem itself or the addition of 
carbon and nutrient rich amendments, bioremediation will be difficult to optimise.  
     Landfarming, an ex-situ bioremediation technology, is a contained, controlled degradation 
of contaminants in varied soil conditions to optimize the rate of degradation [57]. 
Contaminated waste is mixed with soil amendments such as soil bulking agents and/or 
nutrients then adjusted for parameters such as moisture, pH and aeration (by periodic tilling) 
[57], [58]. This allows the contaminants to interact with the soil and climate of the site to 
degrade, immobilize and transform contamination constituents [57]. Landfarming is proven 
to be most successful in treating petroleum hydrocarbons, and other more chlorinated or 
nitrated compounds albeit with more difficulty [58]. Potential environmental hazards from 
landfarming applications can arise from any residual toxic substances remaining within the 
soil profile; groundwater contamination (leaching); and airborne hazardous substances. 
     Disadvantages for the use of bioremediation include issues associated with accurate scale-
up and a lack of standardised methods for measuring biodegradation rates, resulting in scarce 
data sets. The use of lab scale experiments to predict field scale results appears risky for 
determining treatment rates, and bacterial or plant-based processes may produce large 
volumes of pollutant-loaded biomass which can result in further waste disposal issues. 
However, the use of fungi for bioremediation processes may present greater opportunities, 
especially for hazardous substances. In the case of asbestos, the removal of iron from asbestos 
materials has been indicated using lichens and fungi where the degradation of asbestos using 
fungi has been tested in controlled laboratory studies [56], [59], [60]. To maximise the 
potential of bioremediation techniques whilst reducing risk, can the implementation of a solid 
waste treatment process provide a solution? 
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5  ADVANCED TREATMENT POTENTIAL 
Currently bioremediation provides a large-scale, long-term option for relatively slow 
microbial degradation of a wide variety of compounds requiring low energy and low-level 
maintenance (as demonstrated in Fig. 2). Timescales, process security and public safety may 
prevent this option providing a solution of CD&E waste streams (particularly for hazardous 
wastes). Landfarming (a form of bioremediation which requires a higher level of engineering 
and maintenance than other forms of bioremediation) also shows promise but will require 
further adaptation to ensure public safety due to the tilling process to provide aeration. In 
terms of public health and safety, traditional landfills provide a high level of protection (in 
the short-term) due to their containment methods, however, their design accommodates 
low/no degradation of waste. In comparison bioreactor landfills have been designed to 
provide low level degradation and energy recovery potential, although these benefits come 
with management requirements. A major drawback to the use of bioremediation and 
landfarming, is the potential migration of very stable hazardous substances (e.g. asbestos), 
therefore containment to provide degradation is needed. 

Figure 2:    Disposal versus treatment in terms of microbial degradation, containment, land 
requirements. 

     In the centre of the two extremes (landfill versus bioremediation) lies the potential to 
create an engineered treatment process which could use aspects of current landfill design 
alongside optimised bioremediation (Bioengineered Treatment Process). This sustainable 
approach will require careful identification and separation of the waste types (Fig. 3), for 
which there must be a clear incentive. This process may require a pre-treatment stage and 
this should be followed by a well-managed waste process rather than a singular option of 
landfilling. Advantages of this type of process train may include: 

 The creation of a less toxic environment due to the separation of hazardous substances
could increase potential for microbial breakdown.

 A reduction in the creation of highly toxic hazardous mixtures which are difficult to
manage in the event of an enclosure failure.

 The potential for reuse or recycling of hazardous substances (after processing), which
completes the material loop, and is especially valuable for heavy metals.
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Figure 3:  Defining and treating hazardous and non-hazardous CD&E waste. 

6  CONCLUSIONS 
We already have well-established biological treatment processes for the water and 
wastewater industry including suspended and fixed growth microbial systems. Although 
these systems have developed significantly over the last few decades, similar investments 
and advancements for solid waste treatment processes have not been forthcoming. This may 
be due to high land space requirements, lack of incentives and perceived lack of feasibility. 
However, the main reason is that landfill processes are simple and low cost by comparison 
despite their shortcomings in terms of sustainability.  
     The proposed bioengineered treatment process aims to expand and adapt the methods for 
organic waste bioreactor (or activated) landfills incorporating the treatment processes utilized 
by bioremediation, to a landfill design suitable for the treatment of even hazardous CD&E 
waste; to minimise risk to public but maximise treatment. We still need to be sure that short 
term risks are acceptable even though long-terms risks may be far better. For this purpose, 
knowledge about treatment options for organic and inorganic wastes must be combined in 
novel ways and assumptions tested. In the long-term, the development of multiple 
biotechnological processes (according to waste type) may provide a better and more 
sustainable solution to combined waste disposal in landfills. 
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ABSTRACT 
Landfill mining (i.e. waste reclamation) has been receiving renewed attention in research circles. This 
strategy provides a solution to the overgrowing problem of land use for the classical solution of 
landfilling. In addition, it provides added value for the materials recovered with a potential  
of boosting local economies, especially considering circular economy market development. In this 
work, the degradation kinetics were investigated for solid waste retrieved from three active landfill 
sites. The landfill sites operate unsanitary processing schemes for the management of the municipal 
solid waste they receive. Thermogravimetric analysis was used to study the micro-kinetics using 
standardized ICTAC methods, which yielded an apparent activation energy (Ea) for one of the sites in 
the range of 100 to 121 kJ mol-1 using the Criado method. Another site showed a range between 87 to 
107 kJ mol-1 using the same method. The Avrami-Erofeev expression for degradation mechanism was 
identified as the prevailing one based on the analysis conducted. Furthermore, an analytical solution 
model based on reaction order and degradation curves’ initial and final set-points was developed to 
yield the desired parameters in a more realistic manner. We conclude that the type of waste, period of 
burial and sensitivity of kinetic models used are the most prevailing parameters in determining 
reaction mechanisms and kinetics expressions, which effect the development of industrial units that 
use thermal kinetics data for their design of treating various waste components. 
Keywords:  landfilling, thermogravimetry, landfill mining, kinetics, thermolysis. 

1  INTRODUCTION 
Unsanitary landfilling that utilises open dump sites, is still practiced the world over as a 
waste management method to dispose of municipal solid waste (MSW). This practice is 
still undertaken in many developing world countries namely on the Asian continent [1]–[3]. 
This practice is also associated with various adverse environmental effects such as leachate 
infiltration to groundwater [4]–[5] and landfill occupation beyond operational lifespan [6]. 
Landfilling plastic solid waste (PSW) is also considered to be one of the main 
environmental threats that could compromises a site for future rehabilitation and causes 
various economical loss due to lack of proper management [7]–[11]. The majority of these 
plastics are thermoplastic in type and could be valorised in thermo-chemical treatment 
(TCT) units to produce various types of fuels and energy [12]–[14]. Prime examples of 
such plastics are low density (LDPE) and high-density polyethylene (HDPE), 
polypropylene (PP), and polyvinyl chloride and alcohol (PVC and PVA). Readers are 
referred to Al-Salem et al. [15]–[17] for a review on the state of art regarding TCT 
technologies. One of the main solutions that present itself as an advantageous option for 
land rehabilitation and reduction of environmental burdens, is landfill mining [18]–[21]. 
The reclamation of the MSW from the landfill site would reduce the occupied space and 
could potentially be used as a feedstock material for various fuel and energy production 
processes [22], [23]. Various research efforts the world over are reporting on PSW 
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reclamation processes and their potential use post mining of landfill sites [23], [24]. On  
the other hand, technical literature is quite lacking a major element that can determine the 
appropriateness of TCT application of such waste. The fact that basic material degradation 
kinetics are lacking for PSW reclaimed from landfill sites, is a major research gap that 
needs to be addressed. 
     In this work, thermogravimetric analysis (TGA) was used to study the micro-kinetics of 
PSW reclaimed from two active landfill sites by applying the standardized international 
confederation for thermal analysis and calorimetry (ICTAC) methods [25], [26]. The 
methods of Criado and the method of Al-Salem and Khan [27] which is based on an 
analytical degradation reaction kinetics model used for solving complex reaction systems, 
were used in this work. The results are considered to be the cornerstone for reactor design 
and simulation of such results for industrial scale-up in the future.  

2  MATERIALS AND METHODS 
The waste was mined from two active unsanitary landfill site, namely Mina Abdullah 
(MAB) (lat. 29° 19’ 33.24” N; long. 47° 36’ 41.04” E) and Al-Jahra (JAH) (lat. 28° 59’ 
54.564” N; long. 48° 6’ 25.146” E) landfill sites within boarders of the State of Kuwait. 
Readers are referred to Al-Salem et al. [24] for a detailed map location of the sites and to 
Al-Salem et al. [28] and Al-Jarallah and Aleisa [29] for more information on the daily 
activities and operation of the sites. The mining and reclamation of the buried SW was 
conducted following internationally recognised protocols previously published and applied 
in research and development works [11], [24], [30]. The SW was mined from a singular 
ditch where the MSW was buried for six months (under 1 meter of soil), and the sampling 
of the material was conducted after removing the topsoil (≈10 cm) [31]. Details on the 
landfill site and pollutants levels including soil characteristics are shown elsewhere  
[32]–[34]. Fig. 1 shows a pictorial depiction of the process giving an overall view and black 
matter was noticed of the reclamation/mining process. The reclaimed waste (30 kg) was air 
blown, washed and conditioned in accordance with previous waste mining protocols [24], 
[31]. All samples during this work were stored in laboratory conditions (22–23°C/50% 
relative humidity) and kept in sealed containers. The PSW was shredded using a Vema 
Company machine operated at 580 rpm speed (mesh size: 5–15 mm) [31]. The majority of 
the reclaimed waste was PSW (> 20%) for both sites as reported in Al-Salem [35]. The 
materials were then subjected to cryogenic milling to a particle size using the protocol 
shown previously in Al-Salem et al. [24] to give particles of c. 50 mm in diameter which 
was verified using micrograph analysis [24], [31]. Table 1 shows an example of the mass of 
samples reclaimed (JAH site), and the percentile analysis of all waste categories in this 
work is shown in Table 2 for JAH site as an example. Elemental Analysis was conducted 
by dynamic flash combustion using a 2±0.1 mg in a Thermo Flash 2000 analyser as per 
ASTM D5373 [36] and ASTM D5291 [37]. Ash Content was determined using gravimetric 
analysis with a muffle furnace as per ASTM D5630 [38] for plastics and ISO/DIS 1762 
[39] for the adjusted temperature of 525±25°C by testing 4 ± 0.1 g of the reclaimed  
PSW (Table 3). 
     Thermal degradation of the samples was investigated using a Mettler-Toledo TGA  
3+ Model set to record the data every second under multiple heating rates () (i.e. 5, 10, 15, 
20 and 25°C min-1) conforming with the approved methods of the ICTAC [25], [26]. These 
were conducted to diminish sample size influences on the weight loss and kinetic analysis. 
A constant flow of nitrogen (N2, dry–99.99% purity) with a flow rate of 50 ml min-1 was 
maintained throughout the experiments. The measurements were conducted in triplicate 
using 1±0.1 mg samples from room temperature (RT) to 600°C and showed high 
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repeatability. The crucibles used in all experimental runs were made of alumina with a  
70 μl size. Mass loss (%) and first derivative (DTG, % °C-1) were recorded constantly to the 
properties of the thermogram. The TGA unit was externally calibrated and maintained 
regularly before each experimental batch using standard reference materials as per  
ISO 11358 [40]. 
 

   

Figure 1:    Pictorial depiction of the landfill mining process showing (left) soil top view of 
JAH landfill site, (middle) ditch excavation process at MAB, and (right) spade 
tractor operation/excavation of waste at MAB.  

 

Table 1:    Weight measured (kg) during the shredding of waste samples (Al-Jahra landfill 
site). 

Date of sampling Site Flake size Shredding cycles 

4 Nov. 2018 
JAH landfill site 5–90 mm 3 

Initial weight After washing After drying After shredding 
Plastic 6 12.48 3.7

3.45 

Metal 1.4 1.4 1.2
Paper 1.4 / 1.2
Wood 8.2 / 8.2
Organic 0 / 0
Others 5.1 / 5

 

Table 2:  Percentile analysis of waste reclaimed from Al-Jahra landfill site. 

Waste type Percentile before washing Waste type Percentile after drying 

Plastic 27.1 Plastic 19.1 

Metal 6.3 Metal 6.2 

Paper 6.3 Paper 6.2 

Wood 37.1 Wood 42.4 

Organic 0.0 Organic 0.0 

Others 23.0 Others 25.9 
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Table 3:    Elemental analysis and physio-chemical properties conducted on reclaimed 
plastic solid waste.  

Sample 
Total nitrogen 

(TN) % 
Total carbon 

(TC) %
Total hydrogen 

(TH) %
Moisture at 

105°C 
Al-Jahra 0.123 ± 0.02 75.137 ± 0.09 11.412 ± 0.35 0.155 ± 0.02 
MAB 0.084 ± 0.00 77.902 ± 0.16 12.968 ± 0.15 0.005 ± 0.00 

Sample 
Moisture at 

105°C 
Organic matter 

at 550°C
Ash at 550°C Oxygen (O) % 

Al-Jahra 0.155 ± 0.02 93.795 ± 0.12 6.050 ± 0.10 8.85± 0.00 
MAB 0.005 ± 0.00 95.180 ± 0.06 4.815 ± 0.06 6.27± 0.60 

3  DEGRADATION REACTION KINETICS ANALYSIS 
The plastic fraction under weight loss investigation is reported with respect to the 
conversion of the polymeric material () thus [41]–[43] 

 o

o f

m m

m m


 


, (1) 

where m, mo and mf are the mass of polymeric material at a specific reaction time (t), initial 
and final mass of the polymer at the investigated temperature, respectively. The degradation 
rate was defined with respect to rate of reaction by incorporating a first order Arrhenius 
equation [27], [43]–[46] 

 exp( ) ( )a
o

Ed A fdt RT

   , (2) 

where Ao stands for the frequency factor (min-1), Ea is the apparent activation energy  
(kJ mol-1), T is the reaction temperature at desired time (K) and f() is the reaction model 
that represents the degradation mechanism following reaction order (n). Multiple heating 
rate) values were used in this work as recommended by various authors for accuracy 
reasons [44]. ICTAC Kinetics Committee recommendations for the application of Criado’s 
approach has identified that the Avrami-Erofeev expression for f(α) be applied for the 
estimation of Arrhenius parameters for polymer degradation kinetics from the following: 
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     Apparent activation energy calculated by this method showed similar trends. The reader 
is referred to Al-Salem and Khan [27] for the full derivation of the model. The LHS of the 
eqn was plotted against the inverse of Temperature in K and the slope yielded the energy of 
activation and pre-exponential factor for each set of experiments. The whole exercise was 
repeated for the estimation of non-isothermal kinetics of all samples where n is not fixed 
but optimized 
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     Eqn (4) is the rate expression for non-isothermal, if n =1 
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     The experimental data were smoothed using mathematical function of first order kinetics 
presented previously and was normalized using initial and final weights of the experimental 
dataset (Wt0 and Wtfinal) for 5°C/min as seen below. The reader is referred to Al-Salem and 
Khan [27] for the full derivation of the analytical solution model 

 
   0 0. ex p . .t tfin a l t fin a l

E
W t E xp A t W W W

R T

        
  

 (6) 

     The smoothed data plots for three landfill sites presented in the next section were used 
for testing different reaction kinetics models. The exact reaction mechanism based on the 
best fit to the smoothed experimental data was selected and all the chemical kinetic 
parameters were evaluated. 

4  RESULTS AND DISCUSSION 
Thermal characterization of the reclaimed PSW was conducted using TGA describing the 
thermal decomposition of the material by measuring the weight loss as function of sample 
temperature or reaction time under isothermal conditions. It also determines the 
temperatures that depicts the steps (weight loss/change). The thermal behaviour of  
the material identified from the TGA thermogram and DTG (i.e. first derivative curve) are 
essential for evaluating the thermal stability of the material from which the thermal profile 
is also identified. The experimental campaign included samples of PSW from different 
landfills. The comparison with previous results from literature was made. Samples in this 
work have also been tested for pyrolytic properties and estimation of the kinetic parameters 
under five heating ramps. The resulting data helps in determining the influence of the effect 
of burying of plastics on the physio-chemical properties and thermally degradation 
characteristics. For further discussion on the aforementioned properties, the reader is 
referred to the cited references of our previous work [24], [31], [35].  
     TGA data of used plastic from three landfill sites were studied using smoothening 
techniques and were used for the evaluation of decomposition reaction parameters. Fig. 2 
shows the raw experimental TGA data for PSW tested from the MAB and JAH sites. The 
result of MAB site shows that a one-step mass loss exists in the beginning due to 
volatilization in the temperature range from 230 to 350°C. A minor second degradation step 
was also detected within the temperature range of 370 to 450°C. JAH site samples showed 
a mass loss due to volatilization in the temperature range from 250 to 360°C (Fig. 2). In the 
work of Tuffi et al. [47] the thermal analysis of polymeric mixtures from waste packaging 
plastics was performed. The mixture mainly consists of waste polymers (PP, polyethylene 
film (PE), PET and PS). In addition, the thermal behaviour of three synthetic mixtures 
demonstrating commingled postconsumer plastics wastes (CPCPWs) from material 
recovery facilities, were considered. A 10 mg of powder samples in alumina crucibles was 
prepared and tested in their work. The thermal analysis experiments were carried out under 
a N2 flow rate of 60 ml/min in the temperature range 25 to 600°C. The degradation 
temperatures of single polymers and their mixtures were determined at heating rate 
10°C/min. The elemental and proximate analysis of the samples were performed and gave 
volatile matter of approximately 100% except for PET with a very low ash content is. The 
TG curves of the four polymers show that the degradation occurred in the temperature 
range 400 to 500°C) in a one-step mass loss. Furthermore, the onset temperatures for PE 
film, PP, PS and PET were (which are equivalent to 477, 456, 411, 434°C respectively). 
This is in-line with TGA analysis conducted in this work implying that the samples are of 
Polyolefin PE origin as supported by the thermal profile depicted in Table 4. The thermal 
behaviour of the synthetic mixtures, CPCW1, CPCW2 and CPCW3 were also determined. 
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The degradation occurred in two steps mass losses for CPCW2 and CPCW3 where in 
CPCW1 is one-step. The onset temperature for CPCW1 was 452.85°C. The first step of 
CPCW2 and CPCW3 in a similar range to the degradation temperature for PS and PET 
(418°C) where, the second step is close to PP and PE film (461–465°C). The experiments 
occurred at different heating rates (2, 5, 10 and 15°C/min).  
 

 

Figure 2:    Experimental TGA results for MAB (left) and JAH (Right) landfill sites 
showing the thermogram and first derivative (DTG) curves. 

Table 4:    Thermal degradation and stability profile showing onset temperature (Tos, °C), 
inflection point (Tif, °C), midset temperature (Tms, °C), and end of set 
temperature (Ted, °C). 

 
(°C/min) 

Tos 
°C 

Tif 

°C 
Tms 

°C 
Ted 

°C 
Tos 
°C 

Tif 

°C 
Tms 

°C 
Ted 

°C 
5 403.9 454.1 448.1 498.6 404.5 453.5 449.3 498.0 

10 415.0 466.0 460.83 513.1 415.8 466.3 462.0 512.5 
15 421.7 474.5 468.5 522.0 422.5 473.5 469.7 521.2 
20 426.6 482.0 474.0 528.3 427.3 480.0 475.3 527.6 
25 430.41 484.1 478.33 533.3 431.2 484.5 479.5 532.5 

 
     Blazevska-Gilev and Spaseska [48] studied the thermal degradation of polyvinyl 
chloride by dynamic thermogravimetry (TGA), up to around 450°C at heating rates 
between 4 and 10°C/min using 100 ml/min of argon gas. The first degradation step ended at 
around 300°C, with a weight loss of about 65%, while the second step ended with a 85% 
total weight loss. It has been reported that the degradation of PVC is a more complex than 
the other plastic [48]. Thermal analysis for the degradation of starch/poly (vinyl alcohol) 
(PVA) blends were carried out using TGA under atmospheric conditions by Taghi 
Taghizadeh and Abdollahi [49]. Their dynamic experiments were conducted at different 
heating rates (5, 10 and 15°C/min) from RT to 600°C. The pure starch and starch/PVA 
blend curves showed a three-step decomposition curve. The first step mass loss was around 
260°C due to the loss of volatile matter and water. The second step mass loss occurred in 
the temperature range of 260°C to 360°C described the polymer decomposition and was 
attributed to deterioration of the polymer’s backbone. Another study in our earlier work 
investigated the TGA degradation of PVA [50]. The experiment was conducted between 40 
to 700˚C at a heating rate of 10˚C/min under N2 flow rate of 50 ml/min. The first step mass 
loss was due to the water content in the sample at temperature of 100°C. At a temperature 
around 300°C, the sample started to further degrade because of the acetate group with a 
third step between 350°C and 450°C, which related to the PVA degradation rate. 
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Furthermore, the onset temperature was evaluated to be 301±2°C with a Tpeak at 334 to 
440˚C [50]. Kuźnia and Magdziarz [51] studied three types of PSW based polyolefins as 
well using a combustion set-up. The beginning of the degradation process was around 
250°C due to the combustion of the alkane groups; the temperature of spontaneous 
combustion is lower than 250°C for alkanes such as n-hexane and n-heptane, n-octane,  
n-nonane, n-decane and n-undecane. The end-set temperature of PE was estimated to be 
550°C and approximately 400°C for PP [51]. Tables 5–8 and Fig. 3 show some of the 
results from the mathematical modelling exercise executed in this work. The average value 
of Activation Energy for the MAB samples based on nth order kinetics model was 260 kJ 
mol-1 and 240 kJ mol-1 based on the 1st order model, where the optimum value of n was 
equal to 1.1. The average value of Activation Energy using the Criado model for the MAB 
sample is 109.828 kJ mol-1, while the average activation energy for the JAH sample is  
240 kJ mol-1 using the first order reaction model. The average Activation Energy of the 
JAH samples based on nth order kinetics model was 230 kJ mol-1 where the optimum value 
of n was equal to 1.1. The average value of Activation Energy using Criado model for JAH 
is 97.922 kJ mol-1. MAB samples showed a single thermal degradation step that could be 
presented by a general pyrolytic reaction. The JAH samples clearly followed two stages of 
thermal degradation showing similar behaviour as past reports [52]. The data indicate that 
there are different mechanisms of degradation for plastics buried in sand in dry and arid 
climates. Al-Salem and Khan [27] have analysed the TGA data of polymeric blends of 
different plastics in various proportions. They reported two sets of Arrhenius coefficients of 
parallel reactions. Agrawal [53] has proposed simple reaction mechanisms for non-
isothermal kinetics of thermal degradation which are strongly influenced by physical 
factors such as particle size, and geometry of the sample holder. These physical factors 
could be defined as diffusion-limited or by other mechanisms that strongly influence f(α), 
which are crucial for the evaluation of kinetic parameters for the reaction model. Zong et al. 
[52] have reported thermal degradation kinetics of polyethylene and silane-crosslinked 
polyethylene samples based on nth order of reaction. The orders of reaction were lower than 
reported in the literature, ranging from 0.24 to 0.59 and the corresponding Activation 
Energy values were similar to those reported in the literature ranging between 226 to 294 kJ 
mol-1. Further results extracted from similar modelling approach on polyolefin polymers are 
depicted elsewhere [41], [42].  
 

Table 5:    Summary of obtained kinetic parameters for MAB site using present 
mathematical model.  

Ramp Pre-exponential (s-1) 
Activation energy 

(kJ mol-1)
5°C/min 2.17678x1016 280 

10°C/min 9.74489x1015 275 

15°C/min 4.42434x1015 270 

20°C/min 2.02573x1015 265 

25°C/min 9.32373x1014 260 
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Table 6:    Summary of obtained kinetic parameters for MAB site using present 
mathematical model with reaction order equal to 1.1 and Criado method results.  

Ramp for n = 1.1 
expression 

Pre-exponential 
(α-0.1s-1) 

Activation energy 
(kJ mol-1) 

Activation energy 
from Criado method 

kJ mol-1 
5°C/min 4.93x1015 270 121.46 

10°C/min 2.29x1015 265 119.80 
15°C/min 1.09x1015 260 104.25 
20°C/min 5.08x1014 255 102.76 
25°C/min 2.41x1014 250 100.84

Table 7:    Summary of obtained kinetic parameters for JAH site using present  
mathematical model.  

Ramp 
Pre-exponential 

(s-1)
Activation Energy 

(kJ mol-1)
5°C/min 8.82x1013 250
10°C/min 4.00x1013 245
15°C/min 1.84x1013 240
20°C/min 8.57x1012 235
25°C/min 4.01x1012 230

Table 8:    Summary of obtained kinetic parameters for JAH site using present 
mathematical model with reaction order equal to 1.1 and Criado method results.  

Ramp for n = 1.1 
expression 

Pre-exponential 
(α-0.1s-1) 

Activation energy 
(kJ mol-1) 

Activation energy 
from Criado method 

kJ mol-1 
5°C/min 1.99x1013 240 kJ mol-1 107.08 

10°C/min 9.04x1012 235 kJ mol-1 106.50 kJ mol-1 
15°C/min 4.48x1012 230 kJ mol-1 99.60 kJ mol-1 
20°C/min 2.16x1012 225 kJ mol-1 89.04 kJ mol-1 
25°C/min 1.03x1012 220 kJ mol-1 87.38 kJ mol-1 

 

 

Figure 3:    Chemical reaction model for 1st (eqn (5), left section) and nth (eqn (5), right 
section) order reaction model for all heating rates used (MAB site). 
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5  CONCLUSION 
Two landfill sites that are characterised in being both unsanitary and in located in an arid-
land, were mined and the solid waste from both sites was reclaimed. The plastic waste was 
conditioned and subjected to thermogravimetry to study its thermal stability and behaviour. 
The thermal properties detected were in-line with past efforts; and showed that the 
materials were of polyolefin polymer origin namely polyethylene. The degradation was 
modelled by two kinetic of reaction models were, using an analytical solution model that 
smoothened the thermograms and determined the properties based on optimising the weight 
loss steps; and a second solution based on the Criado approach. The analytical model 
showed more realistic results following the mass losses detected and based on the 
activation energy estimated. This is deduced based on the similarity of energies estimated 
and the estimation of the model for each thermal loss (step) on its own, accounting for each 
polymer’s degradation as a single loss. Furthermore, the results of both kinetic approaches 
shows that the materials have similar properties to virgin polyolefin polymers, making it 
appropriate to further design and investigate the scale-up opportunities of the thermolysis 
design for mined waste to fuel and energy. This also paves the way for future plans in 
managing sold waste from various landfill sites to reduce the burdens on land and 
resources.  
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DEVELOPMENT OF EFFICACY ASSESSMENT 
PROCEDURE FOR DISASTER DEBRIS MANAGEMENT  

IN MUNICIPAL GOVERNMENTS IN JAPAN 

IPPEI KAMEDA & NAGAHISA HIRAYAMA 
Nagoya University, Japan 

ABSTRACT 
The objective of this study is to develop an efficacy evaluation method for disaster debris management 
in municipal governments in Japan. A questionnaire survey was conducted to achieve this goal. The 
survey used an effort assessment sheet based on Self-Assessment for Business Efforts for Disaster 
Prevention to assess waste management in municipal governments that are located in the promotion 
regions of the Nankai Trough catastrophic disaster prevention. The results of this survey indicated that 
the efficacy in disaster waste management will not only require planning for disaster waste, but also 
capacity development. Using the Incident Command System, disaster debris management by the 
municipal governments located in the Nankai Trough earthquake tsunami evacuation measures special 
enhancement area was found to be more efficient than that by other municipalities. This indicated that 
the experience of 2011 Tohoku disaster cultivated a sense of ownership about an impending crisis in 
municipal government officials through the Nankai Trough earthquake disaster prevention activities. 
Keywords:  disaster debris management, municipal government, efficacy, questionnaire survey, 
assessment procedure. 

1  INTRODUCTION 
In Japan, disaster waste management (DWM) is one of the important measures for national 
land resilience [1]. The Ministry of the Environment (MOE) established the guidelines for 
the formulation a DWM Plan [2] and implemented model projects [3] in the municipal 
governments. As a result, municipal governments have been promoting DWM such as 
formulating DWM Plan. The DWM plan is a plan in which municipal governments organize 
necessary items for proper, smooth, and prompt disposal of disaster waste before a  
disaster. And, after the disaster, municipal government will deal with DWM based on the 
DWM plan [2]. 
     However, municipal governments who had drawn up the DWM Plan before the disaster 
was confused during the disaster [4], [5]. Therefore, it is necessary to improve the efficacy 
of municipal governments in DWM not only by planning DWM, but also by continuously 
check and review the plan already prepared. 
     Kimura et al. [6] surveyed 12 prefectures that created the DWM Plan after 2011 Tohoku 
disaster and mentioned the description rates of the items provided in the guidelines for 
formulating a DWM Plan in the plans prepared by each prefecture. Tajima and Osako [7] are 
developing a Disaster Resilience Assessment Tool for Waste Management Systems that can 
be used to improve the ability of municipal officials in carrying out DWM. Municipal 
governments can use this tool for self-assessing the disaster resilience of its waste 
management system. This tool uses a rating scale method for assessing items in five stages 
and aims to manage the progress of DWM by municipal governments. Cutter et al. [8] 
provided baseline indicators for recovery goals and a methodology for measuring indicators 
to promote the resilience of local communities. However, so far, little research has been done 
on methods to assess the efficacy of DWM in municipal governments. Thus, this study aimed 
to develop an efficacy assessment method for DWM carried out in the municipal 
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governments. In addition, this method was also used to assess the efficacy of DWM in 
designated municipal governments in the Nankai Trough earthquake disaster prevention. 
In this study, the efficacy of DWM was defined as, “considering the health of residents, 
ensuring safety, and taking prompt action for safety and security in terms of hygiene and 
environment”. In addition, improving the efficacy of DWM shall be based on proactive 
measures. And, the purpose of the Waste Management and Public Cleansing Act in Japan 
which is a rule before a disaster is required to be adhered to even in DWM. 

2  EXAMINATION OF EFFICACY ASSESSMENT METHOD FOR DWM 

2.1  Self-assessment item table for business efforts for disaster prevention 

The Cabinet Office of Government of Japan published a method for Self-Assessment item 
table for Business Efforts for Disaster Prevention in 2007 [9]. Using this method, any 
company of different industry type, business format, and business scale can self-assess its 
own disaster prevention efforts. This table consisted of 61 items, with major categories as: I. 
Policy/plan, II. Concrete measures, III. Training, IV. Review, and V. Products and services 
that contribute to disaster prevention.  
     As shown in Table 1, the cell value is determined by selecting the implementation level 
for the target range (width) and positioning (depth) based on the implementation status of the 
measures of the company. Each company can self-assess their degree of achievement within 
a fixed level value ranging from 0 to 3 by selecting ABC and abc from “width” and “depth”. 
Furthermore, they can also check the level distribution of achievement from the assessment 
result of each item and use it to examine the items to be prioritized in the next plan based on 
the balance of achievement levels of all items.  

Table 1:  Level value judgment method. 

Ⅰ-b-1．Does your company’s 
management plan include disaster 
prevention matters? 

(Width) Scope of plans including disaster prevention 

Management 
plan does not 
include matters 
related to 
disaster 
prevention. 

Management 
plan includes 
disaster 
prevention 
issues only in 
certain business 
areas.

Management 
plan includes 
disaster 
prevention 
issues in all 
business areas. 

Positioning (depth) A B C 
No management plan includes 
matters related to disaster 
prevention.  

a 0 0 0 

Management plan at the 
department level includes 
matters related to disaster 
prevention, but has not been 
approved by the management. 

b 0 1 2 

Management plans approved 
by the management include 
matters related to disaster 
prevention. 

c 0 2 3 
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     An example of the application of this method in the environmental field is the assessment 
carried out by Hanshin Water Supply of the enterprise association to examine the future 
direction of crisis management in water utilities by modifying the items in the table based on 
the water supply business [10]. 

2.2  Efficacy assessment method for DWM 

In this study, we developed a method for assessing the efficacy of DWM by modifying the 
Self-Assessment item table mentioned in Section 2.1. It should be noted that the level of 
efficacy varied depending on the cell value set. Therefore, we considered this aspect and set 
a reasonable cell value, and we conducted a sensitivity analysis on that value. Furthermore, 
it was found that higher the level value, higher the efficacy. 

2.3  Examination of organizational functioning in DWM 

We examined the efficacy assessment of disaster waste countermeasures considering the 
organizational function at the time of disaster. We considered it effective to calculate the 
efficacy level values of each function required for DWM to comprehensively improve the 
DWM by the municipal governments. Tajima et al. [11] systematized the DWM carried out 
for the Great East Japan Earthquake using the standard crisis response system of the United 
States of America, Incident Command System (ICS). 
     Organizational functions required for DWM after a disaster are also important before the 
disaster. Therefore, in this study, basic functions and sub-functions required for DWM were 
set using ICS, as shown in Table 2. 

Table 2:   Basic functions and sub-functions required for DWM. 

Basic function Sub-function Basic function Sub-function

Command 
Goal setting

Operation 

Removal
Internal adjustment Storage
External affairs Segregation

Public affairs Public relations Intermediate treatment 
Human resources Final disposal 

Logistics 
Equipment 

Planning 

Making plan
Plant Collecting information 

Finance/ 
administration 

Finance Information analysis 
Contract Sharing information 
Payment Tech support

Training Review

3  SUMMARY OF QUESTIONNAIRE SURVEY 

3.1  Design of the efficacy assessment table 

The MOE of Japan mentioned that the management of disaster waste is very important for 
the conservation of living environment at the time of disaster, and management requires 
prompt and appropriate initial response based on prior preparations by municipal 
governments subject of the management [12]. In addition, it has been pointed out that the 
turmoil immediately after the disaster delays the recovery due to prolonged treatment of 
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disaster waste and increasing treatment costs [13] and significantly impedes subsequent 
DWM [12]. Therefore, in this study, we focused on the measures to be taken immediately 
after the disaster. 
     In this paper, we explain the efficacy assessment table prepared by us based on the self-
assessment item table mentioned in Section 2.1. 
     We first deleted the classifications not applicable to municipal governments from the self-
assessment item table, such as “products and services that contribute to disaster prevention” 
from the major category, and “mutual assistance/mutual assistance with other companies” 
and “information disclosure/social contribution” from the middle category. Alternatively, 
“disposal of disaster waste, human waste, etc.” was added to the middle category to assess 
the specific measures for DWM. 
     The items in “disposal of disaster waste and human waste” were created considering the 
DWM guidelines and contents of disaster response records issued by the municipal 
governments and related organizations. As this study focused on measures taken immediately 
after the disaster, mainly, the “guidance of administrative work in DWM for municipal 
government” [13], that describes the minimum actions to be taken within 48 hours of the 
disaster, was referred. Moreover, the deleted items related to information disclosure in 
“information disclosure/social contribution” were added to this category.  
     Furthermore, we added “study on cooperation with volunteers” to “Information 
transmission at the time of disaster, cooperation and coordination with related organizations” 
and “preparation for business order, business management, etc. for DWM business after 
disaster” to “Backup and restoration of business facilities and securing financial resources”. 
As a result, the number of items in the efficacy assessment table was 58. We also revised the 
self-assessment item table to make “width” and “depth” options in each item applicable to 
DWM. In addition, we interviewed four municipal officials, from different municipal 
governments with experience in supporting disaster area, on the efficacy assessment table. 
Table 3 shows the efficacy assessment table. 

3.2  Summary of questionnaire survey 

A questionnaire survey was carried out with 622 municipal governments in the area of Nankai 
Trough earthquake disaster prevention, excluding municipal governments in prefectures 
where a typhoon caused severe damages before the survey. The municipal governments in 
the region had set specific goals for the planning rate of DWM Plan (60%) and time period 
for achieving them (by 2025) using the basic plan for Nankai Trough earthquake disaster 
prevention based on the Act on Special Measures for Promotion of Tohnankai and Nankai 
Earthquake Disaster Management [14]. The municipal governments were in the process of 
formulating the DWM Plan. The rate of formulating the plan by the municipal governments 
in Nankai Trough earthquake disaster prevention was 44% at the end of 2018, higher than 
the national average of 28% [15]. Therefore, it can be said that the target area in this study 
was actively engaged in DWM. 
     In this survey, we mailed the efficacy assessment table to the department in charge of each 
municipal government on 25 November 2019 and asked them to respond through fax or email 
by 20 December 2019. 

3.3  Questionnaire survey results 

Out of 622 municipal governments, 209 responded to the questionnaire and we mention 
below the status of formulation of DWM Plans by these governments. Survey results  
 

200  Waste Management and the Environment X

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 247, © 2020 WIT Press



Table 3:  Structure of efficacy assessment table and question items. 

I. Policy/plan 
 I-a Policy 

 
Municipal comprehensive plan and regional disaster prevention plan include matters related 
to DWM

I-b Plan 

 

Have a DWM plan 
Measures and implementation of training for safety confirmation are clearly stated in the plan 
Measures and training for Secondary disaster prevention are described in the plan 
Impact of expected disasters is assessed on waste treatment
At the time of disaster, select priority business for continuity and set its target recovery time 
DWM Plan envisions multiple disaster scenarios
The plan describes measures and training for emergency recovery in case of facility damage 
Measures and training for initial actions and receiving outside support are described in the 
plan 
Discuss with related organizations on disaster coordination before disaster

I-c Organizational structure and command system

 

Personnel with necessary knowledge are secured through experience and training 
Command system at the time of disaster is clearly defined
Contact means are secured in the event of a disaster
Command system for nighttime and holidays is in place

II. Concrete measures 
 II-a Ensuring life safety and safety confirmation

 

Procedures for ensuring the safety of executives, staff, and local residents and evacuation 
methods/routes for emergencies are clear
Emergency contact network and safety confirmation system are in place
A response system to prevent secondary disasters is in place
Storing daily necessities (water, emergency food, and daily necessities) after the disaster 
Implementing measures to confirm the safety of executives and their families 
Implementing measures to return home of employees after a disaster

II-b Reducing facility damage 

 
Implementing earthquake countermeasures (seismic retrofitting) for major facilities 
Implementing storm and flood damage countermeasures for major facilities
Implementing earthquake countermeasures for facilities and equipment

II-c Backup and restoration of business facilities and securing financial resources 

 

Securing a backup office in case of failure of the government office
Implementing backup measures for core business systems of major facilities
Implementing measures for equipment’s duplexing (private power generators, etc.) 
Preparing financial resources (subsidies, supplementary budget, insurance, etc.) for disasters 
Preparing for ordering and business management of DWM
Taking measures (copying etc.) to protect for important documents

II-d Information transmission at the time of disaster, cooperation and coordination with related 
organizations

 

Information collection and sharing procedures at the time of disaster are clear 
Means of transmitting information to residents, related organizations, and media at the time 
of disaster are clear 
Implementing secondary disaster prevention measures to surrounding areas in non-disaster 
period 
Signing of agreements with local governments and related organizations
Considering collaboration with volunteers
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Table 3:  Continued. 
 

II-e Disposal of disaster waste and human waste

 

Actively disclosing information on DWM
Enlightenment and public information for citizens
Considering selection and securing of temporary storage site
Considering management and operation of temporary storage site
Considering disaster waste processing flow
Considering hazardous waste and difficult-to-process waste
Considering the installation of temporary toilets
Considering household waste, evacuation center waste, and human waste at the time of 
disaster 
Considering living environment conservation
Considering progress management of DWM
Considering environmental measures and monitoring

III. Training 
  Training for emergency contact

Training on mobilization/gathering
Training on prevention of secondary disasters
Training on restoration of facilities (equipment/systems)
Training on business continuity based on DWM Plan
Conducting seminars and training for DWM
Conducting exercises and training for DWM
Implementation of disaster prevention measures and guidance at home 

IV. Review 
  Regular inspection and review of the contents of the plans

Regular inspection and review of the operation status of the plans
Regular inspection and review of education and training of DWM
Regular review of executive officers on their efforts towards DWM
Third-party diagnosis/audit system

  
 
indicated that the planning rate was 72.7% (152 out of 209 municipal governments) and 
93.0% (40 out of 43 municipal governments) in the Nankai Trough earthquake tsunami 
evacuation area located in the Nankai Trough earthquake disaster prevention. Survey results 
also indicated that many responding municipal governments were formulating DWM Plan 
and actively working on DWM in the Nankai Trough earthquake tsunami evacuation area. 

4  EXAMINATION OF EFFICACY ASSESSMENT METHOD BASED  
ON QUESTIONNAIRE SURVEY 

4.1  Level values in the efficacy assessment table 

The cell value in the efficacy assessment table prepared in this study was symmetrically set 
with respect to diagonal, with the minimum and maximum cell value scores of 0 and 3, 
respectively, similar to that of the Self-Assessment item table for Business Efforts for 
Disaster Prevention. 
     Table 4 shows six combinations of cell values for sensitivity analysis. Using, for example, 
eqn (1), we calculated the average difference between the raw scores of efficacy level values 
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for each case and case 1 in question k. As a result, the average for 58 solutions was found to 
be 0.17. Therefore, it can be concluded that the efficacy level value according to the efficacy 
assessment table was robust. Thus, in this study, we adopted case 1, which was the standard 
cell value in the matrix of the self-assessment item table 

 
ଵ

ହ
෍

ଵ

ହ଼
෌ ሺraw efficacy valueሺ𝑛, 𝑘ሻ െ raw efficacy valueሺ1, 𝑘ሻሻହ଼

௞ୀଵ

଺

௡ୀଶ
. (1) 

Table 4:  Examination case in the sensitivity analysis. 

 A × 1 
A × 2 

(B × 1)
A × 3 

(C × 1)
B × 2 

B × 3 
(C × 2)

C × 3 

Case1 0 0 0 1 2 3 
Case2 0 0 1 1 2 3 
Case3 0 0 1 2 2 3 
Case4 0 1 1 1 2 3 
Case5 0 1 1 2 2 3 
Case6 0 1 2 2 2 3 

 
     The average efficacy level value of the 209 municipal governments was calculated and 
was found to be relatively high in “policy/plan”, as shown in Fig. 1. This was because many 
municipal governments had already formulated the DWM Plan. Alternatively, in “review”, 
the efficacy level values were found to be relatively low. Thus, to ensure the efficacy of 
DWM Plan, it was considered necessary to inspect and review the plan [13] and maintain and 
improve the “policy/plan” level values in future. We consider it necessary to improve the 
efficacy level value of “review”. As inspection and reviewing the plan is essential to ensure 
its efficacy, it was considered necessary to improve the level of “review” in the next. This 
leads to maintenance and improvement of the level values of “policy/plan”.  
 

 

Figure 1:   Raw level values of the efficacy. 

     Alternatively, the level values were found to be low for the items related to facilities and 
equipment, such as “reduction of facility damage” and “backup and restoration of business 
facilities and securing financial resources”, except for earthquake countermeasures at major 
facilities. This indicated that promoting hardware measures to execute the DWM Plan is 
necessary. From human perspective, in “training”, the efficacy level values for questions 
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concerning DWM, such as facility restoration related to waste departments and training based 
on DWM Plan, were lower than those related to disaster prevention, such as 
mobilization/gathering and emergency contact. Also, in “organizational structure and 
command system”, the level value was low in the item of “personnel with necessary 
knowledge are secured through experience and training”. Therefore, developing human 
resource for DWM in future is necessary. 
     In “ensuring life safety and safety confirmation” under “concrete measures”, while the 
efficacy level value of the items in the emergency contact network was high, the level of the 
items related to evacuation method at the time of disaster, stockpiling of daily necessities, 
confirmation of safety of the municipal officials’ families, and measures taken for those who 
have difficulty returning home was low. Therefore, studying DWM considering and planning 
business continuity is necessary. 
     We next describe the classification of “information transmission at the time of disaster, 
cooperation, and coordination with related organizations” and “disposal of disaster waste and 
human waste”. In this classification, the level values of the items related to following were 
high: agreements with related organizations, information gathering, and sharing procedures 
at the time of disaster; means of transmitting information to residents and disaster waste 
response; and specific disaster waste measures and human waste measures. First, it was 
considered that the high level of agreement was because the provision or placement of 
waste/human waste disposal service was stipulated by the Agreement by the Governor’s 
Association of Japan [16] and that the prefecture had recently signed a comprehensive 
agreement at the time of disaster with the Industrial Waste Association of prefecture. Next, 
it was considered that the high level for the items related to DWM and human waste treatment 
was because 72.7% municipal governments that responded to the survey had already 
prepared the plan.  
     Finally, it was considered that the high level for the items related to information collection, 
information sharing procedures, and means of transmitting information to residents at the 
time of disaster was because these items were considered during the formulation of the plan. 
Alternatively, in this classification, the level of questions related to public awareness and 
public relations during non-disaster period and cooperation with volunteers was low. 
Therefore, it can be said that voluntary public relations, such as risk communication with 
residents, cooperation with the social welfare council, and public relations with citizens, 
should be strengthened during non-disaster period. 

4.2  Efficacy analysis results using ICS functions 

The 58 question items from the efficacy assessment table were categorized according to ICS 
functional items, as shown in Table 2, and the average efficacy level value was calculated 
for each function. While classifying into each function, the content of the question as well as 
the options were considered. When one question item was applied to multiple sub-functions, 
it was classified into the two most applicable items. In addition, the question concerning 
“operation” in the efficacy assessment table referred to multiple sub-functions (removal, 
storage, sorting, intermediate processing, and final disposal). Thus, sub-functions were not 
classified, but basic functions were classified as “operation”. The main assessment target of 
this method was municipal governments responsible for the disposal of disaster waste. 
Therefore, we excluded “tech support” required by countries, prefectures, and experts from 
the classification. In addition, as there was no question corresponding to the sub-function 
“payment” in the assessment table, and it was excluded from the classification. 
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     Thus, the efficacy of DWM in the municipal governments was assessed based on  
eight categories of “command”, “public affairs”, “logistics”, “finance/administration”, 
“operation”, “planning”, “training”, and “review”. Fig. 2 shows the assessment results of the 
efficacy of DWM based on the average level values for municipal governments who 
responded to the survey in this study. 
 

 

Figure 2:  Assessment of ICS functional efficacy of municipal governments. 

     In addition, Fig. 2 shows that the efficacy of “operation” was high, while “training”, 
“review”, and “finance/administration” were low. Thus, as many municipal governments had 
already established a DWM Plan, it was considered that they had extensively studied 
“operation” related to DWM. Alternatively, due to the nature of the plan for disaster 
countermeasures, verifying the usefulness and validity of the plan for “review” before a 
disaster was difficult and it was inferred that “review” of the plan was not conducted. 
     The guidelines of the MOE indicate the importance of checking and reviewing the DWM 
Plan and mandate municipal governments to predetermine the frequency and method of 
checking its plans. However, the guidelines do not specifically show the frequency and 
method of review [2]. Based on the above, we consider that the MOE should provide concrete 
methods and examples for reviewing the plan. It was speculated that the low level of 
“training” was because of the following reason: as of 2017, the implementation rate of 
education and training for DWM in the municipal governments was 10% [17], and the efforts 
made by municipal governments were not improving. The Fundamental Plan for National 
Resilience by the Cabinet Office requires the municipal governments to promote the 
formulation of DWM Plan and develop human resources through education and training to 
improve their efficacy [17]. In addition, it can be said that many municipal governments did 
not adequately consider procuring funds and contracts of “general finance”. In addition, the 
Chubu Regional Environment Office of the MOE categorized the items in the DWM Plan of 
the municipal government in the Chubu block of Japan by dividing them into items before 
and after the disaster [18]. Kimura et al. [6] investigated the matters to be described in the 
guidelines prepared by the MOE and the Japan Society of Material Cycles and Waste 
Management Research, and they arranged them to be described in the DWM Plan. Of these 
items, those related to “operation” were described, but items related to “finance/ 
Administration” were not sufficiently described. In other words, it can be said that to improve 
the efficacy of DWM of municipal governments, it is indispensable to specifically consider 
matters related to “finance/administration”. As a concrete consider matters related to 
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“Finance/Administration”, it was considered that the municipal governments will roughly 
estimate the DWM cost based on their damage estimation that will be required after a disaster. 
In addition, after the disaster, affected municipal governments must secure DWM cost until 
the subsidy is paid by the government. Thus, it is important to inform the finance department 
in advance of the cost based on damage estimation and adjust the means to secure financial 
resources. Next, it can be said that it is necessary for the national government to recognize 
the importance of “finance/administration” and provide specific technical guidance, such as 
necessary coordination with the finance department and securing financial resources until 
subsidy issuance to municipal governments. 

4.3  Study of the attributes of municipal governments and efficacy assessment 

Fig. 3 shows the efficacy assessment results from the perspective of ICS function according 
to the presence/absence of a DWM Plan in Nankai Trough earthquake tsunami evacuation 
(Area 1) and Nankai Trough earthquake disaster prevention, excluding Area 1 (Area 2). Fig. 
3 shows that the municipal governments that had already prepared a DWM Plan exhibited 
higher assessment results in all categories than those that had yet not prepared the plan. 
Therefore, it cannot be said that the efficacy assessment of the DWM does not increase unless 
a DWM Plan is prepared. However, regarding “training”, “review”, and “finance/ 
administration”, the efficacy assessment results were low regardless of the status of the 
formulation of DWM Plan. This was partly because, as indicated earlier, the content of the 
guidelines to the municipal governments of the MOE and the opportunities for human 
resource development by the prefectures were not sufficiently created.  
 

 
(a) (b)

Figure 3:  ICS functional efficacy assessment by attribute. (a) Plan; and (b) Area. 

     Fig. 3 shows that the assessment results of municipal governments of Area 1 were higher 
in all categories than those of Area 2. It was speculated that this was partly due the 
formulation of DWM Plan in the municipal governments of Area 1 being higher than that of 
Area 2. Tajima et al. [19] speculated that fostering a sense of ownership in municipal officials 
in charge would lead to continuous efforts towards DWM. Furthermore, Karatani et al. [20] 
found that high school students in the regions of the tsunami disaster prevention who received 
the tradition of tsunami damage had a higher sense of ownership than those who did not and 
predicted that tsunami with high waves would come from the port in their towns. This 
indicated that the experience of 2011 Tohoku disaster would cultivate a sense of ownership 
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in the municipal government officials about the impending crisis through the Nankai Trough 
earthquake disaster prevention activities. 
     Fig. 4 shows the efficacy assessment results of the ICS category based on the results of 
“training” and “review” of the DWM Plan. It can be seen that the efficacy of DWM was high 
as the assessment results were high, 1.0 or higher in “training”, for municipal governments 
in all categories. In particular, in the items of “human resources”, “contracts”, and 
“operation”, the efficacy assessment significantly increased. This indicated that “training” is 
indispensable to ensure the efficacy of DWM and it improves the responsiveness of practical 
work in the event of a disaster. 
 

 
(a) (b)

Figure 4:  ICS functional efficacy assessment by (a) Training; and (b) Review. 

     Moreover, it can be seen that as the assessment of “review” increased, the efficacy 
assessment for all categories improved. However, the efficacy assessment of contracts in 
“finance/administration” was low, regardless of the assessment result of “review”. The bill 
to revise a part of Waste Management and Public Cleansing Act stipulates certain measures 
[21], such as simplifying procedures for rapid construction of waste treatment facility and 
utilizing the waste treatment facilities in the event of a disaster, and alternate processing of 
disaster waste. However, to improve the efficacy of DWM by municipal governments, it is 
important to concentrate on activities, such as contracts and procedures at the time of disaster 
or disaster assessment work. 
     Thus, we developed and used the method to assess the efficacy of DWM carried out by 
municipal governments using eight categories: “command”, “public affairs”, “logistics”, 
“finance/administration”, “operation”, “planning”, “training”, and “review”. Results 
indicated that measures and strategies necessary for improving the efficacy of DWM can be 
clarified at each municipal government. Alternatively, some uncertainties existed in the 
quality assessment of the described contents because many choices provided for each 
question of in this efficacy assessment table were provided based on options, such as 
implementation of measures and presence/absence of description in the plan. Therefore, this 
table should be customized based on the implementation status of the measures and financial 
status of the municipal governments who use it for self-assessment. In future, it is necessary 
to verify the efficacy assessment method before and after disaster response and clarify the 
relationship between DWM and efficacy assessment. 
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5  CONCLUSIONS 
In this study, we examined the assessment method for the efficacy of disaster waste 
management (DWM) carried out by the municipal governments by conducting a 
questionnaire survey in the area of the Nankai Trough earthquake disaster prevention. The 
findings of the study are described below. 

1. Based on the Self-Assessment item table for Business Efforts for Disaster Prevention, 
an assessment table for the efficacy of DWM in the municipal governments was 
constructed. We also developed an assessment method using eight categories: 
“command”, “public affairs”, “logistics”, “finance/administration”, “operation”, 
“planning”, “training” and “review” 

2. It was found that the municipal governments that responded to the survey had 
extensively studied the “operation” related to DWM. In addition, results also indicated 
that to ensure the efficacy of DWM, formulation as well as “review” of the DWM Plan 
and “training” are essential. 

3. It was also found that to improve the efficacy of DWM of the municipal governments in 
Japan, conducting “training” and specifically examining matters related to “finance/ 
administration” is necessary. 

4. It was found that the efficacy assessment method for DWM can clarify the measures and 
strategies necessary for municipal governments to improve their efficacy. 
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