Applications of Solar Thermal
Technology for Plastic Waste
Management in Developing
Communities
Daniela Mewes

Master of Science Thesis
KTH School of Industrial Engineering and Management
Energy Technology TRITA-ITM-EX 2018:573
Division of Heat & Power
SE-100 44 STOCKHOLM

Master of Science Thesis in Energy Technology
TRITA-ITM-EX 2018:573

Applications of Solar Thermal Technology
for Plastic Waste Management
in Developing Communities

Daniela Mewes
Approved

Examiner

2018-07-04

Miroslav Petrov - KTH/ITM/EGI Prof. Mark Smith KTH/EECS
Commissioner

Supervisor

Contact person

Engineers Without Borders

Abstract
As the plastic industry continues to grow globally, with plastic materials contained in a vast quantity of
consumer products, the management of the resultant waste has become one of the greatest challenges of
our time. Greater than 8 million metric tons of plastics were estimated to enter the world’s oceans as of
2010, with an even larger amount remaining on land. The associated ecological and health effects of
plastic waste disposal are many, and existing solutions can only tackle small portions of the waste.
China and Indonesia top the current list of contributors to ocean contamination with plastic waste, which
is dominated by Asian countries. China in particular is positioned as the world’s leader in plastic
production. The waste management scenarios of these countries and associated energy outlooks are
discussed, where the plastic waste of the islands of Indonesia is mostly a result of residential, not industrial
activities. These calculations are projected to 2025 with recent values of population growth, as an update
to previous literature, with Vietnam now expected to supersede both Indonesia and the Philippines. Given
the available solar resource in the top coastal plastic waste producing nations, many of which lie within
close proximity to the equator, the feasibility of applying solar thermal power for the melting of plastic
waste is examined. Melting points of common plastics are typically below 200°C, and thus lie within the
range of low-temperature parabolic solar thermal systems.
A prototype non-evacuated tube parabolic trough was constructed following methodologies for accessible
technologies for the developing world. Tests in Stockholm, Sweden demonstrated its ability to partially
melt waste ABS from a 3D printer. Internal temperatures up to 211°C were recorded in further tests in
Ioannina, Greece, where HDPE, LDPE, and PP were successfully melted along with waste household
items. Heat loss was calculated as well as associated internal dynamics, examining the interaction of
ambient conditions with the chosen design parameters. Additional testing is needed to constrain surface
heat loss for higher temperature applications such as plastics like PET that melt above the exhibited range.
Future refinements to the design are discussed as well as the role micro-projects have in the reduction of
plastic waste at its source within developing countries.

SAMMANFATTNING
Plastindustrin fortsätter att växa årligen, med plast som finns i en stor mängd konsumentprodukter, har
hanteringen av det resulterande avfallet blivit en av de största utmaningarna i vår tid. Mer än 8 miljoner
ton av plast beräknades nå världens hav varje år enligt en studie ifrån 2010, med en ännu större mängd
kvar på land. De därmed sammanhängande ekologiska och hälsopåverkande effekterna av att leva med en
sådan mängd plastavfall är många, och befintliga lösningar kan bara hantera små delar av avfallet.
Kina och Indonesien leder nuvarande lista över bidragsgivare till havsplast, som domineras av asiatiska
länder. Kina är i synnerhet världsledande inom plastproduktion. Avfallshanteringsscenarierna i dessa
länder och därtill hörande energiutsikter diskuteras, där plastavfallet på Indonesiens öar främst är ett
resultat av bostads-, och inte industriell verksamhet. Dessa beräkningar projiceras till 2025 med de senaste
värdena av befolkningstillväxt, som en uppdatering till tidigare litteratur, där Vietnam nu förväntas
överträffa både Indonesien och Filippinerna. Med tanke på den tillgängliga solressursen i de största
bidragande kustområderna, av vilka många ligger i närheten av ekvatorn, undersöks möjligheten att
applicera solvärme för smältning av plastavfall. Smältpunkterna av vanlig plast är vanligtvis under 200 °C
och ligger således inom området för lågtemperaturparabola solvärmesystem.
En prototyp med icke-evakuerat rörparaboliskt tråg konstruerades enligt metoder och tillgänglig teknik för
utvecklingsvärlden. Test i Stockholm visade på förmåga att delvis smälta rest ABS från en 3D-skrivare.
Interna temperaturer upp till 211 °C registrerades i ytterligare tester i Ioannina, Grekland, där HDPE,
LDPE och PP framgångsrikt smältes tillsammans med avfallshushållsartiklar. Värmeförlusten beräknades
liksom tillhörande inre dynamik, genom att undersöka samspelet mellan omgivningsförhållandena och de
utvalda designparametrarna. Ytterligare testning behövs för att begränsa ytvärmeförlusten vid högre
temperaturapplikationer, såsom PET plast som smälter över det uppvisade intervallet. Framtida
förädlingar till designen diskuteras liksom den roll som lokala mindre projekt har i minskningen av
plastavfall vid dess källa inom utvecklingsländerna.
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1 INTRODUCTION AND LITERATURE REVIEW
1.1 Plastic Industry and resultant waste
As a result of industrial growth, byproducts of production line the figurative and physical roads
of global development. Although pollution is often measured in terms of greenhouse gas
emissions and equivalent tons of CO2, physical municipal solid waste (MSW) is of equal concern,
particularly when it impacts ecological balances. Plastic waste is regarded as the most
environmentally concerning MSW due to continued increases in plastic waste production coupled
with growing global demand for plastic products that outpace growth in waste management
sectors. Every year, plastic production grows at a rate of 8.6% (compound growth rate,
(PlasticsEurope, 2016)), with the largest industrial production occurring in China (Fig. 1.1). This
is followed by Europe, North America (NAFTA), and Southeast Asia, for a total of 335 million
metric tons (MT) of non-fiber plastics produced in 2017, including 280 MT of feedstock resin
materials (PlasticsEurope, 2017). A total of 380 MT of resins and fibers were produced
cumulatively and 407 MT of plastics are estimated to have been in use in 2015 (Geyer, et al.,
2017). Of these products, 42% are used for packaging, and 70% of fibers are attributed to
polyester (Geyer, et al., 2017).
Global Thermoplastic Production by Region in 2015
2.6%
18.5%

27.8%

18.5%

4.3%
4.4%

16.7%
7.3%

China

Japan

Rest of Asia

ME+A

LA

NAFTA

Europe

CIS

Fig. 1.1: Plastic feedstock material production distribution not including fibers in 2015, by author, based on data
from: (PlasticsEurope, 2015).

An estimate of plastic waste in 2015 suggests that 300 MT of plastics were discarded globally
(Geyer, et al., 2017). Mismanaged waste enters waterways from land sources where between 15%
and 40% finds its way to the oceans, based on models by (Jambeck, et al., 2015). Over 270
million metric tons of plastic waste were estimated to be produced by 192 countries with ocean
coastlines in 2010 alone (Jambeck, et al., 2015) (Fig. 1.2) and some sources suggest that the total
amount of circulating marine litter is 8.3 billion metric tons. These numbers do not include
-1-

plastic waste contributions from fishing and ocean shipping vessels, of which no large scale
estimates are known (Jambeck, et al., 2015). Asia as a whole is responsible for 82% of marine
plastic waste, particularly due to contributions from China and Indonesia which combined are
responsible for over half of the world’s plastic waste.
Mismanaged Plastic Waste in Coastal Populations
Million Metric Tons, top 20 producers

20
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0

Fig. 1.2: 20 highest ranking contributors to marine plastic waste from 2010 to 2025 from sources within 50km
of the ocean, data from (Jambeck, et al., 2015).

Estimates for the amount of plastic waste remaining on land and in landlocked water sources are
even greater (Fig. 1.3). Large rivers such as the Danube have been measured with flow rates of
4200 kg of plastic per day (Jambeck, et al., 2015) or up to 1,500 tons per year (Lebreton, et al.,
2017). The contribution to ocean plastics assumed to originate from Asia alone is evident in
imagery depicting the circulation of plastics, where the largest concentrations appear in currents
flowing from Asia to the gyres in the Pacific and Indian Oceans (Fig. 1.4) (Lebreton, et al., 2017).
The North Pacific gyre has been estimated as containing the most plastic waste by density and
weight (Eriksen, et al., 2014). Although no true size estimates exist (NOAA Office of Response
and Restoration, 2013), visibly identifiable pieces were noted throughout a 1200 km transect of
the gyre on a mission called SEAPLEX in 2009 by the Scripps Institute of Oceanography
(Leichter, 2010), correlating with a suggested gyre collection width of 1200 km by (Maximenko,
et al., 2012). The Scripps study evaluated waste in the North Pacific gyre, determining that the
largest pieces were concentrated closer to the center of the gyre and smaller plastic pieces existed
below the surface. Additionally, they suggested that the spread was at least 2700 km across.
Further studies have sampled the surrounding gyre and identified plastics in decreasing density
from the core, with particles detected even further along the stretch between mainland Asia and
the western coast of North America.
Models of the progression of plastic waste accumulation suggest that the North Pacific gyre holds
at least 62.8 million metric tons (van Sebille, 2015), and may hold up to 155 MT of smaller plastic
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waste, with a total ocean plastic waste estimate of between 93 and 236 MT gyres suggest that they
have the capacity to entrain equivalent or greater quantities as the North Pacific gyre holds.
Cross sections of the western Indian Ocean waste deposits near Sechylles determined the most
frequent identifiable non-fragmented waste items were plastic bottle caps followed by foam
sheets and beach sandals. Of identified domestic items, cumulatively amounting to nearly the
frequency of beach sandals, the most common items were: toothbrushes, toys, beauty items,
plastic packaging and lighters (Duhec, et al., 2015). Beach cleanups in Canada have found bottles,
caps, food wrappers, bags, straws, and packaging to be among the most common identifiable
plastic items collected (Vancouver Aquarium, 2018). This may not be indicative of the
composition of ocean waste as a whole, but is informative as to waste source and type in
different regions.

Fig. 1.3: Ocean gyres of plastic waste with colors on the x-axis indicating density of plastic waste from

(Maximenko, et al., 2012) 10-year model prediction and overlaid map of river and land inputs (Lebreton, et al.,
2017), with larger circles indicating greater inputs. Approximate locations of major ocean currents have been
depicted by yellow arrows.
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Fig. 1.4: Plastic distribution density in the world’s oceans by diameter, (Eriksen, et al., 2014).
Countries such as China report rates of MSW collection for disposal in centralized locations as
low as 22%, representing the percentage of villages responding affirmatively that they offered
these services, although a greater percentage responded that they had some form of waste pickup
(Wang, et al., 2017). A country-wide figure demonstrates that 49% of waste is collected (Waste
Atlas Partnership, 2015) , similar to the collection coverage of Tanzania at 48%, and still an
improvement over both that of Zimbabwe (30%) and Madagascar (18%). In comparison, the
majority of EU countries demonstrate waste collection above 90%, with a few exceptions such as
Ireland at 76%.
A positive correlation has been noted between a country’s human development index and higher
waste generation per capita, when sources of industrial waste are included (Waste Atlas
Partnership, 2015) (Fig. 1.5). The World Bank suggests that the largest producers of MSW as of
2010 were high income residents, followed by lower-middle income residents (Fig. 1.6a), the
latter of which is projected to become the leading contributor to MSW by 2025 (Hoornweg &
Bhada-Tata, 2012). The same study concluded that income level is directly correlated to local
waste pickup rates, and thus that the largest waste producers have access to the most waste
disposal services.
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Fig. 1.5: Map of global MSW input per capita from: (The Economist Online, 2012)

a

b

Fig. 1.6: World bank data demonstrating waste collection rates by region (a) and income level (b) from
(Hoornweg & Bhada-Tata, 2012)
Without waste management infrastructure, mismanagement and resultant pollution are prone to
occur. Waste collection rates are lower in less industrialized areas (Hoornweg & Bhada-Tata,
2012)(Fig. 1.6b), and with fewer designated landfill spaces this results in accumulation within the
residential areas. Even compacted, one ton of plastic waste occupies 23 m3 of landfill space
(Stanford PSSI, 2018). Landfills are also responsible for greenhouse gas (GHG) emissions and
are a known source of methane production (Hoornweg & Bhada-Tata, 2012). Landslides as a
result of heavy rainfall can also impact landfill sites, as with a resulting landfill collapse in 2005 in
Bandung, Java, Indonesia which killed 143 people and destroyed 71 houses (Lavigne, et al., 2014).
Although such events are relatively rare, they demonstrate the potentially fatal results of waste
mismanagement and inadequate waste storage facilities. Those exposed to unregulated landfills,
such as children of informal waste workers, can come into contact with dangerous objects such
as syringes, metal cans that may explode when waste is burned, and sharp objects that can cut
bare extremities (Adom & Kwach, 2012).
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In small island nations such as those in the Philippines and the Polynesian island of Tuvalu,
sprawling waste collection sites are not a possibility, and residents live on top of growing landfill
mounds of primarily plastic waste (Green & Jobling, 2017). In order to manage their MSW,
communities and households burn the waste, releasing pollutants and reducing air quality (Green
& Jobling, 2017). MSW can be used as a fuel source for cooking in areas without access to either
gas or electric-powered kitchen facilities. Statistics from open-fire cooking demonstrate how
dangerous such fires can be (Fig. 1.7), with 4.3 million deaths per year attributed to smoke
inhalation in 2009 alone, contributing to a 7.7% mortality rate associated with household air
pollution (World Health Organization, 2018). Adding to this danger is the toxicity of burning
plastic waste, which is more hazardous to human health than the incineration of wood products
due to the release of dioxins. These, and other contaminants released in the resulting fumes, can
lead to an increased risk of heart disease and impact pre-existing respiratory conditions. In
addition to smoke directly irritating the eyes, there are also possibilities of damage to the nervous
system, endocrine system, and reproductive system (Verma, et al., 2016). Both Benzene and
polycyclic aromatic hydrocarbons are considered to be carcinogenic and have been observed in

the soot from plastic combustion at levels sufficient to cause cancer (Verma, et al., 2016).

Fig. 1.7: The percentage of population exposed to household air pollution related to open fire cooking, from
(World Health Organization, 2014).

However, the widespread global issue isn’t the unsightly islands of identifiable plastic waste that
challenge the waste management abilities of municipalities, but rather the smaller particles they
result in overtime, termed microplastics. These are mere millimeters in diameter, 5 mm or
smaller, and result from weakening by exposure to sunlight or wave and water action, which
fragments the litter into smaller particles (Nerland, et al., 2014; Thompson, et al., 2009).
Microplastics can latch onto or be consumed by micro-organisms and other occupants of
waterways, causing them to sink in the water column (Verma, et al., 2016; Nerland, et al., 2014),
or their chemical additives can permeate into the water (Thompson, et al., 2009). Plastics never
fully biodegrade, and instead take years to become microplastics depending on the plastic type,
where plastic bottles are reported to take 450 years and thinner plastic bags decompose more
quickly, requiring only 10-20 years (New Hampshire Department of Environmental Services,
2018). Larger and thicker plastic can take even longer.
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The Ocean Cleanup Project proposes to remove half of the plastic waste in the North Pacific
within 5 years of deployment and has attracted 31.5 million USD in donations since 2013 (The
Ocean Cleanup, 2017), with initial testing to begin in 2018. The idea is a derivative of traditional
remediation concepts with nets and vessels to trap plastic waste, but instead employs floating
HDPE pipes attached to drifting barrier nets that will entrap incoming plastic waste down to 1
cm in size and prevent its disintegration into smaller particles. The system is intended to be
employed for a longer period of time and designed for durability within ocean conditions as their
initial 5-year timeline suggests.
Despite initiatives to collect global plastic waste, particularly from the oceans, the realities of
microplastics are often overlooked. What appears to be islands of waste on imagery is much
more disperse in reality, comprised of much smaller particles. Marine scientists, including Stiv
Wilson of the 5 Gyres Institute, have presented previous concerns such as the ability of the
Ocean Cleanup Project to address plastics at different depths within the water column (Wilson,
2013; Martini, 2014). Initial feasibility studies allegedly only sampled one location in the Atlantic
Ocean and may not have considered microplastics (Wilson, 2013). These critiques also mention a
lack of sufficient research in the feasibility study on drift from ocean currents and potential
interference with zooplankton and migratory ocean fauna (Martini, 2014). Lack of related
published environmental impact studies has raised some questions among other scientists
(Thaler, 2015). Plastic has the potential to suffer degradation in the ocean water, becoming brittle
from seawater and UV exposure, and could carry marine life that has adhered to its surfaces
(Wilson, 2013; Nerland, et al., 2014; Thompson, et al., 2009). Doubts are additionally raised about
the economic feasibility relating to the sorting, treatment, and transportation of collected ocean
plastics. Cleaning and processing the plastic after ocean exposure could be a costly endeavor, as
well as the logistics of extracting them from mid-ocean to land-based facilities (Wilson, 2013).
Lastly, some structural concerns are mentioned regarding the design of the boom itself (Martini,
2014).
Although none of these critiques by marine science professionals are published in peer-reviewed
journals, they demonstrate the complexity inherent in designing and assessing ocean plastic
capturing prototypes, presenting multiple challenges for ocean remediation projects (Allen, n.d.).
The majority of reviews are several years old and are likely to have been addressed by the project
since, they are provided as examples of the variety of involved considerations in partial answer to
the common question of why plastics have not yet been removed from the ocean. The study is
backed by the Dutch government and has continued development to meet its projected
deployment in 2018.
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1.2 Biological Impacts

Fig. 1.8: The impact of plastic on an ecosystem, from: (Wright, 2013).
In bodies of water, plastics replace nutrients and are ingested by ocean fauna. Sea turtles are
known to mistakenly consume plastic bags which appear similar to jellyfish when floating
(Verma, et al., 2016). In total, 267 species of marine organisms are found to contain plastics in
their digestive tracts, including 44% of sea birds, 86% of sea turtles, and 30% of fish (Nerland, et
al., 2014). This leads to a decreased lifespan for the effected wildlife when rough edges of plastic
waste pierce the intestines, clog their digestive system and impact their ability to consume food,
or directly cause drowning by entanglement with debris. Cumulatively, even sub-lethal impacts of
plastic waste could lead to decreases in population. It is also suggested that plastics pose the
potential to harbor invasive species such as mollusks, and the spread of such organisms is
estimated to be doubling or even tripling in non-native habitats (Nerland, et al., 2014).
Consumption is not the only method of plastic exposure: organisms that breathe via gills are at
risk for acquisition in their bodily tissues (Nerland, et al., 2014).
In the Mediterranean, the ratio of plankton to microplastics is as high as 300 to 1 (Collignon, et
al., 2012), with similar ratios by weight potentially causing confusion for species consuming
plankton (Pedrotti, et al., 2016). This demonstrates how plastics penetrate all levels of the food
chain, despite having no direct impact on small photosynthetic organisms. Smaller particles may
be consumed by zooplankton, and nanoplastic particles have been found in protozoan species
(Nerland, et al., 2014). Small fish easily mistake plastics for a food source or consume them along
with plankton (Fig. 1.8). Plastics have also been found in the digestive tracts of predatory animals
such as dolphins (Denuncio, et al., 2011), and can be ingested directly or contained within the
lower level organisms they consume. Chemicals associated with the plastics are ingested along
with the food source are thus transferred through the trophic chain from producers to top-level
consumers (Thompson, et al., 2009). In a process termed biomagnification, higher levels of
plastics and their associated toxins are seen in dominant species which consume a large quantity
of lower level organisms, retaining their nutrients and also chemical contents in the digestive
process (Nerland, et al., 2014; Wright, 2013; Thompson, et al., 2009) (Fig. 1.9). The consumption
of plastics is not limited to ocean dwelling animals. In Brazil, catfish in an estuary also
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demonstrated plastics in their digestive tracts in as many as 33% of the population (Verma, et al.,
2016). European bivalves and shellfish were demonstrated in recent studies to contain 0.36-0.47
particles of plastic per 100g weight, due to their water filtering method of consumption (Nerland,
et al., 2014). Larger filtering marine mammals such as Baleen whales are at a similar risk (Nerland,
et al., 2014).

Biomagnification

Consumption
over time

Plankton
contaminated with
micro particles

Trophic
transfer
Levels of
contaminant

Fig. 1.9: Bioaccumulation and biomagnification demonstrated as fish consume contaminated lower-level organisms
over time, and trophic transfer as predators consume large quantities of contaminated fish, which have accumulated
greater levels of the pollutant

Some of the chemicals found in marine plastic samples are considered to be additives to the
plastic production process while others are due to uptake of environmental contaminants.
Anthropogenic chemicals have been identified sorbed onto plastic particles including PCB, DDT
and hydrocarbons (Nerland, et al., 2014). Despite low concentrations in sea water, these
chemicals show affinity for plastic surfaces. Plastics are considered as a delivery method for
hydrophobic particles in particular, where they were demonstrated to transfer from plastic
particles to marine organisms (Nerland, et al., 2014).
Bottom-feeding or benthic organisms account for the vast majority of marine fauna and are
particularly susceptible to sediment-based plastic contamination from plastic waste remnants
lying on the sea floor (Nerland, et al., 2014). The sea floor is considered as the eventual resting
site for plastic waste particles after being broken down by exposure to the environment (Fig.
1.8). For the benthic marine worm A. marina, the accumulation of plastic particles over several
weeks of exposure was demonstrated to be related to a decrease in lipid content, which can be
interpreted as a measure of organism health (Nerland, et al., 2014).
Where coastal communities worldwide rely heavily on fish as a dietary staple, health effects from
plastic particles are of particular concern due to accumulation of plastics and associated
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contaminants through biomagnification (Thompson, et al., 2009; Nerland, et al., 2014). Links
have been demonstrated between microplastics and the development of cancer and endocrine
issues in humans. Chemical additives to plastic manufacturing processes including BPA, PBDEs
and phthalates among others which are considered to disrupt biological processes and have
epigenetic impacts (Thompson, et al., 2009). This implies that exposure during pregnancy leads to
altered genetic markers in fetuses that can influence neural development, immune disorders,
cancer, and diabetes (Thompson, et al., 2009). These substances are also classified as endocrinedisrupting and are noted to effect estrogen and testosterone levels (Thompson, et al., 2009),
where BPA was formerly used as an estrogen replacement (Singh & Li, 2012).
Phthalates and BPA have been observed in the majority of urine samples of human populations
worldwide at levels usually considered below the daily exposure limits (Corrales, et al., 2015;
Centers for Disease Control and Prevention, 2017). However, there is wide variability between
the tests of different groups along with some disagreement on the concentration considered as
safe exposure (Corrales, et al., 2015). BPA exposure has been associated with higher risk of type 2
diabetes and cardiovascular disease, accompanied by changes in liver enzymes, insulin function,
and the development of atypical or reduced brain function in tests on rats (Thompson, et al.,
2009). In the US, 92.6% of the population has been found with BPA and other plastic
components in their bodies, with children demonstrating an even higher percentage of plastics
compared to the older population (Calafat, et al., 2008). Phthalates have been linked to sexual
changes in offspring of exposed pregnant women related to sexual hormone levels (Thompson,
et al., 2009; Singh & Li, 2012). Other health effects from phthalate exposure have also been
noted (Verma, et al., 2016). Additionally, exposure to some of the manufacturing agents used in
plastic production, such as vinyl chloride used for PVC, has caused the appearance of carcinomas
in factory workers (Thompson, et al., 2009).

1.3 Plastic Production
Plastic waste and its byproducts also accumulate due to contributions from industrial processes
and plastic manufacturing. Common plastics include high- density polyethylene (HDPE), lowdensity polyethylene (LDPE), polypropylene (PP), polyethylene terephthalate (PET), polystyrene
(PS) and polyvinyl chloride (PVC) (Geyer, et al., 2017). They contribute to global plastic waste as
depicted in Fig. 1.11, with the largest percentage of waste attributed to polypropylene and
polyethylene compounds. The poly- indicates that these plastics are polymers.
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Fig. 1.10: Ethylene and polyethylene Adapted from: (Sharpe, 2015) by author.
The majority of plastics are comprised of carbon atoms bonded to hydrogen, oxygen, chlorine,
nitrogen or sulfur (Klein, 2011). These are termed monomers and are repeated in cell chains to
form chemically bonded polymer plastics (McKeen, 2014; Piringer & Baner, 2008) (Fig. 1.10).
The monomers are hazardous but are not as toxic as chemicals such as BPA, phthalates, and
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PBDEs used in the polymerization process to catalyze the formation of polymer chains or as
additives for properties such as flexibility, strength, or flame retardation (European Regional
Development Fund, 2016).

Fig. 1.11: Composition of global plastics from 1950-2015, where HDPE, LDPE and PP comprise over half of
existing plastics. Source: (Geyer, et al., 2017).
Ehtylene is a polycarbonate that is created from naphtha or ethane which are isolated from
distilled natural gas and crude oil, respectively. Naphtha or Ethane (C2H6) then undergoes a
process called steam cracking where it is heated to approximately 800 ˚C (Planete Energies,
2015), considered the most energy intensive process in chemical processing (Ren, et al., 2006). In
this process, it loses two hydrogen molecules (H2) and results in the olefins ethylene (C2H4) and
propylene, among other byproducts (Planete Energies, 2015). Ethylene is then polymerized to
form polyethylene, the main component of plastics such as HDPE and LDPE. HDPE and
LDPE are commonly found in plastic bags, packaging, bottles and containers (Planete Energies,
2015). Chlorinated ethylene is a basis for PVC, commonly used in construction (Gilbert &
Patrick, 1999), while ethylene reacted with benzene can be processed into styrene, found in food
packaging (Satterthwaite, 1999). Propylene is similarly polymerized into polypropylene
(Gahleitner & Paulik, 1999), which has a variety of uses from textiles to household goods and
vehicular components (Planete Energies, 2015).

Fig. 1.12: Plastic types and associated recycling symbols from (Madl, 2000).
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Table 1.1: Melting points and critical temperatures of common plastics from (Piringer & Baner, 2008; Klein,
2011; Demirel, et al., 2016)
Plastic

PE
T

HDP
E

PVC LDP
E

PP

PS

Acryli
c

Nylon PC

PLA

AB
S

a/s

s

a

s

s

A

-
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140208
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-
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-

-
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-

-
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-

-

-95
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-18
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318348
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Symbol
Type

a

A
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Tm (℃)

255- 130267 146

Tf
Tg
Td

6781

100

The melting points of the most prevalent waste plastics are indicated in Table 1.1. The majority
of plastics are thermoplastics which are formed and broken down through the application of heat
(Klein, 2011; McKeen, 2014). They possess melting points and glass-transition temperatures
which indicate the range in which they no longer retain their physical properties (McKeen, 2014).
HDPE, LDPE and PP all are reported to have melting temperatures below 200 ˚C. PET melts in
the range of 250 – 260 ˚C.
Plastics are generally subdivided as elastomers, thermosets, and thermoplastics (Klein, 2011;
McKeen, 2014). Only thermoplastics can be easily melted then reformed and are further divided
into amorphous and semicrystalline subtypes (Klein, 2011; McKeen, 2014). Differences in
internal structure lend to individual physical properties such as phase transition temperatures and
resistance to environmental degradation. Thermoplastics are not considered to truly crystallize
and only reach up to 80% crystallization due to their polymer chains, where chains form the basis
for crystallization and tend to lack order or be “statistical” in their distribution within the
thermoplastic (Klein, 2011). This statistical organization results in amorphous plastics, but
semicrystalline thermoplastics contain additional crystal structures throughout the amorphous
base that are polymer chains which have “folded” on each other, creating an organized, crystal
structure (McKeen, 2014). Crystallization fraction of a melting plastic depends on both its
cooling rate and the plastic type, as the size of crystals and their formation rates vary between
plastics (Klein, 2011; Fischer & Drummer, 2016; McKeen, 2014).

-12-

Fig. 1.13: Glass, melting, and decomposition temperatures of semicrystalline thermoplastics from: (Klein, 2011).
The temperature at which a plastic enters the amorphous, plasticized phase for thermoplastics is
dependent on whether a plastic is classified as an amorphous or semicrystalline thermoplastic.
Understanding of phase transition temperatures is necessary to ensure that thermal degradation
does not occur (Klein, 2011; McKeen, 2014). Plastics transition through several temperature
phases that alter their physical properties (Fig. 1.13). At normal working temperatures, plastics
are either brittle or hard elastic, depending on type. The molecular mobility is low and only some
slight mobility of polymer chain segments in reaction to temperature changes can occur (Klein,
2011). Once plastics reach the glass transition temperature, more chain segment movement is
possible. At this temperature, a plastic is both mechanically and structurally stable, but becomes
noticeably softer (Klein, 2011). For amorphous thermoplastics, the plastic will begin melting in
excess of Tf (Klein, 2011; McKeen, 2014). For semicrystalline thermoplastics, once the plastic
surpasses the melting point, or crystallite melting temperature, the entire plastic loses the ability
to hold crystallite structures together (Klein, 2011). The structural stability can be recovered upon
returning to a lower temperature if the plastic does not reach the thermal decomposition
temperature, at which point monomers and reaction products can separate (Klein, 2011). The
chemical structure cannot be recovered upon cooling once it passes this temperature.
Amorphous plastics such as ABS, PVC, PC, and PS do not transition through a melting
temperature point (Klein, 2011; McKeen, 2014). Instead, they are considered solid below their
glass transition temperature, a temperature that once surpassed leads to increasing elasticity until
the plastic reaches the flow temperature and is more liquefied or “molten” (Klein, 2011). At the
flow temperature, the mobility of macromolecular chains further increases, allowing chains to
move past each other. The plastic appears to begin melting but does not lose any chemical
structural composition (Klein, 2011). Decomposition occurs once a given temperature value is
exceeded, as with semicrystalline plastics (Klein, 2011; McKeen, 2014).
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In order to initiate the transitions between phases, an addition of melting energy or enthalpy is
necessary. For instance, HDPE requires 310 J/g, PET-P requires 145 J/g, and PP 238 J/g (Klein,
2011). Heat flux is also modeled with thermoplastics
The plastic production process itself is energy and resource intensive, and process energy for
virgin plastics can vary from 8 to 25 MWh for PP and polyamide-6, respectively (Storm, 2017).
Examining the energy conserved by recycling one ton of plastic as opposed to landfilling, at least
5 barrels of oil are saved for PET and 9 barrels for HDPE (US Environmental Protection
Agency, 2016). Other sources state that up to 16.3 barrels of oil, 5.7 MWh of energy, and 23 m3
of landfill space are attributed to recycling 1 ton of plastic (Stanford PSSI, 2018), although the
figure does seem to vary based on plastic type according to results from the WARM tool also
referenced for this data. Each kg of plastic thus represents not only the required landfill space but
also the associated energy and additional feedstock resources locked in the plastic itself from the
production process. Feedstock energy can be calculated with a base figure of 45 MJ/kg related to
the energy contained within the resources comprising ethylene (Walters, et al., 2000). Actual
production energy is associated with the steam cracking and polymerization, where steam
cracking is estimated to have a lower energy intensity of 20 MJ/kg while polymerization depends
on the polymer being created and ranges from 5 to 8 MJ/kg for PE subtypes (Vlachopoulos,
2009).
This is separate from the energy required to manufacture plastic products, which undergo further
heat-intensive processes for shaping and processing. Non-feedstock energy requirements for
processing depend entirely on the end product and processes involved, and estimates range from
2.5 MJ/kg to 22 MJ/kg for processing with varying extruder-based molding-type devices,
depending on input material (Migdał, et al., 2014). These devices heat plastic and push it out in a
molten form that can be further shaped within molds, where a process termed as injection
molding (Fig. 1.14) requires approximately 11 MJ/kg. The plastic product may undergo heating
and reshaping multiple times before reaching its final form. Energy associated with transportation
and additional feedstock energy in process additives are not included in these estimates, which
only examine electrical energy demand (Migdał, et al., 2014).

Fig. 1.14: Parts of a plastic extruder, Public Domain.

1.4 The recycling process and associated costs
The recycling process itself is also somewhat energy intensive, as multiple steps are necessary in
order to recover waste plastics (Fig. 1.15). Sorting by type, cleaning, removal of labels, separation
of contaminants, and the production of small plastic pellets must all occur prior to thermal
treatment (Shen & Worrell, 2014). Sorting requires a relatively small portion of the recycling
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process energy demand, at only 0.16 MJ/kg (Liljenström & Finnveden, 2015). The greatest
energy demand associated with recycling is related to the heating requirements of each step.
Estimates are as follows: cleaning has an energy demand related to its use of heated water of 2
MJ/kg, followed by drying at 1 MJ/kg. Extrusion and separate pelletization each require heating
of the plastic nearly to its melting point at 1 MJ/kg each (Vlachopoulos, 2009).

Fig. 1.15: Diagram of a plastic recycling plant from (Madl, 2000) with permission
The following calculations are summarized from (Vlachopoulos, 2009):
The energy required for washing and cleaning plastics, 𝐸𝐷𝑤 can be calculated from the difference
between the initial temperature of the wash water, 𝑇𝑤𝑤𝑖 , which is assumed as 20 deg C, and the
final temperature of wash water, which can be assumed as 100 deg C. This is multiplied times
𝐸𝑤𝑤 or the energy required to heat a kg of water, 4200 J/kg/deg C, and the quantity of wash
water, here assumed as 5kg. The total is 1.68 MJ, but is rounded up to 2 MJ to include pumps
and other associated equipment:
𝐸𝐷𝑤 = (𝑇𝑤𝑤𝑓 − 𝑇𝑤𝑤𝑖 )𝐸𝑤𝑤 𝑊𝑞 #(1.1)
For drying, the energy demand, 𝐸𝐷𝐷 , is equal to the product of the heat of vaporization of water
at 2.26 MJ/kg, and the quantity of water being extracted, assumed as 0.2 kg. For polymers that do
not absorb water such as polyethylene, this will end up as 0.452 MJ/kg.
𝐸𝐷𝐷 = 𝐻𝑉𝑤 × 𝑊𝑅#(1.2)
Then, the energy demand for pelletization or 𝐸𝐷𝑃 can be calculated. The extruder is assumed to
have an efficiency 𝜂𝑒𝑥𝑡 of 85%, which forms the denominator of the equation. In the numerator,
the difference between the final temperature of the pellets, 𝑇𝑝𝑓 , calculated as 200 deg C for the
example, and the initial temperature of the pellets, 𝑇𝑝𝑖 , assumed at room temperature or 20 deg
C, is multiplied by the heat capacity, 𝐶𝑝 , which is given as 2500 J/ kg deg C. The heat of fusion,
𝐻𝑓 , is added to this with a value of 130E3 J/kg. The final term of the summation is the pressure
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drop, ∆𝑝, given as 30 MPa, divided by the density of molten plastic, 𝜌𝑚𝑝 , at 750 kg/m3. This
results in 1 MJ.
𝐸𝐷𝑃 =

∆𝑝
[𝐶𝑝 (𝑇𝑝𝑓 − 𝑇𝑝𝑖 ) + 𝐻𝑓 + 𝜌 ]
𝑚𝑝

𝜂𝑒𝑥𝑡

#(1.3)

Typically enough energy is input to raise the polymer to 60% of its melting point, which would
be closer to closer to 0.64 MJ (Vlachopoulos, 2009). However, conservative estimates increase
this to 100% of the melting point, arriving at 1 MJ. The same value is also calculated for
extrusion, which relies on the same melting temperature and extruder efficiency.
The total is still less than that required for virgin plastic materials, where recycled plastics thus
require approximately 5 MJ/kg for processing and virgin plastics require a comparative 25 MJ/kg
or more (Vlachopoulos, 2009). Aside from the lower consumption of both primary and feedstock
energy, the re-use of plastic provides environmental benefits by preventing plastic from entering
the environment. However, even recycled plastics do eventually end up as waste plastics (Lea,
1996; Geyer, et al., 2017). There are concerns with the quality and lifespan of recycled plastic
products, often leading to a lower market value (Hopewell, et al., 2009; Geyer, et al., 2017). The
quality of recycled products depends on the waste source, which is often downgraded for a
different use such as fibers produced from plastic bottles (Hopewell, et al., 2009), where there is
generally considered to be a limit on the number of times an item can be usefully recycled (Adom
& Kwach, 2012). Recycling is thus seen as only delaying the final result of waste (Geyer, et al.,
2017).
Additionally, the costs associated with plastic production can be lower than that of recycling. This
is in part due to costs associated with fuel for collection and transport of waste to central
recycling facilities, where sorting may take place at a different location than primary recycling (AlSalem, et al., 2009). Curbside collection is demonstrated as requiring slightly more energy than
vehicular drop-off, unless the drop-off location is at a great distance for a small quantity of waste
and thus requires disproportionate energy. Similarly, remote locations require more energy than
urban areas (Kuczenski & Geyer, 2011). However, longer transport distances of up to 600 km for
plastic recyclables were modelled as outweighing the global warming potential of transportation
even for freight vehicles when compared to options such as incineration (Merrild, et al., 2012).
Curbside recycling was noted to have a greater potential for increased recycling behaviors of
residents than depositing waste at drop-off locations (Jenkins, et al., 2003). Additionally, sorting
at source is demonstrated to increase recycling efficiency and quality (Waste Authority of
Western Australia, 2014). However, source separation may not always decrease costs when
individual collection by waste type is involved, demonstrating the need to examine recycling
behaviors in related policies as well as the associated costs for waste collection
(Vassanadumrongdee & Kittipongvises, 2018; Hoornweg & Bhada-Tata, 2012).
These studies suggest that decreasing transportation distance is associated with lower energy and
economic costs, but that bulk transportation of recycling can still be more environmentally
friendly than incineration (Merrild, et al., 2012). This is of particular importance in the capital
cities of developing countries, which face difficulties with vehicular congestion causing even
short commutes to require significant time and fuel. With long transport distances for developing
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and rural communities, the environmental and economic costs should be considered (Adom &
Kwach, 2012; Liebenberg, 2007; Hoornweg & Bhada-Tata, 2012).
The volumetric size of plastic waste, even when compressed, makes handling and transportation
more difficult than that of its components. Where plastic resins typically have densities in the
vicinity of 1 g/cm3 or 1000 kg/m3 (Vitz, et al., 2016), a container of compressed plastic destined
for recycling has a density ranging from 22-158 kg/m3 depending on waste type (Resource
Futures, 2009). There is thus a greater transport efficiency, at least economically, for the
production of new plastics which rely heavily on freight, especially ocean freight, which often
charges based on volume. Lower weight freight items can still be charged based on their volume,
even when volume-to-weight ratios are considered (El AL, n.d.; AMID Logistics, n.d.)
Comparisons of transportation energy for resin production in California at 6.78 ton-km/1.6 MJ
and materials recovery of discarded plastics 0.146 ton-km/1.06 MJ paired with reclamation 6.19
ton-km/1.8 MJ demonstrate this (Kuczenski & Geyer, 2011). This is without including the step
of manufacturing, which requires 7.04 ton-km and 9.8 MJ for processes such as extrusion and
molding for both recycled and virgin plastics (Kuczenski & Geyer, 2011). Shipments of
recyclables generally require 1.82 kJ/kg/km by truck, 0.41 kg/kJ/km by rail, and less by boat
(Johnson, 2015). Distances to treatment plants are considered to range from 7km for apartments
to 15 km for rural areas in Sweden (Liljenström & Finnveden, 2015). However, studies in other
countries relay different distances for transportation, stressing that waste is first transported for
sorting and pre-treatment before arriving at a processing plant, and may total up to 100 km or
greater for both stages (De Feo, et al., 2016). In one study, the attributed kg CO2 equivalent were
still less for the transportation phase than that of treatment and disposal (De Feo, et al., 2016)
which consisted of landfill and incineration options. The CO2/kg equivalent could thus change in
relation to treatment method, varying depending on the energy or fuel source used for treatment
and transportation.
With lower economic values for recycled plastics, some locations may find plastic production to
be more profitable than recycling when the whole life cycle analysis (LCA) including
transportation is considered. This demonstrates in part why there is less widespread recycling of
plastic waste in developing communities: production of new plastics could be more lucrative than
recycling old plastic, and significant industry involving material manufacture may not be present
as potential buyers (Liebenberg, 2007). Instead, old plastic is discarded in favor of production,
where waste treatment centers are located at great distances or adequate waste management is not
provided (Adom & Kwach, 2012; Liebenberg, 2007). The building of recycling centers does not
offer as clear of a profitable market (Liebenberg, 2007), and there are few government incentives
to offset the startup costs (Adom & Kwach, 2012). The infrastructure required to support a waste
management system is thus greater than that of industrial production, and it is not always
economically justified.
Additionally, there is little concern among plastic production companies for environmental costs,
and national governments are slow to place limits on these companies restricting production, due
to lobbying efforts. The cost of the plastic waste management is thus transferred not to the
companies but to communities (Adom & Kwach, 2012; Ogawa, 1996).
Developing areas face challenges with initializing public-sector waste management programs
when there is a pre-existing informal sector and the role of such is not considered. The informal
sector can often offer a more efficient, less costly solution to re-use, having already developed
expansive networks for specialized materials (Adom & Kwach, 2012). Internationally sourced
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funding does exist for some waste management activities, specifically when recycling
demonstrates energy benefit over the production of a virgin material, but this presents with the
requirement of data collection (Adom & Kwach, 2012).
Different management techniques vary in their effectiveness in reducing cost as well as
environmental effects (Adom & Kwach, 2012), however, generally source separation is regarded
as one of the largest contributing factors to lowering costs of waste management while increasing
the amount of waste that can be picked up within a day (Liebenberg, 2007; Diaz & Otoma, 2014).
Private companies may step in to provide waste management services and may offer costeffective, knowledgeable solutions, but are not always aware of the local situation (Adom &
Kwach, 2012). Additionally, they may not think there is enough recyclable material to justify
constructing a recycling plant, or the transportation distances from collection to the plant may
not make this an economically sound investment (Liebenberg, 2007). The distances to factories
that can utilize the recycled materials may also impact this decision, where areas lacking industrial
development may not have infrastructure requiring the materials within a reasonable distance
(Ogawa, 1996; Liebenberg, 2007). While a market may exist along port cities, inland areas and
smaller towns may not be considered by private industry (Ogawa, 1996).
The governments of developing countries do not prioritize waste management outside of larger
cities, and very little funding is allocated for public-sector waste management activities outside of
these industrial centers (Ogawa, 1996; Dhokhikah & Trihadiningrum, 2012). Waste management
is recognized as a growing problem, but the construction of necessary infrastructure requires
funding that must be sourced either through the government, private sponsors including NGOs,
or collection fees to individuals (Zhu, et al., 2008). Financial models for developed countries that
typically would support these efforts rely on taxes are often inoperable in their developing
counterparts due to the low incomes of residents. Additionally, the mismanagement of raised
funds and inadequate taxation deplete any available budget for waste management (Ogawa, 1996).
Furthermore, irregular and unreliable services do not lend to trust and resultant willingness of
individuals to pay fees for them.
Not mentioned in these sources but inferred from the concerns with lack of infrastructure is the
necessity of energy systems to power industrial-scale recycling efforts. Local efforts may be
inadequate to recover quality materials (Adom & Kwach, 2012; Ogawa, 1996), but may still
reduce total waste volume and the environmental risks arising from landfills (Adom & Kwach,
2012). Where developing countries have less energy infrastructure, the allocation of industrial
funds for energy-related projects may be prioritized to further economic progress. However,
energy recovery from waste materials presents solutions that may offer a compromise while
reducing the cost of waste treatment (Zhu, et al., 2008).

1.4.1 Wastepickers and informal recycling

An informal economy exists around wastepicking in many areas bereft with MSW. Wastepickers
scavenge for useful items to resell in markets, or that can be reused by their families. An
Informal Economy Monitoring Study (IEMS) toted the economic benefits of wastepickers, who
benefitted financially off of providing materials to the general public and private businesses
(WIEGO, n.d.). There are estimates that up to 6,000 wastepickers work informally at one landfill
in Jakarta, Indonesia and that the country has 1.2 million wastepickers overall (Cekindo, n.d.).
Global estimates (Medina, n.d.; Rosman, 2017) state that there may be 15 million worldwide.
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However, criticisms surround both the young age of some wastepickers as well as exposure to
hazardous conditions from toxic waste they may come into contact with (Eswaran & Hameeda,
2013). Additionally, vulnerability exists where wastepickers are less-educated and can be taken
advantage of by an organizing entity that will re-sell the waste as a middleman and profit off their
labor, often providing shanty accommodations in return (Cekindo, n.d.; Medina, n.d.). Alliances
and networks of wastepickers with assistance from NGOs hope to overcome some of these
challenges. One main challenge to wastepickers is the waste-to-energy movement, which when
not fully implemented threatens nearby communities of wastepickers with added air pollution,
which is even greater at less developed plants in emerging economies (Ferris, 2013). However,
without incineration, unwanted waste would remain in landfills, and waste-to-energy plants offer
the benefit of electricity that poorer regions desperately need (Ferris, 2013). This limits the source
of income for wastepickers and would require further intervention to allow for waste sorting to
occur prior to incineration.
In some communities, wastepickers have joined recycling collectives and are able to process a
greater portion of waste with fewer hours and better pay (Rosman, 2017). Initiatives funded by
the World Bank in Cairo and Manila pay wastepickers for their labor, often allowing them to earn
above minimum wage. While Indonesia made wastepicking illegal, Brazil has legalized and
recognized wastepicking as a professional activity, allowing for government involvement to
ensure education of associated children and regulate conditions (Medina, n.d.). Similar programs
in Bogota, Colombia provide housing for wastepickers (Medina, n.d.). A study on wastepickers in
Macedonia concluded that they were more effective than the formal sector in waste management
activities, citing in particular little to no involvement of fossil fuel consumption for their
contributions. Minimum government investment could raise their earnings to the minimum wage,
improving their conditions drastically (Sapuric, et al., 2018).
Many countries offer incentives to formalize wastepicking through waste credit programs
specifically for bottles and cans that can be easily processed. Additionally, some cities offer waste
re-use programs such as Guldminen in Copenhagen, where a cooperation between the
municipality and a recycling company allows art collectives and the community access to waste as
part of an experiment in circular economy initiatives (Guldminen, 2018). Upcycled ocean plastics
are sold by several companies including Adidas which sports a running shoe made partially of
plastic waste (Greenstein, 2016). Several plastic waste –based clothing and accessory companies
have also been quick to take up the challenge with products from skateboards to carpets.
Plastic-specific community recycling programs have been explored by a number of NGOs. One
example is Precious Plastics, which has released open-source designs for building plastic recycling
machines for communities (Precious Plastics, n.d.). However, re-shaping plastics into useable
products requires a considerable amount of heat energy that without a grid connection is not
particularly feasible. Despite necessitating large quantities of power, the Precious Plastics project
demonstrates both the possibility and need for recycling at the community level. Another such
example of community-based recycling centers is the Plastic Bank initiative, where communities
in multiple participating countries can turn plastic in for rewards such as solar chargers and water
purifiers based on blockchain currency called “Social Plastic” (Plastic Bank, n.d.). This has
successfully generated an economy around waste picking, while eliminating the need for
collection vehicles. Plastics are then crushed and sent to more central locations for processing.
The use of recycled plastics in 3D printing has already been proven as one potential application
for shredded plastic waste by a project at Michigan Tech (Baechler, et al., 2013). Devices
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currently on the market such as the ProtoCycler can turn plastic bottles into 3D printer filament
(BEC, 2015), however, they require significant power for the extrusion process. Thus, using solar
thermal power to directly heat recycled plastic for extrusion could reduce the total energy
required and the total associated cost. Once a 3D printer is setup, the filament is often the most
expensive recurring cost (Baechler, et al., 2013). A 3D printer, potentially powered off-grid,
would present opportunities for communities to print tools as needed for a variety of uses from
medicine to education to entrepreneurship where shopping centers and resources are otherwise
limited.

1.5 Plastic policies
Where waste disposal and collection infrastructure are necessary in the recycling process, waste
collection is likely indicative of the situation for recycling in these locations, where lack of
collection would denote less possibilities for recycling or waste treatment and more potential
dumping.
Many countries have objectives in place to discourage landfilling while encouraging re-use
initiatives. The EU has a goal of 65-75% recycling of MSW by 2030 (European Commission,
2017). The top waste managing countries of the EU, which consequently are among the best
waste management systems in the world, operate with much higher waste-to-energy recovery
rates and have a variety of policies including bans on landfilling bio-degradable items, waste
collection fees that encourage recycling, and required separation of MSW by type (European
Environment Agency, 2017). Germany boasted the highest recycling rate at 64% in 2014, and
higher income EU countries generally recycle close to 50% of their waste (Fig. 1.16). However,
there are exceptions to this trend both within the EU, such as Finland at 33%, and outside the
EU, where the US recycles 34.6% of its MSW (European Environment Agency, 2017; US
Environmental Protection Agency, n.d.) .

Fig. 1.16: Waste treatment in Europe in 2012 demonstrating percentage of waste in each EU country sent to

landfills, incinerators, recycling centers, compost, or other treatments. From: (Eurostat Statistics Explained, 2014)
In some areas of the world, there are municipal incentives to reduce the use of plastics. While
some countries reward the return of recyclable materials with monetary incentives or penalize the
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use of purchased bags with added costs, there is also the option to entirely ban plastic packaging
(Fig. 1.17). Rwanda has banned plastic bags since 2008, creating local jobs in the production of
paper alternatives, although some reports imply the existence of a thriving plastic bag black
market (Ocean Wise, 2017). Kenya has recently followed suit with a full country ban issued in
2017. In Alameda County, California where plastic bags comprised 1% of environmentallydeposited waste, local bans resulted in a 44% reduction, demonstrating that plastic bag bans do
have a direct impact on the amount of plastic waste produced. However, life cycle assessments of
alternative bag options suggest that paper bags need to be re-used 4 times to have less of an
impact on the environment than their plastic counterparts (Anderson, 2017), necessitating careful
consideration of alternatives.

◼ Ban; ◼ Tax; ◼ Voluntary tax agreement; ◼ Partial tax or ban (municipal or regional levels) 2014

Fig. 1.17: Plastic bag policies and bans in 2014, CC 3.0.
Additionally, some countries outlaw the use of particular additives in the plastic production
process. The EU, Brazil, Malaysia, Canada, and the US have restrictions on BPA in baby bottles
as well as food contact materials for children (IBFAN, 2010; Safer States, n.d.). Sweden has
initiated a general ban on BPA in food packaging materials (Chemical Watch, 2012) as well as
water pipe linings (Chemical Watch, 2016). Canada is conducting ongoing research on low-dose
BPA exposure (Government of Canada, 2014), including correlations between BPA and
behavioral issues of minors (Findlay & Kohen, 2015). Consumer movements have resulted in
the popularization of “BPA-free” labels for plastic products in the US (Kenny, 2015). The EU,
Australia, and Canada have also banned three major phthalate additives in children’s products,
with a further three banned if they can be placed inside a child’s mouth (KEMI, 2015; ACCC,
n.d.), and some US states have similar regulations (Safer States, n.d.).
Plastic additives called brominated or poly-brominated flame retardants were banned universally
by the UN (Stokstad, 2013) following earlier bans in the US, Canada and the EU in 2004-2006
(Axelrad, 2009). Despite these previous bans, levels of the chemicals were still detected in serum
samples of pregnant women from 2008 to 2014, demonstrating that it persisted in the
environment and continued to cause exposure as it leeched from products containing it produced
prior to the ban (Parry, et al., 2018). Some products are additionally manufactured using these
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chemicals despite the bans, at up to 33% of the weight of the plastic materials comprising their
housing (Goldsberry, 2017), indicating that the bans may not be sufficient without routine testing
of products. However, improvements on plastic additive regulations are slow and are met with
constant contradictions by the plastic industry (Chemsec, 2017).

1.6 Waste to Energy
Several options exist for the sustainable use of plastic outside of recycling and reduction of plastic
consumption. MSW can be converted to energy either directly through burning or through
reduction to components that function as substitutes for fuel oil. Three associated waste
conversion processes are combustion, gasification and pyrolysis.
Large scale incineration of MSW, including plastics, prevents the hazards of open cooking fires,
and has been particularly successful in countries with the highest GDP in the EU. Similar
programs are being implemented worldwide. In larger scale plastic waste incineration, facilities
handle a bulk of MSW that includes plastics. Incineration decreases landfill-bound waste 90% by
volume (Georgieva & Varma, 1999). However, the primary goal of MSW incineration plants is to
produce heat or electrical energy during the combustion process. The amount of resultant heat
produced is dependent on the composition of the MSW, with different materials and plastics
possessing varying heating values in kJ/kg. The average heating value of MSW at 10 MJ/kg does
suggest that waste to energy incineration could be valuable to countries possessing fewer energy
resources paired with low rates of MSW management (Malinauskaite, et al., 2017).
As more countries adopt waste to energy schemes, the recycling rate is speculated to decrease in
favor of energy production, where Sweden and Denmark have reached incineration overcapacity
and need to import additional waste for treatment without taking from the recycling waste stream
(Sora, 2013) . Both countries still have plans for further incinerator construction, and several of
Denmark’s incinerators are dedicated solely to imported waste (Sora, 2013). However, generally
within the EU, countries with the highest incineration rates often are those with the greatest
recycling initiatives (Fig. 1.16), demonstrating the potential for both treatment methods to
coexist (Seltenrich, 2013). Opponents to incineration include Zero Waste Europe, which pushes
for improvements in recycling rates over incineration (European Commission, 2013), citing
economic benefits and improved emission levels of recycling as previously mentioned regarding
toxins resultant from burning waste. The European commission released a document in 2017
stating that it is important to find the right balance in waste management methods (European
Commission, 2017).
Waste incineration facilities typically employ some form of sorting to at least remove bulky or
inappropriate items and reduce these to manageable sizes. Waste is then transported through a
hopper chute along a belt or grated platform within a furnace or boiler (Fig. 1.18). The furnaces
can be stationary and contain a belt transporting the waste or resemble a kiln which rotates
(Georgieva & Varma, 1999). The heat from the combustion process in turn drives the boiling of
water which results in steam. Steam is directed towards turbines for power generation, and hot
water is further distributed for district heating, depending on the purpose of the plant (Georgieva
& Varma, 1999). Flue gases produced by the combustion process are scrubbed of particulates and
contaminants before they are released to the surrounding atmosphere via the stack (Georgieva &
Varma, 1999).
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Fig. 1.18: A waste incineration schematic for district heating. From ETSU, UK, via Murdoch University
(Murdoch University, n.d.).

A more efficient process termed fluidized bed incineration (Fig. 1.19) can reach efficiencies as
high as 90% but requires more homogenous sized waste streams than often result from MSW
despite being able to handle a variety of input waste types (Georgieva & Varma, 1999). These
incinerators are cylindrical in shape and lined with a bed consisting of sand, ash and other
particulates heated by external fuel (Georgieva & Varma, 1999). Air jets provide the oxygen to
spur combustion, mixed via a plate beneath the particle bed. At lower air velocities up to ~3 m/s,
the resulting effect is a bubbling of the bed which quickly distributes heat and establishes thermal
equilibrium. Higher velocities up to ~9 m/s produce a rotating air column in which solid
particles are entrained (Saxena & Jotshi, 1994). Turbulent mixing allows for a more uniform
temperature and fast combustion processes (Saxena & Jotshi, 1994). Fluidized bed reactors
operate at a lower temperature than other combustion processes, below 800 ˚C, reducing the
necessity of coal as a source fuel as well as emissions in the form of NOx and SOx, the latter
which is precipitated out through limestone or dolomite contained in the fluidized bed
(Georgieva & Varma, 1999; Saxena & Jotshi, 1994). However, the lower temperature allows for
increased release of polycyclic aromatic hydrocarbons, a known atmospheric pollutant (Saxena &
Jotshi, 1994).

Fig. 1.19: A depiction of a fluidized bed incinerator from: (Waste to Energy International, n.d.).
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Additionally, it is possible to recover energy from waste plastics either in the form of synthetic
gas or syngas in the process of gasification, or through the process of pyrolysis to crack plastic
polymer chains into their feedstock sources. In pyrolysis, the application of heat results in oil, gas,
and char that can be subsequently used in further energy applications (Sharuddin, et al., 2016).
This is similar to the production of plastics, where naptha is cracked in order to reduce it to its
components. The methodology used depends on the type of plastic and the desired output.
Lower temperatures, less than 500 ˚C, tend to result in a greater quantity of liquid oil, while
higher temperatures, 500-550 ˚C or greater, result in more char and gaseous products (Sharuddin,
et al., 2016). Pyrolysis occurs within a reactor vessel, where the reactant, mainly heat, is mixed
with often pelletized plastics (Fig. 1.20). The simplest and often most productive reactor in terms
of liquid yield is called a batch reactor, which utilizes a stirring device to improve the mixture
quality (Sharuddin, et al., 2016). Batch reactors are not however suitable for either use with
catalysts or larger scale pyrolysis operations (Sharuddin, et al., 2016). Other reactor types are
designed specifically for use with catalysts, of which the fluidized bed reactor is considered the
best option over fixed bed reactors as it provides a constant temperature and allows for catalyst
reuse (Sharuddin, et al., 2016). In the case of a wide variation of plastic pellet sizes, conical
spouted bed reactors are considered to offer an advantage. New methods have been tested
involving microwave radiation to partially heat the plastic, in which a material that readily absorbs
microwave radiation such as carbon is mixed in with the pelletized plastic (Sharuddin, et al.,
2016). Microwaves are directed at the mixture and the absorbed heat energy is conducted to the
surrounding plastics. The benefit of this method is that it allows for improved heating speeds and
lower production speeds, but the quality of the output has not yet been fully studied (Sharuddin,
et al., 2016).

Fig. 1.20: Schematic of a pyrolysis plant with moving grate from: (Chen, et al., 2014).

1.7 Bio-plastics
The production of bio-plastics in 2014 was approximately 4 MT (Geyer, et al., 2017). This
includes both bioplastics based on biomass as opposed to fossil fuels, those which are
biodegradeable into the natural environment by microorganisms, and combinations thereof
(Table 1.2). Bioplastics such as polylactic acid (PLA) are derived from sugars such as glucose or
dextrose commonly sourced from starch, which can produce L-lactic acid through fermentation
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(Hamad, et al., 2015; Ren, 2010). Lactic acid is a metabolic product of anaerobic cellular
processes in bacteria and animals (Ren, 2010). Further polycondensation or polydistillation with
catalysts results in PLA. Since bioplastics are derived from biomass, they are not technically
considered renewable (van den Oever, et al., 2017). Bioplastics are typically more expensive than
their fossil fuel based counterparts, but do not fluctuate to the same degree with oil prices, and
individual properties may allow for less material to be used per item (van den Oever, et al., 2017).
Industry standards that only require partly-bio based plastics to contain 20% biomass sources
contribute to an image of these materials as not truly environmentally friendly, despite
improvements in associated emissions even with replacement of a portion of the fossil-fuel
feedstock.

Table 1.2: Bio-plastic types and classifications, adapted from (van den Oever, et al., 2017)
Petrochemical
Partly Biobased
Bio-based

Non-biodegradable
PE, PP, PET, PS,
PVC
Bio-PET, PTT

Biodegradable
PBAT, PBS(A), PCL

Bio-PE

PLA, PHA/B,
Cellophane

Starch blends

Biodegradable plastics can be broken down by micro-organisms either in aerobic or anaerobic
conditions. However, critics maintain that biodegradable plastics do not necessarily degrade
without leaving traces of toxic components such as additives, and that all plastics do degrade over
time, with their degradation into micro-plastics being the main concern. Degradation rate is
dependent on environmental conditions such as temperature, humidity and whether the sample is
in soil or water. Additionally, a study by the UNEP cites that biodegradable plastics do not seem
degrade quickly within ocean water (van den Oever, et al., 2017). Higher temperatures and longer
composting times following the established bioplastic industry standard of 12 weeks may be
necessary to see sufficient disintegration (van den Oever, et al., 2017). It is therefore not suitable
for biodegradation in landfills, where bio-PLA can release methane.
In the 1980s, Polyhydroxobutyrate (PHB), a type of polyhydroxyalkonate (PHA), was developed
as a completely-biodegradable bioplastic produced by micro-organisms, but is not entirely costeffective. Biopol, derived from PHB, is used in internal medicine as it is considered nontoxic and
thus does not need to be removed from the body as it dissolves. This may conversely present
questions relating to the general longevity of bioplastics, although reportedly within average
indoor conditions the lifespan and durability of bio-PLA is comparable to that of petrochemical
plastics, at 10-20 years (van den Oever, et al., 2017).
Fungi can also be used in the biodegradation process or as a component of bioplastics
themselves. Chinese and Pakistani researchers have identified a strain of fungi, Aspergillus
tubingensis, which managed to disintegrate polyurethane (PU) (Khan, et al., 2017). After two
months incubation of the fungus in a liquid-glucose mixture, PU films were 90% disintegrated.
Lipase and esterase are enzymes produced by the fungi that are considered to contribute to the
degradation process. The study suggests that other Aspergilus may also be capable of biodegrading
PU. Other fungal species have been previously identified with this ability. However,
biodegradation alone is not the only application of fungi to the plastic problem: a partnership
with Union College and a company called Ecovative grows fungi and plant based mixtures in
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molds that are later cooled to kill off the mycelia (Union College, 2013). The products are
intended to replace disposable packaging with more biodegradeable materials, relying on the
tubular composition of mycelia to lend structural properties.
An interesting alternative to bioplastics is to employ greenhouse gases for the creation of plastics.
This can be through capturing atmospheric CO2 and creating ethylene through the addition of a
catalyst and aided by an electrical current (De Luna, et al., 2018), or the capture of methane from
landfills which contributes carbon and hydrogen to plastic formation. One example of a
company utilizing this technology is Newlight, which produces thermoplastic polymers, or
AirCarbon, from emissions. A biocatalyst aids in the separation of carbon and hydrogen in
methane, or CH+ (Fig. 1.21). Combined with oxygen in incoming air, this can be re-combined
into a long chain polymer plastic (Newlight Technologies, n.d.).

Fig. 1.21: Depiction of the process behind AirCarbon and related concepts, by author. Adapted from:
(Beckerman, 2016).

2 OVERVIEW OF SOLAR THERMAL TECHNOLOGY
In order to discuss the option of applying solar power to plastic waste it is necessary to briefly
define the processes behind this technology and some common constructions used to capture
solar energy.
Incoming solar radiation is often described with several terms (Stine & Geyer, 2001; Duffie &
Beckman, 2006):
Direct normal irradiance or DNI is a measure of the solar power per unit area on a surface
perpendicular or normal to incoming radiation. It is also referred to as beam radiation, from the
sunbeams it directly originates from. Expressed in W/m2 or kW/m2.
Diffuse Horizontal Radiation describes solar radiation that is scattered by the atmosphere. It
does not appear to originate specifically from the direction of the sun but rather all directions in
the sky around the observer, allowing spaces to appear lit during the day even if the sun itself is
shaded. Similarly expressed in W/m2 or kW/m2.
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Global Horizontal Radiation is the sum or total of diffuse and direct solar radiation in W/m2
or kW/m2.
Insolation is typically used to refer to the integration of irradiance over a period of time such as
W/m2/day. It can also be used to refer to insolation in terms of global, diffuse, horizontal and
total values.
Solar Flux is an instantaneous measure of the flow of radiation energy per unit area. The
difference between flux and irradiance is that flux has to be converted to power, as it is usually
expressed in units to relate the flow rate and density of photons on the measuring surface, such
as lux. It is used interchangeably with the term beam irradiance, assuming the conversion to
power.
These values can be calculated as yearly, monthly, daily or hourly values; where most regions
experience inter-annual, inter-seasonal and diurnal patterns in solar radiation. The base value for
insolation, referred to as the solar constant, is related to the distance between the Earth and the
sun. This results in 1367 W/m2, which is considered the maximum solar radiation that reaches
the Earth’s upper atmosphere before a portion is either scattered or reflected and absorbed by
various dust and vapor molecules (Stine & Geyer, 2001) (Fig. 2.1).

Fig. 2.1: Solar radiation through the atmosphere. From: (Stine & Geyer, 2001) Chapter 2.
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A surface is considered to have several properties related to its ability to absorb incoming
radiation (Ravindra, et al., 2017) (Fig. 2.2):
Absorptivity 𝛼 is a coefficient representing the amount of energy absorbed by a surface. A
blackbody is considered an ideal absorber of energy with a value of 1. Absorptivity varies with
temperature and material properties.
Reflectivity ρ is a coefficient representing the amount of energy reflected by a surface.
Depending on reflection direction, it doesn’t necessarily mean energy reflected back to the
surroundings. It varies with surface type and smoothness, where rough surfaces correspond to
more diffuse reflection.
Transmissivity τ is a coefficient representing the amount of energy transmitted by a surface that
passes through to subsequent layers (such as with a glass cover). A perfectly opaque surface thus
has a transmissivity of 0.
Typically, for non-opaque services, the sum of the above three properties for a single surface is 1
(Ravindra, et al., 2017). Clear glass would ideally have high transmission but low values of
absorption and reflection.
𝛼 + ρ + τ = 1#(2.1)

Irradiation
Reflected ρ
Absorbed 𝛼
Transmitted τ

Fig. 2.2: Diagram of radiation absorption, reflection, and transmission, by author.
Emissivity ε is a coefficient representing the amount of energy or radiation emitted by a surface
at a given temperature in relation to a perfect blackbody at the same temperature, where a value
of 1 represents an ideal blackbody. Emissivity varies with temperature and radiation wavelength,
thus changing with time (Humbolt State University, n.d.) (Fig. 2.3).
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Fig. 2.3: (a) Emissivity at a given temperature for different surfaces from: (Humbolt State University, n.d.) (b)
Wien's law: emissivity varies with temperature, CC 3.0.

Kirchoff’s law yields the relationship between absorption and emission such that in
thermodynamic equilibrium, the efficiency of absorptivity equals the efficiency of emissivity at a
given wavelength of radiation, 𝜆. Additionally, it is not possible for emissivity to be greater than 1
and an object to emit more energy than a blackbody. Simplified, it yields that (Sokolik, 2007):
𝛼𝜆 = 𝜀𝜆#(2,2)
The amount of absorbed energy also relates to the angle the surface forms with the sun’s position
in the sky in a 3D coordinate system. With a flat panel collector or photovoltaic panel, the tilt
angle from the horizontal is most often referenced, but it is also necessary to determine the
correct placement in relation to the equator. In the northern hemisphere, panels face the south,
while in the southern hemisphere they face the north. When a panel or collector tracks the sun’s
position, tilt angle is adjusted as the sun changes position in the sky. The sun is considered to
move approximately 15 degrees through the sky per hour, which is a useful figure for collectors
that do not constantly track the sun or are manually adjusted (Stine & Geyer, 2001). Several
factors contribute to the positioning of a solar panel or solar collector as the sun’s position
changes depending on season, time of day, latitude, and hemisphere (Fig. 2.4). The following
terms are used to express the relations between the sun’s position in the sky and a solar
collector’s tilt (The American Institute of Architects, 2012; Stine & Geyer, 2001; Duffie &
Beckman, 2006):
Declination – refers to the Earth’s tilt on its axis, where 0 degrees correspond to spring and
autumn equinox
Solar Noon – Occurs at the sun’s highest point in the sky, which may be later or earlier than
12:00 depending on length of day/season. At solar noon, the hour angle is 0.
Hour angle – Relates time to solar noon, where 15 degrees per hour is used to express the offset
from 0.
Tilt angle – the angle a solar collecting surface is tilted in the vertical direction with respect to
the flat ground which corresponds to 0 degrees.
Azimuth – refers to the sun’s directional bearing in degrees from true south (or north). To track
azimuth, an observer or surface would follow along the horizontal plane as the sun tracks though
the day. In the winter there is generally less azimuth range for the sun as it progresses in a shorter
arc through the sky than in the summer.
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Solar Altitude – The angle the sun is at with respect to flat ground or how high the sun has
reached in the horizon. In extreme latitudes, the sun does not obtain a high solar altitude in the
winter months.
Zenith – the angle between a vertical line drawn upwards from an observer/surface and the sun.
Also defined as the angle the sun is from being directly overhead in the sky. Varies from solar
altitude as it is measured with respect to the vertical instead of the horizontal.

Vertical
Earth-sun
line
Zenith

Tilt angle

Solar altitude

Horizontal

Solar azimuth

Normal to
vertical

Fig. 2.4: Diagram of terms related to position of sun and solar panel, adapted by author from (Hu, et al.,
2013). Information based on (The American Institute of Architects, 2012).

When calculating the direct irradiation, or beam radiation, a modifier can be used to express the
amount of sunlight striking a surface, based on the sun’s position and the collector angle. A ratio
of the amount of energy on an inclined plane to that of the horizontal is expressed as such
(Duffie & Beckman, 2006):

𝑅𝑏 =

𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 𝑖𝑛𝑐𝑙𝑖𝑛𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
#(2.3)
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

It can be simplified by an approximation with a plot of curves for each month against different
differences of latitude minus tilt angle (for instance, if tilt angle = latitude and the difference is 0,
the resultant plot would have curves for the different months with corresponding values of Rb)
(Duffie & Beckman, 2006). However, it is typically computed as a product of the different factors
of the sun’s position related to declination, latitude, tilt angle and hour angle.
Solar flux on a surface can be calculated, where 𝐼𝑏 is horizontal beam radiation (Duffie &
Beckman, 2006):
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𝑆 = 𝐼𝑏 𝑅𝑏 ρ𝛾𝜏𝛼#(2.4)
The majority of the world’s developing communities lie within range of the equator, which
presents the greatest possibility of solar power as a renewable energy source (Fig. 2.5). The
majority of the largest contributors of plastic waste are near-equatorial coastal communities and
experience the greatest annual hours of sunlight, despite rainy seasons. Thus, not only could
photovoltaic and thermal-based solar energy contribute to the energy mix in these environments,
it has the potential to also be implemented in the recycling process.

Fig. 2.5: Global Horizontal clear sky Insolation plotted with the top 20 plastic waste producing countries,
numbered. Image modified by author, from NASA and data from (Jambeck, et al., 2015)

2.1 Solar Thermal for Domestic Use
Perhaps the most widespread use of solar technology is photovoltaic or PV panels, although solar
thermal technology is an additional often overlooked utilization of solar energy when it comes to
low-temperature applications. In its most basic form, solar thermal is used for solar water heating
and disinfection directly applied to water sources, which are contained in dark or translucent
containers to be heated. Solar cooking devices have been in existence since the late 1700s
following the increased popularity of glass (Solar Cookers International, n.d.). The original
conceptualizer, Horace de Saussure, inspired later solar cooker designs but mostly focused on
studying what he termed “hot boxes” (Solar Cookers International, n.d.). These solar-heated
containers consisted of insulated boxes with a clear glass cover and a dark metal inside (Fig. 2.6).
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Fig. 2.6: Saussure’s hot box with surrounding insulation. Langley’s hot box, depicting a thermometer measuring
inner air temperature. From (Solar Cookers International, n.d.).

The hot boxes were further improved upon in the 1800s. Perhaps most notably, Sir John
Herschel constructed one on an expedition to South Africa, inspired by de Saussure, but using
sand piled up against the sides of the box. He reportedly demonstrated the ability to cook an egg,
in a manner most similar to that of heat-retaining solar ovens of today that rely on the
surrounding insulation of bricks and sand to store heat. Herschel further inspired Samuel
Pierpont Langley, who had been investigating the heat trap formed by greenhouses. His
continued experiments with solar cookers grace late 19th century issues of Nature. These basic
solar cookers all demonstrated the capability to reach temperatures in excess of the boiling point,
leading to additional solar cooker innovations.
Solar cookers are useful in developing countries where initiatives such as CEDESOL in Bolivia
(CEDESOL Foundation, n.d.) and Solar Cookers International (Solar Cookers International,
n.d.), the latter of which partners with NGOs such as Lift Up Africa in Kenya (Lift Up Africa,
n.d.), distribute solar cookers to communities for more sustainable cooking options. These
replace open fires, reducing the health effects of related smoke inhalation. Some solar cooker
projects have particularly focused on bakery initiatives, particularly in sub-Saharan Africa. A
specially-designed solar cooker specifically for Ethiopian injera bread has even been developed,
which bakes at approximately 200-250 ˚C (Tesfay, et al., 2014). Modern solar cookers in direct
sun are generally reported to cook food in similar times as conventional gas ovens, and reach
temperatures from 150 ˚C up to or even exceeding 200 ˚C (Sun Oven, n.d.; GoSun, 2018;
Cantina West, 2017). In less direct sun, slower cooking times and lower temperatures are
expected. Most food begins to cook at 82 ˚C (Cantina West, 2017). As an example, self-reported
recipe times suggest that egg sandwiches take half an hour to cook in solar ovens (Sun Oven,
2014), but this depends on initial temperature, as hot surfaces in direct sunlight, such as cars,
reportedly can also be used in quick egg-frying demonstrations. Thus, cooking times vary
depending on sun exposure and temperature, and solar ovens vary from conventional ovens in
those regards. One available temperature regulation method is to position or rotate the solar
cooker out of the sunlight.
Additional reflectors or focusing lenses (such as Fresnel lenses) can be added to increase the
amount of sunlight reaching the surface of a solar cooker and the heat of the air inside the solar
cooker (Saxena & Jotshi, 1994). Parabolic dish and trough type cookers are also commonly
constructed for higher-temperature ranges. Low temperature solar cookers can similarly also be
applied for food drying and water distillation or purification systems, which on the most basic
level use direct solar with no implementation of reflection or insulation. Simple SODIS or solar
water disinfection exposes a clear water bottle to direct sunlight for 6 hours, but more accurate
water treatment requires boiling or for distillation through heating water to steam where
contaminants then precipitate upon re-condensation (Kalt, et al., 2014; Centers for Disease
-32-

Control, 2014). The most common use of solar thermal is for domestic hot water production,
which can function with lower temperature differences.
Flat plate solar thermal collectors for hot water production can look similar to photovoltaic
panels from afar but are comprised of much different components (Fig. 2.7). Without delving
into different types of glass covers or glazing, the inner portion of the collector underneath the
window-like glass cover holds a series of flow tubes with an inlet and outlet for the initially cold
and resultant heated fluid (Stine & Geyer, 2001). Behind the flow tubes is a dark absorber plate
that conducts absorbed heat to the pipes, and insulation to prevent conductive losses (Duffie &
Beckman, 2006). A variant of solar thermal collectors similar to the flat plate design instead
replaces the pipes with evacuated tube collectors, which each contain their own pipes, but
negates the need for a cover over the whole collector system (Stine & Geyer, 2001). Additional
covers can be added, however. These evacuated tube collectors generally have better
performance for high internal temperatures, as well as cloudy conditions and lower temperature
climates due to the lack of air within the glass allowing for minimized convective heat losses
(Coccia, et al., 2016; Mehalic, 2009).

Fig. 2.7: A flat plate collector showing components and materials, Public Domain.
Home water heating systems generally consist of thermosiphons connected to flat plate collectors
that are tilted according to latitude and season just as with their photovoltaic counterparts (Fig.
2.7). A water tank stores heated water above a collector, through which either water or a heat
transfer fluid circulates (Riahi & Taherian, 2011; KTH CompEdu, n.d.). It utilizes passive transfer
and convection, where heated liquid is less dense and rises above cooler liquid towards the
storage tank. The storage tank itself becomes stratified in a similar fashion, with incoming cooler
liquid from an inlet sinking to the bottom. This cooler liquid flows out and replaces the heated
liquid in the collector and the cycle continues (Riahi & Taherian, 2011).
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Fig. 2.8: (a) Diagram of solar thermal water heating with tank storage CC 3.0 (b) Domestic roof-mounted solar
thermal water heater. CC 3.0.

2.2 Parabolic Concentrators
More advanced designs of solar cookers utilize curved mirrors to reflect sunlight to a focal point,
where a parabolic shape reflects incoming UV rays to the focus. Parabolic trough concentrators
are the most common and mature solar thermal technology, also seen in industrial scale solar
thermal facilities for high temperature applications (Patil, et al., 2014). Parabolic solar thermal
collectors consist of reflective metal sheets which offer mirror-like properties in order to
concentrate the sunlight precisely to the designed focal points at which sits a receiver unit (Fig.
2.9). The reflected sunlight contains the full spectrum of solar radiation: both infrared and UV
wavelengths. At the focal point of a parabolic solar collector is a glass collector tube which is
selected based on the UV penetration properties of the material (Coccia, et al., 2016). Contained
within this collector sleeve is an absorber tube, consisting of a dark-colored heat conductive
metal. Industrialized applications are evacuated between the collector and absorber to reduce heat
loss from convective air flow (Günther, et al., n.d.; Coccia, et al., 2016). To further increase
temperatures, additional insulation may be included within the absorber, and a heat transfer fluid
is added. This fluid is syphoned from the collectors and is used in steam generation or for heat
generation purposes through additional conductive processes (Günther, et al., n.d.).
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Fig. 2.9: Parabolic trough with focal point and absorber location depicted. From: (Zhang, et al., 2016).
A major disadvantage to parabolic trough designs is that they must be rotated to track the sun as
it changes its position throughout the day for maximum sunlight exposure, just as with a
photovoltaic panel. Thus, the compound parabolic trough concentrator (CPC) was designed. As a
combination of two parabolas tilted towards each other and with their adjacent central walls
removed (Fig. 2.10), CPCs require only minimal adjustment and do not need to track the sun
throughout the day (Gudekar, et al., 2013)(Fig. 2.11). Both the CPC and parabolic dish collectors
require more effort in the construction process in order to reach their desired shape, whereas it is
possible to shape a parabolic trough with ribs holding the metal in its form (Plhak, 2017).
Parabolic dish collectors offer the largest surface area for reflection, but this also is a reported
hazard in terms of sunlight reflected into the eyes of those working with the equipment (Boldt,
2001). Parabolic troughs and CPCs thus allow for safer handling by having more confined
reflective surfaces.
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Fig. 2.10: Combined parabolic trough or CPC demonstrating how two parabolas form the final combined profile
from: (Gudekar, et al., 2013).

Fig. 2.11: Ray trace of a compound parabolic trough from: (Kalt, et al., 2014)
Another development for increasing the output and temperature of solar thermal collectors is to
position them in fields or arrays of collectors (Fig. 2.12). An array of one type of flat mirror,
termed a heliostat, can be positioned together in a field, each heliostat with individual sun
tracking, reflecting solar radiation on a central receiver or solar tower (US Department of Energy,
2013). Temperatures reached can be in excess of 1000 ˚C (KTH CompEdu, n.d.).

Fig. 2.12: A solar tower receiver central to an array of heliostats, connected to a generator from: (US Department
of Energy, 2013)
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Similarly, an array of parabolic collectors can collectively send steam or heated fluid to a central
location with a steam turbine for larger scale power generation (Fig. 2.13). The parabolic
collectors used in such arrays are much larger than those for non-industrial purposes (Günther, et
al., n.d.), and the largest solar thermal arrays can span multiple square kilometers in area, with
planned installations in locations such as Morocco, India, and the western coast of the United
States predicted to produce 500-600 MW at peak (National Renewable Energy Laboratory, n.d.).
The largest installation, Ivanpah in San Bernandino, California spans 14 km2 and is expected to
produce over a million MWh/year, while it currently produces roughly 300 MW at peak (National
Renewable Energy Laboratory, n.d.). Heat can be stored in molten salts as a heat transfer fluid,
which are selected based on thermal properties over the temperature range in which they are a
liquid. NaCl, Nitrite, and nitrate salts are examples and function in the standard range of roughly
250 – 500 ˚C, but with lower heat capacity than lithium liquid salts which operate over a larger
temperature range (Zhao, et al., 2017). The salts are considered non-toxic, and once heated they
can be held in tanks with heat loss of less than 0.6 ˚C per day, released as needed to generate
steam (Solar Reserve, n.d.). Salts are gradually replacing oil as a heat transfer fluid in solar thermal
plants.

Fig. 2.13: Depicts an array of solar parabolic troughs connected to the grid with a steam turbine and molten salt
storage. Produced by Abengoa Solar for (International Finance Corporation, 2015).

Less industrialized applications can, however, use less efficient materials and arrangements. For
instance, evacuated collector tubes are not necessary for lower temperature applications as the
absorber tube diameter can be optimized instead to reduce heat loss (Kumar & Kumar, 2015;
Thomas & Thomas, 1994).

2.3 Material Properties
Metals for both the collector and the absorber tube must selected based on availability, price, and
material properties. The collector must be reflective and durable, but thin enough to be formed
into shape on ribs. Two commonly available reflective sheet metals are steel and aluminum,
where aluminum is generally regarded as having a better reflectance (Helgesson, 2004). Stainless
steel has less likelihood of corrosion (Randwa & Parashar, 2016), while aluminum requires either
a special coating or to be combined in an alloy in order to form protective aluminum oxide
coatings to protect it from corrosion (Helgesson, 2004; Harrison, 2001). Stainless steel may be
-37-

cheaper or more readily available in some locations than aluminum (Randwa & Parashar, 2016),
although this is not always true, suggesting that the availability of the material in the local market
may be a deciding factor. The mirror finish of the metal is important (Helgesson, 2004) to its
optical properties, and bright annealed stainless steel sheets are used in prototype tests (Mills,
1988; Williams & Craig, 1978). Stainless steel is graded based on its finish or the amount of
polishing applied to achieve the desired reflection (SSINA, n.d.). Anything less than bright
annealed surfaces, referred to as “BA” or “2BA” by steel manufacturers (SSINA, n.d.), may not
effectively reflect incoming solar radiation, instead scattering the light rays and not focus them on
the absorber. However, even less accurate mirrors still reflect rays within the infrared range, as
galvanized steel roofs are observed reflecting both solar and infrared radiation despite low mirror
image quality (Harimi, et al., 2005).
The absorber tube material can be selected based on both price and availability as well, but the
heat transfer coefficient is of greatest importance. Although among commonly available metal
pipes copper has both the highest heat transfer coefficient and the highest thermal diffusivity, or
rate of transfer from the hot side of the material to the cold side, it is not always used due to
price differences. Copper is also not commonly manufactured in larger diameters, limiting the
absorber dimensions. Since copper pipes are used for water heating, they are obtainable even in
developing areas, as are both aluminum and steel pipes which are used in construction. However,
the cost of copper increased greatly in recent years (Alghoul, et al., 2005), leading copper to often
be substituted with other materials, preferably aluminum, which has a higher heat transfer
coefficient than steel (Coccia, et al., 2016; Alghoul, et al., 2005)(Table 2.1).

Table 2.1: Properties of metals commonly used in solar thermal collectors from (Coccia, et al., 2016)
Density
(kg/m3)
Aluminum 2700
Copper 8900
Steel 7850

Heat Capacity cp
(J kg-1K-1)
909
389
460

Heat Transfer
Coefficient (Wm1 -1
K )
209-232
372-385
47-50

Diffusivity
(m2/s)
85-95
107-112
13-16

The absorber tube properties also depend on the coating. Black matte paint capable of
withstanding high temperatures such as in automotive engines is necessary in order to increase
the absorptivity of the metal (Coccia, et al., 2016). As an improvement on black matte surfaces,
solar selective coatings can absorb a large portion of incoming solar radiation while maintaining a
low emissivity of infrared radiation or heat energy, making them more efficient for heat transfer
(Macias, et al., 2017). These selective coatings are increasingly used in solar-thermal applications
despite their greater expense as they can greatly improve the observed temperature of the
absorber tube (Alghoul, et al., 2005).
The collector sleeve is perhaps the most difficult to realize for developing areas. Not all glass
permits sufficient UV ray penetration, and some glass, like window glass, can be manufactured
with coatings to reflect UV rays in order to cool buildings. Glass pipes are only common as a
waste material in light fixtures, which typically have thin diameters and contain coatings and toxic
materials. Thus, glass must be manufactured or ordered in the correct diameter. Pyrex and quartz
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are two glass types that are particularly permeable to UV. The latter can be found in aquariums
and water filtration equipment, offering a mass-produced outlet with a variety of sizes.
In a non-evacuated tube, properly sealing the collector tube ends is of vital importance to
properly heating the air to ensure that there is not excessive heat loss. This contains the heated air
within a confined space. A solar collector works similarly to the previously described hot boxes,
where the glass acts as a window to a room with a blackbody. In this case, the blackbody is an
absorber tube running through the center of a glass sleeve, which absorbs the reflected heat and
re-radiates it back to the space between it and the glass. A vacuum tube would have a sealed
vacuum space between the absorber and glass cover, although the space within the absorber
would also contain air that is heated through conduction and must be similarly sealed. Without a
vacuum between the absorber and collector glass, the dynamics of air current such as turbulence
can influence the heat transfer, where air acts as a conductor of heat. This would imply that the
heated glass surface could conduct heat more readily to the absorber, but that the absorber would
also lose heat through the air back to the glass (Coccia, et al., 2016; Thomas & Thomas, 1994).
Air dynamics such as velocity and directional flows can influence how quickly heat is lost or
transferred.

2.4 Additional Applications of Solar Thermal
The ability to manufacture solar thermal constructions for non-industrial applications has been
demonstrated by the increasing popularity of small solar cookers aimed for markets in developed
countries. Small-scale portable solar cookers are now being distributed on larger scales from
companies such as “Go-Sun Solar Cooker” a compound parabolic trough and evacuated
collector. These are reported to reach up to 200 C, and in rare cases as high as 300 C (GoSun,
2018). This demonstrates that smaller-scale solar cookers can reach temperatures in the range
sufficient for melting plastic waste. However, they are manufactured with difficult to manufacture
components such as evacuated tubes, which does not make them ideal for solutions developing
regions. A thermal battery Go-Sun developed that was meant to expand the temperature range
and add to the usability was discontinued in 2017 due to difficulties with the phase change
material (GoSun, 2016), suggesting that there is a significant gap in research for these
applications.
A project titled “Gyrecraft” by Studio Swine has collected ocean plastics off the coast of Great
Britain and melted them using an evacuated tube parabolic dish collector (Howarth, 2015). A
hopper and hand-powered grinder were attached to a vertical shaft suspended above the
collector, producing plastic fragments that could be directly fed to the absorber inlet (Fig. 2.14).
An extruder was mounted on the opposite end of the absorber tube, producing molten plastic
directly above the parabolic dish. Temperatures of up to 326 deg ˚C are measured in their
released video, in which artists reformed the plastic waste into products.
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Fig. 2.14: A sketch of studio Swine’s parabolic dish device, from (Howarth, 2015)
Additionally, Light Manufacturing has developed a method of solar rotational or roto-molding
with heliostats in portable shipping containers, aiming to apply the technology to plastic
manufacturing of both new and recycled plastic materials (Light Manufacturing, n.d.). These
projects face the difficulty of not necessarily fitting appropriate technology guidelines for
developing countries, but do demonstrate that plastics can be processed with low-temperature
solar thermal.
The concept of solar materials processing is not entirely new, having been suggested previously
by (Pitts, et al., 1990), although few documented prototype attempts have been pursued, varying
in application. Some research groups have explored the concept of applying solar thermal to
production processes to reduce the reliance on other fuel sources (Funken, et al., n.d.). Solar
thermal management of wastes on an industrial scale has been examined by ETH Zürich, where
prototype incineration and gasification devices heated by solar power have been constructed
(Piatkowski & Steinfeld, 2011). These models aim to use high-temperature solar thermal for
waste reduction. The prototype is based on a solar tower “beam-down” configuration where
solar power concentrated to a central point is reflected into a chamber below (Fig. 2.15). The
designed solar reactor consists of two chambers with the upper portion functioning as an
absorber and the lower chamber as the reaction vessel. An aperture window on top of the
absorbing chamber allows the concentrated solar energy through to a plate that separates the two
chambers and acts as both an absorber and emitter. The window is surrounded by a compound
parabolic collector which allows the orientation of the reactor to not be altered for the angle of
incoming solar radiation, but is non-imaging. The reaction chamber consists of a packed bed that
retains and conducts heat as well as a steam injector introducing high temperature gas. The
prototypes were tested on residual tire waste as well as industrial sludge, reaching temperatures as
high as 1850 K in smaller diameter models (Piatkowski & Steinfeld, 2011). A PhD thesis by Ben
Ekman in 2016 examined a similar construction of a cavity-based solar thermal reactor for waste
management, which in a controlled laboratory environment was observed at temperatures of 700
to 1000 ˚C (Ekman, 2016).
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Fig. 2.15: A cavity-based packed bed solar thermal concentrator intended for waste incineration from:
(Piatkowski & Steinfeld, 2011)

3 ANALYSIS OF PLASTIC PRODUCTION AND WASTE
GENERATION IN CHINA AND INDONESIA
Any discussion on the future of plastic waste is not truly complete without discussing the top
contributors: primarily China, flanked by Indonesia along with a consortium of east-Asian
countries (Fig. 3.1). Determining the driving factors of plastic waste accumulation in these
countries is important to understanding what solutions can be offered. In order to examine the
source of plastic waste in the countries attributed to its proliferation, an analysis of plastic
production in both China and Indonesia was conducted. The growth rate of plastic waste was
examined as a function of population growth in both urban and rural regions. Waste
management statistics and associated energy requirements were calculated from the total
projected waste. Plastic waste was roughly 10% of all MSW in 2005, demonstrating an increase
from its 1% share in 1960 (Jambeck, et al., 2015). This suggests a mean 0.2% growth in the
proportion of plastic waste to other solid wastes per year and that the overall plastic waste
proportion is thus likely 12.4% in 2017. Increases in MSW mismanagement are related to both
population growth and economic growth in developing middle income countries (Hoornweg &
Bhada-Tata, 2012). Plastic production was also based on shares of global approximations and
related to waste, referencing national statistics and industry reports. From these calculations, it is
possible to conclude the amount of plastic waste mismanagement in both countries and examine
courses of action to mitigate their status as main sources of plastic waste in the future.

-41-

Mismanaged Plastic Waste in Coastal
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Fig. 3.1: An update to the data from (Jambeck, et al., 2015) with current predictions of population and waste
generation, by author.

Models of global plastic waste production in 2010 (Jambeck, et al., 2015) were revised using data
from 2015 & 2016 (The World Bank Group, 2018), then projected further to 2030 for the top 20
waste producing countries (Fig. 3.1). This included updates to population growth rate data,
changes in the proportion of urban versus rural populations, MSW and MPW production per
each the urban and rural population, and also calculations of the growth rate of plastics as a
percentage of total waste. Since 2010, population forecasts for 2030 have changed (The World
Bank Group, 2018). This resulted in different future predictions than the original 2025 projection
from (Jambeck, et al., 2015). Based on the new calculations, Vietnam is now expected to exceed
Indonesia in coastal plastic waste production by 2030, and the total plastic waste produced by
China is expected to be lower than originally suggested, even 5 years past the original prediction
(Fig. 3.2). Changes in population and the distribution of the population are the main drivers for
these calculated differences in global plastic waste production from the original Jambeck, et. al.
study. These models did not include total plastic waste for each nation, which would be higher
than the presented values, instead focusing on the waste most at risk of entering the oceans.
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Fig. 3.2: This study's predictions for 2030 compared to Jambeck et al. values for 2025
The influence of population is particularly observed in the case of India, where population
growth is expected to contribute to boosting its rank to the 5th largest plastic waste generating
nation, an effect observed in both studies. The percentage of plastic waste in the waste stream for
each country has also changed since the original publication in 2012, and the growth rate of the
plastic waste share was re-calculated per year, altering the outcomes.

3.1 Background data
3.1.1 China

China is largely regarded as the world’s industrial powerhouse of plastic production and
distribution. Statistics demonstrate that 1.02 kg of urban plastic waste was produced per capita in
2012 (World bank), and suggest that 1.5 kg per capita will result by 2025. The per capita GDP
was 8123 USD in 2016, 39.8% of which was attributed to industry (The World Bank Group,
2018) Over 1.37 billion people reside in China with a growth rate of +.59%. Of this, 39% live in
urban areas although this is estimated to increase to 57% by 2025 (The World Bank Group,
2018).
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Fig. 3.3: Urban vs. rural components of municipal plastic waste in China
The total MSW generated in China is estimated as 0.31 kg per capita by (Kawai & Tasaki, 2016),
but there are suggestions that urban waste in China is closer 1 kg per capita. Another estimate
states that China’s waste varies from 0.2 kg per capita to 1.7 kg/capita (Visvanathan & Tränkler,
2003), although recent estimates from 2016 demonstrate that China produces at least 1.99
kg/capita of MSW in cities such as Hong Kong (The World Bank Group, 2018). This suggests
that the stated 0.31 kg per capita may be more accurate now for non-urban average waste
production in China, but does not reflect urban areas. A combined estimate of waste production
can thus be calculated based on population distribution and a range of 0.31 to 1.99 kg/capita/day
for rural and urban areas (Fig. 3.3), respectively, to arrive at 1.24 kg/capita/day.
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Fig. 3.4: Unused coastal plastic waste in China from 2015-2030, a comparison of municipal and industrial
components, where unused signifies non-recovered and non-incinerated waste.
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Fig. 3.5: Total municipal and industrial plastic waste in China that is non-recovered from 2015-2030, not just
within close proximity to the coast.
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As the most predominant producer of plastic products globally, China exhibits a corresponding
appetite for plastic precursors to drive the related industry. In 2016, 7.3 million metric tons of
plastic scrap were imported to Chinese manufacturers from developed countries (Taylor, 2018).
Bans on this importation have been enacted in late 2017. China is reported to have produced 2.4
billion tons of industrial solid waste in 2010, and subsequently 3.2 and 3.3 billion tons in 2011
and 2012, respectively (Liu, et al., 2016) (Fig. 3.5). This exceeds the value of MPW, also when
examining coastal plastic waste production (Fig. 3.4). However, of this the vast majority is
related to mining industries and chemical or fuel processing. Sectors that would contribute to
plastic waste contribute less than 10% of industrial waste, suggesting that the share of plastic in
industrial waste is far less than 10% of the total (Yang, et al., 2016). More accurate details of the
amount of waste per industry and economic area are reported annually by the Chinese
government, allowing for a better estimate to be constructed. The plastic proportion assumption
of 12% of the waste stream applied to MSW, along with its yearly growth rate, is also applied to
the waste attributed to the associated industrial sectors. However, there are some disagreements
as to what MSW includes and that plastic waste from ISW streams may actually be included in
MSW based on WorldBank definitions of MSW (Kawai & Tasaki, 2016).
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Fig. 3.6: Global plastic resins and trade volume versus Chinese plastic resin and plastic produc manufacturing,
2015- 2030

Estimates demonstrate that China produced 27.8% of world industrial plastic resins in 2015
(PlasticsEurope, 2016), out of a total of 335 MT. This would equate to 93 MT of plastic resins.
Additionally, China accounts for 68% of global PP&A (polyphthalamide) production (Geyer, et
al., 2017). Total global production may be as high as 407 MT to match the amount of plastics in
use in 2015, but an estimate of 380 MT is used for resin and fiber production alone (Geyer, et al.,
2017). From this, an estimate of PP&A production in China is 30.6 MT in 2015. A growth rate of
3.4% is assumed within the global plastic industry (PlasticsEurope, 2016) and applied from 2015
to 2030 to arrive at a production of 573.8 MT of RPP&A in 2030, of which China contributes
196 MT of resins and 46.2 MT of PPA for a combined 242.2 MT (Fig. 3.6).
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The contributions of China to resin production in 2014 and 2015, as well as former growth rates
of resin production in China in 2005, are used as the basis for the increase in the Chinese share of
the plastic resin market. This is then applied to arrive at 38.8% of global resins in 2030. The
percentage of PPA was not observed to change between 2014 and 2015, and was assumed to
remain the same relative to global PPA production.
Finished plastic products can be estimated in China based on statistics from 2000 to 2005 that
demonstrate a 16 to 20% increase in production depending on sector, from 17.9 Mt in 2000 to 32
Mt in 2005 (Plastics, Additives and Compounding, 2007). Estimates from 2015 to 2017 are not
readily available, but a continued increase of 16% would suggest that at least 141 Mt of plastic
products resulted in China in 2015, which would be the majority of plastic products worldwide.
As much as 198 Mt could be produced if a 20% growth rate is assumed. If instead the world
plastic production growth rate is projected, approximately 60 Mt of plastic products can be
assumed in 2015, but this is less than the annual plastic waste, barely accounting for plastics in
MSW, and thus must be examined further. Additionally, in 2005, China imported resins at a rate
of 49% of internal production, suggesting that internal resin manufacture did not meet plastic
production requirements (Plastics, Additives and Compounding, 2007). Resin import dependency
decreased from 2000 to 2005, and thus a continued decrease in import dependency of resins can
be assumed (Fig. 3.7).

China Plastic Materials: Predicted 2015-2030
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Fig. 3.7: Percent share of resins, PPA, imports of resins, and imports of scrap material in the Chinese plastic
market 2015-2030

The global trade volume in 2015 of all plastic products on the market, including non-virgin
plastic materials and RPPA, is estimated as 551 MT with a growth rate of 6% (PageV, 2016). This
is calculated to rise to 984 MT by 2030 if the same growth continues. Based on data from 2005,
China is estimated to have produced 58 MT of plastic products in 2015 or 34.8% of the 171 MT
global non RPPA plastic product market. Following the same projections, plastic products not
including RPPA will reach 410 MT by 2030, 38.7% or 112 MT of which will be attributed to
Chinese manufacturing.
This estimate can be checked by subtracting resin and PP&A production from the global product
estimate of 551 MT in 2015, resulting in 208 MT of finished plastic products. Projecting the
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27.8% Chinese share of the market on this remainder results in approximately 60 MT of
products. This would suggest that 60 MT is an accurate representation of the manufacturing of
plastic products in China. However, this data reflects global trade data and thus is not necessarily
representative of internal market demand, where the data from 2000 to 2005 includes industrial
sectors and demand within China (Plastics, Additives and Compounding, 2007). China is
considered to have a larger share of 40% of production of world engineering plastics, for
instance, which is greater than their share of global plastic resin production (US Commercial
Service, 2015). Other sources demonstrate that China produced 61.9 Mt of plastic products in
2013 (US Commercial Service, 2015), exporting 8.9 Mt of products and importing 24.6 Mt of
resins the same year. This would suggest a growth rate from 2005 to 2013 of 9.3%, from which
an estimate of 77 MT of plastic products in 2015 would result, which would be higher than the
former estimates.
Industrial processes in China required 59 quadrillion British thermal units (BTU) of energy in
2012 with a 9.8% growth rate per year from 2001 according to the IEA (IEA, 2018).
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Fig. 3.8: Shares of renewable and non-renewable energy sources of the Chinese energy capacity in 2015 in GW
Of the Chinese energy capacity in 2015, 35% was renewable, including biomass, wind, solar,
geothermal, and hydropower (IEA, 2018; China Energy Portal, 2016) (Fig. 3.8). Of this,
approximately 39% can be attributed to wind and solar. The remaining renewable energy is
largely associated with hydro installations, which were estimated at 19-20% of the total energy
share in 2016. The remaining energy capacity is from non-renewable sources with coal
comprising 87% of the non-renewable energy capacity share and 64% of total energy
consumption (Enerdata, 2018). Standards have been set to reduce consumption to 58% by 2020
(Lin, 2017). The capacity of coal in relation to all energy sources was calculated as 56% in 2015.
In terms of capacity, nuclear, gas, and oil –based power stations, which combined equate to 8%
of total energy capacity (IEA, 2018; China Energy Portal, 2016). Energy shares vary slightly
between regions in China.
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The World Bank reports that China has reached 99% electrification rate for both urban and rural
households (The World Bank Group, 2018), but does not account for the issues faced by rural
electricity users in China as it only measures access to electricity (Yu & Poon, 2015). Chinese
rural households consume an average of 200 kWh per year, demonstrating that their needs may
not be met in a growing economy in comparison to larger cities where annual consumption
reaches an average of 10-20,000 kWh per year (Yu & Poon, 2015). They often rely on off-grid
power sources that only allow for access several hours per day. This demonstrates the necessity
for additions to the energy capacity of China to support the development of non-urban areas.
The greatest solar potential in China is largely concentrated in the less populated southeastern
region (Fig. 3.9), where most of the cities and industrial centers lie on the western coast.
However, significant potential also exists on the coast in the vicinity of Hong Kong, and within
the mainland neighboring Beijing, suggesting that solar power expansion is possible if either
integrated into urban spaces or added effectively to available large expanses of unpopulated land,
despite transmission losses.

Fig. 3.9: Average annual Chinese Global Horizontal Irradiation in kWh/m2. CC from: SolarGIS.
Approximately 68 to 72 TWh of annual energy capacity is expected to be available by 2020 in
China, or about 26 EJ per year (China Energy Portal, 2016) out of a total primary energy supply
of ~140 EJ (IRENA, 2014). Projections of energy policy and planned projects through 2020
demonstrate that despite renewable energy installations, the share of renewable energy relative to
the increased total energy capacity will remain similar at 34% (Fig. 3.10), including hydropower,
despite growth in solar, wind, and other renewable energy technologies (China Energy Portal,
2016). Wind and solar will combined be responsible for 47% of the renewable energy capacity.
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Oil-based plant capacity is expected to decrease, although the capacities in GJ of all other energy
sources will increase to account for the total 65 billion GJ. This includes coal, nuclear, and natural
gas, with the percent share of coal decreasing slightly in line with the 2030 target. A variety of
possible scenarios with different projections for 2030 resulted in longer-range estimates being
excluded from this study (Fridley, et al., 2012; Energy Research Institute National Development
and Reform Commission, 2011; IRENA, 2014), where the official five year plan seems to diverge
from other projections for 2020. The next five-year plan for China will likely be more informative
as to the energy future and contribution of renewables, especially given the targeted cap on coal
production at 1100 GW in 2020 stated by the current five-year plan (China Energy Portal, 2016;
Energy Research Institute National Development and Reform Commission, 2011).
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Fig. 3.10: Shares of renewable and non-renewable energy sources in the expected Chinese energy capacity in 2020
in GW

A low scenario of plastic production suggests that 2.4 billion GJ (2.4 EJ) or 9.2% of the Chinese
energy capacity and 1.7% of the primary energy supply would be attributed to non-feedstock
plastic production in 2020 if current trends continue. A high scenario of production energy
demand demonstrates a demand of 4 billion GJ (4 EJ) for non-feedstock plastic production or
15% of the energy capacity and 2.8% of the primary energy supply. This does not include
transportation, feedstock energy, waste management or recycling activities. Accounting for only
recycling activities not including transportation, if current ISW recycling rates of 30% do not
increase, 0.02% of installed energy capacity in 2020 would directly involve plastic recycling
processes.
Waste management in China is largely dependent on landfills, which are split into sanitary
landfills and unmanaged landfills, but accounted for 60% of waste management in 2015 (National
Bureau of Statistics of China, 2017). Data is extrapolated from English translations on the
government website, based on assumed categorical matches. Of this 60% that arrives to landfills,
17% is recovered either formally or informally, leaving 50% of waste in landfills. It can also be
estimated from government statistics that 34% of waste is incinerated and 3% is composted or
treated in other ways. Chinese statistics also split waste management into “harmless” and
“harmful” treatment, where harmless treatment corresponds to managed waste, including
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regulated landfills, recycling, and incineration while harmful treatment includes dumping and
other mismanagement. Approximately 95% of MSW was treated with harmless methods in 2015.
From the data available in the statistics yearbook, it seems as if 2% is dumped, and the 3% listed
as “other” but including composting combine to the remaining mismanaged 5% (Fig. 3.11).
These values are projected to 2030 using known values from previous years and thus growth
rates can be calculated.
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Fig. 3.11: Potential municipal solid waste management including recovery, landfill, incineration, and other
treatment methods. Based on data from the Chinese Statistics Yearbook

ISW in China is similarly detailed by government statistics websites (National Bureau of Statistics
of China, 2017). Total industrial waste is calculated with known values from 2010-2016 and an
additional estimate for 2025 (Fig. 3.12). Chinese statistics splits this waste into managed and
mismanaged categories, with 61% of ISW reported as managed in 2015. The remainder is
attributed to unmanaged or non-sanitary landfills. Comprising the 61% managed waste, 13% is
calculated as incinerated, using the incineration value attributed to MSW applied to the share of
managed ISW of the total ISW, and 22% is sent to landfills, as provided by the data. Thus, the
remaining 26% is considered “recovered”. Mismanaged waste is combined with managed landfill
waste to produce a value for comparison of waste sent to landfills, although Chinese government
statistics do separate these values. A decrease in landfill behavior based on previous years is
projected through 2025 along with the fore-mentioned relations for an estimate of the progress
of unperturbed ISW management. This demonstrates a slow decrease in landfill treatment
through 2030 as recovery and incineration rise to take its place, but is only intended as a baseline
scenario for the purpose of comparisons. Actual waste treatment may vary significantly and
depends on whether progress in MSW treatment can be mirrored in ISW management. Data for
ISW is much more of an estimate from a larger picture provided by statistics than precise data,
where mostly “managed” and “unmanaged” are known, as well as what these terms mean in
reference to MSW in China.
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Potential & Planned ISW Management: China
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Fig. 3.12: Potential industrial solid waste management in China, demonstrating percentage of waste recovered for

re-use and recycling, incinerated, or either sent to landfills or not reported. Based on data from the Chinese
Statistics Yearbook.

3.1.2 Indonesia

Despite less industrial development than China, Indonesia is the second largest contributor to
coastal plastic waste (Jambeck, et al., 2015). The nation is comprised of over 17,000 islands
(Damanhuri, 2017) with kilometers of coastlines and thus numerous entry points for waste into
the sea. Even between sub-regions on a single island, economic development and resource access
often differs, and the situation among the islands is not congruous (Fig. 3.13). Obtaining
accurate values for rural areas or smaller islands is difficult, and estimates for some values must
be drawn from neighboring countries. The GDP per capita was $3570 USD in 2016 for a
population of approximately 260 million people with a growth rate of 1.1%. Of this population,
43% live in urban areas which is expected to increase to 65% by 2025 (The World Bank Group,
2018). Migration of the Indonesian populations from the smaller islands to larger regions has
been noted, although programs offering land and jobs within agriculture and resource extraction
have acted as a sort of balance, drawing new residents to the outlying islands (Obermayr, 2017).
An estimate of waste production in non-urban areas is not readily available for Indonesia Per
capita, 0.52 kg of urban waste was produced in 2012, and it is projected that this will increase to
0.85 kg per capita by 2025 (Hoornweg & Bhada-Tata, 2012).
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Fig. 3.13: Demonstrates the relative locations and difference in economic development among the islands of
Indonesia through the Human Development Index from: (Obermayr, 2017)

Statistics from Vietnam demonstrate that 0.3kg MSW per capita is produced in rural areas versus
0.7kg per capita in urban areas (Kawai & Tasaki, 2016), and the Phillipines likewise produced 0.3
kg/capita in rural areas but 0.52 kg/capita in urban areas as of 2000 (Nguyen & Schnitzer, 2009).
A similar estimate of 0.3 kg/capita/day can be expected for rural Indonesia in the early 2000s
(Damanhuri, 2017). A value of 0.55 kg/capita/day is suggested for lesser developed regions of
Indonesia by 2030 (Damanhuri, 2017), and thus a growth rate can be calculated to reach an
estimate of 0.4 kg/capita/day in 2015 (Fig. 3.14). An estimate of 0.6 kg/capita/day in urban
regions in 2005 coupled with a projection of 1.2 kg/capita/day by 2030 (Damanhuri, 2017)
arrives at a value of 0.84 kg/capita/day for urban Indonesia for 2015. These calculations result in
a combined weighted value of 0.87 kg/capita/day in 2025, comparable to the World Bank
estimates (Hoornweg & Bhada-Tata, 2012).
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Fig. 3.14: Urban vs. rural municipal plastic waste in Indonesia from 2015-2030, where the urban waste
component greatly exceeds that of rural waste
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The amount of industrial plastic waste is calculated from a total industrial waste estimate of 7,029
KT per day (Sidik, 2010), then the same percentage of plastic waste is assumed as applied to the
municipal waste stream, or 14% in 2015 (although actual generation may be even smaller due to
the contribution by weight of mining slag) (Fig. 3.15). A growth rate of plastic waste of 0.19%
per year is also considered within the estimates.
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Fig. 3.15: Municipal vs. industrial plastic waste in Indonesia through 2030. Municipal plastic waste contributes
much more to plastic waste than industrial sources.

Industrial waste is classified as managed or unmanaged, where managed includes landfills of
appropriate quality for the waste. Statistics suggest that 90% of industrial waste classified as
hazardous is managed while 10% is discarded, and this is considered to remain the same from
2015 through 2030 (Damanhuri, 2017). Of this, an estimate can be made of recovered versus
unrecovered waste, where recovery includes recycling, repurposing, wastepicking, and
composting activities, while non-recovery suggests sanitary landfills, unregulated landfills, or
incineration. In 2015, recovered waste comprised approximately 20% of managed ISW based on
data from 2012-2014, or 18% of the ISW stream (Damanhuri, 2017). Thus, unrecovered waste
remaining in managed landfills or similar locations would have accounted for 71% of ISW (Fig.
3.16). Although optimistic, recovery rates are projected in this study to increase at the same rate
as the growth of local recycling programs for MSW, assuming that a boost to local recycling and
repurposing enterprises would be mirrored with industrial waste.
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Potential ISW Management: Indonesia
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Fig. 3.16: Possible industrial solid waste management in Indonesia through 2030 demonstrating shares of

incineration, recovery, managed landfills or storage, and unmanaged/discarded waste. Based on values for 2015
and projected linear growth from previous years.
Incineration is estimated as a remainder from data of municipal solid waste, attributed to 0.52%
of waste management for ISW and 0.58% for MSW based on weight, although surveys
conducted in municipalities in 2006 suggest that small incinerators may handle up to 6.59% of
MSW (Damanhuri, 2017). The calculated percentage of incinerated MSW is applied to managed
ISW to arrive at the stated value. The predicted increase in capacity of several incinerators
through 2019 (Damanhuri, 2017) is considered in order to model the change in incineration
capacity through 2030, arriving at an expected incineration of 13% of MSW and 12% of ISW.
In 2015, the reality of Indonesian MSW management is not as defined, and future prospects rely
on planned constructions and policy implementation. The majority of Indonesian MSW ends up
in landfills, or approximately 69%. Of this, 10% is recovered through the activities of waste
pickers. Community Reuse, Reduce, Recycle or 3R programs have been attempted in some areas
in order to reduce the volume output to landfills, and allow for safer, regulated conditions for
waste picking (Damanhuri, 2017). The programs have been largely unsuccessful as of 2015, with
only 12% of constructed 3R centers listed as operational, accounting for a total of 7% of MSW
(based on (Damanhuri, 2017). However, the government has plans to expand 3R initiatives, and
assuming the success of these planned constructions at the same 12% rate, it is possible to arrive
at an estimate of 26% of MSW circulating in 3R programs by 2030. This would also account for
wastepicking activities, by allowing them to occur sooner in the waste cycle within local
communities. A conservative parallel decrease in wastepicking of managed landfills is estimated
based on the yearly calculated increase in 3R programs and reported 2016 changes. This percent
change is spread as an assumed equal decrease between unregulated dumping, environmental
dumping, and wastepicking of landfills.
Aside from landfill and human reduction activities, unregulated open dumping, burning, and river
or environmental dumping are listed as waste management practices of the general population
when other options are not available (Damanhuri, 2017). In 2014 to 2015, open dumping
accounted for 9.58% of MSW, open burning: 4.79%, and general environmental dumping,
including dumping in rivers and water sources, amounted to 9.0% (Fig. 3.17). Approximately 3%
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of waste can be calculated to be dumped directly in rivers, with low residence times before
reaching ocean outlets. Indonesia targets a maximum of 50% of MSW in managed landfills for
MSW treatment (Damanhuri, 2017), which by estimates seems to be achievable within the 20172018 year if reductions from wastepicking activities are included in this number. However,
uncertainty or fluctuations in the relationship between wastepicking and the growing 3R
programs may result in an inability to maintain a level below 50%, where a percentage of waste
combed through in 3R programs will still be ultimately sent to a landfill (Damanhuri, 2017).
Thus, landfills will remain the primary MSW management technique through 2030, despite the
development of alternate options. Reductions in open burning as well as unregulated and
environmental dumping should be prioritized over reductions in wastepicking in order to reduce
environmental impacts, although the possibility of both decreasing at a nearly equal rate is
assumed.
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Fig. 3.17: Potential municipal solid waste management in Indonesia from 2015 to 2030, base scenario given
stated plans and progression of current initiatives

Indonesian energy is comprised of 11% renewables and 89% non-renewables (Enerdata, 2018),
with negligible grid inputs from solar and wind (Fig. 3.18). The renewable energy mix is stated as
4% geothermal and 6% other renewables for a total of 10% renewable energy in 2015
(Handayani, et al., 2017), which demonstrates a 1% increase in renewable energy to 2016. The
remaining non-renewable energy sources consisted of 56% coal, 25% natural gas, and 9% oil in
2015 (Handayani, et al., 2017). The energy mix depends largely on the region and island in
question (IRENA, 2017) (Handayani, et al., 2017), so only national averages are stated. For
instance, in Java and Bali, the two most populous islands, coal represented 65% of the energy mix
in 2015 and renewables were a much smaller portion of energy production at only 4%
(Handayani, et al., 2017). The Indonesian coal industry has been promoted by the government
from 2010, resulting in increased coal usage (IRENA, 2017). Indonesia targets at least a 23%
renewable energy share by 2025 to match ASEAN goals (IRENA, 2017), although some local
news sources state even greater percentages. By 2019, Indonesia aims to achieve 97%
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electrification (IRENA, 2017). Electrification has increased in Indonesia from 67% in 2010 to
88% in 2015 (IRENA, 2017); however, this varies greatly between islands as well. Over 56% of
energy is consumed on Java and 25% on Sumatra, with other islands following with smaller
shares of the energy demand (IRENA, 2017).
Industry barely dominates energy usage at 2.7 EJ in 2014 (IRENA, 2017) mostly sustained by
coal power compared to 2.1 EJ for household consumption. Organic matter used as cooking fuel
is included in these statistics and accounts for a significant amount of the energy demand, but is
not included in energy capacity calculations, where only grid and micro-grid installations are
examined.
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Fig. 3.18: Energy capacity in MW of Indonesia in 2015, renewable and non-renwable sources. Some literature
stated different values for biomass.

Fig. In 2015, using data from reports published between 2014-2016, renewable energy accounted
for 12.6% of the energy capacity, which mostly was comprised of Hydro and Geothermal power,
but also 19 MW of solar and 9.4 MW of wind including micro-power plants.
Projecting planned installations through 2025, it is possible to nearly achieve the planned 23%
renewable energy capacity (Fig. 3.19). Of this, 5.5 GW of biomass energy plants, including MSW
utilization, are expected along with 6.4 GW of solar and 1.8 GW of wind energy capacity
(IRENA, 2017). These predictions rely on national regulations, Presidential decrees, and
estimates of utilization of feed-in tariffs (IRENA, 2017). Coal, oil, and gas are also estimated to
continue to grow to meet energy demand, with installations likely in regions like Sumatra
(IRENA, 2017) that require coal to meet a rapidly developing population. Indonesia ranks as one
of the largest coal consumers and extractors globally, and the detrimental effects on both health
and the environment have led to more recent regulations capping the reliance on coal as an
energy source (IRENA, 2017). Total shares of oil, gas, and coal were calculated from regional
shares provided for 2015. In order to predict the percentage shares of oil, natural gas, and coal
for 2025, their share of the non-renewable energy from 2015 was maintained as the renewable
energy share rose. The result demonstrates similarities with the two scenarios suggested by
IRENA for 2030, with natural gas playing a slightly smaller role, less than or equal to that of oil,
in both IRENA scenarios.
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Fig. 3.19: Potential energy capacity of Indonesia in 2025, given planned installations and energy goals.
Additional predictions for Indonesia’s energy capacity suggest that by 2030 even greater portions
of renewable energy could be potentially installed. In one of these scenarios, the potential
installation of 33 GW of solar and 4.2 GW of wind are identified (Chung, 2017). However, these
estimates rely largely on the total amount of each available resource where (Nugraha, 2016)
suggests that the total available solar energy resource is approximately 207 GW, and IRENA
suggests an even higher value of 532.6 GW (IRENA, 2017). One IRENA scenario suggests the
possibility of 47.2 GW of solar installations by 2030, based on the amount of available rooftop
and land area in Java and Bali. Consequently, both islands have higher power needs to support
larger populations, while also exhibiting greater solar resources (Fig. 3.20). However, the
scenario is largely based on conjecture, stating the likelihood of the country to harness more than
1% of available solar energy by 2030, while also acknowledging the mismatch between peak
power use for rice-cookers in the evening and the substitution of solar energy for this demand.
The added energy is stated to be an option to power daytime residential cooling units, which
there is a growing residential demand for.

Fig. 3.20: Global horizontal irradiation, annual average in Indonesia, kwh/m2. CC, SolarGis.
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3.2 Comparisons of Chinese and Indonesian Plastic Waste
Management
In 2015, mismanaged plastic waste in China amounted to 52 MT, of which 15 MT is attributed to
industry and 37 MT to municipalities. Using proportions of coastal population from Jambeck et.
al. which considered populations within 50 km of the ocean as coastal, 3 MT of this would be
termed coastal plastic waste from residential activities, while 7.4 MT would be due to industrial
coastal operations for a total of 10.4 MT. In 2030, a total of 91.4 mismanaged MT of plastic
waste is calculated, comprised of 33.5 MT of MPW and 57.4 MT of IPW. Chinese coastal
populations would be associated with the mismanagement 6.6 MT of MPW and 11.4 MT of IPW
in 2030 for a total of 18 MT.
Comparatively, in 2015 Indonesia is calculated to produce 6.7 MT of mismanaged plastic waste,
6.5 MT of which would be from MSW. Of this, the vast majority would be considered coastal
mismanaged plastic waste, or 5 MT. In 2030, 9.2 MT of mismanaged plastic waste would be
expected from Indonesia, including 6.8 MT of coastal waste. ISW would contribute less than 0.5
MT unless unprecedented industrial growth is exhibited.
These values differ but are largely similar to those of the original Jambeck study, which may have
included IPW with MPW, thus estimating China as producing 11.2 MT of mismanaged coastal
plastic waste in 2016 and 17.5 MT in 2030. Jambeck et. al. assumes a 1.1 kg/capita/day MPW
production in 2010 and estimated mismanagement as 76% for China, compared to the methods
outlined above to arrive at values of waste and its respective mismanagement.
Indonesia was calculated by Jambeck et. al. to produce 4 MT of mismanaged coastal plastic
waste in 2016, and 6.7 MT in 2030, based on a mismanagement rate of 83% and a base waste
generation of 0.52 kg/capita/day in 2010. The differences in Indonesian estimates could also be
attributed to changes in population models since the Jambeck et. al. study.

3.2.1 Energy and Plastics

The embodied energy contained within discarded plastics can be estimated based on calculations
of the energy required for production processes. Feedstock energy, referring to the energy leading
up to production, would encompass the bulk of the attributed energy, primarily for oil and gas
resources required in production which account for 45E3 MJ per metric ton (Vlachopoulos,
2009; Hamman, 2010). Additionally, steam cracking and polymerization contribute 20E3 MJ and
6.5E3 MJ per metric ton (Vlachopoulos, 2009), respectively. Plastic production, including
extrusion and molding is identified as contributing 25 MJ/kg or 25E3 MJ per metric ton. This
represents a total of 96E3 MJ per metric ton (Fig. 3.21), although higher values up to 120 MJ/kg
or even 134 MJ/kg have been attributed to plastics depending on composition, transportation
distance, and other factors within the production process (Migdał, et al., 2014; Kuczenski &
Geyer, 2011).
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Fig. 3.21: The embodied energy or energy contained within plastic products, depicted as percent shares of the
whole. Oil and gas is 42%, polymerization of feedstock is 6%, steam cracking of feedstock is 19% and product
manufacturing is 33%

From this, we can estimate how much energy is essentially locked in the mismanaged plastic
waste in China and Indonesia. The 66.9 MT of plastic waste expected to be dumped or discarded
in landfills in China in 2018 is the equivalent of 6.42 EJ of embodied energy, and the 6.65 MT of
improperly discarded plastics in Indonesia in 2018 would thus account for 0.638 EJ. Even if only
a portion of this waste could be treated and recovered, it could significantly impact the energy
sector. Plastic waste recycling in Indonesia at a rate of 30% can be calculated as requiring 0.012
TJ.
For instance, the embodied energy in the plastic waste discarded in Indonesia is equivalent to
17% of the total energy demand. However, the recovery of all portions of the embodied energy is
not possible with incineration based waste to energy alone, which relies on the heating value of
the resource, previously defined as approximately 10 MJ/kg for mixed MSW (ISWA, 2013), with
most plastics having calorific values above 40 MJ/kg (Sharuddin, et al., 2016). These values are
tied to feedstock energy. Steam cracking is considered to consume 20 MJ/kg, and polymerization
varies between polymers, but is estimated as 5 MJ/kg for HDPE and 8 MJ/kg for LDPE. A
value for production of plastic PET bottles suggests 36 MJ per kg of plastic. Additional
transportation costs vary but can be considered to require 15 MJ/kg.
Waste to energy plants are typically associated with energy recovery efficiency above 80%
(Clerens Consulting, 2012). However, recycling initiatives could be more beneficial, only requiring
5 MJ/kg for most related processes exclusive of transportation (Vlachopoulos, 2009), and saving
the needed input of new resources typically required for virgin material production.
Waste to fuel processes, typically relying on pyrolysis, are an additional possibility (Sharuddin, et
al., 2016). Some plastics such as polystyrene require few catalysts in order to degrade to oil, which
polystyrene yields at a rate of 97% of its weight. This exhibits the potential importance of
resource and energy recovery to developing and resource-poor regions. For instance, the
pyrolysis of polystyrene has already been demonstrated as effective, contributing 11.68 PJ/year to
the energy capacity of another southeastern Asian country, Malaysia (Sharuddin, et al., 2018).
Other plastics exhibit smaller percentages of oil and diesel depending on their individual
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composition and the associated production processes, but often output between 50-90% by
weight in oil, followed by diesel and a remainder in solid form (Sharuddin, et al., 2018).
Equivalent energy of oil and diesel are equal to 37-45 MJ/kg and 39-45 MJ/kg, respectively
(World Nuclear Association, 2016), demonstrating that combined, pyrolysis could contribute
more energy per kg than incineration alone, depending on required energy inputs for the
pyrolysis process.
Comparing previously stated values to put plastic production and related energy into perspective,
it becomes apparent that non-feedstock energy requirements for plastic production in China, up
to 4 EJ, are similar to the total energy demand of Indonesia, 4.8 EJ.

3.2.2 Suggestions

Compared to China, Indonesia demonstrates much lower plastic production and waste
generation, even in comparison to other countries in the region. However, a larger portion of this
waste is mismanaged, but this is focused on urban areas. The geography of Indonesia as a nation
of islands results in difficulty in centralized management facilities and also results in a higher
chance of waste ending up on beaches and in waterways. The case in Indonesia is more complex
than China. Installed energy capacity does not allow for complete electrification for all residents.
Whereas Chinese plastic recycling only accounts for 0.02% of their energy capacity, to recycle a
similar 30% of plastic waste in Indonesia would require a greater percent of their energy capacity,
or 0.2%. Therefore, improving the plastic waste situation in Indonesia requires involvement of
additional factors such as the addition of energy infrastructure. Possibilities to utilize the waste as
an energy source through processes such as pyrolysis offer an interesting alternative for energy
generation.

4 PROTOTYPE DEVELOPMENT AND TESTING OF A SOLAR
PARABOLIC TROUGH FOR PLASTIC RECYCLING
As an investigation into potential treatment methods for MPW that would be accessible for
developing countries such as Indonesia, a prototype was constructed in order to test the
feasibility of building a solar thermal based plastic treatment. The size was limited based on the
largest diameters of regularly available components. More expensive versions of materials such as
evacuated tubes were not included in material considerations due to concerns of accessibility for
remote locations. Development was based on available models and plans for solar parabolic
trough collectors that had optimized ratios such as air gaps, and as such a model was not created
prior to the construction since the aim was to obtain data on plastic melting from a solar thermal
collector that could be examined for further optimization. The parabolic trough form followed
that of commercially available solar cookers and allowed for easier shaping with the aid of ribs
than parabolic dish shapes.

4.1 Background information
Modern solar water heaters are commonly installed on rooftops in southern European countries.
Solar thermal technology operates on the principal of heat gain from incoming solar energy, using
thermodynamic concepts. In order to calculate usable heat from a collector, a set of values must
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be determined related to heat loss. Flat plate collectors allow solar radiation through a clear
surface to an absorbing material that retains heat energy and conducts it to a heat transfer fluid
within.
The majority of calculations for parabolic collectors are based on those for flat plate collectors
with modifications on the useful absorber area using aperture area of the reflective surface. Thus
to substitute values for a parabolic surface, the geometry must be examined (Yahuza, et al., 2016).
The amount of reflected solar radiation depends on the aperture width or the area of the reflector
that is actively engaged in reflecting an image. Although this can be estimated basically with the
length and width of the sheet metal, a more accurate value relies on the rim angle. The rim angle
describes the spread or curvature of the parabola relative to the vertical line the focus lies on and
can be calculated geometrically from the rim radius (Fig. 4.1). Where solar radiation hits the top
edge of the reflector, the straight line reflected to the focus is the rim radius. This can be
computed from measured coordinates along a supporting profile of the parabolic shape and is
also obtained via geometric calculations.

Lr
Collector edge

Lh

rr

Lr

Rib/collector
support

Fig. 4.1: Parts of a parabola, demonstrating necessary variables for geometric calculations in reference to the rib
support. Modified by author. From: (Stine & Geyer, 2001), Chapter 8.

Here we identify a distance or height above the latus rectum in order to calculate the rim radius,
rr.

𝑟𝑟 = √(𝐿2ℎ + 𝐿2𝑟 )#(4.1)
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The angle the rim radius forms with the latus rectum, a line that intersects the focus and is
perpendicular to the base of the parabola, is part of the rim angle. However, it must be summed
with the 90 deg angle the latus forms with the focal length if the focus is below the top of the
parabola edge, or subtracted if the focus lies above the top of the collector. In this case, the focus
is below the collector edge, and the angles are thus summed to arrive at the rim angle, 𝜑.
𝐿ℎ
𝜑 = sin−1 ( ) + 90° #(4.2)
𝑟𝑟

The aperture width or width of the image reflected onto a collector from a parabolic surface is
related to the rim radius and rim angle as such:
𝑊𝑎 = 2𝑟𝑟 ∗ sin( 𝑟𝐴) #(4.3)
Additionally, the surface areas of the collector, receiver, and reflective surface are calculated. The
reflective surface area or image area is the product of the aperture width and the length of the
reflector.
𝐴𝑟 = 𝐿𝑟 𝐷𝑟𝑜 𝜋#(4.4)

𝐴𝑎 = 𝐿𝑎 𝑊𝑎 #(4.5)

𝐴𝑐 = 𝐿𝑐 𝐷𝑐𝑜 𝜋#(4.6)

A concentration ratio is also computed that relates the amount to which the reflected light is
directed onto the area of the receiver at its focus. A larger aperture area with a wider aperture
width or longer length would thus have greater concentration ratio. A smaller receiver surface
area would also increase the concentration ratio.

𝐶=

𝐴𝑎
#(4.7)
𝐷𝑐𝑜 𝐿𝑎
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Volumes of the receiver and its collector housing are calculated for further analysis as follows:
𝐷𝑟𝑜 2
𝑉𝑟 = 𝜋 ( ) 𝐿𝑟 #(4.8)
2
𝐷𝑐𝑜 2
𝑉𝑐 = 𝜋 ( ) 𝐿𝑐 #(4.9)
2

4.2 Methodology
The prototype was constructed in Stockholm, Sweden, where initial tests and adjustments were
performed through the period of June to August 2017. It was then tested in Ioannina, Greece,
during the first week of September 2017.
4.2.1 Location

Fig. 4.2: Location of the prototype tests (a) Kista, Stockholm, Sweden and (b) Ioannina, Greece.
Stockholm, the capitol city of Sweden (59°19′46″N 18°4′7″E), has a humid continental climate
with an average global horizontal radiation of 4.39 kWh/m2 in August (Boxwell, 2010). The mean
temperatures for August were 17.4˚C and 17.7˚C in 2016 and 2017, respectively (NOAA, n.d.).
These temperatures ranged from 9.4˚C to 26.7˚C in 2016, and 11.1˚C to 25˚C in 2017. Testing
and construction occurred in Kista, a suburb in northern Stockholm (Fig. 4.2a).
Ioannina, in north-western Greece (39°40′N 20°51′E) (Fig. 4.2b), has a humid sub-tropical and
Mediterranean climate with an average of 227.9 hours of sunlight in September and 4.80 kWh/m2
global horizontal radiation (Boxwell, 2010; Matzarakis & Katsoulis, 2006). The average
temperature in the region for the month of September was 18.1˚C in 2016 and 20.7˚C in 2017
(NOAA, n.d.). Temperatures ranged from 5 ˚C to 31 ˚C in 2016, and 5 ˚C to 34.4 ˚C in 2017.
The prototype was tested at an NGO located on the previous site of the Katsikas refugee camp.
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4.2.2 Environmental Conditions

Temperature averages were calculated using datasets provided by the US National Centers for
Environmental Information, the US National Oceanic and Atmospheric Administration or
NOAA (NOAA, n.d.), and the National Observatory of Athens (Lagouvardos, et al., 2017) .
NOAA data was recorded at 3 to 8 hour intervals, so all temperatures within the dataset were
included over the 24 hour periods. Ambient temperature averages presented here are not
indicative of the temperature during only the hours of daylight. Thus, minimum and maximum
operating temperatures are important to note for the design of equipment that is not stored in
climatized environments, where expected temperatures would be 20 ˚C. The data provided by the
National Observatory of Athens was available at 10 minute intervals and has been matched to the
corresponding values.
Wind data was available through the dataset provided by (Lagouvardos, et al., 2017). This was
necessary for calculating environmental conditions and related variables such as mass flow:
𝜋𝐷𝑟𝑜 2
𝑝
𝑚̇ = (
) 𝑣𝑤𝑖𝑛𝑑
#(4.10)
2
𝑅𝑠 𝑇𝑐𝑎

Similarly, cloud cover, 𝑐𝑐, was reported with descriptive terms such as: cloudy, partly cloudy,
partly sunny or sunny conditions. This was used to represent fractional cloud cover where “1”
corresponded to a completely cloudy sky and “0” referred to a completely sunny sky. Since the
data was available only on 3 hour intervals, where the only reported cloud data throughout the
study interval was sunny conditions, the whole day was assumed to have the same conditions.
Where the conditions changed, the hours in-between data points were taken as an average of the
cloud conditions at these times.
Sky temperature was calculated for later heat loss equations, and necessitated values of cloud
cover, cloud emissivity, and air temperature. Cloud emissivity is calculated using a relation of
cloud cover and air temperature:
1−273
)
8.95(
𝑇𝑎𝑖𝑟 )

𝜖𝑐𝑙𝑜𝑢𝑑𝑠 = (1 − 0.844𝑐) (0.527 + 0.161

+ 0.844𝑐𝑐#(4.11)

Several sky temperature approximations have been suggested in literature, here the Daugenet
relation (1985) is used:
1

𝑇𝑠𝑘𝑦 = [9.365574𝐸 − 6(1 − 𝑐𝑐)(𝑇𝑎𝑖𝑟 )6 + (𝑇𝑎𝑖𝑟 )4 𝑐𝑐 ∗ 𝜀𝑐𝑙𝑜𝑢𝑑𝑠 ]4 − 273.15#(4.12)

Solar flux, 𝑆, is computed through both a direct beam radiation and modifier term relating to the
receiver diameter. These are further moderated by reflectance, transmittance, absorbance and the
ratio of available aperture area:
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𝑆 = 𝐼𝑏 𝑅𝑏 ρ𝛾𝜏𝛼 + 𝐼𝑏 𝑅𝑏 𝜏𝛼

𝐷𝑟𝑜
#(4.13)
𝑊𝑎 − 𝐷𝑟𝑜

4.2.3 Technical Design

Two different prototypes were constructed and subsequently tested. Although both prototypes
were built with the same design specifications, there were slight differences in the materials used
and degree of precision (Fig. 4.3a). The second prototype was built as an improvement on the
first with increased precision in the parabolic profile and a manufactured glass sleeve over the
collector (Fig. 4.3b).

a

b

Fig. 4.3: (a) The first prototype during testing and (b) the second prototype during testing.
The two prototypes used similar and commonly available materials (Table 4.1). There were some
differences in specifications between prototypes due to available materials. The materials were
selected based on several parameters including availability, price, thermal characteristics and
previous research indicating appropriate thickness and reflectivity. A 0.1 mm stainless steel sheet
with a bright finish was used for the first prototype over a 0.4 mm thick aluminum roofing
material to hold the shape of the thinner steel. The second iteration used a bright annealed 0.7
mm thick stainless steel sheet. The mirror finish was noticeably much clearer on the second
version as the bright finish of the first version only offered a dull, blurred reflection. A perfect
mirror was not employed for this study in order to maintain the previously mentioned
specifications of accessible materials.
The ribs and supporting structures were cut with a jigsaw out of 0.13 to 0.19 mm thick plywood
(Table 4.1). To increase precision in comparison to the first prototype that simply utilized a
paper template, the ribs were laser cut to more carefully follow the parabolic profile. The rib
design was based on designs provided in the Solar Parabolic Through Concentrator Home
Experimenter’s Manual (Plhak, 2017), which included parabolic rib templates sized for 60 cm
wide sheets, one of the most commonly available metal sheet widths. A length of one meter was
chosen in order to match some commonly available material lengths while also maximizing the
area of the parabola.
The chosen collector type was a non-evacuated tube that has the advantage of being more easily
constructed in developing regions since evacuated tubes require manufacturing precision and
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regular maintenance, leading to increased material costs (Patil, et al., 2014). Although previous
research indicates a potential loss of efficiency in non-evacuated tubes due to convection and
related conduction losses, this depends on the size of the air gap which can be minimized to
reduce convection (Rabl, et al., 1980; Kumar & Kumar, 2015).

Table 4.1: Materials list and technical properties for Prototype I and II from Mewes & Sujessy (2017)

Sheet Metal

Rib support

Collector

Prototype I

Prototype II

Stainless steel sheet

Stainless steel sheet

Bright finish, reflective but not mirror

Bright annealed finish, near-mirror

Dimensions: 1000x600x0.1 mm

Dimensions: 1000x600x0.7 mm

0.4 mm aluminum backing

No backing

Material: Plywood

Material: Plywood

Manually cut with a jigsaw

Laser cut to reach good precision

Thickness: 0.13 mm

Thickness: 0.19 mm

Non-evacuated rectangular glass tube

Non-evacuated cylindrical quartz tube

Width: 26 mm

Outer diameter: 38 mm

Thickness: 2 mm

Thickness: 2 mm

Inner pipe: copper, 22 mm, painted Inner pipe: copper, 22 mm, painted black
black

With standard evacuated tube receivers, heat loss results from a balance over the collector of the
absorbed solar radiation and that which is emitted from the cover or conducted through the
structure. Internal conduction and convection is ignored.
In the case of a non-evacuated tube receiver, heat loss attributed to both conduction and
convection is considered between the cover glass and absorber tube (Fig. 4.4). Previous work
has computed an optimum air gap to reduce the resultant heat loss, using iteration to solve for
unknown values such as cover glass temperature. With a measured temperature and component
diameters corresponding to a given air gap, the known values can be substituted to solve for the
equivalent heat loss values (Fig. 4.5).

Fig. 4.4: Depiction of heat loss mechanisms from the absorber and its cover. By author, based on (Kumar &
Kumar, 2015).
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The ideal air gap for a non-evacuated tube collector was selected based on work by (Thomas &
Thomas, 1994) as well as subsequent work by (Kumar & Kumar, 2015)
Given a known absorber tube diameter of 22 mm, the optimum air gap was stated as 6.64 mm.
This corresponded to an inner glass cover diameter of 34.86 mm. Mass-produced quartz tubes
are available with 34 mm inner diameters, although a custom-sized tube could potentially be
shaped to 35mm.

Fig. 4.5: Excerpt of computed optimum air gap between absorber and glass cover of a non-evacuated collector, by
(Kumar & Kumar, 2015).

The first glass tube was constructed of rectangular pieces of clear 2 mm thick and 26 mm wide
borosilicate glass glued together in a rectangular prism and bonded with silicone glue. Normal
“glass glue” provided at hardware stores to seal cracks in windows is unstable at temperatures
the glass glue resulted in the glue melting at the seams, which was not a problem with the siliconbased glue. The rectangular prism shape was tested as an alternative to a cylindrical glass tube that
may be difficult to acquire in developing regions. Later tests used a quartz rod with an outer
diameter of 38 mm and thickness of 2 mm that was closed on one end. The quartz rod, sold as a
UV light quartz sleeve, was not available locally although strips of borosilicate glass were. Quartz
offers advantages over other glass types in that it has a high degree of transparency to UV,
particularly those sold as UV lamp sleeves, allowing nearly all UV-spectrum light through.
The diameter of the quartz rod was based on the thickness of the inner collector, a 22 mm
copper pipe. The copper rod diameter was based on the largest diameter available locally in
Swedish construction stores. It was coated with a high temperature resistant automotive black
spray paint which is stable to temperatures of 650˚C. Copper was selected as the material based
on its high thermal conductivity in comparison to steel and aluminum (Coccia, et al., 2016). A ~6
mm air gap was assumed based on calculations performed by Kumar & Kumar, 2015 which
demonstrated the size of air gap appropriate for non-evacuated tube collectors. Steel and
aluminum are often used in evacuated tube collectors in order to reduce costs.
The glass tube was sealed with silicone fittings (Fig. 4.6a), whereas glue was used to seal the ends
of the glass prism. Ends of the copper tube were plugged with wood. The copper tube within
the quartz sleeve was filled with steel wool on the closed end of the quartz sleeve, which also
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surrounded the copper tube, keeping it in place while simultaneously protecting the glass (Fig.
4.6b).

a

b

Fig. 4.6: (a) Closing the open end of the quartz pipe with a rubber stopper (b) Steel wool inside the quartz tube

to hold the copper collector pipe in place

An inner tray of 0.2 mm thick hollow stainless-steel rod was cut in half lengthwise in order to
support the plastic for melting within the collector. This approximated similar designs of solar
cookers which typically use stainless steel trays within the collectors to cook food. Angles could
be maintained by rotating the collector about its horizontal axis with a locking clamp mechanism
and pre-marked angles on the support pieces. The focal point was pre-determined on the
templates for the side support structures and manually adjusted through the turning mechanism
installed on the parabolic cooker.
4.2.4 Testing

A laser infrared thermometer, Lasergrip 1080, with an accuracy of ±2℃ , allowed for temperature
measurements without the use of a thermocouple inside of the rod (Fig. 4.7). The measurement
area was proportional to the distance the thermometer was held from the collector tube, with 20
cm leading to a measurement area of 2.3 cm. For the purpose of these tests, a 10 cm
measurement height was maintained to ensure that only the temperature of the collector and not
of the surrounding air or metal sheet was being measured.

Fig. 4.7: The infrared Lasergrip thermometer during testing of Prototype II in Greece
Points were measured at the end of the pipe within the glass tube plugged with steel wool, the
center of the pipe, the portion of the pipe exiting the tube, and the end of the pipe extending
beyond the structure (Fig. 4.8).
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Fig. 4.8: Diagram of measurement locations along prototype, by author
Tests in Stockholm were conducted in the afternoon from 11:00 to 16:00, where the ambient
temperature was usually the warmest, and the collector was situated at an angle to maintain the
focal point. Data was collected every 10-15 minutes except when weather conditions were rapidly
changing (such as cloud cover) in which case tests were conducted every 2-5 minutes until
conditions stabilized. The second prototype was examined for a period of 1 hour in Stockholm,
and the copper pipe within was measured separately after this period as it was extracted from its
quartz enclosure. Additionally, waste ABS 3D-printer filament was wrapped in aluminum foil and
tested in the second prototype during this trial.
In order to test the accuracy of the parabola and adjust its focus accordingly, a laser pointer was
aimed at various points along the parabolic trough in a room with the low ambient light to
observe if its rays were reflected to the focal point and the collector tube. If the parabola was
found to be inaccurate, a rasp was used to further refine the profile of the side support structures
suspending the collector tube above the trough.
To Computer
via USB
To
Thermocouple

Fig. 4.9: Schematic of Arduino and thermocouple amplifier by author with Fritzing program
A K-type thermocouple paired with an Arduino Nano and thermocouple amplifier MAX31855
were employed during the testing of the second prototype in Greece (Fig. 4.9), with steel wool at
the end of thermocouple wire to plug the end of the copper pipe. Data was recorded at 10
second intervals. Additional measurements using the laser infrared thermometer were taken at 10
to 15 minute intervals when possible at the same formerly mentioned points along the collector.
For related data on incoming solar radiation, a lux meter was available, which measured in klux or
1000 units of lux. Lux was converted to W/m2 by multiplying by the number of lumens, 683, in
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monochromatic light that falls at approximately 555 nm on the electromagnetic spectrum (Thor
Labs, n.d.). Thus, not all of the visible light was included in the calculation and this serves mostly
as an approximation.
The ability to melt both shredded household waste and mixed HDPE and LDPE flakes was
tested in two ways. Household waste consisting of beverage and detergent bottles, plastic bags,
straws, and assorted plastic items was cut with scissors and wrapped in baking paper which was
placed on the steel tray inside the copper tube. Later, silicon trays were placed inside the collector
with mixed HDPE and LDPE flakes of known composition, sourced from Swedish recycling
company Swerea.

4.3 Calculations
Using Matlab, the heat transfer and fluid dynamics of the air within the receiver were examined
along with associated losses and gains for each dataset. Heat loss was calculated using 3 different
methods for comparison. With known air gap and temperature values, heat loss components
could be further analyzed.
Several heat transfer coefficients were calculated in order to obtain the different constituent
values of heat loss, which are defined as follows (Kumar & Kumar, 2015; Thomas & Thomas,
1994):
The first coefficient, ℎ𝑤 , represented the component of heat loss related to the magnitude of the
wind:
ℎ𝑤 = 5.7 + 3.8 𝑣𝑤𝑖𝑛𝑑 #(4.14)

The next heat loss coefficient, ℎ𝑟𝑐𝑎 , governs the loss from the cover, as well as the receiver, to
the air. The emissivity of the cover, 𝜀𝑐 , is 0.93 for quartz glass:
2
2
)#(4.15)
ℎ𝑟𝑐𝑎 = 𝜀𝑐 𝜎(𝑇𝑟 + 𝑇𝑐𝑜 )(𝑇𝑐𝑜
+ 𝑇𝑎𝑖𝑟

The heat loss coefficient from the receiver to the cover, ℎ𝑟𝑟𝑐 , is dependent on both the emissivity
of the receiver, 𝜀𝑟 , estimated at 0.8 for black engine enamel paint, and the emissivity of the cover.
The relation between the emissivities depends on the surface area of both the receiver and the
cover, and is governed by an equation relating the difference in cover and receiver emissivities to
their surface areas. The coefficient is thus given as:

ℎ𝑟𝑟𝑐 =

2 )(𝑇
𝜎(𝑇𝑟2 + 𝑇𝑐𝑜
𝑟 + 𝑇𝑐𝑜 )
#(4.16)
1
𝐴𝑟 1
− [ ( − 1)]
𝜀𝑟
𝐴𝑐 𝜀𝑐
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The dynamic viscosity of the air between the absorber and the glass, 𝜇, was based on the average
of the absorber and cover temperatures. This value was also calculated for the air at the surface
of the cover as 𝜇2𝑔 with mean temperature between the cover temperature and ambient air
temperature. Dynamic viscosity is also called absolute viscosity as it describes the resistance to
shear stress within a fluid and is related to later calculations involving turbulent flow:

3

𝑇𝑎𝑣𝑔 2
𝑇𝑠𝑜 + 𝐶𝑜
𝜇 = 𝜇0 [(
)(
) ] #(4.17)
𝑇𝑎𝑣𝑔 + 𝐶𝑜
𝑇𝑠𝑜

Kinematic viscosity of the air between the absorber and its cover, 𝑢, can be obtained from the
dynamic viscosity divided by its density. This describes the resistance of a fluid to shearing
internal stress, but as a function the density of a fluid. The density corresponds to density at the
calculated mean temperature for the cover and absorber. The same procedure can be repeated for
the cover and the ambient air:

𝑢=

𝜇
#(4.18)
𝜌

Density 𝜌 is calculated as a function of pressure, 𝑝, at the location divided by the gas constant,
𝑅𝑠, and the mean temperature. Thus two density calculations were performed for the two mean
temperatures following:

𝜌=

𝑝
#(4.19)
𝑅𝑠 ∗ 𝑇𝑎𝑣𝑔

The Rayleigh equation allows for classification of heat transfer, where a value over ~2000
indicates that a fluid primarily transfers heat through convection, and below this critical value, by
conduction.

𝑅𝑎 = 𝑔𝛽

𝑇𝑟 − 𝑇𝑐𝑜 3
𝑏 Prc #(4.20)
𝑢2
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After adjusting the heat capacity of the air, 𝐶𝑝𝑎𝑖𝑟𝐻 , for the temperature and assuming a constant
pressure, the Prandtl number can be found. This is calculated as a function of heat capacity,
dynamic viscosity of the air between the collector and glass surface, as well as the mass of air. It
describes the relationship between the diffusion of a fluid in terms of viscosity and temperature.

𝑃𝑟 =

𝐶𝑝𝑎𝑖𝑟𝐻 𝜇
#(4.21)
𝑚

The Prandtl number for the collector can be also calculated instead using kinematic viscosity and
its relation to the thermal conductivity of the air, 𝑘𝑎𝑖𝑟 :

𝑃𝑟𝑐 =

𝐶𝑝𝑎𝑖𝑟 𝑢2
#(4.22)
𝑘𝑎𝑖𝑟

This thermal conductivity of air is calculated for both of the mean temperature values of the
absorber + cover and the cover + ambient air:
5
4
2
2
𝑘 = 1.5795𝐸 −17 𝑇𝑎𝑣𝑔
+ 9.46𝐸 −14 𝑇𝑎𝑣𝑔
+ 2.2012𝐸 −10 𝑇𝑎𝑣𝑔
− 2.3758𝐸 −7 𝑇𝑎𝑣𝑔
+1.7082𝐸 −4 𝑇𝑎𝑣𝑔 − 7.488𝐸 −5 #(4.23)

The ideal air gap, 𝑏, provided in Table ___ is derived from the following equation:

𝑏=

𝐷𝑐𝑖 − 𝐷𝑟𝑜
#(4.24)
2

Additionally, within the Rayleigh equation the variable 𝛽 equals:
𝛽=

1
𝑇𝑎𝑣𝑔

#(4.25)
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A modified Rayleigh number, 𝑅𝑎∗ , is calculated based on the relation of the diameters of the
glass sleeve and receiver:
4

𝐷
ln (𝐷𝑐𝑖 )

1

𝑟𝑜

𝑅𝑎∗ =

5
4

3
1
1
𝑏4 ( 3 + 3 )
5
5
𝐷𝑟𝑜
𝐷𝑐𝑖
[(
)

𝑅𝑎4

#(4.26)

]

Using the previously calculated thermal conductivity, the effective thermal conductivity can be
realized:
1

𝑘𝑒𝑓𝑓 = (0.317𝑅𝑎∗4 ) 𝑘𝑎𝑖𝑟 #(4.27)

Then the transfer coefficient, ℎ𝐴𝑔 , between the receiver rod and the glass cover can be calculated:
ℎ𝐴𝑔 =

2𝑘𝑒𝑓𝑓
#(4.28)
𝐷
𝐷𝑟𝑜 ln (𝐷𝑐𝑖 )
𝑟𝑜

Reynold’s number allows for a classification of a flow as turbulent or laminar. A value above
4000 is considered turbulent, and a value under 2300 is considered laminar, with a transition zone
between the values. It can be calculated for the air inside the glass sleeve:

𝑅𝑒 =

𝑉𝑤𝑖𝑛𝑑 𝐷𝑐𝑜 𝜌𝑔
#(4.29)
𝜇2𝑔

This allows for the computation of the Nusselt number, Nu, which is a ratio of convective to
conductive heat transfer on a surface. Its constituents Cl and n are defined as in Table 4.2.
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𝑁𝑢 = 𝐶𝑙 𝑅𝑒 𝑛 #(4.30)

Table 4.2: Values of Cl and n based on the Reynold's number based on (Kumar & Kumar, 2015).
Cl

n

Re>40, <4000

0.615

0.466

Re>4000,<40000

0.175

0.618

Re>40000

0.0239

0.815

This results in the ability to compute the heat transfer coefficient of the air:

ℎ𝑤2 =

𝑁𝑢 ∗ 𝑚
#(4.31)
𝐷𝑐𝑜

Using these heat transfer coefficients, the heat loss from the absorber to the cover via
conduction, between the absorber and cover via convection, and from the cover to the outside
including radiation loss, can be calculated.

𝑄𝐿𝑐𝑣 = ℎ𝐴𝑔 (𝑇𝑟 − 𝑇𝑐𝑜 )𝜋𝐷𝑟𝑜 +

𝑄𝐿𝑐𝑑 =

4)
𝜎𝜋𝐷𝑟𝑜 (𝑇𝑟4 − 𝑇𝑐𝑜
#(4.32)
1 𝐷𝑟𝑜 1
𝜀𝑟 + 𝐷𝑐𝑖 [(𝜀𝑐 − 1)]

4)
2𝑘𝑎𝑖𝑟 𝜋(𝑇𝑟 − 𝑇𝑐𝑜 )
𝜎𝜋𝐷𝑟𝑜 (𝑇𝑟4 − 𝑇𝑐𝑜
+
#(4.33)
𝐷𝑐𝑖
1 𝐷𝑟𝑜 1
ln (𝐷 )
𝜀𝑟 + 𝐷𝑐𝑖 [(𝜀𝑐 − 1)]
𝑟𝑜

4
4
𝑄𝐿𝑔 = ℎ𝑤2 (𝑇𝑐𝑜 − 𝑇𝑎𝑖𝑟 )𝐷𝑐𝑜 𝜋 + 𝜎𝜋𝐷𝑐𝑜 𝜀𝑐 (𝑇𝑐𝑜
− 𝑇𝑠𝑘𝑦
)#(4.34)

In (Kumar & Kumar, 2015), the temperature of the glass cover was unknown and solved for
when Qlg and Qlcv were equal. Qlcd was neglected. It was also assumed that Qlcd and Qlcv
were nearly equal under ideal conditions to compute cover temperature. Both studies then
reached a heat loss coefficient value related to total heat loss. In (Thomas & Thomas, 1994), this
is apparently modeled by either Qlcv or Qlg since both were ideally equivalent and equally
representative. In (Kumar & Kumar, 2015), the total heat loss is combined and used to compute
the heat loss coefficient based on whether conduction or convection predominated. To account
for recorded as opposed to calculated cover temperatures, several modifications were made. Heat
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loss coefficients for both the cover and convection (where convection and conduction loss were
nearly equal) were calculated along with an average coefficient value between them.

𝑈𝑔 =

𝑄𝐿𝑔
#(4.35)
𝜋𝐷𝑐𝑜 (𝑇𝑟 − 𝑇𝑎𝑖𝑟 )

𝑈𝑐𝑣 =

𝑄𝐿𝑐𝑣
#(4.36)
𝜋𝐷𝑟𝑜 (𝑇𝑟 − 𝑇𝑎𝑖𝑟 )

𝑈𝑎𝑣𝑔 =

𝑄𝐿𝑔 + 𝑄𝐿𝑐𝑣
#(4.37)
2

These are in contrast to the standard heat loss coefficient calculation, which is typically applied to
evacuated receivers.
𝐴𝑟
1 −1
𝑈𝐿 = (
+
) #(4.38)
(ℎ𝑤2 + ℎ𝑟𝑐𝑎 )𝐴𝑐
ℎ𝑟𝑟𝑐

The heat removal efficiency fraction can also be computed from the heat loss coefficient, related
to the mass flow rate, surface area and heat capacity of air.
−1

𝑚̇ 𝐶𝑝𝑎𝑖𝑟 −𝐴𝑟 𝑈𝐿
𝐹𝑟 =
(
)
𝐴𝑟 𝑈𝐿 𝑚̇ 𝐶𝑝𝑎𝑖𝑟

#(4.39)

Several methods are possible for calculating useful heat or heat gain using the heat loss
coefficient as defined above:

𝐴𝑟
𝑄𝑢 = 𝐹𝑟 𝐴𝑎 [𝑆 − (( ) 𝑈𝐿 (𝑇𝑟 − 𝑇𝑎𝑖𝑟 ))] #(4.40)
𝐴𝑎
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𝑄𝑢1 = (𝑆 −

𝑈𝐿
(𝑇𝑟 − 𝑇𝑐𝑜 )) ∗ (𝑊𝑎 − 𝐷𝑟𝑜 )#(4.41)
𝐶

𝑄𝑢2 = 𝐹𝑟 (𝑆 ∗ (𝐴𝑎 − 𝐴𝑟 ) ∗ 𝑈𝐿 (𝑇𝑖 − 𝑇𝑎𝑖𝑟 )) #(4.42)
The Hottel-Whillier-Bliss (HWB) equation can be used to describe the heat gain of a flat plate
collector and was included for comparison purposes:
𝐻𝑊𝐵 = 𝐹𝑟 𝐴𝑎 𝐼𝑏 𝜏𝛼 − 𝑈𝐿 (𝑇𝑖 − 𝑇𝑎𝑖𝑟 )#(4.43)
The heat balance between the calculated heat loss values and the absorbed solar radiation can be
computed using the average heat loss coefficient as such:

𝑄𝐵 = (𝑆 −

𝑈𝐿𝑎
(𝑇𝑟 − 𝑇𝑐𝑜 )) ∗ (𝑊𝑎 − 𝐷𝑟𝑜 )#(4.44)
𝐶

4.4 Objectives
The objective of this thesis is to design and test a solar thermal-based prototype for the recycling
of plastic waste including:






Refining designs and methodologies involved in the construction of a parabolic trough
collector to be accessible for developing communities
Evaluating internal temperature and the feasibility of melting plastics within the prototype
Analyzing effects of ambient meteorological conditions on the internal temperature
Calculating heat loss and related variables in order to determine the main sources of heat
loss
Suggesting future optimizations for the design and necessary considerations

4.5 Results of Prototype Study
The results from this study are based on quantitative tests that were conducted in two different
countries, Sweden and Greece. The maximum observed collector temperature for each trial and
prototype version is detailed in Fig. 4.11 and Fig. 4.13. Temperatures within the copper pipe
were not measured as part of this study except in a final deployment in Greece.
4.5.1 Pre-study

A control test of the copper rod without a parabolic collector or plugs on the ends of the
absorber (Fig. 4.10) was conducted in Stockholm, Sweden on the 14th of August (red plus signs
in Fig. 4.11, with solar noon occurring at 12:54). Temperature, measured with the Lasergrip, was
found to vary along the horizontal axis of the rod, where the warmest readings were initially at
the rod edges protruding outside of the glass, which was also unplugged. The values were initially
recorded as 29.1˚C at 12.05 while the center of the rod was 24.0˚C, 49 minutes before solar noon.
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Fig. 4.10: An example of a control test of the black-painted copper rod in Kista (with internal thermocouple
thermometer, not employed for discussed measurements)

By 12.40 the edges were measured at 30.7˚C, and the center of the rod, 31.2˚C. The maximum
observed endpoint temperature before 16:10 and outside the glass enclosure was 39.1 ˚C at 15:42,
when the center measured 29.5˚C. At 16:10, greater values were recorded of 39.8˚C in the center
and 37.0˚C at the end. Note that Figure 3 only depicts the maximum of the temperatures
observed at a particular time along the absorber tube and does not demonstrate temperatures
along the axis. The standard deviation of the maximum temperatures was 3.93˚C with a mean of
34.8˚C.

Fig. 4.11: A depiction of the different sets of collected temperature data including a control with just the copper

pipe and tests with Prototype I (PI) and Prototype II (PII) plotted against hours from solar noon at the
location/date corresponding to the data set. Only maximum values are depicted for datasets that included
temperatures for multiple points along a profile. Figure from Mewes & Sujessy(2017).
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The first prototype, with plugged borosilicate glass surrounding a corked black-painted absorber
tube, was tested solely in Kista, a suburb of Stockholm, Sweden, with the Lasergrip, and the
results are depicted for the 18th of August (blue squares in Fig. 4.11). On this date, solar noon
occurred during the test period, at 12:53, and demonstrated variability that may have due to
interchangeable periods of sunlight and cloud cover. At 11:38, the initial temperature of 27.9 ˚C
with ambient temperature of 22 ˚C, was found to increase rapidly to the maximum observed 103
˚C at 12:03, 50 minutes before solar noon.
The effect of cloud cover is also observed from 12:07 to 12:23, with a decrease in temperature to
62 ˚C. The temperature increased as clouds passed at 12:09 to 73 ˚C and then at 12:14 to 90 ˚C
before dropping again to 62˚C at 12:23 with additional clouds. This was also noted at 13:08,
when 100 ˚C was observed, although clouds and a breeze at 13:13 resulted in a decreased
temperature until the sun-remerged between 13:23 and 13:28, resulting in measurements of 96.7
˚C and 102 ˚C. Following this, continuously cloudy conditions were noted along with decreasing
temperatures. The total range of values during the test period resulted in a mean of 82 ˚C with a
standard deviation of 18 ˚C.
Hot glue, which was used to seal rectangular glass prism enclosing the rod, was notably melting at
12:00. Manufacturer data sheets stated that the EVA-based hot glue stick had a melting point of
< 88 ˚C, which supports the observed temperature range.
On the 26th of August, the second prototype was tested in Sweden (black diamonds in Fig. 4.11).
A quartz glass tube encapsulated the black copper rod, which was corked at the ends. The glass
sleeve was open only at one end, which was plugged with silicone (and later rubber). Values
depended on the location of the measurement along the horizontal axis, although weather
conditions were stable at 20 ˚C with only a slight breeze and clear skies. The temperatures
depicted in Fig. 4.11 indicate the maximum recorded temperature at that time along the axis of
the absorber. An temperature of 23 ˚C was recorded initially at 13:12, 21 minutes after solar
noon. Temperatures continued to rise with the exception of passing clouds at 13:40 resulting in a
temperature decreased to 66 ˚C. From 13:54 to 14:19, temperature remained relatively stable with
a mean of 84. ˚C and a standard deviation of 0.78 ˚C.
On the surface corresponding to the section of the absorber within the glass tube, the highest
temperature recorded was 84.8 ˚C at 14:14. The mean value, including initial temperature, was
69.8 ˚C with a standard deviation of 20.0 ˚C. At the end of the measurement period at 14:19 at
the exit of the copper pipe from the silicone plug, 100.5 ˚C was recorded but is not depicted in
Figure 3. While removing the copper tube from its sleeve, measurements of the surface of the
absorber ranged from 105˚C to 139 ˚C. This appears as a maximum value and outlier for the
dataset in Fig. 4.11, and is not included in calculations of mean and deviation.
The measurements agreed with datasheets suggesting that the melting of ABS would begin
around 100˚C (McKeen, 2007). Small pieces of scrap material from a 3D printer were wrapped in
aluminum foil and placed inside the absorber. After one hour, the ABS plastic had partially
melted into a clump with each plastic piece joined to neighboring pieces (Fig. 4.12b).
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Fig. 4.12: The waste ABS 3D printer plastic before (a) and after (b) melting within Prototype II in Stockholm.
From Mewes & Sujessy (2017)

4.5.2 Evaluation in Greece

The second prototype was brought to Greece as part of an arrangement between an NGO,
Habibi.Works, and Engineers Without Borders – KTH. In September, the temperature and solar
radiation in Ioannina, Greece was greater than that in Sweden, allowing for testing to continue.
Trials began on the 6th of September and ended on the 15th of September, with some unused days
due to weather conditions or facility closure.
Beginning on the 6th of September, the recorded temperatures were observed to stay within a
higher range consistently than those of the tests in Sweden, ranging from 81 ˚C to 102.5 ˚C on
the glass surface (green circles, Fig. 4.11). However, the first prototype with a glued rectangular
glass outer pipe demonstrated a higher maximum temperature of 103˚C at the glass surface.
Control data from a sensor coupled with the Arduino (denoted by purple triangles in Fig. 4.11),
which is demonstrative of surface blackbody temperature, had a mean of 34.5˚C and a standard
deviation of 1.09 ˚C.
Additionally, a K-type thermocouple was employed within the copper rod, paired to the Arduino.
Steel wool allowed the thermocouple cable to exit while the end of the rod was plugged. Steel
wool was also placed at the closed end of the glass sleeve to cushion the copper rod (Fig. 4.6b).
Measurements were taken both inside the absorber as stated above as well as on the surface of
the glass with the Lasergrip (Fig. 4.7). On the 6th, 7th, and 8th, no plastic was melted within the
prototype during the trials, but on the 13th, 14th, and 15th, plastic was inserted on a stainless steel
tray, with melting state periodically checked.
On the first trial day, the 6th of September, the recorded temperature inside and close to the
center of the absorber ranged from 161.8 ˚C to 211˚C (magenta asterisks, Fig. 4.11). The
minimum temperature was equal to the initial recorded temperatures, both inside the pipe and on
the glass surface. Data collected from 14:46 to the end of the observation period at 16:25 resulted
in a mean observed internal temperature of 206˚C with a standard deviation of 3.61˚C. The glass
surface demonstrated a mean temperature of 99.0 ˚C with a standard deviation of 2.52˚C.
Comparing data on September 6th, 7th, and 8th (Fig. 4.13) less stable temperatures are measured
internally on September 8th than either of the previous days. In conjunction with these
temperature fluctuations, changing cloud cover is noted compared to the clear skies of September
6th and 7th, as well as more range in both wind speed and ambient temperature. September 6th did
exhibit some peaks in wind speed to nearly 10 m/s, but had less variation than on September 8th.
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Fig. 4.13: Ambient conditions of cloud cover %, wind speed, and air temperature plotted against internal
temperature for the prototype trials on September 6th, 7th and 8th

Fig. 4.14: Solar radiation on September 6th, 7th, and 8th in W/m2 is compared from three sources. Data is
observed values calculated from Lux meter readings on site. Averages depict daily profiles for monthly averages of
the region. Meteorological or met values were reported by a local station.
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Solar radiation was estimated for the three observation days from lux readings as described in the
methodology. In order to compare these values with known direct solar radiation averages, 3hour average insolation for August and September were plotted against the three sample sets.
The samples covered a consecutive range in times from September 8th in the morning, September
7th in the early afternoon, and September 6th in the late afternoon.
This combined profile closely followed the average August insolation, mostly falling below the
expected values for August while appearing further from the September profile, with the
exceptions of the variability on September 8th and the late afternoon on September 6th. September
6th demonstrated greater direct solar radiation than expected on average even for August.
September 8th, which was noted for cloud cover variability in Fig. 4.14, demonstrated multiple
outliers beyond the expected values, ranging from less than 200 to nearly 1000 W/m2.
A similar quantity of non-outliers on September 8th followed the expected profile between the
averages for August and September. Values of solar radiation were also reported by a local
meteorological station denoted by “-Met” in Fig. 4.14. The recorded data at Habibi.Works was
50 W/m2 lower than that of the station on September 6th and 7th, but followed a similar profile.
On September 8th, the two readings reported similar values initially, but starting from 11:12,
deviated, with both data sets showing a large range of values.

Fig. 4.15: Calcuulated heat gain for September 6th, 7th, and 8th. Includes total incoming heat to the collector
area, two calculations of useful heat, and Hottel-Whillier Bliss equation heat gain in W/m2

Several methods were used to calculate heat gain in Fig. 4.15. First, the aperture solar flux was
based solely on the incoming solar radiation multiplied by the available aperture area. This was
always larger than the calculated heat gain, as the maximum available heat based on the surface
area and the radiation at the measurement interval. A maximum value is observed at 11:12 on
September 8th, corresponding to the outlier of measured solar radiation in Fig. 4.14.
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The two useful heat gain equations were nearly equal in measurement in most cases, with 𝑄𝑢1
typically greater than 𝑄𝑢2 throughout the trial on September 7th, but only during the first half of
the trials on September 6th and 8th.The HWB equation always resulted in a smaller value than the
other heat gain equations, but displayed greater values when it reached a maximum of 250 W/m
on September 7th and 8th, than on September 6th, when it was always below 200 W/m.

Fig. 4.16: Calculated heat loss from the cover along with conductive and convective components of loss. Compared
to a calculated heat balance of overall loss to total possible gain. W/m for the entire length.

Heat loss was calculated for the glass sleeve or cover (Fig. 4.16), as well as conduction and
convection within and between components of the absorber. Cover loss was typically higher than
other associated losses with the exception of September 8th, where cover loss was at first less than
conduction and convection loss before nearly equaling these losses at 11:12 and 11:37. On all 3
days, heat loss from conduction and convection were calculated as nearly equal, with convection
losses slightly greater than conduction losses. Heat balance was also calculated without taking
conduction and convection losses into consideration as singular components, mainly focusing on
solar flux and the total heat loss coefficient over the available surface area. This is included for
comparison, and corresponds to the solar radiation in Fig. 4.14.
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Fig. 4.17: Calculated heat loss coefficients for the general collector, the cover, and convection. An average of the
convection and cover heat loss coefficients is also depicted. In W/m2K

The heat loss coefficient was calculated using several methods for comparison (Fig. 4.17). A
standard heat loss calculation gave the value referred to as Ul. Following the equation from
(Kumar & Kumar, 2015), heat loss was calculated for the glass cover and convection loss
between the cover and the absorber tube. Since the literature only calculated the heat loss
coefficient when these two values were equal as part of a simulation to arrive at temperature
values and instead two known temperature values were employed for this data, in this case the
two values were averaged as “Ul-average”. On all 3 test days, Ul is lower than the other
computed coefficients, with the smallest difference in all values observed on September 7 th. The
general trend was for values of both the cover and convection heat loss coefficients to mostly
follow the increases and decreases predicted by the Ul calculation. Exceptions occurred mostly
with the convection coefficient, which seemed to oppose definitive changes in value of the cover
heat loss coefficient with the opposite result. A sudden increase in cover heat loss coefficients
was correlated with a sudden decrease in convection heat loss coefficients, most notably on
September 8th when the most drastic changes were noted around 12:00. More gradual increases or
decreases in cover heat loss coefficients did not demonstrate the same trend in convection
coefficient values, as observed from 12:51 on September 8th and 15:35 to 15:55 on September 6th.
The values of internal temperature were plotted at their locations on a diagram of the parabolic
trough for each of the three test days (Fig. 4.18, Fig. 4.19, Fig. 4.20). The furthest right value
corresponds to the Arduino blackbody temperature, while the furthest left is the ambient
temperature. The rest of the temperatures depicted are from the surface at the steel wool, center,
rubber stopper, and outside the glass sleeve, as in Fig. 4.8. The absorber pipe inlet is typically
demonstrated as warmer than the Arduino surface.
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Fig. 4.18: Temperature profiles of the parabolic trough surface and internal temperatures on September 6th
September 6th demonstrates a similar temperature profile of the receiver throughout the test (Fig.
4.18), with cooler temperatures ambient, absorber rod outside of the glass, and blackbody surface
temperatures. The center of the glass as well as the closed end with steel wool and the rubber
stopper demonstrated temperatures close to that of the center of the glass. This is maintained
even with a cooler recorded internal temperature at 15:46. Surface temperatures at the start of the
test period at 14:35 indicate initial cooler temperatures at the steel wool and rubber stopper
which later became similar to the center of the surface of the glass sleeve.
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Fig. 4.19: Temperature profiles of the parabolic trough surface and internal temperatures on September 7th
The start of the trial on September 7th demonstrate a much cooler temperature profile than that
of September 6th, with the center of the glass initially at similar temperatures to the ambient and
Arduino surface, and the internal temperature well below 80°C (Fig. 4.19). Within 10 minutes, by
12:45, the internal temperature had risen to over 120°C, with the closed steel wool end of the
glass sleeve demonstrating a warmer temperature than the center of the glass. At 12:59, the
surface temperature profile resembled that of September 6th , with the surface temperature of the
rubber stopper end of the glass sleeve slightly lagging behind, and the internal temperature had
risen above 180°C. This surface temperature profile was maintained despite internal temperatures
dropping below 40°C at 13:34 and 13:45, until a slightly cooler surface region emerged at the steel
wool from 14:15 to the end of the trial at 14:25.
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Fig. 4.20: Temperature profiles of the parabolic trough surface and internal temperatures on September 8th
On September 8th, a different temperature profile was exhibited than on either of the previous
two days, with predominantly cooler glass surface temperatures (Fig. 4.20). The warmest internal
temperatures, from 10:45 to 11:27, and 12:29 to 12:39, were paired with the warmest glass surface
temperatures of the test period at the center and steel-wool locations, although the absorber
temperature at the rubber stopper demonstrated a temperature difference compared to the
previous days when it mostly followed the glass surface temperatures. Cooling is demonstrated
from 11:27, with the center of the glass becoming cooler than either the rubber stopper or steel
wool. By 11:37, the warmest spot was at the rubber stopper, and the steel wool was nearly the
temperature of the ambient air and less than that of the Arduino or absorber tube inlet. The
internal temperature, however, did not drop below 100°C as the glass surface cooled from 11:57
to 12:19. Warmer internal temperatures at 12:29 and 12:39 were paired with a cooler temperature
at the surface of the glass than at either the steel wool or rubber stopper, and warmer Arduino
temperatures than ambient or at the pipe inlet.
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Fig. 4.21: Values of airflow indicators for flow regime: Reynolds number, Rayleigh number, modified Rayleigh
number and Nusselt number for September 6th, 7th and 8th.

In order to further analyze the dynamics of the calculated heat transfer within the absorber and
glass sleeve, the values of the Reynolds number, Rayleigh number, modified Rayleigh number,
and Nusselt number are depicted for each of the three trials (Fig. 4.21). Where values of
Reynolds number above 2600 are typically indicative of turbulent flow and values between 2300
and 2600 are in a transition zone, nearly all points of the three trials would have been in turbulent
conditions with the exception of values prior to 11:00 on September 8th. Rayleigh numbers below
1708 indicate lack of natural convection, which is demonstrated particularly at 11:57 on
September 8th, and at the start of the September 7th trial.
The modified Rayleigh number Ra* is used for the specific heat transfer case at hand for uniform
heat flux on the walls of the surface and is measured within a different range than the nonmodified Rayleigh number. Above a modified Rayleigh number of 40, natural convection occurs
(https://web.ornl.gov/sci/buildings/conf-archive/1998%20B7%20papers/053_Serkitjis.pdf).
Thus, only at the beginning the September 7th trial and close to 11:57 on September 8th was there
less convection according to these calculations.
The Nusselt number is once more a comparison of convective and conductive heat transfer, with
a larger value demonstrating predominantly convective forces. A Nusselt number of 1 indicates
laminar flow, and is demonstrated in the initial data from 10:36 on September 8th, but not
otherwise. Typically, turbulent flows have Nusselt values over 100, which are not demonstrated
in any of the trial periods, indicating that although the Reynold’s number is calculated as above
2600, the flow was not particularly turbulent.
4.5.3 Feasibility of plastic melting and significance of associated factors

Additional tests evaluated the ability for plastic to melt within the prototypes. Internal and
ambient temperatures were recorded during these tests.

-87-

Fig. 4.22: Internal temperatures of all recorded data sets in Greece, September 6th-8th and 13th-15th, both with
and without plastic inside the absorber, plotted against time of day.

Overall, greater temperatures were observed on September 6th and September 7th, without any
plastic inside the prototypes, than during the other trial periods (Fig. 4.22). However, September
8th and September 13th both exhibited the lowest temperatures and most variability despite only
one being attributed to a plastic trial. Generally, considering the fore-mentioned variability, higher
internal temperatures were recorded later in the day. September 14th overlapped with the same
time period as September 6th, however, and exhibited lower internal temperatures.
To test if the observed temperature differences between trials with plastic and without plastic
could be due to any correlative factors, both analysis of variance (AOV, Table 4.3) and a Welch
t-test (Table 4.4) were performed in R and their results compared.

Table 4.3: Analysis of Variance for Plastic and No Plastic groups, each testing internal temperature versus
ambient temperature, wind speed, and solar radiation

Plastic

Internal vs:

Df

Sum Sq

Mean Sq

F value

Pr(>F)

Ambient

1

241235

241235

719.166

<2e-16

Wind

1

115703

115703

344.932

<2e-16

Solar

1

1236

1236

3.685

0.0554

Residuals

573

192205

335

1

332158

332158

1185.49

<2e-16

Wind

1

45514

45514

162.44

<2e-16

Solar

1

25613

25613

91.41

<2e-16

Residuals

1675

469313

280

No Plastic Ambient
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Datasets were shortened to exclude initial warming-up periods and any associated examinations
where the trial was interrupted. Averages of values were taken and linear progression of ambient
conditions assumed for the purpose of interpolation where data was missing or tested sample
times did not match between meteorological data and observations.
For trials with plastic, internal temperature did vary significantly with the ambient temperature
and wind speed but not with solar radiation. Trials without plastic demonstrated significant
variation of internal temperature with ambient temperature, wind speed, and solar radiation.

Table 4.4: Welch T-Test for unequal data lengths. Comparing trials from September 6th-8th without plastic to
trials on September 13th-15th, for variables including internal temperature, arduino temperature, ambient
temperature, wind speed, and solar radiation at the 95% confidence interval
Plastic vs. t
No
Plastic

df

p-value

95%
confidence x

95%
confidence y

mean x mean y
Plastic
No
Plastic

Internal

-13.38

801.98

<2.2e-16

-21.51151

-16.00728

157.6352

176.3946

Arduino

-5.3996 767.96

8.912e-08

-1.6055933

-0.7494121

38.73456

39.91206

Ambient

24.331

1156.3

< 2.2e-16

1.627673

1.913205

28.24954

26.47910

Wind

58.373

898.2

< 2.2e-16

5.568685

5.956171

9.158698

3.396269

Solar

6.6732

673.82

5.226e-11

0.8183262

1.5006448

1015.157

1013.998

A Welch t-test (Table 4.4) allowed for unequal sample lengths. Plastic trials were compared to
not plastic trials for significant differences between their values for internal temperature, Arduino
temperature, ambient temperature, wind speed, and solar radiation. All of the p-values were
found to indicate statistically significant differences at the 95% confidence interval. The means
also allow for an interesting comparison: the mean internal temperature was lower than for
samples without plastic. However, the Arduino temperature was also lower, and both of these
values were despite a higher average ambient temperature and a higher average solar radiation for
times during the trials with plastic. Wind speed was on average measured as 9 .16 m/s during the
plastic trials versus 3.40 m/s when plastic melting was not tested.

4.6 Discussion
The feasibility of assembling parabolic trough collectors for melting plastic waste was proven
with methods intended for regions with limited materials and tools. Initial tests were conducted
with a basic prototype that utilized less reflective sheet metal with a more roughly constructed
borosilicate glass sleeve versus an improved version featuring a quartz sleeve and more reflective
metal. The supporting rib structure was also updated with the use of a laser cutter, which may not
be as accessible in developing countries, necessitating a careful approach to ensure accurate
results without. Reflective sheet metal may be more difficult to obtain, where specific finishing
and polishing procedures are needed to reach a near-mirror surface. However, since a perfect
mirror is not required and this kind of metal manufacturing would be common in urbanindustrial zones even within the developing world, this would not be a limitation.
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An interesting question is how much the quartz of the second prototype contributed to the
observed maximum temperature in comparison to the glued borosilicate glass prism of the first
prototype. Since internal temperatures were not measured during the tests of the first prototype,
and similar surface temperatures were observed, further studies are necessary to assess whether a
manufactured glass sleeve is necessary or glued strips of glass would suffice. For the pre-study in
Sweden of the second prototype, the differences in maximum recorded temperature observed on
the surface of the quartz sleeve and the surface of the copper rod when extracted from the quartz
sleeve suggest that the infrared thermometer did not accurately record the temperature of the
copper collector pipe through the quartz enclosure. Further study on the possibility to use a
fused rectangular prism of glass as opposed to a cylindrical glass sleeve could greatly increase
accessibility to developing regions, where precisely formed glass may be a significantly limiting
factor. These continued studies could also carefully consider the fragility of any involved glass
component. Borosilicate is commonly used as the sleeve material for evacuated tubes sold in
bulk, and may be cheaper to purchase as well as more commonly found than quartz.
More extensive testing of the prototype with a thermocouple in Greece arrived at a maximum
temperature for the given parameters. Interestingly, the maximum glass surface temperature was
not observed in Greece, but rather in Stockholm with the first prototype. This could be related to
heat loss from the cover itself, where higher glass surface temperatures would be indicative of
heat loss. The second prototype exhibited more temperature stability on August 26th, where for a
nearly 30 minute period a mean surface temperature of 84°C and standard deviation of 0.78°C
was demonstrated compared to the first prototype, which reached a mean temperature of 82°C
on August 18th, but with a standard deviation of 18°C. The fluctuation in glass surface
temperatures in the first prototype could be indicative of the fore-mentioned cover heat loss.
In Greece, the second prototype was more extensively tested using a thermocouple to further
examine the maximum achievable temperature. The maximum glass surface temperature was not
observed in Greece but rather with the first prototype in Stockholm using thinner glass sealed
with glass glue. The maximum temperature of 211°C notably did not correlate with the maximum
glass surface temperature, which would also suggest the role of heat loss in reaching greater
internal temperatures. This value was above the melting point and did suggest that all plastics
with melting points below 200°C could be successfully transformed by similar devices. Plastics
that can be examined for their ability to be melted within the collector based on melting point
include LDPE, HDPE, and Polypropylene, which all melt below 200°C (Table 1.1) and comprise
at least 50% of global plastics. The stable temperatures observed on September 6 th with a mean
of 206°C and standard deviation of 3.61°C, maintaining the temperature required to melt
common plastics for a period of over an hour, suggest that it would be possible to use similar
designs for the purpose of plastic re-forming.

a

b

eFig. 4.23: Common household and kitchen items at Habibi.Works before (a) and after (b) melting
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Cover heat loss was typically recorded as greater than conductive or convective heat loss, and was
observed to increase with increasing internal temperatures and in the case of the outlying peak in
solar radiation on September 8th, also with increases in solar radiation. However, peaks in the heat
loss coefficient of the cover did not coincide with the predicted amount of heat loss, instead
reaching maximum values at times of temperature change. On September 6th, where cooler
temperatures are exhibited at 15:45, and then increase again at 15:55, an increase in cover heat
loss coefficient is observed. Similarly, during a period of fluctuating external and internal
temperatures on September 8th from 11:57 to 13:09, several increases and decreases in cover heat
loss coefficient are demonstrated.
Conduction and Convection heat loss were nearly equal, similar to the basis of the calculations of
(Kumar & Kumar, 2015). However, (Thomas & Thomas, 1994) suggests that these values should
be equal to the cover loss, which further implies that the cover loss was greater than expected
even for calculations of an optimized non-evacuated tube.
Decreases in convective heat loss coefficient were paired with increases in cover heat loss
coefficient, which followed the prediction of modified Rayleigh values on the 6th and 8th of
September. In these cases, lower convective heat loss coefficients occurred at times of lower
modified Rayleigh numbers, suggesting less convective flows. Generally, more mixing would be
expected with higher Reynolds numbers and more turbulent flows. September 6 th exhibited
consistent Reynold’s numbers never decreasing below the critical value to laminar flows or their
transition zones, and the glass surface temperatures remained relatively similar, with the internal
temperature steady. More variation in values is exhibited on the 8th of September, reaching a
more consistent glass surface temperature at the measured points towards the end of the trial
with higher Reynold’s numbers. This is not the case on September 7th, where the initially high
Reynold’s number is paired with surface temperatures that appear to vary by section. At this time
interval, the lowest internal temperature of the study is exhibited, which may have played a role in
the observed surface temperatures. More accurate calculations of airflow dynamics including
turbulent mixing and convection would require internal thermocouples along different points of
the absorber tube. However, generally, higher internal temperatures were observed during
periods with greater Reynold’s numbers, suggesting that within non-evacuated tubes, turbulent
mixing plays a role in heat transfer.
Calculations of the effects of ambient conditions on internal temperatures suggest that during the
trials examining the melting of plastic, wind speed and ambient temperature had a significant
correlation with internal temperatures. When no plastic was present, wind speed, ambient
temperature, and solar radiation all had significant roles on internal temperatures. In further
evaluation, all differences between the plastic and non-plastic datasets were significant, but
included significantly higher wind speeds for the plastic data set. The difference in wind speed
average, numerically, despite a higher average solar radiation for the plastic data set suggests that
wind speed may be one of the greatest factors in internal temperature changes. This is further
verified by the role of wind speed in the heat loss calculations. Reynolds number follows the
same profile as wind speed for September 8th, and demonstrates the relation of wind speed and
airflow. Cloud cover, as exhibited on September 8th, also contributes to variability of internal
temperatures, but with uncalculated significance. More accurate assessments of cloud cover
would be necessary to reach a conclusion.
The contribution of heat loss related to the glass cover to overall heat loss and previous
uncertainty with the relationship between observed glass surface temperatures to internal
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temperatures of the two prototypes suggests a need for further evaluation of cover material and
construction for non-evacuated parabolic troughs. Future prototypes can analyze this and
compare different possibilities as well as their applicability for specific environments within the
developing world.
A loosening of the rubber stopper on the end of the glass tube was noted starting on September
8th and could additionally contribute to observed temperature fluctuations. A more permanent
fixture is necessary for optimal operation. The length of the absorber tube and distance
remaining outside the glass cover could also have impacted the heat transfer along the absorber,
and a shorter absorber should be tested in order to evaluate only the dynamics of the nonevacuated receiver itself. An improvement could be made in the design of the overall structure to
examine the possibility of combined parabolic collectors that would more effectively concentrate
solar radiation, although it may complicate the rib shape. A compound parabola would not
require readjustment throughout the day and would not need motors or other related
mechanisms, and would thus reduce the overall bulkiness of the design, improving handling and
portability.
As demonstrated by the non-significance of solar flux values to the internal temperature of the
trials containing plastic, the actual value of solar radiation may not be as significant as other
environmental factors. This is further exhibited by the trial without plastic on September 6th.
Although solar flux was significant to the internal temperature along with all interacting ambient
values, a generally decreasing profile of solar radiation was exhibited during the trial as it was the
latest in the afternoon. These were not the lowest values of solar radiation compared to
September 8th, but were decreasing as expected following the shape of the daily averaged solar
radiation profiles for the region in August and September. Thus, it may not be necessary to
maximize solar radiation, although more research is necessary to ascertain its impact on internal
temperature. Additionally, moisture buildup was noted gradually following some intermittent
trials on September 7th and 8th, increasing through September 13th. A drying attempt was partially
successful, but moisture may have impacted internal temperature, particularly notable on
September 15th, when less variation is observed than September 13th or 14th and the trial occurred
at the same time of day as September 6th.
The source of this moisture is also a question, where melting plastic may have released water that
condensed on the glass. The degree to which this occurs should be investigated in order to
control it within solutions for the developing world, where evacuated tubes may not have this
problem.
The applicability of the solution to the regions in question producing the most plastic waste is
demonstrated through their adequate solar potential and relatively close proximity to urban
industry that could provide for necessary materials. Further testing is necessary to determine the
feasibility in the specific environmental conditions including heavy rainfall and lack of collection
or sorting facilities. The ability to sort plastics is particularly important given differences in
melting temperatures and sensitivity to decomposition, as well as the necessity for products to
maintain a consistent composition for continued recycling and potential marketability as
products. Thus, a compatible sorting mechanism would be paramount to successfully deploying
similar devices in developing countries.
While regions of Southeast Asia with higher yearly solar radiation values may be ideal for solar
thermal installations, the questions raised by the impact of ambient conditions suggest that
countries lying further from the equator such as China may be able to consider similar solutions,
-92-

although with high electrification rates, they may be able to consider more industrialized
approaches. The possibility for solar thermal to be used off-grid extends its use to remote
communities and locations even within developed countries and implores the need for continued
inclusion of related technologies in environmental remediation solutions, particularly where heat
is involved.

4.7 Conclusions
The feasibility of constructing a solar thermal collector for low to mid-range temperature
applications based on the concept of parabolic trough solar cookers was verified by this study.
The design was altered for conditions specific to developing countries and remote locations,
intended for continued testing at an NGO in Greece. Plastic waste was targeted as most plastic
compounds have melting points within the demonstrated range of solar cooker devices. Waste
ABS plastic from a 3D printer was partially melted in early trials, and HDPE, LDPE and PP were
all successfully melted in later trials as well as discarded LDPE and HDPE from kitchen waste.
Temperatures at or above the melting points for these plastic compounds were reached and
maintained for up to 1.5 hours without interruption. These plastics are commonly found in
plastic bags and hard plastic containers.
Specific design alterations included the use of a non-evacuated tube collector for accessibility in
developing regions, and minimal power tool usage, only as necessary for parabolic shape
accuracy. Two different prototypes subsequently examined glass sleeves, where initially a rough
prototype was constructed with borosilicate glass strips glued into a rectangular prism
configuration. The improved second prototype featured a cylindrical quartz tube that was closed
on one end. The potential for common borosilicate to be used for solar thermal applications such
as solar cooking or domestic hot water was demonstrated and is particularly of interest for
developing countries. The borosilicate prism further demonstrated greater glass surface
temperatures than the improved prototype, but measurements of internal temperature were not
made.
The possibility of glass surface temperature indicating cover heat loss was further explored by the
study. Heat loss was calculated as well as indicators of airflow dynamics, using the same formulas
that were established for the optimal airgap of a non-evacuated tube collector. Cover loss was
demonstrated at values greater than convective or conductive heat loss, when all three are
expected to be nearly equal under ideal conditions. This suggests the need for further
examination of cover heat loss in future studies, and that consideration of mechanisms to
decrease heat loss could increase internal temperatures.
Typically, heat loss in non-evacuated collectors is attributed to turbulent flow, however, the
warmest internal temperatures occurred during periods of sustained turbulence, such as on
September 6th. A predominance of convection was mostly seen and it is assumed that the bulk of
heat transfer occurred through convection. Convective heat loss was nearly equal to that of
conduction, as expected, throughout the three trials on September 6th, 7th, and 8th. The heat loss
coefficient for convection demonstrated greater values with more convective flows as indicated
by the modified Rayleigh number, and increases in the cover heat loss coefficient were observed
to coincide with decreases in the convective heat loss coefficient. This would indicate that less
convective and possibly less turbulent flows have greater potential for surface heat loss. This
further supports additional inquiries into cover heat loss and methods for reduction.
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Additional environmental and ambient conditions were observed to significantly impact the
internal temperature of both trials testing plastic samples and trials without plastic, with the
exception of solar radiation. Solar radiation was not found to significantly impact the plastic trials,
despite exhibiting greater values than during the trials without plastic. This indicates that actual
solar radiation may play less of a role than other factors, although cloud cover appeared to
demonstrate a casual correlation with decreases in temperature or variability in internal
temperature. Cloud cover was not examined for significance due to the data being based on
anecdotal descriptors, and its relationship could be further explored. Furthermore, wind speed
appeared to have a greater significance than other ambient conditions, and its role in heat loss
equations suggests that measures to reduce loss due to high winds could alter heat loss patterns.
The interaction of environmental conditions significantly impacts internal temperatures, and
efforts to construct a suitable device for developing and remote locations should carefully
consider the meteorological conditions of the area.
The study demonstrated the potential to both melt and reform a variety of plastic waste in
developing regions, however, additional studies are needed to further examine the interaction of
parameters that impact heat loss for non-evacuated tubes in order to control exhibited
temperatures. This solution, utilizing accessible materials and methodologies, could serve as a
sustainable solution for plastic waste recycling in developing countries in line with the UN
Sustainable Development Goals. This is particularly applicable to regions particularly lacking
waste management services such as parts of Southeast Asia.
China and Indonesia were examined as the greatest contributors to marine plastic waste, and
although the bulk of China’s plastic waste could directly be attributed to industrial activities and
thus could be improved through industrial means, Indonesia’s plastic waste was directly tied to
municipal consumption. For Indonesia, which exhibits higher average annual solar radiation than
China, this suggests the need for alternative domestic solutions for plastic waste, and that
concepts such as solar thermal may be applicable to particularly applicable to municipal waste
management. This would require further assessment of the feasibility within Indonesia and
additional plastic waste producers in Southeast Asia, based on local environmental conditions.
Even larger amounts of plastic waste are estimated to be produce and accumulate on land than in
the ocean annually. Island nations in particular face difficulties due to less land area and low
residence times from the land to the ocean, a looming environmental threat that is easily escalated
by flooding from intense storms during the tropical rainy season. The need to address plastic
waste closer to its source is thus demonstrated. Additional solutions to what has already been
proposed are necessary in order to fully tackle global plastic waste, where yearly consumption is
only expected to increase in the foreseeable and no viable alternatives to plastic currently exist.
The reforming of plastic within communities could allow individuals to reduce waste volume and
create practical objects. Local artisans and merchants could sustainably craft waste into profitable
items. Reductions in emissions related to the burning of waste would improve air quality and its
effect on health. The feasibility to fully reform plastic materials with solar thermal technology
should be investigated by further studies as well as its potential environmental impact of what
could be less durable plastic items. Additionally, more data is needed on plastic consumption and
waste disposal behavior within these communities to assess the best approach and specific
applications for waste reforming.
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