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ABSTRACT

Each year more than 2 billion tonnes of municipal solid waste are produced globally. The greatest
worldwide users of resources in terms of raw materials and energy are from the construction sector.
Construction, demolition and excavation waste accounts for a large share of municipal waste and the
majority of this waste goes to landfill. Worldwide, the proportion of landfilled construction, demolition
and excavation waste compared with the total amount of waste is variable from 13% to 60%+. Many
developed countries are now facing issues with land capacity and are less flexible in their approach to
solid waste treatment. New Zealand is a relatively young and geographically isolated country with
enough available land to be able to trial new options for waste treatment and currently has seven
different types of landfills, including construction and demolition and cleanfill options. Biodegradable
substances can be treated via processes such as composting and anaerobic digestion, but substances
which are either hazardous or inorganic in structure are generally considered to be untreatable and
therefore reduce practical options to landfill or incineration. As any potential treatment in landfills is
limited by less than optimal environmental conditions, their primary purpose is simply to hold and
isolate waste. Incineration has high energy costs and does not support a low carbon economy. As neither
of these options present an ideal long-term solution to solve this waste problem, this paper will consider
sustainable options for the disposal and treatment of construction, demolition and excavation waste
with a focus on hazardous materials. It will consider New Zealand as a potential case study location for
trialling solid waste treatment options whilst discussing waste issues in other countries such as
Australia, the United Kingdom and the United States of America. It will also identify barriers
which may prevent the treatment of solid waste including considerations for protecting public health
and safety.
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1 INTRODUCTION
Worldwide, more than two billion tonnes of municipal solid waste (MSW) are produced
annually [1], where the construction sector is the largest global user of raw material and
energy resources [2]. Construction, demolition and excavation (CD&E) waste contributes to
a large share of the total MSW in developed countries [2]. Typically, construction and
demolition (C&D) wastes are defined by activity [3] and consist of relatively inert materials
such as concrete and bricks.

The average proportion of total waste reaching landfills which is derived from CD&E
waste is 30% [4] although this proportion varies globally from 13% [5] to 60%+ [6], [7]. In
2016, 61% of waste generated in the UK was classified as CD&E waste [6] whereas Australia
reported 31% CD&E waste [8] (Table 1). In Hungary, 23% of waste was labelled as CD&E
[9] whereas Romania reported no CD&E waste [9]. This could be due to individual countries
either not reporting their figures or simply not having the separate CD&E waste stream but
does demonstrate a lack of certainty around this data globally. Although the United Nations
Environmental Programme (UNEP) [2] reported that the bulk of waste disposed via landfills
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Table 1: Waste generation and breakdown of waste in seven countries [S]-[10].

Waste

Country Year Total generatlon e F  Household C&I**  Others
mass  per capita

(2015)
UK [6] 2016 2229 1.8 61% 12% 19% 8%
Australia [8] 2016 66.8 2.2 31% 21% 31% 18%
Germany [7] 2015 3512 2.1 60% 15% 17% 9%
Japan [10] 2011 380 - 20% 11%* 63% 6%
South Africa [S] 2017 42.7 2 13% 20% 7% 60%
Hungary [9] 2016 16 - 23% 18% 34% 25%
Romania [9] 2016 178 - 0% 2% 95% 3%

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

was derived from CD&E waste in developing countries, this has not been supported by other
research (as demonstrated in Table 1).

Regardless of the reliability of the CD&E waste data, the vast scale of the problem is
concerning and other options to landfill disposal need to be investigated. Established waste
disposal and treatment processes for MSW include composting, incineration, landfill and
recycling, globally, technology choice is based predominantly on land space availability. In
terms of CD&E waste, previous research indicates a high potential for recovery [5], [7], [8]
(with the highest rate available in the absence of hazardous waste (UK) [6]). In New Zealand
(NZ), it is possible to recycle and/or reuse most streams of C&D waste. For example, Green
Gorilla, a waste management company in NZ recycles timber, non-ferrous metals, cardboard,
plasterboard, steel, rocks and concrete. However, there are other barriers preventing effective
recycling or reuse which include a lack of training and education to encourage on-site waste
separation, space limitations on site for adequate materials storage and a clear lack of
incentives to reduce waste. For hazardous CD&E derived wastes, recycling or reusing waste
is rarely if ever a viable option. So, despite impressive improvements in the capability to be
able to divert this waste stream from landfill, this disposal route remains the most common
option, globally.

The NZ government defines hazardous waste as that which “contains hazardous
substances at sufficient concentrations to exceed the minimum degrees of hazard specified
by Hazardous Substances Regulations 2000” or meets the definitions for infectious
substances or radioactive materials [11]. The hazardous characteristics that form the basis for
these criteria include explosiveness, flammability, capacity to oxidise, toxicity, corrosiveness
or eco-toxicity [11]. The lack of hazardous waste management in NZ was identified as a key
issue twenty years ago [12] and yet the NZ Waste Strategy (2010) gives little or no mention
to hazardous waste disposal [13]. Furthermore, there has been little focus on hazardous
wastes which are created due to past activities such as the large quantities of contaminated
land which currently follow a similar hazardous waste disposal protocol.

Globally, we produce 400 million tonnes of hazardous waste each year [14]. However
hazardous waste from the CD&E sector consists of three distinct types which should be
considered separately. These include, hazardous products (HP) used during construction, e.g.
paints and solvents, which are often in liquid form. Hazardous waste (HW) by which we are
referring to hazardous components of building products for example, fluorescent lamps
containing mercury or electrical components containing polychlorinated biphenyls (PCBs).
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Finally, hazardous by-products (HBP) which are often solid wastes containing a low
concentration of hazardous component, such as asbestos or lead contaminated soils. In fact,
contaminated soil waste and asbestos waste contributes a significant portion of low
concentration, high volume waste to landfill. A previous study quantified the C&D waste
materials in all states across Australia (2008—2009) where 1,055,797 tonnes of contaminated
soil waste and 728,477 tonnes of asbestos waste were generated [15].

Lack of available land is becoming an increasing issue for many developed countries
reducing flexibility in terms of future solid waste treatment. Are there other options for the
disposal of CD&E waste? And, do these options include more sustainable waste treatment?
This paper will investigate the current options available whilst highlighting the issues
associated with long-term landfill disposal of hazardous substances.

2 LANDFILL DISPOSAL

Modern landfills are designed to minimise the impact of MSW on the environment and
human health, providing storage but requiring land-use restrictions and continuing
maintenance [16]. Landfills are the most common method of waste disposal in NZ, with an
estimated 3.2 million tonnes of waste to MSW landfills in 2006 [17], [18]. This waste
typically includes 28% organics, 16% rubble, 11% timber, 8% plastics, 7% paper and less
than 5% of glass, metals, and textiles [19]. In NZ, there are currently seven different types of
landfills where waste can be disposed; five non-hazardous landfills (MSW, managed, C&D,
cleanfill, industrial) [20] and two hazardous landfills (Class A, Class B) [21]. Cleanfills are
defined in NZ as, “material that when buried will have no adverse effect on people or the
environment” (e.g. clay, brick, concrete etc.) [20].

From 1995 to 2007, the number of landfills in NZ reduced from 327 to 60, (often as a
result of less than optimal environmental controls), with just 54% utilising engineered liners
for leachate containment [18]. Nevertheless, the amount of waste to landfill in NZ appears to
be increasing, rising to just over 1 tonne/capita/yr [22], representing close to 5 million tonnes
of waste per annum. It has been estimated that 26% of waste to landfill is derived from C&D
waste [23]. However, this value does not include waste that is sent to cleanfill sites which
was estimated to be between 2.7 and 3.7 million tonnes in 2007 [23].

For hazardous substances, Class A landfills have engineered systems designed to the
Centre for Advanced Engineering’s Landfill Guidelines (2000), in comparison, Class B
landfills are existing landfills that do not meet this guideline, and have little to no engineered
systems [21]. Despite landfills specific for hazardous waste, it is estimated that
approximately 14% of waste to four MSW landfills was deemed potentially hazardous [19].

Although there is currently a heavy reliance on waste disposal via landfill, NZ is a
relatively young country with a small population and could investigate alternative options for
the treatment of CD&E and associated hazardous wastes. This would be advantageous to
support its reputation as an environmentally focused society and to provide a more
sustainable option to protect future generations and a fast-growing population.

3 THE FUTURE OF LANDFILL TECHNOLOGY
There is evidence to suggest that the world has reached a level of stagnation with respect to
landfill design and waste disposal. In 1995, a seminar in the United States was called to
examine “an alternative approach to landfill operation that greatly minimizes long-term risks
associated with potential landfill containment system failure” [24]. This alternative approach
was bioreactor landfilling and it was stated that “this method represents the future of waste
disposal because it transforms waste disposal practice from a passive system to an active
process” [24]. In 2000, NZ revised their Centre for Advanced Engineering Landfill
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Engineering Guidelines (1992), now called Landfill Guidelines (2000) [25]. These guidelines
stated, “bioreactor and aerobic landfills have not been designed or operated in New Zealand
to date”, however it was stressed that overseas research and trials should be monitored for
their applicability to NZ (e.g. bioreactor landfills) [25]). The Landfill Guidelines (2000) were
superseded in 2016 (with a further revision in 2018) to Technical Guidelines for Disposal to
Land (August 2018), with no reference to bioreactor landfills [26]. Which shows little
progress made in terms of landfill design in 25 years.

Current landfill designs and management have a number of issues including a poor level
of degradation of waste and issues associated with leachate toxicity due to increased chemical
use [27]. Traditional landfills have a large land requirement, and with a growing global
population, land space is at a premium. In addition to this, there is a trend towards increasing
disposal costs for hazardous waste disposal, which in turn is encouraging illegal dumping
of waste [28]; an issue which has been forewarned for New Zealanders over 35 years
previously [29].

Issues with landfill failures are widespread despite apparent engineering developments.
In the late 1980s problems began to arise for the community of Oakland County Waterford
Township (US) in the form of groundwater contamination [30]. It is unclear whether the
failure was a result of leachate collection and removal or liner fault [30]; however, it is clear
that at the time of landfill construction, guidelines and regulations were less stringent than
today. In developing countries, the regulations regarding landfill design are not as well
controlled, which has contributed to many landfill failures (Table 2).

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

Location Date Cause Fatalities
Payatas, Manila, Jul. 2000 Heavy rain triggering More than 200
Philippines [31] ' landslides

Explosion due to sudden
Feb. 2005 biogas release, 3 days of Approx. 143

Leuwigajah, Java,
Indonesia [32]

high rainfall
Morro do Bumba, Niteroi, Apr. 2010 Heavy rain triggering gg? s;):.tli?o
Brazil [33] pr. floods and landslides .
region)

Baguio, Philippines [34]  Aug, 2011 1yPhoon —collapse of 5

gulo, PP & retaining wall
Guatemala City, .
Guatemala [35] Apr. 2016  Heavy rain Approx. 30
Koshe, Ethiopia [36] Mar. 2017  Conflicting reasons Approx. 120
Meethotamulla Garbage Instability — approx. 48.5m
Mountain, Sri Lanka [37] Apr. 2017 high pre-collapse Approx. 40
Verter Recyphng Lapdﬁll, Feb. 2020 Instability — with asbestos )
Basque Region, Spain [38] waste release

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

4 TREATMENT OPTIONS
4.1 Chemical and physical processes

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

Physical and chemical processes can treat the majority (if not all) of the waste flow and
may be useful for pre-treatment however they do not currently provide a sustainable long-
term option.

4.2 Biological processes

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

The treatment of solid wastes remains problematic however bioremediation (biological
process) is capable of treating both solid and liquid wastes. Bioremediation can be either in-
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Figure 1:  Continuum of relative microbial degradation rate, where length of bar indicates
relative degradation timeframe. (Degradation rates of petroleum products [47].)

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

4.2.1 Bioreactor landfills

Bioremediation has been trialled on a limited scale within a landfill-type enclosure, called a
bioreactor (or activated) landfill, defined where “liquid or air is injected in a controlled
fashion to the waste mass in order to accelerate or enhance biostabilisation of the waste” [44].
These reactors are primarily for organic wastes and are designed and operated under
conditions to enhance biodegradation and biogas production. Within bioreactors, ambient
moisture levels are critical (as microbial growth is enhanced at moisture contents greater than
40% by weight) so this typically involves the addition of moisture to the process [48]. The
addition of moisture serves two purposes, firstly, the creation of conditions favourable for
the transport and proliferation of the microbial community and secondly, provides a pathway
for mixing organic substrates, nutrients and waste products [48] and the dilution of high
concentrations of microbial inhibitors. However, it has been observed that continuously
achieving the target moisture content in a landfill is rarely achieved by leachate recirculation
alone.

Furthermore, bioreactor landfilling is the least promising option for many wastes
(including wood, textiles and paper), based on their estimates of biogas production from
anaerobic digestion of organic waste [49]. It appears that currently bioreactor landfills do not
deliver the promise of accelerated treatment but still produce undesirable toxic products such
as landfill leachate and rank poorly in terms of environmental impact. Due to this and various
other limitations mentioned above (such as higher moisture requirements, anaerobic
environment, and lack of adequate mixing for transportation of microbes and substrates), the
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use of bio-landfilling has not served to improve the actual degradation of solid wastes
substantially in full-scale applications [48], [50] and has not been adopted in NZ. However,
bioremediation on a longer and larger scale may provide a sustainable solution for the
treatment of CD&E and associated hazardous wastes, providing public health and safety can
be assured.

4.2.2 Bioremediation

Bioremediation utilises living organisms such as plants, microbes and their enzymatic
products to reduce toxicity in xenobiotic compounds [51]. Microorganisms are versatile and
are capable of rapid adjustment during environmental changes and can therefore serve to
protect their ecosystems from deterioration. Microbial-mediated bioremediation is cost
effective, sustainable and in-situ application is easily implemented. Either naturally occurring
metabolic activity can be utilised during bioremediation for the degradation, transformation
or accumulation of many substances [52] or microbial augmentation with non-native species
can be effective [51]. Despite the perceived low potential for biological degradation of
inorganic species (Fig. 1), successful steps towards bioremediation have been identified
recently. For example, the bacterial bioremediation of metal-contaminated waste [51] and the
successful use of bioremediation strategies for radionuclides [53], highlighting the potential
for bioremediation [54].

Phytoremediation of acidic mining drainage in mine tailings has also shown plants to
facilitate the immobilization of other heavy metals such as lead, cadmium, zinc, iron and
nickel [55]. Phytocapping, (growth of plants over mine tailings), relies on the addition of an
amendment layer on the mine tailings to enable plants to adapt to biotoxins and the acidic pH
[55]. Similarly, in the potential bioremediation of other inorganic hazardous materials such
as asbestos [56], these and other factors will need to be addressed, especially the lack of
organic material and nutrients for growth present within pure asbestos deposits. Unless these
can be sufficiently supplemented either by the managed ecosystem itself or the addition of
carbon and nutrient rich amendments, bioremediation will be difficult to optimise.

Landfarming, an ex-situ bioremediation technology, is a contained, controlled degradation
of contaminants in varied soil conditions to optimize the rate of degradation [57].
Contaminated waste is mixed with soil amendments such as soil bulking agents and/or
nutrients then adjusted for parameters such as moisture, pH and aeration (by periodic tilling)
[57], [58]. This allows the contaminants to interact with the soil and climate of the site to
degrade, immobilize and transform contamination constituents [57]. Landfarming is proven
to be most successful in treating petroleum hydrocarbons, and other more chlorinated or
nitrated compounds albeit with more difficulty [58]. Potential environmental hazards from
landfarming applications can arise from any residual toxic substances remaining within the
soil profile; groundwater contamination (leaching); and airborne hazardous substances.

Disadvantages for the use of bioremediation include issues associated with accurate scale-
up and a lack of standardised methods for measuring biodegradation rates, resulting in scarce
data sets. The use of lab scale experiments to predict field scale results appears risky for
determining treatment rates, and bacterial or plant-based processes may produce large
volumes of pollutant-loaded biomass which can result in further waste disposal issues.
However, the use of fungi for bioremediation processes may present greater opportunities,
especially for hazardous substances. In the case of asbestos, the removal of iron from asbestos
materials has been indicated using lichens and fungi where the degradation of asbestos using
fungi has been tested in controlled laboratory studies [56], [59], [60]. To maximise the
potential of bioremediation techniques whilst reducing risk, can the implementation of a solid
waste treatment process provide a solution?
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5 ADVANCED TREATMENT POTENTIAL

Currently bioremediation provides a large-scale, long-term option for relatively slow
microbial degradation of a wide variety of compounds requiring low energy and low-level
maintenance (as demonstrated in Fig. 2). Timescales, process security and public safety may
prevent this option providing a solution of CD&E waste streams (particularly for hazardous
wastes). Landfarming (a form of bioremediation which requires a higher level of engineering
and maintenance than other forms of bioremediation) also shows promise but will require
further adaptation to ensure public safety due to the tilling process to provide aeration. In
terms of public health and safety, traditional landfills provide a high level of protection (in
the short-term) due to their containment methods, however, their design accommodates
low/no degradation of waste. In comparison bioreactor landfills have been designed to
provide low level degradation and energy recovery potential, although these benefits come
with management requirements. A major drawback to the use of bioremediation and
landfarming, is the potential migration of very stable hazardous substances (e.g. asbestos),
therefore containment to provide degradation is needed.

z"@z>
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> éo 6}(\ &' 0,; i\o
G v &9 & X D
& & ; 0‘03'0\\ q',\°° & o o‘&\ é‘eb‘
g ob @ & & & &
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Ll LAND REQUIREMENT

LAND REQUIREMENT HIGH

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

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

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

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

e The potential for reuse or recycling of hazardous substances (after processing), which
completes the material loop, and is especially valuable for heavy metals.
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Concrete
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\ (I-}I]Bl;’) J + Lead paint in soil Treatment plus Bioremediation

Process > Specialised Landfill

Figure 3: Defining and treating hazardous and non-hazardous CD&E waste.

6 CONCLUSIONS

We already have well-established biological treatment processes for the water and
wastewater industry including suspended and fixed growth microbial systems. Although
these systems have developed significantly over the last few decades, similar investments
and advancements for solid waste treatment processes have not been forthcoming. This may
be due to high land space requirements, lack of incentives and perceived lack of feasibility.
However, the main reason is that landfill processes are simple and low cost by comparison
despite their shortcomings in terms of sustainability.

The proposed bioengineered treatment process aims to expand and adapt the methods for
organic waste bioreactor (or activated) landfills incorporating the treatment processes utilized
by bioremediation, to a landfill design suitable for the treatment of even hazardous CD&E
waste; to minimise risk to public but maximise treatment. We still need to be sure that short
term risks are acceptable even though long-terms risks may be far better. For this purpose,
knowledge about treatment options for organic and inorganic wastes must be combined in
novel ways and assumptions tested. In the long-term, the development of multiple
biotechnological processes (according to waste type) may provide a better and more
sustainable solution to combined waste disposal in landfills.
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