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Abstract

Lae City (LC) of Morobe Province is the second-largest city in Papua New Guinea. Due to
the abundant natural resources it inherits, the resultant urbanization has led to an influx of
the human population. This increase in population as a result of industrialization has led to
increased municipal solid waste (MSW) accumulation. To address this exigent issue, which
affects the nation’s carbon footprint, it is imperative to review socio-economic and geo-
graphic factors to establish a feasible approach for managing MSW efficiently and sustain-
ably. In the quest to achieve the same, the present assessment focuses on the 3 core waste
management hierarchy systems to support sustainable development for LC by reviewing
existing opportunities and challenges associated with the current MSW management sys-
tem and the associated policies. The result shows that as a sustainable approach to MSW
management of LC, a zero-waste campaign for resource recovery engaging all stakeholders
can be implemented since the organic content of MSW generated in LC is as high as 70%.
Moreover, the dumping of MSW at the dedicated dumpsite site can be minimized if poli-
cies are strengthened and the proposed waste avoidance pathway is implemented strictly. In
addition to this, to avoid the contamination of groundwater and recovery of methane, the
use of the Fukuoka approach in the existing landfills has been suggested to capture leachate
without any huge expenditure.

Keywords Municipal solid waste - Fukuoka method - Waste management hierarchy 3 core
systems - Waste avoidance - Resource recovery - Landfill

1 Introduction

Lae City (LC), as the capital of the Morobe Province (MP), is the second-largest city
in Papua New Guinea (PNG) with a population of 148,934 (‘“Districts of Papua New
Guinea” 2014). The city expects a population influx and economic boom in the next few
years due to urban drift and abundant resources (such as gas, oil, and mineral). However,
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great developing opportunities also bring the threat of massive waste generation. The poor
municipal solid waste (MSW) management standards, insufficient funding, lack of policy
and strategy guidelines lead to the fact that the main disposal of MSW in LC is landfill
with open burning of waste. There is no waste reuse or recovery in the process (Wangi
2013). The practice will result in a waste of resources and cause odour, pollute groundwa-
ter, contaminate soil, and further pose significant threats to the health condition of local
citizens. The fact of rapid urban population growth and mismanagement of local landfill
sites in LC would further exacerbate the impact. Therefore, it is necessary and imperative
to assess the current waste management system in LC to identify the neglected areas. The
action should also consider socio-economic and geographic factors of LC when suggesting
feasible approaches for local authority and stakeholders to improve the circular economy.

In this study, an effort has been made to propose an improved MSW management solu-
tion for LC based on the 3 core waste management hierarchy systems (3CWMHS), in order
to reduce waste production, increase energy recovery rate, and alleviate the health risk to
residents. It has been done by conducting literature reviews about MSW management and
summarizing potential opportunities and challenges according to previous experiences.
Currently, in LC, the barriers of developing countries including unavailability of sophisti-
cated resources, external funding, and skilled workforce need to be considered.

2 Methods

The present study is designed to assess the sustainability of the existing MSW manage-
ment system in LC of PNG and propose feasible recommendations for the local author-
ity to improve the current system (Fig. 1). In order to achieve this goal, literature has
been reviewed in the first place to learn from other experienced organizations and coun-
tries based on their strategy and method. Academic literature, including but not limited
to journal articles, book chapters, and thesis, has been used for refining insightful theory
and building concepts of the problem. Grey literature, such as websites with the topic of
waste management in PNG, has also been introduced to gather missing data and finalize
the proposing system. As a result of the assessment, policy recommendations are suggested
based on the 3 core waste management hierarchy system (3CWMH), which is the modified
version of conventional waste management hierarchy system (WMHS) proposed to accom-
modate the barriers such as less availability of sophisticated resources, external funding,

Fig. 1 Methodology used for the
present study ICWMHS
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and skilled manpower present in LC. Also, a case study approach is chosen to clarify the
detailed explanation of the strategy recommendations. The landfill site at LC, as the case
study, can represent the MSW management system in PNG. By looking into the snapshot
of the system, we could get an in-depth, rich, and contextualized answer of how MWS
management should engage in the procedure of upgrading the landfill site at LC of PNG.

3 Literature reviews

The waste management hierarchy system (WMHS) (Fig. 2) as a waste policy guiding
principle is extensively used by different agencies such as governments, educators, envi-
ronmental groups, and industry because it takes into account the broader environmental,
social, and economic impacts of a society or community waste system (Gertsakis and
Lewis 2003). The WMHS system highlights waste prevention approaches being most pref-
erable to waste disposal being the least desired option. In the current study, the hierarchy
is separated into 3 core waste solutions including waste avoidance, resource recovery, and
disposal. The following sections provide an in-depth scenario of this 3CWMHS system
concerning the opportunities and challenges in LC.

Starting from the first core and the most important step to be favoured in the new prac-
tice of LC is waste avoidance; a dramatic reassessment and transformation in the pro-
duction and consumption cycle are necessary to achieve economic growth and sustain-
able development while reducing the global ecological footprint (Pata 2021). As living
standards improve for emerging nations, their waste footprint also increases, and with-
out national policies and regulations, this can be unsustainable (Ferronato and Torretta
2019). In achieving waste prevention, a robust education campaign must be developed and
deployed in the community. This will enable an understanding of their waste character-
istics and then provide a platform for strategies in waste avoidance and reduction (Kal-
ambura et al. 2015). From a planning point of view, it is very important to estimate and
characterize the total amount of waste generated in LC because equipment and facilities are

3ICWMHS WMHS

Avoid & reduce Most
Waste favoured
avoidance option
Re-use & recycle
Recovery
Resource .

recovery
Treat waste
Least
Disposal favoured
option

Fig.2 Waste management hierarchy system (WMHS) and the modified 3 Core waste management hierar-
chy systems (3CWMHS) concerning challenges and opportunities for Lae city
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provided and designed based on the amount of generated waste (UNESCAP 2010). Table 1
shows a recent record of such studies concerning MSW estimation and characterization.

From Table 1, it can be observed that a developed country is more likely to have a
higher organic fraction in total MSW (Pujara et al. 2019). A developed country, on the
other hand, is likely to have a majority of non-organic waste due to the high standard of life
and availability of every commodity well packaged, which leads to a substantial waste in
the form of packaging as seen in the case of Sydney metropolitan area, Australia (Sunayana
et al. 2021). In view of this, (Bortoleto et al. 2012) developed a system for household waste
prevention behaviour based on a survey. Perceived behaviour control and personal norms
were found to be the most significant predictors, followed by moral obligations. Waste
recovery practices and source separation of household waste are some of the preventive
actions of waste generation (Chung and Poon 1999). (Bernstad et al. 2011) studied waste
(household) source separation in southern Sweden and revealed that with optimum source-
separation of all recyclables, the existing net contribution to global warming could be
shifted to a net avoidance. Furthermore, disposal of food waste in paper bags for dispersed
drying before recycling helps in a larger net avoidance of global warming (Bernstad and la
Cour Jansen 2012). (Kumar and Agrawal 2020) discussed the challenges that India facing
in terms of MSW management. It was suggested that the recycling and disposal of MSW
must be integrated more efficiently. For instance, resourceful solid waste, such as wet waste
for compost/biogas processing and dry waste for energy plants, recycling, and reuse, is to
be isolated at the source. As a result, it is important to ensure that as little waste as pos-
sible reaches dumpsites. Thus, being part of a developing country, the waste generation in
LC can be managed if source separation can be carried at the household level. This will
encourage the proper handling and recycling of the waste in the next stages of 3CWMHS.
In addition to these techniques, waste avoidance can be implemented using various other
approaches (Bulkeley and Gregson 2009). For instance, an integrated approach targets
institutions such as governments, industry, educational organizations, and the local villages
(Halkos and Petrou 2020). This can be undertaken through the establishment of educa-
tional centres on a municipal level, through the activities of NGOs, and in schools and
universities (Arantes et al. 2020). Local media such as radio stations and posters can be an
effective medium to ensure information is proliferated through the community. Likewise,
(Tsai et al. 2021) identified three core factors for achieving sustainable MSW management
in coastal and marine tourism cities: policy and legal frameworks, tourism policies, and
stakeholder participation. Better governance is needed to attract additional investments for
the reinforcement and growth of urban household MSW management in developing coun-
tries (Azevedo et al. 2021). Another impediment to waste reduction is a lack of overarch-
ing government policies, regulations, and laws for waste management as can be seen in
Fig. 3. To ensure consistent and holistic implementation of waste management principles
in a community like LC, top-down commitment on a national level is required (Chen and
Chang 2010). Policies need to be developed in alignment with a few key principles such as
the ‘polluter pays’, precautionary, and proximity principles (Kalambura et al. 2015).

Most of the above studies were conducted in developed countries, unlike the emerg-
ing nations which do not usually give high priority and resources to waste management
capabilities or infrastructure which introduces challenges. With minimal economic instru-
ments available to this industry, it is difficult to facilitate and implement the programs
and systems to ensure sustainable and minimized waste production. By helping all stake-
holders understand the relationships and interlinkages between poor waste management
and adverse health outcomes to the population, coupled with a life cycle assessment of
important waste systems, the investment can be more compelling in supporting the waste
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Fig.3 Interrelationship of concerning bodies to regulate, and the imposition of policies related to avoid and
reduce waste (Wilson et al. 2013)

industry (Ziraba et al. 2016). Where possible, governments should engage the support of
international partners in establishing the foundational frameworks for LC’s solid waste
management practices.

The next step in the WMHS is to reuse and recycle waste, which is also classified as
waste avoidance in the 3CWMHS proposed for LC. Organization for Economic Coopera-
tion and Development (OECD) countries report approximately 27% organic waste fraction,
all other global regions are 47-61% (Hettiarachchi et al. 2018). This validates the argu-
ment that waste from emerging countries often has high organic content in total MSW as
compared to the rest of the world, which in turn has implications on waste management
decisions (Olay-Romero et al. 2020). It is essential to separate and recycle biodegradable
organic material from the municipal waste stream to establish a sustainable waste manage-
ment system (Rathore and Sarmah 2021). Of all of the recycling methods, composting of
organic waste is recommended due to its environmental and economic benefits (Asensio
et al. 2018). In emerging countries, composting has appeared as a vital technology to recy-
cle biodegradable waste while generating a useful product for the residential waste genera-
tor or the market (Rastogi et al. 2020). As compared to the direct landfilling scenario only,
the lower environmental burdens associated with the composting-landfilling scenario make
it more environmentally attractive (Behrooznia et al. 2018).

Recycling and composting have many advantages for PNG as >70% of MSW share are
organic (Woodruff 2014). Material recovery instead of landfilling resources diverts the
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amount of waste stored and creates more space for non-recyclable materials that must be
buried whilst also potentially generating valuable products and a revenue stream for people
or organizations that sort and sell the waste (Lohri et al. 2014). To make recycling and
composting possible in LC, peoples’ cooperation is necessary. To reuse and recycle waste,
the community needs to be trained to segregate the waste and be rewarded for it. When it
comes to composting, people need to be educated about the benefits of keeping and stor-
ing the organic waste until it is fully decomposed to create fertilizer (Keng et al. 2020). At
the household level, composting of organic waste can be fruitful in so many ways as it is
a sustainable practice to divert organic waste from landfills (Agapios et al. 2020; Faverial
and Sierra 2014).

Vermicomposting has emerged as a sustainable, economically viable, and easy
method to stabilize household organic waste without any adverse effects to the environ-
ment or human health (Pirsaheb et al. 2013) as shown in Fig. 4a. In a study by (Soobhany
et al. 2015a), a comparison of vermicomposting and composting was made based on the

(a) [ Household composting system ]

Domestic waste

Vermicomposting

Advantages

Earthworm (used in Waste waster Vermicompost (used as
animal feed, medicine treatment and organic fertilizer and
and product utilization) vermifiltration pollutant bioremidiator)
(b) [ Large scale recycling and composting methodology in Lae city ]
Aerated Static Pile Solid waste (domestic Constitutes >70% of the
Composting and agriculture) total waste in Lae city

Bio-layer traps heat
and odors and protects
the active core from

Mechanical/manual sorting

|

. birds, rodents, and Air from Shredding of non-
PYC pipe otlit vestore blower recyclable waste
with holes (connected to
to allow air timer and :
to enter the ° temperature Somosing n
: ’ £ £
pile sensor) In g A2 Out

| Final compost bagging l Landfilling

Fig.4 a Suitable household composting system for Lae city (Sharma and Garg 2019) and b large scale
composting methodology along with plausible composting technique considering socio-economic factors
and resources available in Lae city
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recovery of nutrients and it was found that the vermicomposting increased P, K, Mg, and
Na and reduced Cr, Cu, Co, Zn, and concentrations in comparison to normal composting,
due to the presence of earthworms (Soobhany et al. 2015b). In another study by (Soobhany
2018) an attempt to remediate metalliferous soil, data analysis showed that vermicompost-
extracts were more effective in lowering heavy metal concentrations. A study by (Bhat-
tacharya et al. 2016) shows that vermicomposting coal ash and urban solid waste in a 1:1
ratio with cow dung is an environmentally beneficial proposition. Also, the acceptable time
for maturation was calculated to be 75 days (Alidadi et al. 2016). In addition to the house-
hold composting system, there are many methods of composting organic waste on a large
scale in the second seventh landfill (SSL) (which is one of the two existing landfill sites
in PNG), such as onsite composting (He et al. 2019), in-vessel composting (Makan et al.
2020), aerated static pile composting (Luo et al. 2008), and aerated (turned) windrow com-
posting (De Silva and Yatawara 2017). These are specific methods and can be employed as
per the volume and availability of resources (land and manpower). In the current scenario,
i.e., LC, there is the availability of land and manpower, but on the other hand, the una-
vailability of sophisticated equipment. Thus, in this scenario, aerated static pile compost-
ing is a promising method in SSL and is explained in Fig. 4b along with the composting
methodology.

The fertilizing potential of MSW compost has been demonstrated by its high nutrient
concentrations, particularly N, K, P, Ca, and Mg (Soobhany et al. 2015¢). Nevertheless, in
some areas, the percentage of inert impurities in the compost with a size larger than 2 mm,
such as plastic or glass, was seen to be excessively high, exceeding in some cases the legal
limit. The source of such pollution lies in the composting inputs wherein the organic frac-
tion of MSW showed high percentages of improper materials such as plastic (9%) or glass
(11%) (Dofia-Grimaldi et al. 2019). Accordingly, the sorting stage performance for the col-
lection of the raw material must be improved, as must the refining process, since this does
not remove the necessary amounts of these impurities from the final compost (Montejo
et al. 2015). The composting process can be carried out in the dwellings of the community
to fertilize the soil; this is a good way in which people can reduce their organic waste.
Composting can be undertaken on a small community or residential scale with material
recovered from the landfill, using a part for fertilizer and other treatment of the soil sur-
rounding the landfill to reduce the leachate. This lowers the barrier to adoption for these
processes in the community (Hopewell et al. 2009).

Recovery of energy is the second step in the 3CWMHS proposed for the LC. Energy
can be recovered from the MSW generated within a community through various pathways
such as thermal conversion (incineration, gasification, and pyrolysis), biological conver-
sion (aerobic and anaerobic digestion), and landfilling (landfill gas) (Kumar and Samad-
der 2017). Non-organic and dry waste can be incinerated after the segregation process and
combusted to produce energy (Table 2). Waste can be extracted from existing landfills to
remediate the same landfill while producing a valuable energy solution (Yan et al. 2021).
During waste decomposition, engineering landfill systems produce methane that can be
captured, contained, and combusted to generate energy (Lou et al. 2011). All of these
options are focused on reducing the environmental impacts of waste generation and waste
management, thereby strengthening the economic value of waste (Sampat et al. 2021).
Innovative treatment technologies such as gasification (Cai et al. 2021) and pyrolysis (Su
et al. 2021) must be implemented. (Rathore and Sarmah 2020) suggested a circular econ-
omy-based MSW management structure in which household organic waste is converted
into biogas and used as an energy resource. According to an analysis by (Michel Deva-
doss et al. 2021), the management of MSW in Malaysia is too reliant on landfilling as the
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Issues with the current landfill

system
¥ T Issues
v l i v
Open No leachate No waste Generation of
burning capture segregation harmful gases Harmful
1 I eflects
| )
v 3
+  Environment +  Contamination of +  Hazardous waste +  Explosion and
contamination surrounding area being treated fires
+  Impact on public specifically Busu along with the +  Adverse health
health river other waste effcts
[ [ | Suggestions
Out of the city Infrastructure for Classification of the waste at Tailored engineering solutions
incineration plant leachate capture the production stage for gas management

Fig.5 Issues with the conventional and existing disposal of municipal solid waste in the second seventh
landfill in Lae city

Table 3 Screening criteria of
excavated municipal solid waste
for the possibility of incineration

S.no Waste type Size range Incineration possibility

Coarse fraction ~ >50 mm  Direct incineration
Medium fraction 18-50 mm Incineration with additional fuel
3 Fine fraction <18 mm Cannot be incinerated

final mode of disposal. An integrated approach to manage MSW was proposed as the best
option for reducing GHG emissions, with a goal of 40 percent recycling and 31.9 percent
incineration by 2050, resulting in a 64 percent reduction in GHG emissions.

Waste is currently openly burned at PNG landfill facilities and within the commu-
nity. These uncontrolled combustion activities create a significant environmental burden
with airborne pollution causing adverse health impacts to the community (Adam et al.
2021). This practice is not advised and infrastructure should be deployed to capture the
energy from these activities. The current landfill scenario in LC is having several issues
as shown in Fig. 5. It can be observed from Fig. 5 that the generation of landfill gases dur-
ing the decomposition of organic waste is a concerning issue. Landfill gas often contain-
ing 50-60% methane is generated on waste disposal sites receiving organic waste (Kale
and Gokegek 2020). The regulation requires that the emission of this gas can be managed.
However, very few suggestions exist as to monitoring management activities and the setup
required to ensure management of emissions. Methane generated equals the sum of meth-
ane extracted, emitted into the atmosphere, oxidized, migrated laterally, and stored inter-
nally in the landfill (Larson et al. 2021). It has been shown that as a type of biogas, landfill
gas could potentially be used in internal combustion engines, gas turbines, and industrial
furnaces (Zeng et al. 2018). The utilization of these gases is only achievable if the landfill
is an engineered system that incorporates specific changes in the existing design (Emma-
nuel et al. 2020). However, due to the improper design of landfills in PNG and lack of
funding for the modification, it is required to prioritize the minimization of the gas emis-
sion into the atmosphere (Hogland and Marques 2010).

Specifically, for the incineration of MSW in LC, the excavated waste can be screened
into different fractions as per Table 3. For instance, a coarse fraction (>50 mm) of
the recovered organic masses can be incinerated directly, and sometimes a medium
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18520 W. Doaemo et al.

(18-50 mm) fraction can be incinerated with additional fuel. The fine fraction (<18 mm)
cannot be incinerated because of its low calorific value and very high ash content. Along
with these measures, it is important to find out whether the collected waste has a recycling
opportunity and its corresponding value. The waste has three important characteristics to
measure i.e., moisture, density, and calorific value. The first one compacts the waste and
makes it harder to incinerate. The second one increases the weight of the waste, increases
its volume, and indicates how easily the waste burns. The third is the energy contained
within the waste fuel.

The last step is the treatment and disposal of waste which we categorized in the last
and third core of 3CWMHS. Treatment of MSW involves the process of collecting and
segregating waste (Lino and Ismail 2017). In the case of waste removal, contractors can be
hired by the LC authorities to remove wastes twice a week. As income is directly related
to waste generation, it would be useful to divide the city into sub-areas based on income
per household to quantify the waste as shown in Fig. 6. Collection and transportation are
usually the major parts of waste management costs, much more than landfill costs. Trucks,
bins, and workers are an essential part of the process and represent a constant expense; the
former requires capital expense and maintenance and the latter a monthly wage (Tagkin
and Demir 2020). The key factor to be efficient at collecting and transporting waste is to
reduce time and costs without sacrificing quality in the service. The trucks and routes taken
to dispose of the waste must be optimized (Fig. 6). A truck needs to be easy to load and
unload, should have an appropriate capacity for the amount of waste to be collected. It also
needs to be able to adapt to the geography of the covered area so that the maintenance costs
remain low. At the moment, the truck used for the disposal of waste in LC is appropriate.
The primary collection of MSW will create new jobs.

After treating the waste as mentioned in the previous paragraphs, the leftover waste is
sent for the final stage i.e., disposal. The final disposal of waste in LC is Second Seventh
Landfill (SSL). SSL is not an engineered landfill, so it possesses some drawbacks due to its
design. These drawbacks include leachate and methane gas leakage. Leachate is the liquid
that has percolated through solid material and has leached out some of its constituents.
Leachate is present in many landfills and without proper treatment, can permeate into the
water supply or soil causing contamination leading to adverse health effects to the popula-
tion. It varies widely in composition, depending on the age of the landfill and the type of
waste that it contains. It usually contains both dissolved and suspended material. In the LC,
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Fig. 6 Planned collection and processing of MSW proposed for LC
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a suitable method to remediate an existing landfill (SSL in the present case) is the Fukuoka
method (Amiri et al. 2016), as shown in Fig. 7. This practice involves inserting a venting
pipe into the landfill with a leachate collection pipe. It helps to reduce the emission of
methane, and the leachate is collected due to gravity. The leachate is then treated through
a multi-stage treatment plant—anaerobically, aerobically, and then released into a maturity
pond before being discharged into the water PNG sewage system pond. Methane, on the
other hand, can be reduced further by introducing bio covers to reduce the amount of meth-
ane being emitted at the SSL.

At the moment, there is no environmental and compliance monitoring of groundwater
within the SSL. The methane being emitted into the air can be further reduced by put-
ting compost containing the right microorganisms on the venting exhaust pipe, which can
be installed to ensure the level of methane is within the compliance limit. There are sev-
eral methods found in the studies to monitor Methane like the neural network prediction
model (Ozkaya et al. 2007), tracer gas dispersion method (Scheutz and Kjeldsen 2019),
surface emission monitoring, and genetic algorithms (Kormi et al. 2018). Methane can be
monitored using drones to ensure it falls within the specified tolerance level. The leachate
quality can be tested regularly for pH (Sanger et al. 2020), COD (Ferraz and Yuan 2020),
and ammonia chloride (Schwarzwilder Sprovieri et al. 2020) along with the corresponding
parameters of the groundwater system within the vicinity of the SSL. This testing is under-
taken to ensure the leachate does not contaminate the drinking water system.

4 Case study

Papua New Guinea (PNG) is an emerging nation where the population has grown largely in
the past decades. About 85% of the population lives in rural areas and depends on subsist-
ence agriculture for their livelihoods (PAT 2003). One of the most densely populated areas
in PNG is the Morobe Province (MP) which contains almost 9.3% of the country’s total
population (“Population Summary” 2018). Economically, MP is one of the most important
regions in PNG due to an abundance of natural resources and a major port which caters to
all exports including gold, copper, coffee, cocoa, livestock, poultry, forest fruits, and fish-
eries (Doaemo et al. 2020a, b; Kerf et al. 2019). This has also given rise to a major food
processing industry, and MP is now PNG’s manufacturing centre (Yoshinaga et al. 1991).

Air &Ga rain
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Air - Leachate collection pipe

r
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Fig.7 Fukuoka method to capture leachate in second seventh landfill (Matsuto et al. 2015)
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Moreover, the logistics and transportation system centred in LC is also a major sector
(Doaemo et al. 2020a, b; Sultan et al. 2019). Thus, this Province is a strategic territory with
a huge potential in the development of the country and is the gateway to five highlands
provinces in the country as well as Madang and the island Provinces (Fig. 8). The capital
of MP is Lae City (LC) and it is the second-largest urban community of PNG, reaching
over 100 km? in the area, with an estimated population of 148,934 (“Districts of Papua
New Guinea” 2014). Within LC there are two large communities, Ahi Local Level Govern-
ment with a population of 60,326, and Lae Urban Local Level Government with a popu-
lation of 88,608. Nonetheless, its population is threatened by poverty (Cammack 2007),
inequality (Johnson 1993), and diseases (Allen 1999) caused by the mismanagement of
municipal solid waste (MSW) (Faried et al. 2020; Moses et al. 2020; Rungwa et al. 2013).

MSW, generally known as garbage or trash, consists of everyday items we use and then
throw away, such as clothing, product packaging, furniture, bottles, grass clippings, news-
papers, appliances, food scraps, paint, batteries, etc. Increasingly affluent lifestyles and
continued industrial and commercial growth in LC in the past decade have been accom-
panied by rapid MSW production increment (Renou et al. 2008). It has been found that
PNG’s per capita household MSW generation rate is around 0.45 kg per person per day
(Woodruff 2014). In Port Moresby, LC, and other populated cities, MSW generation rates
are likely higher due to the migration of people that live in settlements (Woodruff 2014).
Collection, management, and disposal of the MSW in the urban areas are challenges. Lack
of MSW management and disposal is leading to significant environmental problems. This
includes groundwater contamination due to leaching of waste dump (Abd El-Salam and
Abu-Zuid 2015), surface water contamination due to run-off on the waste dump (Naveen
et al. 2018), bad odour (Sarkar and Hobbs 2002), rodents (Duh et al. 2017), generation of
inflammable gas such as methane within the waste dump (Noma et al. 2012), frequent fires
(Ibrahim et al. 2017), the spread of epidemics due to stray animals (Mikalsen et al. 2020),
and soil acidity (Dominguez et al. 2019).

As in many emerging countries, the selected method in LC to manage solid waste is to
pile up the waste in an open space and burn it down (Cheng et al. 2020; Das et al. 2018;
Alves et al. 2019). The LC has two main landfills, as shown in Fig. 9: the second seventh
landfill (SSL), which is a 40-year-old MSW dumpsite, and the new Poasung landfill (PL).
PL (Fig. 9) is close to the Busu River (a major natural water body in the region) and is
managed by the local landowners. Many companies are avoiding tax or pay less to dispose
of it in PL. SSL, however, is managed by the local government and funded through sev-
eral taxes. SSL’s budget is only a few percentage points of City Council revenue. Accord-
ing to the Development Policy Center, by 2012, the SSL’s annual budget was 0.5 million
PGK (US$148,250.06). SSL is located near the Papua Guinea University of Technology
(PNGUOT), and water supply station (Water PNG LTD), the primary water supplier with
seven 30 m deep boreholes located 100 m from the SSL. In both SSL and PL, the waste
is combusted in an open space with significant implications for residents of LC and the
environment (Agarwal et al. 2020; Ahmed et al. 2019; Shakya et al. 2008). PNG, being a
tropical country, receives annual precipitation of 4313 mm, and its average temperature is
about 24.6 °C. Moreover, there is no infrastructure for leachate capture or treatment present
in the SSL or the PL. Its design in this climate results in leachate contamination of the
surrounding area and the water bodies. This is particularly concerning as the nearby Busu
River, and its tributaries are primary drinking water for much of the population living in
the Bumayong and Yanga area (Bhatt et al. 2017). In addition to this, there is no waste seg-
regation at the source nor at the final destination, which makes it difficult for the recycling
and the proper treatment as per the type of waste (Fig. 10).
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Morobe has 367 aid posts and 52 health centres in nine districts, but none have
treatment infrastructure for the resulting medical and hazardous waste. With the out-
break of COVID-19 globally, medical waste generation will rise which puts increased
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Fig. 10 Issues with the current
municipal solid waste manage-
ment system

importance on adequate treatment and decontamination capabilities (Saadat et al. 2020).
These materials currently are disposed of at SSL and Poasung dumpsite for treatment
with all other types of solid waste. The resultant landfill gas is produced by the anaero-
bic degradation of organic material from various sources present in solid waste mainly
composed of methane and carbon dioxide, and it may also contain a low amount of
other toxic gases associated with decomposition including hydrogen sulphide, ammonia,
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hydrogen, and carbon monoxide. These are the issues concerning public health and the
environment that need to be addressed and managed appropriately.

Many studies concerning the sustainable MSW management of developing cities have
been undertaken by various authors such as solid waste characterization and quantifica-
tion of Nigeria city was performed using ASTM D5231-92 method and the barriers against
effective MSW management and recommendations for integrated MSW management strat-
egies to include solid waste generation reduction, recycling, reuse, composting, and proper
training and provision of incentive and other fiscal policies (Ugwu et al. 2020). Similarly,
the complete evaluation resulted from an integrated MSW management strategy in Tur-
key in the development of strategies (behavioural, structural, and managerial) to decrease
the solid waste generation rate, increase the recyclable material collection rate, and initiate
compost activities (Berkun et al. 2011). The current studies do not address a consistent
channel/pathway for the complete or integrated management of MSW. This study will lev-
erage the existing work undertaken to develop an integrated approach that can be used as a
valuable resource in designing a holistic waste management solution. Moreover in LC, due
to the unavailability of skilled labour and resources, it is important to suggest a pathway for
MSW management in a sustainable way. Thus, as a city that is seeing a significant increase
in industrial development, it is imperative to review the existing system and establish a sus-
tainable solid waste management system considering an integrated approach.

5 Discussion

LC, as the industrial heart of PNG, is full of opportunities to overcome the challenges
ahead. To continue growth and development, it is mandatory to take care of the basic needs
of its population. LC addresses several environmental regulations that dictate the respon-
sibilities, powers, and functions of the institutions in charge of the protection of the envi-
ronment. The institution in charge of noise control, litter, hygiene, and sanitation is the
Provincial Environmental Council and the local level governments ruled by organic law
on Provincial Governments and Local Level Governments. Nonetheless, there is no regu-
latory or enforcement framework for solid waste management in PNG. Despite all of the
problems related to MSW in LC, there are many opportunities and advantages that must
be considered and harnessed to develop a proper rehabilitation plan. With an increase in
population and improvement in the quality of living, the amount of MSW is expected to
rise largely in the PNG in the upcoming years. The province and its communities should
set priorities for the efficient management of MSW in alignment with the waste manage-
ment hierarchy. Efforts should be targeted at avoiding or reducing the waste generated by
households and industries, followed by strategies to reduce, recycle, and recover resources
and finally treat and dispose of.

The Universities in PNG have a leading role in the rehabilitation, not just to provide
technical assistance, but also to create campaigns and raise awareness among the people of
LC. The community’s approach to the landfill and their relationship with their waste is the
most important. Likewise, in Managua, and Nicaragua, several international cooperation
projects have focused on the improvement of waste management systems creating multi-
stakeholder platforms, designing and implementing joint activities for improving technical
capacity and awareness, and boosting the implementation of integrated and appropriated
projects (Olley 2014). In PNG, the government has sought to prohibit the import and use
of plastic bags in order to prevent the production and accumulation of plastic waste. A
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decision by the court in favour of two major producers of plastic bags—Colorpak Ltd and
W.H. Ltd Industries. Colorpak Ltd claimed that a plastic bag ban would result in the clo-
sure of their business, job losses, and argued that the proposed ban violated investment
laws as stated by the constitution (SPREP 2010). This highlights the challenges of balanc-
ing sustainability and a functioning economy that provides jobs for the community.

In Vanuatu, a program of waste characterization coupled with education and capacity
building was undertaken in Port Vila. By collecting and segregating waste from several
areas which represent different socioeconomic groups, the team was able to determine the
household generation rate, the composition, and the density of waste disposed to landfill.
This also acts to build local knowledge and skills in decision-making, developing policies,
and strategies for waste minimization in Vanuatu (Rovo 2011). Likewise, the solid waste
production rate in Malaysia had increased significantly in recent years, ranging from 0.8 to
1.25 kg/personed. The waste generated contains a high amount of organic portion with high
moisture content and showed a reduction of 27% of greenhouse gases (GHG) by divert-
ing the food and vegetable wastes from open dumping to the composting plant. A higher
reduction rate (~44%) can be achieved with better planning of waste collection routes and
applying the diversion strategies during waste processing (Lim et al. 2019). Gampaha
Municipal Council of Sri Lanka had launched a pilot project on home composting, and the
result shows that the waste generated was reduced by 69% (Lekammudiyanse et al. 2009).
Successful practices in several European countries suggest that source-separated compost-
ing presents many advantages over mechanical-separated composting. This may partially
be ascribed to the fact that source separation of organic waste can prevent contact with
heavy metal-bearing items, resulting in the production of high-quality compost. Mixed col-
lection solid waste normally contains significantly higher concentrations of heavy metals,
which could affect the marketing of composting products. Moreover, source separation of
organic waste can minimize waste pre-treatment operations, leading to lower bio aerosol
and malodor generation during composting. Standards must be set for end-product quality
control and highly recommended to control both marketing and environmental risks (Wei
et al. 2017).

In Campinas, the third-largest city in Sao Paulo with a population of over one mil-
lion, the treatment of solid waste has been a serious problem since 2014. In this scenario,
a selective collection index of 20% is adopted and the rest of MSW is incinerated with
energy recovery. Results show that incineration can generate electrical energy sufficient for
135,680 homes and can render about US$ 5.799 X 106 per month. The benefits from the
selective collection index of 20% of the potentially available recyclables include a finan-
cial return of about US$ 302,412 per month equivalent to 1120 national minimum salary,
energy savings equivalent to 69.4 MW, and avoided emissions of about 145.77 ktCO2/year
equivalents to 6.2% of the total emissions of Campinas (Lino and Ismail 2017). Another
important consideration of incineration is that incineration fly ash is a significant source of
heavy metal pollution in the country. Incineration fly ash is largely mismanaged, posing a
significant environmental risk. The development of proper stabilization and reuse technolo-
gies for fly ash is needed (Wang et al. 2019).

For the landfill itself, it can be observed from Fig. 11 that the scenario of SSL has
changed drastically from 2002 to 2020. It can be observed that the area dedicated to
landfills has been occupied by the MSW from 2002 to 2020. Since LC receives high
precipitation of more than 4313 mm annually, the leachate coming out of the solid
organic waste at SSL is high and due to the anaerobic reaction, more methane will
be liberated. In this anaerobic condition, solid waste decomposition will be very slow
with excessive methane being released into the environment which can significantly
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Fig.11 a, b Geographical evolution of second seventh landfill over the years from 2002 to 2020; c, d
ground-level investigation of waste composition

contribute to global warming. The appropriate action needed now at the SSL is to
introduce air (oxygen) into the organic waste matter to allow for decomposition to take
place. Using the Fukuoka method which is a semi-aerobic practiced initiated by the
Japanese is recommended by the Secretariat Pacific Regional Programme for the Envi-
ronment (SPREP), a body that is mandated to take action on waste management and
the control of pollution. Furthermore, the characterization of landfill leachate was per-
formed in Asia, Africa, and Latin America, and it was found that three heavy met-
als, viz. Ni, Cr, and Zn, were significantly present at dumpsites. It was found that the
concentrations of pollutants from sites are influenced mainly by local conditions, con-
sumption patterns, and waste management habits of individuals. Thus, properly engi-
neered landfill sites effectively reduce the risk associated with these pollutants (Vac-
cari et al. 2019). In 2008, the upgrade of the Tofol dumpsite located in Kosrae State
to a semi-aerobic (Fukuoka-type) landfill was completed by the Federated States of
Micronesia (FSM). The conversion to a semi-aerobic landfill began in February 2006
(took almost 2%2 years to complete) with funding provided by the Embassy of Japan in
Pohnpei through Grass-roots grant assistance (US$90,900) and the Kosrae State Gov-
ernment (US$36,100). As a result, in its four municipalities, Kosrae State has a sani-
tary facility to deal with waste disposal. Similar rehabilitation work took place at the
M-Dock site in Palau, in Vanuatu and Samoa (SPREP 2010).

The little influence that solid waste managers in government and industry have over
production decisions that impact waste generation, due to the absence of legislation, is
an obstacle to enforcing the proposed 3CWMHS. Instead of waste recovery and reuse,
the intense emphasis on preventive methods is increasingly known globally. Most of
the current effort is still on recycling programs, which are important but not as effec-
tive as prevention or reduction strategies in achieving sustainability (Dominguez et al.
2019).
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6 Policy and managerial implications

This section aims to ensure that an apt policy framework goes hand in hand with actions
that would enable the management of household waste in the sprawling urban popula-
tion of LC, PNG. Provisions have been made to take into account the socio-economic and
political boundary conditions of the Morobe Province. Therefore, the paper details action-
able insights that can be implemented in the near future with the resources. If additional
resources or stakeholder involvement is required, the same has been elucidated under the
subsections. The desired behavioural change as a result of these policies will fall in one
or more of three groups—efficiency, reduction, and substitution. For purposes of scoping,
the paper will focus on policies in waste management that cater to consumables only. The
paper will not address durable goods as that would be beyond the focus area of compost-
ing. In this section, we will address all levels of government—national, local, and regional.

6.1 Under economic instruments, three solutions are addressed, namely deposit
schemes for plastic containers, product pricing, and flexible fee on waste

It is widely known that compost quality depends on sorting, but the proliferation of single-
use throwaway plastics negates efforts to responsibly compost household waste. Adopting
this best practice from Sweden, the consumer pays a fee when purchasing the beverage,
which is then returned if and when the container is deposited for recycling. The containers
can be either plastic or metal. Moreover, it will be illegal for companies to sell containers
that are not part of this authorized container deposit system, thereby ensuring higher rates
of recycling (Moberg et al. 2019). These scheme’s two core requirements are a high enough
exchange rate to encourage deposits and infrastructure with container collection centres in
every district. The exchange rate needs to be finalized by the necessitated corporations, the
national government, and a local government such that the cost is not too high to discour-
age sales for the companies and at the same time, is not too low to discredit the deposit
system. Substantial levels of funding will be required to establish new recycling centres but
existing recycling centres need only be repurposed. By improving the availability of return
points for recycling glass, metal, and other materials, the Lae city authority can improve its
sorting operations. If all households were required to use the waste collection infrastructure
and would be taxed proportionate to the quantity of waste disposed of, the Lae city author-
ity would have a total monopoly over waste management systems (CBCNY 2015).

Higher pricing of virgin plastics can reduce the volume of waste disposed of. The price
dynamic between recycled plastic and virgin plastic must be controlled. Currently, recycled
plastic is not price competitive to virgin plastic but in case of a shortage of virgin plastic
as in China, the price of recycled plastic will increase and in the longer term, will result in
incentives for improved waste collection and sorting which may result in fewer plastics dis-
persion (OECD 2018). Additionally, since most consumer purchases are dictated by cost,
product pricing must be controlled in such a way that renewable resources that can serve as
substitutes for traditional non-renewable resources must be priced lower.

A flexible fee on waste ensures that households dispose less and recycle more since the
fee is relative to waste volume (Moberg et al. 2019). Customers good at recycling waste
(plastic, paper, other containers) and dispose of less are rewarded by paying a smaller fee
for LC authority. In the near term, LC can start with a trial arrangement to resolve some of
the challenges to such a system. One such challenge is to develop a good system for those
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living in building blocks with shared waste collection points. This measure would also
decrease the disposal rates of one-time-use products which would dramatically decrease
waste generated.

6.2 Under regulatory approaches, three regulations are explained, namely
prohibitions, taxation of products, and eco-labelling

A national ban on single-use plastic, be it total or partial, will be most effective in reducing
the proportion of plastic accumulated in household waste (OECD 2018). However, lob-
bying efforts will be required to pass such legislation (Guo 2015). One-time use products
should be taxed according to their environmental footprint after a thorough life-cycle anal-
ysis (Timmermans and Achten 2018). According to ADEME, the national agency for the
environment, energy, and waste in France, each French citizen could lower his/her genera-
tion of waste by 150 kg per year through compost, less wasting, lowering the consumption
of paper, and better sorting of waste. Hence, the potential to reduce waste is significant
(Moberg et al. 2019).

Sometimes it is not known if a product is compostable or not. For example, meat should
not be composted but it is often perceived as being compostable (Walker 1996). Hence, the
national government must issue a national eco-labelling system that categorizes products
according to the degree of recyclability with appropriate and easy-to-understand labels.
This will prove to be a catalyst, especially for compostable waste. The labels can also direct
consumers on how to compost/dispose of that particular product. The successful implemen-
tation of such a label depends on advertising and consumer awareness campaigns (Nau-
mann 2015). The government must ensure that the governing official environmental labels
adhere to ISO 14,024 environmental label and declaration standards (“ISO 14,024:2018”
2018). Along a similar line, the governing foundation must also set benchmarking tools for
companies so that they can assess and reduce their environmental impact.

6.3 Under informational policies, three mechanisms are delineated, namely
information campaigns, community leadership, and suasion

These policies are predominantly educational. For example, schools must teach compost-
ing from a young age because the habits then inculcated will be carried forward when they
become independent purchasers. A second example would be teaching small businesses
to incorporate circular economy as a central feature to reduce the amount of waste going
to landfills and achieve 100% plastic recycling (“THE CIRCULAR ECONOMY” 2017).
The government must appoint regional ‘Climate Ambassadors’ with a history of having
contributed to advancing climate issues (Moberg et al. 2019). These Climate Ambassa-
dors will be expected to lead by example and work to increase knowledge of, and attention
to, climate issues among citizens. Regional climate ambassadors can coordinate to further
national climate goals. On a grassroots level, they can be entrusted with the responsibility
to train denizens including teachers at schools, landfill management personnel, and small
businesses on important topics such as sorting and recycling waste and reading eco-labels
correctly.

Adopting best practices from European countries, PNG’s strategy for sustainable devel-
opment must focus on setting goals to increase the sales volumes of products that have
an eco-label (Moberg et al. 2019). The same can be sped up if major distribution firms of
PNG such as supermarket retailers classify the products they sell according to different
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categories under the labelling system. The aforementioned measure would not only pro-
vide the consumer with necessary information for choosing environmentally sound and
informed products, but would also prevent the proliferation of false self-proclaimed labels
by corporations. The governing foundation set-up to supervise the label must investigate
false environmental claims which occur more often in marketing campaigns in an effort to
greenwash consumers (Moberg et al. 2019).

The basis of intelligent and effective policies is a well-funded research ecosystem.
Hence, reputed academicians from multiple disciplines must quantify the cost reductions
in waste management from the above actions to prove to governing officials and relevant
stakeholders that these actions are not only socially responsible but also have a payback
period with the opportunity for cost savings and energy generation. Additionally, upon
research, the financial responsibilities of industries must be adjusted according to their
environmental impact.

7 Conclusions

The present research assessed opportunities and challenges associated with the current
MSW management system in Lae city of Papua New Guinea based on the 3 core waste
management hierarchy, which separated waste solutions into three categories, namely
waste avoidance, resource recovery, and disposal. After studying various aspects based on
the availability of resources, existing policies, and lack of technological advancement, it
can be put forward that waste avoidance in LC can be achieved through community edu-
cation campaigns and waste characterization initiatives such as source separation (Kumar
and Agrawal 2020) supported by policies aligned with sustainable waste management prac-
tices. For reuse and recycling in LC, the most significant opportunity is the adoption of
composting processes on a residential, community, and industrial scale, considering the
composition is mainly organics. On the residential and community level, vermicomposting
is suggested as a sustainable, economically viable, and easy method to stabilize organic
waste without any adverse effects to the environment or human health (Pirsaheb et al.
2013). On the Industrial level, aerated static pile composting is suggested as a promising
method in LC due to the less availability of sophisticated instruments and skilled labour
(Luo et al. 2008). These practices would result in large volumes of waste being reused and
diverted from landfills. Besides, incineration is a potential answer for energy and electricity
recovery from the leftover (treated and dried organic fraction of MSW) and non-organic
waste, whereas it requires significant investment for infrastructure and ongoing operations.
Responsible and sustainable management of ash generated from this process is critical to
minimize negative impacts. To achieve this, fly ash is recommended for use in building
materials such as hybrid cement (Zhang et al. 2020). Disposal is inevitable in the waste
management process. The Fukuoka method offers a promising solution for the remedia-
tion of the second seventh landfill (SSL) by capturing leachate and methane recovery. This
approach has proven successful in emerging nations with similar landfills due to its sim-
plicity and low costs, which lowers the barrier to its implementation (Amiri et al. 2016).
Nonetheless, all stakeholders including waste generators, politicians, and MSW control
service providers must work together in policy formulation to improve MSW management
in LC (Iyamu et al. 2020).
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