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A B S T R A C T

Managing the large amount and variety of waste produced by university canteens is challenging. This study used
life cycle assessment (LCA) to investigate sustainable municipal solid waste (MSW) management solutions for
Chulalongkorn University (CU) canteens. This study assessed three scenarios for MSW management in CU can-
teens: the past scenario (prior to the Chula Zero Waste Project in 2016; S1); the current scenario (2017–2021,
when the Chula Zero Waste Project’s MSW management system was used; S2); and the future scenario (after 2021
with the new MSW management option for CU canteens under Chula Zero Waste; S3). The obtained results were
characterized by eight impact categories: climate change, ozone depletion, terrestrial acidification, freshwater
eutrophication, human toxicity, photochemical oxidant formation, particulate matter formation, and fossil
depletion. The LCA results show that the future scenario (S3) under the Chula Zero Waste Project is sustainable for
MSW management. The most environmentally sustainable MSW plan for CU canteens is to reduce, separate it at
the source, and reuse materials instead of landfilling mixed waste.
1. Introduction

Municipal solid waste (MSW) consists of a highly heterogeneous
mixture of residential, commercial, industrial, institutional, and other
waste materials (Rafizul and Alamgir, 2012). Approximately 2.1 billion
tons of MSW are generated globally each year and are predicted to reach
3.4 billion tons by 2050 (Kaza et al., 2018). In Thailand, MSW amounted
to 27.8 million tons in 2020; it tends to increase every year, particularly
in Bangkok, where about 10,500 tons per day are generated (Simachaya,
2020). Consequently, the Twelfth Thai National Economic and Social
Development Plan (2017–2021), based on the sustainable development
goals (SDGs), focuses on MSW and hazardous waste management (Office
of the National Economic and Social Development Board, 2016). The
plan lays out 10 national strategies, one of which is for growth that is
good for the environment and aims to manage and utilize at least 75% of
MSW.

In 2017, Chulalongkorn University (CU) established its first sustain-
able university policy based on King Rama IX’s sufficiency economics
philosophy and the United Nations Sustainable Development Goals to
become a university of academic excellence that promotes social,
).
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economic, and environmental sustainability. The objective of the uni-
versity is to promote sustainable practices, including environmental and
resource management. CU launched the Chula Zero Waste Project
(2017–2021) in a bid to ensure sustainable waste management; a
collaborationwith the Environmental Research Institute and the Office of
Physical Resource Management (Chulalongkorn University, 2020). CU
adopted six plans on waste database management, waste reduction,
waste separation at sources, waste collection systems, organic waste
management, and information tools/media on sustainable waste man-
agement. The implementation of this project involved the overall waste
management of university office buildings, common areas, and canteens.
MSW Management in CU Canteens (a sub-project under the Chula Zero
Waste Project) aims to reduce MSW and encourage CU students and staff
to separate waste at the source in CU canteens.

To achieve appropriate and sustainable MSW management, life cycle
assessment (LCA) was used to assess the environmental impact of MSW
management in CU canteens. LCA is a scientific method for comparing
and evaluating the environmental impact of products and services, as
well as solid waste systems (Giugliano et al., 2011; Allesch and Brunner,
2014), by identifying and assessing total amount of resources consumed
0 September 2022
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as well as all emissions and wastes released into the environment (Clift,
2006, 2013). This allows policymakers to compare technologies, sce-
narios, and processes and evaluate their environmental performance
(Finnveden et al., 2005).

LCA has been used to compare alternative scenarios in MSW man-
agement. For example, Yay (2015) used LCA to determine the environ-
mental aspects of a less impactful MSW management system in Sakarya,
Turkey. The findings showed that landfilling and incineration are the
worst solutions for the final disposal of waste, whereas composting and
material recovery are comparatively better alternatives. In terms of
enhanced sustainability, an integrated system is considered the solution
to the existing waste management challenge. The researchers recom-
mend that waste recycling activities be improved by separating waste at
the source and that the public be educated on the significance of recy-
cling. Similarly, Liu et al. (2017) used LCA to compare four garbage
treatment systems in Beijing—separate collection and transportation,
sanitary landfill systems, fluidized bed incineration systems, and com-
posting systems. They reported that the separation rate and the sorting of
waste were crucial to the increased yield of recycled materials.

Coelho and Lange (2018) investigated sustainable waste management
solutions for the Brazilian city of Rio de Janeiro by utilizing LCA as a
technique for comparing different waste management systems and
selecting the solution with the least environmental impact. According to
the research, a scenario with a high rate of collection and recycling de-
livers the best performance with the least impact on the environment.
Furthermore, scenarios emphasizing material recovery produced greater
environmental benefits than alternatives emphasizing energy generation.
Wang et al. (2020) used LCA to determine the historical GWP for MSW
management in Nottingham. During the study period, the results showed
a continuous reduction in greenhouse gas (GHG) emissions associated
with MSW management, and this reduction can be attributed to im-
provements in waste collection, treatment, material recycling, and waste
prevention. Separating food waste from incinerated waste, treating
organic waste with anaerobic digestion, and pretreating incinerated
waste in a material recovery facility might all result in a net reduction in
GHG emissions. To achieve the prospective scenario, it is necessary to
boost public participation and focus on the quality of recycled and
recovered materials.

Other authors have emphasized the LCA methodology for food waste
management (Brancoli et al., 2017; Zorpas et al., 2018). Their results
demonstrated that separation of food waste at source can contribute to a
net reduction of GHG emissions. There are studies on the management of
food waste at school and university canteens. García-Herrero et al.
(2019) investigated the environmental and financial impact of food
consumption and waste in Italian public school canteens using a case
study. In 2019, Zhang et al. (2021) quantified food waste to identify key
influencing factors in Wuhan using direct weighing, questionnaires,
statistical analysis, and a random forest model. LCA was also used to
assess the environmental impacts of food waste. Besides focusing only on
the management of food waste, few studies have addressed the envi-
ronmental impacts of the entire MSW management system in university
canteens. In this study, LCA was applied to choose the solution for MSW
management in university canteens with the least environmental impact
by comparing the three scenarios of MSW management in CU canteens:
S1, which refers to the period before the Chula ZeroWaste Project started
in 2016 (past); S2, which was implemented from 2017 to 2021, where
the MSW management system of the Chula Zero Waste Project has been
in action (present); and S3, which provides CU canteens the option to
choose the suggested MSW management option under the Chula Zero
Waste Project after 2021 (future). Analysis was performed using SimaPro
8.3.0.0 and the ReCiPe Midpoint (H) V1.13/World Recipe H method.
Climate change, ozone depletion, terrestrial acidification, freshwater
eutrophication, human toxicity, photochemical oxidant formation, par-
ticulate matter formation, and fossil depletion are the eight effect cate-
gories discussed. The findings provide insights on how the Chula Zero
Waste Project’s MSW management practices contribute to the
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improvement of MSW management in CU canteens and support univer-
sity policy and decision making for the future development of MSW
management at CU. This information is beneficial for ensuring efficient
management of waste and achieving sustainable development. This
model can be applied to similar studies at different institutions and
departments.

2. Materials and methods

2.1. Case study description

Chulalongkorn University, Thailand’s first institution of higher
learning, was founded in March 1917 in Bangkok, capital of Thailand. CU
has 20 faculties, 23 colleges and research institutes, 8200 academic
members and support staff, and 40,000 students, including undergrad-
uate, postgraduate, and certificate program students (Chulalongkorn
University, 2020), making it a significant source of MSW. MSW man-
agement in CU canteens is one of 16 sub-projects of the Chula Zero Waste
Project launched in 2017 to reduce MSW and encourage CU students and
employees to separate waste at 12 CU canteens. This initiative sampled
12 canteens in CU from 2016 to 2021 to quantify MSW. Chula ZeroWaste
Project employees corrected and monitored waste diaries kept by food
vendors and cleaning staff.

Three scenarios of MSWmanagement were evaluated in CU canteens:
before the Chula Zero Waste system in 2016 (past); the Chula Zero Waste
system from 2017 to 2021 (current); and a potential alternative beyond
2021 (future). MSW from 12 CU canteens were included in this study,
including seven canteens under the physical resource management of-
fice, four canteens under faculty management, and the student dormitory
unit. The sources of MSW in the CU canteens are consumers (students and
staff) and food vendors.

2.1.1. Description of scenario 1 (S1)
S1 represents the MSW management system of CU canteens in 2016,

before the Chula Zero Waste Project. The MSW in this scenario was
managed by the CU office of physical resource management. The amount
of waste generated by consumers and food vendors was approximately
851.27 tons/year. The waste composition by consumers consisted of food
waste (55%), which was collected by farmers for feeding fish; plastic
bottles (1%) were sold to recycling vendors; general waste (10%) and
plastic cups (1%) were collected by the Bangkok Metropolitan Admin-
istration and disposed of in landfills. All the MSW of food vendors (33%)
ended up in landfills without being separated. Overall, S1 MSWwas used
for fish feeding (55%), disposing of in landfills (44%), or recycling (1%).
The waste streams of S1 are given in Figure 1.

2.1.2. Description of scenario 2 (S2)
S2 represents the waste management system carried out by the Chula

ZeroWaste Project from 2017 to 2021. In this scenario, plastic bags, foam
packaging, and plastic cups were banned in CU canteens, and food ven-
dors were encouraged to replace plastic cups with biodegradable paper
cups known as “Chula zero-waste cups.” Five types of bins were provided
for consumers to separate waste at the source in canteens, including ice
and water, Chula zero-waste cups, recyclables, general waste, and food
waste. Two types of bins were provided for food vendors general and
food waste bins.

Since the launch of the Chula ZeroWaste Project, the amount of waste
has been reduced from 851.27 tons/year to 617.42 tons/year. The
composition of consumer waste included 235.91 tons/year (38.21%) of
food waste was used as fish feed; 13.8 tons/year (2.24%) of plastic bottles
were recycled; 11.79 tons/year (1.91%) of Chula zero-waste cups were
used as plant grow bags and compost; and 43.02 tons/year (6.97%) of
general waste was sent to landfills. Food vendors generate 146.4 tons/
year (23.71%) of food waste, which was converted into compost, and
166.51 tons/year (26.97%) of general waste, which was sent to landfill.
In general, 235.91 tons/year (38.21%) of MSWwas used for fish feeding,



Figure 1. MSW flow of Scenario 1: Previous scenario before the Chula Zero Waste Project.
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209.53 tons/year (33.94%) for landfill decomposition, 146.4 tons/year
(23.71%) for composting, 13.8 tons/year (2.24%) for recycling, and 7.89
tons/year (1.29%) for plant grow bags. The waste streams of S2 are given
in Figure 2.

2.1.3. Description of scenario 3 (S3)
S3 represents MSW management designed to achieve environmental

sustainability with zero landfill waste. Refuse-derived fuel (RDF) would
replace landfill because general waste in CU canteens, such as food
wrappers and packaging, candy and snack bags, plastic bags, meatball
Figure 2. MSW flow of Scenario 2: Current sce
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skewer sticks, plastic cutlery/utensils, and napkins, have low-humidity
and high-calorific value. This general waste will be converted into RDF
and used as fuel with coal in a cement plant in Saraburi province. Five
types of bins are provided for consumers to separate waste at the source
in canteens; they are bins for ice and water, Chula zero-waste cups, re-
cyclables (polyethylene terephthalate (PET) drink bottles), food waste,
and RDF waste, known as “recycle plus”. Food vendors are provided with
containers for recycling plus (RDF) and food waste. This study used the
amount and composition of waste similar to S2. Generally, MSW man-
agement volumes in S3 were fish feed (38.21%), RDF (33.94%), compost
nario under the Chula Zero Waste Project.
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(23.71%), recycling (2.24%), and plant grow bags (1.29%). The waste
streams of S3 are given in Figure 3.

2.2. Life cycle environmental assessment

To achieve appropriate and sustainable MSW management in CU
canteens, an environmental impact assessment method was performed
using LCA (ISO, 2006a), a widely used decision support technique in
waste management systems (Coelho and Lange, 2018). According to ISO
(2006b), there are four basic steps in the assessment procedure in ISO
14040 and 14044 standards, and these four steps include (a) goal and
scope definition; (b) life cycle inventory (LCI); (c) life cycle impact
assessment (LCIA); and (d) life cycle interpretation.

(a) The objective was to compare scenarios in S1, S2, and S3 canteen
MSW management. One ton of MSW generated in a CU canteen
was defined as the functional unit. The assessment boundaries
include collection, transport, treatment, and disposal of MSW
generated in the canteen.

(b) Data for the LCI were collected from various primary and sec-
ondary sources, including reports, literature, and Ecoinvent da-
tabases in SimaPro software. The assumptions in this study
include the following.
2.2.1. Fish feed
All foodwaste from CU canteens is used to feed fish. Farmers from fish

farms near Bangkok travel 388 km to CU to collect food waste from CU
canteens. A four-wheeled vehicle with a capacity of 3.2 tons is used for
transportation.

2.2.2. Composting
It is assumed that the components of the Chula zero-waste cup are

combined with rain tree leaves and branches and used as additives to
improve soil quality. This process moves at 5.2 km/day. A truck that uses
6 km/L of fuel is used for transportation. Furthermore, the total amount
of energy consumed during the composting process is 161.78 kW h per
Figure 3. MSW flow of Scenario 3: Future sce
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12.94-tons cup. In this study, the composting process produced 4.18 tons
of compost with about 3.4% nitrogen, 2.8% phosphorus, and 9.7%
potassium.

2.2.3. Composting by biodigester
For anaerobic digestion, a biodigester is used to decompose food

waste from the canteen. The transport distance in the anaerobic digestion
process is 5.2 km/day. A 6-km/L diesel truck is used in transporting and
composting process. This process produces approximately 70% bio-
fermented water and 30% soil conditioners. This process uses 8400 kW
h of electricity and 1440 kg of liquefied petroleum gas per 146-tons food
waste. In this study, the soil conditioners are a by-product that contains
about 3.6% nitrogen, 2.3% phosphorus, and 2.4% potassium.

2.2.4. Recycling
Recycling was considered in terms of transportation, compaction, and

delivery to the recycling plant. The recycled waste from CU canteens
included plastic bottles made of PET from bottles and polypropylene
from labels. The two types of plastic are separated and transferred to a
recycling plant to manufacture plastic granules. The vehicle used for
transport is a four-wheeled vehicle with a capacity of 3.2 tons that travels
a total distance of 66 km. Transportation from the recycling vendor to the
recycling plant is by a six-wheeled truck that can carry 8 tons and a 10-
wheeled truck that can carry 15 tons. The total distance from the recy-
cling vendor to the recycling plant is 143 km. This study assumed that
PET and PP wastes were mechanically recycled with a 70% efficiency
(Cui and So�si�c, 2019).

2.2.5. Landfill
Landfill was considered in terms of source transportation, compac-

tion, and delivery to landfill. All waste that is separated from other types
of waste and checked by the cleaning officer was assumed to be destined
for landfill. A six-wheeled vehicle with a capacity of 5 tons transports
waste from CU to the On Nut Garbage Disposal Plant in Bangkok,
whereas a trailer with a capacity of 50 tons transports waste to a landfill
site in Phanom Sarakham District, Chachoengsao Province. The net input
of the landfill process per ton of MSW is 8.59 L of fuel, 3.52 kW h of
nario under the Chula Zero Waste Project.
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electricity, 56.77 L of water, 1.65 kg of wire, and 1.11 kg of plastic.
However, the outputs per ton of MSW are 86.69 L of wastewater, 0.07 kg
of BOD, 0.12 kg of COD, 51.97 kg of methane, and 144.90 kg of biogenic
carbon dioxide. The methane generated in this process was not collected
for reuse.

2.2.6. Refuse derived fuel (RDF)
The general waste in S2 changed from landfill to the RDF in Scenario

3. The distance in the RDF process within CU is 5.2 km. A 6 L/km truck
was used for transportation in this process. After waste collection, waste
compaction process, which uses 586 kW h per 166-tons general waste. In
addition, the distance from CU to the cement plant in Saraburi province is
163 km. This process uses a 10-wheeled truck that consumes 4 L/km of
diesel. The RDF process uses 9481.57 kW h and 3408.93 kg of calcium
hydroxide to produce 210 tons of RDF-5.

2.2.7. Plant grow bag
Chula zero-waste cups are used as nursery bags instead of bags made

from low-density polyethylene (LDPE) because they biodegrade in 6
months. The zero-waste cups are transported 5.2 km. A 6-L/km truck of
petrol was used to transport waste collected with food vendor waste from
CU. This process eliminates 1676.35 kg of LDPE plastic bags.

(c) The LCIA consists of different elements such as classification,
characterization, normalization, and weighting. Classification and
characterization are mandatory elements according to ISO 14044.
In this study, an LCIA of three scenarios of MSW management in
CU canteens was performed using SimaPro 8.3.0.0 with the
ReCiPe Midpoint (H) V1.13/World Recipe H method. Eight
impact categories considered were climate change (kg CO2 eq),
ozone depletion (kg CFC-11 eq), terrestrial acidification (kg SO2
eq), freshwater eutrophication (kg P eq), human toxicity (kg 1,4-
BD eq), photochemical oxidant formation (NMVOC), particulate
matter formation (kg PM10 eq), and fossil depletion (kg oil eq).

(d) An LCA comparison is used to decide the alternative resulting in
the least environmental burden. This requires normalizing/
transforming the absolute impact of each scenario into a relative
impact. Normalization can help to choose the appropriate scenario
for improving the product system (Heijungs et al., 2007).
Figure 4. Normalized value of life cycle impact assessment (LCIA) results from Sc
food waste).
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Normalization is done by dividing characterized results by an
estimate of the total or per capita equivalent emissions in that
impact category for a region (Eq. (1)). The ReCiPe midpoint H
method has a world normalization reference, which compares
results to estimations of annual world per capita emissions
(Goedkoop et al., 2009). The eight impact category indicators
were normalized and aggregated. The aggregation was performed
by adding up all of the normalized impact category results (Coelho
and Lange, 2018).

NIi ¼ CIi/NRi (1)

where NIi is the normalized impact per year of impact category i. CIi is the
characterized impact of impact category i. NRi is the normalization
reference for impact category i in a specific geographical region in
physical units (per year).

3. Results

3.1. Environmental impacts of the three MSW management scenarios in the
CU canteens

The normalized LCA results for each impact category were divided by
disposal option for all scenarios. A negative value shows an environ-
mental benefit/credit, whereas a positive value shows the presence of an
environmental burden.

3.1.1. Past scenario (S1) before the Chula Zero Waste Project
The LCA results of S1 in Figure 4 show that food waste and general

waste landfilling cause climate change. Food waste is the primary source
of methane from landfills. The global warming potential of methane is 28
times higher than that of CO2 (Singh et al., 2018). Ozone depletion from
landfills had the smallest impact. Biodegradable waste (food waste) from
landfills emits methane gas that depletes the ozone layer (Zangmo,
2017), as does fuel-intensive transportation (Borrion et al., 2012).

Landfilling causes most of the negative impacts of MSW management.
Landfilling has a significant impact on climate change, fossil depletion, and
photochemical oxidant formation. Using foodwaste for fish has the highest
environmental impacts, especially on freshwater eutrophication. Fresh-
water eutrophication is caused by excess nutrients, including nitrogen (N)
enario 1: Previous scenario before the Chula Zero Waste Project (remark: FW,
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and phosphorus (K) compounds. According toWong et al. (2016), utilizing
food waste as fish feed or processing it into pellets is safer than using
commercial pellets due to mercury, PAHs, and DDTs in fish flesh.

3.1.2. Current scenario (S2) under the Chula Zero Waste Project
In this scenario, separating waste in CU canteens improved waste

management, reducing landfill waste by 34%. These results show that the
environmental burden of any impact category is minimal, except for
climate change, which is mainly caused by landfill methane emissions, as
shown in Figure 5. The Chula Zero Waste Project showed that recycling
rates increased, plastic bags and plastic cups decreased to nearly zero,
and food waste that was not mixed with general waste decreased. These
results showed a significant reduction in overall waste volume over the
past 4 years, which is associated with the decrease in waste sent to
landfill. It is observed that global warming will be drastically reduced by
expanding recycling. As shown in Figure 5, the greatest impact is caused
by landfilling general waste from both consumers and food vendors. The
highest impact caused by landfill is climate change; landfill gas from
biodegradable waste contributes substantially to methane in the atmo-
sphere, which has a significant impact on the greenhouse. A significant
cause of ozone layer depletion is methane emissions from biodegradable
waste landfills (Zangmo, 2017) and fuel-intensive transportation (Bor-
rion et al., 2012).

In addition, turning food waste into fish feed provides the greatest
environmental benefits. This option reduces freshwater eutrophication
and terrestrial acidification. Wong et al. (2016) showed that utilizing
food waste directly as fish feed or processing it into pellets was safer than
using commercial pellets due to mercury, PAHs, and DDTs in fish flesh.

As shown in Figure 5, switching from plastic to paper cups (Chula
zero-waste cups) reduces environmental impact because the used paper
cups are used for nursery bags and compost. This reduces the potential
impacts of the plastic manufacturing process, landfilling, nursery bag
production, and chemical fertilizer production.

3.1.3. Future scenario (S3) under the Chula Zero Waste Project
S3 shows the impact of replacing landfill with RDF, which is utilized

in cement production as a substitute for coal. The main effect of recycling
plastic (PET) is human toxicity, as shown in Figure 6.

Most of the environmental benefits come from the use of waste and
coal as fuel in the production of RDF. This reduces or compensates for the
Figure 5. Normalized value of life cycle impact assessment (LCIA) results from Scen
waste; CZW, Chula Zero Waste).
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use of coal. Lima et al. (2018) report that using RDF as a substitute for
conventional fuels (e.g., coal or petroleum coke) in the cement industry
saves fossil fuels and reduces cumulative energy demand, GHG emis-
sions, and other environmental effects. Reza et al. (2013) also confirmed
that RDF production and utilization consumed less energy than hard coal,
resulting in CO2eq emissions of 863–888 kg/ton of clinker.

3.2. Comparison of the distribution of environmental impacts among S1,
S2, and S3

The results of the LCA normalization analysis for each impact cate-
gory across all scenarios are shown in Figure 7. When all of the impacts
using the ReCiPe Midpoint (H) V1.13/World Recipe H method are
compared, it can be seen that S1 has the greatest environmental burden,
followed by S2, and S3 has the least impact. S3 provided the greatest
environmental benefits, followed by S2. This is most likely due to the fact
that the future scenario is based on the current waste management sys-
tem in the CU canteens, which has responded to the policy of the Chula
Zero Waste Project by reducing and separating waste more efficiently.
The sequence of scenarios, from best to worst in terms of aggregated
environmental impact, was S3, S2, then S1. It can be concluded that S3 is
the best scenario for waste management, and S1 is the worst.

4. Discussion

S1 had the highest positive values of environmental burden on
climate change, photochemical oxidant formation, and fossil depletion as
shown in Figure 7. This observation is due to the fact that S1 lacked an
efficient waste sorting system and had a lower recycling rate than S2 and
S3. In this study, the largest source of atmospheric CH4 was landfilling.
CH4 was produced in landfills from biodegradable waste, which signifi-
cantly contributed to the amount of CH4 in the atmosphere and had a
significant impact on the greenhouse effect (Reza et al., 2013). In this
study, it was observed that the level of recycling had the most consid-
erable advantages in terms of global warming and fossil depletion. As a
result, the amount of waste in S2 was reduced by 34% when compared
with S1. Furthermore, RDF was used to manage waste in this scenario,
and as a result, waste did not end up in landfills. When the amount of
waste disposed in landfills decreases, the impact of waste on climate
change, photochemical oxidant formation, and fossil depletion will also
ario 2: Current scenario under the Chula Zero Waste Project (remark: FW, food



Figure 6. Normalized value of life cycle impact assessment (LCIA) results from Scenario 3: Future scenario under the Chula Zero Waste Project (remark: FW, food
waste; CZW, Chula Zero Waste; RDF, refuse-derived fuel).

Figure 7. Comparison of the contribution of the life cycle impact assessment (LCIA) normalization analysis in the three scenarios: S1, S2, and S3.
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be reduced (Reza et al., 2013; Zangmo, 2017). S3 had the highest benefit
for freshwater eutrophication, particulate matter formation, and fossil
depletion since it avoided landfilling of general waste, which turned into
RDF and used as a coal substitute. RDF production provided the greatest
potential for reducing freshwater eutrophication, particular matter for-
mation, and fossil depletion. PM2.5 was emitted during the combustion of
7

RDF. The impact of direct emissions on particulate matter emphasizes the
importance of efficient fume treatment systems in reducing particulate
emissions from the combustion of biomass and wastes. S1 provided the
most environmental benefit in terms of terrestrial acidification because it
avoided the production of fish feed by repurposing food waste as animal
feed, which reduced terrestrial acidification. S3 had the lowest
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environmental benefit in terms of terrestrial acidification because RDF
combustion in a boiler emits SOx and NOx, which is a major contributor
to acidification. In addition, S3 showed the greatest environmental
burden on human toxicity with respect to toxic substances, and this
burden was caused by the use of RDF as a fuel in a boiler. In this study,
the highest human toxicity was caused by RDF combustion. Air- and
water-borne metals, HCl, HF, N2O, and NOx emissions from RDF com-
bustion, which were mainly plastic components, were toxic to humans. In
S3, the avoided impact of RDF was lower than the process emissions on
human toxicity (Longo et al., 2020).

Based on normalization results for all impact categories across sce-
narios, S1 had the greatest environmental burden because 44% of waste
was disposed of in landfills, which created the greatest environmental
impacts. As confirmed by numerous studies, Coelho and Lange (2018)
demonstrated that Scenario 1, which involved landfilling MSW in Rio de
Janeiro, had the worst environmental impacts. Furthermore, Yay (2015)
found that landfilling was the worst final waste disposal option, whereas
composting and material recovery performed better for solid waste
management in Sakarya, Turkey. When environmental benefits were
considered, S3 had the greatest benefits, followed by S2. Due to the
conversion of waste in S2 to RDF in S3, S3 generated zero waste for
landfill. This was because S3 was based on the current waste manage-
ment system in CU canteens, which responded to the Chula Zero Waste
Project’s policy of reducing and separating waste more efficiently. Ac-
cording to Sukholthaman and Sharp (2016), this study employed a sys-
tem dynamics model to evaluate the impact of effective source separation
on waste collection and transportation in Bangkok, Thailand. Their re-
sults showed that source separation affected the amount of recyclable
waste, organic waste, landfilled waste, cost, and collection service effi-
ciency. In this study, the best to worst scenarios in terms of aggregated
environmental impact were S3, S2, and S1. S3 was the best waste man-
agement scenario, whereas S1 was the worst.
4.1. Comparison to other LCA studies

In comparison with similar studies in Brazil and Turkey by Coelho
and Lange (2018) and Yay (2015), respectively, they demonstrated that
landfill, which represents the current state of the MSW system, has the
worst environmental impacts. Similarly, this study mirrored both studies.
In addition, when comparing the S3 scenario of this study with a similar
study in Brazil by Lima et al. (2018), they reported that RDF produced
fromMSW and utilized in cement production contributed to huge savings
due to avoided petroleum coke utilization in almost all impact categories
except for human toxicity (non-cancer). In this study, RDF reduced im-
pacts in four of eight categories except for climate change, acidification,
photochemical oxidant formation, and human toxicity. The different
results depend strongly on the composition of waste in the RDF of both
studies.

5. Conclusions

This study is a part of a larger project to identify the best MSW
management practices in CU canteens using LCA.

The highest environmental impacts were observed in S1 landfilling,
whereas S3 had the least environmental impact because no waste was
disposed of in landfills and RDF was implemented. Food waste, which
accounts for the majority of waste in CU canteens, can be used as nu-
trients for animal feed and compost to divert it from S2 and S3 landfills.
Zero waste to landfills in S3 can reduce environmental and economic
losses by converting low-humidity, high-calorific waste to RDF for the
cement industry. According to the findings, the most environmentally
effective MSW strategy for CU canteens is to reduce and separate waste at
the source and recover materials instead of disposing of mixed waste in
landfills.
8

Based on the results, we offer policymakers recommendations for
enhancing the environmental sustainability of waste management sys-
tems in universities. First, the concept of zero waste to landfills should be
popularized. Second, waste separation at sources should be encouraged.
Finally, RDF can substitute for coal or petroleum coke in cement plants.
RDF is more environmentally friendly compared to coal. Therefore, the
use of RDF should be promoted as a coal substitute, and landfill waste
should be reduced.

Moreover, it will help in achieving SDG for sustainable cities (SDG
11), responsible consumption and production (SDG 12), and climate
action (SDG 13). The findings of the study provide CU canteen with a
viable option for planning waste management and achieving a “zero
waste to landfill” scenario. Further research could look into detailed
frameworks to improve sustainable MSW management by creating a
better balance between the environment, the economy, and society, as
well as interventions aimed at MSW reduction, recycling, and sending
zero waste to landfills.
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