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Chinese economic development has continuously increased national municipal solid waste (MSW) output. However, the existing
MSW classification method is insufficient and exacerbates several urgent problems.)ere are many factors to consider in Chinese
waste classification (population, MSW production, food waste content, water content, economy, environment, and waste disposal
methods). Based on research and analysis, MSW classification should highlight and implement treatment methods that focus on
incineration, the distinct treatment of kitchen waste, and landfills as a waste disposal supplement. MSW is divided into five
categories: kitchen waste, incineration, recyclable, hazardous waste, and other waste. Using economic benefit analysis, life cycle
assessment, and radar chart analysis, a quantitative study is conducted on the classification methods of MSW used in Germany,
the US, the UK, Sweden, Japan, China, and this study.)e results indicate that a more refined classification can effectively improve
many aspects of MSW management, especially regarding economic and environmental benefits, which are significantly affected.
Effective MSW management can reduce the cost of waste disposal by 69.4% and greenhouse gas and acidic substance emissions
and increase the energy utilisation rate four fold. )is research is of great significance to environmental protection and the
development of a circular economy and provides a reference for the management of MSW.

1. Introduction

)e Chinese economy and population are displaying con-
tinuous growth trends. )e Chinese municipal solid waste
(MSW) output is increasing yearly, and the classification and
disposal of MSW have become an area of concern. In 2018,
total Chinese MSW production reached 22.8 million tons
[1]. MSW management is a challenge facing society, and
developing methods for managing MSW efficiently, eco-
nomically, and environmentally is important for promoting
sustainable urban development. Classification is a core
component of the MSW management system. )e purpose
ofMSW classification is to improve the waste utilisation rate,
reduce the amount of landfill, and reduce the waste disposal
cost. )erefore, the classification of MSW will affect the
economic, environmental, and waste treatment benefits [2].
Landva et al. [3] classified MSW into organic and inorganic
materials, while )omas et al. [4] classified MSW into soil-
like and nonsoil-like materials. Research only considered the

nature of waste. Sharholy et al. [5] studied the impact of the
Indian MSW treatment process on the waste classification
method and concluded that landfill disposal waste is limited
to nonbiodegradable waste, inert waste, and other wastes
unsuitable for recycling or nonbiological treatment. Gentil
et al. [6] studied the effects of various waste treatment
process ratios on greenhouse gas (GHG) emissions. Den-
mark and Germany focused on incineration. France used
three treatment methods fairly evenly (36% incineration,
34% landfill, and 30% resource recovery). Greece, Britain,
and Poland focused on landfills. )e study found that
countries utilising incineration as the primary treatment
method emitted less GHG emissions than those using
landfills as the primary treatment method.)erefore, a waste
classification method should separate incineration materials
to facilitate the waste treatment process and reduce pollu-
tion. Zhang et al. [7] studied the classification method of
Chinese MSW, with the economy (waste-to-energy/WTE)
(compost recovery rate and income-cost ratio) as the
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primary influencing factor.)e classifiedMSW (divided into
kitchen waste, general waste, and ash) was compared with
the unclassified MSW. )e research illustrated that the
compost recovery rate, cost-benefit ratio, productivity, and
nutrient content of the compost significantly improved after
classification. Zhou et al. [8] studied the thermal chemical
characteristics of different MSW components (e.g., vegeta-
bles, starch food, orange peel, wood waste, printing paper,
cellulose, PVC, PET, PE/PP, PS, and rubber). )e study
demonstrated that combustible waste is generally classified
into six physical categories: food residue, wood waste, paper,
textiles, plastic, and rubber; However, the calorific value of
each component differs. It is possible to redefine typical
components for WTE research. Chang et al. [9] analyzed
various characteristics of MSW (e.g., physical, chemical,
combustion, and biological and degradable characteristics)
and concluded that household waste can be divided into
organic waste, inert waste, hazardous waste, and other
harmless waste. Gu et al. [10] also discussed the MSW
classification method in China according to the MSW
characteristics (e.g., large organic waste accounting for 71%
of the total waste). )ey proposed that kitchen and recy-
clable wastes should be collected separately, and the clas-
sification method should be concise and clear. Liikanen et al.
[11] studied a waste classification method WTE as the main
influencing factor. Considering the composition of MSW in
Finland (the waste was characterised by a large amount of
organic waste, accounting for 40% of the total), yard waste
was subdivided into sticks, branches, and other yard waste,
and the plastic packaging was subdivided into dense and film
types to achieve the greatest recycling economic benefits.
Dada et al. [12] studied a MSW classification method in
Africa WTE as the main influencing factor. )ey concluded
that compacted waste contains a higher proportion of or-
ganic waste that can produce more renewable energy
(biogas). Girotto [13] studied the MSW classification
method in Brazil WTE as the primary influencing factor.)e
study demonstrated that if a MSW component contains
more than 50% organic waste, more than 15% inert waste, or
its calorific value is less than 2.326MJ/kg, then incineration
may not be the optimal disposal method; the waste may be
more suitable for anaerobic digestion and composting. AI-
Hameedi et al. [14] classified MSW into environmental
waste, degradable waste, nondegradable waste, and toxic
waste according to its nature. )e MSW classification
methods of several cities in China [15–17] are displayed in
Table 1.

Based on the literature, most researchers have only
considered a single influencing factor on MSW classifica-
tion. Moreover, few studies calculate the value of each factor
produced by different classification schemes. However, the
classification of MSW is complicated. With large waste
production and complex composition, overlooking multiple
factors will result in poor classification schemes, low eco-
nomic and environmental benefits, and low public enthu-
siasm. )is study refers to previous research on MSW
classification methods and combines the characteristics of
abundant MSW kitchen waste in China [18] with high water
content. )e influences of many factors such as the

economy, environment, and waste treatment are considered,
especially the connection between source classification and
waste treatment, and a new method for the classification of
MSW in China is proposed. In addition, this study quan-
titatively analyzed these factors to provide references for
Chinaʼs waste management.

2. Classification and Methods

2.1. Classification

2.1.1. Comparison Sample Selection. To better analyze the
difference in benefits produced by different MSW classifi-
cation, in this study the classification schemes of six
countries were selected: Germany, the US, the UK, Sweden,
Japan, and China. Each benefit value was quantitatively
calculated with the scheme proposed in this paper. )e
sample selection mainly considered factors such as geo-
graphical, economic, and cultural factors because these
factors will affect the setting of the MSW classification
scheme. )e classification methods of MSW in several
countries are displayed in Table 2.

MSW is primarily composed of kitchen waste, yard
waste, paper and cardboard, textiles, leather, rubber, plastic,
glass, wood, metal, and other materials. )e composition of
MSW in multiple countries is displayed in Figure 1 [25–30].
As illustrated in Figure 1, the proportion of kitchen waste in
China is 54.92%, which is substantially higher than that of
the other countries. )e primary reasons for this are as
follows: first, as the Chinese economy continues to develop,
living standards are constantly improving; people pay
greater attention to food and food type, and there is a surplus
of food. Second, Chinese residents have unique eating habits
(i.e., hot pot, soup, etc.) and a unique drinking culture (i.e.,
banquets). )ird, the Chinese take-out food model, where
fresh fruits, vegetables, and meat are typically provided to
consumers in a small amount of packaging, results in a high
proportion of food waste [31]. Figure 1 also illustrates that
the UK has the highest yard waste proportion of up to 20%.
)is is because many families in the UK have their own yards
and they often trim their gardens and remove fallen leaves.
Japan has the highest proportion of paper (including
cardboard) waste at 34.6%. )is is predominately because
paper packaging has replaced plastic packaging, and in-
cineration is the primary waste treatment method in Japan.
Paper waste can increase the overall calorific value of in-
cineration, which is safer and more efficient than plastic
incineration.

2.1.2. Proposal of a New MSW Classification in Zhejiang,
China. Zhejiang is in the Yangtze River Delta area at the
centre of east China (approximately 27°02′–31°11′N,
118°01′–123°10′E). In 2019, the total population of the
province was 58.5 million, with an official urban population
of 39.5 million. )e per capita gross domestic product is
$15,601 in 2019.)e economic level of Zhejiang province has
developed rapidly, while the degree of economic develop-
ment within the province has remained stable. )e financial,
commerce, and cultural industries are the three major
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Table 1: MSW classification schemes in China.

Classification schemes Cities
Six groups (recyclables, kitchen waste, hazardous waste, decoration wastes,
bulky waste, and other) Qingdao

Five groups (a) (recyclables, kitchen waste, hazardous waste, bulky waste,
and other) Fuzhou

Five groups (b) (recyclables, kitchen waste, hazardous waste, compostable,
and other) Chengdu

Four groups (a) (recyclables, hazardous waste, wet waste, and dry waste) Shanghai

Four groups (b) (recyclables, kitchen waste, hazardous waste, and other) Guangzhou, Jinan, Tianjin, Shenzhen, Hangzhou, Ningbo,
Dalian, and Nanjing

Four groups (c) (recyclables, kitchen waste, hazardous waste, and
nonrecyclable) Changsha and Shijiazhuang

Four groups (d) (recyclables, hazardous waste, nonrecyclables, and glass) Haikou
)ree groups (a) (recyclables, kitchen waste, and other) Beijing, Xiamen, and Nanning
)ree groups (b) (recyclables, hazardous waste, and other) Kunming
Bisection method (a) (recyclables and nonrecyclables) Chongqing, Changchun, Guiyang, and Nanchang
Bisection method (b) (dry waste and wet waste) Hefei

Table 2: Classification schemes in Germany, the US, the UK, Sweden, and Japan.

Country Schemes Composition

Germany [19, 20] (four
groups)

(1) Disposable packaging
waste

Aluminium thin packaging waste, plastic packaging waste, metal containers, and
composite packaging

(2) Organic waste
Vegetables, peels, biological waste collection bags, grassy, hair, eggshells, coffee
residues and filter bags, nut peels, tropical and subtropical fruit peels, untreated
sawdust and wood fibres, leftovers, disposable paper cups, etc.

(3) Nonrecyclables
Cinders, stockings, incandescent light bulbs, erasers, sweepings, candles, carbon paper,
wax paper, ballpoint pens, leather, plastic buckets without “green dot” logo, carpet,
contaminated polycarbonate plastic (foam), cigarette butts, etc.

(4) Recyclables
(1) Glass stored separately according to colour
(2) Envelopes, brochures, prints, cartons, magazines, and large paper bags
(3) Clothes, shoes, bedding, tablecloths, curtains, etc.

)e US [21] (four
groups)

(1) Recyclables Paper, glass, plastic, metal boxes (bottles), and wood

(2) Organic waste

(1) Yard waste (not including floral home plants, branches shorter than 4 ft, festive
trees, cut grass, and leaves)
(2) Kitchen waste (food, fruit and vegetable residues, bread, hollow flour, cereals,
eggshells, etc.)

(3) Special waste Bulky furniture, household appliances, hazardous waste, etc.

(4) Other waste All wastes other than the above three types, such as ceramics, paper towels, rubber,
leather, wooden tables, chairs, stools, etc.

)e UK [22] (five
groups)

(1) Recyclables Paper (cardboard, cartons, etc.), metal tin cans, plastic (beverage and seasoning bottles,
etc.), paper, glass, clothes, textiles, and small electronics

(2) Kitchen waste Food residues, vegetables, peels, etc.
(3) Yard waste Weeds, branches, and garden waste
(4) Landfill waste Tissue, sweeping waste, brick ceramics, rubber, etc.
(5) Hazardous waste Dry batteries, fluorescent tubes, etc.

Sweden [23] (four
groups)

(1) Recyclables Newspaper, cardboard, metal, glass (coloured and colourless), rigid plastic buckets,
mineral water bottles, and cans

(2) Organic waste Food waste, yard waste, wood, etc.

(3) Incineration Combustible waste that cannot be directly recycled, such as nonrecyclable paper
(napkins, paper diapers, etc.), sawdust, and other high-heat waste

(4) Nonrecyclable Ceramic products, bricks, rubbish removal, etc.
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economic industries in Zhejiang province. )e amount of
MSW collected in Zhejiangʼs cities and towns is 25.7 million
tons in 2019.

Food waste also dominates the composition of MSW in
Zhejiang. )is waste exhibits high moisture content and
perishability. Storage or landfill with other materials causes
moisture to migrate and the waste to produce pungent
smells. )erefore, food waste must be classified into a

separate category, namely, “kitchen waste.” Zhejiang’s MSW
production is large, and existing landfills are overwhelmed.
Certain landfills have been filled (e.g., China Yiwu Waste
Landfill in Zhejiang), and some are close to being filled (e.g.,
Hangzhou Tianziling Waste Landfill in Zhejiang). )ere is
an urgent need to reduce the amount of landfilled waste.
)erefore, it is necessary to classify waste suitable for in-
cineration into its own category, namely, “incineration,” to
reduce the amount of landfill waste produced at the source.
Recyclables must be organised to prevent these materials
from entering waste treatment process plants. )is can
mitigate the impact on the surrounding environment and
increase the economic benefits.)erefore, recyclable waste is
classified into one category, namely, “recyclable.” Hazardous
substances are classified into one category due to their
special properties, namely, “hazardous waste.” All wastes not
included in the above four categories are classified into one
category, namely, “other waste.” )e proposed MSW clas-
sification is displayed in Figure 2. “Kitchen waste” primarily
includes leftovers, peels and shells, vegetable stalks, leaves,
and branches. “Incineration” predominately includes wood
(e.g., wooden furniture, wooden decorations, etc.), fabric,
plastics, and contaminated paper. “Recyclable” primarily
includes uncontaminated paper and cardboard, recyclable
textile, metals, leather, rubber, plastic bottles/barrels, plastic
packaging, and toughened glass. “Hazardous waste” pri-
marily includes batteries, medical waste, and household/
automotive maintenance. “Other waste” predominately in-
cludes all wastes not covered in the abovementioned
categories.

)e purpose of classification is to reasonably treat dif-
ferent types of MSW. )erefore, ensuring consistency be-
tween source separation and waste treatment is at the core of
improving waste management. )e life cycle of MSW is
displayed in Figure 3. Kitchen waste is treated using com-
posting or anaerobic fermentation to obtain usable energy
instead of disposing of it in a traditional landfill. Incinerating
high water content kitchen waste from China is also advised
against, which is consistent with the results obtained by

Table 2: Continued.

Country Schemes Composition

Japan [24] (seven
groups)

(1) Incineration
Nonrecyclable paper (napkins, paper diapers, etc.), kitchen waste (leaf leaves, leftovers,
etc.), wood dust, and other waste (wood sticks, cigarette butts, desiccants, pet faeces,
etc.)

(2) Plastic bottles Plastic containers and packaging marked with a special logo (e.g., plastic bottles for
edible oil, soy sauce, beverages, wine bottles, etc.)

(3) Other plastics Plastics other than containers and packaging, such as video tapes, compact discs,
laundry pockets, toothbrushes, ballpoint pens, plastic toys, sponges, footwear, etc.

(4) Nonincineration
Ceramics (bowls, casserole dishes, etc.), small appliances (irons, hair dryers, etc.), and
certain necessities (heat-resistant glass, cosmetic bottles, electric bulbs, disposable
heating stoves, disposable lighters, metal bottles, etc.)

(5) Recyclables
Paper (newspapers, leaflets, magazines, advertising paper, cartons, etc.), cloth (old
clothes, old curtains, etc.), metal, and glass (wine, vinegar, soy sauce bottles, beer
bottles, etc.)

(6) Hazardous waste Light sticks, dry batteries, mercury thermometers, etc.

(7) Bulky waste
Electrical appliances (refrigerators, air conditioners, washing machines, televisions,
etc.), furniture (waste furniture, household appliance cabinets, bedding, induction
cookers, electric heaters, etc.), and other (bicycles, suitcases, etc.)
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Figure 1: MSW composition in Germany, the US, the UK, Sweden,
Japan, and China.
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Yano et al. [32], who found that composting and anaero-
bically digesting food waste in China can more effectively
recycle electricity and heat energy than through incineration

alone. However, composting produces leachate, waste res-
idue, and GHGs. )e leachate requires special treatment,
and the waste residue must be transported to a landfill.
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Figure 2: Proposed MSW classification.
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Electric energy can be obtained by incinerating waste.
However, incineration produces fly ash, residue, and waste
gas. )e fly ash must be stabilised with the waste-activated
carbon, compacted, and transported to a hazardous waste
landfill site.)e waste residue is collected and disposed off in
the landfill. )e waste gas is filtered and discharged after
reaching the quality standard. Recyclable waste can be
recycled at a resource recycling and processing station to
obtain economic benefits. Hazardous waste is treated using a
special landfill. )is type of waste does not participate in the
disposal process of the other wastes to maintain the envi-
ronmental quality. Other waste is disposed off in landfills,
but it produces GHGs and leachate. GHGs are emitted
during the entire life cycle process (transportation at the
source and transhipment).

2.2. Method

2.2.1. Economic Benefit Analysis (EBA). EBA refers to the
assessment of the size of economic benefits and analysis
on the causes of these benefits. Many scholars use EBA to
evaluate waste classification methods. Nie et al. [33]
proposed a classification method for waste from Shanghai
Pudong, China, analyzed its economic benefits, and de-
termined the most appropriate classification method.
Elagroudy et al. [34] divided the economic benefits into
two parts, namely, capital and maintenance costs, and
analyzed three solid waste management methods in
Basra, Iraq.

Economic benefits determine the cost performance of
the classification method. Economic benefits primarily in-
clude four components: recoverable resource recovery in-
comes (Ri), WTE utilisation incomes (Ei), MSW operation

and management costs (Oc), and MSW treatment project
investment costs (Tc).

)e benefits of waste disposal can be calculated using the
following equation:

It � Ri + Ei, (1)

where It is the total income from MSW disposal, Ri is the
income from recyclables’ collection, and Ei is the income
from WTE.

)e cost of waste disposal can be calculated using the
following equation:

Ct � Oc + Ec, (2)

where Ct is the total cost from MSW disposal, Oc is the cost
of the MSW operation andmanagement, and Ec is the cost of
MSW civil engineering.

)e net income (NI) from waste disposal can be cal-
culated using the following equation:

NI � It − Ct, (3)

where NI is the NI from MSW disposal.
)e income-cost ratio (ICR) of waste disposal can be

calculated using the following equation:

ICR �
It

Ct

, (4)

where the ICR is the ratio of the total MSW income to the
total cost.

2.2.2. Life Cycle Assessment (LCA). LCA is the evaluation of
the entire production, process, use, and final disposal
cycle of a product or service. )is method has been widely

MSW generated

MSW classification

Kitchen waste Incineration Recyclables Hazardous waste Other waste

Material

Leachate

Energy

Fly ash

Anaerobic

Compost

Methane

Residue

Incinerate

Residue

Landfill

Recycling

Special landfill

GHG

Pollutant release
Energy or resources

Transport

Figure 3: Life cycle of classified MSW.
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used in various engineering designs and in research and
development. Applying LCA to the classification of MSW
can assess the environmental impact by identifying,
quantifying, and evaluating the energy, materials, and
waste released into the environment [35]. )is is helpful
for designing source planning, transportation, and end
disposal. )is method also helps to establish a whole-
process life cycle management system for waste disposal.
)e environmental benefits identified by some scholars
using LCA to study waste disposal methods are listed in
Table 3.

MSW can cause environmental problems throughout its
life cycle. During waste storage, waste emits odour and
leachate which breeds bacteria. During waste transportation,
diesel combustion releases GHGs (e.g., CO2 and CO).
Additionally, because of the water contained in the waste,
transportation, extrusion, and jolting produce leachate that
emits odour. Waste disposal produces landfill gas, leachate,
GHGs, dioxins, and fly ash that pollute the environment and
harm the soil, water, and air. However, these problems can
be solved using waste classification to make the waste
components for storage, transportation, and treatment more
convenient for management, thus reducing pollutant
discharge.

In this study, environmental benefits were primarily
considered using three indicators. )e first is the global
warming potential (GWP), which refers to the GHGs (e.g.,
CO2 and CH4) emitted by landfills, composting plants,
and incinerators. )e second is acidification potential
(AP), which primarily refers to acidic substances (e.g.,
SO2, NOx, H2S, NH3, and HCl) emitted during processing.
Finally, EC is the amount of fossil energy (e.g., diesel and
electricity) consumed in transportation, processing, and
infrastructure.

2.2.3. Calculation of Waste Treatment Efficiency.
Reduction refers to the reduction in waste after treatment.
For example, landfills occupy a large amount of land re-
sources, while incineration can reduce waste capacity and
waste weight by more than 85 and 75%, respectively. In
addition, composting can convert the organic material into a
fertiliser and correspondingly reduce the landfill volume.
)e reduction value can be calculated by multiplying the
proportion of the back-end treatment process by the cor-
responding reduction rate.

Recycling refers to the energy recovery utilisation rate in
the treatment process, such as landfill gas power generation,
incineration power generation, and composting capacity. It
also includes the proportion of recyclable materials.

Harmlessness refers to whether the design method of the
treatment site meets the standard required for handling
emissions and pollutants. )e landfill site design can adopt a
combination of physico-chemical pretreatment (e.g., coag-
ulative sedimentation, ammonia nitrogen stripping, and
chemical oxidation), biological main body treatment (e.g.,
anaerobic, anoxic, and aerobic), physico-chemical deep
treatment (e.g., adsorption, reverse osmosis, and catalytic
oxidation), a leachate recharging method, or mineralised

waste biological reaction bed method [45] to stabilise the
landfill.

2.2.4. Radar Chart Analysis (RCA). RCA is a type of graph
that displays multidimensional data in a two-dimensional
form. )e analysis and comparison of multiple indices can
be presented in the same coordinate system. By applying this
method to the MSW classification analysis, the compre-
hensive ability of each method can be directly reflected. )e
RCA steps are as follows: (1) set capability indices; (2)
evaluate the capability indices of the classification method;
(3) classifications can be divided into seven grades (excellent,
better, good, medium, general, poor, and very poor)
according to the performance evaluation of each classifi-
cation; and, (4) draw the radar chart.

3. Result

3.1. Economy. Economic benefits include direct recovery of
materials and energy recovery after treatment. Recyclable
resources can generate considerable income through recy-
cling at enterprises or factories after real-time collection and
sorting by waste trucks. For example, 850 kg of paper can be
made by recycling 1 t of wastepaper, 300 kg of wood can be
preserved, and 74% of the associated pollution can be re-
duced compared with the equivalent production [46]. For
every tonne of scrap steel recovered, 0.9 t of steel can be
produced, which is 47% less costly than smelting ore [47].
)e WTE income refers to income from incineration,
landfill treatment, power generation, and heating. Income
can also be generated from composting waste into fertiliser,
biogas production, and fuel production. Waste operation
and management costs include transportation, electricity,
water, labour, material, and equipment maintenance costs
[30]. MSW processing engineering investment costs include
construction, equipment and facilities, and land occupation
costs.

According to equations (1)–(4), the economic benefits of
MSW classification methods in various countries were
calculated. )e income and treatment fee per tonne of waste
were also calculated. To illustrate the calculation process, this
study is used. )rough research, the new method of waste
classification and its detailed corresponding components are
discussed, leading to changes in the content of various types
of waste. Finally, recyclable, kitchen, incineration, hazard-
ous, and other wastes accounted for 20.9, 54.6, 10.5, 6.8, and
7.2%, respectively. )e above data was used to multiply the
profit (or cost) price to obtain Ri, Ei, Oc, and Ec and apply
them to equations (1)–(4).

)e economic benefits of MSW classification used in
Germany, the US, the UK, Sweden, Japan, China, and the
present study are displayed in Table 4. China exhibited the
highest MSW disposal cost, which was 9.7% higher than the
US, 145.6% higher than Japan, and 386.4% higher than
Sweden. )e NI and ICR were the lowest in China. )e
reasons for the substantial differences are as follows. First,
China exhibited a large MSW output and disposal amount.
Second, there were recyclable resources that were not
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effectively recycled, lowering the resource recycling income.
)ird, the classification in China did not fully consider the
connection with the waste treatment process, and there was a
lack of incineration, composting, and other treatment
methods to increase revenue. Fourth, the landfill treatment
was heavily relied on. )e low efficiency of landfills led to a
high treatment cost. )e MSW classification method in this
study improved the income from resource and energy re-
covery, updated the waste treatment share by increasing
incineration and composting and reducing landfilling, and

reduced the project investment cost. Compared with the
present method used in China, the method proposed in this
study reduced the processing cost by 69.3% and increased NI
by 69.4%, which were comparable with the UK, and the ICR
increased by 440%, which was comparable to the UK and
Sweden. Table 5 also shows that the overall NI was negative
for the current management method. To increase the eco-
nomic benefits and achieve an income and expenditure
balance, charging for waste and coordinating with the
government to receive subsidies are recommended.

Table 3: Summary of major MSW management LCA studies.

No. Country Parameter impact
assessment Content and results

1 China [36] (1) GW

MSW (55% moisture content) was studied to compare the differences in GHG emissions in
landfill, compost, anaerobic, and incineration treatments. )e results demonstrated that the
four treatments emitted 197.5, 37.7, 33.6, and 124.3 kg CO2 eq./t, respectively. Composting
can avoid the large amount of GHG emissions caused by landfilling primary domestic waste
and can form a carbon sink. Energy recovery and replacement of grid emissions during
anaerobic digestion can significantly reduce GHGs

2 India [37]
(1) GW
(2) AP
(3) HTP

GHG emissions fromwastes subjected and not subjected to resource recovery were 3.43E3 and
4.92E3 kgCO2 eq, respectively. Studies have also found that open storage and landfill disposal
of waste emit more GHGs (CH4)

3 China [38]
(1) GW
(2) EC
(3) ER

MSW is the least effective source of direct landfilling for the waste reduction indicators
(stability, resource recovery, energy recycling, and GHG reduction)

4 China [39] (1) ER
(2) GW

Paper incineration can produce the most energy (4,426.04E9 kWh/a) followed by plastic
(2,117.95E kWh/a). Additionally, the GHGs released by incineration reached 874.66Gg CO2
eq./a, followed by paper waste incineration (53.92Gg CO2 eq./a). Plastic produces 1/2 the
recycled energy of paper, and the GHG emissions from plastic incineration are 16 times that of
paper

5 China [40]
(1) GW
(2) AP
(3) EC

)ere is a correlation between the cost of treatment and environmental emissions, and the
environmental consequences can beminimised bymeasuring the environmental factors in the
MSW management system

6 Japan [41] (1) GW

)is study simulates and evaluates an innovative waste management initiative in Kawasaki
using a scenario simulation model based on the LCA approach
)e results demonstrate that recycling mixed paper, mixed plastics, and organic wastes and
utilising the recycled materials in industrial production in Kawasaki can potentially reduce
emissions by approximately 69 kt CO2 and 8 kt incineration ashes from landfill

7 Turkey [42] (1) GW

Four scenarios were developed as alternatives to the existing waste management system and
were evaluated for the optimal environmental solution. )e scenario with 75% landfilling and
25% composting provided the optimal results in terms of human health and environmental
impact. Current emissions from the present MSW facility were estimated for CH4 and CO2
emissions. Annual emissions in 2017 were 8,674 t/a and 3,161 t/a for CO2 and CH4,
respectively. )e estimated ground-level concentrations of these emissions were 30 μgm−3

and 50 μgm−3 for CO2 and CH4, respectively

8 Sweden [43] (1) ER

)e study illustrates that reduced landfilling in favour of increased energy and material
recycling leads to lower environmental impacts, consumption of energy resources, and
economic costs
Landfilling energy-rich waste should be avoided to the extent possible, partly because of the
negative environmental impacts from landfilling, but primarily because of the low recovery of
resources when landfilling. Differences betweenmaterials recycling and incineration are small;
but in general, plastic recycling is superior to incineration, and biological treatment is worse

9 Germany
[44]

(1) GW
(2) ER

)e impact of heating systems on the overall result was significant. )e efficiency of heat
production was extremely high for all incinerators, and the utilisation was 100%. Meanwhile,
the combined biogas and composting plant only utilised 21% of the heat produced due to a
lack of capacity (supply) in the current heating system. Recommendations for the systems
include a reduction in ammonia emissions from biogas plants, which can improve the overall
environmental performance of the German system

Note: AP: Acidification Potential, EC: Energy Consumption, ER: Energy Recovery, HTP: Human Toxicity Potentials, and GW: Global Warming.
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3.2. Environment. )e impacts of landfill, incineration,
composting, and other major treatment methods on the
GWP, AP, and EC are displayed in Figure 4 [48–51], and life
cycle inventories in the operation stage of each scenario are
displayed in Table 5 [48–51]. Environmental benefits were
mainly related to the emissions and energy produced during
the treatment process. Diesel consumption and trans-
portation exhibited little impact on the environmental
benefits, while electricity generation contributed the most.
Landfills produced substantially higher levels of GHG than
those of the other treatments, which was primarily a result of
their direct emissions (233 kg CO2 eq). Incineration was
effective for power recovery (−696.84 kWh/t MSW), which
indirectly reduced GHG emissions. Although composting
has no power recovery capacity, the acid content of the

compost (0.1 kg) is much lower than that of incineration
(3.9 kg).

)e emissions and production capacities of various
waste classification methods are displayed in Table 6. )e
Chinese classification method of GHG emissions reached
825.9 kt, AP emissions were 6.7 kt, and the energy con-
sumption reduction was the lowest at −1.029E9 kW. )e
primary factor affecting the environment was the waste
treatment process. In this study, the waste treatment process
was improved to reduce the amount of incoming waste, such
as using composting for kitchen waste instead of landfills.
)e incineration and composting capacities increased, and
the landfill capacity was reduced, shifting from GHG
emissions to GHG absorption (−787.2 kt). Additionally,
incineration produced electricity, which reduced energy

Table 5: Life cycle inventories in the operation stage of each scenario (per tonne of dry waste).

Waste treatment method Category Pollutants Emissions

Landfill

Material consumption

Diesel 2.388 L
Electricity consumption 0.42 kWh

Energy recovery −111.92 kWh
Water 0.047m3

Sand 0.41m3

Direct gas emissions

CH4 233 kg
CO2 94.8 kg
SO2 0.8×10−2 kg
NOx 4.44×10−2 kg
H2S 0.29×10−2 kg
NH3 1.09×10−2 kg

Incineration

Material consumption

Diesel 6.87 L
Electricity consumption 152.73 kWh

Energy recovery −696.84 kWh
Water 0.23m3

Direct gas emissions
SO2 1.69 kg
NOx 3.39×10−1 kg
NH3 1.84 kg

Compost

Energy consumption

Diesel 1.75 L
Electricity 19 kWh

CO2 0.678 kg
SO2 0.07 kg

Direct gas emissions

NOx 4.29×10−2 kg
H2S 0.04×10−2 kg
NH3 0.99×10−3 kg
HCl 1.36×10−2 kg

Table 4: Economic benefits of MSW classification in Germany, the US, the UK, Sweden, Japan, China, and the study.

Economic benefit Germany )e US )e UK Sweden Japan China Present study
MSW output (mt) 51.1 258.5 26.4 4.4 43.0 204.0 25.7
Ri (M dollars) 949.6 1,899.4 203.7 44.7 59.0 88.8 155.8
Ei (M dollars) 295.8 1,064.1 152.8 72.9 308.5 104.8 198.4
It (M dollars) 1,245.4 2,963.5 356.5 117.6 367.5 193.6 354.2
Oc (M dollars) 198 1,584 170 46 743 1,645 67
Ec (M dollars) 725,805 6,100,177 393,996 168,901 2,725,841 6,695,400 259,882
Ct (M dollars) 729,003 6,101,761 394,166 168,947 2,726,584 6,697,045 259,949
NI (M dollars) −727,758 −6,098,798 −393,810 −168,829 −2,726,217 −6,696,851 −259,594
ICR (10−4) 17.2 4.9 9.0 7.0 1.3 0.3 13.6
Note. Recyclable resource material income is $29/t. Reaching fertiliser standard resource income is $8/t. Revenue from incineration power supply is $32/t.
Landfill cost is $6/t. Incineration treatment cost is $21/t. Landfill project investment is $25,730/t. Incineration plant project investment is $78,623/t [30].
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consumption 5.2 fold. )ese figures were similar to those of
the UK (−5.327E9 and −4.656E9, respectively). )is study
significantly improved the MSW classification environ-
mental benefits compared with those of the present classi-
fication methods used in China.

3.3. Waste Treatment Efficiency

3.3.1. Reduction. Based on the amount of incineration and
compost, equation (5) was used to calculate the MSW re-
duction degree under each plan. Table 7 [7, 22, 52–56]
summarizes the MSW reduction data. By updating the
classification method, the reduction rate of the landfill
volume in this study has been increased from 16% to 63.4%.
)is is because the proportion of incineration and com-
posting treatment has been increased through classification
(the replacement of landfill with compost and incineration
can reduce 95% and 85% of kitchen waste, respectively),
thereby reducing landfill volume:

ηm(%) �
mT − mI − mC( 

mT

, (5)

where ηm is the reduction rate after waste classification,mT is
the total amount of waste that enters the treatment field, mI
is the amount of waste incineration, andmC is the amount of
waste composting.

3.3.2. Recycling. )e recycling assessment was based on the
recovery rates of resources and energy, and the results are
displayed in Table 8. )e current classification method used
in China uses landfills to treat most of the waste, resulting in
a low resource recycling rate. Moreover, waste entering the
incineration plant was not classified, and its complex
composition led to a low energy output rate. )is study
overcame these problems and refined the classification of
waste to increase the resource recovery rate from 1.5 to
20.9% and the energy recovery rate from 1.9 to 65%.

GW AP EC GW AP EC GW AP EC

20.30.126.63.9

–541.4–577.2–102.6

0.07

CompostingLandfill Incineration

HCl
NH3

NOX

H2S
SO2

Direct emissions
Diesel
Transport
Electricity
Electricity recovery

214.6

–100

–50

0
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Figure 4: Contributions to landfill, incineration, and composting processes (units: GW-kg/t MSW; AP-kg/t MSW; EC-kWh/t MSW).

Table 6: Emissions and capacities of waste classification methods in each country.

Germany )e US )e UK Sweden Japan China Study
Output (mt) 51.1 258.5 26.4 4.4 43.0
GW (kt) −519.5 2,419.7 108.2 −118.1 −1,979.6
AP (kt) 3.62 10.1 1.5 0.8 13.5
EC (kWh) −4980.9 −12,019.1 −1840.8 −1124.8 −6892.0
Output∗ (mt) 100 100 100 100 100
GW (kt) −990.0 413.7 935.1 −2718.2 −4587.9
AP (kt) 7.1 5.4 3.9 19.0 31.4
EC (kWh) −9.745E9 −6.930E9 −4.656E9 −25.88E9 −16.03E9

Note: “−” means a reduction in gas emission or energy saved. Orange and blue represent the worst and best performance, respectively; ∗: unify the output
variable.
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Table 8: Recycling energy and resource recovery rates.

Country and references Resource recovery (%) Energy recovery (%) Note
Germany [57] 65.0 18.0 (a) Incineration (18.0%)
)e US [52] 25.7 12.8 (a) Incineration (12.8%)
)e UK [53] 27.0 8.6 (a) Incineration (8.6%)

Sweden [23, 58] 35.6 61.6 (a) Compost (13.3%)
(b) Incineration (48.3%)

Japan [7] 4.8 29.6 (a) Energy treatment (9.6%)
(b) Incineration (20.0%)

China [56] 1.5 1.9 (a) Incineration (1.9%)

Study 20.9 65.0 (a) Incineration (10.5%)
(b) Compost (54.5%)

Table 7: Reduction in MSW.

Country Germany )e US )e UK Sweden Japan China Study
Reduction (%) 92 24.6 38.6 84.5 81.9 16 63.4

Recycling

Hamlessness Reduction

Environment

Economy

(a)

Recycling

Hamlessness Reduction

Environment

Economy

(b)

Recycling

Hamlessness Reduction

Environment

Economy

(c)

Recycling

Hamlessness Reduction

Environment

Economy

(d)

Figure 5: Continued.

Advances in Civil Engineering 11



3.3.3. Harmlessness. )e harmlessness index judging stan-
dard determines whether the design, construction, and final
use of the treatment plant meet the national standards.
)erefore, although various classification methods are dif-
ferent, MSW treatment plants from various countries will be
set up in accordance with pollution-free standards. )ere-
fore, the harmlessness standard is set according to the same
evaluation level.

3.4. Comprehensive Evaluation. A radar chart is used to
assess the comprehensive ability of MSW classification
methods, as displayed in Figure 5. )e proposed classifi-
cation method (Figure 5(f )) and the existing classification
methods in China are improved in each index based on the
following aspects:

(1) )e economic benefit criterion is reflected in the
ICR. )e economic performance of each country
classification method is ranked as follows: Ger-
many (excellent), this study (better), the UK
(good), Sweden (medium), the US (general), Japan
(poor), and China (urgent need for improvement).
In this study, the economic indicators were
upgraded by five ratings and became comparable
to Germany. )e poor performance of the Chinese
economic indicators is due to the large waste
production, low resource recovery rate, and
landfill-based treatment methods in China. )is
study improves the current waste classification
method, increases the integration rate of resource
waste, and reduces the amount of waste disposed
off in landfills.

(2) )e average values for the assessment criteria for
environmental benefits, GWP, AP, and EC, are
calculated (weight is 1). )e environmental benefits
of each classification method are ranked as follows:

Sweden (excellent), Japan (better), Germany (good),
the US and this study (medium), and China (urgent
need for improvement). In this study, the environ-
mental indicators were upgraded by two ratings and
became comparable to the US. )is study proposed
the improvement of the purity of incoming waste,
increasing incineration to generate electricity, re-
ducing CO2 emissions from conventional power
generation, and reducing energy consumption, thus
reducing environmental pollution.

(3) )e reduction assessment results can be found in
Table 7. In this study, the reduction index was im-
proved by three ratings, becoming comparable to
Japan.)is is primarily due to an increase in the total
amount of incineration and composting by up to
65%.

(4) )e recycling assessment results are displayed in
Table 8. In this study, the resource recovery index
improved by five levels, becoming comparable to
Sweden. )e predominate reason for this is that
resource waste was effectively classified for incin-
eration and composting.

4. Conclusion

)is paper compares domestic and foreign waste classi-
fication schemes and quantitatively analyzes the benefits
of each classification scheme. )e factors that need to be
considered in the formulation of waste classification
schemes can also be considered from these benefits. )is
study developed a new method for the classification of
MSW in Zhejiang, China, that divides MSW into five
categories: kitchen waste, incineration, recyclables, haz-
ardous waste, and other waste. )e proposed classification
method considers the relationship between source clas-
sification and waste treatment, such as separating kitchen

Recycling

Hamlessness Reduction

Environment

Economy

(e)

Study
China

Recycling

Hamlessness Reduction

Environment

Economy

(f )

Figure 5: Comprehensive ability comparison in (a) Germany, (b) the US, (c) the UK, (d) Sweden, (e) Japan, and (f) China and the study.
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waste for composting. Additionally, combustible and
harmless materials can undergo incineration treatment,
recyclables can be used for resource recycling, hazardous
waste (poisonous and harmful materials) can be disposed
off in special landfills, and other wastes can be disposed off
in traditional landfills. If only one classification method is
designed and the front and back ends are not matched, the
performance is still poor in all aspects. )e existing waste
classification methods in six countries were compared and
analyzed in the study through data collection, calcula-
tions, EBA, and LCA, which were utilised to establish the
radar chart of each classification method. )e classifica-
tion method presented in this study improved the original
Chinese methods by five (economic), two (environmen-
tal), three (reduction), and five (recycle) levels. Consid-
ering the substantial project investment cost required for
waste treatment, incurring a reasonable waste treatment
fee or utilising government subsidies is recommended. At
present, the effectiveness of each classification is studied
in a quantitative way, which has certain limitations. Fu-
ture research can study the benefits under dynamic
changes.
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