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ABSTRACT

Due to the problems of municipal solid waste (MSW) during the expanding urbanization, strategy to find
an environmentally friendly, energy efficient, cost-effective, and socially acceptable MSW management
system is essential for sustainable development. This study establishes a novel environment-energy-
economy-society (3E + S) model from a life cycle perspective for sustainability assessment: life cycle
assessment for evaluating environmental performance and energy consumption, life cycle costing for
recording economic burden, and social life cycle assessment for reflecting social impacts; based on the
individual 3E + S results, the final ranking of alternatives is obtained by multi-criteria decision making,
which is integrated with analytic hierarchy process and entropy weight method. This model is imple-
mented to identify a sustainable MSW management system among four typical treatment alternatives.
Results show that incineration with fluidized bed furnace is the best choice in this study; incineration
with moving grate furnace follows after with a slight gap; landfill with and without energy recovery rank
the third and the last. The framework of SLCA on MSW field is built in this study and sensitivity analysis
is provided for further discussion on social impacts. The calculation method of weight factors reduces
man-made disturbances and the sensitivity analysis demonstrates strong robustness of the results and

effectiveness of the modification for the model.

1. Introduction

Driven by the rapid economic development and urban popula-
tion growth, China has witnessed fast-paced urban development.
However, urbanization also brings a variety of environmental is-
sues, which pose a threat to sustainable development. One of the
problems is generation of municipal solid waste (MSW). In 2016,
the annual MSW generation in China reached 203.6 Mt; landfill and
incineration are main treatment methods, accounting for 60.3% and
37.5% of the total collected MSW (Chinese Statistics Yearbook
Compiling Committee, 2017). Because of the advantages of MSW
incineration in waste reduction and energy recovery, more incin-
eration plants are under construction. Toxic emissions, such as
dioxin and heavy metals, are released from MSW incineration
plants and become the threat to ecosystem and human health
(Othman et al., 2013). An appropriate assessment method is needed
for sustainable MSW management system.

* Corresponding author.
E-mail address: chiyong@zju.edu.cn (Y. Chi).

Life cycle assessment (LCA) is a successful tool to consider all
inputs and outputs of materials and energy throughout the life
cycle and identify the environmental impacts and energy con-
sumption (ISO et al., 2006). LCA has been widely adopted for waste
treatment technologies. Evangelisti et al. (2015) conducted LCA to
compare the advanced waste-to-energy (WtE) technologies with
conventional treatments. Astrup et al. (2015) reviewed 250 LCA
studies on WtE published between 1995 and 2013. Nonetheless,
only taking into account energy and environmental performances
cannot comprehensively reflect the functioning of an MSW man-
agement system. Based on its basic framework, several novel
methods have been developed to extend LCA for special purpose,
e.g. integrated with engineering design tool for eco-design (Tao
et al, 2018), combined with exergy analysis for calculating
resource efficiency (Risse et al., 2017), or complemented with
economic assessment (Galli et al., 2018). Zhou et al. (2018) sum-
marized a concrete overview of LCA extension methods on WtE. An
energy-environment-economy (3E) assessment model was estab-
lished in the previous work (Dong et al., 2014b). The 3E model
consists of LCA and life cycle costing (LCC), accounting for energy,



environment and cost, and solves the inconsistencies between LCA
and LCC. The model was applied successfully to evaluate different
MSW treatment systems (Dong et al., 2014b). Social resistance, e.g.
mass protests, is also a hindrance for licensing, construction and
operation of MSW treatment facilities, which cannot be reflected by
a 3E model.

The 6th and 7th EU Framework Programme proposed the
development of sustainability assessment, concerning the envi-
ronmental, economic and social aspects (Zhou et al., 2018), but the
explorations on sustainability assessment are still limited. Huang
et al. (2012) evaluated the sustainability performance of building
sectors, but only considered few environmental impacts. Vinyes
et al. (2013) added social life cycle assessment (SLCA) into the
study to quantify social burdens, but did not integrate individual
results into one final result. Only few SLCA studies on waste
treatment have been published, e.g. composting of organic waste
(Foolmaun and Ramjeeawon, 2013), recycling system for electronic
waste (Umair et al., 2015), flake production by used bottles
(Martinez-Blanco et al., 2014), but none on WtE techniques. Several
other sustainability assessment methods were also utilized on
various fields, but their methods, especially frameworks of SLCA,
were not suitable for the MSW (Santoyo-Castelazo and Azapagic,
2014). Sustainability assessment methods on MSW treatment
technology are still lacking. A comprehensive assessment model
that can reflect environmental, energy, economic, and social im-
pacts simultaneously is necessary for sustainable development of
MSW management system (Kloepffer, 2008).

In regard to multi-objection assessment, multi-criteria decision
making (MCDM) is a common method to provide solutions to
problems involving conflicts and multiple objectives (Yazdani et al.,
2017), and reasonable weight factors provided from mathematical
approach can extend its scientific base. Analytic hierarchy process
(AHP) is widely implemented to determine the associated weight
factors (Yagmur, 2016); decision-maker experience and preferences
are the basis for its judgment but cause the possible subjectivity
(Dong et al., 2014b). Entropy weight method is another method
based on the inherent information entropy of raw data, but it
cannot reflect the priority judged by stakeholder groups (Liu and
Zhang, 2011). The linear programming is also used to analyze the
MSW management but this model is limited to scenarios with
simple waste flow routes, and complex combinations make the
mathematical model non-linear (Mora, 1996). A scientific method
for calculating the weight factors is essential for a sustainability
assessment model.

The aim of this study is to extend the previous 3E model towards
a 3E + S (society) model involving social factors and to optimize the
calculation of weight factors. The novel 3E + S model considers

environmental, energy, economic, and social aspects simulta-
neously and its indicators are modified to meet the sustainable
requirements of the MSW management system. The MSW treat-
ment systems in Hangzhou, China, is analyzed as a case study.

2. Methods
2.1. Definition of sustainability assessment

A 3E + S model is established for sustainability assessment from
a life cycle perspective: environmental impacts and energy con-
sumption are examined by LCA, while economic burden and social
impacts are analyzed by LCC and SLCA; results of the four aspects
are analyzed by MCDM and the associated weight factors are
calculated by the integration of AHP and entropy weight method.
The framework is illustrated in Fig. 1 and its features are described
as follows.

2.2. LCA for environmental and energy assessment

According to ISO 14040, LCA consists of four steps: goal and
scope definition, life cycle inventory (LCI), life cycle impact
assessment (LCIA) and interpretation (ISO et al., 2006).

The environmental performance can be calculated through four
steps: classification, characterization, normalization and weighting.
Based on the LCI results, the LCIA method CML 2001 is used for
environmental assessment in this study and seven environmental
impacts are considered: global warming potential (GWP), acidifi-
cation potential (AP), eutrophication potential (EP), photochemical
ozone creation potential (POCP), freshwater aquatic ecotoxicity
potential (FAETP), human toxicity potential (HTP), and terrestric
ecotoxicity potential (TETP). The negative value demonstrates a
benefit to the corresponding environmental potentials.

The energy consumption mainly considers the stages of fuel
consumption, fuel production, auxiliary material production, elec-
tricity consumption and recovery, and avoided energy resulted
from by-product production. Energy performance is a sum of all the
energy consumptions and a negative value means a net energy
recovery.

2.3. LCC for economic assessment

LCCis an economic method that aggregates all monetary costs of
a product or system during the entire life cycle, including invest-
ment cost, operating cost, decommissioning cost, and projected
revenue.

As a part of 3E + S model, LCC is required to have the same time
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Fig. 1. Framework of the 3E + S model.



boundary and functional unit as LCA. Costs associated with envi-
ronmental impacts are not considered in this analysis. All the costs
are here defined as the present value. Considering the time value of
money, a discounting rate is considered and future costs are dis-
counted by Eq. (1) (Gluch and Baumann, 2004):

1
PV:Fme (1)

where, PV is the present value; FV is the future value; a is dis-
counting rate; and t is its life time.

2.4. SLCA for social assessment

SLCA is a methodological approach for determining the social
impacts. Stakeholders are vital factors in SLCA and each has its
special subcategories. UNEP-SETAC Guidelines cited five stake-
holder categories, 31 subcategories, and more than 100 related
indicators (UNEP-SETAC, 2009). Applicable stakeholder categories
and social indicators should be selected for the special study (Zhou
et al., 2018).

In this study, three stakeholder categories (worker, local com-
munity, and society) and eight corresponding subcategories are
considered. Each subcategory involves several social indicators. The
framework of SLCA for waste treatment system is illustrated in
Table A.1SM, available as Supplementary material available online.
Social indicators for each scenario are compared and a score is
applied to each indicator with a score system from 1 (being the
worst) through 3 (being the best). The score within each indicator is
then averaged. The scores of indicators under the same subcategory
are then averaged and the average score is assigned to the corre-
sponding subcategory. The subcategories are assumed to have
equal weighting and all the weight factors are set as 1. All the
subcategory scores are summed to obtain a single score for the
social performance.

2.5. MCDM for 3E + S integration

AHP weight factors are calculated by using pair-wise compari-
son. Saaty's method, which uses a scale of 1-9, is adopted to rate
the relative importance of criteria, where higher numbers indicate
greater importance (Saaty, 1990). Consistency ratio (CR) is used to
check the judgement inconsistencies (Govindan et al., 2014). The
mathematical approaches are illustrated in Supplementary
material. The priority of each alternative from the point of view
of different stakeholders is typically distinct, thus, the weight re-
sults may result in a controversy.

Entropy weight method is based on the information entropy of
raw data. Entropy reflects the disorder degree of the system. When
the difference among the alternatives in the same criterion is high,
its information entropy is small, demonstrating that the criterion
provides more useful information and its weight factor should be
set correspondingly high (Li et al., 2011). The mathematical model
formulations are provided in Supplementary material. Weight re-
sults obtained by the entropy weight method are determined by
information data, eliminating man-made disturbances (Zou et al.,
2006). These weights factors do not reflect the importance of the
criteria to stakeholder groups, thus, several additional factors are
suggested to combine with this method.

AHP and entropy weight method can complement each other
and the final weight factors integrate the weight factors by AHP and
entropy weight method, as calculated in Eq. (2):

(Wj X hj)o‘s

(2)

L (wj x hy)®3

j=1

where, y; is a final weight factor for each criterion; w; is a weight
factor for each criterion by AHP; h; is the weight factor for each
criterion by entropy weight method.

TOPSIS (which stands for Technique for Order Preference by
Similarity to an Ideal Solution) is utilized to rank the alternatives
and propose a solution to decision-maker (Opricovic and Tzeng,
2004). The ideal solution, which is defined as the best alternative
for each criterion, is given a score of 1 and the worst a score of 0.
Other alternatives are then ranked based on their geometric dis-
tance from the ideal solution and negative solution (Chen and
Hwang, 1992). The calculation formulations are presented in
Supplementary material. Weights, as determined via the methods
above, are then applied to each criterion and a final ranking of al-
ternatives is determined for the decision-maker.

3. Case study-application of 3E + S model
3.1. Goal and scope definition

This study aims to adopt the 3E + S model to evaluate the sus-
tainability performance of MSW treatment systems in China.
Hangzhou, a city with an advanced economy and dense population
in China, is selected as the case city. Hangzhou generated
3,684,946 t-MSW in 2016, with a ten-year growth rate of 116.3%
(Hangzhou Statistics Yearbook Compiling Committee, 2017). Its
MSW management system involved one landfill plant and five
incineration plants, all of which were equipped with WtE devices.
Among them, three incineration plants utilized FB technologies and
two utilized MG technologies. Because landfill without energy re-
covery is common in China, this scenario is also considered in the
study. Four types of MSW treatment systems are evaluated and
compared: 1) landfill without energy recovery, landfill gas is not
collected; 2) landfill with energy recovery, landfill gas is used for
electricity production; 3) incinerate using FB technology and pro-
duce electricity and 4) incinerate using MG technology and produce
electricity. The four scenarios along with system boundaries are
shown in Fig. 2. Process of waste treatment, electricity production,
leachate treatment and ash disposal are all involved. MSW collec-
tion process and transportation from collection point to treatment
plant is excluded because it is considered the same for all the sce-
narios. Labor is considered in LCC and SLCA, but ignored in LCA, and
plant construction and decommissioning are only calculated in LCC.

The function unit is defined as one t-MSW and is available for
LCA and LCGC, i.e. all the input and output of material and energy,
including financial costs, are normalized to this basis. Social indi-
cator results for SLCA are scored based on their relative perfor-
mances and it is difficult to relate the social impacts to the function
unit (Zhou et al., 2018).

System expansion with regard to the generated electricity and
by-product, is adopted as the allocation method. Electricity gener-
ated is sent to the grid and provides the “avoided” emissions,
energy-consumption, costs by displacing the equivalent amount of
electricity produced from China's mixed power grid. The credits
from the by-product (brick) are provided by substituting the brick
production in conventional manner.

To evaluate the performances, some assumptions are made:

(1) For environmental impacts, discharges into the soil are not
considered in this study due to the unavailable data.
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Fig. 2. System boundary of the study. “Labor” is considered in LCC and SLCA, but not in LCA; “Plant construction/decommissioning” is taken into account in LCC.

(2) For economic calculation, the plant demolition cost is
assumed to be equal to its residual value and thus the
decommissioning cost is neglected. Offset by the costs of
auxiliary materials for treating bottom ash, the revenue from
generated brick can be ignored. Gate fees paid by the gov-
ernment are not considered in this study.

(3) For social impacts, it is assumed that incineration scenarios 3
and 4 have the same social impact results.

3.2. Inventory analysis

The data in this study are mainly obtained from on-site visits of
the treatment plants, surveys with plant operators, and reports by
Hangzhou municipal solid waste disposal supervision center.
Background data related to raw material production are obtained
from Gabi 8.0 software database (Thinkstep, 2018).

Scenarios 1 and 2 are the landfill scenarios. The selected landfill
site, with an annual capacity of 962,000t, are assumed to be in
operation for 23y as designed. The MSW is typically deposited by
sanitary landfill and leachate is directed to the on-site leachate
treatment system. The total approximated amount of the released
landfill gas is 125.6 m> per t-MSW. Methane accounts for 54.5% of
the total gas (Dong et al., 2014a). The landfill gas in scenario 1 is
emitted to atmosphere directly, whereas in scenario 2, 70% of
landfill gas is collected and directed to a gas engine for electricity
production with an efficiency of 39.1% (Dong et al., 2014a).

Scenarios 3 and 4, FB and MG incinerations, are two typical
technologies of MSW incineration. Information about the selected
incineration plants are illustrated in Table 1. Both incineration

Table 1
Operation data of two selected incineration plants.
Unit Scenario 3 Scenario 4
Furnace FB MG
Capacity t/d 1200 3000
Energy recovery
Electricity efficiency % 25.2 22.5
Electricity for own use % of produced 18 15
Solid residues
Bottom ash % of MSW 12.1 18.3
Fly ash % of MSW 9.9 4

plants are assumed to have a 30-year service life. The plants in both
scenarios are equipped with advanced air pollution control and
leachate treatment systems. Bottom ash is typically formed into
bricks, which are sold directly from the plant. Fly ash is solidified
and transported to a hazardous landfill (Havukainen et al., 2017).
The FB furnace incineration plant utilized coal as auxiliary fuel to
maintain stable burning, at a ratio of 50 kg per t-MSW.

The heating value and fossil carbon content of MSW and
auxiliary coal, (provided in Table A.4SM), determine the total
generated electricity and carbon dioxide (CO;) emissions. The
electricity efficiencies are illustrated in Table 1. A small part of the
total generated electricity remains at the plant for self-
consumption and the rest is sent to the electric grid. Other types
of emissions are obtained from the operation reports. Because the
selected MG incineration plant was still in trial operation during
investigation, the data of material consumption and emissions are
collected from another incineration facility with same capacity and
technology.

3.2.1. Life cycle inventory

Table 2 gives a list of inputs and outputs of materials and energy
in the system boundary, which is a basis for the calculation related
to the environmental impacts and energy consumption.

4. Results and discussion
4.1. 3E + S results

Fig. 3 provides the environmental results of each category and
Fig. 4 presents the contributions of each process to the environ-
mental performance. The detailed characterized results are pro-
vided in Fig. A.1SM. GWP is the main contributor to final result
among the conventional categories. Landfill emits high amounts of
methane, which has a GWP 28 times that of CO,, leading to the high
GWP. Because of the gas collection system, scenario 2 has a lower
value of GWP than scenario 1.4 performs best in GWP, because coal
is taken as auxiliary fuel and produce a high amount of CO; in
scenario 3.HTP is the main contributor in toxicity categories, while
other categories do not affect the final result significantly. Incin-
eration produces dust, heavy metals, and dioxins, and these are
main factors in toxicity categories. Although higher environmental
burdens from direct emissions are obtained to scenario 3 and 4,



Table 2
Inventory of each scenario for the treatment of 1 t-MSW.

Unit Scenario 1 Scenario 2 Scenario 3 Scenario 4
Input
Electricity kWh 0.42 1.56 74.27 45.50
Diesel for mechanical operation kg 0.14 1.07 1.96 2.18
Diesel for transportation kg 0.00 0.00 0.25 0.10
High density polyethylene kg 0.33 0.45 0.00 0.00
Clay kg 59.70 59.70 0.00 0.00
Sodium chloride kg 0.37 0.37 0.00 0.00
Limestone kg 0.77 0.77 0.00 0.00
Calcium hydroxide kg 0 0 18.14 13.50
Ammonia water (25%) kg 0 0 8.94 3.60
Coal kg 0 0 50 0
Lubricating oil kg 0 0 0.04 0.04
Cement kg 0 0 39.27 56.10
Output
Electricity kWh 0 157.31 412.61 303.36
Brick kg 0 0 157.30 237.90
Fly ash kg 0 0 99 40
Leachate kg 200 200 60 60
Emissions to air
Carbon dioxide, fossil kg 0 0 511.77 430.19
Carbon monoxide kg 0 0.07 0.20 0.19
Methane kg 73.64 22.09 0 0
Hydrogen chloride kg 0 0.04 0.02 0.21
Hydrogen fluoride kg 0 0 8.91E-03 8.91E-03
Nitrogen oxides kg 0 0.06 0.48 0.85
Sulfur dioxide kg 0 0.03 0.09 0.29
Nitrous oxide kg 0 0 0.05 0.05
Ammonia kg 0.19 0.08 5.95E-03 5.95E-03
Hydrogen sulfide kg 0.38 0.17 2.77E-04 2.77E-04
VOCs® kg 0.12 0.05 0 0
PM;o* kg 7.74E-05 7.74E-05 0.09 0.03
PCDD/DFs* kg 0 2.40E-10 6.29E-10 3.01E-10
Mercury kg 8.36E-08 3.41E-08 2.16E-05 1.46E-04
Lead kg 0 0 9.62E-06 4.38E-04
Cadmium kg 0 0 9.62E-06 3.65E-05
Emissions to water
NH;3-N* kg 0.20 0.20 3.27E-04 3.27E-04
T-P? kg 2.38E-03 2.38E-03 1.62E-05 1.62E-05
BOD* kg 0.08 0.08 9.00E-04 9.00E-04
CoD? kg 0.23 0.23 3.00E-03 3.00E-03
Cadmium kg 6.00E-06 6.00E-06 3.00E-06 3.00E-06
Copper kg 4.90E-05 4.90E-05 1.74E-05 1.74E-05
Chromium kg 2.00E-05 2.00E-05 2.94E-06 2.94E-06
Lead kg 1.00E-04 1.00E-04 8.40E-06 8.40E-06
Zinc kg 4.50E-05 4.50E-05 6.42E-06 6.42E-06
Nickel kg 1.15E-04 1.15E-04 2.38E-05 2.38E-05
Mercury kg 7.22E-06 7.22E-06 1.14E-07 1.14E-07

4 VOCs: volatile organic compounds; PMy: particulate matter of diameter < 10 um; PCDDs: polychlorinated dibenzo-p-dioxins; PCDFs: polychlorinated dibenzop-dioxins;
NHs5-N: ammonia nitrogen; T-P: total phosphorus; BOD: biochemical oxygen demand; COD: chemical oxygen demand.

they still have better performances in HTP than other scenarios.

As seen in Fig. 4, emissions from treatment process are the main
burdens to the environmental performances for all the scenarios,
while electricity generation contributes the most to environmental
preservation. The burdens from raw material production in sce-
narios 3 and 4 are much higher than in scenarios 1 and 2. Because of
the avoided emissions from by electricity and by-product produc-
tion, scenarios 3 and 4 demonstrate the most environmentally
favorable performances. Consequently, scenario 3 has the best
environmental favorability; scenarios 4 and 2 rank the second and
third best; scenario 1 is the only scenario with positive value and
damage to environment.

In regard to energy, results shown in Fig. 5 indicate that scenario
1 obtains the highest value and the other scenarios have negative
net energy consumption. Auxiliary materials production is the
main contributor in scenarios 1, 2 and 4 and constituted of 97%, 87%
and 69% in total energy use. Since coal is taken as an auxiliary fuel
and combusted together with MSW, scenario 3 has highest fuel
consumption and production. Electricity and brick production are

special stages, which can avoid primary energy consumption.
Because of high energy recovery in scenarios 2, 3 and 4, the initial
energy consumed can be compensated and these scenarios achieve
energy recovery. Overall, scenario 4 demonstrates the best scenario
in energy; because of the highest energy recovery but highest en-
ergy consumption, scenario 3 ranks the second and is better than
scenario 2; scenario 1 shows the worst outcome mainly due to the
lack of energy recovery.

The economic results of each scenario are shown in Table 3 and
negative values indicate revenues. The discounted rate is set as 5%
based on the financial feasibility (Dong et al., 2014b). Scenario 1 has
the lowest investment and operation cost due to the absence of
power generating equipment. Scenarios 3 and 4 have the greatest
investment costs due to the high cost of building and equipment for
the incinerators. Operation costs show the greatest variation be-
tween scenarios. Incineration scenarios show much higher opera-
tion costs than landfill scenarios mostly due to the more complex
mechanical equipment and disposal of fly ash. Scenario 3Exhibits
slightly higher operation cost than scenario 4 mainly because of the
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high amount of fly ash and consumption of the auxiliary coal. Credit
from electricity production is the only positive financial inflow
offsetting the overall cost. Although more revenue is obtained in
incineration scenarios, their total costs are still higher than for the
landfill scenarios. From economic perspective, scenario 2 shows the
best performance with scenarios 1 and 3 ranking behind it; sce-
nario 4 is the most expensive choice.

Table 4 compares the social subcategory results for the sce-
narios. The detailed scores of social indicators are illustrated in
Table A.5SM. Without child labor and forced labor, all scenarios
have good performances in working condition. Because of the least
potential risk of the working process, scenario 1 shows the highest
scores in workers’ health and safety. Regarding the stakeholder of
society, scenario 1 has the worst performance and other scenarios
have the same score.

Local community is the main stakeholder category for the waste

treatment systems. Because less land is occupied, incineration
scenarios typically have better performance than landfill scenarios
in access to material resources. Emissions of all the scenarios can
meet the national standards, however, the noise associated with
the incineration sometimes exceeds the standard, slightly wors-
ening the performance in safe and healthy living condition. Incin-
eration scenarios need more workers, thus, they promote local
employment. Regarding secure living conditions, security conflicts
and protests associated with construction and operation of incin-
eration plants are impacting negatively incineration scenarios;
landfill scenarios also cannot solve the same dilemma very well.
Therefore, scenarios 3 and 4 demonstrate the best social perfor-
mance with scenario 2 ranking after and scenario 1 being the worst.

The weight factors are calculated by the integration of AHP and
entropy weight method. Regarding AHP, priority of the criteria is
ranked based on the governmental policies and the greatest
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Table 3
Economic results of each scenario (unit: CNY per t-MSW).

Scenario
1 2 3 4
Project timeframe (year) 25 25 30 30
Investment cost 18.83 21.78 34.64 56.60
Operation cost 27.04 52.99 135.19 99.91
Revenue 0 —58.20 -112.69 —85.88
Net economic result 45.87 16.57 57.14 70.62
Table 4
Social impacts of each scenario.

Subcategory Scenario

1 2 3 4
Working conditions (Worker) 2.75 275 275 275
Health and safety (Worker) 2.5 225 2 2
Access to material resources (Local community) 1 1 3 3
Delocalization and migration (Local community) 1 1 3 3
Safe and healthy living conditions 3 3 275 275

(Local community)
Local employment (Local community) 1 2 3
Secure living conditions (Local community) 2 2 1 1
Public commitments to sustainability 1 2.5 2.5 2.5
issues (Society)

Total 1425 165 20 20

importance is assigned to the environment; its pair-wise compar-
ison and weight results are shown in Table A.6SM and its consis-
tency is acceptable with CR 0.011. Table A.7SM displays the
information entropy of the criteria and corresponding weight fac-
tors according for each scenario. The weight factors obtained by
these two methods are combined in Eq. (2) and the final weight
results are presented in Table 5.

of each scenario.

Environment, energy and economy are set to associate with cost
criteria, while society is set as benefit criterion. Based on the TOPSIS
results presented in Table 5, scenario 3 ranks the first and is the
most highly recommended one, scenario 4 follows after with a
slight gap and scenario 2 and 1 ranks the third and the last.

4.2. Sensitivity analysis

4.2.1. Weight factors in SLCA

People's concerns over the safe environment around such fa-
cilities and conflicts over the land occupation by the waste treat-
ment facilities are two main social aspects, for which a greater
weight should be considered. Results obtained by changing the
weight factors of secure living conditions and access to material
resource are presented in Figs. 6 and 7. Scenarios 1 and 2 have
better performance in terms of secure living conditions and the gap
of total social scores between scenarios becomes smaller as its
weigh factor increases (see Fig. 6a). When its weight factor exceeds
4.5, scenario 2 has the best social performance. Regarding access to
material resource, scenarios 3 and 4 seem to be the best choices for
the society and the gap between these scenarios increases as the
weight factor becomes larger. Changing weight factors of social
impacts has a small effect on the final 3E + S results (see Figs. 6b
and 7b).

SLCA is still in an early stage of development and there is a lack
of standardized characterization method to calculate the social is-
sues (Jorgensen et al., 2008). An appropriate and accepted method
for quantifying social issues is highly desired. If a better SLCA
method with characterization and weighting for waste treatment
technology is created in the future, the 3E + S model can be
modified without any difficulties.

4.2.2. Weight factors in MCDM
It is apparent that weight factors in MCDM affect the final result

Table 5

Integrated weight factors and 3E + S results by TOPSIS.
Criterion Weight factor Scenario 1 Scenario 2 Scenario 3 Scenario 4
Environment 0.333 7.85E-12 —7.14E-13 —5.13E-12 —3.38E-12
Energy 0.266 357.03 —1367.96 —2496.61 —3064.85
Economy 0.236 45.87 16.57 57.14 70.62
Society 0.165 14.25 16.5 20 20
TOPSIS result 0.104 0.643 0.825 0.760
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of 3E + S model. Weight factors can be changed by a variable x
according to Eq. (3):

U =xxwj+(1-x)xh; 0<x<1) (3)
where, x is the weight variable. When x is set to 1, the final weight
factors are the subjective results obtained by AHP; and when x =0,
the final weight factors are the objective results obtained by en-
tropy weight method. The detailed weight variations are illustrated
in Table A.8SM.

The 3E + S results with the variation of weight factors as func-
tion of x are shown in Fig. 8. Scenario 3 ranks the first and scenario 4
follows after with a slight gap at the x greater than or equal to 0.1.
When x = 0, the weight of economy increases to 0.308 and scenario
2 becomes better than scenario 4. Scenario 1 always ranks the last
due to its poor individual 3E + S results.

Diverse priorities of each criterion in AHP by different stake-
holder groups are also discussed. In addition to government, two
other stakeholder groups, enterprise and residents, are considered.
For enterprise, economy is the most important factor, while social
impact ranks the first for residents (see Table A.9SM). The final
ranking obtained by changing the priorities from different
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Fig. 8. 3E + S results with the variation of weight factors.
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stakeholder groups is presented in Fig. 9. From the perspective of
government and resident, the ranking order is not transformed and
scenario 3 is the best choice. For enterprise group, the weight of
economy is comparatively high and the final result of scenario 2
exceeds those for scenarios 3 and 4.

The weight factors in this novel 3E + S model are calculated by
the integration of AHP and entropy weight method, while those in
the previous 3E model are only treated by AHP. Fig. 9 compares the
3E + S results by the two calculation methods, to verify the effec-
tiveness of the modification for calculating the weight factors.
Ranking orders from perspective of different stakeholder groups
are consistent by the two calculation methods. In scenarios calcu-
lated using AHP and entropy weight method, the gap between
3E + S results of the same scenario from perspective of different
stakeholder groups is smaller in comparison with that calculated
only by AHP. This is because both the requirements of the individual
groups and the information of data are considered in the new
weight method. The 3E + S model has high credibility.

Weight factor analysis is a key part for the 3E + S model
calculation, and results by the diverse weight factors provide
important starting points during actual decision making. In this
study, scenario 3 is the best choice for most cases based on the
sensitivity analysis, demonstrating strong robustness of the results.

5. Conclusion

This study introduces a novel 3E + S model for sustainability
assessment, in which four criteria (environment, energy, economy,
and society) are evaluated from a life cycle perspective and the
individual 3E + S results are aggregated into one final result by
MCDM. In this study, four typical MSW treatment alternatives are
evaluated by this model: scenarios 1 and 2 are landfill plants
without and with energy recovery; scenarios 3 and 4 are FB and MG
incineration plants.

From the perspective of environmental impacts, scenarios 3 and
4 have the two best performances due to the electricity and by-
product production. Scenario 2 has the lowest value of net LCC
cost, while scenario 4 ranks the best in energy. Social indicators are
benefit criterion and scenarios 3 and 4 have the highest social
scores. Aggregated the individual 3E + S results, scenario 3 scores
0.825 and is the best choice for sustainable MSW management
system; scenario 4 follows after with final score 0.760, while

scenarios 2 and 1 rank the third and the last (score: 0.643 and
0.104).

A new framework of SLCA on MSW treatment technology is
built in this study and its further discussion is provided in terms of
sensitivity analysis. Greater weight is set to secure living conditions
and access to material resource, leading to the change of social
results but only a small effect on the final 3E + S results. Weight
assignment to each criterion is essential for 3E + S model calcula-
tion. This new calculation method combines AHP and entropy
weight method. Compared to the method in previous work, this
method reduces man-made disturbances and has strong robust-
ness. The sensitivity analysis based on weight factors in MCDM
demonstrates the effectiveness of the modification for the model.
Based on the 3E + S model, a scientific and sustainable solution is
proposed for decision-maker.
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