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Abstract: The Chinese government is committed to ensuring separation of municipal solid waste
(MSW), promoting the integrated development of the MSW management system with the renewable
resource recovery system, and achieving construction of ecological civilization. Guided by the
methods in Intergovernmental Panel on Climate Change (IPCC) guidelines, the greenhouse gas
(GHG) emissions under five waste disposal scenarios in Beijing under the life cycle framework
were assessed in this research. The study included collection and transportation, as well as three
end disposal methods (sanitary landfill, incineration, and composting), and the emission reduction
benefits of electricity generation from incineration and recycling of renewable resources were taken
into account. The results show that an emission reduction benefit of 70.82% could be achieved
under Scenario 5 in which kitchen waste and recyclables are sorted and recycled and the residue is
incinerated, and the selection of the optimal strategy was not affected by changes in the separation
rate. In addition, landfill would emit more GHG than incineration and composting. The results of
this study are helpful for the government to make a decision on MSW management considering the
goal of GHG emission reduction.

Keywords: municipal solid waste (MSW); GHG emissions; source separation; optimal strategy; waste
management; emissions calculation

1. Introduction

In recent years, global climate change has been one of the most urgent environmental challenges
facing society. The per capita annual CO, emissions increased from 2.2 t in 1990 to 7.5 t in 2014,
with a growth rate far higher than the world’s average per capita level [1]. China is the largest GHG
emitter in the world [2]. At the 2015 climate conference in Paris, China formally proposed to strive to
reach the peak of CO, emission in advance by around 2030. In addition, China endeavors to reduce
carbon intensity by 60-65% in 2030 based on 2005 levels [3,4]. As one of the main sources of GHG
emissions, waste management activities have recently attracted the attention of the government and
many researchers. According to the emission reduction experience of some developed countries, waste
is the second largest research area for emission reduction after energy. Therefore, reducing GHG
emissions from municipal solid waste (MSW) disposal is one of the most effective ways to achieve the
national goal of emission reduction in China.
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With the development of urbanization and the improvement of people’s living standards,
the amount of MSW in China has been increasing rapidly, leading to economic and environmental
problems that need to be solved urgently [5,6]. As shown in Figure 1, landfill has always been the main
disposal method of MSW in China, accounting for more than 85% of total waste in 2003. In recent years,
under the influence of national policies, the proportion of waste incineration in China has increased to
about 40% of total waste and the proportion of landfill has decreased, but it still accounts for more
than 57% of total waste [7]. A large amount of GHG will be emitted both during the transportation
and disposal of MSW, which will have a large impact on the climate and environment.
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Figure 1. MSW quantity from 2004 to 2017 in China.

For a long time, the MSW has been mixed during collection, transportation, and disposal and
the source separation of MSW has not been realized in China, which not only reduces the reusable
economic value of waste, but also produces high environmental costs. The MSW can be divided
into nine categories: kitchen waste, inorganic waste (sand and stone), paper waste, textile waste,
wood and bamboo waste, plastic waste, rubber waste, glass waste, and metal waste. Among these,
paper waste, textile waste, plastic waste, rubber waste, glass waste, and metal waste are recyclables [8].
In addition, four of the categories contain degradable contents: kitchen waste, paper waste, textile
waste, and wood and bamboo waste [9], with a high proportion of kitchen waste about 50% or more
in China [10], containing high organic matter content, but there is almost no composting disposal.
Therefore, in China, the waste disposal methods do not match well with the waste components.
Moreover, the kitchen waste currently used for composting has a high impurity content and poor
composting effect because source separation is not carried out. A large number of organic substances
are currently sent to landfill, which produces high amounts of landfill gas. Without recycling, this
causes considerable GHG emissions.

From the whole MSW management system, the environmental impact of GHG emissions from
the transportation process is lower than that from the disposal process [11-13]. Salhofer et al. studied
whether the recycling of waste still has environmental benefits under the condition of long transportation
distance, and found that the transportation process does not affect the environmental benefits of the
recycling strategy [14]. There are fewer reports studying GHG emissions from the transportation of
MSW alone, most of which are combined with route optimization research [15-17].
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The disposal processes of MSW including landfill, incineration and composting comprise important
sources of GHG emissions. Many researchers have studied GHG emissions under different waste
disposal strategies to help the government make the most favorable decisions for the environment.
These studies are mostly based on scenario comparisons [11-13,18-20]. Some researchers have shown
that compared with disposal methods such as composting and incineration, landfill produces the
highest GHG emissions. Thus, it is suggested that landfill disposal shall be reduced or combined
with composting and incineration [12,18,20]. However, Chen et al. found that compared with landfill
and material recovery, incinerating directly led to the highest GHG emissions because of diesel
consumption of facilities and equipment, but it would have a significant reduction in GHG emissions
when considering recycling of materials [11].

MSW landfills are amongst the largest human-related sources of methane emissions [21], so there
are many studies on GHG emissions from landfill of MSW. Du et al. studied the CH4 emissions from
landfill sites between 2003 and 2013 in China, and they further compared the emissions from different
regions. The results showed that CH,; emissions increased by 62.9% in the 10 years, and the growth
was higher in the north and west than in the south and east [22]. Couth et al. estimated the GHG
emissions from landfill sites in Africa, and found that it accounted for 8.1% of the total African GHG
emissions, and they also emphasized the importance of avoiding direct landfill of degradable organic
carbon from the waste for emission reduction [23]. Friedrich and Trois analyzed and compared the
GHG emissions under three landfill scenarios by combining the processes of transportation, recycling,
composting, and landfill gas recycling [24]. Yang et al. showed that kitchen waste is the key category
affecting the GHG emissions from landfill, and kitchen waste separation and improvement of the
incineration percentage of mixed waste can reduce GHG emissions from landfill [10]. MSW landfills
emit large amounts of methane, which means that efficient methane recovery is an effective method of
the reduction of GHG emissions. Ghosh et al. estimated the GHG emissions from landfill sites in Delhi,
India, and they pointed out that effective CH, recycling is a sustainable waste management scheme [25].
Besides, Carbon dioxide capture and recycling methods such as the production of biobased products
through microalgae can be used as effective means of reducing GHG emissions [26,27].

Incineration is a type of treatment technology that can convert the energy in waste into electricity
with GHG emissions and efficiently reduce the volume of waste [28], which is a primary way in
some countries such as Japan and still remains a secondary option in countries such as China because
of economic and technical reasons but is gradually spreading [29]. However, incineration releases
pollutants such as fly ash and chemical gases, causing negative impact on environment. And the
treatment technologies for the pollutants were drawn special attention. Zhang et al. discussed the
degradation technologies for dioxins in MSW incineration fly ash [30]. Asl et al. researched the
application of adsorbents derived from coal fly ash in removing aqueous and gaseous pollutants [31].
Karatza et al. presented one technology to catalyze the oxidation of calcium bisulfite as the key
step in the flue gas desulfurization process [32]. And Zhang et al. introduced a mercury adsorption
technology [33]. Moreover, the impact of incineration on GHG emissions was also considered. Wang
et al. analyzed that either incineration with energy recovery or landfill with landfill gas utilization is
more effective under different climatic conditions in China in terms of GHG emission reduction [34,35].
Havukainen et al. found that refuse-derived fuel production and incineration can have a more positive
environmental impact including global warming potential, acidification potential, and eutrophication
potential than the co-incineration of MSW with coal in Hangzhou, China [36].

Waste separation and recycling are considered to be important activities that affect GHG emissions
from MSW. Chen studied the impact of electricity generation from waste incineration on reduction
of GHG emissions in Taiwan, China, and indicated that recycling of paper, metal, and food waste is
conducive to the reduction of GHG emissions [37]. Calabro studied the influence of different separate
collection methods and separation rate combined with disposal methods of incineration and landfill on
GHG emissions in Italy and found that the best model is to landfill the residual waste combined with
state-of-the-art energy recycling system [38]. Turner et al. used the life cycle assessment (LCA) model
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to analyze the impact of recycling of various types of waste on GHG emissions in detail. The results
show that the source separation of waste can help reduce emissions [39]. Through the Granger causal
relation test, Lee et al. showed that there is a significant negative correlation between waste recycling
and GHG emissions from waste [40].

There are a few methods used by researchers to account the GHG emissions from MSW. The fifth
chapter of the National GHG Inventory prepared by the Intergovernmental Panel on Climate Change
(IPCC) of the United Nations lists the calculation methods for GHG emissions from waste disposal [41].
Many researchers have followed the guidance of the IPCC in the calculation of GHG emissions from
MSW [9,20,22,23,25]. LCA is regarded as an effective method to quantify product sustainability [42].
Therefore, it is also used by researchers in the field of MSW management to evaluate environmental
impacts [12,24,39,43]. Clean Development Mechanism (CDM) was proposed under the Kyoto Protocol
to reduce GHG emissions through the trade between the developed countries and the developing
countries. Researchers use it to evaluate the waste management projects with considering the economic
and environmental benefits [44—48]. In addition, the landfill gas emissions modeling (LandGEM) is
specifically used to study the GHG emissions from landfill sites [49,50]. This paper used the guidance
method of the IPCC and built the LCA framework to assess the GHG emissions from MSW, including
the processes of collection and transportation, landfill, incineration, composting, electricity generation
from incineration, and recycling of renewable resources for emission reduction.

In recent years, in order to improve the waste management system, China has issued some policies
to promote the separation of MSW at the source and realize the integration of the MSW management
system with the renewable resource recycling system. So this paper designed five scenarios, one of
which was used as the baseline scenario to reflect the existing MSW management system, and the
other four reflected the further possible scenarios after the integration of the two systems. Through
the comparison of five scenarios, the benefits of emission reduction were analyzed to indicate the
environmental feasibility of the integrated system.

In addition, some researches have revealed that different types of waste and recycling rate have
different effects on GHG emissions. However, few researchers integrated the impact of different
waste separation methods and recycling rate on GHG emissions into comprehensive waste disposal
strategies. In the actual situation, the Chinese governments often adopt a comprehensive disposal
strategy including landfill, incineration, and composting. Therefore, in this paper, different waste
separation and recycling methods were taken into account, merging into the comprehensive waste
disposal strategies under five different scenarios.

2. Materials and Methods

2.1. Materials

In 2017, the MSW disposal capacity in Beijing was 24,341 tons per day, including 10,341 tons
of sanitary landfill, 9200 tons of incineration, and 4800 tons of other disposal methods. Therefore,
at present, the MSW disposal method in Beijing is mainly landfill and incineration. In recent years,
the efficiency of waste separation is not high, although the Chinese government has vigorously
advocated the waste separation policy. The mixed collection and transportation system of MSW
remains dominant. With the development and implementation of relevant national policies, laws,
and regulations, the source-separated collection, transportation, and disposal of MSW will be the
development trend of MSW management systems in China. Therefore, in order to adapt to waste
separation, composting and recycling of renewable resources are expected to be parallel to landfill
and incineration, and the proportion of landfill will gradually decrease with the improvement in
waste separation.

The mixed MSW in Beijing is classified into eight categories, of which kitchen waste can be
transported to composting plant, and paper, plastics, textile, glass and metal can be transported to
recycling center as recyclable resources. The composition and other relevant parameters of MSW are
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shown in Table 1, with related values referred to some researches [51,52], standards in China [53,54]
and IPCC recommended values [41] In some developed countries, MSW classification works better.
For example, the MSW recycling rate of South Korea was 59.1% in 2012 [55]. As one of the earliest cities
to implement waste classification in China, Shanghai has realized that 51.8% of the kitchen waste could
be separated in pilot communities [56]. So this paper assumed a separation rate of 50% (the separation
of kitchen waste and recyclable resources each accounts for 50% of their total amounts).

Table 1. MSW characteristics in Beijing.

Waste Moisture  Total Carbon Fraction 'of Fossil Fraction of Heat Value
Waste C crs Carbon in Total Degradable on Dry
Components omposition  Content  Content on Dry Carbon Content  Organic Carbon on Basis
P () [511 (%) [52]  Basis (%) [53] ganic
(%) [41] Wet Basis (%) [41] (M]/t) [54]
Kitchen waste 47.85 82.1 50.6 0 15 4650
Ash and brick 3.48 11.5 0 100 0 6980
Wood 3.33 21.6 53.03 0 43 18,610
Paper 20.83 29.2 46.13 1 4 16,600
Textile 2.34 229 61.03 20 24 17,450
Plastics 20.74 325 78.77 100 0 23,260
Glass 1.23 24 0 0 0 140
Metal 0.2 54 0 0 0 700

2.2. System Boundary

The sources of GHG emissions in this study are shown in Table 2. The main sources can be
summarized as follows: (1) emissions generated by MSW transportation vehicles, including the
transportation from collection point to transfer station, the transportation from transfer station to
waste disposal plant (landfill site, incineration plant, or composting plant) or recycling center, and the
transportation of incineration and composting residues to landfill site; (2) emissions from decomposition
of MSW in landfill; (3) emissions from incineration of MSW and emission reduction benefits of GHG
brought by electricity generation from incineration; (4) emissions from composting of MSW; and (5)
emission reduction benefits of energy consumption saved by recycling of renewable resources. Due to
the lack of data, GHG emissions from energy consumption for daily operation of transfer stations and
disposal point facilities are not discussed in this paper. In addition, most of the landfill gas in China is
emitted into the air without recycling, so the energy recycling of landfill site is also not discussed in
this paper.

Table 2. GHG emissions evaluation scope in the paper.

Waste Management Activities Including or Not

Energy recover from incineration
Recycling of renewable resources

Collection and transportation v
Fixed facility operation X
Landfill Vi

Energy recover from landfill X
Composting v
Incineration v

N

N

The GHG emissions from disposal of MSW primarily include CO,, CHy, and N,O. In the
transportation process, CO,, CHy, and N,O were considered as the GHGs emitted by vehicle exhaust.
In the landfill process, only CHy emissions were taken into account. Furthermore, CO, was considered
to be generated by the decomposition of biological carbon, so it was not included in the calculation.
In the composting process, CH4 and N,O emissions were taken into account, without considering
CO;. In the incineration process, only CO, emissions were taken into account, as CHs and N,O were
assumed to be negligible.
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2.3. Scenario Design

On the basis above, five MSW disposal strategies were designed, as shown in Table 3. Besides,
the Figures 2—-6 showed the GHG emission boundary under the five scenarios. The descriptions of the
five scenarios are as follows:

Table 3. MSW disposal quantity by different treatment way in five scenarios.

Scenario Landfill (t/d) Incineration (t/d) Composting (t/d) Recycling (t/d)

Scenario 1 10341 9200 —_— —_—
Scenario 2 7867 6999 4675 e
Scenario 3 —_ 14,866 4675 _
Scenario 4 5523 4913 4675 4430
Scenario 5 R 10,436 4675 4430

Note that for comparison purposes, the MSW quantity in all scenarios is consistent with the baseline scenario
(Scenario 1), which is the sum of the landfill and incineration treatment volumes in Beijing per day in 2017.

Scenario 1: mixed waste + landfill + incineration. As the baseline scenario, according to the current
landfill and incineration ratio in Beijing, part of the waste was landfilled (10341t/d), and part of the
waste was incinerated (10341t/d). The heat generated by incineration was used for electricity generation,
which is in line with the current disposal mode in Beijing. The incineration residue was landfilled

GHG emissions GHG emissions GHG emissions GHG emissions
(CO,. CH,;. N,O) (CO,. CHy;» N,0O) (CH,) (CO,. CHy;v N,0)
4 4 4 4 4

Landfill site

Collection

center T Incinerator

, GHG emissions
(COy)

Service area

___________________________________________________________________________________________________________________________________________

GHG emissions GHG elimination
(CO,+ CH,. N,0)

Figure 2. GHG emissions evaluation boundary in Scenario 1.

Scenario 2: classified waste + landfill + incineration + composting. According to 50% separation rate,
MSW was divided into kitchen waste and residual waste for source-separated collection. The separated
kitchen waste was composted, and residual waste was landfilled and incinerated in proportion as
Scenario 1. The heat generated by incineration was used for electricity generation. The incineration
and composting residues were transported to landfill.

Scenario 3: classified waste + incineration + composting. This scenario had the same classification
as that of Scenario 2, with the difference that all residual waste was incinerated instead of being
landfilled, and the incineration residue was landfilled.

Scenario 4: classified waste + landfill + incineration + composting + recycling. According to
50% separation rate, MSW was divided into kitchen waste, recyclable resources, and residual waste.
The separated kitchen waste was composted, the recyclable resources were sent to the recycling center
as renewable resources, the residual waste was landfilled and incinerated in proportion as Scenario 1,
and the incineration and composting residues were landfilled.
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Scenario 5: classified waste + incineration + composting + recycling. This scenario had the same
classification as that of Scenario 4, with the difference that all residual waste was incinerated.

GHG emissions GHG emissions
(CO,. CH,» N,0)
N A

(CH,. N,0)
Y

' : comp_o_stin g ;

: o 25km facility i

. . ____________ : : GHG emissions

; ; i i (COy CH,w N,0)
é : : Skm E

f / ! Tran_sfer : LANAEIL ite F-ermeememremmmememeaeememeasenmnenes l_ GHG emuissions

! @ 12km station i | 25km (CH;. N,0)

i Separated collection ' T

| : Skm o | GHG emissions

§ Service area ' (CO,. CHy. N,0)
| s

i i L Incinerator . GHG emissions

i 25km (CO2)

GHG emissions
(CO,. CH4;«» N,0)

GHG elimination

Figure 3. GHG emissions evaluation boundary in Scenario 2.
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; : : Skm E
: Transfer . GHG emissions
: station Landfill site > (CH,. N,0)
Separated collection T .
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|
Incinerator L . GHG emissions
‘5 25km g (co2)

GHG emissions
(CO,v CHyw N;0)
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Figure 4. GHG emissions evaluation boundary in Scenario 3.
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GHG emissions GHG emissions
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_________ GHG emissions

renewable resource .
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Figure 5. GHG emissions evaluation boundary in Scenario 4.
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Figure 6. GHG emissions evaluation boundary in Scenario 5.
It should be specified that the proportion of residual mixed waste components varied when

kitchen waste or recyclable resources were separated. As shown in Table 4, Scenarios 2 and 3 had the
same the composition but were different from Scenario 1 as the result of separating kitchen waste.
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The waste composition in Scenario 4, 5 varied from Scenario 2, 3 because of the separation of both
kitchen waste and recyclable resources. Besides, heat value of residual mixed waste also varied with
the change of waste composition.

Table 4. Waste component and heat value of residual mixed waste in five scenarios.

Waste Composition Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Kitchen waste (%) 47.85 31.45 31.45 44.80 44.80
Ash and brick (%) 3.48 4.57 4.57 6.52 6.52
Wood (%) 3.33 4.38 4.38 6.24 6.24
Paper (%) 20.83 27.38 27.38 19.50 19.50
Textile (%) 2.34 3.08 3.08 2.19 2.19
Plastics (%) 20.74 27.26 27.26 19.42 19.42
Glass (%) 1.23 1.62 1.62 1.15 1.15
Metal (%) 0.2 0.26 0.26 0.19 0.19
Heat value on dry basis (M]/t) 9407 10952 10952 9427 9427

2.4. Estimation Method

2.4.1. GHG Emissions from Transportation

In the MSW transportation process, the main source of GHG emissions is consumption of diesel
fuel. In addition, because of the large number of harmful substances in automobile exhaust, (including
CO, nitrogen oxides, hydrocarbons, and solid suspended particles), the vehicle is equipped with an
exhaust purification device, which uses catalysts to convert CO, nitrogen oxides, and hydrocarbons
in exhaust into non-toxic and harmless CO,, H,O, and N; and thus control the emission quality of
exhaust. Therefore, GHG emissions will also be produced in the exhaust disposal process. According
to the guidance given by the IPCC and in combination with the Guidelines for Calculation and Reporting
of GHG Emissions from Land Transportation Enterprises of China, the calculation of GHG emissions from
vehicles is as follows:

Et=E;+E, (1)

where E; is the GHG emissions during transportation, E; is the GHG emissions caused by fuel
consumption of vehicles, and E, is the GHG emissions in the exhaust-purification process. E; is
estimated via the following equation:

_ d d
Eq = E¢o, +E¢y, + Enyo @

where E‘éoz is the CO, emissions caused by fossil fuel consumption during transportation, EdCH4 is

the CH,4 emissions caused by fossil fuel consumption during transportation, and E?\IZO is the NL,O
emissions caused by fossil fuel consumption during transportation. They were calculated as follows:

44

Eg02 = FCy+¥4*CCq% OFy+ 15 (3)
Ely, = d+EF, «GWPcy, %107 )
E?\IZO =dx* EPLIi\IZO +* GWPy,0 * 107° ®)

where FC; is the amount of diesel consumption, x, is the low heating value of diesel with the typical
value of 42.652 GJ/t [57], CCy is the carbon content per unit heating value of diesel, and OF} is the
oxidation factor of diesel consumption. The recommended values were shown in Beijing local standard
DB11/T 1416-2017 [53]. In the Equations (4) and (5), d is the driving distance of a vehicle, EF is the
CHy (or N>O) emission factor of a certain type of fuel consumed by a given vehicle type under given
emission standards, which typical values could be found in the Guidelines for Calculation and Reporting
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of GHG Emissions from Land Transportation Enterprises of China. GWP is the global warming potential of
CHy (or N7O). According to the IPCC recommendations, the GWP of CHy and N,O converted to CO,
is 21 and 310 at a 100-year scale, respectively [41]. The number of 1077 is the conversion coefficient
from milligram to ton.
The GHG emissions from exhaust treatment, E,;, is calculated as follows:
Eu:Ml*g*L*%*IO’B’ (6)
where M is the mass of urea additive consumed by catalytic converter, and its value is related to the
road conditions and speed of the vehicle. When the road is congested, the driving speed is slow, and the
exhaust temperature is low, then the injection amount of urea additive is small. L is the mass ratio of
urea in the urea additive with the value of 32.5% in this paper [58]. The number of 1073 is the coefficient
to convert from kilogram to ton. Table 5 shows the interpretation and values of relevant parameters.

Table 5. Relevant parameters of GHG emissions calculation model for MSW transportation.

Notation Description Typical Values
K4 the low heating value of diesel(GJ/t) 42.652
CCy the carbon content per unit heating value of diesel(tC/GJ) 0.0202
OF, the oxidation factor of diesel consumption 98%
EFd the CH, emission factor of diesel consumed by heavy duty 175
CHy vehicle under State-V emission standard in China (mgCH,/km)
Epd the N, O emission factor of diesel consumed by heavy duty 30
N.O vehicle under State-V emission standard in China (mgN,O/km)
GWPchy the global warming potential of CHy 21
GWPpN000 the global warming potential of N,O 310
L the mass ratio of urea in the urea additive 32.5%

The fossil fuel consumption during vehicle transportation is affected by transportation distance
and energy consumption per unit distance. Route planning is involved in vehicle traveling from
collection point to transfer station, so different waste separation modes will affect vehicle transportation
distance. In other transportation stages, the transportation is point-to-point, and the transportation
distance is subject to the actual distance between the two sites.

Energy consumption per unit distance of the vehicle is affected by the load of the vehicle, driving
speed, road conditions, and engine model. Of these, the load and speed of vehicle can be controlled
by the driver, thus affecting energy consumption. In this paper, the comprehensive modal emissions
model (CMEM) proposed by Scora and Barth was used and simplified [59]. The fuel consumption rate,
FR, was calculated as follows:

FR = ¢(kNV +P/n)/x )
P="P;/e+P, ®)
Pt = Mav + Mg sin 0v + 0.5C4Apv° + MgC, cos 0v ©9)

In Equation (7), ¢ is the air equivalent ratio of fuel, k is the friction coefficient of engine, N is the
speed of engine, V is the engine displacement, P is the engine power output, 7 is the diesel engine
efficiency index, and « is the low heating value of diesel. Equation (8) displays the conversion between
engine power output, P, and traction demand, P;. In the equation, ¢ is the efficiency of vehicle power
transmission system, and P, is the engine power demand related to engine running loss and vehicle
accessory operation. Equation (9) shows the calculation of P;, where M is the weight of the vehicle
(empty weight, wy; plus vehicle load, w;), a is the acceleration of the vehicle, v is the speed of the
vehicle, g is the gravity constant, 0 is the slope of road, C; is the resistance coefficient, A is the front
area of the vehicle, p is the air density, and C, is the rolling resistance coefficient.
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According to the above model, the fuel consumption on path (i, j) is:

5 d; M(a + gsin 0 + gC, cos 0)d;; + 0-5CdAPdijUfj] p, dij
KNV * 2 4 T (10)

FCij = — - y
K Vjj en n v

In this paper, P, was assumed to be 0. In addition, in the path of vehicle, except for the speed and
load, other parameters were all assumed to be fixed constants on path (i, j). Therefore, the model can
be simplified as follows:

d::
FC;j = /\(kNV « = 4 yad;Mj; + yﬁdijvfj) (11)

g
In the model, the relevant parameters were referenced from the conventional values and/or the
values determined by other researchers. The parameter definition and relevant values are shown

in Table 6. As Demir et al. and Bektas et al. researched the routing optimization using the CMEM,
the relevant parameters in this article adopted the recommended values from their researches [15,60].

Table 6. Relevant parameters for vehicle fuel consumption model.

Notation Description Typical Values

¢ Fuel-to-air mass ratio 1

k Engine friction factor (J/r/L) 0.2
N Engine speed (r/s) 33
1% Engine displacement (L) 5

n Efficiency parameter for diesel engines 0.45
K4 Heating value of a typical diesel fuel (J/g) 42652
e Vehicle drive train efficiency 0.4
w1 Curb-weight (kg) 5000
wy Vehicle load (kg) 10,000
a Acceleration (m/s?) 0

g Gravitational constant (111/s%) 9.81
0 Road angle 0
Cq Coefficient of aerodynamic drag 0.7
A Frontal surface area (11?) 5

p Air density (kg/m?) 1.2041
C, Coefficient of rolling resistance 0.01

2.4.2. GHG emissions from Landfill

The GHG emissions from landfill were calculated according to the IPCC. In the First Order
Decay (FOD) model, the gradual decay of degradable organic carbon of MSW in the landfill site over
several years was taken into account. However, in this paper, only the GHGs that were emitted by a
fixed amount of MSW were considered, and thus the impact of time was not considered. Moreover,
in the landfill process, only CH, emissions were considered. The calculation model is shown in
Equations (12)—(15) [20]. The default value of DOCf is 0.5, of MICF is 1, of Fis 0.5, of R; is 0, and of OX
is 0 [41]. The definition of relevant parameters in the model is shown in Table 7.

_rl _ 1
El - ECH4 - CH4emission * GWPCH4 (12)
; B 16
CHAIEW-SSM1 = DDOC*P*E*(l—RZ) + (1-0X) (13)
DDOC = MSW; » DOC * DOC s * MCE (14)

DOC = )" DOC;+ f; (15)
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Notation Description Typical Values
DOC Fraction of degradable organic carbon —_—
DOC; Degradable organic carbon for waste fraction i shown in Table 1

fi Waste composition shown in Table 4
DDOC Mass of decomposable DOC —
MSW; Mass of waste landfilled shown in Table 3
DOCy Fraction of DOC that can decompose 0.5

CHy correction factor for aerobic decomposition
MCF 4 1
correction factor for aerobic decomposition
Fraction of CHy in generated landfill gas
F 4 0.5
in generated landfill gas

Ry CH, recovered rate 0

00X Oxidation factor 0
CHiimism Mas's of CHy, e'missions in landfil'l ' —
ECH4 Carbon dioxide equivalent of CHy emissions —_—

2.4.3. GHG Emissions from Incineration of Waste

The method in IPCC as well as the Guidelines for accounting of greenhouse gas emissions from municipal
solid wastes incineration enterprise according to the Beijing local standard DB11/T 1416-2017 were used for
the calculation of GHG emissions from incineration of waste [53]. The GHG emissions from incineration
of MSW include the direct CO, emissions from fossil carbon in the incineration process and the CO,
emissions caused by the net purchased electricity and heat consumption of enterprises. The first part
includes the direct emission of CO, from incineration of fossil carbon of MSW and the direct emission
of CO, from fossil fuel combustion added for auxiliary combustion. It is worth noting that the CO,
emissions caused by the burning of bio carbon in MSW were not included in the calculation. Grate
furnaces are mainly used in incineration plants in Beijing, which do not need combustion improvement
in normal operation, but a small amount of fossil fuel is added during ignition, and thus the direct
emission of CO, from fossil fuel combustion added for auxiliary combustion was not considered
in this paper. The second part includes the CO, emissions from the purchased electricity and heat
consumption of the incineration plant minus the CO, emissions from on-grid electricity generation
by incineration and from external heating. In this paper, it was assumed that the on-grid electricity
generated by the incineration plant was the net electricity after self-deduction. So the calculation of the
GHG emissions from incineration of waste was shown as Equation (16). E; and E, were calculated by
Equations (17) and (18) [61]:

Ey=E;-E (16)

44
E; = MSW; *Z(fi «dm;» CF; FCFy1 % OFy) * 7 17)
E, = AD, +EF, (18)

The on-grid electricity of electricity generation from incineration of MSW, AD, is related to the
amount of MSW incineration (MSW), the heating value of MSW (HVsy), the thermal efficiency
of incineration plant (£), and the auxiliary electricity ratio (C). The calculation was conducted with
Equation (19) [62]. In this paper, £ was assumed to be 20%, and C was assumed to be 20%. The meaning
and value of related parameters in the model are shown in Table 8.

AD, = MSW; + HV g * £/3600 % (1 — C) (19)
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Table 8. Relevant parameters of GHG emissions calculation model for MSW incineration.

Notation Description Typical Values
E; GHG emissions in incineration (t) —_—
E; Direct emissions from mineral carbon incineration (f) —_—
E. GHG emissions reduction from electricity generation (f) —_—
MSW; Mass of waste incinerated () shown in Table 3
fi Waste composition shown in Table 4
dm; Dry matter content of wet weight shown in Table 1
CF; DOC content of dry weight shown in Table 1
FCF;, Fossil carbon fraction of total carbon shown in Table 1
’ total carbon
OFy Oxidation factor 0.95
AD, Mass of on-grid energy from incineration (MWh)  —
EF, Electricity GHG emissions factor (+CO,/MWh) 0.4506
HVisw Heat value (kJ/kg MSW) shown in Table 4
13 Heat efficiency for incineration plant 20%
C Self-used electricity rate for incineration plant 20%

2.4.4. GHG Emissions from Composting of Kitchen Waste

In the anaerobic state, CH; and N, O were produced during the composting of kitchen waste, so
the GHG emissions were calculated by Equation (20), in which MSW = the kitchen waste quantity
sent to compost (t), EC€ cpa and E€ o were the GHG emission factors based on the recommended IPCC
values, which were 4 g CHy/kg MSW for CHy and 0.3 ¢ N,O/kg MSW for N, O [41]. The GHG emissions
from composting of kitchen waste can be calculated as 0.177 t CO,e/t MSW:

Ec = MSW, + (Eyy, * GWPch, + E5y, o * GWPy,0) (20)

2.4.5. Calculation of Emission Reduction of GHG from Recycling of Renewable Resources

Recycling of renewable resources can replace the production of related products, so as to save the
energy consumption required for the production of raw materials. The calculation of GHG emissions is
shown in Equation (21), in which R; is the recycling amount of the ith category renewable resources in t,
and F; is the comprehensive equivalent coal consumption per unit output of the raw material that was
replaced by the ith category renewable resources. As paper and plastics were the main components
in recyclable resources, with the proportion of 20.83% and 20.74% in mixed waste, so the paper only
considered F; for these two categories. F; for paper and plastics were 0.3332 and 0.5113 (unit: t standard
coal/t recyclable resources). And the values were assessed from China Statistical Yearbook 2018 [7]. EF, is
the GHG emission coefficient of standard coal, which was set to 0.69 in this paper, and it is close to
the value of 0.68 used by the Institute of Energy Economics of Japan and 0.69 used by the Energy
Information Administration of the Department of Energy of the United States. OF. is the oxidation
factor of standard coal, which was set to 0.93.

44

Er:ZRl-*F,-*EFC*OFC*ﬁ

(21)

3. Results and Discussion

3.1. GHG Emissions under Each Scenario

In this paper, using the existing model of MSW disposal in Beijing as the standard scenario,
four scenarios of collection, transportation, and disposal of waste after integrating two systems were
designed. Using the guidance method of the IPCC and the LCA framework, the GHG emissions from
collection, transportation, and disposal of MSW under the five scenarios in Beijing were estimated and
compared. The results are shown in Figure 7, and data are shown in Table 9.
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Figure 7. GHG emissions quantity in five scenarios.
Table 9. GHG emissions quantity in five scenarios.
Activities Scenariol Scenario2 Scenario3 Scenario4 Scenario5
(tCOze) (tC02 e) (tC02 e) (tCOze) (tCOze)
Transportation 91.49 97.06 97.84 102.14 102.69
Landfill 12,669.90 10,072.22 0.00 6853.69 0.00
Incineration 3626.29 3626.34 7702.41 1813.05 3851.21
Compost 0.00 827.48 827.48 827.48 827.48
Recyclable 0.00 0.00 0.00 —4033.40 —4033.40
Electricity -1733.20 —1535.11 -3260.59 -927.53 -1970.23

Under the five scenarios, the GHG emissions were 4781.37-16387.68 t, with the highest emissions
under Scenario 1 and the lowest under Scenario 5. Compared with the situation under Scenario 1,
the GHG emissions under Scenario 2, which included recycling of some of the kitchen waste,
were reduced by 1764.59 t, and the emission reduction increased with the increase of separation
rate of kitchen waste. Under Scenario 3, the disposal via landfill was removed, and the emission
reduction compared with Scenario 1 increased significantly to 7759.95 t. Compared to Scenario 2,
the benefit of the GHG emission reduction for Scenario 3 was more significant, because the incineration
treatment totally replaced landfill. The emission reduction under Scenario 4 was 6791.33 t. Although
the recycling resources were separated, the total emissions were still greater than those under Scenario
3, which reflects the advantages of waste incineration. Scenario 5 was the optimal approach. In the case
of increasing kitchen waste and recyclable resources, all the residue waste was incinerated, with the
emission reduction of 11606.31 t. Relative to Scenario 3, Scenario 5 further reduced emissions by
3846.36 t, which was resulted from the recycling of recyclable resources. When considering the emission
reduction benefits of electricity generation from waste and recycling of renewable resources, the net
emissions under Scenario 1 to Scenario 5 were successively reduced.

Of incineration, landfill, and composting, composting had the lowest GHG emissions per unit
(0.117 t), followed by incineration (0.3690-0.5181 t), and landfill had the highest GHG emissions per
unit (1.2252-1.2803 t). Therefore, increasing the disposal amount of incineration and composting would
lead to an emission reduction effect. Wang et al. found that sanitary landfill’s carbon emissions were
more than thrice those of composting, and more than twice those generated during burning [20]. In the
case of Shanghai, the research also shew the same conclusion that the landfill treatment should be
replaced by incineration and composting [56]. So improving the rate of incineration and composting
was important to reduce GHG emissions.
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3.2. GHG Emitted from Waste Incineration

According to the relevant waste incineration standards in China, the moisture content of the
waste entering the furnace should not be higher than 50%, and the low heating value (wet base)
should not be lower than 5000 k]. The heating value of primary waste in China is relatively high
and generally meets the heating value standard. Because of the high proportion of kitchen waste in
China as well as its moisture content, the moisture content of the primary waste is slightly higher than
50%. Before the waste is put into the incinerator, it must be stored and dried to reduce the moisture
content. The GHG emissions from incineration of waste include two parts: the emission of GHG
and the emission reduction effect of electricity generation. Figure 8 shows the GHG emissions per
unit under the five scenarios. The GHG emissions and electricity generation under Scenario 2, 3
were 0.5181 t CO,e/t MSW and 0.4868 MWh/t MSW, higher than Scenario 1, because only part of the
kitchen waste was separated, which reduced the water content per unit waste and increased the fossil
carbon content. Under Scenario 4 and Scenario 5, after sorting out recyclables such as plastics with
high heating value and fossil carbon content, the GHG emissions and electricity generation per unit
waste from incineration decreased, but the net emissions were still lower than those under Scenario 1,
with 0.1802 t CO,e/t MSW. Compared with landfill, incineration was an effective way to reduce GHG
emissions. In recent years, the proportion of waste incineration in Beijing has gradually increased,
and the waste disposal method has gradually become optimized.

0.6
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0.2
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I GHG emissions from stack exhaust(tCO2-eq/tMSW)
[ GHG emissions reduction from electricity(tCO2-eq/tMSW)
I Net GHG emissions(tCO2-eq/tMSW)

Figure 8. GHG emissions from MSW incineration under five scenarios.

The research shows that the recycling of recyclables had a great impact on the GHG emissions
from incineration [11]. Paper and plastic account for a large proportion of the recycled materials.
With the characteristics of high fossil carbon content and high heating value, the separation rate of
plastic will directly affect the GHG emissions from incineration. And because of the very low fossil
carbon content in paper, the impact on the GHG emissions from incineration is very small. In this
paper, based on the separation rate of 50% of plastic, a sensitivity analysis was carried out by increasing
or decreasing this rate by 10% and 20%. The results are shown in Figure 9. When the separation rate of
plastic was increased from 50% to 60%, the net GHG emissions from incineration of per unit waste were
reduced from 0.0623 tCOze to 0.0295 tCOze (a decrease of 52.64%), which means the separation rate of
plastic is a highly sensitive factor to the GHG emissions from incineration of waste. Therefore, as a
key category affecting the GHG emissions from MSW incineration, the government should consider
collecting plastic separately to improve the separation rate.



Appl. Sci. 2020, 10, 1673 16 of 23

100% 0.10
Z
90% — \ -0.09 &
Q
T
80% F0.08 @
[¢]
2.
70% — -0.07 2
2 =
s 5
g 60%- P -0.06 2,
-2 n °]
g 50%- . L0052
§ I/ Q.
S 4% e H0.04 &
3 =
& 30% A L0.03 2
a
20% - L0.02 S
[¢]
=
10% — 0.01 "Z’
92]
0% : : : : : 0.00 =
-20% -10% 0 +10% +20%
—m— Plastic separation rate —A— Net GHG emissions from incineration(tCO2-eq/tMSW)

Figure 9. The relationship between plastic separation rate and net GHG emissions from incineration.

3.3. GHG Emitted from Landfill

Land(fill was the method by which the most GHG were emitted compared with incineration and
composting. As shown in Figure 10, the emissions from landfill varied from 1.2252 to 1.2803 t CO,e/t
MSW in five scenarios, changing slightly. And in all scenarios, the emissions were over 1 t CO,e/t
MSW [9,11], almost twice as much as emissions from incineration [20]. As wood and bamboo contain
the most degradable organic carbon in all waste categories, followed by paper, the separation of kitchen
waste and recyclables will not reduce the GHG emissions per unit of landfilled waste. In order to
reduce the GHG emissions per unit of landfilled waste, it is necessary to separate wood, bamboo,
and paper. From the environmental point of view, landfill is the worst method of waste disposal,
but because of its simple process and low cost, it remains the main method of waste disposal in some
developing countries.
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Figure 10. GHG emissions from MSW landfill under five scenarios.

The main type of GHG emitted by landfill is CHy. Therefore, if landfill disposal is adopted,
a high-efficiency recycling method for also CHy needs to be in place to generate environmental
benefits [38]. As shown in Figure 11, under Scenario 2, the recycling rate of CHy needs to be about
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60% to reduce the GHG emissions per unit of landfilled waste to the level of incineration emissions,
and under Scenario 4, it needs to reach more than 70%. In addition, in China, especially in Beijing,
land resources are scarce, which is not ideal for landfill-based waste management. In the future, landfill
should only be used as an auxiliary waste disposal method for incineration and composting.
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Figure 11. GHG emissions from MSW landfill for different methane recycling rate.

3.4. GHG Emitted from Composting of Waste

Among the three disposal methods, composting of waste was the method that emitted the least
GHG, and the GHG emissions per unit of waste composting reached only 0.177 t, which was similar with
the result in other research [56]. Previous researches have shown that compared with mixed disposal
method of waste, the emission reduction benefits of GHG are pronounced when the kitchen waste is
treated separately and combined with composting or anaerobic digestion [56,63]. At present, there is
only one waste composting plant in Beijing, and compared to the other two methods, the composted
amount of waste can be ignored. Because waste separation in Beijing is still not popular, the content of
impurities in kitchen waste is high, and the quality of composting is poor. With the implementation
of waste separation policy in China, kitchen waste requires collection and transportation separately,
in order to increase the proportion of waste composting.

3.5. Contribution of Separation and Recycling of Waste to Emission Reduction of GHG

The moisture content of kitchen waste in Beijing is as high as 82.1%, and the proportion of kitchen
waste is high, which leads to high moisture content of waste, making incineration challenging task [64].
The separation of kitchen waste can reduce the moisture content of incineration waste, improve the
heating value, and increase the electricity generation per unit of waste [56]. Under Scenario 2 and
Scenario 3, after 50% of the kitchen waste was separated, the moisture content of the waste was
reduced from 53.80% to 44.90%. Correspondingly, the heating value of the waste entering the furnace
increased from 9407 to 10,952 kJ/kg, the electricity generation per unit of waste was increased by
68.67 kWh, and the emission reduction effect of electricity generation from incineration of waste was
improved. Under Scenario 4 and Scenario 5, since the fossil carbon content of plastics was the highest
among all kinds of waste, the GHG emissions from incineration of per unit waste was reduced after
recycling recyclables such as plastics and paper, and was thus 0.0251 t lower than that under Scenario
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1. Therefore, the separation and recycling of waste can effectively reduce the GHG emissions from
waste incineration.

Separation and recycling of waste can reduce the amount of waste end disposal, and the recycled
resources can replace the raw materials in production, reducing the comprehensive energy consumption
of production processes and thus achieving energy savings. In this research, recycling of renewable
resources and electricity generation from incineration of waste were regarded as measures of energy
conservation and emission reduction. Morris pointed out that compared with incineration, recycling
of most types of MSW can enhance energy savings [65]. Sevigné-Itoiz et al. suggested that mechanical
recycling of plastic could bring the greatest emission reduction benefits of GHGs [66]. Therefore,
improving the separation rate of waste sources and promotion of the recycling of renewable resources
is an effective way to reduce GHG emissions.

Because of the uncertainty of the separation rate, a separation rate of 50% was used as the standard
in this paper, and it was modified up and down by 10% and 20%. The results are shown in Figure 12.
The changes in the separation rate had little impact on the results. Scenario 5 was still the optimal
mode, and Scenario 2-5 still had emission reduction benefits compared with Scenario 1. The emission
reduction rate of Scenario 2, 4, 5 increased with an increase in separation rate. In contrast, when the
separation rate was reduced, the emission reduction effect under Scenario 3 was better than that under
Scenario 4. Overall, the impact of separation rate on GHG emissions under each scenario was robust.
Therefore, the level of separation rate in reality should not affect the government’s decision-making.
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Figure 12. The relationship between separation rate and net GHG emission reduction rate.

3.6. GHG Emitted from Transportation of Waste

The GHG emitted in the MSW transportation process mainly come from the energy consumption
of vehicles, and the amount of emissions depends on factors such as transportation distance and vehicle
type. For the GHG emissions in the transportation process, route planning of vehicle can help to reduce
emissions [15,60,67-70]. In addition, the appropriate location of transfer facilities and disposal facilities
can also shorten the collection and transportation routes, thus reducing GHG emissions. Compared
to treatment, MSW collection and transportation are more expensive, but researches have shown
that the environmental impact of transportation is minor [11,14]. The emissions from transportation
varied from 91.49 t COze to 102.69 t CO,e under the five scenarios which could be considered a slight
change, accounting for 0.56-2.15% of the whole process (Figure 13), which is insignificant compared
with other processes. This is consistent with the conclusions of previous studies. The GHG emissions
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caused by transportation after waste separation will increase compared with the mixed collection and
transportation mode, but the increase has little effect on the whole process which does not need to
be considered.
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Figure 13. GHG emissions from MSW transportation and its proportion of total emissions.

4. Conclusions

Based on a separation rate of 50%, the GHG emissions from collection, transportation, and disposal
of MSW in Beijing with current mixed MSW management system and source-separated MSW
management system in future were investigated. The results show that the source-separated MSW
management system realizing the integration of the MSW management system with the renewable
resource recovery system has environmental benefits, and GHG emissions from MSW using the
dichotomy and the trichotomy separation method were lower than those under the existing approach.
In particular, using the trichotomy method, the optimal approach was obtained after the separation of
kitchen waste and recyclables followed by the incineration of the residue waste, which could achieve
an emission reduction benefit of 70.82%. The GHG emission reduction benefits brought by electricity
generation from incineration of waste and recycling of recyclables were even greater than the amount
of emissions. Changing the separation rate revealed that the optimal model in this paper was robust.
Therefore, for the purpose and requirements of national GHG emission reduction, the integration of
the two systems is environmentally feasible.

In addition, the comparative analysis of the activities in the whole life cycle of MSW management
revealed that the GHG emissions from collection and transportation were the smallest, and the GHG
emissions from landfill were the largest compared with incineration and composting, which was the
opposite of some researches results from the economic perspective. Therefore, future research can
integrate the economic and environmental benefits and compare the comprehensive cost on mixed
MSW management system and source-separated MSW management system, which may lead to
different results.
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