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Abstract

Greenhouse gas (GHG) emissions from the collection and transfer operations are a significant component
within any municipal solid waste (MSW) system. This has not been optimally studied in previous works. The
present study aims to quantify current GHG emissions from the MSW collection system in the central area
of Hanoi and to develop alternative operational scenarios for GHG mitigation. Operational data on waste-
collection vehicles and the transfer station (TS) were obtained from waste collection company’s digital maps
and reports. The United Nations Environment Programme’s Emission Quantification Tool (EQT) Version III
was ultilized for GHG emissions. The research evaluates various collection scenarios while incorporating TS
location to determine an optimal distance that aligns with cost and GHG emissions targets. In the study area,
the waste collection and transportation system covers an average daily travel distance of 2,167.68 km, utilizing
a fleet of vehicles with capacities ranging from 1 to 11 tonnes. As a result, the system generates approximately
28 kg CO,-eq per tonne of MSW. At present, the waste transfer process in the study area remains inefficient.
The proposed TS achieves about a 21.5% reduction in GHG emissions relative to the existing facility. Two
key factors contributing to emission reduction are the minimization of transport distance and the use of fuel-
efficient vehicle types. Among all scenarios, employing TS consistently proves to be a more effective option
than direct transportation to the Nam Son Waste Treatment and Disposal Complex. TS should be located along
the shortest route between the collection areas and the treatment complex, preferably as close to the collection
areas as possible to minimize transportation distance and cost. These results give scientific proof to back MSW
planning and optimization aimed at the net-zero emission goal in the MSW management field.

Keywords: greenhouse gas emissions; municipal solid waste; waste transfer systems; transfer station; optimiza-
tion of transfer distance.
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1. Introduction

The IPCC ARG report has confirmed that climate change and global warming are among the most
critical challenges facing nations worldwide [1]. The report also emphasized that human-induced
climate change has contributed to the increasing frequency and intensity of extreme weather events
across all regions, resulting in widespread impacts on ecosystems and human communities [1]. Global
warming has thus become a major concern for countries around the world [2]. The uncontrolled use
of fossil fuels is one of the main drivers of the rise in GHG emissions, leading to global warming
and increasingly severe climate change [3]. The MSW management sector has been identified in
numerous studies as a significant source of GHG emissions, accounting for approximately 3% of
global GHG emissions [4]. Research conducted in major cities indicates that emissions from MSW
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management systems are increasing rapidly. For instance, in Beijing, the total GHG emissions from
the city’s MSW management system doubled in just over a decade, rising from 3.62 million tonnes
CO; to 6.57 million tonnes CO; in 2019 [5]. In developed countries such as the United States, GHG
emissions from the MSW management system reached 169.2 million tonnes in 2021, equivalent to the
annual electricity-related emissions of approximately 30 million households [6, 7]. To put this into
perspective, one million tonnes of CO; is equivalent to burning over 400 million liters of gasoline,
and it would take 16.5 million trees over ten years to absorb that amount of CO, [7, 8].

Nowadays, with the rapid expansion of urban areas, MSW management has become one of the
key factors associated with the sustainable development goals of cities. MSW collection and trans-
portation are indispensable components of the overall MSW management system [9, 10]. However,
most current studies on emissions from MSW management have primarily focused on treatment pro-
cesses, technology selection, or route optimization, while the transfer and transportation stages have
not yet been adequately optimized to reduce GHG emissions [10, 11]. These stages consume a sub-
stantial amount of energy and fossil fuels, leading to significant GHG emissions [12]. This highlights
a research gap in optimizing GHG emissions from MSW transfer and transportation systems.

A typical example can be found at the Hanoi Urban Environment Company (URENCO), where
there is an urgent need to analyze, assess, and optimize scenarios for the transfer and transportation of
MSW. Selecting an appropriate transportation option not only influences operational costs but also has
a significant impact on GHG emissions and short-lived climate pollutants (SLCP) generated during
waste transfer and transportation activities. Similar challenges are being faced not only in the study
area but also in many major cities and urban regions under planning and development. Developing
evaluation models and optimization approaches for MSW transfer and transportation systems can
support decision-making in TS planning, reduce GHG emissions, and contribute toward achieving
low-carbon urban development. As Vietnam has committed to achieving net-zero emissions by 2050
under the Paris Agreement and the National Climate Change Strategy, the quantitative assessment of
GHG emissions from MSW transfer operations becomes particularly essential [13].

Building upon the aforementioned issues and identified research gaps, this study aims to evaluate
GHG emissions generated from MSW collection, transfer, and transportation activities. On this ba-
sis, several operational scenarios of the transfer system are developed and compared to identify the
recommended option for the study area. The findings are expected to provide scientific evidence to
support decision-making in the management and planning of MSW collection and transfer systems.
In addition, the study contributes to assisting environmental management agencies and public service
enterprises in reducing emissions and advancing toward the net-zero emission target.

2. Methodology
2.1. Study area and current status of MSW management
a. Study area

In this study, the selected survey area corresponds to the MSW collection zone managed by URE-
NCO Branch 2, covering Hoan Kiem District, Hanoi (currently including Hoan Kiem ward, Cua Nam
ward and a part of Hong Ha ward). This area represents the economic, political, cultural, and admin-
istrative center of the capital city, and it also contains numerous historical sites and major tourist
attractions. With an area of only 5.34 km? and a population of 212921 inhabitants, Hoan Kiem is
a small district characterized by a high population density and the presence of many governmental
institutions and key transportation hubs [14]. According to data from URENCO, the amount of MSW
generated in the district is approximately 158 tonne/day, corresponding to an average generation rate
of 0.74 kg/person/day [15].
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b. Current status of MSW management

The local waste management company currently operates a total fleet consisting of the following
vehicles: 8 units of small trucks (1-tonne capacity, with 4 out of 8 in operation); 5 units of 2.5-tonne
trucks (4 out of 5 in operation); 14 units of compactor trucks (5-10-tonne capacity, with 7 out of 14
in operation); 4 units of container/hooklift trucks (11-tonne capacity, with 2 out of 4 in operation);
and 1 unit of sensor-equipped vehicle (1-tonne capacity). The reported waste collection rate reached
96% in 2023, with a target of achieving 100% collection coverage by 2050 [15].
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Figure 1. Diagram of the current status of MSW transportation in the study area

The current MSW collection and transportation system in the study area is illustrated in Fig. 1,
comprising two main methods. In the first method, household waste is collected using handy-carts
and gathered at designated public collection points. From there, the waste is transported directly to the
Nam Son Waste Treatment and Disposal Complex by large compactor trucks. In the second method,
waste is collected using small trucks or mini compactor trucks and transported to TS equipped with
waste compaction facilities. At the station, the waste is compressed and then hauled to the Nam Son
Waste Treatment and Disposal Complex by container trucks or hooklift trucks with a load capacity of
11 tonnes.

2.2. Optimal distance determination for TS siting
a. TS located on the shortest route to the disposal site

When TS is located along the shortest route connecting the waste generation area to the disposal
site, the optimal distance can be determined using the method proposed by Ouano (1983) [16]. The
condition for the optimal distance to be satisfied is expressed by the Eq. (1):

B

YZZ(A—C)

(1
where Y is the distance from TS to the disposal site (km); A is the unit transportation cost for
small trucks or compactor trucks, calculated from the collection point to TS (VND/tonne-km); C
is the unit transportation cost for container or hooklift trucks, calculated from TS to the disposal site
(VND/tonne-km); and B is the operating cost of TS (VND/tonne). This equation is independent of
the distance between the collection point and TS.

b. TS not located on the shortest route to the disposal site

In cases where TS is not located along the shortest route, the transportation distance must follow
a longer path. This situation may arise due to the high land prices near the city center or because
the area is unsuitable according to the city’s planning regulations. In such cases, the optimal distance
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for locating TS can be determined using the formula proposed by Ouano (1983) [16]. The optimal

distance must satisfy the Eq. (2):
B+ 2AAX + 2CAY

>

B 2A-0)
where Y is the distance from TS to the disposal site (km); A is the unit transportation cost for
small trucks or compactor trucks, calculated from the collection point to TS (VND/tonne-km); C
is the unit transportation cost for container or hooklift trucks, calculated from TS to the disposal site
(VND/tonne-km); and B is the operating cost of TS (VND/tonne). This equation is independent of
the distance between the collection point and TS.

2)

2.3. Data collection and processing
a. Average travel distance per collection trip

Data on the travel distances of MSW collection and transportation vehicles were obtained from
the vehicle tracking system (BA GPS). The data files, exported in Excel format, were provided by the
local waste management company for this study. The dataset reflects waste collection activities within
the operational area managed by the local waste management company. Specifically, it includes the
daily travel distances of each vehicle type over a 31 day period, from July 1, 2025 to July 31, 2025.
For each vehicle category, a total of 31 observation samples were collected for analysis. In the case
of compactor trucks with load capacities ranging from 5 to 10 tonnes, the BA GPS system did not
specify each vehicle type. Therefore, an average load capacity of 7.5 tonnes was adopted for the
calculations.

During raw data processing, outliers were identified using the Interquartile Range (IQR) method
by establishing the lower and upper fences. Values falling outside this range were considered outliers
and were adjusted through the Winsorization method, in which outliers were replaced with the nearest
boundary values. This step ensured the stability of the dataset and the removal of extreme values.
From the adjusted dataset, the daily transportation distance was divided by the distance of a single
trip (as recorded by the BA GPS tracking system) to determine the number of trips made per day
by each vehicle. Finally, the average travel distance per trip for each vehicle type was calculated by
dividing the average total daily distance over the 31 day period by the corresponding average number
of trips.

After collecting data on the average transport distances of five vehicle types: (i) small trucks
(1 tonne), (ii) small compactor trucks (2.5 tonnes), (iii) sensor-equipped trucks (1 tonne), (iv) large
compactor trucks (7.5 tonne), and (v) container/hooklift trucks (11 tonnes). The first three types were
grouped into the category of “mini trucks and small compactor trucks”. The calculation parameters
for this group were determined based on the average values of the three corresponding vehicle types.
The average daily transport distance was calculated as the product of the average one-way distance
per trip and the number of trips performed per day. The number of trips was estimated based on the
ratio between the total waste mass to be transported and the vehicle’s rated load capacity. Within the
scope of this study, the increase in transport distance due to changing truck capacity from 7.5 tonnes
to 10.5 tonnes was not considered. The waste collection distance was defined as the distance from
the first to the last collection point along the route. For large compactor trucks, the average collection
distance was 11.5 km, determined from GPS data provided by the local waste management company.

b. Determination/calculation of unit cost

The unit cost in this study was determined based on the current regulatory documents in Vietnam.
The transportation cost of MSW comprises two main components: (i) labor cost and (ii) fuel cost. The
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labor cost was calculated according to the number of workers specified in Decision No. 50/2025/Qb-
UBND of Hanoi City and Circular No. 36/2024/TT-BTNMT [17, 18], combined with the basic salary
level regulated in Circular No. 17/2019/TT-BLDTBXH and Decree No. 204/2004/ND-CP [19, 20].
The fuel cost was determined by multiplying the fuel consumption rate (as prescribed in Circular No.
36/2024/TT-BTNMT) with the actual fuel price. In this study, the fuel used for waste collection and
transport vehicles was Diesel DO 0.001S-V, with an assumed average price of 19 thousand VND/liter.
All cost estimations were adjusted using distance-based coefficients, with one coefficient applied for
every 5 km range. For the TS unit cost, the total cost consists of three components: (i) operational la-
bor cost (including compaction, weighing, deodorization, vehicle routing, exhaust gas treatment, and
wastewater treatment), (ii) electricity consumption, and (iii) depreciation cost. The operational labor
cost at TS was calculated according to Decision No. 50/2025/QD-UBND of Hanoi City and Circular
No. 36/2024/TT-BTNMT, in combination with the wage level stipulated in Circular No. 17/2019/TT-
BLDTBXH. Electricity consumption at TS was assumed at 2.5 kWh/tonne [21]. Depreciation costs
were calculated in accordance with the classification of tangible fixed assets specified in Circular No.
23/2023/TT-BTC [22]. The depreciation cost was calculated based on the classification of tangible
fixed assets regulated in Circular No. 23/2023/TT-BTC, with a depreciation rate of 95.89 thousand
VND/tonne.

All unit costs in this study were adjusted using distance-dependent correction factors. These
factors are specified for discrete distance intervals, typically ranging from 5 to 15 km per interval.
Although this interval-based approach reflects government-regulated cost levels, it does not capture
the incremental change in unit cost per kilometer. Therefore, the study employs a linear regression
model based on the correction factors stipulated in the current pricing framework. The correction
factors for each distance level are treated as discrete, stepwise data points as defined by the regulatory
documents. To construct a continuous function that better represents the trend of cost adjustment with
increasing transport distance, a linear regression model with a zero-intercept constraint is applied.
This constraint reflects the economic nature of the adjustment factor, whereby a transport distance of
zero results in a unit cost of zero.

2.4. Scenarios development

The scenarios were developed to evaluate and select the optimal options for MSW collection and
transportation in terms of both cost and emissions. Several of these scenarios were also formulated
based on the operational orientation of the local MSW management company, which is currently as-
sessing two alternatives: (i) using 10.5-tonne compactor trucks for direct collection and hauling to
the Nam Son Waste Treatment and Disposal Complex, and (ii) utilizing TS, followed by transport
to the treatment complex using 11-tonne container/hooklift trucks. When the collection truck load
reaches 10.5 tonnes, the difference in transported mass between the two vehicle types is negligible.
However, their operational processes and fuel consumption rates differ considerably. In addition, the
optimization of collection vehicle types was integrated into the scenarios for evaluation. Generally,
smaller trucks consume less fuel, whereas larger trucks have higher fuel consumption but can trans-
port a greater amount of waste per trip. Therefore, a comprehensive assessment is required to identify
the vehicle type and system configuration that deliver the most efficient operational performance.

Currently, the location of the Lam Du TS is not situated along the shortest route to the waste
treatment complex, resulting in suboptimal operational efficiency. From a technical perspective, TS
should be located along the shortest possible route to the treatment facility and as close as feasible
to the collection area. From a regulatory perspective, according to Decision No. 1668/QD-TTg
approving the general planning of Hanoi City, TS may be located within areas designated for green
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spaces, parks, or public facilities, provided that odor and leachate control measures are implemented
to maintain urban aesthetics. Based on the above technical and legal criteria, this study identifies
a proposed site at the intersection of Alley 32 An Duong Street and Hong Ha Street. The area is
designated for public service purposes, with a total land area exceeding 1 hectare. Land parcels
designated for TS construction were assumed to comply with existing urban planning regulations,
with land costs were not considered in the analysis. This selected site serves as a reference case to
illustrate the approach for GHG assessment and does not represent a prescriptive recommendation.

Table 1. Description of scenarios

Scenario Description

Business- In this scenario, the local waste management company employs two main modes of
as-usual ~ MSW collection and transportation, with the number of vehicles and their daily oper-
scenario  ating frequencies summarized as follows:
(BAU) - Four small trucks (1-tonne capacity), operating three trips per day, responsible for
collecting and transporting MSW to the Lam Du TS.
- Four small compactor trucks (2.5-tonne capacity), operating three trips per day, col-
lecting and transporting MSW to the Lam Du TS.
- One sensor-equipped vehicle (1-tonne capacity), operating two trips per day, collect-
ing and transporting MSW to the Lam Du TS.
- At the Lam Du TS, the collected waste is compacted and reloaded onto con-
tainer/hooklift trucks (11 tonnes) for long-distance transport to the Nam Son Waste
Treatment and Disposal Complex.
- Two container trucks (11-tonne capacity), operating two trips per day, transporting
MSW from TS to the Nam Son Waste Treatment and Disposal Complex.
- Seven large compactor trucks (7.5-tonne capacity), operating two trips per day, di-
rectly collecting and transporting MSW to the Nam Son Waste Treatment and Disposal
Complex without using TS.
Scenario  Collection and direct transport of MSW using only 10.5-tonne compactor trucks to
1 (SC1) Nam Son Complex
Scenario  Collection of MSW using all small trucks and small compactor trucks to the Lam
2 (SC2) Du TS; waste is compacted and reloaded onto 11-tonne container/hooklift trucks for
transport to the Nam Son Waste Treatment and Disposal Complex.
Scenario  Collection of MSW using all 7.5-tonne compactor trucks to the Lam Du TS; waste is
3 (SC3) compacted and reloaded onto 11-tonne container/hooklift trucks for transport to the
Nam Son Waste Treatment and Disposal Complex.
Scenario  The hypothetical TS is located 1.5 km from the end-of-route collection point and is
4 (SC4) situated along the shortest route to the Nam Son Waste Treatment and Disposal Com-
plex.
The waste transfer process is described as follows: all 7.5-tonne compactor trucks to
the Lam Du TS; waste is compacted and reloaded onto 11-tonne container/hooklift
trucks for transport to the Nam Son Waste Treatment and Disposal Complex.

The following parameters were applied consistently across all scenarios: the generation and col-
lection rates of MSW, as well as the composition and physical characteristics of the waste. The
fuel consumption rates for different vehicle types were as follows: mini trucks and small com-
pactor trucks (0.1418 L/km); 7.5-tonne compactor trucks (0.8537 L/km); 10.5-tonne compactor trucks
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(1.079 L/km); and 11-tonne container or hooklift trucks (0.6428 L/km). All scenarios employing
large-capacity compactor trucks were developed based on their operational feasibility. In practice,
7.5-tonne compactor trucks are used for direct transportation to the treatment facility, while 10.5-
tonne compactor trucks have been evaluated and deemed suitable by the local environmental com-
pany. All vehicles evaluated in the scenarios were assumed to comply with Euro 5 emission standards.
The unit transportation cost for each vehicle type was considered identical across all scenarios. The
scenarios are presented in Table 1.

2.5. Greenhouse gas emissions assessment method

This study employed the EQT Version III, developed by the Institute for Global Environmental
Strategies (IGES) in collaboration with the UNEP and released in 2025 [23]. EQT is an Excel-based
computational tool designed in accordance with the methodological guidelines of the Intergovern-
mental Panel on Climate Change (IPCC). The tool allows users to input activity data related to waste
collection and transportation, and then applies either default or country-specific emission factors to
estimate emissions. Based on this framework, the present study utilized EQT to quantify GHG emis-
sions from MSW transportation activities, serving as the foundation for analyzing and comparing
different waste management scenarios.

3. Result and discussion
3.1. Results of optimal distance determination for TS siting

In calculating the optimal distance, this study assumes that the distance along the collection route
is not considered. The distance used in the model is measured from the end point of the collection
route, which is defined as the starting point of the transportation segment at the Long Bien Sta-
tion area. This point is referred to as the “end-of-route collection point” throughout the study. The
location was selected because Long Bien Station lies on the boundary of the collection area and rep-
resents the nearest point to the Nam Son Waste Treatment and Disposal Complex. GPS route data
of collection vehicles also indicate that most vehicles transporting waste directly to the treatment and
disposal complex pass through this location. The distances used in the analysis were determined
using Google Maps, including: (i) the distance from the end-of-route collection point to the Nam
Son Waste Treatment and Disposal Complex, which is 39.5 km; (ii) the distance from the Lam Du
TS to the Nam Son Waste Treatment and Disposal Complex, which is 43 km; (iii) the distance from
the end-of-route collection point to the Lam Du TS, which is 3.5 km; and (iv) the distance from the
end-of-route collection point to the newly assumed TS is 1.5 km. Based on the calculated distances,
the values of AX = 3.5 km and AY = 3.5 km represent the additional travel distances incurred when
transporting waste through the Lam Du TS, compared with the direct hauling option to the Nam
Son Waste Treatment and Disposal Complex. Furthermore, the model input parameters were defined
based on the Vietnamese regulatory framework governing transportation unit costs and TS operation
expenses. Parameter A (the transportation cost for small trucks or compactor trucks) was analyzed in
two cases: (i) 7.5-tonne compactor trucks and (ii) 10.5-tonne compactor trucks, with corresponding
values of 3.554 thousand VND/tonne-km and 2.938 thousand VND/tonne-km, respectively. Param-
eter C, representing the transportation cost for 11-tonne container trucks, was set at 1.481 thousand
VND/tonne-km. Parameter B, indicating the operating cost at TS, remained constant in all cases,
with a value of 115.106 thousand VND/tonne. All unit costs used in the cost-optimization analysis
were adjusted using the distance-dependent correction factor. The linear regression equation for the
distance-dependent correction factor is presented in Fig. 2.
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Figure 2. Constrained linear regression of the distance-dependent correction factor

Fig. 2 illustrates the values of the distance-dependent correction factors together with the con-
strained linear regression line. According to the governmental pricing guidelines, the correction fac-
tors are published in a stepwise form, with each distance interval assigned a single fixed coefficient.
This stepwise structure is standardized for the purpose of determining the reimbursable transporta-
tion cost paid by the State to service providers. However, for regression analysis, the study employs
only the representative data points corresponding to each correction level. Converting the stepwise
coeflicients into discrete data points allows a clearer depiction of the actual variation in transportation
cost, rather than reflecting costs only at broad distance intervals. Based on these data points, a lin-
ear regression function was constructed to represent a continuous relationship between the correction
factor and transport distance, with Eq. (3):

K4 =0.031%xL 3)

where K. is the distance-dependent correction factor; L is the transport distance (km).

Previous studies commonly adopted the unit cost specified in Decision No. 30/2020/QD-UBND.
However, the cost guidelines in this regulation provide only a single value for both large and small
collection trucks. This approach leads to results that are inconsistent with the operational optimization
principles of typical MSW transfer systems [24]. To address these limitations, government authorities
have recently issued Decision No. 50/2025/QD-UBND of Hanoi City and Circular No. 36/2024/TT-
BTNMT. These updated regulatory documents classify transportation vehicles into three major load
categories: below 5 tonnes, from 5 to 10 tonnes, and above 10 tonnes. This improvement allows
for more accurate calculations that better align with the operational optimization principles of MSW
transport. Nevertheless, the new guidelines specify adjustment coefficients based on transport dis-
tance. From the 15th kilometer onward, the same coefficient is applied for every 5-km interval. This
approach may cause the calculated results to deviate from the projected values and fail to clearly
represent the relative optimization among scenarios. Therefore, this study applies the mean of the
two boundary values to estimate a representative cost. Although this is an approximation method, it
ensures consistency and comparability across all simulated scenarios.

According to the results calculated using the cost equation proposed by Ouano (1983), the break-
point of Y > 27.76 km represents the threshold distance at which the use of TS becomes economically
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justified under the shortest-route condition. In other words, based on the calculated unit costs, when
the distance from TS to the disposal site exceeds 27.76 km, TS option is more cost-effective than
direct transportation from the end-of-route collection point to the disposal site. In cases where TS
is not located along the shortest route, the detour distances for the Lam Du station were assumed as
AX = 3.5 km and AY = 3.5 km. TS option remains economically advantageous compared to direct
hauling, applicable to both 7.5-tonne and 10.5-tonne compactor trucks.
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Figure 3. Results of the evaluation/determination of the optimal distance

Fig. 3 presents the results of determining the optimal distance for locating TS. Fig. 3(a) illustrates
the relationship between the transportation costs of a 7.5-tonne compactor truck and an 11-tonne
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container or hooklift truck. In this case, the 7.5-tonne compactor truck transports waste directly
from the collection point to the Nam Son Waste Treatment and Disposal Complex, whereas in the
scenario with TS, an 11-tonne container truck is used for long-distance hauling. The cost curve of
the 11-tonne container truck has a smaller slope, indicating a lower transportation cost over longer
distances. However, because of the additional operational cost at TS, this cost curve starts at a higher
level than that of direct transportation by an amount equivalent to B = 115.106 thousand VND/tonne.
The results presented in Fig. 3(a) indicate that when the distance to the treatment facility exceeds
27.76 km, the option of using TS becomes more cost-effective in terms of transportation cost.

In the Vietnamese context, land allocated for TS is typically designated through urban planning
and does not account for land cost. However, centrally located land parcels often possess higher eco-
nomic development potential, which limits the feasibility of locating TS in city centers. Therefore,
TS should be sited at a reasonable distance from collection areas. In this study, a hypothetical TS lo-
cation was selected to evaluate the economic performance trend of the proposed option. The proposed
site is classified as public service land and is not intended for commercial development. Therefore,
land costs were not considered in the analysis. The hypothetical TS was placed 1.5 km from the end-
of-route collection point and situated along the shortest route to the Nam Son Waste Treatment and
Disposal Complex. The new TS should be designed in alignment with the city’s urban development
orientation and ensure convenient traffic accessibility. Fig. 3(b) presents the economic analysis results
for the scenario with TS, where the distance from the end-of-route collection point to the station is
1.5 km. In this option, waste is collected and transported to TS by 7.5-ton compactor trucks, after
which 11-ton container trucks are used to haul the waste from the station to the Nam Son Complex.
The results indicate that the use of TS provides a significant economic advantage compared with di-
rect hauling by 7.5-ton compactor trucks. Specifically, the transportation cost for direct hauling to the
Nam Son Complex is 281 thousand VND per ton. Besides that, the scenario with the hypothetical TS
reduces the cost to 238 thousand VND per ton, representing a decrease of approximately 15.3%.

Fig. 3(c) was developed to evaluate the efficiency of the Lam Du TS. In this case, the Lam Du
station receives waste from 7.5-tonne compactor trucks and transfers it to 11-tonne container trucks
for transportation to the Nam Son Waste Treatment and Disposal Complex. The Lam Du TS is
not located along the shortest route from the end-of-route collection point to the Nam Son Waste
Treatment Complex. Consequently, the transport distance through this station is longer than that of
the direct-hauling option, with AX = 3.5 km and AY = 3.5 km. The analysis results shown in Fig. 3(c)
indicate that the use of the Lam Du TS reduces the transportation cost to 267 thousand VND/tonne.
The transportation cost when using the Lam Du TS is 4.98% higher than that of the hypothetical TS.

Although the Lam Du TS demonstrates economic efficiency, its location is not situated along the
shortest route to the Nam Son Waste Treatment and Disposal Complex. Therefore, it is necessary
to examine whether increasing the load capacity of collection trucks for direct transportation could
provide a more optimal solution. To address this issue, the study compares two scenarios: (i) direct
transportation using 10.5-tonne compactor trucks and (ii) collection using compactor trucks followed
by waste transfer at the Lam Du TS to 11-tonne container or hooklift trucks. Fig. 3(d) presents the
analysis results for the direct transportation option using a 10.5-ton compactor truck, with a cost of
232,000 VND/ton at a transport distance of 39.5 km. This cost is theoretically representative because
it does not include the collection route and is used only to compare cost-optimization trends. As a
result, it does not reflect the actual operational distance. GPS data show that the average travel dis-
tance of compactor trucks when transporting waste directly to the treatment facility is approximately
53.5 km. At this distance, the direct transportation cost reaches 314 thousand VND/tonne, while

69



Khanh, T. B., et al. / Journal of Science and Technology in Civil Engineering

TS option costs 304 thousand VND/tonne. The results demonstrate that the use of TS remains the
more cost-effective option under real operating conditions. In addition, increasing the load capacity
of collection trucks also contributes to reducing the transportation cost of MSW.

3.2. Results of scenario analysis

a. Transportation distance and fuel consumption of the MSW transfer system

Table 2. Average daily transportation distance

Scenario
Vehicle type
BAU SC1 SC2 SC3 SC4
(Kmy/day)

Small truck/mini compactor truck 327.20 1077.05
7.5-tonne compactor truck 1485.49 564.00 484.00
10.5-tonne compactor truck 1609.32
11-tonne container/hooklift truck 354.99 1435.04 1435.04 1064.00
Total 2167.68 1609.32 2512.09 1999.04 1548.00

Table 2 presents the calculated average transportation distances for each scenario during a single
operational day. The total travel distance of the system decreases substantially when shifting from the
BAU to the hypothetical scenarios. Among them, Scenario SC2 exhibits the longest transportation
distance, reaching 2512.09 km/day. Although TS is employed in this case, SC2 still records the
highest total distance because the scenario utilizes small compactor trucks to transport waste from
collection points to the Lam Du TS. The smaller truck capacity requires a greater number of trips to
deliver the waste to TS compared with the use of large compactor trucks. Furthermore, the location of
the Lam Du TS is not optimal in terms of its distance to the Nam Son Waste Treatment and Disposal
Complex, which contributes to the overall increase in transportation distance. This pattern is clearly
reflected in the data. Even though compactor trucks in SC2 operate only between collection points and
the Lam Du TS, their average daily travel distance still reaches 1077.05 km, accounting for 42.8%
of the total transportation distance in this scenario. The BAU scenario ranks second, with a total
transportation distance of 2167.68 km/day. The total transport distance of SC1 is 1609.32 km/day,
representing a significant reduction compared with the BAU and SC2 scenarios, but only a moderately
lower value than that of SC3 (1999.04 km/day). Considering SC4, TS in this case is located along the
shortest route, resulting in a reduction of the total daily transport distance to 1548 km. Consequently,
SC4 represents the scenario with the shortest overall transportation distance among all cases.

Table 3 presents the calculated average daily diesel consumption for each operational scenario.
The transport distance alone does not fully represent GHG emissions, as it also depends on the fuel
consumption rate of each vehicle type. In terms of fuel use, SC1 consumes 1736.51 L/day and records
the highest consumption among all scenarios. Although its total transport distance ranks only fourth,
SC1 still reports the greatest fuel consumption because the 10.5-ton compactor truck used in this
scenario has the highest fuel consumption coefficient. BAU exhibits the second-highest fuel con-
sumption, reaching 1534.09 L/day. SC3 ranks third, with a consumption level of 1403.93 L/day. SC2
has the longest transport distance. however, its fuel consumption ranks only fourth, at 1075.11 L/day.
This outcome is attributed to the predominant use of smaller trucks in SC2, which have lower fuel
consumption coeflicients and shorter collection routes located near TS. Finally, SC4 records a sub-
stantially low level of fuel consumption at 1097.13 L/day as a result of the optimized TS location.

70



Khanh, T. B., et al. / Journal of Science and Technology in Civil Engineering

Integrating digital data management systems and real-time material flow analysis can support adaptive
transportation planning, optimize vehicle load utilization, and improve fuel-use efficiency [25].

Table 3. Average daily fuel consumption

Fuel Scenario
Vehicle type ;
P COft‘S“fIilll’(“"n BAU  SCI SC2  SC3 SC4
rate (LK 1 /day)
Small truck/mini compactor truck 0.1418 46.39 152.69
7.5-tonne compactor truck 0.8537 1268.22 481.51 413.21
10.5-tonne compactor truck 1.0790 1736.51
11-tonne container/hooklift truck 0.6428 228.18 92242 922.42 683.92
Total 154279 1736.51 1075.11 1403.93 1097.13

b. Assessment of greenhouse gas emissions and net climate impact

Fig. 4 illustrates the analysis results of black carbon (BC) emissions across the evaluated scenar-
ios. BC is a SLCP that plays an important role in global climate change and is primarily produced
from the incomplete combustion of fossil fuels. In this study, BC emissions originate from diesel en-
gine operations during the collection and transportation of MSW. In the SC1 scenario, BC emissions
are the highest among all cases. The second-highest BC emissions occur in BAU. All hypothetical
scenarios that incorporate the use of TS show lower BC emissions compared with the BAU scenario.
The third highest is SC3, followed by SC4 and SC2. Consistent with the trends observed in fuel
consumption across scenarios, SC2 and SC4 also exhibit the lowest emission levels. Currently, newly
invested collection and transportation vehicles are equipped with Euro 5 engines, which significantly
reduce BC emissions compared with older models. Furthermore, this study and several recent ones
recommend replacing fossil-fuel-powered vehicles with electric alternatives [26]. This transition can
almost completely eliminate direct BC emissions during MSW transportation [26].
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Figure 4. Black carbon emissions per tonne of collected MSW under different scenarios

Fig. 5 presents the analysis results of GHG emissions per tonne of MSW collected and trans-
ported. Among the emitted gases, CO; is the dominant component, while other GHG contribute
only marginally and are considered negligible. CO, emissions are the primary outcome of MSW
transportation activities, generated through the combustion of diesel fuel in vehicle engines [27].
Therefore, the level of CO, emissions directly reflects the fuel consumption pattern of each scenario.
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The SC1 scenario exhibits the highest emission level, with approximately 31.42 kg GHG/tonne. Fol-
lowing the same trend observed in fuel consumption, scenarios BAU and SC3 show progressively
lower emission levels, at 28.24 and 25.73 kg GHG/tonne, respectively. Finally, the two scenarios
with the lowest emission levels are SC4 (20.18 kg GHG/tonne) and SC2 (19.78 kg GHG/tonne), each
representing a reduction of more than 28% compared with the BAU scenario.
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Figure 5. GHG and SLCP emissions per tonne of collected waste under different scenarios

Fig. 6 presents the results of the assessment of climate change impacts generated from the MSW
transportation system. The climate impact was quantified by converting emissions of CO,, CHy, and
N, O into CO;-equivalent using their respective 100-year Global Warming Potential (GWP-100) val-
ues. In this calculation, the EQT does not account for BC emissions. The scenario with the highest
climate impact is SC1, with an emission level of 31.9 kg CO;-eq/tonne. The simulation results in-
dicate that the net climate impact decreases significantly across all scenarios that use TS compared
with the BAU scenario. Specifically, total emissions are reduced from 28.67 kg CO;-eq/tonne in the
BAU scenario to 26.12 kg CO»-eq/tonne in SC3, 20.48 kg CO;-eq/tonne in SC4, and 20.08 kg CO;-
eqg/tonne in SC2. SC2 achieves a relatively substantial reduction in emissions, primarily due to the use
of small trucks with lower fuel consumption coefficients and operation within short collection routes
located near TS. SC4 emerges as the most effective scenario for emission reduction when consider-
ing operational characteristics, corresponding to a 28.5% decrease compared with the BAU scenario.
In addition, the hypothetical TS scenario (SC4) achieves a 21.5% reduction in GHG emission com-
pared with scenarios using the Lam Du TS (SC3). This trend reflects the relationship between fuel
consumption and GHG emissions, thereby illustrating their contribution to climate change. As EQT
Version III incorporates updated emission factors, the resulting estimates may be comparatively lower
than those reported in earlier studies using previous emission factors [28].

The study results show that GHG emissions from MSW collection and transportation activities
in the study area are approximately 28.67 kg CO;-eqg/tonne under the BAU scenario. In this study,
the BAU scenario was developed under the assumption that the entire vehicle fleet complies with
the Euro 5 emission standard, thereby representing the lowest emission level that can be achieved
under the current context. GHG emissions primarily originate from CO; released during fossil fuel
combustion [27]. Currently, the MSW transfer system operates inefficiently, with transport distance
and fuel consumption identified as the main contributors to GHG emissions. Therefore, optimizing
transport routes and selecting appropriate vehicle transfer combinations are essential to reduce GHG
emissions. The comparison among scenarios indicates that larger collection trucks achieve higher
operational efficiency, mainly because they require fewer return trips to unload waste compared with
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Figure 6. Net climate impact from waste transportation under different scenarios

smaller vehicles [28]. TS should be located on the shortest route connecting the collection areas and
the disposal site, preferably as close to the collection areas as possible. Among the scenarios using
trucks ranging from 7.5 to 11 tonnes, employing TS consistently proves to be more cost-effective than
direct transportation. The hypothetical TS scenario was developed to show that when TS is located
closer to the collection area, the transportation efficiency increases.

4. Conclusions

The findings of this study demonstrate that the use of TS combined with 11-tonne container/hooklift
trucks is a more effective option than direct collection using 10.5-tonne compactor trucks to the Nam
Son Waste Treatment and Disposal Complex. The current waste transfer operations remain inefficient,
and utilizing TS for waste transshipment proves to be the optimal solution. The study developed and
evaluated four different operational scenarios to quantify the relationship among transport distance,
vehicle configuration, and GHG emissions. The analysis results identify the optimal configuration
that simultaneously satisfies both cost and environmental performance criteria. This methodological
framework can be applied to other cities and urban areas to optimize MSW transfer systems based
on local operational conditions. Furthermore, the results provide important scientific evidence to
support planning and decision-making for waste transfer infrastructure investment, while assisting
public service enterprises in reducing emissions toward the goal of net-zero emissions in the MSW
management sector.

However, this study has several limitations. First, input parameters such as fuel consumption,
emission factors, and operational costs were mainly derived from average values and secondary data
sources, which may introduce certain discrepancies compared to actual operating conditions. Second,
although the regulatory authorities have issued separate cost norms and unit prices for each vehicle
type, the load categories and distance-based adjustment coefficients are still defined within relatively
broad ranges. These coefficients should be further refined for specific operational conditions to im-
prove the accuracy of future assessments. Third, the study area was limited to a central district of
Hanoi, and thus does not represent the total emissions of the entire city. Given the larger operational
scale of the city, the actual emissions are expected to be higher than those estimated in this study. In
future research, it is recommended to expand the study scope to more accurately assess the emission
reduction potential across the entire Hanoi metropolitan area. Future studies should also develop and
evaluate scenarios incorporating electric or clean-fuel vehicles to reduce direct emissions, particularly
SLCP such as BC. Expanding research in these directions will help improve the assessment model
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and increase the reliability of the results. Consequently, the outcomes of this study can also contribute
to the development of a circular economy-oriented MSW management system.
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