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ARTICLE INFO ABSTRACT

Keywords: With over 2 billion metric tons generated annually, global solid waste production has severe environmental
Digital twins consequences. Although it is not a primary Sustainable Development Goal, effective solid waste management
Solid waste management (SWM) is vital for meeting targets 11.6, 12.4, and 12.5. South Africa, in particular, deals with significant

Citizen science
Volunteered Geographical Information (VGI)
Vehicle Routing Problem (VRP)

SW generation and inadequate collection services. Therefore, this paper presents an Urban Digital Twin
(UDT) prototype to tackle these issues, involving stakeholder prioritization, integrating real-time monitoring,
citizen participation, waste generation simulations, optimized collection routes, and a control Dashboard where
stakeholders’ system requirements were included. The UDT proposes optimized collection routes to reduce
fuel use, operational costs, and emissions. The stakeholders’ opinions on the usefulness of the UDT varied
due to their backgrounds and skills. Most of them appreciated the Dashboard visualization and the UDT
possibilities for resource optimization. The performance of the UDT depends on computer capacity and local or
online processing. This UDT prototype sets the foundation for digital twinning in SWM, scalable to different
areas, vehicles, and production levels. The proposed approach, citizen involvement, and multi-stakeholder
engagement enhance the SWM, benefiting resource-limited countries.

1. Introduction of urban life (Ismagilova et al., 2019). The World Bank (Kaza et al.,
2021) reports that approximately 2.24 billion metric tons of municipal

The term Urban Digital Twin (UDT) refers to a digital replica of solid waste (SW) were generated globally in 2020. Approximately 33%
some of the physical assets of a district or neighborhood of a city

that can be used to co-create and test scenarios with city-specific
parameters (Ruohomaki et al., 2018). By integrating simulation models,
impact assessment modules, and decision-analysis modules, a UDT goes

of the annual waste generation remains unmanaged in environmentally
safe ways (Kaza et al., 2018). Unfortunately, the United Nations has
not included solid waste management (SWM) as a primary Sustainable

beyond merely static 2D or 3D representations of urban environments, Development Goal (SDG), potentially reducing its visibility in the po-
becoming a model for the past, present, and future state (Digital Twin litical agenda (Rodi¢ & Wilson, 2017). However, tackling the issue is
Geohub, 2022). A UDT can work as a Decision Support System to intrinsically related to twelve of the 17 SDGs, principally SDGs 11, 12,
inform urban planners and designers of the impact a project develop- and 13 (Wilson et al., 2015). Therefore, waste management is critical

ment will have and be a driver for citizen involvement in the planning
process (Dembski et al., 2019, 2020). Although there has been some
advancements in interesting UDTs into well-known urban challenges
such as air quality (Mak & Lam, 2021), traffic management (Ibrahim

for achieving holistic sustainability in cities.
Previous studies have incorporated the use of geospatial data, such
as land use, road network configuration, street slope (Hina et al., 2020;

et al., 2022), parking occupancy, or parking restrictions (Latré et al., Malakahmad et al., 2014; Sahib & Hadi, 2021) and computer vision for
2016), some other city challenges have been left behind, such as identifying containers (Moral et al., 2022) in the improvement of SW
underground management, water supply or urban greenery. collection. However, there has not been an integrated approach that

Solid waste management (SWM) is another one of these challenges. includes a 3D estimation of waste generation, citizen-tagged container

Researchers have identified it as a crucial area for integrating sensors to

R . X LT X . location, and route collection improvement.
enhance urban sustainability, given its significant impact on the quality
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This paper continues the work originally presented in The 18th
3DGeolnfo conference (Cardenas et al., 2024). Here, we explore inte-
grating urban digital twin technology with solid waste management
systems to address the challenges of waste collection, intermittence,
and illegal dumping in urban environments.

As such, this study presents a UDT prototype that incorporates
waste generation simulations of containers and iterative vehicle routing
optimization based on the generation and prediction of future waste
volumes. The study area is the Hatfield and Hillcrest neighborhoods
in the City of Tshwane (CoT), South Africa. This research introduces
the first South African Digital Twin model for SWM, using volunteered
geographical information, 3D LiDAR city scans, 3D waste generation
calculations, and open-source geospatial data. The study proposes a
UDT waste prototype that could be replicated in other regions.

This research paper is structured in the following way. First, a
presentation of the local context and societal problem that drove the
research. Second, a literature review of the current practices and aca-
demic advancements in solid waste monitoring, route optimization,
and the methods for stakeholder identification and analysis. Third, the
presentation of the methods, including the description of the study area,
geospatial datasets included, the structure of the development of the
UDT, and methodology for assessment of the DT from stakeholders.
Fourth, we present the prototype of our DT and the particularities of
findings of using a Digital twinning approach. Fifth, we present the
discussion of our findings and an analysis of our UDT based on the
Gemini Principles. Finally, we present the conclusions of our study and
the answers to the research questions that guided this research.

2. Literature review
2.1. Geographical context

In South Africa, 30.5 million tons of residential, commercial, and
institutional solid waste were generated in 2017 (Department of En-
vironment Forestry and Fisheries, 2020; Department of Environmental
Affairs, 2018). With a population of 59.9 million (UN DESA, 2022),
the country has an estimated generation of 1.48 kg/capita-day of
solid waste. A value which is higher than the sub-Saharan average —
0.46 kg/capita-day — and is at similar levels of the upper quartile of
Europe and Central Asia countries — 1.53 kg/capita-day (Kaza et al.,
2018), being the primary challenge in the overall waste management
system of the government.

In the City of Tshwane, the administrative capital of South Africa,
protests have arisen due to irregularities in urban service provision.
Residents are advocating for equitable service delivery and consistency
equivalent to that of the historically privileged white areas of the city
during apartheid (Mokebe, 2018). Following a major municipal services
strike in 2023, the CoT has since restored its waste removal schedule
after grappling with many challenges from the illegal strike affecting
service delivery (Berlinton, 2023). While city officials note general
improvements in waste operations across all seven city regions, illegal
dumping remains a significant concern, posing health risks. Residents
are encouraged to report uncollected bins regularly, and residents from
all walks of society play an important role in maintaining the city’s
cleanliness (Njilo, 2023; Ramadie, 2023).

The city reports that the SW that reaches the landfill per capita
is around 1.95 kg/d (City of Tshwane, 2022a), indicating waste pro-
duction is higher than the national average. With over six hundred
illegal dumping hotspots detected, the city has identified measures to
improve the SWM system, including confirming illegal dumping sites,
allocating new containers, and applying intense cleanup of streets (City
of Tshwane, 2022b). Previous studies suggest that executing the type
of measures, such as the ones identified by CoT, requires moving from
a traditional static model to a dynamic one that adapts to changes
in waste generation, incorporates real-time container monitoring and
frequent collection route optimization (Anagnostopoulos et al., 2015;
Hina et al., 2020; Ramson et al., 2022). Moreover, the model should
include active citizen participation supported by government structures
for improved SWM (Kubanza & Simatele, 2020).
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2.2. Solid waste generation

The SW generation phase has had a limited focus on literature (Al-
shaikh & Abdelfatah, 2024). Researchers have retroactively estimated
the total generated mass of waste by measuring the total collected
waste, assessing waste density, calculating the volume of collection
vehicle containers, and dividing the average mass by the total served
population (Ibiebele, 1986). Some studies have aimed to understand
the factors that predict the SW generation, analyzing factors such
as population density, household size (Lebersorger & Beigl, 2011)
age group (Sinha & Prabhudev, 2016), average living area (Nguyen
et al.,, 2020), life expectancy (Vieira & Matheus, 2017), education
levels (Grazhdani, 2016), income (Grazhdani, 2016; Kaza et al., 2018),
or business scale (Nguyen et al., 2020), but the studies have focused
on reviewing the information available and then trying to identify
the predicting factors (Izquierdo-Horna et al.,, 2022). This has led
studies to focus on minor scales (Country or province level) and not on
the direct generator, a household. Studies with higher scales (House-
holds or dwellings) have shown better results in predicting the SW
generation (Torrente-Velasquez et al., 2021).

In this sense, on the residential side, the critical factor common in
estimating waste generation is the number of people and the waste each
could generate. Therefore, population density is crucial in calculating
waste generation on the biggest measurable scale possible. On the
other hand, there is greater complexity when estimating waste from
non-residential buildings. Karadimas and Loumos (2008) presented a
method that includes the business area and the economic activity
of each location to calculate the generation of non-residential waste,
which approximates how to calculate this waste flow. Nonetheless,
the estimations used are representative of the local and temporal
conditions.

2.3. Solid waste monitoring

SW container identification has been done via survey (Alsobky et al.,
2023), on-field road-by-road data collection (Kiran et al., 2023) or data
directly sourced from local authorities (Hina et al., 2020). Advanced
approaches propose video recordings where cameras are integrated
into collection vehicles and post-processed through computer vision
techniques to geo-locate and classify container types in a city (Moral
et al., 2022). These approaches help to identify where SW should be
collected but do not monitor fullness [capacity or current saturation
state].

Several monitoring sensors for solid waste saturation or container
fullness have been designed. Some include ultrasonic sensors on con-
tainer lids (Chaudhari & Bhole, 2018; Joshi et al., 2022; Karthik et al.,
2021; Mahajan et al., 2017; Ramson & Moni, 2017), weight sensors
at the bottom of containers (Rovetta et al., 2009), mixes of both (Ali
et al., 2020; Vicentini et al., 2009) or infrared sensors (Singh et al.,
2016). The cited studies using ultrasonic sensors were only tested at
the prototype level, limited to two containers, and later reported the
data to a centralized system. These sensors still need to be tested in
outdoor conditions of cities and scaled to several containers to test
realistic management and operations scenarios. Nonetheless, Ali et al.
(2020) simulations demonstrated the possibility of creating production
records and using these to forecast daily generation levels for individual
containers.

While Rovetta et al. and Vicentini et al. tested ultrasonic sensors
outdoors in Shanghai (PR China) with controlled scenarios for resi-
dential and commercial usage, these tests used human operators for
reporting containers. Citizens were invited to use particular containers,
creating a bias in the actual values of on-site volume generation. These
studies also propose including route optimization for waste collection
in conjunction with the sensors. However, they do not implement this
with real-time information.
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Fig. 1. Stakeholders’ typology with four attributes and their relationships. Source: Shafique and Gabriel (2022).

Utrecht, Netherlands, has already incorporated ultrasound sensors
and daily rerouting based on fullness of containers. This approach
reduces the required vehicles and prevents container overflow (Utrecht
Gemeente, 2021), demonstrating the systemic value of integrating the
sensors with route optimization.

2.4. Routing optimization based on geospatial information

SW collection is an inverse goods distribution problem — items
must be collected instead of delivered. Necessarily, any waste collec-
tion route optimizations improve the efficiencies of waste collection
systems. Collection route optimization problems depend on the number
of collection points, waiting times for loading and unloading, accumu-
lated distances between landfills and collection points, and distances
between collection points (Sarmah et al., 2019).

Route optimization is a well-studied topic and has many different
approaches. Analytical approaches focus on mathematical methods
that analyze efficiency for improving collection routes. For example,
research that focuses on changes in road-length segments shows re-
ductions in cost, energy, or vehicle operating times, while vehicles
using less fuel also allow an increase of area coverage (Erding et al.,
2019; Hannan et al., 2018; Sahib & Hadi, 2021). Agent-based mod-
eling approaches can simulate SW generation and sequential filling
of collected containers based on the shortest routes between filled
containers, which helps maximize potential profits (Likotiko et al.,
2017). Geospatial information approaches show how network analysis
could be implemented using route lengths, topography, and collection
times (Hemidat et al., 2017; Jovicic et al., 2010; Malakahmad et al.,
2014). Approaches can be integrated, for example, where mathematical
route optimizing use of road networks, traffic data, and geospatial
collection scheme information are combined and tested against agent-
based model simulations (Nguyen-Trong et al., 2017). These vehicle
routing optimization problems all share typical constraints: (1) clear
start- and end-points for each route (depot or landfill), (2) each con-
tainer is served by only one route, (3) vehicle collection capacity limits,
and (4) comply with local traffic regulations.

The approaches show reductions in operation times, fuel savings,
and human work hours. Only Likotiko et al. (2017) considers con-
secutive optimizations based on container volumes or fullness and
waste production dynamics, such as constant changes in SW genera-
tion, which would require real-time data that can re-optimize routes.
However, these optimization approaches aim to produce one-fit-for-all

solutions in a new fixed schedule rather than adapt to unique area
requirements and local daily waste generation dynamics.

2.5. Stakeholder identification and classification

Waste management systems include dynamic and interrelated tech-
nological, political, environmental, and socio-economic aspects, includ-
ing diverse stakeholders (Zaman & Lehmann, 2011). Understanding
stakeholder characteristics, concerns, local conditions, and constraints
helps increase participation, effectiveness, and willingness to find ap-
propriate solutions (Lishan et al., 2021; Palacios-Agundez et al., 2014).
Defining the UDT use case for complex, interrelated issues (such as
urban waste management) requires balancing stakeholder interests.
Therefore, it is essential to understand the stakeholder landscape, con-
text, relationships, and the particularities of what is at stake (Freeman,
2010).

Stakeholder salience theory
(Mitchell et al., 1997; Shafique & Gabriel, 2022) classifies stakeholders
on three attributes: Power, Urgency, Legitimacy, and Proximity. This
stakeholder framework has 16 typologies classification that helps to dis-
tinguish between stakeholders, delineating their roles and limitations
according to the possession or exclusion of each attribute. According
to this classification, Definitive and crucial stakeholders take the most
important roles in project operation and management (See Fig. 1)

This salient model does not consider a method for identifying the
possession of each attribute and the relationships between one and
another stakeholder. Any classification, naturally, carries a research
bias regarding stakeholder typologies and designations.

2.6. Research gap and contribution

As in the previous section, South Africa’s challenges in solid waste
management, particularly in the CoT, include large generation, col-
lection intermittence, and illegal dumping. Solutions require changing
the static schedule SWM model into a dynamic approach that includes
citizen and other stakeholders’ participation and constant monitoring
and optimization of waste collection. Current methods for solid waste
monitoring have not been explored on a large scale and in the context of
a resource-limited city. Although there have been some advancements
in vehicle routing optimization for SWM, proposed solutions do not
adapt to changes in local waste generation over time.
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Fig. 2. Hatfield digital twin city study area.

Therefore, this presents a case study location to develop and test a
prototype Digital Twin model for Solid Waste Management. This study
aims to address the challenges of waste container allocation, irregular
collection services, and inefficient resource utilization by simulating
waste generation patterns and optimizing waste collection routes. The
proposed prototype could be a transferable solution for other cities
facing similar solid waste management issues in Sub-Saharan Africa.

3. Methods

Our UDT development process includes on-site and desktop geospa-
tial data collection, stakeholder identification and prioritization, 3D
city digital reconstruction, SW generation estimation, and optimal SW
collection routes design. In the conclusion, we also include an assess-
ment and reflection on the UDT process.

3.1. Study area

The study area (9.45 km?) is the Hatfield and Hillcrest neighbor-
hoods in Pretoria, City of Tshwane, South Africa. The area has various
land uses, from residential to agricultural, including the University of
Pretoria campuses (See Fig. 2). The area includes the Hatfield City
Improvement District (CID), a private non-profit organization perform-
ing local urban management functions. The CID is taxpayer-funded
through property levies, which are collected by the municipality and
transferred to the CID to provide urban services such as cleaning
and maintaining public spaces, providing private security, or urban
beautification (Hatfield CID, 2021).

3.2. Geospatial datasets

Our research uses geospatial data from CoT, the National Geo-
Spatial Information Centre of South Africa, and data collected by the
Department of Architecture at the University of Pretoria. The initial
data is summarized in Table 1. For a web application, all data was
reprojected to WGS 1984 (ESPG: 4326). Length and area attributes
were calculated in Hartebeesthoek94/Lo29 (ESPG: 2053).

3.3. Urban waste management digital twin design

The UDT design requires a series of steps in digital city reconstruc-
tion, waste calculation, route optimization, and system integration.
Fig. 3 shows a detailed flowchart summarizing the process.

The UDT prototype assumes a constant input of waste generation,
which is simulated for this research and is an adaptative waste col-
lection route. In this sense, the tool is designed to constantly monitor
waste management for operational improvement and reduce human
intervention.

3.3.1. Stakeholder identification

Stakeholders in this area often engaged in voluntary and open
academic discussions about local city issues with students and teach-
ers at the University of Pretoria. One academic discussion was held
to unpack general ideas on improving local SWM. With voluntary
consent, the discussion was recorded, transcribed, anonymized, and
analyzed following a method developed by Radford et al. (2022).
The discussion was further analyzed to identify potential additional or
missing stakeholders. The relationships of Power, Urgency, Legitimacy,
and Proximity were classified and drawn according to the adapted
salient model (Mitchell et al., 1997; Shafique & Gabriel, 2022).

To further classify and reduce subjectivity, an Analytical Hierarchi-
cal Process (AHP) pairwise comparison was made (Saaty, 1987, 1990).
Each attribute was compared on a nine-point scale, where stakeholder
i is compared with stakeholder j (Table 2).

A comparison matrix was generated, values were normalized, and,
based on the resultant eigenvector of each attribute, the stakeholders
were classified according to the adapted salience model types. From
this result, Definitive and Crucial stakeholders were considered the
primary end-users of the UDT.

3.3.2. System architecture and data integration

Integrating the elements into one Digital Twin followed the archi-
tecture proposed in Fig. 4. The process includes retrieving citizens’
collected data through Epicollect5 API, exporting data to a JSON file,
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Table 1

Datasets used.
Geospatial Specifications Data type Date Coordinate Source
dataset system
LIDAR Scanning Aerial laser LAS June, 2019 EPSG:4148 CoT GIS, ESRI

Buildings

Road Network

Aerial Imagery

scanning with 0.6 m
of separation
Building footprints
with attributes
Name, type of
building

Polyline of motorcar
roads, including
total length, road
direction, road type
Very
High-Resolution
Imagery from
Unmanned aerial
vehicles — UAV
from the study area.
RGB Bands. 0.1 m
Spatial Resolution

Vector Polygons

Vector Lines

Raster

Zoning Polygons Defining Vector Polygons
regulations for land
use
Global Estimated Raster
Settlement Residential
Population population per
100 x 100 m cell.
Epoch 2020
Solid Waste 1270 containers and March, 2023

Containers and
Littering
Location

820 illegal dumping
reports

March, 2023 EPSG: 4326 OpenStreetMaps

Contributors

March, 2023 EPSG:2053 CoT GIS portal

June, 2018 EPSG:2053 CoT GIS Portal

March 2023 EPSG:2053 CoT GIS Portal

June, 2022 EPSG:54009 GHS population grid
multitemporal
(1975-2030)
(Schiavina et al.,
2022)

On-field data
collection —
(Cardenas et al.,

2024)

EPSG:4326 Vector Point
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Fig. 3. Urban waste management digital twin design flowchart.

filtering and transforming data into a CSV point file, and convert-
ing the point layer to visualize SW containers. SW containers were
allocated to buildings using a near function. The optimal route for
waste collection vehicles is calculated using the ArcPy routing module.
The resulting route and pickup sequences are displayed in an online
operational Dashboard, updating every 6 s. The online Dashboard con-

tains important descriptive statistics and key requirements identified by
stakeholders (see Section 3.3.1). The whole system was assembled in a
local setup with a computer featuring 28 GB RAM, 3.8 GHz - 8 cores
— 16 threads CPU, and 4 GB dedicated GPU; and also a Cloud service
using ArcGIS server with 64 GB RAM, 2.1 GHz - 8 cores — 16 threads
CPU, and no GPU.
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Table 2
Analytical Hierarchical Process pairwise comparison. Source: (T. L. Saaty, 1990).

Relative Definition — X: Power, Urgency, Legitimacy, Proximity
importance

1 i and j have equal X

3 i have moderate X over j

5 i have strong X over j

7 i have very strong X over j

9 i have extreme X importance over j

2,4,6,8 Intermediate values between two adjacent judgments
Reciprocal When the relation is inverse — (eg. j has strong X over i: 1/5)

3.3.3. Solid waste generation calculation

We used the Global Human Settlement Population Layer (Schiavina
et al., 2022) on a 100 m resolution for residential population estima-
tion. We calculate population density per pixel based on each polygon’s
total floor area of residential buildings. We used the population density
value to derive an estimated population count for each residential
building. This was multiplied by an average waste production value,
allowing us to calculate the daily waste production per building.

Non-residential buildings were categorized into four classes (see
Table 3) ordered by high-to-low SW generation rates. We selected the
upper tier value of the SW generation range, as indicated by Karadimas
and Loumos (2008) as there are limitations on local SW production per
type of building or economic activity.

For each building and its closest container, we used an “as-the-
crow-flies” method to indicate where SW might likely be deposited
and collected. We assigned a 600 kg/m3 waste density per container
based on the local collection company’s operational estimation for the
current routing scheme. To simulate waste production at each location,
a random number between 0 and 1/24th of the total daily production
was generated, and a maximum excess of daily waste production was
set to 20%.

3.3.4. Optimal collection route

A network analysis was performed using a Capacitated Vehicle
Routing problem solver (ESRI, 2023) to calculate optimal collection
routes. The route solution model has several factors, including the ag-
gregated containers’ locations, current volumes and levels, and vehicle
capacity limits.

For this study, the road vector layer was first classified to identify
directional segments and their categories (residential, highway, road-
link) and vehicle speed restrictions. Next, a Network Analysis layer was

created to identify edges and nodes, with edge weights calculated based
on travel time using maximum speed and segment length. Containers
with saturation over 75% were selected and loaded into the network as
collection orders.

Analysis start- and end-conditions were set, waste accumulation
simulations occurred, and network problem-solving occurred every
sixth waste generation iteration (skipping the 24th for non-working
hours). The solution involved creating an OD matrix representing the
shortest path between collection orders and the landfill location, with
collection orders added sequentially to optimize routes using a Tabt
search meta-heuristic approach (ESRI, 2023).

After each solution, collected waste containers and saturation levels
were reset, and non-collected orders continued accumulating until
reaching the threshold. Routes and orders were deleted to accommo-
date new routes and prevent processing memory overload.

3.4. Stakeholder assessment

This UDT development took place from Jan 2023-June 2023. A
UDT demonstration was conducted in July with 21 voluntary partic-
ipants, showcasing the UDT Dashboard’s visualization and operating
capabilities and various data interactions. The demonstration included
an overview of the UDT’s development process, complemented by
a demonstration video (see 5). After the video, participants freely
explored the tool and provided feedback through a voluntary and
anonymous questionnaire.

The questionnaire, utilizing a five-point Likert scale, was designed
to assess user satisfaction, usability, and usefulness based on the meth-
ods proposed by Ballatore et al. (2020) and the added value analysis
by Pelzer et al. (2014) (See Fig. 6). The UDT was evaluated and
discussed following the three classes (purpose, trust, and function) of
the Gemini Principles (Bolton et al., 2018), as seen in Fig. 7.

4. Results
4.1. Current practices

According to the Community Survey Report of the Province of Gaut-
eng (Statistics South Africa, 2018), the CoT had 2,921,488 inhabitants
in 2011 and 3,275,152 in 2016, reflecting an average annual growth
rate of 2.28%. Extrapolating with the same growth rate, the estimated
population for 2023 is approximately 3,835,010 inhabitants.

The 2011 census shows that the CoT had an urbanization level of
92.3% (Statistics South Africa, 2012). Assuming there is no significant
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Building classes, related commercial activity, and waste production. Source: adapted from Karadimas &

Loumos, 2008.

Category Typical commercial activity Waste
production
(kg/m* —d)
A Supermarket, bakery, restaurant, grocery store, 0.419
greengrocery store, fish store, fast food, bar, pub,
club, café.
B Butcher store, patisserie, hairdresser, wine-vault, 0.225
floristry, garage, pizzeria.
C Theater, church, school, bookstore, barbershop, 0.124
traditional café, pharmacy, post office, lingerie.
D Embassy, office, Insurance company, chapel, betting 0.024

shop, tutoring center, shoe store, clothing store,

jewelry store, video club.

Hatfield Digital Twin for Solid Waste Ma

Average container
Saturation

83.9 '

gl Dumping Repors

2,459.8

Ka of waste

Required returns to Landfi

0

Total Travel Distance

76.7 Km

Total required Time

70

Minutes

Fig. 5. Demonstration video urban digital twin for solid waste management - https://www.youtube.com/embed/6k209psuRqw.
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Fig. 7. Digital twins gemini principles. Source: Bolton A & Schooling, 2018.
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change in urbanization levels, the total population in the urban area
of Tshwane is estimated to be 3,539,714 inhabitants in 2023.! At a
rate of 1.95 kg/inhabitant/day (City of Tshwane, 2022a), the estimated
total production is 6,902.44 Tons/day for residential, commercial, and
industrial waste.

The stakeholder discussions offer insights into the city’s waste col-
lection processes. The municipality collects waste weekly with 18 m?
compacter vehicles with an efficiency of 4 km/L of diesel. Each suburb
has a designated collection day; collection companies only manage
building types and residential unit counts. Due to high waste produc-
tion, restaurants have a daily waste collection. Additionally, individual
businesses can contract private waste collection companies to meet
their specific needs. The municipality employs foot workers to address
pedestrian and vehicle littering in public areas. Equipped with bags for

1 After this research was completed, Statistics South Africa released
the 2022/2023 Census. The total population of CoT is estimated to be
4.040.315 inhabitants; no specification on the urban-rural composition was
made (Statistics South Africa, 2023).

litter collection, they transport the collected waste to central points
for truck pickup. Unlike scheduled truck collections, foot personnel
operates on an “as-needed” basis.

The CID provides an additional public space litter-picking service
with 16-foot workers and one truck. Foot workers adhere to a standard-
ized schedule, picking litter in their designated area from 7 AM to 11
AM, covering approximately 1 to 1.5 blocks each. In the afternoon, they
focus on tree maintenance and biowaste cleanup. During city events,
in commercial streets (where bars and restaurants are located), or after
weekends, workers concentrate on event areas before resuming regular
duties. Private student accommodations, housing approximately 30,000
students, have their private waste collection using small trucks.

Various collectors in the city transport the waste to five existing
landfills. Typically, waste is taken to the nearest landfill. In the Hatfield
study area, this is the Hatherley Municipal Dumping Site located at
28.407° E - 25.741S. At these sites, trucks unload waste as directed by
supervisors and compact it when necessary. Landfills are open to the
public for discarding various materials, including construction waste,
electrical appliances, or bio-degradable waste.



I. Cdrdenas-Ledn et al.

Table 4
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Stakeholders’ attributes and typologies. Attribute values are percentage weights for each attribute calculated. Bold numbers
indicate the largest weight for each attribute, and blue numbers indicate the lowest weight for each attribute. Typologies
highlighted in purple are the stakeholders considered a primary focus for compliance with user requirements.

i @

<_I>

@

Stakeholder Power Urgency Legitimacy Proximity Typology
Business and Offices 3.458 8.235 9.186 11.990 Expectant
BB Collection Companies 4.405 4.362 10.700 7.752 Claimant
o
[l Department of Forestry 27.949 2977 6.804 0942 Dominant
Fisheries and Environment
GEEG  |mprovement District 8.740 15.333 9.168 9.306 Crucial
9L
Industrial Parks 4215 8.722 8.453 7.657 Expectant
)
E2%.  Landfill Operators 7.830 2.304 2.245 2.817 Dormant
BT Municipality 18.560 13.637 10.394 4071 Definitive
l@ Real State Agencies 6.148 3.942 3.909 3.401 Dormant
ﬁ Residents 4.572 11.305 14.711 19.654 Expectant
University Institution 5.699 12.589 10.738 7.313 Expectant
A
54
£ Ward councillor 7.020 14911 11.017 1n.112 Crucial
]
#H Waste picker 1.404 1.682 2.676 13.985 Recipient
Table 5 4.2. Solid waste generation analysis
Final Requirements included in the Waste Management Digital Twin.
Category Elements Buildings were assigned to the closest container (Fig. 9). The max-
Polluter Identification imum distance assigned is 881.80 m, equivalent to a 14-minute walk
Strategic Scalability to Country (calculated at 1 m/s walking speed). This distance applies to buildings
SDG Goals performance (MSW Generated Tons/d) . . . . . .
Sources of waste in the industrial park (east of the study area), which were inaccessible
- - - during data collection. It is possible that closer containers exist or each
Optimally used container’s location 1qs . . c1s . 1ips
. building has its own container within manufacturing facilities. Exclud-
f Total Generation Waste i i . . . . .
Performance Trucks Fuel consumption ing industrial buildings, the longest assignment distance is 427.40 m,
Waste production heatmaps equivalent to a 7.1-minute walk. The average distance from a building
Container capacity level to a container is 90.55 m. For non-residential buildings, the average
Container location distance is 86.08 m, with a median of 72.51 m and a standard deviation
Operational Optimal collection route of 58.16 m. The minimum distance from a building to a container is

Real-time generation
Simple design
visualization designed (also) for illiterate people

Stakeholder and academic discussions identified 15 stakeholders.
Analysis of the anonymous transcripts led to four pairwise comparison
matrices for the four analyzed attributes, which were then classified
into typologies, as shown in Table 4.

Using this adapted salience model, the CID and Ward Councilors
are deemed crucial stakeholders, ranking high in all attributes. The
municipality is classified as a definitive stakeholder, scoring high in
three attributes but with lower proximity. These three stakeholders,
identified as end-users of the UDT tool, were selected based on this
classification. Fig. 8 shows the distribution of the stakeholders among
the sixteen possible typologies.

Stakeholders identified 32 requirements for improving SWM, with
“zero waste” and “assessing environmental impact” being the most
common. These can be grouped into Strategic, Performance, and Op-
erational categories. Considering the urgency of definitive and crucial
stakeholders and recognizing constraints (such as a short time frame,
few resources, and external data beyond the methodology’s scope), 17
identified requirements were excluded from the final UDT. Table 5 lists
the final included requirements.

2.51 m. Fig. 10 illustrates the distribution of calculated distances for
all buildings.

Based on average production per capita, residential buildings’ waste
production ranges from 0 kg/d to 1,575.60 kg/d, with an average
of 11.19 kg/d. Due to the method used to calculate inhabitants per
building and low population density on each 100 x 100 m grid,
662 buildings (31.95%) have no residents and, therefore, no waste
production. Despite this gap in waste estimation, calculated values for
residential buildings total 23.12 tons of waste produced daily.

For non-residential buildings, Category D has the highest number
of buildings (see Fig. 11 and Table 6). The most significant waste
production is in Category C, which includes the sports stadium, with
a total estimated SW production of 251.81 tons per day.? Category A,
with only 73 buildings, has a waste production estimate totaling 149.83
tons daily.

According to estimate calculations, the largest waste producers
are educational buildings, generating 198.51 tons/day (42.64%), and

2 Due to the sports stadium’s event-based operation and high waste produc-
tion, it was excluded from the daily optimal route calculation. The absence of
a designated container for this building and its large waste volume may lead
to errors. Placing containers inside rather than in public areas could lead to
trucks focusing solely on collecting this waste, deviating from the regular waste
collection routine in the city.
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Fig. 10. Distribution of building to container distances in meters.

Business and Commercial buildings, producing 170 tons/day (36.58%).
Overall, the largest waste producers include the Sports Stadium (Esti-
mate: 41.72 tons/day), two shopping centers (41.10 and 17.71 tons/
day, respectively), and the Information Technology Building of UP
(8.08 tons/day).

4.3. Hourly solid waste generation simulation

Considering this production and simulating hourly waste generation
from each building, simulations illustrate the status of containers at
every hour before calculating the optimal collection route (Fig. 12).
These simulations demonstrate that 18 containers are saturated at the
beginning of simulated hour 1, indicating sub-optimal use and a need
for higher capacity allocation. By simulated hour 6, when containers
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are set for collection, there are 116 bins with a total volume of
56.5 tons. Waste generation is simulated randomly, leading to vary-
ing values and locations across simulations. However, areas near the
stadium, within the university campus, and near the train station stops
consistently require frequent collection to prevent container overflow.

4.4. Optimal collection routes

The analyzed road network comprises 2792 edges ranging from
40 km/h in residential areas to 120 km/h. A total of 1572 edges
(56.30%) were identified as unidirectional, mainly located within the
study area and corresponding to local roads, while peripheral and
arterial roads are bidirectional.
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Table 6
Estimate waste production per building category.
Building category Total waste MAX per MIN per Average Std. Dev
production building building (kg/d)
(kg/d) (kg/d) (kg/d)
A 149,828.77 41,103.38 27.72 2,052.45 5,301.89
B 14,169.03 1,531.37 5.00 382.95 425.22
C 251,811.20 41,727.28 1.16 293.14 1,578.39
D 26,581.51 2,462.11 0.17 28.99 106.64
TOTAL 442,390.52 41,727.28 0.17 234.57 1,538.57

During waste collection simulations, a route is generated (Fig. 13)
along with step-by-step navigation directions (Fig. 14). After simulat-
ing several hours, the trucks’ multiple paths each day are observed.
However, some locations are repeated due to constant waste overflow
(Fig. 16), aligning with the results of the waste calculation (see Fig. 15).
Each route’s expected number of containers to collect varies from 112
to 213. Vehicles typically require four visits to the landfill to discharge
waste and collect all containers. However, for waste generation inter-
vals between 6 to 12 h, nine trips to the landfill are needed. The average
collection time is 5 h and 16 min for a 6-hour generation period and
10 h and 57 min for 12 h. The average total traveled distance per route
is 236.28 km, equivalent to 1327 ZAR (69.70 USD) and 2.73 tons of
CO2 emissions per route (calculated at 11.59 kg/km) (EPA, 2023).

4.5. Dashboard design

A centralized control Dashboard was designed to visualize UDT ele-
ments. It emphasizes map views of key items and indicators, interacting
with the state of each map layer. The map view includes three visualiza-
tion options. The first option highlights containers requiring collection
on the map and displays the collection sequence along the route. This
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dynamic map adapts to real-time container saturation and waste accu-
mulation values. The second option visualizes building classes and their
relationship to containers, enabling users to understand the local waste
distribution and travel distances to container hubs. The third option
tracks waste littering with a heatmap of data collection reports, offering
filtering options to highlight litter severity. Based on identified require-
ments, the Dashboard displays eleven distinct indicators (Figs. 17 and
18). The first two indicators focus on container saturation, showing
average saturation and the number of containers for collection. The
third indicator corresponds to map option three, displaying littering
reports categorized by severity in a pie chart. The fourth indicator
shows the total waste in the study area requiring collection, irrespective
of container saturation. It aligns with SDG 11 monitoring (total SW
production per day). Indicator 5 displays the total volume of waste
production per building class, correlating with map option 2. This
indicator is static as it relates to building characteristics and estimated
inhabitants. Indicators 6 to 11 relate to the waste collection route and
include critical planning elements such as fuel cost, CO2 emissions,
total traveled distance, total operation time, number of required returns
to landfill (after the truck’s capacity is complete), and a sequence list
for container collection. This sequence is interactive, with activation
highlighting items in map option 1.
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4.6. Waste digital twin assessment

The simulation speed varies between local and cloud-run services.
In the local setup, each hour of waste generation calculation takes an
average of 5.02 s, while calculating optimal collection routes takes
2.72 min. Conversely, on the Cloud service, each simulated hour takes
4.18 min (a 4996% increase), and the optimal route calculation extends
to 4.93 min (an 181% increase). This is attributed to the process
structure, wherein online stored layers require downloading records,
performing individual record updates, and immediately updating tuples
to the layer instead of updating all tuples at once at the end of each run.
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The stakeholder assessment survey achieved a response rate of
38.1% (8/21), with one respondent unable to access the Dashboard,
and their response was excluded from the analysis. Overall, the Dash-
board obtained high scores, with only the Data Accuracy and Decision-
making Support indicator scoring below 4 points. A third of the respon-
dents (28.57%) do not consider that the Dashboard efficiently conveys
the container waste quantity and waste generation per building, nor
does it accurately consider container saturation. Therefore, improve-
ment and simplification are necessary to enhance the communicative
value of the Dashboard, for example, by including waste status per con-
tainer and building-to-container waste generation. Conversely, 85.71%
of respondents rate the Dashboard with 5 points, indicating that it
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Fig. 14. Step-by-step directions generated on Optimal route calculation.

Table 7

Dashboard survey Score based on a 5-point Likert scale.

Sustainable Cities and Society 115 (2024) 105798

Category Indicator Score Category score
User Friendliness and Interactivity EDzStZ loif([I)JlZiation :32 4.27
Spatial Interface gzz Zé?::rznaiizn :22 4.43
Consensus, Effectiveness and Communicative value SD;t:eﬁgE::CgOi;jugie:;:g:_I;la;d:ogu:?;f_’;:;n 223 411

provides valuable information for collaboration to address collective
waste management challenges. (See Table 7 for indicator scores and
category averages).

Due to the low response, open conversation was encouraged to
garner further insights about the tools’ usefulness and communicative
value. The conversation highlighted a lack of clarity in explaining
the support system provided by the UDT, and the tool explanation
was not assertive enough. This indicates insufficient engagement and
explanation of the tool’s purpose and goals, hindering stakeholders’
understanding and adoption of the tool’s capabilities.

Alternatively, a stakeholder acknowledged that the Digital Twin
can demonstrate the added value of their work in public spaces by
visualizing their impact on SWM within their operational area. They
appreciated the heatmaps as a positive feature for displaying the op-
erational benefits of additional waste collection, distinct from those
provided by the municipality. A participant noted a limitation of the
routing approach, excluding restricted areas, roads within private prop-
erty, or containers in restricted access areas. Due to the lack of avail-
able data and access restrictions, the model could not consider these
factors, highlighting the need for improvement in future iterations.
Participants appreciated the data accessibility and user-friendly infor-
mation provided despite not having expertise in geospatial software.
They highlight the importance of making the information accessible
to more people (for example, students or research groups). However,
they emphasize the need for incentives to encourage citizen engage-
ment in self-reporting or data contribution to the project. Regarding
design preferences, participants suggest alternative color options for the
Dashboard to improve readability.

5. Discussion

The discussion is divided into three parts: (1) evaluating the pro-
totype based on the Gemini Principles, (2) discussing its benefits and
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practical implications, and (3) addressing considerations such as secu-
rity, data accuracy, scalability, stakeholder engagement, and challenges
encountered. This section shows the importance of UDTs in urban
waste management and their potential for promoting sustainability and
cost-effectiveness.

5.1. Findings

Identifying and classifying the stakeholders in developing digital
twins is sometimes overlooked by other researchers (Bartos & Kerkez,
2021; Jiang et al., 2022; Xu et al., 2022; Yu et al., 2023). Analyzing
stakeholders based on the adapted salience model identified crucial tool
end-users: the City Improvement District, the Ward representatives, and
the Municipality Waste Department. With shared political power dy-
namics, these stakeholders emerge as key users due to their influential
roles and relationships within the stakeholder network.

Using the adapted salience model in this way, combined with pair-
wise comparison, helps mitigate the subjectivity inherent in classifying
stakeholders into different typologies, as outlined by Mitchell et al.
(1997) and Shafique and Gabriel (2022). Indeed, while the adapted
salience model with pairwise comparison reduces subjectivity, it does
not eliminate it, as there is still a degree of subjectivity involved in
analyzing and comparing stakeholders within their categories. How-
ever, this method provides a structured approach to determine the
importance of each stakeholder, taking into account specific cases and
locations. In this case, although the Ward Councilor was not actively
involved in the UDT piloting process, other stakeholders identified
them as an essential agent. The Ward Councilor plays a crucial role
in facilitating communication between residents and other actors in
the locality. This situation may not hold true in different regions of
the country or contexts. The developing world regions have a wide
range of urban contexts and structures. The adapted salient model and a
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co-creation process with local stakeholders expose these hyper-local nu-
ances for relevant UDTs. For instance, smaller cities and rural areas may
exhibit different dynamics, where social leaders and direct resident-to-
municipality contact play a more prominent role compared to highly
urbanized areas with stronger and structured political relationships.
SW container spatial distribution was despaired across the study
area, with some areas experiencing overflow and environmental risks
due to excess waste. In contrast, others suffer from littering and illegal
dumping due to insufficient containers. Specifically, the data high-
lighted the CID’s efforts in litter cleanup and the concentration of con-
tainers near educational facilities. These insights suggest targeted and
practical interventions, such as installing larger containers near the sta-
dium and shopping centers, increasing collection frequency along the
major traffic route, implementing traffic restrictions, or enhancing road
maintenance along frequently traversed routes by collection trucks. Ad-
ditionally, areas with lower waste generation, mainly residential zones,
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could benefit from centralized neighborhood waste collection points
rather than in their front yards. Importantly, this collaborative data-
sharing initiative gave stakeholders a unified understanding of the city’s
waste landscape, contrasting with previously fragmented perspectives
and isolated agendas by individual stakeholders.

Geospatial data integration allowed us to estimate population and
building use, aiming to generate Waste generation simulations. This of-
fers insights into waste flows from buildings to containers, highlighting
areas with high production and limited capacity requiring intervention.
While the building-to-container assignment may lack accuracy due to
access restrictions, it serves as a proxy for collection points, aiding in
strategically placing larger containers to optimize truck loading times,
which are currently going home by home. Clustering can further re-
duce operational costs by minimizing travel time and workforce hours.
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However, it is crucial to conduct waste flow analysis using Manhat-
tan distance movement, considering the constraints of city navigation
rather than relying on Euclidean distances.

The proposed container aggregation method is more straightforward
compared to other authors, such as Al-Refaie et al. (2020) and Viktorin
et al. (2023), as it involves fewer elements for analysis. As the scale of
the problem increases with more buildings and containers, the overall
performance may decrease. However, since only the number of inputs
affects performance, the method can quickly adapt to larger data sets
and changing volumes as the city integrates this technology and citizens
provide new reports.

The current weekly waste collection scheme using a single vehi-
cle appears inadequate for significant waste production in the local
context. However, with multiple waste collection companies serving
businesses and large producers, it is crucial to map all collection actors,
daily generated quantities, and the rate of waste segregation at the
source. This comprehensive understanding of waste flows is essential
for recalculating optimal collection routes.

The proposed waste collection optimization aims to consolidate the
collection of multiple nodes, thereby reducing operational times, fuel
consumption, and resulting greenhouse gas emissions. The optimized
collection routes would cost 1,932,554 ZAR (101,623 USD) annually
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in the study area alone, representing 0.11% of the overall city Waste
Management budget (City of Tshwane, 2023). This amount is signifi-
cant considering the study area covers only 0.15% of the city, and the
cost is solely related to fuel consumption.

Additional costs related to waste management, including landfill
operation, workers’ wages, provision of containers and trash bags, and
vehicle maintenance, need to be considered. While this scenario reflects
an optimized waste collection routing, the lack of data on current vehi-
cle paths, total fuel consumption, and detailed collection and transport
expenditure makes it impossible to estimate the improvement rate.
However, this cost estimation emphasizes expanding the total budget
to ensure the city can cover all SWM costs.

The limited number of responses for this pilot makes it difficult to
conclusively determine if an operational control Dashboard is the most
effective method for integrating and making information accessible
to stakeholders in the SWM twinning workflow. While stakeholders
provided high scores in various indicators such as user-friendliness,
interactivity, spatial interface, consensus, effectiveness, and commu-
nicative value, more respondents would be needed to draw definitive
conclusions.

Despite the technical challenges involved in creating the UDT and
its outcomes, such as tracking appropriate performance metrics or
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revealing socio-political shortcomings, the most significant value of this
bottom-up people-first process lies in its ability to identify holistic areas
for waste improvement in cities. By taking a holistic approach, the UDT
reveals numerous non-technical possibilities that could be addressed
through urban strategic events involving multiple stakeholders. In this
way, the Waste UDT serves as a means to an end in serving the greater
good rather than merely functioning as a technical instrument of urban
management.

5.2. Gemini principles analysis

This solid waste UDT prototype offers numerous benefits, including
targeted waste collection efforts to reduce unnecessary trips and time
savings. It identifies littering hotspots, enabling strategic measures like
increasing bin numbers or awareness campaigns. Optimizing collec-
tion routes and schedules enhances efficiency and reduces fuel con-
sumption, labor, maintenance, and greenhouse gas emissions. Proper
waste management promotes a clean, hygienic environment, aligning
with Sustainable Development Goals 11 and 12. It also contributes to
aesthetically pleasing surroundings, improving residents’ and visitors’
overall quality of life. The UDT provides valuable waste generation
patterns, bin usage, and littering data, enabling appropriate data-driven
decision-making and evidence-based policies. Resident participation
in reporting waste disposal and collection patterns enhances waste
governance.

Data collection is open to all participants, but accuracy proce-
dures must be integrated for quality assurance. Epicollect5 presents a
challenge in moderating photographs to prevent offensive or harmful
content. Implementing a robust content moderation system with algo-
rithms and human oversight is necessary to maintain UDT integrity and
ensure a positive user experience.

Data accuracy, especially the number of residents per building, is
constrained by the method used by Schiavina et al. (2022), leading
to unrealistic imbalances like single houses with 16 inhabitants. Inte-
grating census data, such as the recently published results of Census
2022 from the Department of Statistics South Africa, could enhance
accuracy (Statistics South Africa, 2023).

The architecture in Fig. 4 supports scalability for increasing con-
tainer numbers, volume capacity, and waste generation, as well as ex-
panding the road network for broader coverage. It also accommodates
different types of collection vehicles. Encouraging more user feedback
and co-creative stakeholder engagement ensures relevant adaptation
to evolving needs and technological advancements, making this UDT
prototype a sustainable tool for long-term waste management solutions.

5.3. Limitations

The waste calculations and categorization of non-residential build-
ings were based on data from Athens, Greece, in 2008, a non-African
country with a GDP per capita more than double that of South Africa
(World Bank, 2021). The significant differences in time (15 years ago),
consumption patterns, type of business, and waste segregation can
significantly impact the amount of waste generated at each building.
Therefore, the waste generation calculations may not accurately reflect
the context of the City of Tshwane.

Comparing the generated waste data to the real scenario was chal-
lenging due to the lack of existing data on landfill volumes. Landfill
operators do not register the dumped volume, operating more as open-
access dumpsters than regulated landfills. Limited research resources
constrained the integration and availability of the Dashboard online.
Establishing a mature open-source UDT accessible via HTTP protocols
would entail acquiring a cloud server virtual machine and installing
various packages and libraries. This research did not cover financial
costs for deployment, operation, and maintenance. Developing a waste
management UDT on open-source platforms necessitates a transdisci-
plinary team with expertise in environmental management, finance,
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computer science, advanced programming, urban strategy, local social
dynamics, and geographical information systems. This diverse team
with unique skill sets is essential for delivering value to all local
stakeholders.

6. Conclusions

Digital twinning serves as the foundation for a decision support
system in strategic waste management initiatives. When evaluating
the necessity for new or modified waste containers, UDTs offer re-
alistic simulations to assess their impact on collection efficiency and
cost-effectiveness. Visualizing this data allows waste management au-
thorities to pinpoint areas with insufficient coverage and strategically
plan container placement for enhanced waste collection in dynamic and
tactical ways. Moreover, UDTs facilitate adaptation to evolving waste
disposal needs by providing a dynamic model that is continuously
updated with real-world data.

Involving citizen participation in the proposed method mitigates
challenges identified in Artificial Intelligence computer vision detec-
tion research, such as location accuracy, high resource requirements,
and labeling disagreements. It underscores the significance of citizen
testimony in mapping solid waste and fosters awareness and sensi-
tivity to waste management among the public. Real-time monitoring
helps address the randomness of low-severity littering, contributing
to improved solid waste management involving multiple stakeholders.
The design of this UDT facilitates collaborations between stakeholders,
enhancing communication and transparency in decision-making pro-
cesses involving diverse stakeholders. Applying these technologies can
strengthen the connection between urban developers, urban managers,
and citizens, enabling residents to participate in local solid waste
management governance.

The UDT design facilitates various tests and calculations, enabling
the detection of areas where overflow may occur by comparing current
container volume capacity with waste generation. By modifying input
values, such as changes in population or consumption habits, it is
possible to calculate the relevant capacity for specific locations and
simulate the potential effects on waste collection across a city.

Waste collection often accounts for a significant portion of a city’s
budget. By implementing a digital twinning approach to urban waste
management systems, authorities, and citizens can access real-time
information on waste container fill levels and plan optimized collection
routes. On the city management side, this can reduce fuel consumption,
lower vehicle emissions, and minimize operational expenses, resulting
in a more sustainable and cost-effective waste management process.
There is potential for incentives like dynamic tax breaks or property
levies for residents generating less waste or specific types of waste. This
could reduce the existing strain on landfills, improve urban circularity
objectives, improve public awareness, and align with several related
SDG objectives.

By developing and co-creating holistic digital counterparts of urban
waste management infrastructure and processes, policymakers, stake-
holders, and residents can comprehensively understand the current
state of the urban solid waste landscape. This collective knowledge
serves as a holistic decision-making support system for practical, tar-
geted, and dynamic interventions relevant to the city’s activities over
time. Through collective efforts, technology integration, and commu-
nity engagement, improved solid waste management can be achieved,
even in resource-constrained settings such as South Africa. UDTs go
beyond being digital products; they serve as catalysts for collective
urban processes that contribute to the greater good.
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