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Abstract. The study covers the research, development and evaluation of a smart
and sustainable transportation tracker using data from transportation sectors to
successfully calculate carbon emissions across various modes of transport such
as walking, bicycling, car, and public transit while attempting to reduce
emissions that they produce through route planning. The project aims to provide
users with transportation routes that minimise carbon emissions, thereby aiding
efforts to combat climate change. Key features of the application include
integration with the Google Directions API for retrieving real-time traffic data
and an interface that presents users with detailed information about route
distance, duration, carbon emissions, and alternative transportation modes. The
prototype undergoes rigorous testing, including both black box and white box
methods, to ensure functionality and user-friendliness. The project's significance
lies in its potential to influence commuter behaviour towards more sustainable
practices, a critical step in reducing urban carbon footprints. The project supports
the UK's objective of achieving net zero emissions by 2050, enhancing both
academic and practical approaches to incorporating environmental data into daily
technologies and enhancing individual awareness of their carbon footprint. The
project lays a foundation for ongoing research and development in the field of
smart, sustainable urban transportation.
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1 Introduction

The increasing threat of global warming due to greenhouse gases, particularly carbon
emissions, has become a significant global concern. Studies indicated that carbon
emissions, which increase by 2.5% annually, are a major driver of climate change. In
the UK, the transport sector is a key contributor to this issue, accounting for 40% of the
nation's total CO2 emissions [1]. With the UK government committing to achieve net
zero emissions by 2050 [2], the decarbonisation of transport is crucial. While various
solutions such as electric and hydrogen-powered vehicles [3] and the controversial HS2
high-speed rail project [4] have been proposed, there remain concerns about the
effectiveness and long-term sustainability of these initiatives. Furthermore, as private
transport continues to dominate the UK's transportation methods [5], efforts to



encourage more sustainable practices, including public transportation and low-emission
alternatives, are increasingly vital. However, behavioural factors and the attractiveness
of private transport pose challenges to achieving widespread adoption of sustainable
transportation [6]. Consequently, the integration of smart city technologies into urban
transport systems has been explored as a potential solution to improve efficiency and
reduce emissions [7]. Nonetheless, while advancements in smart transportation
technologies offer various benefits, more focus on environmental sustainability is
needed to align these innovations with the broader goal of reducing carbon emissions.
This project explores the transportation sector to find a solution for tracking carbon
emissions from various modes of transport by developing a smart sustainable
transportation tracker for carbon emissions. The purpose of this project is to close the
gap in research involving carbon emissions in the transport sector and to discover a
solution that provides alternative routes that reduce carbon footprint in the transport
sector.
1.1 Problem Definition

Carbon emissions and sustainability have emerged as one of the greatest challenges of
our time. The undeniable reality of climate change is resulting in the rise of
temperatures by 1.5 - 5.8°C across the globe, extreme weather such as heat waves,
floods, and droughts [8]. The UK specifically has created the Climate Change Act of
2008 which aims at a reduction of 80% of emissions by 2050. This was later amended
by the government to reach net zero emissions by 2050 with Prime Minister Boris
Johnson saying, “The UK will be home to pioneering businesses, new technologies and
green innovation as we make progress to net zero emissions” [9].

Regarding the transport sector specifically, it has been shown that carbon emissions
from transportation have been identified as one of the highest contributors to climate
change in the UK alone accounting for “34% of all territorial carbon emissions” [10].
This demonstrates the impact that the transport sector alone has on carbon emissions in
the UK. Addressing these issues is paramount, not only to mitigate the adverse effects
of climate change but to create a brighter future that is both sustainable and efficient.

Despite advances in technology and increasing environmental awareness, there
remains a significant gap in the integration of carbon emissions data into everyday
decision-making tools such as navigation apps. While some applications provide route
optimisation based on time or traffic, few consider the environmental impact of these
routes directly. This gap is particularly pronounced in the context of urban transport
where decision-making tools can significantly influence commuter behaviour towards
more sustainable practices.

This project directly contributes to the reduction of urban carbon emissions by
encouraging low-carbon transport choices. It empowers users by providing them with
the information needed to make environmentally responsible choices, aligning with
growing consumer preferences for sustainability. The application offers valuable data
that can assist travel planners in understanding and promoting more sustainable
transportation habits and the research adds to the academic and practical understanding
of integrating environmental data into everyday technology, providing a foundation for
further research and development.



1.2 Project Aim and Objectives

The aim of this research is to develop a smart and sustainable prototype solution for
reducing carbon emissions using data from the transportation sector to provide routes
using various modes of transport. The following objectives will be addressed in this
research:

1. Identify methods for tracking carbon emissions within the transportation
sector. This analysis will uncover the principles of carbon emissions and how
they are managed in the transport sector. This will ensure an effective
prototype is built that is relevant to transportation.

2. Identify various technologies used for providing routes of transportation that
have been demonstrated to be effective at planning journeys, while holding
focus on their practicality and reduction in carbon emissions.

3. Identify the best method of collecting data on carbon emissions from
transportation. This will aid in developing the technology that creates routes
that are low in carbon footprint through various modes of transport.

4. Develop a functional prototype application that provides a route via various
modes of transport based on carbon emissions data that reduces an individual’s
carbon footprint. This should include walking, bicycling, car, and public
transport.

5. Measure the effectiveness of the application by carrying out a mixed-method
survey. This will evaluate the level of success in the prototype outlining its
success, areas of development, and future development suggestions.

Addressing these objectives provides several innovative contributions to the field of
smart transportation and sustainability. Firstly, the development of the Transportation
Tracker prototype introduces a novel approach to integrating real-time carbon
emissions data into route planning, filling a crucial gap in current navigation
technologies. Unlike existing platforms that prioritise speed or traffic, this system
places environmental impact at the forefront, empowering users to make eco-friendly
transportation choices. The study also offers significant research value by exploring the
intersection of urban mobility and environmental sustainability, providing a data-driven
solution that promotes behavioural change towards low-emission transport.
Furthermore, the project contributes to the broader academic discourse on smart city
technologies by emphasising the need for tools that align technological advancements
with climate goals. Through the development and rigorous testing of this prototype, the
research not only advances practical applications in transport decarbonisation but also
lays a foundation for future innovations that could further enhance sustainability in
urban transport systems.

2 Literature Review

The following five key themes are studied to enhance understanding of the topic and
develop a working prototype for this project:



2.1  The impact of carbon emissions in the UK

The greenhouse gases are known to trap heat in the Earth’s atmosphere causing climate
problems and global warming [11]. Carbon emissions are the biggest factor in global
warming which shows an increase of 2.5% per year indicating the concern of carbon
emissions [12].

Many different contributors of carbon emissions impact the UK with the biggest
being energy and transport. [13] explains that both the “energy and transport-related
industries are associated with substantial direct emissions providing the most carbon-
intensive inputs.” According to [1], the UK produces around “1.7 million tonnes of
CO2 per year” and 40% of it is associated with the transport industry evidencing the
dominance that the transport industry holds in terms of carbon footprint. Carbon
emissions have only been increasing over the years and due to this, the UK has created
a plan to reduce emissions. [2] explained that 75% of local authorities in the UK have
declared a “climate emergency” which ultimately led the UK government to create a
goal of reaching net zero carbon emissions by 2050. Whether or not this plan can
realistically be achieved is also a concern that [14] have explored and justified that a
strategy with all greenhouse gas emitters and the extraction of atmospheric CO2 should
be implemented on a large scale.

Focusing on transportation alone the government has created a decarbonisation plan
for transport and many solutions towards this goal have been studied with [3]
highlighting the use of both electric and hydrogen-powered transport which would
significantly reduce carbon emissions. One controversial solution for reducing carbon
emissions is the high-speed railway (HS2) which [4] calculates to reduce “25 million
tonnes of CO2 over the next 60 years.” However, [15] argued that just the construction
of the HS2 alone creates a “carbon debt” that will not be repaid for over 60 years. This
essentially shows that while solutions are being made there are many concerns as to
how they are being created.

[3] elaborate further on the decarbonisation of transport by including human lifestyle
factors such as considering electric vehicles as alternative modes of transport.
Behavioural factors were also included such as the use of walking and cycling for short-
distanced travels. Individually changes like these would be miniscule but as a whole
UK population, the change would create a huge impact on the reduction of carbon
emissions. [16] investigated human consumption, behaviours, and lifestyle and
concluded that these factors have been “insufficiently addressed in the research on
climate change mitigation.” While both [3] and [16] express different opinions, they
both ultimately believe that these changes on a large scale can effectively reduce carbon
emissions not only in the UK but across the world. While the arguments of how
transport decarbonisation can be achieved and the various evaluations created, it has
consistently shown that the UK has not taken enough action to reduce carbon emissions
overall in the transport sector highlighting the need for further action to be taken place.
2.2 UK Transportation Methods

According to the [5], the most used transportation method is private transport which
includes the use of cars, vans, and taxis with public transportation being the secondary
choice. Fig. 1 shows the passenger kilometres travelled by cars, vans, and taxis



increased steadily to a record high of 738 billion in 2019. However, 2020 marked a
significant decline, dropping 27% to 536 billion passenger kilometres. Rail travel
reached a of peak 16 billion passenger kilometres in 2018. However, there was an 80%
decline in 2020. Buses and coaches experienced a long-term decline, with 2019's
distance at 33 billion passenger kilometres, less than half of 1960's 79 billion. In 2020,
there was a 58% decrease to 14 billion passenger kilometres. Other modes remained
relatively stable from 1960 at 20 billion passenger kilometres. However, in 2020, there
was a 29% decrease to 14 billion passenger kilometres.
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Fig. 1. Chart of passenger kilometres by mode, Great Britain, 1960 to 2020 [5]

The reason for the decline around 2019-2020 is due to the impact of the coronavirus
which introduced a nationwide lockdown in the UK which naturally made transport
decline. This is further elaborated and supported by [6] that private modes of transport
including cars vans and taxis are dominant as they’re “perceived to be attractive” due to
factors such as comfort, independence, flexibility, speed, and much more. They also
agree that public transport such as buses, rails, walking, and cycling decline at a steady
rate as factors such as age and income increase. Studies by [17] also show evidence of
private transport being dominant however they argue that public transport is just as
important as it provides an alternative mode of transport attracting labour and visitors
for companies. As shown in Fig. 2, it is evident that there has been a decrease in
emissions from modes such as cars, taxis, buses, and other types of emissions.



Mode 1990 2019 %change

Cars and taxis 728 61717 -6%
HGVs 20.5 195 -5%
Vans 1.6 19.2 65%
Buses 5.3 3: -42%
Domestic shipping 8.5 6.1 -29%
Other emissions 10.0 6.7 -33%
International aviation 155 370 138%
International shipping 8.1 7.5 -8%

Fig. 2. Greenhouse gas emissions by transport mode, 1990 and 2019, in mtCO2e [5]

However, there are still concerns that while the UK government does report
reductions in emissions, recent progress in reducing emissions has been limited and if
climate targets are to be met, significant progress is required [18]. [19] support this by
also outlining the need to strategically identify sectors that are required to reduce their
emissions. As discussed previously, the UK has introduced a net zero emissions plan
and within that, they have taken some actions by decarbonising transport. Based on the
UK’s actions [20] conveyed that the ban on all sales of new petrol/diesel-powered cars
in 2035 will leave a gap in the market where alternative methods of transport can be
introduced such as battery electric vehicles which are perceived as producing zero
emissions when used.

2.3 Smart City Transportation

The term “smart city” has been used since the 1990s to denote cities that are
technologically and scientifically advanced. [21] emphasise that smart cities address
various aspects of urban life, including governance, economy, living, environment, and
transportation. According to [22], smart cities aim to enhance sustainability, quality of
life, and citizen services through technology. They encompass social, economic, and
environmental sustainability, with environmental sustainability being a primary
objective achieved through technological integration [23].

According to [7], smart transportation is defined as the use of sensors embedded into
vehicles offering a variety of solutions such as optimised route suggestions that use data
from various sources such as mobile devices or sensors placed throughout roads which
collect data on roads to estimate traffic congestions to provide the most optimal route
to a destination with consideration to both time and distance. [24] elaborated on smart
transportation and focused on traffic congestion, but they focused on creating an
intelligent parking system using variables such as date, time, weather, distance, and
much more. [25] explored the challenges of using real-time data to create smart
transportation. While all these attempts at creating smart transportation satisfy the



objectives of a smart city in the sense that they are advanced technology, improve
quality of life, and create a smart living, they are not dedicated to directly being
environmentally sustainable and reducing carbon emissions.

2.4  Carbon Emissions Data

Developing a solution that aligns with reducing carbon emissions in transport requires
reliable data on transport. [26] discusses the use of technology to obtain accurate carbon
emissions data by following a two-step process of transport modelling, to provide data
on traffic flow, journey lengths, and selected modes of transport combined with the
analysis of fuel consumption which includes vehicle type, traffic conditions,
environmental conditions, and driver behaviour. Similarly, [27] created a methodology
that uses a combination of models which are the International Vehicle Emissions (IVE)
model, COPERT model and country-specific emissions factors.

Both [26] and [27] prove similar solutions in collecting carbon emissions using
models and estimations but they cannot continuously collect data such as real-time
solutions. [28] resolve this by creating a solution for drivers that monitors a vehicle
using GPS data. This solution is centred around providing insights on how drivers can
become eco-friendly drivers by producing fewer carbon emissions through changes
such as behaviours, travel routes, travelling in certain conditions, and much more as
shown below in Fig. 3.
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Fig. 3. Low carbon mobility management cloud platform architecture [28]

[29] take real-time carbon emissions data collection a step further by producing a
multi-scale emissions calculation of walking, cycling, bus, car, and railways. They
produce a solution which provides a visualisation of carbon emissions from various
modes of transport. Different variables have also been considered when calculating
emissions such as time, travel route, and weather. While these solutions show carbon
emissions with various methods of calculations and data processing, they do not act
upon eliminating emissions from transport and instead focus on the contribution
towards knowledge.



2.5  Navigation Applications

Global Positioning Systems (GPS) are widely used across many sectors to track activity
and detect patterns. In the context of transport, GPS is used to monitor transport
vehicles and map out transportation networks.

Movement that is collected from GPS is stored in the form of a trajectory which
provides an outline of a subject from the origin to the destination [30]. [31] outlines the
shift towards mobile applications is continuously growing with navigation applications
to be used by 77% of smartphone owners with 87% primarily using navigation
applications for driving directions.

As [32] discussed, these applications use route planning algorithms to create a path
from the origin to the destination, with the shortest path algorithm being the most
common algorithm. The separation between route planning a journey on the road and
public transit networks was made due to their distinct variables. Public transport is time-
dependent while route planning for private transport can be created at any time. [31]
indicate some of the most common applications that use similar concepts of route
planning are Google Maps, Waze, and Apple Maps. Google Maps and Apple Maps are
described to be very similar with updates being delivered regularly and temporary
events releasing within 48-72 hours. Waze is set differently from these applications as
it focuses only on cars and no other modes of transportation like Google and Apple
Maps, such as navigation for walking, cycling, taxis, buses, railways, and metro.

According to [33], the popularity of these applications is derived from the feature to
calculate the shortest route such as walking or cycling and more with Google Maps
being outlined as creating “the shortest route possible for each vehicle that wants to
travel from one location to another.” However, [34] also support the idea that
navigation applications provide information on routes based on the shortest path,
traffic, speed, time, and other conditions but they also noted that applications do help
users calculate their carbon footprint indicating that these applications do make some
users carbon aware. [35] expand on route planning with the plan to reduce carbon
emissions for logistics including transport however, they focus on reducing carbon
emissions for logistics over all sectors.

2.6  Key findings from existing literature

According to the literature review, table 1 summarises the key findings, emphasising
the comparative aspects of the studies, by showing how different pieces of research are
connected, their areas of focus, and the critical discussions around carbon emissions,
transportation, smart city technology, and emissions data:

Table 1: Key findings from existing literature

Key Themes Authors Main Points Comparison and
Insights

Impact of [1][3][11-14][16] - GHGs trap heat, Some authors (e.g.

Carbon leading to climate [3D) focus on

Emissions in change. decarbonising

the UK - Carbon emissions in transport, but others

the UK increase by [15] highlight issues



UK [6]1[17-20]
Transportation

Methods

Smart City [7][21,
Transportation ~ 25]
Carbon [26-29]
Emissions Data

Navigation [30-35]
Applications

22][24,

2.5% per year.

40% of CO2 emissions
come from transport
[1].
Electric/hydrogen

transport is suggested as

a solution.
Private transport is
dominant due to
comfort and
independence [6].

Public transport
declines with
age/income.

Emissions
reductions are not
on
track to meet
climate targets
[18].

Smart cities aim to
enhance the

quality of life
through
technology.
Smart transportation
uses sensors for
route
optimisation.
Intelligent  parking
systems and
real-time data for
smart transport.

Carbon  emissions
models  estimate
transport

emissions, but
real-time

monitoring is
better for
continuous data.
GPS data can
promote €co-

driving behaviour.
[29] focus on multi-

scale  emissions
data.
Navigation apps

calculate shortest
routes and reduce
travel time.

Some applications,

like “carbon debt”
from infrastructure
projects like HS2.
[16] bring in the
importance of
behavioural

changes.

Debate exists between
the need for better
public transport and the
slow  progress in
transport
decarbonisation. Some
authors see electric
vehicles as the solution,
while others push for
hydrogen-powered
transport.

The smart city focus is
on technological
advancements, but
concerns arise around
their direct impact on
environmental
sustainability [25].
These systems need to
contribute to carbon
reduction.

Continuous  real-time
data collection [28]
provides more accurate
tracking compared to
static  models  [2],
bridging  the  gap
between emissions data
and actionable insights.

Navigation apps can
reduce emissions by
promoting efficient
routes, but their
effectiveness is limited




like Google Maps, by user choices. Public

now consider transport navigation is
carbon footprints. seen as important but
- Waze focuses underdeveloped in
exclusively on these apps.
- Private car
navigation.

3 Project Design and Methods

The project design and methods section will discuss the methodology of this research
in four main data collection and development phases including literature review,
software development, testing, and validation.

3.1 Literature Search Methodology

Literature in various forms from articles, books, journals, reports, and more were
reviewed in this research. To ensure all sources are valid, a variety of academic
databases, including “IEEE Xplore” and “Science Direct” were used. To cover the main
themes of this project, search terms used were “Impact of Carbon Emissions,” “Carbon
Emissions in the UK,” “UK Net Zero Emissions,” “UK Transportation Methods,”
“Low-Carbon Transport,” “Sustainable Transportation,” “Smart City Transportation,”
“Smart City Goals,” “Smart City Sustainability,” “Carbon Emissions Data,” “Carbon
Emissions Collection Methods” “Processing Carbon Emissions Data,” “Carbon
Emissions Data in Python,” “Navigation Applications,” and “Python Navigation
Algorithms”. Using these themes, several search terms were created, using Boolean
operators.

Furthermore, filters on various databases were used such as publication dates (to be
between 2016 and 2024), only peer-reviewed articles published in English, and the
rigour of their methodology utilised.

3.2  Software development methodology

This research utilised agile software development methodology, due to its flexibility
allowing this project to revisit different stages for improvements throughout the project.
Furthermore, if any requirements in the development of this project do change then
these can be easily implemented.

Design Specification/User Requirements. The solution will ultimately achieve the
aims and objectives of this project and to ensure this is properly achieved expected user
requirements have been created which are based on the project literature review,
limitations, and options. Table 2 outlines the requirements, description, and priority
level.

Table 2: The requirements, description, and priority level of the application software

Requirements ~ Description Priority
Graphical User This must be created to allow users to interact with the High




Interface (GUI) application. The GUI
should be simple and easy to interact with.

Route planning  The application must be able to plan a route from a starting point High
to a destination. The route planning system should take into
consideration the time, location, traffic/emissions data, and type
of transportation. Once these variables are
calculated a route is created for the user.

Multiple The application creates routes based on multiple transportation High
Transport methods. To implement this only transport such as walking,
methods cycling, vehicles and railways will be considered. Data on their

emissions, efficiency, usage, and many more relevant variables
are combined with the route planning system to provide the user
with a route that is the lowest in carbon emissions and uses the
best possible transport
method in the scenario.
Map API The application is created using Python and with the integration High
of maps API, the application can implement real-time data based
on navigation such as traffic, location, time, and transport data.
This data can be used to optimise routes to
ensure they provide accurate and reliable routes.
Traffic Once the route has been calculated and planned it outputs the Medium
Information route to the user. Extra information on their generated route can
be provided to ensure the user has the best route provided for
them. This information mostly includes any complications that
they could face on their route such as delays, congestion and
fees that could apply.

Concept Solution. Upon accessing the application, the user will load directly into a
page to input the starting point and location. Once the information has been input the
program does all the necessary calculations as shown in the diagram to provide the most
optimised route with low carbon emissions and with consideration to different methods
of transport to get to the destination. This concept boasts simplicity to the user, but the
application features complex conditions to provide routes that ultimately reduce carbon
emissions. There will be visualisation elements included to show the route, identify the
different modes of transport and estimated time of arrival (ETA) (Fig. 4).
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Fig. 4. Conceptual algorithm of processes intended for the solution

Design and Development. Python has been used to develop this application,
leveraging existing emissions data and APIs to enhance its functionality. Currently, the
primary source of carbon emissions data is the UK Government statistics on emissions
from various modes of transport. This data is integrated into the application. The
development process involved using Python and its libraries to create components such
as the GUI, route planning system, and transport data implementation. Once these
components are completed, APIs like Google Maps and GeoPandas are utilised to
incorporate geographical data. This focuses on a small area, such as part of a city to
generate the most efficient routes in terms of overall efficiency and carbon emissions
[36]. Fig. 5 shows the structure of the application.

Initial Data (Carbon
emissions data,

| (Manipulate data and

transport data)

Fig. 5. Conceptual diagram of the development structure for the solution
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the application)
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Route output

An interactable GUI is displayed first taking inputs of certain landmarks to the output
basic information such as distance and time. Once the journey is confirmed the next
part renders a path using various modes of transport to reach the destination.
Information such as when to leave, public transport timing, arrival time, distance,
carbon emissions produced, and traffic will be shown to the user. Only the most
efficient route is outputted. Fig. 6 and 7 show the design concept of the application.
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Fig. 7. Conceptual solution route plan outlining the route, transport method and information
regarding the route
3.3  Evaluation and testing

An approach of two testing styles has been conducted which are white box and black
box testing strategies which tested both the functionality of the solution and logic to
ensure the requirements have been achieved.

Black Box Testing. This strategy of testing ensures that the solution is functional to
the end user. Black box testing is conducted by a user who has no awareness or
knowledge of the source code or internal workings of the solution [37]. In this form of
testing the user is purely focused on what the application can do with the primary goal
of validating the functionality from the user’s perspective which is also displayed as an
advantage as the user does not need to know any coding to validate the application [38].
The black box strategy is only used on end-user participants to test that the solution has
met all requirements.



White Box Testing. This strategy of testing ensures that the solution functions logically
by software testers. This is carried out by software testers as knowledge and experience
with code will be required to carry out white box testing. This type of testing involves
analysis of the application's code and structure so that the tester has a complete
understanding of the application and functions logically as intended [37]. The main
advantage of this type of testing is that it can be conducted throughout the entire project
at various stages [38]. The white box strategy is only used by the developers of this
project as they have all the knowledge of the code and will solely know the intention
of the code.

Test Cases. Test cases have also been created for each testing strategy. The black box
testing strategy implements usability testing which allows feedback to be collected
from participants after using the solution. To collect feedback, both open and close-
ended questions with 12 participants were used to gather data on the solution. Table 3
shows 10 questions that were asked by the participants.

These questions have been structured to provide both an indication of how successful
the prototype is, the validity of the functionalities implemented and carbon awareness.

Table 3. The questions asked by the participants

Question Rationale

1. Compared to other navigation apps, This will aid in understanding how the prototype
how does this app perform in terms of is set apart from other navigation applications.
route planning? The prototype should raise carbon awareness and

for that to happen it needs to be built to the level
of leading navigation apps
like Google Maps or Waze.
2. What improvements or additional This will aid in gauging user familiarity,
features would you suggest making the  prioritising features, and identifying the target
app more useful for reducing carbon audience for the prototype. Understanding
emissions? different features from user feedback can aid in
building a better application.
3. Does the application provide enough This will determine if the route plan data that is
information to make you aware that your displayed on the application provides the user
route is of low carbon emission? If not with enough information to make sure that they
please explain are aware of their carbon footprint.
4. Which features of navigation apps are This will help determine whether to focus more
most important to you when looking for a on integrating or improving carbon-efficient
route (e.g., real-time traffic updates, ETA  routing algorithms or balancing them with other
accuracy, low carbon route options)? essential navigation features.
5. What aspects do you believe makes this ~ This will help to understand user perceptions
application a smart and sustainable about what makes the transportation tracker app
solution for reducing carbon emissions? effective in promoting sustainability. By gauging
user opinions on the app's features that contribute
to reducing carbon emissions, it can identify
which functionalities are most valued and perhaps
uncover areas that may need enhancement.




6. Overall, what are your thoughts and This is a simple question to generally understand

opinions on using the app?

what the participant's thoughts and opinions are of
the prototype where they are free to say

anything

7. On a scale from 1 to 10, how satisfied
are you with the low carbon emission

routes suggested by the app?

This will collect quantitative data on the

app

satisfaction overall with the route planning of the

White box testing will be carried out by the developer. Table 4 shows the test cases

that were carried out by the developer.

Table 4: The test cases

Test Description Rationale Test Data Expected Result Actual Pass/Fail
ID Result
Al Verify The user must Origin =  The
whether the be abletoinput “Curzon St,  application
application  their starting Birmingha should
handles point and mB47XG” successfully
origin and destination to Destination = retrieve route
destination  create a “Waulfruna St, information
inputs in journey Wolverha and display
the GUI mpton the correct
WV1 details in the GUL.
1LY”

A2 Ensure The user must Origin = The application
the be able to load “***” should display an
applicatio  the application Destination  error message
n handles  tothe mainpage =“7?7” indicating that it is
invalid where they can unable to retrieve
inputs interact route information.
correctly and plan their

journey

A3 Test if the The emission “emission fa The emissions
application  factors Excel ctors in kgCO2
can file contains .xIsx” should be
correctly all data contains distance *
read and relevant to the transit 0.053
parse the emissions of which
emission each produces
factors transportation  0.053kg of
from the mode to be CO2. This
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alternative  should best method  routes with
driving provide of transport multiple modes of
routes to  alternative set to  transport
ensure routes of  “driving”
they are transport
being with
captured information
and on each route
displayed for
correctly. driving

AS Verify the The A journey An estimated
calculation  application that has the traffic delay in
of traffic should receive best method minutesshould
delays and traffic delay of transport appear on the
it is datafromthe  set to GUL
displayed Directions “driving”
in the API with
GUI traffic delays

A6 Assess the The application A  journey The lowest carbon
decision should only that has the emission route
logic for return the leastamount and transport
selecting lowest carbon of carbon mode selected
the emission route emissions
optimal based on when
transportat  decision logic ~ compared to
ion mode emissions
based on factor and
emissions decision
and logic
distance.

A7 Test the The Any journey  The button should
generation  application should be lead to a google
of the should created first maps page with
Google provide tounlockthe the chosen route
Maps URL alternate “view in
and its routes with google
correctness.  different maps”

modes of button
transporta
tion

A8 Verify The application A journey  The journey
walking should only that is less  should select
is a valid  select walking than 2 walking as the
transport if the distance is miles transportation
mode equal should be  mode
when the toorlessthan  created
condition 2 miles

is met




A9 Verify The Ajourney that The journey

bicycling application is between 3 should select
is a valid should only and 4 miles bicycling as the
transport select walking  should be transportation
mode if the distance created mode
when the is between 3
condition and 4
is met miles
A10 Ensure The Run the GUIelements

GUI application application should appear
elements should have a appropriately
appear in  GUI that is
their always clear
respective and
positions interactable

for

the user

4 Implementation Results

Following the agile methodology, the implementation for this project was split into four
iterations with each iteration improving from the one before. Only the updates of each
iteration will be discussed to provide an understanding of why updates have been made.
All testing and evaluation have been conducted on the final iteration of the prototype
which is the most functional iteration. Each iteration has a set aim to be achieved before
moving on to the next iteration.

4.1 Transportation Tracker for Carbon Emissions V1 — Retrieving data from
Google Directions API

The first challenge of the implementation was to use the correct APIs which would
retrieve core data relevant to route planning e.g. distance, duration, and transport type.
The Google Directions API was implemented as the sole API for this project covering
all functionalities. The Google Directions API enhances navigation applications by
offering comprehensive routing options for various transport modes, including real-
time traffic updates and global coverage making this prototype as dynamic as possible.
All transport modes such as walking, bicycling, car and public transport have been
retrieved from this API. Leveraging this API could significantly boost user adoption
due to Google being both credible and familiar. Additionally, it provided a wide range
of developer support and detailed documentation which made the troubleshooting
supportive and easy to perform throughout the implementation of this solution.

The first function that was built was “calculate_carbon_emissions” which takes two
parameters of both “distance,” from the “get route info” function and
“mode_of transport”, which would be taken as user input when the program is
executed. The function defines the emission factors for all three modes of transport
which are “driving, transit and walking” (transit in the Directions API includes all



public transport e.g. bus, rail, tram etc.). These variable names are specifically chosen
as the Directions API uses the same variables for each mode of transport. Once
arguments for both parameters in this function are passed the returned value is the result
of how much CO2 per kg is produced in the given distance (e.g. if “driving” is the input
and the distance is 3km, the function will retrieve the emissions factor for driving which
is “0.2” and calculate that by the distance of “3” giving the result of “0.6 kgCO2”). Fig.
8 below shows how the function has been created.

Transportation Tracker for Carbon Emissions V1py ®

(distance, mode of transport):

Fig. 8: Function for calculating carbon emissions for the selected mode of transport

The second function built was the “get route_info” which takes three parameters of
“origin”, the starting point “destination”, the end point and “mode _of transport”. The
arguments for these three parameters are retrieved from a URL that uses the Directions
API key. The variable “response” uses the requests library to send a request to the
constructed URL. The server responds to this request and stores the result in the variable
which includes the HTTP status code, headers, and the body containing the data fetched
from the API. The “data” variable takes the JSON formatted data from the “response”
variable and stores it in a Python dictionary using the “.json()” method provided by the
requests library. This allows for easy access and handling of the data, such as extracting
routes, distances, durations and more which will be added in later iterations.

The if statement in this function first checks if the status field in the data dictionary
equals “OK,” which indicates that the API request was successful, and valid data has
been returned. Then the function retrieves the first route from the provided by the
Directions API. The API can return multiple routes, but this “route = data['routes'][0]”
selects the first one. The variable “distance” stores the journey from the first leg of the
route (since a route can have multiple legs, each representing a portion of the journey).
The distance is fetched in meters from the API which is converted to kilometres by
dividing by “1000”. The “duration” variable stores the duration of the journey as a
string format (e.g. “2 hours and 15 minutes”). The “arrival time” variable calculates
the Estimated Time of Arrival (ETA) by converting the current time to seconds and
adding it to the duration.

Finally, once the function has all the data in the required variables it returns
“distance, duration and arrival time (in string time format)” ready to be used across the
program (e.g. data from distance is passed onto the function in Fig. 9). If the status key
in the data dictionary does not equal 'OK', indicating an issue with the API request (like
an invalid query or a server error), the code prints an error message displaying the



status, and returns None for all three values, signalling that no valid data was retrieved.
Another mini function, “get time of day” is created to simply get the current time and
store it in a string format so that it can be used to calculate the ETA. This can all be
seen in Fig. 9.

Fig. 9: Function for retrieving data from Google Directions API and time of day

The final function is “main” which in simple terms, compiles all the results from the
functions above to create an output for the user. The start of the output will ask the user
to input both the “origin” and “destination” of their journey. It will then ask for the
mode of transport that they want to take the journey by which can only be either
“walking, driving or transit.” Once these are collected, they are passed as arguments
into the “get route info” function (Fig. 10) which returns the distance, duration, and
arrival time. A conditional check is performed to ensure that each of these variables do
not have “None” which is important as it prevents the program from proceeding with
null or invalid data, which could lead to errors later in the execution. If the route details
are valid, the “calculate_carbon_emissions” function (Fig. 9) is called with the distance
and mode_of transport to calculate the carbon emissions associated with the journey.
This can be seen in Fig. 10.

put

ration, arriv

Fig. 10: Function for running the Transportation Tracker for Carbon Emissions V1 program

Finally, the route details, including the distance, estimated travel duration, current
time, expected arrival time, and calculated carbon emissions, are printed out. This



provides the user with a complete overview of their journey, using formatted strings to
ensure clarity and readability (e.g., distance is formatted to two decimal places). Both
inputs for origin and destination can be any location in the UK in any format e.g. street
name, town, city, postcode, landmark, etc. This output can also be validated by using
the actual Google Maps application which shows the same distance (18.18km = 11.7
miles) and similar duration with a few minutes variance due to API capabilities being
different from the actual Google Maps application. This can be seen in Fig. 11 and 12.

TERMINAL  PORTS
PS C:\Users\habib> & C:/Users/habib/anaconda3/python.exe

Enter starting point: Birmingham, United Kingdom
Enter destination: Wednesbury, United Kingdom

Enter mode of transport (driving/transit/walking): driving
Route distance: 18.18 km

Estimated duration: 19 mins

Time of day: ©1:15:25

Arrival time: @1:34:04

Carbon emissions: 3.64 kg

Fig. 11: Output of Transportation Tracker for Carbon Emissions V1

© m B8 % &H X

Best 17 min 41 min 3hr2 55 min

O Birmingham

. +
0] Wednesbury
@ Add destination
Leave now Options
—z Send directions to your phone GO Copy link
B viaMé 17 min
Fastest route, lighter traffic than 11.3 miles
usual
Details

Fig. 12: Google Maps result for validating V1



Overall, the first version of the prototype (Fig. 13) was a huge success in using the
Google Directions API but following Table 3 there is much room for improvement
which will be carried out over the next iteration. This includes automated transport
selection as the aim of the prototype is to reduce the user's carbon emissions and having
the program choose the transport will always ensure reduced emissions for route
planning.

{mode_of tran:

print(f"
print(F"
print(

print(F"
print(f"

Fig. 13: Transportation Tracker for Carbon Emissions V1 source code

4.2  Transportation Tracker for Carbon Emissions V2 — Automatic transport
selection using carbon emissions data

The second iteration uses components from version 1 with the only changes being the
addition of automated transportation selection and changing the arrival time logic. The
“get route_info” function has some of its logic changed to implement automated
transport selection. The arrival time has been changed to get the arrival time directly



from the route selected from the API however there are complications as stated by [39],
the documentation indicates a variable known as “arrival_time” but Python cannot find
this.

The if statement still works the same by getting the route information from the
Directions API however this has been encased into a for loop that loops around for each
mode of transport i.e. it will collect information on each route from the origin to the
destination for “car, walking and transit.” Once the distance of each transport mode is
collected it passes the data as an argument in the ‘“calculate carbon emissions”
function, which then returns the emissions in kgCO2 and stores it in the “emissions”
variable. This is then compared to “min_emissions” which is initially set to infinity
meaning the first route will always replace “min_emissions” with the “emissions”
value. Once the for loop has been completed the returned mode of transport will always
be the transport type with the lowest emission. This can be seen in Fig. 14.

Fig. 14: Updated function for retrieving data from Google Directions API and automated
transport selection based on carbon emissions data

The “main” function that compiles all functions has been updated with the only
inputs being the origin and destination. The mode of transport that is selected in the
“get route info” function will also carry across its relevant route planning data i.e.
distance, duration, emissions, arrival time etc. In the first iteration, there was a form of
validation to check if data has been collected from the Directions API however, this has
been updated and replaced with an else statement that can also catch other errors if the
“get_route_info” function does not work as intended. These changes can be seen in Fig.
15.



main():
origin = input("Ent
destination = input(

best_mode, min_emissions, arrival_time, duration = get_route_info(origin, destination)
if best_mode:

time of da

print(f"The t tn t t {best_mode}")

print(f" n e (min_e i ) 2")
print( nated dur

print( time: {arrival_time)

print(f" _of_day}")

print("U

if _name == "_ main_":
main()

Fig. 15: Function for running the Transportation Tracker for Carbon Emissions V2 program

Overall, the output is like the first iteration, however, the program in the second
iteration gives the most carbon-efficient route to ensure users have the best available
carbon-efficient route automatically. However, there are two main concerns with the
first being the automated transport selector which only returns walking as the transport
mode regardless of distance and the arrival time returning “None” as it does not exist
in the Directions API. This will be updated in the third iteration along with the
implementation of further functionalities such as implementing a GUI. Both outputs in
the console and Google Maps for validation can be seen showing the routing
information is still successful in Fig.16 and 17.

TERMINAL

PS C:\Users\habib> & C:/Users/habib/anaconda3/python.exe
Enter starting point: Birmingham, United Kingdom
Enter destination: Wednesbury, United Kingdom

The most carbon-efficient mode of transport is: walking
Estimated carbon emissions: ©.00 kg CO2

Route distance: 13.83 km

Estimated duration: 3 hours 2 mins

Arrival time: None

Time of day: 22:38:35

Fig. 16: Output of Transportation Tracker for Carbon Emissions V2
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Best 17min - 22min 3hr2  55min
min

(@] ‘ Birmingham ‘
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® ‘ Wednesbury ‘
@ Add destination
Options
-z Send directions to your phone D Copy link
'ﬁ- via A41 3hr2min
8.1 miles

Details

Fig. 17: Google Maps result for validating V2

4.3  Transportation Tracker for Carbon Emissions V3 — Updated emissions
calculation logic and GUI

The third iteration uses components from the second iteration to both update and
implement new features and improve the prototype to become one step closer to
meeting the aim and all requirements of this project. The “get route info” function has
been updated again featuring a new decision logic for selecting the best transportation
mode. The function keeps the same data retrieval element from the Directions API
however this time it has been further optimised by storing all the information relating
to each route in the “route_options” variable which is in the form of a dictionary.

The new decision logic compares each transport option in an if statement which ensures
that walking is only chosen if the distance is less than or equal to 2 miles, otherwise,
both driving and transit emissions are compared. Statistically, driving emissions are
higher so if driving emissions are less than or equal to transit emissions then driving is
the best mode of transport. If transit emissions are lower than driving, then transit is the
best mode of transport. If the journey has invalid inputs or no mode of transport, then
“None” will be set to indicate an error with the journey. The arrival time error
encountered in the second iteration has also been fixed by reverting it to the same logic
used in the first iteration and adding the duration to the current time. The units have
also been changed to imperial units of miles by dividing the returned distance by
1609.34. This update will give clarity to participants who will test the prototype and
will likely be in the UK as Google Maps in the UK defaults to miles instead of
kilometres. These updates can be seen in Fig. 18.



Fig. 18: “get_route_info” function updated from Transportation Tracker for Carbon Emissions
V2 with new decision logic and arrival time fix

The “main” function has been renamed to “calculate route” which has been updated
to support a Tkinter GUI. Tkinter is a simple library that can be imported to create a
functional GUI application with buttons, inputs and more. The values from the origin
and destination are not set to be retrieved from a tkinter entry box which will still return
a string and function as normal. The message for route planning has been stored in the
variable “result” which can change if a route plan does not exist. Extra validation has
been added to ensure only valid routes are outputted on the GUI. This can be seen in
Fig. 19.



get_time_of _day():
da ime.now()
now. strftime ("%H:%M")

calculate route():

origin = entry origin.get()
destination = entry_ destination.get()
api_key = ) LLwtADt

best option = get route info(origin, destination, api key)
if best_option " best_option:
time_of_day = get_time_ of_day
result = i

{best_option[ ‘emiss
: {best_opti “du 1
time of day
{best_option| ": al time']}\n")

else:

result = ("U
text result.config(stat
text_result.delete(1.0,
text_result.insert(tk.END, result)
text result.config(state=tk.DISABLED)

Fig. 19: “calculate_route” function with Tkinter support

At the bottom of the Python script, all GUI coding was implemented using Python’s
tkinter library. Fig. 20 shows the code involved in creating the GUI which mostly
consists of creating/setting GUI window properties, creating input fields and

confirmation buttons to calculate routes based on user input for origin and destination
in the GUIL.

ot . configure(bg="da;

Frame :
frame. grid(ron

", background kgray”, fo nd (column=0, row-¢

bel(frame, "star , bac nd ray”, ound ").grid(

, fareground

calculate_route)




Fig. 20: Tkinter coding section

The improvements were successful in this iteration and a functional GUI has been
made allowing better visualisation than compared to console output. Fig. 21 and 22
show that once a journey is confirmed the details appear below in the white box to
display the results. The GUI is also in a constant loop until the user closes the window
down so they can query different starting points and destinations for as long as they
require. The decision logic can be seen side by side with Fig. 21 showing a distance
greater than 2 miles returning transit as the transport mode which is the most reduced
in carbon emissions and Fig. 22 shows a journey that is less than 2 miles which
encourages users to walk producing no direct carbon emissions. Fig. 23 and 24 show
the validation of each route matching created by the Transportation Tracker for Carbon
Emissions V3.

¢ Route Planner V3 = O X

Wednesbury, WS10 7P)

Wolverhampton, WV10 6HH
[Confirm Journey}

Most carbon effcient transport method: transit
Total Journey Distance: €.94 Miles

Estimated carbon emissions: 0.69 kg CO2
Estimated duration: 46 mins

Departure time: 10:52

Arrival time: 11:39

Fig. 21: Route Planner



§ Route Planner V3 = (m] X

Birmingham City University, Millennium Point

[Confirm Journey

Most carbon effcient transport method: walking
Total Journey Distance: 0.15 Miles

Estimated carbon emissions: 0.00 kg CO2
Estimated duration: 4 mins

Departure time: 00:43

Arrival time: 00:47

Fig. 22: Output of Transportation Tracker for Carbon Emissions V3 - Walking
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Leave now Options
—Z Send directions to your phone G Copy link
B 10:53AM - 11:39AM 46 min
£ @ -

L
11:05AM from Wednesbury Great Western Street
# 20min  every 15 min

Details

Fig. 23: Google Maps result for validating V3 Transit transportation mode
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Best 4 min 6 min 2 min

@) ‘ Millennium Point, Curzon St, Birminghar ‘
. N

Q) ‘ STEAMhouse, Belmont Row, Birminghar ‘
@ Add destination
Options
—S Send directions to your phone G Copy link
'ﬁ' via Cardigan St 6 min
0.3 mile

Details

Fig. 24: Google Maps result for validating V3 Walking transportation mode

The next iteration will be the last update which will feature using real-time traffic
data from the API to show traffic delays, improved emission factors which will feature
file handling allowing future datasets to be implemented for emissions accuracy and
more. These features and updates should enhance the capabilities of the prototype
making it more dynamic.

4.4  Transportation Tracker for Carbon Emissions V4 — Real-time traffic data,
emission factor file handling, alternative transport/routes, and maps
visualisation

In this final iteration, many new changes and updates were made to ensure the prototype
met the project's aims and objectives, development designs, and user requirements as
closely as possible. The first update was to make the emissions factor use file handling
instead of static data in the Python script. In Fig. 25 an Excel file is shown where each
mode of transport has an emissions factor that has been calculated from data sources.
An article by [40] shows the CO2 grams per mile that a car emits on average for each
year from 2007 to 2022. This evidence is supported by the Department of Transport
and was used in the prototype to find the average emissions from 2007 to 2022 [5]. [41]
states that the average carbon emissions per kilometre was 33 grams. Both values for
driving and transit are converted into kgCO2 per miles which resulted in 0.053 as the
emissions factor for transit and 0.245 for driving. The ideal data would have been to



incorporate real-time carbon emissions data or a dataset directly from a council or
public transportation organisation but unfortunately attempts to contact these entities
failed with no response from anyone.

B2 - Jr =ROUND(AVERAGE(B9:B24)/1000,3)
A B C D
1 'ModeOfTransport EmissionFactor
2 |driving 0.245
3 transit 0.053
4 |walking 0
5 bicycling 0
Average CO2
Emissions in
6 Kilograms per mile
7
8 |Years CO2 grams per mile
9 2007 275.4
10 |2008 272.9
11 /2009 269.7
12 /2010 265.9
13 /2011 262
14 12012 257.6
15 /2013 252.7
16 (2014 247.5
17 |2015 242.1
18 |2016 236.8
19 12017 232.1
20 2018 228.2
212019 223.7
222020 221.4
232021 218.2
2412022 215
Driving average
25 |CO2 emissions 245.075

Fig. 25: Emissions factor Excel file

The “calculate _carbon_emissions” function still works the same as in the previous
iteration however, the emissions factors are instead retrieved from the Excel file in Fig.
25. “load_emissions_factors” is a new function that takes an Excel file as a parameter.
The variable “df” uses the panda’s library to store Excel file data in a Panda DataFrame.



To store the data in the Excel file it needs to be read which is where “openpyx1” is used
to read the Excel file. The variable “emissions_factors_dict” retrieves the values for
each emission factor and the corresponding index for the mode of transport i.e. 0.245
belongs to driving which both values are retrieved and stored in a dictionary for use in
the program later. This can be seen in Fig. 26.

load_emission factors(excel file):

df = pd.read_excel(excel file, engine="openpyxl')

emission_factors_dict = pd.Series(df.EmissionFactor.values, index=df.ModeOfTransport).to_dict()

return emission_factors_dict

calculate carbon emissions(distance, mode
emission factors = load_emission_factors(

return distance * emission factors.get(mode of transport, @)

Fig. 26: “load_emissions_factor” and updated “calculate_carbon_emissions” function

The “get_route_info” has 2 new updates, the alternative routes and traffic delays for
the transport mode of driving only. The for loop still works the same however the
“alternatives” data has been collected from the Directions API which only holds
“driving” routes. All “driving” routes are stored in a new list called
“driving_alternatives” which will be used later in the program. According to [39], the
Directions API holds a variable that stores traffic delay for driving in the
“duration_in_traffic” variable. Once this data is obtained it is converted into seconds
and calculated against the duration of the journey. If the delay is a negative number or
0 then that means there are no delays in the journey, however, if it exceeds 0 then the
delay is converted into minutes and outputted onto the GUI. Fig. 27 shows the code
behind these updates.



Fig. 27: Updated “get route info” function from Transportation Tracker for Carbon Emissions
V3 with route alternatives for driving and real-time traffic delays

The decision logic created in the third iteration is still the same with the added if
statement for driving alternatives which calculates the carbon emissions for each
alternative route and ensures that there are no duplicate driving routes i.e. the best route
will not appear in the driving alternatives section of the GUI as its already displayed.
As shown in Fig. 25, bicycling was added as a mode of transport and has zero emissions.
Bicycling is only selected if the distance is between 3 and 4 miles. Fig. 28 shows these
updates.



get_route_info(origin, destination, api_key):

if driving_alternatives:

min(driving_alternatives, k
route_options[“driving"] = best_driving_option

route_options[” "] = [alt for alt in driving alternatives if alt != best driving option]
walking option = route_options.get("wa
bicycling option = route options.get

if walking_option walking option["
best_option = walking_option

_option 3 <= bicycling option["d
best _option = bicycling option

ving emissions = route options.get("
transit_emissions = route options.get("

route_options (driving_emissions <= transit_emissions it" route_options):
route_options["dri
"t in route_options
best_option = route_options["t

best_option =

return best_option

Fig. 28: Updated “get route info” function from Transportation Tracker for Carbon Emissions
V3 with new bicycling option and driving alternative logic

A new function has been added which allows the user to open a URL with the click
of a button in the GUI. “view_in_google maps” is a function which takes the origin
and destination inputted by the user and adds it to a Google Maps URL which is opened
in a web browser. This has been controlled with the use of a button meaning the function
will only be executed if the user creates a journey which unlocks the button for the user
to click to run the function. “calculate route” has the added output for traffic delay
which will show delays if driving is the selected transport mode. A for loop is created
which loops around for each driving alternative there is and outputs this information to
the GUI. These updates can be seen in Fig. 29.



view in_google maps():

origin = entry origin.get()

destination = entry_ destination.get()

origin_encoded = urllib.parse.quote(origin)
destination encoded = urllib .quote(destination)

maps_url = f"http 0 a origin_encoded}/{destination_encoded}"

calculate_route():

origin = entry_origin.get()
destination = entry destination
api key =

best_option = get_rou
if best_option
time_of day
result
est_option
{best_option
{best_option
best_optio i
time_of_day}\r
{best_option
{best_option[ 't
view maps_button[

if best_option["m rivi alt ives best_option:
counte
result += "
for alt in best option["alte
counter = counter + 1
result

result = ("Una

view maps_button[
text_result.config(state:
text_result.delete(1.0, tk.
text_result.insert(tk.END, result)
text_result.config(state=tk.DISABLED)

Fig. 29: “view_in_google maps” and updated “calculate route” function

There is no notable change for the GUI except that the “view_maps_button” has
been added which executes the “view_in_google maps” function (Fig. 29). Fig. 30
shows this change.

view_maps_button = ttk.Button(frame, g » command=view_in_google maps)
view_maps_button.grid(column
view_maps_button[ "1

text_result = tk.

text_result.grid(colum
text result.config(stat

root.mainloop()

Fig. 30: Updated Tkinter GUI with the added button to view Google Maps



5 Evaluation

As the prototype has been improved on throughout each iteration, the evaluation of the
project will involve only the final prototype (Transportation Tracker for Carbon
Emissions V4)

Following on from what has been discussed in 3.3, the testing strategies and their
results are explained below. The logical testing was conducted by the developer of the
prototype following through an updated test case and recording the result. The
functional testing was conducted by 12 participants who only knew the prototype's
purpose and what input/outputs to focus on. After the test, the participants were given
a questionnaire to complete which anonymously collected response data. Three of the
participants were selected due to the nature of their background showing some
awareness of carbon emissions while the rest were standard selected participants that
use navigational applications generally. This was done purposely to see the variance in
results between those who are carbon-aware and those who are not.

5.1 Logical Testing Results

This follows the same test case as shown in Table 5 but has been completed below with
results. As shown below all 10 tests have been successful. This test case is used to
ensure all functions in the prototype work logically as required for users to successfully
use the prototype without issues. Refer to the Appendix for corresponding test result
evidence.

Table 5. Table captions should be placed above the tables.

Test Description ~ Rationale Test Data  Expected Actual Pass
ID Result Result /Fail
Al Verify The user Origin = The (A.1: Result) PASS
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inputs where  they  “?7?” indicating “Unable to
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journey retrieve route
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5.2  Functionality Testing Results

This section presents the results obtained after participants tested the prototype. Each
participant completed a questionnaire with questions similar to those shown in Table 3.
The overall results indicate that the participants were satisfied and understood the
concept of the prototype, as well as its potential to make navigation applications more
carbon-aware. Additionally, there were varying responses, which will be discussed in
the following section.

Question 1: Compared to other navigation apps, how does this app perform in
terms of route planning?

The purpose of this question is to understand how the prototype is compared to other
market-leading apps like “Google Maps” or “Waze” from the user’s perspective. Many
respondents appreciate the app's “focus on carbon emissions” as a unique approach to
highlighting carbon emissions associated with different routes on a navigation app. This
feature “sets the app apart” from conventional navigation tools and aligns well with
environmentally conscious users. Some users compare the app favourably against
mainstream options like Google Maps, noting that while other apps prioritise speed and
efficiency, this app provides a valuable alternative by focusing on environmental
impact. However, a few users point out that the app sometimes “lags in speed” and
“user interface smoothness,” suggesting that while the environmental focus is
beneficial, it should not compromise basic functionalities like route efficiency and user
convenience.

A few responses highlight the app's effectiveness in presenting information in a
“simple” and understandable manner. This suggests that the app is user-friendly,
providing information efficiently and concisely. While the focus on low-carbon routes
is praised, there is a concern that users might ultimately choose convenience over
environmental benefits. As discussed in 4.3, this has indicated a potential gap between
the app's objectives and user behaviour in real-world scenarios, where ease and
convenience often prevail.

Question 2: What improvements or additional features would you suggest, to
make the app more useful for reducing carbon emissions?

The purpose of this question is to understand the weakness of the prototype from the
user’s perspective. This information will provide future ideas for features to implement
should the prototype have another iteration.

The respondents expressed a desire for more comprehensive information about
routes, including “all potential routes” with associated travel times and carbon
emissions. This would enable users to make more informed decisions that align with
their values on environmental impact. Multiple respondents also suggest improvements
to the GUI or even the development of “a full website or standalone app,” indicating
that current interface limitations may be impacting user experience and engagement.



There is a strong response to adding further real-time data that affects travel and
emissions. This includes “traffic conditions, public transportation schedules, and EV
charging station availability.” Such integration would help in planning the most
efficient and least polluting routes, potentially encouraging more sustainable travel
habits. Suggestions also include the use of “predictive analytics” and “real-time carbon
footprint calculations” to enhance route planning and to provide dynamic suggestions
that adapt to changing conditions and user behaviours.

The trends and patterns from these responses indicate a need for a navigation tool
that not only prioritises environmental impact but also meets high standards of user
convenience, flexibility, and real-time responsiveness. This feedback showcases the
importance of balancing environmental goals with practical usability and advanced
technological integration to widen user adoption and satisfaction.

Question 3: Does the application provide enough information to make you aware
that your route is of low carbon emission? If not, please explain

The purpose of the entire project is to develop a prototype that reduces carbon emissions
and this question analyses if the users are aware of low carbon footprint routes.
Responses to this question indicated that users appreciate that the app offers “some
level of carbon emission data,” affirming its utility in providing environmentally
conscious routing options. However, there is a recurring request for “more detailed
comparisons of carbon emissions” across different route options. Users express a desire
for the app to not only display emissions for the top recommended route but also for
alternative routes that are not driving (driving is the only transport method that shows
alternative routes), enhancing their ability to make informed decisions based on
environmental impact.

Several responses also suggest that the app could improve by including features that
allow users to input specific details (such as vehicle make and model) to get more
personalised emission data. This indicates a need for customisation options that could
make the app more relevant to individual circumstances. Users are looking for more
than just data they want it to be actionable. This includes having enough information to
genuinely assess how different travel choices affect their carbon footprint, thereby
enabling them to make more environmentally friendly decisions actively.

While some users confirm the app's utility, there is a sentiment that carbon emission
information is not a major factor in decision-making for some. This suggests a potential
area for the app to integrate carbon data more effectively with other critical factors like
traffic conditions, travel time, or cost. Overall, the feedback indicates positivity on the
app's focus on low-carbon routes but also highlights the need for deeper data integration
and enhanced functionalities to fully meet user expectations and encourage more
environmentally responsible behaviours.

Question 4: Which features of navigation apps are most important to you when
looking for a route (e.g., real-time traffic updates, ETA accuracy, low carbon route
options)?



The feedback from users regarding the navigation app emphasises a strong preference
for real-time “traffic updates and ETA accuracy,” highlighting their importance in
practical route planning. Several respondents highlight these features as crucial for
making timely and efficient travel decisions. While there is an appreciation for low-
carbon route options, especially noted by individuals in roles such as vehicle
compliance officers and environmental workers, who express a distinct need for
balancing ecological considerations with efficiency, the primary demand still leans
towards functionality that supports “quick and accurate” travel planning. They also
recognise the importance of having environmentally friendly route options but insist
that these should not compromise the core functionalities of “speed and accuracy.”

Overall, the trend suggests that while environmental features are valued, they must
be integrated seamlessly with essential navigation functionalities that prioritize real-
time data and travel efficiency. Users are looking for a holistic app experience that does
not sacrifice traditional navigational features for environmental features but rather
blends both seamlessly.

Question 5: What aspects do you believe make this application a smart and
sustainable solution for reducing carbon emissions?

The prototype also focuses on being smart and sustainable so that one day the program
itself or the concept can be implemented in a fully functioning smart city. The feedback
provided by the users shows that the prototype is “sustainable” and provides “low
carbon routes,” both of which are crucial features that align well with the goals of smart
cities and environmental sustainability. Users recognise the app as a “tool” that not only
assists in reducing carbon emissions by suggesting routes with lower environmental
impact but also enhances their awareness of ecological considerations during travel.
Overall, the feedback suggests that while users value the app's green credentials, they
also expect it to function competently as a navigation aid, underlining the need for a
balanced approach in its development and improvement.

Question 6: Overall, what are your thoughts and opinions on using the app?

This question purely collects the user’s thoughts and opinions on the application which
could reveal more information on the prototype. The responses that generally indicate
a positive experience towards the transportation tracker app, with users appreciating its
core concept and functionality aimed at reducing carbon footprints. Many respondents
recognise the app as “beneficial, innovative, and aligned with environmental values.”
The app is seen as a bridge between traditional navigation technologies and enhanced
environmental consciousness, highlighting its utility in promoting sustainable travel
habits.

While the app is “commended” for its efficiency and straightforward navigation
options, there is a call for further enhancements in visual appeal, user interface, and the
integration of direct route display capabilities instead of redirecting users to external
services like Google Maps. Users suggest that the app could improve in areas such as
“UI/UX design” to make it more engaging and user-friendly. Additionally, there is



feedback pointing towards the need for a balance between focusing on carbon emissions
and maintaining practical usability and speed, ensuring that the app remains
competitive with other navigation tools in terms of functionality.

Overall, the trend suggests that while the app is valued for its environmental focus and
basic navigation capabilities, there is potential for growth and improvement that could
increase its appeal and effectiveness, making it not only a tool for navigation but also
to help engage in environmentally responsible behaviours.

Question 7: On a scale from 1 to 10, how satisfied are you with the low carbon
emission routes suggested by the app?

The graph in Fig. 31 presents user satisfaction with the prototype having an average
rating of 73.3% out of 100% which has exceeded the expectations set at 60%. The
distribution of scores indicates a generally positive response, with most respondents
rating their satisfaction at 7 (41.67%). There are peaks at scores of 6 (16.66%), and 9
(16.66%) as well, suggesting some variation in user experience or expectations. There
are no ratings below 5 indicating that most users find the prototype either satisfactory
or above average. This data suggests that while the app is performing well in its goal to
suggest environmentally friendly routes, there is still room for improvement to elevate
the user experience to higher satisfaction levels.

More Details £ Insights

7.33

Average Rating 2

Fig. 31: Participants Survey Result for Question 7

6 Discussion

This research project has successfully developed a smart and sustainable Transportation
Tracker prototype that utilises data from various transportation modes to calculate
carbon emissions. The prototype has proved to provide users with alternative routes
that minimise carbon footprints, aligning closely with the UK's ambitious goals for
reducing carbon emissions in the transportation sector through the net zero plan.



Through rigorous literature review, design, implementation, and evaluation phases, the
project has addressed all objectives set. It has integrated some real-time traffic data and
emissions data to enhance route recommendations and has been fully tested through
both black-box and white-box methods, confirming the prototype's effectiveness and
user-friendliness.

Moreover, the prototype’s capability to provide routes directly to the user concerning
emissions data marks a significant advance in navigation technology with an
environmental focus which has not been introduced on major applications like Google
Maps, Waze, or TomTom. The project has not only met its aim but has also set a
foundation for future enhancements, such as expanding the range of transport modes
and incorporating more dynamic environmental data, which could further position the
Transportation Tracker as a crucial tool in the global effort to mitigate climate change.
The positive feedback from user surveys further highlights the prototype's potential
impact and relevance in fostering sustainable transportation practices.

The development of the Transportation Tracker for Carbon Emissions represents a
critical step towards creating a smart and sustainable transport solution. The prototype
is designed to calculate and display low carbon emission routes across various
transportation modes, with relevant integrations to real-time traffic data and advanced
data processing techniques to optimise route selection based on carbon emissions.

Overall, user feedback highlighted the prototype's effectiveness in providing
environmentally conscious route options, though it also revealed areas for
improvement, such as the integration of more comprehensive traffic and emissions data
to enhance accuracy and usability. The prototype was well-received for its core
functionality, allowing users to choose routes based on carbon emissions alongside
other traditional navigation factors such as speed and traffic conditions. The iterative
development process facilitated through the Agile methodology allowed for continuous
refinement, demonstrating a functional application that aligns with the project's aims
and objectives.

While feedback in general was mixed, the survey had a consistent indication of a lot
of concerns with traffic and speed. During the development stage, this was a concern
that had risen whether to prioritise speed or emissions. [42] explained how rerouting
apps are used by many people to get out of traffic and find the fastest route but doing
so creates even more traffic. Alongside this, they argue that the system must be thought
about as a whole so that rerouting algorithms can benefit both citizens and the
environment. However, [43] also argues that traditional navigation apps like Google
Maps, Waze, and TomTom provide the “best path” to reach a destination, “they do not
care about collective effects on the city.” Based on their research they shed some light
stating that “On the one hand, navigation apps may provide benefits in mitigating
carbon dioxide emissions, on the other hand, they may increase the population exposure
to pollution in densely populated areas.”

Focusing on this project, the aim is to develop a prototype that “reduces” carbon
emissions and with the consideration of all the research conducted the decision made
was to favour a routing algorithm that focuses on reducing carbon emissions over speed.
However, with this focus, most routes that are returned by the prototype favour the use



of public transport as it has some of the most reduced emissions when compared to
private vehicles as discussed earlier. Walking and bicycling were refined to ensure that
they are not always selected as they directly emit 0 kgCO2 meaning they are always
the best mode of transport but it is not ideal nor convenient to users so limits were set
on the distance they can travel.

Therefore, we carried out another iteration and attempted to create a system that can
provide a series of options for the users so that they choose what is the best option for
them considering their current circumstances and of course the amount of carbon
emission. For example, if using a car for a route takes 20 minutes from point A to Point
B and using public transport takes 30 minutes but with 70% less carbon emissions, they
can choose public transport when they are planning for their journey, if they have 10
minutes extra time. This is explained further in 6.1.

6.1 Transportation Tracker for Carbon Emissions V5 — Updated prototype
output to display all modes of transportation

The prototype successfully calculates and outputs the best mode of transport that is low
in carbon emissions however, due to the emissions factor, the prototype will most likely
favour public transportation over driving, bicycling, or walking as shown in the
calculation logic to output the best transportation route (Fig. 29). In this branch iteration
of V4, the calculation logic for choosing the best route has been removed and instead,
all routes via all modes of transportation are displayed using the Directions API. This
was done by storing all route information for each mode of transport in a list. The
“route_options” list would then be looped until all modes of transportation and their
route information were displayed to the user (Fig. 32).



get route info(origin, destination, api key):

route_info = {
mode,
": distance,
emissions,
duration text,
arrival_time_str,
traffic_delay_ text

route_options[mode].append(route_info)
return route_options

format_route_info(route options):

result = "

time_of_day = get_time_of_day()

for mode, routes in route options.items():
result += f"Mode of Transport: {mode.capital
for idx, route in m (routes):

result += (f ]
" (route[ "dista
froute[*

[route

(time_of_day}\n

eturn result

Fig. 32: Updated “get_route info” and “format_route info” function

As a result, the output of the prototype now allows the user to scroll through all
driving, public transport, bicycling and walking routes available for a given journey
using the Directions API. The information remains the same however, instead of giving
only one option to the user, all options are available allowing the user to freely choose
any mode of transportation.Providing users with only one option may not effectively
persuade them to reduce their carbon footprint. However, by displaying all available
results, users can evaluate and select the mode of transport that best suits their needs
while being informed about the carbon emissions associated with each route. This
comprehensive information encourages users to consider the environmental impact of
their choices. By presenting all the details, users are more likely to make informed
decisions that align with their preferences and contribute to reducing their carbon
footprint.

6.2  Efficiency-Oriented Approaches to Transportation Planning

Efficiency-oriented approaches in transportation planning often focus on optimising
specific outcomes, such as minimising travel time, reducing costs, or lowering carbon
emissions. While these objectives are critical, they can create trade-offs that impact
other priorities, such as user convenience, safety, and accessibility. In this study, the
Transportation Tracker prototype adopts an environmental efficiency lens, prioritising
carbon emissions reduction. This design aligns with the UK’s Net Zero targets and
broader sustainability goals, encouraging environmentally conscious travel behaviour.

However, a singular focus on efficiency can have limitations. For instance,
prioritising low-carbon routes may not always align with users' preferences for the



fastest or most cost-effective routes. This could lead to lower user adoption rates if the
system fails to adequately consider the diverse needs of its users. Additionally,
efficiency-oriented systems may inadvertently disadvantage certain groups, such as
individuals with mobility challenges, if they do not account for accessibility or social
equity.

The pros of efficiency-oriented approaches include their ability to provide
quantifiable and actionable insights that align with measurable goals, such as carbon
emissions reduction. On the other hand, the cons include a potential lack of flexibility
in addressing complex user requirements and broader societal concerns. Balancing
efficiency with adaptability and inclusivity is therefore a key challenge in developing
transportation systems that cater to multifaceted user needs. Future iterations of the
Transportation Tracker prototype could explore incorporating additional criteria, such
as travel cost, accessibility, and safety, to create a more holistic decision-making tool.
6.3  Aligning with Multifaceted User Requirements and Social Goals

Modern urban transportation planning must balance individual user needs with
collective societal objectives, creating systems that are not only efficient but also
equitable, inclusive, and aligned with long-term sustainability goals [44]. The
Transportation Tracker prototype takes an important step by addressing the
environmental dimension of user decisions. However, user requirements are
multifaceted, encompassing priorities such as time, convenience, cost, safety, and even
the social value of their choices.

One critical consideration is how the prototype can accommodate diverse user
groups with varying needs. For instance, users with mobility constraints may prioritise
accessibility over carbon efficiency, while low-income users may prioritise cost
savings. The integration of personalised preferences, such as the ability to prioritise
cost-effective or fastest routes alongside carbon-efficient options, would allow the
system to cater to a broader audience.

Social goals, such as equity in transport access and fostering behavioural shifts
toward sustainable practices, also require attention. Urban transport systems play a vital
role in promoting social inclusion by ensuring all users have access to affordable and
sustainable travel options. By integrating features that promote accessibility, equity,
and public health benefits, the prototype could contribute to these broader societal
goals.

6.4  Scalability of the Transportation Tracker Prototype

Scalability is a crucial aspect of any digital tool intended for widespread adoption,
particularly in urban transportation systems where demand fluctuates significantly. The
Transportation Tracker prototype has been developed with scalability as a foundational
design principle. By leveraging cloud-based infrastructure and integrating with widely
used APIs, the system is capable of handling concurrent user requests efficiently. This
approach ensures that the prototype can cater to a growing user base, making it suitable
for deployment in densely populated cities or regions with high transportation demands.

The modular architecture of the system further supports scalability. Each component
of the system, including data processing, route calculation, and user interface, can be
independently scaled to address increased demand. For instance, if the number of users



accessing the tool rises significantly during peak hours, additional computing resources
can be dynamically allocated to maintain optimal performance. However, while these
scalability features are inherent to the system's design, their effectiveness under
extreme demand scenarios, such as city-wide events or emergencies, remains untested.
Future work should focus on conducting stress tests and simulations to evaluate system
performance under high-load conditions, identifying potential bottlenecks, and refining
the system's resource management strategies.

Incorporating these improvements will solidify the Transportation Tracker’s
capacity to function reliably at scale, thereby enhancing its practical applicability in
real-world urban environments. Additionally, engaging with municipalities and
transportation agencies could provide opportunities to align the system’s scalability
with broader urban planning initiatives.

6.5  Adaptability to Diverse Regions and Contexts

The adaptability of the Transportation Tracker prototype is another significant
consideration for its application beyond the initial context in which it was developed.
Urban environments vary widely in terms of transportation infrastructure, available
modes of transit, user preferences, and environmental policies. The prototype addresses
this variability by employing a modular and flexible design, allowing it to integrate
region-specific data sources with minimal structural changes. For instance, the system
relies on open APIs for route and emissions data, which can be easily replaced or
supplemented with localised data to reflect the specific characteristics of a new region.

To apply the prototype in other regions, several steps would be necessary. First,
collaboration with local authorities and data providers is essential to ensure access to
accurate, regionally relevant information. This includes transportation network layouts,
real-time traffic data, and local emissions factors. Second, adjustments to the algorithm
may be required to account for regional differences in transportation modes. For
example, cities like Venice may rely on water-based transportation, while some regions
may incorporate emerging technologies such as electric scooters or autonomous
vehicles. Third, cultural and behavioural considerations must be considered, as user
preferences and priorities can differ significantly across regions.

Piloting the Transportation Tracker in diverse urban settings would provide valuable
insights into its adaptability. These trials would allow for the identification of region-
specific challenges and opportunities, as well as the refinement of the tool to ensure its
relevance and effectiveness in different contexts. By demonstrating adaptability, the
prototype can contribute to global efforts to reduce carbon emissions in urban transport,
supporting the transition to sustainable and smart cities worldwide.

7 Conclusions

This project addresses the critical issue of carbon emissions in the transportation sector
by developing a smart transportation tracker for carbon emissions. It contributes
significantly to both academic research and practical applications by providing a
functional solution that leverages real-time data to suggest environmentally friendly
travel routes. The project's focus on integrating carbon emissions data into everyday



decision-making tools fills a significant gap in current transportation apps, which often
prioritise time or traffic considerations over environmental impact. This innovation
aligns with broader sustainability goals, such as the UK's net-zero emissions plan, and
demonstrates how real-time data integration can substantially influence carbon
emissions reduction.

The project underscores the potential of smart transportation systems within smart
cities, showcasing how software solutions can be effectively designed to tackle climate
change. By offering valuable data, the application empowers users to make informed
decisions that favour low-carbon transportation options. This not only supports
individual efforts to reduce carbon footprints but also aids urban planners in promoting
sustainable transportation habits.

7.1  Contributions of this research

Theoretical Contributions. This research contributes to the emerging body of
knowledge on sustainable urban mobility by introducing a novel approach to route
optimisation that prioritises environmental impact over speed. While existing
navigation systems like Google Maps and Waze focus primarily on reducing travel
time, this research advances the theoretical understanding of how digital tools can be
designed to promote sustainability by incorporating real-time carbon emission data. It
provides a framework for further exploration of integrating environmental factors into
smart city solutions and sustainable transportation systems.

The study also adds to the literature on decision-making in the context of
environmental sustainability by proposing a model that empowers users to balance
personal convenience with ecological responsibility, thus opening new avenues for
research in user-centred, eco-friendly technology adoption.

Furthermore, this project contributes to the field of smart city development by
demonstrating how transport systems can be enhanced through real-time data analytics,
offering insights into the integration of digital solutions that address urban
sustainability challenges. The research aligns with and supports global sustainability
goals, particularly the UN Sustainable Development Goals (SDGs) and the UK's Net
Zero strategy, offering a theoretical model that bridges the gap between digital
transformation and environmental objectives.

Practical Contributions. From a practical perspective, the Transportation Tracker
prototype offers a functional and scalable tool for reducing carbon emissions in urban
transport. Unlike current navigation apps, the prototype considers the environmental
cost of different travel modes, providing users with multiple route options that balance
carbon savings with travel time. This enables a more informed decision-making process
for users, who are increasingly seeking ways to minimise their carbon footprint. The
project's practical contribution lies in its ability to influence user behaviour by
encouraging sustainable transport choices, which can have a direct impact on lowering
urban carbon emissions.



Additionally, this research provides valuable insights for urban planners and
policymakers. By integrating real- time traffic and environmental data, the prototype
can be a critical tool for cities looking to meet their sustainability targets. The ability to
dynamically present all available transport modes, along with their associated
emissions, allows for better planning and design of sustainable urban mobility
solutions. This project serves as a proof of concept for cities aiming to incorporate smart
technologies to tackle climate change and promote greener urban living.

7.2 Limitations

Despite the promising outcomes, the project has several limitations that warrant further
exploration:

e Scope of Emissions Covered: While the prototype effectively calculates
carbon emissions for different transportation modes, it does not account for
indirect emissions associated with activities such as food production for
walking and cycling, or the manufacturing processes of bicycles. This
oversight can lead to an underestimation of the total environmental impact of
these modes of transport.

e Human Behaviour: The effectiveness of the application largely depends on
user adoption and behaviour change. While initial feedback indicates
increased carbon awareness among some users, broader behavioural shifts are
challenging to achieve and require more in-depth analysis and strategic
interventions.

e Data Integration and Accuracy: The current application relies on available
real-time data, which can sometimes be incomplete or inaccurate. Enhancing
the accuracy and comprehensiveness of this data is crucial for the app’s
reliability and effectiveness.

7.3 Recommendations for Future Research

To build on the achievements of this project and address its limitations, several
recommendations for future research and development are proposed:

e Advanced Integration of Real-Time Data: Future iterations of the application
should incorporate more dynamic variables such as weather conditions,
ongoing road works, and live traffic data. Real-time carbon prediction and
advanced routing algorithms could provide more actionable insights, helping
users see the immediate impact of their travel choices.

e User Interface and Experience Enhancements: Improving the app's user
interface and experience is essential for broader adoption. Future
developments should include personalised settings that allow users to
prioritise their preferences, such as balancing between the fastest route and the
lowest carbon route. Features like saving favourite routes, inputting specific
vehicle details for more accurate emissions calculations, and customisable



preferences for route options could significantly enhance user engagement and
satisfaction.

Integration with Public Transportation and Multimodal Travel: Expanding the
app to seamlessly integrate with public transportation systems and suggest
multimodal travel options can provide a more comprehensive view of
available travel choices. This should include recommendations for combining
different modes of transport (e.g., driving to a train station and then taking a
train) based on time, cost, and carbon footprint, as well as options for ride-
sharing and biking.

Behavioural Interventions: Conducting further research into the behavioural
aspects of sustainable transportation can inform the development of strategies
to encourage wider adoption of low-carbon travel choices. This could involve
integrating educational components that highlight the environmental impact
of different transportation modes and showcasing the benefits of sustainable
travel through personalized feedback and visual aids.

Other modes of transportation: While this study focused on commonly used
urban transportation modes such as walking, cycling, driving, and public
transport, future research could explore less conventional modes of transport
like water-based systems and emerging technologies such as passenger drones.
For instance, water transport could be relevant in cities like Venice, where
canals form the primary infrastructure for mobility. Similarly, as air transport
technologies, such as passenger drones, advance, they may play a critical role
in urban transportation systems.

By incorporating the recommended improvements, future research can further
contribute to the development of effective tools that support global efforts to reduce
carbon emissions and combat climate change.
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Appendix: Logical Testing Results

' Route planner V4 — O X

Curzon St, Birmingham B4 7XG
Wulfruna St, Wolverhampton WV1 1LY

[Confirm Journey|

Lowest Carbon Footprint Route

Transport method: Transit

Total Journey Distance: 14.71 Miles
Estimated carbon emissions: 0.78 kg CO2
Estimated duration: 1 hour 4 mins
Departure time: 00:44

Arrival time: 01:47

Traffic delay: N/A

View Google Maps Route

A.1: Result



# Route planner v4 — O X

Unable to retrieve route information.

View Google Maps Route

A.2: Result



' Route planner V4 — O X

Lowest Carbon Footprint Route

Transport method: Transitc

Total Journey Distance: 89.71 Miles
Estimated carbon emissions: 4.75 kg CO2
[Estimated duration: 2 hours 0 mins
Departure time: 00:49

Arrival time: 02:49

Traffic delay: N/A

View Google Maps Route

A.3: Result



§ Route planner v4 — [m] X

Chelmsford, Essex
Colchester, Essex

Confirm Journey

Lowest Carbon Footprint Route

Transport method: Driving

Total Journey Distance: 24.03 Miles
Estimated carbon emissions: 5.89 kg CO2
Estimated duration: 33 mins

Departure time: 00:57

Arrival time: 01:30

Traffic delay: N/A

Driving Alternatives:

Route 2

Total Journey Distance: 28.28 Miles
Estimated carbon emissions: 6€.93 kg CO2
Estimated duration: 47 mins

Departure time: 00:57

Arrival time: 01:45

Traffic delay: N/A

A.4: Result



¢ Route planner V4 = o X

Confirm Journey

Lowest Carbon Footprint Route

Transport method: Driving

Total Journey Distance: 10.76 Miles
Estimated carbon emissions: 2.32 kg CO2
Estimated duration: 27 mins

Traffic delay: O minutes

Driving Alternatives:

Route 2

Total Journey Distance: 11.74 Miles

Estimated carbon emissions: 2.54 kg CO2
Estimated duration: 20 mins

Traffic delay: 4 minutes

A.5: Result



# Route planner V4 — O X

Lowest Carbon Footprint Route

Transport method: Transit

Total Journey Distance: 17.83 Miles
Estimated carbon emissions: 0.94 kg CO2
Estimated duration: 55 mins

Departure time: 01:06

Arrival time: 02:01

Traffic delay: N/A

View Google Maps Route

A.6: Result
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# Route planner v4 — m] X

Lowest Carbon Footprint Route

Transport method: Walking

Total Journey Distance: 0.51 Miles
Estimated carbon emissions: 0.00 kg CO2
Estimated duration: 1l mins

Departure time: 01:19

Arrival time: 01:30

Traffic delay: N/A

View Google Maps Route

A.8: Result



§ Route planner V4 — a X

Lowest Carbon Footprint Route

Transport method: Bicycling

Total Journey Distance: 3.44 Miles
Estimated carbon emissions: 0.00 kg CO2
Estimated duration: 21 mins

Departure time: 01:25

Arrival time: 01:46

Traffic delay: N/A

A.9: Result



# Route planner v4 — [m] X

Confirm Journey

View Google Maps Route

A.10: Result



