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Foreword 

 
Transport is an integral part of all our lives and its impacts has effects for the both the 
environment and for humanity itself.  Researchers have an important role in addressing the 
transport challenges particularly with an international agenda of reducing emissions from the 
sector.  
 
The Irish Transport Research Network (ITRN) conference facilitates the presentation of recent 
developments and findings across the broad range of transport - related issues. The 
conference provides opportunities to interact, exchange ideas and network with researchers 
across academia, transport industries and government organisations.  
 
These proceedings comprise the full set of scientific presentations from the ITRN 2023 
Conference. The proceedings include two keynote presentations, three policy papers, and 
twenty- four peer - reviewed papers, presented across seven technical sessions covering many 
topics in transport. The papers in these proceedings are ordered by sessions and order of 
presentation. These proceedings can be accessed and are published on the ITRN website 
(www.itrn.ie ) and are copyright of Irish Transport Research Network.  
 
Policy papers were presented in a panel session by Kyle Moore, DoT, Sarah McDonagh, NTA, 
and Brendan Meighan, DoT. Anne Graham, NTA and Dr Suzanne Meade, TII joined the panel to 
debate road safety policy and sustainable mobility issues.  
 
Thanks to Dr Orla Flynn, Atlantic Technological University President, for providing a warm 
welcome to delegates to ATU Sligo and to Mr. Jack Chamber, Minister of State at the 
Department of Transport, for officially opening the conference.  
 
Many thanks to our keynote speakers, Ms Anne Graham, CEO NTA, and Prof. Hannah Daly, UCC 
MaREI Centre who presented on topical issues impacting the transport sector with a focus on 
sustainability , with titles, ĖÙĚēÙÎġíıÙúĴˋ ˨WÙĴ ÓÙıÙúĆēÿÙĀġĚ íĀ ĚĥĚġÀíĀÀÌúÙ ÿĆÌíúíġĴ-  An NTA 
ēÙĖĚēÙÎġíıÙ˩ ÀĀÓ ˨WÙÙēíĀç ġëÙ ġĖÀĀĚēĆĖġ ĚÙÎġĆĖ ĲíġëíĀ íġĚ ÎÀĖÌĆĀ ÌĥÓçÙġ˩ː 
 
Many thanks also to our all ITRN Committee members, paper reviewers, ATU Sligo organising 
committee and support staff,  and especially to our main sponsors, Sligo County Council and to 
our supporters, Punch Consulting Engineers, Bolt, Aecom, CST Group Consulting Engineers, 
VÙĀĀíĀçĚ f˫2ĆĀĆıÀĀ -ĆĀĚĥúġíĀç 8ĀçíĀÙÙĖĚˋ ÀĀÓ vsz æĆĖ ÷íĀÓúĴ ĚĥēēĆĖġíĀç ġëíĚ ĴÙÀĖ˫Ě
conference.  
 
Presenter bios are listed in the proceedings and a copy of the conference programme is 
presented at the end of the proceedings and in the Appendix. 
 
Citation of papers: 
 
When citing a paper from these proceedings, the following format is recommended:  
[authors of the paper]. [title of the paper]. In ITRN 2023: Proceedings of the Irish Transport 
Research Network 2023. Eds.: R Higgins and B McCann, ITRN 2023, Atlantic Technological 
University , Sligo, Ireland, 2023, [Pages]. 
 
 

http://www.itrn.ie/
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Paper Title: Infrastructure matters. EV charge points and the demand for 

EVs in the Northern and Western Region of Ireland 

Author 1 

Mr John Daly 

Northern  and Western 

Regional Assembly 

jdaly@nwra.ie 

 

Abstract 

The availability  of EV charge points in public spaces could be key to improving  demand for  EVs in predominantly 

rural  regions such as the Northern  and Western Region of Ireland. Despite this, there has been limited  analysis 

of the availability of EV charge points in public spaces across Ireland and the degree to which this type of 

infrastructure could encourage greater demand for EVs in rural areas. Using data from the ESB, Plugshare 

and OpenCharge Map, this research has examined the level of EV charge points in public spaces across the 

island of Ireland and surveyed the attitudes of 559 residents from its most rural oriented NUTS 2 Region  ˟

namely the Northern  and Western Region ˟  on the degree to which EV infrastructure  and other  policy initiatives 

could influence their demand for EVs.  

 

Relative to the all - island norm, the research found that there was a low level  of publicly available EV charge 

points in the Northern and Western Region of Ireland, both in absolute terms and per km 2. Of the 4 NUTS 2 

Regions of the island of Ireland, the Northern and Western Region registered the lowest density of publicly 

available EV charge points  ˟with 1.9 charge points for every 100 km² -  which was below the average for the 

island of Ireland of 3.8. The survey results also found that if more 50kw EV charge points were provided in 

public spaces, the percentage of respondents  ˨ ıÙĖĴ úí÷ÙúĴ˩ to purchase an EV in the coming year rises  from  3% 

to ʵʵ̧ˋ ĲëíúÙ ġëÙ ēÙĖÎÙĀġÀçÙ Ćæ ĖÙĚēĆĀÓÙĀġĚ ˨ıÙĖĴ ĥĀúí÷ÙúĴ˩ to purchase a new EV in the next year drops from 

79% to 57%. Petrol stations were ranked as the preferred location for future EV charge points (39% of 

respondents), followed by housing estates (17%) and town centres (16%), while opinions were also expressed 

on the need for more enhanced and targeted EV grants. 

 
The results of this research suggest that economic considerations  ˟ such as the price of an EV and the 

provision of financial supports in reducing prices  ˟are the most important factors in encouraging a sizeable 

uptake of EVs. That said, the data also suggests that there are significant opportunities in using publicly 

available EV charge points in improving  the future demand for  EVs in rural regions such  as the Northern  and 

Western Region of Ireland. Such findings could inform the debate on the effectiveness of policy  interventions 

in growing demand for EVs in rural regions across Ireland.  

 
Keywords: EVs, EV Infrastructure,  Regional Transport 

 
Introduction 

The Climate Action Plan has committed to having almost 1 million EVs on Irish roads by 2030, with its 

implementation  central  to supporting  MĖÙúÀĀÓ˫Ě transition  to a low carbon society. If this ambitious objective is 

to be delivered by 2030, policymakers  will have  to develop and deploy a variety  of policy initiatives  to encourage 

a greater  uptake of EVs, with  the provision  of more publicly  available EV charge points in rural  regions  ˟such 

as the Northern and Western Region  ˟potentially providing an avenue to support demand in this regard.  

 
The topic of EVs is particularly relevant for the Northern and Western Region of Ireland, as this region  ˟

relative to other NUTS 2 Regions in Ireland  ˟has significant potential in capitalising on the economic and 

environmental  benefits associated with  EVs. Such potential  is evident from  the fact that the Northern  and 

mailto:jdaly@nwra.ie
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Western Region is the most rural oriented NUTS 2 Region on the island of Ireland, and as such residents are 

notably reliant  on private  car journeys  on a daily basis  ˟due to the lack of alternative  public transport  options 

 ˟while the rural composition of its counties implies that citizens generally have to travel long distances in 

order  to reach basic and essential  services  [1]. As a result,  EVs offer  significant  opportunities  to reduce carbon 

emissions and deliver significant cost savings to residents of the Northern and Western Region.  

In this regard, the provision of more publicly available EV charge points could be used to support the uptake 

of EVs in the Northern  and Western Region by addressing factors  such as ˨ĖÀĀçÙ ÀĀĳíÙġĴ˩  ˟namely a fear that 

EVs will  run out of power before reaching their  destination  ˟  with  this type of infrastructure  considered notably 

important in overcoming these concerns [2]. Despite this, there seems to be limited analysis of the potential 

of utilising this type of infrastructure in overcoming these concerns and improving demand for EVs in rural 

regions across Ireland. Within this context, this research aims to address the following questions, namely:  

 
1. What level  of EV charge points are available in public spaces across the Northern  and Western Region 

of Ireland  ˟in absolute terms  and per 100 Km² ˟  compared to the other  NUTS 2 Regions of the island 

of Ireland? 

 
2. What are the opinions of residents in the Northern and Western Region of Ireland on EVs, EV 

infrastructure and how policymakers can improve the uptake of EVs in the region?  

 

3. To what degree does the provision  of publicly  available EV charge points influence  the future  demand 

for EVs in the Northern and Western Region of Ireland compared to other relevant policy initiatives?  

 
In doing so, this analysis will inform national, regional and local policymakers that wish to support the 

Northern  and Western vÙçíĆĀ˫Ě transition  to a low carbon society and the implementation  of the Climate Action 

Plan, with such an analysis providing an evidence base which will:  

 
¶ Support the implementation of Regional Policy Objective (RPO) 6.33 of the Regional Spatial and 

8ÎĆĀĆÿíÎ zġĖÀġÙçĴ ˜vz8z˝ Ćæ ġëÙ `ĆĖġëÙĖĀ ÀĀÓ µÙĚġÙĖĀ vÙçíĆĀˋ ĀÀÿÙúĴ ˨vÙÓĥÎÙ ÓÙēÙĀÓÙĀÎĴ ĆĀ

fossil -æĥÙú ēĆĲÙĖÙÓ ıÙëíÎúÙĚ˩ ˉ 

 
¶ zĥēēĆĖġ ġëÙ íÿēúÙÿÙĀġÀġíĆĀ Ćæ vsf ʺːʷʸ Ćæ ġëÙ vz8z ĀÀÿÙúĴ ˨sĖĆÿĆġÙ ġëÙ ÓÙēúĆĴÿÙĀġ Ćæ ġÀĖçÙġÙÓˋ

convenient and safe recharging infrastructure across the region to meet the changing needs of the 

ÙúÙÎġĖíÎ ıÙëíÎúÙ Ĳíġë ēÀĖġíÎĥúÀĖ ÙÿēëÀĚíĚ íĀ ēĥÌúíÎ ēÀĖ÷íĀç ÀĖÙÀĚ ÀĀÓ ÙÿēúĆĴÿÙĀġ úĆÎÀġíĆĀĚ˩ː 

 
¶ Support the implementation of a variety of actions outlined in the Climate Action Plan (2021), 

specifically:  

 
o Action 273 which aims to ˨MÓÙĀġíæĴ options to increase EV uptake to support  the transition  away 

from  grant  ĚĥēēĆĖġĚ˩ː 

o ÎġíĆĀ ʶʻʺ ĲëíÎë ÀíÿĚ ġĆ ˨8ĀÀÌúÙ çĖÙÀġÙĖ 8² íĀæĖÀĚġĖĥÎġĥĖÙ ĖĆúú- out for passenger cars and 

ıÀĀĚ˩ː 

o Action 278 which aims to ˨ ZÀĥĀÎë a Destination Charger Scheme to install  publicly  accessible 

EV charging íĀæĖÀĚġĖĥÎġĥĖÙ˩ː 

 
¶ Inform  the implementation  of the EV Charging Infrastructure  Strategy 2022- 2025 

 
Methodology 

In addressing the first research question, this analysis utilised well established and publicly available EV 

charge point data sources, such as Plugshare, OpenCharge Map and the 8z+˫Ě ˨ 8² Charge Point _Àē˩ː By using 

these datasets, the paper was able to analyse the number  of EV charge points  that are available  in the public  
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domain for each county on the island of Ireland. These datasets were selected for the following reasons, 

namely: 

 

1. The ESB owns and operates the biggest and most extensive EV charging network on the island of 

MĖÙúÀĀÓˋ ġëÙĖÙæĆĖÙ ġëÙ ĥĚÙ Ćæ ÓÀġÀ æĖĆÿ ġëÙ 8z+˫Ě ˨8² -ëÀĖçÙ sĆíĀġ _Àē˩ ĲÀĚ ÎĆĀĚíÓÙĖÙÓ ĀĆġÀÌúĴ

important in providing a comprehensive headcount of the number of publicly available EV charge 

points on the island of Ireland.  

 
2. Data from  Plugshare and OpenCharge Map provide detailed and up- to- date information  on the number 

of publicly  available EV charge points from  the key market  providers  outside of the ESB, including but 

not limited to EasyGo, Circle K, Applegreen, Ionity and Tesla. 

 
3. Data from  Plugshare and OpenCharge Map are updated regularly  with  feedback from  EV users  of these 

ĚíġÙĚˋ ĲëíúÙ ÓÀġÀ æĖĆÿ ġëÙ 8z+˫Ě ˨8²-ëÀĖçÙ sĆíĀġ _Àē˩ ēĖĆıíÓÙĚ ĖÙÀú ġíÿÙ íĀæĆĖÿÀġíĆĀ ĆĀ ġëÙ ĥĚÙˋ

availability and physical address of its EV charge points.  

 

4. Data from Plugshare and OpenCharge Map generally provide photographic evidence of publicly 

available EV charge points across the island of Ireland.  

 
This research adopted a unit of measurement which identifies the number of EV charge points available at a 

çíıÙĀ 8² ĥĀíġ ĆĖ ĚġÀġíĆĀˋ Ĳíġë ĚĥÎë ÀĀ ÀēēĖĆÀÎë íĀ úíĀÙ Ĳíġë ġëÙ 8z+˫Ě ÿÙġëĆÓĆúĆçĴ íĀ ÎÀúÎĥúÀġíĀç ġëÙ ĀĥÿÌÙĖ

of charge points that it owns, manages and maintains within its own network. For information purposes and 

under this  unit of measurement, it should be noted that a publicly  available EV charge point would be the plug 

that is inserted into the EV in order to charge the battery or it would be a socket on an EV unit which allows 

an owner  to charge their  EV using their  own cable. Such an approach attempts  to capture all  EV charge points 

in the public domain  ˟namely all charge points outside of private households  ˟taking into account charge 

points that are located in a variety of public settings, such as  ˟but not limited to  ˟town centres, car parks, 

fuel stations, supermarkets,  sports  clubs, community centres,  industrial  estates and hotels. Such an analysis 

only identifies  the number of publicly available EV charge points that have been noted  as being available at a 

given EV unit or station as of the first week of October 2022, with such an analysis not taking into account 

other  factors  such as the availability  of car spaces beside the EV charge point, usage restrictions  and charges 

and technological issues.  

 
In addressing the second and third  research  question, this analysis  ˟in collaboration  with  the survey company 

˨MĖÙúÀĀÓ-¢ëíĀ÷Ě˩ ˟surveyed 559 residents based in the Northern and Western Region of Ireland, providing 

detailed and unique insights into the thoughts of residents on a variety of topics related to EVs, including but 

not limited to:  

 

¶ Future demand for  EVs in the Northern  and Western Region and the barriers  to purchasing an EV. 
 

¶ The level, accessibility  and quality of publicly  available EV charge points in the Northern  and Western 
Region and its  potential  effect on future  demand for  EVs compared to other  relevant  policy initiatives.  

 
¶ vÙĚíÓÙĀġ˫Ě íÓÙÀú úĆÎÀġíĆĀĚ æĆĖ ÀĀÓ ÓíĚġÀĀÎÙ æĖĆÿ ēĥÌúíÎúĴ ÀıÀíúÀÌúÙ 8² ÎëÀĖçÙ ēĆíĀġĚ íĀ ġëÙ `ĆĖġëÙĖĀ

and Western Region. 
 

¶ The awareness of government grants for purchasing an EV and whether enhanced or new supports 
would increase demand for EVs within the Northern and Western Region.  

 
 
¦ĚíĀç ĆĀúíĀÙ ĚĥĖıÙĴĚ ıíÀ ˨MĖÙúÀĀÓ-¢ëíĀ÷˫Ě˩ ĚĥĖıÙĴ ēĆĆúˋ À ġĆġÀú Ćæ ʹʹʽ ĖÙĚíÓÙĀġĚ æĖĆÿ ġëÙ ÎĆĥĀġíÙĚ Ćæ ġëÙ
Northern and Western Region took part in the survey between the 2 nd and 19th of September 2022. Residents 
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æĖĆÿ ġëÙ ÎĆĥĀġíÙĚ Ćæ ġëÙ `¦¢z ʶ vÙçíĆĀ ġíġúÙÓ ġëÙ ˨`ĆĖġëÙĖĀ ÀĀÓ µÙĚġÙĖĀ vÙçíĆĀ˩ ÎĆĥúÓ ĆĀúĴ ġÀ÷Ù ēÀĖġ íĀ ġëÙ
survey and this would consist of individuals from Galway, Mayo, Roscommon, Sligo, Leitrim, Donegal, Cavan 
and Monaghan. Given that national  polling  results  generally  focus on sample sizes around 1,000 respondents, 
such a sample size was considered to provide a comprehensive insight into the thoughts of residents based 
in a rural  region such as the Northern  and Western Region, with  the region  ˟as per Census 2022  ˟accounting 
for  17.6% of MĖÙúÀĀÓ˫Ě ēĆēĥúÀġíĆĀ ˚ʷ˛ː The residents  that took  part  in the survey were  generally reflective  of the 
gender, age, education attainment and income status of the wider population of Ireland, while only 3% of the 
sample stated that they primarily drive an EV at the time of the survey.  

 
Results 

As evident from  Table 1, a total of 488 publicly available EV charge points were identified in the Northern and 

Western Region as of the first week of October 2022, which was lower than the corresponding totals for 

Northern Ireland (529), the Southern Region (920) and the Eastern and Midland Region (1,261). In total, the 

research identified 3,198 publicly available EV charge points on the island of Ireland as of the first week of 

October 2022. The research  also identified the counties with  the highest number of publicly  available EV charge 

points, which were Dublin (639 publicly  available EV charge points), Antrim  (240), Cork (239), Kildare (174) and 

Galway (172), with  the lowest  number of publicly  available EV charge points found in Leitrim  (8), Longford (19), 

Monaghan (24), Offaly (27) and Fermanagh (29). Of the 8 counties in the Northern and Western Region, only 

Galway recorded a total number of publicly available EV charge points that was above 100, with lower totals 

found in Donegal, (99), Mayo (81), Cavan (35), Sligo (35), Roscommon (34), Monaghan (24) and Leitrim (8). Of 

the counties in Northern Ireland, Antrim recorded the highest number of publicly available EV charge points 

at 240, followed by Down at 97, Derry at 70, Tyrone at 50, Armagh at 43 and Fermanagh at 29. 

 
Location Number of Publicly Available EV Charge Points 

Eastern and Midland Region 1,261 

Southern Region 920 
Northern Ireland 529 
Northern and Western Region 488 

Island of Ireland (total) 3,198 

Table 1: Absolute number of publicly available EV charge points by the NUTS 2 Regions of the island 
of Ireland as of October 2022 

 
The results show that publicly available EV charge points  ˟ in absolute terms  ˟ seem to be generally 

concentrated in urban oriented regions and counties, with  relatively  less charge points found in the Northern 

and Western Region and rural counties in Northern Ireland. That said, such information does not take into 

account the unique geographical dimensions of all  regions and counties across the island of Ireland, which is 

quite relevant considering the varying range of  EVs in terms of distance, battery size and due  to factors such 

ÀĚ ˨ĖÀĀçÙ ÀĀĳíÙġĴ˩ː ¢ëÙĖÙæĆĖÙˋ ĥĚíĀç ġëÙ ÀÌĆıÙ íĀæĆĖÿÀġíĆĀ ÀĀÓ ÓÀġÀ æĖĆÿ fĖÓĀÀĀÎÙ zĥĖıÙĴ MĖÙúÀĀÓˋ ġëÙ

research also analyses the number of publicly available EV  charge points for  every 100 Km² for  the 4 NUTS 2 

Regions and the counties of the island of Ireland, thereby capturing the density of charge points across the 

island. 

 
Of the 4 NUTS 2 Regions of the island of Ireland, the Eastern and Midland Region recorded the highest density 

of publicly available  EV charge points  ˟with 8.7 charge points for  every 100 Km² -  which was higher than the 

average for the island of Ireland (3.8). As can be seen from Table 2, of the 4 NUTS 2 Regions of the island of 

Ireland, the Northern  and Western Region registered  the lowest  density of publicly  available EV charge points 

-  with 1.9 charge points for every 100 Km² -  which was below the average for the island of Ireland and also 

notably lower  than Northern  Ireland (3.7) and the Southern Region (3.1). Urban oriented counties located in the 

Greater Dublin Area generally recorded densities that were above the all - island average, with the highest 

concentration  found in Dublin with  69 publicly  available EV charge points for  every 100 Km². Other counties to 

record  above average densities included Kildare  (10.3 publicly available EV charge points per 100 Km²), Louth 
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(10), Antrim  (7.7), Wexford (6.2), Wicklow (5), Westmeath (4.2), Limerick  (4.1) and Down (3.9). In contrast,  rural 

oriented  counties located in the Northern  and Western Region and rural  counties in Northern  Ireland generally 

recorded the lowest density of publicly available EV charge points, with only 0.5 EV charge points for every 

100 Km² in Leitrim.  This was followed  by other  counties such as Roscommon (1.3), Offaly (1.3), Mayo (1.4), Tyrone 

(1.5), Fermanagh (1.6), Longford (1.7), Cavan (1.8) and Monaghan (1.9). Notably, all 8 counties of the Northern 

and Western Region recorded a density of publicly available EV charge points which was below the average 

of the island of Ireland, suggesting that  ˟for every 100 Km² ˟  MĖÙúÀĀÓ˫Ě ÿĆĚġ ĖĥĖÀú ĆĖíÙĀġÙÓ `¦¢z ʶ vÙçíĆĀ íĚ

underserved in terms of publicly available EV charge points.  

 
Location Number of Publicly Available EV Charge Points per 100 km2 

Eastern and Midland Region 8.7 
Island of Ireland (total) 3.8 
Northern Ireland 3.7 
Southern Region 3.1 
Northern and Western Region 1.9 

Table 2: Number of publicly available EV charge points located for every 100 km2, by the NUTS 2 
Regions of the island of Ireland, as of October 2022 

 
In terms of the survey results, a total of 20 questions were posed to respondents on the topics of EVs, EV 

infrastructure and how policymakers can improve the uptake of EVs in the region, with the key findings 

regarding the second research question outlined below:  

 
¶ Of the 559 respondents from the Northern and Western Region of Ireland, 79% noted that they were 

˨ıÙĖĴ ĥĀúí÷ÙúĴ˩ ġĆ ÌĥĴ À ĀÙĲ 8² ĲíġëíĀ ġëÙ ĀÙĳġ ʵʶ ÿĆĀġëĚˋ Ĳíġë ʵʶ̧ ˨ĚĆÿÙĲëÀġ ĥĀúí÷ÙúĴ˩ˋ ʵ̧ ˨ĥĀĚĥĖÙ˩ˋ

4% ˨ ĚĆÿÙĲëÀġ úí÷ÙúĴ˩ˋ with  3% noting that they were  ˨ ıÙĖĴ úí÷ÙúĴ˩ to buy a new EV in the next 12 months1. 

 
¶ Residents from a village  ˟with a population of less than 2,000 people  ˟or a small town  ˟with a 

population of between 2,000 or 10,000 people ˟  recorded the highest percentages of individuals that 

ĲÙĖÙ ˨ıÙĖĴ ĥĀúí÷ÙúĴ˩ ġĆ ēĥĖÎëÀĚÙ ÀĀ 8² íĀ ġëÙ ÎĆÿíĀç ĴÙÀĖˋ Àġ ʼʶ̧ ÙÀÎëː 

 
¶ 44% of all respondents noted that the high price of EVs was the main reason why they would not 

ēĥĖÎëÀĚÙ ÀĀ 8² íĀ ġëÙ ÎĆÿíĀç ĴÙÀĖˋ Ĳíġë ʶʸ̧ ĀĆġíĀç ġëÙĴ ˨ÓíÓ ĀĆġ ĀÙÙÓ ˖ ĲÀĀġ À ĀÙĲ ÎÀĖ˩ˋ ĲëíúÙ ʵʷ̧

ĀĆġÙÓ ˨ĖÀĀçÙ ÀĀĳíÙġĴ˩ ĲÀĚ ġëÙ ÿÀíĀ ĖÙÀĚĆĀ ĲëĴ ġëÙĴ ĲĆĥúÓ ĀĆġ ēĥĖÎëÀĚÙ ÀĀ 8² íĀ ġëÙ ÎĆÿíĀç ĴÙÀĖː

EĥĖġëÙĖÿĆĖÙˋ ʹ̧ ĀĆġÙÓ ġëÀġ æÙÀĖĚ ĖÙçÀĖÓíĀç ˨ÌÀġġÙĖĴ ĲÙÀĖ Ćĥġ˩ ĲÀĚ ġëÙ ÿÀíĀ ĖÙÀĚĆĀ ĲëĴ ġëÙĴ ĲĆĥúÓ

not purchase an EV2 in the coming year. 

 
¶ 81% of respondents  in the Northern  and Western Region felt  that their  local  area does not have enough 

publicly available EV charge points relative to the rest of Ireland.  

 
¶ 39% of respondents felt that more publicly available EV charge points in the Northern and Western 

vÙçíĆĀ ĚëĆĥúÓ ÌÙ úĆÎÀġÙÓ íĀ ˨ēÙġĖĆú ĚġÀġíĆĀĚ˩ˋ æĆúúĆĲÙÓ ÌĴ ëĆĥĚíĀç ÙĚġÀġÙĚ ˜ʵʻ̧˝ˋ ġĆĲĀ ÎÙĀġĖÙĚ ˜ʵʺ̧˝ˋ

work  locations  (14%) and supermarket car parks  (12%). Only 1% of respondents felt  that more publicly 

available EV charge points should be located in sports clubs 3, while less than 1% felt more should be 

located in hotels.  

 
 
 

 
1 Response rate do not sum to 100% due to rounding. 
2 Top 4 responses included only. 
3 Response rate do not sum to 100% due to rounding. 
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¶ 31% felt  that at least  2 EV charge points was needed for  every village and town in  order to  encourage 

À çĖÙÀġÙĖ ĥēġÀ÷Ù Ćæ 8²Ě ÀĀÓ ġĆ ĖÙÓĥÎÙ ˨ĖÀĀçÙ ÀĀĳíÙġĴ˩ íĀ ġëÙregion, with 20% of respondents feeling 

that at least 2 EV charge points was needed for  every 5 kms, while  18% of respondents  felt  that at least 

ʵ 8² ÎëÀĖçÙ ēĆíĀġ ĲÀĚ ĀÙÙÓÙÓ íĀ ÙıÙĖĴ ˨ēÙġĖĆú ĚġÀġíĆĀ˩ː 

 

¶ Despite the availability  of ˨ EÀĚġ4  ˩and ˨ Kíçë Powered5  ˩EV charge points in public spaces in Ireland, 32% 

of respondents  felt  that it would normally  take 1 hour to charge an EV at a publicly  available EV charge 

point, with  19% of respondents believing it would take 2 hours to charge, 10% believing it would take 3 

hours to charge and 16% feeling it would take 4 hours to charge. 

 

¶ Only 8% of respondents  were willing  to pay more than ˹ ʷʴˋʴʴʴ for  a new EV, while  53% of respondents 

noted that the maximum price that they were  willing  to pay for  a new EV was ˹ʶʹˋʹʴʴ or less. 

 
¶ 37% of respondents  noted that they were not aware of any government  grants  in respect  of purchasing 

an EV, whereas 32% noted that they were aware of these supports. 

 
¶ 50% of respondents would be enticed to purchase an EV if there was an increase in the maximum 

grant  available for  EV purchases, 26% would prefer  more tax relief  for  EV purchases while  24% would 

be more enticed to purchase an EV if there  were  ÿĆĖÙ ˨ëíçë ēĆĲÙĖÙÓ˩ charge points in public spaces. 

 
¶ 68% of respondents would support regionally targeted grants for EVs, while 18% would not support 

such a policy proposal.  

 
The key findings regarding  the third  research  question have been outlined below: 

 
¶ If more EV charge points were provided in public spaces, then the percentage of respondents that 

ĲÙĖÙ ˨ıÙĖĴ ĥĀúí÷ÙúĴ˩ ġĆ ÌĥĴ À ĀÙĲ 8² ĲíġëíĀ ġëÙ ĀÙĳġ ʵʶ ÿĆĀġëĚ ÓĖĆēĚ æĖĆÿ a baseline response rate 

Ćæ ʻʽ̧ ġĆ ʺʴ̧ˋ ĲëíúÙ ġëÙ ēÙĖÎÙĀġÀçÙ Ćæ ĖÙĚēĆĀÓÙĀġĚ ġëÀġ ĲÙĖÙ ˨ıÙĖĴ úí÷ÙúĴ˩ ġĆ ēĥĖÎëÀĚÙ ÀĀ 8² ĲíġëíĀ

the next 12 months rises from 3% to 7%. 

 

¶ `ĆġÀÌúĴˋ íæ ÿĆĖÙ ˨EÀĚġ˩ 8² ÎëÀĖçÙ ēĆíĀġĚ ˜ĥē ġĆ ʹʴ÷Ĳ 2-˝ ĲÙĖÙ ēĖĆıíÓÙÓ íĀ ēĥÌúíÎ ĚēÀÎÙĚˋ ġëÙĀ ġëÙ

percentage of respondents  that were  ˨ıÙĖĴ ĥĀúí÷ÙúĴ˩ to buy a new EV in the next 12 months drops from 

79% ġĆ ʹʻ̧ˋ ĲëíúÙ ġëÙ ēÙĖÎÙĀġÀçÙ Ćæ ĖÙĚēĆĀÓÙĀġĚ ġëÀġ ĲÙĖÙ ˨ıÙĖĴ úí÷ÙúĴ˩ to purchase an EV within the 

next 12 months rises from 3% to 11%. 

 

¶ ¢ëÙ ēÙĖÎÙĀġÀçÙ Ćæ ĖÙĚēĆĀÓÙĀġĚ ġëÀġ ĲÙĖÙ ˨ĚĆÿÙĲëÀġ úí÷ÙúĴ˓ ġĆ ēĥĖÎëÀĚÙ ÀĀ 8² íĀ ġëÙ ÎĆÿíĀç ĴÙÀĖ

ĖíĚÙĚ æĖĆÿ ʸ̧ ġĆ ʵʵ̧ˋ íæ ÿĆĖÙ ˨EÀĚġ˩ 8²charge points were provided in public spaces.  

 
¶ Respondents were also questioned on other policy initiatives that could be used to encourage a 

greater uptake of EVs in the region. In this regard, it was found that the percentage of respondents 

ġëÀġ ĲÙĖÙ ˨ıÙĖĴ ĥĀúí÷ÙúĴ˩ ġĆ ēĥĖÎëÀĚÙ ÀĀ 8² ĲíġëíĀ ġëÙ ĀÙĳġ ʵʶ ÿĆĀġëĚ ÓĖĆēĚ æĖĆÿ ʻʽ̧ ġĆ ʸʽ̧ˋ íæ ġëÙ

government  were to increase the maximum grant  rate for  EV purchases from  ˹ ʹˋʴʴʴ6 to ˹ ʵʴˋʴʴʴˋ while 

ġëÙ ēÙĖÎÙĀġÀçÙ Ćæ ĖÙĚēĆĀÓÙĀġĚ ġëÀġ ĲÙĖÙ ˨ıÙĖĴ úí÷ÙúĴ˩ ġĆ ēĥĖÎëÀĚÙ ÀĀ 8² ĲíġëíĀ ġëÙ ĀÙĳġ ʵʶ ÿĆĀġëĚ

rises from  3% to ʵʶ̧ː EĥĖġëÙĖÿĆĖÙˋ ġëÙ ēÙĖÎÙĀġÀçÙ Ćæ ĖÙĚēĆĀÓÙĀġĚ ġëÀġ ĲÙĖÙ ˨ĚĆÿÙĲëÀġ úí÷ÙúĴ˓ ĖíĚÙĚ

from 4% to 21% if the government were to increase the maximum grant rate for EV  purchases from  

˹ʹˋʴʴʴ to ˹ʵʴˋʴʴʴː 
 
 
 

4 ˨EÀĚġ˩ EV charge points (up to 50kW DC) can charge a EV up to 80% in as little as 30 minutes. 
5 Up to 100km of driving range in as little as 6 minutes 
6 Maximum grant at the time of the analysis. Maximum grant value dropping to ˹ ʷˋʹʴʴ as of July 2023. 
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All  things equal, the above response rates  show that the majority  of respondents  from  the region were either 

˨ıÙĖĴ ĥĀúí÷ÙúĴ˩ or ˨ĚĆÿÙĲëÀġ ĥĀúí÷ÙúĴ˩ to purchase a new EV in the coming year, with  the price of EVs, the lack 

of a need for  a new car, ˨ĖÀĀçÙ ÀĀĳíÙġĴ˩ and ˨ÌÀġġÙĖĴ wear Ćĥġ˩ being highlighted  as the main reasons why this 

is the case. vÙĚēĆĀÓÙĀġ˫Ě opinions regarding  the lack of EV charge points in public spaces in the Northern  and 

Western Region seem to be consistent with the analysis of data from Plugshare, OpenCharge  Map and the 

8z+˫Ě ˨8² -ëÀĖçÙ sĆíĀġ _Àē˩ ˟which shows that there is a lack of publicly available EV charge points in the 

region both in absolute  terms and per km 2. Furthermore,  there seems to be a desire for future charge points 

to be installed  in public locations  that are currently  associated with  car fuelling,  with  the results  suggesting a 

desire for  a ˨ĆĀÙ- stop-ĚëĆē˩ approach in terms  of EV charging in public spaces, similar  to the current  market 

approach to fuelling  Diesel and Petrol vehicles.  

 

Although the provision of grants seems to offer the greatest potential in improving demand for EVs, the 

response rates  also highlight  the possible benefits of utilising  publicly  available EV charge points  as a means 

of encouraging a greater  uptake of EVs in rural  regions. The results  show that the provision  of ˨ EÀĚġ˩ EV charge 

points  ˟and the associated charge times or around 30 minutes  ˟provide a potential avenue to entice future 

demand for EVs in rural regions. This is ēÀĖġíÎĥúÀĖúĴ ĖÙúÙıÀĀġ ÎĆĀĚíÓÙĖíĀç ĖÙĚíÓÙĀġ˫Ě ĚġÀġÙÓ ĆēíĀíĆĀĚ ĆĀ ġëÙ

length of time they felt  it would take to normally  charge an EV in a public charge point, which was much higher 

ġëÀĀ ġëÙ ÀÎġĥÀú ġíÿÙĚ ÀĚĚĆÎíÀġÙÓ Ĳíġë ÎëÀĖçíĀç Àġ À ˨EÀĚġ˩ ÀĀÓ ˨Kíçë-sĆĲÙĖÙÓ˩ 8² ÎëÀĖçÙ ēĆíĀġˋ Ĳíġë ġëÙĚÙ

results suggesting the need for further promotion of the benefits of these types of chargers.  

 
Conclusions 

The continued rollout  of EVs will  play an important  role  in reducing MĖÙúÀĀÓ˫Ě greenhouse gas emissions  (GHG) 

by 51% by 2030, as required under the Climate Action Plan. Although EVs are not completely devoid of GHG, 

they are far  more sustainable  compared to the use of fossil  fuelled  powered vehicles and considering  the rural 

composition of the Northern  and Western Region, it  is likely  that their  residents  will  remain notably reliant  on 

private car journeys. Therefore, the uptake of EVs will be key to supporting more sustainable transport 

patterns in the region in the coming years.  

 

Although the results  of this  research  suggest that economic considerations   ˟such as the price of purchasing 

an EV and the provision of financial supports in reducing prices  ˟ are the most important factors in 

encouraging a uptake of EVs, the data also suggests that there is considerable potential in using publicly 

available EV Charge points ˟  particularly  ˨ EÀĚġ˩ EV charge points  ˟  in supporting  future  demand in rural  regions 

such as the Northern  and Western Region of Ireland. Addressing the relatively  low levels  of publicly  available 

EV charge points in the Northern and Western Region  ˟both in absolute terms and per km 2  ˟will assist in 

unlocking this demand and in supporting more sustainable forms of private transport in the region.  

 

The findings of this  analysis could inform  the design and implementation  of future  policies  associated with  EVs 

and provides some insights into the opinions of residents from the rural oriented region of the Northern and 

Western Region, on topics such as EVs, EV infrastructure and how policymakers can encourage a greater 

uptake of EVs in the region. 
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Abstract 
Safety and comfort  are two key fundamentals  that should be provided to e- scooter  users. Surface roughness 
has an essential  role  in ensuring  this. For e- scooter  users  bumps, cracks, potholes, pavement inconsistencies 
and other road defects can make the riding experience unpleasant and potentially dangerous. Professional 
instruments mounted on cars are typically used to survey road quality and make informed decisions on 
maintenance and development of pavements; however, this technology is only suitable for motorised roads 
and not for cycle paths where alternative methods are required. This research paper proposes a method for 
assessing surface roughness on cycle paths using Global Positioning System (GPS) and triaxial  accelerometer 
smartphone  sensors  mounted on e- scooters. Data collection  was performed  on an e- scooter  on the University 
of Limerick  (UL) campus and a smartphone  application ˪sëĴēëĆĳ˫ was used to collect  location and acceleration 
data. The International Roughness Index (IRI) was selected for the analysis as it is the most recognised 
standard for measuring road surface quality. A methodology was developed for converting the vertical 
acceleration values recorded to IRI. Results suggested a lack of direct correlation with the IRI scale for e -  
scooter vehicles and hence an adjusted scale  was developed based on the data collected. The adjusted scale 
was then used to create a colour - coded surface roughness map of the UL campus displaying the surface 

roughness conditions of all  common cycle paths within  the campus. This map can be given to Moby, the UL e-  
scooter operator who can  then identify hazardous  areas and íĀġĖĆÓĥÎÙ ˨çĆ-ĚúĆĲ˩ ĸĆĀÙĚ and ˨ĀĆ-çĆz˩ones to 
create a safer e - scooter riding experience.  

 

Keywords: E- scooter, Surface Roughness, Smartphone, Vibration, User Experience. 
 

Introduction 
The repercussions of climate change are already evident, and this evidence is irrefutable. Extreme weather 
events are occurring more frequently and with more disastrous consequences. Ireland is at risk of more 
frequent  storms  and flooding (22). It is possible for  a sustainable  society and economy to be created; however, 
ĚĲíæġ ÀÎġíĆĀ ÿĥĚġ ÌÙ ġÀ÷ÙĀ ĚĆ ġëÀġ ÀúġÙĖĀÀġíıÙ ĚĥĚġÀíĀÀÌúÙ ĚĆúĥġíĆĀĚ ÎÀĀ ÌÙ íĀġÙçĖÀġÙÓ íĀġĆ ĚĆÎíÙġĴː MĖÙúÀĀÓ˫Ě
response to global warming is to implement actions according to the Climate Action Plan. As the transport 
sector  is responsible  for  a large proportion  of greenhouse gases, there  is much scope to lower  overall  carbon 
emissions by making improvements across a range of transport innovations and to ultimately become 'net -  
zero' by 2050 (19). Transport accounts for 20% of Ireland's greenhouse gas (GHG) emissions. Road transport 
is responsible  for  96% of those GHG emissions (35). National and local  governments  are increasingly  searching 
for  solutions  to create a more sustainable  transport  system and to change habits to encourage a decrease in 
the use of private  vehicles in response to these urgent  concerns. Micro- mobility,  specifically  electric  scooters 

(e- scooters),  are becoming increasingly  recognised as a significant  component of an integrated  multi - modal 
transport system since they are environmentally, socially, and economically sustainable ( 33). 

The global popularity of micro - mobility services in urban areas has been increasing since late in the last 
decade. As a result,  many service providers  are offering  customers  a convenient option for  the first/last  mile 
of their journeys and for short commutes through their mix of docked and dockless e - scooter schemes (12). 

As policymakers  and local  government  legislators  struggle  to create regulations  and bylaws and assess the 
advantages and disadvantages of their use in urban settings; micro - mobility, particularly e - scooters, has 
become a contentious topic for government officials in many cities around the world ( 8). 

E- scooters are becoming a more common form of transport for many individuals in Ireland, even though 
they are not permitted  on the country's  public roads and walkways.  It is important  to note that users  of these 
vehicles are prepared to take a chance on having their scooters seized or facing a fine from the authorities 
to take advantage of the benefits that e - scooters provide their rider ( 10). 

Despite their popularity, several safety issues have arisen from e - scooters, with injuries and even some 
fatalities  reported  in cities worldwide.  For example, the Centres for  Disease Control and Prevention (CDC) 
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has reported  figures  of 20 crashes causing injuries  in every 100,000 trips  (21) and pilot  programmes  in 
Multnomah, USA, reported 2.2 injuries per 10,000 miles travelled and 2.5 injuries per 10,000 trips (14). 

The objective of this paper was to produce a surface roughness map for  the UL campus. 

 
Literature Review 

Outline 

This literature  review  summarises  the findings on the effects of surface roughness and the use of e- scooters. 

Surfaces 

Several key quality indicators of a surface will affect the user experience. When looking specifically at the 
surface of  a road or pavement, some crucial  factors  are surface roughness,  drainage, debris, and maintenance. 
Almost  all  infrastructure  shared by e- scooters  has been designed for  the purpose of other  modes of transport 
which have undergone the relevant planning, design, and construction processes.  

Surface drainage may work  well  for  cars or bicycles; however, the travelling  on e- scooters  with  significantly 
smaller wheels, than bicycles, may be challenging through films of water on surfaces following rain (7).  

Small  debris  from  roads and natural  objects is often swept aside and can build up in cycle lanes and footpaths. 
For e- scooter users with smaller tyres with less grip; these build - ups can cause accidents or injury (20).  

Although these surface quality issues are essential to successfully integrating e - scooters, this report will 
focus mainly on how surface roughness impacts user safety and experience.  

Surface Roughness 

Road surface roughness is the deviation of the road surface from  a true  planar  surface (7). Surface roughness 
is a crucial characteristic of roads; it directly impacts user safety, user experience, fuel consumption, road 
maintenance needs, and more. Road usage has increased for cars, heavy goods vehicles, electric vehicles, 
cyclists and, more recently, electric - powered Personal Mobility Vehicles (e - PMVs) such as e- scooters. Road 
surface roughness is one of the most important Key Performance Indicators (KPIs) of a road's quality ( 25). 

Road management traditionally employs standardised  surveys and KPIs of the pavement to determine the 
need for repair. The International Roughness Index (IRI) is the most common and recognised KPI of road 
surface roughness. The World Bank first introduced IRI in 1986 (34) to standardise the measurement of 
passenger car ride comfort  at a reference  speed of 80km/h.  The IRI is calculated using a mathematical model 
known as the 'quarter - car model' as it represents the effects of the road on a single tyre.  

Measurement of Surface Roughness 

The triaxial accelerometer and the Global Positioning System (GPS) are two sensor systems which can be 
used in this study to collect data on location and vibrations during the testing phase. Both sensors are found 
in most smartphones,  allowing  low- cost research  to be carried  out. Much research  (3; 15; 6) has been done on 
assessing road surface roughness using low - cost accelerometers and other  sensors; however,  much of this 
research has been carried out using cars. As e - scooters are relatively new, research conducted with e -  
scooters as the carrier vehicle is minimal.  The impact of speed on the investigation of vertical acceleration 
must  be considered while  determining  surface conditions. In this context, Alessandroni  (3) has shown a strong 
correlation between vehicle speed and the average value of vertical acceleration.  

E-scooters 

E- scooters are efficient for travelling in urban areas quickly. The output for this project is to produce a map 
with the surface roughness measurements allowing users to be informed of potential safety risks.  

User Preference 

E- scooters are a novel means of transport that satisfy the needs of users by providing flexible, inexpensive, 
and easily accessible mobility  options. E- scooters  are ideal for  replacing  journeys  of less than 3.2 kilometres  
(37). Riders of e- scooters may have alternative preferences to cyclists. Bicycles are sturdier and function 
better  on rougher roads,  given their  shape and tyre size. E- scooters  require a  more upright  steering  position 
due to their  smaller  tyres  and geometrical  designs, making them less sturdy  on rough surfaces. Furthermore, 
e- scooters are smaller and conveniently easier to transport than bikes ( 38). Users prefer e - scooters for 
relatively short trips as it is the quickest mode of transport in urban settings due to traffic congestion ( 37). 
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Safety 

Despite their  popularity,  the public has been concerned about the safety of e- scooters. Along with  the rapidly 
expanding excursions, several e - scooter injuries and fatalities have occurred throughout the world and in 
Ireland also (29). Most e- scooter  safety studies rely  on data collected  from  local  emergency departments.  Due 
to sample size limitations, various research may provide inconsistent results. However, most e - scooter -  
related injuries were caused by automobiles, and 78% of patients were severely injured and required 
diagnostic radiological testing ( 31). Most injuries (44%) occurred on footpaths, with most victims suffering 
minor injuries ( 1). Falls are the most frequent injury method for non - fatal injuries ( 26), possibly due to their 
small  diameter  wheels creating  instability  during braking and vibrations  on rough surfaces (29). Austin Public 
interviewed 125 e- scooter users addressing their concerns regarding their safety when riding. 50% of riders 
interviewed thought that road defects such as potholes or cracks in the surface contributed to their injuries 
(21). 

The exposure of the user  to accidents and the severity of  those accidents is cause for concern. The output of 
this research is to produce a surface roughness map created at speeds less than the 25km/hr limit.  

Legislation 

¢ëÙ MĖíĚë çĆıÙĖĀÿÙĀġ íĀġÙĀÓĚ ġĆ ÙĚġÀÌúíĚë À ĀÙĲ ıÙëíÎúÙ ÎÀġÙçĆĖĴˋ ˪sĆĲÙĖÙÓ sÙĖĚĆĀÀú ¢ĖÀĀĚēĆĖġÙĖĚ˫ ˜ss¢Ě˝ˋ
which will include e - scooters and similar devices. The proposed legislation will allow e - scooters to be used 
legally in public places and address safety standards that PPTs must meet. Since the goal is to legalise the 
use of PPTs in public places, they will be regulated in terms of how and where they can be used ( 39). 

Gaps Identified in the Research 

The safety concern associated with using e- scooters calls for further research to understand the underlying 
accident processes. Unfortunately, there needs to be more crash data to allow for an extensive investigation 
of the safety of e- scooters to be carried out. Most of the previous research relied on the injury records that 
emergency departments  collected. Expanding the scope of the safety assessment connected with  e- scooters 
requires more data - driven studies to understand the riding risk better.  

 
Methodology 

Equipment Set-up 

The e- scooter used in the experimental analysis was from the Moby public sharing scheme based on the UL 
campus. These e- scooters  have a max speed of 25km/h with  a max power of 600W. The wheels were 9.5- inch 
hard rubber  wheels which allowed for  data collection  on a variety  of surfaces  with  different  roughness types. 

The phone holder  shown in Figure 1 was consistent  throughout  every experiment.  This secured the phone in a 
suitable position so that it could accurately record the vertical displacement. The smartphone was kept in a 
horizontal  position so that the ĚÙĀĚĆĖ˫Ě y- axis was parallel  to the e-ĚÎĆĆġÙĖ˫Ě longitudinal  axis, its  x- axis was 
parallel to the e -ĚÎĆĆġÙĖ˫Ě ġĖÀĀĚıÙĖĚÀú ÀĳíĚˋ ÀĀÓ íġĚ ĸ- axis was parallel to the e -ĚÎĆĆġÙĖ˫Ě ıÙĖġíÎÀú ÀĳíĚː ¢ëÙ
spirit  level  sensor  on the smartphone was  used to ensure the smartphone was  in a horizontal  position at the 
beginning of each test. During the testing, GPS and accelerometer data were recorded and stored on the 
Phyphox app. This data was then exported to Microsoft Excel using CSV files. Figure 2 shows the global axis 
used. 

 

Figure 1 - Smartphone attached to e-scooter   Figure 2 ï Phyphox global axis Figure 3 - Moby e-scooter 
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Figure 3 shows how the experiment was  set up for  the data collection.  The same e- scooter  user 
carried out each experiment. During the data collection, it was ensured there were no obstacles along the 
travel paths. All the testing was carried out in the daytime, in good weather conditions and on dry surfaces.  

Data Collection 

The data collection was carried out in all zones where e - scooters were permitted. This involved riding any 
suitable pathway surfaces several times to provide a full and accurate surface roughness map for future 
users. The e- scooter user encountered a variety of surfaces. There were also pictures taken of a variety of 
surfaces and their abnormalities  to show some correlation with  data taken from the accelerometer sensors.  

 
Theoretical Analysis 

Calculation of Road Surface Roughness Using International Roughness Index (IRI) 
As described above the smartphone sensors can  be used to record  naturalistic riding  data for a trip  made on 
an e- scooter. Two types of data were obtained from  the mobile sensors  for  this  analysis: the GPS location and 
triaxial acceleration. For this report, IRI was initially selected as the evaluating indicator for surface 
roughness. The IRI is based on the concept of the ˪ ĕĥÀĖġÙĖ-ÎÀĖ˫ model, which represents  a vehicle with  a single 
suspension point and a quarter  of the ıÙëíÎúÙ˫Ě mass. IRI is a ratio  of the accumulated suspension motion of a 
vehicle (mm), divided by the distance travelled by the vehicle during the test (m) to give a roughness index 
with units of slope (mm/m) ( 34). 

 
Equation 1 Equation 2 

В▪ ╥▐░ 
╘╡╘ =   ░  

╢ 
╥▐░ = |▐░  ▐░ | 

Where (ὠὬὭ ) is the vertical  displacement of each sampling interval  and (S) is the travel  distance. Hence, when 
calculating  IRI the total  distance travelled  and the vertical  displacement of each sampling time  are required. 
The travel  distance can be easily found from  the GPS coordinates. However, the vertical  displacement  cannot 
be directly  obtained and must be derived from  the output values of the accelerometer.  For a vehicle travelling 
on a road profile  as shown in Figure 4, (ὸὭ) is the sampling time and (ὬὭ) is the longitudinal  offset  from  the road 

surface at (ὸὭ) (25). The vertical displacement (ὠὬὭ ) of each sampling interval can then be calculated using  

Equation 2. 

Figure 4 - Road Longitudinal Profile 

Where (Vh) is vertical  displacement, (t) is time and (ὥὺ) is vertical  acceleration. 

Equation 3 Therefore: Equation 4 

ὸὩὲὨ 
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ὍὙὍ =  =  
Ὓ 

Ḁ
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Converting GPS and Accelerometer Data from Smartphone Sensors to IRI 

Calculating the Travel Distance 

The travel distance can be calculated using the travelling velocity measured at each sampling point. Where 
(ὠὸ) is the velocity recorded at time (t). This can be obtained directly from the mobile sensors. This is a more 

accurate method to compute travel  distance than using the longitude and latitude  coordinates  at each sampling 
point due +/-  5m inaccuracies with the GPS recordings.  

Calculating Vertical Displacement 

Vertical displacement was calculated using the vertical acceleration values obtained from the triaxial 
accelerometer which had a frequency of 100Hz. Using Equation the vertical displacement can be calculated 
from the vertical acceleration and time values. This is the final parameter required to satisfy Equation 1 and 
therefore IRI values can be calculated from the data obtained from the accelerometer and GPS sensors.  
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Identification of Outliers 

In this report,  most outliers  correlate with  pavement defects rather  than system errors.  Generally, e- scooter 
users will try to avoid localised defects which would produce an instant spike in vertical acceleration. 
However, for  the purpose of mapping, these defects were included to inform  users  of their  presence. However, 
the velocity  of the e- scooter  was not entirely  consistent  throughout  the data recording.  Velocities recorded at 
less than 3m/s were removed  from  the data to ensure only appropriate  values were  used to calculate  the RI. 

Limitations of IRI for E-scooter Analysis 

The scale shown in Figure 5 is the IRI roughness scale which was developed by the World Bank in 1986 and is 
still the most recognised  scale for assessing surface roughness. However, when using this scale, it quickly 
became apparent from  the IRI values being recorded by the e- scooter  that the IRI roughness scale would not 
be appropriate. This confirmed a lack of direct correlation between IRI and the vibrations experienced by an 
e- scooter  user. The e- scooter  experienced higher levels  of vibrations than a car or a  bicycle would have due 
to its reduced shock absorption. Therefore, an adjusted Roughness Index (RI) ( 

Figure 6) was developed based on the best fit of the recorded results. It was decided a scale with 
increments of 10mm/m would best suit the data. The recorded data when combined with the adjusted scale, 
produced the map shown in . 

Figure 5 - IRI scale Figure 6 - Adjusted RI scale 

 
 

Mapping of Surface Roughness 

Once the roughness values had been calculated, ArcGIS software 
was then used as the mapping system to display the data. This 
involved taking the filtered RI data points along with their 
corresponding coordinates and inputting them into the software as 
a CSV file. This projected each RI value onto a map showing their 
value and location. The results were then categorised and colour -  
coded ranging from dark green for excellent to red for very poor 
using the adjusted RI scale previously mentioned.  

 
 

 
Figure 7 - UL surface roughness map 

 

Results and Discussion 

Overview 
The surface roughness map of the UL campus displayed in . The colour- coded map shows the surface 
roughness of all  paths on campus with  the associated dark green for  excellent  to red for  hazardous surfaces. 

As data was recorded at approximately 200mm intervals, data points are overlapping at the full map display 
shown in . However, when zoomed in each data point can be seen clearly as displayed in Figure 10. ¢ëÙ ˨ĀĆ-  
çĆ ĸĆĀÙ˩ Ćæ ġëÙ ēÙÓÙĚġĖíÀĀíĚÙÓ ZíıíĀç +ĖíÓçÙ íĚ ÓíĚēúÀĴÙÓ ÀúĆĀç Ĳíġë ġëÙ æíçĥĖÙĚ ÿÙĀġíĆĀÙÓ íĀ ġëíĚ ĚÙÎġíĆĀː 

Hot rolled asphalt (HRA) was shown to be the surface with the lowest RI of approximately 9mm/m. This can 
therefore be considered the best surface type of those analysed for e - scooter rider comfort and should be 
used when planning new micro - mobility paths on campus.  
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Figure 8 shows that when travelling across an area of both even and uneven cobblestone, the e - scooter 
experienced much higher vibrational  accelerations  (RI value of approximately  23mm/m). An area of discomfort 
caused by passing over the uneven cobblestone is circled in Figure 8 (b). The output is a high RI value when 
passing over the uneven surface. The predominantly green line represents a smooth surface.  

 

Figure 8 ï (a) Section through UL Main Plaza (b) ArcGIS map output for same section 

There are several  gravel  pathways on the UL campus, one of which is  shown in Figure 9 (b). This produced an 
RI average of 28mm/m which was higher than all other surface types analysed. The gravel paths were also 
deemed unsuitable  by the authors  due to the difficulty  of the small  e- scooter  wheels travelling  over the gravel. 

 

Figure 9 ï (a) Gravel Path Looking Westwards (b) ArcGIS map output for same section 

 

In addition to analysing uneven surface roughness using the RI, it was also important to identify kerbs, 
potholes, and any other defects. This information is useful as it could be used to warn a user and therefore 
reduce the risk  of accidents. There were two main conditions that needed to be met for  hazard identification  i) 
when the e- scooter  passes through the defect, a spike is recorded in the vertical  accelerometer  output and ii) 
the e- scooter will encounter the defect twice, firstly with the front wheel and then the rear wheel.  

 

 

 
Discussion 

Figure 10 ï (a) Kerb (b) ArcGIS map output for same section 

These results  show that the selected method is feasible for  both analysing surface roughness and identifying 
potential  hazards on travel  paths, using data recorded by the GPS and accelerometer  sensors  on smartphones 
mounted onto an e- scooter. The method is especially useful for measuring surface roughness of paths such 
as cycle lanes that are not accessible for common professional instruments.  

The results also show that the HRA surface produced the least amount of vibration for the user and the 
cobblestone induced higher vibrational  magnitudes with  the gravel  paths being unsuitable  for  significant  trips. 
The HRA should be considered when planning new e- scooter paths on campus; however, further work must 
be completed to determine if HRA is the most ideal surface for e - scooter riding. Perhaps,  the combination of 
aggregate size, of HRA, and an appropriate crossfall to reduce the likelihood of films of water developing on 
surfaces. 
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Limitations of Work 

The use of smartphone sensors to analyse surface roughness is effective as a low - cost method; however, it 
has its limitations. One of the main limitations is not having a common standard for comparing surface 
roughness for micro - mobility. There is a need for new KPIs to assess the pavement surface roughness for 
micro - mobility. While every  effort was  made to ensure that the smartphone was kept  in a horizontal  position 
during the data collection, as the e - scooter travelled this may not have been the case due to sloping ground, 
user movements, and device stability. This was not considered as having a significant impact on results due 
to the relatively flat ground. The holding device for attaching the smartphone to the e - scooter may have 
induced additional vertical acceleration due to it not being fully fixed to the vehicle.  

 
Conclusion 

The main objective was to create a colour - coded surface roughness map of UL. Following  a detailed review  of 
the final  output, a smartphone  mounted on an e- scooter  can accurately record  the necessary measurements 
to produce the map. This map can be provided to the e- scooter pilot scheme operators, Mobỳ ġĆ íĀæĆĖÿ ˨çĆ-  
ĚúĆĲ˩ ĸĆĀÙĚ ÀĀÓ ˨ĀĆ-çĆ˩ ĸĆĀÙĚ ġĆ ĥúġíÿÀġÙúĴ ēĖĆÿĆġÙ ġëÙ ĚÀæÙġĴ ÀĀÓ ÎĆÿæĆĖġ Ćæ ġëĆĚÙ ĥĚíĀç Ù- scooters. The 
map may also be used by the maintenance staff  for  UL to identify  where possible surface defects exist in order 
to carry out repairs.  With the safety and comfort of this mode of sustainable travel being upgraded, it may 
also help reduce the congestion of motor traffic while also reducing the need for investment in car parking.  

This investigation also has practical applications for the wider community in terms of both e - scooter design 
and travel planning. In terms of e - scooter design, the lack of correlation with the International Roughness 
Index shows that the rigid  body and smaller  wheels of the e- scooter  structure  is far  more sensitive  than cars 
or even bicycles as shown indicated by Boglietti ( 9). This highlights the requirement for improving the 
suspension qualities  of e- scooters  by adding suspensions, as are already common for  some standard bicycles 
and e- bikes. Regarding travel  planning, the map produced strongly  indicated that the HRA induced the lowest 
vibrational accelerations when compared with the other surfaces. This suggests to planners that a similar 
surface should be considered first when creating new travel paths, as it would not only provide increased 
comfort to the user but also a reduced safety risk.  

Smartphones mounted onto e- scooters  can be used as a low- cost method of measuring  a surface roughness 
and identifying potential hazards along the travel paths that would be encountered by the rider. This method 
is especially effective for cycle paths from which motor vehicles are prohibited.  

 
Recommendations for Future Work 

A further step to progress the work carried out in this paper could be to entail the services of a computer 
programmer to integrate the surface roughness map into an app. This would allow Moby to correlate the 
surface  roughness map with  appropriate  speed reduction  zones for  the e- scooter. The future  work  mentioned 
above is on a local scale, the optimal goal would be to create an app that would combine the steps from the 
report and create a shared  database using crowdsensing  technology. This app could be a requirement for  all 
e- scooter users when they become legal on public travel paths. This would generate a significant database 
and hence would produce a beneficial map for all e - scooter users. This map could then be introduced to 
platforms such as Google Maps which would provide constantly updating data to the e - scooter user.  
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Abstract  
The adoption of electric vehicles (EVs) in rural areas has not been as successful compared to urban areas, 
leading to a slower  transition  from  internal  combustion engines (ICEs) in regions where there  is a high number 
of personal vehicle commutes. The greater vehicle kilometres of travel in rural areas leads to an increased 
potential for decarbonisation of personal vehicle travel compared to urban areas. EV adoption in rural areas 
is also favourable  due to the availability  of driveway spaces on private  property,  allowing  for  easier access to 
home charging implementation. Initial findings from a systematic literature review and policy review focus 
upon the various obstacles in EV adoption in rural areas. Following a comprehensive search of several 
academic databases and current policy and actions on transition to sustainable mobility, climate action, and 
EV adoption, this paper includes insights into the inertia experienced in the uptake of EVs in rural areas. The 
resulting review has indicated that the availability of second - hand and low cost EVs, public charging 
infrastructure, cost of ownership and range anxiety are barriers in the adoption of EVs in rural areas. The 
concerns of rural consumers regarding EVs also include aspects of, vehicle reliability, battery longevity and 
rural  travel  patterns,  which have not been adequately addressed by policy makers  and EV manufacturers that 
focus on urban case studies and adoption. This review has also identified that limited research has been 
conducted around EV adoption in rural  areas, specifically  in terms  of consumer  decision making and behaviour. 
Overall, this review highlights the need to address the unique issues concerning EV adoption in these areas 
with  policy and action plans, the barriers  inhibiting  the low- carbon transition  of the transport  system and the 
identification  of future  areas of research  and further  policy development to provide in depth knowledge on the 
needs of rural consumers and to promote the transition to a decarbonised transportation system for rural 
areas. 

Keywords 

Sustainable mobility policy, low - carbon transition, electric vehicles, sustainable transport planning, climate 
change mitigation, sustainable transport systems, rural transport.  

Introduction  

Efforts are underway in Ireland to reshape the transportation landscape and foster sustainable mobility, 
prioritizing a future that is both environmentally friendly and inclusive. Key challenges are being addressed, 
and carbon emissions are being reduced through the utilization  of innovative policy regulation  and guidelines. 
Ensuring safety and accessibility within the transportation sector while reducing carbon emissions is of 
utmost importance. These policies aim to provide convenient and accessible transportation options to all 
residents, including those in rural communities. The national policy targets of the Republic of Ireland are 
aiming for  a reduction  of carbon emissions in  the transport sector  and the increase of alternative  methods of 
transportation  such as public transport and  active travel.  Research conducted on travel  in Ireland are  crucial 
in promoting  sustainable  mobility,  and studies show that there are various  barriers  in the adoption of EVs and 
alternative methods of travel. Public engagement, data analysis, and collaboration with stakeholders are 
essential in shaping policies and initiatives. The aim of this review paper is to identify which interactions 
between scientific studies and current policy address the barriers in EV adoption and the identification of 
future areas of research. The policies and scientific articles have been critically analysed  to reveal  economic 
barriers in both affordability of EVs and grant availability, infrastructural scarcity in refuelling points and EV 
recharging  stations, public transport  service  supply, demand and connectivity  are just  some of the issues that 
are leading to forced car ownership by rural populations of Ireland. 

Literature  review  

A literature  review  has been conducted to determine  the current  policy and scientific  literature  concerning the 
adoption of EVs in rural  areas in Ireland. In addition to the literature  review  of academic papers, European and 
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Irish policy has been reviewed in relation to EV adoption. In the following academic literature section, by 
critically  analysing the existing  research  on the topic, insights  can be gained into the effects  of these scientific 
findings on MĖÙúÀĀÓ˫Ě ĖĥĖÀú ēĆēĥúÀġíĆĀː æġÙĖ a rigorous  screening process of several  academic databases, the 
following articles were accepted, and focus on sustainable transportation and EV adoption in Ireland.  

Academic Literature  

A study conducted by Pillai  et al. focuses on the transition  to electric  vehicles (EVs) in Ireland  to reduce carbon 
emissions in the transportation sector. While EV adoption rates are increasing, there is scepticism about 
achieving national policy targets. The researchers analyse microdata on commuting behaviour and make 
assumptions about adopters' profiles and vehicle usage to identify clusters of potential candidates for EV 
transition. Depending on the assumptions made, it is estimated that 17% to 42% of vehicle owners could 
comfortably switch to EVs. High - density areas for EV transition are found in urban areas such as Cork and 
Dublin. The study also considers  the reduction  in emissions  from  car owners, with  estimates ranging  from  2% 
to 37% based on different  assumptions. Urban areas, despite having higher per unit emission reductions, have 
the potential for greater aggregate emission reduction due to the higher density of transition candidates. 
However, it  is noted that apart  from  Dublin, urban areas lack sufficient  charging infrastructure.  The study also 
aims to identify the spatial distribution of potential candidates for EV adoption in Ireland. It considers factors 
such as range anxiety and existing travel patterns to estimate the technical potential for EVs to satisfy 
transportation needs without compromising daily activities. By understanding the distribution of potential 
adopters, policymakers  can plan for  EV infrastructure,  target  marketing  campaigns, and assess the impact of 
EV adoption on emissions. The literature  review  highlights  numerous factors  influencing  EV adoption, including 
vehicle price, range anxiety, availability  of charging infrastructure,  and socio- economic characteristics  of early 
adopters. The study adds to existing research by focusing on households' transport needs and the technical 
capacity of current EV technology. It also considers the intersection between potential adopters and the 
availability of charging infrastructure, emphasizing the role of infrastructure in non - traditional adopters' 
decisions [1]. Taking this into account, this highlights the importance of charging infrastructure and range 
anxiety or the adoption of EVs in rural areas.  

Morrissey  et al. have conducted a study on Electric  vehicle (EV) technology's range limitations which  have led 
to range anxiety, a major  barrier  to EV adoption. This paper analyses data from  Ireland's  fast charging network 
to assess usage patterns and examine urban versus rural usage. It suggests that infrastructure rollout 
strategies should consider different user needs and geographic locations. Fast charging is crucial for EV 
adoption, but its large - scale rollout may not be economically viable in the short term. Historical data on 
charging behaviours can inform optimization algorithms and infrastructure planning. The study reveals that 
EV users often charge near their homes to extend their local range, rather than for long journeys. Different 
user behaviours were observed between urban and rural areas, suggesting the need for tailored 
infrastructure strategies. The study concludes that the highway corridor approach may be suitable for rural 
users but not as effective for urban users. Future research and policy recommendations are needed as EV 
market  penetration  increases [2]. This therefore  emphasizes the requirement  for  the suggested infrastructure 
to cater to the needs of the users, implementing  geographic and survey data to better  understand and prepare 
for greater EV usage. 

Vega et al. measure the impact of commuting costs on  the distribution  of employment income in Ireland. The 
study utilizes data from the Census of Population and the Simulation Model for the Irish Local Economy 
(SMILE). The results indicate that individuals residing and working in the GDA face the highest monetary and 
non- monetary commuting costs. The findings underscore  the importance  of effective spatial  planning policies 
and investments in transport infrastructure to address regional disparities and optimize the distribution of 
employment income. The study reveals that  during Ireland's economic  boom, there was a notable increase in 
car ownership and commuting, particularly in the GDA. By combining data from the Census and SMILE, this 
research sheds light on the unequal distribution of commuting costs and emphasizes the need to integrate 
spatial microsimulation models with travel demand models. The findings have significant implications for 
policymakers, highlighting the necessity of implementing appropriate strategies for spatial planning and 
transport infrastructure development to foster a more equitable distribution of income in relation to 
commuting patterns [3]. This shows the economic disadvantage of rural residents who experience higher 
commute costs and the effects  that transport  infrastructure  have on the income of rural  residents,  which could 
be alleviated with the adoption of sustainable transport solutions such as EVs.  

Carroll et al. examine the issue of car dependency and transport disadvantage in rural Ireland, specifically 
focusing on the concept of forced car ownership  (FCO). It explores  the correlation  between low transport  
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accessibility,  low income, and the need for  economic participation,  leading to potential  cases of FCO. The study 
highlights the gap between the necessity of transportation and the lack of reliable public transport in rural 
areas, which contributes to higher levels of car dependency. By identifying hotspots or areas susceptible to 
increasing  rates  of FCO and transport  disadvantage using Geographical Information  Systems (GIS), the paper 
aims to provide valuable insights for transport planners and policymakers. The findings emphasize the 
importance of tailored interventions to improve sustainable mobility and address equity concerns in these 
areas. The research analyses data on electoral districts (EDs) in rural Ireland, identifying concentrations of 
poor transport  accessibility  and income levels, indicating forced car ownership.  It also investigates  the impact 
of the Rural  Transport Programme (RTP) on reducing transport  disadvantage and increasing  access to public 
transport.  The study reveals  clusters  of EDs with  low scores, particularly  in the west  and north - west regions, 
while  more affluent  areas are around major  cities. Changes in potential  FCO levels  between 2011 and 2016 are 
examined, with  reductions observed  in certain  regions due to improved deprivation  indices and lower  single-  
car ownership rates. The analysis underscores the correlation between transport disadvantage risk and 
deprivation, particularly in the west and north - west counties. Additionally, the study highlights the coverage 
gaps in rural  areas where RTP services  are unavailable, emphasizing the need for  expanded community- based 
schemes to address transport disadvantages in remote and disadvantaged areas [4].  

Policy Review 

This section presents an overview of recent policy developments at the European and the national level 
relevant  to the transport  decarbonisation and the promotion  of sustainable  transport  options. These policies 
have directly affected action into the adoption of sustainable transport modes, including EVs, active 
transport, rail and public transport in Ireland.  

 
European Union Policy 

The European Union (EU) aims to achieve climate neutrality by 2050, aligning with the commitments of the 
European Green Deal and the Paris Agreement. This objective encompasses all sectors of society and the 
economy. The EU Commission outlined the vision for  a climate - neutral  EU in November 2018, covering various 
policies and aiming to keep global temperatures below 2°C, as outlined in the Paris Agreement. The EU 
Parliament  endorsed the objective of achieving net- zero greenhouse gas emissions  in resolutions  on climate 
change and the European Green Deal in January 2020. The EU Council endorsed these objectives in December 
2019, in alignment with the Paris Agreement. In March 2020, the EU submitted its long- term strategy to the 
United Nations Framework Convention on Climate Change (UNFCCC), detailing its plans to achieve the 
necessary greenhouse gas emissions reductions. EU member states are required to develop their own 
national long - term strategies to meet their commitments under the Paris Agreement and EU objectives. 
Stakeholder input and public consultation took place between July and October 2018 to gather input and 
insights  for  these strategies.  The EU's overarching  goal is to transition  to a climate - neutral  future,  contributing 
to global efforts to address climate change [5].  

A European Union (EU) level  policy named ˨-úÙÀĀ power for  transport:  a European alternative  fuels  ĚġĖÀġÙçĴ˩ˋ
is a collaborative policy derived from the efforts of the European commission, parliament, council, economic 
and social committee and the committee of regions, states that a single solution for fuels used in 
transportation  does not exist. It also states that the use of EVs that use the existing power  grid are increasing, 
while  hydrogen fuel cell  (HFC) technology usage is also increasing, specifically  in busses, light  vans, and inland 
shipping. It goes on to state that the infrastructure  for  alternative  fuels  must be extensive and adequate to be 
able to service  the increasing  number of vehicles. Information  about the benefits of alternative  fuel  technology 
must be provided to the public in order to increase the adoption of these types of technologies [6].  
ĀĆġëÙĖ 8¦ ēĆúíÎĴ ĀÀÿÙÓ ˨-úÙÀĀ ÀĀÓ ÙĀÙĖçĴ ÙææíÎíÙĀġ ĖĆÀÓ ġĖÀĀĚēĆĖġ ıÙëíÎúÙĚ˩ ÀíÿĚ ġĆ ēĖĆÿĆġÙ À ÿÀĖ÷Ùġ æĆĖ

clean and energy efficient vehicles in the EU. This policy sets the minimum national targets for the 
procurement of these types of vehicles, which include both EVs and HFC vehicles, within the scope of 
contracts,  lease, rent  and hire  of service vehicles for  public road transport,  refuse  collection,  mail  and parcel 
transport and delivery vehicles. The policy states that by 2025, half of all vehicles that are procured this way 
have to be these types of vehicles, but the member states have full flexibility in how to distribute this target 
amongst the various contracting entities [7].  

ēĆúíÎĴ ĚġÀġÙÿÙĀġ ĀÀÿÙÓ ˨ĖÙÓĥÎġíĆĀ íĀ -fʶ ÙÿíĚĚíĆĀĚ Ćæ ĀÙĲ ēÀĚĚÙĀçÙĖ ÎÀĖĚ ÀĀÓ Ćæ ĀÙĲ úíçëġ ÎĆÿÿÙĖÎíÀú
ıÙëíÎúÙĚ˩ˋ states that in order  to meet EU greenhouse gas emission reduction  targets,  emissions  performance 
targets  for  passenger and light  commercial  vehicles are required  to be reduced by 15% for  the period of 2025-  
29, and over 30% for 2030 onwards. This applies to all  new vehicles that are manufactured  during this period, 
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and manufacturers that fail to comply with the regulations, will have to pay an excess emission premium of 
95 euro per g/km  for  each new vehicle registered.  This emission target  will  be relaxed with  an increased share 
in ZLEVs production, which allows for manufacturers to easily reach these targets. This policy also requires 
the manufacturers to record the emissions data that is verified by the relevant authorities using conformity 
certificates  that correspond  to the value of the vehicles in service, this will  be used in order  for  the commission 
to monitor the real - world CO2 emissions and energy consumption data of the vehicles [8].  

The European Year of Rail 2021 policy aimed to promote  rail  as a sustainable, innovative, interconnected, safe, 
and affordable mode of transport. It sought to highlight rail's role in  achieving climate neutrality, maintaining 
essential  services  during crises, attracting  young people to rail  careers, fostering  cross- border  connections, 
and enhancing rail's contribution to the economy. Measures included initiatives, events, and campaigns to 
increase awareness and engagement, encourage business travel by rail, and raise public trust. Feasibility 
studies were considered for creating a European label to promote rail transport for goods and products and 
introducing a rail connectivity index to demonstrate rail's competitive potential [9].  

 

In the policy ĚġÀġÙÿÙĀġ ˨-úÙÀĀ power  for  transport,  the European Alternative Fuels  zġĖÀġÙçĴ˩ aimed to reduce 
dependence on imported  oil  and promote  alternative  fuels  and emphasises the importance  of electric  vehicles, 
biofuels, and hydrogen fuel cells, along with the need for extensive infrastructure and common technical 
specifications.  The strategy  highlighted  the benefits of informing  the public about new fuel  forms.  Additionally, 
legislation was enacted to stimulate the market for clean and energy - efficient vehicles, setting minimum 
targets for clean vehicle procurement in public contracts. These efforts aimed to advance sustainable 
transportation  systems, reduce fossil  fuel  dependence, and promote  rail  and clean vehicles for  a greener  and 
more connected Europe [10]. 

The aim of the policy ˨ ¦ĖÌÀĀ mobility  in the 8¦˩ is to ensure environmentally  sustainable  and competitive  urban 
transport  that meets society's needs. The EU proposes various  measures grouped under six themes to achieve 
this goal. Integrated policies that link urban transport management with environmental protection, land use 
planning, and housing are promoted. The focus is on providing citizens with  reliable,  safe, and easily accessible 
urban transport options.  The EU supports the development of  new clean vehicle technologies and alternative 
fuels to make urban transport greener. Strengthening funding opportunities is a priority, with the European 
Commission assisting local, regional, and national authorities in exploring EU financing options. Sharing 
experience and knowledge is encouraged to make the best use of existing  expertise  and facilitate  information 
exchange. Additionally, optimizing urban mobility efficiency and developing intelligent transport systems are 
supported by the Commission [11]. 

The European Commission is proposing to reduce emissions in the road and transport sectors under  ġëÙ ˨Eíġ
for  ́ ʹ˩ legislative  package. To address the social impacts of this new system, a social climate  fund is proposed. 
The fund aims to provide temporary income support for vulnerable households and support measures to 
reduce emissions in the road transport and buildings sectors, thereby lowering costs for vulnerable 
households, micro enterprises, and transport users. The fund's size will be determined by a share of the 
revenues from auctioning emission allowances, and it will finance investments in energy efficiency, 
decarbonization of heating and cooling, and low - emission mobility. Additionally, it may provide temporary 
income support  to vulnerable  households based on the impact of these investments. A series  of proposals in 
the regulation of emissions in the transport sector shall be implemented, including a 100% CO 2 emissions 
reduction  based on 2021 levels, which means that all newly  manufactured  cars and vans on the market  in the 
EU from 2035 must be zero emission vehicles. Simultaneously, increases in the available infrastructure for 
alternative fuel vehicles, including EV charge points and alternative fuel refuelling points must be observed, 
to ensure coverage in the EU and to avoid range anxiety. This is crucial as the projected percentage of all EV 
cars and vans in the EU are expected to increase to 50%. The proposal  states that EV recharging  stations  must 
be installed at least every 60  km of main roads within the EU, with at least two must be installed within each 
secure parking area, increasing to four by the end of 2030, and at least one in every urban node. Similar 
proposals area made for hydrogen refuelling stations, with at least one every 200 km on main roads by the 
end of 2030. These proposals aim to ensure the climate targets set previously by the EU regarding transport 
sector  emissions  are met, promoting  a more sustainable  and equitable transition to  a decarbonised transport 
system [12]. 
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Republic of Ireland Policy 

The ˨`ÀġíĆĀÀú Climate Action súÀĀ˩ íúúĥĚġĖÀġÙĚ that Ireland is committed  to net zero carbon emissions  by 2050, 
with significant reductions by 2030. Decarbonising  public transport holds significant importance for 
sustainable mobility, with a significant amount of the global carbon emissions attributed to the transport 
sector. The transition to zero - emission technologies is a priority, with plans to establish the necessary 
infrastructure  to support  a fleet  of zero- emission public buses. Strategies  will  be developed to encourage the 
adoption of low- emission alternatives  for  commercial  and long- distance bus services, as well  as small  public 
service vehicles. The National Sustainable Mobility policy involves the development of pedestrian plans, 
programs  to promote  active travel  infrastructure,  and the creation  of cycle network  plans. Steps will  be taken 
to improve bus services, upgrade regional rail lines, and establish public transport corridors.  Measures are 
being implemented to enhance public transport, passenger safety, mobility, and connectivity. The focus is on 
reducing emissions and advocating cleaner modes of transportation. Sustainable mobility options are also 
being expanded, particularly in metropolitan areas. Initiatives include plans to enhance pedestrian spaces, 
expand bike share schemes, and develop cycling infrastructure  projects.  Additionally,  efforts  are underway to 
increase rail fleet capacity, explore the feasibility of light rail systems, and improve bus services. Traffic 
demand management approaches will  be implemented, and secure bicycle parking  will  be provided to reduce 
private car usage. Emphasis is placed on promoting active travel options, such as walking and cycling, and 
making them more accessible and appealing to individuals. Efforts  will  be made to improve accessibility  at rail 
and bus stations, enhance wheelchair - accessible facilities, and develop national journey planners. Special 
attention  will  be given to individuals  with  mobility  difficulties  during service  disruptions.  The goal is to ensure 
that sustainable  mobility  services  are accessible to all, regardless  of their  needs and to enhance connectivity 
and accessibility in areas beyond major cities. [13]. 

 

The Electric Vehicle (EV) Charging Infrastructure Strategy for 2022 - 2025 in Ireland aims to meet and exceed 
the country's charging needs while aligning with EU regulations. The strategy focuses on increasing home 
charging infrastructure  and addressing the gap in public charging facilities,  particularly  for  EVs and light - duty 
vehicles. Collaboration between various organizations and stakeholders is crucial to support the growing 
energy demand from EVs. The strategy sets ambitious targets, including a significant increase in the number 
of charge points and charging power across the country by 2025. It also emphasizes the importance of 
interoperability  and seamless charging experience. An implementation  plan is developed, with  actions focused 
on the national charging network, schemes, policy support, reporting, and partnerships. However, potential 
challenges include grid capacity limitations, suitable site availability, resource constraints, and funding 
requirements [14]. 

 

Irish  EV Adoption Data 

The CSO reported that EV ownership had doubled by 2021 since Q4 of 2019. 3.2% of car owners own an EV in 
2021, compared with 1.5% in 2019. The most common type of EV is a conventional hybrid at 45.3%, one third 
had a full electric EV and one in five had a plug- in hybrid at 21.7%. the most common deterrents to buying a 
plug- in EV is the purchase price at 63.3% while 21.1% stated that home charging was an issue, and public 
charging price  and accessibility was mentioned by  29.3% of respondents that do not own an EV. Use of public 
transport  decreased in 2021; 58.6% never use the bus while  60% never use rail  services. In 2019 however, 51% 
never travelled by rail and 48.5% never used the bus. Lack of services to desired locations and lack of 
services nearby are the main reasons for not using public transportation. There is an increase in active 
travel, with 46.5% walking at least five times a week, while 4% cycled five times a week. 48.2% of walking 
trips were for leisure or exercise. High reliance on cars was found for those who use public transport 
infrequently. Of these respondents, 63.6% had travelled by car at least five times in a week, while 15.1% had 
made a journey either as a passenger or driver at least three times a week. 46.8% of individuals who rarely 
use public transport live in sparsely populated areas, where there is limited availability of public 
transportation. Of these respondents, 59.8% claim that there is no other alternative for transportation other 
than private vehicles. For 76.4% of journeys to work by car, there is no other available method of 
transportation for these journeys. 2.8% of individuals could get a lift or car - pool [15]. 

 
Figure 1 shows the Irish 2022 market share for private vehicle engine types, which illustrates that over a 
third  of the market  share of newly registered  private  vehicles is occupied by either  hybrid or EVs [16]. Figure 
2 shows the EV sales over the past three years, which visualises an increase of 455% in sales of EVs from 
2019 to 2022 [16]. Figure 3 shows the percentage of vehicles registered in  2022 that are EVs for each county, 
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and the spatial  distribution of  these registrations. As can  be seen in this figure, the  distribution  of new EV 
registrations  is concentrated in the peripheral  counties and areas around the major  cities  of the island, in 
particular the Greater Dublin Area, while in more rural areas, the adoption rate is lower, and tends to be 
higher around the major urban areas, such as Sligo and Galway.  

 

  
Figure 1: Market share by engine type for Ireland, 
adapted from SIMI [16]. 

Figure 2: Number of EV sales in Ireland  for 2019- 22, 
adapted from SIMI [16]. 
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Figure 3: EV uptake per county, relative 
to new car registrations for 2022, 
adapted from SIMI [16] 
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Figure 4: EV charge point availability  per 100 Km², 
adapted from NWRA [17]. 

 
 

 

Figure 4 displays a map of Ireland and the availability of  publicly accessible  electric  vehicle charge points 
per 100 square kilometres by  county. This data shows that the availability  of charge points is concentrated 
around urban centres, with Dublin having the highest density and the lowest density can be found in the 
northwest region [17]. The data indicates that although EV usage is increasing, rural  and regional areas of 
Ireland have lower adoption rates [16]. 

 

 
Conclusions 
The academic literature that has been  included in this  paper adequately describes the current transportation 
issues that face rural areas of Ireland. Various issues have been identified that inhibit the adoption of 
sustainable transport solutions among rural residents including public charging infrastructure, cost of 
ownership, availability of second - hand and low cost EVs and range anxiety. Rural travel patterns and rural 
consumer perception have not been adequately addressed by policy makers  and EV manufacturers  that focus 
on urban case studies and adoption due to the higher density of potential adopters.  This is also reflected in 
the various policy that has been created, although there are some measures that focus specifically on 
increasing the amount and type of services in rural areas, most focus on broad measures that take urban 
areas into account. Recent data also highlights this issue, where EV adoption can be seen increasing in the 
peripheral counties surrounding the main urban areas of Ireland.  
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Abstract 

Reclaimed asphalt pavement (RAP) can be described as reusing  old asphalt concretes  (A.C.) as the aggregate 

base for  new pavement material.  The milled  material  is used in asphalt  mix designs as an aggregate substitute 

to constitute  a RAP. With increased safety measures, quick stability on laying and compaction, and delivering 

savings in energy and carbon emissions, asphalt plant manufacturers are also increasingly moving and 

enabling the facility  for  inclusion  and increased use of RAP. The overall  purpose of this  study was to evaluate 

the feasibility  of using cold mix RAP in Ireland as an alternative  road- making material  to the traditional  asphalt 

concretes in the reconstruction of roads. The main reason for undertaking this study was to develop a 

specification  to use high volumes of recycled aggregates in cold- mix asphalts used as road- making materials 

and to the performance of this material in an analytical  pavement design scenario. In Ireland, there is a need 

for  a specification permitting  local  authorities  to use cold mix RAP with high volumes of recycled aggregates 

as a road- making material. Each local authority is in possession of the cold milling material required for the 

generation of cold mix RAP. Still, instead, these materials are being used as low - value unbound granular 

materials.  

This study examined the performance  of RAP manufactured  with  locally  obtained recycled material  instead of 

the traditional asphalt concrete more commonly used in structural overlays in Ireland. A 2km length of a 

heavily trafficked  regional road received  structural  rehabilitation  using a cold- mix RAP material in July 2022. 

This paper presents the initial findings of that evaluation. Falling weight deflectometer data was used to 

compare the performance  of the new RAP with  a traditional  hot- mix asphalt concrete control  section, together 

with the impact of inlays and overlay thickness on the performance of RAP. The falling weight deflectometer 

(FWD) values indicate that the RAP material cured slowly over time compared to the conventional asphalt 

concretes control  section. These deflection values also suggested that the cold - mix RAP material performed 

better when used as an overlay material than an inlay material.  

Keywords: Reclaimed asphalt pavement, falling  weight deflectometer,  evaluation. 
 

Introduction 
Road maintenance can be structural overlays, strengthening of the road, reconstructing of the road or a 

combination of all three methods. The most common road rehabilitation method in Ireland is complete road 

reinstatement. Full road reinstatement requires a complete road reconstruction using new virgin materials 

[1]. This process of road reconstruction  involves intensive consumption of non- renewable  raw materials,  such 

as aggregates, which can lead to increased air, soil, and water  pollution  [2]. Currently,  the specification  adopted 

by Monaghan County Council for  the resurfacing  of their  local  roads is to lay a 50mm layer of asphalt concrete 

with a maximum aggregate size of 20mm (AC20) binder course as a regulating layer followed by a 50mm of 

AC20 binder course layer, which is then double surface dressed to provide skid resistance. Such pavement 

make- up as per the Guidelines on the Depth of Overlay to be used on Rural Regional and Local roads [3]. 

During this type  of road reconstruction, sections must  be removed to achieve the desired finished road level. 

The road sections are typically  removed by milling  the old road, producing a crushed asphalt concrete material.  
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Through processing, the crushed asphalt concrete material, can be reused in new road construction as an 

alternative  to virgin  aggregates. This material  is known as Reclaimed Asphalt Pavement (RAP). The use of RAP 

mixtures, such as cold recycled, reclaimed asphalts, in road construction provides a valuable method of 

reducing the environmental impact of road construction on climate change [4]. The reuse of RAP as a cold 

recycled surfacing  material  is relatively  new to Ireland, and its  development may bring practical  issues due to 

the evolutive nature of cold mix materials. Unlike hot mix asphalt, which gains strength as it cools, cold 

mixtures  gain strength  gradually  over time [5]. While this can be considered an issue in cooler, wetter  climates 

such as the Irish climate, evidence indicates that it need not be a barrier [1]. Such climatic conditions can be 

accommodated by planning and choosing adequate weather conditions to lay the RAP material.  

Due to natural resource shortages,  an increased focus has been placed on evaluating the use of RAP in road 

construction [6]. Developing processes, product models, and mix designs for RAP is essential to achieve 

sustainable development where economic, technical, and environmental advantages can simultaneously be 

achieved [2]. Most local authorities recycle cold millings in some form in Ireland, but it is mainly used as a 

low- value unbound granular  fill.  There is, however, scope to ensure that this resource  is fully  utilised  and the 

captured carbon within the RAP is not wasted. Therefore, using RAP in high - value applications such as cold 

recycled asphalt pavements would be more prudent. There has been  a steady increase in the availability and 

usage of RAP across northern EU member states, including Ireland, between 2006 and 2017 [2]. 

Methodology 
In July 2022 Monaghan County Council conducted a pavement trial on  a 2km length of regional road,  the R180 

near Tullynanegish, Co.Monaghan. The R180 Tullynanegish is a two- lane regional road between Lough Egish 

village and the town of Carrickmacross in the Ballybay/Clones Municipal District. Lough Egish village is the 

location of the largest industrial site in County  Monaghan, Lough Egish Food Park, home to several  factories, 

a creamery, cold storage units and other industrial premises. Due to the presence of the industrial site, the 

R180 is the most heavily  trafficked  regional road  in County Monaghan, Annual Average Daily Traffic (AADT) of 

1941, and has a very high heavy goods vehicle (HGV) usage at 12.2%. The 2km section of road identified for 

upgrade works was relatively flat on the horizontal pane but has several corners along the stretch in 

navigating the vertical pane.  

The road was severely deteriorated  with  rutting,  potholes and alligator  cracking, and structural  rehabilitation 

was required. Pavement Survey Condition Index (PSCI) data for 2021 indicated a rating of 4, out of a possible 

10, for this section of road. A The majority of the section of the road was well drained with a sound drainage 

system present  on 1.7km of the 2km section meaning a new 300m drainage line would be required  to upgrade 

the section to appropriate  standards. Ground penetrating  radar  (GPR) showed that the existing  pavement had 

between 85mm  ˟125mm bituminous layer and a 183 ˟  283 granular layer.  

FWD testing on both the northbound and southbound carriageways indicated that the D1 value in both 

carriageways was similar and ranged from 350µm to 600µm indicating a moderate pavement condition that 

required a structural overlay  ˟depending on traffic volume. The SCI values were under 250µm and indicated 

a strong to  very strong  pavement. The average temperature corrected  D1, SCI and uncorrected  D7 are shown 

in Table 1. 

 
Table 1: Average FWD measurements in the AC (control) and RAP sections pre-works 

 

Average D1 (µm) Average SCI (µm) Average D7 (µm) 
 Northbound Southbound Northbound Southbound Northbound Southbound 

Ch 0- 500, AC section 280 266 94 96 20 15 
Ch 500- 1900, RAP section 352 352 135 136 14 17 

 

Pavement design 
A mechanistic/empirical  analysis using the Irish  Analytical  Pavement Design Method (IAPDM) was conducted 

to determine  the required  pavement rehabilitation  intervention  of the R180 to allow  the pavement to carry  the 

expected future  traffic  loading requirement  of 2.3 mean standard axles (MSA). The pavement structure  models 
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used in the remaining life analysis were also used for the rehabilitation design analysis presented here. An 

overlay intervention  was proposed to align with  the research  project  goals between chainage 500m and 1900m. 

This intervention overlapped the complete surfaced pavement width with localised full - depth base 

replacement. A full - depth pavement intervention  was considered between chainage 500m and 1900m. An inlay 

intervention using AC20 des 40/60 pen was proposed between chainage 0m and 500m as the existing road 

levels had to be maintained due to facility access roads and kerbing. The mix's indirect tensile stiffness 

modulus (ITSM), obtained during laboratory testing, was used in the IAPDM calculation and this directly 

influenced the design layer stiffness output obtained within the IAPDM analysis.  

There is no normalised European specification for emulsion - bound cold- mix asphalt containing a high 

proportion  of RAP [7]. Without any standards, a performance  mix design was developed in accordance with  IS 

EN 13108- 31 [8]. Table 3 outlines the mix formulation for the trial and consisted on RAP, virgin aggregate, 

Portland cement, asphalt emulsion and water. The Portland cement and asphalt emulsion were added for 

chemical stabilisation. IS EN 13108- 31 was followed by assuming the aggregate composition was consistent 

with that permitted in the standards.  

 
Table 2: Proposed mix formulation 

Material  Percentage in the aggregate (%) Percentage in the mix (%) 

0/32 mm Reclaimed Asphalt Pavement 79.0 94.5 
0/2 mm virgin  Aggregate 20.0  

Portland  Cement (CEM II) 1.0  

C60B4 ValorCol  ̯emulsion -  4.5 
Added Water -  1.0 

 
An IAPDM analysis of the existing pavement was carried out to determine the additional thickness of 

bituminous material overlay required to ensure the pavement had sufficient structural capacity to meet the 

design traffic  loading of 2.3MSA to an 85th percentile  level  of reliability.  No milling  out of the existing pavement 

structure was considered in the IAPDM analysis.  

Table 2 presents  the IAPDM analysis detailing the required  overlay thicknesses  per homogenous section. The 

overlay applied within the IAPDM analysis comprised the following materials:  

 

¶ Cold- Mix RAP  ˟Design Layer Stiffness  E = 1750 MPa. 

¶ A.C. 20 70/100  ˟Design Layer Stiffness  E = 3100 MPa. 

 
Table 3: Overlay design thickness. 

 

Chainage (m)   Overlay thickness (mm)    

Northbound  Southbound 
Start  finish  Cold- mix RAP AC20 70/100 Cold- mix RAP AC20 70/100 

0 500 50 50 50 50 
500 800 80 70 80 70 
800 1475 150 125 145 125 
1475 1900 110 90 145 125 

 
An inlay design using the IAPDM was carried out for the existing pavement between chainage 0m and 500m. 

An inlay was required as this section of pavement has several access and kerbing, which necessitates little 

changes to the road pavement's finished level. The inlay design considered three material types and related 

design layer stiffnesses, as follows:  

¶ Cold- Mix RAP  ˟Design Layer Stiffness  E = 1750 MPa. 

¶ A.C. 20 70/100  ˟Design Layer Stiffness  E = 3100 MPa. 

¶ A.C. 20 40/60  ˟Design Layer Stiffness  E = 4700 MPa. 
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Table 4 details the inlay thicknesses required for the 20 - year design traffic loading of 2.3MSA. This design 

ensured the pavement would have the sufficient  structural  capacity to meet the design traffic  loading of 

2.3MSA to an 85th percentile  level  of reliability.  
 

Table 4: Inlay design thickness. 
 

Direction Chainage (m) Inlay thickness  (mm) 
 Start  Finish Low Energy 

Bound Mixture, L2 
AC20 70/100 AC20 40/60 

Southbound 0 500 170 155 135 
Northbound 0 500 190 170 145 

 
Material processing: 

Monaghan County Council had accumulated a substantial quantity of approximately 6000t of cold - milling 

material that was obtained from various road projects county - wide. This material was processed into a 

uniform material, tested and incorporated into the proposed mix design. The cold milling stockpiles were 

mechanically screened using a 32mm hydraulic screener attached to a 360 o excavator to give a uniform 

grading and size before manufacturing the RAP. The method of processing the RAP for the trial scheme 

involved using a fourteen - tonne tracked excavator with a screening bucket.  

A state- of- the- art Wirtgen processing plant was hired from Germany to process the material. The plant had 

two separate hoppers for feeding the virgin aggregate and the screened milled material. The cement and 

asphalt emulsion could also be added to the mix. Water was pumped into the plant when required. The plant 

was set up, and the load cells were calibrated before material batching. It had an operator's cabin where the 

batching process could be monitored and observed with all the control panels for the plant. The Ordinary 

Portland Cement (OPC) was delivered by tanker to the site and stored in a standard cement silo. A tanker 

delivered the asphalt emulsion  and remained on site to store  the material.  The water  was delivered to the site 

in 1000l Intermediate Bulk Container (IBC) storage tanks as required.  

The cold milling  stockpile  control  is vital  as part  of the mixing process. Covering the stockpile  is recommended 

to ensure that the moisture content is consistent in the stockpile material. During the trial on the R180, the 

stockpile  was not covered, which meant it was hard to control  the moisture  level  within  the mix. The stockpile 

of RAP in this trial was made up of asphalt concrete, hot - rolled asphalt concrete and stone - mastic millings, 

which resulted in increased representative sampling to obtain an average mix design for the stockpile. The 

best practice would be to have all types of millings segregated and stored separately and to develop an 

appropriate design for each stockpile.  

 
Road paving: 

The R180 had a 1500m section resurfaced using cold mix  RAP between 150mm and 200mm depth and a 500m 

control section with a 145mm deep AC20 resurfacing. Both these materials then received the same surface 

dressing  layer. Throughout the lifespan of both the control  section and the RAP section of the trial  road, further 

FWD testing and visual inspections will be undertaken to compare the structural capacities of both types of 

road construction.  By resurfacing  the R180 with  two different  materials,  a control  base was provided to monitor 

and compare the performance of the RAP section with that of a road section that received a traditional AC20 

overlay and inlay within a similar timeframe. This comparison allowed a comparison of performance.  

The cold- mix RAP material  was laid using a Dynapac asphalt paving machine. The material  was applied in two 

layers, each receiving a bond coat before laying the subsequent cold - mix RAP material. Layer 1 of the 

northbound lane was laid first,  followed  by Layer 1 of the southbound lane. Once the bottom layers  of the RAP 

had cured, the upper layers  were applied in the same sequence. The 145mm deep AC20 des 40/60 pen control 

section was laid in two even layers.  
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Patching was also carried  out at localised  pavement failures  before applying the overlay. When measuring the 

R180, it  was noticed that some of the pavement was severely  deteriorated  (mainly alligator  cracking). In most 

instances, the surface course had debonded from the subsequent layer. These sections were milled and 

replaced with a 50mm AC20 inlay. 

Falling weight deflectometer results 
FWD testing on the trial  section is presented as the primary method of assessing  the RAP in this paper. FWD 

testing was conducted in both carriageways along the full trail section at regular intervals following laying. 

Testing was constructed  pre- works  and at 1 and 2- weeks and 1- , 2-  and 4- months post works.  In all  cases the 

FWD D1 and D2 measurements  were corrected  for  temperature  using the Australian  Austroads  procedure [9]. 

The base temperature for this study was taken as 13oC, a typical average temperature for Ireland [10].  

The data is presented in terms of the D1 deflection values, the SCI index and the D7 deflection values. The D1 

deflection  indicates the overall  pavement structural  condition; the lower  the D1 value, the better  the structural 

condition. The SCI is the difference  between the D1 and D2 deflection  values and represents  the load- spreading 

ability  in the upper pavement layers. Following  structural  rehabilitation  of a pavement the SCI should decrease, 

with lower SCI values indicating more load - spreading ability in the upper pavement layers. The D1 and D2 

deflection values were corrected for temperature. The D7 values measured 1800mm from the centre of the 

load plate on the FWD apparatus. This D7 value provided an indication of the condition of the subgrade at 

approximately  2 meters from  the finished road level. Higher  D7 deflection  values indicate weaker subgrades. 

As this D7 value indicated the pavement layer approximately 2m below the surface, it was not temperature 

sensitive and, therefore, not temperature corrected.  

Figure 1 presents the temperature - corrected D1 deflection values on the northbound carriageway. Between 

CH0 and CH500 in the AC20 control section, the D1 values generally were lower post- works indicating an 

improvement in the properties of the pavement. The cold - mix RAP material appeared to generate strength 

over time. However, this seems to be a slower strength gain, indicating that the AC material gained strength 

quicker than the cold - mix RAP material, which gained strength and stiffness over a more extended period.  

There were several  locations (Ch600- Ch700 & Ch1000- Ch1250, for example) where the D1 values post- works 

are higher than the pre - works recorded values in the cold - mix RAP section, Figure 1. It must be noted that 

there was a strong correlation where the cold - mix RAP material was used as an inlay material and not an 

overlay material; the D1 values were significantly higher than the pre - works recorded deflection values 

indicating a weaker pavement after the inlay works. These higher D1  deflection  values suggest that using the 

cold- mix RAP in the inlay sections reduced the pavement performance, as measured by the FWD testing.  

Figure 2 show the temperature - corrected  SCI deflection values on the northbound carriageway. The 500m AC 

control section had a pre - works SCI value ranging from approximately 50 to 220 microns. Generally, pre -  

works the pavement could be described as having a good load spreading ability. The AC20 des 40/60 pen 

material  inlaid into this 500m, CH0 to CH500, control section has improved  the SCI value and, therefore, load 

spreading ability, where the highest recorded value at four months was approximately 110 microns. It is 

recommended that overlay works  are not carried  out where the pre - works  survey identifies  the road to have 

an SCI of 250 micros or above [3]. The pre- works survey indicated that the SCI value for the entire R180 was 

only above 250 microns in localized locations.  

Figure 3 shows the D7 deflection values over the trail sections and  the values remained relatively consistent 

over both the AC and RAP sections. This was expected as no work was conducted on the formation level.  

Discussion 
Table 5 presents  the temperature corrected  D1 and SCI deflection values  at Ch1300 on the northbound, with a 

150mm thick RAP overlay, and Ch1800 on the southbound carriageways, with  a 190mm thick RAP inlay. These 

two sections are representative  of the RAP section. It was noted that the D1 and SCI deflection  values observed 

in the RAP material  at both chainages was higher than that observed in the AC20 des 40/60 pen control  section, 

Figures 1 & 2. 
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Figure 1: FWD D1 deflections for the northbound carriageway on the R180 trial section. 
 

Figure 2: FWD SCI for the northbound carriageway on the R180 trial section. 

At Ch1300, northbound, with the 150mm thick overlay, the D1 and SCI values post- works were 475µm and 

211µm, respectively, indicating a moderate upper pavement layer with good load spreading ability. Following 

the RAP overlay, both the D1 and SCI values reduced, before increasing at 1- month post works. Following 

values showed a decline in both these measurements. At 4 - months both measurements have values lower 

than before the works commences, indicating an overall improvement in the pavement.  
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Table 5: Temperature Corrected D1 and SCI values recorded at Ch1300 northbound ï 150mm thick 
RAP overlay and Ch1800 southbound ï 190mm thick RAP inlay 

 

Survey time Ch1300 NB  ˟150mm thick  RAP overlay Ch1800 SB  ˟190mm thick RAP inlay 
 D1 (µm) SCI (µm) D1 (µm) SCI (µm) 

Pre-works  475 211 324 131 
1- week post works  236 108 386 166 
2- weeks post works  465 217 456 233 
1- month post works  484 228 521 288 
2- months post works  360 160 468 237 
4- months post works  290 97 393 169 

 
 

Figure 3: FWD D7 deflections for the northbound carriageway on the R180 trial section. 

At Ch 1800, southbound, with  the 190mm thick inlay, the D1 and SCI values post- works  were  324µm and 131µm, 

respectively, indicating a moderate upper pavement layer with good load spreading ability. Like Ch1300 

northbound, the D1 and SCI deteriorated,  before improving  at 1- month post works.  However, it  should be noted 

that the D1 and SCI at 4- months post - works are still higher than their initial values, indicating a dis -  

improvement in the pavement. The overall performance of this section is expected to improve over time, as 

the RAP gain strength. It should also be noted that no visual distress was observed and the pavement is 

performing as expected.  

The high deflection values observed indicate that the RAP material does not perform well in the short - term 

when used as an inlay material. More generally, the thickness of the RAP layer may be a contributing factor 

to the slower, time - dependent, improvement in the RAP pavement compared to the traditional AC pavement. 

Further work and site trails are required to determine the full impact on RAP thickness on pavement 

performance.  

Conclusions 
This study investigated the performance of cold - mixed RAP with a high proportion (79%) of recycled 

aggregates in an Irish context  for  the first  time. In this paper, FWD data was used to assess the performance 

of the RAP compared with a traditional AC20 pavement. 
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The pavement design was undertaken using the IAPDM, specifying the depth of the cold- mix RAP material  and 

the AC20 control section. 

The FWD D1 and SCI values indicate that the cold- mix RAP material  cured and developed strength  much slower 

than the AC20 control section. 

The data also suggests that the cold- mix RAP material  performs  better  when used as an overlay material  than 

an inlay material.  More generally, the development of strength  in RAP could be related  to the thickness  of the 

pavement. Further investigation of this is required.  

The FWD D7 deflection  values remained unchanged as no work  was undertaken on the subgrade layers  of the 

trail.  

Overall, while  no long- term  test  data is available for  the cold- mix RAP material,  it did perform  well  compared 

to the AC20 40/60 pen control section with no rutting or surface defects.  

As this trial was undertaken on a heavily trafficked regional road, the material should be suitable for lower 

volume trafficked roads with no additional testing required based on a family approach.  
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Abstract 

The Pavement Management System (PMS) in Ireland plays a vital role in the maintenance of the Irish road 

network.  The system used to do this  is the Pavement Surface Condition Index (PSCI) survey. This enables local 

authorities to rate the condition of a road via a visual survey through a smart tablet application. The rating is 

based on a scale of 1- 10 with 1 being extensive pavement distresses and 10 being no visual defects. The types 

of soils roads are constructed upon in Ireland can impact the road performance: peats, clays and tills. This 

study aims to investigate  the rate  of deterioration  of a road surface  due to foundation of subgrade through the 

PSCI rating system. 

 

To conduct this study five road sections were selected for each type of subgrade peat, clay and till. The PSCI 

survey data for each of the selected roads was gathered. The data to identify each road segment involved in 

the study was also gathered. Any segment not forming  part  of the study was removed. The remaining  data was 

then sorted by the year the survey was conducted and by the road segment number. A representative rating 

for  each year was applied to each road segment by calculating  the weighted average, median and mean. During 

the representative rating  calculations,  it was discovered  that segments had ratings  that did not cover the full 

length of the segment. These ratings were removed from the study as they did not give an overall 

representation. With the calculations complete the data was used to facilitate various comparisons between 

both similar and different subgrades.  

From this study it was discovered that the rate of deterioration of a regional road surface due to the type of 

subgrade was unable to be measured using the PSCI rating. This was due to several  outside factors  that could 

affect the road surface  performance  which impacts the outcome of PSCI surveys. However, the data from  the 

study identified that the majority of roads on peat subgrades perform in a similar way. The PSCI rating for 

roads on peat, were consistent and varied between  a rating of  6 and 8. The performance of roads on peat did 

not confirm to the expected deterioration model. This was attributed to localised ongoing maintenance of the 

pavement, which maintained the pavement rather than the rating reducing to such an extent that major 

reconstruction  works  were required. From the study it  was apparent that in general, roads with  clay subgrade 

experience slight  deterioration  of road surface performance  over a number of years with  the PSCI data being 

more scattered  with  ratings  ranging from  5  ˟9. For roads constructed  on till  subgrades the majority  of roads 

perform in a similar way. The ratings of roads on till subgrades generally did not fall below a rating of 7.  

Keywords: PSCI rating, foundation soil, deteriorating  modelling. 
 

Introduction 
¢ëÙ ĖĆÀÓ ĀÙġĲĆĖ÷ íĚ ÀĀ íĀġÙçĖÀú ēÀĖġ Ćæ ÀĀĴ ÎĆĥĀġĖĴ˫Ě íĀæĖÀĚġĖĥÎġĥĖÙː Mġ íĚ ĥĚÙÓ ÓÀíúĴ ÌĴ Àúú ĚÙÎġĆĖĚ Ćæ ĚĆÎíÙġĴ˕

commercial, industrial, and the general public. Maintaining these networks is a significant and costly 

undertaking for government bodies and draws on significant financial resources annually. In order for the 

necessary maintenance of the road network  to be completed within  the constraints  of public funding budgets, 

a suite of assessments  is employed to monitor  the road infrastructure  and deploy road maintenance programs.  
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To ensure maximum road network  utilisation  is achieved, an assessment of the road condition  with  the aid of 

visual surveys is conducted at regular intervals. Conducting these surveys enables the local authority to 

identify if a road requires  maintenance thus preventing the unnecessary spend of budgets carrying  out repair 

works to a road network where they are not required. In Ireland, the road maintenance survey system is 

known as the Pavement Management System (PMS) and is operated by the Road Management Office (RMO). 

This supports  the planning of road maintenance programs  and supports  budgetary planning. The system used 

in conducting the surveys is  called the Pavement Surface Condition Index survey (PSCI survey) and operates 

from  a smart  tablet. Upon completion of a PSCI survey the information  automatically  uploads to the PMS where 

it can be viewed later.  The PMS is a system that assists  in the assessment of road condition. Part of this system 

is supported by the Pavement Surface Condition Indices survey or PSCI survey. This enables the rate of 

deterioration of pavement be determined over a number of years.  

PSCI is a low- cost process where the condition of the pavement is evaluated from a moving vehicle in a 

process known as a coarse visual  inspection or ˪ĲíĀÓĚÎĖÙÙĀ˫ survey [1]. The rating  of the road is dependent on 

the level  of visual  defects visible  to the inspector.  The rating  scale goes from  1- 10 with  one the worst  condition 

rating and ten the best condition rating. This process also indicates the recommended repair measures that 

should be undertaken when a road has reached a particular rating scale.  

A significant  factor  that can possibly affect the rate  of deterioration  in a pavement survey is foundation subsoil 

supporting  the road. In Ireland, there  are three types of subsoil  are typically  encountered: peat, clays and tills. 

In this study 15 sections of regional road were selected across Ireland and the PSCI rating, over a 10+ year 

time frame, was compared with  the identified  foundation subsoil. The ultimate  aim of this  study was to identify 

if the foundation subsoil was a contributing factor to the rate of deterioration of the road pavement.  

Methodology 
This study examined the relationship between the deterioration of a roads surface and the underlying 

foundation subsoil. The data for the study is primary data that has previously been gathered and is readily 

available. The study involved the review of primary quantitative data of selected regional roads over a period 

of over 10 years. This time frame was chosen as PSCI rating data is available over this period. The available 

data is deemed to be highly accurate as it was gathered by trained professionals.  Regional routes  were chosen 

as the other classes of roads maintained by local authorities are not reviewed on an annual basis.  

The recommended methodology of road maintenance is the following:  

1. A PSCI survey is conducted to assign a rating  before works  take place. This ensures roads that 

required works are dealt with first.  

2. The works  are conducted to remediate road to an acceptable level. 

3. A PSCI survey is conducted again to ensure works  reach a minimum rating  of 8. 

The Teagasc [2], EPA [3] and Google Earth [4] were used to select the sections of road and to identify the 

foundation subsoil. to be included in this study. Teagasc maps began development in 2008 as part of the Irish 

Soil Information  System (ISI) with  Phase 1 of the system was completed a launched in September 2014 [2]. The 

objectives of the mapping system were to offer  a thorough description  and a method of classification  for  each 

soil type found in Ireland and to create a new 1:250,000 scale soil map for Ireland [3]. The EPA maps were a 

further  development to the Teagasc maps [2]. The EPA mapping presents the national soils  and subsoils  data 

(developed by the Spatial Analysis Group of Teagasc in collaboration with the EPA, Geological Survey of 

Ireland, Forest Service and Department of Environment, Heritage and Local Government).  

The routes selected consisted of historic roads and newer or realigned sections were not included. Section 

with  embankments and or additional drainage systems were also avoided. The EPA and Teagasc mapping tools 

were used to identify the likely foundation soil under the selected routes. In this study the foundation soil 

investigated were peat, clay and till - gravel. Peat was selected as is considered unsuitable as a foundation 

subsoil  [2 & 3]. The maintenance of road pavement on this  material  is an ongoing issue [5]. Prasad & Reddy [6] 
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highlighted that various issues can be encountered when pavement construction on a clayey subgrade. Till -  

gravel was selected as it is regularly encountered when constructing road projects in Ireland [7].  

Table 1: Parameters related to each route selected in this study. 
 

Foundation soil  National Route No. Route name Location County Length 

Peat R-340 Carna Galway Peat 11 km 
 R-336 Maam Cross Galway Peat 10 km 
 R-417 Kildangan Kildare Peat 4.5 km 
 R-314 Belderrig  Mayo Peat 12 km 
 R-294 Tobercurry Sligo Peat 12 km 

Clay R-497/503 Ballycahill  Tipperary Clay 7 km 
 R-675 Bunmahon Waterford Clay 8.5 km 
 R-700 Inistioge Kilkenny Clay 10 km 
 R-745 Ferns Wexford Clay 5 km 
 R-725 Carnew Wicklow Clay 7 km 

Till- gravel  R-417 Athy Kildare Till-Gravel 11 km 
 R-747 Baltinglass  Wicklow Till-Gravel 6.9 km 
 R-448 Williamstown  Carlow Till-Gravel 5.5 km 
 R-696 Carrick  on suir  Tipperary Till-Gravel 7.6 km 
 R-448 Mullinavat  Kilkenny Till-Gravel 8.1 km 

 

Figure 1: Map showing location of selected routes across Ireland examined in this study [4]. 
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No maintenance records were available for the road sections investigated. Only routes conducted on a 

homogenous foundation subgrade, as identified on the Teagasc and EPA maps, were selected. No site 

investigation  was conducted and no data on the depth of soil  was sought in this  study. The selected routes  and 

their foundation subgrade investigated in this study are presented in Table 1 and shown graphically in Figure  

1. For all routes examined the Annual Average Daily Traffic (AADT) was given as greater than 2001 and less 

than 5000. No data was available on the percentage heavy goods vehicles. 

The PMS employed by the RMO divides each route  into segments and assigns a unique code to each segment. 

The segment code was particularly  important  as it  ensured that the same section of road was compared each 

time a survey  was conducted. This comparison required  ÙÀÎë ĴÙÀĖ˫Ě survey to be given an average weighting 

to ensure a representative  PSCI rating  was assigned to the overall  length of a section. Three different  methods 

were used to calculate this data:  

1. The weighted average which was defined as an average calculated by taking into account not only the 

frequencies of the values of the rating  but also some other  factor  which in this case was the length in 

meters of the road to which the PSCI rating referred,  

2. The median which was defined as value of a set of values was the middle one when they are arranged 

in order,  

3. The mean which was defined as the average value of the PSCI value. 

These values were calculated for each segment code for every year readings were available. There is no 

standard length for a segment and in the data used in this study, segment length varied from 50m to 9km in 

certain  cases. During the calculation  process it  was discovered that some readings only occurred  over a small 

section of the overall segment  length. This was not a representative sample  and affected the data. This issue 

was overcome by only including readings that represented at a minimum 50% of the overall segment length. 

The average number of segments, with a rating over at least 50% of the overall segment length is presented 

in Table 2. 

Table 2: Parameters related to each route selected in this study. 
 

Foundation subgrade Peat Clay Till- gravel  
 

Average percentage with  survey length of 
50% of the segment length 

73% 89% 82% 
 

 

Results 
Three approaches were used in this study to determine a representative PSCI rating was assigned to each 

segment. Figure 2 presents a comparison of the three approaches for two particular segments, the R336 

Segment 219 constructed on peat and the R700 Segment 357 constructed on clay. Overall, good agreement 

was found between the three approaches used. For the remainder  of this paper, the data will  be presented as 

the weighted average. 

Of the roads constructed on  peat, 52% of the PSCI ratings were a 7 or higher over an eleven- year period that 

data was available, Figure 3(a). The data indicates consistency  across the  performance  of roads on peat with 

little to no deterioration occurring over long periods of time. The rating value on the majority selected roads 

varied between a 6  ˟8. For the roads constructed  on clay, 76% of the PSCI were a 7 or higher over an eleven-  

year period, Figure 3(b). The best performing road was the R- 675, with eight out of twelve segments on this 

road contained no rating lower than 7. The PSCI rating for roads on till - gravel indicated at 86% had a PSCI 

rating of 7 or higher. The best performing road was the R - 696, with only two data points falling below a PSCI 

rating of 8, Figure 3(c). 

Overall the PSCI ratings for all roads were high. Only one road, the R - 745 had a rating below 5, once in 2011. 

The high rating would indicate that no major reconstruction work was carried out on these roads since 2011. 

To maintain a rating of 6 or higher, generally a thin overlay or localised repairs is sufficient [8].  
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(a) (b) 

Figure 2: Comparison of different approaches to determining a representative PSCI rating for (a) the 

R336 Segment 219 constructed on peat and (b) the R700 Segment 357 constructed on clay. 

 
 

(a) (b) 
 

(c) 

Figure 3: PSCI rating with time for roads on (a) peat, (b) clay and (c) till-gravel. 
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Discussion 
Figure 4 presents a comparison of the rating, based on weight average, for roads constructed on each of the 

foundation soils  investigated. The data presented in Figure 4 are representative of  the foundation subgrades. 

The data shows that the rating of these three roads was reasonable high, with the lowest rating being a 6. 

None of the roads, would therefore require significant maintenance or repair.  

The rating data showed that the road on peat (R- 417- 6) foundation subgrade did not show significant 

deterioration,  with  the rating  varying between a rating  of 6 and 8. Between 2011 and 2017 the rating  of the road 

increased, from just over  a 6 in 2011 to an 8 in 2017. Similarly, an increase in rating between 2018, PSCI rating 

of 6, and 2023, PSCI rating of just under 8, was also observed. This was unexpected. Given the engineering 

characteristics  of peat, it was anticipated that that a continuous reduction  in the PSCI for  roads on peat would 

be observed. The continuous increase in the PSCI rating between 2011 ˟ 2017 and 2018 ˟ 2023 is attributed to 

ongoing maintenance where the performance of the road was continuously monitored, outside the PSCI 

system, and localised repairs undertaken, rather than the road allowed to deteriorate, thus necessitating 

major  reconstruction  works.  Between 2017 and 2018 the rating  of the R- 417- 6 dropped from  an 8 to a 6. Without 

further data, no explanation can be given for this drop.  

The road constructed  on clay (R- 497- 1) showed a consistent  rate  of deterioration  between 2013 and 2017, where 

the PSCI rating reduced from over 8 to just under a 6 over this time period. This was the anticipated 

deterioration  model [9]. Works undertaken between 2017  ˟2019, restored  the PSCI rating  to a 9 in 2019, before 

deterioration of the road started again, with the rating reducing to an 8 in 2021. This cycle of deterioration, 

intervention,  followed  by deterioration  is the classical  model that was expected for  all  road investigated in this 

study [9]. 

The road constructed  on till - gravel  (R- 448- 108) also followed  the expected deterioration  model, with  the rating 

reducing from  a 9 in 2011 to a 7 in 2017. Works undertaken between 2017 and 2018 restored  the rating  to over a 

9. However, an unexpected reduction in the rating was observed between 2018 and 2019, which reduced the 

rating to under an 8. Between 2019 and 2022 no further reduction in the PSCI rating was observed. Without 

further data, it is not possible to identify what caused the reduction in rating between 2018  ˟2019. 
 

Figure 4: Comparison of PSCI rating for representative road segments constructed on peat, clay and 

till-gravel. 

Two of the other three roads (R - 417- 6 and R- 448- 108) examined in this comparison went up to five years 

without a survey being conducted. It is possible for roads constructed on tills to only experience minimal 

deterioration as discussed by both Buggy & Kissane [7] and Kelly et al. [10]. 
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Overall, the data showed that both the clay and till - gravel subgrades deteriorate at approximately the same 

rate initially with the increase in rate occurring in both cases just different years. It should be noted that the 

till  subgrade lasts  longer compared  to the clay before the increased  deterioration  rate occurs.  From the data 

this is one year, it is possible that it could be more if survey data was available before 2011. Once again it is 

hard to compare the peat against the till or clay subgrade as all indications are continual maintenance is 

undertaken on peat roads. 

The comparison highlights that peat roads were possibly maintained at a level rating of approximately a 7 

instead of being left  deteriorated  to rating  of a 5 or 6 and then restored  back to a 10. The reasoning behind this 

approach is that it is possibly more cost effective to maintain a road on peat subgrade at a rating of 7 than it 

would be to conduct major  works  every couple of years. This approach is less likely  to be used on roads with 

a clay or till subgrade as the deterioration process appears to take longer and it is more cost effective to 

follow the traditional approach of only conducting repairs to these roads when they are required.  

It was expected that the rate of deterioration would react the same way McKibbins,  et al. [9] study described. 

That showed deterioration  occurring  gradually  at first  and increasing  as time passed with  no works.  However, 

when works were conducted the rate of deterioration on the remediated road matched the original 

deterioration rate. This was not what was experienced in this study.  

Conclusions 
This study investigated the PSCI rating of 15 roads on three foundation subsoils to investigate a link between 

the PSCI rating over time and the foundation material. Overall, it was not possible to establish a relationship 

between the PSCI rating the foundation subgrade. 

The PSCI rating  of all  roads was found to be high, typically  with  a rating  above 6, indicating that only localised 

maintenance or a thin overlay is required to improve the surface. No roads appear to have major works 

conducted, necessitated by a ratio of 4 or below.  

Roads constructed on clay and till - gravel did show some attributes of a typical deterioration model, with a 

gradual reduction  in the PSCI rating  with  time, remedial  work  improving  the rating  and deteriorating  occurring 

again. However, minor remedial works appear to have been conducted before the rating deteriorated to a 

value requiring major works. This would indicate that the PMS system is working as designed and allowing 

maintenance programmes to target roads before significant deterioration has occurred.  

It was expected, given the engineering characteristics,  that roads on peat would show significant  deterioration. 

However, the PSCI rating for all roads on peat, across three local authorities, showed that the PSCI rating 

varied between 6  ˟8 and remained relative  constant for  most roads. No major  rehabilitation  works,  identified 

by a PSCI rating of 4 or below, were evident.  It is suggested that regional  roads on peat are receiving  regular 

localised repairs  to maintain the pavement condition, rather  than letting  the pavement deteriorate  to an extent 

that major repairs/reconstruction is required.  
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Approximately  one- seventh of MĖÙúÀĀÓ˫Ě land mass is peatland, with  concentrations  of peatland in the midlands 
and west of Ireland. Much of the stock of regional and local roads in these regions comprises embankment 
roads founded on a peat subgrade. Roads over peat are known to experience significant settlement, and 
rehabilitation works tend to have a short service life. This research aimed to establish if Finite Element 
Analysis (FEA) may be used to determine  an appropriate  technical  strategy  for  the rehabilitation  of roads over 
peat. A review of published research was undertaken to determine characteristic material and model 
parameters  for  use in the FEA of the behaviour of roads over peat. An embankment model was developed and 
validated in PLAXIS 2D Finite Element (FE) software. A series of investigations was undertaken  to determine 
the response behaviours under varying conditions, including cycles  of unload and reload of varying durations 
and surcharging of embankment and reloading with lightweight fill. The behaviour of an embankment 
constructed  of lightweight  fill  was analysed. A Standard Reference Embankment Model (SREM) was developed 
for benchmarking the behaviour of referenced models. The magnitude and rate of vertical and horizontal 
displacement was recorded at specified nodes in the models.  

 
The duration of unloaded time in unloading of embankment was not found to affect the rate of subsequent 
settlement  following  reloading. The magnitude of settlement  was significantly  reduced in embankment models 
constructed  with  lightweight  fill.  The rate  of vertical  displacement  was consistent  in primary  consolidation  and 
secondary compression, irrespective of the magnitude of loading. Model embankments that underwent 
surcharging and reloading with lightweight fill were shown to be overconsolidated, and demonstrated no 
appreciable long- term secondary compression. The magnitude of outward horizontal displacement in the 
subgrade was observed to be commensurate  with  downward  vertical  displacement. It was recommended that 
road authorities develop a trial programme of predictive modelling of the performance of road rehabilitation 
schemes, validated with  field data, towards  the attainment  of expertise  in the prediction  of the performance  of 
road embankments over peat, and the development of rehabilitation methodologies.  

 
Keywords: Embankment Roads, Peat, Numerical  Modelling. 

 

Introduction 

The task of traversing  expanses of peatland has challenged communities  in Ireland since ancient times. Road 

authorities continue to strive to develop methods to construct and maintain roads across peatland. 

Approximately one -ĚÙıÙĀġë Ćæ MĖÙúÀĀÓ˫Ě úÀĀÓ ÿÀĚĚ íĚ ēÙÀġúÀĀÓ ˚ʵ˛ː KĆĲÙıÙĖˋ ġëíĚ ĚíçĀíæíÎÀĀġ ēĆĖġíĆĀ íĚ

concentrated in areas of the midlands and west  of the country. County Offaly has 32% of the land area covered 

with peat, and within Offaly, 51% of the Edenderry area is estimated to be covered in peat [2]. This research 

sought to establish if appropriate techniques for the maintenance, repair and restoration of roads could be 

identified and appraised through the use of 2 - dimensional modelling software. The research question was; 

˨ÎÀĀ À ĚĥíġÀÌúÙ ġÙÎëĀíĕĥÙ æĆĖ ġëÙ ÿÀíĀġÙĀÀĀÎÙ ÀĀÓ ĖÙÎĆĀĚġĖĥÎġíĆĀ Ćæ ÙĳíĚġíĀç ĖĆÀÓĚ ĆĀ ēÙÀġ ÀĀÓ ĚĆæġ ĚĆíú ÌÙ

identified by comparison of possible maintenance techniques using finite element analysis to model 

ÌÙëÀıíĆĥĖˑ˩ The aim of the research  was to develop a valid finite  element analysis model by which techniques 

employed in the rehabilitation of embankment roads over peat may be appraised. The objectives of the 

research were:  
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¶ Develop and validate a finite  element analysis model that may be used in the analysis of the behaviour 

of embankments. 

¶ Develop a series of model trials of embankments with varying loading conditions including cycles of 

unloading and reloading of the embankment, the use of lightweight fill, and the addition of drainage 

elements. 

¶ Record the short - term  and long- term  responses of the embankment and compare and analyse these 

results,  with  the aim of identifying  the most effective approaches to the maintenance of rampart  roads 

over peat. 

 
Literature review 
Peat is a highly heterogeneous and anisotropic  material  with  extremely  variable  geotechnical properties  over 

short distances. This is due to peat being formed from varying plant species, which have themselves 

undergone varying degrees of decay [3]. Virgin peat generally  occurs at relatively  high moisture  contents and 

low strengths [2]. The undrained shear strength (cu) is typically in the range 4.8  ˟ 19 kPa, with moisture 

contents in the range 650% to 1500% or greater [2]. Magnitude and duration of loading were found to have a 

significant effect of  the permeability of  peat, and a relationship between permeability and void ratio has  been 

ÙĚġÀÌúíĚëÙÓ ˚ʸ˛ː -ĆĀĚĆúíÓÀġíĆĀ íĚ ÓÙæíĀÙÓ ÀĚˊ ˨ġëÙ ĖÙÓĥÎġíĆĀ íĀ ıĆúĥÿÙ Ćæ À ĚĆíú Ćæ úĆĲ ēÙĖÿÙÀÌíúíġĴ ÓĥÙ ġĆ À

change in effective ĚġĖÙĚĚ˩ [5]. This may be due draining of the porewater,  or dissipation  of porewater  pressure 

in a soil. As the total stress remains constant, the effective stress increases as the porewater pressure 

dissipates. Consolidation settlement is a beneficial settlement, brought about by an applied compressive 

stress,  expelling  air  and water,  and is the principal  mechanism by which strength  gain is achieved in soft  soils 

and peat by densification and reduction of water - content [1]. Primary Consolidation occurs as the loading is 

taken up by the free water  and the peat structure.  As the vegetal structure  of the peat is compressed the load 

is transferred  to free water  and the porewater  pressure  increases. As this  porewater  pressure  dissipates into 

the adjacent unloaded peat, the load is taken up by the loaded peat, leading to settlement, strength gain and 

load transfer  [6]. The achievement of gradual and controlled  consolidation  is paramount in the construction  of 

roads over peat. Consolidation settlement is a time - dependant process, and, if carried out correctly can be 

used to mobilise optimal strength in a peat subgrade. However, overloading of the peat or applying the load 

too quickly can lead to shear overstress  [6]. Peat is highly vulnerable  to shear overstress  during construction, 

and therefore loading must be carefully controlled to ensure that the loads applied are within the strength 

developed in the peat at that time [6]. When a soil has previously experienced a greater effective stress than 

it is currently experiencing, it is said to be overconsolidated. When a material experiences a reduction in 

effective stress, through either erosion or a rise in groundwater level, a swelling is observed as water is 

drawn back into the material. The associated increase in voids ratio does not occur along the normal 

consolidation  graph line, but along a line of lower  gradient, defined by the swelling  index [7]. When the material 

is reloaded, the resultant  decrease in void ratio  is represented  on a reload line of low gradient. Therefore, the 

soil can be reloaded without significant settlement occurring, provided that the reloading stress does not 

exceed the effective stress previously applied.  

Methodology 
A validation model was  developed based on published data from a series of predictive FE models by Long,  et 

al. [8]. That research focused on the analysis of an embankment road constructed over peat at Färgelanda in 

south- western Sweden, comparing predicted settlement of the embankment with field measurements, and 

demonstrating  the applicability  of commercially  available engineering software  for  the analysis of settlement 

in peat [8]. The software  used in that study was PLAXIS 2D [9]. The construction  comprised  a 1.5m embankment 

over a historic  roadbed of 0.5m, as shown in Figure 1. The embankment was formed over 6 m of peat, over 3m 

of organic clay known as gyttja over 12m very soft  clay to 21m depth. It was found that the predicted settlements 

closely reflected the settlement recorded in the field.  
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Figure 1: Cross section of Färgelanda embankment [8]. 

In this  study the Soft Soil Creep (SSC) material  model [9] was used to represent  the four  foundation soil  layers. 

This study introduced Lightweight Expanded Clay Aggregate (LECA) [10] as a lightweight fill material for 

embankment construction. The Mohr- Coulomb model [9] was used for the embankment fill and LECA 

materials. The model input parameters applied to the validation model in this research were exactly as 

prescribed  by Long et al. [8]. Material  Set I, as described by Long et al, Table 1, was used in this study for  both 

the validation and parametric  models. Where LECA was introduced in this study, the material  parameters  were 

as specified for the standard embankment fill, except for the unit weight.  

The validation models in this  study achieved good agreement with Long  et al. [8], and there was no  alteration 

or deviation from the input data provided in that study to achieve a best - fit output in this research, Figure 2. 

Therefore, the validation models in this research were deemed to be of sufficient reliability as to be used in 

further analysis.  

 

Table 1: Soil parameters used in this study. 
 

Parameter  Sphagnum 
Peat 

Fen Peat Gytja Clay Embankment 
Fill  

LECA 

Drainage condition Undrained Undrained Undrained Undrained Drained Drained 
Unsaturated unit weight 
(kN/m 3) 

 

10.30 
 

10.40 
 

12.50 
 

17.00 
 

17.00 
 

10 
Saturated unit  weight 
(kN/m 3) 

 

10.30 
 

10.40 
 

12.50 
 

17.00 
 

20.00 
 

10 
Initial  void ratio  (- ) 18 12 3 1.43 0.5 0.5 
Modified compression        

Index ̃ ɼˆ˝       

Modified swelling  index       

(k*) 0.05 0.04 0.02 0.01 -  -  
Modified creep index (µ*) 0.03 0.02 0.008 0.003 -  -  
Apparent cohesion (kPa) 0 3.46 0 0 0 0 
Angle of friction  (O) 90 60 45 35 55 55 
Angle of dilatation  (O) 90 60 0 0 25 25 
Coefficient of earth 
pressure  at rest,  K0

nc
 

 
0.1640 

 
0.2760 

 
0.4290 

 
0.5720 

 
-  

 
-  

 
Four investigations  were performed  in the analysis: 

¶ Staged construction of an embankment with unloading and reloading phases, introducing LECA as 

lightweight fill in reloading.  

¶ Construction of the embankment as per the validation model, with subsequent removal of half of the 

embankment fill and replacement with LECA.  

¶ Construction  of an embankment entirely  of lightweight  material.  
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A reference embankment, constructed in the method of the SSC model by Long, et al. [8], was developed for 

use as a benchmark in analysing the behaviour of the other models. This reference embankment model is 

referred to as the Standard Reference Embankment Model (SREM) 

 

 

 

 
Figure 2: Comparison of measured and predicted vertical settlement from Long et al and that 

predicted in this study. 

Staged construction of an embankment with unloading and reloading phases 
A series of embankment models, referred to in this study as Staged Construction Models, was constructed 

using standard  granular  embankment fill  and LECA. Models in this  series were assigned references prefixed 

with the letter U (unloaded); U.1, U.2, etc. These models were constructed in stages of construction with 

standard fill, followed by unloading, i.e., planing - off of layers, and reloading with layers of fill and LECA. In 

these analysis models, the durations assigned to loading and consolidation phases are constant across all 

models in this set. The difference in these models was  the duration  allowed for unloaded  or rebound phases. 

Note that unloading was instantaneous, and the unloaded phases had the respective  layer  removed for  the full 

duration  of that phase. In each model there  were  three unload phases. The unload durations  were  assigned as 

follows:  

¶ Model U.1: Minimum unload duration; 1 day for  each unload phase. 

¶ Model U.2; Baseline unload durations;  5, 10 and 7 days respectively.  

¶ Model U.3: Baseline unload durations  doubled; 10,20 and 14 days respectively.  

¶ Model U.4: Baseline duration  increased by a factor  of four; 20, 40 and 28 days respectively.  

¶ Model U.5; Baseline unload durations  as per model U.1, but without  the use of LECA. 

With these staged construction models, consideration was given to the magnitude and rate of rebound with 

each unload phase and the time taken to return to previously experienced  magnitude of settlement following 

reloading. Vertical  displacement data for  all  staged construction  models is presented in Figure 3. The data 
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demonstrated that the magnitude of settlement in the short - term and long - term was not affected by the 

variance of duration in unloading phases. Significant variation in the magnitude of settlement was recorded 

between the models constructed  using LECA, and the model constructed  using standard fill.  In the short - term, 

a vertical displacement of 1163mm was recorded in the U.4 model, while a displacement of 1532mm was 

recorded in the U.5 model. Therefore, the settlement of the U.4 model was 76% of the settlement in the U.5 

model and the SREM. At 10 years, the settlement  in the U.4 model was 1413mm, while  the settlement  in the U.5 

model was 2210mm. In this case, the settlement of the U.4 model was 64% of the settlement of the U.5. At 20 

years, the U.4 settlement  was 62% of the U.5 model. A reduction  in the magnitude of creep in the final  10- year 

period was observed in the LECA models U.1 - U.4, when compared with the U.5 model. The LECA models 

settled 50mm in that period, while the U.5 model recorded 130mm settlement in the same period.  
 

 
Figure 3: Vertical displacements of the embankment models during construction and short-term 

consolidation. 

Comparing the settlement of the U5 model with the SREM model, a 70mm difference in settlement was 

recorded at 386 days. At 10 years settlement the difference was 13mm, and at 20 years the difference was 

recorded as 12mm. Therefore, while  a degree of reduction  in settlement  was recorded in the unloaded model, 

the difference was minimal.  

The horizontal displacements in the staged construction models are presented in Figure 4. The instances of 

the unloading phases can be clearly  identified by the abrupt  inward  displacement  displayed on the chart. This 

displacement  can be observed in Figure 4, where the displacements  in the U.2 and U.5 models each have their 

unloading phases commence at days 17, 92 and 277, as notated in the figure. The other  models also reflect  this 

abrupt  inward  displacement at unloading. This observation  is consistent  with  the observation  by Hanrahan [4] 

that a significant lateral contraction occurs with the unloading of peat. This behaviour demonstrates the 

relationship  between vertical  and horizontal  stress,  where horizontal  stress  increases with  increasing  vertical 

stress, while the coefficient of earth pressure of the peat was constant.  
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Figure 4: Short-term horizontal displacements in staged construction models. 

 
Embankments incorporating LECA as a lightweight fill material. 
Embankments were modelled in PLAXIS 2D based on the geometry of the SREM and incorporating LECA in 

construction. One model was constructed with LECA, with a 0.25m layer of standard embankment fill on top 

to prevent the embankment becoming buoyant. A model was constructed of standard embankment fill, and 

0.75m of material was planed off following 10 - year consolidation, and LECA was replaced. The vertical 

displacement recorded in these models is presented in Figure 5, with the SREM data included for reference. 

The output data for  the models demonstrated  that the magnitude of settlement  was significantly  reduced with 

the use of lightweight fill. This was the expected outcome and was consistent with the time - settlement 

relationships for various loads presented by Hanrahan [5] which demonstrated that the magnitude of 

settlement  was related  to the magnitude of loading. In the LECA embankment model, the reduction  by half in 

the unit weight of the fill material resulted in a reduction by half in the recorded settlement compared with 

conventional fill.  

The 10- year settlement  in the LECA embankment was 995mm, and the 20- year settlement  was 1030mm, which 

is 43% of the 2353mm settlement recorded in the SREM at 20 years. This settlement was shown to be 

progressing, however, the magnitude of creep in the LECA model in the final 10 years was 35mm, while the 

creep recorded in the SREM for the same period was 130mm. Therefore, a reduction in the rate of creep was 

observed in the LECA model. This outcome was not as expected. The expected outcome had been that the rate 

of creep would be the same for both materials, consistent with the proposal by Hanrahan [4], that after a 

certain  time interval,  the consolidation  rates  were  constant for  all  specimens irrespective  of the magnitude of 

the applied loads. In this case it  is noted that while the rate of creep was not significantly different,  the creep 

settlement  in the SREM was still  over three times that of the LECA embankment. One explanation for  this  may 

be that the load of the granular fill in the SREM was close to the capacity of the peat.  



 

51  

Proceedings 
of the 

ITRN2023 

 
31st August & 1st 

September, 
ATU Sligo 

Skelly, Naughton: An Investigation into the 
Performance of Historic Road Embankments on Soft 
Soil and Peat 

 
 

In the embankment with  0.75m material  removed after  10 years, and replaced with  LECA, the settlement  at 10 

years was 2222mm, as was the settlement recorded in the SREM. Following unloading, a rebound of 24mm 

was observed in the 30- day period thereafter. A further 17mm rebound, followed by a 2mm settlement was 

observed in the following 10- year period. While the magnitude of rebound was relatively small, the critical 

observation was that settlement had stalled as the unloading had resulted in a state of overconsolidation.  

 
 

 

Figure 5. Long-term vertical settlements in LECA and SREM models. 

 
Conclusions 
The main conclusions  from  this  study are as follows:  

The PLAXIS 2D validation model in this research, upon which all other models in this research were based, 

was validated by demonstration of good agreement with 4 proven models presented by Long, et al. [8].  

It was possible to model and predict the behaviour of embankment roads over peat using PLAXIS 2D FEM 

software. However, the reliability of the output data was entirely dependent on the validity of the material 

parameters and the specification of the phase calculations.  

The behaviour of peat under varying loading regimes, as demonstrated in the FE output in this study, was 

consistent with the anticipated behaviour of peat, based on established engineering principles.  

FE models can develop long- term predictions that may be utilised in road maintenance planning and 

programming; however, the validity of long - term projections has not been demonstrated in this research.  

The principal challenge in developing predictive models in PLAXIS 2D was the determination of appropriate 

characteristic  material  parameters.  Minor variations  in parametric  values were shown to result  in significant 

variations  in calculated outputs. This challenge was exacerbated by the heterogeneity  and anisotropy  of peat. 

The use of lightweight  fill  such as LECA, having half  of the unit  weight  of conventional  granular  fill,  resulted  in 

a halving the effective stress  and reducing the magnitude of recorded settlement  by over 50% when compared 

with granular fill.  
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The use of lightweight  fill  in the models was not shown to affect the rate of settlement  in primary  consolidation 

or secondary compression.  

The variation in the time of unloading in unload- reload cycles was shown to have no significant effect in the 

rate of settlement following reload and a return to normal compression. This was the expected outcome.  

The excavation of drainage at the toe of embankment in excess of critical depth has been shown to facilitate 

excessive deformation,  leading to possible failure  of the embankment. PLAXIS 2D can be utilised  to determine 

the depths at which such deformations may occur, and the durations after which these deformations may 

occur. 

There is an opportunity for road authorities to develop a trial programme of predictive modelling of the 

performance of ongoing and future road rehabilitation schemes, validated with field data, in the method 

demonstrated  by Long, et al. [1]. Such trials  could inform  the development of a database of material  properties 

and model templates  towards  the attainment  of expertise  in the prediction  of the performance  of construction 

and rehabilitation of roads over peat.  
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Abstract 
Freight transport and the last mile delivery of goods are inevitable necessities in urban areas.  The boom in 
the e- commerce markets  and omni channel retail  has increased the demand for  urban freight  logistics  (UFL) 
and transportation  companies. The crucial  part  of UFL is the last  mile, with  considerably  higher transport  unit 
costs than the long - haul part of the freight transportation chain. Last - mile logistics (LML) is defined as the 
final  step in the supply chain where  the goods are delivered to the end users  or customers.  LML is considered 
as the least sustainable stage in the logistics supply chain. This has created many challenges to transport 
planning authorities  in cities. Apart from  having high operational costs  and negative impacts on environment, 
LML also bears externality costs, such as traffic accidents, stress/congestion delay deliveries and mobility 
barriers.  There is a need to provide a holistic  view of the literature  in this context of supply chain management. 
The aim of this  paper is to present  a bibliometric  analysis of the literature  on last - mile urban logistics  in omni 
channel retailing. The methodology includes 515 extracted documents on 1st June 2023 from Web of Science 
and the data was analysed using bibliometric  tools  namely R- studio Bibliometrix  and VOSViewer. The analysis 
showed that the largest number of papers were produced after 2020 and post Covid - 19 due to the surge of e 
commerce retailing.  According to WOS data, China is the most cited country  with  1,610 total  citations.  The most 
frequent  keywords used were also identified in the analysis. Furthermore, the research themes identified  , 
ĚĥççÙĚġ ġëÀġ ˨ĚĥĚġÀíĀÀÌíúíġĴ˩ íĚ ÀĀ íÿēĆĖġÀĀġ æÀÎġĆĖ ĲëíÎë íĚ ĴÙġ ġĆ ÌÙ ÓÙıÙúĆēÙÓ íĀ ġëÙ ēÙĖĚēÙÎġíıÙ Ćæ Ù-  
commerce logistics.  The paper also identified and discussed the literature  of the top 10 global cited documents. 

Keywords: urban logistics,  last  mile logistics,  omni channel retail,  e- commerce, bibliometric  analysis, SLR 

Introduction 
E- commerce has recently  grown to be a crucial  component of global retail.  Similar  to many other  businesses, 
the buying and selling  of commodities  has undergone significant  change since the digital  revolution.  As a result 
of the growing digitalization of modern life, customers worldwide today benefit from online transactions' 
advantages. With over five billion  internet  users  globally, the number  of people making transactions online is 
steadily rising as global internet access and usage increase. Global retail e - commerce sales were projected 
to reach more than 5.7 trillion dollars in 2022. By 2026, this figure is expected to have increased by 56%, 
totalling roughly 8.1 trillion dollars [1]. In order to offer a more extensive solution and seamless shopping 
experience, many traditional retailers are expanding their online presence, while many online retailers are 
opening physical outlets or collaborating with traditional retailers. Approximately 50% or more of today's top 
retailers are using a multi - channel strategy and are moving towards omni - channel retailing, and their 
numbers are increasing [2,3].  
Omni- channel retailing  is defined as the integration  of all  the retail  channels (physical stores,  online websites, 
and mobile platforms) and which enables the customers to shop in a seamless manner across all the retail 
channels. Retailers are facing some challenges in transition from bricks and mortars to bricks and clicks 
because e- commerce differs  from  traditional  retailing  in many ways including the delivery  of the products  [4] 
According to Hübner et al. [5], approximately  60% of the challenges in e- commerce and online shopping arises 
because of the last mile fulfilment and delivery.To  make home delivery and click and collect (C&C) profitable 
as well as possible, there is a need to make logistics innovative. In the context of logistics and supply chain, 
last -ÿíúÙ íĚ ĖÙæÙĖĖÙÓ ġĆ ÀĚ ˨ġëÙ æíĀÀú ĚġÙē íĀ ġĖÀĀĚíġíĀç ĆĖÓÙĖĚ ġĆ ġëÙ Ėíçëġ ÎĥĚġĆÿÙĖĚ˩ ˚ʺˋʻ˛ː 
Last- mile delivery  is considered the most in- efficient and costly part  of the whole supply chain [8]  According 
to research  last - mile  logistics  accounts for  almost  13- 51% of the total  cost of the supply chain due to different 
challenges that this  part of supply chain bears  while keeping  the customers  satisfied  with the services [9].  In 
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B2C businesses, last- mile deliveries for the online shopping pose a threat because of the vehicle routing 
problems and plannings fuels for the additional cost in the logistics supply chain. In cities, last - mile delivery 
is linked with  many externality  costs such as traffic  accidents, stress/congestion  delay deliveries  and mobility 
barriers. Several products such as perishable goods makes  it even more difficult  to deliver  the products  due 
to unavailable or insufficient facilities such as cold storage [10]. Another major concern related to the last -  

mile  delivery  is the environmental  concerns related  to it. Mangiaracina et al. [11] discussed the environmental 
implications  of B2C electronic  commerce from  a logistics  point of view. He pointed out ˨ ġĖÀĀĚēĆĖġÀġíĆĀ planning 
and ÿÀĀÀçÙÿÙĀġ˩ and ˨ÓíĚġĖíÌĥġíĆĀ network  ÓÙĚíçĀ˩ as the major  factors  in causing environmental  issues and 
in general to different aspects of sustainability in last -ÿíúÙ úĆçíĚġíÎĚː ¢ëÙ ˨çĖÙÙĀ íĀíġíÀġíıÙĚ˩ ĚĥÎë ÀĚ ĥĚÀçÙ Ćæ
electric/hybrid cars, use of less carbon emissive fuels, use of drones, can limit the negative effects of 
ÙĀıíĖĆĀÿÙĀġÀú ēĆúúĥġíĆĀ ÀĀÓ íÿēĖĆıÙ ÙĀıíĖĆĀÿÙĀġÀú ĚĥĚġÀíĀÀÌíúíġĴː ¢ëÙ 8ĥĖĆēÙÀĀ ¦ĀíĆĀ ˜8¦˝ ˨ĚĥĚġÀíĀÀÌúÙ
ĥĖÌÀĀ úĆçíĚġíÎĚ ēúÀĀĀíĀç˩ çĥíÓÙ ĚġÀġÙĚ ġëÀġ ĥĖÌÀĀ æĖÙíçëġ ëÀĚ ēúÙġëĆĖÀ Ćæ íĚĚĥÙĚ íĀÎúĥÓíĀç ĀĆíĚÙ ÀĀÓ ēĆúúĥġíĆĀ
and poses a threat for not environmental but also economic and social stability. In European states, local 
ÀĥġëĆĖíġíÙĚ ÀĀÓ úĆçíĚġíÎĚ ēĖĆıíÓÙĖĚ ġĆçÙġëÙĖ ÎÀÿÙ ĥē Ĳíġë ÎÙĖġÀíĀ íĀíġíÀġíıÙĚ ĚĥÎë ÀĚ ˨ÀíĖ ĕĥÀúíġĴ ÀĀÓ ĚÀæÙġĴ˩ˋ
˨ÎúÙÀĀ ÀĀÓ ÀúġÙĖĀÀġíıÙ æúÙÙġ ēĖĆÿĆġíĆĀ˩ˋ ÀĀÓ ˨ĚēÀÎÙ ÿÀĀÀçÙÿÙĀġ ÀĀÓ ÎĆĀĚĆúíÓÀġíĆĀ˩ː úú ġëÙĚÙ ÙææĆĖġĚ íĀ
8ĥĖĆēÙÀĀ ĖÙçíĆĀ ÀĖÙ ÌÙíĀç ÿÀÓÙ ġĆ ÀÓÓĖÙĚĚ ġëÙ çĆÀú Ćæ ˨ĀÙġ ĸÙĖĆ ÙÿíĚĚíĆĀ ĥĖÌÀĀ úĆçíĚġíÎĚ ÌĴ ʶʴʷʴ˩ ˚ʵʶ˛ 
This paper aims to answer  the following  research  questions: 
ü What are the recent  research  developments in the context of last  mile logistics  and e- commerce and 

omnichannel retailing?  
ü What are the existing and emerging themes in literature of last mile logistics specifically in e -  

commerce and omnichannel retailing?  
Methodology 
Since the main objective of this study is to identify the existing and emerging themes in literature, we chose 
Bibliometric approach for this study. Bibliometrix is a R package that is used to find quantitative trends in 
development in research  and it  provides a mapping analysis [13]. It can be defined as ˨¢ëÙ measurement  of all 
ÀĚēÙÎġĚ ĖÙúÀġÙÓ ġĆ ġëÙ ēĥÌúíÎÀġíĆĀ ÀĀÓ ĖÙÀÓíĀç Ćæ ÌĆĆ÷Ě ÀĀÓ ÓĆÎĥÿÙĀġĚ˩ ˜ēː ʶʵʼ˝ ˚ʵʸ˛ː 
The total number of 515 documents were extracted from Web of Science on 1st June 2023. The search string 
Ĳíġë ġëÙ +ĆĆúÙÀĀ ĆēÙĖÀġĆĖĚ ˨fv˩ ÀĀÓ ˨ `2˩ ĲÀĚ ˨˜úÀĚġ ÿíúÙ úĆçíĚġíÎĚ fv ĥĖÌÀĀ æĖÙíçëġ fv ĥĖÌÀĀ úĆçíĚġíÎĚ fv
City logistics OR grocery logistics OR Urban Freight Transport) AND ("omni channel" OR e- commerce OR 
"online shopping" OR e- grocer*  OR "multi - channel shopper"). The search was limited  to exclude the Publisher 
˨_2sM˩ː There was no limit  for  the time frame from  which the documents were extracted. Bibliometric  analysis 
was performed using R Studio (Bibliometrix  ÀĀÓ ġëÙ ĲÙÌ íĀġÙĖæÀÎÙ ˨ÌíÌúíĆĚëíĀĴ˩˝ ÀĀÓ ²fz²íÙĲÙĖ 

 

Analysis & Results 
Table 1 shows the main information on the data collected from Web of Science for the last - mile logistics and 
omnichannel retailing.  It shows the time period of data collected  from  2000 to 2023 on which all  of the further 
analysis has been performed .  A total  number of 515 documents are collected  during this  time period and it is 
evident that the annual growth rate of research on the topic is approximately 20%. Figure 1 represents the 
yearly scientific  production of  documents depicting a low number of papers published from  2000 to 2016, with 
a slight increase in the publication of academic papers in this area from 2017 till 2019 with an average of 32 
papers. In the years 2020,2021, and 2022 there was a remarkable  growth  in production  mainly post Pandemic, 
with  the number of papers on last  mile logistics  and online shopping increasing  to 73, 111 and 138 respectively. 
By 1st June 2023, the number of papers recorded for 2023 are 61 which is yet to increase by end of the year 
2023. 

 

Description Results 

Timespan 2000:2023 

Sources (Journals,  Books, etc) 216 

Documents 515 

Annual Growth Rate % 19.57 

Document Average Age 2.81 

Average citations  per doc 16.95 

DOCUMENT CONTENTS 

Keywords Plus (ID) 922 

Author's  Keywords (DE) 1670 
Table 1: Summary of the main information 
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Figure 1: Annual Scientific Production 

 
The top 10 most relevant  sources for  last - mile and omni channel retailing  are enlisted in Table 2. It also shows 
the total number of citations for these articles and the start year when the first article was produced in the 
revelant source. According to WOS data, Transportation Research Part E-Logistics  and Transportation Review 
is the most relevant journal with total 24 documents on  the research  top and its first paper was published in 
2010. Similarly,  International  Journal  of Physical Distribution  & Logistics  Management, International  Journal 
of Logistics -Research and Applications, and International  Journal  of Retail & Distribution  Management are 
second, third and fourth in the list respectively for the relevancy to last - mile and omni channel retailing. It 
should be noted that the journal Transportation Research Part D-Transport and Environment has the second 
highest total  number of citations  (498), although, it recently  started  publishing  in 2017. Similarly,  International 
Journal  of Retail & Distribution  Management has the third  highest number of citations  (444) with  publication 
starting in year 2016. 

 
 

 

Journal source name 

 

No. of articles for last-mile 
and omnichannel retailing 

Total 
citation 

s 

Articles 
production 
start year 

1. Transportation  Research Part E-  
Logistics And Transportation  

 

Review 
2. International  Journal  Of Physical 

Distribution & Logistics 
Management 

24 
 

 
19 

615 
 

 
906 

2010 
 

 
2010 

3. International  Journal  Of Logistics -  
Research And Applications  

 

16 
 

295 
 

2013 
4. International  Journal  Of Retail & 

Distribution  Management 
 

13 
 

444 
 

2016 
5. International  Journal  Of Logistics  

Management 
 

13 
 

283 
 

2018 

6. Journal  Of Transport Geography 12 247 2009 
7. Transportation  Research Part D-  

Transport And Environment 
 

12 
 

498 
 

2017 
8. Research In Transportation  

Economics 
 

8 
 

195 
 

2017 
9. International  Journal  Of 

Production Research 
 

8 
 

226 
 

2017 
10. Computers & Industrial  

Engineering 
 

7 
 

113 
 

2018 

Table 2 : Top 10 most relevant sources and sourcesô impact 

Figure 2 represents the top 10 most cited countries globally. China tops the list with total 1,610 citations, 
followed by USA with 1,396 and Italy with 841 citations. Other European countries like Germany, Belgium, 
Sweden and Netherlands are also in the top 10 cited countries list.  
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Figure 2: Top 10 most cited countries 

 

Figure 3 represents  word  cloud of the author  keywords  used in last - mile logistics  and e- commerce, and omni 
ÎëÀĀĀÙú ĖÙġÀíúíĀçː Mġ ĚëĆĲĚ ˨Ù-ÎĆÿÿÙĖÎÙ˩ˋ ˨úĆçíĚġíÎĚ˩ˋ ˨ÿĆÓÙú˩ˋ ˨íÿēÀÎġ˩ˋ ˨ĆēġíÿíĸÀġíĆĀ˩ˋ ˨ıÙëíÎúÙ ĖĆĥġíĀç
ēĖĆÌúÙÿ˩ˋ ˨ĆĀúíĀÙ˩ˋ ˨ēÙĖæĆĖÿÀĀÎÙ˩ˋ ˨ÿÀĀÀçÙÿÙĀġ˩ˋ ˨ÓÙúíıÙĖĴ˩ˋ and ˨ġĖÀĀĚēĆĖġ˩ as the most used keywords  in the 
research on the date of Web of Science. Figure 4 represents the co - occurrence of all the keywords in the 
ĖÙĚÙÀĖÎëː Mġ ÎÀĀ ÌÙ ÎÀġÙçĆĖíĸÙÓ íĀ ʹ ÎúĥĚġÙĖĚ ÀĚ ĚëĆĲĀː ¢ëÙ ÿÀöĆĖ ÎúĥĚġÙĖ ĚëĆĲĚ ġëÀġ ˨Ù-ÎĆÿÿÙĖÎÙ˩ íĚ ĥĚÙÓ
ÀúĆĀç Ĳíġë ˨íÿēÀÎġ˩ˋ ˨ĚĥĚġÀíĀÀÌíúíġĴ˩ˋ ˨-ĆıíÓ-ʵʽ˩ˋ ˨ĆĀúíĀÙ ĚëĆēēíĀç˩ˋ ˨íĀġÙĖĀÙġ˩ˋ ˨ġÙÎëĀĆúĆçĴ˩ˋ ˨ÀÓĆēġíĆĀ˩ː ¢ëÙ
ĚÙÎĆĀÓ ÌíççÙĚġ ÎúĥĚġÙĖ ĚëĆĲĚ ˨úĆçíĚġíÎĚ˩ ġĆ ÎĆ-ĆÎÎĥĖ Ĳíġë ˨úÀĚġ-ÿíúÙ ÓÙúíıÙĖĴ˩ˋ ˨ıÙëíÎúÙ ĖĆĥġíĀç ēĖĆÌúÙÿ˩ˋ
˨ĆēġíÿíĸÀġíĆĀ˩ˋ ˨ÀúçĆĖíġëÿĚ˩ ÀĀÓ ÿÀĀĴ ÿĆĖÙː 

 
 

 

Figure 3: Word Cloud 
 
 

Figure 4: Co-occurrence with all keywords 

Figure 5 represents the thematic mapping of the research themes based on author keywords. The thematic 
map is divided into 4 quadrants with  niche themes, motor  themes, emerging or declining themes, and basic or 
ġĖÀĀĚıÙĖĚÀú ġëÙÿÙĚː ¢ëÙ ĀíÎëÙ ġëÙÿÙĚ ÀĖÙ ˨ĀĆĀ-ÎÙĀġĖÀú Ìĥġ ÓÙıÙúĆēÙÓ˩ˋ ÙÿÙĖçíĀç ĆĖ ÓÙÎúíĀíĀç ġëÙÿÙĚ ÀĖÙ
˨ĀÙíġëÙĖ central  nor ÓÙıÙúĆēÙÓ˩ at the time of analysis, motor  themes are ˨ÎÙĀġĖÀú and ÓÙıÙúĆēÙÓ˩ implying the 
ÎĥĖĖÙĀġ ĖÙĚÙÀĖÎë ġëÙÿÙĚ ÀĀÓ ÌÀĚíÎ ġëÙÿÙĚ ÀĖÙ ˨ÎÙĀġĖÀú Ìĥġ ĥĀÓÙıÙúĆēÙÓ˩ ĲëíÎë çíıÙĚ ÓíĖÙÎġíĆĀ ġĆĲÀĖÓĚ ġëÙ 
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future themes in research.  The size of the clusters shows the number of keywords associated with it. The 
cluster  with  the highest  density value shows the keywords  ˨ÓíĚġĖíÌĥġíĆĀ˩ˋ ˨Ù-çĖĆÎÙĖíÙĚ˩ˋ ˨Ìíç ÓÀġÀ˩ˋ ˨ÎĆúÓ chain 
úĆçíĚġíÎĚ˩ː This cluster  is in between the niche and motor  themes and the research  focuses on the distribution 
and fulfilment of products along with concepts such as I4.0, big data, and Internet of Things. This research 
topic is still in its development stage because most of the papers found in the analysis were post - 2019 and 
after  Covid, with  the major  focus of research  shifting  towards  online shopping. The cluster  in the emerging or 
ÓÙÎúíĀíĀç ġëÙÿÙĚ æĆÎĥĚÙĚ ĆĀ ġëÙ ˨ÎĆĀĚĥÿÙĖ ÌÙëÀıíĆĥĖ˩ íĀ ĆĀúíĀÙ ĚëĆēēíĀç ÀĀÓ Ù- commerce logistics. The 
research shows that the focus on consumer behaviour towards e - commerce or omni channel retailing has 
not been studied much, due to which these concepts falls under  the emerging theme and these concepts are 
yet in an exploratory phase in the research. Another main cluster between motor & basic themes with 
÷ÙĴĲĆĖÓĚ ˨ÎíġĴ úĆçíĚġíÎĚ˩ˋ ˨ıÙëíÎúÙ ĖĆĥġíĀç˩ˋ ÀĀÓ ˨ÎĖĆĲÓ ĚĆĥĖÎíĀç˩ ÀÿĆĀç ĆġëÙĖĚˋ ĚëĆĲĚ Àúú ġëÙ ÿÀíĀ ÌÀĖĖíÙĖĚ
ÀĀÓ ÎëÀúúÙĀçÙĚ æÀÎÙÓ ÌĴ ġëÙ ˨ĥĖÌÀĀ æĖÙíçëġ ġĖÀĀĚēĆĖġÀġíĆĀ íĀÓĥĚġĖĴ˩ː Mġ íĚ íÿēĆĖġÀĀġ ġĆ ĀĆġÙ ġëÀġ ġëÙ ÎúĥĚġÙĖ íĀ
basic theme with  ˨ Ù-ÎĆÿÿÙĖÎÙ˩ is the only cluster  with  high relevance and centrality  and is yet to be developed 
ÿĆĖÙˋ ġëíĚ ÎúĥĚġÙĖ íĚ ˨ÎÙĀġĖÀú˩ Ìĥġ ĴÙġ ˨ĥĀÓÙıÙúĆēÙÓ˩ ÀĀÓ ëÀĚ ġëÙ ēĆġÙĀġíÀú ġĆ çĖĆĲ æĥĖġëÙĖ íĀ ġëÙ æĥġĥĖÙ ÀĀÓ
move towards the motor themes. Future research themes would include the online, e - commerce, 

omnichannel, e- grocery and their urban freight logistics with a special focus on ˨zĥĚġÀíĀÀÌíúíġĴ˩ːResearch 
including sustainable solutions  to urban logistics,  low carbon emissions  in logistics  and supply chain, and the 
use of electric vehicles improving sustainability of logistics are the main themes in the said research area.  

 

Figure 5: Thematic Map 
 
 

Document Research objective Total Citations Total citations per Year 

 

 
Hübner et al. [5] 

To provide a planning framework 
for last - mile fulfilment in omni -  
channel grocery retailing.  

 

 
216 

 

 
27 

 

 
Wang et al. [15] 

To propose a crowd delivery  
model to enhance last-mile 
delivery service.  

 

 
170 

 

 
21.25 

 

 
Edwards et al. [16] 

To compare the carbon footprints 
between last - mile deliveries  and 
conventional shopping trips.  

 

 
155 

 

 
11.07 

 
 
 

 
Allen et al. [17] 

To provide insights into the 
reasons for the growth of urban 
last - mile parcel delivery 
operations, the challenges faced 
by last - mile  delivery  drivers,  and 
the pressures on last - mile 
operators  

 
 
 
 
 

 
150 

 
 
 
 
 

 
25 
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Melacini et al. [3] 

To provide a literature review  on 
online fulfilment and delivery in 
omni- channel retail.  

 

 
127 

 

 
21.17 

 
 
 
 

 
Lim et al. [18] 

To present existing research on 
last - mile logistics (LML) models 
and evaluate LML's broad roots 
in city logistics, home delivery, 
and B2C distribution, as well as 
more recent developments 
within the context of the e -  
commerce supply chain. 

 
 
 
 
 
 

 
126 

 
 
 
 
 
 

 
21 

 
 

 
Zhou et al. [19] 

To introduce two levels of 
challenges and problems  related 
to  the  routing   in  last   mile 
deliveries  for  e- commerce. 

 
 

 
125 

 
 

 
20.83 

 
 

 

Mangiaracina et al. [11] 

A literature review on online 
business to customer e -  
commerce from a perspective  of 
logistics and environmental 
sustainability  

 
 
 

 
109 

 
 
 

 
12.11 

 
 

 
Deutsch and Golany [20] 

To create a parcel locker  network 
as a solution to the LML 
challenge by establishing the 
ideal number, location, and size 
of locker facilities.  

 
 
 

 
108 

 
 
 

 
18 

 
 

 

Wollenburg et al. [21] 

To conduct an exploratory study 
with retailers from various 
contexts to investigate the 
internal    logistics    networks  
utilized  to serve customers.  

 
 
 

 
107 

 
 
 

 
17.83 

 

Themes and Discussion 

Table 3 : Top 10 most global cited documents 

Hübner et al. [5] developed a planning framework for last - mile fulfilment and delivery of goods for omni -  
channel food retail  as well  as the benefits and drawbacks of various  design concepts for  integrated  fulfilment 
and distribution strategies for home and store deliveries were discussed in detail. Back - end fulfilment (e.g., 
warehouse and in- store picking) and last mile distribution concepts (e.g., attended and unsupervised home 
delivery)  can be incorporated  into OC logistics  planning. The design options are influenced by country 
characteristics  (for  example, population density), retailer  characteristics  (for  example, capabilities  for  cross -  
channel process integration), and consumer behaviour like the potential of unattended home delivery) [22] 
With the continued rise of E- commerce, the last - mile delivery from the warehouse to the consumer's home 
has grown increasingly difficult in urban logistics. It necessitates meticulous planning and timing to reduce 
worldwide travel costs, yet it frequently results in unattended delivery because most consumers are away 

from home. Wang et al. [15] proposed a large- scale mobile crowd - tasking paradigm that can successfully 
improve last - mile  delivery  in urban logistics,  a model has been represented  in the form  of a network  min- cost 
flow problem, and several approaches are provided to minimize network size and enhance performance.  
Keeping in view the environmental  sustainability,  Edwards et al. [16] discussed the carbon intensity  of "last  
mile"  deliveries  and individual  shopping trips  identifying  crucial  elements  that influence these activities'  carbon 
emissions. The study proposes strategies  that online merchants  and home delivery  services  should implement 
to improve the CO2 efficiency of their  logistical  operations  and obtain a clearer  environmental  advantage. The 
fulfilment and distribution methods required to meet client expectations are likely to be the most significant 
distinction between  online and traditional purchasing [23]. Customers do the majority of  the labour - intensive 
work in the traditional shopping model (such as order - picking and transporting the goods home), whereas 
with  e- fulfilment,  retailers  must deliver  customized orders  to widely scattered  locations  within  relatively  short 
time frames. Owing to the importance  of environmental  sustainability  and climate  change, Edwards et al. [16] 
found that neither  traditional  nor online shopping has benefited the environment but  overall  home delivery of 
goods has less CO2 emissions than traditional shopping tours.  
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There are many last - mile  challenges addressed in previous research. According to Allen et al. [17] the activity  
of light goods vehicles (LGV) has been increased since the rise in the online shopping in Britain and London 
specifically.  He further  described ˨ēÙÀ÷ ēĖÙĚĚĥĖÙ˩ˋ ˨ÎĆÿēúÙĳ customer  ÓÙÿÀĀÓĚ˩ˋ ˨ĆıÙĖÎÀēÀÎíġĴ in the ĚÙÎġĆĖ˩ˋ
˨ġëÙ íÿēÀÎġ Ćæ æĖÙÙ-ÓÙúíıÙĖĴ˩ˋ ˨ÿÀĀÀçíĀç ēĖĆÓĥÎġ ĖÙġĥĖĀĚ˩ˋ ˨æÀíúÙÓ æíĖĚġ-ġíÿÙ ÓÙúíıÙĖíÙĚ˩ ÀĚ ĚĆÿÙ Ćæ ġëÙ
challenges of last - mile logistics that are creating barriers in profitability in supply chain. Furthermore, 

Melacini et al. [3] has identified three sectors which  can be considered as the barriers and challenges  for  e-  
fulfilment  and distribution  of goods in e- commerce and online shopping. According to the author, ˨ÓíĚġĖíÌĥġíĆĀ
Ćæ ĀÙġĲĆĖ÷Ě˩ ĀÙÙÓĚ ġĆ ÌÙ ĖÙÓÙĚíçĀÙÓ ÌĴ íĀÎĖÙÀĚíĀç ġëÙ ÀĥġĆÿÀġíĆĀ úÙıÙú Ćæ ġëÙ ēĖĆÎÙĚĚÙĚ ġĆ íĀÎĖÙÀĚÙ ġëÙ
productivity of  e- fulfilment and  distribution. They identify  inventory management as  another key issue for  the 
retailers in omni - channel, they suggested that retailers should decide on collective and prioritized inventory 
levels  for  traditional and  e- commerce purchases. The third challenge was identified is ˨ÓÙúíıÙĖĴ planning and 
ÙĳÙÎĥġíĆĀ˩ ĲëíÎë íĚ ÿÀíĀúĴ ġëÙ úÀĚġ ÿíúÙ úĆçíĚġíÎĚː EĥĖġëÙĖÿĆĖÙˋ æĆĖ ĆÿĀí- channel e- fulfilment, retailers are 
now focusing on -˨úíÎ÷̪-ĆúúÙÎġ˩ option which allows  customers  to receive parcel  from  specific pick - up points 
[24,25]. 

Conclusion 
The purpose and objective of this paper was to identify the recent research developments in urban freight in 
online and electronic commerce retailing and to find out the existing and the emerging themes discussed in 
the literature. The paper focuses on the Bibliometric analysis using Bibliometrix & Biblioshiny software, and 
discusses a total  of 515 documents obtained through  Web of Science. To quantify the recent  trends  of research 
on the underlined research topic, we found the annual growth rate, annual scientific production, the most 
relevant  sources and journals  for  the topic, the most cited countries,  the most used frequent  keywords  (word 
cloud), the co- occurrences of the keywords, and the thematic map of the recent research themes. The paper 
also discusses the top 10 cited articles in the literature. The perspective of sustainability, zero carbon 
emissions, and green initiatives in urban freight logistics was found to be the major theme contributing to 
knowledge in this area, and which is yet to be further explored.  
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Abstract 

According to the 2023 World Economic Forum Global Risk Perception survey, supply chain disruptions will 

stay the major  risk to the  global economy in the next decade. Dealing with supply  shortages, continuous cost 

pressure, and sustainability concerns and yet surviving in a very competitive market force supply chain 

practitioners to use proven analytical technologies for planning their activities. A recent survey states that 

"analytical skills" are the most important one with 94% for logistics practitioners. At Munster Technological 

University (MTU), Global Supply Chain Management program, we particularly focus on  developing this skill in 

"Transport Planning & Logistics" module lab sessions in which the majority of the students are logistics and 

supply chain practitioners from industry in various roles. Providing the required ground of decision analytics 

(a.k.a operations research) skills from scratch and yet  making it practical for  working students that they can 

exploit  in their profession  immediately with no cost and no code  is challenging. In this paper, we will present 

our methodology to resolve these challenges and our findings in teaching and learning essential transport 

planning and logistics problems by using open - source operations research tools.  

 

Keywords: Transport planning, logistics,  supply chain, decision analytics, teaching and learning,  open-  

source 
 

Introduction 

Traditional supply chains can be represented as a network of customer/retail shops, factories, warehouses, 

distribution centers, and logistic activities in between. Design, control, execution, and management of 

operations in this network are already complex by default. But, today's more competitive market conditions, 

and environmental and political disruptions forces supply chain practitioners more flexible to the changes in 

customer demand and to be faster in reacting to unexpected disturbances in the network. Furthermore, shift 

in logistic concepts for a more agile distribution network like the uberization of transportation, using drones 

and automated guided vehicles for in - house and last- mile delivery bring their benefits with additional 

complexity. Therefore, today's and future supply chain networks need to be more accurate and efficient than 

ever. While real - time data stream  from  all  supply chain components maintains  accurate information  about the 

status of the supply chain, a central monitoring and planning mechanism is needed for the most efficient 

management of the supply chain [1]. Decision analytics  tools  together  with  other  automation solutions  are the 

biggest enablers for effective supply chain management according to the Material Handling Institute survey 

[2]. However, this survey also shows that the first two of the top supply chain challenges in the next decade 

are hiring/retaining qualified workers (57%) and talent shortage (56%). In line with that, another survey, 

conducted with 8 supply chain and logistics executives  from  a diverse set of companies and industries (Food 

& Beverage, Retail, Consumer Goods, Automotive, etc.), indicates the importance  of analytical  skills  needed in 

the supply chain industry [3]. According to the results of the survey, analytical skills are the most important 

skill/attribute for young supply chain professionals with 94% followed by people and communication skills. 

One of the participants  of the survey underlines  this  importance  by stating; "Supply chain requires  a high level 

of analytical  skills  coupled with  an ability  to build effective working  relationships.  Logistics  and supply chains 
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are service businesses. Familiarity with  supply chain software  is very important for  young professionals, the 

heavy users of the systems." [3].  

 

Inevitably, changing needs of the supply chain industry bring new challenges for the higher education 

ecosystem in Ireland that can be summarized in three categories.  

 
From the academic institute's  perspective, the first  challenge is meeting the interested  students  with  the right 

academics who have analytic and industry experience that can convey real - life learning experiences to 

students. Providing the required hardware and software infrastructure for  digital technologies and providing 

the right environment for students and academics for research projects with industry.  

 
When we look at the challenges faced by academics; the first challenge is having the flexibility of 

developing/revising  curriculums  relevant  to employability  needs that developed collaboratively  with  industry. 

Investigating  active teaching and learning  methods that are more interactive  to keep up students  interest  and 

focus through gamification and simulation methods is another challenge for academics. A student - centric 

learning experience supported by Massive Open Online Education ([4]) is another disruptive change for 

academics that need to be adapted and exploit. 

 
And finally  from  the student's perspective, building up interest  and providing insights  for  the inter - disciplinary 

collaborative  structure  of supply chain management as well  as building awareness of requirements  for  work 

placement, job opportunities, and teamwork are the primary challenges for developing analytical skills.  

 
For overcoming these challenges, an industry - centric supply chain, transport, and logistics teaching 

mechanism is proposed that all stakeholders mutually benefit from each other:  

 

 
Figure 1: Industry - oriented supply chain planning teaching and learning  ecosystem 

 
In this ecosystem, the industry pulls the need for talent and collaborates with institutes and academics for 

their emerging problems like Kaggle [5]. Academics develop solutions with students through 

national/EU/industry funds, attract researchers, and create internship opportunities.  

 

The pedagogical methodology followed in transportation planning and logistics 

At Munster Technological Technology, in the Bachelor of Business (Honours) in Global Supply Chain 
Management program ([6]) we provide the necessary technical and soft skills for designing, managing, and 
operating logistics and supply chain networks for  students working or  planning to work  in various industries 
such as medical device, pharmaceutical, biopharmaceutical, electronics, energy, third and fourth - party 
logistics  (3PL, 4PL) providers  and service companies. As well  as various  industries,  students'  background also 
varies from engineering and science to business and the arts.  

One of the modules delivered in this program  is Transport Planning & Logistics  [7] where  the aim is to provide 
students  understanding of freight  transport  operations  and quantitative  methods for  solving essential  logistics 
problems. 
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Based on the author's experience, there are several challenges observed for students in learning and 
implementing quantitative methods, namely operations research techniques, for logistics decision problems 
as summarized below:  

 
 

1. Due to the diverse background of students, there is no homogeneity in the essential  mathematical 
background to understand basic operations research literacy required for logistics problems.  

2. From a similar  point of view, there  is no homogeneity in digital  literacy  in terms  of using IT technology. 

3. The limited  time available to deliver  and practice  both theoretical  and implementation  concepts. 

4. Necessity of using software  tools  that students already or can easily have access to. 

To overcome the above challenges and provide the best teaching and learning experience to students, the 
following gradual procedure is followed:  

 
 

First, students are justified decision analytics (prescriptive, operations research) methods for transport 
planning & logistics, along with problem modeling paradigms and the difference between optimization and 
simulation  tools  as operations  research  techniques. Textbooks (such as [8]) and open- access material  is used 
for this stage of the delivery.  Then, formulating basic linear programming - based transportation problems 
such as supplier  selection, production  planning, and transportation  are studied. Essential operations  research 
theory such as defining variables, objective functions, and constraints as well as canonical forms are 
discussed in detail. Following this basic theory, as an easily accessible software tool, Excel Solver ([9]) is 
studied on computer solutions of developed model formulations supported with open source material 
accessible on the internet ([10]) and textbooks ([11]). After building the essential familiarity, delivery of the 
practical hours continues with essential routing problems; shortest path, traveling salesman, and vehicle 
routing problems which move from simpler to more complex. The teaching and learning experience of these 
problems is enhanced with interactive tools for visualizing these routing problems as well [12]. Decision 
analytical transport planning problems delivery is finalized with warehouse location, driver planning, and 
facility design problems. In the end, open - source and commercial simulation tools for analyzing alternative 
transport network designs are discussed [13]. In the following section, we will demonstrate the teaching 
methodology for the vehicle routing problem which will cover both the formulation of the problem and three 
different open - source yet no- code tools that are easily accessible for students.  

 
Use case: modeling and solving capacitated vehicle routing problem 

Vehicle Routing Problem (VRP) is one of the essential routing problems for logistic and transport planners 
that they are facing in practice ([14]). VRP is used to find the optimal set of routes for a fleet of vehicles to 
traverse to deliver to a given set of customers. A fleet of vehicles, each with a fixed capacity, starts at a 
common depot and returns  to the depot after  visiting  locations  where service  is demanded. VRP is the mostly 
used combinatorial optimization tool in the logistics and transportation industry and is agnostic to business 
types, from manufacturing to logistics and service companies. Therefore, it is very beneficial for students to 
understand the basics of VRP and implement solutions with cutting - edge technologies. 

 
 

We start  by providing the mathematical  formulation  of the problem as below. 
 
 

Parameters: 

 
 

ὲ = number of points (1 - depot, 2,é, - clients) 

ὨὭὮ = distance from point Ὥ to point Ὦ 

ὈὭ = demand of client Ὥ 

ὅ = capacity of each truck 
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Parameters: 

ὼὭὮ = 1 if a truck goes from node Ὥ to node Ὦ (binary) 

ὪὭὮ = number of units in a truck going from node Ὥ to node Ὦ 

 

The mixed integer  programming  model formulation  of the problem is provided below ([15]): 
 
 
 

ὲ ὲ (1) 

min В В ὨὭὮ ὼὭὮ 
Ὥ=1  Ὦ=1  

 
 

ὲ 

В ὼὭὮ =  1 Ὥᶅ =  2, ȣ , ὲ 
Ὦ=1  

 
(2) 

 
 

ὲ 

В ὼὮὭ =  1 Ὥᶅ =  2, ȣ , ὲ 
Ὦ=1  

 
(3) 

 
 

ὲ ὲ 
 

(4) 

В ὪὮὭ  В ὪὭὮ = ὈὭ Ὥᶅ =  2, ȣ , ὲ 
Ὦ=1  Ὦ=1  

 

0  ὪὭὮ  ὅὼὭὮ Ὥᶅ, Ὦ =  1, ȣ , ὲ (5) 

ὼὭὮ  ɴ{0,1} Ὥᶅ, Ὦ =  1, ȣ , ὲ (6) 

 
The objective function (1) minimizes the total distance traveled by vehicles. While constraints (2) ensure that 
each vehicle needs to go to another client  after  visiting  a client, constraints  (3) ensure a client  has to be visited 
after  visiting  a different  client. Demand of each client  is dropped in each visit  (4) and domains of variables  are 
defined in (5) and (6). 

After discussing the mathematical formulation with students, a small instance is solved together by using 
OpenSolver ([16]). OpenSolver is an Excel VBA add- in that extends  Excel's built - in Solver with  more powerful 
solvers.  Since it  is compatible with  existing Excel Solver models, there is no need to change the spreadsheets. 
And in contrast to the built - in Excel Solver, there is no limit on the number of variables and constraints. 
Furthermore, the tool provides an easy - to- use visualization capability for novice modelers to understand 
relationships between variables and constraints, as shown in below Figure 2.  
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Figure 2: OpenSolver implementation  screen for  a small - size VRP instance. 

 
As the VRP is an NP- hard problem ([14]), exact algorithms such as branch - and- bound used for solving 
formulation above are intractable for large - size/industrial instances. In that case, heuristics and 
metaheuristics  algorithms are  needed ([17]). However, developing the heuristic  algorithms and implementing 
them requires a solid programming capability in general - purpose languages such as Python, Java, C++, etc. 
As mentioned earlier, the background of students in the focused module and limited available time avoids 
going into details of developer tools. Although there are black box commercial tools in the market that hide 
the programming  interface from  the user and solve large instances of  VRP with heuristic  methods, these are 
providing either limited sizes for demos use and/or are not affordable for education purposes. And yet these 
challenges are contradicting the module objective that equipping students with technical skills immediately 
usable in their workplace. Hence, after a small - size implementation of the VRP mathematical model, the 
author introduces two open - source software tools that are capable to solve the industrial size of VRP 
instances by using geospatial data, allowing implementation extensions of the basic VRP problem with high -  
quality visualization capability.  

 
 

The first  tool  introduced is an open- source Spreadsheet Solver developed by Gunes Erdogan ([18]). The tool  is 
using a large neighborhood search algorithm ([19]) for solving VRP instances with up to 200 clients. 
Furthermore, it is facilitating access to Microsoft Bing Map ([20]) that allows three functions: Geocoding for 
converting  giving addresses to Latitude /  Longitude values, Directions  that return  the distance and driving  time 
between any two points, and Static maps, that returns an image file for visualizing the VRP solution on the 
map. The author used the following well - known touristic and commercial addresses shown in Figure 3 for 
demonstrating the VRP solution in which the first address depicts the depot and the others are clients.  

 
 

Figure 3: A Cork- based VRP instance to demonstrate  Spreadsheet Solver 

 
The resulting solution with five vehicles obtained after two minutes of runtime is visualized in the following 
Figure 4. Note that Spreadsheet Solver also provides an animation for building routes (i.e., a path of each 
vehicle in the solution).  
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Figure 4: Spreadsheet Solver solution  visualisation  

 
Although Spreadsheet Solver is giving realistic extensions to basic VRP such as pickup/delivery, time 
availability,  limits  on driving  and working  time/distance,  etc., it  is developed fully  for  educational purposes and 
has scalability/user experience issues when the instance size increases. Hence, the author introduced a 
second open- source tool, Open Door Logistics (ODL) ([21]) in the class. 

 
 

ODL is a user- friendly  open- source desktop application for  performing  (a) customer  location segmentation 
(b) design of territory to serve (c) vehicle fleet routing & scheduling integrated with Java language - based 
open- source libraries and Excel spreadsheet. ODL is using open source jsprit ([22]) library for solving 
industrial - size traveling salesman and vehicle routing problems which exploits an implementation of a large 
neighborhood search meta - heuristic. ODL also uses OpenStreetMap ([23]) for visualizing and extracting the 
geographical locations of given addresses. Finally, the GraphHopper routing engine ([24]) is used for 
computing distances and routes  for  a given solution  of a VRP instance on top of OpenStreetMap visualization. 
Visualization for the routes of each vehicle used in the VRP solution via ODL is provided below in Figure 5:  

 

Figure 5: ODL VRP solution  visualisation  

 
Students downloaded and implemented these solutions with the guidance of the author step by step. Due to 
being open source and user- friendly  yet requiring  no coding background, they didn't report  any difficulty  during 
the implementation.  Students learning were  tested with  an exam where they need to formulate  and comment 
on transportation problems as well as implementation through Excel Solver. They also conduct a project in 
which they need to use Spreadsheet Solver or ODL for a transportation problem raised in their 
workplace/industry.  

 
Conclusions 
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In this paper, we present our experience in teaching complex decision analytical methods and tools for 

designing and managing logistics & transport networks to students without having strong analytical and 

programming methods. In the previous sections, we describe our teaching process. In this section, first, we 

will present the results of a questionnaire we conducted with students at the end of the semester to 

understand their  teaching & learning  feedback on the following  process. And discuss envisaged opportunities 

to enhance this experience. In total, 6 students participated in the questionnaire who are working in 

pharmaceutical, construction, finance, automation, and transport & logistics industries. 83% of them have no 

optimization/simulation background. As shown in Figure 6 below, 83% of them found the pedagogical 

methodology described in previous sections helpful to understand the mathematical concepts.  

 
 

 
Figure 6: Student feedback about the pedagogical methodology 

 
While half of the respondents noted that they found software tools easy to use, the others agree that even 

though they found them difficult to get used to, they had full confidence in them at the end of the semester. 

Another interesting insight was about the sequence of the transport & logistics planning problems delivered 

in the class. 83% of students found the gradual way of studying from basic  to complex problems relevant. All 

students participating in the survey got an awareness of the concepts studied and believe they would be 

beneficial  for  their  future  careers.  While 33% of participants  declared that they already have use cases in their 

workplace  to exploit  what they learned, 50% of them consider  implementing  these methods after  investigating 

possible use cases at work.  67% of respondents  declare that they are willing  to learn  more analytical  concepts 

for transport & logistics planning as well as developer tools for industrial applications. In line with those 

responses, 67% of them are considering pursuing a master program (Level 9) in this domain. The biggest 

challenge for the students was at the beginning of the semester with a lack of essential mathematical 

background. As the one- semester module delivery intends to build up both this background and teach new 

concepts, it is advised to have more contact time.  However, the teaching & learning methodology and the 

experience described in this paper show the benefits of gradual techniques followed.  Furthermore,  no- coding 

required  easy- to- use open- source software  tools  to motivate students  and encourage them to use what they 

learned in their careers.  
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Abstract 

The European Climate Law sets a legally binding  target  of net zero greenhouse gas (GHG) emissions  by 2050. 

These targets  are to be achieved through  policy incentives as part  of the European Green Deal. This makes the 

decarbonisation of the Energy System an increasingly important problem. Decarbonisation of the energy 

system plays a pivotal  role  in mitigating  the impacts of climate  change and reducing GHG emissions, necessary 

to achieve this target. As part of its Climate Action Plan 2023, Ireland is committed to achieving net zero 

emissions  by 2050. Many countries  are now placing emphasis on decarbonising their  transport  sector  through 

electrification  in order  to support  this  transition.  The transport  sector  in Ireland has been the fastest  growing 

source of GHG emissions over the past three decades, showing a 112% increase between 1990 and 2021. 

Therefore, transport  and last  mile  logistics  are vital  challenges that arise in achieving the energy transition  to 

net zero in this country. As Ireland moves towards significantly increasing electric vehicle (EV) usage, there 

are two main concerns. Firstly, there might not be sufficient public charging points to meet the needs of 

consumers, and secondly, that the additional load on the electricity grid will lead to network overloading at 

times of high demand. This paper presents  a review  of existing literature  that propose state of the art  solution 

approaches to tackle these problems. Different solution approaches to the EV routing problem (EVRP) have 

been utilised  to tackle different  aspects of this interdisciplinary  challenge. The EVRP is NP- hard meaning that 

substantial  computational  effort  is required  for  determining  optimal  or near optimal  solutions  for  medium and 

large scale  instances. We identify a significant research  gap that opens up opportunities for  further research 

in this area.  

Keywords: Electric  vehicle, last  mile, vehicle routing,  shared mobility,  solution  classes. 

 
Introduction 
The climate  has changed significantly  under the influence of human behaviour. Due to the intensification  of the 

greenhouse effect, the global average temperature has increased by 1.1 ęC since 1850, and atmospheric CO2 

concentration has exceeded 400 ppm [1]. Given the well- established scientific link between the amount of 

carbon in our atmosphere and global warming, decarbonisation of the energy system is an increasingly 

important  problem. Many countries  have now formally  committed  to achieving decarbonisation within  a given 

time frame [2]. The Paris Agreement, a legally  binding international  treaty  on climate  change, was adopted by 

196 Parties at the UN Climate Change Conference (COP21) on 12 December 2015 [3]. This agreement was 

followed in 2020 by the European Climate Law that sets a legally binding target of net zero greenhouse gas 

(GHG) emissions by 2050 by all  EU member states. In 2021, Ireland's  GHG emissions  were estimated to be 61.53 

million tonnes of CO2. The Climate Action Plan 2023 (CAP23) states that Ireland is committed to achieving a 

51% reduction in GHG emissions from 2021 to 2030, and further, to achieve net zero emissions no later than 

2050. Legally binding requirements to achieve these objectives have been set out in legislation [4]. 

Decarbonising the transport sector is a major aspect of this Climate Change commitment. In Ireland, the 

transport  sector  represented  15.7% of GHG emissions in 2021. More importantly,  the transport  sector  in Ireland 

has been the fastest growing  source of  GHG emissions over the past three decades, showing a 112% increase 

in emissions  between 1990 and 2021 [4]. This highlights  the importance  on emphasising the decarbonisation of 

the transport sector, as Ireland aims to adhere to the emission ceiling set out in CAP23. Electrification of 

transportation  is currently  seen as both one of the most challenging and promising  solutions  to achieving 
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significant reduced  transport  emissions, and is one of the key strategies  in this sustainable energy  transition 

[5]. This electrification  has led to significantly  increased EV usage (81% increase in EV sales in Ireland in 2022). 

This increase brings two main concerns, that there will not be sufficient charging points to meet consumer 

demands, and secondly that this increased load on the electricity  grid in certain  areas will  lead to unacceptably 

low voltage levels that can lead to equipment overloading. [6].  

 

According to a report  by the Clean Mobility Collective and Stand Earth Research Group, the last  mile accounts 

for up to half of total delivery carbon emissions globally [7]. There are many definitions of last mile logistics, 

however  a common definition  is that "it  concerns the last  stretch  of the supply chain from  the last  distribution 

ÎÙĀġĖÙ ġĆ ġëÙ ĖÙÎíēíÙĀġ˫Ě ēĖÙæÙĖĖÙÓ ÓÙĚġíĀÀġíĆĀ ēĆíĀġ˨ ˚ʼ˛ː ¢ëÙĖÙæĆĖÙˋ íġ íĚ ÎúÙÀĖ ġëÀġ ġĖÀĀĚēĆĖġ, and specifically 

last mile logistics, are vital challenges that arise in achieving the energy transition to net zero. A promising 

solution to decarbonisation of the transport sector is the integration of shared mobility, which aims to shift 

from  owning over dimensioned and underutilised  cars towards  a more sustainable  option such as carpooling, 

bike sharing, taxis and public transport [9].  

 
In this  paper, some algorithms  and solution  approaches used to solve EVRPs in last  mile logistics  and shared 

mobility are analysed and discussed. An exact algorithm is a precise set of rules for solving a problem or 

completing a specific task. Exact algorithms are guaranteed to find optimal and reproducible results (if an 

optimal solution exists) and are reproducible. However, exact algorithms can be computationally expensive 

and often struggle to produce solutions in a reasonable time, which is the case for EVRP problems. They are 

NP- hard (non- deterministic polynomial - time hard) meaning substantial computational effort is required for 

determining optimal or near optimal solutions for medium and large scale instances (over 50 customers for 

a basic EVRP) [10]. When formulated  as a mixed integer  linear  program  (MILP), solvers  such as CPLEX, Gurobi 

and Xpress can be used to solve the MILP models. Since the problems  are NP- hard, other  solution  approaches 

are used to attempt to solve these problems. When  exact approaches are too time consuming, heuristics are 

used, which can find an appropriate solution quickly, trading optimality and accuracy against speed. Other 

algorithmic approaches include simulation based optimisation and online algorithms. Simulation based 

optimisation integrates optimisation techniques into simulation modelling. An online algorithm is one that 

processes its input piece by piece and solves the problem as the data comes in.  

 
This study provides an overview and a thematic analysis of the existing literature regarding last mile and 

shared mobility using EVs in the form of a systematic literature review (SLR). The analysis of the literature 

was driven by the following questions:  

 
1. What are the current  state of the art  solution  methods for  electric  vehicle last  mile  mobility  algorithms? 

2. What variants  of the EVRP are modelled? What problem characteristics  are modelled? 

3. How will  the transition  to electrified  last  mile mobility  affect the electricity  grid and wider  power system? 

 
The remainder  of the paper is laid out as follows:  Section 2 gives an overview of the SLR methodology and the 

collection  of articles reviewed,  along with  detailed descriptions  of the research  questions. Section 3 provides 

answers to the research questions by analysing the articles. Section 4 further discusses the insights gained 

from  the reviewed literature.  Finally, section 5 provides conclusions  and discusses possible research  gaps for 

future research in this area.  

 
Methodology 

In this  section, the methodology carried  out during this  study is described. The methodology that is used is that 

of a SLR, which has many advantages and benefits. They deliver a clear and comprehensive overview of the 

available information  on a given topic, while helping  to identify research  gaps in the current  understanding of 

a field. This SLR was carried out following the framework outlined in [11].  

The three research  questions can be expanded upon to enhance the understanding of the task at hand. 
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Question 1 has the purpose of identifying  the solution  approaches used in the state of the art  papers, detailing 

whether  the problems  have been solved using exact algorithms  such as MILP, meta- heuristics,  approximation 

algorithms, route enumeration or an alternative method.  

Question 2 consists of identifying the assumptions under which the problem has been solved. What does the 

objective function (OF) minimise or maximise? The assumptions also include the type of fleet (homogeneous 

or heterogeneous), the size of the fleet  and the number of customers,  and assumptions regarding  charging: is 

full or partial charging allowed? What types of chargers are there? Can vehicles be charged during the route 

or only at the end of a route? Is battery swapping facilitated?  

Question 3 aims to identify whether the current state of the art solutions take into account the impact this 

electrification of transport will have on the electricity grid. If so, what are the projected effects to the power 

system and how will they be dealt with?  

Keywords were  identified  from  these questions, which were  utilised  to form  the search string  used, to ensure 

that all relevant articles were reviewed. Both the Science Direct and the IEEE databases were searched for 

articles.  To answer  the specific questions that have been proposed the search was restricted  to the following 

string:  

("last  mile"  OR "shared mobility")  AND ("optimisation")  AND ("electric  vehicle" OR "EV" ). 

Results 

Table 1 shows the results from the search that was carried out for the SLR. The search in the Science Direct 

database retrieved 22 results. The IEEE database yielded two results. One of these articles was deemed 

relevant to the search. Thus, the SLR yielded 23 papers to be reviewed. The earliest published result is from 

2015, with the majority published from 2019 onward. Two papers were excluded from the SLR due to the fact 

that they did not relate to this review.  

Analysis 

In this section, detailed answers  to the research  questions proposed in the methodology are given. A taxonomy 

table (Table 2) provides an overview of the articles reviewed, displaying the key elements of these papers. 

From left  to right,  Table 2 shows the objective that the formulated  problem aimed to optimise, the type of fleet 

that was used in the model, the algorithmic  approach, the range (or maximum) number of customers  serviced 

and finally whether the paper considered the electricity grid throughout their model.  

Solution approach 

Analysis of relevant articles shows that as the instance size increases the exact solution approaches fail to 

solve the problems in a reasonable time, if at all. Papers such as [9] solve their proposed cost minimising 

objective function (including CO2) using an exact method, with artificially generated data with up to 10 

customers. [12] proposed a routing and replacement algorithm that aims to replace ICVs with EVs during the 

proposed time period, 20 years. Their exact MILP solution is limited as it would be burdensome to scale it to 

larger instances than 50 customers, as trialled in the paper. These are not realistic scenarios for medium to 

large scale delivery businesses.  

[13] found that their  exact formulation  of the electric  two echelon VRP (E2EVRP) did not produce solutions  for 

large problem instances (more than 100 customers) in a reasonable time, and used a large - neighbourhood 

search meta- heuristic to solve the larger instances. [14] had similar problems as they formulated an EVRP 

with time windows and battery  swapping vehicles. Given that the exact approach is both time consuming  and 

computationally expensive, they introduced a pre - optimisation  procedure based on a non- denominated path 

identification (NDPI) algorithm, which is less computationally expensive. However, using this NDPI as a pre -  

optimisation to the exact solution approach still fails to solve 20.68% of the instances with 50 customers and 

51.72% of the instances with  100 customers.  In contrast,  a heuristic  algorithm  solves all  instances in reasonable 

time. The heuristic used to solve these instances is a multi - graph based DP intensified large neighbourhood 

search (MG- DP- ILNS) algorithm.  
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Table 1 : Results 
 

Database No. of Papers No. of relevant  papers 

Science Direct 22 21 

IEEE 2 1 

Total 24 22 

Papers that focused on solving larger  scale VRP problems predominantly formulated  the problems as  MILPs 

and looked to obtain solutions using heuristics. [15] solved  a fleet deployment problem for  a shared EV (SEV) 

system, while considering customer demand uncertainty. Th model was formulated a MILP based on an EV -  

flow - time- space network that describes the movement of the EVs in the system. Then a network 

decomposition by vehicles (NDV) heuristic was used to obtain good quality solutions. [16] proposed an online 

vehicle- charging assignment model, that integrated into the fast charging location problem for dynamic 

ridesharing services using EVs. As part of this proposed model, the algorithm must have an EV dispatching 

routing  policy. They have formulated  this  problem  as a MILP which is a variant of  the generalised assignment 

problem. To effectively  find near optimal  solutions  for  large- scale test instances, they applied the Lagrangian 

relaxation (LR) heuristic which can solve large test instances of up to 1000 vehicles and chargers to near 

optimal  solutions  in less than 180 seconds. [17] used an adaptive large  neighbourhood search (ALNS) algorithm 

embedded in a speed optimisation subroutine to address the VRP with speed optimisation for shared 

autonomous EVs (SAEV), EVs that operate without human intervention. Coupled with preprocessing, this 

heuristic solved instances of up to 108 customer requests in reasonable time, whereas a CPLEX solver fails 

to solve this complicated problem  for more than  10 customer requests. [18] used a genetic algorithm  to solve 

the EVRP with time windows for EVs. They only present results from instances with 25 customers and 2 

recharging stations but this meta - heuristic is presented as a method to solve the EVRP- TW, which is a 

complicated variant of the EVRP. [19] proposes a multi period VRP with time windows, where EVs can stop at 

charging stations to either recharge their batteries or inject stored energy into the grid. Whether the EV 

charges or discharges is affected by its  battery  level, along with  the time varying electricity  price. To solve this 

challenging optimisation problem, they use a LR heuristic, similarly to [16], along with a hybrid variable 

neighbourhood search and tabu search (VNS/TS) heuristic. However, they formulate this in such a way that 

the Lagrangian sub problem is solved using a standard MIP solver, which hinders the performance of the 

VNS/TS heuristic  such that the algorithm  does not scale well  to larger  test  instances. They successfully  solved 

test instances with 35 customers within two hours but as mentioned earlier, this is prohibitive and will only 

be beneficial for smaller companies. [20] proposed an integrated electric logistics vehicle recharging station 

location routing problem with mixed back hauls and charging strategies. The problem is split in two, the 

strategic  charging station  location problem  and the tactical  level  problem  of the EVRP with  mixed back hauls. 

The dual LR model is decoupled into two subproblems, with the EVRP- TW problem further broken down into 

a number of easy to solve shortest path subproblems for each EV, which are solved using the dynamic 

programming algorithm embedded into the block coordinate descent framework. The vehicle routing in this 

proposed model is just one aspect of this model. This model was used on a real - world case study with 149 

customers and 30 commodities to be delivered.  

[21] , [22] and [23] use different software packages to perform large scale simulations to assess different 

transport  scenarios  by modelling  transport  networks  and travel  demand. The simulation  packages can be seen 

in Table 2 (ArcGIS, MatSIM and TransCAD). 

Objective function and assumptions 

In this section, the objective functions (OF) that are used, the assumptions that are made, and the 

characteristics that are modelled  in the reviewed  papers is discussed . The OF of a MILP is the mathematical 

function  whose value is to be maximised or minimised. In this  case, the objective function  will  clarify  what the 

stakeholder  is hoping to achieve while  carrying  out their  model. From the papers that have been reviewed as 

part of the SLR approximately half of the papers that have an OF, minimise cost in some way.  
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Table 2: Taxonomy Table 

Paper Objective Fleet type Solution approach Instance size Grid 

 
Enzi et al. [9] 

 
Min. Cost ( + C02 emissions)  

Heterogeneous (EV & 

ICV) 

 
Exact 

 
10 customers  

 
No 

Militao et al. [21] Min. Fleet Size Varied vehicle capacity Simulation (MATSim) 50 -  4000 vehicles No 

 
Breunig et al. [13] 

 
Min. Cost 

ICV (1st level)  + EVs (2nd 

level)  

 
Exact & Heuristic  (LNS) 

 
200 customers  

 
No 

 
Raeesi et al. [14] 

Min. no. of vehicles then min. 

distance 

 
EVs and BSVs 

Exact & Heuristic  (MG- DP-  

ILNS) 

 
100 customers  

 
No 

Vilica et al. [24] Max. profit  of operating company SAEVs and private  AEVs Flow based optimisation  118,000 trip  requests  No 

Al- dalain et al. [12] Min. operational  costs + CO2 ICVs and EVs Exact 50 customers  No 

Napoli et al. [22] Min. energy consumption FCHEV and BEV Simulation (TransCAD) 84 customers  Yes 

Martinez et al.[23] Min. distance travelled  Heterogeneous Simulation (ArcGIS) 25000 packages Yes 

Ma et al. [16] Min. total  fleet  idle time Homogeneous Heuristic  (LR) 2000 customers  No 

 
Wang et al. [25] 

Min. cost (fixed + handling + 

routing)  

 
Heterogenous 

 
Exact 

 
21- 100 customers  

 
No 

Ma et al. [17] Min. distance + time + energy Heterogeneous (SAEVs) Heuristic  (ALNS) 108 customers  No 

Zhenfang et al. [18] Min. travel  + time penalty cost Homogeneous Genetic Algorithm  25 customers  No 

Lin et al. [19] Min. net electricity  cost Homogeneous Heuristic  (LR) 25 customers  Yes 

Yang et al. [20] Min. .total cost Homogeneous Heuristic  (LR-  ADMM & DP) 149 locations  No 

[13] , [26] , [27] , [25] , [18] and [20] all have the objective of minimising the total financial costs of the system. 

Both [9] and [12] minimise cost, while simultaneously minimising CO 2 emissions. In another variation of 

minimising cost, both [15] and [24] maximise the system operator profit. This incorporates the profit of the 

company in the objective function, along with the costs. [19] minimises the net electricity cost for the system, 

which is a variation  of minimising  cost. Other OFs that can be seen are the minimisation  of distance travelled, 

fleet size, wasted time (time waiting for available chargers at charging depot) and energy consumed. [21] 

minimises  the fleet  size in their  model, while  meeting the customer  demand. [14] firstly minimises  the EV and 

the battery  swapping vehicles (BSV) fleet  size, then minimises  the distance travelled.  The OF in [22] minimises 

energy consumption, similar to [19]. [23] minimised the distance travelled for a postal fleet. Both [16] and [28] 

minimise  the total  wasted time or total  fleet  idle time. This is relevant  as their  aim is to locate charging stations 

optimally, and to manage the charging optimally for their fleet. [17] combines many of these objectives and 

minimised travel distance, time and energy consumed.  

The most prominent  charging strategy  that was evident was in transit  charging, defined as when the EV battery 

level goes below a pre - determined threshold that the EV must visit the nearest charging station. This was 

used in methods when the charging stations were predefined. [28] , [20] and [26] all designed algorithms to 

optimally  locate the charging stations  to best suit  their  predefined objective. Locating the recharging  facilities 

is critical for electric logistics network planning, due to the fact that it significantly affects future operation 

costs and efficiency. Battery swapping is explored in [14], where there are designated BSVs to intersect EVs 

on their routes and provide fully charged batteries. [17] also  incorporates battery swapping, but this can only 

happen at designated depots. In the problem formulated  in [19], the charging/discharging schedule of the EVs 

is jointly optimised with the routes and when the EVs charge during a route, they recharge just enough to 

ÎĆÿēúÙġÙ ġëÙíĖ ĖĆĥġÙ ġĆ ġëÙ ÓÙēĆġ ĲëíÎë ÙĀĚĥĖÙĚ ġëÀġ ġëÙĴ ÓĆĀ˫ġ ĚēÙĀÓ ÀĀĴ ĥĀĀÙÎÙĚĚÀĖĴ ġíÿÙ Àġ ġëÙ ÎëÀĖçíĀç

facility. This is a very practical approach, as charging at the depot will generally be cheaper than public 

charging and people are not likely  to want to wait  for  a full  charge if they only need to complete a short  trip  to 

the depot. In terms of varied charging speeds, [23] investigated the effects that slow, quick and fast charging 

had on their  model. Another interesting  key difference  in these problems  is that both [28] and [17] created their 

models assuming shared autonomous EVs. The driving style of autonomous EVs is different from that of a 

human driven EV, which leads to less emissions.  
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Grid assessment 

In this  SLR, 3 of the papers that addressed EVRPs mentioned the electricity  grid. [23] analyses the impact that 

the charging points chosen from  the routes  obtained from  the VRP have on the distribution  network  (DN). They 

perform  an assessment of the electrification  of parcel  transportation  using a reference  network  model (RNM). 

The OF includes onetime investments in the network along with the net present value of maintenance costs 

and energy losses across the lifespan of the network. [19] has the most practical approach to this problem. 

They optimise the routing of the EV fleet jointly with the charging/discharging schedules, which allows the 

schedules to change based on time of use energy costs. The schedules are optimised to benefit from  the fact 

that the EVs have stored energy which they can discharge into the grid when the price is high due to the 

electricity demand. [22] however, does not  directly address the problem, and is motivated by the reduction in 

energy costs for  the distribution  centre  operator.  They propose the installation  of renewable  energy production 

plants in the same place that the urban distribution centre has been planned. This plant facility saves from 

50% to 61% of energy costs and as a result would significantly lessen the strain on the electricity grid.  

Other 

The search also yielded papers that did not attempt  to solve EVRPs but gave valuable analyses of topics related 

to the search. [29] analysed the effect of two future  transportation  scenarios: responsible  digitalisation,  where 

there is a shared evolution towards  the optimisation  of the mobility  system, or selfish  digitalisation,  where the 

benefits of digitalisation  are exploited to provide additional individual  services. [30] provided a comprehensive 

technological review on EV charging infrastructure and its potential impact on grid integration. [31] analysed 

and assessed the effects of carbon emissions from the transport sector in China and found that technology 

oriented strategies are optimal in the long term than demand oriented strategies and can result in emission 

reductions  of 91%. [32] created an experiment  where  a micro  grid was able to receive solar  energy through  PV 

panels and deliver hydrogen and electricity for EVs and fuel cell hydrogen EVs (FCHEV). It was a small scale 

experiment that found that the micro grid could successfully service 11 trialled routes.  

Discussion 
Different disciplines have approached the challenge of the electrifying transport from varied perspectives, 

with conflicting objectives. There has been minimal linkage between the transportation and power sectors 

until recently. The anticipated large scale electrification of transport will substantially disrupt the traditional 

business models of electric utilities, due to the additional load created by charging EVs [30].  

Exact algorithmic approaches can't solve medium to large scale realistic problems (over 50 customers) in a 

reasonable time. The EVRP is too computationally  difficult  to solve using exact solution  approaches in any sort 

of real world scenario. To combat this, heuristics have been used to obtain optimal or near optimal solutions 

much more quickly. The studied papers made use of heuristics, with LR and its variations, and NS and its 

variations  being the most prominent,  which shows that these frameworks  are promising  for  further  research 

in this area.  

When considering EVs, it was common among the studies to assume that the fleet  was homogeneous and that 

every vehicle had identical  parameters. This could be a realistic  assumption for  small  and even medium sized 

delivery businesses as it is common to have many of the same delivery vehicle. Creating a model in such a 

way that the fleet is homogeneous can be prohibitive, as companies may change the vehicles they purchase 

at some stage. The studied papers all  used electric  cars or vans and did not explore  the possibility  of E- cargo 

bikes or drones for last mile delivery, which is also prohibitive. However, complicating these already 

computationally expensive problems might not prove worth the extra precision.  

There were  varying charging strategies  used throughout  the papers, with  [20] optimising  the charging strategy 

as part of the model. There are practical complications that limit the effectiveness of some of the modelled 

ideal approaches. Battery  swapping was also utilised  in a small  number of instances. There were also papers 

that included autonomous EVs in their  models to reduce emissions. At the moment, autonomous vehicles are 
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against the law here in Ireland, and testing has yet  to begin, which means it might  be quite some time before 

they are a realistic option.  

There were limited resources found in these papers that contribute to the answering of the third research 

question. As was mentioned above in the results, only 3 reviewed papers incorporated the electricity grid. 

However, it is clear  that EVs will  bring challenges to the electricity  grid, but also the prospect  of benefits, such 

as shaping the demand profile by reducing charging at certain times and increasing at others.  

Conclusions 

The SLR presented in this paper provides a summary on existing work on EVRPs in last mile deliveries and 

shared mobility. This paper provides answers to the questions presented in the introduction, regarding the 

algorithmic  approach, modelling  assumptions  and incorporation  of the electricity  grid. The key elements  from 

the papers can be seen in the taxonomy table (Table 2). 

The challenge lies in blending the optimisation of the electrical charging infrastructure, charging strategies 

and vehicle routing. A more inter - disciplinary approach is needed for a smooth transition to electrified 

transport,  that knits  together  the relevant  important  research  that is being carried  out by different  disciplines. 
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Abstract 

¢ëÙ íÿÿíĀÙĀġ ġÀĖçÙġ ġĆ ĖÙÓĥÎÙ MĖÙúÀĀÓ˫Ě ġĖÀĀĚēĆĖġ ÙÿíĚĚíĆĀĚ ÌĴ ʹʵ̧ ÌĴ ġëÙ ĴÙÀĖ ʶʴʷʴ Ĳíúú ÌÙ ÿÙġ ÌĴ À
combination of a transition towards sustainable energy in existing transport modes and a transition from 
private car use towards sustainable transport in the form of walking, cycling and public transport. The Irish 
government is rapidly increasing investment in sustainable transport and supporting projects that have the 
potential to radically change the streetscapes and public realm in our towns and cities.  

 
The Dublin BusConnects Core Bus Corridor development is one such project that aims to deliver a much -  
improved public transport service to the city and to develop the existing cycling network. The scale of the 
project offers an opportunity to redesign our public space to create a more accessible, more attractive, and 
more liveable city. My research, carried out as part of an MSc in Sustainable Transport and Mobility at TU 
Dublin, looks at whether the project as it is currently constituted can meet the competing demands on public 
space and whether our current standards, guidelines and design processes are sufficient to balance the 
movement function of our urban streets with the place function in a way that improves accessibility.  

 
This study analyses two locations on the proposed Core Bus Corridors to examine whether  the interaction of 
Universal Design principles with mobility objectives and placemaking aspirations inevitably leads to 
compromise, why conflict arises between these elements, and whether this conflict can be resolved through 
better standards or better processes.  

 

The study recommends a reappraisal of the approach to urban transport infrastructure design which 
rebalances project  objectives in a more holistic  manner to deliver  more equitable and more successful  design 
outcomes, without  diminishing  the primary  objective of improvements  to the reliability  and quality of the public 
transport system.  

 
It also recommends updates to the legislation, standards and guidelines that govern the design of the public 
realm to ensure that there is a consistent, multidisciplinary, and equitable approach to design which will 
improve outcomes for all.  

 

Keywords: Urban Mobility, Public Transport, Active Travel, Placemaking, Urban Design, Public Realm. 
 

Introduction 
¢ëÙ íÿÿíĀÙĀġ ġÀĖçÙġ ġĆ ĖÙÓĥÎÙ MĖÙúÀĀÓ˫Ě ġĖÀĀĚēĆĖġ ÙÿíĚĚíĆĀĚ ÌĴ ʹʴ̧ ÌĴ ġëÙ ĴÙÀĖ ʶʴʷʴ Ĳíúú ÌÙ ÿÙġ ÌĴ À
combination of a transition towards sustainable energy in existing transport modes and a transition from 
private car use towards sustainable transport in the form of walking, cycling and public transport. The Irish 
government is rapidly increasing investment in sustainable transport and supporting projects that have the 
potential to radically change the streetscapes and public realm in our towns and cities.  

 
BusConnects Dublin is one such project  that aims to deliver  a much- improved public transport  service to the 
city and to develop the existing  cycling network.  The scale of the project  offers  an opportunity  to redesign our 
public space to create a more accessible, more attractive,  and more liveable city. My research,  carried  out as 
part  of an MSc in Sustainable Transport and Mobility at TU Dublin, looks at whether  the project  as it  is currently 
constituted  can meet the competing demands on public space and whether  our current  standards, guidelines 

mailto:ciaran.ferrie@gmail.com
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and design processes are sufficient to balance the movement function of our urban streets with the place 
function in a way that improves accessibility.  

 

The study analyses two locations on the proposed Core Bus Corridors to examine whether the interaction of 
mobility  objectives and placemaking aspirations inevitably  leads to compromise,  why conflict  arises between 
these elements, and whether this conflict can be resolved  through better standards or better processes. The 
research involved semi - structured interviews with experts from various fields related to the intersection of 
transport  planning, urban design and accessibility,  including members  of the BusConnects team. It also looked 
at international exemplars which have sought to address these competing demands on public space.  

 

Case Study 
Rathmines and Phibsborough are two urban centres  on either  side of Dublin city which developed along routes 
into the city of Dublin during the 18th and 19th centuries. They are both located approximately 2km from the 
river Liffey, Rathmines to the south, and Phibsborough to the north ( Figure 1). Both have similar populations, 
population densities and catchment areas.  

 
Both urban centres sit on proposed Core Bus Corridor routes for the BusConnects Dublin project and are 
subject of a proposed redesign of the roadways and public realm. They have been selected for the apparent 
similarity in their urban characteristics, their similar geographic positions within the city and a similarly 
contested nature to the public consultations in each location.  

 

Figure 1: Map of Dublin city showing study areas - Phibsborough to the north, and Rathmines to the south of 
the city centre (Source: Openrouteservice.org) 

Despite these apparent similarities, the approach to the design of the Core Bus Corridors in each location is 
quite different. The contrast between  the design of the Rathfarnham to City Centre CBC at Rathmines and the 
Ballymun/Finglas to City Centre CBC at Phibsborough is illustrative of a divergence of approaches to the 
design of the Core Bus Corridor, particularly where spatial limitations are present.  

 
This can be traced, in part, back to the Preliminary Design Guidance Booklet issued to consultants designing 
the Core Bus Corridors [1] which prioritises movement over place, and which sets out an optimum cross 
section (Figure 2). It notes that, where this cross section is not feasible, it will necessitate Compulsory 
Purchase Order of private  lands to achieve the project  objectives. There appears, therefore,  to be a 
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presumption  that the provision  of the optimum transport  corridors  takes priority  over all  other  considerations 
including consideration of the existing urban context, heritage, landscape, placemaking and accessibility.  

 

When this optimum cross  section is applied to the existing built context of  both Rathmines and Phibsborough 
it is clear that something has to give ( Figure 3). In both cases, the first option  considered was to relocate the 
cycle routes to a quieter parallel side route. In Rathmines this met with much  opposition due to the quality of 
the route proposed and was ultimately rejected in favour of a proposal to restrict through traffic of private 
motor  vehicles and ensure that walking, cycling and public transport  are prioritised  through  the village  itself. 
This reduction in vehicular traffic lanes has a positive impact on the experience of the public realm.  

 

Figure 2: Optimum cross section for Core Bus Corridors (Source: NTA, 2021) 
 

 

Figure 3: Applying the Optimum Cross Section to a typical cross section of Lower Rathmines Road, Dublin 6, 
using Streetmix.net 
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By contrast in Phibsborough, four lanes of vehicular traffic are provided through the village to accommodate 
bus lanes and private  vehicles while  cycling traffic  is diverted to a quieter  parallel  street  (Figure 4). While this 
provides a safe route  for  people cycling and may be attractive  to people commuting through  Phibsborough by 
bicycle, it ÓĆÙĚĀ˫ġ provide safe cycling access to the village centre  itself and  the village remains  dominated by 
through traffic.  

 

¢ëÙ vÀġëÿíĀÙĚ ÓÙĚíçĀ ĚëĆĲĚ À ÿÀĖ÷ÙÓ ġĖÀĀĚæĆĖÿÀġíĆĀ Ćæ ġëÙ ēĥÌúíÎ ĖÙÀúÿ ÀĀÓ ġëÙ ÌÙçíĀĀíĀçĚ Ćæ À ˪ēúÀÎÙ-  
ĆĖíÙĀġÙÓ˫ ÀēēĖĆÀÎë ġĆ ÓÙĚíçĀˋ ĲëÙĖÙÀĚ ġëÙ sëíÌĚÌĆĖĆĥçë ÓÙĚíçĀ íĚ ÌÀĖÙúĴ ÓíĚġíĀçĥíĚëÀÌúÙ æĖĆÿ ġëÙ ÙĳíĚġíĀç
condition. 

 

Figure 4: Views of CBCs at Rathmines (left) and Phibsborough (right) (Source: NTA) 

 
 

Findings & Recommendations 
 

Standards and Guidelines 

The classification of street types based on the principles of the Link & Place system developed by Jones, 
Boujenko & Marshall [2] is fast becoming standard practice internationally, however it has not yet been 
incorporated in any meaningful way in the current Irish standards and guidelines for the design of the public 
realm. While the Design Manual for Urban Roads and Streets (DMURS) [3] touches on this approach it does 
not expand on it to the same degree as other street  design manuals in Scotland [4], the UK [5,6], and Oslo [7]. 

 
Classification  of street  types can help to inform  the approach to design interventions  in a given street  to ensure 
that the movement and place functions  achieve an appropriate  balance. They can also provide a solid basis for 
demonstrating to the public the rationale for design decisions which may help during public consultation.  

 

¢ëÙ ĖÙÎÙĀġ ĖÙēĆĖġ ÌĴ ġëÙ f8-2ˋ vÙÓÙĚíçĀíĀç MĖÙúÀĀÓ˫Ě ¢ĖÀĀĚēĆĖġ æĆĖ `Ùġ »ÙĖĆ ˚ʼ˛ˋ ĖÙÎĆÿÿÙĀÓĚ ġëÀġ À ĚġĖÙÙġ
classification system be introduced in Ireland to support the transition towards a zero - emissions transport 
system. It recognises the  importance of  a high- quality public realm in improving walkability and  encouraging 
a shift towards sustainable transport modes, noting that public transport passenger numbers are impacted 
by the accessibility and walkability of the public realm.  

 
Multidisciplinary Approach 

The evidence from my research points  towards  the importance  of a multidisciplinary approach  to design. The 
complexity of public realm design in the context of transport infrastructure development is such that no one 
discipline can be expected to deliver a comprehensive design solution. Transport infrastructure design has 
been traditionally dominated by the engineering profession and although urban designers are involved in the 
+ĥĚ-ĆĀĀÙÎġĚ ēĖĆöÙÎġˋ ġëÙíĖ ĖĆúÙ ÎÀĀ ēÙĖëÀēĚ ÌÙ ÎëÀĖÀÎġÙĖíĚÙÓ ÀĚ ÿíġíçÀġíĀç ġëÙ ˨ÓÙġĖíÿÙĀġÀú ÙææÙÎġĚ Ćæ ġëÙ
çÙĀÙĖÀú ēĖĆēĆĚÀú˩ ˚ʽ˛ ĖÀġëÙĖ ġëÀĀ ÌÙíĀç À ÎĆĖÙ ÙúÙÿÙĀġ Ćæ ġëÙ ÓÙĚíçĀ ēĖĆÎÙĚĚː 

 
Stakeholder Engagement 

The format and the timing of consultations with stakeholders and the public can have significant impacts on 
ġëÙ ĆĥġÎĆÿÙĚ Ćæ ÓÙĚíçĀ ēĖĆöÙÎġĚː ¢ëÙ 8ĥĖĆēÙÀĀ -ĆÿÿíĚĚíĆĀ˫Ě ʶʴʴʸ sĆúíÎĴ sÀēÙĖˋ vÙÎúÀíÿíĀç -íġĴ zġĖÙÙġĚ æĆĖ 



Proceedings 
of the 

ITRN2023 

FERRIE: Investment in Sustainable Urban Transport 
Infrastructure as an Opportunity for Public Realm 

Improvement 

31st August & 1st 

September, 
ATU Sligo 

 

81  

 
 

People [10], notes the contentious nature of road reallocation projects and recommends a communication 
ĚġĖÀġÙçĴ æĖĆÿ ġëÙ ĆĥġĚÙġ ÀĀÓ ÙĀçÀçÙÿÙĀġ Ĳíġë ēĆúíġíÎíÀĀĚ ÀĀÓ ġëÙ ēĥÌúíÎ Àġ ˨ÙıÙĖĴ ĚġÀçÙ Ćæ ġëÙ ēĖĆÎÙĚĚ˩ː 

 

My research  indicates that engagement with  key stakeholders  at the earliest  stages of the design process can 
deliver positive results for the design while also mitigating the potential for confrontation at later stages.  

 
In the Bus Connects Core Bus Corridors  project,  early  decisions about the approach to the design of the routes, 
especially  where  the available space is limited,  led to public outcry  and a negative public attitude  towards  the 
project [11,12,13]. This led to conflict at the initial consultation stage when the widening of existing roads into 
privately owned land, often with the loss of mature street trees, was presented as the preferred design 
solution. 

 
There was a sense that the project team felt that this would be a  more acceptable solution to the public than 
one which restricted private cars. The development of the design through the public consultation process 
demonstrates that this was an inaccurate assessment.  

 

An earlier  engagement with the public, prior to  the publication of initial designs, might have  given the project 
team a better understanding of the priorities that people have for the use and quality of public space which 
may, in turn have produced better design outcomes and a less adversarial consultation process.  

 

A reappraisal of public consultation methodologies used in transport infrastructure projects which draws on 
the experience of public realm design may help to deliver better design outcomes and a less adversarial 
consultation process.  

 
Auditing 

The auditing process for  the design of the BusConnects Core Bus Corridors  meets statutory  requirements  for 
such projects but falls short of the full Quality Audit recommended in DMURS. DMURS is not specific about 
which projects  should undergo Quality Audits, saying merely  that the extent to which an audit might be carried 
out will depend on the nature of the project.  

 
The decision not to undertake a DMURS Quality Audit for the Core Bus Corridors misses an opportunity for a 
more rounded assessment of the design which encompasses the place function of the streets as well as the 
movement function and technical characteristics covered by other audits. Clearer guidance, and perhaps a 
mandatory approach to when a Quality Audit should take place, would provide a framework for assessing 
urban transport infrastructure in a more holistic and multidisciplinary manner.  

 
Project Assumptions and Transport Modelling 

The inclusion in the Preliminary Design Guidance Booklet of an option to redirect cycling traffic away from 
areas where there are spatial  constraints  perhaps betrays a particular  view of cycling as primarily  a commuter 
transport mode and reflects a broader approach to transport planning within the city that focuses on radial 
peak- time trips  to and from  the city centre. There is a risk  that this ignores the substantial  proportion  of trips 
within the city that are taken for leisure and other purposes.  

 
The Dublin Metropolitan Area Walking and Cycling Index 2021 [14] reports that 63% of all cycling trips in the 
Dublin Metropolitan  Area are taken for  leisure,  shopping, personal  business, and social trips  while  37% can be 
described as ˪ÎĆÿÿĥġíĀç˫ trips,  including for  work  and education. A cycle network  which focuses only on that 
37% risks undermining the opportunities for increased cycling in urban areas and negatively impacting on 
areas where no safe cycling access is provided.  

 
It is clear  from  the BusConnects Preliminary  Design Guidance and the subsequent Core Bus Corridor  designs 
that the priority for the project has been mobility, and that this has often been at the expense of good quality 
placemaking. Furthermore, where space constraints have restricted the ability  to provide the optimum cross 
section, the hierarchy  of modes that lose out is often the inverse of the hierarchy  of modes as set out in 
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DMURS. This re- routing  of some modes of transport  diminishes  the streets  function as a destination  in its  own 
right.  

 

Decisions made about the reallocation of road space within the Core Bus Corridors rely heavily on the 
Transport Modelling and what it is saying about the impact of redistributed traffic on adjacent routes. The 
research  identifies  concerns about the extent to which the impact of proposed public transport  infrastructure 
and traffic demand management measures have been adequately measured in the modelling.  

 
Road reallocation  is an effective way of improving  the quality of public space and as noted by the OECD, has a 
large part  to play in helping to meet national  targets  for  transport  emissions. It is important  therefore  that any 
decisions which limit  the reallocation  of road space are scrutinised  in this  context to ensure that opportunities 
for improvements to the public realm are not overlooked.  

 
Conclusion 
¢ëÙ ĖÙĚÙÀĖÎë ÀĚ÷ÙÓ ġëÙ ĕĥÙĚġíĆĀ ˨-ÀĀ ġëÙ ÎĆÿēÙġíĀç ÓÙÿÀĀÓĚ ĆĀ ēĥÌúíÎ ĚēÀÎÙ ÌÙ ÿÙġ ĆĀ +ĥĚ-ĆĀĀÙÎġĚ -ĆĖÙ
Bus Corridors  in 2ĥÌúíĀˑ˩ː The evidence from  the research  shows that at best there is an inconsistency in the 
approach, and at worst a devaluation of placemaking as an objective of the project.  

 
The research points to ways in which the design process can be improved to deliver more successful design 
outcomes, without  diminishing  the primary  objective of improvements  to the reliability  and quality of the public 
transport system.  

 

The Core Bus Corridors are currently going through the statutory planning process which will invite 
observations  from  the public and which is likely  to include Oral Hearings. It is an imperfect  process, which can 
often become adversarial, and with no guarantee that contributions will have any influence on the outcome. 
However, there is an opportunity for the design team to gain a greater understanding of the concerns raised 
which may then result in improvements to the designs or even a reappraisal of the project objectives with a 
higher emphasis on accessibility and placemaking.  

 
The BusConnects project is now being rolled out to the other four cities in Ireland  ˟Cork, Galway, Limerick, 
and Waterford   ˟and plans are at various  stages of advancement in each city. There is an opportunity  to learn 
from the experience of BusConnects Dublin and to adopt a new approach to the design process which seeks 
earlier engagement with key stakeholders and the public, which rebalances project objectives in a more 
holistic manner, and which utilises tools like street classification and quality auditing to further enhance the 
design of the infrastructure.  

 
In the medium to long term there is an imperative to update the legislation, standards and guidelines that 
govern the design of the public realm to ensure that there is a consistent, multidisciplinary, and equitable 
approach to design which will improve outcomes for all.  
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Abstract 
 

Rural transport  presents  many challenges but understanding  the patterns  of mobility  in rural  areas is a first  

step towards  addressing them. While many scientific  papers have studied the link  between urban form  and 

travel  patterns,  the number  of studies that have focused on this  relationship  in a rural  context  is limited.  This 
paper addresses this  gap by extending the work  carried  out by the Western Development Commission on the 

development of a Sustainable Mobility Index (SMI) for  the Western Region of Ireland  to further  understand  

transport  mobility  in rural  areas. The paper presents  a multivariate  analysis of rural  transport  patterns  and 

its  influencing  factors  to determine  the relationship  between transport  mobility  and the key socioeconomic 

and land use characteristics  of rural  areas. Results show that the strongest  relationships  are found with  

household income, employment  self - containment, distance to the nearest  medium- size population centre, and 

the presence of children.  Exploratory  data analysis is then used to classify  rural  areas, which tend to be 

heterogenous in terms  of geographic location, land use, demographic, and socioeconomic characteristics,  and 

to aggregate them by the homogeneity of their  mobility  patterns.  The ultimate  objective is to facilitate  a focused 

approach to sustainable  transport  planning and to provide a better  understanding  of sustainable  mobility  

options in MĖÙúÀĀÓ˫Ě rural  areas to assist  in the ÎĆĥĀġĖĴ˫Ě transition  to low- carbon transport  systems  in rural  

areas. 

 
Keywords: rural  transport;  sustainable  travel;  correlation  analysis; cluster  analysis. 

 

Introduction 

Rural areas present  unique transport  mobility  challenges compared to urban and suburban areas. They have 

been historically  characterised  by high levels  of private  car dependency, influenced  by lower  population 

densities  that often make the provision  of public transport  economically  inefficient.  This results  in poor public 

transport  service, further  enforcing  the use of the car [1]. Mounce et al., [2] discuss the problems  associated 

with  rural  transport  services  within  the context  of the rural  mobility  problem, and identify  the ˪ĖĥĖÀú travel  
ÿíĀÓĚÙġ˫ as the extreme  level  of car dependency that eventually  results  in a lack of awareness  or 
unwillingness  to switch  into an alternative  -  often more  sustainable  -  mode of transport  even when those 

alternatives  are available. This strong  reliance  on the private  car, alongside limited  transport  infrastructure  

investment  and longer  travel  distances to employment, amenities, and essential  services, often results  in poor 
transport  accessibility,  with  negative implications  for  social exclusion  [3], [4]. This aspect of rural  mobility  is 

irreconcilable  with  current  and forthcoming  European policy to revitalise  rural  areas and promote  smart  and 

sustainable  mobility  [5], [6]. The sustainable  development of rural  areas requires  the improvement  of rural  

transport  accessibility,  which is considered a key enabler  to achieving the Sustainable Development Goals 

(SDGs) of the 2030 Agenda [7]. 

Achieving sustainable  rural  transport  systems  requires  understanding  the factors  that influence  mobility  in 

these areas [8], [9]. While a vast body of scientific  literature  has focused on the link  between urban form  and 

travel  patterns,  the number  of studies applied to the study of this  relationship  in the context  of rural  mobility  

is limited.  This paper aims to fill  that gap by understanding  the key contributing  factors  of transport  mobility  

patterns  in a rural  context  in Ireland. By combining multivariate  analysis methods such as corelation  analysis 

and cluster  analysis, the paper presents  a descriptive  analysis of the key socioeconomic and land use factors  

mailto:amaya.vega@atu.ie
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Proceedings of 
the ITRN2023 

Vega, A. and McHenry, H.: A taxonomy of Rural Towns in 
Irelandôs Western Region 

31st August &  1st September, 
ATU  Sligo 

 

86  

 
 

that contribute  to mobility  in rural  areas and identifies  a taxonomy to classify  these areas in terms  of the above 

factors.  

The literature  on the factors  that influence  transport  mobility  is broad and it  covers a wide range of variables, 
which go from  geographical and land use factors  [10]˟ [12] such as the distance to a central  business district  

or to other  cities  [13], the level  of land- use mix [14], population density, geographical shape [15] or access to 

activities  such as schools, health  centres, shops [16]˟ [19] to socioeconomic and demographic factors  such as 

individual  or household income [10], [13], [20], [21], demographic distribution,  and employment  characteristics  
[22], [23]. 

The focus of this  paper is on a specific aspect of rural  mobility  that is mobility  in small  rural  towns. Small rural  

towns  are intrinsically  part  of MĖÙúÀĀÓ˫Ě rural  areas. Cawley [24] highlights  two  notable features  of the Irish  

urban system. These were  the dominance of a small  number  of relatively  large  towns  (in relation  to overall  
population distribution)  and the very large  number  of small  settlements.  These features  are particularly  

evident the west  of Ireland, which has a few large  towns, but a significant  number  of small  rural  towns. Mobility 

in rural  towns  is related  to their  locational  and sociodemographic attributes,  as good mobility  may be expected 

to influence  the economic and growth  capacity of the towns  [25]. In this  paper, the focus is on the Western 

Region1 of Ireland, which largely  aligns with  the Northern  and Western NUTS 2 region recently  reclassified  by 

the European Commission from  a ˪_ĆĖÙ Developed vÙçíĆĀ˫ to a ˪¢ĖÀĀĚíġíĆĀ vÙçíĆĀ˫ for  the Post 2020 (2021-  

2027) funding period. In addition to the relatively  weak transport  infrastructure  compared to the rest  of the 

country  [26], the region is of interest  because it comprises  many of the more  remote, less  developed, and most 
rural  parts  of Ireland. With a population of 886,385 [27], only 23% of the population live  in towns  over 10,000 
inhabitants. 

This study builds  on previous  research  on the development of a sustainable  mobility  index (SMI) for  rural  

towns  in MĖÙúÀĀÓ˫Ě Western region [28] by the Western Development Commission. Divided into three  key themes 
-  employment  and economic opportunities,  access to services  and social facilities,  and readiness  for  the low  

carbon transition  -  the SMI offered  useful  insights  into mobility  for  the rural  towns  in the region and allows  

comparison  across  places, different  objectives and enables the monitoring  of changes taking place over time 

[28]. In this  paper, we extend the analysis using the data collected  for  the development of the SMI to further  

understand  rural  mobility  by focusing on the factors  that shape travel  patterns  at the small  rural  town  level. 
By combining transport  mobility  data with  the sociodemographic, land use and geographical data obtained for  

each town, the paper contributes  to the understanding  of the relationships  between rural  mobility  and the 

factors  that are more  likely  to influence  it. Apart  from  identifying  the extent of these relationships,  the paper 
also classifies  these towns  into homogenous groups or  clusters  of rural  towns  according to their  

socioeconomic and land use characteristics.  The results  presented in this  paper are the basis for  the 

development of future  in- depth data collection  instruments  across  rural  towns  in the study region that will  

allow  more  advanced research  in this  area. 

The next section gives an overview  of data sources  and methods used in the analysis, followed  by results,  

discussion, and conclusion. 
 
 

Data and Methods 

The paper focuses on the northwest  and west  region of Ireland. This region covers the seven counties included 

in the Western Development -ĆÿÿíĚĚíĆĀ˫Ě SMI for  rural  towns. This region is of interest  from  a rural  transport  

mobility  perspective, as it comprises  many of the more  remote, less  developed, and most rural  parts  of Ireland. 
It has a population of 886,385 inhabitants  [27] of which  almost  two  thirds  (63%) live  in the countryside, outside 

towns  of 1,500 residents  (compared to 36% in the state). The seven counties vary considerably  in population 

from  35,199 to 277,737 and rurality,  ranging from  84% in Co Leitrim,  with  only two  urban centres  over 1,500 to 

53% in Galway, which has the largest  city in the region. The particularly  weak urban structure  of the west  and 

northwest  of Ireland  has been well  documented [30], [31] and the very rural  nature  of the region has been 

acknowledged in the literature  [27]. Only 23% of the population live  in towns  with  more  than 10,000 residents  

(10k towns). There is one major  city (Galway) which has a population, with  suburbs, of 85,910 and six other  

˪úÀĖçÙ˫ towns  with  a population of more  than 10,000 [27]. There are 33 rural  towns  included in the analysis. 
 

 
1 The region included seven counties: Clare, Donegal, Galway, Leitrim Mayo, Roscommon and Sligo. 
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In this  paper, the focus is on identifying  the factors  that influence  rural  transport  mobility.  This is measured in 

terms  of the strength  of the association between transport  variables   ˟ in this  case modal share and car 
availability  -  and a series  of independent variables  previously  identified  from  the literature.  Table 1 shows the 

variables  used in the analysis, including  the transport  mobility  indicators  as dependent variables  and a series  

of explanatory  variables  related  to the socioeconomic, demographic and land use configuration  of the towns. 
Data for  the analysis comes from  the 2016 Census of Population of Ireland  [29], the Geographical Profiles  of 
Income in Ireland  [32], and the raw  data used for  the development of the SMI at the rural  town  level. 

Table 1. Indicators  used in the analysis. 

Socioeconomic and demographic variables  Data source 
 

Population Census of Population of Ireland  2016 
 

Population Change Census of Population of Ireland  1996 and 2016 
 

Income Geographical Profiles  of Income in Ireland 
 

Daytime/Night - time working  population Census of Population of Ireland   ˟ÀĥġëĆĖĚ˫ own calculations  

Employment Census of Population of Ireland  2016 
 

Population over 65 Census of Population of Ireland  2016 
 

Population under 18 Census of Population of Ireland  2016 
 

Population under 14 Census of Population of Ireland  2016 
 

Land use and geographical variables 
 

Population density Census of Population of Ireland  2016  ˟ÀĥġëĆĖĚ˫ own calculation  
 

Diversity  of Activities  (Aggregate) 
SMI index  ˟aggregate of health, cultural,  and shopping 

destinations  at town  level 
 

Distance to nearest  10k Google Distance Matrix  API  ˟ÀĥġëĆĖĚ˫ own calculations  
 

Distance to nearest  50k Google Distance Matrix  API  ˟ÀĥġëĆĖĚ˫ own calculations  
 

Transport mobility  variables 
 

Car Share Census of Population of Ireland  2016 
 

Active Mode Share Census of Population of Ireland  2016 
 

Public transport  Share Census of Population of Ireland  2016 
 

Average commuting  distance Census of Population of Ireland  2016 
 

Percentage of Households without  a car Census of Population of Ireland  2016 

 
 

The methodology follows  previous  research  on the identification  of the factors  that influence  sustainable  

mobility  in urban and suburban areas [33] [˟35]. First,  correlation  analysis is used to understand  the 

relationship  and significance  of key socioeconomic and land use variables  on rural  transport  mobility.  Then, 
cluster  analysis allows  us to explore  and describe a potential  taxonomy of rural  towns  in the study region, 
with  the ultimate  objective of simplifying  the data from  the perspective  of the rural  town  [36]. 

The sÙÀĖĚĆĀ˫Ě product- moment and zēÙÀĖÿÀĀ˫Ě rho  correlation  techniques are used for  the correlation  

analysis. The assumption  of normality  required  for  sÙÀĖĚĆĀ˫Ě correlation  coefficient  is tested using the 

Shapiro- Wilk test. Failure  of normality  tests  for  some dependent variables   ˟ Public Transport Share and 

Percentage of Households with  no car  ˟  justifies  the use of the non- parametric  correlation  statistic  Spearman 

rho  for  these variables. Interpretations  of both correlation  techniques are similar,  and results  indicate the 

proportion  of variability  in one variable  that is explained by the variability  in the other  variable. 

Cluster  analysis is then used to classify  spatial  administrative  units   ˟rural  towns  in this  case  ˟according to 

a set of variables  central  to the research  question and the objective of the classification  [36]. In this  paper, the 

objective is to create a taxonomy of rural  towns  in the study region in terms  of the specific socioeconomic, 
demographic, land use and geographical characteristics  that influence  transport  mobility  patterns  in these 

towns. After  standardizing  the variables  Z- scores  formulation,  a hierarchical  clustering  algorithm  using 

µÀĖÓ˫Ě method is selected, with  squared Euclidean distance measure of similarity.  The analysis and visual  
representation  of the results  have been carried  out using the cluster  and the factoextra  packages for  the R 

software  [37], [38]. 
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Results 

One of the objectives of the research  is to examine the relationship  between socioeconomic, demographic and 

land use/geographical  variables  and rural  transport  mobility  patterns.  Indicators  such as modal share for  car, 
public transport,  and active modes are used as dependent variables, as well  as the percentage of households 

with  no car and the average commuting  distance. Table 2 shows the results  from  the correlation  analysis. 
Statistically  significant  coefficients  at the 99% confident level  are marked  with  three  asterisks  (***),  and 

coefficients  statistically  significant  at the 95% confidence level  with  two  asterisks  (**). As per previous  studies, 
absolute values above 0.5 indicate strong  effects  [33], [39]. 

Table 2. Correlations  coefficients  between transport  variables  and socioeconomic, demographic, land- use, 
and geographical variables. 

 
 

Transport mobility  variables 
 

Car Share 

 
Active Mode 

Share 

Average 

Commuting 

Distance 

 
Public Transport  
Share 

Percentage of 
Households with  

no car 
 

 

Socioeconomic and demographic variables 

Population -0.07 0.16 -0.10 0.11 -0.17 

Population growth  0.43*** -0.37** -0.10 0.35 -0.62*** 

Income 0.57*** -0.35** -0.36** 0.13 -0.77*** 

Daytime/Night - time work  pop. -0.58*** 0.46*** 0.32 -0.26 0.57*** 

Employment 0.30 -0.07 -0.31 0.04 -0.72*** 

Population over 65 -0.43** 0.45*** 0.27 -0.487*** 0.64*** 

Population under 18 0.56*** -0.56*** -0.14 0.41** -0.57*** 

Population under 14 0.56*** -0.54*** -0.12 0.39** -0.58*** 

Land use and geographical variables      

Population density 0.42** -0.39** -0.32 0.41** -0.66*** 

Diversity  of Activities  

(Aggregate) 
-0.12 0.27 0.21 -0.16 0.12 

Distance to nearest  10k -0.66*** 0.64*** 0.46*** -0.43** 0.67*** 

Distance to nearest  50k -0.13 0.25 -0.02 -0.52*** 0.46*** 

 
 

Regarding the socioeconomic distribution  of rural  towns, high- income households live  in rural  towns  where  

the level  of car share is high. The strongest  relationship  is found with  the percentage of households without  a 

car, which as expected, presents  a high negative correlation  with  average income. This result  is consistent  

with  the that obtained for  the level  of employment  in the rural  town, with  a strong  negative correlation  between 

employment  levels  and car availability.  

Population growth  is not a strong  factor  that determines  mobility  in rural  areas. However, results  in Table 2 

show that rural  towns  with  low  rates  of population growth  also present  low  levels  of car ownership.  These 
are also rural  towns  with  relatively  high rates  of self - containment  in terms  of employment  and a lower  

presence of children  and adolescents. The level  of self - containment  in the rural  town, measured by the 

Daytime/Night - time  working  population variable, is a strong  factor  to determine  mobility.  In line  with  the 

literature,  this  variable  is negatively correlated  with  private  car use and positively  correlated  with  car 
availability  [40]. 

Demographic variables  are important  when determining  mobility  patterns  in rural  towns. The correlation  

estimates  related  to the presence of children  and adolescents are all  highly significant  and strong  for  car 
share and active mode share, but in opposite directions.  Rural towns  with  higher  presence of children  present  
high rates  of car use and low  rates  of active mode mobility.  No difference  is found in the case of children  

versus  adolescents. Similarity,  rural  towns  with  a higher  population elderly  residents  present  higher  rates  of 
households without  a car. This relationship  works  in the opposite direction  in the case of rural  towns  with  

higher  percentage of children,  where  the levels  of car availability  are high. 
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Regarding land use and geographical variables, results  show distance to the nearest  10k population centre  is 

a strong  factor  to determine  transport  mobility  patterns  in the region, particularly  in the case of modal share. 
Rural towns  further  away from  10k population centres  also present  higher  rates  of active mode travel  patterns  

and lower  percentages of car availability.  These are generally  towns  that are considered remote  from  a 

geographic perspective  and are likely  to have higher  levels  of self - containment  in terms  of employment. As 

expected, there  is a moderate significant  relationship  with  average commuting  distance as this  may be 

required  for  employment  purposes. 

While public transport  share is not strongly  correlated  with  many demographic and socio- economic variables,  
distance to a 50k population centre  shows a significant  negative relationship  with  public transport  use. This 

result  may seem counterintuitive,  but it may respond to the relatively  poor general  provision  of public 

transport  across  rural  towns  in the West of Ireland. More detailed data would  be needed to understand  this  

relationship  further.  

The correlation  analysis in Table 2 allows  for  the selection  of the key variables  that are used as the 

classification  criteria  for  the cluster  analysis. Thes selected variables  are those that  show the strongest  

relationship  with  the transport  variables  included in the study and these are: income, daytime/night - time  

working  population, distance to the nearest  10k population centre, and population under 18. The use of a 

hierarchical  cluster  analysis agglomerative  method allows  for  the development of a tree  graph or dendrogram. 
Three clusters  or types of rural  towns  are identified, represented  in Figure 1, and described in Table 3. The 
classification  presented in Table 3 is validated using an alternative  non- hierarchical  cluster  analysis methods 

(k- means) resulting  in similar  results.  

Cluster  1 is composed of rural  towns  with  the lowest  average population density. These are considered remote  

rural  areas with  the highest average levels  of employment  self - containment  and the lowest  levels  of income. 
These are rural  towns  with  an aging population and very low  average rates  of population growth.  In terms  of 
travel  patterns,  these areas present  the highest average levels  of waking and cycling and the lowest  levels  of 
car use in the region. 

Cluster  2 is composed a mixed type of rural  towns, with  high levels  of average commuting  distance, higher  

population densities, and relatively  high levels  of self - containment. With low- middle income levels, these 

areas present  higher  levels  of population growth  compared to Cluster  1, with  higher  levels  of population under 
18 years of age. 

Cluster  3 represents  the typical  commuting  rural  town, close to a larger  population centre, with  high levels  of 
population growth,  the highest levels  of children  and adolescents and the lowest  levels  of elderly  residents.  
Residents in Custer 3 have high- middle income levels  and the highest levels  of employment  rates  in the region. 
While the average commuting  distance is the lowest  across  the three  clusters,  these rural  towns  present  the 

highest levels  of car use (>75%) and car availability.  
 
 

Discussion and conclusion 

Achieving sustainable  transport  mobility  in rural  areas requires  a comprehensive  approach that considers  the 

unique characteristics  and needs of rural  areas. This involves  collaboration  across  government  departments  

national  and regional  agencies, and local  communities  and firms.  As a first  step in the process  of promoting  

and proving  incentives  for  adopting sustainable  transport  practices  in rural  areas, this  paper contributes  to 

our understanding  of the factors  that influence  mobility  in a rural  context  in Ireland. Building on previous  

research  on the development of a sustainable  mobility  index (SMI) for  rural  towns  in MĖÙúÀĀÓ˫Ě Western region 

[28], this  paper uses multivariate  analysis methods to present  a descriptive  analysis of the key socioeconomic 

and land use factors  that contribute  to mobility  in rural  areas and to identify  a taxonomy of these areas in 

terms  of these influencing  factors.  

In line  with  previous  literature,  results  show that income and the level  of self - containment  in the rural  town  

measured as the ratio  of daytime/night - time  working  population are strong  factors  in explaining transport  

mobility.  In addition, geographical and demographic variables  such as distance to the nearest  10k population 

centre  and the percentage of population under 18 strongly  influence  mobility  patterns.  Further  exploratory  

analysis is carried  out to classify  the rural  towns  into three  distinctive  clusters  with  significant  differences  

across  them. Results show that rural  areas do not always present  unsustainable  transport  patterns.  There is 

scope for  improving  the levels  of sustainable  mobility  in these areas, with  the degree of employment  self -  
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containment  having a strong  influence  on the shares  of walking  and cycling. However, further  research  is 

needed to overcome the limitations  in this  research.  The analysis presented is constrained  by data availability  

and this  is particularly  evident in the case of public transport  use. Additional  information  on public transport  

routes  and levels  of service  may improve  our ability  to understand  key factors  that  impact public transport  

use in rural  areas.. 
 

 
Figure 2. Dendrogram illustrating  hierarchical  clustering.  

 

 
 

 
Table 2. Average profile  of rural  towns  in each identified  cluster.  

 
 

Cluster  1 Cluster  2 Cluster  3 

Remote towns, low  
income, aging population, 

Long-distance 
commuting towns, low-  

Commuting towns, high-middle 
income, young growing  

 low density middle income, self-  
                    sufficient   population, high density 

Population 2,782 4,338 2,475 

Population Change 0.31 0.78 1.32 

Income 30,581 33,887 55,224 

Daytime/Night - time work  pop. 1.63 1.42 0.43 

Employment 0.37 0.38 0.46 

Population over 65 0.19 0.13 0.11 

Population under 18 0.22 0.27 0.28 

Population under 14 0.17 0.22 0.24 

Population density 796 1,055 1,511 

Distance to nearest  10k 45.60 28.53 11.50 

Distance to nearest  50k 88.10 55.71 35.83 

Car Share 0.64 0.69 0.76 

Active Mode Share 0.24 0.18 0.13 

Public transport  Share 0.04 0.06 0.06 

Average commuting  distance 35.30 34.50 27.84 

Perc. Households with  no car 0.23 0.19 0.08 
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Abstract 
Transit oriented development (TOD) is an established and integrated approach to transportation and land use planning 
and development. Even though the basic philosophy of TOD has been widely advocated and applied in many jurisdictions 
for many years now, its application from place to place varies greatly in form, function and outcomes. In recent times, 
there has been a growing recognition of the TOD approach in Ireland, but there remain gaps in our understanding of the 
basic concept and of policy and practice in this area. 

 
To date, most studies have focused on selective features of TOD and fail to capture its broader scope and, in particular, 
its essential transport and mobility dimensions. Notably, little or no structured research has been conducted to date on 
this area in the Irish context. The research described in this paper aims to assist in closing this gap by presenting the 
essential conceptual framework of transport and mobility principles for TOD and using a case study methodology to 
evaluate the transport and mobility inputs and outputs of TOD practice in Ireland, to identify shortcomings, and to 
propose recommendations on policy and practice that could be generalised from the findings of the research. 

 
The findings from the chosen techniques of documentary analysis, spatial analysis and semi-structured interviews 
confirmed that the concept of TOD and the transport and mobility related principles of TOD are present in the Irish 
context. However, the findings also show that the expected best practice outputs of these principles have not yet fully 
materialised in policy or in practice. The research highlights these shortcomings and their implications for policy-making 
and planning for transport and mobility. Further, the research includes recommendations to develop guidance and 
transport and mobility codes to improve the planning and practice of TODs in Ireland. In relation to implications for 
ǘƘŜƻǊȅΣ ǘƘŜ ǊŜǎŜŀǊŎƘ ǇǊƻǇƻǎŜǎ ŀ ǊŜƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ ǘƘŜ ŜǎǘŀōƭƛǎƘŜŘ Ψс 5ǎΩ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŦǊŀƳŜǿƻǊƪ ƻŦ ¢h5 ōȅ ǘƘŜ 
addition of two principles. Finally, the research shows that there is ample room to continue to build on the policy, practice 
and theory of TOD. 

 

Keywords: Transit Oriented Development, Sustainable Transport and Mobility, Transit, Urban Planning, Urban Design, 
Placemaking. 

1. Introduction 
Transit oriented development (TOD) is an established and integrated approach to transportation and land use planning 
and development. While land use has a strong influence on how people travel [1, 2], the integration of land use and 
transport planning has been key to the success of cities that have been successful in increasing the use of public transport 
walking and cycling and reducing car travel [3, 4]. Even though this basic concept of TOD has been widely advocated and 
applied in many jurisdictions, its application greatly varies from place to place in terms of form, function and outcomes. 
TOD represents an effective means of delivering sustainable development and this is reflected in different but related 
areas of public policy and practice at national, regional and local level in Ireland. 

 
While there is a growing recognition of TOD in policy and practice in Ireland, there is a notable absence of research on 
transport and mobility dimensions, and whether they have been properly integrated and optimised in the planning of 
TODs. The research described in this paper aims to assist in closing this gap by presenting the essential conceptual 
framework for TOD and using a case study methodology to understand how the concept has been implemented in 
practice in Ireland, within the current policy context. The Strategic Development Zone (SDZ) for Clonburris, in County 
Dublin, Ireland, was selected as a suitable case study. The case study findings are discussed in the context of the 
conceptual framework and a succinct set of conclusions are provided which can be generalised to the wider Irish context. 
Further, it is considered that the research has more general implications for theory, policy and practice. 

2. Literature Review 
2.1 Transit Oriented Development 
TOD emerged and developed as a concept over the last 30 or so years, however, its origins lie in previous and visionary 
ideas in urban planning, such as the garden city, or satellite cities [5, 6]. Calthorpe [7], a renowned proponent of the New 
Urbanism, was the first to develop the concept of TOD, and described it in specific terms as a mixed-use community 
comprising a mix of housing typologies, public spaces and commercial and employment areas located within a radius of 
2,000 feet or equivalent to a comfortable walking distance of 10 minutes of a rail-based stop. 
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While the concept has continued to gain acceptance and has developed considerably since the 1990s, it is apparent from 
the literature there is still no universally-accepted instrument that can be used to fully describe it or its objectives. 
Notwithstanding, the literature provides common aspects of TOD including mixed-use development; reduced car 
dependency by selecting development locations near public transport networks; pedestrian and cycling infrastructure; 
public spaces nearby public transport stations; and efficient public transport network. Perhaps one of the most important 
ŎƻƴŎŜǇǘǎ ŀǊƻǳƴŘ ǘƘŜ ǇƭŀƴƴƛƴƎ ŀƴŘ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ¢h5 Ƙŀǎ ōŜŜƴ ǘƘŜ Ψс5ǎΩ ƻŦ 5ŜƴǎƛǘȅΣ 5ƛǾŜǊǎƛǘȅΣ 5ŜǎƛƎƴΣ 5ƛǎǘŀƴŎŜ ǘƻ 
Transit, Destination Accessibility, and Demand Management [8, 9]. It is recognised that these characteristics must be 
incorporated and integrated together to the greatest extent possible to reduce car dependency and increase public 
transport, cycling and walking modal share. 

Due to the lack of any singular definition or description of TOD, many projects which do not achieve the required 
outcomes can still be considered successful [10]. Indeed, in some cases, developments are branded TOD by virtue of their 
proximity to a public transport station, regardless of how well they optimise the location [11]. This is despite the fact that 
the design and quality of the public transport service has a major impact on the success of the TOD and that a place can 
fail if the public transport is not attractive enough and able to compete with the speed and flexibility of the private car 
[11]. Public transport use is higher in TOD compared to conventional suburbs, but the most significant difference is found 
in the levels of walking, due to the mix of uses and walkability found in TODs [12, 13]. The importance of parking 
restrictions in TODs has been highlighted as a key issue in delivering a less car based modal share [13]. 

2.2 Evaluation of TOD 
While attempts have been made to evaluate individual TODs at practice level across different contexts globally, these 
have tended to apply an eclectic variety of methodologies. In contrast, a more coherent approach to measuring the 
success of TOD has been developed in the theory and policy space in recent years. This has been based on the 
development of a common set of key indicators [14]. Notably, the influential digest from the Transport Research Board 
contains ten such indicators and could now be considered to be the most robust of such approaches [14]. The quality and 
effectiveness of measuring the success of TODs has been further improved by developing a distinction between 'essential' 
and 'supportive' indicators [15]. The literature also suggests that other indicators could be added around the integration 
of transportation [10]. From the literature, a set of principles was developed in this research (see Figure 1). 

2.3 Conclusion 
On the basis of the current literature, it is clear that there are recurring and essential transport and mobility principles 
for the TOD framework. These can be understood in a conceptual framework of transport and mobility principles in TOD 
(Figure 1). 

 
Figure 1: Transport and Mobility Principles of TOD Framework 

3 Methodology 
3.1 Research Techniques 
To achieve the research aim and objectives a mixed-methods approach was adopted for the research strategy. These 
required the collection of primary data using three, distinctive techniques; documentary analysis; spatial analysis; and 
semi-structured interviews within a larger case study methodology. 

3.2 Case Study Methodology 
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A single in-depth case study was considered to be the ideal methodology to gain an understanding of theory, policy and 
practice outcomes in the Irish context. The criteria for the case study selection included the following: identified as a 
TOD-like development in the literature; within the Dublin Metropolitan Area; approved statutory planning framework; 
single heavy rail node-oriented development; mixed-use development; and a range of transport interventions included 
in the planning framework. Following a scanning process for potential case study candidates, the Clonburris SDZ and 
Planning Scheme 2019 was selected as the research case study as it best fitted the selection criteria. 

3.3 Assessment Framework 
The conceptual framework of TOD transport and mobility principles from the literature review was used as the essential 
assessment framework criteria for the data gathering component of the research. The most frequent principles and their 
essential objectives are included in Table 1 (below). 

 

Criteria Objective 
 

Traffic management Traffic Management is to ensure that the transport system continues to operate in an efficient 
manner, i.e., that the movement of people by public transport, active travel and the movement 
of goods, is not adversely affected by private car traffic, and that the impacts of traffic congestion 
can be minimised. 

Catchment area Accessible train station and bus stops within the catchment buffer. 
Walkability The pedestrian network is safe, complete and accessible. 
Cycling infrastructure and 
facilities 

The cycle network is safe and complete and designation of bicycle parking throughout the Planning 
Scheme 

Other transit Other high quality transit options are accessible by foot. 
 

Interchange to other modes Maximise accessibility to services and promote the use of more sustainable forms of 
transportation, thus reducing car dependency. 

Frequency and capacity of 
service 

Frequent and higher passenger load results in better utilisation of rail and bus capacity and value 
of TOD. 

Table 1: Assessment Framework Criteria and Objective 

3.4 Data Collection and Analysis 
Primary data was collected using the three, distinctive techniques of documentary analysis, spatial analysis and semi- 
structured interviews. Thematic analysis was applied to the data collected, which is described as a matrix-based method 
for ordering and synthesising data [16]. The approach undertaken allowed for the data collected to be examined under 
the adopted transport and mobility criteria for TOD to generate the research findings. The triangulation method was 
applied to corroborate the research findings, and this entails the use of different data collection techniques within one 
study in order to validate the research findings [17]. 

 

To assess the transport and mobility criteria listed above, the findings were evaluated using a traffic light system matrix 
approach. The purpose of the assessment was to determine whether the approach to each criterion encompassed a 
robust rationale and basis for the approach undertaken and delivered. The basis and rationale for the designation of the 
score awarded for each criterion in Clonburris SDZ are tabulated below. 

 
Score Rationale 

 Good rationale and basis for the approach undertaken and delivered 
 Adequate rationale and basis provided for the approach undertaken and delivered 
 None or poor rationale and basis provided for the approach undertaken and delivered 

Table 2: Matrix for Evaluation 

3.5 Limitations 
The primary limitation in this study that could be addressed in future research was the unavailability of Clonburris SDZ 
Planning Scheme material such as data sets for the spatial analysis component of the research. 

4 Case study ς Clonburris SDZ, Dublin 
LǊŜƭŀƴŘΩǎ ōǊƻŀŘ ŀǇǇǊƻŀŎƘ ǘƻ ǇƭŀƴƴƛƴƎ ŀƴŘ ŘŜǾŜƭƻǇƛƴƎ ¢h5ǎ ƛǎ ƎǳƛŘŜŘ ōȅ ǘƘŜ ŜǎǘŀōƭƛǎƘŜŘ ƘƛŜǊŀǊŎƘȅ ƻŦ ǇƭŀƴƴƛƴƎ ǇƻƭƛŎȅ ŀƴŘ 
plans at national, regional and local level. The National Planning Framework (NPF) and National-level Planning Guidelines 
sit at the top of this hierarchy and guide policy and plans at both regional and local level. Regional Spatial and Economic 
Strategies (RSESs) and Metropolitan Area Spatial Plans (MASPs) provide the regional and metropolitan dimension for 
planning, and in turn, provide a basic level of coordination of plans and policies at Local (County and/or City and Local 
Area) level. The Greater Dublin Area (GDA) Transport Strategy 2022 - 2042 does not explicitly include support or otherwise 
designate TOD locations that Local Authorities are promoting for large-scale intensive regeneration. Instead, the Strategy 
considers locations within 800m of an existing or proposed Dart, Luas or Metro stop, and within 400m of a proposed 
BusConnects spine route as suitable locations for TOD [18]. 

 

Under Housing for All, a working group of Department of Housing, Local Government, Heritage, Department of Transport, 
National Transport Authority and Land Development Agency was established to consider opportunities for transport-led 
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development in major urban centres [19]. The main aim of the group is to identify any barriers to the development of 
sites identified by Local Authorities at existing and planned public transport routes and key enablers to overcome these 
barriers to unlock development [20]. In May 2023, a report on opportunities for TOD in Dublin, undertaken by the working 
group was published. The report identifies 14 locations in Dublin that are suitable for the phased delivery of intensive 
mixed-use development over a short to medium term and medium to long term [20]. The report states a clear policy 
direction, supportive land activation measures and funding will be critical to the realisation of TOD in Ireland [20]. 

Clonburris is located in the centre of the west settlement of Lucan-Clondalkin, sitting adjacent to strategic road 
infrastructure (M50, N7, M4), and bisected by the intercity and commuter rail line. Clonburris was first designated as an 
SDZ in 2006, but did not advance to development at the time due to the economic recession. SDZs are designated at 
national level and relate to areas of national strategic economic and social importance. Planning Schemes are in essence 
a holistic plan-led approach for a SDZ with an associated fast-tracked development management process. With the 
recovery of the economy and the substantial national and regional priority for new housing, the decision was made to 
review, amend and revise the SDZ and the Planning Scheme. 

 

The Planning Scheme was adopted by South Dublin County Council (SDCC) in 2018 but was subsequently appealed to An 
Bord Pleanála (ABP). In 2019, the Board approved the Planning Scheme subject to modifications. The delivery of the 
Clonburris SDZ will facilitate the provision of two distinctive mixed use development areas around both rail station nodes 
and community, retail and employment use distributed amongst surrounding development areas in the form of local 
nodes together with parklands. The Planning Scheme provided for: a population of 23,000; 7,730-9,413 dwellings; 31,115 
sqm of employment floorspace; 22,520 sqm of retail floorspace; 90 hectares of parks and open space; 7,300 sqm of 
community floorspace and 8 schools; 2 train stations; and 12.5km of cycleways and walkways [21]. 

 

Figure 2: Clonburris SDZ Planning Scheme (Source: SDCC, 2019) 
 

To date, construction has commenced on 569 units and the south link street, planning permission has been granted for 
approximately 950 units, planning assessments for approximately 1,000 units were ongoing as well as pre-planning 
carried out for approximately 2,000 units as of quarters three and four of 2022 [19, 20]. As part of the research, planning 
applications submitted within the SDZ area were reviewed and discussed during the semi-structured interviews with 
stakeholders. The DART+ South West railway order application was submitted in March 2023. According to Housing for 
All Q1 2023 progress report, as development commences at Clonburris SDZ and demand for travel emerges, Kishoge rail 
station will be opened in 2023 [19]. 

5 Findings 
The findings of the research are drawn from the research techniques that were applied to the case study. They fall into 
seven broad categories of Traffic Management; Catchment Area; Walkability; Cycling Infrastructure and Facilities; Other 
Transit; Interchange to Other Modes; and Frequency and Capacity of Services. An overview of the findings of the research 
in each of these categories is provided below. 

5.1 Traffic Management 
The parking standards of the Planning Scheme were adopted from the 2016-2022 SDCC Development Plan. 
Notwithstanding the approach adopted, the transport strategy encouraged reduced standards. It should be noted that 
these reduced standards have no explicit, statutory standing with one planning official [22] noting that the adoption of 
reduced parking standards was going to be assessed on a case-by-case basis as part of the development management 
process. Documentary analysis shows that at the development management stage, a consistent approach to parking 
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standards has ƴƻǘ ōŜŜƴ ŀǇǇƭƛŜŘΦ LƴŘŜŜŘΣ ƛƴ ƻƴŜ ŎŀǎŜΣ ǘƘŜ b¢! ŜȄǇǊŜǎǎŜŘ ŎƻƴŎŜǊƴ ǿƛǘƘ ƻƴŜ ŀǇǇƭƛŎŀƴǘΩǎ ŀǇǇǊƻŀŎƘ ōȅ 
providing for the maximum number of spaces permissible for any element of the proposed development sets an 
undesirable precedent for the development of the remainder of the SDZ and is likely to undermine the strategic transport 
objectives for the area [23]. 

5.2 Catchment Area 
From the analysis and interviews undertaken, it was apparent that minimal attention was paid to the optimal catchment 
buffers that the train stations and bus stops provided. It was acknowledged by the interviewees that the accessibility 
percentages generated were not considered in the design of the Planning Scheme, instead, the designation of 800m and 
400m buffers were placed around the proposed bus stops and train station [22, 24]. The Adamstown Extension Area 
consistently scored lowest for accessibility levels across the Planning Scheme, but no measures to improve accessibility 
were apparent or mentioned by the interviewees. In addition, it was not apparent if any bicycle catchment analysis was 
carried out based on the documentary analysis undertaken. 

5.3 Walkability 
All interviewees concurred that the walkability of the Planning Scheme was a strong design element, and this was 
reinforced by the documentary and spatial analysis, which indicated a high-quality, permeable network throughout the 
Scheme. The findings highlighted that DMURS played an influential role in shaping the design of the street network. In 
ŎƻƴǘǊŀǎǘΣ ōŜȅƻƴŘ ǘƘŜ ǊŜŘ ƭƛƴŜ ŘŜƭƛƴŜŀǘŜŘ ŦƻǊ /ƭƻƴōǳǊǊƛǎ {5½Σ ǘŜƴǘŀǘƛǾŜ ΨǇƻǘŜƴǘƛŀƭ ǇŜǊƳŜŀōƛƭƛǘȅ ǇǊƻƧŜŎǘǎΩ ŀǊŜ ƛƴŘƛŎŀǘŜŘ ǘƻ 
make connections with adjoining, established housing areas. It is evident from the review of the consultation reports 
produced by SDCC during the preparation of the Planning Scheme, that the opening of cul-de-sacs was a highly 
contentious matter in the plan-making process, with many observations citing the likelihood of anti-social behaviour as 
a result of pedestrians and cyclists using these routes. 

5.4 Cycling Infrastructure and Facilities 
As with car parking standards contained in the Planning Scheme, the documentary analysis found an inconsistent 
approach to bicycle parking and its application at the development management stage. The Planning Scheme adopted 
the minimum bicycle parking stipulated in the SDCC Development Plan 2016-2022, where minimum standards for each 
type of land use are listed. The mobility consultant for the Planning Scheme was of the opinion that, in retrospect, greater 
advocacy was needed for segregated cycling throughout the Scheme to enhance connectivity and to contribute to the 
network SDCC were striving to develop in order to avoid it being a stranded asset [24]. It was also noted by other 
interviewees that there was a need to strike a balance between placemaking and the practicalities of bicycle parking by 
delivering a bespoke approach to bike storage [24, 23]. Implementing bike sharing schemes or facilitating e-bikes were 
not considered during the plan-making stage of the Planning Scheme [22]. 

5.5 Other Transit 
The transport modelling completed for Clonburris SDZ projected 44% of private car usage in the modal split forecasted 
for 2035 [26]. The Department of Transport, Tourism and {ǇƻǊǘΩǎ Smarter Travel Policy, applicable at the time of the plan- 
making of Clonburris set a target of 45% of car mode share for commuting trips, and therefore, the forecasted car modal 
share was considered in line with these targets. A mobility consultant for the Planning Scheme was alarmed by such a 
high figure being calibrated or even justified in ǘƻŘŀȅΩǎ policy context, particularly for a comprehensive, new development 
located along a rail line [24]. It was also established that Mobility as a Service (MAAS) and micro-mobility did not factor 
into design considerations at the time [22, 24]. All interviewees concurred with the difficulty of planning for large-scale 
developments, such as the Clonburris SDZ given the uncertainty of timelines and the funding of critical infrastructure 
projects to support the SDZ [22, 23, 24, 25]. Kishoge Railway station was constructed in 2009 as part of a series of new 
and upgraded stations along the intercity and commuter rail, but to date, the station is not operational. 

5.6 Interchange to Other Modes 
During the plan-preparation stage, it was found that while there were design deliberations of the rail nodes to ensure 
that spatial requirements were delivered to enable the development of a high-quality interchange, these designs did not 
materialise into the Planning Scheme. It was noted by a Planning Official that the detailed design of the interchange would 
be further developed and agreed upon during the development management stage [22]. 

5.7 Frequency and Capacity of Services 
While the frequency and capacity of services are due to be increased with the roll out of Dart + South West and 
BusConnects1, there remain concerns and reservations regarding possible delays in the delivery of these projects. Some 
interviewees criticised the omission of the phasing strategy linking development with infrastructural requirements to 
service Clonburris SDZ as being contrary to the ethos of TOD that could result in forced car ownership usage and the 
development of undesirable and perceived car dependency at the Clonburris SDZ [22, 24]. In particular, these concerns 

 
 

1 
Under  the  Dart  + South West plans,  train  frequency  is set to increase  to twenty -three  trains  per  hour  per  direction  on this  corridor.  The passenger  capacity  is due 

to quadruple  from  5,000  passengers  per  hour  per  direction  to  20,000  per  hour  per  direction.  BusConnects  will  deliver  higher  frequency  orbital  bus  services  linking  

Clonburris  to Tallaght, Liffey Valley and Blanchardstown and Local bus services linking Clonburris to surrounding areas.  
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ǿŜǊŜ ǊŜƛƴŦƻǊŎŜŘ ōȅ ǘƘŜ Ƴƻōƛƭƛǘȅ Ŏƻƴǎǳƭǘŀƴǘ ŀǇǇƻƛƴǘŜŘ ŦƻǊ /ƭƻƴōǳǊǊƛǎΣ ǿƘƻ ǇǊƻǇƻǎŜŘ ǘƘŜ ƴŜŜŘ ǘƻ ŘŜǾŜƭƻǇ Ψŀ ǎǳǇǇƭŜƳŜƴǘŀǊȅ 
planning guidance document attached to the local plan that specifies the requisites for delivering ¢h5Ω [24]. Further, the 
approach taken to the modelling was considered to be an outdated mechanism to assess the proposed transport 
interventions in the Clonburris SDZ. A mobility consultant for the Planning Scheme [24] suggested that Decide & Provide 
modelling would have been an alternative vision-led mechanism to plan and scenario-test factors to deliver optimal 
spatial planning outcomes centred around sustainable transport and mobility. 

5.8 Overall Summary of Evaluation Matrix 
The overall scoring matrix assigned for each transport and mobility criteria of TOD is tabulated below. 

Principles Evaluation Rationale 

Traffic Management  Important design-oriented decisions such as car parking standards were delayed to the 
development management stage. Despite the need to restrict parking in TODs to deliver a 
less car-based mode share, the Planning Scheme did not introduce specific car parking 
standards. 

Catchment Area  Both definitions of pedestrian and bicycle catchment areas vary considerably; however, it 
was not apparent what analysis was undertaken for cycling accessibility across the Planning 
Scheme. 

Walkability  The findings showcased that DMURS played an influential role in the design of Clonburris 
SDZ to create a high-quality permeable network throughout the Scheme. 

Cycling Infrastructure 
& Facilities 

 Many decisions related to the planning of cycle infrastructure and facilities were delayed 
to the development management stage to resolve. 

Other Transit  High levels of car usage are projected based on the transport modelling for the Planning 
Scheme, but no specific policies or objectives to transfer these trips into sustainable travel 
modes. Additional transit options, such as micro-mobility or MAAS were not considered in 
the plan-making of Clonburris SDZ. 

Interchange to other 
Modes 

 The relationship between modes of travel and how synergies could be developed at 
interchanges were considered during the plan-preparation but did not feature in the 
Planning Scheme. It was noted that the detailed design of the interchange would be 
developed and agreed upon during the development management stage. 

Frequency and 
Capacity of Services 

 Once Dart + South West is operational, the frequency and capacity of services is due to 
increase. In addition, under BusConnects higher frequency orbital routes and local services 
are planned for Clonburris. However, development has commenced at Clonburris SDZ, but 
it is unknown what quantum of development may be delivered at the Clonburris SDZ prior 
to the Dart + South West being operational. It does not appear as though any modelling 
exercise was carried out to assess such a scenario. 

Table 3: Scoring Matrix and Rationale for each Transport and Mobility Criteria 

6 Discussion 
The findings of the research were reflected on to identify common themes, and these have been synthesised to create 
four key discussion themes of plan-led approach; recognising the vision for TOD; transport policies; and delivery. 

6.1 Plan-led Approach 
Further to the adoption of the planning scheme, planning applications are now navigating through the development 
management system. However, given the fact that Dart + South West and BusConnects projects are vital to sustainably 
serve Clonburris SDZ, but have not yet been delivered this raises significant question marks to our approach of delivering 
TOD in Ireland. The lead in times for project delivery could mean that the high-quality transport services needed for 
Clonburris SDZ will significantly fall behind the pace of development. Notably, the working group established under 
Housing for All included a mandate to consider opportunities for transport-led development in urban centres. Transport- 
led implies the location of transit will determine the optimal location for development to occur. Yet, given the practice 
to date, it is apparent in cases such as Clonburris SDZ, that development is likely to precede the delivery of the requisite 
transport infrastructure. 

 

Moreover, from the interviews and the lack of specific detail in the documentary analysis many design decisions have 
been deferred to the development management stage. By not asserting the principles of TOD at the plan-making stage, 
the desired outcomes may not be translated through to the individual projects at Clonburris SDZ. Adopting a 
supplemental design code to the Scheme that specifies the requisites for delivering TOD could serve as a more detailed 
expression for transport and mobility aspects of the illustrative masterplan and offers the Local Authority and applicants 
a valuable tool to help guide and inform the delivery of development across the Schemes. 

6.2 Recognising the Vision for TOD 
The literature is clear that the strategic visioning of TOD needs to begin at the regional and metropolitan scale. The 
Eastern and Midlands Regional Assembly (EMRA) RSES and MASP recognise Clonburris as a Strategic Development Area, 
but other than referring to factors associated with TOD such as integrating land use and transport planning, the Strategy 
does not fully espouse a TOD Strategy for Clonburris or more generally. While the GDA Transport Strategy 2022 - 2042 
includes broad criteria for the locations of TOD, such as locations within 800m of rail or 400m of a proposed BusConnects 
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spine it does not explicitly include support or otherwise designate TOD locations that Local Authorities are promoting for 
large-scale intensive regeneration [18]. The absence of any firm commitment and undefined delivery timelines for large- 
scale projects further exacerbates the difficulties of planning and delivering TOD in Ireland. The research suggests that 
there is a need for greater emphasis in policy of TOD in Ireland, and the NPF is the logical starting point to assert a vision 
of TOD, and this would provide an instructive means of guiding the Regional Assemblies to develop a strategic spatial 
vision of TOD at Regional and Metropolitan level. In addition, given the influential role DMURS played in shaping the 
design of the Scheme, there may be scope for the guidance to be expanded to include additional design guidance on TOD. 

In terms of the working group established under Housing for All, the group requested Local Authorities to identify TOD 
locations within their functional areas. The GDA Strategy contains a measure for the NTA to continue to support and 
facilitate the delivery of TOD at locations identified as appropriate for such, and to work with the EMRA and the local 
authorities in identifying further locations served by existing or proposed public transport [18]. With this in mind, 
responses from the semi-structured interviews suggested stakeholders have a misunderstanding of TOD, with the 
concept primarily being construed as land use and transport planning integration when in reality TOD is a multi- 
dimensional concept, thereby requiring an agreed multi-disciplinary approach and understanding by all stakeholders as 
to what exactly TOD entails. The findings reinforced the view in the literature of awarding the label of TOD by virtue of 
/ƭƻƴōǳǊǊƛǎ {5½Ωǎ ƭƻŎŀǘƛƻƴ ǘƻ ǘǊŀƴǎƛǘ ǿƛǘƘƻǳǘ ŜȄǇƭƛŎƛǘƭȅ ǊŜŎƻƎƴƛǎƛƴƎ ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ ǇǊŜǊŜǉǳƛǎƛǘŜǎ ŦƻǊ ¢h5Φ 

6.3 Transport Policies 
As highlighted in the findings, there are inconsistent standards and rationales provided to justify the quantum of car 
parking standards proposed. The approach adopted to the management of traffic in Clonburris SDZ, appears at odds with 
the premise of reducing car dependency by selecting development near a transit network when the same standards are 
being applied on a County-wide basis where access to public transport is likely incomparable. While reduced standards 
for parking are encouraged in the Planning Scheme, without statutory based policies and objectives there is no assertive 
lead by SDCC in the plan-making stage to tackle these issues prior to applications being discussed at pre-application stage 
or determined. 

 

As with car parking standards, inconsistent approaches to bicycle parking were identified in the findings. The substantial 
difference between the Apartment Guidelines standards and the minimum standards of the SDCC Development Plan 
creates uncertainty and undesirable precedents with minimum bicycle parking standards being applied. To become an 
exemplar for active travel, bespoke policy is required, and this entails car parking standards, bicycle parking, developing 
a high-quality interchange and managing speed from the offset of the design process. 

6.4 Delivery 
¢ƘŜ ƭƛǘŜǊŀǘǳǊŜ ǇǊŜǎŜƴǘŜŘ ǘƘŜ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ¢h5Σ ŎƻƳƳƻƴƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ с 5ΩǎΣ ǿƘƛŎƘ ƛƴŎƭǳŘŜ ŘƛǾŜǊǎƛǘȅΣ ŘŜǎƛƎƴΣ 
density, distance to transit, demand management and destination accessibility, but an important dimension absent in 
the literature is ΨŘŜƭƛǾŜǊȅΩΦ While all the characteristics of TOD are addressed in plans for TOD there appears to be minimal 
foresight into how the plan will be delivered. LǘΩǎ evident from the documentary review and interviews, while the Planning 
Scheme was delivered for Clonburris SDZ, the next steps, particularly key decisions of transport and mobility related 
elements were delayed to the development management to address. 

 

While SDCC attempted to combat any potential issues arising from development occurring at Clonburris SDZ without the 
necessary transport infrastructure yet delivered, ABP subsequently omitted the phasing strategy, and such a decision was 
believed to be contrary to the ethos of TOD [24]. The findings exhibit the need for the State to intervene and fund the 
delivery of infrastructure when it has been a State decision to designate these lands for development. To not align and 
expedite capital expenditure to enable development at locations such as Clonburris SDZ appears at odds with the 
principles of TOD. In general, there is a need for greater detail on expenditure and the phasing of spatial plans to leverage 
efficiencies and synergies in capital investment. In addition, the findings demonstrate the need for greater coordination 
between Local Authorities and relevant transport agencies to enable development and transport infrastructure to be 
delivered in tandem. 

7 Conclusion 
The research has established key findings for the selected case study Clonburris SDZ and Planning Scheme, which can be 
generalised to the wider Irish policy and practice context. Further, the findings confirmed that while the concept of TOD 
and the transport and mobility related principles of TOD are present in the Irish context, the expected best practice 
outcomes of these principles have not yet fully materialised in policy or in practice. The findings suggest the need to 
adopt a supplemental design code to Planning Schemes that could serve as a detailed expression for transport and 
mobility aspects of the illustrative masterplan and a valuable tool to guide development and deliver greater certainty at 
the development management stage. The research also suggests that there is a need for greater emphasis in policy of 
TOD in Ireland, with the NPF as the logical starting point to assert a vision of TOD, and in turn, the Regional Assemblies 
can develop a strategic vision of TOD at a regional and metropolitan level. In addition, given the influential role DMURS 
played in shaping the design of the Scheme, there may be scope for the guidance to be expanded to include additional 
design guidance for TODs. While at a local level, the research showcased the importance of adopting bespoke policy and 
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design responses to matters such as parking standards and bicycle parking provision to promote sustainable and active 
modes of travel. 

¢ƘŜ ŎƻƳƳƻƴƭȅ ǊŜŦŜǊǊŜŘ ǘƻ с 5Ωǎ ǘƘŀǘ ŜƳōƻŘȅ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ¢h5 ǿŜǊŜ ƻǳǘƭƛƴŜŘ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǘƘŜ ǊŜǎŜŀǊŎƘΦ 
IƻǿŜǾŜǊΣ ǿƘƛƭŜ ǘƘŜǎŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀǊŜ ŀŘŘǊŜǎǎŜŘ ƛƴ ǘƘŜ tƭŀƴƴƛƴƎ {ŎƘŜƳŜ ǘƘŜǊŜ ƛǎ ŀ ƳƛǎǎƛƴƎ ŘƛƳŜƴǎƛƻƴ ƻŦ ΨŘŜƭƛǾŜǊȅΩ ǘƻ 
enable the realisation of the Scheme. Greater coordination between relevant stakeholders on the phasing, funding and 
delivery of infrastructure is required to accelerate development and these findings also align with the recently published 
report on opportunities for TOD in Major Urban Centres, Dublin Study. The findings also indicate the need for State 
intervention to deliver key infrastructure in order to unlock the timely delivery of development. The research has 
identified specific transport and mobility principles of TOD from a sample of previous research undertaken on the 
evaluation of TOD. In addition to the seven principles identified, there is a need to gain further insight into the role and 
approach of MAAS in TOD. Also, once development and public transport services are operational at a TOD project there 
is a need to gain an insight into how travel behaviour manifested. Future research on this topic could apply a similar 
methodology with the use of multiple case studies. In addition, there is scope to holistically evaluate TOD in Ireland and 
this would entail preparing and incorporating development principles into the conceptual framework. 
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Abstract 

Application of vision-based deep learning algorithms to detect road objects is critical to the development and 

implementation of connected automated vehicles (CAV). A large number of complex deep neural network-based 

learning algorithms has been introduced in this regard. Each individual algorithms are trained and tested on a 

specific benchmark dataset. However, little to no research has been focussed on testing the effectiveness of 

popular and well-designed algorithms across multiple datasets which in turn can test the real-world applicability 

of any algorithm. In this study four algorithms, Faster RCNN, Cascade RCNN, FCOS and RetinaNet were 

trained and tested across three well-known datasets, KITTI, Cityscapes and EuroCity.Persons The challenge 

involved in this study included variations in size, resolution, objects captured & labelled of these datasets along 

with the differences in strengths and limitations of the chosen algorithms. Results showed that algorithms trained 

on KITTI dataset performed the best when tested on other datasets. The study provided deeper insights into 

the applicability and energy use of the different algorithms. 

 

Keywords: CAV, Road object  detection,  Deep Neural  Network,  Comparative  evaluation.  

 

INTRODUCTION 

The new era of technology development involves using artificial intelligence in most applications. Road and lane 
detection are some of the fundamental traffic awareness approaches for driving assistance that aims to increase 
the safety of roads. With the development of technology, self-driving cars are being introduced into the 
transportation system, and vision-based detection algorithms have become a primary and essential task to 
facilitate the functionality of this transportation mode. Identification and detection of road objects, namely, 
different types of vehicles, pedestrians, traffic lights, lane markings etc. have captured the interest of researchers 
and algorithms has been developed successfully. Having said this, detection under different road and light 
conditions has become a hot and challenging topic and require deeper understanding. 

 
Object detection algorithms identifies a bounding box around the object and classify the object into one of the 
classes. Apart from localisation & intra-class variations, the other challenges include variations in viewpoint, 
resolution, aspect ratio, deformation, occlusion, background clutter etc. Many researchers have proposed 
solutions for overcoming these challenges. For instance, Wei et al.[1] proposed a method to detect road 
centrelines, and Yang et al.[2] proposed a low-cost and low-resolution cameraïLidar fusion-based deep 
segmentation network to detect the front road region. However, these methods can be complex and may not 
be applicable for real-time detection problems due to the lack of flexibility and computational cost. 

 
As an emerging technology in the field of intelligent transport systems, artificial intelligence deep learning can 
analyze and process high-resolution object detection results due to its multilayer deep neural network structure 
and automatically learn the features of a specific object from the training data to accurately capture the 
characteristics of the target object. Additionally, Mao et al. [3] proposed a novel network that was used for 
pedestrian detection, ñHyperLearnerò. The network can utilize the information of given features and improve 
detection performance. Fan and Yang [4] also adopted a deep residual network-based remote sensing image 
road detection model. 
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The different deep learning detection algorithms are used to capture road information and to produce an 
informative evaluation. For instance, Faster Region-based Convolutional Neural Network (Faster RCNN)[5] is 
defined as an object detection module that depends on region proposal algorithms to hypothesize object 
locations. Fully Convolution One-Stage object detection (FCOS)[6] is an anchor-free object detection that 
implies an intersection over union (IOU) to detect objects' location and presence. FCOS was used by Gao et 
al.[7] for vehicle detection in various remote sensing scenes. Where they proposed a vehicle double FCOS 
vehicle detection model. RetinaNet[8] is a one-stage object detection model that has proven to work well with 
dense and small-scale objects. Cascade RCNN[9] was used for object detection that can be applied as part of 
Region-based Fully Convolutional Network(R-FCN)[10], thus obtaining more accurate detection results. Many 
other detection algorithms were proposed and showed improvement in detection [11]-[12]. 

 
Deep learning was adopted for many road detection applications such as pedestrian detection. Zhao et al.[13] 
used RCNN to extract robust features of a pedestrian in a complicated environment. They imply the Edge-Boxes 
algorithm to generate effective region proposals from an image, as the quality of extracted region proposals can 
significantly affect the detection performance. BoBo et al. [14] conducted a study where they used a multi- 
camera for tracking purposes where data are fed into YOLO object detector for classification and analysis. The 
algorithm successfully detects using a trajectory in which the accuracy detection is 83%, and the pedestrian's 
accuracy is 93%. Finally, Tome et al.[15] proposed research for pedestrian detection based on convolution 
neural networks. A proposed system with a reasonable computational complexity involves a combination of 
Locally Decorrelated Channel Features (LDCF) as a region proposal algorithm and the fine-tuned deep 
convolutional neural network. 

 
The discussed algorithms were generally tested on multiple benchmark/stock datasets. Many of the above- 
mentioned algorithms were tested on COCO (Common Objects In Context)[16]. Cascade RCNN, for instance, 
achieved an average performance of 38.9%, faster RCNN achieved 37.4%, and RetinaNet achieved 36.5%; 
however, these values were achieved when training the algorithms on a common object dataset. Further, Al- 
Refai[17] used KITTI dataset for road object detection using deep learning. Hasan et al.[18] used the EuroCity 
Persons dataset for training and testing their pedestrian detectors. Many other researchers used different 
datasets for training and testing purposes. However, it was not yet investigated fully how a single algorithm 
performs on multiple datasets related to road object detection. Further, the performance of an algorithm when 
trained on a certain dataset and tested on another has yet to be understood. This understanding is key for real- 
world applications of any algorithm where the chosen algorithm cannot be trained a priori. In this study, we are 
comparing a set of chosen algorithms, Faster RCNN, Cascade RCNN, FCOS and RetinaNet for their 
performance on three chosen datasets. 

 
Models were trained and tested with KITTI [19], Cityscape[20] and EuroCity Persons [21] public datasets. These 
public datasets carry traffic and road scenes under different conditions which are labelled for testing detection 
algorithms. Several different criteria and learning rate adjustment methods were evaluated to test the efficiency 
of the detection methodologies. Model performances were compared. Results showed that different neural 
networks provided reasonable detection with exponential learning rate adjustment. 

Performance of each algorithm were compared on the three different datasets. Choice of three datasets offered 
a variety of challenges. Variations on spatial sizes, resolutions, vehicles classes and labelling are a few of them. 
Further, cross-testing was performed where an algorithm was trained on a dataset and tested on others. This 
served as a good prototype process to understand the challenges of applying any of the studied algorithm for 
real-world applications. The computational cost for some algorithms could be prohibitive for real-world 
implementation. 

The rest of the paper has been organised as follows: the next section presents the Methodology and brief 
background of the used datasets; subsequent section presents the experiment design, followed by results and 
conclusion. 

 
 

METHODOLOGY 
 

In this paper, a set of different deep learning-based object detection algorithms for road traffic were evaluated 
for their performance on a set of benchmark image datasets. The variation in the performance of these different 
algorithms on different datasets are presented using a set of performance measures. The methodological 
framework has been shown in Figure 1. 
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 Results  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Schematic of Algorithm Comparison Process 

 
Benchmarking Datasets 

The dataset used for performance evaluation are briefly described here. 

a) KITTI 

Karlsruhe Institute of Technology and Toyota Technological Institute introduced the KITTI dataset in 2012. The 
data contains 14999 images saved in .png format and 80256 labelled objects saved in .txt format. The dataset 
consists of 3 object classes, namely, cars, pedestrians, and cyclists. It was recorded in and around the city of 
Karlsruhe, Germany, using the mobile platform AnnieWay. 

 
 

b) ECP 

EuroCity Person (ECP) dataset is collected in different areas and cities around the European cities. Data was 
collected in 31 cities across 12 countries. The dataset contains over 238200 person instances manually labelled 
in over 47300 images. It includes day and night urban road images, where images are saved in .png format and 
annotation in JSON. 

Detection algorithms Dataset 

 
FCOS 

 
Cascade 
RCNN 

 
Faster 
RCNN 

 
RetinaNet 
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c) Cityscapes 

The cityscapes dataset was created in 2016 by [20] to understand the semantics of urban street scenes. The 
data is comprised of a set of stereo video sequences and a total of 25000 images. 5000 of these images have 
high-quality pixel-level annotations; 20000 additional images have coarse annotations. Images are saved in 
.png format and annotation in JSON. However, the format of annotation differs from the ECP format. 

TABLE 1 Comparison of Datasets 

 
Cityscapes KITTI EuroCity Person 

Countries 3 1 12 

Cities 27 1 31 

Season 3 1 4 

Image 25000 14999 47335 

Resolution 2048 x 1024 1240 x 376 1920 x 1024 

Weather Dry Dry Dry-Wet 

 
 

Modules were tested on different datasets due to the uniqueness of each dataset and challenges, where each 
dataset uses its labelling, resolution and format. (Table1) shows the uniqueness of each chosen dataset. For 
instance, the ECP dataset covers 12 European countries in 4 different seasons, whereas KITTI dataset was 
collected in one country in one season. This fact affects the performance of modules. Moreover, the Cityscapes 
dataset was collected in three seasons. However, the weather is dry compared to ECP, where the weather is 
both dry and wet in some cases. 

Each dataset is first trained on two to three detection models, and then the result is captured as mean Average 
Precision. 

Performance Evaluation 

The performance evaluation metrices used for testing the algorithms and datasets are presented here. 

 
 

a) Precision 

Precision must be defined first to evaluate the training performance of the networks. Where it measures how 
many of the predictions that the model made were correct, and it is calculated as follows (Equation 1): 

 

ὖὶὩὧὭίὭέὲ =  !" 
!"#$"  

(1) 

 

where TP stands for True Positives (Predicted as positive and correct) and FP is the False Positives (Predicted 
as positive but was incorrect). 

 
 

b) Mean average precision (mAP) 

Mean average precision (mAP) is the weighted mean of precisions at each threshold; the weight is the increase 
in recall from the prior threshold. Computer vision researchers mainly use it to evaluate the robustness of object 
detection models. It is calculated by finding AP for each class and then averaging over a number of classes as 
follows (Equation 2): 

 

 
άὃὖ =  % В& 

 
ὃὖ' 

 
(2) 

&  '(% 

Several AP variations are used to evaluate the performance of the different datasets. AP overall average 
precision, AP50 average precision at IoU=0.5, AP75 average precision at IoU=0.75, APS, APM, and APL where S 
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stands for small objects with a pixel area of < 322 pixels. M stands for medium objects with an area range of 
322 < area < 962 pixels. L stands for large objects with an area of 962 < area pixels. AP was evaluated under 
IoU = 0.5: 0.05: 0.95 with AP: MaxDets = 100 (given 100 detection 100 image), IoU is the Intersection over 
Union of the boundary boxes. 

 
 

EXPERIMENT DESIGN 

The experiment was designed considering the uniqueness, image sizes, resolution, and labelling of the 
datasets. Further, the training and evaluation process is mentioned in this section. The four algorithms, namely, 
Faster RCNN, Cascade RCNN, FCOS and RetinaNet were trained on each of the chosen datasets and then 
tested on all datasets. 

 
 

Experimental Data Sets and Environments 

The experiment is conducted using the three chosen datasets, of which about 3000 1333*800 RGB road images 
are randomly selected from each dataset. Since the resolution was too large, direct training could cause GPU 
memory overflow, so a random cropping method was used to convert the images sizes into 1333*800-pixel size. 
A total of 50900 images were used for training. Images in ECP and Cityscapes contain photographs from 
different seasons and captured clouds, rain, and different weather conditions. However, this is not the case for 
the KITTI dataset, where data was collected in clear, clean weather conditions with no fog or other climate 
factors affecting the clarity of the dataset. All datasets were well labelled, where labels were used in deep 
learning algorithms for learning and evaluating the performance of the network The experimental training neural 
network was implemented using the PyTorch framework in Ubuntu 20.04, 3.6GHz Core I7 10700K CPU, DDR4 
3200Mhz 2X16-32GB quad-channel memory, and RTX2080Ti dual-card GPU. 

Training Dataset Pre-processing 

Before the training process, the data needed to be pre-processed. This was achieved by using ImageNet dataset 
to fine-tune and transfer learning. Additionally, to speed up the training of the model, NumPy and OpenCV 
techniques were used to batch convert the images into binary form and solidify them in npy numerical form on 
the hard disk, which facilitates the direct use of the detection network. After pre-processing, the datasets were 
split as follows: 

¶ Cityscape dataset: 60% of the data was used for training, 10% for validation, and 30% for testing. 

¶ KITTY dataset: 50% of the data was used for training and 50% for testing. 

¶ ECP dataset: 60% of the data was used for training, 10% for validation, and 30% for testing. 

A learning rate of 0.0001 was used for training. The training was performed for each combination of algorithm 
and dataset. In some cases, the training required long computational time and the results were not satisfying, 
which can be seen as a disadvantage when considering the network for real-time application. 

 
RESULTS & DISCUSSION 

The performance of the algorithms when trained on the Cityscape dataset are presented in table (Table 2). 
From the table, Cascade RCNN achieved the highest average precision compared to the other two algorithms 
on which the data was trained. Moreover, detecting large objects achieved high precision in all networks. 
However, the computational time is very high for all networks, and that can be seen as a disadvantage and 
requires modifications to be used in real-time applications. 
The detection precision of small objects seemed quite poor. 

Table 2 Results of Training on Cityscapes Dataset 
 

Method AP AP50 APS APM APL Training Time 

Cascade RCNN .42 .667 .196 .426 .617 21h 22min 

Faster RCNN .392 .646 .189 .393 .565 1day 15h 

RetinaNet .358 .582 .143 .353 .549 19h 29min 
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The next table (Table 3) presented the results from training the algorithms from ECP datasets. 

Table 3 Results of Training on ECP Dataset 
 

Method AP AP50 AP75 APL Training Time 

Cascade RCNN .529 .822 .579 .565 5day 7h 

Faster RCNN .550 .866 .606 .598 3day 5h 

FCOS .347 .694 .3 .406 3day 9min 

 
ECP is the largest dataset used in this paper and it required the longest training time. Comparing the results 

obtained from ECP and Cityscape, it is to say that algorithms showed better performance when trained on ECP 

data even though data was captured in 4 different seasons with different weather conditions and degrees of 

robustness. For instance, looking at the performance of Cascade RCNN at AP50, when trained on ECP achieved 

82% precision, while when trained on Cityscapes dataset achieved 66.7% performance. The training time for 

ECP dataset were significantly higher than that of the training time on Cityscapes dataset and the ECP data 

size is twice as much as Cityscapes dataset. 

Further the performance of the algorithms when trained on KITTI dataset and tested on all datasets resulted the 

following performance values (Table 4). 

 
 

TABLE 4 Results of Training on KITTI Datasets 
 

Method mAP AP50 Training Time 

Cascade RCNN .8849 .889 5h 38min 

Faster RCNN .8791 .879 4h 7min 

RetinaNet .8547 .855 1h 51min 

FCOS .8819 .882 10h 27min 

 
For KITTI dataset, mAP is calculated, and Cascade RCNN had the best performance compared to the other 

detection algorithms. In case of KITTI dataset all four algorithms were tested and the training time RetinaNet 

achieved is the best. Overall, the precision of algorithms when trained on KITTI dataset outperformed all 

networks, achieving more than 80% precision. Comparing results obtained from training on the three datasets, 

it can be said training of networks on KITTI achieved the best results; this is due to the size of the data and the 

conditions in which data was recorded. 

At testing stage, the testing time was always under a minute when tested on different datasets. Figure 2 

illustrates testing results. 

 
 

Figure 2 Illustrative testing results showing pedestrian detection 
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CONCLUSIONS 

This paper reviews the training and testing of different datasets using four detection algorithms. The algorithms 
were trained on one dataset and tested on multiple datasets to check the dataset-agnostic performance of the 
algorithms. The Cascade RCNN algorithm performed the best across the board, however the performance 
varied significantly for each different dataset. In general, the algorithms performed the best when tested on 
KITTI dataset. It can be attributed to the consistency of the conditions in which data was captured. In general, 
algorithms performed reasonably well when trained on ECP dataset. The training times were long, and dataset 
was captured in more variable situations. Algorithms when trained on KITTI dataset performed the best which 
may be due to the better lighting and weather conditions, i.e., images were collected in dry and clear weather. 
A significant inference drawn from this study is that better performance results may not be generated when 
tested on a larger training dataset; quality of the training images proved to be a key factor which influenced the 
performance of algorithms. Further, the use of original image resolution proved to be better for algorithm 
performances while alteration of the resolution to improve training time or computing cost. 

The performance of any algorithm was not consistent across the datasets, which indicates that none of the 
algorithms are ready for real-time application with guaranteed accuracy. Furthermore, applications in complex 
scenes with cloudy and rainy weather conditions may not be consistent with performance of the algorithms when 
tested on images captured in good-visibility conditions. Further research is necessary to improve the 
performance of algorithm by minimizing computational time and improving the consistency of detection accuracy 
before application in real-world. 
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Abstract 

The frequency and severity of disruptions, such as natural disasters and man - made accidents, have been 

increasing  in recent years. A resilient transport network  can effectively  resist the damage caused by various 

disruptive  events while  maintaining  its  basic functions  and facilitating  the active response to such disruptions 

and the rapid recovery of normal operations. Nowadays, numerous emerging digital technologies drive the 

further evolution of Intelligent Transportation Systems (ITS), making it a vital part of the digital transition in 

the transport sector. These advances in ITS bring closer connectivity between entities in transport networks 

and more collaborative  and smarter  management, which can help formulate  more efficient  policies to enhance 

transportation  resilience.  As an indispensable core component of the ITS, communication technology provides 

strong support for the inner connections of the transport network. However, the role of communication 

technology applied in ITS to improve transportation resilience has not been fully addressed. To this end, this 

paper reviews  the current  mainstream  communication  technologies in ITS and their  applications  and analyses 

their potential positive effects on improving the resilience of transport networks. This paper finds that 

applications of communication technology in ITS are possibly helpful to enhance transportation resilience by 

increasing the four main evaluation dimensions: robustness, redundancy, resourcefulness, and rapidity.  

Keywords: Communication Technology, Intelligent  Transportation  Systems, Resilience, Disruptive  Events, 
Transport Networks.  

 

Introduction 

Transport networks provide essential services for the movement of both passengers and goods, which are 

indispensable to daily trips, community activities, and even economic development. However, transport 

networks  are easily subject to various  disruptions  caused by natural  disasters  or man- made accidents, which 

makes them unable to maintain normal operation and even suffer from huge hazards [1]. The threat these 

disruptive  events pose to transport  networks cannot  be ignored, especially because these disruptions can  be 

unpredicted and will be severe year  by year. Therefore, the idea of resilience was adopted to help build more 

reliable and safer transport networks that can better respond to varied disruptions and alleviate relevant 

damage [2]. The concept of resilience  was first  used by Holling [3] to describe the ability  of ecological systems 

to maintain balance when facing environmental  change, and it has since been applied to all  sorts  of research 

areas. In the transport sector, resilience depicts the ability of transport networks to resist the impacts of 

disruptions and restore their basic performance [4, 5].  

Currently,  more and more innovative technologies, such as connected autonomous vehicles, adaptive signals, 

and shared vehicles, are being applied to the transport  network,  making travel  and traffic  management more 

integrated and intelligent. The presence of these innovative technologies and intelligent systems in the 

transport network is bringing new opportunities to improve the capacity of our systems when disruptions 

occur [6]. Therefore, it is extremely necessary to adopt various measures and policies to establish resilient 

transport  networks,  particularly  now that we are experiencing a large transformation  of the traditional  
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transport  environment.  It is noteworthy  that ITS have been working  on improving  the efficiency of control  and 

management in transport networks. As the core portion of ITS, communication technologies facilitate the 

information  flow  between transport  agents, strengthening  the inner  connection of transport  networks.  Thanks 

to this, a variety of innovative control and management measures can be taken to boost the safety and 

efficiency of transport networks.  

To better clarify the role of communication technologies in ITS in enhancing transportation resilience, this 

paper reviews  the features  and related  applications of mainstream  communication technologies and analyses 

how these applications  will  create a potential  positive effect  in each of the four  main evaluation dimensions of 

transportation resilience: robustness, redundancy, resourcefulness, and rapidity.  

The remainder of the paper proceeds as follows: The second section summarizes the mainstream 

communication  technologies in ITS according to communication  range and analyses the related  features. The 

third section introduces some applications of communication technologies in ITS based on different 

communication types. The fourth section analyses the potential role of relevant applications to enhance 

transportation resilience according to four main evaluation dimensions. The final section draws the main 

conclusion of this paper.  

Mainstream Communication Technologies in ITS 

In recent  years, numerous  communication  technologies have been applied in ITS to support  essential  services 

for information flows in transport networks. Regarding coverage, these communication technologies can be 

classified into three types: short - range, medium- range, and long- range communication technologies. This 

section summarizes mainstream communication technologies applied in ITS and analyses their features.  

Short-range Communication Technologies: 

Bluetooth, ZigBee, and UWB (Ultra - Wideband) are the main technologies  that are currently  applied for  short -  

range communication in ITS. Related features of each technology are shown in Table 1. 

 
 Table 1: Mainstream short-range communication technologies  

 

Technology Coverage Advantages Disadvantages References 

 
Bluetooth 

 
10m 

· Low power consumption; 
· Support to multimedia  

· Interference  with  the 
same frequency band 

 
[7-9] 

  information  communication devices  

 
ZigBee 

 
10m~100m 

· Low power consumption; 
· Support to mesh network  

· Interference  with  the 
same frequency band 

 
[9-12] 

  topology devices  

 
UWB 75m 

· High transfer  rates; 
· High security;  

· Relatively high power 
[13-16]

 
consumption 

 · High timing  accuracy  

Bluetooth can support  immediate communication in a piconet formed by devices equipped with  Bluetooth when 

they are in communication range [7]. This technology requires low power consumption and enables packet 

communication between multimedia for information of different types and sizes [7]. However, Bluetooth is 

vulnerable to the signal interference caused by those technologies using the same frequency band [8].  

ZigBee is a low- power communication  technology that addresses the demand for low transfer rates [11].  This 

technology can support mesh network topologies to provide multiple transmission paths [10, 11], thereby 

enhancing the robustness  of communication to some extent. But ZigBee is also possibly affected by the signals 

of other radio devices within the same frequency band [12]. 

UWB is a communication technology with a large bandwidth and high transfer rates [13, 14]. In particular, the 

impulse- radio UWB adopts wide bandwidth and narrow short pulses to enable safe and robust data 

transmission with high timing accuracy, which prompts its applications for communication in ITS [13, 14]. 

However, compared with Bluetooth and ZigBee, UWB has relatively high power consumption [15]. 
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Medium-range Communication Technologies: 

Current  wireless  technologies applied for  medium- range communication in ITS include DSRC (Dedicated 

Short-Range Communications) and WiFi (Wireless Fidelity). Table 2 shows related  features  of each technology. 

 
Table 2: Mainstream medium-range communication technologies 

 

Technology Coverage Advantages Disadvantages References 

 
DSRC Up to 1km 

· Dedicated access 
spectrum; 
· Low latency 

 
· Limited assurance of  

[17-22] 
quality of service  

WiFi 100m~300m 
· High throughput;  
· Low deployment cost 

· Risk of unstable 
connection 

[17, 23- 26] 
 

 

DSRC is designed to provide communication services in vehicular environments with a dedicated access 

spectrum [17]. This technology can improve safety through related  applications in ITS with  low latency [18, 19]. 

But it should be noted that DSRC cannot always guarantee the quality of communication service because of 

the constantly changing topology of the vehicular network and some poor line - of- sight situations [20 - 22]. 

WiFi provides Internet access to multiple devices in a local area network and also allows communications 

between devices with  high throughput  [24]. This technology can be deployed at a relatively  low cost [17, 23, 25], 

which is beneficial for its applications in ITS. However, the WiFi  signal connection could be unstable due to 

high vehicle mobility [17, 23, 26]. 

Long-range Communication Technologies: 

For long- range communication  in ITS, the main supporting  wireless  technologies include cellular  and WiMAX 

(Worldwide Interoperability for Microwave Access), whose related features are summarized in Table 3.  

 
Table 3: Mainstream long-range communication technologies 

 

Technology Coverage Advantages Disadvantages References 
 

Cellular  Up to 30km 
· High transfer  rates; 
· High market 
penetration  rate  

· High-speed Broadband 

· High deployment 
cost; 
· Risk of overload 

 
[17, 20, 22, 23, 

27] 

WiMAX Up to 50km 
access; 
· Flexible channel 
bandwidth selection  

· Risk of signal loss [28-30] 

 

Cellular  technology allows  ubiquitous communication between mobile devices and their  access to the Internet 

with high transfer rates [17, 20, 23]. Until now, cellular technology has experienced several generations to 

provide more reliable communication with lower latency and has been equipped with many devices [27], but 

its deployment costs are relatively  high [23]. Besides, cellular networks  may not be able to provide real - time 

communication due to the possible overload in high - density vehicle environments [17, 20, 22]. 

WiMAX can provide high- speed Internet access with a broad band to various devices in a wide coverage area 

[28, 29]. Its flexible  selection of channel bandwidth can support  different  kinds of ITS applications  [29]. However, 

WiMAX may suffer  from  signal loss caused by excessive user access requirements  to one single tower  or bad 

weather [30].  

Applications of Communication Technologies in ITS 

Stable and reliable communication between transport agents, such as pedestrians, vehicles, and 

infrastructure, in transport networks is one of the vital supports for the better performance of ITS. Vehicle -  

to- vehicle (V2V), vehicle- to- infrastructure  (V2I), and vehicle- to- pedestrian (V2P) communication  are common 

communication types, and related supporting technologies for each type are shown in Figure 1.  



Proceedings 
of the 

ITRN2023 

31st August & 1st 

September, 
ATU Sligo 

HU, CARROLL, MARTINEZ-PASTOR: The Contribution 
of Communication Technologies in ITS to Resilience 

 

113  

 

 
 

Figure 1: Applications of communication technologies in ITS 

Vehicle- to- vehicle (V2V) communication mainly guarantees the transmission of various driving information, 

such as location, velocity, and acceleration, between vehicles [16, 31]. By doing this, V2V communication can 

help vehicles perceive the driving  behaviors of surrounding  vehicles [32, 33] and identify  related  potential  risks 

in advance. Therefore, V2V communication is mainly applied to improve traffic security, such as congestion 

detection [33, 34] and collision avoidance [32]. As shown in Figure 1, there are many wireless technologies, 

such as Bluetooth [9], ZigBee [35], UWB [14], DSRC [36], WiFi [17], cellular  [17], and WiMAX [30], that can support 

V2V communication. 

Vehicle- to- infrastructure (V2I) communication enables the interaction between vehicles and road 

infrastructure  such as traffic  signal lights,  general  or dynamic signs, and various  embedded sensors [37]. This 

kind of communication can support  information  exchanges like  signal timing and be utilized  to manage traffic 

lights [16]. Related applicable communication technologies include Bluetooth [7], ZigBee [10], UWB [13], DSRC 

[19], WiFi [38], cellular [20], and WiMAX [16]. 

Vehicle- to- pedestrian (V2P) communication is used to transmit the position information of pedestrians and 

vehicles to each other  [16, 39], which is helpful  to applications like  warning  systems to guarantee the safety of 

pedestrians  [16]. Bluetooth [7], DSRC [40], WiFi [41], and cellular  [42] can be used to support  V2P communication. 

Role of Communication Technologies in Enhancing Resilience 

As mentioned in the third section, various communication technologies have been applied to boost the 

performance of ITS to further  improve the safety and efficiency of transport networks. It is worth noting that 

these applications  of communication  technologies can also have potentially  positive effects  on enhancing the 

resilience of transport networks, and the related details are analysed in this section.  

The concept of transportation resilience mainly involves related responsive features in two stages of 

disruption and recovery [2, 5]. Specifically, transportation resilience in the disruption stage focuses on the 

final performance that transport networks can maintain when their performance stops deteriorating after 

experiencing disruptions. In contrast, in the recovery stage, transportation resilience focuses on the 

investment of time and resources required to recover the basic performance of transport networks [43]. 

Regarding evaluation dimensions, transportation resilience mainly emphasizes four aspects: robustness, 

redundancy, resourcefulness, and rapidity [44]. Correspondingly, transportation resilience focuses on 

robustness  and redundancy during the disruption  phase and resourcefulness  and rapidity  during the recovery 

phase [43]. According to these four evaluation dimensions, Table 4 summarizes the possible contribution of 

some applications of communication technologies in ITS to transportation resilience.  
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Table 4: Potential role of communication technologies in enhancing resilience 

ITS applications 
Communication 

types 
Potential  positive 

effects 
Phases of resilience 

measurement  

 

References 
 

 

Vehicle collision avoidance  V2V Robustness Disruption   [45] 

Pedestrian collision  warning  V2P Robustness Disruption  [46, 47] 

Congestion detection  V2V Redundancy Disruption  [33, 34] 

Alternative route discovery  V2V & V2I Redundancy Disruption   [27] 

Traffic lights  pre- emption V2I 
Resourcefulness;

 
Rapidity 

Emergency vehicle warning  V2V; V2V & V2I 
Resourcefulness;

 
Rapidity 

Recovery [48] 
 

Recovery [49, 50] 

Intersection  capacity 
improvement  

V2V 
Resourcefulness; 

Rapidity 
Recovery [51] 

 

Robustness refers to the ability of transport networks to resist the negative effects brought on by various 

disruptive events. During the disruption phase, the transport network not only suffers from negative effects 

brought  on by disruptive  events themselves  but is also vulnerable  to various  man- made secondary accidents 

that can cause more unnecessary damage. Communication technology is helpful to avoid some man - made 

secondary accidents due to carelessness, which could enhance robustness to some extent. For example, 

collision avoidance is a popular application of V2V communication [45] that can contribute to decreasing the 

risk of collision accidents between vehicles. Besides, the warning system used for both drivers and 

pedestrians  is a major  application of V2P communication [46, 47], which can be used to avoid related  collision 

accidents between humans and vehicles. Note that although these applications can avoid some man - made 

accidents caused by physical damage, the high connectivity between transport entities brought by these 

applications also induces new man - made threats like malicious cyberattacks on transport networks.  

Redundancy refers to the content of alternatives that have the same function as other elements in transport 

networks. There is no doubt that more alternatives can help maintain the basic performance of transport 

networks  better  when disruptive  events happen, but some of them, such as roads, are not fully  utilized  during 

the disruption  period. When there are disruptions  in transport  networks,  drivers  can adjust their  trip  plans and 

choose another accessible route if they know related information before entering the affected area. In this 

case, more roads can be utilized  better  during disruption,  which could improve practical  redundancy. Therefore, 

applications like congestion detection [33, 34] through V2V communication can enhance redundancy to some 

degree. In addition, Parrado and Donoso [27] proposed a method to find alternative routes based on V2V and 

V2I communication for  subsequent vehicles when there is forward  congestion, which can also potentially  boost 

practical redundancy during disruptions.  

Resourcefulness refers to the ability to leverage a variety of available resources to help transport networks 

restore  their  essential  functions. Thus, the resourcefulness  of the transport  network  can be enhanced if more 

resources are available. Through V2I communication, traffic lights can be flexibly managed to allow the 

relevant emergency vehicles to pass first [48]. Besides, other kinds of vehicles can sense the mobility of 

related  emergency vehicles in advance through  warning  based on V2V [49] or both V2V and V2I communication 

[50], and they can provide better cooperation like early avoidance. Thus, these applications could help more 

necessary vehicles gather in  time at  the accident or  disaster site during  the recovery  phase. Apart from that, 

vehicles can form platoons through V2V communication to improve the capacity of intersections [51]. In this 

way, more resources can potentially be guaranteed to restore the basic functions of the associated 

infrastructure during the recovery phase.  

Rapidity refers  to the ability  to recover  the basic function  of transport networks  in a short  time to  avoid more 

influence. On the one hand, timely  evacuation is, to some extent, one of the decisive factors.  The application of 

platoon formation through V2V communication can improve the capacity of intersections [51], which could 

facilitate  more vehicles evacuating in time during the recovery  phase. On the other  hand, resourcefulness  can 

also contribute to rapidity since it can guarantee the ability to recover the basic performance, which thereby  
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partly  determines  the response speed. Hence, in the recovery  phase, it  is also potentially  beneficial  to enhance 

rapidity by improving  the intersection  capacity through  the formation  of platoons [51] and providing priority  to 

emergency vehicles through traffic light pre - emption [48] and early warning [49, 50].  

Conclusions 

A resilient transport network can resist various disruptions well and guarantee its basic functions for safety 

and reliability. Advances in digitalization transitions like ITS bring new potential solutions to enhance 

transportation resilience, and communication technology is one of the key enablers of ITS. Therefore, this 

paper reviews mainstream communication technologies applied in ITS currently according to their 

communication range and analyses their  possible positive roles  in enhancing transportation  resilience  based 

on related  applications of different  communication  types. Through related  analysis, this  paper finds that there 

is scope to increase the four main evaluation dimensions of transportation resilience by these applications, 

including robustness, redundancy, resourcefulness, and rapidity.  

· Perception of the driving environment through communication can potentially enhance the robustness 

of the transport network by reducing its vulnerability to various unnecessary man - made secondary 

accidents caused by carelessness during the disruption phase.  

· Redundancy could possibly be increased by improving the actual utilization of roads during the 

disruption phase by detecting disruptions and selecting alternative routes through communication before 

vehicles are disrupted.  

· Through communication, intersection  capacity can be improved by the formation  of platoons, and priority 

right - of- way for  emergency vehicles can be provided by traffic  light  pre- emption and early  warning, which 

can potentially guarantee more available resources during the recovery phase and thereby enhance 

resourcefulness.  

· Through communication during the recovery  phase, rapidity  could possibly be boosted in two respects: 

Intersection capacity improvement by the formation of platoons could increase the evacuation  speed; and 

the enhanced restore ability due to more available resources by providing priority right - of- way for 

emergency vehicles and intersection capacity improvement through platooning could increase the 

response speed. 

For future  research  direction,  it  is worthwhile  to quantitatively  analyse the specific effect of current  promising 

applications of communication technologies in ITS on enhancing transportation resilience. Moreover, 

challenges due to the high connectivity, such as how to alleviate the influence on transportation resilience 

caused by the cascading damage from cyberattacks, need further consideration.  
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ABSTRACT 

In developing countries, city traffic is growing at an unprecedented rate. Due to the rapid 

urbanization, the exponential increase of vehicles is leading to congestion, pollution and accident 

menace. Like many metro cities around the world, Delhi is also facing traffic congestion problem. 

One of the main causes of congestion is parking. Parking in commercial/ market areas is one of the 

main problems for the past few decades. Drivers often waste a large portion of their travel time in 

hunting for a suitable parking space. This search for parking space burns a large amount of fuel 

every day, which directly affects the environment. In order to improve the condition, it is necessary 

that the existing system is continuously improved and technological solutions are implemented to 

reduce vehicular congestion, pollution and parking problem in the city. The focus of this paper is to 

investigate the existing problems of parking in Delhi and the need for a new user-friendly system to 

regulate and optimize the parking space. A system that gives the comprehensive solution for 

finding a best possible parking space depends on several factors such as spatial/ temporal 

availability of a parking space and connectivity between parking and destination. This study 

proposed an Artificial Intelligence (AI) based parking system to allocate a suitable parking space 

under the existing circumstances. But the only limitation of this system is non-availability of 

hardware/ software in the parking lot to coordinate with the online portal. 

 
Keywords: Eco-friendly, smart parking, traffic congestion, parking space reservation, Delhi 

city 

 

INTRODUCTION  

Indian cities are growing at a rapid pace and more people are being attracted towards these cities 

for better prospects. This has significantly augmented the travel demand especially in metropolitan 

cities. People use various means of transport to fulfill their day to day travel needs. In spite of 

various public transport majority of commuter prefer personal means such as two wheelers and cars 

due to its all time availability and last mile connectivity. Cars have added advantage of increased 

comfort and safety as compared to two wheelers. Due to this a steady increase in car ownership has 

been recorded in cities. Due to the increasing number of vehicles, traffic congestion and parking 
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related problems are also increasing at the same pace. One of the main causes of traffic congestion 

is searching of suitable parking. According to report [1,2], it is calculated that approximately 30- 

35% of the traffic congestion is caused by the drivers searching for suitable parking spots and, on 

an average, a driver spends about 20-25 min finding a parking spot. As per the report by CRRI [3], 

it is estimated that more than 95% of the time in a year either a car is parked at the residence or in 

office. Since the availability of space is limited, the gap between parking supply and parking 

demand have been increasing with time, especially for metropolitan cities, like Delhi. As per the 

economic survey report [4], Delhi had around 28 per cent four wheelers among 1.18 crore of total 

motorized vehicles ( as shown in Figure 01) and still the number of vehicle increasing continuously 

at a rate of 4.4% per year, as shown in Figure 2. As Delhi is one of the largest commercial, 

education and tourist attraction centre of North India, around 22.62 million visitors come to Delhi. 

Most of the visitors from National Capital Region (NCR) and counter magnetic areas (CMA) come 

using their own vehicle further increasing the demand of parking. Government and Transport 

authorities implemented many parking policies and parking management plans [3] to balance the 

supply of parking but all the method was not implemented successfully. 

Figure 1: Percentage of vehicles population in NCT of Delhi (source: Economic Survey of Delhi, 

2020-21) 
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Figure 2: Vehicular growth in NCT of Delhi (source: Economic Survey of Delhi, 2020-21) 

 
On extensive study and review of exiting data and survey, is it concluded that the existing system is 

not efficient to handle the current demand of parking. Many urban planners focus on the smart 

parking as an innovative solution for planning and management of parking related problems. 

Therefore, this study proposes an Artificial Intelligence (AI) based parking system. A system in 

which drivers get the information about the availability of parking spots based on real time image 

processing technique. Thus, the proposed AI based parking system plans to improves the utilization 

and efficiency of existing parking facilities. 

 

Literature  Review 

Due to the increasing number of vehicles, traffic congestion and parking related problems are also 

increasing at the same pace. One of the main causes of traffic congestion at market/commercial 

places is commuters' who faced difficulty to park their vehicles due to the shortage of parking 

space and lack of information on available parking slots, especially when a new and unknown 

vehicle enters the market place. In order to solve these difficulties, it is necessary to study the 

existing parking condition and characteristics. Several researches have been conducted on parking 

in the past few decades. Number of researchers published many algorithms and models which have 

been proposed to analyse parking issues and reduce the problem of traffic congestion, such as 

PARKAGENT [5], multilayer [6], CLAMP [7], parking accumulation by cluster analysis technique 

[8]. Shoup [9] stated that even a short period of time spent on search for parking will create 

considerable traffic congestion. Paul C. Box [10] investigated the congestion caused by on-street 

parking, which might help traffic authorities and planners to enhance traffic safety and efficiency. 

In [11], J. Parmar, suggested to install a digital or manual board at the parking lot's entrance 

that displays information on the status of parking spaces and the quantity of available 

unoccupied spaces. 
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In Delhi, the parking space is limited due to the old areas are pre-planned and no optimum 

technology is used for the parking system. The parking information system (PIS) is used by traffic 

authorities in many parking in Delhi. The PIS uses screens installed at major intersections and 

streets to display dynamic information regarding available parking in the form of a message display 

on board. This helped in reduce driving time to find an available parking spot [12]. However, the 

information provided by PIS is limited and does not provide complete information of the nearest 

parking facility, its availability status, or least congestion route destined to parking location. 

Unsystematic parking is also a common parking problem in Delhi. It leads to inefficient use of 

parking space because no parking space is marked. 

 

METHODOLOGY  

The major steps involved in this research are categorization of existing parking resources and 

collection of data for pertaining to parking problems by means of questionnaire survey. 

Existing condition of parking in Delhi 

The conditions of parking system in NCT of Delhi can be classified into two groups. First group is 

parking information system group (PISG) and the second is parking reservation group (PRG). The 

PISG type of parking system gives the information about the parking location and capacity of 

parking spots, using sign boards. It is used in the entire Delhi, such as Chandni Chowk Parking, 

Red Fort Parking and various other tourist attraction centers. The main drawback of this system is 

that the users do not get sufficient information regarding availability of vacant parking spots at 

those locations. In PRG system, the users can get the information regarding availability of parking 

spaces and can also book in advance of their arrival at the parking location. The major drawback 

with PRG system is that the users still cannot reserve a specific parking spot within the facility. 

Such type of system is available at Palika Bazar and Cannaught Place. 

Data Collection 

 
The data required for the study were collected from car owners by questionnaire survey. A 

questionnaire was prepared after the extensive study and review of literature and exiting survey. 

Data was collected by using physical as well as Google forms. Physically, data was collected on 

the week days of December, 2021 at the various entry toll booth of NCT of Delhi. For each toll 

booth, the data were collected from 09:00 am to 12:00 Noon and 05:00 pm to 08:00 pm at late 

evening. A questionnaire form has been designed to record the origin of visitors, reason for 

visiting Delhi, frequency of visit, destination point in Delhi, any parking problem faced by them, 

parking duration and the requirement of AI parking system. All the questions were clearly 

explained to respondents and their responses were recorded in forms. 

Data Extraction 
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A total of 672 responses with complete information were extracted and summarized in Microsoft 

excel. Incomplete responses were excluded from the analysis. Data was coded and entered into 

excel sheet, such as gender is categorized into Male (1) and Female (2), employment status consists 

of five categories- Unemployed (1), Job (2), Self Employed (3), Student (4) and Home Maker (5). 

To estimate the efficiency of proposed system, a question ñWill the applicant interested in booking 

the parking spaces in advance with the help of smart phone?ò was asked. The response categories 

were ñYes (1) and No (2)ò. 

 

RESULTS AND DISCUSSION 

The summarized data of questionnaire survey are shown in the foregoing section. The sample 

consist majority of male respondents. In terms of employment status and frequency of visit, the 

sample has mixed distribution. However it can be observed that a majority of respondents are 

businessman and they used to come twice to thrice a month and spend average eight to ten hours in 

Delhi. The percentages of visitors at different districts are shown in Figure 3, using their own 

vehicle (four wheeler) with their percentage (shown in figure 4). It is estimated that 24% from 

Delhi, 47% from NCR, 29% from CMAs respondents faced the parking problem when they come 

to visit different areas of Delhi having different reason, as shown in figure 5. The comparative data 

of visitors from NCT of Delhi, NCR and CMA are shown in Figure 6. It is also estimated that some 

locations like Chandni Chowk, Lajpat Nagar, and Cannaught Place, suffered from congestion even 

parking lots having 12-15% vacancy only because of improper management and lack of required 

information system. Further, this data was also helped in calculating the percentage of requirement 

of AI based parking system and efficiency of system. To estimate the requirement and efficiency of 

proposed system, a question ñWill the applicant interested in booking the parking spaces in 

advance with the help of smart phone?ò was asked. About 80.6% of respondents were interested for 

the same. 
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Figure 3: Location of study in NCT of Delhi (source: Delhi districts map) 

(Legend : 1. North west Delhi, 2. North Delhi, 3. North east Delhi, 4. Central Delhi, 

5. New Delhi, 6. East Delhi, 7. South Delhi, 8. South East Delhi, 9. South west Delhi, 

10. West Delhi, 11. Shahdra) 

 
Figure 4: Percentage of visitors comes to Delhi 
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Figure 5: Percentage of reason for visiting Delhi 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6: Percentage of visitors comes to Delhi 
 

Proposed Solution 

 
As per the report, an estimated number of over twenty two million visitors per year come to Delhi 

from different part of India. These visitors faced the parking problem in most of the areas. So, from 

the study of existing condition of parking and survey data, it is clear that the existing system 

require an optimal utilization of available space. Thus, it is necessary to have a system that the 

technology must be perfectly reliable to overcome the issue of parking. Therefore, the author 

proposed an AI based parking system for Delhi to overcome the problems that arise throughout the 

year. The implementation of proposed system is one of the suitable and efficient idea for Delhi. 

The proposed AI based system gives the information about the available parking spot, location of 

available parking space, and the suitable route while considering the userôs destination and the 

traffic congestion. It helps in minimizing the searching time and worthless drive of the car. The 

calculations of the proposed system are executed based on the data of questionnaire survey 

conducted by the author. The authors studied the entire area under three regions with low and high 

traffic intensity region, commercial activities region and the tourists spots presented in that area 
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Requirement for  implementation of proposed system 

The system required smart phones, monitoring system (camera) and Internet (wifi) radars. The 

information of vacant spaces will record by the cameras and updated on the cloud (server) in real 

time with the help of AI based application. The data of parking space such as capacity, departure 

and arrival time of vehicles, and the number of vacant spots, are collected and then sent to the 

server of parking lots. With using the smart phone application, the driver gets this information and 

reserves the best possible parking space based on convenience to their destination, as shown in the 

Figure 7. They obtained the parking space based on the real time data with no reservation conflicts. 

The proposed system will also help in choosing best possible route from the initial position to the 

parking lot and then to the destination. Based on the algorithm used by the Mohammad et al. in 

[14], first find the best path to the parking space and choose the optimal parking spot in the parking 

lot based on decision-criteria, depends on both parking location and the userôs destination. Thus, 

the average time to search the parking is reduced while ensuring the system is proficient for the 

whole process. 

 

 
Figure 7: Flow chart of proposed AI  based parking system 



Ahad, Kidwai: Need of AI  based parking system in 

congested areas of Delhi 

Proceedings of 
the ITRN2023 

31st August & 1st September, 
ATU Sligo 

 

126  

 

CONCLUSION 

The main objective of this paper is to overcome the parking problem of visitors of different region 

which creates huge demand of parking. This study proposed an AI based parking system to allocate 

a suitable parking space under the existing circumstances. But the only limitation of this system is 

non-availability of hardware/ software in parking lot to coordinate with online portal. There are 

many advantages of AI based parking system [15, 16]: 

- It is safe and secure because all the information is enclosed within the gateway. 

- Optimize parking space utilization. 

- Guide visitors in finding the suitable vacant parking. 

- It is more reliable than conventional parking 

- Accurately predict occupancy of parking space in real-time. 

- It is always connected to car owner and parking staff through the single communication 

system. 
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Abstract 

The decarbonisation of vehicles is a critical  aspect that is being adopted in many industries  and sectors  in the 

combat against climate change. The mining and quarrying sectors have a keen interest in electrification due 

to the large - scale vehicles in use and the over reliance on hydraulic systems which also consume harmful 

fossil  fuels. This collaborative  project  is currently  undertaken in conjunction with  Terex, a major  manufacturer 

of large - scale mining and quarrying machinery who have adopted a decarbonisation strategy for their 

products. Full electrification of the vehicle propulsion system and an electrified alternative for the hydraulic 

system is required to achieve decarbonisation.  

Propulsion systems for most vehicles typically consist of wheeled systems which can readily utilise current 

electric vehicle technology to arrive at suitable solutions. In the context of this work, continuous track drive 

systems are investigated, specifically  the feasibility  and efficacy of converting  the track  drives to electric.  The 

complexity of the track drive system arises from the multitude of moving parts present, and the extensive 

analysis that is required to verify and investigate the power requirements for the mechanism. Duty cycle 

characteristics of  general use cases must be identified for  current systems so  that the manipulation  of these 

cycles can be applied in an electric system. The determination of these duty cycles is largely dependent on 

simulation - based work to determine the power requirements for the tracks from the hydraulic system, and 

as such is the focus of this work. The findings of both the research and simulation work can then be used to 

inform intelligent design decisions to ensure that sufficient and optimal choices are made for implemented 

technology and components. 

Keywords: Tracked Vehicles, Electrification,  Simulation, Decarbonisation 
 

Introduction 

Vehicle electrification  is an important  facet in the combat against climate  change via decarbonisation. Despite 

the major focus in the area being centred on the transport sector, there are many relevant areas where 

electrification must be incorporated and applied also. The aim of this paper is to detail and review relevant 

published literature  and previous efforts  concerning the modelling  and simulation  of track  drive systems. The 

aim of this work is to determine and develop an effective strategy for the electrification of a tracked vehicle, 

specifically, a mobile rock crusher.  

The primary motivation for electrification is the reduction of greenhouse gas emissions produced by the 

internal combustion engine system which is present in many vehicles that are currently in use. From an 

engineering perspective, the implementation of an electric drivetrain yields higher operating efficiencies 

compared to fossil fuel - based systems [1]. The possible safety standards and systems for an electric system 

are much more robust than those available for the current systems due to the more versatile and expansive 

control methods offered by electronic components. The required maintenance of an electric machine is 

reduced in comparison to the current configurations, mainly due to the reduced number of required moving 

parts which allows the machine to function for a longer period before necessitating maintenance. The 

combination of an increased efficiency machine, improved safety systems and reduced maintenance, results 

in a lower overall operating cost and increased uptime which creates a greater output yield. Ultimately, the  
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lower potential downtime of the machine for the electric system vastly outclasses the same factors for the 

conventional fossil  fuel internal  combustion engine. From an environmental  perspective, the electrification  of 

any vehicle is to primarily reduce, and ideally eliminate the carbon dioxide and other greenhouse gas 

emissions. In this case, the hydraulic  system that is employed alongside the internal  combustion engine (ICE) 

is also to be replaced by a completely electric system. This is desirable due to the reliance of the hydraulic 

system on a fossil  fuel based working  fluid  (hydraulic  oil), which has the potential  to leak into the environment 

causing additional damage, along with the carbon emissions associated with the main engine drive of the 

machine. 

The specific application of this research is on a mid - range mobile rock crusher developed by Terex. The 

machine is predominantly employed in quarry sites to reduce large rock to crushed rock aggregate for 

construction and maintenance uses and enabling easier transportation of the crushed rock. The track drive 

system of the rock crusher is used to transport the machine to the desired area so that the mined rock and 

stone from  the quarry  can be crushed. The track  drive is generally  under a reduced working  load in comparison 

to the crusher  head in the crushing  chamber of the machine because once the machine is moved to the correct 

location, it can proceed to crush for a long period of time before transiting again. The track drive system is 

currently  powered by an internal  combustion engine which in turn  powers  the hydraulic  system in the machine. 

The hydraulic pump is the primary power source for the various instances of hydraulic circuitry throughout 

the machine. A typical machine configuration consists of the hydraulic system powering the: crusher head 

within  the chamber, the various conveyors transporting aggregate into  and out of the crushing chamber, and 

the track drive system. The power for the tracks specifically is transmitted from the hydraulic pump to a 

hydraulic  motor  and gearbox assembly on each track. An example of a track  drive system  is shown in Figure 

1. 
 

Figure 1: Midrange Mobile Rock Crusher Track Drive Side View 
(Image Courtesy: Terex) 

 
The shift from hydraulic systems to electric systems necessitates a change in design philosophy i.e., 

specifications of the hydraulic system are sized for the maximum possible requirement, but the demand 

associated with  the continuous operating level  of the hydraulic  system it typically  significantly  less. The cooling 

required for the hydraulic system is also extensive due to the oversized capacity, thus exacerbating the 

inefficiency. Additional  capacity in a hydraulic  system necessitates  a larger  volume of fluid  to be circulated  for 

even the simplest  function of  the machine and in low load  use cases resulting  in a significant  power  demand. 

Having the same additional  capacity incorporated  into an electric system is not  as inefficient as  the hydraulic 

system since the fundamental principal of operation differs due to the lack of a physical fluid that does not 

move or shear and thus generate heat.  

Extensive research  exists  in literature  regarding  the specifics  of simulating  the operation of tracked  vehicles. 

The various  approaches taken include a force analysis of thrust  and shear forces  in [2], velocity  generation in 
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[1] and frictional & steerability/steering dynamics models in [4].  Each of these models provide unique 

perspectives on the area of track simulation and can be refined and combined to incorporate the relevant 

areas of each into the power generation model for the mobile rock crusher.  

 

Literature Review 
 

Tracked Vehicle Overview 

Tracked vehicles are a specific type of vehicle that are primarily  employed in uneven, rough and unpredictable 

terrain.  The principal  difference  between a tracked vehicle and a typical  wheeled vehicle as the name suggests 

is the addition of the track system which propels the vehicle rather than only the wheels commonly found in 

other vehicles. The track system is necessary in vehicles employed in specific working sites that are 

representative of the rougher terrains such as mining, quarrying and construction working areas. The initial 

development of continuous track  technology can be traced back to the 19th century  with  a patent filed by Stith 

for his initial design of the system [6]. Following this patent, multiple vehicles and machines began 

incorporating  the track  technology proposed by the patent. The geometry and configurations  of track  systems 

has been constantly evolving since this point and has stagnated  to an agreed upon design which can be seen 

to be incorporated  in many of the available tracked  vehicles such as excavators, loading shovels  and various 

military vehicles.  

The track drive system allows the vehicle to negotiate rougher and uneven terrain more easily than wheeled 

counterparts due to the increased traction provided by the increased contact area of the tracks [2]. The 

potential payload that a tracked vehicle can transport is also far greater than a comparable wheeled vehicle 

due to the wider weight distribution afforded by the larger surface area of the tracks compared to wheels. 

Modelling the operation of the track  drive is complex due to the configuration  of the mechanism in comparison 

to similar  models of wheeled vehicle counterparts.  The interaction  between the ground surface and the surface 

of the tracks is intricate due to the various forces at play, increased frictional effects and the reaction of the 

ground to the vehicle traversing over it [7]. Previous attempts at track drive modelling and simulation have 

been conducted as part of individual design exercises for distinct vehicles ranging primarily from military 

applications [8, 9, 10] to articulated track vehicles [11]. 

A series of publications from Wong, a leading author in the field developed an effective analytical framework 

to investigate a multiple factors and aspects of the track drive [12, 13, 14, 15, 16, 17]. The series of publications 

led to the creation of a computer  simulation  model for  tracked vehicles that could combine the variables  found 

in the publication to best represent the function of a tracked vehicle. The simulation program is unavailable 

due to the distinct difference in available computer technology from the 80s to the present day, but this 

collection of work serves as a significant platform for developing a similar and more applicable simulation 

model using modern simulation software.  

 
Track Drive Modelling and Analysis 

An early attempt at tracked vehicle modelling occurs in [18] by Steeds where a detailed analysis model was 

constructed which built the foundation for many of the subsequent analyses and research endeavours. The 

primary idea put forward by the initial analysis by Steed was in relation to the action of  skid steering and the 

formation  of shear stresses  between the tracks  and the ground. The assumption that the delivered force obeys 

the Coulomb law of friction was critical in developing the method to quantify and describe the behaviours of 

the forces acting during the operation of the tracked vehicle. Subsequent exploratory texts of track drive 

analysis combine the base ideas proposed in [7] and [18]. Each prior instalment of analysis played a 

contributing factor in the next, creating an observable timeline in which the developments between each 

publication  can be defined. The analysis proposed by each author  includes a numerical/mathematical  definition 

of the behaviour of the tracked vehicle which  in turn  assists  in the creation  of a simulation or analysis model 

to determine  the expected parameters  of the tracked vehicle operation. The relevant  parameters  investigated 
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by these texts  include a combination of: force analysis, linear  and angular  velocities, accelerations,  steerability 

and steering dynamics [3, 4, 19] of varying degrees of detail to describe and model the function of tracked 

vehicles. 

Steering dynamics and characteristics  have become a significant  interest  of many research  endeavours [3, 4, 

19], namely due to the complexity  of the behaviour of tracks  while  turning.  Several approaches investigate the 

analytical  aspects of steering  to develop models that can determine  kinematic  parameters,  while  Shiller  in [19] 

the accuracy at which a vehicle can follow a specific path is investigated to determine similar kinematic 

parameters such as shear forces and slip velocities. The work presented by [19] is related primarily to the 

development of autonomous systems to pilot a particular tracked vehicle, but the modelling procedure and 

mathematical  aspects are widely applicable to general tracked vehicle models. An important  aspect proposed 

by this  approach is the inclusion  of a validation mechanism within  the mathematical  components of the model. 

By introducing  a specific non- holonomic dynamic constraint,  the number of degrees of freedom present  in the 

model can be reduced to a manageable amount while  ensuring  that the theoretical  behaviour of the modelled 

ıÙëíÎúÙ íĚ íĀÓíÎÀġíıÙ Ćæ ġëÙ ÀÎġĥÀú ıÙëíÎúÙ˫Ě ÌÙëÀıíĆĥĖː This is achieved with the constraint of only permitting 

the vehicle to instantaneously move in one specified direction and preventing the same in others [20]. This is 

crucial for tracked vehicles due to the difficulty posed by a tracked vehicle aiming to negotiate a turning 

manoeuvre in comparison to simple forward and backwards motion. A simplified representation of the 

relevant parameters for turning and locomotion of a tracked vehicle is shown in Figure. 2.  
 

 
 

Figure 2: Simplified Diagram of Relevant Tracked Vehicle Parameters 

The turning or cornering of a tracked  vehicle differs significantly to a comparable wheeled  vehicle due to the 

increased frictional  effects  and resistive  force  acting against the tracks  impeding the desired motion. In [21], a 

theoretical analysis is conducted to develop a series of derivations to obtain specific equations of motion for 

completing a uniform circular turn on a level surface. This can facilitate various kinematic parameters to 

ēÙĖæĆĖÿ À ÓĴĀÀÿíÎ ÀĀÀúĴĚíĚ Ćæ ġëÙ ıÙëíÎúÙ˫Ě ÌÙëÀıíĆĥĖː +Ćġë ˚ʵʷ˛ ÀĀÓ ˚ʶʶ˛ ÎĆĀĚíÓÙĖ ġëÙ ÙææÙÎġĚ Ćæ ġÙĖĖÀíĀ

characteristics  on the steerability  of a tracked  vehicle by investigating both firm and  soft  terrain.  Specifically, 

both approaches include the act of skid steering which is a typical method for conventional tracked vehicles 

to turn  by propelling  one track  and reversing  the other  to effectively  complete the desired manoeuvre. Again, 

the work  of [18] is intrinsically  linked to the development of each model due to the development of a descriptive 

methodology to determine the effects of shear stresses on the tracks in relation to the terrain surface.  

The analysis presented in [16] focus on the performance  metrics  of the tracked vehicle based on three methods 

of quantifying and describing the behaviour and interactions  of the tracked vehicle and the terrain  it  traverses. 

Initially,  only the empirical  and theoretical  methods are outlined, indicating the advantages and disadvantages 
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of each approach. The authors  propose that the use of mathematical  approaches, an approach taken by many 

researchers  including this, can only be justified  with  a combined understanding of the empirical  and theoretical 

models. The complexity of the interaction between the track and terrain increases the difficulty of creating a 

predictive  analysis model. The result  of this  complexity  is that both empirical  and theoretical  methods are not 

sufficient  alone to arrive  at a functional  representation  of the reality  of the interaction.  The empirical  methods 

are primarily  use test result  data from  multiple  datasets for  various track  configurations  and terrain  conditions 

to create a reference model that facilitates combinations of track and terrain interactions.  

Terramechanics is an analysis of the efficiency and effectiveness  of vehicles on non- uniform  terrain.  For such 

ÀĀÀúĴĚíĚ ÀĀ ÙĳēĖÙĚĚíĆĀ æĆĖ ġĖÀÎġíıÙ ÙææíÎíÙĀÎíÙĚ íĚ ÓÙĚíĖÙÓː ¢ëíĚ íĚ ÀÎëíÙıÙÓ íĀ GÀĖÌÙĖ˫Ě ĲĆĖ÷ ˚ʶʷ˛ ĲëÙĖÙ À

tractive  efficiency equation is derived for  a tracked vehicle, similar  to the pre- existing expression  for  wheeled 

vehicles. The final expression of the analytical derivation is attained in a similar manner to the derivation of 

the wheeled vehicle expression. Initially, the energy process is adopted to determine the relevant points of 

interest such as tractive, resistive, shear and driving energies. By converting the relevant energies to forces 

and combining the required  formulative  equations, the expression  for  the tractive  efficiency can be determined. 

It is evident from the components of the expression that the tractive efficiency for a tracked vehicle is 

dependent on several factors including the soil characteristics, vehicle weight, track dimensions, track slip 

and a transmission coefficient that represents the type of transmission mechanism employed in the vehicle. 

The result of the work conducted in this paper is the development of Equation 1:  
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Equation 1: Tractive Efficiency Equation [23] 

Where: v = transmission efficiency coefficient, jm = maximum shear displacement, L = track length (m), ɖ = 
pressure coefficient, W = vehicle weight (N), s = track width (m), n = number of support wheels, I = vehicle slip 
angle (rads). 

The mathematical  behaviour of the expression is investigated with  a numerical  analysis process that includes 

setting a multitude of differing boundary conditions and checking a multitude of physical states to obtain the 

maximum possible tractive efficiencies and behaviours of tractive, shear and resistive forces for each 

configuration.  The resulting  analysis amounts to the discovery that the maximum tractive  efficiency and force 

do not occur at the same point during operation. The maximum or limiting  efficiency is then further  defined by 

relating the result of the expression to an optimum slip angle for the other included and related parameters.  

 
Current Electrification Endeavours 

Decarbonisation of heavy- duty machinery is currently achieved by implementing hybrid systems that use 

combustion engines to power electric generators which, in turn, power electric components. Several papers 

provide an overview of the current hybrid technologies implemented in various heavy - duty mining and 

construction equipment [24, 25]. The closest similar vehicles to the rock crusher are excavators due to the 

tracked systems present  in both. Fully electric  configurations  for  excavators  do exist but are usually  employed 

in small  scale and weight  models due to the limiting  battery  technology and associated operating duration  [26, 

27, 28]. 

 
Literature Review Summary 

This literature review has provided a comprehensive overview of the development and analysis of tracked 

vehicles. Tracked vehicles, distinguished by their  track  propulsion  system, offer  enhanced traction  and weight 

distribution compared to wheeled vehicles, making them ideal for challenging working conditions found in 

mining, quarrying, and construction sites.  
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This review  has delved into the complexities  of modelling  the operation of track  drives as proposed by previous 

works  which emphasise the intricate  interaction  between the tracks,  terrain  and the behaviour of the various 

relevant  kinematic  parameters.  The work  of Wong and other  authors  has been instrumental  in establishing  an 

analytical framework for investigating various factors and aspects of track drives, ultimately leading to the 

development of a computer simulation model for tracked vehicles. The analysis of track drive behaviour, 

particularly in steering and turning, has been a significant focus of research endeavours. The review has 

highlighted  various approaches that investigate the mathematical  aspects of steering  and determine  kinematic 

parameters. The work of Shiller, in particular, has provided valuable insights into developing models for 

autonomous systems, with a specific emphasis on validation mechanisms and non - holonomic dynamic 

constraints.  

In summary, this literature review has provided a comprehensive understanding of tracked vehicles, their 

historical development, modelling challenges, and analysis of track drive behaviour. The identified research 

gaps and proposed avenues for future work, such as the development of more applicable simulation models 

and exploration of electric configurations, offer valuable insights for further research and advancements in 

the field of tracked vehicles.  

 

Discussion 

Building a representative and accurate simulation model for track drive operation requires a robust 

mathematical understanding, as presented by the prior modelling attempts found in the literature review. 

There is an apparent gap in the literature  in the power demand and consumption of the tracks  during operation. 

This is an essential factor in the specification of the electric replacement components for the track drive. A 

leading area of current research is focused on the accuracy and automation of tracked vehicles to conduct 

extended exploration  of terrain  i.e., where a person may be unable to navigate difficult  and dangerous terrain 

on an unpredictable  surface planet [5]. The findings of this research  are not particularly  applicable to this work 

due to the difference  in scale i.e., comparing small  rover  type vehicles to very large  machines weighing upward 

of 50 tonnes, and the influence of gravity. Steering characteristics  and track - terrain  interactions  have however 

been covered extensively  from  various perspectives  and has greatly  informed  the relevant  considerations  that 

must be made for the simulation of the track drive system [3].  

Works conducted thus far propose a mathematical based model which is theoretically inclined and assumes 

that the desired power is always readily available, essentially indicating a lossless ideal configuration. A 

further  refinement  of the hydraulic  system can account for  this  slight  inaccuracy by introducing  more complex 

components to account for  more aspects of the hydraulic  circuitry  than is currently  incorporated  in the model. 

 

Conclusions 
The objective of this paper was to detail  the relevant  published literature  related  to track  drive modelling  and 

simulation.  The works reviewed consist of various mathematical approaches to develop representative 

models and eventual simulations  for  track  drive systems in a multitude  of configurations.  These prior  attempts 

at track drive simulation are essential for the conversion of heavier duty vehicles and indeed passenger 

vehicles, to counteract the challenges of climate change. Decarbonisation of the quarry environment is 

important since the extraction of raw materials must also be conducted sustainable manner, and the 

electrification of the rock crushing aspect of the machine is only one part of the process.  
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Abstract 

The private  car  is the  dominant  method  of  transport  in  Ireland  with  over  2 million  cars  

currently licenced  [1]  and  the  principal  emitter  of greenhouse  gases (GHG) [2] . The transport  

sector  has been targeted  by the  Irish  government  as a key area  where  GHGs can  be drastically  

reduced  [3]  and  a fundamental  plan  within  the  governmentõs strategy  is the  electrification  of the  

private  car  fleet  [4] . 

The lithium -ion battery  (LIB) will underpin  this  strategy.  Electric  vehicles  (EV) extensively  use LIBs as 

an energy source, however LIBs have a limited lifespan [5] . LIBs are subject to a chemical and physical 

process known collectively as battery degradation, which limits the batteries capacity to hold a charge 

with time [6]ð[8] . 

This  characteristic  will  bring  new and  unprecedented  challenges  for  end-of-life  (EoL) vehicle  waste 

management. The recent growth of EVs is expected to continue exponentially [9]  which will result in a 

vast amount of spent automotive batteries requiring waste management in the future [10] . As well as 

environmental  concerns,  there  are  significant  personal  health  and  safety  risks  associated  with  

EV high -voltage  LIBs [11]ð[13] . This raises important questions on how the  automotive  sector can 

safely process  this  additional  hazardous waste  stream.  

LIB waste management is a highly complex field with many different strands still in their infancy. With 

regards to personal safety while working on or disassembling high -voltage EVs, there is currently no  

EU or  international  recognised  standard established  [14]ð[16] . 

Irish  stakeholders  are  currently  preparing  themselves  to  manage  this  emerging  technology  with 

manufacturer -based industry training, yet different approaches are being taken with 

varying competencies.  This  study  investigates  the  value  chain  surrounding  EoL EV LIBs and  

accentuates  a best  practice  approach  for  the  pre -recycling  phases of;  battery  safety,  

disassembly,  storage,  and transportation, within  the  context of  the Irish  automotive  aftersales  

landscape.  

The research findings present a best practice methodology regarding the safety aspects 

encompassing  EV LIB pre -recycling  operations.  They are  of  particular  importance  to businesses, 

operatives, technicians and transporters, who will be directly involved in the pre -recycling phases of  

EV LIBs here in Ireland.  

The author  concludes  that  to  reduce  the possibility  of a LIB related  accident  occurring, EV stakeholders 

in conjunction with the National Standards Authority of Ireland should develop a safety standard for 

personnel working directly on these vehicles. This standard should be compulsory through a statutory 

regulatory  scheme or  legislation.  

Keywords: electric  vehicles,  lithium -ion  battery,  end-of -life,  safety,  recycling,  waste  management.  

Introduction  
Transport  is a key driver  in  the  Irish  economy  and while  gross  national  income  increased  steadily 

since the 1990õs, a simultaneous increase in transport associated harmful emissions has ensued [17] . 

The car  allows  freedom  and  autonomy,  with  many  users  depending  on their  vehicle  for  their  daily 

routine.  Despite  government  efforts  to encourage  sustainability  and  active  travel,  74% of the  

Irish population  use their  car  every  day  [18] . 

The car, however, has remained reliant on fossil fuels which ensues many negative externalities. The 

release  of  pollutant  emissions  from  the  internal  combustion  engine  (ICE) is having  a detrimental 

impact on society. Particulate matter (PM) emissions and nitrous dioxide (NO 2) are globally 

attributable  to  millions  of  premature  deaths  every  year  [19]ð[21] . Whilst carbon  dioxide  (CO2) and  nitrous 

oxide (N 2O) are known  GHGs and a principal cause of global warming  and  climate change [22]ð[24] . 

The Irish government have pledged to halve GHGs by 2030 and achieve a climate neutral economy by 

2050  [4] . The 2021  Climate  Action  and  Low Carbon  Development  Bill  has  established  a legally  binding  

mailto:matthew.mcguinness@tudublin.ie


Proceedings 
of the 

ITRN2023 

31st August & 1st 

September, 
ATU Sligo 

McGuinness: Recycling EV Li -ion Batteries from an Irish  

Perspective 

 

137  

 
 

programme  with  clear  objectives  set in  law  to ensure  Ireland  meets itõs national and EU emission  

reduction  targets  [25] . 

The transport  sector  has been targeted  within  the  Bill  as a key area  where  GHGs can be 

drastically reduced using the ôavoid-shift -improveõ hierarchy [3] . An intrinsic part of the governments 

transport ôimproveõ strategy is to electrify 30% of the  private car  fleet by 2030, while only permitting 

the sales of EV cars  in  the  ensuing  years  [4] . 

Electric Vehicle Market  
Numerous  studies  have  demonstrated  and  quantified  the  environmental  benefits  of  EVs when 

compared to ICE vehicles [26]ð[28] . Furthermore, when charged with renewable energy, additional 

decarbonisation  can be achieved [29] . For these reasons, EVs have become a cornerstone for 

governments  globally  who  have  committed  to  decarbonising  their  transport  systems.  This  was 

demonstrated at the 26
th

 UN Conference of the Parities (COP26) meeting in Glasgow 2021, where 30 

countries  encompassing  the  worldõs largest  automotive  markets  agreed  to make  zero  emission 

vehicles  more accessible, affordable  and  sustainable in  all regions  by 2030  [30] . 

The global transition to  EVs is advancing  with  exponential growth in the sector over the last number  

of years. Worldwide  the number of EVs on the road exceeded 10 million in  2020 [31] . While in Ireland a 

milestone  for  EV sales
1

 occurred  as they  surpassed  diesel  vehicle  sales in  the  first  quarter  of  2023 

[32] . 

This growth will eventually translate  into a proliferation of EoL EV LIBs which will require 

treatment through processes of waste management. Modelling predicts that globally a million spent 

EV LIBs will require treatment by 2030 with the number doubling by 2040 [33] . 

Electric Vehicle Lithium -ion Batteries 
LIB characteristics  combine  high  energy  density,  voltage  and  capacity  with  a low  atomic  

weight, coupled  with  low self -discharge  and  high  recharge  cycle rates  [34],  [35] . They are  reliable,  

safe and provide  advantageous  design  flexibility  [36] . These traits  have  made  the  LIB the  

dominant  energy source  for  the  EV manufacturers  globally  [37] . 

The type  of  LIB used by EV manufacturers  is dependent  upon  its  positive  cathode  chemistry.  Each 

class will  have  different  performance  attributes  that  will  affect  energy  density,  range  and  cost 

[38] . Four  different  LIB chemistries  currently  dominate  the  EV market:  lithium -iron -phosphate  

(LFP), lithium -manganese -oxide (LMO), lithium -nickel -manganese -cobalt -oxide (NMC) and lithium -

nickel - cobalt -aluminium -oxide (NCA)  [39], [40] . The different cathode chemistries determine  the 

amount of precious  metals  within  the  battery  and  this  will  directly  affect  the  recycling  process,  

from  both  a technical  and  economic  standpoint.  

Electric Vehicle Lithium -ion Battery Pack Design 
The EV battery  pack  is of  a modular  design,  which  denotes  that  its  fundamental  elements  are 

mechanically  independent of one -another  but  work together as a whole [41] . A typical EV  battery can  

be broken down into three levels [42] . The individual lithium -ion cells connected together to create the 

module  pack,  each with  its  own  monitoring  and  thermal  Battery  Management  System (BMS). The 

module packs are then linked to form a single high -voltage battery pack which can then power the EV 

traction  motor.  

LIB cell designs  come in  varied  shapes and  sizes. Within  the  automotive  industry,  three  types  have 

been commercialised,  the  cylindrical  cell,  prismatic  cell  and  pouch  cell  [43] . Vehicle  category  and 

required performance will determine which cell type a manufacturer will gravitate towards, however 

there  is currently no consensus between EV  manufacturers on  the  optimal kind [44] . 

A Tesla model S battery pack for example, is comprised of over 7000 NCA cylindrical cells which are 

assembled into 16 modules and joined to form a single pack [13] . Whereas a Nissan Leaf uses 4 pouch 

cells per module and combines 48 modules within its battery pack [45] . Whilst the BMW i3 LIB employs 

96  prismatic  cells contained  in  8 modules  for  its  battery  pack  [46] . 

EV battery  pack  architecture  is chiefly  influenced  by the type  of lithium -ion cell used and  the vehicle 

design [44] . The cell type will determine the mechanical structure of the battery modules, the BMS type 

and the overall packaging. While the battery pack design will vary depending on vehicle architecture 

and  crucially,  whether  the  specific  vehicle  was an originally  designed  EV or  an ICE vehicle  that  

was retrofitted  to  become an  EV. 

The Volkswagen  e-Golf for  instance  was originally  designed  as an ICE vehicle  and  later  converted  to 

an  EV, whereas  the  Volkswagen  ID. range  was a conceived  EV from  its  inception  [47] . This  leads  to  two  

 

1

 Electric  Vehicles  denotes;  Battery  Electric  Vehicles  (BEV) and  Plug-in  Hybrid  Electric  Vehicles  (PHEV). 
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completely  different  battery  pack  designs  as illustrated  in  Figure  1,  which  present  different  challenges  

for  removal  when  recycled.  This  example  is not  specific  to Volkswagen  and  is a common  practice 

among  automotive  manufactures.  
 

Figure  1:  Battery  pack  designs.  e-Golf is a retrofitted  EV versus  ID. an  original  designed  EV. © Volkswagen  AG [48]  

 

Lithium -ion Battery Degradation 
The life expectancy of  an  EV will be  largely  determined by  its battery. Due  to the  chemical  and physical 

characteristics of LIBs, they degrade naturally with age [49], [50] . LIB degradation is a complex issue 

affected  by multiple  factors  such  as chemical  composition,  calendar  ageing,  usage  and  cycle-life 

(number  of  charges -discharges)  [51] . 

The degradation process  is not obvious physically  as it occurs within the battery cell, however its most 

noticeable  effects  are  realised  only  when  the  usable  capacity  and  power  of  the  battery  diminish. 

Literature  varies,  however  most  research  suggests  that  automotive  EV LIBs reach  their  EoL when 

the state -of-health
2

 (SoH) drops  to  below  80% [52]ð[55] . 

At this point, the battery is no longer able to propel a vehicle efficiently. The time taken for an EV LIB 

to reach  EoL status  is difficult  to predict,  as competing  factors  will  influence  the  SoH degradation. 

Studies  suggests  the  estimated  lifespan  of  an  EV LIB is anywhere  from  between  8 to 13  years  [50],  [53] . 

Electric Vehicle Batteries Waste Management 
All vehicles that  reach EoL should enter  the appropriate recycling stream. EU  directive  2000/53/EC 

legislates  for  end-of -life -vehicles  (ELV), while  EU directive  2006/66/EC  is responsible  for  waste 

batteries  and  accumulators.  Both directives  aim  to ensure  that  ELVs and  their  batteries  will  have 

a minimal  impact  on the environment  and  not  end up in municipal  waste  streams.  

However, both directives  require comprehensive modernising  to deal  with the emergence of EVs, and  

a 2019  European  Commission  report  COM166  [56]  acknowledged  this.  The report  led to new draft 

regulatory framework for batteries which has been comprehensively updated to take into 

consideration the current and future move towards electrification of the transport sector [57] . The new 

battery  regulation  was a  key achievement  to emanate from  the European  Green Deal  [58] . 

The regulation  will  impose  mandatory  requirements  for  sustainability,  safety,  labelling  and  

EoL management,  while  assigning  additional  responsibility  to battery manufacturers under  

extended producer responsibility
3

 (EPR) legislation [57], [59] . The regulation states that all EoL EV 

batteries must be òcollected, free of charge for end-users, regardless of their nature, chemical 

composition, condition,  brand  or  originó to facilitate  recycling  [60] . 

Provisional agreement was reached between the European Parliament and Council in December 2022  

to replace the  2006 directive with the new battery regulations.  

Electric Vehicle Lithium -ion Battery Recycling Processes 
Recycling LIBs is a technically complicated process which requires large resources, whilst also being 

energy  intensive.  EV LIB recycling  process  can be broadly  classified  into  four  main  areas  off;  

pre - processing  (disassembly  and  categorisation),  pyrometallurgical  (smelting),  

hydrometallurgical (leaching) and direct recycling (physical processing) methods [10], [61] . 

Any process  that  does not  alter  the  batteryõs cell  structure  is considered  pre -processing.  This  key 

step may include the deactivation and powering down of the vehicleõs high voltage electrical system 

before  battery  pack  removal.  Discharging  the  LIB pack,  modules  or  cells  after  removal  

and  

 

 

2

 SoH is a measure  of  the  batteryõs usable  capacity  in  percent  compared  to  when  it  was manufactured.  

3

 Directive 2012/19/EU; Extended producer responsibility (EPR) is a regulatory tool which aims to realise circularity through t he 

òpolluter paysó principle.  EPR is widely  used by the  EU as a policy  to mitigate  environmental  impact  of waste  through  repair, 

reuse and recycling.  
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disassembly, removal  of BMS and  mechanical  separation  of structural  components. This  facilitates  

recycling  of steel,  aluminium,  plastics  and  electronics  contained  within  the pack.  Modules  and  cells 

are then evaluated and sorted dependant on their chemistry for either pyrometallurgical or 

hydrometallurgical treatment [55], [62], [63] . 

Pyrometallurgical  recycling  is the  most  straight  forward  process  commercialised  today  and  

highly effective at recovering precious metals and alloys such as, cobalt and nickel. A major 

disadvantage is that it is  not selective, i.e., the recovery of specific metals is extremely difficult [64]  

and lithium and other cathode elements are generally lost in the process. Despite this drawback, 

several reports claim pyrometallurgical  is the  most  sustainable  industrial  scale EV LIB recycling  

process  available  today [65],  [66] . 

Hydrometallurgical  recycling  is an exceptionally  selective  process  which  can recover  large  amounts 

of the batteries elements with high purity rates. Companies such as Duesenfeld, Northvolt and Lithion 

maintain  they  can recover  up to 95% of  a batteryõs components  including  its  black  mass  (lithium, 

manganese, cobalt and nickel) using a hydrometallurgical recycling process [67]ð[69] . The battery -grade 

materials reclaimed can be reused for new LIB cell production. Commercialised firms seem to prefer 

this  method  of  LIB recycling.  

Direct  recycling  is a non -destructive  approach  that  involves  the  removal  of  the  cathode  or  anode 

material  in  a useable  form  by maintaining  its  original  chemical  structure  and  reusing  them  in 

the production  of remanufactured LIBs  [13], [70] . Direct recycling promises  to be  the  most  

sustainable approach  because recovered  materials  can  be used directly  in  production  without  

the  need for complex synthesis and  remanufacture [71], [72] . However direct recycling  has yet to be 

demonstrated  as industrially  scalable  [73],  [74] . 

Electric Vehicle Lithium -ion Battery Hazards 
LIBs are  generally  considered  safe,  however  as with  any  components containing  an electrical  power 

source, hazards exist. In 2020, Hyundai recalled some 82,000 Kona EVs worldwide, including 1,700 

registered  Irish  vehicles  after  reports  of  15  fires  which  were  initiated  in  the  LIB [75]ð[77] . 

Similar incidents  involving  several  Tesla EVs generated  considerable  media  attention  in  2019,  

where  their batteries  apparently spontaneously  ignited  [78],  [79] . 

A fire  in  a LIB generally  stems  from  a process  known  as thermal  runaway,  which  under  

certain conditions can lead to a build -up of pressure, causing the rupturing of the battery pack, the 

release of a corrosive  hot  toxic  gases, fire  and  explosion  [80],  [81] . The UK [11]  and  Irish  Health  

and  Safety Authorityõs [82] outline the primary personal dangers associated with EV LIBs as the 

potential releases  of harmful gases, liquid chemical dangers (inhalation / burns) and risk of explosion 

in the event of a fire.  

The high  voltage
4

 contained  within  an EV LIB presents  the  obvious  hazards  such as electric  shock, 

electrical  burns, arc  flash (electric explosion), fire  and  fatal electrocution  [11]ð[13], [83] . 

Manufactures design  their  EVs and  allied  high  voltage  technologies  to operate  safely.  However  

extreme  care  is required  when  working  on EVs, as the  high  voltage  risk  is ever -present  in  the  

battery  itself,  even if the  vehicle  is powered  down  and  disconnected.  

EVs also generate electromagnetic forces that can interrupt the operation of personal medical devices 

such as pacemakers.  While manual  handling  risks  associated  with  EV battery  removal  is 

another factor  to consider,  as some battery  packs  weigh  more  than  500kg  [13] . 

In addition  to the  personal  hazards,  EV LIBs also pose a substantial  risk  to people and  the  natural 

environment throughout their life cycle. Mining of raw materials, manufacturing, first -use, second use 

and  EoL all  denote  different  challenges.  Land  and  water  damage  caused by mining,  toxic  hazardous 

waste  and  emissions  and  worker  exploitation  are  just  some of the negative  externalities  associated 

with  EV LIBs [16],  [84],  [85] . 

With  regards  to EoL recycling,  the  risk  of electric  shock  from  residual  charge  and  thermal  

runaway denotes  an immediate  threat  to operatives,  transporters  and  recyclers.  For example,  a 

report  by the United States Environmental Protection Agency (EPA) [86]  highlighted the growing trend 

of consumer product LIB  fires  in recycling  facilities.  The report stated  that 245 fires  occurred  

between  2013  and 2020,  which  were  caused by,  or  likely  caused  by LIBs. 

 

 

 

4

 UN and  EU regulation  ECE R100 classifies  automotive EV  high  voltage as;  >60  volts direct current  (DC) and  >30  volts alternating 

current (AC). EV traction -motors operate at a  range of around 600 -700 volts AC. Whereas, an  EV battery works using in  a typical 

range  of 400 volts  DC. However,  manufacturers  may  work  at significantly  higher  ranges,  the Porsche Taycan  for  example  

use an  800 -volt DC  battery.  
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At  the  time  of  this  study  EV LIB recycling  accidents  are  unusual,  which  is likely  due to  the  small  

numbers  currently  presenting  for  treatment,  however  significant  hazards  exist.  

Ireland's role in Electric Vehicle Battery Recycling 
From Irelandõs perspective, the pre-processing phases of the EV recycling process such as powering 

down  and  removal  of  the  battery  pack  from  the  vehicle  will  be carried  out  onsite  by an automotive 

dealership, repairer or Authorised Treatment Facility (ATF - commonly known as a scrap yard).  

Presently  the  pre -processing  of EV LIBs is highly  manual  that  requires  specialist  tools, equipment 

and  trained  operators  who  are  certified  to work  on EV high  voltage  batteries.  The LIB will  then  

be transported  to mainland  Europe to continue  its  journey  along  the recycling  value  chain.  

Although EVs are not new to the Irish market, they are not yet widespread and few have reached EoL . 

Therefore, it may be assumed that a skills gap surrounding the technology and hazards posed by EV 

LIBs currently exists.  

Transportation of Electric Vehicle Lithium -ion Batteries 
When an EV reaches EoL, their batteries may be reused, repurposed or recycled. Depending on where 

the EV resides, an automotive dealership, independent repairer or an ATF will typically have to power 

down  and remove  the LIB for  transportation  to a different  facility  to perform  these operations.  

In Irelandõs case, the LIBs usually have to be transported overseas to a European country to facilitate 

repurposing or recycling [33] , however the transportation of  LIBs poses further difficulties.  

EV LIBs are  classed as  dangerous  goods,  and  legal  provisions  (ADR and  IMDG
5

) exist  to ensure  they 

are  transported  safely  [87] . The regulations  mandate  particular  standards  surrounding  

packaging, labelling and transportation  of the  batteries to  ensure  a safe passage  to their  

destination.  

Because of the hazards associated with LIBs, transporting the batteries requires the contractor to pay 

utmost due  diligence to safety  legislation  as they  are  accountable  should an  issue arise.  This  inevitably 

increases transportation costs, which account for a large percentage of the overall recycling 

outlay [88] . 

Research Methodology 
Due to the  technical  nature  of  the  study,  a mixed -methods  pragmatic  paradigm  action  research 

approach  was employed.  To gain  a full  understanding  of  the  entire  LIB value  chain,  a series  of 

interviews,  site  visits  and  a convenience  survey,  across  a diverse  array  of  stakeholders  within  

the electric  vehicle  domain  were  undertaken.  

Qualitative  data  was gathered  from  semi -structured  interviews  with  key stakeholders  working  

in positions  of authority  within  the  industry.  While quantitative  data  from  a convenience  survey  

with actors working at the ground -level was summarised and explained. In addition, two case studies 

from Volkswagen  Group  Ireland  and  Belgian  company  WATT4EVER emphasised  best practices  

within  the fields  of  EV training  and  LIB repurposing.  

Qualitative Research Results 
Qualitative research consisted of 14 interviews with national and international actors. The 

stakeholders  were  categorised  as public  state  bodies,  vehicle  importers  and  distributors,  ATFs, 

economic actors, non -profit  companies and industry experts.  

543  statements  relevant  to this  research  were  identified  using  a semantic  approach  and  coded. 

Analysis of reoccurring codes led to  nine  key themes  of; transport, safety, knowledge, legislation  / 

regulations,  recycling,  storage,  battery  removal,  miscellaneous  and  battery  characteristics  emerging.  

 

1.  Transport  

Research confirmed  that  current  legislation  is effective,  and  manufacturers  are  adhering  to  

the regulations.  Both ADR and  EPR legislation  have ensured  only  a select few companies  in Ireland  

such as KMK Metals  Recycling  and  MOBIS can transport  EV batteries.  These companies  have  

gained  a reliable  reputation  to do so on behalf  of automotive  manufacturers.  

Concern  was raised  by stakeholders  surrounding  Irelandõs geographical  nature  as an  island  

as transportation to Europe inflates costs associated with the safe movement of LIBs for Irish 

companies.  

2.  Safety  

 

 

5 
ADR; UN and  EU legislative  agreement  known  as the  International  Carriage  of Dangerous  Goods by Road, classifies  LIBs as 

ôClass 9édangerous articlesõ, while EV LIBs also come under a specific code within the ADR regulations; No.3090 and No.3091. 
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IMDG: Maritime Dangerous Goods Act, is the maritime equivalent of ADR legislation . 
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Stakeholders  are  acutely  aware  of the health  and  safety  implications  associated  with  EV LIBs. Irish  

vehicle  distributors  have similar  processes in  place to ensure  their networks are  correctly  

trained and equipped to  safely work  on EVs. Training, tooling and  personal protective  equipment are 

generally dispensed  centrally  for  consistency.  

ATFs are  subject  to a safety  knowledge  gap  because of  their  restricted  access to manufacturerõs 

technical repair  data. ATFs have  access to a  system known as IDIS  (International 

Dismantling Information  System).  IDIS was set up  under  directive  2000/53/EU,  which  

mandates  automotive manufacturers  to supply  relevant  dismantling  information  to ATFs free  of  

charge.  However,  ELVES and  CarTakeBack.com  who represent a  large  number  of ATFs in  Ireland  

and  the  UK, stated  that  the information  available  on IDIS has various  shortcomings.  

The safety theme analysis of EVs also highlighted a disconnect between academic research, which 

concentrates  on thermal  runaway  as the  major  safety  concern, and  industry,  which  is focused 

on mitigating  the  high -voltage  hazards  of LIBs as its  chief  worry.  

3.  Knowledge  

Businesses reiterated  the  requisite  for  staff  EV training  and  their  continued  efforts  to 

alleviate potential knowledge gaps to ensure they meet their requirements in relation to workplace 

health and safety. Early adopters Nissan and Hyundai have well  well -established EV curriculums, 

while other manufacturers  are  in the process  of developing  and  standardising  EV training  for  their  

networks.  

Implications surrounding the general publicõs knowledge gap concerning the second-hand market of 

EV LIBs also  arose.  A cursory  search  of  marketplace  websites  eBay, Adverts  or  DoneDeal  show 

various  types  of  EV LIBs for  private  sale with  no health  and  safety  restrictions  or  warnings.  

This cottage  industry  raises  significant  safety  and  environmental  concerns  for  uninformed  

consumers. Manufacturers cited their worry that  although they have  no control over  the  private  

sale of  EV LIBs, they  are  ultimately  responsible  when  they  reach  EoL under  EPR legislation.  

4.  Legislation  and  regulations  

Current regulations are ensuring LIBs do not end up in the municipal waste stream and are 

transported safely, however modernising is required to avoid contradiction. The main criticism is that 

EoL EVs and their batteries fall under the various regulations of ELVs, EPR, ARD, IMDG and the battery 

directive, all of which were published before the proliferation of EVs which adds undue complications. 

The EUõs new regulatory framework for batteries will mitigate many of  these issues.  

A secondary concern particular to the Irish market involves UK imported EVs. WEEE directive 

2002/96/EC  stipulates  that  when  a distributor  sells a battery  in Ireland,  they  must  make  a 

payment which is used to fund a sustainable approach to waste management. EV LIBs are 

encompassed within this  scheme,  however  there  is no provision  to accommodate  for  second-hand  

imported  EVs. This means  that  Irish  distributors  will  have to pay  for the  EoL waste  management  of 

vehicles  they  did  not sell.  

5.  Recycling  

The relatively  long  lifespan  of  LIBs coupled  with  Irelands  emerging  EV market  has meant  that  few 

batteries  have  yet  to  reach  EoL. The Irish  EPA noted  that  the  precise  number  of  EV LIBs sent  for 

recycling  is difficult  to pin  down,  however  based on shipment  return  documentation  they  estimated 

that  the  yearly  number  is in  single  digits.  

The Irish EPA estimation does not consider LIBs under manufacturer warranty. Hyundai, Peugeot and 

Volkswagen  confirmed  they  have returned  LIBs to their  respective  recycling  centres  under  

warranty. While Nissan  confirmed  they  return  battery  modules  for  recycling,  not  complete  packs.  

Manufacturers currently carry out different workflow pre -recycling steps for removal and 

transportation.  The Hyundai  dealer  network  for  example  are  trained  to remove  the  LIB 

themselves before  the  unit  is shipped  to  Germany.  While  Nissan  operate  a hub -and -spoke type  

model  with specialist  EV centres.  Other  manufacturers  stipulate  that  the  EV is returned  to their  

head  office  for battery  removal  before  shipment.  

Several vehicle distributors confirmed that as their EV footprint grows, itõs likely that their network 

will  carry  out  the  pre -recycling  operations  onsite  before  transportation.  

6.  Storage  

Irish stakeholders do not yet consider the storage of EV LIBs as an issue. Manufacturers affirmed that  

if  a LIB is to  be replaced,  a new battery  will  be shipped  directly  from  their  European  or  UK 

parts distribution centre  and the faulty one is generally returned on the same day. This workflow 

mitigates the need for  a dedicated  battery  storage  area  and  the associated  health  and  safety  
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However,  manufacturers  were  able  to retrieve  specific  instructions  issued  from  their  parent  

companies  if  the  need for  EV LIB storage  arises.  

7.  Battery  removal  

Removal  of the EV LIB is a key  step in  the pre -recycling process that  will  take  place onsite with  Irish 

automotive repairers and ATFs. Access to valid repair methods, addressing the technician skills gap, 

and  special  tooling,  where  recurring  themes  that  emerged.  

The removal of  EV LIBs requires an assortment of expensive  tooling, which  may prove a barrier for 

some businesses within the field because of monetary costs. For example, Volkswagen affirmed that 

their high voltage PPE costs over û1,000 per-technician, while Peugeot demonstrated a heavy -duty 

lifting table required for battery removal valued at û4,000. 

8.  Miscellaneous  

Vehicle  distributors  discussed  unforeseen  challenges  caused by the  growing  Irish  EV market.  The 

substantial  workload  created  in all  areas  of their  businesses  incurred  by new operational  

standards and  requirements  for  EVs was now a paramount  concern  for  all  staff.  

Inadequacies surrounding online training were also proffered. Working with an assortment of high 

voltage PPE restricts normal movement and requires actual practice to achieve dexterity in hand and 

body movement around EVs  which requires face to face training.  

9.  Battery  characteristics  

The cathode  type of  the LIB is a key factor in  determining the  specific  EoL recycling process  (pyro / 

hydro  metallurgical).  However,  this  matter  is not  considered  by Irish  stakeholders  during  pre - 

recycling steps.  

WEEE Ireland  affirmed  that  their  processors  in  Germany  will  sort  the  EV LIBs themselves  based on 

chemical make -up. While vehicle distributors confirmed that battery returns are arranged at 

manufacturer  level,  so specific  characteristics  are  not  relevant  to them.  

Quantitative Research Results 
A small -scale convenience  survey  among  58  light -vehicle  automotive  apprentice  students  from 

Technical University Dublin was undertaken. The rationale for this survey was to gain an 

understanding  of the  level  of awareness  of front -line  workers  in  the  field.  Some of the  apprentices 

would  have  been exposed to  EVs within  their  places  of  employment.  This  survey  assessed the 

apprenticeõs rudimentary  knowledge  of the  risks  associated  with  EV LIBs. 

Key findings  to emerge  from  the  apprentice  survey;  

1.  There  is a lack  of  understanding  surrounding  the  electrocution  threshold  current.  

2.  Apprentices  employed  by a franchised  main  dealer  are  more  likely  to have been exposed to 

EVs and  their  safe  working  practices  when  compared  to  those  working  for  independent 

repairers.  

3.  Apprentices  employed  by franchised  main  dealers  have greater  opportunity  for  continued 

professional  development  within  the  EV domain  when  compared  to  those  working  for 

independent  repairers.  

Observations 
Legislation  has ensured  that  EoL EV LIBs in  Ireland  are  recycled  correctly.  However,  crossover  

in rules  and  conflicts  within  the different  regulatory  frameworks  concerning EV  and  LIBs were cited  

as barriers  to  a correctly  functioning  EoL EV recycling  market.  

The upskilling currently ongoing by stakeholders within the EV field and the willingness from people  to 

learn was seen as a key enabler from an Irish perspective to bring about a safe working 

environment. These trainings are extremely important to ensure that front -line operators understand 

the dangers associated with  LIBs and can  apply correct  methodologies when  working on EVs.  

The financial  costs of training,  equipping  staff  with  PPE and  tooling  is significant  which  has led to 

different  standards  being  employed  by different  organisations.  This  is an area  for  concern  as the 

hazards  presented  by EV LIBs are  largely  the  same.  

There  is a clear knowledge divide  between employees of franchised networks when compared to those 

from independent repairers and ATFs, suggesting a skills shortfall in the sector. The research did not 

reveal if this shortfall is due to under investment or an unwillingness to accept technologies that are 

not  yet  ubiquitous.  
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Restricted  access to  manufacturer  specific  repair  documentation  is a major  issue for  non -franchised  

organisations. This is of particular importance for  ATFs who will be largely responsible for dismantling 

EoL EVs and  removing  their  LIBs for  recycling.  

Regulations  stipulate  that  new EV registration  fees contribute  to  a fund  for  sustainable  waste 

management  of their  batteries  at  EoL. However,  an anomaly  within  the Irish  legislation  has seen 

UK EV imports  escape this fee,  which  presents  an impending  financial  constraint for  future  

recycling efforts.  

Conclusion and Recommendations 

The contextual understanding gained during the site visits for this research in particular helped form 

the authors concept, that an  industry wide standard for  technicians working on new or EoL EVs should 

be adopted  and  mandated  by regulations.  

Countless  standards  exist  within  the  EV production  field,  yet  no international  standard  

framework exists for technicians or operators who work on EVs post production in aftersales.  

The author  believes  that  a certified  industry  standard  complying  to  EU regulation  1025/2012  

on standardisation, is necessary to ensure all actors working with EVs and their LIBs are expert and 

fully aware of  the associated personal and environmental risks  to mitigate potential accidents.  

The author  recommends  that  all  stakeholders  within  the  Irish  EV field  develop  an industry -based 

standard (EV Certified Technician) in conjunction with the National Standards Authority of Ireland for 

technicians  and  operatives  working  directly  on EVs. This standard  should  then  become compulsory 

through  a statutory  regulatory  scheme or  legislation.  

The author suggests following the Safe Electric framework already in existence in Ireland, which is a 

statutory regulatory scheme for electrical contractors operated by the Register of Electrical 

Contractors  of Ireland  on behalf  of the Commission  for  Regulation  of Utilities  [89] . 

Such a scheme for  the automotive  sector would ensure only competent technicians and operatives 

would be eligible to work on EVs, which will lessen the possibility of serious accidents occurring while 

also highlighting  the  dangers  of EVs and  their  batteries  to the general  public.  
 

 

 

Figure 2: Certified Industry Standard for EV Technicians based on EU Regulation 1025/2012. Authors proposed best practice 

methodology  concept  for  the  per -recycling  phases  of  EoL EV LIBs in  Ireland.  (McGuinness,  2021).  
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Abstract 

Route lighting  energy efficiency projects  are progressing  throughout  Ireland with  the goal of reducing energy 
consumption for  the local  authority  route  lighting  inventory, and to deliver  on the mandatory National Energy 
Efficiency Action Plan (NEEAP) [1] targets. Strategies  have been established by public bodies to reduce their 
energy demands to lower  their  carbon footprint.  Nationwide, energy efficiency projects  have been completed 
by public bodies within the last five years with the larger scale Public Lighting Energy Efficiency Project 
(PLEEP) commencing construction in 2022. 

Various reports state the majority of the existing route lighting network is in place over 25 years, and the 
street  lighting  technology and standards [2] have evolved during this  period to deliver  modern efficiencies  in 
design and performance  for  all  road users. This research assesses route  lighting  energy efficiency projects 
undertaken by public authorities on the existing network and assesses the subsequent implications the 
energy reduction projects have on the route lighting network, road authorities, the end users, and the 
surrounding  environment.  Is the existing  route  lighting  network  suitable  for  the energy efficiency measures 
being applied, and is there a requirement  for  additional capital/resources  to deliver  a compliant  modernised 
and sustainable route lighting network?  

The holistic appraisal determines the benefits of the energy efficiency strategies employed in terms of 
climate  action requirements,  public expenditure and socio- economic improvements.  The appraisal  confirms 
there are positive and negative implications  of the strategies  employed in the pursuit  of energy and emission 
savings and recommends the need for an Irish National route lighting policy to assist route lighting 
maintaining authorities deliver a consistent and uniform approach to the whole route lighting network to 
mitigate issues like light pollution/intrusive lighting and to maximise energy savings, increase road user 
safety, and enhance night- time activities within the public realm that will benefit the local inhabitants and 
businesses. 
Keywords: Route Lighting, Energy Efficiency, Sustainable Transport, Traffic Safety, Transportation  and Public 
Health 

 
Introduction 

To meet the requirements of the EU directive [3], the Irish government at the time implemented an energy 
ēĆúíÎĴ æĖÀÿÙĲĆĖ÷ Ĳíġë ġëÙ íĀġĖĆÓĥÎġíĆĀ Ćæ ġëÙ ˨`ÀġíĆĀÀú 8ĀÙĖçĴ 8ææíÎíÙĀÎĴ ÎġíĆĀ súÀĀ˩ ²ÙĖĚíĆĀ ʵ íĀ ʶʴʴʽˋ ġĆ
achieve the target  goals by 2020. All  versions  of NEEAP set a national target  of 20% energy reduction  by 2020 
for Ireland, with a higher target of 33% required for public sector bodies to lead by example for a national 
approach. The National Energy Efficiency Action Plan currently on version 4 sets out the framework and 
ĚġĖÀġÙçíÙĚ ġĆ ēĖĆçĖÙĚĚ MĖÙúÀĀÓ ÀúĆĀç ġëÙ 8ĥĖĆēÙÀĀ ¦ĀíĆĀ˫Ě ĆıÙĖÀúú ĆÌöÙÎġíıÙ Ćæ ÎÀĖÌĆĀ ĀÙĥġĖÀúíġĴ ÌĴ 2050. 
Accounting for  between 60% to 70% of local  authority  electricity  demand per annum consuming approximately 
210 GWhr of electricity  per annum [4], route  lighting  offered good potential  as a viable strategy  for  public bodies 
in the pursuit  for  energy efficiency and the delivery  of requirements  as the National Energy Efficiency Action 
Plan. 

Three route lighting energy reduction measures were identified as mechanisms by TII for the National Road 
Network within Ireland that could be applied on all road networks:  

¶ Removal of surplus  lighting  on Motorway junctions  in line with  current  standards. 

¶ Apply dimming profiles  to existing route  lighting  in off- peak periods on suitable  route  lighting  circuits.  

mailto:S00215150@atu.ie
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¶ Retrofit  of existing  route  lighting  luminaires  with  more energy- efficient  models. 

Over 75% of streetlights in Europe are 25 years or older [5], are the existing columns in good structural 
condition? Is the historic design layout suitable for the implementation of new street lighting luminaire 
technology? What are the positive and negative implications of replacing the existing old street light 
infrastructure with new street lighting technology?  

By reviewing  case studies and peer- reviewed published literature  this  paper intends to determine  if there  are 
implications that may impact current users, the environment, and future users by assessing the following 
criteria: 1) Energy and Carbon Footprint reductions; 2) Operations and Maintenance impacts; 3) Impacts on 
road user safety; 4) Design compliance with  current  standards; 5) Accessibility  for  Non- Motorised Road Users; 
6) Active Travel initiatives;  7) Impacts on Ecosystems like  the local  environment,  flora,  and fauna; 8) Economy 
and Capital investment returns.  

 

Literature Review 

The IS EN 13201 Road Lighting suite of documents implemented and approved by CEN members state the 
recommendations for route lighting [2], and specify the main objectives of road lighting to provide improved 
conditions for the following:  

¶ Provide visual conditions in darkness for all users of the road network to perform their required tasks 
safely, 

¶ Provide an improved sense of security  in hours of darkness to identify any hazards, identify their 
respective location and identify other users on the network,  

¶ Enhance the appearance of specific environments  like  city and town centres  during the hours  of darkness, 
which benefits the night - time economy as well.  

¶ Provide improved lighting  conditions for  active travel  users  that influence and promote  a more 
environmentally sustainable mode of transport for short trips.  

Within Ireland, there  are various  luminaire  types across the road network,  each with  varying lighting  intensity 
and correlated colour temperatures (CCT) ranging from a colour rendering range from yellow/orange to 
brighter white from lighting luminaires of varying ages across the previous decades. From the 1980s to the 
early  2000s High Pressure  Sodium (HPS) lighting  was the predominant  route  lighting  luminaire  in Ireland and 
UK [6]. 

Retrofitting the HPS luminaires with modern LED versions would deliver energy savings of 46% to 72% 
depending on the luminaire  conversion  [7], with  claims  within  a San Sebastian case study stating 89% of global 
street lights will be LED by 2027 [8]. Modern research recommends the application of pre - programmed 
dimming profiles as a standard to new LED luminaire installations to enhance performance further  [7]. 

Table 1 illustrates the typical  lifespans for existing road  lighting luminaires in use within Ireland, the range is 
high when you compare modern LED technology against the previous lighting  sources. However, [9] identified 
that fewer HPS luminaires are required to achieve a compliant design when compared with LED luminaires 
due to a higher spread rate of light  that can also become a nuisance and a pollutant  for  the local  environment. 
It may be more practical from  an environmental and operations viewpoint to maintain the existing  streetlight 
inventory until its end of service period with dimming profiles, and replace the luminaires on a phased basis 
to assist the recycling and disposal process [10].  

The ˨ Centre for  Vision Research at Upstate Medical ¦ĀíıÙĖĚíġĴ˩ [11] states the human eye uses cones and rod 
receptors  to process images in different  light  levels  within  the scotopic and photopic vision conditions (Figure 
1). Artificial light can cause visual sensitivity with certain mesopic lighting conditions, which in turn creates 
reactionary time risks for motorists. Drivers and pedestrians above 50 years experiencing slower reaction 
times when compared with drivers and pedestrians in the 20 - 30 age bracket [12] 



Proceedings 
of the 

ITRN2023 

31st August & 1st 

September, 
ATU Sligo 

SMITH and McCANN: National Energy Efficiency Action 
Plan and the Implications on Route Lighting 

 

149  

 
 

Table 1: Typical Rated lifetime of public lighting sources [4]. 

 

 

 

Figure 1. Visual sensitivity for various lighting levels [11] 

¢ëÙ öĆĥĖĀÀú ÀĖġíÎúÙ ˨Night time driving: visual, lighting and visibility challenges ˩ ˚ʵʷ˛ ëíçëúíçëġĚ ġëÙ ĖíĚ÷Ě
associated with  night- time driving  conditions in urban areas within  Australia  and states higher accident rates 
at night when compared to the day. However, there are a  number of factors to  be considered when analysing 
collisions at night such  as reduced visibility, reduced traffic congestion,  increased speeds, driver  fatigue, and 
alcohol/drug consumption by vehicle and non - motorised users [12]. 

[14] explored the claims that LED light sources above 3,000k CCT have increased blue light content when 
compared with HPS lights, which may affect melatonin level production in humans and the perceptive 
alertness  of drivers  at night. The empirical  study claimed no difference  in reaction  times was evident between 
LED, HPS, and no road lighting conditions. The study also noted any type of roadway lighting does have a 
damaging effect on natural environments and ecosystems, and mitigating measures should be implemented 
to reduce the environmental risk from artificial lighting systems if they are deemed necessary.  

It has been found that due to the higher  lighting  intensity  from  LED luminaires  with  high CCT there was  a risk 
of excessive glare in areas prone to fog and rain that could be a hazard to drivers  and a comprehensive design 
review is recommended in advance of any replacement works to ensure luminaire suitability for the specific 
location [15]. 

As most route lighting columns have been installed in the decades before the current version of lighting 
standards and guidelines, technical standards like DN - LHT- 03038 and IS EN 13201 have been updated 
accordingly to reflect modern lighting requirements that allow for the needs of a specific environmental 
location, with  the [2] stating some lighting  arrangements  may be either  under or over- lit  for  the intended use. 
Pre- 2007 motorway  junction  design approach required  all  conflict  areas, slips, and the mainline  to be lit,  while 
in the post- 2007 motorway  junction  design approach only conflict  areas are being lit  [22]. The level  of lighting 
required to current standards is significantly less than previous versions that deliver significant energy 
savings. 

The National Disability Agency [16], the National Cycling Manual [17], and the Design Manual for Urban Roads 
ÀĀÓ zġĖÙÙġĚ ēĥġ çĆĆÓ ĚġĖÙÙġ úíçëġíĀç ÀĚ À ÷ÙĴ ēíÙÎÙ Ćæ íĀæĖÀĚġĖĥÎġĥĖÙ æĆĖ ÀÎġíıÙ ġĖÀıÙú ĲíġëíĀ MĖÙúÀĀÓ˫Ě ĥĖÌÀĀ
environments. The research literature backs this design approach, a UK study [18] confirming the results 
across 48 locations  within  Birmingham  city with  the monitoring  of cyclists  across areas of no lighting  against 
some lighting infrastructure. The study confirms that certain cycle routes within the city had increased cycle  
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numbers  at night due to the popularity  of the locations  by citizens, and were not linked to the density of street 
lighting available at the location.  

Manufacturing of replacement lighting luminaires may have a significant impact on the environment and 
ecosystems when a life cycle assessment from manufacturing to end of life is carried out to account for the 
raw  material  extraction, manufacturing,  transportation,  and operational  phases of a route lighting  luminaires 
lifecycle. The overall footprint can be substantial when additional phases like installation works, 
disposal/recycling of existing luminaires, and the energy footprint of luminaires lifespan are considered [10].  

The natural environment runs on day and night cycles with all species of flora and fauna including humans 
reliant on these cycles through their respective life cycles, artificial lighting can negatively impact the 
ĚĥĖĖĆĥĀÓíĀç ÙĀıíĖĆĀÿÙĀġ ÌĴ ÀúġÙĖíĀç ġëÙ ÓÀĴ˖Āíçëġ ÌÀúÀĀÎÙ ˚ʺ˛ː ˨The new world atlas of artificial night sky 
brightness˩ ĚġĥÓĴ ˚ʵʽ˛ ĚġÀġÙĚ ʽʽ̧ Ćæ 8ĥĖĆēÙÀĀ ÎíġíĸÙĀĚ úíıÙ ĥĀÓÙĖ Ě÷íÙĚ íÿēÀÎġÙÓ ÌĴ úíçëġ ēĆúúĥġíĆĀ ġëÀġ ëÀĚ
visual impacts on the night skies.  

As part  of the study [19] forecast  the potential  impacts of increased Correlated  Colour Temperatures (CCT) for 
street  lighting  works  that may transfer  to the 4,000k CCT range from  a lesser  existing  value. TII standards and 
guidance documents were revised to mitigate any potential blue light risk that may exist from LED street 
lighting technologies with lower CCT requirements [20].  

Replacing existing route lighting luminaires with energy - efficient models does require significant capital 
investment [4] but can offer a short return of investment periods depending on the level of energy efficient 
intervention  required. A reduction  in energy- dependent inventory  coupled with  a dimming profile  or an efficient 
energy luminaire replacement on the remaining inventory could reduce a locations annual energy 
ÎĆĀĚĥÿēġíĆĀ ġĆ À æĖÀÎġíĆĀ Ćæ ēĖÙıíĆĥĚ ÓÙÿÀĀÓĚ ÀĀÓ Ĳíġë ġëÙ ĖÙÿĆıÀú Ćæ ġëÙ ĚĥĖēúĥĚ ÎĆúĥÿĀ˫Ě ëÀĸÀĖÓĚ ÀĖÙ
removed from the roadside [20].  

 
International Policies and best practice 

The ¦˨W˫Ě Clean Neighbourhoods and Environment Act ʶʴʴʹ˩highlights  artificial light  as a statutory nuisance 
in terms of public health and nuisance [21], but ÓĆÙĚĀ˫ġ ĚġÀġÙ ĖÙĕĥíĖÙÿÙĀġĚ æĆĖ Ě÷Ĵ çúĆĲ ĆĖ çúÀĖÙ æĖĆÿ ĚġĖÙÙġ
lighting  luminaires  unlike  other  European countries  and this decision is left  at the discretion  of local  planning 
and governing authorities within the UK.  

GÙĖÿÀĀĴ˫Ě street  lighting requirements are covered with  their  amended DIN EN 13201 version. However, they 
have not imposed standards or regulations in place of the guidelines from the EN 13201 street  lighting  design 
suite. For example, they only cite recommendations  for  light  pollution  and do not impose regulations  or limits 
for sky glow or obtrusive lighting/glare [22].  

In 2016 Italy implemented a street lighting policy to regulate route lighting systems across Italy with the use 
of two published standards UNI 11248 ˨ zġĖÙÙġ lighting,  selection of lighting  ÎÀġÙçĆĖíÙĚ˩ and UNI EN 13201 "Street 
lighting, performance requirements, performance calculation, photometric performance measurement 
methods, energy performance indicators" [23]. The objectives of the standards are to meet the safety 
requirements  of all road users,  to reduce the energy footprint  attributed  to the route  lighting  systems, and to 
reduce light pollution in both urban and rural environments.  

zēÀíĀ íÿēúÙÿÙĀġÙÓ ÀĀ ˨8ĀÙĖçĴ zÀıíĀçĚ ÀĀÓ 8ææíÎíÙĀÎĴ zġĖÀġÙçĴ˩ˋ íĀ ÀÓÓíġíĆĀ ġĆ ġëÙstrategy a royal decree 
confirmed the implementation of regulations for outdoor lighting installations. The regulations set out 
technical requirements for all phases of outdoor lighting works with the objective of improving energy 
efficiency and cost reductions, in conjunction with the reduction of greenhouse gas emissions, and 
limiting/reducing the levels of light pollution and obtrusive/nuisance lighting [24].  

Slovenia was one of the first countries to implement legislation on limiting the levels of light pollution in the 
night sky in 2007. The objectives of the legislation  were to prevent upward sky glow and light  pollution  into the 
night sky with  a specified Upward Light Output Ratio (ULOR) of 0o above the horizontal  light  plane and to limit 
power consumption with a per capita power consumption limit of 44.5kWhr/capita to ensure efficient and 
sustainable road lighting design practices.  

Austria is referenced as a country that is more robust in terms of its design approach for sustainable street 
lighting  designs, with  a reduced level  of artificial  outdoor lighting  networks  required, that deliver  the needs of 
all  road users  and meet the requirements  of the local  environment  and eco- system. The Austrian  
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çĆıÙĖĀÿÙĀġĚ˫ approach to lighting  design is backed up with  the report  L˨ight that does more good than harm  ˩
by [26] which compliments  the Austrian  version  of EN 13201 route  lighting  design suite. 

 

Case Study Analysis 

Comiso, Italy case study assessed the improvement in efficiencies and light quality as part of the national 
Italian road project  ˨ ZĥÿíÙĖÙ˩ [27]. The study identified  3 scenarios as part  of the research,  Scenario 1: Upgrade 
of existing switchboards with modern power  controllers and implementation of dimming profiles to EN 13201 
lighting  class requirements;  Scenario 2: Replacement of existing street  lighting  inventory  with  LED equivalent 
luminaires and no EN13201 dimming profiles applied; Scenario 3: Combination of 1 and 2. Full LED luminaire 
retrofit with dimming profiles to EN 13201 requirements. The study confirmed that scenario 3 offered a good 
return of investment and the best energy and carbon emissions reductions.  

The San Sebastian pilot  programme  funded by the 8¦˫Ě Horizon 2020 Research and Innovation programme  [8]. 
The study stated the use of smart lighting demonstrated the feasibility of creating safer and more enjoyable 
public spaces for all users, deliver energy and carbon reductions, reduce operating costs, be sympathetic to 
the local environment, and improve the appeal of the urban environment.  

MĀ ĖĥĖÀú úĆÎÀġíĆĀĚˋ ¢MM˫Ě _ĆġĆĖĲÀĴ VĥĀÎġíĆĀ ZíçëġíĀç 8ĀÙĖçĴ vÙÓĥÎġíĆĀ síúĆġ ˚ʶʼ˛ ÎĆĀæíĖÿÙÓ ġëÀġ ÿĆġĆĖĲÀĴ
junctions require smaller lighting footprints with a reduction from 130 to approximately 40 lighting columns 
depending on the specific location requirements.  The pilot  achieved additional safety benefits from  the reduced 
lighting  footprint  with  a more forgiving  roadside in line with  ¢MM˫Ě DN- GEO- 03036 standard, with  fewer  lighting 
pole becoming fixed object hazards. Flora and fauna ecosystems will  benefit from  reduced sky glow and light 
pollution with the reduced junction lighting footprint.  

 
Methodology 

The research question aimed to establish the implications of the action plan [1] and the resulting energy 
efficiency upgrade works on the existing street lighting infrastructure, and to determine the positive and 
negative impacts the road lighting changes will have on all road users, the maintaining authority and the 
surrounding environment.  

A local authority questionnaire was designed to provide an overview of the current road lighting practices 
being utilised  across Ireland, to assist a comparative analysis against other approaches adopted by other  EU 
member states. A review of quantitative data was generated from a review of completed TII - funded energy 
efficiency projects  from  2016 to 2021. The ĚġĥÓĴ˫Ě primary  data was objectively  compared against the secondary 
data via a comparative analysis of peer - reviewed academic research literature to identify the benefits and 
inconsistencies  in the current  Irish  approach, and provide recommendations  for  future  improvements  in terms 
of energy and carbon footprint reductions; operations and maintenance; safety/compliance with current 
standards; local environment, flora, and fauna; non - motorised road users.  

 
Data Analysis and Results 

Between 2016 and 2021, 351 local authority streetlighting energy- efficiency schemes were funded by TII. With 
a comparative analysis against the approaches carried  out in the earlier case studies  in Comiso [27] and San 
Sebastian [8] by using dimming profiles and smart sensors during off - peak traffic hours, it was determined 
there is an opportunity of achieving enhanced energy and emission savings. By using the approved ESB 
dimming profiles from DN - LHT- 03038 [20] and applying them against completed energy efficiency routes 
lighting projects, enhanced energy efficiencies are achievable providing a compliant design class is 
maintained. Table 2 illustrates  the potential  energy and cost savings available with  the use of dimming profiles 
for a standard 93W LED luminaire retrofit, that can enhance the energy and environmental benefits even 
further with effective dimming applications.  

The lifecycle  benefits established in the design revisions  are not transferrable  across all  locations  on the road 
lighting network. The LED and HPS luminaire comparison study by [9] identified a substantial spacing 
difference of 14m longitudinally between the two lighting technologies, and stated additional capital 
expenditure  may be required  to deliver  an adequate lighting  design for  a particular  location to mitigate  impacts 
on safety and ensure compliance with current lighting standards. However, the illuminance levels on the 
surface to be lit  are the main parameters  for  the safety and security  of non- motorised  users  along the 
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roadway. This approach may encourage all- year use of the new infrastructure that will reduce community 
severance, reduce physical inactivity levels, and improve the connectivity between the village amenities and 
its citizens [29].  

Table 2: Theoretical Dimming Classes Energy Burn Calculations from TII Sample 
 

18 of the 31 local authority invitees responded to the questionnaire request. The questionnaire was broken 
down into sections to determine the extents of the existing streetlighting inventory through questions aimed 
at determining the following:  

¶ The Local Authorities  existing  approach towards  streetlighting policy,  Operations & Maintenance, and the 
reliability of the existing infrastructure.  

¶ Extents of streetlighting  energy- efficiency works,  amount of work  required, feedback experience and 
lessons learned.  

¶ Environmental  implications  relating  to streetlighting  from  their  own experiences and feedback from 
members of the public.  

¶ Their approach to Active Travel initiatives  and the role  of streetlighting  infrastructure  within  this strategy. 

Section 1: 83% of respondents confirmed  they have a streetlighting  policy in place for  road lighting  operations 
within their jurisdiction, and 56% of respondents confirmed they had the appropriate level of resources to 
maintain their  streetlighting  assets, with  67% of respondents  recording  road lighting  faults  over 500 per year. 

Section 2: 17 out of 18 respondents confirmed they have undertaken energy efficiency retrofit works within 
their  jurisdiction. The responses confirmed  additional retrofit  works  were required  to the streetlight  columns 
in addition to the luminaire  head replacement,  to ensure safe and suitable  replacements.  For the existing  ESB 
network poles, requirement for a interface box with the new luminaire to create an isolation point for safety 
reasons. For LED retrofit works, 13% of respondents confirmed additional lighting infrastructure works were 
required  to deliver a compliant design. For the correlated  colour temperature,  the was a variance across the 
respondents with 50% confirming 3,300k CCT; 44% confirming 4,000k CCT; and 6% confirming 6% CCT. 

Section 3: 78% of respondents confirmed they have either dimming or trimming policy for new or upgraded 
street  light  luminaires, with  dimming to 75% between midnight  to 6 am the most popular  dimming profile  used. 
Public feedback following energy - efficiency works has been mainly positive, with 82% stating that they 
received feedback from members of the public. One Local Authority confirmed receiving 3 complaints from 
members of the public following their upgrade programme of over 9,000 street light luminaires. 65% of 
respondent local authorities confirmed the receipt of light pollution/obtrusive lighting issues from members 
of the public with  the predominant  issues raised being light  trespass, glare, and sky glow. However, complaints 
were in the minority with one local authority citing approximately 15 complaints out of over 12,500 upgraded 
street  lighting  luminaires  in their  jurisdiction.  The minority  of respondents  at 22%, confirmed  receipt  of lighting 
removal requests from members of the public.  

Section 4: 94% of respondents confirmed plans to install active travel infrastructure within their jurisdiction, 
and a specific street  lighting  design was confirmed  as a key part  in their  active travel  infrastructure  plans. For 
installed active travel infrastructure with route lighting, 53% of respondents confirmed an increase in Active 
Travel users following the installation of lit Active Travel infrastructure.  

The following is a prioritised rank of themes outlined by the respondent local authorities, in order from most 
common to least common recommendations: 1) Need for a National Streetlighting policy; 2) Training for all 
staff  to ensure a consistent  approach; 3) Collaboration and knowledge sharing among local  authority  network;  
4) More guidance and scenario consistency of dimming profiles; 5) The use of smart lighting arrangements 
with adjustable dimming profiles; 6) Requirements of active travel infrastructure.  


