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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, TlI 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, EUE & UT gi 1 Uad> JwUJ OUIUuCepmWNARA E i A
eUEEeUT gi1 Ul AAO JwuUei Ag géU gEAAEeCEg EUITgCE

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,
VUAAi AcE f+2CACI AA -CAEhugi A¢ 8Ac¢i AUUEE"S AAO v
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 2023tlantic Technological
University, Sligo, Ireland, 2023, [Pages].
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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

Theavailability of EV charge points in public spaces could be key to improving demand for EVsin 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 EVinfrastructure 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 1 1 WiE J+ td pufchase an EVin the coming year rises from 3%

tot 4, " WéeiaU geéeuU eUET UAgAc U topechast &rew BVOritie gkt yeéar diopsifront A i + U

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,EVInfrastructure, 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 ME U U Adhs)iorEto 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 aresult, EVsoffer 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 EVsin the Northern and Western Region by addressing factors suchas{ E A AAY i *Ungrdely a fear that
EVswill 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. Whatlevel of EVcharge 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. Towhat degree does the provision of publicly available EVcharge 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 Westernv U ¢ i ahsitian to alow carbon society and the implementation of the Climate Action
Plan, with such an analysis providing an evidence base which will:

1 Support the implementation of Regional Policy Objective (RPO) 6.33 of the Regional Spatial and
81T CACyil zgEAgU¢J ~vzgz” Ca geU ~CEgeUEA AAO pUEg!
fossil-eh Uu & CWUEUO 1 UéilTaUEIl -

1 zheeCEg ¢geéeU iyeuaUyUAgAgi CA Ce vsf ":wy Ce géU vz8z
convenient and safe recharging infrastructure across the region to meet the changing needs of the
UaUT gEIiT 1UveéeilTau Nige eAEgiThuAE UyeeAEIiE i A ehlail

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

0 Action 273which aims to { MO U dptiphsamlincrease EV uptake to support the transition away
fromgrantEh e e CEg E | :

) Tgi CA s Yeile AiyE ¢gC 1 8AAdutfddpagsénehcpid &hd 82 i Aa
I AAE ] :

o Action 278which aimsto { Z A h éDestination Charger Schemeto install publicly accessible
EVchargingi AeEAEgERT ghEUI :

1 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, OpenChargeMapand the 8 z + 4+ &2harge Point _ A €Bly 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

MEUGAAO géUEU®CEU géuU hEU Ce OAgA ®ECYy géU 8z+:+E

important in providing a comprehensive headcount of the number of publicly available EV charge
points on the island of Ireland.

2. Datafrom Plugshare and OpenChargeMap provide detailed and up- to- date information onthe 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, lonity and Tesla.

3. Datafrom Plugshare and OpenChargeMap are updated regularly with feedback from EVusers of these

Ei gUE" 1éiaU OAgA- ekEgU gdi Mg ++ ke 1 8ECI i OUE EUAU

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

¢ci1 UA 82 hAig CE EgAgiCA' Wige EhRlTé& AA AeeECATé iA

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 EVusing 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
I ME U@ A A B&=+skHrreyed 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:

1 Future demand for EVsin the Northern and Western Region and the barriers to purchasing an EV.

1 Thelevel, accessibility and quality of publicly available EV charge points in the Northern and Western
Regionand its potential effect on future demand for EVs comparedto other relevant policy initiatives.

1 VUEi OUAg+ E i OUAG uCi Agi CAE @CE AAO Oi
and Western Region.

1 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.

' EiAg CAGTI AU ERE6eUJAE: IEJA ERME WEAARCCG A gCgAa Ce
Northern and Western Region took part in the survey between the 2 " and 19' of September 2022. Residents

gAAT U &ECyY

i A

e
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®ECYy géuU 1ChAgiUE Ce g&U "~ 1 ¢z s vUgi CA giguulo geuU
survey and this would consist of individuals from Galway, Mayo, Roscommon, Sligo, Leitrim, Donegal, Cavan
and Monaghan. Giventhat national polling results generally focus on sample sizes around 1,000respondents,
such a sample size was considered to provide a comprehensive insight into the thoughts of residents based
in arural region such as the Northern and Western Region, with the region * as per Census 2022* accounting
for 17.6%fMEU G AA O+ E & Therbsiddnty that fookpart, 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.Theresearch also identified the counties with the highest number of publicly available EVcharge
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 &ounties 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 Numbebf PublichAvailableE\Chargéda

EasterrandMidlandRregion 1,26
SoutherRegion 920
Northerrireland 529
NortherrandWesterriRegion 488
Islandof Ireland(total) 3,19¢

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 EVsin terms of distance, battery size and due to factors such

IR

CE

AE 1EAAGU AAjiUgJl: ¢8UEU=CEU" REiAc geuU Al CIU AxCEy

research also analyses the number of publicly available EV charge points for every 100 Km2for the 4 NUTS 2
Regions and the counties of the island of Ireland, thereby capturing the density of charge points across the
island.

Ofthe 4 NUTS2 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 100Kmz2 - 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 Regionregistered 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 100Kmz2. Other counties to
record above average densities included Kildare (10.3 publicly available EV charge points per 100 Km?),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 Regionand 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

100Km2in Leitrim. Thiswas 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* MEUGAAO+r E yCEg EhEAG CEi UA¢
underserved in terms of publicly available EV charge points.

Location NumbeofPubliclyAvailable=\Chargéointper 7

EasterrandMidlandRegion 8.7
Northerrireland 3.7
SoutherRegion 3.1
NortherrandWesterriRegion 1.9

Table 2: Number of publicly available EV charge points located for every 100 km?, 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:

1

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

11 UEJ hAGi+UGdJ!l gC 1 h3 A AU 82 WigeéeiA geu AUijg

4% ECY Uldé A duithB%noting that they were 1 1 WH J+ 10 Buy d new EVin the next 12months®.
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

WDUEU 11 UEJ hAuGi+UGJl] ¢gC ehEI 8AEU AA 82 (A geuU

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

TCyi A

1 B

ehET8AEU AA 82 i A geéuU 1CyiA¢ JUAE" Wige v, ACgiAg

ACgUO J1EAAgU AAjiUgdl] WVAE géuU yAi A EUAECA WDeJ geuld
EREgeUEYCEU" . ACgUO geAg =UAEE EUCAEOi A¢ 411 AggUE]J
not purchase an EV? in the coming year.

81%of respondents in the Northern and Western Regionfelt 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

vUci CA E&Chuod 1 U GCTAgUO i A J1eUGECH EgAgi CAEI" &Ca

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 2, while less than 1% felt more should be
located in hotels.

1Responseatedonotsumto 100%duetorounding.
2Topt responseincludednly.
% Responseatedonotsumto 100%duetorounding.

10
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1 31%elt that at least 2 EV charge points was needed for every village and town in order to encourage

A CEUAGUE hegA=U Ceae 82 E AAO regich, viithi20% bf tesporiehtd fedling A Aij i U ¢

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

+ 82 TeAE¢cU ecCi Ag IAE AUUOUO i A UIUEJ 41eUgECU
1 Despite the availability of { E Allargl | K i Rpwered®] EVcharge points in public spaces in Ireland, 32%
of respondents felt that it would normally take 1hour to charge an EVat a publicly available EVcharge

point, with 19% of respondentsbelieving 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.

1 Only8%of respondents were willing to pay more than ™ w 1 ° for‘ahew EV,while 53%o0f respondents
noted that the maximum price that they were willing to pay for anew EVwas ™~ & ' " or less.

1 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.

1 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 EVif there were y CE U & € iJ ¢J &haé@é points in public spaces.

1 68% ofrespondents would support regionally targeted grants for EVs, while 18% would not support
such a policy proposal.

Thekey findings regarding the third research question have been outlined below:

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

gAgi

WUEU {1 UEJ hAGi=U0UGdl ¢gC 1 hJ A AU 8Baselihé rgspdnde ratee U A U jj

Cae ' gC "+, PJéeiuU geU eUEITUAgAcU Cae EUEeCAOUAgGE

B

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

1 “CgAilaj° ie yCEU JEAEg! 82 Te&AEcU eCiAgE ~“he
percentage of respondents that were { 1 UhEAJG i toWBuy & dew EVin the next 12months drops from
79%3C ', JéiauU geu eUET UAgAcU Cappirthase &nAQ witkig the

next 12 months rises from 3% to 11%.

gc '

f ¢éU eUET UAgA¢U Ce EUEeCAOUAgE geéeAg WNUEU JECyUW&Ag

Ei EUE &ECYy v, ¢§C icharge pointsavere frévided in Bublie §phces 2

1 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

géeAg WNUEU 41 UEJ hAGi+UGJ!l ¢gC ehETeéAEU AA 82 PDigeiA
government were to increase the maximum grant rate for EVpurchases from = '~ fto ™ 1 1 * while' °

geU eUETUAgAcU Ca EUEECAOUAGE géAg WUEU 41 UEJ
rises from 3%tol ¥, : EhEgeéUEYyCEU' ¢géU @eUET UAgAc¢U Cae EU
from 4% to 21% if the government were to increase the maximum grant rate for EV purchases from
HE ) o R I N Y B B B

4] E AEREhatgepointsupto 50k\DCranchargea EMupto 80%in aslittle as30minutes.
5 Upto 100knof drivingrangen aslittle as6 minutes
& Maximungrantat thetimeoftheanalysisMaximungrantvaluedroppingo™ W * asef July2023.

ai + Ul
EeCAO
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All things equal, the above response rates show that the majority of respondents from the region were either
11 GhEAJG | orld (EXl UIB&AA § topurchase a new EVin the coming year, with the price of EVs, the lack
of aneedfor anewcar,{ EAA@AY i ahdJil A gwebriEh Heing highlighted as the main reasons why this
Western Region seem to be consistent with the analysis of data from Plugshare, OpenCharge Map and the
8z++ E 182 - &AE ghich shAws #at therd\ig al 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{ C Astdp-E & Capproach 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 EVcharge points as a means

of encouraging a greater uptake of EVsin rural regions. Theresults show that the provision of | E ABVgharge

points * and the associated charge times or around 30 minutes * provide a potential avenue to entice future
demand for EVs in rural regions. Thisis @ AEgi T ha AEGJ EUGUI AAg 1T CAEi OUEi Ag E!
length of time they felt it would take to normally charge an EVin a public charge point, which was much higher

geAA geU AT ghAG ¢giyUE AEECIi AgUQG CIDIUE& Oll é BE¢ il BAEAY A& Cl R
results suggesting the need for further promotion of the benefits of these types of chargers.

Conclusions

The continued rollout of EVswill play animportant role in reducing ME U 0 Ar@eBholise 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 EVCharge points * particularly 1 E ABEVgharge points * in supporting future demandin 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.

Thefindings 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 . s & J enéasuged to collect location and acceleration
data. The International Roughness Index (IRIl) 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 i A g E C O hEIGLC 131 ¢ GndCIAAKECZbnes 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,
ENieg Al gi CA yhEg 1 U gA-UA EC ¢géeAg AUWQUEAAgi 1 U EhEgAi A
response to global warming is to implement actions according to the Climate Action Plan. As the transport
sector is responsible for alarge 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 GHGemissions (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)

13


mailto:Billyfogarty1999@gmail.com
mailto:Larry.kelly@outlook.ie
mailto:Ross.higgins@ul.ie

Proceedings | 31siaugusts. 1
of the | September, Fogarty, Kelly, Higgins: Mapping Surface Roughness
ITRN2023 | ATU Sligo

has reported figures of 20 crashes causing injuries in every 100,000trips (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

Thisliterature 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 aroad 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

Roadsurface roughness is the deviation of the road surface from atrue 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. ThelRlis 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 ( 3. 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

).

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
¢téU MEiEé ¢Ci UEAyUAg i AgUAOE ¢gC UEgAIl ai Eée A AU 1 UeéiTuu
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 ldentified 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. Thesee-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 1was 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
paralleltothe e-ET CCgUE+ E ¢ EAAE | Udxik Was pakaliel tecthe e ARIOC G UEE«KE 1 UEgi T AC
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.

2

,' i
Figure 1 - Smartphoneattachedo e-scooter  Figure 21 Phyphoxglobal axis Figure 3 - Mobye-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. Twotypes of data were obtained from the mobile sensors for this analysis: the GPSlocation and
triaxial acceleration. For this report, IRl was initially selected as the evaluating indicator for surface
roughness. ThelRlis based on the concept of the . & h A-E & mdelel, which represents a vehicle with a single
suspension point and a quarter of the 1 U & i Imasbl. iREs aratio 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).

Equationl B I Equation2

T
Hq = Tk L
Where (w0Q) 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.
Thetravel 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, (03 is the sampling time and ('@ is the longitudinal offset from the road
surface at (09 (25). The vertical displacement (W@ of each sampling interval can then be calculated using
Equation 2.

Direction

longitudinal offset(h)

bbbttt b b

I travel distance(S) L

Figure 4 - RoadLongitudinalProfile

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

Equation 3 Therefore: Equation 4
i . 00& Qe | /7 2
e BEER AC TRIQY
BwO= A |Ql(Qp OY: 0= ~heal g
q omio

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
(y) 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 1and
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 IRl roughness scale which was developed by the World Bank in 1986 andis
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 20mm/m would best suit the data. The recorded data when combined with the adjusted scale,
produced the map shown in .

IRl (m/km = mm/m) Rl (mm/m)

EROSION GULLEYS AND
DEEP DEPRESSIONS

®  =40-Very Foor

FREQUENT SHALLOW
DEPRESSIONS, SOME
DEEP. 22

= 30 - 40 Poor
= 20- 30 Fair

= 10-20 Good

0=ABSOLUTE
PERFECTION

® (0-10 Excellent

Figure 5 - IRI scale Figure 6 - AdjustedRlI 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 Rl 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 surfaceroughnessnap

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.¢ € U - { AC

¢C kCAUJl] Ce geéU eUOUEQgEi AAi EUO Zi1iAg +EiO¢U iE Oi EeuA:
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 (Rl 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.

g e If@.&( 21 Ipo@D & NIININ
’.' =
[

V4

Plaza

r 4
[ L‘?’
¥

oo

]

Figure 81 (a) SectionthroughUL Main Plaza(b) ArcGIS mapoutputfor samesection

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.
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Figure 97 (a) GravelPathLooking Westwardgb) ArcGIS mapoutputfor samesection

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.

Figure 107 (a) Kerb (b) ArcGIS mapoutputfor samesection

Discussion

Theseresults show that the selected method is feasible for both analysing surface roughness and identifying
potential hazards on travel paths, using data recorded by the GPSand 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, Moby §gC i AaeCEY
EGCN!l kCAUECIAAMCAWE. gC hagi yAguud eECYyCgU §écobtelsAbeUgJ A
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 HRAinduced 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. Thefuture 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 Mapswhich 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 EVadoption 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 EVsand
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 EVsin 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
findingson MEU U AAOr E Eh E A (arigoOus fsarekning frécess of segethEacademic 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. Thestudy 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 EVinfrastructure, target marketing campaigns, and assess the impact of
EVadoption on emissions. Theliterature review highlights numerous factors influencing EVadoption, 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 EVadoption. 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]. Thistherefore 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.

Vegaet 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. Thefindings 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 patrticipation, 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 FCOand 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 EDswith low scores, particularly in the west and north - west regions,
while more affluent areas are around major cities. Changesin potential FCOlevels between 201land 2016are
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
gapsinrural areas where RTPservices 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. TheEU Commission outlined the vision for a climate - neutral EUin 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. TheEU'soverarching 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 { - G Powér for transport: a European alternative fuels Eg EAg Uc¢ J 1 °
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 EVsthat 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].

ACgeUE 8, ecCuildJ AAyuO 4-0UAA AAO UAUE¢J Ueei 1i UAg EC
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].

ecuilJ EgAgUyUAg AAyUO J4EUOhRTgi CA i A -f¥ UyiEEi CA
I Ué i Tstatgshat in order to meet EUgreenhouse 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 anincreased 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 2021policy 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 E g A g Uy U A gower forittamsggort, the European Alternative Fuels z g E A ¢aitheddtal reduce
dependenceon 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. Thestrategy 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].

Theaim of the policy 4 | E ImAblity in the 8 | i$ to ensure environmentally sustainable and competitive urban
transport that meets society's needs. The EUproposes 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. Thefocus 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 ¢ & U
for ' ' ldgislative package.Toaddress 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 > emissions
reduction based on 2021levels, 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 EUare expected to increase to 50%.The proposal states that EVrecharging 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].

1
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Republic of Ireland Policy

The! * A ¢ iClfatk Actions 0 AA 1 i GhathirEland i& gobhBitted 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. Thegoal 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 EVsand 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 iscanventional 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 2019however, 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 t02022 [16]. Figure 3 showsthe 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.

Market shareby enginetype 2022 EVSaledn Ireland
Plugin Hybrid 18,00C
%
Petrol 16,000
31% 14,000
Electric \ 12,000
1o 10,000
8,000
6,000
4,000
2,000
Diese
27% 0
2019 2021 2022

Figure 1: Market share by engine type for Ireland, Figure 2: Number of EV sales in Ireland for 2019 22,

adapted from SIMI [16]. adapted from SIMI [16].
EV uptake per county (relative to all new car registrations) EMRA Counties | % EV registration 2022
KILDARE  [18.16
DUBLIN 1750
WESTMEATH  |13.43
WICKLOW  [24.10
LONGFORD  [8.94
MEATH 1893
LOUTH 1140
OFFALY 1056
LAOIS 1280

NWRA Counties | % EV registration 2022
ROSCOMMON  {10.71

CAVAN 9.51
SLIGO 1499
LEITRIM 10.56
MAYO 1138
DONEGAL 9.39
MONAGHAN  |7.14
GALWAY 1411

SRA Counties | % EV registration 2022
LIMERICK | 12.02
WATERFORD | 11.77
CORK 11.64
KERRY 10.34
WEXFORD  [13.43
CARLOW 11.80
Figure 3: EV uptake per county, relative KILKENNY [11.59
to new car registrations for 2022, TIPPERARY | 12.32
adapted from SIMI [16] Lo T L
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Figure 4 displays a map of Ireland and the availability of publicly accessible electric vehicle charge points
per 100square 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 dataindicates that although EV usage is increasing, rural and regional areas of
Ireland have lower adoption rates [16].

EV Charge Point Availability per 100 Km2
County Charge Point per 100 Km?
LEITRIM 0.5
SLIGO 1.90
CAVAN 1.80
ROSCOMMON | 1.30
GALWAY 2.80
MONAGHAN |1.90
DONEGAL  |2.00
MAYO 140
LIMERICK  [4.10
WATERFORD |3.10
CORK 3.20
KERRY 2.20
WEXFORD  [6.20
CARLOW 3.60
KILKENNY  [2.50
TIPPERARY |2.00
CLARE 2,60
KILDARE 10.30
DUBLIN 69.00
WESTMEATH [4.20
WICKLOW  [5.00
LONGFORD  [1.70
MEATH 3.20
LOUTH 10.00
OFFALY 130
LAOIS 380
Figure 4: EV charge point availability per 100 Kmz?,
adapted from NWRA [17].

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. Themilled 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 RAPIn 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.
Theroad 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).Theuse 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 anissue 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. Thereis, 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 twdane 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, LoughEgish Food Park, home to several factories,

a creamery, cold storage units and other industrial premises. Due to the presence of the industrial site, the
R180is 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.

Theroad 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 ofthe 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 350um to 600um indicating a moderate pavement condition that
required a structural overlay * depending on traffic volume. The SCI values were under 250um and indicated
a strong to very strong pavement. Theaverage temperature corrected D1,SCland uncorrected D7 are shown
in Table 1.

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

Average D1(um) Average SCI(um) Average D7 (um)

Northbound  Southbound Northbound  Southbound Northbound  Southbound
Ch0-500, ACsection 280 266 94 96 20 15
Ch500-1900,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 R180to 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 Om 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 1S
EN 1310831 [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 1310831 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 (CEMII) 1.0

C60B4ValorCol 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 2.3MSAto an 85" percentile level of reliability. No milling out of the existing pavement
structure was considered in the IAPDM analysis.

Table 2 presents the IAPDManalysis detailing the required overlay thicknesses per homogenous section. The
overlay applied within the IAPDM analysis comprised the following materials:

1 Cold-Mix RAP* Design Layer Stiffness E=1750MPa.
1 A.C.2070/100* Design Layer Stiffness E=3100MPa.

Table 3: Overlay design thickness.

Chainage (m) Overlay thickness (mm)
Northbound Southbound
Start finish Cold- mix RAP AC2070/100 Cold- mix RAP AC2070/100
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 Om 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:

1 Cold-Mix RAP* Design Layer Stiffness E=1750MPa.
1 A.C.2070/100* Design Layer Stiffness E=3100MPa.
1 A.C.2040/60 * 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
2.3MSAto an 85th percentile level of reliability.

Table 4: Inlay design thickness.

Direction Chainage (m) Inlay thickness (mm)
Start Finish Low Energy AC2070/100 AC2040/60
Bound Mixture, L2
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 ° 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. Thewater was delivered to the site
in 1000I Intermediate Bulk Container (IBC) storage tanks as required.

Thecold 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@500m section resurfaced using cold mix RAP between 150mmand 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 R180with 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 Dynapacasphalt 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 1of the southbound lane. Oncethe bottom layers of the RAP
had cured, the upper layers were applied in the same sequence. The 145mmdeep AC20des 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. Whenmeasuring 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 1and 2-weeks and 1, 2- and 4-months post works. In all cases the
FWDD1land D2 measurements were corrected for temperature using the Australian Austroads procedure [9].
The base temperature for this study was taken as 130C, 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 D1value, the better the structural
condition. The SClis the difference between the Dland D2 deflection values and represents the load- spreading
ability in the upper pavement layers. Following structural rehabilitation of a pavementthe SClshould 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
CHO 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 & Ch1000Ch1250, forexample) 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 SCldeflection values on the northbound carriageway. The500m 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, CHO to CH500, control section has improved the SClvalue 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 5presents the temperature corrected Dland SCldeflection values at Ch1300on the northbound, with a
150mm thick RAP overlay, and Ch180®n the southbound carriageways, with a 190mmthick RAP inlay. These
two sections are representative of the RAP section. It was noted that the Dland SCldeflection values observed
in the RAPmaterial at both chainages was higher than that observed in the AC20des 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.
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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 postvorks were 475um and
211um, 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 4month 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.

34



Proceedings | 31staugust& 1t
of the | September,

ITRN2023 | ATY Sligo

TONER, WINTERLICH, NAUGHTON: Evaluation of
RAP as an alternative road making material in Ireland

Table 5: Temperature Corrected D1 and SCI values recorded at Ch1300 northbound i 150mm thick
RAP overlay and Ch1800 southbound i 190mm thick RAP inlay

Survey time Ch1300NB* 150mmthick RAP overlay Ch1800SB* 190mmthick RAPinlay
D1(um) SCI(um) D1(um) SCI(um)
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
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Figure 3: FWD D7 deflections for the northbound carriageway on the R180 trial section.

At Ch 1800,southbound, with the 190mmthick inlay, the D1and SClvalues post-works were 324um and 131um,
respectively, indicating a moderate upper pavement layer with good load spreading ability. Like Ch1300
northbound, the D1and SCldeteriorated, before improving at 1- month post works. However, it should be noted
that the D1 and SCI at 4months 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 wasused 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.

TheFWDD1and SClvalues indicate that the cold- mix RAPmaterial cured and developed strength much slower
than the AC20 control section.

Thedata 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 FWDDY7 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. Thesystem 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 novisual 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. Theremaining 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 PSClrating. This was due to several outside factors that could
affect the road surface performance which impacts the outcome of PSClsurveys. 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 PSCldata being
more scattered with ratings ranging from 5> 9. Forroads 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: PSClrating, foundation soil, deteriorating modelling.

Introduction

¢teU ECAO AUgNCE+ i E AA iAgUcEAU eAEg Ce AAJ 1 ChAQE

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,
asuite of assessments is employed to monitor the road infrastructure and deploy road maintenance programs.
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Toensure 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 (PSClsurvey) and operates
from a smart tablet. Upon completion of a PSClsurvey the information automatically uploads to the PMSwhere
it can be viewed later. ThePMSis 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 ¢ 1Ji A O E duzay {1 ATiherating of the road is dependent on
the level of visual defects visible to the inspector. Therating scale goes from 1 10with 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 deemedto 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.

Therecommended methodology of road maintenance is the following:

1. A PSClsurvey is conducted to assign a rating before works take place. This ensures roads that
required works are dealt with first.

2. Theworks are conducted to remediate road to an acceptable level.

3. APSClsurvey 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 1of 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 Teagascmaps [2]. The EPA mapping presentsthe 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. TheEPAand Teagascmapping 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 11km
R-336 Maam Cross Galway Peat 10km
R-417 Kildangan Kildare Peat 4.5km
R-314 Belderrig Mayo Peat 12km
R-294 Tobercurry Sligo Peat 12km
Clay R-497/503 Ballycahill Tipperary Clay 7 km
R-675 Bunmahon Waterford Clay 8.5km
R-700 Inistioge Kilkenny Clay 10km
R-745 Ferns Wexford Clay 5km
R-725 Carnew Wicklow Clay 7 km
Till- gravel R-417 Athy Kildare Till- Gravel 11km
R-747 Baltinglass Wicklow Till- Gravel 6.9km
R-448 Williamstown Carlow Till- Gravel 5.5km
R- 696 Carrick on suir Tipperary Till- Gravel 7.6km
R- 448 Mullinavat Kilkenny Till- Gravel 8.1km
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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 RMOdivides 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 UAT &  Jswh/Ete lie given an average weighting
to ensure arepresentative PSClrating was assigned to the overall length of a section. Three different methods
were used to calculate this data:

1. Theweighted 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. Themedian which was defined as value of a set of values was the middle one when they are arranged
in order,

3. Themean which was defined as the average value of the PSClvalue.

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. Thisissue
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 7% 89% 82
50% of the segment length

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.

Ofthe roads constructed on peat, 52% of the PSCI ratings were a7 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 PSClwere 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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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.
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Figure 3: PSCl 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-4176) foundation subgrade did not show significant
deterioration, with the rating varying between a rating of 6 and 8. Between 2011and 2017the rating of the road
increased, from just over a 6 in 2011 toan 8 in 2017. Similarly, anincrease 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 PSCIfor roads on peat would
be observed. The continuous increase in the PSCI rating between 201X 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 2017and 2018the rating of the R-417 6 dropped from an 8 to a 6. Without
further data, no explanation can be given for this drop.

Theroad constructed on clay (R-497- 1)showed a consistent rate of deterioration between 2013and 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 PSClrating 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].

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

reducing from a9in 20110 a 7 in 2017 Works undertaken between 2017and 2018restored 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.
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Figure 4: Comparison of PSCI rating for representative road segments constructed on peat, clay and
till-gravel.

Two of the other three roads (R-4176 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 a5 or 6 and then restored back to a 10.Thereasoning 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.
Thatshowed 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 PSClrating 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 PSClrating 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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Abstract

Approximately one-seventh of ME U G fad@ass 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. Themagnitude of settlement was significantly reduced in embankment models
constructed with lightweight fill. Therate 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

Thetask 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-EUI UAgé Ca MEUGAAOrE 0AAO YAEE {iE eUAguAAO
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;

ITAA A ERigAi GU guUT &Ai 8AU @=CE géeU yAi AGUAAAT U AAO EUT ¢
identified by comparison of possible maintenance techniques using finite element analysis to model

i Ueé A iT&dmitn oflthe 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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1 Develop and validate a finite element analysis model that may be used in the analysis of the behaviour
of embankments.

1 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.

1 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

Peatis 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
UEgAl ai EeUO °vy,: -CAECGi OAgi CA i E OUe&xi AUO AE" 1geéuU
change in effective E g E U5 Ehis 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 peatis 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]. Peatis 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]. Whenthe 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 Fargelanda 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]. Thesoftware used in that study was PLAXIS2D [9]. The construction comprised a 1.5membankment
over a historic roadbed of 0.5m, as shown in Figure 1.Theembankment was formed over 6 m of peat, over 3m
of organic clay known as gyttja over 12mvery soft clay to 21mdepth. It was found that the predicted settlements
closely reflected the settlement recorded in the field.

46

EUC



Proceedings| 31staugusta. 1

of the | September,
ITRN2023 | ATY Sligo

Skelly,

Naughton:

An

Investigation

into

the

Performance of Historic Road Embankments on Soft

Soil and Peat

2.0m . 6.0m ‘ 20m
25m 25m
<> F——)
‘ ‘ “~ "~ possible surcharge ‘ i Varies, minimum 0.5 m
Load stage 2 !
Load stage 1b
Toad stage 1a 1.0m
Geotextile N4/ Existing roadbed Geotextile N4
16.0m

Figure 1: Cross section of Fargelanda 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 |, as described by Long et al, Table 1,was used in this study for both
the validation and parametric models. Where LECAwas 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 Fen Peat Gytja Clay Embankment LECA
Peat Fill

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/m3) 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™ 1 ~

Modified swelling index

(k*) 0.05 0.04 0.02 0.01 - -

Modified creep index (U*) 0.03 0.02 0.008 0.003 - -

Apparent cohesion (kPa) 0 3.46 0 0 0 0

Angle of friction (9 90 60 45 35 55 55

Angle of dilatation (°) 90 60 0 0 25 25

Coefficient of earth

pressure at rest, Ko™ 0.1640 0.2760 0.4290 0.5720 - -

Four investigations were performed in the analysis:

1 Staged construction of an embankment with unloading and reloading phases, introducing LECA as
lightweight fill in reloading.
1 Construction of the embankment as per the validation model, with subsequent removal of half of the
embankment fill and replacement with LECA.
1 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)

0O &x
8
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& —f3— Predicted - SSC Set | (Long, et al., 2020)
&8 This Study
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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. Modelsin 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:

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

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

Model U.3:Baseline unload durations doubled; 10,20and 14days 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.1put without the use of LECA.

= =4 =4 =4

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 10years, the settlement in the U.4 model was 1413mmwhile 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%o0f the U.5model. 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.

0.00 U.2 Baseline Unload Times Uy

-0.20 ——U.3 Baseline Unload Times x 2 Uy

-0.40 ——U.4 Baseline Unload Times x 4 Uy

-0.60 U.1 Minimum Unload Time Uy

-0.80 ——U.5 Baseline Unload Times (All Fill) Uy

-1.00

170 Reloadedwith
LECA

Displacement (m)

-1.40
Reloaded with
Standard Fill

-1.60
-1.80

-2.00
0 100 200 300 400 500

Time after commencement of embankment construction (days)

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.2and U.5models 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.
Theoutput 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 LECAembankment 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 LECAembankment 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 LECAmodel. 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 SREMwas still over three times that of the LECAembankment. One explanation for this may
be that the load of the granular fill in the SREM was close to the capacity of the peat.
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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.

SREM 20-Year Half Embankment Removed Leca Embankment Uy
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Figure 5. Long-term vertical settlements in LECA and SREM models.

Conclusions
Themain 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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Theuse 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. PLAXIS2D 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. Thereis a needto provide a holistic view of the literature in this context of supply chain management.
Theaim 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 I 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 WOSdata, Chinais the most cited country with 1,61Qotal citations. The most
frequent keywords used were also identified in the analysis. Furthermore, the research themes identified

EhccUEg géAg JEhEgAiAATiawigdl iE AA iyeCEgAAg =AlgCE

commerce logistics. Thepaper also identified and discussed the literature of the top 10global 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 Hubner 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-y i U i E EUa2UEEUO gC AE 41géU & AAu EgUeé i A gEAAEigi Ag

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 a/. [11discussed the environmental
implications of B2Celectronic commerce from a logistics point of view. He pointed out4 g E A A Eé Qdngnygi CA
andy AAA ¢ UyaldA ¢Oli E g Erietivdrkg® UCEAT as thel maJor factors in causmg environmental issues and

in general to different aspects of sustainability inlast -y i a U aCc¢ci Egi 1 E: ¢teuU Jc¢cEUUA i Ai
electric/hybrid cars, use of less carbon emissive fuels, use of drones, can limit the negative effects of

UAI1 i ECAyUAgAu ecCuuahgi CA AAO iyeECI U UAIi ECAYyUAgAG EhEc
hET AA uC¢iEgilTE euAAAi Agl ¢hi OU EgAQUE geéAg hEI AA ®EUI
and poses a threat for not environmental but also economic and social stability. In European states, local

AhgeCEi gi UE AAO uCgiEgiTE eECI i OUEE gCcUgéUE TAyU he 1
1TAUAA AAO AUGGUEAAgiI U =tUUg eECyCgiCAl' AAO J1EeéAl U y§
8hECeUAA EUc¢i CA AEU 1 UiA¢ yAOU ¢gC AOOEUEE géuU ¢CAu Cea

This paper aims to answer the following research questions:
U Whatare the recent research developments in the context of last mile logistics and e-commerce and
omnichannel retailing?
U 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 prowdes a mappmg analysis [13] It can be defined as | ¢ énBasurement of all
AEeUT gE EUGAgUO ¢gC geu ehiailAgi CA AAO EUAOi Ag Cae 1 CC=t
The total number of 515 documents were extracted from Web of Science on ¥ June 2023. The search string
Dige geuU +CCuUAA CeUEAgQgCEE 1fvl AAO 4 21 WAE 1~ GAEg V¥
City logistics OR grocery logistics OR Urban Freight Transport) AND ("omni channel” OR e-commerce OR
"online shopping" ORe-grocer* OR"multi - channel shopper"). Thesearch was limited to exclude the Publisher
1 _ 2 sTherewwas no limit for the time frame from which the documents were extracted. Bibliometric analysis
was performed using R Studio (Bibliometrix AAO ¢géU WUl i AgUEeAT U J1iluai CEéi AJ |

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 onwhich all of the further
analysis has been performed . A total number of 515documents 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 2020,2021and 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, 11And 138respectively.
By F' 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 281
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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No. of Articles
@

Thetop 10most 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

Annual Scientific Production

2000 2001 2002 2003 2004 2005 2006 2007 2008

2009 2010 2011 2012 2013 2014 2015
YEAR

Figure 1: Annual Scientific Production

2016 2017 2018

2019 2020 2021 2022 2023

revelant source. According to WOS data, 7ransportation 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, /nternational Journal of Physical Distribution & Logistics Management, International Journal

of Logistics - Research and Applications, and /nternational Journal of Retail & Distribution Managementare
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 7ransportation Research Part D- Transport and Environment has the second
highest total number of citations (498), although, it recently started publishing in 2017 Similarly, /nternational

Journal of Retail & Distribution Managementhas the third highest number of citations (444) with publication

starting in year 2016.

Total Articles
No. of articles for last-mile citation production
Journal source name and omnichannel retailing S start year

1. Transportation Research Part E-

Logistics And Transportation

Review 24 615 2010
2. International Journal OfPhysical

Distribution & Logistics

Management 19 906 2010
3. International Journal OfLogistics-

Research And Applications 16 295 2013
4. International Journal OfRetail &

Distribution Management 13 444 2016
5. International Journal OfLogistics

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

Figure 2 represents the top 10 most cited countries globally. China tops the list with total 1,610 citations,

Table 2: Top 10 most relevant sources and s o u r dmepsd

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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Top 10 Most Cited Countries
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Figure 2: Top 10 most cited countries

Flgure 3 represents word cloud of the author keywords used in last- mile logistics and e-commerce, and omni
IeAAAUu EUgAlu+IAQ;yyUIEgUEeCNJECgI|UEg|IEJ‘ JyCOUuJ‘ 1iyeAl

research on the date of Web of Science. Flgure 4 represents the co-occurrence of all the keywords in the
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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
GgEAAEI UEEAG géUyUE: ¢e-UOUAGEAU pBYgy OB BEGeWACA Uy UEci Ag
1 AU aentrdl Bor OU 1 U G Gtéhd fnke of analysis, motor themes are 4 T U AandE@UWi1 U G Grplyrg the
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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 4 Oi E g E il KghEgG ICLAR i* O & ¢ ATl Ghabh

G Cc¢ i ETdisduser is in between the niche and motor themes and the research focuses on the distribution

and fulfilment of products along with concepts such as 14.0, 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. Thecluster in the emerging or

OulT ui Ai Ag geUyUE @Ci hEUE CA géuU {1 CAE-bonméice logistich.1TheCh E | i
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
+UJWCEOCE 11i¢gJ uCg¢iEgilTEIl® Ji1UeéiTauU EChgiAgl®> AAO 4TEC
AAO Te&AGUWUAGUE AT UO 1J ¢geU J1hEI AA ®EUicég QgEAAEeCEQgAg
basic theme with | U Cy ¥ U Esithe dnly cluster with high relevance and centrality and s yet to be developed

yCEU'™ g¢geéeiE TuOUhEgQUE iE J11UAgEAGI 1hg JUg 4hAOUIUGCeUO!
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 focuson / z A Eg A7 Rebsdarchi 7 g J / .
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.
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Figure 5: Thematic Map

Document Research objective Total Citations | Total citations per Year
Toprovide a planning framework
for last - mile fulfilment in omni -
Hubner et al. [5] channel grocery retailing. 216 27
To propose a crowd delivery
model to enhance last-mile
Wang et al. [15] delivery service. 170 21.25
Tocompare the carbon footprints
between last- mile deliveries and
Edwards et al. [16] conventional shopping trips. 155 11.07
To provide insights into the
reasons for the growth of urban

last- mile parcel delivery
operations, the challenges faced
Allen et al. [17] by last- mile delivery drivers, and
the pressures on last-mile
operators 150 25
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To provide a literature review on
online fulfilment and delivery in

Melacini et al. [3] omni- channel retail. 127 21.17
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
Lim etal. [18] more  recent  developments
within the context of the e -
commerce supply chain. 126 21
To introduce two levels of
challenges and problems related
to the routing in last mile
Zhou et al. [19] deliveries for e-commerce. 125 20.83
A literature review on online

business to customer e-
commerce from a perspective of
Mangiaracina et al. [11] logistics and  environmental
sustainability 109 12.11
Tocreate a parcel locker network
as a solution to the LML
challenge by establishing the
Deutsch and Golany [20] | ideal number, location, and size
of locker facilities. 108 18
To conduct an exploratory study
with retailers from various

contexts to investigate the
Wollenburg et al. [21] internal logistics networks
utilized to serve customers. 107 17.83
Table 3: Top 10 most global cited documents

Themes and Discussion

Hibner 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.qg.,
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 beenrepresented 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. Thestudy proposes strategies that online merchants and home delivery services should implement
to improve the COZ2efficiency 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 ef a/. [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 { & UAE U E Eh E O é&ustdijer OUYy AAOEUI UET AnaheEU§JCE | -
1geU iyeAlouCeUmEUU 41 yAAAci A¢c eE@AONIW GUughBAE IUE |4 adE
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, { Of EgEi 1 hgi
Ce AUQUCE+-EJ] AUUOE ¢gC 1 U EUOUEiIi¢AUO 1J i AT EUAEi Ag geU
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 { O U G iplanbifgdand

Uijul hgi CAl wWeilTeée (1 E yAiAud geéuU aAEmnng é-fulimeatCetdidisgarel E Eh
now focusingon 4 G i T +_ -oftiorivihithgallows 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 atotal of 515documents obtained through Webof Science. Toquantify 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 neededin
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.
Oneof 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:

INSTITUTE

INDUSTRY STUDENTS

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.

Oneof 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 ITtechnology.
3. Thelimited 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. VRPis 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.

Westart by providing the mathematical formulation of the problem as below.
Parameters:

¢ = number of points (1 - depot, 2 , é clients)

Qqg distance from point "Qo point Q

‘Og= demand of client "Q

0 = capacity of each truck
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Parameters:
aos 1 if a truck goes from node Qo node "(binary)

"y number of units in a truck going from node "Qo node Q

Themixed integer programming model formulation of the problem is provided below ([15]):

£ £ (1)
min B B Quotano
|1 @1
- ‘ @)
Bogsg 1l !'& 28,8
‘@1
£ ‘ @3)
Bosl ! ®x28,¢
‘@1
€ € (4)
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0 "0 06 @o ! 9k 1,8 ,¢ ®)
God 0,1} T 1,8 ¢ (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]).OpenSolveris 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: OpenSolverimplementation screen for a small - size VRPinstance.

As the VRP is an NRhard 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 theheuristic 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.

Thefirst tool introduced is an open- source Spreadsheet Solver developed by GunesErdogan ([18]). Thetool 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.
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Figure 3: A Cork-based VRPinstance 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).

65



Proceedings | 31siaugusts. 1
of the | September, OZTURK: Transport Planning Education

ITRN2023 | ATY Sligo

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.

ODLis 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 VRPinstance 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:

~] View routes in map - vehicle routing Gsprit)_WestCork.odix [=[5]X]
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Streetilap cortributors. 29

Figure 5: ODLVRPsolution 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.

@ Helpfull to go through from easier to
more difficult concepts

@ It would be better if we have more time
to spend in essential optimization/
simulation concepts
| struggle to understand

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% ofstudents 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%o0f them consider implementing these methods after investigating
possible use cases at work. 67%o0f 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.
Thesetargets 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 GHGemissions, 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. Thetransport 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 areview 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 EVRPis 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

Theclimate has changed significantly under the influence of human behaviour. Dueto the intensification of the
greenhouse effect, the global average temperature has increased by 1.1 eC since 1850, and atmospheric CQ
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 EUmember states. In 2021 Ireland's GHGemissions 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%f GHGemissions in 2021 More importantly, the transport sector in Ireland
has been the fastest growing source of GHGemissions over the past three decades, showing a 112%ncrease
in emissions between 1990and 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 EVusage (81%increase in EVsales 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 areport 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
TUAGEU gC ¢géuU EUTiéeiUAg+E @EUx2UEEUO OUEgi Adngsdpeiically Ci Ag !
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 EVRPsin 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].Whenformulated 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. Whatare the current state of the art solution methods for electric vehicle last mile mobility algorithms?
2. Whatvariants of the EVRPare modelled? What problem characteristics are modelled?
3. Howwill the transition to electrified last mile mobility affect the electricity grid and wider power system?

Theremainder 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].

Thethree research questions can be expanded upon to enhance the understanding of the task at hand.
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Question 1has 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. Toanswer 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. Giventhat 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%f the instances with 100customers. 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. Theyhave formulated this problem as a MILP which is a variant of the generalised assignment
problem. Toeffectively 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 180seconds. [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 agenetic 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. Tosolve 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/TSheuristic such that the algorithm does not scale well to larger test instances. Theysuccessfully 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 EVRPwith 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. Thesimulation 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 ofa 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
. . . Heterogeneous (EV&

Enzietal. [9] Min. Cost ( + C0, emissions) 9 ICV)U ( Exact 10customers No
Militao et al. [21] Min. Fleet Size Varied vehicle capacity Simulation (MATSim) 50 - 4000 vehicles No

. . ICV(E! level) + EVs(2™ -
Breunig et al. [13] Min. Cost ( Ievzel) ( Exact & Heuristic (LNS) 200 customers No

Min. no. of vehicles then min. Exact & Heuristic (MG-DP-
Raeesiet al. [14] ! V_ : : EVsand BSVs X uristic ( 100customers No
distance ILNS)
Vilica et al. [24] Max. profit of operating company SAEVsand private AEVs Flow based optimisation 118,000Qrip requests No
Al-dalain et al. [12] Min. operational costs + CQ ICVsand EVs Exact 50 customers No
Napoli et al. [22] Min. energy consumption FCHEVand BEV Simulation (TransCAD) 84 customers Yes
Martinez et al.[23] Min. distance travelled Heterogeneous Simulation (ArcGIS) 25000 packages Yes
Maeet al. [16] Min. total fleet idle time Homogeneous Heuristic (LR) 2000 customers No
Min. cost (fixed + handling +
Wanget al. [25] ( ) 9 Heterogenous Exact 2% 100customers No
routing)

Maet al. [17] Min. distance + time + energy Heterogeneous (SAEVs) Heuristic (ALNS) 108customers No
Zhenfanget 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
Yanget al. [20] Min. .total cost Homogeneous Heuristic (LR- ADMM & DP) 149locations 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. 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 OFsthat 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 OFin [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. Thisis 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.

Themost prominent charging strategy that was evident was in transit charging, defined as when the EVbattery
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
T¢yeaugu geUi E EChgu ¢gC geU OuecCg Neilée UAEREUE geéAg
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 EVRPsmentioned the electricity grid. [23] analyses the impact that
the charging points chosen from the routes obtained from the VRPhave on the distribution network (DN).They
perform an assessment of the electrification of parcel transportation using areference 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. Theypropose 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

Thesearch also yielded papers that did not attempt to solve EVRPsbut 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 EVRPis 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 humber of instances. There were also papers
that included autonomous EVsin 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
guestion. As was mentioned above in the results, only 3 reviewed papers incorporated the electricity grid.
However, it is clear that EVswill 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. Thekey 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

¢teuU iyyi AUAg ¢gAEcUg ¢gC EUOhRT U MEUGUAAO+E QgEAAEecCEgyg
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

¢teU iyyi AUAg gAE¢Ug ¢gC EUOhRT U MEUGAAO+E gEAAEeCEg
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. Thescale 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 MScin Sustainable Transport and Mobility at TUDublin, looks at whether the project as it is currently
constituted can meet the competing demands on public space and whether our current standards, guidelines
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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 CBCat 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.

CrlLE CYCLE
FOTTPATH TRACK BUSLANE TRASSIC LANE TRAFFIC LANE BUS LANE TRACK FOOTPATH
¥ ’ ad ad |

Figure 2: Optimum cross section for Core Bus Corridors (Source: NTA, 2021)
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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

through traffic.

¢téuU vAgeyi AUE OUEi¢A EECWE A yAE-UO gEAAEaCEY A A
CEi UAgUOr AeéeECAT & gC OUEic¢A WNBUEUAE g¢géeU séi
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. Theycan also provide a solid basis for
demonstrating to the public the rationale for design decisions which may help during public consultation.

¢téeU EUIUAg EUeCEg 1J geu f8-2" VvUOUEic¢Ai A¢g MEUUAAO:+E ¢
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 evidencefrom 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 tradltlonally dominated by the englneerlng professmn and although urban de3|gners are involved in the

+hE- CAAUI gE eECoUI g géeUi E ECaU T AA eUEéAeE 1 U TeAEAT g
¢cUAUEAuU eECeCEAGI ° EAgeUE geéeAA 1 UiA¢ A TCEU GUy UAg

3

c

Stakeholder Engagement
The format and the timing of consultations with stakeholders and the public can have significant impacts on o
geu Chgl CyUE Ce OUEiIi¢A éECOUIgE: ¢éU 8hECeUAA -CyyiEEI (
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I?eop'le‘[lo]1 notes the _Coptentious nature of rog:ld‘ reallopatiop prgjects gnd feco[nmends a communica}tion A .
EgEAgU¢J &ECYy géuU ChgEUg AAO UAGCAGUYUAg WDige ecuigili Al

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 arisk 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. T Cy y htaps, Ancluding 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 Guidanceand 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 . Thisre-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 OECDhas 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

¢téeU EUEUAET & AE+UO geéeU &hUEgi CA 1-AA geU 1CyeuUgiAc
Bus Corridors in 2 h 1 G iTHeevidence 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 arural 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. Theultimate objective is to facilitate afocused
approach to sustainable transport planning and to provide a better understanding of sustainable mobility
options in ME U G Aufaardas to assist in the | C h A ¢trEnditiof 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. Theyhave
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 . E h téaveli
y i AORY 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 arural 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
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that contribute to mobility in rural areas and identifies ataxonomy to classify these areas in terms of the above
factors.

Theliterature 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].

Thefocus 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 ME U 0 AufaDardas. 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
Regiont of Ireland, which largely aligns with the Northern and Western NUTS2 region recently reclassified by
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%o0f 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 ME U 0 Wés@rn Eegion [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 SMl 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 advancedresearch 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

Thepaper focuses on the northwest and west region of Ireland. Thisregion covers the seven counties included
in the Western Development- Cy ¥ i E ESMIGoA rurl towns. Thisregion is of interest from arural 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 1,500residents (compared to 36%in the state). The seven counties vary considerably in population
from 35,19%o0 277,737and rurality, ranging from 84%in Co Leitrim, with only two urban centres over 1,500to
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 10,000residents
(10ktowns). There is one major city (Galway) which has a population, with suburbs, of 85,910and six other
L 0 A wnb with a population of more than 10,000[27]. There are 33 rural towns included in the analysis.

1 TheregionincludedseverncountiesClare,Donegal Galway,Leitrim Mayo, RoscommorandSligo.
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In this paper, the focus is on identifying the factors that influence rural transport mobility. Thisis 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 1shows 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 2016Census of Population of Ireland [29], the Geographical Profiles of
Income in Ireland [32], and the raw data used for the development of the SMl 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 1996and 2016

Income Geographical Profiles of Income in Ireland
Daytime/Night-time working population Census of Population of Ireland * A h g & & Ealculations
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 A h ¢ & @a Ealculation

SMlindex * aggregate of health, cultural, and shopping

Diversity of Activities (Aggregate) destinations at town level

Distance to nearest 10k Google Distance Matrix API* A h g & @b Ealculations

Distance to nearest 50k Google Distance Matrix API* A h g & @B Ealculations

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 s U A E E grdducE moment and z & U A E y tAdA colftelation techniques are used for the correlation
analysis. The assumption of normality required for s U A E E €bkelafion 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
u A E Gnetliod is selected, with squared Euclidean distance measure of similarity. The analysis and visual
representation of the results have been carried out using the c/uster and the factoextra packages for the R
software [37],[38].
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Results

Oneof 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 vanables

Car Share éﬁg\r’: Mode é\_cg(re'r:arfueting gﬁglr'g Transport Eizcseenrﬁ%z (j\jith
Distance 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%**
(DAi‘éZ:j;ét%f)AC“"i“es -0.12 0.27 021 -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 10kpopulation 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 10kpopulation 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 atree 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 1is composed of rural towns with the lowest average population density. Theseare considered remote
rural areas with the highest average levels of employment self- containment and the lowest levels of income.
Theseare 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
18years 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 ME U G AVAstern Eegion
[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. Theanalysis 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.
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Table 2. Average profile of rural towns in each identified cluster.
Cluster 1 Cluster 2
Remote towns, low Long-distance Commuting towns, high- midalle
income, aging population, ~ COMMUINgG »taW”S{IOW' income, young growing
low density e ot 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
anddevelopment.Eventhoughthe basicphilosophyof TODhasbeenwidelyadvocatedandappliedin manyjurisdictions

for many years now, its application from place to place varies greatly in form, function and outcomes. In recent times,
there hasbeena growingrecognitionof the TODapproachin Ireland,but there remaingapsin our understandingpf 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 arstreetared 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
materialisedin policyor in practice.Theresearchhighlightstheseshortcomingsandtheir implicationsfor 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
GKS2NEXZ GKS NBaSHNODK LINRPLRZA&ASAE | NBAYIGSNIINBGFGAZY 2F G
additionof two principles Finally the researchshowsthat thereisampleroomto continueto build onthe 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
transportplanninghasbeenkeyto the succes®f citiesthat havebeensuccessfuin increasinghe useof publictransport
walkingand cyclingandreducingcartravel[3, 4]. Eventhoughthis basicconceptof TODhasbeenwidely advocatedand

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
conceptuaframeworkanda succinctsetof conclusionsare providedwhichcanbe generalisedo the wider Irishcontext.

Further, it is considered that the research has more general implications for theory, policy and practice.

2. Literature Review

2.1 TransitOriented Development

TOD emerged and developed as a concept over the last 30 or so years, howeyggijritslie in previous and visionary
ideasin urbanplanning,suchasthe gardencity, or satellitecities[5, 6]. Calthorpe[7], arenownedproponentof the New
Urbanism, was the first to develop the concept of TOD, and described it in spenific as a mixedise 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-baséd stop.
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Whilethe concepthascontinuedto gainacceptanceandhasdevelopedconsiderablysincethe 1990s,t isapparentfrom

the literature there is still no universalccepted instrument that can be used to fully describe it or its objectives.
Notwithstanding, the literature provides common aspects of TOD including ruiseddevelopment; reduced car
dependency by selecting development locations near public transport networks; pedestrian and cycling infrastructure;
publicspacesearbypublictransportstations;andefficient publictransportnetwork. Perhaponeof the mostimportant

02y OSLIia FNRdzyR (KS LXIFyyAy3a |yR AYLX SYSyiGlGA2y 2F ¢hs
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
outcomescanstill be consideredsuccessfullO]. Indeed,in somecasesdevelopmentsare brandedTODby virtue of their
proximityto a publictransportstation,regardlesof howwell they optimisethe location[11]. Thisis despitethe fact that

the design and quality of the public transpaervice has a major impact on the success of the a@that a place can

fail if the public transport is nadttractive enough and able to compete with the speed and flexibility of the private car
[11]. Publictransportuseishigherin TODcomparedto conventionalsuburbs but the mostsignificantdifferenceisfound

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 Evaluationof 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
containsten suchindicatorsand couldnow be consideredo be the mostrobustof suchapproacheg14]. Thequalityand
effectivenes®f measuringhe succes®f TODshasbeenfurther improvedby developinga distinctionbetween'essential’
and'supportive'indicators[15]. Theliterature alsosuggestghat other indicatorscouldbe addedaroundthe 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 TODframework. Thesecanbe understoodin a conceptualframeworkof transportand mobility principlesin TOD
(Figure 1).

Transport

and Mobility
principles in A
TOD e Interchange to
other transit
modes

Cycling
infrastructure
& Facilities

Figurel: TransportandMobility Principlesof TODFramework

3 Methodology

3.1ResearctTechniques

To achieve theesearch aim and objectives a mixegethods approach was adopted for the research strategy. These
required the collection of primary data using three, distinctive techniques; documentary analysis; spatial analysis; and
semistructured interviews within a larger case study methodology.

3.2 CaseStudyMethodology
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A single irdepth case study was considered to be the ideal methodologyato 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
TODIlike development in the literature; within the Dublin Metropolitan Area; approved statutory planning framework;
single heavy rail noderiented development; mixedise 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 AssessmenEramework

Theconceptualframeworkof TODtransportand mobility principlesfrom the literature reviewwasusedasthe essential
assessmenframeworkcriteriafor the datagatheringcomponentof the researchThemostfrequent principlesandtheir
essential objectives are included in Table 1 (below).

Criteria Objective

Trafficmanagement 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 adverselyaffectedby private cartraffic, andthat the impactsof traffic congestion
can be minimised.

Catchmentarea Accessiblérain stationandbusstopswithin the catchmentbuffer.

Walkability Thepedestriannetworkis safe,completeandaccessible.

Cycling infrastructure and  Thecyclenetworkissafeandcompleteanddesignatiorof bicycleparkingthroughoutthe Planning

facilities Scheme

Othertransit Otherhighquality transit optionsare accessibléy foot.

Interchange to other modes Maximise accessibilityto services and promote the use of more sustainable forms of
transportation, thus reducing car dependency.

Frequencyand capacity of Frequent and higher passenger load results in better utilisation of rail and bus capacity and value

service of TOD.

Tablel: AssessmenErameworkCriteriaand Objective

3.4 DataCollectionand Analysis

Primary data was collected using the threkstinctive techniques of documentary analysis, spatial analysis and semi
structuredinterviews. Thematicanalysisvasappliedto the datacollected,whichis describedasa matrix-basedmethod

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
robustrationaleandbasisfor the approachundertakenanddelivered.Thebasisandrationalefor the designationof the

score awarded for each criterion in Clonburris SDZ are tabulated below.

Score Rationale
Goodrationaleandbasisfor the approachundertakenanddelivered
Adequaterationaleandbasisprovidedfor the approachundertakenanddelivered
Noneor poor rationaleandbasisprovidedfor the approachundertakenanddelivered

Table2: 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  Casestudy¢ ClonburrisSDZDublin

LNBflyRQa ONRIFIR | LINRIFIOK G2 LIXFYyyAy3a YR RS@GSt2LAYy3 ¢h'
plansat national,regionalandlocallevel. TheNationalPlanning=ramework NPFandNationaHevel PlanningGuidelines

sit at thetop of this hierarchyand guidepolicy andplans at bothregional andocal 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. TheGreaterDublinArea(GDA)TransportStrategy2022- 2042doesnot explicitlyincludesupportor otherwise
designateTODlocationsthat LocalAuthoritiesare promotingfor large-scaleintensiveregenerationInstead 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].

UnderHousindgor All,aworkinggroupof Departmentof Housingl ocalGovernmentHeritage Departmentof Transport,
NationalTransportAuthorityand LandDevelopmentAgencywasestablishedo consideropportunitiesfor transportled

95



315 AUGUSL& 15 September BALL AND NORTON: Moving Towards a Greater Integration of
ATU S?igo P Transport and Mobility Outcomes in Transit Oriented
Developments

Proceedingsof
the ITRN2023

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
barriersto unlockdevelopmen{20]. In May 2023,areport on opportunitiesfor TODin Dublin,undertakenby the working

group was published. The report identifies 14 locations in Dublin that are suitable for the phased delivery of intensive
mixeduse 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 LuCmdalkin, sitting adjacent to strategic road
infrastructure(M50, N7, M4), andbisectedby the intercity and commuter rail lineClonburriswasfirst designatecas an

SDZ in 2006, but did not advance to development at the time due to the economic recession. SDZs are designated at
nationallevelandrelateto areasof nationalstrategiceconomicand socialimportance.PlanningSchemesrein essence

a holistic pladed approach for a SDZ with an associated-fiastked 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.

ThePlanningSchemavasadoptedby SouthDublinCountyCounciSDCGp 2018but wassubsequenthyappealedto An

Bord Pleandla (ABP). In 2019, the Board approved the Planning Scheme subject to modifications. The delivery of the
ClonburrisSDavill facilitate the provisionof two distinctivemixedusedevelopmentareasaroundboth rail stationnodes

and community, retail and employment use distributed amongst surrounding development areas in the form of local
nodestogetherwith parklands ThePlanningSchemeprovidedfor: a populationof 23,000;7,7309,413dwellings;31,115

sgm of employment floorspace; 22,520 sgm of retail floorspace; 90 hectares of parks and open space; 7,300 sgm of
community floorspace and 8 schools; 2 train stations; and 12.5km of cycleways and walkways [21].

om 500m

Figure2: ClonburrisSDZlanningSchemgSourceSDCQ019)

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 weipasmpng
carriedout for approximately2,000units asof quartersthree andfour of 2022[19, 20]. Aspart of the researchplanning
applications submitted within the SDZ area were reviewed and discussed during thsteerhired interviews with
stakeholders. The DART+ South West railway order application was submitted in March 2023. According to Housing for
AllQ12023progresgeport, asdevelopmentcommencesat ClonburrisSDZand demandfor travel emergesKishogerail

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 caseTstagyall into
sevenbroad categoriesof TrafficManagement,CatchmentArea;Walkability;Cyclingnfrastructureand Facilities Other
Transit;Interchangeo OtherModes;and Frequencyand Capacityof ServicesAnoverviewof the findingsof the research
in each of these categories is provided below.

5.1 TrafficManagement

The parking standards of the Planning Scheme were adopted from the-ZIPt6 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 éyasse basis as part of the development management
process.Documentaryanalysisshowsthat at the developmentmanagementstage,a consistentapproachto parking
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providing for the maximum number of spaces permissible for any element of the proposed development sets an
undesirableprecedentfor the developmentof the remainderof the SDZandislikelyto underminethe strategictransport
objectives for the area [23].

5.2 CatchmentArea

Fromthe analysisandinterviewsundertaken,it wasapparentthat minimalattention waspaidto the optimal catchment

buffers that thetrain stations and bus stops provided. It was acknowledged by the interviewees that the accessibility
percentagegeneratedwere not consideredn the designof the PlanningSchemejnstead,the designationof 800mand

400m buffers were placed arourntie 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 interviewedn.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 achiglity, permeable network throughout the
Scheme. The findings highlighted that DMURS played an influential role in shaping the design of the street network. In
O2y (N} aiGs o0Se2yR (KS NBR fAyS RStAYSFGISR F2NJ / f 2yo0odzZNNA
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 openingdefsans was a highly
contentious matter in the plaimaking process, with many observations citing the likelihood ofsottial behaviour as

a result of pedestrians and cyclists using these routes.

5.4 Cyclingnfrastructureand 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 Plar2P@P6 where minimum standards for each

type of landusearelisted. Themobility consultantfor the PlanningSchemevasof the opinionthat, 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 facitétesyveere

not considered during the plamaking stage of the Planning Scheme [22].

5.5Other Transit

The transport modelling completed for Clonburris SDZ projected 44% of private car usage in the modal split forecasted
for 2035[26]. TheDepartmentof Transport Tourismand{ LJ2 Sdia@eiTravelPolicy,applicableat the time of the plan-

makingof Clonburrissetatarget of 45%o0f carmodesharefor commutingtrips, andtherefore, the forecastedcarmodal

share was considered in line with these targets. A mobility consultant for the Planning Scheme was alarmed by such a
highfigurebeingcalibratedor evenjustifiedin i 2 R Ipd@id@cdntext,particularlyfor acomprehensivenewdevelopment

located along a rail line [24]. It was also established that Mobility as a Service (MAAS) andhofidity did not factor

into design considerations at the time [22, 24]. All interviewees concurred with the difficulty of planning fostaige
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 hew
and upgraded stations along the intercity and commuter rail, but to date, the station is not operational.

5.6 Interchangeto Other Modes

During the plarpreparation stage, it was found that while there were design deliberations of the rail nodes to ensure
that spatialrequirementswere deliveredto enablethe developmentof a high-quality interchange thesedesigndid not
materialiseinto the PlanningSchemelt wasnoted by a PlanningOfficialthat the detaileddesignof the interchangewould

be further developed and agreed upon during the development management stage [22].

5.7 Frequencyand Capacityof Services

While the frequency and capacity of services are due to be increased with the roll out of Dart + South West and
BusConnects 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 undesirabland perceivedcar dependency at the Clonbur@Z22, 24]. Inparticular, theseconcerns

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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planningguidancedocumentattachedto the localplanthat specifieshe requisitesfor delivering¢ h 32@]. Further,the

approach taken to the modelling was considered to be an outdated mechanism to assess the proposed transport
interventionsin the ClonburrisSDZA mobility consultantfor the PlanningSchemg?24] suggestedhat Decide& Provide

modelling would have been an alternative visiead mechanism to plan and scenati&st factors to deliver optimal

spatial planning outcomes centred around sustainable transport and mobility.

5.8 OverallSummaryof EvaluationMatrix

Theoverallscoringmatrix assignedor eachtransportandmobility criteriaof TODis tabulatedbelow.

Principles Evaluation Rationale

TrafficManagement Important desigroriented decisions such as car parking standards were delayed tq
developmentmanagemenstage.Despitethe needto restrict parkingin TOD<o delivera
lesscarbasedmode share,the PlanningSchemedid not introduce specificcar parking
standards.

CatchmentArea Both definitions of pedestrian and bicycle catchment areas vary considerably; howey
wasnot apparentwhat analysisvasundertakenfor cyclingaccessibilityacrosshe Planning
Scheme.

Thefindingsshowcasedhat DMUR$layedaninfluential role in the designof Clonburris
SDZo createahigh-quality permeablenetwork throughoutthe Scheme.

Many decisiongelatedto the planningof cycleinfrastructureandfacilitieswere delayed

Walkability

Cyclingnfrastructure

& Facilities to the developmentmanagemenstageto resolve.

Other Transit High levels of car usage are projected based on the transport modelling for the Ple
Schemebut no specificpoliciesor objectivesto transferthesetrips into sustainableravel
modes.Additionaltransit options,suchasmicro-mobility or MAASwere not consideredn
the plan-makingof ClonburrisSDZ.

Interchangeto other The relationship between modes of travel and how synergies could be develop

Modes interchanges wereconsidered during the plapreparation but did not feature in the
PlanningScheme.lt was noted that the detailed designof the interchangewould be
developedandagreeduponduringthe developmentimanagemenstage.

Frequencyand Once Dart + South West is operational, the frequency and capacity of services is

Capacityof Services increaseln addition,underBusConnecthigherfrequencyorbital routesandlocalservices|

are plannedfor Clonburris However,developmenthascommencedat ClonburrisSDZput
it isunknownwhat quantumof developmentmaybe deliveredat the ClonburrisSDzprior
to the Dart + South West being operational. It does not appear as though any model
exercisevascarriedout to assessucha scenario.

Table3: ScoringViatrix and Rationalefor eachTransportandMobility 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 pked approach; recognising the vision for TOD; transport policies; and delivery.

6.1 Plartled 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
serveClonburrisSDZput havenot yet beendeliveredthis raisessignificantquestionmarksto our approachof delivering

TOD in Ireland. The lead in times for project delivery could mean that theqgniglity transport services needed for
Clonburris SDZ will significantly fall behind the pace of development. Notably, the working group established under
Housingfor Allincludeda mandateto consideropportunitiesfor transportled developmentin urbancentres.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 Clonb@&DZ, that developmeris likely toprecedethe delivery of therequisite
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 theakiag 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
expressiorfor transportand mobility aspectsof the illustrativemasterplanand offersthe LocalAuthority and applicants

a valuable tool to help guide and inform the delivery of development across the Schemes.

6.2 Recognisinghe Visionfor TOD

The literature is clear that the strategic visioning of TOD needs to begin at the regional and metropolitan scale. The
Easternand MidlandsRegionalAssembly(EMRARSE&nd MASPrecogniseClonburrisasa StrategicDevelopmentArea,

but other than referringto factorsassociatedvith TODsuchasintegratingland useandtransportplanning,the Strategy

does not fully espouse a TOD Strategy for Clonburris or more generally. While the GDA Transport Strateg942022
includesbroadcriteriafor the locationsof TOD suchaslocationswithin 800mof rail or 400mof a proposedBusConnects
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spineit doesnot explicitlyincludesupportor otherwisedesignateTODlocationsthat LocalAuthoritiesare promotingfor
large-scaleintensiveregeneration[18]. Theabsenceof anyfirm commitmentandundefineddeliverytimelinesfor large-
scale projects further exacerbates the difficulties of planning and delivering TOD in Ireland. The research suggests that
there isa needfor greateremphasidn policyof TODIn Ireland,andthe NPHsthe logicalstartingpoint to assertavision
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
designof the Schemethere maybe scopefor the guidanceo be expandedo includeadditionaldesignguidanceon 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 sensitructured 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 mdiﬁciplinary approach and understanding by all stakeholders as

to what exactly TOD entails. The findings reinforced the view in the literature of awardmg the label of TOD by virtue of
| t2y0odNNAE {5%Q& t20F0A2y (2 GNIy&arAld sAGK2dzi SELX AOAGT ¢

6.3 TransportPolicies

As highlighted in the findings, there are inconsistent standards and rationales provided to justify the quantum of car
parkingstandardsproposed.Theapproachadoptedto the managemenof traffic in ClonburrisSDZappearsat oddswith

the premiseof reducingcardependencyby selectingdevelopmentneara transit network when the samestandardsare

being applied on a Countyide basis where access to public transport is likely incomparable. While redtaredards

for parkingare encouragedn the PlanningSchemewithout statutory basedpoliciesand objectivesthere is no assertive

leadby SDC@h the plartmakingstageto tackletheseissuesprior to applicationsheingdiscussedt pre-applicationstage

or determined.

Aswith carparkingstandardsjnconsistentapproacheso bicycleparkingwere identified in the findings.Thesubstantial
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
exemplarfor activetravel, bespokepolicyis required, andhis entails car parkingtandards, bicyclparking, developing

a highquality interchange and managing speed from the offset of the design process.

6.4 Delivery

¢KS tAGSNI GdzNB LINB&aSyiSR GKS RAYSyairzya 2F ¢hs53 02YY2y
density, distance to transit, demand management and destination accessibility, but an important dimension absent in
theliteratureisW R S { AWBils Allthararacteristicof TODareaddressedn plansfor TODthere appeargo be minimal
foresightinto howthe planwill bedelivered.L e@dentfrom the documentaryreviewandinterviews,whilethe 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 SDC@ttemptedto combatanypotential issuesarisingfrom developmentoccurringat ClonburrisSDAvithout the
necessaryransportinfrastructureyet delivered ABPsubsequentlyomitted the phasingstrategy,andsucha decisionwas

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
principlesof TODIn generalthereisaneedfor greaterdetailon expenditureandthe phasingof spatialplansto leverage
efficienciesand synergiesn capital investment. Iaddition, thefindings demonstratehe needfor greater coordination
between Local Authorities and relevant transport agencies to enable development and transport infrastructure to be
delivered in tandem.

7 Conclusion

Theresearchhasestablishedkeyfindingsfor the selectedcasestudy ClonburrisSDZand PlanningSchemewhichcanbe
generalisedo the wider Irishpolicyand practicecontext. Further,the findingsconfirmedthat while the conceptof 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 developamehtleliver 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
designguidancefor TODsWhileat alocallevel,the researchlrshowcasedhe importanceof adoptingbespokepolicyand
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design responses to matters such as parking standards and bicycle parking provision to promote sustainable and active
modes of travel.

¢tKS O2YY2yfté NBFSNNBR (2 ¢ 5Q0a (KIFId Syoz2Reé (GKS OKI N¥ O
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enable the realisation of the Scheme. Greater coordination between relevant stakeholders on the phasing, funding and
deliveryof infrastructureis requiredto acceleratedevelopmentandthesefindingsalsoalignwith the recentlypublished

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 ahultiple 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 camerai Lidar 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 detecti on, AHy perLearner o. The networ k
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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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, hamely, 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.
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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. (Tablel) 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):

0i QO Qe s (1
oy

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):

ad0=%B¢ 85 (2
z @

Several AP variations are used to evaluate the performance of the different datasets. AP overall average
precision, APso average precision at loU=0.5, AP7s average precision at loU=0.75, APs, APwv, 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
loU = 0.5: 0.05: 0.95 with AP: MaxDets = 100 (given 100 detection 100 image), loU 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 17 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:

91 Cityscape dataset: 60% of the data was used for training, 10% for validation, and 30% for testing.
1 KITTY dataset: 50% of the data was used for training and 50% for testing.
1 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 APso APs APwm APL Training Time
Cascade RCNN 42 .667 196 426 617 21h 22min
Faster RCNN 392 .646 .189 .393 565 lday 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 APso AP7s5 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 APso, 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 APso 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 lllustrative 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, humerous 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 ITSand 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 beenapplied 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 ITShave 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 ITSaccording 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 ITSto 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(UIltra- 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-rande communication technologies

Technology  Coverage Advantages Disadvantages References
- Low power consumption; - Interference with the
Bluetooth 10m - Support to multimedia same frequency band [7-9]
information communication  devices
- Low power consumption; - Interference with the
ZigBee 10m~100m - Support to mesh network  same frequency band [9-12]
topology devices

 High transfer rates; - Relatively high power
UwWB 75m : ngh Security; Consumptign ghp [13' 16]

- 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 ZigBeeis 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
- Dedicatedaccess - Limited assurance of
DSRC Upto 1km  spectrum; quality of service [1722]
- Low latency
WIEi 100m-300m High throughput; - Risk ofunstable [1723- 26]
- Low deployment cost connection

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 ITSwith 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]. Thistechnology 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
- Hightransfer rates; - High deployment
Cellular Up to 30km - High market cost; [17’202’72]2’ 23,
penetration rate - Risk of overload
- High- speed Broadband
WIMAX Up to 50km access, - Risk of signal loss [28-30]

- Flexible channel
bandwidth selection

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].1ts flexible selection of channel bandwidth can support different kinds of ITSapplications [29]. However,
WiMAXmay 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 (V2l),and vehicle-to- pedestrian (V2P)communication are common
communication types, and related supporting technologies for each type are shown in Figure 1.
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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],DSRCI[36], WiFi[17],cellular [17],and WiIMAX][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 V2Pcommunication.

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
Communication Potential positive Phases of resilience

ITS applications types effects measurement References
Vehicle collision avoidance Va2V Robustness Disruption [45]
Pedestrian collision warning V2P Robustness Disruption [46,47]
Congestion detection Va2v Redundancy Disruption [33,34]
Alternative route discovery V2V & V2| Redundancy Disruption [27]
. . Resourcefulness;
Traffic lights pre-emption V2l Recovery [48]
R Rapi?itly _
Emergency vehicle warning V2V;V2V& V2l esourcetuiness, Recovery [49, 50]
Rapidity '
Intersection capacity Resourcefulness;
. Vv -
improvement 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. Whenthere 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
V2Icommunication 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 V2l 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 V2Vand V2l 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. Onthe 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. Onthe 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 mairtauses of congestias parking. Parkingn commercial/ market areas is ookthe

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
everyday, whichdirectly affects the environment. lorder toimprovethe condition, it is necessary

that the existing system is continuously improved and technological solutions are implemented to
reducevehicular congestion, polluticendparkingproblemin thecity. Thefocus ofthis paper is to
investigatehe existingproblems ofparkingin Delhi andthe need for a newserfriendly systenmto

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 arhrtificial Intelligence (Al) based parking system to allocate a suitable parking space
under the existing circumstances. But the only limitation of this system isvalability of
hardware/ software in the parking lot to coordinate with the online portal.

Keywords: Ecofriendly, smart parking, traffic congestion, parking space reservation, Delhi
city

INTRODUCTION

Indian cities are growing at a rapid pace and more people are being attracted thvwsedsities

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
variouspublic transport majorityof commuter prefer personal meanghastwo wheelersandcars

due to its all time availability and last mile connectivity. Cars have added advantage of increased
comfort andsafetyas comparetb two wheelers. Duéo this a steady increase car ownership has
beenrecordedn cities. Due to the increasingnumberof vehicles,traffic congestionand 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 searchinguftaible parking spots and, on

an average, a driver spends abou30minfinding a parkingspot. As per theeport byCRRI [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 fmnt wheelersamong 1.18 crore of total
motorized vehicles ( as showmFigure01) andstill 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 thevisitors fromNational Capital RegioNCR) andcounter 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.

0.97 0.72 2.21

1.03 0.28/_/_

M Cars and Jeeps

M Motor Cycles & Scooters/ Two
27.85 wheelers

M Ambulances

M Auto Rickshaws (Passenger)

M Taxies

66.93 M Buses

1 Other Passenger Vehicles

# Others including Goods Vehicles
& Tractors

Figurel: Percentagef vehiclespopulation ilNCT of Delhi (source EconomicSurveyof Delhi,
202021)
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Figure2: Vehiculargrowthin NCT of Delhi (source:EconomicSurveyof Delhi, 2020621)

On extensivestudyandreview of exiting datandsurvey, is it concludethat theexistingsystemis

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 Artificial Intelligence (Al) based parking system. A system in
which drivers get the information about the availability of parking spots based on real time image
processindechnique. ThugheproposedAl basedparkingsystenplans tomproves thautilization

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 thesame pace. One of the main causes of traffic congestion at market/commercial
places is commutersvho faced difficulty to park their vehicledue 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 thepast fewdecadesNumber ofresearcherpublishedmanyalgorithmsandmodels whichhave

been proposed to analyparking issues and reduce the problem of traffic congestion, such as
PARKAGENT [5], multilayer [6], CLAMP [7], parkingaccumulatiorby cluster analysisechnique

[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 causedttsebn
parking, which might help traffic authorities and planners to enhance traffic safety and efficiency.
In [11], J.Parmarsuggested to instadl 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 arplgneed 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 talisplay dynamic informatioregardingavailableparkingin the formof 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 Detlain 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
guestionnaire was prepared after the extensive study and review of literature and exiting survey.
Data wascollected by using physical asell as Google forms. Physicallydata 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 recordattigin of visitors, reason for
visiting Delhi, frequency of visit, destination point in Delhi, any parking problem faced by them,
parking duration and the requirement Af parking system. All the questions were clearly
explainedto respondents@and their responsegvere recordedin 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
excelsheet, suchs gender is categorized irktale (1) andFemale(2), employment status consists

of five categoriesUnemployed (1), Job (2), Self Employed (3), Student (4) and Home Maker (5).
Toestimatde he ef ficiency of pr op ocapplcdntistgrestedembpokizy q u e s |
the parking spaces in advance with the help of
were AYes (1) and No (2)0.

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 thrioenth 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 figureecomparativedata

of visitors fromNCT of Delhi, NCRandCMA areshownin Figure6. It is alscestimatedhat some
locations like Chandni Chowk, Lajpat Nagar, and Cannaught Place, suffered from congestion even
parking lots having 1:25% 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 Al basedparkingsystemand efficiency okystem. To estimatherequirement and efficienayf

proposed system, a question AWill the applica
advanceniththeh el p o f s masasked. p\tboot B0e6Rirespondentsvereinterestedor
the same.
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Figure 3: Location of study in NCT of Delhi (source: Delhi districts map)
(Legend: 1. NorthwestDelhi, 2. NorthDelhi, 3.NortheastDelhi, 4.CentralDelhi,
5. NewDelhi, 6. EastDelhi, 7. SouthDelhi, 8. SouthEastDelhi, 9. SouthwestDelhi,

10.WestDelhi, 11. Shahdra)

o Morth west Delni | Fi0Ure 4: Percentagef visitorscomesto Delhi

m Maorth Delhi
4 2% 5% m Morth East Delhi

5%
1o%s = Central Delhi
7%
\ ‘,' = New Delhi
; Yo wEastDelhi
= South Delhi
= South East Delhi
= South 'West Delhi

West Delhi
m Shahdra
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Figure 5: Percentagef reasorfor visiting Delhi
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Figure 6: Percentagef visitorscomego Delhi
ProposedSolution

As per the report, an estimated number of over twenty two million visitors per year come to Delhi
from different part of IndiaThese visitors facetheparkingproblem in most of thareas. So, from

the study of existing condition of parking and survey data, it is clear that the exsstatgm

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 aml based parking system for Delhi to overcomeph@blems that aristhroughout the

year. The implementation of proposed system is one of the suitable and efficient idea for Delhi.

The proposedl based system gives the information about the available parking spot, location of
avail able parking space, and the suitable rout
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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Requirementfor implementation of proposedsystem

The system required smart phones, monitoring system (camera) and Interneta@afs. The
information of vacant spaces will record by the cameras and updated on the cloud (server) in real

time with the help ofAl 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
Figure7. They obtained thearking spac®ased 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 destinatidBased on the algorithm used by the Mohammad et al. in
[14], first find thebest path tahe parking spacand choos¢he optimal parking spot in thearking

lot based on decisieqr i t er i a,

depends on

bot h

p a rThus,n g

| oc

the average time to search the parking is reduced while ensuring the system is proficient for the

whole process.

Loginto online Application

~7

Choice nearby Parking Flace
~7

Booking Suitable parking Slot
7

Choose Time Slot
7
Make Payment [onling)
7
Provide Optimal [least congestion) route
S
Easily accessible parking location

7

Safeway out [Exit)

Figure 7: Flow chart ofproposedAl basedparkingsystem
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CONCLUSION

The main objective of this paper is to overcome the paninglem of visitors of different region
which creates hugdemand oparking. This studproposedanAl basedbarkingsystemto 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 #fl based parking system [15, 16]:

It is safeandsecurebecausall theinformationis enclosedvithin the gateway.
Optimizeparkingspaceutilization.

Guidevisitorsin finding thesuitablevacantparking.

It is morereliablethanconventionaparking

Accuratelypredict occupancyof parkingspacen reattime.

It is alwaysconnected taar owner and parking staff through the single communication
system.
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Abstract

Thedecarbonisation 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. Thetrack drive is generally under areduced 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 aninternal 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

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. Thecooling
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.
Thevarious approaches taken include a force analysis of thrust and shear forces in [2], velocity generation in
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[l] 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. Theprincipal 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 19thcentury 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. Theinteraction 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 acomputer 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. Theassumption 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. Theanalysis 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. Therelevant 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. Animportant 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
rUeiTau T E 1 AOi T Agi1 U Ce Thigidtlachheled With the aonstéainti ofiodly germittinge A1 i Ch
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.

C.0.G

4—F, Fr

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
eUE®CEYy A OJAAyil AAAUWJEIiE Ce géU 1 U&iTaUrE TUEAIiChE
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.

Theanalysis 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. Theauthors 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. Theresult 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 andterrain 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
AAAUWJEIi E AA UijeEUEEi CA «CE gEATgiI1 U Ueaeaili UATIi UE iE
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:

i 1 g 1 b
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{ }

Equation 1: Tractive Efficiency Equation [23]

Where: v = transmission efficiency coefficient, jn = maxi mum shear displacement,
pressure coefficient, W = vehicle weight (N), s = track width (m), n = number of support wheels, | = 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. Theresulting 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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Thisreview 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. Thework of Wong and other authors has beeninstrumental 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.
Thereis 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]. Thefindings 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 GHGscan be drastically
reduced [3] and a fundamental plan within the g o v e r n maratdgyd $s 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]3[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]8[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
EUor international recognised standard established [14] 5[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 19908s, a simultaneous increase in tramgport ass:¢

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]§[21]. Whilst carbon dioxide (COz) and nitrous
oxide (N 20) are known GHGs and a principal cause of global warming and climate change [22]§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
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programme with clear objectives setin law to ensure Ireland meet s it 6 s n admissional and
reduction targets [25].

The transport sector has been targeted within the Bill as a key area where GHGs can be
drastically reduced wusi nagshift-hmpBaveoddhis .eAn atrirsib part of the governments
transport O&improved str at ¢hg privatescart fteet byl 2630,twhile brjy p&mitéitig o f
the sales of EV cars in the ensuing years [4].

Electric Vehicle Market

Numerous studies have demonstrated and quantified the environmental benefits of EVswhen
compared to ICE vehicles [26] §[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 ™ UN Conference of the Parities (COP26) meeting in Glasgow 2021, where 30
countries encompassing the wo r | ldrgest 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 EVsales' 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 ICEvehicle and later converted to
an EV, whereas the Volkswagen ID. range was a conceived EV from its inception [47]. This leads to two

* 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.

VOLKSWAGEN

VW e-Golf — LIB battery pack VW ID. LIB battery back

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 tothe 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 EolL when
the state -of-health ? (SoH) drops to below 80% [52] [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 ELVsand 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 * (EPR) legislation [57], [59] . The regulation states that all EoL EV
batteriesmust bedcol | ect ed, f r e e -usefs, regdrdlessgfeheif mture, ehendical
composition, condition, brand or o r i dd faciftate 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 RecyclingProcesses

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 b a t t ecellystiusture is considered pre-processing. This key
step may include the deactivation and powering down of
before battery pack removal. Discharging the LIB pack, modules or cells after removal

and

> SoH is a measure of the b at t eusabi@ sapacity in percent compared to when it was manufactured.

* Directive 2012/19/EU; Extended producer responsibility (EPR) is a regulatory tool which aims to realise circularity through t he
0 pol Ipuwaty@idciple. EPRis widely used by the EUas a policy to mitigate environmental impact of waste through repair,
reuse and recycling.
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disassembly, removal of BMSand 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 thatitis 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 ab at t ecompdnents including its black mass (lithium,
manganese, cobalt and nickel) using a hydrometallurgical recycling process [67]869] . The battery -grade
materials reclaimed can be reused for new LIB cell production. Commercialised firms seem to prefer

this method of LIBrecycling.

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

LIBsare 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]4[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 Aut hor {82 yulise 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 * contained within an EV LIB presents the obvious hazards such as electric shock,
electrical burns, arc flash (electric explosion), fire and fatal electrocution [11]8[13], [83] .
Manufactures design their EVsand 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 ifthe 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 LIBsalso 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.

*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 ata range of around 600 -700 volts AC. Whereas, an EV battery works usingin  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 LIBrecycling 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 |l reland6s pe r-grgeessingiphages of thé EV rgcyckng 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 LIBsis 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 LIBfor transportation to a different facility to perform these operations.

In Irelandds case, the LIBs wusually have to be transported
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’) exist to ensure they
are transported safely [87]. The regulations mandate particular standards surrounding
packaging, labeling 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].

ResearchMethodology

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 LIBvalue 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 EVtraining and LIB repurposing.

Qualitative ResearchResults

Quialitative 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 EPRIegislation 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 | r e | ageabm@pghical nature as an island
as transportation to Europe inflates costs associated with the safe movement of LIBs for Irish
companies.

2. Safety

5ADR; UN and EU legislative agreement known as the International Carriage of Dangerous Goods by Road, classifies LIBsas
6Class 9édangerous articlesd, while EV LIBs also come under a specific co
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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 accesstomanuf act
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, ELVESand 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 EVtraining for their
networks.

| mplications surrounding the general publ i ehéans mdrketool |
EVLIBsalso 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 EPRIegislation.

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 EUB8s new r egul a batieries wilf nitigate enang of k theserissues.

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 forthe 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 EPAnoted that the precise number of EV LIBssent 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 EVis returned to their
head office for battery removal before shipment.

Several vehicle distributors confirmed that as
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 LIBis 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.

1. 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 PP Hechoigas,whsile Rengeot denfotsirate® Dhegrye r -duty
lifting table required for battery removal wvalu

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 EVswas 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 LIBis 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.

WEEHreland affirmed that their processors in Germany will sort the EV LIBsthemselves 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 ResearchResults

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 EVswithin their places of employment. This survey assessed the
appr en rudirneaténs 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
EVsand 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 LIBsin Ireland are recycled correctly. However, crossover
in rules and conflicts within the different regulatory frameworks concerning EV and LIBswere cited
as barriers to a correctly functioning EoLEVrecycling 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 PPEand 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 EVLIBsare 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
EoLEVsand removing their LIBsfor 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.

Conclusionand 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 EVfield 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 EVsand 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 EoLEV LIBsin 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 lrish 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 requwements of the EU directive [3], the Irish government at the time |mplemented an energy

6CuilJ =@EAyUNCE+ Wige geU iAgECOhlI gi CA Ca geU {1 > Agi CAA

achieve the target goals by 2020.All versions of NEEAPset 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 Eff|C|ency Action Plan currently on version 4 sets out the framework and
EgEAgUci UE gC eECCEUEE MEUUGAAO AUCA¢ géU 8hEQGUAA
Accounting for between 60%to 70%o0f local authority electricity demand per annum consuming approximately
210GWhrof 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:

1 Removal of surplus lighting on Motorway junctions in line with current standards.

1 Apply dimming profiles to existing route lighting in off- peak periods on suitable route lighting circuits.
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1 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 Roadighting 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:

1 Provide visual conditions in darkness for all users of the road network to perform their required tasks
safely,

1 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,

1 Enhancethe appearance of specific environments like city and town centres during the hours of darkness,
which benefits the night -time economy as well.

1 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 iCentre for Vision Research at Upstate Medical] A i 1 U B¥tatesdhg 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]
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Table 1: Typical Rated lifetime of public lighting sources [4].

Public Lighting Typical Lifetime

Technology (Hour/Year)

Low pressure sodium lamp (SOX) 10,000 - 18,000 / 3-5

High pressure sodium lamp (SON) 12,000 - 24,000 / 3-6

Metal Halide lamp (HID) 8,000 - 12,000 / 2-3

LED luminaire 70,000 - 100,000/ 20 - 25

Public Lighting Column Minimum 25 years life expectancy
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Figure 1. Visual sensitivity for various lighting levels [11]

Visual Sensitivity

¢ e U o ChEANght e gifiing: Wisual, lighting and visibility challenges 1 ° +w _  &ic¢cé0i ¢cégE
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. Theempirical 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 CCTthere 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]. Thelevel 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

AAO zgEUUGE &hg ¢CCO EQEUUg GticeégiAg AE A =03 &iUTU Ca
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
EREECHhAOQI Ag UAI1 i ECAy UAg 13 Au Q'/mEleWAAxpr/dgaféa.Uof@*Md/a/Mthséfyg
brightnessi EghoJ °+*, EgAgUE ' ', Ce 8hECeUAA T1igikUAE
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 CCTrange from alesser existing value. Tllstandards 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. Areduction in energy-dependentinventory coupled with a dimming profile or an efficient
energy luminaire replacement on the remaining inventory could reduce a locations annual energy

T CAEhyegi CA gC A &=EATgi CA Cae eEUI i ChE OUyAAOE AAO
removed from the roadside [20].

International Policies and best practice

The ! WrCIBan Neighbourhoods and Environment Act ® + - highlights artificial light as a statutory nuisance
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in terms of public health and nuisance [21], but OCUEA+r ¢ EgAgU EU8hi EUYyUAQE &CE E-=+

lighting luminaires unlike other European countries and this decision is left at the discretion of local planning
and governing authorities within the UK.

GUE Yy A Atrdet Eghting requirements are covered with their amended DIN EN 1320¥ersion. 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 UNI11248| z ¢ Hightihg, selection of lighting T A g U ¢ @ieilUNIEN 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.

zeéeAi A i yeaUyUAgUO AA 18AUEc¢J =z A i Ac¢E AskaegySaampl dletrébAl

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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¢ C1 UE A jappidariito lighting design is backed up with the report {Light that does more good than harm)
by [26] which compliments the Austrian version of EN 1320Xoute lighting design suite.

Case Study Analysis

Comiso, ltaly case study assessed the improvement in efficiencies and light quality as part of the national
Italian road project 4 Z h y i [EYEThestudy 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 ! H&izon 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.

MA EhREAG aCiAgi CAE® ¢MMr E _CgCEWAJ VAhATgi CA ZicgégiAcg
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 ¢ M BIN- GEQ 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 TIl -funded energy
efficiency projects from 2016to 2021 TheE ¢ h (dmaty 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.

Thelifecycle 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 TIl 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:

1 TheLocal Authorities existing approach towards streetlighting policy, Operations & Maintenance, and the
reliability of the existing infrastructure.

1 Extents of streetlighting energy- efficiency works, amount of work required, feedback experience and
lessons learned.

1 Environmental implications relating to streetlighting from their own experiences and feedback from
members of the public.

1 Theirapproach to Active Travel initiatives and the role of streetlighting infrastructure within this strategy.

Section 1:83%o0f 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. Theminority 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.
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