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ARTICLE INFO ABSTRACT

Keywords: The concept of sustainable retail development implies that retail centres should serve their communities
Cities economically and socially, while not degrading local environments. However, existing literature identifies that
Retail sprawl retail centres often create negative externalities, impacting the sustainable development of both the core and
€O emissions . peripheries of city regions. International evidence also shows that retail sprawl and transport emissions have
Travel mode choice . . . . . . .
been exacerbated by existing planning architecture, notably retail parks. This has resulted in commercial centres
shifting from high streets to car-dependent, suburban retail centres, worsening congestion levels and environ-
mental degradation.

This paper examines how location-effects influence transport-related emissions and travel mode choice when
shopping in Ireland's five major administrative city regions. This paper adapts 2016 Census commuting data, and
utilises retail and residential location data, to estimate hypothetical travel-related emissions within a multi
modal transportation network incorporating cars, buses, cycling, and walking. This analysis is performed at the
Small Area level for Ireland's five major cities and their surrounding commuter belts.

The results show that retail centres generating the most travel-related emissions tend to be found outside city
cores, in the fringe areas of built-up city environments, and that these retail centres are generally only accessible
to car users. This supports theories suggesting that accessibility-centred development is the best option to combat
the ill effects of sprawl, and that car dependency worsens the environmental degradation associated with
sprawling developments. Above all, this study highlights the excessive environmental degradation caused by car
dependent retail environments and offers direction for future policymaking.

1. Introduction

Urban sprawl is a by-product of haphazard, rapidly expanding urban
development (Nechyba and Walsh, 2004). Due to the heterogenous
nature of urban areas, and the complicated relationships between
development indicators and their environment, refining this definition
further can be problematic (Ewing, 1997). However, sprawled de-
velopments are commonly characterised by low population density, low
accessibility, and segregated land (OECD, 2018). Urban sprawl can also
refer to areas which experience spatial expansion rates greater than that
of population growth, which generally decreases population density
over time, and increases emission outputs due to longer travel distances
(Song and Sohn, 2007). With evidence suggesting that sprawl in all
forms contributes to environmental degradation (European Environ-
mental Agency (EEA), 2006), we focus on a particular dimension of
urban sprawl, namely retail sprawl, and its relationship with travel-
related emission outputs.

* Corresponding author.
E-mail address: 117337281 @umail.ucc.ie (C. O'Driscoll).

https://doi.org/10.1016/j.jtrangeo.2022.103376

Retail sprawl refers to the urban exodus of firms in favour of cheaper
and more abundant land on urban peripheries (Wassmer, 2002). It
specifically relates to the consequences of businesses moving to suburbs
(Frenkel and Ashkenazi, 2008; Vandenbulcke et al., 2009) and was
initially characterised by strip-mall development, whereby commercial
developments were usually situated parallel to roads, but it has since
outgrown this characterisation due to the scale of modern retail parks
(Department of Housing Planning Community and Local Government,
2012).

International literature has addressed many sprawl-related prob-
lems. Specific investigations surrounding how land-use (Oueslati et al.,
2015), transport networks (Lee, 2020), government incentives
(Wassmer, 2002; Carruthers and Ulfarsson, 2008), retail location
(Kristoffersson et al., 2018), and regional property markets (Oner, 2017)
affect urban development have been conducted worldwide. This
research questions whether centrally located retail centres can reduce
the environmental degradation associated with travelling for leisure.
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Specifically, our objective is to quantify the emission outputs generated
when travelling to sprawled retail centres relative to their centrally
located counterparts.

Theoretically, we extend traditional central place frameworks, which
usually analyze the economic consequences of locating away from
central locations, to an emissions-minimising context (Erdin and Akbas,
2019). We test these locations' environmental merits by analysing
whether centrally located retail environments offer optimal locations to
minimise carbon impacts (Dennis et al., 2002). Complimenting this, is
the incorporation of gravity framework theories (Luo and Wang, 2003;
Rasouli and Timmermans, 2013), whereby we use retail centres' phys-
ical footprints to proxy the retail environment's perceived attractiveness
as a shopping destination.

Methodologically, we broaden the investigative scope of retail
location modelling by gauging the environmental impacts associated
with travelling to retail centres, and how this relates to retail centre
locations. We incorporate variables capturing multiple travel modes,
residential locations, retail centre locations, retail centre sizes, and
travel network data for Ireland's administrative city-regions, examining
the environmental consequences associated with sprawling retail envi-
ronments and induced travel behaviours.

International literature calls to develop more holistic models of retail
development. Maatta-Juntunen et al. (2011) and Ahmad and Hiyasat,
(2017) explicitly call for research investigating the alleviation of the ‘...
consequences of unplanned retail service distribution in the city on its
investors and users’ (Ahmad and Hiyasat, 2017, p. 36), and emphasise
the need to ‘...pay attention to the location of workplaces and
commuting, which may also strongly affect the traffic flow and shopping
preference’ (Maatta-Juntunen et al., 2011, p. 353). We answer these
calls, and contribute to global retail policymaking, by modelling retail
development in terms of minimising hypothetical emissions from a
multi-modal perspective, including cars, buses, cycling, and walking.
This multi-modal approach fills research gaps, as many studies tend to
focus exclusively on the car (Maatta-Juntunen et al., 2011; Kris-
toffersson et al., 2018), occasionally investigating walking (Roig-Tierno
etal., 2013; Eldeeb et al., 2021), cycling (Giorgi et al., 2017), and transit
(Hay, 2005; Cheng et al., 2007; Rao and Pafka, 2021), with no study
cross-comparing these modes simultaneously using the same
geographical scope as here.

This analysis fits into an established body of literature addressing the
environmental consequences associated with retail location (Suarez
et al., 2004; Scott and He, 2012; Suarez-Vega et al., 2012). We adopt a
central place and gravitational theoretical lens, primarily because of the
pivotal role policymaking plays within these frameworks, but also
because of their proven robustness (Dolega et al., 2021; Schlapfer et al.,
2021). Geographic Information Systems (GIS) facilitates our analysis by
showing how hypothetical emissions, transportation networks, resi-
dential locations, retail centre size, and retail locations are related and
the hypothetical emission patterns emerging therein.

The remaining sections of this paper detail a comprehensive litera-
ture review, describe the data and methodology used throughout this
analysis, illustrate the results, and discuss their implications. When
concluding the analysis, we highlight this study's limitations and future
research avenues whilst also investigating the policy implications of this
research.

2. Literature review
2.1. Urban sprawl

The rapid industrialisation experienced across the developed world
post-WW2 forever changed commuting patterns as cars became more
affordable, incomes steadily rose, and the desire for suburbanisation
increased (Paterson, 2000; Pooley and Turnbull, 2005). Residential
decentralisation created new markets for businesses to exploit (Sultana
and Weber, 2014), resulting in a commercial expansion from cities,
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eventually leading to widespread retail sprawl. Currently, retail sprawl
is most prominent in urban peripheries, encouraging the emergence of a
reliance on cars to avail of these environments (Knowles et al., 2020;
Eldeeb et al., 2021). Consequently, retail sprawl can exacerbate the
environmental degradation associated with car use by increasing
congestion and emission outputs (Focas, 2016). Furthermore, because
suburbs have been found to grow in popularity with their size (Glaeser
et al., 2001), residential and commercial sprawl can be linked to the
environmental consequences associated with excessive travel behav-
iours and unsustainable regional development patterns (Frenkel and
Ashkenazi, 2008; OECD, 2018).

The economic theory of sprawl stems from central place theories,
which state that changes in population, income, transport technology,
and land values are fundamental determinants of urban structure
(Evans, 1983). In equilibrium, these models generally decrease popu-
lation density through uniform peripheral expansion around a Central
Business District (CBD), but maintain a monocentric nature (Evans,
1983; Oueslati et al., 2015). We strengthen our theoretical approach by
incorporating gravity theories which argue that accounting for a loca-
tion's perceived attractiveness can determine developmental forms
(Kristoffersson et al., 2018; Erdin and Akbas, 2019; Schlapfer et al.,
2021). This is typically done by arguing that an entity's attractiveness
increases with its size, irrespective of distance from urban cores (Glaeser
et al., 2001; Kristoffersson et al., 2018). Combining these concepts al-
lows for a scenario whereby an entity's attractiveness exceeds that of
CBDs once it reaches a certain size/status, creating potentially uncon-
trolled sprawl (Nechyba and Walsh, 2004).

Adapting these theories to the suburban and car booms of the mid-
twentieth century illuminates sprawl as a by-product of traditionally
monocentric regions becoming polycentric commercial and residential
fabrics, catalysing excessive car use and exacerbating travel-related
emissions as a consequence (Focas, 2016; Holz-Rau and Scheiner,
2019). Overall, this highlights the results of haste attempts to meet the
demand of rapidly emerging markets chasing the ‘American Dream’, as
the provision of alternative transport infrastructure was not prioritised
in expanding peripheries (Knowles et al., 2020). This underscores the
role policymaking plays in catalysing developmental patterns, as gov-
ernments generally facilitated this surge (Razin, 1998; Pendall, 1999).

Increased car usage in the twentieth century was met with increased
road construction as road space demand began to outpace supply
(Pooley and Turnbull, 2005). The resulting congestion problem which
emerged in population centres was initially believed to be the fault of
transit, ultimately strengthening car-friendly policymaking and weaking
alternative transport provision, despite the real problem being greater
car volumes due to increased commuting from hinterland to core areas
(Pooley and Turnbull, 2005). This intertwined sprawl and car de-
pendency, which has exacerbated transport-related emissions by
creating car-exclusive regions (Vandenbulcke et al., 2009).

2.2. Sprawl and negative externalities

Suburbanisation, congestion alleviation, and compact developments
have seldom been able to realise their theoretical potential because
globally inefficient policymaking enables negative externalities, like
travel-related emissions, to emerge unaddressed (Paterson, 2000).
Congestion, and subsequent environmental degradation, in cities in-
creases because of the attraction of central places and from accessibility
issues (Holz-Rau and Scheiner, 2019). City dwellers tend to have excess
accessibility opportunities while suburbanites tend to lack similar op-
portunities, exposing imbalances which generally stem from inadequate
alternative transport provision (Holz-Rau and Scheiner, 2019). Given
that technology and car use evolve in unison, it is unsurprising that
technology has proven inept at balancing the externalities associated
with excessive travel behaviours, further demonstrating the importance
of effective policymaking (Paterson, 2000; Maatta-Juntunen et al.,
2011).
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Fig. 1. Irish retail centres in Irish cities and their surrounding built environment.

Table 1
Transport Mode Share (%) by Journey Purpose and Duration as per The National
Travel Survey (2016).

Journey Purpose Private Car Public Transport Walk/Bike
Commute (to Work) 28.6 28 15.5
Shopping 22.5 19.1 25.6
Journey Duration

15 min or less 77.4 1.6 17.8
16-30 min 71.3 7.5 16.7
31-45 min 70.8 13.8 10.9
46-60 min 67.2 16.4 12.9

The cost of public services is negatively related to density and posi-
tively related to the spatial extent of developed land, making sprawl a
more expensive form of development than more compact urban forms
(Carruthers and Ulfarsson, 2008; OECD, 2018). Sprawl exacerbates
emission outputs through the emergence of car-dependent commuter
belts and increases infrastructure costs and habitat degradation through
its spatial demands (Nechyba and Walsh, 2004). These negative exter-
nalities outweigh the positives sprawl produces, as these tend to be
individualistically centred, often revolving around private transport,
embodying the environmental unsustainability characterising twenty-
first century development (OECD, 2018). If the primary cost of sprawl
can be surmised by its spatial demands, measures countering these de-
mands should be prime options to alleviate these effects (Song and Sohn,
2007).

The promotion of accessibility can alleviate some sprawl-related

problems. This is because accessibility inherently involves mixed-use
land, efficient infrastructure usage, and multi modal transportation
(Ewing, 1997; Vandenbulcke et al., 2009; Kono et al., 2012; Lee, 2020;
Yang et al., 2020). This approach is supported by evidence showing
highway driving to be more environmentally damaging than city driving
(OECD, 2018; Holz-Rau and Scheiner, 2019) and the seemingly positive
relationship between regional accessibility, subjective wellbeing, and
sustainable development (Song and Sohn, 2007; Oner, 2017; Zhang
et al., 2020). Therefore, by exposing accessibility problems and there-
after addressing them at institutional levels, the excessive environ-
mental degradation attributable to transport-related emissions and
inefficient land use can be abated.

2.3. Retail sprawl and CO emissions

Retail sprawl encapsulates regional development as a spatial eco-
nomic issue (Nechyba and Walsh, 2004). Given the fixed costs associated
with retail park establishments, it is surprising that the embrace of retail
sprawl advanced more rapidly than the understanding of it. Environ-
mentally, these centres clearly produce externalities, something exac-
erbated as distances from urban cores increase as intense travel
behaviours are encouraged (Erdin and Akbas, 2019; Holz-Rau and
Scheiner, 2019), suggesting links between the hidden costs associated
with commuter belt living (Song and Sohn, 2007). Internalising these
externalities has been found to alleviate retail park establishment by
disincentivizing their location far from urban centres, incentivizing the
use of alternative transport, and reducing emission outputs (Feitelson
and Rotem, 2004; Carruthers and Ulfarsson, 2008; OECD, 2018). Subject
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Fig. 2. The hypothetical travel-related emissions attributable to travelling to retail centres by car.

to policy coordination, this internalisation is said to cause shifts in de-
mand by promoting accessibility, subsequently reducing travel-related
emissions (Feitelson and Rotem, 2004; Carruthers and Ulfarsson, 2008).

Historically, retail location analysts have adopted multiple theoret-
ical lens' (Clarkson et al., 1996; Suarez et al., 2004; Suarez-Vega et al.,
2012). While individually, many of these theories have been contested
as outdated (Ahmad and Hiyasat, 2017; Dolega et al., 2021), when
combined, central place and gravitational models make up the most
robust conceptual framework for analysing retail location from a sus-
tainability perspective. This is primarily because they capture some of
the central tenets of travel behaviour, principally, distance, and the
perceived attractiveness of destinations (Clarkson et al., 1996; Dennis
et al., 2002; Dolega et al., 2021). We extend central place modelling by
incorporating theoretical principles embedded within gravity frame-
works by assuming that perceived attraction and the time spent travel-
ling determine destination choices. We calibrate this by weighting the
size of retail environments over the time it takes to travel from each
possible origin within the travel threshold, thereby identifying the retail
centre each Small Area visits.

Arguably the most important advance in studying sprawl has come
from adopting mapping software (GIS) to aid in understanding the
phenomenon whereby retail sprawl is typically conceptualised as a
problem of accessibility and incentives (Cheng et al., 2007; Maatta-
Juntunen et al., 2011; Suarez-Vega et al., 2012; Roig-Tierno et al., 2013;
Ahmad and Hiyasat, 2017). Global evidence sharply points to increasing
retail sprawl and car dependency, which increases emissions and de-
grades regional environments, underscoring the need for this type of
research.

Most surveyed literature recognises private cars to be the preferred
transport mode for shoppers, rendering most studies effectively unim-
odal in scope (Maatta-Juntunen et al., 2011; Mohamad et al., 2015;
Ahmad and Hiyasat, 2017). However, existing evidence indicates that
transit or active modes can serve as primary modes when shopping
depending on built environment considerations (Susilo et al., 2013;
National Transport Authority, [NTA], 2014), justifying a multi-modal
approach which investigates the environmental impact attributable to
travelling for leisure. Strategies mapping optimal routes have been
incorporated in studies concerned with city accessibility (Vandenbulcke
et al., 2009), consumer behaviour (Kristoffersson et al., 2018), commute
lengths (Giorgi et al., 2017), and travel-related emissions (Maatta-Jun-
tunen et al., 2011). We expound these models by incorporating a multi-
modal transport system and a proxy for retail attractiveness (retail
centre size) into the emissions minimising retail location literature.

3. Data and methods
3.1. Study area

Our analysis focuses on Ireland's five administrative city regions:
Dublin, Cork, Limerick, Galway, and Waterford. Retail centres were
selected according to administrative county boundaries, enabling a
comprehensive contextualization of each region's retail environment.
Boundaries for our model are based on travel times to these retail centres
for each specific mode. This regulates population statistics, while also
capturing commuter belts for cities and out-of-town commercial hubs,
whose catchment may extend beyond political boundaries.
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Fig. 3. The hypothetical travel-related emissions attributable to travelling to retail centres by bus.

Existing literature cites anywhere between 10 km and 100 km as an
appropriate travel boundary for this type of study when travelling by
car/transit (Hay, 2005; Cheng et al., 2007; Maatta-Juntunen et al.,
2011). The National Travel Survey (Central Statistics Office [CSO],
2016) refines this by demonstrating one-hour trips to capture 73% of all
one-way shopping related journeys, with 45.7% of these being
completed in thirty-minutes, further suggesting that trips typically
diminish in quantity and frequency as travel time increases, indicating
one-hour is the maximum travel time accountable for ‘regular’ journeys
(Central Statistics Office [CSO], 2016). Furthermore, active travel
literature cites 10-min as an appropriate one-way travel threshold for
walkers/cyclists, showing strong distance decay effects to emerge
thereafter (Millward et al., 2013; Spinney and Millward, 2013; Gunn
et al., 2017).

3.2. Retail centres and city cores

Our definition for retail centres builds on the work of Pitt and Musa
(2009) and Dolega et al. (2021), who distinguish between increasingly
convergent supermarket and retail centre characteristics, highlighting
how there is no one-size-catch-all definition. Accordingly, retail centres
here refer to planned developments comprising of either a singular
building, or an agglomeration, of no particular size, surrounded by, or
surrounding, a car park, which serves multiple consumer purposes
(Dennis et al., 2002). Retail centre environments should also accom-
modate socialising through the availability of amenities, like open
seating areas (Pitt and Musa, 2009; Dolega et al., 2021).

Additionally, if an overarching centre shares a title with its anchor

store, and/or this anchor store constitutes >50% of the centre's total
square footage, these centres are generally excluded from the analysis
based on this indicating centres primarily dedicated to local supermar-
kets (Pitt and Musa, 2009). With this framework in place, Open-
StreetMap (OSM) is used to identify commercial/business units within
these regions. If OSM's algorithm fails to highlight units as commercial/
business entities, they are not considered, ensuring methodological
consistency throughout the analysis.

City cores refer to historical city centres prior to the emergence of car
technologies, something which usually revolves around a singular
Central Business District (CBD) (Knowles et al., 2020). This historical
centre is generally defined as the main (shopping) street. Here however,
further specificity is gauged by plotting the centroid of continuous urban
fabrics within city areas (Copernicus Land Monitoring Service, 2021). In
this case, the emergence of discontinuous urban fabrics constituted the
boundaries of core areas, enabling the contextualisation of spatial
boundaries. Fig. 1 below illustrates this by mapping existing retail
centres according to their regional urban fabric, with cores represented
by the darkest coloured cluster in each region.

3.3. Data

Utilizing Irish Census (Central Statistics Office [CSO], 2016)) and
OpenStreetMap data, we construct an Origin-Destination (OD) Matrix
comprised of residential locations (origins) and retail locations (desti-
nations). An OD-Matrix calculates network routes from each origin to
every destination, compiling a dataset containing every minimum-cost
route taken along the network(s) expressed in terms of travel time. To



C. ODriscoll et al.

Journal of Transport Geography 102 (2022) 103376

O City Core
Proportion (%) of walkers
(o} 0-0.05

Q@ 005-0.1
. 0.1-0.15

. 0.15-02

02-025

. 025-03

Urban Fabrics

- Continuous

- Discontinuous

- Industrial/Commercial
- Rural

I:l Public Green

:] Coastal/Wetland

Fig. 4. The proportion of people per surrounding Small Area (i.e., within a 10-min walk) who commute to work by walking.

prevent overestimating accessibility, bus stops are used as origins when
analysing bus travel.

Small Areas (SA), the smallest spatial units within the Irish Census,
are the spatial unit of analysis used. The centroids of each SA are used as
departure points for all trips (except for the bus analysis), a commonality
in existing literature (Maatta-Juntunen et al., 2011). The network layer
utilised is the national road network with speed limits manually input-
ted as per Road Safety Authority standards and road types (Road Safety
Authority [RSA], 2021). This network is filtered to incorporate bus
routes, and a new combination of footpaths, cycle lanes, and any
walkable surfaces, make up the network for walkers and cyclists. The
overarching scenario is that when travelling by motorised transport,
people will go to their largest, nearest retail centre, but when travelling
by active modes, they will go to their nearest centre, scenarios implicit in
existing evidence (Song and Sohn, 2007; Wilson et al., 2013).

3.4. Model specifications

We adopt three assumptions to balance the constraints present
within our datasets. Firstly, we assume that the travel mode utilised
when commuting is also the mode used when shopping. This assumption
stems from global mode-choice literature, which highlights substantial
amounts of study populations to be unimodal in nature (Susilo et al.,
2013; Ton et al., 2020). That is, people will generally exhibit habitual
behaviour whereby they travel for work and leisure using the same
mode, usually their commute mode (Ton et al., 2019; Jeong et al., 2022).
While specific statistics on retail centre visits by mode at national level
are unavailable, the National Travel Survey (Central Statistics Office

[CSO], 2016) documents mode choice by broad journey purpose and by
journey duration separately for unweighted samples (Central Statistics
Office [CSO], 2016). Table 1 below details these statistics. Table 1 shows
that across the modes investigated here, the relative share used for
commuting and shopping varies by <10.1%, showing reasonable con-
sistency and robustness in our assumptions. Secondly, we assume peo-
ple's shopping trips start and end at the home, a similar approach to that
of Gim (2018). Finally, we assume that any catchment pulls beyond the
chosen travel threshold for any mode will have a negligible effect in
attracting regular customers, something supported by existing evidence
(Mohamad et al., 2015; Central Statistics Office [CSO], 2016).

This study is broken into four separate analyses examining hypo-
thetical patterns of car use, bus use, cycling, and walking to retail cen-
tres. For motorised transport, catchment zones were capped at 60-min
one-way trips. To prevent overestimating accessibility, only pop-
ulations living within a 10-min walk from bus stops are used when
travelling by bus (Millward et al., 2013). Similarly, the walking and
cycling travel time to any existing retail centre is capped at 10-min per
one-way trip, in line with active travel literature (Millward et al., 2013;
Roig-Tierno et al., 2013; Spinney and Millward, 2013; Gunn et al., 2017;
Ton et al., 2019). The insights provided here prove robust with travel-
time changes to 15- and 20-min active travel trip lengths. The results
of which are available in this manuscript's Supplementary Material.
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Fig. 5. The proportion of people per surrounding Small Area (i.e., within a 10-min cycle) who commute to work by cycling.

Emission figures are based on indicators produced by Walsh et al.
(2008)" (and replicated in Crowley et al. (2021)), who calculate emis-
sion factors for multiple modes based on kilograms of CO; released per
kilometre travelled. Emission estimates for each specific retail centre
can be calculated by accumulating the number of potential trips within
the OD-Matrix. This uses the proportion of the population who commute
by each mode per Small Area and the travel-time necessary to get from
each Small Area to their chosen retail centre. Firstly, the destination of
these hypothetical trips is based on travel time alone. Thereafter, this
destination is chosen by weighting retail centre size with travel time,
proxying retail attractiveness. The size variable used in this analysis is
collected by manually measuring the relevant building areas in Google
Maps (sizep).

When a weight proxying attractiveness is not included, the implicit
assumption is that people only consider travel time when travelling for
shopping. Arguably, when sizey, is included, the study's theoretical un-
derpinning is strengthened because choosing shopping destination is
more nuanced than travel time alone (Oner, 2017). Retail centre
attractiveness, at its foundation, tends to be a function of service di-
versity, site investment, and consumer perspectives, variables generally
correlated with size (Mohamad et al., 2015; Oner, 2017; Kristoffersson
et al., 2018), meaning in this analysis, a region's largest retail centre is

1 Alternative emission variables can vary considerably. The consequence of
inaccurate emissions variables in-and-of-itself is non-consequential in this
analysis due to the variables only changing the absolute values of the hypo-
thetical estimates, not their relative value.

usually its most attractive, subject to travel-times.

Our mode-specific emission estimates (computed in terms of kgCO2
released per minute travelled), are multiplied by the time each origin
takes to reach its preferred destination. Thereafter, this value is multi-
plied by the proportion of people per origin (Small Area) who commute
to work via each mode under study. This final value is accumulated
across all Small Areas and matched to each destination, creating our
hypothetical emissions estimate for each retail centre, highlighting the
hypothetical travel-related emissions attributable to each retail centre as
a function of the amount of eligible people (i.e., people living within the
travel thresholds) who will hypothetically use these modes to travel. So,
while the primary goal here is to quantify hypothetical emission outputs,
we can also gauge the relative hypothetical accessibility of each retail
centre for each mode, as greater emission outputs indicate greater
numbers of trips.

Analysing the use of active modes (walking and cycling) when
shopping focuses on incorporating active, low-carbon transport modes
into a typically motorised modelling framework. Specifically, we pivot
from estimating emissions to quantifying mode usage, complimenting
the previous analyses by highlighting the infrastructural characteristics
surrounding retail centres.” This analysis excluded retail centre size as a
determining variable for active modes, concluding that travel time alone
provided adequate estimates for the destination of active shoppers.

2 Given our focus on transport policy, we provide greater contributions by
focusing on using these modes to measure travel behaviour. This is because the
emissions attributable to these activities stem from metabolic activity.
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Fig. 6. The hypothetical travel-related emissions attributable to car use relative to those attributable to bus use.

Given the diminishing effect each additional minute has on the likeli-
hood of regularly travelling actively (Gunn et al., 2017; Rao and Pafka,
2021), an effect whose strength increases once travel-times go beyond
10 and 15-min one-way thresholds (Spinney and Millward, 2013; Gunn
et al., 2017), this decision is in line with existing literature.

4. Results and discussion

In the subsequent series of Figures,® retail centres are presented as
circular points within the context of their regional urban fabric. The size
of each circular point increases and decreases in size in unison with
emission outputs or modal usage, as estimated by the model. This
manuscript's supplementary material offers a numerical presentation of
these results whereby travel-related emissions are presented relative to
the distance retail centres are from their nearest city core.

4.1. Shopping by car

Initially, we assumed that people only consider travel time when
shopping by car. These results generally proved inconclusive, as some

3 Many colour schemes can be used to represent urban fabrics. These gradi-
ents could affect colour-blind readers, potentially hampering the interpretation
of colour encoded information (Geissbuehler and Lasser, 2013). O'Driscoll et al.
(2022), implement a pastille, magma colour hue in the Irish case to ensure maps
are accessible to colour blind readers. We implement a similar colour scheme as
O'Driscoll et al. (2022), in this paper.

regions showed peripheral retail centres to generate the most hypo-
thetical travel-related emissions, while some showed central retail
centres to generate the most hypothetical emissions, and some showed
no distinguishable pattern.

Thereafter, size,, was introduced. In Cork, Dublin, and Limerick,
peripheral retail centres generate the most hypothetical emissions,
whereas those generating the least emissions cluster in-and-around city
cores,” supporting existing literature (Maatta-Juntunen et al., 2011;
Dolega et al., 2016). Galway and Waterford offer exceptions to this,
highlighting central locations as generating the most emissions. Because
most of these retail centres are located in-and-around city cores to begin
with, this result is unsurprising.

Nationwide, the specific retail centres generating the least and most
hypothetical emissions generally change upon introducing sizep,. Spe-
cifically, size, holds the largest, high-profile retail centres accountable
for >85% of all hypothetical travel-related emissions generated by cars.
These retail centres are generally found outside city cores, as existing
literature predicts (Hay, 2005; Dolega et al., 2016). Because size, acts as
an attractiveness weight, and because the final estimates indicate rela-
tive accessibility levels for each mode, these emissions further illustrate
regional transport hierarchies by indicating the amount of people uti-
lizing specific modes per retail centre. Fig. 2 below illustrates these

4 Nuances arise whereby some retail centres generating minimal emissions
are in suburban areas. This appears to happen because of competition-effects
whereby bigger (i.e., more attractive) retail centres are within proximity, and
absorb other centres' theoretical customer bases.
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Fig. 7. The hypothetical travel-related emissions attributable to car use compared with the proportion of people per surrounding Small Area who commute to work

by walking.

results by presenting every retail centre weighted by the hypothetical
kgCO- output produced by cars.

4.2. Shopping by bus

Like above, we initially assume people only consider travel time
when shopping by bus. Again, consistent patterns fail to emerge in these
results. Some regions have random spatial distributions of travel-related
emissions, while others display patterns showing these emissions are
most prevalent outside city cores.

Size, provides clarity. Like before, in Cork, Dublin, and Limerick,
travel-related emissions are more prevalent in fringe areas than inside
city cores. Again, Galway and Waterford offer unsurprising exceptions to
this because most of these retail centres are centrally located. Unlike
before, the specific retail centres generating the most hypothetical
emissions generally stayed the same. However, a more pronounced
skewing of the results is observed, resulting in one-or-two retail centres
contributing >95% of regional hypothetical travel-related emissions for
buses. This illustrates discrepancies in retail attractiveness because of
transport mode changes. Most of these discrepancies occur outside city
cores, exposing how fringe retail centres tend to offer poor public
transport links and subsequently experience relatively low visits from
bus users, as gauged by minimal hypothetical emissions (Wilson et al.,
2013; Cats and Birch, 2021). Fig. 3 below illustrates these results by
presenting every retail centre according to the hypothetical kgCO2
output produced by buses.

4.3. Shopping actively

As noted in 3.4, size;, was excluded when analysing active travel,
meaning people only consider travel time when visiting retail centres
using these modes. These analyses investigate the car dependency
implied in Fig. 2, while also gauging which retail centres have infra-
structural capabilities to reduce travel-related emissions by accommo-
dating active modes.

When analysing walking to these retail centres, a nationwide pattern
emerges whereby centrally located retail environments generally facil-
itate active modes more frequently than peripheral environments,
showing central locations to offer better sustainable transport infra-
structure than their suburban counterparts, something gauged by higher
amounts of walking commuters in the vicinity. Fig. 4 below illustrates
these results by presenting every retail centre according to the propor-
tion of its surrounding population that commute by walking.

Cycling behaviour is more nuanced. In Galway, our results imply that
centrally located retail centres are not utilised by cyclists, but heavily
utilised by walkers. In Limerick, there is no discernible pattern with
cyclists, but central locations are relatively more accommodating to
walkers than peripheral locations. In Dublin, there is a clear North-South
divide in cycling uptake, potentially highlighting investment in-
equalities. In Waterford and Cork however, walking and cycling illus-
trate that city cores are active mode friendly, and fringe locations are
not.

Where patterns do emerge, we see that locations typically charac-
terised by multi-modal transport, experience more sustainable transport
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usage (Wilson et al., 2013; Gunn et al., 2017; Eldeeb et al., 2021). Fig. 5
below illustrates these results by presenting every retail centre accord-
ing to the proportion of the surrounding population who commute by
bike.

4.4. Cross-modal comparisons

When comparing motorised modes, there are clear spatial disparities
in their usage. Specifically, retail centres moderately accessible to car
users, become inaccessible to bus users. Because this analysis holds
everything constant, except the mode used, these discrepancies are un-
justified at their scale, assuming a truly multi-modal transport network.
This observation is supported given the tendency of these disparities to
be greatest in areas typically served sub-optimally by transit — peripheral
areas (Wilson et al., 2013; Mohamad et al., 2015; Cats and Birch, 2021),
exposing a unimodal nature to Ireland's transport infrastructure.

Additionally, these results imply that for car users, the most attrac-
tive retail centres are in fringe areas, potentially pulling people out of
cities to avail of larger suburban retail environments, or potentially dis-
incentivizing people from shopping in cities when travelling by car, a
finding implicit in Mohamad et al. (2015). Fig. 6 below illustrates these
results by presenting every retail centre according to the hypothetical
kgCO- output produced by buses and cars.

When comparing active modes, shopping destination discrepancies
are noticeably not as drastic between modal changes, something
attributable to the fact leisure cyclists and walkers often share the same
infrastructure and have similar accessibility requirements (Gan et al.,
2021), hence we imply the accounts of walkers and cyclists are generally
the same.

We see car dependency increase with distances from city cores, as the
retail centres generating the most travel-related emissions by car, tend to
exhibit the least active mode usage, meaning car use tends to dominate,
inflating emissions. This highlights how peripheral retail centres
generally offer inadequate infrastructure to facilitate shifts from exces-
sive car usage, underlining car dependency as contributing to excessive
travel-related emissions. Fig. 7 below illustrates these results by pre-
senting every retail centre according to the proportion of the sur-
rounding population who commute by walking and according to the
hypothetical kgCO2 output produced by car.

These results generally provide evidence on environmentally optimal
retail locations by showing how compact, multimodal centred devel-
opment can minimise shopping related emissions by attracting more
sustainable transport users (Maatta-Juntunen et al., 2011; Wilson et al.,
2013). However, the accessibility of specific retail centres to different
transport modes is shown to alter trip distributions and hypothetical
emission estimates considerably. Specifically, the gravity theories
employed here show that retail location alone will not determine
shopping-related travel emissions and the modes people may use to get
to these centres but can provide general indications.

While in principle, travel-related emissions can be expected to in-
crease as distances from city cores increase, in practice, we find that a
retail centre's design plays an important role in determining emission
levels once retail centres leave central areas. Figs. 2-7 indicate that retail
centres situated outside city cores which are designed for cars will
attract cars, inflating travel-related emissions, while those designed for
sustainable transport will generally attract sustainable transport users,
reducing emissions, no matter their relative peripherality.

5. Conclusion

Here, we highlight the environmental issues associated with pe-
ripheral retail developments, an issue typically under addressed by
policymakers, often treated as an afterthought to wider sprawl problems
(European Environmental Agency (EEA), 2006; Department of Housing
Planning Community and Local Government, 2012; OECD, 2018). Our
objectives revolve around modelling retail development in terms of
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emission outputs by investigating which retail centre locations tend to
produce the most hypothetical travel-related emissions. Thereafter,
specific comparison between central and peripheral locations is made,
testing the environmental merits of central place and gravity theories.
Finally, we investigate the relationship between hypothetical travel-
emissions, retail locations, and transport mode.

Our principal finding is that travel-related emission problems occur
when retail centres are in fringe areas. These retail environments
generally witness diminishing numbers of sustainable transport users as
distances from city cores increase, a problem attributed to car de-
pendency and inadequate infrastructure, as proxied by current
commuting behaviour. Furthermore, these results suggest retail centres
that are most accessible by car, tend to become inaccessible when using
sustainable transport modes, exposing a transport hierarchy in these
fringe areas dominated by cars, reinforcing this dependency. In city
cores, we find that emission problems are not as prevalent, because the
proportion of trips is shared more evenly across alternative transport
modes.

Considering this problem, making these retail centres less car
dependent could be a first step in alleviating the troublesome emission
figures produced by global transport sectors. Taking Ireland as an
example, the combined (monthly) hypothetical emissions generated by
cars in this analysis accounts for ~9% of the 2016, 2019, and projected
2020 monthly CO2 output of the transport sector, whereas the same
figure for buses accounts for ~0.008%, underlining the scale of these
potential savings (Environmental Protection Agency [EPA], 2021, p. 6).
Our results highlight the unsustainable character of retail developments
in areas characterised by car dependency, corroborating the environ-
mental merits of central place theories by arguing centrally located
retail centres offer optimal conditions to minimise carbon impacts
because of their infrastructural tendency to incentivise sustainable
transport usage.

This evidence supports current trajectories of global policymaking
which advocate for the implementation of mixed use, accessibility-
driven developments to alleviate car dependency and uncoordinated
spraw], adding an otherwise absent clarity to the role retail sprawl plays
in exacerbating car dependency and sprawl-induced emission outputs.
Subsequently, we support calls advocating for developments which
accommodate multimodal travel as the best way to pursue long-term
emission reductions by incentivizing sustainable transport usage,
increasing land-use efficiency, and reducing car dependency. Interna-
tional evidence already demonstrates a propensity for people to utilise
sustainable transport if given the opportunity (Millward et al., 2013;
Eldeeb et al., 2021), meaning governments should aim to optimize
current infrastructure by developing compactly and efficiently before
expanding peripheral boundaries, which encourages sustainable travel.
Complimenting this, policymakers should aspire to make future subur-
ban retail environments less attractive than central locations to car
users. This could be done by restricting parking supply or restricting
development possibilities (Feitelson and Rotem, 2004), disincentivizing
locating far from urban cores and encouraging developments around
multimodal transport infrastructure.

Strengthening this account are robustness tests, which adjusted
network speeds, retail centre sizes, and travel times. While generally,
these changes saw minor shuffling amongst the results, the overarching
narrative generally remained unchanged across modes and regions.

This study is not without limitations. Principally, this analysis did
not contain real shopping trip data, meaning our results rely on the
assumptions presented in 3.4 holding. However, future research could
incorporate congestion effects into this methodology. Additionally, one
could use principal-agent based modelling and microsimulation to
generate select shopping trip data. Finally, researchers should adapt this
methodology when analysing commuting patterns, or when focusing on
the relationship between residential locations and other places of
interest.
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