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Abstract: The purpose of this study is to compare (1) technological factors (the ranges offered by
the batteries of three popular electric vehicles in Poland); (2) infrastructure improvements; and
(3) demographic changes and their impact on accessibility in the context of the ranges of labor
markets within the 30, 60, and 90 min isochrones in moderate driving mode for the five largest cities
in Poland using cumulative accessibility. We conclude that technological developments result in a
much greater improvement in accessibility than demographic and infrastructural change. This is
already visible with the 30 to 60 min isochrones, in particular when using the BMW in Cracow (with
a more than 36% improvement in accessibility). Even greater changes, reaching as much as over 90%,
are observed for the 60–90 min isochrones. The analysis shows that the shift in electromobility may
be constrained by parallel demographic processes, dispersion of population in suburban areas, and
the development of road infrastructure. The novelty of the approach stems from the fact that it is
based on three above mentioned key factors that influence the accessibility of labor markets for EV
users in the largest cities up to 2030.

Keywords: electric vehicles; range; technological change; cumulative accessibility; cities; Poland

1. Introduction

The development of electromobility is perceived in technological or cultural terms as a
change in consumer behavior. However, it also has an important territorial component. In
spatio-functional systems, technological developments in transport go hand in hand with
other socio-economic processes, including demographic transformations, the expansion of
infrastructure, the situation on the labor market, and quality of life, which is increasingly
reflected by the availability of public services. Therefore, it seems advisable to analyze
the spatial conditions for the development of electromobility, which can be measured
conveniently using accessibility indicators. This is of great practical importance as an input
into spatial planning, especially for planning transport infrastructure [1].

Electric vehicles (EVs), like most vehicles, have a limited range [2]. However, unlike
other vehicles, the still relatively short range of EVs is considered to be a major barrier
to their popularization and choice by consumers [3–6] (for an overview of consumer
preferences in choosing EVs, including the importance of their range, see: Liao et al. [5]).
Researchers point to what is referred to as ‘range anxiety’, which means the fear of running
out of power as you approach the limit of the range. Drivers are concerned that the
electric vehicle’s battery capacity is limited and that it may run out before they reach their
destination [7,8]. Many drivers even turn off electrical devices (e.g., vehicle audio system,
electric windows, heater) in order to maximize travel range [9]. Thus, when commuting
daily to work or to school in a large city, residents of areas within the agglomeration must
be aware that they may run out of power if they are unable to recharge the vehicle at their
workplace.
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In addition to the rapid ongoing technological developments that allow the battery
range to be gradually improved, there are also other infrastructural or demographic
processes that play a role in modelling accessibility [10,11], including accessibility in daily
commuting to work in metropolitan areas [12]. It is therefore essential that studies are
made of the three factors behind changes in accessibility for EV drivers: (1) technology,
(2) infrastructure, and (3) demography. For this reason, this article compares technological
factors (the ranges offered by the batteries of three popular EVs in Poland), infrastructure
improvements, and demographic changes and their impact on accessibility in the context
of the ranges of labor markets within the 30-, 60-, and 90-min isochrones for the five largest
cities in Poland using cumulative accessibility.

The novelty of the approach stems from the fact that it is based on three key factors that
influence the accessibility of labor markets for EV users in the largest cities. Typically, labor
market ranges have been analyzed for highly developed countries with well-developed
infrastructure in which infrastructure does not change much. In addition, such analyses
mainly concern what is referred to as ‘commuting efficiency’ [13,14] and disregard demo-
graphic changes over longer periods (e.g., over a decade for the working age population
(see Holl, [15])). Meanwhile, demographic changes both change the approach to the role
of the traditional car in commuting [16] and have a huge impact on commuting patterns
through suburbanization, [17]. Poland and other countries that are expanding their net-
work of higher-grade roads are intensively extending their systems of motorways and
expressways in order to increase the ranges of access to the centers of large cities [18],
which, however, goes hand in hand with very strong suburbanization, depopulation of
city centers, and rapid growth in the number of residents living dispersed further away
from the centers [19]. The two processes mentioned above give rise to major changes in the
number of people living within the individual isochrones of car travel to the city center,
including the 60- and 90-min isochrones.

Comparing cities in terms of their accessibility is very popular in the literature [20–22].
On the other hand, many authors compare cities in terms of their transport policy providing
support for electric vehicles (EVs) [23], objectives, approaches, and strategies of cities [24]
or in terms of charging points per 10 thousand inhabitants [25]. However, there is a
shortage of city-/agglomeration-focused literature that would compare traditional factors
influencing accessibility, such as infrastructural and demographic changes, with factors
specific to accessibility for EV drivers, which mainly include technological developments
related to the availability of battery recharging points. This article investigates the impact
of likely technological changes in the context of the three most popular models of electric
vehicle in Poland today.

Poland is a suitable area for such research for the following reasons:

(a) The motorization rate is one of the highest in Europe (617 in 2018). At the same time,
the car fleet is dominated by old vehicles, often with diesel engines, imported as
second-hand cars from Western Europe [26,27]. The share of electric vehicles is very
small but is growing rapidly.

(b) In recent years, Poland has seen an unprecedented development of its road infrastruc-
ture (motorways, expressways), driven by support from the EU [28].

(c) The transformation period has given rise to very fast suburbanization processes,
especially around Poland’s largest metropolises. As a result, the scale of commuting
to work has increased, as have commuting distances [29].

(d) Demographic processes, as measured by the ageing of the population, depopulation
of peripheral areas, and intensive migration to the largest centers and abroad, have
become more rapid.

The places where the above processes are particularly strongly concentrated are the
broadly defined functional urban areas of the largest metropolitan centers.
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2. Methods
2.1. Cumulative Accessibility

Out of the range of methods for measuring accessibility, including travel cost, potential
accessibility, and cumulative accessibility [30], we use the last one in our article. Cumulative
accessibility, also known as isochronic accessibility or contour measure, means accessibility
measured by identifying sets of travel destinations accessible within a specific distance, at
a specific time, travel cost or effort. In the case of the labor market, cumulative accessibility
may pertain to the number of jobs accessible within a given isochrone from the place of
residence [31], or the size of the working age population (potential labor force) available
within an isochrone from the point identified as the city center [32]. In the latter case, which
we chose in our analysis, cumulative accessibility is defined as:

Ai = ∑ j
j=1BjOj

where cumulative accessibility Ai means accessibility measured from a given point/zone i
(in our article it is the city center, which in Poland is usually formed by the commercial and
cultural center of the city, as well as by the central business district, CBD) to activities Oj
(in our article it is the working age population), where Bj takes the binary value of 1 if the
place of residence is within a predefined time threshold (isochrone) and 0 if it is beyond
the time threshold.

Cumulative accessibility measures are, together with potential accessibility, the most
popular accessibility indicators which are often used in the literature as a simple, direct
way to evaluate equality in access (e.g., to public goods, or changes in accessibility caused
by transport infrastructure) [33–35]. The accessibility of city centers or central business
districts has been widely researched [36,37]. The city centers identified in our article may
be considered equivalent to CBDs (central business districts), although the authors are
aware that in some of the cities under study the location of jobs is much more dispersed
as a result of the existence of employment subcenters (see also Cho et al. [38]). Typically,
however, the city center lies very close to the centroid of jobs in the city.

Cumulative accessibility has the advantage over gravity models in that it is more
easily understood by transport planners and decision makers. One advantage is also
its great usefulness when making comparisons (e.g., between infrastructure expansion
scenarios [39], or in dynamic terms and between cities or agglomeration areas [40]). This
article makes use all the above-mentioned dimensions of accessibility analysis, adding
those stemming from forecast technological developments.

One disadvantage of cumulative accessibility is the arbitrary choice of the time thresh-
old (e.g., when one opts for a 60 min isochrone, destinations within a range of 59 min are
included, but those located 61 min away from the place of origin are excluded). Owing to
the above disadvantage, we calculate the number of working age population within three
isochrones (i.e., 30, 60, and 90 min). The 30 min and 60 min isochrones are often used in
analyzing commuting to work [41]. The spatial mobility of populations is a key factor help-
ful in delimiting functional areas and identifying the catchment areas of spatial units [42].
Therefore, the choice of the 90 min isochrone is justified by the fact that commuting in
an EV over a distance greater than 100 km is very rare, which is evidenced by a number
of studies [43,44]. Range limitations are one of the main reasons for shorter commuting
distances [45].

At the same time, not only does the development of infrastructure within the areas of
agglomerations result in the expansion of the area covered by the 60 and 90 min isochrones,
but it also increases the use of motorways and expressways [19] which, in turn, means
running out of power more rapidly as a result of higher speeds. Our model assumes that
the driver of an electric vehicle, as with drivers of other types of cars, chooses the shortest
travel path according to Dijkstra’s algorithm. This means that time is more important to
the driver than cost, in spite of the fact that batteries discharge faster on motorways and
expressways (see also Cai et al. [46]). Therefore, we assume that the choice of the shortest
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route by EV drivers corresponds to that made by other drivers, although we are aware that
consumer perceptions of driving range may change after they purchase an EV and gain
recharging experience, electric driving practice, and reflect on their actual driving range
needs [47]. On the other hand, as Axsen et al. [48] observe, households have difficulty in
articulating what driving range they need for an electric vehicle.

2.2. Shortest Travel Path

In our model, we also assume that there is no workplace charging option for drivers [49],
which is still quite common in Poland. Therefore, the battery range assumed in our model is
that of the full home-work-home cycle, which, notably, reflects the general declining trend
in the total number of charging events at work and public locations along with the increase
in the electric range of EVs [50]. In order to determine accurately the shortest path of
travel to city centers by EVs, we used the speed model developed by the IGSO PAS, which
indirectly takes into account both traffic laws (speed limits, lower speed in a developed
area) and travel conditions (population living in the 5 km buffer from the road section
and landform features) [51,52]. The speed models for individual vehicles were developed
assuming the different impact of the selected variables on vehicle speed on a number of
categories of road. The considerable level of detail in transport network databases, and
the “linking” of all commune locations to the network of national and voivodeship roads
by adding the most important sections of commune and poviat roads to that network,
permitted the calculation of travel times between all the municipalities involved. When
completing the lists of investments (status as at October 2020), we cooperated with the
General Directorate for National Roads and Motorways (GDDKiA) for information on
investments on national roads and with the five Marshal’s Offices for information on
investments on voivodeship roads. Each of the beneficiaries was asked to provide the
relevant data relating to the investment, including the location of the nodes. In the context
of demographic data, we used the data for 2020 (the baseline variant) and the forecast of
the working-age population in 2030 at the commune level in Poland according to the Polish
statistical office [53].

2.3. Range Assessment and Prediction for EVs in Poland

The Polish electric car market is in an initial, very dynamic, growth phase. According
to the latest data from the end of August 2021, there were 30,000 EVs registered in Poland,
but in the first eight months of 2021 alone, their number increased by over 11,000 (that is,
130% more than in the corresponding period of 2020) [54]. However, Polish consumers
see many barriers that discourage them from buying an EV which include, in particular,
limited availability of recharging stations, slow recharging rates and (a factor which is
particularly important from the perspective of this article) low travel ranges [55].

In general, the relationship between vehicle speed and battery performance is very
complex. As is observed by Vaz et al. [2], range prediction for EVs is a multi-objective
problem with conflicting objectives. There are a number of studies that estimate ranges
using SOC (state-of-charge) methods, including [56–58]. The application of a pulse dis-
charge method can represent the evolution of the battery SOC based on an average speed
modulated by the pulse height and width, representing the value of the acceleration and
the acceleration time. Nevertheless, in this paper we assume that all the drivers use the
standard driving mode which is most often used by drivers [59] and can be equated with
moderate driving mode used by most people of the working age. In case other driving
modes are applied, aggressive or conservative, the results may vary, in particular along
the single-carriageway roads, where aggressive driving mode moves to lower isochrone
values.

This article uses comparative studies and tests carried out with regard to the three
most popular brands of EVs in Poland (i.e., Nissan Leaf, BMW i3, and Renault ZOE 10
C). Following this, based on the results obtained, we have selected the most suitable
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exponential functions, the results of which largely corresponded to those of tests on the
cars (Figure 1).
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Figure 1. The range of the three most popular electric vehicles in Poland in relation to average speed
of travel based on the exponential function.

Meanwhile in the prediction, we assume that with battery technology improving
constantly, EVs with driving ranges closer to that of a typical ICEV will be readily avail-
able [60]. In addition, as early as 2015, the ranges of small electric cars were between
100 and 200 km (see Berckmans et al. [61]). Even earlier, in 2012, Egbue and Long, [62]
wrote that battery technology was advancing rapidly and range limitations would not be
a lasting problem (see also the overview in Sanguesa et al. [63]). Therefore, we assume
for the 90 min isochrone (the maximum investigated in this article), that, regardless of the
share of motorways in the travel path, one will be able to travel to and from work in an EV
in 2030 with no need to recharge and without posing a major problem.

3. Results and Discussion

Our research is based on the author’s previous evaluation work in the context of
the net ceteris paribus effect of changes in accessibility as a result of the completion of
infrastructure investments [10,11,51,64]. For the purposes of this article, we have taken into
account projected demographic changes (change in the size of the working age population)
and infrastructure developments (as a result of road projects) relevant to commuting to the
five largest cities in Poland (i.e., Warsaw, Cracow, Łódź, Wrocław, and Poznań). Figure 2
depicts the current (2020) and forecast (2030) 30-, 60- and 90-min isochrones of access to the
five cities. The results are also presented in Table 1.
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Table 1. Net effect of technological, demographic, and infrastructural change calculated as absolute and percentage change
in the size of working age population in the 0–30/30–60/60–90 min isochrones for travel to the centers of the five largest
cities in Poland.

Cities Variants

Isochrones (min)

0–30 30–60 60–90

Changes 2020–2030

Abs
(thous.) Rel. (%) Abs

(thous.) Rel. (%) Abs
(thous.) Rel. (%)

Warsaw

Technological
changes

Nissan 0 0 60 7.4 1222 74.6

BMW 0 0 123 15.1 1476 90.1

Renault 0 0 19 2.3 925 56.4

Population changes (infrastructure
= constans) 104 7.30 −5 −0.60 −106 −7.07

Infrastructure changes (population
= constans) 82 5.36 −12 −1.45 245 17.58

Cracow

Technological
changes

Nissan 0 0 85 5.2 1073 49.3

BMW 0 0 597 36.4 1597 73.4

Renault 0 0 1 0.1 620 28.5

Population changes (infrastructure
= constans) 9 1.36 −111 −7.12 −133 −6.52

Infrastructure changes (population
= constans) 38 5.67 191 13.18 267 13.99

Łódź

Technological
changes

Nissan 0 0 63 10.2 1809 91.8

BMW 0 0 127 20.6 1931 98.0

Renault 0 0 28 4.5 1524 77.4

Population changes (infrastructure
= constans) −38 −6.81 −41 −6.66 −33 −2.06

Infrastructure changes (population
= constans) 16 3.08 41 7.13 400 25.48

Wrocław

Technological
changes

Nissan 0 0 55 7.3 766 62.2

BMW 0 0 154 20.6 1010 82.0

Renault 0 0 6 0.8 533 43.3

Population changes (infrastructure
= constans) 19 3.63 −45 −6.28 −109 −8.33

Infrastructure changes (population
= constans) 7 1.29 77 11.46 32 2.67

Poznań

Technological
changes

Nissan 0 0 62 9.1 954 79.2

BMW 0 0 171 25.0 1093 90.8

Renault 0 0 31 4.5 603 50.1

Population changes (infrastructure
= constans) 17 3.07 −11 −1.78 −49 −4.83

Infrastructure changes (population
= constans) 20 3.50 76 12.52 238 24.64

In 2020, the 30 min isochrone is within the range of all the three EVs analyzed. Differ-
ences start with the 60 min isochrone. At motorway exits or on expressways, e.g., to the
east and west of Poznań along the A2 motorway or south-west of Warsaw along the A2
motorway, it can be seen that the ranges of EVs are strongly limited by high speed. Areas



Energies 2021, 14, 8350 8 of 12

located within the 60 min isochrone cannot be inhabited by people who want to commute
to work in the city center without a need to recharge their vehicles during the day. This
relationship is even more noticeable with the 90 min isochrone. By 2030, the study assumes
technological developments will have taken place such that drivers will be able to travel
long distances for daily commuting without a problem, regardless of the type of power
supply for the vehicle and driving mode.

In presenting the results in Table 1 (Comparison of technological, infrastructural and
demographic changes), 2030 is assumed as the baseline. For the infrastructure = constant
variant, the difference between 2030 and 2020 results only from changes in the working age
population. Meanwhile, for the population = constant variant, the difference stems solely
from the road investments to be completed in 2020–2030. At the same time, it is assumed
that technological progress will allow maximum ranges to be achieved by 2030. For each
type of development (i.e., technological, demographic and infrastructural), the change in
Table 1 denotes how much lower would be the level of accessibility for potential drivers of
electric cars living in particular agglomerations in 2030, if the respective changes did not
take place in 2020–2030. In order to improve perception of the results, we use a negative
sign when the change in the factor has a negative effect on accessibility, and a positive sign,
if the opposite is the case.

There are differences between the cities analyzed in the change in accessibility as a
result of demographic change. In Łódź, a post-industrial center that is rapidly depopulating,
accessibility deteriorates as a result of the outflow of working age population for each
of the isochrones analyzed. In the other cities, such a negative change also takes place
as a result of projected negative demographic trends, mainly population ageing (see also
Śleszyński et al. [65]). However, this occurs outside of the 30 min isochrone.

Accessibility generally improves due infrastructural change. Intensive road projects
in Warsaw itself and the creation of new possibilities for exiting the city result in a shift
of the 30–60 min isochrone, leading to a decrease in the number of inhabitants within
this isochrone. Accessibility changes reach a dozen or so percent within the 30–60 min
isochrone and even 25% for the 60–90 min isochrone in Poznań (which is attributable to a
planned investment along the S11 expressway).

Technological changes, namely improved battery performance, will make it possible
for vehicles to reach city centers from greater distances in 2030 using expressways and
motorways. This means that technological developments result in a much greater improve-
ment in accessibility than demographic and infrastructural change. This is already visible
with the 30 to 60 min isochrones. In percentage terms, the greatest change is visible when
using the BMW in Cracow (more than 36% improvement in accessibility). Even greater
changes, reaching as much as over 90%, are observed for the 60–90 min isochrone (see
Table 1).

In agglomeration conditions, where a large proportion of commuting to city centers
is handled by expressways and motorways, it is of great importance for drivers living far
away from cities to be able to travel to them comfortably, rapidly, and in a stress-free manner
by high-speed roads. This article shows how accessibility is changing in agglomerations as
a result of the switch to electric vehicles and what changes are ahead of us as a result of
growing battery performance, as exemplified by the most popular electric cars in Poland.

The conducted analysis shows that the shift in electromobility in Poland may be
constrained by parallel demographic processes, dispersion of population in suburban areas,
and the development of road infrastructure. On the territorial scale of the current labor
markets, the negative factors can quite easily be offset by the extension of the range of
electric models, which will contribute to further enlargement of commuting zones and will
drive the integration of the complementary labor markets of bipolar areas.

Attention is drawn to the need for further research, such as also including the ranges
involved with other travel motivations, mainly in long-distance travel (i.e., business trips,
visiting relatives and friends, and tourist trips). Some of the above-mentioned travel
motivations have been studied, for example by Iqbal et al. [66], who used an activity-based
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EV model. It is also crucial to expand research to simultaneously take into account the
development of the electric charging network in Europe (as in Falchetta and Noussan, [25]).

Meanwhile, when it comes to policy-making, decision-makers should allocate more
resources to research and additional financial incentives aimed at promoting EVs and
increasing their range, primarily in those markets where potential buyers are still mainly
guided by the price of the vehicle [67]. As is indicated by Kim et al. [68], once the technology
reaches the expected level and, for example, permits trouble-free day-to-day commuting
over longer distances, it will be possible to consider reducing public financial support to
the electric car market. In countries such as Poland (i.e., with a small fleet of electric cars
and dispersed suburbanization), these processes may slow down the switch of drivers to
electric cars. In the context of spatial and urban planning, this increases the importance
of providing more recharging stations within the city itself and along the routes leading
into it.

4. Conclusions

Our study differs from other range-related research in that we compare the effects
of accessibility improvements as a result of technological developments to the effects
obtained from the other components of accessibility (i.e., the land-use component (changes
in working age population) and the transport component (improvements resulting from
infrastructure investments)). The adopted research method is universal and can be applied
in any region and agglomeration, in particular for uncongested routes between suburban
areas and downtown. On the basis of the conducted study, the following conclusions can
be presented:

Our study shows that the present-day electric vehicles with the smallest range (in this
case the BMW) significantly reduce the level of accessibility as measured by the number of
working age people within the 60 and especially the 90 min isochrone.

The losses related to this fact are currently several times greater than the benefits of the
development of the road network (even when demographic losses are disregarded). This
means a spatial reduction in the labor markets of all the metropolises under investigation
for EV drivers, assuming that workplace charging is not possible. This effectively reduces
the possibility of integrating these markets within bipolar systems, such as Warsaw-Łódź
and Cracow-Katowice.

The study has also confirmed the importance of EV ranges for the functioning of
regional labor markets. The technological developments that we are bound to experience
in the decade to come will allow battery performance to be improved considerably, even if
workplace recharging in city centers is not available. This is evidenced by the differences
between the currently available makes of electric car that have already been studied.

For the five largest cities in Poland, technological change leads to several times greater
improvement in accessibility than demographic or infrastructure developments. For
isochrones of more than 30 min, the improvement in accessibility reaches a dozen or
so per cent, or even more than 20%. For the travel isochrone between 60 and 90 min,
accessibility improves by as much as over 90%. These changes will undoubtedly be one of
the reasons for the projected decrease in greenhouse gas emissions in transport reaching
even over 50% in 2050 as a result of the increase in the share of EVs in Poland [69].

It is in the areas of agglomerations that the emissivity of transport is the highest. In
turn, the role of the 90 min isochrone may be greater if we assume that in the future some
work will be performed remotely and that commuting will be limited to certain days of the
week. The current simulation indicates that the expansion of the road infrastructure will
cause the 90 min isochrone to ‘run away’ from the range of the currently available models
of electric cars. Under these conditions, further development of technology, as assumed
in this study, may prove to be crucial for ensuring the availability of labor markets using
individual electric transport.
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