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Abstract: Given the need to reduce fuel emissions from transport many research studies have been
devoted to the development of technologies and identification of new policies to tackle this problem.
The majority of these strategies either increase the costs (e.g., new technology), are more time-
consuming (i.e., choosing a more sustainable mode of transport), or encourage consumers to forgo
travel plans (i.e., flights to holiday destinations). Implementing any of these changes is challenging
for a society where cost, quality and time are the key motivators. The paper differs from previous
research, given that the focus is not to slow down global warming, through the development of new
technologies, or through inconveniences to lifestyle. Instead, the focus is to improve the sustainability
of transport using current technology without increasing the cost or time factor. By using the concept
of effective speed, this paper estimates the possible reduction in emissions, external costs and land use
if people can be persuaded to choose the most cost-effective mode of transport. The effective speed is
calculated by dividing the distance travelled by the time spent (i.e., travelling to work and earning
the money to pay for the commute). This case study uses data from a survey of residents in New York
City (NYC) and incorporates supporting data about commuting patterns in Germany. If people use
their most cost-effective mode of transport in NYC, it is possible to have emission reductions of up to
14.7%, external cost reduction of 11.6% and a reduction in the time-area requirements of 16.5%. The
results of this paper highlight that people do not always need to spend more time or money on their
transport activity to travel in a more sustainable way. Indeed, encouraging people to use a mode of
transport with a faster effective speed may even reduce the external effects for some.

Keywords: external effects; external costs; emissions; pollution; effective speed; time-area concept;
land use efficiency; sustainable mobility; sustainable transport

1. Introduction

Accommodating an ever-increasing population in cities is a challenge to the current
urban environment [1]. The increasing demand for amenities causes traffic congestion
and a deterioration in the local ecological balance [2]. The further consumption of fossil
fuels adds to the speed and proliferation of climate change. These complex factors amount
to one of the biggest challenges of the current transportation needs and future economic
growth [3,4]. Undoubtedly, the transport sector is one of the major contributors to global
warming [4,5] and air pollution [6]. The emissions of transport activities are also projected
to grow quicker than in other sectors [4]. Traffic emissions have a detrimental impact on
local residents due to the close proximity and generation of toxic fumes in the vicinity
of pedestrians and inhabitants [7]. Reducing emissions is not only important to alleviate
climate change but also to reduce the adverse effects of pollutants on humans in urban
dwellings. In cities, the current air pollution levels are considered extremely harmful,
and a long-term danger to inhabitants undoubtedly exists [8]. Sustainable mobility is a
key research area [9]. While researchers are working hard on finding solutions to this
problem [3], implementing these initiatives and technologies remains a struggle [3].

In the contemporary world, everything is focused on cost, quality and time. The costs
have to be reduced, while the quality should remain adequate for the intended use, and
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the required time should be as short as possible. However, sustainable transportation
initiatives usually achieve the exact opposite. Low-emission zones increase costs due to
the requirement to buy new cars or invest in more expensive technology. Most electric
cars are still more expensive to buy than those built with an internal combustion engine.
The reduction in unnecessary travel is encouraged to support sustainability with measures
such as fewer long-haul flights for vacations or business trips that can now be conducted
virtually. These sustainability goals, which increase cost, time or reduce travel, contradict
the ever-increasing demand for faster and more convenient transportation options. Cars are
often celebrated as time-saving machines, giving people the freedom to travel where and
when they want conveniently, at speed. However, recent research is starting to ‘debunk’
this long-held assumption.

There are several ways people may overestimate the average speed of cars on any
given journey. For example, by underestimating the effect of congestion on the estimated
time of arrival, ignoring the time to find a parking spot, walking to or from the car or losing
precious hours taking the car to the garage for maintenance. The most important factor
is that people usually ignore the time required to earn money to pay for their car [10]. If
the time spent to pay for their commute is considered, cars may no longer be the fastest
mode of transport—at least for less affluent people. On average, car owners spend 20% of
their income to pay for their vehicle. That is 20% of their working time wasted on earning
money to pay for the car [11]. The ‘time to travel’ and the ‘time to earn the money’ are
combined in this study by the concept of effective speed.

This paper takes a more holistic view of the speed of different modes of transport
in a city. Therefore, the concept of effective speed, and the resulting indications for the
sustainability of transport options is examined. This research highlights the improvements
in sustainability that can be achieved even without encouraging people to use slower
or more expensive modes of transport. Instead, sustainability goals can be attained by
encouraging people to use a faster mode of transport based on effective speed.

2. Literature Review and Contribution
2.1. Effective Speed

In the book Walden from 1854, Henry David Thoreau may have been the first person
to have proposed the idea of “effective speed” [10]. Thoreau asserted that it took him a day
to walk on foot to a nearby town. If he were to take the train, he would need to spend one
day working on a farm to earn the fare and will arrive the next day. He argued that train
travel has no time advantage for people with a similar income level [12].

Almost a century later, in 1974, Ivan Illich [13] applied the same concept to compare
the effective speed of car commuters. He ascertained that a typical American male spends
4 h a day (i.e., 1600 per year) traveling 7500 miles in a car (i.e., effective speed: <5 mph).

In 1990, the German Sociologist D. Seifried used the phrase social speed, which
includes the costs of external effects, such as accidents (cited in [10,12,14]).

Ivan Illich’s conclusions were underlined by Kifer [15], who conducted a more scien-
tific assessment of the effective speed for commuters in the US. The effective speed was
between 4.8 mph and 11.4 mph, depending on the costs. For a bicycle, the effective speed
ranged from 8.9 mph to 14.8 mph.

Tranter [10,12] conducted a similar study in Australia. The effective speed for cars
ranged from 12.8 km/h to 23.1 km/h depending on the model of the car, while Perths train’s
effective speed is 37.1 km/h, walking 6 km/h, bus 21.3 km/h and a bicycle 18 km/h [10].
Tranter also highlighted that increasing the average speed of cars has only a limited effect
on the effective speed whereas increasing the average speed of bicycles or public transport
does increase the effective speed by more than half the average speed increase.

A few years later, Tranter [16] compared the effective speed in various cities around
the world. They calculated how fast a cyclist had to pedalto travel quicker than a car, from
an effective speed perspective (including external costs): New York, Los Angeles, Tokyo,
Hamburg: 13 km/h; Toronto: 14.6 km/h; Canberra: 18.3 km/h.
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Until this point, most research focussed on commuting trips. Tranter [14] showed that
the same principle also applies to a ‘school run’ (i.e., driving children to school). This type
of journey and time commitment may even be increased further if parents are required to
drive their children to ‘free time” activities in order to stay fit (e.g., sporting and leisure
pastimes).

More recently in 2020, Litmann [11] compared the effective speed in North America.
The effective speed ranged from 8 mph to 16 mph for cars, from 11 mph to 14 mph for
public transport and around 11 mph for bicycles, depending on the hourly wage (i.e., USD
15 to USD 45 per hour).

Meira et al. [17] estimated the ‘social effective speed’ for the Metropolitan region of
Recife, Pernambuco, Brazil. Car owners have the highest income in this study, whereas
cyclists are in the lower income bracket (car: USD 2192.49, cycling: USD 624). The irony
here is that bicycles are still the fastest method of travelling in this area, with an effective
speed of 16.74 km/h. The second lowest mode of transport was the motor car at 6.34 km/h
which closely aligned with public transport systems with an average of 5.23 km/h.

2.2. Emissions

Climate change is one of the key challenges human populations face today [3]. Air
pollution is commonly associated with increased risks of adverse health effects, as well as
the resultant increase in medical care and health costs [18]. The management of greenhouse
gasses [19], as well as air pollutant reduction, is, therefore, a key aspect of future urban and
regional mobility plans [20]. The research on air pollution caused by transport is vast, from
the simple bio-indicators which estimate the distribution of air pollution in cities [18] to
policies (e.g., [6]) and technologies aimed at reducing overall emissions (e.g., [5]), such as
electric vehicles (e.g., [3,19]). In addition to the simulation of emissions caused by transport
activities (e.g., [21,22]), there is the added complication of associated activities, such as
emissions from road maintenance (e.g., [23]). While most of the research into urban traffic
emission reduction focuses on surface travel, researchers have also begun to consider the
effect of the emissions caused by landing and departing aircraft adjacent to cities, which
inflate the urban emissions statistics [20].

2.3. External Costs

The transport costs are tangible and directly visible to people when they fill their
vehicles with fuel or buy a ticket for public transport [24]. These are called private costs.
However, there are also the hidden costs of transport, which are not directly funded by the
consumer—these are external costs. Examples of these are traffic noise (i.e., noise pollution),
which reduces the quality of life for residents, and accidents, which require hospitalisation
and result in a loss of working time [24]. Consideration of all external costs and benefits is
crucial to evaluate the success of improving the sustainability of transport [24].

External effects can be a cause of market failure [25] as they impede the price mech-
anisms needed to allocate resources in a way that maximise welfare (i.e., Pareto effi-
ciency) [25]. They occur when activities affect a third party negatively—causing unintended
side effects. If an unpriced item enters the marketplace and becomes freely available, then
this will become over-utilised and may have many detrimental consequences [26]. Sim-
plified, external costs are the price of the external effects a user causes but does not pay
for [27]. This leads to overuse as these costs are rarely taken into consideration for mobility
decisions [28].

There are three different types of external costs: total external costs (i.e., an entire
country), average external costs (i.e., cost per transport activity) and marginal external costs
(i.e., the additional costs for an additional transport activity) [26].

Given that external costs distort the market [26], some countries aim to internalise
external costs. For example, Switzerland is internalising part of the external costs caused
by HGV traffic on the roads through a vehicle tax [24].
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Transport activities do not just create negative consequences, the increased fitness of
pedestrians and cyclists has positive health benefits in the longer term [24,26].

In the external costs estimations, land consumption of transport activities is not always
calculated individually (only calculated as part of other indicators—usually congestion
or separation effects) [1]. However, it has directly visible effects in cities. Moreovert, eco-
nomic feasibility studies in many countries (e.g., Ireland, United States, Canada, and New
Zeeland) disregard the value of land or include these as sunk costs [29]. This falsifies the
economic evaluation and results in land-inefficient transport options being incentivised [29].
Therefore, land use efficiency is frequently mentioned as an important aspect, though often
later disregarded [1].

2.4. Time—Area Concept

Due to an increasing global population and a preference for urban dwellings, more
people are competing for road space in cities [30]. Researchers devote considerable time to
modelling and optimisation of traffic flows as well as improving the efficiency of land use
for transport activities [1].

The ‘time-area concept’ combines the space required for the movement and parking of
a transport vehicle into one metric [1]. It allows for a fair comparison of multiple transport
modes that have different velocities, sizes or parking requirements [1]. The reader is
referred to Schnieder et al. [31] for an extensive review of the ‘time area concept’. In simple
terms, the required area (i.e., size of the vehicle plus buffer area dependent on velocity) is
multiplied by the duration for which it is used.

The ‘time-area concept’ is an ideal selection for macro-economic decision making, as
it allows the user to allocate the limited resource of ‘road space” in a way that maximises
welfare and sustainability [32]. The time-area concept has been popular in anecdotal
publication for many years (e.g., [33,34]) and has recently gained popularity in the academic
literature.

In the past 3 years, the ‘time-area concept’ has been applied to evaluate the efficiency
of delivery vans in London [31]; various futuristic and autonomous delivery concepts (i.e.,
modular and fixed lockers, autonomous delivery vans, road-based autonomous lockers,
and sidewalk autonomous delivery robots (SADRs)) in London [35]; and on-demand meal
delivery with bicycles, vans and SADR in NYC [1]. In Switzerland, grocery and ‘click and
collect’ has been compared [36]. Earlier research only focused on the transport activities
undertaken by people and only used average values instead of simulations (e.g., [32,37-39]).

2.5. Contribution

The paper drastically differs from previous research in that the focal point is not
restricted to merely reducing global warming through the development of new technologies
and inconveniencing people by restricting their activity or travel. Instead, the focus is on
the potential to improve transport sustainability by incorporating current technology and
availability without requiring more time or cost to the individual.

Tranter [10,12,16], Kifer [15] and Illich’s [13] methodology only compares the effective
speed for a limited number of cases based on a limited selection of hourly earnings, average
speeds and popular cars. These studies give only a partial viewpoint and do not take
into account the higher and lower income brackets, which may be populated by far more
wealthy or less affluent members of society, rather than the averaged calculations used.

Researchers argued in 2020 that the ‘effective speed concept’, until then, had been
‘poorly researched’ [40] in the transport planning and research community [40], despite
its anecdotal popularity in books and posted blogs. Litmann [11] tried to overcome this
limitation by calculating the effective speed depending on income.

This study differs from the approaches above given that the ‘effective speed’ is cal-
culated for each individual response to a detailed survey. This is a more comprehensive
approach, as opposed to just comparing the ‘effective speed’ for a few individuals using
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average values as assumptions. Additionally, a digital model (i.e., simulation) was created
for each federal state in Germany to answer the same research objectives.

The research objectives addressed in this paper are:

ROL1: Calculate the effective speed for each mode of transport for each survey partici-
pant and derive a comparison for which mode of transport they chose and the mode they
should have chosen based on the effective speed.

RO2: Compare the emissions, time-area requirements and external costs when people
use their mode of transport vs. the one they should use.

RO3: Create a digital model of the commuting patterns of each federal state in Germany.

RO4: Same as RO2 but applied to Germany.

The selection of case studies was solely driven by the data availability. NYC was
selected given that the individual response to the Citywide Mobility Survey (CMS) is
published, which allows for a much more detailed evaluation. Given that only aggregated
data were available for Germany, it was not possible to conduct a city-specific evaluation.

3. Methodology

The methodology applied in this study can be split into the three steps illustrated
in Figure 1. Firstly, the required data were sourced. Based on this, the effective speed
was calculated for every survey response or agent in the simulation. In the third step, the
sustainability indicators were calculated.

1. Data collection 2. Effective speed calculation 3. Sustainability indicators

Income per hour [ Real mode estimation? ] Time-Area ]

External costs

{
Commuting distance [ ]
[ LCA emissions J
[ J

[ ]
[ ]
[ Average speed ]
[ ] Direct emissions

Transport costs

Figure 1. Methodology applied in this study. (! Step not required for the NYC case study as the data
are known).

3.1. Data Source
3.1.1. NYC Case Study

Every year, around 3000 residents take part in the Citywide Mobility Survey (CMS) in
NYC (‘Household survey’ [41], Person survey’ [42], “Trip survey’ [43]). This dataset has
the advantage of knowing the exact combination of household income, distance travelled,
mode of transport, other factors (e.g., place of work), etc., for each surveyed participant. It
is possible to compare the chosen mode of transport with the one that is the fastest mode of
transport based on the effective speed. A similar methodology as in [44] was used.

The annual income for each person is calculated by dividing the total household
earnings by the given number of adults in each dwelling. The hourly pay rate is determined
by dividing this number by the number of hours worked by full-time workers in the USA
(i.e., 2080 h per year).

The distance travelled each day is derived from the distance column for each individ-
ual, then divided by the total number of days in which they reported taking a journey.

The methods of travel are described in the following modes: taxi (i.e., taxi and app-
based hire vehicles), public transport (i.e., bus, subway, ferry, etc.), car and bicycle. Most
people use a variety of ways to travel between locations and choose a combination of modes
of transport (e.g., walking and public transport). Moreover, a few did not record the exact
method of travel for each trip recorded in the survey. For the purpose of this study, it is
essential that everyone has only one mode of transport. Therefore, this study compared the
use of different methodologies and adopted a combination of these to identify one mode of
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transport: (i) using the most frequent mode apart from walking; (ii) the mode they use to
commute to work or school; (iii) a combination of both. The last method was preferred as
the mode of transport to commute to work/school should be a choice that is thoroughly
evaluated over time. For those who did not state their mode of transport to travel to work
or school, their most frequent mode of transport was used instead.

By using the travel times and distances reported in the survey for each individual trip,
the average speed was estimated for each mode of transport.

The taxi cost was estimated based on the fares paid by survey respondents who took
taxis. The cost of travel by car was derived from data by [45,46], using only the minimum
costs. Given the price cap of USD 33 per week in NYC, the cost of public transport was
assumed to be USD 4.71 per day. The costs of bicycles may be overestimated as in [16], and
are based on values in [47]. In this study, the cost of bicycles was converted into variable
costs as it may be possible to travel short distances on in-expensive bicycles, while for
longer distances, higher quality bicycles may be preferred.

3.1.2. Federal States in Germany Case Study

A digital model of people in Germany was created. Parts of the methodology were
similar to the study in [44] (e.g., travel distance, but not income, average speed and costs).
However, the data used differ between the two studies. Each simulated agent (10,000 per
federal state) was randomly assigned an hourly wage and a daily commuting distance. The
distributions of the ‘nett personal monthly income’ for each federal state [48] were used
to estimate the hourly rate distribution. An equal distribution within the boundary of the
bins (i.e., income categories) was assumed to interpolate the data. Extremely low and high
hourly pay scales (i.e., the value of time) were avoided by assuming a minimum income of
EUR 250 for the category ‘less then 500€ per month” and a maximum of EUR 4000 for the
category of EUR 3500 or more. A triangular distribution was assumed for both the lowest
and highest binned income groups.

Travel distance: Only the commuting distance to and from work was considered [49].
As before, an equal distribution within the bins was assumed to interpolate the data apart
from the smallest and largest category.

Average speed: The ‘System of Representative Travel Surveys’ (SrV) [50], which sur-
veyed mobility in cities in 2018, was used for the average speed estimation for pedestrians,
cyclists, drivers and public transport. The average speed of all traffic, not just those within
each city perimeter, was utilised. The SrV reports data for a large selection of cities, towns
and villages in Germany. The average speed for each Federal state was determined by ag-
gregating this dataset based on the Federal state. No data for Hamburg and Saarland were
available. In both cases, the average speed data for Berlin were taken as an approximation.

While the distribution is known for the income and commuting distance, only one
value for the average speed is known for each city. In order to gain an understand-
ing of variations in public transport speed for different areas within a city, a simula-
tion of Berlin was created: using QGIS (https://www.qgis.org/en/site/, accessed on
17 June 2023), 500 points were randomly placed within the boundaries of Berlin (shapefile
source: https:/ /opendata-esri-de.opendata.arcgis.com/datasets/esri-de-content::bezirke-
berlin/explore?location=52.510789%2C13.408597%2C10.61, accessed on 17 June 2023). The
nearest public transport stops for each of these points were determined using the BVG
API (https:/ /v6.bvg.transport.rest, accessed on 13 June 2023 until 15 June 2023). BVG is
the public transport operator in Berlin. The travel duration from each of these points to
Berlin Friedrichstrasse, a major transport hub in the centre of Berlin, was determined using
the BVG APL In order to compare the “average speed” for these trips, the straight-line
distance was the most appropriate, as detours would not improve the average speed. It
was assumed that the average speed of public transport of all Federal states varies around
their respective speeds from the SrV. The spread of the average speed is assumed to be
identical to that found in the public transport of Berlin.
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“TomTom’ reports the difference in the travel time inside and outside of rush hour
(https:/ /www.tomtom.com/ traffic-index/germany-country-traffic/, accessed on
17 June 2023). Based on these data, it was assumed that the average speed of cars fol-
lows a normal distribution around the respective mean from the SrV with a sigma of 1.15.

Therefore, people who reported using public transport in the SrV survey may have
pre-selected their homes in a convenient location. Car drivers may prefer to live in locations
easily accessed by a vehicle. For a solo driver now using public transport, the average
speed may be lower compared to someone living in an area optimised for public transport.
In the same way, someone living near a public transport hub might face significantly higher
costs for parking and reduced speed during rush hour car traffic.

However, this study assumes that everyone is using the quickest mode of transport
based on the effective speed. To accommodate the new riders on public transport services
would need to be increased. Hopefully, this will result in an adequate public transport
service even for those car-dependent neighbourhoods. As this may not be the initial case, a
sensitivity analysis was performed where the travel time for public transport was increased
by 20%. This accounts for the fact that in rural areas, people may have to adjust their daily
activities to match the availability of public transport.

Costs: Defining the cost of owning and operating a car is challenging. If the cheapest
car is used, it would not be representative of Germany as most people pay more for their
own vehicle. If the average car cost is used, then the fact that a cheaper car could offer the
fastest effective speed for some would be ignored. In order to account for this, the study
uses the total cost of ownership (TCO) reported by researchers from the Deutsches Zentrum
fiir Luft- und Raumfahrt e.V. (DLR) and Rheinisch-Westféilische Technische Hochschule
Aachen (RWTH) [51]. The TCO is reported as EUR/km for various monthly mileage
categories. Using a cost per km has the advantage that people with a shorter commute
may choose a second hand car, and people with longer commutes may select a newer,
more comfortable vehicle. A minimum cost of EUR 8.30 was set to account for the fact that
cars have a fixed cost even if they are only used for a km per day. The EUR 8.30 per day
is estimated based on the fixed and repair costs reported in the ADAC database [52] for
the three most sold cars [53]. Only the cost of the following was included in this study:
insurance; tax; oil change; wear and tear repairs (e.g., tiers); and a lump sum of EUR 200
for parking, MOT and small accessories per year. The EUR 8.30 minimum does not include
any operating costs (e.g., fuel, oil) nor the depreciation, parking spot at home or at work.
ADAC database [52] reports the cost of new cars operated for 5 years. Thus, the assumed
wear and tear repairs underestimate the actual repair costs of used cars. In short, the costs
assumed in this study very much underestimate the expenditure incurred of car ownership
for (i) people who only commute short distances, (ii) people living in cities where they must
pay for parking and (iii) well-paid people in cities who may choose an expensive car as
their status symbol. In order to account for this, a sensitivity analysis was conducted where
the cost per km was assumed to be increased by 20%, and the minimum cost was EUR 20
per day. The EUR 20 is based on an evaluation of mobility costs in Austria [54]. That study
concluded that an additional car increases mobility costs by, on average, EUR 5000 per year
per household, which corresponds to EUR 22 per working day (assuming 230 working
days per year). Bicycle costs were slightly overestimated, as in [16]. The source was [47].
The maximum distance was set to 40 km, given that 30% of people who cycle to work cycle
further than 20 km [55]. Walking is free of charge and possible for up to 10 km each day.
The costs for Berlin’s monthly public transport ticket were taken from the website of the
public transport provider in Berlin VBB [56]. An increased travel distance necessitates a
monthly ticket with more zone access to be purchased. Hence, the cost of public transport
increases with the travel distance. The average monthly cost of public transport for all
other federal states was taken from a statistic by the ADAC [57]. It is assumed that these
costs also increase and decrease depending on the travelling distance, similar to the way
the public transport cost is changed in Berlin.


https://www.tomtom.com/traffic-index/germany-country-traffic/

Environments 2023, 10, 111 8 of 20

Mode of transport: Obviously, the mode of transport used by the simulated agents
‘in reality’ is unquantified. Only the mode share for each federal state is known [49]. The
way the modes of transport were allocated is illustrated in Figure 2. The algorithm starts
with allocating everyone the mode of transport they should take based on the effective
speed. Since walking was never the best option in this study, the share of people that walk
in reality was assumed to be the ones with the shortest commute. In the next step, for each
mode of transport, it was checked whether the mode share based on the effective speed
was larger than the real mode share. If it was, the agents with the smallest commute were
removed. These agents were then allocated to the mode of transport that has a larger share
in reality than the share based on the effective speed. The agents with the shortest commute
were allocated to cycling, the agents with the next longest trips were given to cars, and the
ones with the furthest to public transport.

1. Start with the 3. Remove the agents with 5. Allocate the
mode share shortest trips if the mode share agents so that
based on the is higher than in reality the real mode
effective speed share is achieved.

4. Allocate the
shortest traveling
agents to cycling,
followed by car

2. Allocate the agents
with the shortest
trips to pedestrians

and public
transport for the
longest
Bike
Public
Transport
——
e
Car

Figure 2. Mode share allocation.

3.2. Effective Speed

The effective speed is defined as the distance travelled divided by the time required.
The time combines the minutes required for the commute and the hours spent earning
money for this commute.

ESpeed = CL 1)
Truage
where:
ESpeed—Effective speed;
d—average distance travelled per day;
c—total transport cost per day;
hwage—hourly after-tax wage;
t—time spent traveling.
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3.3. Time—Area Concept

The following equation [31] was used to calculate the time-area requirements
(Figure 3).
TA; = ((li +5i) X ti + (ts X d;)) X w; )

where:
TA;—Time-area required for the trip;
[;i—Length of the vehicle;
s;,—Safety distance between standing vehicles;
d;—Trip distance;
t;/—Trip duration;
w;—Width of the lane/right-of-way;
ts—Following rule (usually two seconds).

Distance

'/\ﬂ_r\ depending on
Wi !—u!J velocity and
following rule
Y T >
| S. t

i ! 2

Figure 3. Specifications of the simulation (source: Schnieder et al. [31]).

The safety distance s; is the minimum distance kept between two parked or stopped
vehicles (e.g., at a traffic light). f is the buffer area kept between two following vehicles
in seconds. In most countries around the world, the two-second rule (i.e., distance kept
between two moving vehicles) is taught in driving schools or is part of their highway
code [58]. More details about the equation and how it was derived can be found in [31].
This equation calculates the legally required area which is required for the transport activity
and the duration for which it is used.

Table 1 illustrates the simulation specifications for different modes of transport. In
this study, it was assumed that all public transport is performed by bus to simplify the
time-area calculation. The assumed occupation of 15 people per 18 m articulated city bus
is rather low to ensure that nobody can argue that public transport is only good because
‘too high” occupancy rates are assumed. The simulation specifications for public transport
were estimated so that the resulting time-area requirements are similar to the estimated
time—area requirements of various modes of transport in the studies [32,37,38]. Only the
time—area requirements while driving were considered, and not while parking. Including
this would simply increase the time-area requirements due to overnight parking.

Table 1. Simulation specifications (source: Schnieder et al. [31] for bicycle and car/taxi).

I; S; w; ts Occupancy
Bicycle 1.8 0 1.5 0.03333333 1
Car and Taxi 44 1 2.75 0.03333333 1
Public transport (Bus) 12 3 2.75 0.1 10

3.4. Emissions

There is a certain level of differentiation between the emission factors for transport
activities assumed in various studies. Amongst other factors, this is caused by the difference
in the methodologies used to estimate the emission factors [23]. Even small changes in the
assumptions can significantly alter the results of an emission simulation [21].
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However, the goal was not to quantify the exact emission reductions for a specific
context. The concept was rather to use average emission factors, which are representative
of a wide range of regions, to estimate possible reductions.

The emission factors used in this study were taken from Mobitool (https://www.
mobitool.ch/de/tools/mobitool-faktoren-v2-1-25.html, accessed on 8 April 2023). This is a
database of emission factors for 250 different vehicle types. This database is the standard
for live cycle assessments in Switzerland. It was chosen despite it not being a perfect match
for NYC or Germany, given that the focus was more on a commonly used and validated
emission factor database, instead of one that perfectly fits NYC and Germany. A bicycle
was used for cycling trips, a large petrol SUV with euro-6b for cars and an 18 m diesel
articulated city bus with euro-6 was selected for public transport. The utility of transport
was set to 15 people per bus and 1 person for the bicycle and car.

3.5. External Costs

Various methodologies to estimate the external costs have been published over the
last few decades [26]. All the external costs used within this study were estimated for
a European context as they are a ‘tried and tested” dataset and are frequently validated
and used in similar projections. The datasets and methods have, over 20 years, been
continuously updated.

Table 2 depicts the average external costs taken from the ‘Handbook on the External
Cost of Transport 2019 Version—1.1’, prepared by CE Delft for the European Union. It is
an update of the 2008 and 2014 versions. It mainly focused on external cost figures for
European countries. It provides the total external costs, marginal external cost and average
external costs of transport. Please refer to the handbook for a detailed overview of the
methodology applied. The price level is 2016.

Table 2. Average external costs (price level 2016) for EU28 passenger transport (selected modes of
transport) (adopted from [28]).

Passenger Car Bus High-Speed Train Electric Train Diesel Train
Cost Category EUR-cent/pkm EUR-cent/pkm EUR-cent/pkm EUR-cent/pkm EUR-cent/pkm
Accidents 4.5 1.0 0.1 0.5 0.5
Air Pollution 0.7 0.8 0.0 0.0 0.8
Climate 1.2 0.5 0.0 0.0 0.3
Noise 0.6 0.4 0.3 0.8 1.4
Congestion 4.2 0.8
Well-to-Tank 0.4 0.2 0.3 0.8 0.1
Habitat damage 0.5 0.1 0.6 0.6 0.8
Total 12.0 3.7 1.3 2.6 3.9
Table 3 shows the external costs estimated as part of a case study in Munich, Ger-
many [26]. Therefore, the results may only be applicable to similar urban environments. It
was prepared by academics at the Technical University in Munich. The price level for this
study is 2020.
Table 3. Average external costs (price level 2020) (selected modes of transport) (adopted from [26]).
Bus Diesel Tram Subway Regional Train Car Diesel Car Gasoline Bicycle
EUR-cent/Pkm 11.36 8.01 3.99 4.62 16.97 15.9 6.72

Table 4 illustrates the average external costs in Switzerland. The report was published
by the Federal Office for Special Development in Switzerland. It builds up to the method
used in the report by Infras and Ecoplan from the 2019 report [59], which provides the
external costs from 2010 to 2015. The price level used in this study was 2019.
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Table 4. External costs in Switzerland Rp. pro Pkm (price level 2019) [24].

Mode of Transport Passenger Car Velo Bus Trolley Tram
Health damage due to air pollution 2.36 4.25
Building damage due to air pollution 0.17 0.31
Crop failures due to air pollution 0.03 0.09
Forest damage due to air pollution 0.03 0.06
Biodiversity loss due to air pollution 0.08 0.14
Damage due to noise 1.16 217 0.10 0.17
Climate costs 1.28 1.41
Damage to nature and landscape 0.83 0.49 0.46 0.05 0.02
Ground damage 0.08 0.21 0.11 0.00
Costs from upstream and downstream processes 0.94 1.10 0.56 0.42 0.71
Accident costs 0.38 20.74 0.15 0.00 0.12
Costs in urban areas 0.03 0.02 0.02 0.02
Total 7.36 22.33 9.81 0.70 1.04
External health benefits of non-motorised traffic 18.24

Based on the above studies, the external costs shown in Table 5 were used in this
study. The external cost of public transport and cars are similar to the estimations made by
Litman [60] for an American context if only the cost of traffic congestion, barrier effect, crash
damages (external), noise pollution, air pollution and resource externalities are considered.
If the cost of infrastructure and subsidies are considered as well, the external cost of cars is
almost twice as high in Litman [60] than in this study.

Table 5. External costs assumed in this study in euro cents per pkm.

Car, Taxi Bus/Public Transport Bicycle Walking
11.93 5.01 5.41 4.76

3.6. Sensitivity Analysis

As a sensitivity analysis, the results in NYC were compared, assuming that all costs
are 20% higher and the travel time is twice as long. People may value the time spent
commuting differently compared to working. In order to account for this, the travel time
was either halved or doubled. In the sensitivity analysis of the federal states case study in
Germany, the cost of cars was increased by 20%, and the public transport travel time was
increased by 20%.

3.7. Limitations

The biggest limitation of the study is the cost estimation as well as aggregation based
on the federal states in Germany. The cost of owning a car varies greatly between cities
and rural areas due to the parking costs. Moreover, well-paid residents in a city might only
consider cars that have a certain status symbol, while others traveling between villages
might prioritise functionality. Some people who buy used cars may be lucky and do not
need to spend much money on repairs, while others may be less fortunate.

4. Results
4.1. New York City
4.1.1. Baseline

Table 6 compares the mode of transport the survey respondents should use with the
mode of transport they did use. Only 59% of the survey respondents use the mode of
transport they should. Fifty-eight per cent should and do use public transport. Twenty-
seven per cent of those who should use public transport drive a car instead. Given that
walking was excluded, this does not represent exactly the current mode share based on
the number of trips in NYC, from the 2019 survey. Therefore, the mode share by public
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transport is much higher in this study. For example, person A walks for three trips and
takes public transport for two. Person B drives a car for five trips. The resulting trip-based
mode share would be 50% car, 30% walking and 20% public transport. In this study, where
walking was excluded, and one mode of transport was selected, the mode share would be
50% public transport and 50% car.

Table 6. Mode of transport the survey respondents should use vs. mode used (N = 2501) (same as
in [44]).

Should/Is Taxi Bike Car Public Transport Sum
Taxi 0% 0% 0% 0% 0%
Bike 1% 0% 2% 5% 8%
Car 0% 0% 1% 1% 2%

Public 2% 3% 27% 58% 90%

Transport

Sum 3% 3% 30% 64% 100%

Most sustainability indicators reduce when people use the mode of transport with the
fastest effective speed (Figure 4). If people chose the fastest mode of transport based on the
effective speed, the time-area requirements would reduce by 16%.

NO, Direct A
PM, s Direct 4
CO»e Direct A

NO, LCA A
PM; 5 LCA A
PM1o LCA -
COze LCA -

External costs A

Time-Area A

—a

-15 -10 —=5 0 5 10
Percent

Figure 4. Change in per cent of survey respondents using the fastest mode of transport based on the
effective speed.

The total emissions are based on a life-cycle assessment and include the emissions
produced by, for example, the manufacturing of the vehicle. CO,e would reduce by 14.2%,
PM;y by 14.7%, PM; 5 by 14.3% and NOy by 12.5%. When only the emissions produced
during the operation of the vehicle were compared, the CO,e was reduced by 12.0%. The
PM; 5 emissions increased by 10.3%, and the NOy emissions also increased by 3.4%. This
is due to the NOy and PM; 5 emissions being higher for public transport than during the
operation of private cars. The external costs reduce by 11.6% if users can use the mode of
transport they should, compared to the mode of transport they used in reality.
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4.1.2. Sensitivity Analysis

Table 7 lists the reduction in emissions, time-area requirements and external costs for
the baseline and the sensitivity analysis. By increasing the cost of transport by 20%, the
time—area requirements can be reduced by 22.9%, which is a further reduction of 6.4 per
cent points (pp). The external costs would reduce by 16.6%, which is a 5 pp further decrease
than the baseline. The total emission reduction increases by a further 5.9 pp to 6.7 pp. If the
travel time is considered double compared to the time spent working, almost no reductions
can be observed (<5%). On the other hand, these factors reduce by up to 33.4% if it is
assumed that the time spent commuting is only half as long as the time spent working.

Table 7. Reduction in emissions if people use the mode of transport they should.

Base Line Cost Increase Travel Time Increase Travel Time Reduction

Time—-area 16.5 22.9 4.5 33.4
External costs 11.6 16.6 2.3 24.6
COye Total 14.2 20.8 1.7 31.8
PM;, Total 14.7 21.3 2.1 32.3
PM, 5 Total 14.3 20.8 2.0 31.6
NOy Total 12.5 18.4 1.3 28.3
COse Direct 12.0 17.8 1.0 27.4
PM, 5 Direct 10.3 * 13.5* 5.0* 179 *
NOy Direct 3.4* 3.8* 3.1* 3.9*

* Emissions increase and do not reduce.

4.2. Germany
4.2.1. Mode Share

The results are aggregated for the sixteen federal states in Germany. An overview of
these can be seen in Table 8.

Table 8. Federal states in Germany (source: [61-63]).

POPI}};ijin?f)nsny Slze(soqf ;fre;;;tory Population Persons in Employment
1000 1000
Baden-Wiirttemberg 311 35,747.82 10,963 5987
Bayern 186 70,541.57 12,907 7076
Berlin 4112 891.12 3604 1868
Brandenburg 85 29,654.35 2471 1244
Bremen 1621 419.62 676 332
Hamburg 2453 755.09 1827 979
Hessen 298 21,115.64 6201 3220
Mecklenburg- 69 23,295.45 1580 761
Vorpommern
Niedersachsen 168 47,709.82 7845 4017
Nordrhein-Westfalen 525 34,112.44 17,665 8807
Rheinland-Pfalz 206 19,858 4017 2090
Saarland 383 2571.11 972 478
Sachsen 220 18,449.93 4007 1985
Sachsen-Anhalt 107 20,459.12 2159 1027
Schleswig-Holstein 184 15,804.3 2851 1465
Thiiringen 131 16,202.39 2102 1042

Figure 5 illustrates the variation in the speed of public transport (i.e., straight-line
distance/travel duration). The average is 18.6 km/h (0.1 percentile: 12 km/h; 0.9 percentile:
25.8 km/h). This is faster than the average speed by public transport according to the SrV
in Berlin (i.e., 15.1 km/h), as no walking distance is included. This confirms that the speed
of public transport differs depending on the location. However, the average speed of cars
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varies in a similar way depending on the time of the day and/or day of the week, according
to TomTom (https:/ /www.tomtom.com/traffic-index/berlin-traffic/, accessed on 17 June
2023). The average speed ranges between 21 km/h and 39 km/h in the centre of Berlin and
between 33 km/h and 50 km/h in the metro area.
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Figure 5. (a) The ‘speed’ of public transport in Berlin, defined as a straight line distance to the city
centre is divided by the travel duration. (b) A map of Berlin depicting the origin of 500 trips taken to
the city centre and the colour of each dot depicts the ‘speed’ for the trip (red line: Ringbahn—German
for circle railway).

The mode share for commuting trips in reality and based on the effective speed is
compared in Figure 6. In the baseline scenario, the mode share for cars is higher in reality
than it is suggested based on the effective speed. It ranges from 39% to 83% in reality and
2% to 50% based on the effective speed. The mode share for bicycles ranges from 2% to
20% in reality and 2% to 20% based on the effective speed. Public transport is slightly
more attractive in reality than cycling, with 6% to 42% and 22% to 87% based on the
effective speed.

In scenario b, where the cost of owning a car is increased, driving is rarely the fastest
option. The mode share for cars reduces to between 0% and 14%. Public transport gains
the most from an increased car cost (48% to 91%). The mode share for bicycles stays almost
the same at 2% to 30%.

Increasing the travel time by public transport (scenario c) reduces its mode share to
between 4% and 73%. While the mode share for cars is still lower than in reality, it increases
to between 15% and 60%. The mode share for cycling increases to between 2% and 34%.

4.2.2. External Costs, Emissions and Time—Area Requirements

Figure 7 shows the possible reduction in the external costs, emissions and time—area
requirements if people choose the quickest mode of transport based on the effective speed.
The external effects of transport can, for most Federal States, be reduced if the best mode
of transport based on the effective speed is chosen. In scenario a (baseline), the biggest
reduction in the time-area requirements (51%), external costs (43%) and LCA emissions
(49% to 54%) can be achieved by Brandenburg. Similar to the NYC case study, the direct
PM; 5 and NOy emissions increased in this case study due to the increased usage of public
transport. For the majority of Federal States, the possible time-area reduction is around
15%, and the external costs are reduced by around 16%. The LCA emissions for the majority
of the Federal States are reduced by around 18%.
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Figure 6. Comparison of the real mode share and the quickest mode share based on the effective
speed: (a) baseline; (b) increased car costs; (c) 20% increased travel time by public transport.
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Figure 7. Change in the emissions, time-area requirements and external costs if people select the
mode of transport with the highest effective speed: (a) baseline; (b) increased car costs; (c) 20%

increased travel time by public transport.

In scenario b, the reductions are even more pronounced. Brandenburg is again show-
ing the largest potential reductions with similar values. The average reductions are 29%
for the time-area requirements, 33% for the external costs and around 39% for the LCA

emissions.

In scenario ¢, Berlin and Hamburg are worse off, if everyone uses the fastest mode of
transportation based on the effective speed. For the majority of Federal States, the time-area
requirements and external costs reduce by around 5% and around 7%. The LCA emissions
for the majority of the Federal States are reduced by around 7%. Given that public transport
is not attractive anymore in Hamburg and Berlin in scenario c, the direct PM; 5 and NOx

emissions reduce by between 2 and 13%.
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5. Discussion

In contrast to the case study of the Federal States in Germany, the case study in NYC
uses the mode of transport the survey respondents chose and their actual income and travel
distance. In the NYC case study, only 59% of the survey respondents use the fastest mode
of transport based on the effective speed (RO1). Twenty-seven per cent of those who should
use public transport drive a car instead. A 16.5% reduction in the time—-area requirements
can be achieved if the survey respondents had chosen the mode of transport they should
instead of the one they did (RO2). The external costs could be reduced by 11.6%, and the
LCA emissions could be reduced by 12.5-14.7%. If the costs of all modes of transport are
increased by 20%, then larger reductions are possible, as more people should use public
transport or bicycles based on the effective speed. If the travel time is doubled, traveling by
car becomes the better choice for more survey respondents, and the possible reductions are
less than 5%. If the travel time is halved, even further reductions could be possible.

In the case study of the Federal States in Germany, the mode share for cars, in reality,
is higher than the suggested mode share based on the effective speed (RO3). If people
chose their fastest mode of transport based on the effective speed, most federal states are
generally better off. For the majority of Federal States, the possible time-area reduction
is around 15%, and around 16% for the reduction in the external costs (RO4). The LCA
emissions for the majority of the Federal States are reduced by around 18%.

The results are as expected. Given that people generally underestimate the cost of car
ownership, it is not surprising that some underestimate the amount of time they spend
earning money to pay for their daily commute. The study also shows that reducing the
average speed of public transport in Germany by just 20% has a substantial negative impact
on the economic attractiveness of sustainable modes of transport. This highlights that the
quality of public transportation is key to achieving sustainability goals. Increasing the
average speed may not be the only option to increase the effective speed of public transport.
Enabling people to use their time productively (e.g., relaxing, working) on public transport
may be a way to save time.

6. Conclusions and Future Work

Instead of trying to invent new technologies and policies, or inconveniencing people
by asking them to forgo their travel needs, alternative ideas to reduce the external effect of
traffic are the focus of this study. In order to reduce global warming, this paper estimates
the possible reductions in the external effects without asking people to spend more money
on new technologies or more time on their transport activities. Instead, this paper proposes
to encourage people to simply use the fasted mode of transport based on the effective
speed. Effective speed considers both the time spent commuting as well as the time spent
earning the money to pay for it.

In the NYC case study, a 16.5% reduction in the time—-area requirements can be achieved
if the survey respondents had chosen the mode of transport they should use instead of the
one they used. The external cost could be reduced by 11.6%, and the LCA emissions could
be reduced by 12.5-14.7%.

In the case study of the Federal States in Germany, the mode share for cars, in reality,
is much higher than the suggested mode share based on the effective speed. It ranges from
39% to 83% in reality and 2% to 50% based on the effective speed. For the majority of
federal states, the time—-area requirements reduce by around 15% and around 16% for the
reduction in external costs. The LCA emissions for the majority of the federal states are
reduced by around 18%.

The NYC case study is based on actual survey respondents, while the case studies of
the Federal States in Germany are a simulation based on statistical evidence. Hence, future
work would ideally validate the simulation based on a larger-scale survey.

The results of this paper highlight that people may not need to spend more time or
money on their transport activity to travel in a more sustainable way. Instead, encouraging
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people to use a mode of transport with a faster effective speed may reduce the external
effects for some.

This study clearly highlights that a sizable reduction in sustainability indicators can
be achieved by simply encouraging people to choose the mode of transport that has the
highest effective speed. The study shows that sustainable modes of transport are the most
cost-effective for the less affluent. Offering this demographic an attractive public transport
system and cycling infrastructure should be of the utmost importance for policymakers. It
not only saves time and money for the lower income groups—it gives them more freedom
and is also good for the planet. As a consequence, it frees up space on the roads for
wealthy residents, for whom it may not be an economical choice to ride a bicycle or use
public transport.

Future research should focus on how to use the effective speed concept in the real
world. How can those who would save time and money by using bicycles or public
transport be encouraged? Which factors prevent them from achieving this, and which
factors encourage them? Future work should investigate the best mode share based on
the effective speed for a wider cohort of cities. Comparisons should be made between
those cities well known for their sustainable modes of transport alongside car-dependent
environments with limited public transport service. A theoretical study optimising the
transport infrastructure and services to maximise effective speed may then be of high
interest to policymakers. An evaluation of the effective speed of mobility as a service
(MaaS) as well as shared mobility could drive future policies.
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