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Executive Summary

A transition of the global car market towards electric mobility can play a part in turning the risk of climate
change into an opportunity of green growth, that is, in increasing environmental, economic, and social
well-being. This paper presents work in progress on a global-scope high-resolution simulation model for
analysing potential evolutions of the gobal car fleet, and in particular the diffusion of electric vehicles
within it. Grounded in Global Systems Science, the approach takes a systemic perspective, draws on the
framework of extended evolution, and uses agent-based modelling. Our aim is to engage with, and invite
feedback from, the experts on various aspects of electric mobility gathering at this symposium.
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1 Introduction

“Green growth” is described by the OECD as a “twin challenge: expanding economic opportunities for
all in the context of a growing global population; and addressing environmental pressures that, if left
unaddressed, could undermine our ability to seize these opportunities.”[1]

The global car fleet, counting more than 1.2 billion vehicles and growing, is expected to reach 2 billion
by 2030 [2]. It contributes to environmental pressures, in particular, in terms of air pollution and CO»
emissions; in the US, the transport sector has superated the power sector to become the number one
emitter [3]. Currently, about 2 million cars, that is, much less than one percent of the global car fleet, are
electric vehicles [4].

With increasing pressure to reduce CO> emissions of the transport sector, following from policies for
avoiding climate change, with millenials not buying as many cars as previous generations did [5], and
with the “3 revolutions” of vehicle electrification, automation and shared mobility [6] in sight, the global
car market seems to be facing a transition. Traditional car manufacturers acknowledge this: Mary Barra,
CEO of General Motors, believes “the auto industry will change more in the next five to 10 years than
it has in the last 50” [7] and Volkswagen’s CEO Matthias Miiller has announced the company’s deepest
transformation since its foundation in the wake of its diesel emissions scandal [8]. The fact that Tesla
has recently superated both Ford and GM in terms of market capitalisation, while producing a fraction
of a percent both of the number of cars and of revenue in comparison with either of the traditional
manufacturers, points to a strong belief of investors in the future of electric mobility [9].

Our research question on electric mobility in view of green growth is how a transition of the global car
market can be achieved in such a way as to realise economic and environmental benefits at the same
time, that is, to turn the risk of climate change into an opportunity of green growth. Therefore, we work
on analysing potential future evolutions of the car centered global system. Rooted in Global Systems
Science, our approach takes a systemic perspective, draws on the framework of extended evolution,
uses agent-based modelling, and considers stakeholder engagement essential. In particular, we here
present work in progress on a global-scope high-resolution simulation model for analysing the diffusion
of electric vehicles in order to engage with and invite feedback from the experts on all kinds of aspects
of electric mobility gathering at this symposium.

The remainder of this paper is organized as follows: Section 2 briefly introduces concepts and methods
employed. Section 3 specifies the car centered global system, and Section 4 presents the modelling
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Figure 1: Trends in CO4 emissions from transport (left) and numbers of total vehicles in use (right)
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work in progress with first results. Section 5 sketches two directions of further work, before Section 6
concludes.

2  Concepts and methods

This section briefly discusses the concept of green growth in general and with reference to the car cen-
tered global system. It sketches the field of Global Systems Science (GSS) in which this work is rooted,
and some helpful concepts from the field of extended evolution. Finally, the tool of synthetic information
systems is briefly introduced.

2.1 Green growth

The concept “green growth” comes with many definitions in the literature (see, e.g., [10, 11] for a col-
lection and a review, respectively); however, this paper is not the place to go into these. Here, we define
green growth with respect to “business as usual” (BAU) or “brown” growth. For simplicity, given a
plausible growth path of the world economy in the 21st century, we may consider “green growth” those
growth paths where at any point in time GDP growth is greater and greenhouse gas emissions are lower
than along the brown path. Similarly, such a “relative” definition can be given in terms of other or more
indicators for environmental, economic, and social characteristics of the world’s development path. “In-
clusive green growth” [12] can be defined by adding that inequality should also be lower than in the
reference BAU path at any point in time, etc.

This paper is to be seen in the context of previous work [13, 14, 15] which has shown that climate policy,
together with a set of other policies, has the potential to trigger a shift to green growth via the following
mechanisms: given the current, fossil fuel based economy, a serious decarbonisation requires large in-
vestments. Large investments entail growth, jobs, and technical progress. However, no single economic
actor has the potential to provide such large investments alone, and incentives for investing into a green
economy are little as long as there is not a coordinated move towards it. Strict climate policy, combined
with a credible investment impulse, can be the signal needed to re-coordinate investors’ expectations
towards green growth. Once triggered, the virtuous circle of investors’ expectations, investments, tech-
nical progress and growth can keep the economy on a green growth path with larger investments, lower
unemployment, higher growth, and lower emissions than in the BAU case.

Moving from the macro-economic view to a certain sector (transport) or activity (mobility), as is the
case here, definitions cannot be adapted by simply replacing the economy by this sector in a one-to-one
manner. While emissions reductions achieved within a sector can be considered separately, the accom-
panying transition in economic terms may go beyond this sector. For example, jobs lost in a “brown”
sector may be replaced by jobs in other sectors rather than in a “green” counterpart of the original sector.
A macro-economic view is therefore still necessary to consider green growth opportunities arising from
a certain sector.

Considering green growth from a mobility perspective, emissions from the transport sector (about 70%
of which are produced by road transport) are of particular interest. In contrast to important other sectors,
the global trend is increasing ([16], and see Figure 1 (left)). In a plausible BAU growth path for the
21st century, this trend is likely to continue, not least because global numbers of cars are likely to keep
increasing (see Figure 1 (right)). This trend reflects increasing wealth of the population in large parts
of the world; at the same time, increasing income generally comes with increasing mobility needs [17],

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium



which constitutes a feedback effect that stabilises the trend in global car numbers. Reversing the trend in
transport emissions without curbing benefits (e.g., in terms of growth or employment) that relate to the
existing trend in car numbers would lead to a green growth path with respect to mobility; with the above
relative definition, slowing down the emissions trend compared with the BAU scenario is a sufficient
criterion for “green”.

However, one exact definition is not the point in this work. The global systems perspective and modelling
tools used here (described below) allow for observing a large number of indicators in model runs. For
example, in a model with high spatial resolution, the numbers of cars with an internal combustion engine
can be aggregated to the level of cities, municipalities, etc. This allows to estimate, for example, not only
greenhouse gas emissions, but also levels of air pollution in some areas of interest such as megacities.
“Green growth” can then be defined on a case to case basis in terms of those indicators most relevant for
a given study.

2.2 Global Systems Science

Global Systems Science (GSS) is an emerging research field that combines data-driven computer sim-
ulation modelling with engagement of stakeholders and citizens to support decision makers faced with
global challenges (see, e.g., [18]). Green growth is such a global challenge due to the long-term and
global-scope effects of (local) greenhouse gas emissions from the activities of up to 7 bn people.

On global challenges, a systemic perspective needs to be taken to develop evidence and understanding
on the underlying global system and its potential future evolutions, in particular for looking at potential
effects of alternative decisions.

GSS has a policy informatics side — it describes global systems with the help of computational tools (see
Section 4 below) — and an engagement side: ongoing dialogues between modellers and decision makers
help shape a simulation model in the most useful directions, so that it can address the questions decision
makers have. Further, and more importantly, many of the details in addressing a global challenge involve
value judgements and human behaviour. Understanding a global system and evaluating policy options
includes engaging citizens in the policy-making and policy evaluation process at an early stage.

Global systems are complex systems, made up of a multitude of heterogeneous actors and other elements
interacting in complex networks at multiple scales, giving rise, for example, to feedbacks in and path-
dependency of the system evolution. This evolution is non-deterministic; the open future not only results
from the systems’ complexity which prohibits knowing all the details that would be necessary to describe
such a system exactly, but also from its reflexivity: actors in the system can react to predictions made
about the system, thus potentially invalidating these.

A first step in analysing a global challenge is therefore to identify the global system to be studied. The
car centered global system considered here will be sketched in Section 3.

2.3 The framework of extended evolution

In conceptualising the open future of the car centered global system, the framework of extended evolution
[19] provides a useful anchor. This framework considers not only random mutations of genes and natural
selection according to fitness, but also regulatory networks (which determine the sequence and intensity
in which genes are activated) and niches (the environment an organism lives in, that has often been
shaped by earlier generations of the same kind of organisms) as important factors in the evolution of
species.

Analogies between biological and technological (or, more generally, cultural) evolution have been stud-
ied (see, e.g., [20]). We think it is helpful to add the ideas of regulatory networks and niches when
considering the car centered global system. Together, these restrain the space of possibilities that the
system may realize in its further evolution, while keeping its dynamics in a non-deterministic mode with
an open future.

2.4 Synthetic information systems

Having identified and defined the global system under consideration, one then represents a (usually much
simplified) version of this system on the computer to run simulations, which allow one to explore, as in
a virtual laboratory, possible scenarios of the system’s future evolution and related uncertainties.

An agent-based model (ABM, see, e.g. [21]) represents many heterogeneous actors in this system as
agents, their environment, and the complex networks in which they interact in model code. A model
simulation run then carries out such interactions repeatedly, giving rise to a trajectory displaying potential
overall system dynamics. Generally, many runs are carried out to account for uncertainty.

We speak of a synthetic information system when the ABM’s agents are initialised by a synthetic pop-
ulation — a set of virtual agents that, for relevant characteristics, statistically match the corresponding
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distributions found in the real-world population (see, e.g., [22] and references therein). Analysis and
interactive visualisation of simulation results of the synthetic information system allow to analyse the
system and various alternative decisions for gaining a deeper understanding and a better overview.

In particular, the work presented here is carried out in the context of enhancing GSS modelling through
High Performance Computing (HPC) and Data Analytics (HPDA), for example by enabling the use of
high-resolution data sets, by allowing models to grow in complexity and grow towards global scales, and
by facilitating deeper analysis of larger sets of output data from model simulation runs (see coegss.eu).
On the potential of agent-based models in addressing grand challenges of global scope see also [23].

3 The car centered global system

This section describes the car centered global system, drawing system boundaries and categorising ele-
ments as seen best fit for our overall research question. While the modelling work on this system (Section
4) does not represent all points introduced here, a structured description of the system (in terms of agents,
environment, and interaction networks, but also thinking about regulatory networks and niches) is a fist
step to analysing this — or really any — system.

3.1 A description of the system’s elements

Viewing electric mobility from a systemic perspective requires the consideration of a large number of
heterogeneous, spatially distributed agents.

The system first of all includes a global population of actual and potential consumers; we consider house-
holds as potential car buyers. Properties of households that are relevant here include the number of people
in a household and their ages, the household’s location, its mobility needs, its income, the number and
properties of cars owned, and many more. In buying (or also in re-selling) a car, a household’s decisions
may be influenced by various factors. One of these is the local environment, that can include infrastruc-
ture (charging stations, public transport, etc.), or regulation at the level of their city or state. For example,
some Chinese megacities have a quota policy to control car ownership growth: in Beijing the right to buy
a conventional car has to be won in a lottery, in Shanghai such rights are auctioned [24]. Another factor
influencing decisions is the local interaction with other agents, for example in terms of congestion and
accidents. Last but not least, social influence can shape decisions, in networks between agents that can
go beyond local interactions, and that are typically characterised by hubs, clusters, assortativity, as well
as community and hierarchical structures [25].

Another type of agents in our system are firms in the car industry, with car manufacturers operating in a
global market (as just one example, among Volkswagen sales in 2016, Europe accounted for about 41%,
closely followed by about 39% in China [26]) and suppliers of car components. From a green growth
perspective, the large numbers of people employed by the car industry, especially if the suppliers of
car components are included, also play a role. For example, Volkswagen has about 600’000 employees
worldwide, nearly half of which in Germany, where the company is the single largest private employer.
Key public authorities, in particular those of Germany, the U.S., China and Japan could be considered
as yet another type of agents. However, it seems more useful here to think of the regulations they pass
as part of the environment that households and firms interact in. Hence, this environment includes an
administrative layer with laws and procedures governing the admission of cars on the road, the insurance
of cars, and standards they have to meet (including the clean air standards violated in the recent diesel
scandal). It also includes a geographically anchored layer with rural and urban areas and transport
infrastructure like roads and gas or charging stations. The thus defined environment in the car centered
global system co-evolves with the global car fleet, but changes at much longer time scales than that of
car sales.

The car centered global system is an open system whose evolution is in turn influenced by what surrounds
it, such as the global oil industry or geopolitical arrangements in climate policy. Like for the question of
whether to include regulator agents or a regulation layer in the environment, the system boundaries are
up to definition, and it may be useful to draw them differently when other questions are asked.

3.2 An extended evolution perspective on this system

Attention to regulatory networks and niches helps to understand the remarkable inertia of the car centered
global system. Laws and regulations stabilise the car as a fundamental element of mobility in contempo-
rary society. A “regulatory network™ shapes the evolution of the car centered global system: regulations
passed by different administrations are the nodes, or vertices, in this network. Car manufacturers, that
have to consider the regulations in all places where they want to be in the market, constitute the links,
or edges, between these nodes. As regulation can be passed at different and nested levels (e.g., the EU
or the US, countries or states, and cities), this can be considered a multiscale network. Configurations
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in this network may influence the evolution of the global car fleet (by specifying which manufacturer
needs to meet which regulations) and may at the same time co-evolve with it (e.g., if some manufacturer
withdraws from some market).

Prices can also be viewed as part of the regulatory network; they can play an important role in the process
by which a given innovation survives and spreads, or shares the fate of most innovations: to disappear.
Carbon prices on the one hand and battery prices on the other will shape the space of possibilities for a
transition to electric mobility.

At the same time, the global oil industry is part of the niche that maintains a central role for the internal
combustion engine in today’s world society. Spatial regions with fully developed charging infrastructures
can be niches from which electric mobility may eventually spread.

4 Simulating potential evolutions of the global car fleet

To start simple and add complexity step by step, we have not defined an agent-based model including all
of the above system elements from the start, but focus on households and the demand side first. Also, we
first defined and implemented a spatially explicit innovation diffusion model on a global scale.

4.1 A spatially explicit innovation diffusion model

The initial innovation diffusion model operates on grid cells in a global map, with a resolution of 2.5
arc-minutes, corresponding to about Skm by Skm at the equator. Scenarios for the evolution of total car
numbers are provided as an exogenous input. The model considers only two classes of cars, “brown”
and “green” ones. For now, we consider green cars to correspond to battery electric vehicles due to data
availability; however, the model structure allows to easily replace this assumption with others, for which
the required data is available. A diffusion of green cars takes place within the ranges set by total car sales
per time step. This model can be considered a geographic cellular automaton: spatially differentiated
input data and a basic transition rule determine the number of green cars in each next step taking into
account the neighbouring cells. We run model simulations for a 2009-2025 timeframe.

4.1.1 Scenarios of the total number of

The input data required by the model

consists of maps of cars bought per cell 1200:Ho,
per time-step. These have been pre-
pared by combining gridded population
data and scenarios from [28] with a rate
of car scrappage and numbers of cars
per 1000 people per country. For the
latter, we used data from OICA [29] for
the first decade of the timeframe under
consideration. To obtain scenarios for
the second decade, car ownership sce-
narios were computed, on the one hand,
by extrapolating current trends and, on Eagkie
the other hand, with the help of a model
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Figure 3: Total number of cars 2009 (left) and Dargay et al model scenario for 2025 (right)

cars happens primarily in China, India and Indonesia. Therefore, the future of the car industry will
depend to a large extent on what will happen in this part of the world.

4.1.2 The diffusion mechanism

Given the spatially explicit dynamics for the total number of cars, each car bought in a model simulation
can be a green or a brown car. The diffusion dynamics for green cars has an innovation and an imitation
component.

e Innovation: as electric cars are already on the market, from time to time somebody will buy such a
car for a variety of reasons, modelled as a random variable. However, to buy an electric car people
need a certain income. Other factors being equal, the higher the relative GDP in the cell’s country,
the higher the probability that they will do so. Also, countries differ quite extensively in the level
of policy support provided for electric mobility, in the form of subsidies, privileged access to lanes
or parking spots, and many more. Therefore, the innovation component includes a policy factor,
determined by calibrating model output to electric vehicle sales data.

o Imitation: the more electric cars are present in a given neighbourhood, the higher the probability
that a consumer chooses one. This represents observations by this consumer and takes the number
of green cars already present in this neighbourhood as an indicator of the existence of an electric-
car-friendly infrastructure. In the current model version, the neighbourhood consists of 2 rings of
cells around a given cell, and the respective numbers are weighted with inverse distance between
the cells.

4.2 First results

Exploring with our work, at the same time

Table 1: Policy factors calibrated
with model development, the use of HPC tools Y

for agent-based modelling, the model was pro- factor country
grammed using Pandora [36] and run on the fine 0.06667 Korea
spatial grid of the population data with global 0.2 Italy, Spain
scope. The country-specific policy parameter  0.26667 Canada

0.4 Japan
0.53333  United Kingdom, Portugal, South Aftrica
0.66667 United States, Germany, Netherlands

for the innovation component has been calibrated
for the 15 countries listed in Table 1, accord-

ing to data availability. It allows to compare | '¢cccs China
country-specific incentives on the basis of a com- ) Sweden, France
mon model which takes the countries” GDP and 10 Norway

spatial population structure into account. When
analysing those policies that exist in each of these
countries (see [37, 38]), together with the respective dates when these policies were enacted, the range of
values spanned by this parameter, and the relative value for one country as compared to another can help
structure the study of the effectiveness of certain policy mixes in certain economic, cultural and societal
backgrounds. A step of model refinement which would calibrate the model to smaller sub-areas, for
example in the US, could then be confronted with study results as in [39] to gain a better understanding
of the diffusion of electric vehicles in various circumstances.
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Figure 4: Shares (spike height) and total numbers of BEV (spike colour), and total number of cars (country colour)

2009

Model results can be visualised in global maps.
Figure 4 shows screenshots on the results from
these 15 countries obtained with an interactive vi-
sualisation tool that is based on R and shiny [40].
In the maps, the height of spikes depicts the share,
and colour the total numbers of electric vehicles.
In addition, total numbers of cars in the country
are displayed by colouring the underlying country
map.

In simulation results for 2009, Norway stands out
as the lonely innovator for electric vehicles. The
picture for 2017 shows that total numbers of cars 2025

in China have increased with respect to other countries, where electric vehicle shares are growing and the
largest total amounts (white spikes) occur. Finally, the simulation for 2025 shows the largest EV shares
and total numbers in China, and we see that total numbers of cars have massively increased in China,
and are increasing also in India. To take a closer look at electric vehicle shares, which are picking up in
urban areas both in China and in several places in Europe, the tool allows to zoom into certain areas and
to move the globe.

In two dimensions, the map in Figure 5 shows
that the Chinese coastline is likely to play an im-
portant role in the diffusion of electric vehicles.
Three megalopolis, defined by the Chinese lead- I
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tablish a powerful regional niche facilitating the Figure 5: Detail from simulation output for China: share
transition to e-mobility in the midst of Europe, of electric vehicles in 2025.
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Figure 6: Detail from simulation output for Northwestern Europe: share of electric vehicles in 2025.

this corridor deserves special attention by policy makers. In addition, the ambitious project of the energy
transition in Germany — with the explicit goal of shutting down nuclear energy and bringing greenhouse
gas emissions close to zero — sets a context in which electric mobility can offer a possibility of using
digitised electric cars not only as mobility devices, but also as media of energy storage. Returning to
the framework of extended evolution, this corresponds to an enlargement of functional characteristics,
which can open up favourable spaces for an innovation in a fitness landscape that initially was not well
suited for this particular innovation.

S Further work in progress

To refine the model from the previous section in the spirit of Section 2.4, currently two complementary
strands of work are in progress.

5.1 Basic agent dynamics with a refined synthetic population

Innovation diffusion models with a discrete time-step can be be disaggregated into agents (see, e.g.,
[43]). This is a next step we are undertaking with the model presented above. Without going into
complex decision making procedures of the agents in a first step, the decisions will still be based on
innovation and imitation probabilities. However, feeding the model with an existing detailed synthetic
population, we can begin to differentiate agents by their properties, such as household size, income,
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mobility needs, and an indicator for environmental concern. This shall be done in cooperation with
a group that is specialised in producing synthetic populations. Also, the network between the agents
can then be taken into account, which vanishes in the aggregate version. Network structures can make
important differences in the diffusion of innovations (see, e.g., [44]), and social networks in the real world
show quite a few particularities, such as a heavy tailed degree distribution (many nodes have very many
connections), a high clustering coefficient (i.e., a large number of closed patterns: the friend of my friend
is likely to also be my friend), assortativity (agents link predominantly to similar agents), community
structures (clusters of agents much more linked to other agents within the group than to those outside)
and hierarchical structures (subgroups of groups) [25]. Therefore, as one of the next steps in work with
this model, networks shall be explicitly considered. This will allow us to analyse commonalities and
differences with the cell-wise aggregate model, in order to explore at which points an explicit agent-
based model can provide information on the underlying global system that a more aggregate model is
unable to provide.

5.2 A basic synthetic population with refined agent dynamics

At the same time, we are working on a model that does take into account more complex decision making
processes of the agents. In particular, we consider agents that take their decisions by optimizing expected
utility, using subjective probabilities that they update based on information from other agents within their
network. To initialise this model version, we updated and extended an existing synthetic population.
Details, first results on how the mechanisms in this model play out in terms of overall system dynamics,
and a discussion on data analytics tools for model analysis are presented in [45] and are beyond the scope
of this text.

6 Conclusions and outlook

Obtaining green growth is one of the grand or global challenges society is currently facing. A transition
to sustainable mobility is part of what needs to be achieved for this. The car centered global system,
and the diffusion of electric mobility within this system, are elements that can play a crucial role. Vice
versa, the idea of green growth can play a role in achieving a transition to sustainable mobility: in a
world where cars largely resemble welfare, freedom, status, etc., and where conventional cars come
with internal combustion engines, an alternative narrative, that may help switch to another convention,
is wanting. Green growth puts the focus on benefits to be obtained from reducing emissions (by using
electric vehicles and renewable transport, such as bikes, by sharing cars and rides, and so on) such as
reduced air pollution or urban space freed up for other uses than traffic and many more. In this vein, this
paper has presented an approach to and tools (under construction) for analysing electric mobility in view
of green growth.

An important part of constructing these tools is the development of agent-based simulation models. This
work can benefit from interaction with experts on various aspects of electric mobility: first, to shape the
model into the most relevant directions, it is of interest to us which questions potential users of such a
tool would like to see answered. Second, to fill in details into the current, still basic, model, expertise
from the field is required. The present paper is intended to initiate dialogues with experts in relation to
the Electric Vehicle Symposium.

While work in progress, the above examples of first results indicate how a simulation model and its (visu-
alised) output can foster structured thinking about a global challenge, and enhance one’s understanding
of a given system by pointing out potential evolutions. Making oneself aware of potential futures in a
given system is a first step in shaping its future evolution by then evaluating which of these futures are
desirable, or which should be avoided, and which measures help steer the system in the direction of the
former.
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