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Abstract: This paper focuses on transformational processes in a post Paris agreement context. It uses
IMACLIM-R, an E3 (Environment–Energy–Economy) model allowing for the integration of urban
forms, transport dynamics, environmental policies and behaviors. Building upon the study of a set
of local low carbon experiments throughout the European Union (EU), the paper explores two
contrasted stylized scenarios of the low carbon transition in Europe. It highlights that carbon pricing
policies are useful guides for transition but cannot achieve the ambitious objective without significant
transition costs. It shows that low carbon experiments in the transport and energy sectors are critical
dimensions of complementary measures in favor of green infrastructures. Broadening and upscaling
low carbon experiments helps overcome the inertias of the transport sector by fostering radical
changes in infrastructures, thereby introducing deep transformations in mobility behavior. This can
then generate positive macroeconomic outcomes, even though they are also dependent on specific
financial support, calling for a renegotiation of the social contract based on specific fiscal reforms and
measures to secure funding for these initiatives. The paper concludes with some research avenues
for improving this preliminary work and calls for a better understanding of the complexity of the
socio-economic patterns of both the transition and the conditions for an effective implementation.

Keywords: low carbon experiments; integrated assessment models; climate policies; transport; urban
forms; scenarios

1. Introduction

The adoption of the Paris Agreement is considered a historical milestone in the long and complex
history of climate policy negotiations [1]. Its successful implementation will now be highly dependent
upon the ability of the 192 involved countries to accelerate the low carbon transition toward the
2 ◦C objective and even further to 1.5 ◦C [2]. Meeting these objectives will indeed require a drastic
reduction of emissions and, therefore, huge technical and social transformations. To that end, parties
have planned to regularly take stock of their commitments with the hope that this will raise the
ambition of the overall climate action. Against this background, the EU has set ambitious climate
targets by 2050 [3–5], now included within its own National Determined Contribution (NDC) [6].
More fundamentally, turning the Paris agreement principles into action and mobilizing effective
drivers at different scales have become key issues. In line with the Lima Paris Action Agenda,
now called Global Action Agenda, the Paris agreement thus gives a prominent role to non-state actors
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and stakeholders, including civil society, the private sector, cities and other subnational authorities,
to complement national governments’ actions. This clearly echoes the growing importance of the low
carbon initiatives taken by these actors over several years, in particular at the city level (e.g., the C40
cities networks).

From a research perspective, the role of territories in low carbon transition has, in recent years,
become the subject of growing attention. A series of studies have focused on the development
and consolidation of low carbon experiments by communities. They analyzed their content, actors’
strategies and the linkage with national regulations (e.g., [7–14]). In the same vein, [15,16] have more
extensively studied a range of low carbon experiments throughout Europe, mostly located at the city
level, analyzing the underlying societal processes at play.

Overall, these case studies reflect a bifurcation in lifestyles triggered not solely by the penetration
of low carbon technologies. They also provide contexts and mechanisms that encourage significant
behavioral change [11,17,18]. They are, however, extremely diverse and context-dependent, raising the
issue of their upscaling as put forward by [13,14] using the framework of transition theory [19,20].

Our objective in this paper is to evaluate quantitatively this upscaling and related deep
transformation in lifestyles and demand side solutions. This has indeed been underestimated in
‘socioeconomic emission scenarios’ by Energy Economy Environment (E3) models. These are complex
numerical models that represent interactions among environmental, technological and human systems
in a single integrated framework. They are used to generate quantified scenarios about the long-term
evolutions of such interactions, usually on a global scale [21].

This paper aims at partly bridging this gap by representing, in a stylized manner, underlying
trends of the qualitative evidence collected by [15,16,22] into the E3 model IMACLIM-R. It develops
European scenarios which assess the socio-economic implications of an upscaling of low carbon
experiments. More specifically, we focus on the mechanisms at play by identifying successful measures
which support the development of low carbon experiments in transport and low carbon energy
production modes. Transport is indeed a key sector in the low carbon transition characterized by strong
inertias [23–25]. The sector is responsible for about one quarter of all energy-related CO2 emissions
worldwide, with private vehicles accounting for around half of transport energy use and emissions.
Energy production is supposed to face more rapid decarbonization by 2050 [26]. Following this,
this article then scrutinizes the interplay between low carbon experiments in those fields and carbon
pricing policies aimed at fostering the low carbon transition [27].

The paper is structured as follows. Section 2 presents the salient socio-economic features of
a set of low carbon experiments drawing on a dataset from the achieved MILESECURE-2050 project
(http://www.milesecure2050.eu/). Section 3 describes two alternative narratives and scenarios that
consider different types of climate policies and upscaling of low carbon experiments, with a focus on
two key sectors: transport and the energy production. Section 4 explains in further detail how the two
narratives have been translated into many scenarios within the IMACLIM-R model. Section 5 presents
some of the main findings obtained through the scenarios assessment. A concluding section rounds off
the contribution discussing some of the implications of the presented results for policy-making as well
as opening perspectives on future research.

2. Low Carbon Experiments in the Fields of Transport and Energy Production: Key Features

This section identifies key features of low carbon experiments analyzed within the EUFP7
MILESECURE-2050 project. [15,16,22] examined 90 local initiatives, located in 19 European countries
that were already experimenting, at least partially, using an energy transition process. From this
wider group of 90 experiences, 23 experiences were selected as highly successful. These low carbon
experiments cover a large field of activities, namely, energy production, housing, mobility and
transport, and services and industry. As mentioned in the introductory section, the paper concentrates
on those that directly relate to the mobility/transport and low carbon energy production initiatives
that represent, respectively, 30% and 15% of the representative low carbon experiments considered.

http://www.milesecure2050.eu/
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Concretely, in the mobility/transport sector, they consist in promoting greener modes of transport
(e.g., public transport, car sharing, or cycling), developing multimodal hubs to reduce roads’ congestion,
increasing better accessibility and coverage, etc. For instance, the purpose of the Amsterdam plan
(2040) is to generalize the use of cycling within the city and its agglomeration, building on successful
ongoing developments. Bremen (Germany) has also become a leading EcoMobile city by developing
multimodal hubs which bring together transit, cycling, car sharing, and taxis in one location. The city
has significantly improved conditions for walking and biking, enhancing car sharing and upgrading
intermodal information systems. Part of these initiatives are conducted in a systemic way and within
new forms of city planning, as in the case of Vitoria Gazteis (Spain), a municipality that concentrates
its efforts on “superblocks” areas to reduce overall traffic flows by reorganizing transport networks.

Energy production initiatives strive predominantly for energy self-sufficiency by fostering
renewables. Samsoed island in Denmark is a successful example of a territory which has succeeded in
basing its energy production entirely on renewable fuel and has already been the subject of specific
studies [10]. Juhnde, for its part, has become the first Bio Energy Village in Germany by substituting
all fossil fuels for both electricity and heat production with biomass, and by setting a district heating
grid that provides for 145 houses. Thus, each case study provides a new context for energy end-user
behavior change and new types of governance (more decentralized and grassroots oriented).

From a quantitative perspective, these initiatives intend to significantly impact on citizens’ energy
consumption and behaviors, though broad and systemic evaluations are missing. In Vitoria Gazteis,
all the measures included within the Modern Plan (e.g., the increase of up to 30% of travels by bus
or bike, of pedestrian areas by more than 50% and of bicycle lanes by 350% (from 38 km to 148 km),
are estimated to induce 15% savings in fuel for each inhabitant. In Bremen, 60% of trips are already
made by sustainable means, which comprises 14% trips by public transportation, 20% walking, and 25%
biking [15]. Overall, the objective of these local initiatives is to significantly reduce CO2 emissions to
almost zero by 2050.

This paper is an attempt to provide quantification via an E3 model of the overall economic
impacts of such initiatives, considering radical changes in behaviors and lifestyles. Building upon
this broad overview of low carbon experiments, the next sections will assess the socio-economic
implications of their upscaling through the predisposition of specifically dedicated climate policies
(in particular carbon pricing policies) and through other measures within the transport and energy
production sectors.

3. How to Upscale Low Carbon Experiments: Two Alternative Narratives

This section sketches out two different stylized narratives that describe alternative transition
pathways. Each awards a more or less relevant weight to broadening and upscaling low carbon
experiments in the transport and energy production. To varying degrees, these two transition pathways
lead to a reconfiguration of technologies, business models and production systems, as well as of the
preferences and behaviors of consumers.

3.1. Carbon-Price Only Policy Scenario (CPO): A Top-Down Low Carbon Transition

This scenario considers a low carbon transition triggered only by carbon pricing policies,
considered by the literature to be the main instrument for decarbonization. Carbon pricing policies
are only implemented in this scenario for pure climate aims, to comply with the EU official climate
objectives. The planned emissions reductions are of −20%, −40% and −80% respectively in 2020,
2030 and 2050, compared to the 2005 levels, according to the official EU NDC [6]. These objectives
are independent from other goals (e.g., energy security, air pollution limitation, employment, etc.).
This policy scenario may at first glance appear unrealistic, but it is consistent with the underlying
established economic wisdom that favors a uniform carbon price used to minimize the costs of reaching
a given decarbonization target [28]. It should be interpreted as a scenario in which a ‘shadow carbon
price’ plays a pivotal role by being equal to a marginal abatement of greenhouse gases emissions
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costs throughout all economic sectors, no matter how this shadow price is transmitted throughout
the economy. This can be done through a carbon tax, ex-post carbon pricing (carbon trading), or by
implicit carbon pricing (notional value) used by firms for their internal management.

These economic wide instruments provide signal affecting agent behaviors for different
components of economic activities, automatically triggering a transition pathway consistent with
the EU climate objectives. In this scenario, no specific policies favoring innovative modes of
transport, spatial reorganization and energy production are implemented on top of carbon pricing
policies. Furthermore, the scenario does not assume deep changes in people’s lifestyle: both the
top-down political and technical features of this scenario limit the involvement of local communities
in participation processes focusing on energy transition.

3.2. Social Energy Transition Scenario (SET): Upscale Low Carbon Experiment

The Social energy transition (SET) scenario considers complementary drivers of the low carbon
transition to carbon pricing. They are encapsulated in specific measures which consist in leveraging
low carbon experiments in sectors that experiment high inertias, notably the transport sector. This is in
line with the spirit of the Paris Agreement, which advocates that each country develops its own climate
policies in function of its economic and social specificities. As in the CPO scenario, the EU plays
an exemplary role in the climate negotiations but activates other levers for triggering its low carbon
transition. Following the recommendations of the preamble of the Paris Agreement and articles 134
and 135 of the Decision calling for an upscale of the involvement of non-stakeholders, particularly civil
society and local communities, an increasing number of low carbon experiments are part of a wider
movement throughout the EU. Citizens and local authorities share a high awareness of climate change
and are deeply committed to accelerating the low carbon transition through innovative experiments.
More fundamentally, rather than being analyzed separately, this scenario builds upon the synergies
between sectoral policies (such as transport/mobility and urban infrastructures) and climate objectives
within low carbon experiments.

Contrary to the CPO scenario, carbon pricing is not the only guiding instrument of
decarbonization. It is complemented by sectoral measures in which low carbon experiments, driven by
local authorities or citizens, find a stimulating eco-system to flourish in. This is particularly relevant for
transport, which is a high-energy and carbon-intensive sector characterized by weak price sensitivity.

In this context, the majority of European cities commit to significantly reducing the use of private
cars, and it is expected that, by 2050, the majority of daily traveling will occur using sustainable
public transportation. A redirection of investments in transportation infrastructures and urban
planning toward traffic regulation is then considered. Massive investments are undertaken to
significantly increase the number of bus lanes, subways, specific car sharing areas and rail transports.
Public transport develops at the expense of private vehicle cars. Soft modes of transport (biking or
walking) are also promoted thanks to a large movement of public space requalification in core cities
and thanks to built forms that are less car-oriented, aiming at giving more space for pedestrians,
bicycles and public transport. Connectivity and sharing are thus two central features of the transport
and mobility systems, thereby contributing to the emergence of digital/smart cities. Intermodal hubs
that put together all modes of transport spread in most cities. Thanks to an ecosystem of dynamic
start-ups, the setting of digital solutions, such as dedicated platforms, contributes to connecting people
in a better way and to sharing knowledge (e.g., state of the traffic, alternative ways and transport
modes). This also contributes to restructuring production/distribution logistics, thereby inducing
a decrease of freight transportation needs (e.g., through improved back loading, shorter or more
transport-efficient ordering cycles etc.). Teleworking also develops and decreases the mobility needs
for commuting, shopping and access to services.

Overall, the redirection of investments in transportation and urban planning, the improvement
of traffic regulation and the increase in the share of non-gasoline-based transportation modes reduce
“constrained mobility needs” and trigger significant changes in people’s mobility behaviors [29,30].
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In parallel, the development of renewable energy accelerates with the increasing number of
sustainable communities and micro and small low carbon energy solutions. A more decentralized
energy transition based on participated decision-making emerges [31,32], though the IMACLIM-R
model cannot address this issue properly. Local smart grid concepts are generalized to make distributed
electricity generation possible on a large scale and to manage the electricity storage capacity created
by the batteries of electric vehicles (EV) and hybrid vehicles. Distributed Energy Resources (such as
EV plugged into the grid) for electric systems is complemented by distributing energy resources into
the heating grid. The SET scenario takes into account potential small-scale producers (such as private
houses and condominiums) that sell the energy excess of their heating systems to the grid. Overall, the
SET scenario’s attention to small scale energy distribution also aims to increase the resilience of the
energy system. Similarly, the alternatives that compose multi modal transport systems strengthens the
resilience of the mobility system when faced with traffic congestion or traffic accidents.

4. From Narratives to Quantitative Assessments

4.1. The Modelling Framework

The purpose of E3 models is to analyze global comprehensive climate change mitigation across
all environment and sectors, in order to achieve certain mitigation targets. In this section we provide
a quantitative assessment of the two narratives described above and translate them into model
scenarios to be implemented in the IMACLIM-R model.

As an E3 model, IMACLIM-R is a multi-region and multi-sector Computable General Equilibrium
(CGE) that represents the intertwined evolution of economic growth, energy demand behavior and
technical systems (Figure 1). It describes dynamic trajectories in a one-year step through the recursive
succession of macroeconomic annual static equilibria and technical dynamic modules (Figure 1).
It includes 12 regions, one of which is the EU28. The model is built not only to facilitate and
allow the dialogue between engineers and economists but also to integrate other dimensions (such as
environmental policies, human behaviors, urban forms, etc.) that enable a broader multidisciplinary
dialogue among a large socio-scientist community (e.g., sociologists, geographers, political scientists, etc.).

By integrating the sectorial dynamics within a macro-economic closure, IMACLIM-R ensures
a robust assessment of the challenges posed to the economy by low carbon transition pathways.
In particular, it represents the dynamics of structural change (dematerialization of growth patterns)
that results from the interplay between technological, institutional and spatial dynamics and
patterns [33–35] and that is a salient feature of the societal processes underlying low carbon
experiments. As mentioned in Section 2, low carbon experiments relate to changes in technologies and
behaviors, in particular regarding energy production and transport practices. IMACLIM-R provides
some innovative features to assess the multi-dimensional aspects of these low carbon experiments,
beyond the pure technological dynamics that concern the electricity generation and concentrates on
aspects related to the “lifestyle” dimension. This is done through an important vector that is linked to
territorial and urban zoning policies, as well as to issues related to energy consumption, namely the
transportation sector.
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Transport is indeed a major issue to consider when dealing with bifurcation in lifestyles [24].
IMACLIM-R proposes a framework that helps disentangle the role of transport in long-term
socio-economic trajectories and the potentials offered by specific measures in this sector to face
significant energy and carbon related issues. Contrary to most E3 models that are used for carbon
mitigation assessments, IMACLIM-R includes a stylized representation of ‘behavioral’ determinants,
as a means of explicitly representing the interplay between transportation, energy and growth
patterns [25]. This is a real added value, since most modelling tools are mainly based upon sectoral
approaches that have either a ‘technology-based’ or ‘behavioral-based’ nature [24]. Indeed, in E3
models, behavioral and infrastructure options cannot easily be operationalized through monetary
costs and are entangled with quality of life, norms, and cultural values [36]. Behavior and the end use
of energy are represented as a simple rational choice between available alternatives, though recent
tentative to improve behavioral realism of energy consumer in the transport sector [37].

In IMACLIM-R, the standard representation of transport technologies is supplemented by an
explicit representation of the “behavioral” determinants of mobility that allows for an assessment of the
potentials offered by specific sectoral measures to face emissions mitigation costs (see supplementary
material). Passenger mobility is considered as a service provided by four transportation modes:
terrestrial public transport, air transport, road transport (private vehicles) and non-motorized transport
(walking and biking). Public transport” includes both urban public transports (buses, metros . . . etc.)
and inter-city trains, as the model does not differentiate between inter- and intra-city trips. Three
types of personal vehicles are represented: standard, hybrid and electrical vehicles. Each vehicle
is characterized by its capital cost, which decreases endogenously in function of learning-by-doing
process, its operating and maintaining costs and its energy intensity.

The model represents the constrained mobility induced by firms’ and households’ localization
choices. This concerns daily travels that households have no choice but to realize in order to
satisfy specific travel purposes (essentially commuting, shopping and access to services). They are
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exogenously represented by basic need parameters (one parameter for each transportation mode),
and they implicitly define the spatial distribution of housing and economic activities.

Three freight transportation modes are considered: air, water and terrestrial transport. The freight
transportation’s production intensity is measured via input–output coefficients, which define a linear
dependence of freight mobility in a given mode to production volumes of a given sector. The higher
the production volumes, the higher the freight mobility demand, if no specific policy toward the
reduction of this volume is implemented. This representation implicitly captures two important
features that drive the modal breakdown and the intensity of freight mobility needs, namely
(i) the spatial organization of the production processes in terms of specialization/concentration of
production units and (ii) the constraints imposed on distribution in terms of distance to the market
and just-in-time processes.

Finally, as mentioned in Section 3, in the CPO and SET scenarios, the EU adopts its official
objectives, leading with respect to 2005 to a 20%, 40% and 80% GHG emission reduction in 2020, 2030
and 2050, respectively. These objectives are translated into a regional CO2 emission profile which is
prescribed exogenously for the period of 2010–2050. At each date, a maximum level of CO2 emissions
from the production and use of fossil energies (coal, oil and gas) in final goods and in transformation
processes is set for the EU. The European CO2 price is then endogenously and annually calculated
by the model, so that the increase in the cost of fossil energies leads to a decrease of their use that is
consistent with the emission constraint.

The next section describes how these narratives have been translated into modeling assumptions,
rather than focusing on a comprehensive description of IMACLIM-R. For further details on the
transportation sector in IMACLIM-R, the reader can refer to [38] and the supplementary material;
for details on the model itself, see [39,40] or the IAM WIKI (http://themasites.pbl.nl/models/advance/
index.php/Model_Documentation_-_IMACLIM).

4.2. Translation of the Low Carbon Experiments into Model Parameters

Integrating the rich material of low carbon experiments into IAMs represents a main challenge
that somewhat exceeds the capacity of the IMACLIM model. As far as we know, there is no study
dealing with this issue in the literature; the only studies are limited to place-specific models which
consider a small number of locations, investigate infrastructures effects, demand side response policies
and urban development [24,30]. The value added of a model such as IMACLIM-R is then to identify the
mechanisms at play in the long-term dynamics of the low carbon transition. It does this by providing
a quantitative assessment of policies and measures that allow for the transition. We thus integrate some
of the key dynamics which underlie these low carbon experiments in the macro-economic general
equilibrium framework of IMACLIM-R. Since the level of aggregation of the model represents a real
gap with the complexity and heterogeneity of the low carbon experiment, we used proxies detailed in
the next sub-sections, which provide a first-order approximation of their economic impact.

4.2.1. Within the Transportation Sector

Behavioral Side

The two alternative scenarios are distinguished by the nature of the transport-related policies that
are considered or introduced in parallel to the carbon tax.

The CPO scenario considers a continuation of current trends of investment choices driving
mobility demand, i.e., no changes with respect to those implemented in a benchmark scenario that
considers no climate policies, the so-called No Emission Regulation (NER) scenario. It is assumed in
particular that:

(i) Constrained mobility evolves proportionally to total mobility in order to (i) take into account
all basic mobility purposes, such as commuting, shopping and access to services, and (ii) have
a proxy in order to represent the increase of urban sprawl as households gain better access to

http://themasites.pbl.nl/models/advance/index.php/Model_Documentation_-_IMACLIM
http://themasites.pbl.nl/models/advance/index.php/Model_Documentation_-_IMACLIM
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transport modes with increased performance. The ratio of the constrained mobility over the total
households’ mobility demand is set to 50% throughout the studied period. This is a conservative
assumption that does not consider measures for reducing constrained mobility and overcoming
inertias in the transport sector.

(ii) The allocation of investments in transportation infrastructures follows modal mobility demand
and is implicitly driven by the objective of avoiding congestion. This means that for each
transportation mode, the construction of infrastructures (road, railways and airports) is linked
to the increase of the mobility demand of this mode (e.g., the more pkm are satisfied by private
vehicles, the more roads will be built).

(iii) The organization of production/distribution processes remains similar throughout the period,
which means that the freight transport’s production intensity remains constant. For instance,
when transportation costs increase due to energy or carbon price increases, the dependence of
the production processes on transport remains constant.

In the SET scenario, the carbon pricing policy is complemented by measures to change the
‘behavioural’ determinants of transport in the course of the low-carbon transition (both directly
and indirectly). Spatial planning policies and changes in investment decisions for long-lived
transport-related infrastructures are represented. Indeed, urban characteristics can significantly impact
transport demand (e.g., by incentivizing modal shifts from car transport to cycling), building size
and behaviors [36]. This is done in a very synthetic way, as it encapsulates rich policy packages
that are implemented at different spatial scales. The measures affect three crucial determinants of
transportation activities that are explicitly represented in IMACLIM-R: the constrained mobility,
transport capacities and freight transportation’s production intensity. More precisely, we assume:

(i) A progressive reduction of households’ basic mobility from 50% of total mobility in 2020 to 30%
in 2050 and after (vs. a constant 50% in the CPO and NER scenarios). This represents a spatial
reorganization at the urban level (denser cities) and the implementation of soft measures in less
mobility-dependent conglomerations.

(ii) Shifts in the modal structure of investments in hard transportation infrastructures favoring
public modes instead of private vehicles (walkable neighborhoods, public transit systems,
highways, buildings). This is done through a limitation of building infrastructures for road and air
transport, which induces a saturation of the corresponding transportation capacities. We assume
a maximum threshold to the mobility offered by these two modes targeted at 3500 km/capita
and 1000 km/capita, respectively, instead of there being no limitation in the CPO scenario [25].

(iii) Reorganizations of production/distribution logistics inducing a decrease of freight transportation
needs (e.g., improved back loading, more space-efficient packaging, shorter or more
transport-efficient ordering cycles, etc.). A 2% yearly decrease of the freight transportation’s
production intensity is assumed in the SET scenario.

Technological Side

When it comes to low-carbon end-use technologies in the transportation sector, two contrasted
assumptions have been considered, whether it be for passenger mobility (e.g., the penetration of
electric vehicles) or for freight mobility with parameters related to the energy efficiency of freight,
or whether it be for both of them (e.g., biofuels penetration). These assumptions are translated into
specific parametrizations.

For instance, as shown in Table 1, the penetration of vehicles in the model follows a classical S
curve of market diffusion. The parametrization of the model allows, in the SET scenario, for the strong
penetration of electric cars to reach a maximum 50% of the total car fleet at the end of the period,
compared to 20% in the CPO scenario. The freight fuel consumption elasticity to fuel prices is also
higher in the SET scenario.
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Table 1. Electric vehicle parametrization in the SET, CPO and NER scenarios.

SET Scenario CPO & NER Scenarios

Start of market penetration 2010

No significant penetration over
the period 2010–2050

(a maximum of 20% in 2050)

Bottleneck phase 3 years
Maximum market share at the end of the phase 2.5%

Growth phase 15 years
Maximum market share at the end of the phase 45%

Maturation phase 16 years
Maximum market share at the end of the phase 50%

4.2.2. Low Carbon Electricity Production Modes

Like for transport technologies, the two climate policy scenarios have been differentiated
according to contrasted assumptions concerning the availability and diffusion of some low-carbon
technologies for the electricity generation. The lever for action used in this paper to translate the
low carbon experiments has been the renewable resources, with a particular focus on Photovoltaic
(PV) and Wind (Onshore and Offshore) technologies. As described in the corresponding narratives
(Section 3), the SET scenario is much more optimistic than the CPO scenario in terms of the penetration
and diffusion of the renewable technologies. In this scenario, the parametrization allows for a higher
availability with lower costs and higher potentials for PV and wind technologies (see Table 2).

Table 2. Parametrization of power generation decarbonisation.

SET Scenario CPO Scenario

Wind (Onshore
and Offshore)

Maximum market share in 2050 30% 15%
Learning rates for investments costs [41] 10% 3%

PV
Maximum market share in 2050 15% 10%

Learning rates for investments costs [41] 8% 3%

5. Low Carbon Experiments as a Significant Driver of the Transition: Results from the
IMACLIM-R Model

The two alternative scenarios, CPO and SET, are compared in the following sections to a No
Emission Regulation scenario (NER), in which there is no public support for the adoption and
implementation of drastic measures against CO2 emissions. The NER scenario is used as a benchmark
for better disentangling the mechanisms at stake when considering carbon pricing and the development
or zero or low carbon experiments.

5.1. Macroeconomic Impacts for the EU

The macroeconomic costs generated by the implementation of the EU climate policies described
in the previous sections are evaluated by looking at the difference between the EU GDP in the climate
scenarios (CPO and SET) and the GDP in the NER scenario. Despite GDP growth rates remaining
positive over the whole period in both climate scenarios, both scenarios face significant GDP losses
(see Table 3).

Table 3. EU 28 GDP variations with respect to the NER scenario.

2010 2020 2030 2050

CPO −1% −8% −8% −14%
SET −1% −5% −3% −7%

However, the magnitude of the losses differs between the CPO and the SET scenarios.
They remain constant in the CPO scenario over the 2020–2030 decade (reaching 8%) while they decrease
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to 3% in 2030 in the SET scenario (Table 3). In both scenarios the losses also increase over the last two
decades, but in the SET scenario, losses are halved when compared to the CPO scenario. This difference
is the direct result of a lower carbon price that applies to the economy in the SET scenario (Table 4).

Table 4. EU CO2 prices ($ per/tCO2).

2010 2020 2030 2050

CPO 0 140 249 984
SET 0 101 134 756

In both scenarios, the temporal profile of carbon prices is therefore a key dimension for understanding
macroeconomic costs and follows the decarbonization level of the economy. Between 2020 and 2030,
a relatively moderate CO2 price contributes in tapping most mitigation potentials in the power,
residential, and industrial sectors, which represent the core of emissions reductions at that point
in time [23]. Between 2030 and 2050, a steep increase of carbon prices is necessary for tackling the
remaining emissions, particularly in the transportation sector, a sector with a low sensitivity to price
signals [40]. Notably, the decarbonization of the transport sector is further complicated (and costlier)
when transportation needs are higher. Carbon prices then increase from 249 $/tCO2 to 984 $/tCO2 in
the CPO scenario vs. 134 $/tCO2 to 756 $/tCO2 in the SET scenario. The reader can be surprised by
carbon prices far higher than those that often circulated in public debates, for instance in the report
of the High Commission on Carbon Prices [27]. However, these figures are well within the range of
magnitude obtained by the IPCC in 2030 (30–400$/tCO2) [26]. Between 2030 and 2050, the IPCC prices
increase sharply (70–900$/tCO2) and so do our prices after 2030. In the SET scenario, the deployment
of low-carbon infrastructures in the transportation sector after 2025, the reorganization of urban forms
and the higher deployment of low-carbon energy technologies help smooth the low carbon transition.
It accelerates the decarbonization of the economy and thus, after 2020, it lowers the level of the carbon
price required to comply with the EU climate objectives.

5.2. Behind the Stage: The Mechanisms at Play

In the absence of a companion policy to offset this mechanism, higher energy costs entailed by
carbon prices propagate throughout all sectors and result in higher production costs and higher selling
prices of final goods. This in turn impacts households’ budgets and firms’ production capacities.

As illustrated in Table 5, the CPO scenario shows a higher share of energy costs in production costs
for the industrial sector than is the case in the NER scenario. This increase in production costs is then
passed on to industrial good prices, impacting the other sectors and households’ purchasing power.
This generates a drop in the total final demand, a contraction of production, higher unemployment
and additional weakening of households’ purchasing power.

Table 5. Share of energy costs in the production costs of the industrial sector.

2010 2020 2030 2050

NER 6.7% 5.7% 4.3% 2.2%
CPO 8.6% 8.7% 6.3% 4.1%
SET 8.6% 7.6% 5.2% 3.6%

Obviously, the lower the carbon price is, the lower its economic impact is. A lower CO2 price in
the SET scenario decreases the energy costs with respect to the CPO scenario (e.g., 20% lower in 2030
and 2040), illustrating the deployment of the low carbon experiments.

Another mechanism at play that generates macro-economic costs relates to the households’ energy
expenditures (Table 6). While in the NER scenario the share of energy expenditure in households’
budgets remains almost constant by 2050, it increases between 2010 and 2020 in the CPO and SET
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scenarios and then declines by 2050. Indeed, in the first phase, the carbon tax increases the cost of
energy for households. The decline is then stronger in the SET scenario than in the CPO scenario
(7% vs. 11% in 2050) in a context, as mentioned above, in which the carbon price is much lower than
in the CPO scenario.

Table 6. Share of energy in households’ budgets for Europe.

2010 2020 2030 2050

NER 9% 10% 10% 9%
CPO 9% 16% 14% 11%
SET 9% 12% 10% 7%

One can note that the share of energy expenditure in 2050 is also lower in the SET scenario than
in the NER scenario. This outcome is a direct effect of the assumptions made in the SET scenario on
the demand side regarding urban planning policies and transportation infrastructure measures that
play a key role in terms of energy consumption. They imply twofold consequences. Firstly, in the
SET scenario a reorganization of urban infrastructures decreases mobility needs, as shown in Figure 2,
via the gradual decrease of the total passenger transport, representing half of the total amount in the
NER scenario in 2050. Secondly, a relative shift toward low-carbon transportation modes starts after
2020. In 2030, the use of low-carbon public transport is 15% higher in the SET scenario than in the two
other scenarios, and 25% higher by the mid-century (Figure 3).
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Public transport then develops at the expense of personal vehicles. Figure 4 outlines that the
mobility satisfied by personal vehicles in the SET scenario is, respectively, 30% and 50% lower in 2030
and 2050 than in the CPO scenario.

This trend goes together with a significant decarbonization of the transport sector in the SET
scenario. Half of the vehicles in the total car fleet are electric or hybrid vehicles in 2050 (Table 7). These
results are consistent with some recent studies [42,43]. They go also together with behavioral changes
and innovative forms of city planning [44].

They benefit from a growing decarbonized electricity generation where renewable energies (wind
and power only) exceed 50% in 2050 (Table 8) while the power and transport sectors face a slower
decarbonization in the CPO scenario.
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NER 0% 0% 0% 0%
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Table 8. Decarbonization of the energy sector.

2010 2020 2030 2050

NER 1% 3% 7% 14%
CPO 1% 21% 36% 47%
SET 1% 22% 43% 58%

Effective share of Wind + PV in the electric production.

5.3. A Crucial Challenge: Triggering the Financing of Low Carbon Experiments

As a consequence of higher production costs, the high deployment of green infrastructures in
transport and REN in the SET scenario, triggered by low carbon experiments and accompanying
policies, does not prevent this scenario from negative impact growth when compared to the NER
scenario. Consequently, this section addresses this issue and considers a new social contract whose
purpose is to foster green investment and lower production costs. [15,16] insist in particular on
some difficulties that low carbon experiments encounter throughout their early developmental stages.
Financial risks can indeed increase the vulnerability of these experiments, in particular those that are
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the most capital intensive. In practice, CPO and SET scenarios show that although transition costs are
reduced, the deployment of low carbon experiments does not completely avoid them.

In light of this, we address the remaining macroeconomic costs in the SET scenario by considering
a tax reform based on the recycling of the carbon tax revenues into lower payroll taxes and based on
directing savings toward low carbon investments and projects instead of liquid assets or real estate [45].
This new set of incentives has a twofold objective: lowering labor costs and limiting the investment risk
that arises from part of these low carbon experiments by improving their capacity investment (through
better access to loans). Thus, the financial availabilities of municipalities and other local/regional
authorities are drastically increased and allow for ambitious actions to subsidize local renewables,
as well as for the development of local/regional infrastructures in transport and energy distribution
and management.

Implementing such measures into the model shows significant improvements in terms of
macroeconomic costs (Table 9).

Table 9. GDP variations with respect to the NER scenario, with and without recycling of carbon tax
and climate finance mechanisms.

2020 2030 2040 2050

SET −5% −3% −8% −7%
SET_TaxReform −0.3% −0.2% −0.5% 1.1%

Though a carbon tax continues to generate some losses until 2040, these losses are very negligible
thanks both to the stimulating effect on growth of higher investments in green infrastructures and
to labor tax cuts. They reach a maximum of 0.5% in 2040, while they amounted to 8% when no tax
reform was considered. After 2040, with respect to the NER scenario, the deployment of the low carbon
experiments and related behavioral changes induce a positive effect on the entire economy, leading to
macro-economic gains (+1.1% in 2050).

6. Conclusions and Discussion

After the adoption of the Paris Agreement, prompting transformational processes has become
a key challenge for Europe, in order for it to put into practice its relatively ambitious commitments,
especially in a context where the EUETS is currently on a drip. Indeed, the transition toward a low
carbon society requires a radical overhaul of the existing system; huge efforts in policy-making,
technological innovation and behavioural change are all necessary [29,46]. One of the merits of the
presented work is to acknowledge how an effective low carbon transition would imply huge behavioral
changes for virtually all stakeholders—firms, consumers, and governments—and how, if not carefully
steered, it may generate unintended consequences.

The present contribution tried to shed some light on this matter and clarify some conditions for
an effective and ambitious transition, simulating the role of low carbon experiments as a driver of
the low carbon transition. This is done through the application of the E3 model IMACLIM-R and
the development of two differing main scenarios. Our findings highlight the fact that carbon pricing
policies are useful guides for the transition but that they cannot on their own achieve the ambitious
objective, rather requiring significant transition costs. The simulations demonstrate that low carbon
experiments in the transport and energy sectors, such as the ones in the SET scenario, are critical
complementary measures for lowering transition costs. Indeed, they help overcome the inertias of
the transport and mobility sector by fostering radical changes in infrastructures, thereby introducing
radical changes in behaviors.

This paper at the very least shows that providing adequate financing is a key condition for the
deployment of low carbon experiments. The ability to finance decarbonization and to re-negotiate
implicit social contracts (fiscal reforms and measures to the secure funding for the various initiatives)
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is, however, highly dependent upon the political context in each individual EU country or region and
will also strongly depend on how decarbonization proceeds abroad, both in other countries and at the
global level.

This study is a first and partial assessment with the IMACLIM-R model; further improvement in
the model is necessary, following three main directions. First, the range of low carbon experiments
considered within this modeling exercise was limited to two sectors. Innovative experiments in
the building sector deserve more attention as the decarbonization of this sector will be another key
challenge in the transition. Buildings currently account for 30% to 40% of the total final energy demand
and over 30% of all energy-related CO2 emissions. Potentials of reduction, even at the EU level, are
significant [47] and the multiplication of eco-neighborhoods and eco-districts in many cities often
relies on an integrated (or aiming to be integrated) vision of mobility patterns, housing design and
job location [44]. Second and in the same vein, the current tentative to promote local food production
(e.g., by supporting short food circuits) should be taken into account more. Broader changes in lifestyles
and behaviors could include potential changes in the food diets and production at the local level and
innovative forms of collaborative energy production modes. Third, these findings call for a more
in-depth examination of the link between climate policies and other development issues, which is
certainly the primary condition for a successful transition. However, more systemic estimates of the
potential co-benefits (and potential side effects) of a low carbon experiment upscale (such as on energy
security, health improvement or job creation) should be conducted.

These research orientations, which relate to the necessary conditions for catalyzing the transition,
therefore require interdisciplinary and multi-scale collaborations (including with higher spatial and
jurisdictional resolution models and big models). This is key to better understanding the complexity
of the socio-economic patterns of the transition and making its implementation more effective.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/3/848/
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