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Human activities, such as burning fossil fuels for electricity generation, heating, and transport, are the primary
drivers of a large amount of greenhouse gases emission. The individual consumers, able to influence the supply-
chains behind the commodities their chose to fulfil their needs is the driver behind production and, consequently,
its impacts. Thus, the active and willing participation of citizens in combatting climate change may be pivotal to
address this issue. The present work is aimed at presenting and modelling a novel market-based carbon emission
reduction mechanism, called BitCO,, designed to incentivize individual consumption choices toward lower
carbon footprints. This mechanism is tested for the Italian private transportation sector thanks to an ad hoc
developed System Dynamics model. The Battery Electric Vehicle (BEV) adoption, if compared with the Internal
Combustion Engine Vehicle (ICEV) one, cause less COy emissions per km travelled. After a certain number of
travelled km, a BitCO, token is assigned to BEV owners for each ton of avoided CO». This token can be exchanged
in a dedicated market and used to get a discount on insurance services. Assuming a Social Cost of Carbon of 9.22
[2.13-22.3] €/tonCO2eq, model results show that the BitCO; mechanism would allow for a cumulated CO5
emission reduction of 973 [68.9-5°230] ktonCOzeq over 20 years of operation with a peak of 39.3 [5.34-189]

thousand additional BEV registration per year.

1. Introduction
1.1. Internalizing the social cost of carbon

Human industrial activities have always aimed at satisfying indi-
vidual needs by producing and consuming goods and services. The sum
of the effects of each individual activity results in the social sphere of
causation, where human beings interact with each other exchanging
value while interacting with the biophysical sphere, thus impacting it to
a different degree (Pauliuk and Hertwich, 2015). In this process, humans
exploit natural resources and release emissions as side products. The
interaction between social and biophysical spheres could trigger feed-
back loops influencing how stocks and flows of materials, goods, and
services are allocated between individuals and environments (Fischer--
Kowalski and Weisz, 1999).

In the interaction between human activities and nature, technology
has allowed economic development, intended as how the same need can
be fulfilled by exploiting fewer resources. The use of resources and the
resulting release of emissions as a co-product of society’s economic
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initiatives, has recently led to a high level of pressure on the environ-
ment (Steffen et al., 2015; Richardson et al., 2023). Indeed, the release
of emissions and overexploitation of resources by economic agents may
have an indirect economic impact on a third party, or the society taken
as a whole: this economic impact is called externality. If its impact is
negative, one way to actively account for it is to endogenize it into the
economy by attributing present economic value to potential future
damages.

In theory, the environmentally harmful activity should be sur-
charged by a cost that equals marginal damage with the marginal cost of
mitigating that impact (OECD, 2011). However, when it comes to
determining marginal external costs (such as climate change-related
issues), uncertainties preclude the determination of this value, usually
called Social Cost of Carbon (SCC) (Pindyck, 2017). Among various
environmental externalities, the ones associated with greenhouse gases
(GHG) emissions are currently a focus of policy makers and regulators.
Several alternative mechanisms and policies can be adopted to assign an
economic cost to GHG-related externalities.

The implementation of theoretically optimal carbon pricing policies,
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such as carbon taxes or emissions trading schemes, may be limited by
political economy constraints such as stakeholder interests and low
willingness to pay (Jenkins, 2014) (Mildenberger et al., 2021). Some
political economists argue that political will is crucial in driving tech-
nology development and that policy should encourage system-wide
technological progress (Breetz et al., 2018) (Colgan et al., 2021).
These may require other policies that do not explicitly price carbon, such
as broader industrial policies, which have both advantages and disad-
vantages. These include the implementation of low-carbon energy sub-
sidies as part of the comprehensive measures outlined in the recent
Inflation Reduction Act (White House, 2023). These subsidies aim to
promote the adoption of low-carbon technologies in specific sectors and
have a direct impact on influencing household consumption preferences.
Across the ocean, the European Union recently decided that only
zero-emission vehicles will be sold in Europe by 2035 (Mock and Tietge,
2022). To support the automotive industry, a flexible carbon credit
market mechanism exists (Mock and Tietge, 2022).

Finally, carbon credits offer a potential alternative to traditional
carbon pricing policies, where companies can offset their emissions by
purchasing credits from projects that reduce emissions elsewhere. This
theoretically creates a market for emissions reductions and incentivizes
investment in low-carbon technologies.

All these initiatives can be grouped into the category of Carbon
Emission Reduction Mechanisms (CERMs).

1.2. Objectives of the work

At present, the world is witnessing the initial stages of a transition in
terms of the increased adoption of electric vehicles and the growth in the
installation of renewable energy sources (IEA. World, 2022; IRENA,
2022; IEA, 2023). However, despite these positive developments, global
emissions levels have yet to decline (Liu et al., 2023). This calls for
innovative CERM aimed at reshaping the relationship between con-
sumption and greenhouse gas production.

The individual consumers, able to influence the supply-chains
behind the commodities their chose to fulfil their needs is the driver
behind production and, consequently, its impacts. To the knowledge of
the authors, a market strategy for reducing global GHG emissions which
involves individual consumer participation is to date non-existent or
under conceptualization and development.

The first purpose of this paper is to propose and explain extensively a
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novel CERMs that involves both producers and consumers, starting with
individual actions. Since a comprehensive evaluation of the mechanism
must be conducted to ensure its efficacy, in the absence of empirical
testing, a modeling approach can be considered as a minimum
requirement. Therefore, the second purpose of this paper is to test the
proposed CERM through a modelling approach, simulating its me-
chanics within a hard to abate sector.

To properly set the stage for a clear introduction of the proposed
CERM, a review of current approaches in carbon accounting and foot-
printing is provided. This completes the current Section 1. Section 2 is
addressing the first purpose of the paper, while Section 3 and 4, where
the results of the model are analyzed in light of the rules depicted in the
formalization of the approach, are fulfilling the second one. Last chapter
closes the paper with policy consideration and conclusions (see Fig. 1).

1.3. Current approaches and limitations

Carbon emission reduction mechanisms: challenges and alternatives

Joint efforts currently operative at the international level aimed at
limiting carbon emissions are grounded on the so-called “territorial”
emissions accounting principle. This principle, practically equivalent to
Production-Based Approach (PBA), states that each of the nations who
took part in international agreements, such as the Paris Agreement
(United Nations, 2015), is responsible for the emissions released within
its boundaries. Although 23% of global emissions are regulated by car-
bon pricing initiatives, the need for more comprehensive strategies is
underscored by the prospective 2% annual decrease (Green, 2021)
(World Bank Group).

It is observed that the price signal of carbon pricing on investors and
consumers’ choices, when not hampered by low prices (European
Environment Agency, 2016), is often diluted by other taxes and laws,
which are usually more impactful on economic agent behavior (Haites,
2018). Although these initiatives have achieved significant local results,
the first relevant global outcome has been experienced only in very
recent time, when energy-related CO, emissions have substantially
flattened since 2019 (Liu et al., 2023). However, it should be noted that
this results from the sum between a substantial reduction in advanced
economies (i.e. EU, USA, and Japan), which have on average a form of
carbon limitation policy, and an equal increase in the rest of the world,
where carbon emissions are not regulated yet.

In this context, alternative approaches to PBA have emerged in the
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Fig. 1. Graphical representation of the workflow of this research.
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scientific (Afionis et al., 2017) and political debate (von der Leyen,
2019) moving toward a Consumption-Based Approach (CBA), which
allocates to each country the responsibility for the emission released all
over the world to produce what it consumes. In the academic world,
several researchers have introduced the possibility of
consumption-based schemes, where the consumer — and not the pro-
ducer - is made responsible for the GHG emissions For further discussion
of CBA, the reader is invited to investigate the work of Afionis and
colleagues (Afionis et al., 2017). Other authors have proposed third
ways to allocate the responsibility of emissions between producers and
consumers, suggesting measures for assigning credits and penalties or
proportional to economic benefits (Dietzenbacher et al., 2020; Jakob
et al., 2021). In practice, a CBA policy may take the form of a border
carbon adjustment, assigning a price to emissions embodied in imports
(von der Leyen, 2019). CBA effectiveness in unilateral emission reduc-
tion policy has been studied (Jakob et al., 2014) and assessed in com-
parison with PBA, through optimization models (Sommer and Kratena,
2020; Rocco et al., 2020). It emerges that, even if CBA seems to be
effective in addressing carbon leakage (i.e. increase in overall CO,
emission as a consequence of local emission reduction policy), practical
regulatory issues, connected to the need for tracking and verifying
emission flows, and sub-optimality of the approach hamper the para-
digm shift. Furthermore, it is noted that carbon leakage, usually pointed
out when unilateral policies are applied in a net carbon importer
country, may occur also in the CBA case when applied to a net carbon
exporter country, since there would be no incentive for decarbonizing
sectors devoted to export (Tukker et al., 2020). Finally, even assuming
CBA would perform better than PBA, reforming taxation and interna-
tional trade agreements (e.g. World Trade Organization) would be
needed. Efforts in innovating fiscal policies have recently been explored,
describing and evaluating the effects of a destination-based cash flow
taxation (Auerbach et al., 2017).

Carbon pricing initiatives have been advocated as the first-best
policy able to optimally fix climate justice (Jenkins, 2014). Neverthe-
less, using the words of the economist Dani Rodrik, “[...] the world is —
most of the time — a second-best issue.” (Rodrik, 2015): political econ-
omy constraints — such as lobbying or low willingness to pay — limits the
implementation of such theoretically optimal CERM, suggesting an
innovative pursuit of a mix of second-best policy instruments (Jenkins,
2014) such as carbon offsets.

Carbon credits in the voluntary market are supposed to be charac-
terized by five core principles, which are additionality, avoiding over-
estimation, permanence, exclusive claim, and the provision of additional
co-benefits in line with the UN’s SDGs (Broekhoff et al., 2019). The
principle of additionality constitutes the basis on which the whole
voluntary carbon market is built but may be debatable since they must
be built on an alternative scenario to compare with (Broekhoff et al.,
2019; Hausfather, 2022; Hodgson, 2022). Indeed, following the princi-
ple of additionality, traditional carbon credits are often generated from
non-provable alternative scenarios. As a result, carbon credits are
generated by comparing them to a non-existing parallel world, a com-
mon practice in modeling but controversial when it represents the main
mechanism by which such credits are generated (Broekhoff et al., 2019).
This issue represents one of the main concerns that should be addressed
for carbon credits’ credibility. If a recent investigation into Verra
(Greenfield, 2023), the largest carbon offset certifier, proves to be ac-
curate, over 90% of its rainforest carbon offsets may be ineffective and
may even exacerbate global warming, raising questions about the use of
carbon offsets as a solution to climate change (Gabbatiss et al., 2023;
West et al., 2020).

Advancements in carbon footprinting: the role of new technologies

Life cycle assessment (LCA) is a systematic methodology to evaluate
the environmental impacts of a product, process, or activity over its
entire life cycle, from raw material extraction to disposal. However, LCA
studies may fail to account for all possible inputs of a product system,
especially for complex and geographically distributed systems such as
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current global supply chains (Jakobs et al., 2021). Real-time and dy-
namic data are required but nearly impossible to collect from enterprises
that cannot grasp the environmental impact data of the entire life cycle
of their products. LCA assessment and evaluation systems and tools are
independent and not directly integrated with the existing enterprise
information systems. However, technological progress offers new op-
portunities. For instance, LCA practices can be developed and integrated
with other technologies to support highly detailed and real-time analysis
of inventory data. Tao et al. provided a multi-layered structure to
compute energy savings and emission reduction by integrating LCA with
the internet of things (IoT) and bills of materials (BOM) (Tao et al.,
2014). Van Capelleveen et al. present the "Footprint of things," a hybrid
architecture that takes advantage of a Radio Frequency Identification
(RFID) regulated IoT infrastructure to collect real-time, process-specific
inventory data, unlike the current averages approach (van Capelleveen
etal., 2018). Mishra and Singh propose a framework to allow automated
LCA using the above-mentioned technologies to evaluate all CO, emis-
sions of each life cycle step to offset them by planting trees. They pro-
pose a set of equations to point out all the necessary information for a
generic manufacturing product embodied carbon assessment (Mishra
and Singh, 2019). Zhang et al. propose an implementation framework
regulated by blockchain technology that orchestrates the data flow
collected by IoT technologies across various steps of the supply chain,
providing a rough estimate of the proposed system’s cost if implemented
by a Chinese manufacturing producer (Zhang et al., 2020). The appli-
cation of blockchain technology in LCA guarantees transparency and
traceability, using RFID to provide real-time and accurate data.
Recently, multiple authors proposed a carbon credit ecosystem using
blockchain technology for transparent and standardized carbon trading
(Saraji and Borowczak, 2021; Khaqqi et al., 2018; Fu et al., 2018).
However, blockchain is not always needed.

Blockchain is a data structure made up of blocks that, when com-
bined with other critical components, can create a real-world applica-
tion. It is a mechanism for handling digital data that establishes
ownership of tangible and intangible goods and services. Distributed
systems are used to give individual parties control, ownership, and
creation of digital data that represent ownership of goods and services.
The key distinction between past times when distributed technologies
had not been invented is that a consensus must be set up and enforced by
a trusted third party. With the advent of distributed systems, a single
person can now manage and execute tasks that previously necessitated
the involvement of a trusted intermediary. Protocol rules are embedded
and enforced in each client program to make distributed technologies
work. Cryptography and consensus rules are crucial tools to achieve
distributed consensus. The timing of data operations shared between
distributed nodes is important, especially the order in which data op-
erations occur when two entities exchange a limited digital represen-
tation of value within the rules they have agreed upon. The Proof-of-
Work (PoW) is one of the most innovative and trustworthy consensus
algorithms. PoW attempts to provide clear economic incentives to val-
idators who are forced to invest in validation infrastructure in advance
and compete with existing and potential new validators. Other
consensus mechanisms exist, but with a different level of trustlessness
and network security. A blockchain system’s data structure contains
data about ownership in the form of blocks connected on a chain of
increasing size. It is well-suited to the validation process and ordering
operations on data, but it is heavy, non-scalable, and must be replicated
throughout all of a network’s nodes to ensure security and anonymity.
By using a different data structure (e.g., a cryptographically signed
database), it might be possible to achieve scalability, speed, and less
storage space. Proof-of-Stake (PoS) allows for a more efficient use of
energy per transaction, as recently reported in the shift from PoW to PoS
in the Ethereum system (Yaffe-Bellany, 2022).

Advancements in carbon footprinting: the role of methodologies and
communication

Currently both environmentally extended input-output, process-
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based and hybrid LCA are used for computing carbon footprint, pre-
senting slightly different results (Steubing et al., 2022; Agez et al.,
2020). Today efforts concerning the input-output analysis community
are mainly focused on identifying a modelling framework capable of
representing with greater detail and realism the dynamics governing
production processes (Duchin, 2017; Pauliuk et al., 2015a, 2015b). To
do this, in addition to working on increasingly higher resolution tables
of activities, commodities, regions, etc., numerous efforts are also
focused on better accounting for and modelling the dynamics of infra-
structure investments and capital goods (i.e., technologies) (Sodersten
and Lenzen, 2020; Sodersten et al., 2018a; O’Mahony et al., 2009).
Among the various remarkable works, the recent researches of Sodersten
and colleagues represent the most advanced effort of extending the
classical framework making information for capital expansion explicit
proposing methodologies for disaggregating yearly consumption of
fixed capital and gross fixed capital formation (Sodersten et al., 2018b,
Sodersten and Lenzen, 2020). Vita et al. adopted IO to investigate the
impact associated with the fulfilment of fundamental human needs, as
defined by Max-Neef framework (Vita et al., 2019a).

Galindro et al. conducted a literature review to explore the problems
associated with communicating LCA results and possible improvements.
The review identifies four main issues: the diversity of methodologies,
lack of external reference values for comparison, absence of positioning
of products among peers, and a lack of understanding of multiple in-
dicators. The uncertainty of data and methodological choices influence
results significantly. To address these issues, the introduction of Envi-
ronmental Product Declarations (EPDs) provides a means of providing
quantified and objective information on the environmental burdens of
products fulfilling the same need providing a foundational step towards
effective result comparisons. However, over 450 environmental labels
are active worldwide, making it challenging for consumers and market
actors to relate to many environmental labels and reporting initiatives.
Therefore, it is necessary to establish a common methodological
approach that enables relevant and consistent environmental claims for
a single comprehensive assessment. Customers have to face too many,
and sometimes misleading, environmental claims (Chan, 2000). In the
light of overcoming this obstacle, efforts in this direction have resulted
in initiatives such as the EU pilot project Product Environmental Foot-
print (PEF) and Organization Environmental Footprint (OEF) (Bach
et al., 2018).

2. A novel carbon emission reduction mechanism

A novel individual consumption-based carbon emission reduction
mechanism is here presented, called BitCO,. It aims to incentivize in-
dividuals to choose less carbon-intensive products and services by using
a token system. The mechanism works by creating a positive feedback
loop, whereby the individual’s choice to consume less carbon-intensive
products earns them BitCO, tokens. These tokens can be thought of as a
way to internalize the social cost of carbon into consumer choices,
making less carbon-intensive options more affordable and promoting
diffusion.

BitCO5 is a new approach to traditional carbon pricing strategies,
such as taxes or cap-and-trade systems, which focus on reducing emis-
sions by charging or restricting the activities of producers or emitters.
Instead, BitCO, aims to promote a sustainable and low-carbon economy
by encouraging less carbon-intensive consumer choices. This is achieved
by creating a market for emission reductions in which individuals can
trade their BitCO, tokens, while businesses can offset their carbon
emissions by purchasing these tokens. BitCO; tackles climate change by
increasing the attractiveness of sustainable alternatives, without relying
on traditional carbon pricing techniques that may face political and
economic obstacles.
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2.1. Fulfilling a need

Most CERMs focus on producers for practical and economic reasons
(World Bank Group; Haites, 2018). However, as most economic models —
including those based on Leontief’s input-output model (Miller and
Blair, 2009) — assume, production takes place triggered by the demand
for goods and services of final consumers. In fact, it exists because there
are needs of final consumers that can be fulfilled by the consumption of
some commodities. Undoubtedly, the production of these commodities
involves the activation of certain industrial activities that can release
greenhouse gases.

Human beings have a wide range of needs, some of which, for
instance the most personal and intimate ones, cannot be satisfied by
material goods alone. However, some of these can be directly or — at
least — more easily fulfilled through the consumption of certain com-
modities (e.g., both a heat pump and a gas boiler can deliver heat,
directly consuming different commodities, respectively electricity and
gas).

For instance, domestic users do not have a need for natural gas. What
they do need is to heat their home and the water they use for washing.
Both the heat released by burning natural gas and the heat released by a
heat pump can be used to heat water. However, these two slightly
different commodities require the activation of technologies whose
production activity involves different amounts of GHG emissions.

Defining what is meant by a specific need is crucial and potentially
critical for this CERM. National accounts and studies in industrial
ecology can help define the way (Vita et al., 2019a, 2019b, 2020; Bjelle
et al., 2021; Ivanova et al., 2016, 2017). Heating shelters, exploiting
electric energy, travelling to point A to point B, eating food, are just
examples of the most carbon intensive needs that each of us have. To
fully understand and address each need, it is necessary not only to
characterize it qualitatively, but also to quantify it. This leads to the
definition of a minimum theoretically satisfiable unit of need, similar to
the functional unit in LCA.

2.2. The theme of comparativeness

The proposed CERM requires to compare specific consumption
behavior with the average choice in the precise market in which the
consumer is active, defined by the need it serves and limited to a specific
geographical and temporal scope. This approach involves calculating
the footprint of multiple commodities that can be used to satisfy the
same need, determining the difference between their GHG footprint.

Estimates of these GHG emissions are notoriously complex, but a
whole branch of Industrial Ecology exists, encompassing methodologies
such as environmentally extended input-output analysis and process-
based LCA (Steubing et al., 2022; Palazzo et al., 2020). However, even
the most accurate estimate of a product’s carbon footprint requires as-
sumptions. Even if it were possible to know the exact emissions released
by each activity, a method of allocating these impacts would be required
when multiple commodities are produced from a single activity (Suh
et al., 2010). For example, it may be controversial to allocate the GHG
impact of breeding a cow to produce milk and meat on a physical, energy
or economic basis (Suh et al., 2010).

In addition, this mechanism allows for a dynamic comparison be-
tween what is being consumed at a given point in time and space and
how the average of alternatives evolves. As a need becomes decarbon-
ized, the difference between the best and average choice narrows. This
approach offers a more objective and flexible way to evaluate the carbon
impact of different commodities, adapting to the changing realities of
the market and enabling a more accurate comparison between different
alternatives over time.

As told, the estimation of footprints involves various assumptions,
most notably when the satisfaction of certain needs requires the con-
sumption of other goods, such as specific technologies needed for
making need satisfaction less carbon intensive.
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2.3. The two steps approach of technological change

Transformations such as the sustainable transition require the
introduction of new types of machinery, interventions, or generically
innovation in the way inputs are transformed into output (i.e., tech-
nology). Such technologies are usually introduced to fulfil a certain
necessity — usually already satisfied by a present solution — with the
promise of reducing operational impacts (i.e., allowing to perform spe-
cific activities that allows to fulfil a specific need with less life cycle GHG
emission).

The technology impact assessment required in the proposed CERM is
separated into two steps that help in distinguishing between the GHG
impact associated with the introduction of the technology (i.e., invest-
ment step) and its operation (i.e., operation step).

The distinction between these two steps allows us to separate two
important moments in the satisfaction of needs. The purchase by the
consumer agent of the capital good needed to reduce the impact of his
need and its use. In virtually all cases, the purchase of a capital good
leads to increased pressure on the emissions reduction problem (i.e.,
essentially all products have a positive GHG footprint). The distinction
between the two steps permits the determination of a GHG payback time
associated with the exploitation of a technology to satisfy a need. In fact,
access to a particular capital good in a particular market enables each
technology to be compared in terms of GHG emissions which may be
more or less than the average. If the investment step (i) GHG footprint is
greater than the average, a GHG burden is associated with that tech-
nology (e.g., buying an electric car in step (i) to enable the activity —
driving the vehicle in the step (o) - satisfying a private transport need.
This usually bring a burden of GHG emission with respect to buying a
traditional internal combustion engine vehicle (Hoekstra, 2019)) (See
Fig. 2).

Whenever a technology that allows a need to be met at a lower-than-
average level is employed, the difference between the operational (o)
footprint of that specific commodity (e.g., private transport with an
electric car charged with renewable electricity) and that of the need (i.e.,
the weighted average of the footprints of all commodities meeting that
need in that market) determines the avoided GHG. If a cumulative
amount of GHG is avoided equal to the burden of that technology, then
each new use of that technology that produces a lower-than-average
commodity generates avoided GHG, calculated as COzeq. This avoided
impact can be tokenised into a digital carbon credit called BitCOq,
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named on the unit of measure of GHG emissions. This token also gives its
name to the CERM proposed here.

2.4. Technological characterisitcs

BitCO, requires the estimate of GHG footprint of a number of com-
modities and needs, being the token generated from the difference be-
tween two of them. This comes from the understanding that tracking all
the flows of GHG is not currently technologically feasible (even using
blockchain) and not necessarily needed. Moreover, as explained previ-
ously, this approach avoids forcing agents to pay for their additional
emissions, instead rewarding them for their low-carbon footprint con-
sumption choices.

The main technology adopted for allowing for a transparent, robust
and reproducible estimation of footprint is the use of open-source soft-
ware and a Structured Query Language (SQL) platform. For every issued
token, a link to the methodology, where all the assumptions are
explained, source code and data will be provided. The value of the token
will be intimately linked with the quality of the research behind the
estimations. The main quantitative information associated with this data
will be provided in the form of SQL database in which data behind the
footprint calculation will be openly available.

The blockchain becomes necessary for the crucial tasks that make it
possible to connect the agent responsible for the carbon-avoiding con-
sumption choice and the agent interested in being recognized as the
driver of the avoided emissions. In particular, starting from the amount
of avoided GHG associated with each purchasable product, the
blockchain:

@ creates a quantity of BitCO, token (i.e., issuance);

@ orchestrates the exchange of tokens between agents;

@ burns the tokens when the owner agents decided to claim the
reduction of GHG for themselves.

Energy and emission savings are fundamental for the case of BitCO,
due to the relevance of its emission reduction nature driving the whole
proposal. For this reason, a PoS consensus algorithm can better serve the
requirements of this mechanism.

(R4 Temperature

Adoption of
mainstream
solution

X' at rv\()sphert:

Climate related
damages

Solar
radiation

Fig. 2. Causal loop diagram of the proposed carbon emission reduction mechanism, called BitCO,. The diagram shows a reinforcing loop between the adoption of
mainstream solutions and the increase of greenhouse gases (GHG) in the atmosphere, which in turn increases temperature and leads to non-reversible changes that
further increase GHG (in black). The increase in temperature also causes climate-related damages, creating environmental awareness and driving the adoption of low-
carbon alternatives. The BitCO, mechanism creates a positive feedback loop by incentivizing individuals to choose less carbon-intensive products through the use of
tokens (in green). This internalizes the social cost of carbon and makes less carbon-intensive options more affordable, promoting diffusion and leading to a reduction
in GHG emissions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Application
3.1. Context of application

The proposed mechanism has been modelled and tested for the
Italian automotive sector. In Italy, the purchase of diesel cars faced a
peak in 2017 and began to decrease. Sales of petrol vehicles, instead,
reached their maximum value in 2019. In 2020 their sales decreased by
about 39%, also due to the COVID-19 pandemic (UNRAE, 2020a).
Nevertheless, petrol vehicles still detain the lead as the most popular
type of vehicle, with a share of 37.8% of total sales in 2020. Electric cars
sales in Italy have increased over the last years, reaching in 2022 a
market share of +8.6%, quite far from 20-30% observed in the same year
in France, UK and Germany (International Trade Administration, 2023).
Reducing the total cost ownership by introducing an additional eco-
nomic incentive for BEV owners may accelerate the adoption rate of this
technology and their contribution to global carbon emission reduction.

Considering that the demand for European private transport is not
expected to decrease and given the existence of BEV technology which
can satisfy the same need while reducing CO; emissions, a CERM in this
sector could be useful. For this reason, this section aims at simulating the
impact of the proposed CERM related to the private transport sector in
Italy, one of the largest EU private passenger’s car markets. The objec-
tive is to test the role of this mechanism in enhancing the adoption of
BEV over ICEV, thus reducing global emissions. To prove that the BitCO,
mechanism is self-sustainable and thus effective in reducing overall CO,
emissions, it has been tested thanks to the developing of a System Dy-
namics model. This model considers and links the economic agent which
is responsible for the emission embodied in the demanded goods and
services (i.e., footprints), that are final consumers, with the one that is
materially willing to pay for the mitigation of climate-related damages,
that are, in this case, insurance companies. Insurance companies are
chosen because of their multiple interests and interconnections with the
transportation sector. Insurance companies are interacting with final
customers by providing them with car insurance. At the same time in-
surance companies have an economic return from the mitigation of
climate changes related events by reducing the risk exposure of their
insurance services against damage resulting from extreme climatic
events (Armstrong and Ralph, 2020).

3.2. System dynamics within consequential life-cycle assessment

Consequential LCA, is adopted to describe how environmentally
relevant physical flows change as a consequence of possible action
carried out in the product system. To understand the environmental
response to certain decisions, several methods could be applied. The
main Consequential LCA modelling approaches take advantage of eco-
nomic equilibrium, system dynamics, technology choice, and agent-
based models (Palazzo et al., 2020). The most suitable model for a
specific analysis must be carefully chosen following its purpose. The
economic equilibrium approach focuses on market basics like price and
quantity via supply-demand interaction at a very aggregated level.
While technology choice models optimize multiple markets’ technology
selections, they lack the crucial temporal dimension for simulating
policy and analysing long-term impacts. In contrast, agent-based models
and system dynamics meet this need, with the former fitting complex
systems with varied agents. However, for our proposed mechanism, an
exhaustive interpretation of micro-level stakeholder behaviour is not
necessary. Thus, simulating an aggregated stakeholder class within the
SD framework sufficiently captures the mechanism’s dynamics.

System Dynamics (SD) approach is used for investigating, under-
standing, modelling, and tackling well-defined endogenous problems
concerning physical or conceptual systems that are suitable to be
reproduced by means of casual relationships. This is the case of complex
issues that consist of feedback mechanisms, delays, and quantitative
causal relations between variables.
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This approach has been widely adopted in the existing literature
about innovation diffusion phenomena, in a particularly large variety of
studies on new transportation mode adoption, especially BEV adoption,
is based on SD models. This is the case of the work done by Ercan et al.
(2016) who used a SD approach to propose possible public trans-
portation policies to be adopted by policymakers or urban planners.
Their model is aimed to simulate the most realistic and practical CO2
mitigation scenarios for U.S. cities by the adoption of public trans-
portation. Another example is provided by the study done by Fong et al.
(2009) who demonstrated the capability of SD to serve as a
decision-making tool in Malaysia’s urban planning process while
considering future CO; emission trends. A more sophisticated analysis in
the same field is performed by Feng et al. (2019) who incorporate fuzzy
logic in a SD model to replicate the comparative process that consumers
use to decide among alternatives. Their work is aimed to evaluate how
feedback and interactions generated by the introduction of social com-
merce into EV can influence consumers’ choices. The same approach has
been exploited also in numerous policy assessment studies both at a
national and regional scale (Bendor and Ford, 2006) (Shepherd et al.,
2012).

The present work intends to replicate the SD approach derived from
previous literature examples and to simulate consumers’ BEV adoption
choices with a specific focus on the impact that the incentive mechanism
based on BitCO3 has in terms of new BEV adopters and consequent CO2
emission reduction.

3.3. Modelling BitCO2 adopting system dynamics

The newly developed SD model aimed at stimulating the mechanism
by considering four specific sections:

e BEV adoption

e BEV vs ICEV LCA

e Market mechanisms

e Incentive mechanisms

The interactions among different model section are reported in
Fig. 3, where the main causal loops of the mechanism are represented.
For the presentation of each specific section a different coulor it is used
in the figure.

The conceptualization of the BitCO2 mechanism through the devel-
opment of a SD model, is done by considering that in 2020 974’328
people bought an Internal Combustion Engine Vehicle (L’auto, 2020b),
and assuming that the Italian automotive future sales will behave
similarly to what is predicted to happen on the whole European car
market from 2020 to 2025 (STATISTA, 2022a). Potential adopters also
vary accordingly to a projection about population growth (STATISTA,
2022b). The literature demonstrates that factors influencing the choice
between a BEV and a corrisponding ICEV are multifaceted (De Rubens
et al., 2018; Olson, 2018). However, considerable evidence highlights
that aspects related to the total cost of ownership, predominantly
dominated by purchase price for BEVs, and infrastructure-related con-
cerns such as range anxiety or prolonged charging times, play pivotal
roles (Berkeley et al., 2018; Tarei et al., 2021). According to the model
definition, the potential adopters become actual BEV adopters accord-
ingly to the incidence of the three main adoption barriers, as shown in
equation (1) where PP stands for Purchase price, Rkm for Range of km,
and CT for Charging time. Each variable represents the consumers’
willingness to buy a medium-sized BEV over a corresponding ICEV
considering different prices range (Marigo et al., 2017), vehicle range in
km (STATISTA, 2022c), and charging time (Deloitte, 2020). These fac-
tors are assumed to vary with respect to the purchase price, the vehicle
range and charging time respectively according to a multiple step
function derived from literature findings (Marigo et al., 2017)

Adoption fraction = PP°-"" & Rkm'~"""* ® CT?-charsing 1)
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Fig. 3. Visual explanation of investment and operation step within the fulfillment of the need of private transportation considered in the proposed CERM.

The exponential terms of equation (1), namely e_price y_range
9_charging represent which is the relative weight Italian citizen give to
each of the three previously mentioned factor when they have to choose
whether to buy or not a BEV. Equation (1) drives the BEV adoption
mechanisms and the adopters convinced to buy an electric vehicle
benefit from the emission of the tokens.

To quantify and therefore tokenize the avoided emissions embedded
in purchasing and driving a BEV with respect to a similar ICEV, LCA
analysis is carried out for both vehicle types. This analysis comprises the
emission released during the manufacture and end-of-life of the vehicle
(investment step) and those related to the fuel-cycle, i.e. GHG related to
the fuel production and direct emission attributable to the operation
(operational step). The manufacturing carbon footprint adopted in this
case study is characterized by the data taken from existing literature
(European Environment Agency, 2018a; Both and Steinfort, 2020a).
More in detail, the operational impact of the ICEV is 221.7 grCO,/km,
where Well-To-Tank (WTT) emissions are 44.6 grCOy/km (Prussi et al.,
2020a), Tank-To-Wheel (TTW) are 177.1 grCOo/km (Prussi et al.,
2020b). To make the calculations, it is assumed that the heating value of
diesel is 34.9 MJ/1 (Prussi et al., 2020b) and the fuel consumption of an
average diesel middle-size car could be approximated to 6.7 1/100 km
(Natural Resources Canada, 2018a). On the contrary, the impact of
electric car use is determined by considering how electricity is produced.
The electricity mix that is used as reference is the European one, and the
corresponding GHG emission were 447 grCO/kWh in 2013 (Moro and
Lonza, 2018), and 396 grCO,/kWh in 2016 (Prussi et al., 2020b). As a
reference for the 2030 electricity mix, it is used the one defined by IEA in
their New Policies Scenario (now Stated Policies Scenario) the same
expectations are considered also by JRC (Prussi et al., 2020b). This
scenario assumes the emission to be 257 grCO2/kWh in 2030. This
shows how the electricity is expected to become greener along the years.
The same value for the years from 2030 to 2040 was projected with a
linear regression. Then, by using a conversion factor equal to 16.1
kWh/100 km (Hoekstra, 2019), the amount of grCO2/km emitted by a
BEV is found.

Given that a BEV causes more emissions with respect to a ICEV for its
manufacturing and disposal but allows to save emissions during the
driving cycle, it is possible to determine how many km a BEV adopters
must drive before reaching the same total GHG emissions. Once addi-
tional manufacturing and dismantling emissions are paid back, the BEV
owners sees BitCO2 tokens accredited each time they recharge their
cars. These tokens, can be in turn withdrawn by insurance companies in
the following years. In this way, guaranteed that the corrisponding
emission has been avoided the insurance companies can attribute a
discount on the premium tariff for clients in proportion to the BitCO5
they decide to sell them. Generally speaking non all BEV owners may be
insured. Therefore, they are given the choice of selling the BitCO, in the
dedicated market where other individuals and firms who are interested
can buy them. In this way two markets are formed: the first one exists

between car owners and insured people, the second one represents the
exchange of BitCO2 among insured people and insurance companies.

The first market is simulated to occur every three months. The
dimension of the supply side of the market is subject to the quantity of
BitCO2 possessed by car owners. The demand is assumed as a linear
function, characterized by two maximum values:

e the maximum quantity of tokens that insured people is willing to
purchase at a price equal to 0. It is assumed to be about five times
larger than the quantity of BitCO2 emitted in the previous three
months.

o the maximum price at which insured people are not willing to buy
any token corresponds to the discount that the firm set in the second
market.

Both the supply and the demand of this first market are now defined,
and their encounter characterizes the price at which the token is sold.
Insured people thus can buy the token at the price determined as in
Fig. 4 every three months.

The choice of whether to sell or not the BitCO2 to an insurance
company is taken by comparing the price at which they purchased the
token with the one decided and adopted by insurance agents when they
finally collect and burn the tokens. This second market is therefore
characterized as in Fig. 5, where the step function is made upon the
token prices of the first market.

Insurance companies intend to withdraw the tokens because it means
that a certain quantity of CO2 is avoided, and therefore, in the long run,
they will pay less to compensate for climate change damages. The dis-
count per token is set by the insurance agents each year and is computed
by dividing the revenues that the insurance company has earned during
the previous year by all the BitCO2 present in the market. The revenues
of the company correspond to the future money-saving that will interest
the company itself, due to GHG emissions that have been avoided thanks
to the mechanism implemented, and the corresponding avoided dam-
ages. Recognizing the complexities involved in quantifying the long-
term damages resulting from greenhouse gas emissions and their ef-
fects on specific areas, the Social Cost of Carbon (SCC) approach, with its
comprehensive assessment of the economic impacts of greenhouse gas
emissions, emerges as one of the most robust frameworks for addressing
this multifaceted challenge. The BitCO2 pricing structure aligns with the
SCC, allowing the market to reflect the trade-off between present
emissions and their associated potential future impacts, while consid-
ering the uncertainties through sensitivity analyses. The revenues are
therefore computed considering the SCC of Italy, 9.22 €/tonCO2 (Ricke
etal., 2018). Overall revenues for each ton of CO2 avoided are computed
by multiplying the given SCC times the fraction of insured damages. The
economic advantage that car owners receive from the choice to buy a
BEV is to gain BitCO2 and resell them to the insurance’s clients. This
determines a monetary flow of revenues that last the whole lifetime of
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Fig. 5. First market mechanism.

their car and act as an incentive by influencing the choice of the type of
vehicle at the time of purchase. Thanks to the proposed mechanism the
total cost of ownership is expected to reduce accordingly to the number
of tokens the driver is going to earn along the BEV lifetime.

4. Results
4.1. Main results

According to the analysis results, in the first period of the simulation
horizon, the number of km to reach the parity is equal to 27°770 km,
then these variable experiences a decreasing behaviour because the
electricity necessary to recharge a BEV is expected to become greener
over the years, so the quantity of gCO2 produced to drive one km should
reduce. At the end of the policy time horizon, this variable reaches the
value of 23’530 km. The difference between the number of BEVs that
reach the emission parity in the scenario with the incentive and the ones
in the scenario without it represents the number of people that decide to
choose to buy and drive a BEV over an ICEV thanks to the economic
incentive embedded in BitCO,. These cars are represented in the vari-
able BEV attracted which trend is reported in Fig. 6. The owners of such
cars are involved in the BitCO2 market-based mechanism and they reach
a maximum of around 40 thousand people after the 10th year of the
mechanism.

Overall CO, emissions reduction achieved thanks to BitCO, mecha-
nism implementation is about 970 ktonCOzeq over 20 years of opera-
tion. Starting from the variable Total actual BitCO2/quarter and crossing
the demand of insured people with the supply of cars owners, the price
of the token is defined, and it resulted to vary between 6.4 and 2.4
€/BitCO, over the simulation horizon.

In the end, the incentive for future BEV owners is computed
considering the price of the token earned during the lifetime of the car,
discounted to the year of purchase of the vehicle. As already shown, this
incentive is then decurted from the variable Purchase price, which rep-
resents one of the main barriers to the adoption of a BEV.
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Fig. 6. Second market mechanism.

4.2. Sensitivity analysis

Sensitivity analysis is an important tool to test the robustness of the
model’s results subject to the variation of input parameters within their
range of possible variation. According to System Dynamic theory,
comprehensive sensitivity analysis is generally impossible and espe-
cially in the case of significantly non-linear models like the one pre-
sented in this work. Indeed, the impact of combination of the
assumptions may not be the sum of the impacts of the assumptions in
isolation. Therefore, sensitivity analysis must be executed on variables
that are both highly uncertain and likely to be influential (Ricke et al.,
2018). One of common methods is to define best- and worst-case sce-
nario defining a plausible range for the most likely influential variables.
The ranges of possible variation are defined through scientific articles
and web research. The values’ ranges are reported in Table 1. Then,
performing sensitivity analysis on each parameter, worst and best values
are identified to give the least/most favourable outcome, in terms of
total avoided emissions.

Note that not all the parameters’ range extremes coincide with worst
and best values. That is the case with BEV purchase price. On the one
hand, if the price of the BEV is too low, the role of BitCO- is not relevant
in driving consumer choice; on the other hand, if the price of BEV is too
high, the maximum assumed SSC cannot make the choice convenient.

Therefore, worst and best values fall within range extremes. The
outcomes are in line with what is expected: in the worst scenario the
adoption fraction is the lowest and the difference with the one generated
without the incentive is small, leading to engaging few people. As a
consequence, a tiny amount of emissions are avoided: 68.9 ktonCO2
(—93% with respect to the base case) at the end of the time horizon. On
the contrary, applying the values that give the most favourable scenario,
the output of the model shows a huge growth in the adoption fraction



N. Golinucci et al.

Energy Policy 183 (2023) 113851

Table 1
Sensitivity analysis values.
Range worst best Unit Source
Charging time 139-289 289 139 Min Electric Vehicle Database (2022)
Range of km 140-425 140 425 km Netherlands Enterprise Agency (2021a)
Purchase price 26°000-42’000 31'111 32'222 € Netherlands Enterprise Agency (2021b)
Mileage 150’000-250’000 150’000 250’000 km European Environment Agency (2018b)
km/year driven 800-1'117 800 1°011 km Scognamiglio et al. (2019)
Sales prediction 1°553°988-1"798°541 1°553°988 1°798°540 cars Piazza (2020)
8eoo/km ICE 218-228 218 228 8CO2/km Natural Resources Canada (2018b)
CO2/ICE 5-7.4 7.4 5 ton/vehicle MIN: (Both and Steinfort, 2020b)
MAX: (Ricardo, 2020a)
CO2/BEV 8-14 14 11.33 ton/vehicle Both and Steinfort (2020b)
8coa/km BEV 45-65 65 45 gCO2/km MIN: (Bieker, 2021)
MAX: (Ricardo, 2020b)
Social Cost of Carbon (SCC) 2.13-22.3 2.13 22.30 € Ricke et al. (2018)
Fraction of insured damages 0.36-0.447 0.36 0.44 — Swiss Re Institute (2020)
due to the higher incentive and less stringent barriers. Hence, the )
number of people that decide to fulfil their need with a less carbon- Scma::;
intensive alternative increases the BEV purchased thanks to the policy base
discount reaches a value of 189’000 cars. This means that the insurance worse
generates a higher number of tokens, which implies avoiding more 150k
emissions. In this case, the market mechanism begins earlier, driven by T
scenarios’ assumption on electricity’s carbon intensity reduction, and l:j
the BitCO2 assumes high prices due to the huge values of the discount set j 00
by the firm. Despite the high costs that the insurance must pay, the SSC is =
so high (around 22 €/ton) that the revenues overcome expenses, E
generating profit. In the end, the CERM results were more effective: a £
total of 5°240 ktonCO2 are avoided, +440% with respect to the base s
case. Figs. 7 and 8 shows the results for sensitivity analysis, the base case /
is reported in red while best and worst scenarios are reported in sky-blue
and red respectively (see Fig. 9). 0
50 100 150 200

5. Conclusion and policy implications

Today the European Union Emission Trading System (EU-ETS) is a
rather complex market scheme, importantly regulated by ancillary en-
tities such as Market Stability Reserved (MSR). MSR played a crucial role
in the recent downturn of the price of EU-ETS allowances, keeping the
price at a pre-pandemic level disregarding the impact that COVID-19
had on production and consumption (Azarova and Mier, 2021).
Following this period, the price of EU-ETS allowance has only grown,
disregarding the consequence of the February 2022 Russian invasion of
Ukraine. Now the price is around 80 €/ton, very close to all-time high (i.
e., about 100 €/ton).

A carbon tax directly sets a price on carbon by defining an explicit tax
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Fig. 7. Number of additional BEVs purchased thanks to the BitCO, mechanism
and price of BitCO, tokens by month.
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Fig. 9. BitCO2 price by scenario and month.

rate on GHG emissions or—more frequently—on the carbon content of
fossil fuels. It is different from an ETS in that the emission volume of a
carbon tax is not pre-defined while the carbon price is.

Sweden introduced the first ever carbon pricing initiative at the
national level, in 1991 and today is the country that prices carbon at the
highest levels (i.e., 140 $/ton) (Haites, 2018). Virtually all carbon
pricing mechanisms are based on a PBA approach, that considers only
those emissions produced within the jurisdiction boundaries. In fact, the
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effective implementation of CBA-based carbon pricing mechanisms
represents a difficult technical and socio-political challenge. Neverthe-
less, Sweden, a climate policy pioneer, has recently proposed the first
political initiative in this direction defining for the first time a CBA
carbon emissions target, with the country aiming to hit net zero by 2045
(THE LOCAL se, 2022). As anticipated the EU is working on the imple-
mentation of the Carbon-Boarder Adjustments mechanism, gradually
implementing it to properly face multiple technical and political issues.
Importers will have to report emissions embedded in their goods without
paying a financial adjustment in a transitional phase starting in 2023,
giving time to reach full operation in 2026 (European Commission,
2021). Carbon pricing initiatives acting at the national or supranational
level can target a large amount of carbon emission. However, their
complexity and extension can limit the pace of implementation of
mechanism improvements.

Human activities, such as burning fossil fuels for electricity genera-
tion, heating, and transport, are the primary drivers of a large amount of
GHG emissions. That’s why active and willing participation of citizens in
combatting climate change may be pivotal to address this issue (IEA.
Net, 2021). Thus, promoting sustainable development through less
carbon intensive behaviour might be at the centre of policy makers’
agenda to fight climate change through a just energy transition.

In this paper an innovative carbon emission reduction mechanism is
presented and its efficacy in decreasing the current carbon emissions of
the Italian private road transport sector tested. The process is founded
on a consumption-based emission accounting method. System Dynamics
is selected as the most suited modelling approach for testing the novel
mechanisms here proposed. The role of consumers is a key factor in the
mechanism: it ultimately relies upon the fact that they may choose to
adopt a less carbon-intensive lifestyle, which is exemplified by the
choice of the BEV over the ICEV. The decision, in this case, is promoted
through incentives. The market-based mechanism comprises a BEV
adoption model. It considers the three most relevant limiting barriers in
the decision that a potential adopter must face: BEV range limitation, its
charging time, and its high purchase price. Then the environmental
implication of the vehicle choice is studied through the LCA of BEV and
ICEV, which include both the emissions that are released during vehicle
manufactory and the emission owing to the operational phase (well to
wheel fuel assessment).

When people choose to purchase a BEV and they participate in the
BitCOy market, they gain a monetary return. The incentive is supplied by
any agent interest in reducing GHG emissions, in this case insurance
companies. In fact, they have an interest in decreasing GHG emission
release into the atmosphere since it would also imply reducing the in-
tensity and the frequency of future climate change damages they will
eventually have to pay for.

The total quantity of emissions avoided due to the implemented
mechanism during the 20 years of the policy is 973 ktonCOzeq. It has to
be taken into account that the yearly GHG emission in Italy is around
330 MtonCOqeq (STATISTA, 2022d). From this perspective, the mech-
anism does not seem to attain a great achievement. The cause is prob-
ably the modest amount of people that chose the BEV due to the policy
incentives, about 40 thousand people, thus making the participation in
the market mechanism limited. The reason behind this phenomenon is
the small economic incentive. The price attributed to the token in the
markets can be identified as the bottleneck of the model: if the prices
(and so the incentive) is not attractive, people are not motivated in
taking part in the mechanism. The economic value is strictly related to
the discount imposed by the insurance, which is linked to the social cost
of carbon. The considered social cost of carbon is associated just with the
climate change damages that occur inside Italian borders due to the
emission of an additional tonne of CO2. However, the changes in climate
due to the GHG are not related to where emissions are generated or
avoided. Therefore, in this case, the Italian social cost of carbon does not
consider the damages prevented outside Italy thanks to the policy. This
can be considered as a future improvement of the current work. The
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variation of the value related to the social cost of carbon is the key to
having a different economic incentive. Moreover, the model can be
replicated in terms of the sectors considered. Analysing other economic
sectors would be possible. For what regards the food sector, greener
substitutes can be represented by plant-based meet as the alternative to
beef;for the power sector, footprints of electricity produced mostly by
renewable sources instead that generated mainly by fossil fuel could be
compared. The BitCO, mechanism shows promising potential to incen-
tivize carbon-conscious consumer choices.

However, certain limitations of the mechanisms warrant attention.
While the proposed CERM is in line with the principles of consumption-
based accounting, it is distinctly different from the carbon border
adjustment mechanisms under discussion at the European level. Instead,
the BitCO2 approach fits seamlessly into the existing voluntary market
framework. Unlike the tradable carbon credits that are prevalent in the
market, the tokens generated by this mechanism are exclusive to end
users who have the discretion to engage in trading. This mechanism
could crossover with other parallel initiatives at national and interna-
tional level, particularly in the automotive sector. This aspect may place
some constraints on the acceptability of the mechanism, but it also
places it in a distinct dimension compared to the current landscape of
national or supranational commitments, directly interacting with final
consumers. The effectiveness of this mechanism will in practice depend
on the credibility and transparency of the calculations underlying the
generation of tokens.

Consequently, the reliability and transparency of data become
paramount. This, too, can be regarded as a limitation, considering the
unavoidable existing uncertainty and subjectivity in estimating the
carbon footprint of certain products. Regulations at national and inter-
national level may mitigate this aspect.

Furthermore, the mechanism will inherently need to consider the
users’ potential to exploit the incentives. There is a risk that this could
lead to over-consumption, which would undermine the effectiveness of
the mechanism. Countermeasures to address these concerns will need to
be carefully devised.
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