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Abstract: Debates on carbon costs and carbon pricing to accelerate the reduction of greenhouse
gas (GHG) emissions are emerging as cities develop local policies and programs to achieve carbon
neutrality. This paper focuses on how cities formulate economic instruments and adopt carbon
pricing experiments to support their climate objectives. Extensive literature is available on science-
policymaking interface Integrated Assessment Models (IAM) and on the two mainstream approaches
of carbon cost formulation—Social Cost of Carbon (SCC) and Marginal Abatement Cost (MAC).
Although, the literature on how governments develop climate policy instruments, particularly
towards a local carbon cost, is recent. We start by reviewing these essential concepts and tools
for carbon cost formulation. We then critically review a set of local carbon pricing experiments,
totaling fourteen international cities, and confirm a great demand for scientifically robust, verifiable,
and transferable carbon cost methodologies at the local level. We thus propose an approach to
assess the short-term technology cost of CO2 emission reduction in the mobility sector in Matosinhos
municipality, Portugal. Our approach shows that a carbon cost methodology at the local level with
robust, verifiable, and transferable results is possible. We advocate for a methodological advance to
estimate versatile CO2 prices suitable for local conditions.

Keywords: carbon pricing; climate policy; GHG emissions; local level; low-carbon mobility; cost
of carbon

1. Introduction

Cities are entering the central debate on carbon pricing policies, as they are increasingly
committed to climate action [1–4]. In 2021, 11,193 cities had some form of climate action [5],
733 cities committed to net-zero [6], and just 34 subnational jurisdictions, including cities,
had carbon pricing initiatives [7]. The number of cities decreases as climate responses
become more demanding, from policy to instruments and from instruments to actions for
net-zero. Since the Paris Agreement encouraged the involvement of subnational actors and
defined the next generation of carbon markets, whose rules were approved six years later
in COP26 [8], pricing is gaining new strength as an efficient and effective policy instrument
for reducing GHG emissions, as Baranzini et al. [9] anticipated.

The recognition of cities as key actors in reaching emission reduction targets drives local
governance towards rapid institutional transformation, both in content and form [10,11].
However, carbon price at the local level has not received the same level of consideration
as at the national or regional levels. The main motivations for a country to adopt a price
on carbon are associated with the access to a new source of public revenue, avoiding
climate damage, and obtaining additional co-benefits such as reducing air pollution and
improving public savings. Historically, climate change models and concepts to support
GHG emission mitigation policies were designed and developed for global, regional,
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and national scales. Cities with strong climate action objectives and plans, especially those
with climate neutrality targets, are considering the use of carbon pricing, with similar
motivations as countries, states, or regions.

This research aims to contribute to the study on how cities are addressing the challenge
of localizing a carbon cost, using GHG emission mitigation policy cost assessment tools and
carbon pricing mechanisms, and how they can adopt methodologies that enable reliable
results. Section 2 presents the methods and materials for this research, and Section 3
reviews the main concepts of carbon costs—Social Cost of Carbon (SCC) and Marginal
Abatement Costs (MAC), and the tools for carbon climate policy Integrated Assessment
Models (IAMs) that enable the estimates of carbon costs that interest cities. Due to a lack of
literature dedicated to how cities are “localizing” carbon costs, in Section 4 we critically
review and discuss our selection of 14 pioneering carbon pricing initiatives in Western and
Eastern cities and regions. Section 5 presents our original approach to assess the short-term
technology cost of CO2 emission reduction at the local level, based on mobility transition,
which will support a local voluntary carbon market in Matosinhos, a city in Portugal.
In Section 6, we present our conclusions and recommendations.

2. Methods and Materials

We used a methodology to characterize how cities are adopting carbon pricing mecha-
nisms and identify, through the case study, the potential for advancement. We started by
constructing a theoretical framework which includes the concepts (SCC and MAC) and
the tools (IAMs) related to the estimate of the cost of carbon and that are decisive for cities
as emergent global climate actors experiencing carbon pricing initiatives. As literature
on cities’ experience with carbon pricing initiatives is fairly recent and not yet allowing a
comprehensive overview, following the theoretical framework, we conducted a wide-range
internet search to identify pioneering carbon pricing initiatives at the local level. The main
selection criterion was cities around the world associated with a carbon pricing experiment,
implemented, scheduled, or under consideration, whatever the price mechanism adopted
or considered. The critical review of these emerging local carbon pricing initiatives con-
firmed the urgent need for a scientifically robust, verifiable, and transferable carbon cost
methodology at the local level.

Based on this, we present our case study in the city of Matosinhos in Portugal, which
is an application of a short-term technology MAC model for the cost of CO2 emission reduc-
tion associated with low-carbon mobility adoption and which will support the voluntary
carbon market. The assessment of the CO2 price emerged from the necessity to have a
carbon price consistent with the practical circumstances of the case study. We used the
dynamic linear optimization bottom-up energy system model TIMES_PT and considered
different transportation and mobility modifications. We chose to adapt TIMES_PT to the
scale of the city and present a methodological advance that allows the estimate of versatile
CO2 prices connected with different mobility options. We considered the values of the
Pack scenario under the Portuguese National Carbon Neutrality Roadmap project and
developed 17 scenarios representing possible mobility choices by progressive Matosinhos
citizens towards more sustainable options at the local level. Scenarios were grouped into
three categories representing the different low-carbon mobility options, namely: public
transportation (PT), active mobility (AM) (we included defined soft mobility modes, includ-
ing any human-powered (non-motorized) or partially e-mobility (e.g., e-bike), and therefore
pedestrian, bicycle, and small electric-assisted vehicles were included as feasible alterna-
tives to car use for short distances), and shared mobility (SM). We further develop our
findings in the following discussion, conclusions, and recommendations.

3. Concepts and Tools for Estimating the Cost of Carbon

Concepts and models of climate economics developed by researchers and modelers in
recent decades have been suitable primarily for large scales of analysis and often in a top-
down manner. The local dimension of climate policy is increasingly testing the adequacy of
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these concepts and models, as local governments begin to explore how to estimate the cost
of carbon locally and thereby a local carbon price to formulate progressive climate policy.
The question is what existing concepts, models, and methods can do for local climate
governance and for incorporating local GHG emissions reduction into national targets.

The cost of carbon is the value attributed to one unit of carbon (per ton) and the price of
carbon is the explicit price for that unit of carbon for the market. In climate policy, the cost
of carbon should inform the price of carbon. Carbon pricing embraces these concepts as the
“polluter pays” principle and in practice, carbon tax and the carbon market (e.g., emissions
trading, carbon credits) are the most well-known carbon pricing mechanisms that reflect
this principle.

The cost-benefit considerations and impact assessment of climate policies need to
include carbon cost concepts such as the SCC or MAC, which also can influence the
structure of a given IAM that analyzes the impacts and associated costs. SCC and MAC
as concepts are different and complementary, while IAMs as tools operationalize these
concepts inclusively. IAMs have been developed to expand and integrate additional
components as scientific knowledge on the climate system and climate economics advances.
Therefore, it is reasonable to expect that IAMs will include more features that take into
account the increasing nuances required in carbon cost calculation and become more
complex. The progresses of IAMs are expected to focus on microscales.

3.1. Social Cost of Carbon and Marginal Abatement Cost

The concepts Social Cost of Carbon (SCC) and Marginal Abatement Cost (MAC) rep-
resent two mainstream approaches for estimating the carbon cost. The SCC represents
the economic cost (damage value) that society incurs for emitting an additional ton of
CO2 into the atmosphere for the time it will remain there (or the benefit for reducing it).
SCC includes considerations of climate change damages to agriculture, human health,
and property, and non-market damage such as the services that natural ecosystems provide
to society [12]. SCC has been used primarily by national government agencies or inter-
national organizations to calculate the impact of climate policies based on a cost–benefit
analysis. Researchers initially used the concept of SCC for the global scale and over time
discussed it at large regional and national scales [13–15]. SCC is generally considered to
have some major weaknesses, namely: complexity, subjectivity of discount rate, and the
uncertainty of climate change impacts. Stern proposed that the discount rate should be zero
as an attempt to solve this variability of the SCC and to avoid disproportionate burdens
for the future caused by climate damage today due to overestimation of the present value
of economic damage caused. The SCC approach to mitigate or explain the uncertainty
elements results in a large variability of values, depending on the parameters, ranging
from less than 0 to 1909 EUR/tCO2 (0 to 2300 USD/tCO2) [16] (assuming 1 US$ = 0.82 €;
and CO2 and carbon are used here interchangeably), and with concentration of results
between 8.3 and 166 EUR/tCO2 (10 and 200 USD/tCO2). Pindyck [17,18] proposed the
average SCC from an elicitation with experts after criticism of the “pure guesswork” on
critical matters of climate and social science that are themselves uncertain (e.g., tipping
points). His large survey of climate economists and scientists showed that the highest
average value (163 EUR/tCO2 (200 USD/tCO2)) for economists was the lowest value for
climate scientists. Wang et al. [16] proposed a revised SCC calculation method, and Tian,
Ye and Zhen [19] created a new simplified model for SCC calculation. When assessing the
SCC at the country level, Ricke et al. [20] identified inequality in climate change impacts
geographically as well as the contribution of each country to global emissions and the
risk of unilateral climate action. Tol [21] estimated the national SCC and the penalty on
the poorest and most populous countries. An important criticism also comes from the
environmental science: SCC leads to an underestimation of fundamental costs of climate
change such as ocean acidification and humanitarian and social impacts [22], which are not
quantified in terms of GDP.
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The other method for carbon cost estimation is the MAC—the cost of reducing an
additional unit of emissions and the basis for measuring the capacity of an economy to
support the cost of decarbonization, in relation to energy technology sectors. It is cost-
effective-driven and does not consider the climate damage cost component. The MAC
approach was developed following the oil shocks of the 1970s and the need to reduce
energy consumption (fossil fuels and electricity) and air pollutants. Afterwards, researchers
started to integrate carbon emissions and other sectors with strong climatic impacts into
analyses using the MAC approach, such as agriculture and water.

Interest in MAC increased dramatically when the Paris Agreement in 2015 shifted
the political focus from a carbon tax extracted from SCC to a committed timeframe, CO2
concentration, and temperature targets [17], and even more so when nations began to
commit to carbon neutrality by mid-century. Carbon neutrality corresponds to a state of
“balance between anthropogenic emissions by sources and removals by sinks of green-
house gases” [23]. One MAC model that the International Energy Agency (IEA) has been
developing is TIMES, in collaboration with member countries and academic institutions in
open source and for several decades. Country members of the IEA use TIMES to simulate
short-term average technology costs from the energy transition to carbon neutrality in 2050.

Pezzey [24] points out that it is preferable to estimate the carbon price closer to the
target-based climate policies, while also recognizing uncertainties that remain in the MAC.
The focus on reduction targets strengthens the adequacy of MAC to capture the effort of
emissions reduction. Kaufman et al. [25] advocate for an alternative to the carbon price
definition in a carbon-neutral horizon in 2050, based on a short-term MAC model (near-
term to net-zero, or NT2NZ). The approach results in prices around 103.75 EUR/tCO2
(125 USD/tCO2) in 2030. Stern and Stiglitz [26] considered this approach as imperfect and
transparent, as the SCC is uncertain and complex, proposing an alternative approach to the
classic SCC that puts it at 83 EUR/tCO2 (100 USD/tCO2) (Table S1 in the Supplementary
Information). They include the 2 ◦C increase limit as an additional constraint to the model,
assuming that climate damage from the maximum limit drawn in the Paris Agreement
costs more than 2% of GDP/year.

Much of the literature on the complexity, uncertainty, and subjectivity of the SCC and
the limitations of the MAC shows that there is not an ideal approach, and policymakers
should instead use a set of tools to assess climate policy. The problems pointed out with
the SCC at the global or country levels are amplified when applied at a subnational level
and smaller scales. As a global value harmonized to maximize efficiency, SCC is highly
aggregated, and the smaller the scale (from global to regional, from regional to national,
or from national to local), the greater the possible error margin. Although Pindyck [18]
finds a general preference among economists for the SCC, the complexity of the estimates
represents a barrier for policymakers and practitioners to understand [27,28].

As for the impacts of carbon pricing, Best, Burke and Jotzo [29] found evidence that in
countries with carbon pricing, the average annual growth rate of CO2 emissions from fossil
fuel consumption is 2% lower than in countries that do not have carbon pricing. Green [30]
found that most studies concern Europe, and that the aggregate reductions range is modest,
ranging from 0% to 2% per year. Lilliestam, Patt, and Bersalli [31] state that there is still no
empirical evidence of carbon pricing effectiveness in promoting the technological change
necessary for full decarbonization.

To summarize, both methods share the economic concept of marginal cost, and while
the SCC is the marginal cost of damages associated with carbon emissions (when emitting
less, the cost decreases), the MAC is the marginal cost of reducing emissions (when emitting
less, the cost rises). Both have advantages and disadvantages. Comparing SCC and MAC,
economists agree that MAC is not as sensitive to the discount rate as SCC is and does
not use the damage function. MAC responds to how to decarbonize a sector in a given
time constraint, and it allows for the modeling of regions/countries, as Ibrahim and
Kennedy [32] as well as others have previously shown.
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3.2. Integrated Assessment Models

Integrated Assessment Models (IAM) as a type of science and policymaking interface
have been developed to estimate the cost of carbon, in the form of SCC or MAC. They
simulate and calculate the optimal level of implementation of decisions/policies, while
dealing with highly complex natural (climate) and social (economic) systems. Historically,
an IAM includes key elements of the climate change mitigation and climate impacts systems
in order to project alternative future climates with and without various types of policies [33].
When IAMs began to be increasingly used in climate policy analysis and policymaking in
the 1990s, the rationale was to support policy on climate change mitigation and adaptation
at the global level [34]. Today, IAMs are increasingly needing to be improved to suit analysis
at the regional, national, or subnational levels, especially since the shift of focus of the Paris
Agreement from global action to bottom-up initiatives and national mitigation policies [35].
An example of IAM adaptations to incorporate specific characteristics is the new single-
region model—DEMETER-CCPE (previously a global IAM), which addresses regional
climate policies from the perspective of cost–benefit efficiency [36]. The current diversity of
IAM reflects different perspectives of analysis supporting climate policy decisions, such as
cost-effectiveness, cost–benefit efficiency, and technology abatement contribution [37,38],
which are useful to estimate the cost of carbon. The main limitations pointed out for IAM
(assumptions uncertainty, transparency, replicability, and information) derive from the
complexity of the climate puzzle (tipping points) and the policy decision (discount rate).
Their detractors call them a “black box”. The strength of these newly adapted models is the
systematic exploration of model, value, and parameter uncertainties, which improves the
transparency of results and is thereby more useful for subnational decision makers [33].

We focus on the practical perspective of the local-level carbon cost debate in the next
two sections. First, we critically review how 14 pioneering cities are estimating their local
costs of carbon and building carbon pricing schemes. Then, we present a comprehensive
case study, in which we applied a short-term MAC model to estimate the local cost of
carbon in the city of Matosinhos, Portugal.

4. Carbon Pricing Initiatives at the Local Level

In this section, we overview nine carbon pricing experiments at the subnational level
across fourteen cities, five of which belong to the Chinese subnational pilot program
We identified seven Western cities (Boulder, New York City, Ann Arbor, Oslo, Bologna,
Aradippou, and Lahti) and seven Eastern cities (Tokyo) (Kojima and Asakawa [37] consider
Tokyo’s first metropolitan cap-and-trade program for office buildings to be local, other
authors consider it regional [39], given its population size of 13.3 million, and in this
article, we assume that a metropolitan area is still a local level), Singapore, Beijing, Tianjin,
Shanghai, Shenzhen, and Chongqing), corresponding to three regions: America, Europe,
and Asia, respectively. One of the Eastern cities is an island city-state, and the other five
(Beijing, Tianjin, Shanghai, Shenzhen, and Chongqing) form the Chinese pilot cities group
within three provinces (Fujian, Guangdong, and Hubei), sharing a common and integrated
program (the pilots in the Chinese cities are unique in that they are climate actions at the
subnational level but are also designed and coordinated under a single pilot program at
the national level). These 14 cities were identified primarily via internet research, and the
main criterion for this selection was cities that have implemented, scheduled, or even just
considered running a carbon pricing experiment, until April 2021 (For general introduction
of these initiatives, please refer to Boxs S2–S11 in Supplementary Information).

We first present the distinctive aspects of each initiative (Table ??), including popula-
tion size, geography, pricing mechanisms solutions (carbon price, trading scheme, or other),
covered sectors (buildings, transportation, or other), and visibility (direct, indirect, or other).
Other characteristics were considered, namely the average price, the revenues destination
from collecting carbon taxes, the initiatives regime (experimental or mandatory), and the
ambition of the emission reduction target, since these can be indicators of cities’ degree
of commitment to climate action. We also introduced two countries’ indicators (country
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prevailing carbon signal and GDP per capita PPP) to contextualize the city ambition level
in relation to the country.

All cities that adopted pricing mechanisms have committed to targets of climate
neutrality, most of them after 2050, which is the case for the Chinese pilot cities and
Singapore. Only two cities planned it for earlier (Oslo by 2030 and Lahti by 2040), with
the rest planning for by 2050. Our review also shows that those cities experimenting
with carbon pricing instruments belong to countries with an above global-average GDP
per capita PPP (in current international dollars) of 14,000 EUR (17,100 USD), i.e., in the
developed world. As developing countries begin to adopt carbon pricing measures [39]
subnational carbon pricing initiatives can scale up and extend their scopes. Megacities
are the majority and are also the ones establishing mandatory initiatives, in contrast to
cities of smaller scales, where most of them are experimental. Thus, city population size
appears to matter as a driver toward more ambitious climate actions. These cities also
tend to have a mixed behavior regarding pricing mechanisms, with half tax and half
ETS, while all megacities opt for ETS (NYC, Tokyo, the Chinese program), or seldomly
use both instruments in a complementary way, such as in Singapore. In general, macro-
socioeconomic drivers influence carbon prices, and local-level carbon markets could be
more volatile given their relatively small scale [40].

In general, these cities apply a diversity of pricing mechanisms and prices, although
there is scarce literature that ascertains whether these cities have designed their carbon
pricing policy instruments and pilots based on IAM and SCC and/or MAC, or broadly,
how the design process was conducted. None of the cities we reviewed have made public
what kind of carbon cost methodology was applied, nor have they shown an explicit align-
ment with their respective countries. This lack of information is possibly due to their recent
status, small number, and available public information in English. However, it also shows
evidence that a robust, transferable local carbon cost methodology is still much needed.
This finding is consistent with the few subnational-level carbon pricing cases indicated in
the World Bank database. The exception is Lahti, which took a step forward towards a
carbon pricing methodology, as since the beginning of its process, it considered different
CO2 prices based on the literature or prices from national/supranational ETS (e.g., EU-ETS).
The municipality adopted the “expert guess” method. As for Oslo, Lind and Espegren [41]
analyzed the city’s low-carbon transition pathway using TIMES energy system model,
and testing three different scenarios. Their research indicates 2050 Oslo energy system
optimal solutions with an overall cost between NOK 2300/2370 (€223.5/€230.3) per ton of
CO2e removed.

All of these cities have adapted traditional national and supranational market-based
instruments that are top-down and regulated. Results do, however, show significant di-
versity in the specific configuration of each local carbon pricing experiment regarding the
applied scheme. No two cases are alike between small and/or large cities, and differenti-
ating aspects stand out, such as: pre-tax carbon (Boulder), local/regional market model
for national ETS (China), indirect cost of carbon (Oslo), use of the international voluntary
market for the local dimension (Aradippou), the world’s first local cap-and-trade program
for office buildings (Tokyo), fines for non-compliance with emission ceiling such as de facto
carbon ceiling (NYC), and global carbon crediting market (Singapore).
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Table 1. Climate policy instruments at the subnational level.

Boulder (USA) New York City
(USA) Oslo (Norway) Aradippou

(Cyprus) Bologna (Italy) Lahti (Finland) Tokyo (Japan)

Beijing, Tianjin,
Shanghai, Shenzhen,
Chongqing (Cities),
Fujian, Guangdong,

and Hubei (Provinces)
(China)

Singapore

Administrative level City Megacity City City City City Megacity/ region City and province City-state

Population 100,000 8,400,000 634,000 20,000 380,000 13,300,000 92,200,000 (cities)
63,200,000 (provinces) 5,700,000

Start year 2007 2024 2016 2016 2015–2018 120,000 2010 2013 2019/2021

Current climate
policy instrument
(Carbon Tax/ETS/

Other/None)

Other: CAP tax None Other: electricity
fee

ETS: Local auction
rewarding

mechanism and
international
offset market

ETS: 2020 Cap-and-trade
(ETS)

ETS city-level until June
2021

Carbon
tax/ETS

If ETS, No. of trades N/A N/A N/A N/A N/A Cap-and-trade 30 (until 2020) N/A N/A

Planned policy
instrument

Comprehensive
carbon tax in 2023

Carbon trading
program (ETS)

credit
system-based with

no auctions

N/A N/A None N/A N/A ETS (city level turned
national scheme) N/A

Current covered
sectors

Buildings
electricity

consumption
(residential,

commercial and
industrial)

None N/A

Residential
buildings: energy

efficiency and
renewable energy

Active urban
mobility
(cycling)

Personal Cap
and Trading

1200 buildings
(1000 commercial
and services plus

200 factories)

Industry, active urban
mobility (bike-sharing)

Industry
≥25,000

tCO2/year;
forests

% share of total city
GHG emissions 70% 70% N/A 25% N/A N/A ~20% 40% N/A

Planned covered
sectors N/A

50,000 buildings
(commercial and

residential)
N/A N/A N/A Transport and

mobility N/A N/A N/A

Revenue destination N/A N/A

Local fund for
GHG emissions

mitigation action
funding

Local fund for
GHG emissions

mitigation action
funding

N/A 25% N/A N/A N/A
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Table 1. Cont.

Boulder (USA) New York City
(USA) Oslo (Norway) Aradippou

(Cyprus) Bologna (Italy) Lahti (Finland) Tokyo (Japan)

Beijing, Tianjin,
Shanghai, Shenzhen,
Chongqing (Cities),
Fujian, Guangdong,

and Hubei (Provinces)
(China)

Singapore

Initiative (Experi-
mental/Mandatory) Mandatory Mandatory Mandatory Experimental Experimental Transport and

mobility Mandatory Experimental/Mandatory Mandatory

Average price (a)
$/kWh or (b)

$/gCO2/kWh or (c)
$/tCO2) or (d) Other

(a) 0.0020 $/kWh
(of which 0.0049
residential tax)

ETS (NA); Carbon
tax: $55/tCO2

One cent fee in
electricity bill N/A (d) Other:

~€17/tCO2
Lahti (Finland) $5.06/tCO2 ~€6–~€7.5 tCO2

Carbon tax:
$5/tCO2

Carbon cost
approach adopted
for carbon pricing

setting (SCC/MAC/
other/NA)

N/A N/A N/A N/A N/A Experimental N/A N/A N/A

City carbon neutral
deadline

80% carbon
reduction by 2050
compared to 2005

80% reduction by
2050, compared to

2005 levels

95% reduction by
2030 compared to

2009

28% reduction by
2020

55% reduction
2030 and
net zero

emissions 2050
€27/tCO2eq Net-zero by 2050 Net-zero by 2060

As soon as
viable after

2050Country carbon
neutral deadline 2050 2030 2050 2050 €100/tCO2eq 2050 2060

Country prevailing
carbon price signal

(% of emissions
priced ≥ €60/tCO2)

*

USA: 22% Norway: 68% Cyprus: N/A Italy: 51% €1000/tCO2eq Japan: 24% China: 9% Singapore:
N/A

GDP per capita PPP,
current international
$ (17,100 $, World) **

63,500 $ 63,100 $ 38,400 $ 41,800 $ 51,000 $ 42,100 $ 17,300 $

Source: * OECD 2021, ** World Bank (2021a), World Bank Data.
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We found that the ambition for reducing emissions is also diverse, namely, the com-
mitment of effort, time, and sectors covered. Ann Arbor has defined ambitious targets
of reaching carbon neutrality in 2030, but has yet to develop a concrete price mechanism,
Lahti in 2040, and Singapore after 2050. Cities also estimate their carbon pricing initiatives
to cover between 20% and 70% of their total emissions, prevailing in construction (Boul-
der, Ann Arbor, Oslo, Aradippou, NYC, and Tokyo), mobility (Oslo, Bologna, and Lahti),
and industry (the Chinese program and Singapore). Despite the ambition, these cities still
need robust methodologies and process verification of the impacts of their pilots in order
to unreservedly integrate the respective emission reduction contributions into national
inventories. Data on impacts are scarcer than ex-ante information, and the Tokyo case is an
example. Electricity prices, regulatory decisions, and extreme events are possible external
causes to consider for emission reduction [42].

The above local carbon pricing and emissions trading experiments share a few com-
mon technical challenges. First, many of them share a price fluctuation problem, which is
partially influenced by macro-socioeconomic factors. Excessive price fluctuation could neg-
atively impact the participation of emitters and thereby the effectiveness of their schemes.
However, the impact of macro-socioeconomic factors on the carbon prices at different
levels is not constant, rather, local contextual specificities such as dependence on certain
types of energy also influence carbon prices [43], making the price fluctuation problem a
highly complex issue to resolve. Second, regional transfer of goods and services inevitably
results in the distortions of carbon as well as pollutant emission records, creating bound-
ary disputes or at least inaccuracy in emission coverage. Third, emission management
via ETS can sometimes be conflictual to pollutant control [44]. This is because emission
management via ETS is based on the “emitters pay” principle, and those who are willing
to pay might acquire an additional emission allowance, which could still make the ETS
effective in market terms, but could also potentially increase the emission of air pollutants.
Fourth, few studies or considerations have been concerned with the potential spillover
effect of costs and benefits on ordinary consumers in existing local ETS pilots worldwide.
Furthermore, the premise of technical, time, and transboundary uncertainties will always
be a challenge for the Monitoring, Reporting, and Verification (MRV) process, which is
critical for an ETS to function properly and truly serve long-term emission reduction goals.
Lastly, how to increase the level of citizen participation of regional or local ETS beyond
financing channels such as carbon fund investing has been seldomly explored.

From a governance perspective, the comparison of these carbon pricing initiatives at
the subnational and local levels makes the difference between the Chinese case and the rest
of the group clear. For the Western cities, neither literature nor primary sources mention an
articulation with other levels of governance, especially at the national level, suggesting a
similarity with other past forms of municipal voluntarism [45] and insufficient multilevel
governance (this governance model analysis does not apply to Singapore as a megacity
state) articulation to leverage climate action [46].

5. Case Study—Assessment of a CO2 Price to Support City Transportation
Mobility Decarbonization

Despite cities’ continuous effort and policy engagement towards decarbonization [47],
their transformative capacity depends on economic sectors with a low direct influence ca-
pacity: residential and transportation sectors. Moreover, cities’ transition strongly depends
on citizens’ behavior and/or technology changes, such as citizens/households’ available
budget [48] and behavior factors such as acceptability and preferences [49].

In this context, AYR, the blockchain-based sustainability platform [50] aims to support
cities in their carbon-neutral transition process by rewarding local citizens for their low-
carbon mobility choices. The platform will reward people and communities that avoid
emitting CO2 (as opposed to making them pay for their emissions) by creating and enabling
voluntary local carbon markets in which green digital credits circulate as ‘eco-tokens’.
Users can exchange these credits for sustainable services and companies can offset them to
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compensate for their local carbon footprint, altogether accelerating the global transition
towards carbon-neutral cities.

One key component of the platform is the CO2 price, since it is the feature that will
determine the revenue generated by the sustainable mobility choices of each citizen. The as-
sessment of the CO2 price emerged from the necessity to have a carbon price consistent
with the circumstances of the case study rather than values based only on the literature.
This section aims to describe the approach applied to determine a CO2 price to be used in
the AYR platform project in Matosinhos municipality in Portugal. The approach included
three main steps: (1) setting a range of scenarios to simulate different and progressive
local citizens’ mobility choices towards more sustainable options, (2) convert the mobility
scenarios assumptions in energy system modeling inputs, and (3) result analysis.

5.1. Case Study Characterization

The municipality of Matosinhos is part of the Oporto metropolitan area (in northern
Portugal). It is the sixth most populated area (2802 inhabitants/km2), with 174,870 (2019)
inhabitants living in an area of 62.42 km2 (INE, 2020). Although the municipality has
significant industry activity, the transportation sector was responsible for more than half of
the total municipality GHG emissions in 2015 (Table 2).

Table 2. Matosinhos municipality GHG emissions inventory in 2015 (values in Gg CO2e) (municipal-
ity GHG emission inventory was based on final energy consumption per sector and fuel type (data
from [51]). GHG emissions from industrial processes and LULUCF were excluded. Scope 2 emissions
associated with electricity consumptions considered national electricity mix in the corresponding year.

Sector Scope 1 Scope 2 Total Share

Transportation 772.1 0.3 772.4 63%

Industry a 31.7 56.9 88.6 7%

Residential 88.4 79.0 167.4 14%

Services 40.3 109.3 149.7 12%

Agriculture and fisheries 43.2 2.7 45.9 4%

Other sectors b 0.0 1.2 1.2 0%

Total 975.7 249.5 1225.2
a GHG emissions from power were excluded to avoid double counting. b Other sectors include municipal solid
waste, water, and wastewater sectors.

The GHG emission per capita in Matosinhos municipality is between 5.6 and
7.0 tCO2e/capita (in 2015, considering, respectively, scope 1 and scope 1 and 2 emissions)
and is above the national average of 4.75 tCO2e/capita [52].

Although the municipality shows a decreasing tendency in emissions (−25% between
2015 and 2019), it still demonstrates a high effort to further reduce its GHG emissions level,
with the transportation sector at the core of the challenge. Moreover, the municipality has
significant industrial activity, with a refinery located within the municipality administrative
boundaries, which, if considered in the estimation, can correspond to a significant increase
of 59% of total municipality GHG emissions in 2015.

The municipality has defined objectives under the covenant of mayors and recently
committed to carbon neutrality in line with the 2050 national objectives. Therefore, with
the recognition that local citizens have an active and determinant role in this municipality
mitigation process, the AYR project aims to promote a behavior change of local citizens
towards more sustainable mobility habits and choices [53].

Extensive literature suggests that the attribution of carbon price to pollutant activities
is a cost-effective tool for reducing GHG emissions [54] and has been an essential component
in climate policy formulation [30]. This is also evident in the extensive number of carbon
prices (in different forms) across national and subnational jurisdictions [55]. There is also
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the recognition of the potential of local carbon markets for GHG emissions reduction in
local areas [56] such as the examples from Lahti [57]. Nevertheless, as previously shown,
there is a recognition of the importance of the carbon price value. Setting a CO2 cost was
identified as a key element of the pilot study, since it can determine the adoption and
fulfillment of the AYR platform and municipality climate mitigation objectives.

Based on the near-term to net-zero (NT2NZ) approach [25] the following methodology
was adopted to estimate a CO2 price consistent with the national net-zero GHG emission
target and different and incremental sustainable mobility adoption levels. This was made
by assuming new national transportation and mobility sector transformations that represent
low-carbon mobility objectives in Matosinhos that the AYR platform aims to support. This
is perceived as a projection of Matosinhos municipality’s low-carbon mobility objectives to
the national level.

5.2. TIMES_PT Model

To assess the CO2 costs associated with the Portuguese energy system reconfiguration,
considering different transportation and mobility modifications we used the dynamic
linear optimization bottom-up energy system model TIMES_PT (The Integrated MARKAL-
EFOM System) [58–61]. TIMES is part of a family of MARKAL-TIMES optimization energy
models developed by ETSAP (Energy Technology Systems Analysis Program) from the
International Energy Agency, which are widely used for the analysis of climate and energy
scenarios and policies. TIMES_PT incorporates the whole Portuguese energy system and is
a peer-reviewed model that has been in use for more than 15 years [62–64], including its
application in supporting the Portuguese energy and climate mitigation policies [64–66],
and more recently, it was used to develop the Portuguese Carbon Neutrality Roadmap [67].
The model has also been applied at multiple levels of scale, from European [61,68], na-
tional [62,69], to local levels [49,70–73]. TIMES_PT represents the Portuguese energy system
from 2005 to 2070 and is disaggregated in: primary energy supply, electricity generation,
industry, residential, commercial, agriculture, and transportation. TIMES_PT represents
the energy system of Portugal and its possible long-term developments. The actual system
encompasses all the steps from primary resources in place to the supply of the energy
services demanded by energy consumers, through the chain of processes which trans-
form, transport, distribute, and convert energy into services. The ultimate goal of the
model is the satisfaction of the energy services demand at the minimum total system cost
(i.e., net surplus maximization), subject to technological, physical, and policy constraints.
TIMES_PT defines an optimal combination of existing and emerging technologies, using
different forms of energy, while respecting the framework of polices and measures imposed
and the national potential of endogenous resources (including hydro, wind, solar thermal,
and biomass). The model results provide insights on the climate mitigation transition cost
for the full energy system and correspondent sectors. The model structure determines the
energy system costs [74] consistent with the net-zero GHG emissions target. The model
allows to develop scenarios that represent varying degrees of conditions associated with
climate transition. In this work, the scenarios focus on the combination of strong climate
mitigation objectives and variations of low-carbon mobility solutions’ deployment. The de-
veloped scenarios aim to assess complex energy system configurations and contextualize
the associated costs to inform policy and local transition mechanisms design.

The transportation and mobility sector represented in the model included all the main
transportation typologies and mobility services: passengers and freight transportation
through road, railway, aviation, and navigation, expressed in pkm (passengers.kilometer)
and tkm (ton.kilometer).

In the present work, the future mobility demand considered the values of the Pack
scenario under the National Carbon Neutrality Roadmap project [48,75]. These projections
were developed using a top-down approach by using the correlation between key macro-
economic assumptions on GDP and demographic evolution associated with the Pack
Scenario [67] with mobility activity and patterns.
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5.3. Low-Carbon Mobility Scenarios

To assess the effect of various low-carbon mobility choices in the necessary energy
system costs to comply with GHG emission targets, we defined a set of 17 scenarios rep-
resenting progressive citizens’ mobility choices towards more sustainable options at the
local scale (Table 3). This includes one reference scenario (REF) for the mobility demand
projection trajectory to which the progressive alterations were applied. This assumes
the alignment of the municipality climate mitigation objectives with national ones (i.e.,
GHG net-zero), allowing a robust correspondence with the necessary energy system trans-
formation effort for all national municipalities.

Table 3. Sustainable mobility scenario assumptions used in TIMES_PT runs.

Scenario Category Scenario Description Key Variables Unit

Reference (REF)
Serves as the basis for benchmark

analysis from the sustainable
mobility scenarios.

Not applicable Not applicable

Public transportation (PT)
Aims to test the effect of a gradual
modal shift from private vehicles
to public transportation modes.

Public transportation share
(include urban and intercity

bus, train, and tram).

Percentage of passenger
mobility satisfied by public

transportation.

Active mobility (AM)

Aims to test the effect of a gradual
modal shift from private vehicle

use to non-motorized
transportation (NMT)/active
mobility (covering principally

walking and cycling).

Short-distance passenger
mobility demand satisfied by

soft modes (e.g., bike or
walking).

Percentage of short-distance
passenger mobility covered by
pedestrian and cycling modes.

Shared mobility (SM)

Aims to reflect a gradual increase
in the use of sharing vehicle
schemes for short-distance

passenger demand.

Passenger short-distance
demand met using shared
vehicles. Sharing schemes

considering small and
medium vehicles.

Percentage of short-distance
passenger mobility covered by

sharing vehicles.

Intermodal (IM)
Aims to assess the combined

effect of active modes and public
transportation.

Both variables associated with
AM and TP scenarios.

Equal to AM and TP
scenarios.

The mobility scenarios were grouped into three categories representing the different
low-carbon mobility options, namely: public transportation (PT), active mobility (AM),
and shared mobility (SM). Within each group, five scenarios were defined representing
incremental improvements of the correspondent mobility option (Table 4) compared to a
reference situation. An additional intermodal (IM) scenario was developed considering
a combined use of public transportation and active modes in the municipality. All the
scenarios considered specific aspects of the municipality sustainable urban mobility plan
(SUMP) [76–78] as a portrait of municipality action towards a low-carbon transportation sec-
tor. The various scenarios were discussed and validated with the Matosinhos municipality’s
technical team, in order to articulate scenario assumptions and case study circumstances.
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Table 4. Scenarios’ key variable assumptions (correspondent variable units presented in Table 3).

Scenario Category and Name Scenario
Code Increase from REF 1 | 2030 Value

Reference

Representing base-case conditions REF -
Public transportation

Public Transportation: 17.5% PT_17.5% +3.9% 18%
Public Transportation: 20.6% PT_20.6% +7.1% 21%
Public Transportation: 23.7% PT_23.7% +10.2% 24%
Public Transportation: 26.8% PT_26.8% +13.3% 27%
Public Transportation: 30% PT_30.0% +16.4% 30%

Active mobility
Active modes: 7% AM_7% +3.7% 7%

Active modes: 8.3% AM_8.3% +5.0% 8%
Active modes: 13% AM_13% +10.0% 13%
Active modes: 18% AM_18% +15.0% 18%
Active modes: 25% AM_25% +21.7% 25%

Shared mobility
Shared mobility: 3.5% SM_3.5% +1.5% 4%
Shared mobility: 5.1% SM_5.1% +3.1% 5%
Shared mobility: 6.8% SM_6.8% +4.8% 7%
Shared mobility: 8.4% SM_8.4% +6.4% 8%
Shared mobility: 10% SM_10.0% +8.0% 10%

Intermodal: PT + MS
PT 23.7% and AM 13% IM_PTAM Equal to PT 23.7% Equal to AM 13%

1 Correspond to the assumed increase of the correspondent key scenario group variable to the REF scenario
circumstances in 2030: public transportation: 14%, active modes: 3%, and shared mobility: 2%.

All the scenarios integrated a 2050 net-zero GHG emission target in line with both
the 2030 National Energy and Climate Action Plan [79] and the 2050 Climate Neutral-
ity Roadmap [67]. This objective corresponds to 60% GHG emission reduction in 2030
compared to the 2005 values. It was also necessary to consider scenarios without any
climate mitigation targets to assess the total system cost associated with no long-term
decarbonization.

The 2030 average CO2 cost corresponds to the quotient between the difference of the
total system cost and GHG emissions between the different mobility scenarios with and
without the net-zero GHG emission target and the correspondent difference in terms of
GHG emissions (equation 1). This allows to obtain the near-term cost of reconfiguring the
energy system to fulfill the 2050 net-zero GHG emission target.

ACC (y, s) =
∆SystemCost (γ, s)
∆GHGemiss (γ, s)

(1)

where ACC is the average CO2 cost, SystemCost is the total energy system cost, which can
include the costs associated with investment, dismantling, fixed and variable operation,
and maintenance of the energy system in year y, GHGemiss is the total GHG emitted, y is
the corresponding year (present work is 2030), and s is the corresponding scenario.

5.4. Case Study Results

This section presents the key results, focusing on the 2030 CO2 cost (Figure 1) calculated
with model results of indicators of the total energy system cost and corresponding GHG
emissions in 2030 (Table S12 in the Supplementary Information).
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Figure 1. Average CO2 cost in 2030 for the low-carbon mobility scenarios.

The optimization of the national energy system to comply with the 2050 net-zero GHG
emissions target and reference energy service projections show a CO2 cost of 111 EUR2008/t
CO2e in 2030. This value is a result of the necessary system reconfiguration costs to reduce
the GHG emissions by 60% in 2030 (compared to 2005 values) to achieve GHG net-zero
emission in 2050. This result is associated with all the new technology investment and
operation (where the cost with energy consumption and maintenance is included) across
the energy system. The total system costs associated with each of the scenarios is provided
in Table S12, in the Supplementary Information.

This value is in line with Kaufman et al.’s [25] NT2NZ CO2 prices in 2030 of 102 EUR
(assuming 1 USD = 0.82 EUR)/tCO2 (max. value) (124 USD) for the US. Additionally,
the International Energy Agency 2050 Net-Zero Roadmap for the Global Energy Sector
attributes a CO2 price (for electricity, industry, and energy production in the NZE) in 2030
of 107 EUR3/tCO2 (130 USD) for advanced economies. Liu et al. [80] show results of
103 EUR3/tCO2 (84.42 USD) for 2030 in the “Regional Rivalry” (SSP3) scenario. The results
are also in line with the middle-range CO2 price used in the Lahti personal carbon trading
scheme of 100 EUR/tCO2e [57], although the pilot project also tested at a minimum of
27 EUR/tCO2e (aligned with the EU-ETS carbon price at the time) and a maximum of
1000 EUR/tCO2e [81]. SCC has a strong importance at climate policy establishment and
besides some limitations [82](even more relevant when considering the use at local scale),
it provides an indication on the order of magnitude of the carbon price to be applied.
Carleton and Greenstone [83] state that the explicit carbon price level consistent with
achieving the Paris Agreement temperature target is at least between USD 50 and 100/t
CO2e by 2030, and this is in line with the current study results.

All 16 mobility scenario results show a lower CO2 cost as a benefit of the various
low-carbon mobility tested possibilities to the necessary energy system cost to comply
with GHG objectives. According to the results, the lower CO2 cost (41.6 EUR2008/t CO2e)
is associated with the mobility scenario that represents a complementary combination
between higher public transportation use and active modes for short travelling distances
(IM_PT_AM scenario). This shows the high benefit to the energy system configuration cost
due to lower necessity for technology investment (mainly private vehicles) and energy
consumption to satisfy mobility demand.

The active mobility group of scenarios showed an average CO2 cost of 72.6 EUR2008/t
CO2e, with the lowest value of 44 EUR2008/t CO2e associated with 25% of the total short
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passenger distance found through pedestrian and bicycle modes. These results show that,
the avoided vehicle investment and usage that benefit the GHG target fulfillment and
correspondent technology, and energy consumption, are due to the lower energy and
technology. Similarly, the public transportation scenarios group shows an average cost of
79.6 EUR2008/t CO2e, with the lowest value of 66 EUR2008/t CO2e in the PT_30% scenario,
representing 30% of passengers satisfied using public transportation options. Additionally,
a public transportation share of 26% and 30% scenarios shows similar CO2 costs, thus
demonstrating that the higher use of public transportation induces a necessary investment
in additional technology (e.g., more efficient buses) and in energy sources that can comply
with GHG emission objectives. The high price and availability of technology and fuel alter-
natives (e.g., biofuels for blending or hydrogen) for decarbonizing heavy road passenger
vehicles pose additional challenges to the energy system to comply with GHG emission
objectives that in turn are reflected in the energy system costs.

The shared mobility scenarios group showed an average CO2 cost values range similar
to the REF scenario, suggesting that the utilization of shared vehicles, although providing
energy efficiency gains, can still induce relevant energy consumption. In this group,
scenarios also showed a lower impact on the average CO2 cost between shared mobility
values of 8.4% and 10%.

6. Discussion

Despite our concerted effort, our critical review of the carbon pricing initiatives
in 14 pioneering cities is still incomplete, due to the lack of available data for a more
comprehensive comparison on how the decision making took place in these pioneering
cities up to the point of the newest development in their pricing mechanisms. The use
of concepts, approaches, and tools for the definition and application of a carbon cost
at a local level that we presented in the theoretical framework also provided a sense of
complexity in local climate policymaking. Our case study of a Portuguese city, Matosinhos,
took this at least one step further and explored the potential of a theoretical framework,
initially created to be global, in guiding local economic instruments for climate. The city is
designing its climate policy based on a low-carbon mobility scenario through applying a
MAC assessment model, which also aimed to finance a local voluntary carbon market.

The range of carbon cost scenarios obtained in the Matosinhos case study with the
TIMES_PT optimization model offers different possibilities of CO2 price application to
establish different revenue allocation formats for citizens’ low-carbon mobility choices and
to adapt to the various circumstances of city’s mitigation objectives:

• Static and one-fits-all approach: the platform can apply a CO2 price fixed to all low-
carbon mobility choices and with no price evolution across time.

• Progressive and one-fits-all approach: the CO2 price will vary across time but will be
fixed to all low-carbon mobility choices.

• Fully dynamic approach: the CO2 price is differentiated by low-carbon mobility
choices (e.g., if a citizen chooses to travel by bicycle the CO2 price will be different
than if they chose public transportation) and also varies across time (e.g., starting high
and decreasing with the rate of adoption).

Regarding the tools used to obtain the cost of carbon, technology-rich optimization
IAM such as the TIMES_PT model have the advantages of integrating the newest technolog-
ical advancements and energy efficiency measures up to the time of analysis. This makes
the result credible and easily integrated into policies. On the other hand, like any IAM,
the TIMES_PT model cannot anticipate the uncertainties of human behaviors nor potential
technological innovations beyond the scientists’ foresight [41]. Nonetheless, for obtaining
a cost of carbon feasible enough to encourage urban governments toward more practical,
voluntary climate actions at the local level, the TIMES_PT model is still of great potential.
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7. Conclusions and Recommendations

This paper contributes to the study of carbon cost estimation approaches that cities use
to establish carbon pricing mechanisms. Our study can support Portuguese cities and other
cities of similar contexts to establish robust, verifiable, and transferable methodologies that
can integrate local climate effort results into National GHG Inventories. We began by sorting
fundamental carbon pricing concepts, SCC and MAC, and models, IAM, as widely used
practical tools for assessing carbon prices. We also reviewed a large set of carbon pricing
experiments at the local level, which laid the foundation necessary for the Matosinhos
case study to be understood from a better perspective. In the case study, we developed
a technology-oriented approach to assess the short-term average carbon cost that will
support the first local voluntary carbon market in Portugal.

High urban density megacities dominate pioneering carbon pricing initiatives, where
market-based instruments such as carbon tax and ETS prevail to support climate neutrality
commitments. Thus, megacities are more likely to pioneer local carbon pricing experiences.
These initiatives seem to be running under sub-optimal conditions: On the one hand,
the analysis revealed that bottom-up initiatives in the Western cities lack a clear multi-level
bottom-up and top-down governance articulation and robust methodologies that can drive
the results of local climate effort to integrate national GHG inventories. On the other
hand, the development of actions at the subnational level (cities and provinces) in Eastern
contexts such as in China is highly coordinated by the national government.

For cities adopting national and supranational carbon pricing instruments, the present
work contributes to the design of local carbon trading schemes, namely the quantification
of robust carbon prices coherent with local and national circumstances. The assessment
emerged from the necessity to have a carbon price consistent with the circumstances of the
case study rather than values based only on the literature. The presented methodology can
be adopted by other municipalities with minor adaptation. The methodology enables a
dynamic carbon price adequate for respective mobility options (e.g., differentiated prices
per mobility option), making it a methodological advancement.

The results of the Matosinhos case study can also be used by other Portuguese munici-
palities with adjustments made to adequately associate between each mobility scenario and
the municipality’s transportation characteristics and objectives. Portuguese municipalities
should include similar frameworks in their energy and climate mitigating strategies to
guide selection and deployment of effective and efficient solutions. The establishment
and structure of economic instruments for climate action at the municipality level must
be based on extensive scientific assessment processes to identify core aspects for effective
objective fulfilment. Using integrated tools and scenario design, it is possible to assess and
understand the implications of explicit policy decisions and instruments’ configuration.
In particular, the results in our research show how different low-carbon mobility choices
and levels of utilization can determine the corresponding CO2 price. Although there are
different possibilities to use the present assessment results, the criteria of equity and justice
should also be considered to promote social cohesion in the transformation process when
allocating a carbon price to each low-carbon mobility choice.

An effort should be made by modelers, researchers, and local policymakers to make
carbon mitigation models and costs more accessible. Cities should take advantage of the
power of the demonstration of international city networks of which they are members in
order to accelerate the application of carbon cost estimation models and scientific methods
at the local level.

At least two dimensions of carbon pricing need further research: a comprehensive
investigation on its emergence at the local level, namely the drivers for pioneering, and the
ethical considerations of carbon price policy development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14031812/s1, Table S1. Carbon cost range; Box S2. Carbon
pricing initiative of Boulder, USA; Box S3. Carbon pricing initiative of New York City, USA; Box S4.
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Carbon pricing initiative of Anne Arbour, USA; Box S5. Carbon pricing initiative of Oslo, Norway; Box
S6. Carbon pricing initiative of Lahti, Finland; Box S7. Carbon pricing initiative of Aradippou, Cyprus;
Box S8. Carbon pricing initiative of Bologna, Italy; Box S9. Carbon pricing initiative of regional pilots
in China; Box S10. Carbon pricing initiative of Tokyo, Japan; Box S11. Carbon pricing initiative of
Singapore; Table S12. Total energy system cost and GHG emission in the modeled scenarios.
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