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1. Introduction

Climate change (CC) is shaping the political and scientific debate at the global level with increasing urgency. It is clear that this
challenge requires the contribution of all actors in different fields, guises, and levels of governance [1-4]. Along with international and
national commitments, local governments are involved in implementing specific actions to tackle CC, as cities are widely recognized as
responsible for Greenhouse Gas (GHG) emissions while being affected by CC. The potential of cities in contributing to the climate
challenge has been clearly recognized and supported within Europe by the Covenant of Mayors (CoM) initiative. Aligned with many
European Union (EU) priorities and efforts, particularly the EU energy and climate targets for 2020 and 2030, the CoM is the first
pan-European initiative involving local authorities enabling different levels of government to work together and complement their
actions in their policy areas to contribute to a low carbon transition [5].

The CoM was launched in 2008 by the European Commission (EC) to support municipalities in achieving the European 20 % COseq
reduction goal by 2020 (CoM 2020). Cities’ commitment is translated into Sustainable Energy Action Plans (SEAPs), primarily drawing
on the findings from the Baseline Emission Inventory (BEI) and defining concrete measures for reducing emissions, translating the
long-term strategy into action. Reporting on the SEAP and its implementation is also a commitment undertaken by CoM signatories. In
addition to data reported in the BEISs, signatories have to report their Monitoring Emission Inventories (MEI), at least every 4 years. In
2021, the initiative (which now entails a commitment to tackle mitigation, adaptation and energy poverty) counts more than 10,500
signatories, of which 9,755 are from EU 27 [6]. Concerning mitigation, 5,763 climate action plans with a target for 2020 have been
submitted by EU 27 local authorities through the MyCovenant reporting platform by May 2021. The CoM, by providing a harmonized
framework and methodological guidelines for signatories to set their targets and develop their plans [7], allowed collecting a complete
set of information at the local level in terms of energy consumption, carbon emissions, and adopted policies, thereby offering a large
database on cities’ action to mitigate CC i.e. 8. Moreover, thanks to the significant participation of cities across Europe, the CoM forms
a sort of “hub” of the variety of policies and practices cities have been implementing to address the energy and climate challenges.

As a matter of fact, while sharing a common mitigation goal, CC strategies at the local level are site-specific and suit local com-
munities and territories’ needs and peculiarities. In addition, several drivers can influence the impacts of CC mitigation policies at the
urban scale, i.e. population, urban density, Gross Domestic Product (GDP), climatic conditions, etc. The SEAPs are the instrument
through which signatories express their approaches to deliver the mitigation objectives. Through their assessment, the overall policy
impacts and progresses of the initiative can be tracked, and the most effective measures, sectors and instruments as well as the
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directions undertaken by signatories can be analysed. Some studies have explored potential leverages and influences on CO emissions
reduction by cities.

[9] statistically investigated potential institutional, socio-economic, and environmental factors on local plans. The analysis showed
how factors such as membership in climate networks, population, and GDP per capita act as drivers for developing mitigation and
adaptation plans. [10] showed that the significant driver for intended emission reductions was the level of emissions in the base year.
Cities with higher emissions were associated with higher intended emission reductions, compared to cities with lower emissions in the
inventory year. Similar results were yielded by [11], showing that city emissions reduction is influenced by plan-level, city-level, and
country-level characteristics and that cities with higher baseline emissions per capita reached higher emission reductions, particularly
related to high-emitting sectors such as buildings and transport. [12] showed that the population has a stronger influence on the type of
planned and implemented measures to reach the target, than climatic conditions and GDP. The influence of population in successful
climate mitigation actions has been also shown by [13] while evaluating the barriers and drivers of cities’ progress monitoring. [14]
highlighted that internal factors impact policies’ selection. Finally, city size and geographical location as well as cities’ membership of
climate networks have been significantly and positively related to cities’ mitigation ambition by [15]. Hence, the CoM shows how
cities are capable to positively impact on climate by adopting a mix of policy instruments [16,17]. Recent figures from the CoM
assessment report [6] show that EU-27 signatories with a 2020 mitigation commitment are well on track to achieve their collective
2020 emission reduction target. The overall committed reduction is 26.4 % by 2020 with reference to base year emissions of 797.9
MtCO2eq.

However, despite the positive trends, some challenges remain. Cities may lack the authority to completely transform the energy
system, especially for causing a wholesale switch to renewable energy for decarbonization [13,18]. Cities have limited legislative
authority on some sectors thus emissions reduction related to specific sectors derive - or are highly influenced - from policies defined at
the regional or national level. This is pivotal when cities commit to more ambitious emissions reduction targets such as in the case of
carbon neutrality [18,19]. The decisions on strategies and policies by cities can be assessed to understand the drivers that lead to more
effective and successful outcomes. This paper follows the pathway set by former studies with the aim to understand potential factors
positively or negatively influencing the results of planned measures by CoM signatories in their SEAPs by mainly focusing on policy
instruments and sectors, in addition to other previously explored characteristics. To this aim, this study provides a regression analysis
based on data regarding BEIs and MEIs from a sample of CoM signatories as of August 2019.

2. Methodology
2.1. Dataset structure: cities, measures and policy instruments classification

The dataset includes data submitted by CoM signatories having officially reported their MEI through the MyCovenant platform by
2019. The following criteria have been applied to gain a consistent and homogeneous sample: i) only EU 27 and United Kingdom (UK)
local administrative units (LAU) have been included; and ii) the cases where emissions over time increased/did not change were
excluded to focus only on the reduction’s effect. The final sample is composed of 1,354 CoM EU signatories - accounting for a total of
45,636 mitigation actions reported in SEAPs - from EU 27 and UK. Signatories are distributed by country and by the number of in-
habitants according to the following size categories: i) XXS <10,000; ii) XS 10,001-50,000; iii) S 50,001-100,000; iv) M
100,001-500,000; v) L 500,001 - 1,000,000; vi) XL > 1,000,000. The distribution of cities in the mentioned categories is not uniform as
the “XXS” and “XS” are the most represented, which is aligned to the overall CoM trend showing 90 % of signatories with less than
50,000 inhabitants [13]. In particular, Italy and Spain show the highest number of signatories in these categories. On the contrary,
Germany, France, and the United Kingdom have a larger share of cities with more than 100,000 inhabitants.

The absolute CO2 emissions reduction is linked to size/population of cities. Overall, the signatories in the sample have reported 476
MtCOzeq in their BEIs and 363 MtCO2eq in their MEIs, corresponding to a reduction of 113 MtCOzeq (24 %). While this result is in line
with the target of 28 % COeq emission reduction achieved by cities by 2020,' compared to BEIs for all cities having presented a MEI by
August 2019 [20], the emissions reduction is not proportional to the frequency of signatories. For example, Spain is accountable for
18.8 MtCO2¢q emission reduction, while Italy for 16.5 MtCO,eq (respectively 16 % and 14 % of the sample). On the other hand,
German cities represent only 2 % of the sample but account for almost 38 % of the reduction, France and the UK with 1.1 % and 0.8 %
of the sample, account for, respectively, 4.04 % and 4.08 % of the reductions.

In alignment with the International Panel on Climate Change (IPCC) [21], within the CoM methodological approach, signatories
report in their inventories, emissions occurring from different sectors. In CoM Europe four sectors (Municipal buildings, equi-
pment/facilities; tertiary (non-municipal) buildings, equipment/facilities; residential buildings; and transport) are identified as "key
sectors" in which local authorities can influence energy consumption and consequently reduce related CO.eq emissions. When
reporting the actions planned in their SEAPs, signatories identify for each action the sector, the area of intervention, and the policy
instruments to which the action belongs. In this paper, the actions included in the SEAPs have been classified by sector (Table 1),
underlying policy instrument, and timeframe.

The CoM policy instruments classification has been reorganized into broader categories (Table 2). Policy instruments are usually
categorised into legislative-regulatory, economic-fiscal, agreement-based, and information/communication-based, even if further

! The minimum CO, reduction commitment by 2020 was 20 %.
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Table 1

CoM sectors.
B1 (Buildings) B5 (Local electricity production)
B2 (Public lighting) B6 (Local heat/cold production)
B3 (Industry) B7 (Other)

B4 (Transport)

Table 2
Categories of policy instruments used in the analysis.
Category of policy instruments Instruments included in CoM classification
Economic Energy & carbon taxes; Road pricing; Grants & subsidies; Third-party financing
Information, dissemination, and Awareness-raising & training; Energy certification & labeling
awareness-raising
Command and Control Energy supplier obligations; Building standards; Energy performance standards; Land use planning; Land use planning

regulation; Mobility planning regulation
Energy and Environmental Management  Energy management; Green Public procurement; Integrated ticketing and charging (transport)

Voluntary Agreements Voluntary agreement with stakeholders
Not Applicable Actions that CoM municipalities have not categorised using policy instruments
Other Policy instruments not mentioned in the other categories/classification and reclassified policies due to changes in the

reporting requirements.

categories may be applied 22. In this paper, an additional category is foreseen, related to energy and environmental management, as
this is one of the main instruments adopted by local governments in managing and addressing sustainable energy issues. Furthermore,
voluntary agreements have been identified as a separate category.

Finally, the intended implementation timeline of the actions has been investigated for each sector and for each category of policy
instrument. Actions within each sector and category of policy instrument have been aggregated per “start” and “end” years. The
analysis of the cumulative share of actions started or completed in certain years enables a better understanding of the actual progress
made by local authorities in terms of GHG emissions reduction. The average duration of actions in each sector has also been calculated,
to gain insights into which sectors seem to require actions with longer implementation timeframes compared to other sectors where
actions can be decided and implemented faster. Results are showed and discussed in sections 3 and 4.

2.2. Regression analysis model

Regression analysis has been widely used in literature to understand the main drivers of emissions at the urban scale [10,23-25] or
to assess the policies’ impacts to improve energy efficiency [20,26]. The results of energy policies are influenced by a variety of factors
that act simultaneously, such as market forces, technological change, behaviours, and assessing the effectiveness of such policies is a
complex task. Econometric methods such as regression analysis can be used to investigate the contribution of energy policies to the
reduction of energy demand and related GHG emissions, disentangling the effects of different factors [26]. This approach can be
particularly appropriate also for the analysis of cities’ climate policies effectiveness, as in the literature there is a lack of empirical
studies on actual results achieved by cities through the implementation of their climate mitigation and emission reduction plans [27].

An Ordinary Least Squares (OLS) regression is used to identify the impact of the covariates on the reduction of the CO2eq emissions
from the BEI year to the MEI year. This model has been selected due to the elevate accuracy of the regression coefficients. In particular,
OLS is considered as one of the most effective techniques to identify the correlation among variables [28,29]. In addition to contextual
data [12], our reference model explicitly includes a set of variables representing the number and variety of CO, reduction policies
adopted by CoM cities in their SEAPs. Such variables measure the distribution of actions among sectors and among policy levers,
describing the overall policy mix and CO, emission reduction strategy chosen by CoM cities throughout their plans.

The reference model is:

l,,e,,u,g,_,m[ =py+p,actionBl; + --- + practionB7; + Pgaction_Economic; + -+ + p,action_Other; + oX; + €;
Where.

@ 1 _delta BEI METI: logarithm of the variation in the emissions from the BEI year to the MEI year;
@ actionB1: number of actions in the “Buildings” sector;

@ actionB2: number of actions in the “Public lighting” sector;

@ actionB3: number of actions in the “Industry” sector;

@ actionB4: number of actions in the “Transports” sector;

@ actionB5: number of actions in the “Local electricity production” sector;

@ actionB6: number of actions in the “Local heat/cold production” sector;

@ actionB7: number of actions in the “Other” sector;

@ action_Economic: number of actions in the “Economic” policy instrument category;
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@ action_Information: number of actions in the “Information, dissemination and awareness-raising” category;
@ action_Command_Control: number of actions in the “Command and control” category;

@ action_Energy Management: number of actions in the “Energy and environmental management” category;
@ action_Voluntary_Agreements: number of actions in the “Voluntary agreements” category;

@ action_Not_Applicable: number of actions in the “Not applicable” category;

@ action_Other: number of actions in the “Other” category.

X contains the following variables.

@ delta_MEI BEI year: number of years from the BEI year to the MEI year;

@ MEI_pop: population in the MEI year at the city level;

@ Geographical location: 4 geographical dummies” ;

@ hdd_MEI: measure of heating degree days in the MEI year;

@ MEI _gdp: Gross Domestic Product per capita in the MEI year at the NUTS 3 level;
@ GDP_2: squared value of MEI_gdp® ;

@ density: population density in the MEI year (NUTS 3 level)

Data on the variables has been collected from different sources, reported in Table 3 below.

The units of analysis i are the cities included in the sample. Due to collinearity problems, one of the 4 geographical dummies has
been dropped from the model, therefore, the interpretation of the coefficient of the 3 geographical dummies in the regression is the
average value of the dependent variable compared to the omitted dummy. The coefficients of the regression are constructed by
minimizing the sum of the squares of the residuals. The residuals are defined as the differences between the dependent variable and the
fitted values, which are predicted by the model. A Breusch-Pagan test is conducted to check the presence of homoskedasticity in the
error terms of the model. The null hypothesis of the test is that the error terms are homoscedastic (i.e., they have constant variance).
Since the test statistic of the test in the model has a p-value (0.0010) lower than 0.05, the null hypothesis is rejected at a 5 % sig-
nificance level. In this case, the conclusion is that the model suffers from heteroskedasticity. Hence, to overcome this problem and
identify precise estimates, robust standard errors are used in the regression. Moreover, the logarithm transformation of the dependent
variable is used to reduce the outliers’ effect.

The other covariates were not transformed; therefore, the coefficients of the regression should be interpreted as the percentage
change in the reduction of emissions associated with a unitary increase of the independent variable, all else equal. Moreover, a positive
(and statistically significant) coefficient should be associated with a variable that is effective in reducing emissions. In particular, since
the dependent variable is the (logarithm of the) reduction of the emissions, a positive coefficient signals that the independent variable
increases the gap between emissions in the BEI year and in the MEI year (all else equal). An increase in the gap could be associated with
a lower level of MEI emissions, therefore, the covariate with a positive and statistically significant coefficient is able to reduce the
emissions. Moreover, since the dependent variable is the logarithm of the gap, the interpretation of the coefficient is the following: a
percentage variation in the gap associated with a unitary increase in the covariate, all else equal. Finally, the model could suffer from
problems of endogeneity. In particular, some variables among the covariates may be correlated with the error term. The concern for
endogenous regressors is due to the possible presence of the phenomenon of reverse causality. Reverse causality refers to the situation
in which it is not the independent variable that has an effect on the dependent variable but is the dependent variable that affects the
independent variable. In this analysis, the goal is to detect the effectiveness of the actions implemented by cities to reduce emissions.
However, it could be plausible that cities with higher emissions are also the ones that implement a higher number of actions to reduce
them. However, a causal interpretation of the regression coefficients is beyond the purpose of this research.

3. Regression analysis results

Fig. 1 shows the regression analysis results. The model has a relatively high R-squared (0.367), also compared with other studies in
the field [10,11], meaning that it is able to explain more than 35 % of the variance of the dependent variable. Results highlight that not
all variables included in the regression are significant for the variation in the emissions from the BEI year to the MEI year.

The sectors whose actions are effective in reducing the emissions are: Public lighting, Industry, Transport, Local electricity production,
and Other. From the positive and statistically significant coefficients associated with these variables, it can be concluded that almost all
the sectors were effective in urban emissions reduction. By looking at the magnitude of the coefficients in the regression model, it can
be inferred that the most effective sectors are Industry and Public lighting: if the number of actions in one of these sectors increases, the
reduction of emissions could exceed 10 %. The other sectors are all associated with a reduction of almost 9 %, with the exception of the
sector other which is associated with a reduction of 3 %. The only sectors without a significant coefficient are Buildings and Local heat/
cold production.

Three variables related to policy instruments present significant coefficients: Information, dissemination and awareness-raising,
Command and control, and Other. However, Command and control is the only policy instrument that is effective in reducing emissions,

2 According to EurVoc classification (https://eur-lex.europa.eu/browse/eurovoc.html?params=72,7206,912#arrow_912).
3 This value is included in the model to test the presence of the Environmental Kuznets Curve [51].
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Table 3
Data used for regression variables.
Variable Level Source
Actions (number and Local level (LAU") CoM dataset
type)
CO»eq emissions Local level (LAU) CoM dataset
Population Local level (LAU) CoM dataset
Area Local level (LAU) CoM dataset
HDD Province and regional level (NUTS [30] EUROSTAT (2019) — NUTS 3 with the exception of Valverde (Spain) at NUTS 2. Data for the
2/NUTS 3°) UK retrieved from Safety Central at NUTS 2
GDP Province and regional level (NUTS [31] OECD (In millions of USD, constant prices, and constant PPP, using 2015 as base year)
2/NUTS 3)
Density Province level (NUTS 3) [31] OECD: Data for the cities in Cyprus are from the World Bank and at the national level.

according to the model, while the coefficients of the variables that refer to the categories Other and Information, dissemination, and
awareness-raising are negative. Finally, the actions without a significant coefficient are those that refer to the instruments Economic,
Energy and environmental management, Voluntary agreements, and Not applicable.

The other variables with positive and statistically significant coefficients are the number of years from BEI to MEI, population, and
density. On the other hand, hdd_MEI presents a negative and statistically significant coefficient. The coefficient of MEI gdp is significant
and smaller than 0, while the coefficient of GDP_2 is significant and positive. Finally, since the dummy for Northern European cities has
been omitted by the model to avoid collinearity, the interpretation of the coefficients of Southern Europe, Central Eastern Europe, and
Western_Europe is that cities from these areas are less effective in reducing the emissions compared to Northern European cities.

The estimates of the coefficients of the regression model with their confidence intervals are shown in Fig. 2. In particular, it plots
whether the estimates of the coefficients significantly differ from 0 or not. The points represent the estimates of the coefficients, while
the confidence intervals are displayed to the right and to the left of the estimates. If the confidence intervals do not cross the red vertical
line, then it is possible to infer that the associated coefficient is statistically significant at a 5 % level.

4. Discussion

Results show that overall policies are contributing to reducing COseq emissions with differences in terms of sectors and policy
instruments. Related to these elements, this section gives insights into the enabling factors influencing the reduction potential of
actions.

In public lighting, relatively few actions were planned (6 % of total analysed actions) with a low level of reduction (2 % of total
expected carbon emission reduction) (Figure a — Appendix I). Despite this, the regression shows that public lighting actions have been
effective in reducing emissions. This result might be related to the use of LED technologies enabling relevant savings in this sector with
relatively short payback times [32]. Furthermore, if we consider the implementation timeline of actions, public lighting has a relevant
share of actions completed by 2015 (29.8 %) compared with other sectors (Table a — Appendix ), which might explain why the re-
ductions from this sector are visible in the cities’ MEIs.

Industry is not among the mandatory sectors of the initiative; hence, cities tend to report only important effective actions. This is
confirmed by the number of industry actions in the sample, which represent 2 % of total actions, and expected emission reductions
which amount to 5 % of the total (Figure a - Appendix I). Moreover, 40 % of the actions in this sector are targeting energy efficiency in
industrial processes, which implies improving processes and management and reducing related emissions. This approach is sometimes
coupled with economic policy instruments, as the case of Cordoba (Spain), whose SEAP foresees a 5 % fiscal reduction for companies
reducing their energy consumption through energy efficiency by at least 7 % [33]. In such a highly competitive private sector,
companies plan investments that can quickly lead to significant energy and financial savings and, therefore, the planned actions in
SEAPs are aiming to have substantial reductions.

The Other sector includes 20 % of total planned actions and is accountable for 27 % of the reductions (Figure a — Appendix I).
Despite its relevance in percentage terms, the sector shows a positive coefficient from the regression results, slightly contributing to
emissions reduction. In principle, actions that do not fall under the stated sectors of the initiative are included in Other. However, it is
also possible to identify cases where the action could easily fit specific sectors and/or relate to a specific instrument. This is a
consequence of the changes in the initiative’s reporting structure in different timeframes® and, therefore, it is not possible to fully
interpret the correlation of actions within this sector.

The transport sector comprises 16 % of the actions in the sample, which are accountable for 23 % of the total reductions (Figure a —

4 Local Administrative Units - Low level administrative divisions of a country below that of a province, region or state. EUROSTAT, Local
Administrative Units (LAU) - NUTS - Nomenclature of territorial units for statistics - Eurostat (europa.eu).

5 The NUTS classification (Nomenclature of territorial units for statistics) is a hierarchical system for dividing up the economic territory of the EU
and the UK. NUTS 2 correspond to basic regions for the application of regional policies, NUTS 3 to small regions for specific diagnoses. Available at:
Background - NUTS - Nomenclature of territorial units for statistics - Eurostat (europa.eu).

6 Initially, the waste sector was not included in the reporting framework. As a result, many actions that are currently belonging to the sector
“other” and its sub-sectors, were originally recorded elsewhere and here re-assigned.
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l_delta_ BEI_-MEI

actionB1  -0.00805
(-0.78)
actionB2  0.0925%**
(2.71)
actionB3  0.131%**
(4.65)
actionB4  0.0842%%*
(5.05)
actionB5  0.0713%**
(3.28)
actionB6  0.0485
(0.97)
actionB7  0.0310%**
(3.22)
action_Economic -0.0154
(-1.33)
action Information  -0.0442%**
(-4.87)
action_.Command_Control  0.0266*
(1.77)
action_Energy Management -0.00984
(-0.88)
action-Voluntary Agreements -0.0350
(-0.41)
action_-Not_Applicable -0.0217
(-1.10)
action_Other -0.0318%**
(-3.24)
delta_ MEI_BEI_year 0.0843%***
(5.35)
MEI _population  0.00000312***
(5.64)
Central Eastern_Europe -0.934%**
(-2.72)
Southern_Europe -2.030***
(-6.66)
Western_Europe  -1.175%¥*
(-3.72)
hdd_-MEI -0.000236**
(-2.33)
GDP_2 4.08e-10**
(2.17)
MEIgdp  -0.0000493***
(-2.81)
density  0.000160**
(-2.81)
—cons  10.95%**
(21.31)
N 1354
R-sq 0.367

t statistics in parentheses
* p<0.1, ** p<0.05, *** p<0.01

Fig. 1. Regression analysis results.

Appendix I). Based on the regression, the transport sector is effective in reducing emissions. The significant share of expected emissions
reduction in this sector and the effectiveness of its actions might be linked to the high variability of instruments selected and to the
larger weight attributed to Command and control type, which is the only policy instrument showing a positive coefficient (Figure b —
Appendix I). In this category, it is common to limit the access to private vehicles towards pedestrianization. Moreover, actions in this
sector often refer to the provision and upgrade of new public transit infrastructures and consider the integration of tickets, thereby
resulting in significant reduction potential through modal shift and inter-modality. As an example, this is the case of the city of
Koprivnica (Croatia) where the implementation of electric buses has also been the occasion to develop an integrated ticketing system
for regional road and rail transport [34].

The building sector shows a high share in the total number of actions being responsible for 26 % of the total expected reduction
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actionB1 —o—

actionB2 D S—
actionB3 —_——
actionB4 - —

actionB5 —

actionB6 A g

actionB7 - —o—
action_Economic - ——
action_Information | ——
action_Command_Control - —

action_Energy_Management | —o—

action_Voluntary_Agreements -| A g
action_Not_Applicable —

action_Other - ——

Fig. 2. confidence intervals of regression model coefficients.

(Figure a — Appendix I) while having a negative coefficient in the regression analysis. This result might be influenced by several factors,
including: i) the action distribution patterns observed in the building subsectors (municipal, residential, tertiary); ii) the typology of
policy instrument used to implement actions and iii) the long implementation timelines of actions. Given the relevance of buildings on
total EU energy consumption and CO5 emissions, a specific analysis has been conducted and these three influencing factors were
examined more in detail.

Considering the first factor, i), CoM local authorities are encouraged to take an exemplary role in municipal buildings. Since this
building segment falls under their direct competence and is highly visible, local authorities are expected to demonstrate an ambitious
yet credible path towards decarbonization. This path generally translates into a high number of planned actions, which, however, do
not necessarily imply high reductions in absolute terms, given that the municipal buildings’ sub-sector only accounts for a small share
of a city’s emissions, and consequently for a small share of estimated reductions (see Table b — Appendix I). Residential and tertiary
buildings account for almost 20 % of the total planned actions, and about 23 % of the estimated COzeq reduction. However, while cities
and local authorities have competence in residential and tertiary buildings, the portfolio of mitigation actions and policy instruments
they can deploy in those sub-sectors is more limited.

With reference to the factor ii), local authorities in the CoM context largely rely on information, dissemination, and awareness-
raising measures and energy & environmental management in buildings (Figure b, Figure ¢, Appendix I). However, these measures
alone might not be sufficient to trigger significant energy renovation interventions unless they are combined with financial instruments
(such as grants or subsidies), as also shown in the regression analysis. At EU level, the annual energy renovation rate of buildings is
close to 1 % (EU Renovation Wave [35]) and buildings’ decarbonization is behind the path to climate neutrality by 2050 [36]. The
regression results may suggest a slow pace at improving the energy performance of the building stock. As far as new buildings are
concerned, typical measures in SEAPs include building codes (about 8 % of measures on residential buildings and 6 % of measures on
tertiary buildings), with cities applying more stringent energy performance requirements than national ones. However, new buildings
represent a very low share of the building stock (for example the annual share of new dwellings from the total stock of permanently
occupied dwellings is less than 1 % for all the years from 2010 to 2019) ’, hence, the impact of this instrument might be rather low.

In addition, considering factor iii), measures targeting municipal buildings have a shorter implementation timeframe compared to
the ones targeting private buildings, as the latter requires the mobilization of various stakeholders and private investments. In the
sample, about 17 % of measures on residential buildings and only 10 % of measures on tertiary buildings were expected to be
completed by 2015. Hence, measures in those sub-sectors will require a longer period before their actual impacts are reflected in cities’
MEIs (Table a - Appendix I).

In the local heat/cold production sector, the most used instruments are Economic (26 %) and Other (42 %), which according to the
output of the regression, are not very effective in reducing emissions. Furthermore, measures targeting this sector represent only 2 % of
the sample. However, actions in this sector show a relatively larger emission reduction potential, as they represent 10 % of expected
reductions (Figure a — Appendix I). The effectiveness of local heat production actions might be due to the short implementation
duration (as building new plants or distribution networks requires a defined, not long timeframe), and the consequent high share of
completed actions. Local heat production is, in fact, the only sector with over 30 % of completed actions by 2015 (32.2 %) (Table a —
Appendix I).

7 JRC elaborations on ODYSSEE data [52].
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If the reduction potential of policy levers is considered independently of the sector, only measures categorised in the Command and
control and Economic instruments provide significant estimated COzeq reduction, although forming 23 % of the sample (Figure c —
Appendix I). This confirms the increased adoption of economic instruments for tackling environmental and energy aspects at the local
level, in alignment with the trends of the last decades (already [37]). In addition, local authorities are overcoming single approaches
towards combining command and control and economic policy instruments [38] to deal with the complexity and context-based
characteristics of environmental and energy issues at the local level. As an example, the city of Merlino (Italy) has adopted mea-
sures in the building sector responding to criteria of regulation/facilitation. The city included in its SEAP the revision of the Building
Regulation with the aim to integrate energy efficiency principles in buildings [39]. While volumetric incentives for buildings with a
good energy performance are already implemented, the city is striving to enforce higher standards for new buildings.

The regression developed in this study showed that regulative approaches tend to be more effective. The implicit need for an
integrated approach can be also read from the high number of policies within the class of Command and Control referring to Urban
Regeneration (18.7 %). This refers to a deep transformation of areas, usually in decline, to improve their economic, physical, social,
and environmental actions, through, in this context, a sustainability lens [40-42]. Therefore, policies related to urban regeneration
explore low-carbon and energy-efficient options in different sectors while looking at broader links with social and institutional
dimensions.

Additional factors beyond the control of policymakers have been investigated. Based on the regression results the variables pop-
ulation size, delta MEI BEI year, density, and GDP are effective in reducing emissions, while the variable HDD showed a negative
coefficient.

Larger cities have often at disposal more resources to address CC mitigation planning [43], therefore, they could be able to develop
a better set of mitigation actions. Furthermore, larger cities could benefit from agglomeration economies [44], which could influence
the effectiveness of some low-carbon actions. This result has controversial outcomes in literature, as some studies find a relationship
between population and emission reductions [12,45] while others do not find a strong association between population and emissions
reductions obtained by city policies [11]. Likewise, the positive coefficient of the population density variable might imply that more
densely populated cities are more effective in reducing emissions. Wide literature confirms a positive association between the two
variables, as an effect of the potential choice of denser cities to invest in low-carbon infrastructure [46]. However, higher carbon
reductions can be reached by actions implemented by local authorities compared to the effects gained by these two variables.

The coefficient of MEI_gdp is significant and lower than 0, while the coefficient of GDP_2 is significant and positive. This result is in
line with the literature on the environmental Kuznets curve, which predicts an inverse U-shaped relationship between economic
growth and environmental degradation. This means that a higher GDP has a negative impact on emissions reduction up to a certain
level. Once a region has reached a certain level of development, the increase in GDP could be used to promote more sustainable
projects and actions. In this study, the turning point is identified at 61 billion USD hence, for lower GDP values there is a positive
relationship between economic growth and emissions, while for values above that threshold, the relationship is negative.

The relationship between GDP and more effective emission reduction policies might be due to the wider availability of resources in
cities with higher GDP [9]. Municipalities (private citizens and industries) with higher availability of resources could be better
positioned to invest in low-carbon projects and actions. However, the GDP has been assessed at the provincial level, which may not be
representative of the variability of local levels.

The variable delta MEI BEI year has a positive impact on the effectiveness of CO2eq emission reduction in cities. Therefore, cities
with high values have selected their BEI year between 1990 and 2000. The greater delta between BEI and MEI implies more time to
implement mitigation actions, therefore, higher chances to reach the pre-established targets. The greater time availability may also
have facilitated the implementation of more actions. In addition, the effectiveness of implemented measures needs a certain time
before generating an effective impact on the reduction of emissions. Consequently, cities with BEI further back in time may have
included in the SEAPs measures already in place, which, therefore, generated a greater impact in reducing emissions. Together with
these factors, technological innovation, progressive increase in attention and awareness to CC mitigation, availability of scientific data,
and the emergence of city networks contributing to the exchange of good practices, may have influenced the measures’ effectiveness.

Climatic factors may impact energy consumption, and hence influence COseq emissions [47]. HDD shows a negative effect on
reducing emissions. This is in line with previous literature [10,48,49]. Cities with high HDD values are those with a higher demand for
energy needed to heat their buildings.

5. Conclusion

This paper analyses the influence of policy mix adopted by CoM cities in reducing their emissions. To perform the assessment, a
regression analysis has been applied to 1,354 cities. Results highlight that actions in some sectors, namely Public lighting, Industry,
Transport, Local electricity production, and Other, were effective in reducing cities’ emissions. Furthermore, the policies categorised
under Command and control class seem to provide effective CO2eq reductions. Finally, also the time between BEI and MEI, the pop-
ulation/size, the density, and the GDP are variables that show a positive impact on CO2eq emission reduction. On the other hand, from
and Local heat/cold production sectors, no positive impacts have emerged from the regression analysis. In this case, as described, the
following factors play a role in this outcome: i) patterns observed in the building subsectors; ii) typology of policy instruments used to
implement actions under these sectors; and iii) measures implementation timeframe. In the future, new monitoring data should be
considered and reassessed to evaluate the implementation status and effectiveness of policies adopted in the building and local heat
and cold production sectors, which are crucial for reducing emissions and enabling the low-carbon transition in cities.

Moreover, through the analysis, this paper provides insights into the most effective policy instruments that local governments may
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consider to include in their climate plans. Command and control and Economic instruments have the capacity to orientate behaviors and
promote investments towards low carbon solutions, even if the adoption of some specific instruments might be hampered by political
factors. On the contrary, results show that Information, dissemination, awareness-raising, and Other policy instruments are less effective
in reducing COzeq emissions. Considering in particular the former, cities have planned a large number of interventions with a low
potential for reduction. This is shown by the 31 % of actions categorised in Information, dissemination, awareness-raising instrument,
contributing only to 17 % of total expected reductions.

Such results, however, do not suggest that these policy instruments should not be adopted by local governments. Despite difficulties
to measure their impact, information and communication actions are key to inform citizens, companies, and other local actors about
available opportunities to reduce emissions in their lives and work environment, may lead to behavioural change and may also
contribute to building up the necessary skills of local professionals to deliver the energy transition. Furthermore, given the effects on
the behaviours, the impact of information and dissemination actions might be more relevant in the long-term and may emerge in
monitoring exercises after 2015. Therefore, actions under this category can be complementary and support and reinforce the effec-
tiveness of other types of policies until the longterm outcomes are more defined.

Overall, the results of this study suggest that city’s governments should combine several policy instruments and measures in their
climate mitigation strategies, as each instrument is characterised by its own strengths and limitations. There is a wide literature on
policies for complex environmental challenges, which provides recommendations on how to design effective policy mixes. These
include selecting a suitable number of policy instruments and avoiding excessive complexity; selecting instruments that do not conflict
with each other and don’t lead to contradictory results; provide adequate resources for implementation; and maintain adaptability
when designing the instrument [17,50].

Through this study, potential strategies that local governments can include in their plans, taking also in consideration local and
territorial circumstances, are highlighted. Therefore, the paper contributes to the literature on local climate policy evaluation, where
there is a lack of assessments on the actual results achieved by urban mitigation policies and on the factors that affect emission
reduction performances in cities. However, the conducted analysis shows some limitations linked to the dataset setting.

First, the classification of the action into policy instruments is directly performed by public authorities when reporting their data on
the platform, which may lead to oversights and inconsistencies. Despite having analysed more than 45,000 actions, this potential bias
has not been fully overcome. Secondly, the geographical distribution of signatories in the sample is limited, as the majority of CoM
signatories belong to Spain and Italy. Future research should expand the analysis to have a more representative dataset of cities
belonging to further countries and, hence, according to data availability, allowing for improving the geographical variability of
policies and actions. Finally, some national and regional policies may have relevant impacts on local CO.eq emissions, thereby
interacting with and influencing the city level performance. Future studies might address these limitations and gaps in developing the
dataset. Moreover, future analysis should also rely on updated monitoring data, to expand the cities” and policies’ sample and account
for the emission reductions achieved by actions that display their effects in the longer term. Finally, the regression model could include
an extended group of variables to account for the impact of factors including political priorities of city governments, citizens’ and
companies’ awareness of CC, the policy mixes adopted by cities in their SEAPs, policy coherence among different levels of government,
as well as the impact of European, national and regional climate and energy policies on the effectiveness of local emission reduction
performances. Disentangling the contributions of policies at different levels would provide useful insights to policymakers for more
effective and consistent policy design in a multi-level perspective.
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Table a

Results of the time analysis by sector

Sector Average of action duration Share of actions expected to be completed by 2015
Municipal buildings 6.7 25.2 %
Residential buildings 8.0 17.1 %
Tertiary buildings 8.6 10.4 %
Public lighting 6.7 29.8 %
Industry 9.1 9.9 %
Transport 8.0 14.8 %
Local electricity production 7.2 25.3 %
Local heat/cold production 6.4 322 %
Others 7.9 17.5 %
Total 7.6 19.6 %
Table b

Share of COzeq reduction in planned action in building sub-sectors

Actions belonging to the buildings’ sector, further split by sub-sector Share on the total planned actions

Share of estimated CO; eq reduction

Municipal buildings 20.0 % 2.7 %
Residential buildings 13.9% 16.2 %
Tertiary buildings 5.9 % 7.2%

Other
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