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ACT

climate change impacts call for increased efforts to adapt and to reduce its adverse consequen
Adaptation responses can themselves be a source of climate risk, generating negative environ

ities while entailing budgetary costs for both governments and private citizens. A key example is the
ir-conditioning for indoor air temperature regulation in the face of rising urban heat. In this pap
lly evaluate the impact of street green spaces (SGS) on residential electricity demand through thei
ture regulation effect. We exploit a monthly panel of household metered electricity demand da
households located in 2,181 municipalities distributed across Italy, in the period between 2020 an
evidence of a significant non-linear mediating role of SGS on the impact of temperature on hou

ty demand. The most salient effect is a reduction in electricity consumption when hot temperature
g monthly average electricity consumption by up to 11-25% (for monthly maximum temperature
C, respectively). The observed moderating effects of SGS are heterogeneous across munici

depend on contextual factors such as the degree of urbanization, baseline heat and SGS leve
income level. To dissipate across-municipality sorting concerns, we conduct propensity score we
ge of potentially confounding observables, and find our results remain consistent. We estimate
creasing the average Green View Index (GVI) level across all municipalities to a value compar
ian of the current distribution would reduce the growth in residential electricity consumption dr
change by more than two thirds (under Representative Concentration Pathway 8.5 climate con
2050). This corresponds to a gross national-level private saving in energy bills of C150 million y
his is a noticeable benefit that represents about 7.3% of our estimated costs to implement such pol
on a potentially substantial social and economic benefit of urban green spaces. Our results provi
tive evidence of the role of street green spaces for both energy demand reduction, and therefore
mitigation, and in terms of outdoor temperature reduction, supporting climate change adaptation.
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duction
climate change impacts call for increased effort on adaptation plans capable of achieving multiple
023). Adaptation responses can themselves be a source of climate risk, generating negative enviro
ties while entailing budgetary costs for both governments and private citizens. A key example is urb
n, and specifically air conditioning (AC), including mechanical ventilation systems based on heat
hnologies are considered effective forms of private adaptation, capable of regulating indoor tempera
the impact of heat on mortality (Barreca et al., 2016; Sera et al., 2020) and other health-related ou
l., 2020). However, AC significantly increases households’ expenditure (De Cian et al., 2025; Randa
Mistry, 2020). It is also considered a form of maladaptation (Magnan et al., 2016; Viguié et al., 20

h energy intensity (De Cian et al., 2025; Falchetta et al., 2024), its adverse impacts on local urban
ures (Jin et al., 2020; Salamanca et al., 2014), and its contribution to global greenhouse gas em
al., 2024). Finally, access to private means of heat adaptation is unequally distributed across citizen

c barriers and inequalities in adaptive capacity (Kianmehr A and Li, 2023; Romitti et al., 2022).

n green infrastructures represent another set of potentially effective adaptation strategies to tackle
et al., 2024). Among those, street green spaces (SGS) are vegetation-covered areas located alon
rban boundaries and in the proximity of buildings (Russo and Cirella, 2018). SGS provide a broa
stem services in terms of human health (Iungman et al., 2023; Jabbar, Yusoff and Shafie, 2021; L
n, 2022; van den Berg et al., 2015a) and well-being (Kwon et al., 2021; Olszewska-Guizzo et al
tribute to flood control (Kim, Lee and Sung, 2016; Staccione et al., 2024), carbon sequestratio

nd Bühler, 2012; Sun, Xie and Zhao, 2019), and urban biodiversity (Belaire et al., 2022; Uchida et a
et al., 2022). SGS are mostly public in nature and they provide a stream of benefits to the general po
on-excludable and non-rivalrous (Tompkins and Eakin, 2012). On the other hand, nature-based ad

thout risks and trade-offs, as it also implies monetary costs, such as the need for recurrent maintenan
24), and it might entail unintended risks, such as the increase in local disease-spreading vectors
25).

paper evaluates the effectiveness of the availability of SGS as a public adaptation option for reg
and indoor local temperatures and hence indirectly reducing the need for using energy-consuming
es in households. It primarily contributes to advancing the understanding of the relationship b
local microclimate within cities, and the consequent role of SGS for energy consumption in bu
th topics have been investigated in the literature, existing studies rely on bottom-up, engineerin
es applied to specific cities or neighborhoods. Large-scale, empirically grounded assessments of th
haping electricity demand remain missing, in part due to the lack of high-resolution, large-area el
tion data and to limitations in the availability of harmonized, spatio-temporal SGS datasets. A

n is Han et al. (2024), who exploit an exogenous shock to urban green space in Toronto to identify it
electricity consumption.

we provide an empirical contribution linking SGS and the energy use dimension, with a specifi
le of hot temperatures at a national scale. We quantify the benefits of SGS by appraising its temp
n effect - measured through the street-based Green View Index (GVI) - and its relevance for ho
y demand. To achieve this goal, we build a monthly panel of household metered electricity dema
129,524 households located in 2,181 municipalities distributed across Italy over the 2020-2022

ed with monthly weather characteristics and GVI data and use a household-level fixed effects reg
estimate how households’ electricity-temperature response function is mediated by the extent of S

he underlying temperature regulation mechanism through which SGS can affect temperature-related
2/72
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ildings, we develop an auxiliary regression model linking SGS and local temperature at the spatial re
eters within a subset of large municipalities where urban microclimate data are available. We then

d relations to assess the private benefits of a public policy targeted at increasing SGS. We character
n as a public good generating positive externalities for households, which we quantify in terms of
y expenditure and welfare. As a guide for the empirical analysis, we develop a simple theoretical m
social planner chooses the socially optimal amount of green spaces and private households adapt to
ns through an intensive adjustment in the use of electricity. When maximizing their utility, privat
oices are influenced by the experienced temperature and therefore by the extent of surrounding green

paper contributes to advancing the understanding of the relationship between SGS and local microc
ities. Street trees are a key solution for mitigating urban heat islands, primarily by providing sh
g evapotranspiration (Aram et al., 2019; Du et al., 2017; Massaro et al., 2023; Meili et al., 202
iddel and Vanos, 2023; Wong et al., 2021; Yin et al., 2023; Zhang et al., 2014). The concept of
is widely used to describe the slope of the relationship between urban green space and air tempera

24). A growing body of empirical contributions has quantified this parameter using different met
approaches (Chan et al., 2024; Yang et al., 2022; Zhan et al., 2024), showing that cooling efficienc

ially across geographical, infrastructural, and climatic contexts and is better represented as a no
rather than a constant (Liu et al., 2022; Ouyang et al., 2020). For example, based on a large sa
cities, Marando et al. (2022) estimate that a minimum tree-cover fraction of approximately 16% is

e a 1◦C reduction in urban temperatures. Complementing this, Zawadzka, Harris and Corstanje
rate the importance of using high spatial resolution data, as well as accounting for additional la
such as water bodies, to accurately detect the cooling effect of urban green space. The magn

ing benefit from SGS has also been shown to decline with distance from the tree canopy, under
rtance of trees’ proximity to buildings for maximizing temperature-reduction benefits (Park et al
a comprehensive review by Wong et al. (2021) concludes that urban green infrastructure is an e
for mitigating urban heat, but that its cooling potential is highly context-dependent, varying with th
analysis, the extent of greenery, and plant selection and placement. We find that areas of cities wit
m less in relation to the average warming experienced throughout the city. Moreover, we find evid
arity in the effect of GVI on local temperature.

second contribution relates to the understanding of the consequent role of SGS for energy consu
ngs. Existing work on the benefits of SGS is dominated by context-specific case studies, bot
anean region (Aboelata, 2021; Karachaliou, Santamouris and Pangalou, 2016; Napoli et al., 2022;
13; Vurro et al., 2024; Zinzi and Agnoli, 2012) and in other climatic settings (Kim, Yi and Lee, 201
19; Quaranta, Dorati and Pistocchi, 2021; Zhang et al., 2014). For instance, in Athens, Olivieri et al
that installing a green roof can reduce the annual cooling load of the host building by about 19%,
inzi and Agnoli (2012) find that green roofs implemented on 12-meter high buildings can lower
se by 3.2–4% on a typical summer day. In Beijing, Zhang et al. (2014) quantify the cooling ef
d environmental benefits of SGS and estimate that air-conditioning demand is reduced by roughly 0
tt-hour)/yr. A simulation study for Miami (USA) by McPherson, Herrington and Heisler (1988
e SGS can decrease annual cooling electricity expenditures by $249 (61%) and reduce local peak
31–49%. Methodologically, Zhu et al. (2022) emphasize the importance of relying on air temp
rather than land surface temperature, when assessing the potential of urban greenery to curb b
onsumption. Synthesizing evidence across case studies, Seyam (2019) concludes that greenery
contribute to building energy savings, but cannot fully substitute air-conditioning systems for mai

hermal comfort; instead, their performance depends critically on appropriate management con
g adequate watering, to fully realize trees’ cooling capacity (Gao, Feng and Santamouris, 2024
suggests that SGS should be viewed as a form of public adaptation that can lower, but not entirely
daptation efforts such as mechanical cooling, thus giving rise to public–private synergies in ad
3/72
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ns and Eakin, 2012). We find that SGS levels - as measured by GVI - significantly and non-linear
peratures influence household electricity demand. SGS limits the increase in electricity consum
ures rise, with the effect being stronger when temperatures reach the hottest levels (≥ 30◦ C of m
of daily maximum temperatures). The identified moderating effects of SGS are heterogeneou
lities, as they depend on contextual factors such as the degree of urbanization, baseline heat and SG
age income level. A policy aimed at bringing the municipality-level average GVI to at least 21 -
d the median of the current distribution across the municipalities covered by our analysis - would
than two thirds the temperature-induced residential electricity consumption growth driven by climate

e green spaces also require maintenance, our third contribution is to provide a back-of-the-envel
of the public budgetary implications of nature-based solutions such as SGS in relation to the
hey can generate. A systematic review of the literature on the costs of nature-based solutions, in
aces (Panduro et al., 2021), found that the establishment cost of green spaces has a mean valu
, but with a wide range between C323/m2 and C1.7/m2, though costs in general are not well-docu
ance costs have a mean value of C1.8/m2, but again are characterized by a big spread, between C1
5/m2. Costs vary across space, over time, and with the extent of future warming. For six cities in

verage costs for new investments in green spaces as well as their maintenance and operation un
n quantified to lie in the range between C108 and C166 million (Loibl et al., 2015). EU-wide asse
geospatial implementation of the meta-models (Quaranta, Dorati and Pistocchi, 2021) have qu
of green roofs and their benefits, in terms of reduced energy demand and CO2 emissions. Spec

of turning 26,450 squared kilometers of impervious urban areas in Europe into green surfaces is es
ear per urban resident with a total Net Present Value (NPV) of costs over C1,323 billion. In ou
pen public budget data on the yearly costs of maintenance of public green spaces and enhancemen
nvironment for Italian municipalities to estimate investments required to support policies that expan
e then relate these cost estimates to the estimated private benefits in terms of reduced electricity exp
-level private savings in terms of energy bills represent about 7.3% of the costs to implement and m
y. The already significant private benefits of SGS underline the important role of urban green spa
ublic adaptation that can reduce the risk of private maladaptation from unregulated active cooling ene

remainder of the paper is organized as follows: Section 2 introduces a theoretical framework for de
f SGS for residential energy use from the perspectives of both the social planner and the private ho
3 and 4 illustrate the sources of data and econometric approach used for empirically evaluating the r
d in theoretical framework; Section 5 presents the results of the empirical analysis; Section 6 d
neity and robustness checks, while Section 7 derives a set of policy and climate change impacts sim
economic implications. To conclude, Section 8 discusses the relevance of the empirical and sim

nd lays out implications for policy and future research.

retical framework
our empirical analysis, we develop a simple model in which a social planner decides on the i
ion of SGS, G, as a public good while private households maximize their individual utility sub
budget constraint taking the provision of the public good G as exogenous.

social planner. For each year t, let Ga,t be the density of SGS in each administrative area, a. The p
blic good G is a function of the social planner’s decision to implement policies (POL) and inves
pansion and maintenance of SGS, for instance through the plantation of trees along roads or thro
on of land use to create new urban parks. At the same time, G is exogenously affected by inte
s in temperature, rainfall, and other weather events (c), such as the frequency and intensity of
nd acute heat:
4/72
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,t = f (POLa,t , INVa,t ,ca,t)

public good G hence generates a stream of positive externality value accruing to an array of
als. Each household i in a given administrative area a adjusts the use of electricity, qE . We assume
of such energy use is a function of income y, relative prices (pe, px, see private household model bel
ogical climatic conditions experienced by each household, c; a set of household-specific factors B a
vioral reaction to H in relation to c; and Z, which captures characteristics (different from G) that de
rability to heat, such as the average characteristics of the building stock and the local demographic s

,i∈a,t = f (pE,a,t , px,a,t ,yi∈a,t ;Ga,t ,ca,t ,Bi∈a,t ,Za,t)

objective of the public decision-maker taking decisions related to G is to maximize discounted social
the costs function of expanding and maintaining G (COST G) is balanced against its total public and
We assume these benefits mainly consist of two components. First, the net reduction in private el

i∈a,t (private positive externality value). Second, the additional set of benefits due to ecosystem
(∆qECO,i∈a,t):

NEFIT G = f (∑
i

∆qE,i∈a,t ,∑
i

∆qECO,i∈a,t)

ch municipality, assuming a planning horizon of 20 years, the social planner solves the following i
ximization problem:

xW =
20

∑
t=0

β tNBG
a,t =

20

∑
t=0

β tBENEFIT G
a,t −β t

20

∑
t=0

COST G
a,t

ct to the intertemporal budget constraint:

1

COST G
a,t

(1+ r)t−1 ≤
20

∑
t=1

PBa,t

(1+ r)t−1

e:

BG
t : net benefits from G in period t

a,t : public budget available at each time period t

β : Discount factor

r : Discount rate

first-order conditions identify the optimal level of G, inclusive of private externality benefit:

L

BG : β t−1W ′(NBG)− λ
(1+ r)t−1 = 0, for t = 1,2, . . . ,T,

λ
:

T

∑
t=1

NBG

(1+ r)t−1 −
T

∑
t=1

PBa,t

(1+ r)t−1 = 0
5/72



Journal Pre-proof

The optimiz-159

ing hous nal, and160

time sub161

162

The tility, u,163

from the ity, qE :164

u = (8)

where uq165

166

Elec turn are167

influence168

wher oint of169

thermal tyle and170

behavior n-dense171

neighbor172

We a use the173

implicit and of174

electricit ect to G,175

and appl ufficient176

conditio at green177

spaces re rmined178

by the si179

180

If ∂q
∂c181

182

If ∂q
∂c183

184

Figu e green185

line depi d green186

curves re aims at187

empirica at ∂c
∂G is188

negative189

190
 Jo
ur

na
l P

re
-p

ro
of

availability of the public good green spaces, G, influences the conditional electricity demand of an
ehold in a given municipality a and in a given year t (for clarity we here omit the individual, regio
scripts).

private household. Each household i (we now omit the subscripts for notational clarity) derives u
consumption of a generic good, x — which we treat as the numeraire, with px = 1 —, and electric

u(qE ,x)

E > 0 and ux > 0.

tricity consumption is a function of the locally experienced meteorological conditions, c, which in
d by the availability of green spaces, G:

qE = qE(c(G),G)

e qEc =
∂qE
∂c can be either positive or negative depending on the level of c relative to a set-p

comfort, c. We assume that G has also a direct impact on qE , e.g. through its influence on lifes
al choices, for instance the tendency to spend more time outdoors if a household lives in a more gree
hood. The effect on green spaces on electricity occurs through two mechanisms:

qEG =
∂qE

∂G
=

∂qE

∂G︸︷︷︸
Direct effect

+
∂qE

∂c
· ∂c

∂G︸ ︷︷ ︸
Indirect effect

pply a comparative static analysis to the constrained optimization problem of the household and
function theorem to derive the impact of the exogenous variable G on the household optimal dem
y, q∗E(pE ,y;G,c,B,Z). We differentiate the three FOCs for qE , x, and λ (see Appendix ) with resp
y Cramer’s rule to obtain the effect of G on the optimal demand ∂q∗E

∂G . Since from the second-order s
ns for constrained maximization, the sign of the Jacobian matrix is positive, since we assume th
duce temperature, ∂c

∂G < 0 and we have that p2
xuqE qE < 0 and uxqE ≥ 0, then the sign of ∂q∗E

∂G is dete

gn of ∂q∗E
∂c :

∗
E < 0, then ∂qE

∂G > 0

∗
E > 0, then ∂q∗E

∂G < 0

re 1 represents the comparative static effect of G on electricity demand for different levels of c. Th
cts electricity demand following an increase in green spaces, and the area between the black an
presents the energy savings from SGS’s temperature regulation effect. Our empirical analysis
lly estimating the sign and the magnitude of ∂q∗E

∂G . Our auxiliary regression shows empirically th
(see Results section).
6/72



Journal Pre-proof

Figure 1 he black
and the g t.

3 Data191

To empir onthly192

metered d in our193

main ana ring n =194

129,524 d 2022.195

Second, S for a196

subsamp climate197

model ru form an198

auxiliary exploit199

the great ociation200

between201

202

Met on data203

available ctricity204

contracts oughout205

Italy. Th average206

bills, uni vailable207

at the mu Italy, as208

mapped Figure 2209

shows th summer210

period Ju211
Jo
ur

na
l P

re
-p

ro
of

. Schematic framework of the assumed SGS effect on electricity consumption. The area between t
reen lines represents the household energy saving induced by SGS’s temperature regulation effec

ically evaluate our theoretical framework, we assemble two datasets. First, we combine data on m
household electricity use, with municipality-level climate and SGS indicators. This dataset is use
lysis relating green spaces and temperature to electricity demand. This is the core dataset, cove

households located in 2,181 municipalities distributed across Italy over the period between 2020 an
as an ancillary dataset, we combine high spatial resolution (100 meters) data on temperature and SG
le of 10 large Italian cities selected on the basis of data availability from the UrbClim urban micro
ns from the PROVIDE project (Lamboll, Rogelj and Schleussner, 2022). We use this dataset to per
set of regressions to estimate the underlying direct relation between SGS and local temperature. We

er spatial granularity and the variation that exists even within a given city to examine the local ass
temperature and SGS.

ered household electricity consumption data. We assemble household electricity consumpti
at Point Of Delivery (POD) for the 2020-2022 period. Our sample comprises residential ele

, implying that a POD identifies a household. The data are provided by a private utility operating thr
e dataset consists of a monthly panel of POD-level data on electricity consumption and expenditure (
t prices of electricity, and marginal expenditure per unit of energy) with geographic information a
nicipality spatial resolution. It covers 129,524 PODs distributed across 2,181 municipalities of

in Figure 2 and Figure A-1, and has a monthly temporal resolution (Figure A-2). The right panel of
at the majority of households allocate more than 25% of their annual electricity expenditure to the
ne-August.
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2. Average monthly electricity consumption per POD across the municipalities covered by the hou
electricity dataset over whole year (left) and share of summer months (June-August) electricity
tion over the total yearly electricity consumption (right).

icipality-level characteristics. Since the metered electricity consumption data do not include ho
ristics, we augment this dataset with some socio-economic attributes at the municipality level to
neity analysis and propensity score weighting (see Section 6). We calculate a time-invariant me
dent population in the municipality, pop, based on the GHS-POP gridded population 2019 revisi
RC (Florczyk et al., 2019); based on total population and the land area of the municipality, we ob
opulation density, popdens. Henceforth, we categorize municipalities into urban (population densi
an (density between 250 and 500), and sparse (density <250). We retrieve the average annual in
cipality level, avgincome, based on the ISTAT yearly, municipality level average taxable income
r the 2020-2022 period. We also construct a set of indicators of the shares of the building stock
lity that were built in a set of year groups based on the GHS-AGE R2025A data product from the E

sion JRC (2025). Finally, we augment each observation with the latitude and elevation of the munic
coordinates pair, obtained from Amazon Web Services (AWS) Terrain Tiles AWS (2025) .

eorological data. The main meteorological variables used to perform the main analysis on meter
nsumption include the monthly average of daily maximum temperatures, T max, and - in an ad
tion - the Cooling Degree Hours (CDH) per month, CDH. While T max captures acute exposure

calculated as the count of hours in a given month when the hourly average temperature is above a th
5◦ C and it captures the chronic or cumulative exposure to heat. These variables are computed from
ure data from ERA-5 Land climate reanalysis data (Copernicus Climate Change Service, 2019) a
tive spatial resolution of about 9km for the period covered by our metered electricity consumpt
22). The two heat metrics are extracted within the administrative boundaries of each municipality, w
ce by population density to attribute more weight to temperatures in the proximity of densely po
gure 3 illustrates a map of the spatial variability of the calculated climate metrics across municipal
rly maximum value across months, while Figure A-3 presents similar maps for the twelve month
a remark, in the fall and winter months in Italy, temperature drops significantly, which explains a
0 for monthly CDH, as seen from Table 1 below.
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rallel, for conducting the auxiliary regressions to demonstrate the effect of SGS on local heat met
high-granularity climate data derived from the PROVIDE Climate Risk Dashboard (Lejeune et al
livers 100-meter spatial resolution heat metrics (sum of monthly Cooling Degree Hours and monthly
maximum temperatures) for a pool of cities calculated based on the urban-scale climate model U
er, Lauwaet and Maiheu, 2015). The simulations of UrbClim explicitly account for the cooling
n through the use of high-resolution land cover data, shading algorithms, and energy balance model
of Italy, data for the following ten cities, which are also part of the GVI and metered electricity cons
and are rather homogeneously distributed across the territory of Italy, are currently available: Turin
ologna, Padua, Rome, Palermo, Trieste, Naples, and Bari.

se of spatially granular climate data in the auxiliary analysis is motivated by the lack of within-city v
nicipality-level weather variables derived from ERA5-Land which are used in the main regression
arser variables are insufficient for investigating the assumed SGS–temperature mechanism. S
climate data from PROVIDE are available only for 2008–2017, and we treat this interval as a h

ogical baseline. For each grid cell within the ten cities, we compute the mean monthly values o
span to obtain representative seasonal conditions, a standard practice in climate science (Hersbac
lthough this period precedes the weather–consumption window examined in the main analysis (2020
atch does not undermine the identification of the underlying physical mechanism—temperature re

vegetation cover. While this mechanism can be influenced by long-term factors such as urban deve
ng characteristics, these features change slowly. In the relatively stable urban settings of Italy, sub
er a single decade are unlikely.

n additional comparative exercise, we evaluate the consistency between the yearly sum of CDH
A-5 Land (using the average across years for the period 2020-2022) and the spatially granular U
E dataset, providing yearly sum of CDH based on simulation year 2020 (i.e. the representative

the specific weather year). For the ten cities where the granular PROVIDE data is available, Fig
at - while generally consistent - coarser municipality-level data from ERA5 Land tends to system
imate the yearly heat metrics, compared to granular climate model output data at the within-city lev
owing to the coarse spatial resolution of the ERA5 reanalysis data, which does not explicitly resolv
at island (UHI) effect (Adinolfi et al., 2023).
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3. Maps of municipality-level heat metrics - average monthly level across the Summer months
gust). Top-left: Monthly mean maximum temperature (Data source: ERA-5 Land); Top-right map
mean Cooling Degree Hours (Data source: ERA-5 Land); Bottom panel: Spatial distribution of C
ours (CDH) heat metric in ten large Italian municipalities (Data source: PROVIDE Climate Risk

rd). Note: the location of the ten large Italian municipalities where high-resolution urban microclim
le is reported in the upper panel maps.
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et green space data. We adopt the methodology developed in Falchetta and Hammad (2025) 1 to e
in a set of randomly picked sampling coordinates along streets in each year and within each muni
such samples, we derive the average GVI for each municipality covered in our electricity consu
o contextualize the interpretation of GVI values, Figure A-9 illustrates representative street-based

s and their associated GVI value. Figure 4A illustrates a map of the average GVI value in each
lity for which electricity data are available (with a yearly analysis of the distribution and time tren
heterogeneity assessment presented in Figure A-7). Figure 4B illustrates within-city heterogeneity
used in the second database to examine the relationship with the more granular meteorological data.
lementary Appendix file contains a table providing a range of municipality-level statistics (inclu
d average GVI value) for all municipalities covered by our analysis.

pling-point specific urban covariates. For conducting the auxiliary regressions evaluating th
green spaces on local temperatures within each of the ten municipalities where granular climate
, we also extract a set of sampling point-specific (i.e. in the same randomly sampled point locatio
mates are obtained within each city) covariates. These variables describe additional local urban
inclusion in the empirical model aims at controlling for confounding factors and isolating the in

tion of SGS. Such factors include: local average buildings height and population density from the E
ILT-H 2023 and GHS-POP 2023 data products (Florczyk et al., 2019), having a spatial resol
rs; the local presence of water bodies, with data obtained from the Copernicus Land Monitoring
cus, 2018) with a spatial resolution of 100 meters; and local elevation obtained from the AWS Terra
025), with a 30-meter spatial resolution.

etta and Hammad (2025) train a machine learning algorithm to estimate the GVI (a street-based indicator of vegetatio
ithin a theoretical range of 0 to 100%; see Seiferling et al. (2017) for details) at any coordinate point in urban areas of
igh-resolution multispectral satellite data and additional granular data.
11/72



Journal Pre-proof

Figure Map of
municipa el:
within-c ce:
Falchetta er panel
is report
Jo
ur

na
l P

re
-p

ro
of

4. Maps of the spatial distribution of the GVI (average value over 2020-2022 period). Top panel:
lity-level mean GVI in areas covered by the metered electricity consumption dataset; Bottom pan

ity GVI heterogeneity in ten large Italian municipalities used in the auxiliary regression. Data sour
and Hammad (2025). Note: the location of the ten large Italian municipalities visualized in the low
ed in the upper panel map.
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criptive statistics
monthly maximum temperature across the whole year ranges within an interquartile range of 12.
the summer average monthly maximum temperature during June, July, and August ranges between

ith an average value of 29.1◦C (see Table 1 and Figure A-4 for a heatmap of the frequency of obse
and GVI exposure levels). The average value of GVI across the Italian municipalities considere
8 and 37, with a standard deviation of 3. Figure A-6 presents a histogram of the distribution of GVI
the presence of tails on both sides of the distribution. Significant spatial variation in the GVI leve

alities and regions is observed, as seen from Figure 4 and summarized with boxplots in Figure A
erage density in Central Italy and in areas near the Alps. Regarding the temporal variation in GVI
s municipality level maps of the absolute and percentage change for the 2020-2022 period covere
highlighting a moderate and spatially widespread decrease in GVI over the study period. Average
y consumption ranges within an interquartile range of 101-223 kWh/household/month, whereas
y during June, July, and August, ranges between 97-219 kWh/household/month. At the municipali
of municipalities with electricity peaks appear in several regions of both the North and South
ttern that, especially in summer, reflects more the local altitude than the latitude. Note that for reg
we drop observations (POD x month x year) with consumption of less than 50 kWh/POD/month to
onth combinations in periods of the year when such homes are not regularly inhabited2. Finally, el
ure metrics at the POD-level are summarized for each region in Table A-16.

dition to the dataset used in the main electricity consumption analysis, Table A-1 reports summary s
xiliary analysis based on within-city sampling points data to assess the impact of SGS on urban temp

ng for relevant covariates.

em this a reasonable threshold which can be reached by always-on appliances such as refrigerators and appliances i
sidering that according to national statistics the average household consumes around 145 kWh/household/month in Italy
te that we assess the implications of excluding POD-month observations with consumption below 50 kWh/household/mon
at such a threshold likely reflects the usage profile of an unoccupied or rarely used dwelling (e.g., a vacation home), give
consumption of a refrigerator/freezer and standby appliances alone can reach this level. Such filtering procedure dec
e by 12.7%, from n = 3,563,158 to n = 3,109,091. Table A-9 compares the results that are obtained when re-estimating
pecification for (i) the full sample (without filtering) and (ii) the filtered sample (the same used in the main specifications
lts section). These demonstrate that the sign and the statistical significance remain consistent in the full sample and on t

hile coefficient magnitudes differ despite the only moderate reduction in observations count.
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able 1. Summary statistics of the household metered electricity consumption data and covariates

Min Q1 Median Mean Q3 Max
Year 2020 2020 2021 2021.1 2022 2022

Month 1 4 7 6.6 10 12
ectricity use (kWh/POD/month) 50 100.6 150 180.6 222.5 14189.6

Monthly Tmax -10 12.8 18.6 19.6 27 35.2
Monthly Tmean -12.9 8.6 14 15.1 21.9 29.9
Monthly Tmin -16.4 4.7 9.6 10.9 17.1 26.4

y Cooling Degree Hours (CDH) 0 0 0 418.3 519.7 3761.4
Green View Index (GVI) 8 16.9 17.9 18.9 20.6 36.9

Tot. population 77.7 12823 33912.4 124968.8 358482.8 2607104.2 14
Pop. density (pop/km2) 2.3 226.4 344.5 984.8 2611.9 8107.2

Avg. income (C) 10511.3 21914.9 23496.8 23655.6 27238.6 48385.6
% no buildings 0.0 0.3 0.6 0.5 0.7 1.0

% buildings < 1980 0.0 0.2 0.2 0.3 0.5 0.9
% buildings 1980-1990 0.0 0.0 0.0 0.0 0.1 0.1
% buildings 1990-2000 0.0 0.0 0.0 0.1 0.1 0.2
% buildings 2000-2010 0.0 0.0 0.1 0.0 0.1 0.2
% buildings 2010-2020 0.0 0.0 0.0 0.0 0.0 0.1

Elevation -37.0 15.0 61.0 87.8 79.0 2736.0
tricity use and climate metrics are measured at a monthly level; GVI is measured at a yearly level; Tot. population, pop
e and building age features are time-invariant in the three-year panel.

irical framework

n analysis: street green space and household electricity demand
on the household metered electricity consumption dataset with municipality-level treatment vari
nt the following interactions-based, quadratic temperature specification, which allows us to cap
el and municipality-level fixed effects, as well as additional time-invariant and time-trend compon

g(qE,i,m,t) = β1Ha(i),m,t +β2H2
a(i),m,t +β3SGSa(i),t +β4Ha(i),m,t ·SGSa(i),t +β5H2

a(i),m,t ·SGSa(i),t+

ζi +θa +µm ×λa +ρt + εi,a,m,t

e, for each household i, municipality a, month m, and year t, qE is the metered electricity consumpti
al average value at the municipality level of - depending on the specification - the monthly average

temperature or the monthly cooling degree hours calculated with a threshold comfort temperature
e average street green space in municipality a at year t as measured by the GVI index. The identi

exploits POD (ζ ), municipality (θ ), year (µ), month (λ ) and region by year dummies (ρ , allowing to
ed time-variant variation that is specific to each region in each given year, such as regional po
weather events) fixed-effects to absorb household, seasonal, yearly, as well as location-invariant uno

uch as building type and quality, geographical and environmental factors and conditions, applianc
, electricity price, as well as COVID and gas price crisis exogenous shocks, and hence isolate our
st, namely the role of municipality-level SGS on the POD-level temperature-electricity demand
r term, ε , is clustered at the municipality and POD level, and captures the residual unobserved vari
me.
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hanism analysis: street green space and local temperature regulation
n specification outlines the role of SGS in moderating the temperature-electricity consumption rel
hanism underlying this phenomenon is likely the cooling effect of SGS, particularly during hot
an serve as an alternative to other electricity-consuming cooling methods. However, our main spec
enable us to clarify the underlying mechanism of such interplay, i.e. the direct temperature reg
SGS. To explore this result, we exploit within-municipality spatial variation in SGS coverage a
ure levels, which we can retrieve for a subset of municipalities (see Data section for details). We e
wing spatially granular regression model:

,a,t = δ1Ta,t +δ2SGSc ×Ta,t +ζc +µt + εc,a,t

e, for each sampling cell c, municipality a and month t, T is the average monthly maximum tempera
tological period 2008-2017, SGS is the local density of street green space (average value across y
evel fixed effects and µ are monthly fixed effects. The error term, ε , is clustered at the cell and mon
ptures the residual unobserved variation in the outcome. The coefficient δ2 captures the cooling e
erage.

regression setup is hence a month-cell panel with 12 observations for each cell and where, for eac
logical variables capture the local historical average value at each month of the year. Using the
max temperatures reduces the dimensionality of the panel, being virtually equivalent to estim
fixed-effects regression (TWFE) with data demeaned by month-of-year. The choice is therefore

ntation rather than identification. The regression specification thus captures the within-city spatia
) and average seasonal variation. The covariates included in the auxiliary regressions (specifically,
opulation density variables, while the elevation and water bodies variables are assumed to be time-in
years 2017-2023 and 2020, respectively. Both variables are sufficiently time-stable to confiden
they might have significantly and systematically deviated from the temporally near climatologica
17).

e auxiliary specification, SGS coverage is a time-variant variable (GV I data has yearly, but no m
), and hence its main effect is absorbed by cell-level fixed effects. As temperatures recorded at the c
nsidered exogenous in this setting, under the assumption that temperature discrepancies within the

ver to the presence of green spaces in specific cells, the coefficient captures how a common temp
perceived in different areas of a city depending on the presence of SGS, net of unobserved time-i
eterogeneity and seasonality.

robustness test, we augment this specification by including a quadratic term of SGS or, in altern
based categorical bins specification based on the distribution of the continuous SGS variable, to tes
arities in the effect of GVI on temperature. Finally, we also test the robustness of our results to the

of a vector of time-invariant cell-level covariates (including population density, water bodies prese
), instead of controlling for cell-level fixed effects. The elevation and water bodies variables are ass
invariant over the period covered by the time-variant variables.

lts

role of street green space for residential electricity consumption
ate Equation 9 to appraise the role of SGS in residential electricity demand through its mediatin

erature, as hypothesized in Figure 1. Table 2 illustrates the results of different regression specifi
preferred one being the quadratic in temperature specification with POD, municipality, year, mo
15/72
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y-year fixed effects and municipality and POD-level clustered standard errors, reported in column
cients of interest are the interactions between heat metrics (maximum temperature in our main speci

ing degree hours and temperature quantile bins as alternative variables, Table A-7) and GVI levels
ation of the two treatments of interests). Table A-3 reports specifications which only include temper
the results without the inclusion of the GVI mediator variable.

able 2. POD-level fixed-effects regression results on household metered electricity consumption

(1) (2) (3) (4) (5)

Variables
Tmax 0.0091∗∗∗ 0.0096∗∗∗ 0.0126∗∗∗ 0.0125∗∗∗ -0.0753∗∗∗

(0.0020) (0.0020) (0.0032) (0.0032) (0.0142)
GV I 0.0304∗∗∗ 0.0151∗∗∗ 0.0144∗∗∗ 0.0131∗∗∗ -0.0146∗∗∗

(0.0029) (0.0016) (0.0015) (0.0017) (0.0051)
Tmax × GV I -0.0007∗∗∗ -0.0008∗∗∗ -0.0007∗∗∗ -0.0007∗∗∗ 0.0022∗∗∗

(0.0001) (0.0001) (9.42×10−5) (9.41×10−5) (0.0006)
Tmax square 0.0020∗∗∗

(0.0003)
Tmax square × GV I −6.61×10−5∗∗∗

(1.58×10−5)

Mean outcome (kWh/POD/month) 180.6
Total avg. marginal effect of GV I 0.0162 0.0003 0.0004 0.0004 -0.0012

Fixed-effects
Municipality Yes Yes Yes Yes Yes
POD Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes
Month Yes Yes Yes
Region-year dummies Yes Yes

Fit statistics
Observations 3,106,695 3,106,695 3,106,695 3,106,695 3,106,695
R2 0.75649 0.75686 0.77694 0.77697 0.77813
Within R2 0.02727 0.01948 0.00368 0.00363 0.00878

Notes: Dependent variable: logarithm of monthly metered electricity consumption (kWh)
Clustered (Municipality & POD) standard-errors in parentheses
Signif. Codes: ***: 0.01, **: 0.05, *: 0.1

egression specifications suggest the existence of a regulating function of SGS on the temperature-el
relation. SGS partly reduces heat-related electricity consumption: the results of the quadratic tre
n specification (5) show that temperature and electricity demand have a U-shaped quadratic relati
cting such quadratic relation - and a stronger effect on the hot temperature side of it (right-hand sid
nterestingly, the GV I main coefficient is negative and statistically significant, highlighting that hou
more SGS-dense municipalities tend to display lower electricity consumption levels due to uno
uch as behavior or housing energy efficiency). In the linear specifications (as we move from colum
ally adding POD, municipality, time, and time-trend fixed-effects to absorb variation from unobs

ders), the average monthly maximum temperature has a negative effect on electricity demand w
ar is considered, reflecting the Italian climate, which tends to lead to overall higher electricity cons
time for heating and lighting.

re 5 illustrates this effect by showing, in the top row, the average model predictions of residential el
at different levels of heat exposure, differentiated by GVI level. The lines clearly demonstrate b
d electricity demand response to temperature, with strong increases during cold temperature period
inimum value at moderate temperatures, and a further spike once temperature grow further. Moreo
16/72
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iated predictions across GVI levels show the cooling role of SGS and its relevance for mitigating the
icity consumption during periods of the year when hot temperatures are experienced. This is part

the lower panel of the figure. For instance, we estimate that a representative household when the
maximum temperature stands at 30◦ C would consume 170 kWh/month if the average municipal
0 (a value at the 35th percentile of the municipalities GVI levels distribution), while such consu
reduced to 163 kWh/month (-4.2%) if GVI stood at 25 (a value at the 80th percentile of the munic

ls distribution). On the other hand, we find evidence of a much more moderate positive association
y consumption and GVI during cold periods of the year, consistently with (Alberini et al., 2019).
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re 5. Predicted value and change in monthly electricity demand at different levels of GVI and for different maximum temperat
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loring mechanisms: street green space and local temperature levels
ain specification, we find that SGS has a mediating role in the relationship between electricity cons
eratures. As previously discussed, one of the key underlying mechanisms is that SGS can decreas
ure and, in turn, affect the usage of temperature mitigating household appliances. We evaluate the
n urban heat by estimating Equation 10. Table 3 presents the regression results based on granu
oclimate data for within-city locations in the ten large municipalities in Italy covered by the PR
as discussed in the Data section). Results show that areas of cities with higher GV I level warm
o the average warming experienced throughout the city. This finding is consistent across the linear
atic (column 2) and quantile piecewise (column 3) specifications, where the β2 interaction coeffi
S and local Tmax is found to be negatively associated with the average maximum temperature of
onth and grid cell fixed-effects. Specifically, the linear specification (1) shows that, for every 1
I index, we estimate around a 1% reduction in the local maximum air temperature value with re

scale average maximum air temperature. Considering the average values of 20.2 of Tmax and of 20
e ten cities assessed in this supplementary analysis, we estimate a total average reduction of 0
ge maximum temperature (Tmax) due to SGS cooling role within each municipality. The magn

lt is within the range of the literature when referring to the cooling efficiency of urban green spac
ure (Li et al., 2025) and it reflects the average effect across all months of the year. We also find evid
rity in the effect of GVI: the estimated coefficients demonstrate that GVI is mildly non-linear, in p
ht-hand-side of the distribution, where higher GVI values determine a more than linear reductio

rics, consistently with what noted in the literature (Ouyang et al., 2020). To conclude, column (4)
t of an alternative specification where cell-level fixed effects are omitted so as to directly includ
tion the local GV I and additional time-invariant cell-level variables. Consistently with the resul
umns, the specification of column (4) provides evidence of a local negative association between G
of cell-level covariates. Consistent with our empirical design, the results are unchanged when pre
rly variation while including month-of-year level fixed effects (Table A-17).

results of this supplementary analysis further reinforce the theoretical foundation for evaluating th
f SGS for residential electricity use in relation to the temperature-energy demand relation. As a
ating role of SGS for decreasing heat-related electricity use in building is likely larger in magni
temperature reduction found in the 100-meter resolution microclimate model output data only. Th
nly moderate spatial variation within each city, contrarily to surface temperature, which is found to
ger ranges within cities (Cao et al., 2021). SGS levels are also strongly related to factors such as
iation through shading (Hsieh et al., 2018; Pandit and Laband, 2010), which has a strong impact on
ss but is not directly observable in our meteorological data.
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ression results for the granular analysis to assess the role of street green space (net of additional urban feature covariates) for loca
city-wide level. The regression is based on the ten large municipalities covered by the PROVIDE dataset.

Dependent Variable: Local monthly maximum temperature (T maxc,a,t )
Model: (1) (2) (3) (4)

Variables
T maxa,t 1.012∗∗∗ 1.040∗∗∗ 1.016∗∗∗

(0.0046) (0.0068) (0.0048)
GV I × T maxa,t -0.0005∗∗∗ -0.0034∗∗∗

(7.12×10−5) (0.0004)
GV I square × T maxa,t 7.9×10−5∗∗∗

(9.21×10−6)
Q1 GV I × T maxa,t -0.0138∗∗∗

(0.0019)
Q2 GV I × T maxa,t -0.0126∗∗∗

(0.0018)
Q3 GV I × T maxa,t -0.0117∗∗∗

(0.0017)
Q4 GV I × T maxa,t -0.0126∗∗∗

(0.0017)
GV I -0.0061∗∗∗

(0.0018)
Pop. dens 0.0011∗∗∗

(0.0001)
Elevation 0.0006

(0.0004)
Water bodies 0.0017

(0.0024)

Fixed-effects
Grid cell Yes Yes Yes
Month Yes Yes Yes Yes
Municipality Yes

Fit statistics
Observations 147,396 147,396 147,384 147,396
R2 0.99692 0.99694 0.99693 0.96996
Within R2 0.85584 0.85671 0.85646 0.00527

Clustered (id & variable) standard-errors in parentheses
Signif. Codes: ***: 0.01, **: 0.05, *: 0.1
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rogeneity, robustness, and potential limitations
eneity analysis. To explore the heterogeneous role of SGS in mediating the temperature-energy
we evaluate the range of different effects across PODs, municipalities, regions, and conditional to d
ality-level features such as income level and population density. Figure 6 illustrates the range of

electricity consumption across PODs in the sample conditional on different levels of monthly
temperature and GVI. The plot shows that the range of variation in predicted values becomes sign

temperature grows. GVI reduces energy use, but has the opposite effect at low temperatures, where
ng PODs living in more SGS-dense municipalities slightly increases.

nalysis of variance model (ANOVA) further highlights that the difference in means across bins
role played by GVI in mediating the temperature–electricity demand relation) is statistically sig
l temperature intervals (Table A-10). The magnitude of the F-statistics notably increases with tem
round 246 in the [5,10]°C bin to over 130,000 in the [30,35]°C bin — suggesting that the moderatin
ecomes increasingly pronounced as temperatures rise. This pattern supports the interpretation th

tronger role in reducing electricity demand during hotter conditions, consistent with the idea that ve
heat-related energy use through local cooling effects.

6. Box-plots of the range of impact of GVI on the effect of maximum temperature on electricity
tion. Red dots identify the mean value across each whisker.

onduct two additional sets of regressions to evaluate if municipalities that are characterized by hig
an median summer heat (municipality-level median 2020-2022 June-August = 27.73°C) and GV
ality-level median 2020-2022 June-August = 21.327) respond differently to hot temperatures an
es in the mediating role of SGS identified in our main specification. Specifically, we first est

lds living in each of these subsets of municipalities respond differently to T max over cold and hot
ely; then, we test for the mediating role of GVI in the relation between T max and electricity consu

s A-13 and A-14 display the results of these specifications. We find that hotter municipalities have
her response to temperature during hot months than less hot municipalities (2.7% vs. 1.7% growth
21/72



Journal Pre-proof

likely re ipalities464

are more king at465

the medi ctricity466

consump467

468

Mov S-dense469

municip s of the470

year com s during471

cold mo ore the472

maximum ipalities.473

This find GVI is474

more effi475

476

In ad n of the477

municip ) and in478

lower inc ectricity479

consump ents the480

average o d Table481

A-8 for r482

483

Fina c model484

among o and we485

derive m the year.486

Figure A egative487

associati greener488

areas are months,489

the mode asonally490

depende491

492

Sum ified by493

ISTAT ( nd lake494

tourism) rtion of495

residents nicipali-496

ties. Hen demand497

relation le A-11498

illustrate ificance499

are unch energy500

consump is to the501

fact that vely use502

cooling s y prices.503

504

Trea eatment505

variable ustering506

of standa of their507

sign, ma ee Days508

(CDD), C -7). We509

also add ution of510

entity-sp atistical511

significa ifferent512
Jo
ur

na
l P

re
-p

ro
of

flecting the wider availability of cooling appliances in buildings; on the other hand, colder munic
responsive to high temperatures in decreasing consumption during cold months of the year. Loo

ating role of GVI, we find that GVI mediates 60% more the maximum temperature-driven in ele
tion in hotter than in colder municipalities.

ing to the municipality SGS level heterogeneity analysis, we find that households in less SG
alities react twice as much (1.9% vs. 0.6% per GVI point) to hot temperatures during hot month
pared to those living in more SGS-dense municipalities, while they react half to hot temperature

nths of the year. With regards to the mediating role of GVI, we find that GVI mediates 80% m
temperature-driven in electricity consumption in less SGS-dense than in more SGS dense munic

ing can be interpreted as evidence of the decreasing returns of investing in SGS (i.e., increasing
cient in municipalities where it is less available).

dition, we also conduct regression analysis for stratified sub-samples by the degree of urbanizatio
ality and its wealth level (Table A-6), showing that households in rural and semi-urban (vs. urban
ome municipalities are both more sensitive to temperature and benefit more from GV I for their el
tion level. We also aggregate the data to carry out an analysis where each unit of observation repres
f the POD consumption at each municipality and time period (Table A-2 for descriptive statistics an
egression results).

lly, we conduct a set of supplementary regressions where re-estimate the double interaction quadrati
ur two treatment variables of interest (Tmax and GV I) for each of the twelve months of the year,
odel-based predictions to evaluate heterogeneity in the moderating effect of GV I across months of
-10 reports the results of such analysis. The slope patterns suggest that GV I tends to mitigate the n
on between higher temperatures and the outcome during the warmer months (e.g., June–July), when
associated with lower predicted values as temperatures rise. Conversely, during some of the cooler
rating role of GV I appears weaker or even slightly reversed, indicating that vegetation exerts a se

nt buffering effect that is strongest in mid-summer and less pronounced in winter.

mer tourism heterogeneity. We evaluate the heterogeneity across municipalities that are class
the Italian national statistical office) as summer-tourism destination (maritime, mountainous, a
. Hot periods of the year may bear a confounding signal owing to the fact that a significant propo
in non-touristic municipalities may temporarily relocate to holiday homes towards touristic mu
ce, we aim at evaluating whether there is a significant difference in the temperature-electricity

across summer-tourism destinations municipalities and non summer-tourism municipalities. Tab
s the results of the comparative regressions analysis. While coefficients’ signs and statistical sign
anged between the two sub-samples, we find that summer touristic municipalities show stronger
tion responses to hot temperatures, as well as a more salient moderating role of SGS. We attribute th
individuals on holiday may behave differently from residents: for example, they may more intensi
ystems in holiday homes or in rented properties due to behavioral biases or moral hazard on electricit

tment variables and specifications. We evaluate the sensitivity of the results to the choice of the tr
for measuring heat exposure, as well as to the model specifications, fixed-effects inclusion, and cl
rd errors. Table A-4 and Table A-8 demonstrate that the main results presented above - in terms

gnitude, and significance - are robust to such checks. We quantify the relation using Cooling Degr
ooling Degree Hours (CDH), and temperature quantile bins as the treatment heat metric (Table A

a binary variable for COVID in year 2020 and we appraise the relevance of different spatial resol
ecific yearly time trend (municipality and/or province). Finally, we evaluate the uncertainty in the st
nce of the effect in our main quadratic temperature specification when clustering standard errors at d
22/72
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aggregation, as shown in Figure A-12, demonstrating robustness in the significance of the estima
fficients of interest.

ss-municipality sorting and endogeneity concerns. Based on the established physical understan
ess through which SGS regulate urban temperatures, as well as the exogeneity of the latter with
cale decision variables different than land use, we can be confident about the lack of omitted vari
the estimates of the ancillary regression linking within-city variation in SGS and temperature. On t
ncerns relating to the possibility that more SGS-dense municipalities might be non-random with
stribution of households energy behaviors need to be addressed. For instance, SGS may be non-ra
d with respect to households showing a lower propensity to increase electricity during warm days.
echanism may lay in the possibility that more SGS-dense municipalities might be systematically
electricity consumption may simply follow this pattern.

re aware that there might be factors simultaneously affecting electricity consumption at the PO
easured level of SGS at the municipality level. For example, individuals living in a more gree

ighborhood have been found to spend more time outside (Feng, Toms and Astell-Burt, 2021); in
lds living in more SGS-dense areas might also display stronger preferences for energy efficiency an
s (Alcock et al., 2020) or the use of housing and/or appliances retrofitting incentives, including
network effects (Huang, 2024). These unmeasurable factors and dynamics might potentially bias o
n estimate of the role of SGS for moderating the electricity use response to temperature. Specific
cerns might imply smaller-than-estimated direct effects of SGS on household electricity consump

ek to address these concerns, we calculate propensity score weights to evaluate the hypothesis of so
lds across municipalities based on the GVI level, conditional on other characteristics of the muni
e potentially correlated with GVI levels. These include the average income level of households l
icipality; log of total population and population density in the municipality (potential proxies of
); the distribution of maximum temperature across months of the years (local climate); the summer
on classification of the municipality; the latitude and elevation of the municipality; and a vector of v
g the share of buildings in the municipality by 10-year age of construction classes. Note that these v
so indirectly capture unobserved factors of which they are jointly strong predictors, and cruciall
f this study, the probability of AC prevalence (De Cian et al., 2025).

rst calculate observation weights based on the following equation:

Sa,t = INCOMEa,t +T maxa,m,t +POPDENSa + log(POPa)+SUMMERDEST INAT IONa+

LAT ITUDEa +ELEVAT IONa +BUILDAGECLASESa + εa,m,t

e weights are estimated using entropy balancing (Tübbicke, 2021; Vegetabile et al., 2021). We then
and unweighted covariates-treatment correlations, as shown in Figure 7. Then, in a second s

ate the main specification (Eq. 9) in both its unweighted (original) and its (propensity weights) w
ions. Table A-12 shows that the propensity score weighted regression results are consistent with
specification in terms of sign, significance and shape and magnitude of the estimated curves (Figur
ighted regression coefficients decreasing slightly in magnitude. This finding rules out that the o
s are meaningfully biasing the coefficient estimates due to non-random across-municipality so

lds.
23/72
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ure 7. Covariate balancing robustness: love plot of pre and post-weighting co-variates correlatio

dual sorting concerns and limitations. Despite the extensive supporting evidence illustrated so fa
aving effect of SGS, there exist residual limitations to our findings that cannot be tackled in the conte
empirical settings of this paper. Existing unobservable household-specific and time-sensitive charac
ill be correlated with both variation in GVI and electricity consumption levels, inducing spatial
selection in our sample of consumers that would not be captured by either our controls or fixed
. These may include, for instance, preferences and energy efficiency of households: individuals who
tainable consumption profile, as well as those living in more energy-efficient homes, and may p
gh SGS areas within each municipality. Moreover, unobservable house refurbishment programs a
ating and cooling energy use in specific types of households, as well as other targeted policy measu
itioning purchase subsidies), may occur, though the short duration of the panel makes major cha
insulation or household environmental preferences unlikely to occur at scale.

e residual limitations exist, the relationship described in this paper is robust to considering a set of m
unicipality level (such as income and composition of buildings) that are a reasonably good pr
observable characteristics. Future research may explore the possibility to combine granular data o
mate and SGS with higher spatio-temporal resolution of electricity demand across cities, as well as
ensive set of household characteristics.

ate change and policy impact simulations
the estimated models, we carry out a set of policy and climate change impact simulations to appr
influence, ceteris paribus, on household electricity use of i) SGS densification policies, ii) climate

heir interaction. Specifically, we evaluate policies increasing SGS and the impacts of climate ch
ure around 2050. For climate, we focus on the RCP 8.5 climate change scenario3 from the CMIP6
e, which produces downscaled climate projections for the climatological period 2045-2055. The

ttps://www.ipcc.ch/report/ar6/wg1/chapter/chapter-4/ for details.
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from the NASA NEX-GDDP-CMIP6 database (Thrasher et al., 2022). We consider monthly ma
ure (Tmax) and compare two cases: future temperatures under RCP 8.5 projections for around 2050 (H
l forcing temperatures (Hhist), both based on the CMIP6 climate model outputs. In parallel, SGS i
enarios (SGSs) are defined, where s indicates a minimum target value for mean GVI at the muni

igned to all municipalities in our sample. We compare current GVI levels scenario (s̄) with five alt
e. s ∈ [s̄,15,20,21,24,27]. In each scenario, all municipalities a where GV Ia < s are set to exactl
t value s. These target GVI values correspond approximately to the 5th, 35th, 50th, 75th and 90th per
stribution of municipality-level GV I in the sample covered by our analysis. This translates into 6%

and 90% of the count of unique municipalities in our sample being targeted by the five GV I targe
respectively.

btain a total of 12 combinations, 11 projected scenarios and one benchmark (current climate and
l combination). For all the simulated policy combinations, we compute predictions from our emp

d preferred quadratic model specification presented above to calculate the simulated change in ho
y consumption and spending from the status quo (∆q). Formally, we compute:

E,i,a = (q̂E,i,a|SGSa = SGSs,Ha = Hcc)− (q̂E,i,a|SGSa = SGSs̄,Ha = Hhist)

results of the simulation analysis are provided in Table 4. Under the current climate, SGS enhancing
duce residential electricity consumption in the municipalities covered by our analysis. For insta
months municipality-level average reduction in response to SGS increase policies ranges from
mpared to current consumption levels), depending on the GVI target value simulated. On the oth
ulating the impact of climate change on temperature and hence on electricity demand by 205

nario 8.5, we find that in the absence of SGS policy, on average the summer consumption would i
. However, if a SGS increase policy is implemented, such climate-induced increase in energy us
ed substantially, up to a net reduction of -1.8% under an ambitious SGS policy (s=27). As a rem
hange-driven increase in electricity demand estimated is likely to be a lower bound due to the p
in air conditioning penetration (De Cian et al., 2025) and other temperature-sensitive appliances
xplicitly captured in our model (but implicitly captured by POD and municipality-level fixed effec
m panel) and might drive a more extensive hot temperature-related surge in household electricit
on grows. For reference, Figure 8 visually illustrates the spatial heterogeneity in the estimated
ge impact of climate change (RCP 8.5, year 2050) on residential electricity demand in each mun
by the analysis under a policy aimed at increasing SGS to a minimum level of municipality-level me
value at around the median of the current distribution across municipalities. Such policy would re
n two thirds the climate change-driven projected increase in summer residential electricity consu
P 8.5 climate conditions around 2050 (compared to a scenario without SGS policy).
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8. Climate change-induced, municipality-level average change (%) in summer monthly electricity
tion under a RCP 8.5 climate in year 2050 with (A) current GVI levels; (B) a GVI ≥ 21 policy; (C

of municipality-level average change between (A) and (B).

en from Table 4, we use the model to extrapolate over all Italian municipalities and 26 million hou
untry4 to estimate the corresponding reduction (or negative reduction, i.e. net increase) in the qua

l confident in assuming that the POD-level metered metered consumption dataset used in our analysis provides a good repr
erse of Italian PODs across the whole country for two main reasons: (i) first, as displayed in Figure 2, our consumptio
municipalities across the whole Italian territory, providing evidence of good geographical coverage. (ii) Second, we sho
26/72
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onsumed (TWh/summer) and its weight on the total yearly residential electricity consumption (TWh
e also estimate emission reductions under the current average carbon intensity of the electricity s

72 gCO2e · kWh−1.

. Policy and climate change simulations results summary: reduction in electricity use (TWh) and r
ssions (metric tons) with minimum GVI target values (≥) compared to current climate and SGS le
rse of Italian households.

avg. % ∆ TWh % yearly resid. ∆ CO2 Ely. tot
change summer electr. cons. (Mt) (TWh/summer)

GVI ≥ 15, historical Tmax −0.08 −0.10 −0.15 −0.04 18.50
GVI ≥ 20, historical Tmax −0.85 −0.44 −0.68 −0.16 18.16
GVI ≥ 21, historical Tmax −1.17 −0.53 −0.83 −0.20 18.06
GVI ≥ 24, historical Tmax −2.36 −0.83 −1.29 −0.31 17.77
GVI ≥ 27, historical Tmax −3.77 −1.13 −1.76 −0.42 17.46

GVI current∗, SSP5(85) Tmax 4.91 1.26 1.95 0.47 19.87
GVI ≥ 15, SSP5(85) Tmax 4.76 1.08 1.68 0.40 19.68
GVI ≥ 20, SSP5(85) Tmax 3.37 0.46 0.72 0.17 19.06
GVI ≥ 21, SSP5(85) Tmax 2.79 0.29 0.45 0.11 18.89
GVI ≥ 24, SSP5(85) Tmax 0.56 −0.25 −0.39 −0.09 18.34
GVI ≥ 27, SSP5(85) Tmax −2.08 −0.81 −1.26 −0.30 17.78

e: ∗Current (with current GVI and historical Tmax) estimated residential electricity consumption per summer (June-Augu
he universe of Italian municipalities is 18.61 TWh.

tions for household electricity expenditure
d changes in household electricity consumption as a result of climate change impacts and SGS i
may directly translate into changes in private energy expenditure, hence having significant welfa
. To estimate the magnitude of such potential changes, we derive the monthly and municipality-
price of electricity and cost per unit of energy consumed based on the energy billing information a

etered consumption data. Under the assumption of historical prices - justified by the challenge to
etail electricity prices in year 2050 due to the plethora of factors involved - and marginal cost of ene
a back-of-the-envelope calculation that considers the representative household in our sample and
ts of the expenditure change analysis on both (i) the households living in municipalities that are
le of the metered consumption data of our empirical analysis, and (ii) on the universe of 26 millio
lds and 7,896 municipalities.

re 9 summarizes the results of the analysis showing, for each scenario, the simulated change (with re
onsumption levels under the historical climate and GVI values) in the average household summer
ure for energy bills in year 2050. The numbers are computed by multiplying the projected varia
electricity consumption levels by the median price per kWh and overall expenditure per kWh
rs in each municipality. The results show that such change spans between about an average sa

usehold/summer (in a scenario of historical climate and s=21 GVI target) up to an expenditure inc
usehold/summer in a scenario of RCP 8.5 climate change and no SGS increase policy, which acco
1.6% increase of the average of a household’s summer expenditure for electricity. A similar figure b
rice of electricity (rather on the marginal cost of energy per unit consumed) is provided in Figure

n of consumption levels in our POD-level dataset is consistent with the country-level statistics reported by ARERA (t
lic regulatory agency of Italy, https://www.arera.it/dati-e-statistiche). Taking 2022 as an example
r in our dataset, we find that the median consumption level is at 143.5 kWh/POD/month, almost perfectly consistent with
h/POD/month reported by ARERA for residential customers.
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. Estimated change in the household summer monthly expenditure for energy bills in the GVI poli
climate change impact simulations in year 2050. Average ∆C per household per month under the
on of historical marginal energy costs.

mmarize the expenditure analysis and gauge their magnitude across the entire population, Table 5 il
tial saving for (i) an average national household; (ii) the population of households living in the munic

ted in our metered consumption dataset, in aggregate; and (iii) for the entire population of Italian hou
icipalities, in aggregate. With regards to the latter, the results show that a scenario of RCP 8.5
nd moderate SGS increase (s=21) would only increase household electricity expenditure by C202
cenario of RCP 8.5 climate change and no SGS increase policy would cause private increase in exp
55 million per summer, translating into a gross private saving of C153 million per summer if t
implemented.
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GVI ≥ 15, -5827.4
GVI ≥ 20, 61366.6
GVI ≥ 21, 84331.7
GVI ≥ 24, 70817.2
GVI ≥ 27, 72760.3

GVI*, SSP 55475.9
GVI ≥ 15, 45047.9
GVI ≥ 20, 44147.3
GVI ≥ 21, 01844.8
GVI ≥ 24, 41101.0
GVI ≥ 27, 50098.4

Implica645

SGS exp cluding646

the indir h is the647

focus of produce648

a supple trieve a649

panel da e data is650

provided ally, we651

select the nment”)652

and we e ent and653

expendit average654

values of ectively,655

but signi s and by656

the smal657

658

Table ment of659

C68.5 m ectively,660

for every shocks661

across y as tree662

canopies tree to663

provide i664

665
 Jo
ur

na
l P

re
-p

ro
of

. Simulated changes in household electricity expenditure: average summer monthly bill, median p
median expenditure (sp). For each GVI policy and climate change scenario, the variation in summ

tion (c), energy components summer spending, and overall summer spending is calculated for an
ousehold (i), the aggregate of households in our sample of municipalities (ii), and the aggregate of
ds in the country (iii). The table also reports the total number of households in our sample of munic
e country. These are used to calculate the variation in total spending (∆S) for the two populations,
d in thousands of euros.

Household electricity expenditure Population household numbers
avg. bill (euros/month) P/kWh (med) sp/kWh (med) HHs (N, sample) HHs (N, cou

116.57 0.103 0.389 7095696 26400326

Simulated variations in electricity spending
i. Average Italian household ii. Represented municipalities (aggregate) iii. National (ag

∆c ∆sp (energy) ∆sp (total) ∆SP (energy) ∆SP (total) ∆SP (energy) ∆
(kWh) (euros) (euros) (1000 euros) (1000 euros) (1000 euros) (10

hist -0.587 -0.058 -0.221 -409.5 -1566.2 -1523.6
hist -6.107 -0.618 -2.324 -4384.4 -16493.7 -16312.5 -
hist -8.421 -0.854 -3.194 -6059.9 -22666.1 -22546.7 -
hist -17.012 -1.748 -6.470 -12402.8 -45911.1 -46146.0 -1
hist -27.115 -2.802 -10.332 -19883.6 -73310.6 -73979.0 -2

585 35.133 3.653 13.465 25920.1 95542.3 96438.7 3
SSP585 34.092 3.550 13.070 25188.7 92739.6 93717.2 3
SSP585 24.075 2.531 9.248 17959.4 65620.2 66820.1 2
SSP585 19.820 2.096 7.646 14874.1 54250.4 55340.9 2
SSP585 3.906 0.436 1.557 3096.2 11046.8 11519.7
SSP585 -14.971 -1.536 -5.685 -10901.0 -40342.4 -40558.2 -1

tions of policy costs for public budgets
ansion and maintenance imply public costs to continuously provide a range of ecosystem services, in
ect benefit of household electricity expenditure reduction through hot temperatures reduction, whic
this paper. To assess the magnitude of such costs to achieve the policy goals simulated above, we
mentary analysis of the public finances implications of SGS expansion and maintenance. We re
taset of every Italian local municipality’s yearly budget, by cost entry, for the 2017-2023 period. Th

by OpenBDAP - the official portal of the Italian State General Accounting Department. Specific
cost entry classified as “Maintenance of public green spaces and enhancement of the natural enviro
valuate the responsiveness of municipality-level GVI levels to the yearly local capital investm

ure in such budget entry. The data are summarized in Table A-15 and Figure A-14, showing that the
municipality-level investment and expenditure are about C103,729 and C225,947 per year, resp

ficant upper and lower tail exist in the distribution - driven by the high values in large municipalitie
l average size of Italian municipalities.

6, shows the result of a municipality and yearly fixed effect regressions, implying an average require
illion and C13 million per year in the green space expenditure and investment of a municipality, resp
additional local GVI point, net of average differences across municipalities and of country-wide

ears. It should be noticed that the estimated fiscal response to GVI is a lower-bound estimate,
are a function of time after plantation, and it was shown that it takes between 30-60 years for a

ts maximum level of benefits (Li et al., 2023).
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. Regression results on responsiveness of public municipality investment and expenditure in the
ance of public green spaces and the enhancement of the natural environment" budget entry to vari
lity-level yearly GVI levels.

Dependent Variable: GV I

Variables
Million C/year × Expenditure 0.0146∗∗∗

(0.0040)
Million C/year × Investment 0.0771∗∗∗

(0.0227)

Fixed-effects
Municipality Yes
Year Yes

Fit statistics
Observations 76,998
R2 0.94475
Within R2 0.00027

Clustered (Municipality) standard-errors in parentheses
Signif. Codes: ***: 0.01, **: 0.05, *: 0.1

idering a time horizon of 25 years until 2050, we compute the total investment and expenditure requ
r reaching the GVI targets simulated in each scenario as the ratio between the required increase in
the target s in each municipality a and the estimated marginal cost (the coefficients of Table 6) of in
by one unit MCGV I:

Ra =
∆GV Is

a

MCGV I

hen compute the net present value (NPV) by discounting the investment and expenditure cashflow
rate of 3% (following the European Commission CBA guidelines for social projects):

VIERa =
25

∑
t=1

IERa,t

(1+0.03)t−1

lly, we compute the Equivalent Annual Annuity (EAA) (i.e., the cost per year over the entire lifespa
as:

Aa,t = NPVIERa ×
0.03

1− (1+0.03)−25

ss the municipalities covered by our analysis, we compute a NPVIERa of C24.8 billion over the
horizon, which translates into an EAAa,t of C1.4 billion per year to achieve the GVI policy obje
aling the calculation to all Italian municipalities brings the NPV figure to a value of C36.9 bill
figure to C2.1 billion per year. This figure corresponds to around C35 per capita. When lookin
on of the EAA metric across municipality (illustrated in Figure 10), we find that achieving the s=2
median EAA of about C1 million / municipality / year.

NPV and EAA calculations are also applied to the estimated gross national-level private saving in
bout C 0.15 billion per summer if the GVI policy objective of s=21 is achieved, so as to obtain com
benefit metrics. This shows that private electricity expenditure savings yield an NPV of C2.7 billion
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10. Distribution of the estimated Equivalent Annual Annuity (investment + expenditure) across
lities to achieve the s=21 GVI policy goal with a 25-year planning horizon and a 3% discount rate
m to a total of about C2.1 billion per year across all Italian municipalities.

C0.15 billion per year, hence accounting for about 7.3% of the estimated policy costs. This finding
nder the lens of SGS being a provisioning source of a wide range of ecosystem services, which t

lic and private benefits, with energy use reduction being only a component of such benefits. Moreo
demonstrates that increasing urban SGS is costly, and it should be targeted in those areas where it
, rather than a one-size-fits-all solution.

ussion and conclusions
er is the first quantitative assessment of the benefits of SGS in terms of reduced summer electric

with a large spatio-temporal coverage. Our work contributes to the understanding of the int
public and private climate change adaptation (Tompkins and Eakin, 2012) and the related cost and
Our findings confirm the importance of SGS as a key regulating factor in the temperature-energy
SGS density - as measured by the GVI - has a strongly significant non-linear effect on the im

ure on household electricity demand, with the strongest impact being a consumption reduction effe
t exposure. Such responses are heterogeneous, as they depend on morphological and socio-ec
ristics such as the extent of greening, the degree of urbanization, temperature, and income charac
s on a range of unobserved household and city-specific characteristics, such as behavioral re

ice of the heat exposure metric also plays a role, as the type of indicator (i.e. cumulative vs. acu
s the variables selected to measure it play a role in determining the magnitude of the mediating effect

ite some residual limitations to the strategy highlighted above, our study generates new knowl
o the intersection between climate change adaptation and mitigation, and the role of nature-based s
e the feedback impacts of adaptation while providing ecosystem service co-benefits. This is pot

both through the energy demand and expenditure reductions in supporting climate change mi
nd in the quest for sustainable solutions for adaptation to climate impacts such as heat exposu
based on our empirical findings, we estimate that a policy aimed at increasing SGS to a minimum
lity-level mean GVI of 21 - a value at around the median of the current distribution across the munic
by our analysis - would strongly contribute to offsetting more than two thirds of the climate-
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in residential electricity consumption. Such policy would lead to a reduction of around three quarte
nduced expected increase in household summer electricity consumption under RCP 8.5 climate co
050, compared to a scenario of current GVI levels. This corresponds to a gross national-level privat
y bills of C0.15 billion per summer in year 2050. SGS increase and climate change impact scen
al electricity consumption could be assessed in energy and integrated assessment models to evaluate
or the mitigation-adaptation synergies and trade-offs in relation to the energy needs for adaptation
(which are found to be very significant (Colelli et al., 2022; Mastrucci et al., 2022; Van Ruijven,

Wing, 2019) and in the analysis of interactions among public and private adaptation actions, in
d social-ecological justice considerations in urban adaptation (Rocha et al., 2024).

proposed back-of-the-envelope calculation shows how private savings for electricity account for
the estimated yearly discounted maintenance costs. This, in turn, highlights a substantial, and po
ed, economic benefit of urban green spaces. Policymakers should incorporate energy savings - al
r range of ecosystem services, public health benefits, including mortality reduction and well-being (
l., 2015b), and intrinsic economic values (Urban, 2018) - when performing comprehensive cost
and evaluating the welfare implications associated with the expansion of green spaces.
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Street green space and electricity demand:
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ACT

climate change impacts call for increased efforts to adapt and to reduce its adverse consequen
Adaptation responses can themselves be a source of climate risk, generating negative environ

ities while entailing budgetary costs for both governments and private citizens. A key example is the
ir-conditioning for indoor air temperature regulation in the face of rising urban heat. In this pap
lly evaluate the impact of street green spaces (SGS) on residential electricity demand through thei
ture regulation effect. We exploit a monthly panel of household metered electricity demand da
households located in 2,181 municipalities distributed across Italy, in the period between 2020 an
evidence of a significant non-linear mediating role of SGS on the impact of temperature on hou

ty demand. The most salient effect is a reduction in electricity consumption when hot temperature
g monthly average electricity consumption by up to 11-25% (for monthly maximum temperature
C, respectively). The observed moderating effects of SGS are heterogeneous across munici

depend on contextual factors such as the degree of urbanization, baseline heat and SGS leve
income level. To dissipate across-municipality sorting concerns, we conduct propensity score we
ge of potentially confounding observables, and find our results remain consistent. We estimate
creasing the average Green View Index (GVI) level across all municipalities to a value compar
ian of the current distribution would reduce the growth in residential electricity consumption dr
change by more than two thirds (under Representative Concentration Pathway 8.5 climate con
2050). This corresponds to a gross national-level private saving in energy bills of C150 million y
his is a noticeable benefit that represents about 7.3% of our estimated costs to implement such pol
on a potentially substantial social and economic benefit of urban green spaces. Our results provi
tive evidence of the role of street green spaces for both energy demand reduction, and therefore
mitigation, and in terms of outdoor temperature reduction, supporting climate change adaptation.
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 Analysis of metered electricity consumption data from ~130,000 
households in Italy.

 Street trees moderate electricity–temperature response non-linearly.
 Cooling effect of street trees reduces electricity demand at high 

temperatures.
 Benefits vary by urbanization, income, climate, and baseline greenery 

levels.
 Increasing SGS could cut 2050 climate-driven electricity growth by over

two-thirds.


