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A B S T R A C T

Urban greening enhances summer thermal comfort in cities; however, vegetation requires watering and reduces 
solar gains on buildings, potentially increasing energy consumption for heating. A methodology was developed 
to investigate whether the positive effects of urban trees on human health offset the increased water and energy 
consumption impacts. This method involves four steps: 1. Modelling the urban microclimate based on regional 
climatic data, accounting for vegetation effects; 2. Evaluating indoor temperatures and possible overheating 
using building thermal simulation; 3. Deriving the damage of overheating on human health, and 4. Performing a 
life cycle assessment.

This process was applied to a case study on an urban greening project, including renovating an existing social 
housing building. According to the results, urban greening thanks to trees allows a decrease in outdoor air 
temperature around 1.7 ◦C (median value, 1.3 ◦C and 2.0 ◦C for 10th and 90th percentile, resp.) and a decrease in 
indoor temperature around 0.4 ◦C (median value; 0.25 ◦C and 0.55 for 10th and 90th percentile, resp.) during the 
five weeks heat wave period. Some life-cycle environmental impacts were reduced, particularly those related to 
damage to human health (− 12.5 %), with limited impact transfer. The impact reduction due to energy savings 
from building renovation is higher.

While many cities invest in urban greening projects, the importance of energy renovation is often overlooked. 
This prioritisation may be questioned, and the analysis presented in this article could serve as a valuable tool in 
guiding decision-making. By using the same indicator (Disability-Adjusted Life Years, DALY) to express life cycle 
and overheating-related impacts, this approach enables the integration of mitigation and adaptation in decision- 
making processes.

Introduction

Buildings significantly contribute to environmental impacts, partic
ularly in terms of greenhouse gas emissions. These impacts can be 
evaluated by applying life-cycle assessment (LCA) [1]. Mitigation 
measures in the building sector have been studied over the last 30 years, 
thanks to life cycle approaches. Thanks to more available data and the 
development of specific methodologies and tools, different scales have 
been assessed, from the building scale [2] to the district [3,4] and even 
to the city scale [5].

According to the Sixth Assessment Report of the Intergovernmental 
Panel on Climate Change [6], adverse impacts from human-caused 
climate change are expected to continue intensifying, necessitating the 

implementation of adaptation measures. Passive strategies at the 
building scale, regarding, e.g., solar protection and thermal insulation, 
have been evaluated in various contexts such as Taiwan (K.-T. Huang & 
Hwang, 2016), Europe (Pajek & Košir, 2021; van Hooff et al., 2016), or 
China [7]. They have been estimated to be more efficient than, e.g., cool 
roofs [8]. Adaptation measures can reduce overheating in buildings but 
may also increase environmental impacts, which are often overlooked in 
adaptation-focused studies. For instance, air conditioning increases en
ergy consumption and releases heat into the streets, thereby exacer
bating the urban heat island effect. Additionally, thermal insulation has 
environmental impacts related to its production. To integrate the effects 
of adaptation measures on human health in addition to their environ
mental impacts, [9] have developed a methodology based on life cycle 
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analysis (LCA) based on the Recipe Impact Assessment Method updated 
by Huijbregts et al. [10] and taking into account the impacts on human 
health due to overheating, energy and materials, which helps designers 
to minimise a total indicator of human health, evaluated in DALYs 
(Disability Adjusted Life Years) [11]. Various adaptation measures were 
considered and evaluated (Monnier et al., 2024), except for the urban 
greening around the studied building, which should complement the 
improvement of the building’s energy performance.

Indeed, indoor overheating is influenced by outdoor microclimatic 
conditions around the studied building. At an urban scale, the urban 
heat island effect was already accounted for in the relevant literature 
[12,13]. The effects of urban vegetation on mitigating the urban heat 
island effect have also been widely studied 
[14,15,16,17,18,19,20,21,22]. Outdoor thermal comfort has been 
widely explored [23], and several indicators have been developed to 
evaluate outdoor thermal stress in thermo-physiological models for 
human-biometeorology research [24]. Nevertheless, previous studies 
mainly focused on the impact of vegetation or cool pavement on outdoor 
thermal conditions and outdoor human thermal comfort [25]. However, 
some studies were interested in the effect of green infrastructures on 
indoor environment (e.g., [26] and the effect of building shading by 
trees on indoor thermal conditions (e.g., [27]; the effect of canopy layer 
urban heat island mitigation on indoor thermal comfort has not been 
explored. Huang et al. [28] studied the link between mortality data and 
the heat island effect, focusing solely on external temperature, as the 
primary objective was not to examine the ecodesign of buildings but 
instead to evaluate the most vulnerable areas to heat waves. To our 
knowledge, the consequences of such urban revegetation measures on 
indoor thermal comfort have not been addressed. Furthermore, a com
mon metric must be used to comprehensively evaluate all environmental 
consequences of adaptation measures, including both positive and 
negative effects, such as improving health by reducing overheating, but 
at the expense of using more water and/or more energy.

This paper, therefore, proposes a holistic methodological framework 
for assessing the benefits of urban greening, incorporating building life- 
cycle assessment and climate projections. It proposes an innovative 
modelling framework to evaluate the impact of urban greening on in
door thermal comfort. A unified indicator based on human health is 
proposed to bridge mitigation and adaptation strategies, ensuring ho
listic decision-making processes. This modelling framework integrates 
the reduction of damage to human health due to overheating in build
ings, the influence of vegetation (here, urban trees) on building energy 
use (both positive and negative), and the increase in water use resulting 
from watering urban trees.

The method, based on i/ the modelling of outdoor thermal conditions 
at the canyon scale with the TEB-Surfatm model [29], ii/ the method
ology developed by Monnier et al. (2024) associated with thermal dy
namic simulation and life-cycle assessment, is adaptable to a wide range 
of urban contexts and a combination of adaptation and mitigation 
measures.

The method is first described and then applied to a case study in the 
Paris region, France, within future climate conditions. The results are 
then displayed, followed by a discussion and further research 
perspectives.

Materials and methods

Methodological framework

The methodology relies on three models to evaluate environmental 
impacts. The Pleiades STD COMFIE model simulates indoor thermal 
temperatures, which are required for both estimating the health effects 
related to overheating and evaluating the building’s energy use. This 
model requires standard meteorological inputs (radiation, temperature, 
and wind speed), which were typically averaged at the district or city 
scale in previous studies. In this study, to capture local microclimatic 

specificities in the urban canyon, the outdoor temperature is instead 
estimated using a third model, TEB-Surfatm, which accounts for the 
influence of urban morphology and greening on microclimatic condi
tions. In Pleiades STD COMFIE, shading effects from nearby buildings 
and trees, as well as the surface albedo of the surroundings, are only 
considered through their direct influence on the studied building, not 
through potential impacts on outdoor temperature. An overview of the 
suggested four-step methodological framework is presented in Fig. 1, 
and the different steps and information concerning the models are 
further detailed in the text.

Hence, the first step involves calculating local outdoor microclimatic 
conditions (especially air temperature) within the urban street canyon 
using regional climatic data, including prospective scenarios (e.g., 
derived from IPCC global planetary scenarios at different time horizons 
and for varying heatwave severities). In this study, estimating the mean 
street canyon at the hourly time step for the entire year is required to 
apply the proposed methodology. In this first approach, the influence of 
vegetation on urban air flows is neglected, which would constitute a 
potential area for improvement. Hence, the TEB-Surfatm model[29]is 
used to estimate the outdoor air temperature (Tout) from the regional 
climatic data. It is a one-dimensional model that considers a district as 
an urban canyon. Vegetation is accounted for as a mean fraction 
coverage within the street at the ground level. It consists of an energy 
balance model for impervious surfaces (TEB) [30] and vegetation 
(Surfatm) [31], which calculates heat fluxes (i.e., sensible, latent, and 
conductive) for walls, roofs, ground, and vegetated surfaces. As a result, 
it firstly provides the mean microclimatic conditions within the street 
canyon. In addition, since it calculates transpiration from vegetation, it 
is also able to provide the water requirements for the vegetated surface 
based on the water balance given by the Surfatm model [32]. TEB- 
Surfatm only requires information on urban characteristics (e.g., 
building height, street width, and material thermal properties) and on 
urban vegetation (vegetation height and fraction, physiological char
acteristics, and soil properties).

Outdoor microclimatic data provided by the TEB-SurfAtm model 
(step 1) for different vegetation percentages were used as input in the 
thermal simulation (step 2), resulting in different indoor temperature 
profiles. Dynamic thermal simulation is performed using the Pleiades 
STD COMFIE model [33] to evaluate indoor temperatures. This tool was 
selected due to its integration with an LCA tool, and its thermal model 
reliability has been assessed through multiple validation studies 
[34,35]. The building is represented using multiple thermal zones, 
defined as spaces assumed to maintain a uniform temperature. This 
approach is similar to other models, such as TRNSYS multizone building 
and EnergyPlus. The proposed methodology could be applied using any 
validated building energy simulation tool. More details on the dynamic 
thermal simulation modelling and hypothesis are available in Monnier 
(2024). Dynamic thermal simulation also uses other inputs from the 
prospective climatic data, such as solar irradiation, which are not 
modified by step 1. Tree shading is accounted for in this step (2).

Steps 1 and 2 enabled the evaluation of heating loads and over
heating degree-hours (DH) in accordance with the EN 16798–1 standard 
[36]. At each hour of the considered year, a comfort threshold is defined 
in the standard in terms of the average outdoor temperature for the 
previous day. The difference D between the indoor temperature and the 
comfort threshold is calculated. The DH indicator is the sum of hourly D 
over the year. It accounts for both the severity of overheating periods 
(excess temperature compared to the comfort threshold) and their 
duration.

In step 3, the approach of Monnier et al. (2024) enables the evalu
ation of the health effects of overheating in buildings, integrating the 
benefits of outdoor urban greening on human health. This method is 
based on data from the 2003 heat wave in France, where the number of 
excess deaths was used to evaluate the corresponding DALYs (noted 
DALY2003). These DALYs were related to the product of DH by net areas 
(NA) of archetype buildings constituting the modelled building stock in 
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the same year. The sum of DH × NA of all archetypes is noted as DH ×
NAstock. Proportionality is considered between DALY and DH × NA, 
leading to Eq. (1), from which the DALY of the studied building is 
calculated according to the DH and the net area of this building. 

DALYbuilding = CFoverheating × DHbuilding

where CFoverheating =
DALY2003

DH2003stock × NA2003stock
= 1.35E− 8 DALY.m− 2.DH− 1

(1) 

In step 4, all parameters are combined in a life-cycle perspective, 
integrating the reduction of overheating, the influence of outdoor urban 
greening on energy use, and water use. LCA was performed using the 
Pleiades LCA Equer [37] and the ecoinvent v3.4 LCA database [38], with 
a contextualization process (particularly regarding electricity produc
tion in France). Environmental indicators are shown in Table 1. They 
include damage indicators on ecosystems, expressed in PDF.m2.year 
(potential disappeared fraction of species over an area and during a 
period of time), and on human health, expressed in Disability-Adjusted 
Life Years (DALYs). LCA hypotheses specific to the case study are 
detailed in the next section (functional unit, system boundaries, etc.).

Although the approach has been applied to a specific case study 
corresponding to an existing building in France, detailed hereafter, it is 
worth noting that it can be applied to other buildings, including new 
construction and greening scenarios, in other countries and prospective 
scenarios.

This four-step framework, to our knowledge, is the first to consis
tently link future urban microclimatic conditions (including the effect of 
vegetation), indoor overheating simulation, and life cycle assessment 
within a single workflow, thereby enabling an integrated evaluation of 

urban greening strategies at the building scale. The original coupling of 
the TEB-SurfAtm model with the health impact model developed by 
Monnier et al. (2024) represents a key innovation. Furthermore, the 
explicit integration of vegetation necessitated the addition of specific 
features—such as tree shading effects and water consumption—that 
were not previously considered in studies related to this work.

Description of the case study and life cycle assessment hypothesis

An existing social housing building situated near Paris is studied. It 
includes 52 apartments on four floors above an unheated ground floor 
(Fig. 2). The net heated floor area is 4,375 m2. The facades, roof, and 
floors are made of 20 cm concrete. In this case study, the facades are 
supposed to be renovated with an external insulation layer made of 20 
cm of rock wool. Similarly, the roof is considered insulated with 20 cm of 
polyurethane over the concrete layer. The existing single-glazed win
dows are intended to be replaced with triple-glazed windows, featuring 
a heat loss coefficient of 1.095 W/(m2 ⋅ K) and a solar factor of 0.41.

The considered lifespan of the building after renovation is 100 years, 
which aligns with the default value reported by Palacios-Munoz et al. 
[39]; the number of inhabitants is 175.

The main modelling hypotheses are described in Table 2.
In the renovation project without adding vegetation, the following 

elements are included in the studied system: 

– End of life of the replaced single-glazed windows,
– Fabrication, transport, installation, replacement, and end-of-life of 

new triple-glazed windows, façade and roof insulation,

Fig. 1. Overview of the 4-step methodological framework.

Table 1 
List of considered environmental indicators.

Indicator Unit Method

Climate kg CO2 eq. GWP100 [58]
Energy MJ Addition of energy flows 

from life-cycle inventory results
Water m3 Addition of net water flows, 

from life-cycle inventory results
Biodiversity PDF.m2.an ReCiPe, 2016 [10]

Hierarchist perspective
Human health DALY ReCiPe, 2016 [10]

Hierarchist perspective
Resources kg antimony eq. ReCiPe, 2016 [10]

Hierarchist perspective
Waste kg Addition of waste flows, 

from life-cycle inventory results
Radioactive 

waste
kg Addition of different radioactive waste 

flows, 
from life-cycle inventory results Fig. 2. Picture of the studied building (Photo B. Peuportier – 09/12/2002).
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– District heat consumption for heating and domestic hot water,
– Electricity consumption for lighting and domestic appliances,
– Water consumption and wastewater treatment,
– Impacts on human health due to overheating.

Impacts related to the construction of the building, which occurred 
more than 60 years ago, are not accounted for because they cannot be 
changed and do not vary according to the renovation project or the 
vegetation percentage. The impacts of electricity consumption are 
evaluated considering an average hourly production mix over 100 years, 
using a consequential LCA approach [40].

The methodology was applied to prospective weather data corre
sponding to Paris in the distant future (2080–2100) under an extreme 
heat wave, i.e., the 95th quantile of all simulated heat waves [41]. The 
very high greenhouse gas emissions of the IPCC scenario RCP8.5 
(Representative Concentration Pathway, radiative forcing 8.5 W/m2) 
were considered. These climate projections were generated through the 
dynamic downscaling of global models (GCMs, or General Circulation 
Models or Global Climate Models) from the CMIP5 coupled model 
intercomparison project [42]. The typical future climate conditions used 
in this study are based on a statistical analysis of a set of climate pro
jections produced by regional climate models from the EURO-CORDEX 
ensemble [43]. Hourly meteorological data under future climate con
ditions are derived from the high-resolution regional climate model 
AROME, the climate version of the numerical weather prediction model 
developed by Météo-France and CNRM [44]. This level of spatial and 
temporal resolution is necessary for the thermal dynamic simulation of 
buildings, which was unavailable for France in the CMIP6.

On the other hand, three urban greening scenarios around the 
building were considered. They consisted of 0 %, 50 %, and 100 % of the 
ground area covered by 6 m height temperate deciduous trees with LAI 
equal to 4 m2.m− 2, representative of the Ile-de-France region with a 
ground grass layer. The physiological parameters of the trees and grass, 
as reported by Simpson et al. [45] and Le Mentec et al. [29], respec
tively, were used. In this study, it was considered that the vegetation did 
not suffer from water limitation in order to evaluate the maximum 
cooling effect of urban greening. To this aim, water supply was applied 

each time the soil water content reached the threshold for triggering the 
stomatal control by hydric stress. It also allowed for estimating the 
maximum additional water needs to ensure maximum cooling by 
vegetation.

Results

Outdoor temperature

To illustrate the impact of urban greening on outdoor cooling, the 
effect of greening scenarios on the mean street canyon outdoor air 
temperature is shown during the period from June 30th to August 14th 
(Fig. 3). This latter corresponds to the heat wave during which diurnal 
outdoor air temperatures reach up to 40–45 ◦C and only decrease to 
20–25 ◦C during nighttime (Fig. 3a).

Urban greening allows for a decrease in outdoor air temperature. 
This cooling increases with the percentage of vegetation (Fig. 3), is 
minimal in the early morning (i.e., at around 8:00), and is maximal in 
the late afternoon (i.e., at around 18:00) (Fig. 3b). With 50 % vegetation, 
the minimum cooling is usually around 0.25 ◦C in the early morning, but 
it increases until late afternoon to around 1 ◦C before decreasing during 
early evening and nighttime to its minimum. With this amount of 
vegetation, the cooling ranges between 0 and 1 ◦C (10th and 90th per
centiles, respectively) during nighttime and can reach 1.3 ◦C (90th 
percentile) in late afternoon. Considering the 100 % vegetation scenario, 
although the minimal cooling in the early morning is similar to that with 
50 % vegetation, it allows for a decrease in outdoor air temperature, 
typically around 1.7 ◦C (which can reach 2 ◦C, 90th percentile) in the 
late afternoon (Fig. 3b).

Indoor temperature

The impact of outdoor greening on indoor temperature is illustrated 
in the following by considering, on the one hand, the same period as 
previously and, on the other hand, the top western zone of the building, 
which corresponds to its warmest zone in summer. Indeed, the southern 
façade receives less solar radiation in the summer at noon, when the 
solar height and, therefore, the incidence angle of direct radiation are 
high. The western zone receives the highest solar radiation in the af
ternoon, when the outside temperature is at its maximum, inducing high 
indoor overheating.

The indoor temperature increases significantly during the heat wave, 
reaching up to 28 ◦C at nighttime and 33 ◦C during the daytime (Fig. 4a). 
Outdoor greening allows for indoor cooling, which increases with the 
amount of vegetation, similar to the effect on outdoor cooling (Fig. 4). 
Nevertheless, due to several effects (insulation, thermal mass), the 
cooling magnitude and its variations at the daily scale are weaker than 
those of the outdoor temperature. The indoor cooling is approximately 
0.4 ◦C (median value; 0.25 ◦C and 0.55 ◦C ◦C for 10th and 90th per
centiles, respectively) in the case of 50 % vegetation. For the 100 % 
vegetation scenario, the indoor temperature decrease varies between 

Table 2 
Main modelling hypotheses.

Heating system District heating system (43 % gas, 57 % wood fuel) 
T◦ set point: 21 ◦C

Water consumption Cold water: 100 L per day per person 
Hot water: 40 L per day per person

Specific electricity 22.7 kWh/m2/year
Air renewal rate Mechanical ventilation: 0.36 ACH (air change per hour) 

Infiltration: 0.14 ACH
Summer thermal 

comfort control
Window opening at night (if overheating) resulting in 10 
ACH (dual-aspect apartment, see [59]) 
80 % of solar gain reduction with shadings in summer 
(external roller blinds)

Fig. 3. (a) Time series of outdoor air temperature with 0 % (red line), 50 % (blue line), and 100 % (green line) vegetation. (b) Hourly medians (filled lines) and 10th 
and 90th percentiles (dotted lines) of the outdoor temperature difference without and with vegetation (50 % in blue, 100 % in green). The period considered is from 
June 30 to August 14. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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0.6 ◦C and 0.8 ◦C (median value), but can reach 1 ◦C during nighttime 
(90th percentile) (Fig. 3b).

Impacts of overheating on human health

Indoor temperature profiles obtained through dynamic thermal 
simulation enabled the calculation of overheating degree hours (DH) in 
each thermal zone. The overheating threshold is set between 26 and 
28 ◦C, according to an adaptive comfort approach based on the standard 
EN 16798–1 [36]. An average for the whole building is then calculated 
by weighting the indicator DH of each zone by the net zone area. The 
method defined by Monnier et al. (2024) was applied in order to eval
uate the corresponding damage to human health, expressed as a DALY 
indicator. The result is shown in Table 3. The renovation halves the 
overheating and vegetation scenario, which could allow an additional 
decrease of up to 15.5 %.

Evaluation of the water supply for vegetation

To ensure outdoor thermal cooling, vegetation requires sufficient 
water accessible in the soil for its root system to avoid plant water stress, 
leading to a reduction in transpiration. This need has been evaluated by 
calculating the amount of water supply required, in addition to natural 
precipitation, throughout the year to prevent stomatal closure due to 
low soil water content. It has been evaluated that the maximum annual 
water supply required to maintain maximum evapotranspiration, and 
therefore maximum cooling, is 280 mm and 560 mm for the 50 % and 
100 % vegetation scenarios, respectively. This water supply is necessary 
from June to October. Considering that the vegetated area is 3,300 m2, 
this water supply accounts for an additional water requirement of 924 
m3 and 1,848 m3 annually for 50 % and 100 % vegetation, respectively.

Life cycle assessment

The LCA study aims to evaluate the environmental impact reduction 
of the renovation project, considering the three urban greening sce
narios mentioned above (0 %, 50 %, and 100 %). The functional unit 
corresponds to the entire building, i.e., the function is to provide 
dwelling space for 175 persons in 52 apartments for 100 years. The 

considered thermostat set point, occupancy, internal gains, and venti
lation schedules result in heating loads as indicated in Table 4. The 
amount of vegetation influences shading and, therefore, solar gains and 
heating needs.

The environmental impacts of the use stage are reduced by the 
renovation owing to heating energy savings. Overall, the impacts over 
the life cycle are reduced (see Fig. 5) except regarding water con
sumption (this indicator is not being influenced by thermal renovation) 
and depletion of mineral resources (impact due to the materials used for 
thermal insulation and new windows is approximately compensated by 
impact reduction thanks to energy saving). Considering the impact of 
overheating on the DALY indicator for human health, the benefits of 
renovation are accentuated. Fig. 5 illustrates the relative impact 
reduction for each environmental indicator, considering the reference 
values prior to renovation. For instance, the impact on climate change is 
reduced by 30 % after renovation.

Adding vegetation reduces the overheating and related impact on 
human health (see §3.3 above), but water is consumed for watering the 
trees (see §3.4 above). Also, trees shade the building facades, which 
increases the heating needs (see Table 4). Fig. 6 illustrates the reduction 
in impacts on human health resulting from overheating, as well as the 
negligible increase in impacts due to water and energy consumption. As 
this latter is negligible, e.g., lower than 1 µDALY/m2/year (an increase 
from 19.6 µDALY in the 0 % scenario to 20.2 µDALY in the 100 % sce
nario), it does not appear in Fig. 6. The human health indicator in DALYs 
is expressed per year and per square meter of net heated area.

The radar graph in Fig. 7 shows the comparison across all indicators. 
It shows a reduction of around 12.5 % in damage to human health, but a 
very weak variation in other indicators. Water consumption related to 
vegetation represents approximately 8 L per day and per person for 100 
% vegetation (resp. 4 L for 50 %), compared to the 100 L of cold water 
and 40 L of hot water consumed per day and per person. Impacts on 
ecosystems (biodiversity) are also slightly increased, which is due, 
following a contribution analysis, to increased use of water and heating 
energy.

The case study presented above corresponds to a single residential 
building; however, the method could be applied to an urban project that 
includes several buildings and possibly various uses (e.g., tertiary), 
assuming that appropriate occupancy scenarios are defined.

Fig. 4. (a) Time series of indoor air temperature with 0 % (red line), 50 % (blue line), and 100 % (green line) vegetation. (b) Hourly medians (filled lines) and 10th 
and 90th percentiles (dotted lines) of the indoor temperature difference without and with vegetation (50 % in blue, 100 % in green). The period considered is from 
June 30 to August 14. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3 
Overheating degree days and DALY indicator in terms of the vegetation %.

Before 
renovation

After renovation

0 % 
vegetation

0 % 
vegetation

50 % 
vegetation

100 % 
vegetation

Overheating DH 
(K.h)

2383 1162 945 792

µDALY (over one 
year)

141 69 56 47

Table 4 
Heating needs of the building (distant future year 2080–2100 with extreme heat 
wave in Paris area).

Before 
renovation

After renovation

0 % 
vegetation

0 % 
vegetation

50 % 
vegetation

100 % 
vegetation

Heating needs 
(kWh/m2/ 
year)

61,1 15,2 15,7 16,6
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Discussion

Even if other solutions and strategies exist to mitigate the heat island, 
such as modifying the albedo of surfaces and improving the structure of 
buildings [46], as found in previous studies, urban greening allows for a 
decrease in outdoor air temperature. For instance, Tan et al. [47] re
ported that street trees allowed for air cooling ranging from 0.2 to 
1.5 ◦C, depending on the amount of vegetation, urban morphology, and 
the time of day in Hong Kong. Similar results were found by Calhoun 
et al. [48] for a case study in the USA. For the Paris region during the 
2003 heat wave, De Munck et al. [49] estimated that converting 75 % of 
the available ground surface to green spaces with deciduous trees would 
provide a median cooling of around 0.5 ◦C over the whole studied 
domain, which could reach up to 2 ◦C. However, measurements per
formed by Parison et al. [50] indicated that the air temperature 
decreased by 0.2 ◦C during nighttime to 1.3 ◦C during late afternoon 
after converting an asphalt-concrete parking lot to a small urban forest 
in the Paris region.

The cooling effect provided by vegetation is linked to several pro
cesses: the modification of the radiative and thermal properties of the 
surface, the evapotranspiration, and, concerning trees, the shading 

Fig. 5. Comparison of environmental impacts before and after renovation (no vegetation).

Fig. 6. Human Health indicator (in µDALY.m− 2.year− 1) after renovation in 
terms of vegetation %. 1162, 945 and 792 DH are the overheating according to 
the EN 16798–1 standard in Degree.Hour for each vegetation scenario.

Fig. 7. Comparison of environmental impacts after renovation for three vegetation percentages.
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effect provided by the canopy [51,21]; Rahman et al., 2020a). These 
processes are primarily responsible for the diurnal variations in the 
cooling effect provided by vegetation. From early morning to early af
ternoon, evapotranspiration increases, thereby increasing the cooling 
provided by vegetation. From early afternoon to late afternoon, 
although the evapotranspiration progressively decreases, the effect of 
shading and the thermal properties of vegetated surfaces (i.e., heat ca
pacity and heat conductivity) allow a decrease in the temperature below 
the tree surface and less heat storage, explaining that the cooling effect 
provided by vegetation still increases until late afternoon. Finally, dur
ing nighttime, the cooling effect provided by the vegetation is linked to 
its faster cooling due to its lower heat capacity and larger heat con
ductivity. However, the cooling magnitude provided by vegetation 
progressively decreases during nighttime, as the impervious surface 
becomes progressively cooler, even if it is a slow process. Nevertheless, 
the relative contribution of each process, as well as its magnitude in the 
cooling effect provided by the vegetation, is strongly dependent on local 
conditions, such as microclimate, vegetation characteristics, or urban 
morphology. For instance, Shashua-Bar & Hoffman [52] calculated that 
shading accounted for approximately 80 % of the cooling effect at 3:00p. 
m. during summer (in Tel-Aviv), making this process the dominant 
factor compared to evapotranspiration. However, the meta-analysis 
performed by Rahman et al. [53] highlighted a higher contribution of 
transpiration for trees grown in Oceanic and Continental climates 
compared to those grown in Mediterranean climates.

A possible improvement would be to integrate CFD models (e.g., 
ENVI-met, SOLENE) better to capture the influence of vegetation on 
urban airflow and, consequently, on indoor conditions. However, such 
an approach was not feasible here, as our focus on year-long simulations 
would have required excessive computational resources. Using these 
models under specific conditions could nevertheless provide an inter
esting research perspective to better assess the uncertainties related to 
local airflow modelling.

For evapotranspiration, vegetation requires water, implying an 
additional water supply, especially during the summer months. Indeed, 
Kunert et al. [54] reported transpiration rates in natural forest stands 
ranging from 2.51 ± 0.21 mm/day (during the dry season) to 2.64 ±
0.30 mm/day (during the wet season). For urban trees, the rate ranged 
from 0.9 to 4 mm/day, according to Kjelgren & Montague [55], for a 
Norway maple tree. Zheng et al. [56] reported values ranging from 1.6 
to 4.7 mm/day for different deciduous trees, depending on the meteo
rological conditions. These transpiration rates indicate that the amount 
of water required by trees ranges from 135 mm to 705 mm over five 
months, reflecting substantial variability due to species and local 
pedoclimatic conditions. For the distant future under an extreme heat 
wave scenario considered in this study, the cumulated rainfall over these 
five months is 203 mm (June = 32 mm; July = 48 mm; August = 53 mm; 
September = 22 mm; October = 41 mm), meaning a theoretical water 
supply required of a maximum 502 mm. For our case study, the water 
supply estimated is therefore realistic, even if it represents the maximum 
water supply, given that the threshold for triggering water supply is set 
to avoid water stress for the plant. However, considering that each 
apartment is inhabited by two adults and two children and assuming a 
mean annual water consumption of 40 m3/adult/year and 20 m3/child/ 
year, this annual water supply for plants accounts for 30 % and 15 % of 
the annual water requirement of the considered building for 100 % and 
50 % vegetation scenario, respectively. A solution could be to use 
greywater from housing. This could help reduce the demand for fresh
water in maintaining green areas near buildings; however, it does not 
entirely eliminate the environmental impact. Greywater is typically 
treated and returned to natural ecosystems (e.g., rivers), meaning that 
its diversion still constitutes a withdrawal of resources that would 
otherwise support ecological functions. Nevertheless, it is essential to 
note that greening also benefits the entire district, not just the consid
ered building, meaning that, in reality, the water needs for plants are 
lower in relation to the district’s overall water consumption. In all cases, 

water supply for vegetation, whether with fresh or grey water, must be 
associated with plant selection. The choice of local species adapted to 
local pedoclimatic conditions and also drought-resistant is an important 
lever to ensure sustainable greening in the urban context associated with 
climate change.

This study aims to evaluate the maximum impact of urban greening 
on outdoor and subsequent indoor temperatures. It has been hypoth
esised that there will be no hydric stress, which is not realistic under heat 
wave conditions. Even if the water supply necessary to ensure vegetation 
hydric comfort has been evaluated, more work is needed to refine these 
estimates according to the vegetation considered (e.g., Mediterranean vs 
temperate species), the soil water availability under highly specific non- 
natural soil conditions, and/or the amount of water that can be allocated 
to vegetation irrigation. Last but not least, this case study, being for a 
distant future under an extreme heat wave scenario, is, by definition, 
highly uncertain and maximised. The estimates of water supply, in 
addition to natural precipitation, are therefore an order of magnitude.

This study was conducted considering that residential buildings are 
not typically equipped with active cooling devices. This is the most 
common situation in France today, but it may evolve rapidly due to 
climate change. Active cooling is an efficient way to mitigate building 
overheating, but it increases energy consumption, as evaluated in 
Monnier et al. (2024). Moreover, the massive integration of cooling 
devices in buildings can also have an unwanted effect on the urban 
climate, increasing outdoor temperature [57]. Considering the potential 
of urban greening and building renovation to delay the need for active 
cooling—and thereby reduce the associated energy consumption—is an 
interesting perspective emerging from this work.

Several sources of uncertainty can be listed in this study e.g., pro
spective climate data with their variability, parameters of the vegetation 
model (e.g. leaf area index and its seasonal variation), the microclimate 
model (e.g. optical properties of surfaces such as albedo and emissivity 
of impervious ground surface, walls and roofs; the thermal character
istics of the buildings such as thermal capacity and thermal conductivity 
of walls and roofs), the building thermal simulation model (e.g. air flow 
rate when windows are open), the overheating related DALY evaluation 
(simplified building stock model), the life cycle assessment (e.g. building 
life span), and life cycle impact assessment (e.g. regionalisation). Per
forming a sensitivity analysis on key input parameters—such as vege
tation characteristics (e.g., leaf area index, type), building thermal 
envelope properties, or occupancy-related internal gains—would help 
identify which variables most influence the results. Defining uncertainty 
intervals on these influential parameters would then allow for a more 
robust quantification of the overall uncertainty in the environmental 
and health impact indicators.

Some models, inducing the highest uncertainty, could be refined. 
Particularly, the evaluation of overheating DALYs could benefit from 
using data related to more recent heatwaves, as well as various climatic 
contexts, including regions where humidity influences damage to 
human health. Vegetation influences not only ambient temperatures but 
also humidity and air quality. Accounting for such combined effects will 
need further investigation.

Biogenic carbon storage in trees was not accounted for because 
reducing climate change would require long-lasting carbon storage, 
which is difficult to guarantee. Trees planted in such urban contexts may 
suffer from droughts, storms, pollution, diseases, and parasites. Tree 
pruning may produce waste that can be treated in several ways (e.g., 
pellet production, heat recovery from incineration), leading to different 
effects on the climate and, therefore, on human health.

Vegetation provides ecosystem services that have positive effects on 
local biodiversity, but this was not accounted for in this study. Urban 
greening also has additional benefits, related to stormwater retention, 
noise reduction, and social impacts, which were previously disregarded 
due to the difficulty of integrating them into an LCA framework. 
Although social impacts may be more challenging to quantify in an LCA 
approach, expanding the system boundaries to include noise and 
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stormwater retention presents an interesting perspective on this work. 
Maintenance costs of green spaces have also been disregarded in this 
study.

Conclusions and perspectives

A process was developed to evaluate the environmental impacts of 
buildings and urban projects, accounting for some effects of urban 
greening, and applied in a case study regarding the renovation of an 
existing residential building. According to the results of this case study, 
urban greening can reduce some impacts, particularly those related to 
human health, with a limited transfer of impact (resulting in a slight 
increase in water and energy use).

The impact reduction resulting from energy saved through building 
renovation (in this case, façade and roof insulation, and window 
replacement) is significantly higher than the impact reduction and 
transfer associated with urban greening.

Many cities focus on urban greening projects but pay little attention 
to energy renovation. Such priority setting could be questioned, and the 
analysis proposed in this article may constitute a first step to aid 
decision-making in this field. Several improvement perspectives are 
outlined to enhance the reliability of the proposed evaluation process. 
Expressing life cycle and overheating-related impacts using the same 
DALY indicator allows the integration of both mitigation and adaptation 
in decisions.

The primary perspectives of this work include conducting in-depth 
sensitivity analyses on the most influential parameters, integrating the 
positive impact of urban greening on local biodiversity, and considering 
specific building solutions, such as active cooling, to mitigate over
heating. Research activities are planned to study the evolution of mor
tality associated with heat waves, using more recent data.
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