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HIGHLIGHTS

+ Neighbourhood-scale microclimate conditions are simulated using SUEWS.

» Wind speed is associated with higher heating demand via infiltration effects.

« Tree configurations providing wind shelter are linked to lower heating demand.
« Tree characteristics influence wind sheltering and solar access.

ARTICLE INFO ABSTRACT

Keywords: The residential sector accounts for over one-quarter of overall energy use in Ireland, making it the second-largest

Urban trees energy end-use behind transport. Reducing heat loss through infiltration is a critical component of building stock

Heating demand renovation, primarily driven by gaps in the building envelope and wind exposure. While the former can be

Im"iltration managed through upgrades of construction, the latter can be improved through urban planning design to provide

Wl,nd,SPEEd . wind shelter. This study investigates the impact of urban trees on the heating energy demand of common building

Building energy modelling . . . . . e . .

Building archetypes archetypes in Dublin, Ireland, focusing on the sheltering effects on heat loss driven by infiltration. Various tree
design strategies are simulated to generate accurate weather conditions for building energy modelling. The results
reveal that wind speed has a dominant influence on heat loss due to infiltration. Under windy conditions and
for specific building archetypes, infiltration contributes up to 31.42% of heating demand. Within the scenarios
examined, urban trees, particularly street tree configurations, are associated with reduced wind exposure and
corresponding reductions in infiltration-driven heat loss of up to 6.15%. These results highlight the importance
of urban evergreen trees in enhancing residential energy efficiency. This study provides valuable insights that
are applicable to other urban areas with similar climatic conditions.

1. Introduction building energy demand is essential to developing optimised strategies

for achieving urban sustainability goals.

Currently, heating and cooling demands constitute a significant share
of societal energy consumption and are major contributors to carbon
emissions under prevailing energy structures [3]. In most European
countries, demand for heating significantly surpasses that for space cool-
ing [4]. Interestingly, this trend persists even in the warmest European
countries [5]. In Ireland, it is estimated that 61% of household energy
use is devoted to space heating [6,7], with uncontrolled air infiltration
being a key factor contributing to this high demand.

The buildings sector, as a major global energy consumer, was respon-
sible for over one-third of the final energy demand and 37% of total
global CO, emissions in 2022 [1]. The increase in energy demand in
buildings is driven by ongoing population growth and rapid urbanisa-
tion. Buildings are crucial in addressing climate change and supporting
many Sustainable Development Goals (SDGs), owing to their substantial
contributions to economic growth, social progress, and environmental
protection [2]. Therefore, understanding how urban factors influence
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Infiltration, also known as air leakage, refers to air exchange through
cracks or small openings in buildings. This phenomenon has been inves-
tigated through field measurement or simulation in various buildings
across many cities, such as those in the UK [8], the US [9], China
[10,11], and South Korea [12]. Studies consistently show that un-
controlled infiltration profoundly impacts heating and cooling loads
within buildings. For instance, a study in the Mediterranean climate
revealed that air infiltration could alter heating demand by 2.43 and
16.44 kWh/m?.year and cooling demand by 0.54 and 3.06 kWh/m? year
[13]. Jokisalo et al. reported that in typical Finnish detached houses,
infiltration accounts for about 15-30% of the total energy used for
space heating, including ventilation. In the UK, infiltration is respon-
sible for 3-5% of total energy demand, 11-15% of residential energy
demand, and 10-14% of housing carbon emissions [14]. It is noticed
that, although the general thought is that recently built buildings have
better airtightness than older ones, this is not always the case. The air
permeability test of dwellings in Ireland supports this finding [15].

Infiltration is primarily driven by gaps in the building envelope and
ambient wind [14,16-18]. Wind-induced pressure gradients in low-rise
buildings predominantly control infiltration, outweighing stack pres-
sure. Hadavi et al. calculated the infiltration rate using computational
fluid dynamics (CFD) simulations and found a significant scale ratio of
1:2:12 for wind speeds of 1, 4, and 8 m/s across all urban layouts [19].
Miszczuk et al. conducted a parametric study on the impact of local
weather conditions on energy demand in residential buildings, high-
lighting the significant influence of wind speed on air infiltration and
heat losses [20]. In another report about simulations of residential build-
ings, it was shown that air leakages significantly affect the value of the
peak demand for thermal power for heating purposes [21]. It is crucial
to note that the strongest winds significantly increase the peak demand
for thermal power due to buildings’ lack of airtightness.

Given the technical and financial challenges associated with large-
scale envelope retrofitting, Nature-Based Solutions (NBS) offer a cost-
effective, sustainable alternative to traditional energy retrofitting meth-
ods, which is gaining increasing attention [22]. Urban vegetation can
influence building energy performance through multiple mechanisms,
including blocking solar radiation [23,24], providing wind sheltering
effects [25,26], and altering air temperature and humidity through tran-
spiration [27]. Currently, most research focuses on the role of vegetation
in reducing cooling demand during the summer months. In contrast,
the role of urban trees in modifying winter heating demand remains
less well understood. Specifically, the sheltering effects may reduce the
infiltration-driven heat loss, while the shading effects may simultane-
ously limit beneficial solar gains, potentially increasing heating demand
in the winter. A year-long indoor thermal performance study conducted
in Beijing, a temperate climate city, found that outdoor wind speed
and solar radiation are more strongly related to indoor thermal perfor-
mance in winter than outdoor air temperature [28]. Consequently, the
net winter impact of vegetation reflects a trade-off between sheltering
and shading effects and remains insufficiently quantified in terms of its
implications for building heating demand.

Existing research on shelterbelts and windbreaks has demonstrated
that reduced wind exposure can lead to substantial savings in heating
energy demand. For example, a study conducted in Scotland predicted
heating-season energy savings ranging from 16-42% due to the pres-
ence of shelterbelts [26]. Similarly, a study in Edinburgh reported
significant reductions in heating energy demand associated with infil-
tration losses mitigated by shelterbelt trees, particularly in buildings
with large openings [29]. However, these studies are primarily based
on rural settings or isolated idealised building forms, with limited
representation of the urban morphology. In addition, building energy
simulations in these studies typically rely on weather-station data that
do not explicitly capture microclimatic modifications induced by ur-
ban form and vegetation, thereby limiting the representation of these
effects in building energy performance assessments. Consequently, in ur-
ban residential environments, the coupling between tree-induced wind
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sheltering, infiltration-driven heat loss, and winter heating demand at
the neighbourhood scale remains insufficiently quantified.

Dublin is characterised by a mild, temperate oceanic climate with
long, windy winters, which leads to sustained wind exposure during the
heating season. At the same time, approximately 65% of the residen-
tial building stock was constructed before 1978 and exhibits relatively
poor energy performance [30]. The combination of wind-exposed winter
conditions and an ageing, energy-inefficient housing stock contributes
to elevated space-heating demand and exacerbates household vulnera-
bility to energy poverty. In 2022, the ESRI estimated that 29% of Irish
households were experiencing energy poverty. Together, these climatic
and building characteristics, combined with a high prevalence of energy
poverty, make Dublin a representative case for assessing the potential
of urban trees to mitigate wind-driven heat loss in temperate maritime
cities.

Against this background, this study, which focuses on Dublin, aims to
quantify the winter-time impact of urban trees on the heating energy re-
quirements of common building archetypes, focusing on the sheltering
effects on heat loss driven by infiltration. This study employs a cou-
pled modelling framework that uses localised climate inputs derived
from alternative tree layouts, and these conditions are subsequently in-
tegrated into archetype-based building energy simulations. By isolating
the contribution of tree-induced wind sheltering to infiltration-related
heat loss, the study provides quantitative insight into the net winter
impact of evergreen trees on building heating demand. The resulting
evidence base supports microclimate-sensitive, nature-based measures
that complement conventional retrofitting, especially for older, poorly
insulated housing stock and households at risk of fuel poverty, and is
transferable to cities with similar climates, informing policies for energy
sustainability and climate resilience.

The remainder of this paper is organised as follows: Section 2 details
the methodology, including the research roadmap, ENVI-met simula-
tions and building energy simulations. Section 3 presents the results
and discussion, focusing on the scenario simulation outcomes of both
microclimate and building energy consumption, as well as the impact
of trees on heating demand under various weather conditions. Section 4
concludes the key findings, outlines limitations, and offers future work.

2. Methodology
2.1. Research roadmap

This study proposed a co-simulation framework for analysing the
multi-scale interactions between urban microclimate and building en-
ergy performance, specifically focusing on the sheltering effects of
vegetation on the building energy demand of Irish houses in winter.
Different vegetation configurations are explored to assess their im-
pact on microclimate and heating energy demand. Fig. 1 shows the
detailed steps for the framework, showing how the co-simulation pro-
cess progresses from weather data preparation to final building energy
analysis.

Step 1: Preparing the model input data.

In this step, several weather scenarios representing typical Irish
winter conditions are considered: cold, cold and windy, and windy
(Details shown in Fig. 4). These scenarios are selected to reflect
the variability in Irish winter weather, particularly focusing on the
combined effects of wind and cold on building energy demand.
High-resolution climate projections for Ireland indicate a potential
increase in the frequency of winter extra-tropical cyclones produc-
ing compound wind and rainfall extremes, which could lead to
stronger future winds [31,32]. Given this projection, we selected
weather data from 2020, which was the windiest year in the past
two decades, as a representative basis for the windy scenarios.
The geometric layouts of buildings, extracted from GIS shapefiles,
provide the input data for subsequent simulations.

Step 2: Creating neighbourhood microclimate data.
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Fig. 2. The wind speed (a) and cloud cover (b) in Dublin in 2020.

Using the model information in Step 1, Surface Urban Energy
and Water Balance Scheme (SUEWS) simulations at the neigh-
bourhood scale are conducted to create the local microclimate,
including temperature, relative humidity, and wind conditions.
The microclimate data serve as the boundary conditions for the
next step. Additionally, sensor data from the study area is collected
to validate and calibrate the simulation results, ensuring that the
microclimate generated accurately reflects real-world conditions.

Step 3: Estimating the effects of vegetation on microclimate

The weather data generated in Step 2 is used in ENVI-met simu-
lations at the street scale to assess the effects of various vegetation
configurations, such as street trees and windbreaks, on the micro-
climate around buildings. These configurations are modelled to
examine how vegetation influences temperature regulation, wind
speed reduction, and shading. The microclimate data generated
here is then used as input for the building energy simulations in
Step 4.

Step 4: Estimating the effects of vegetation on heating demand

The data obtained in Step 3 is fed into the Integrated
Environmental Solutions Virtual Environment (IES VE) software
to simulate the heating energy demand of different building
archetypes. Scenarios are developed using the building stock

database of Ireland and the TABULA building archetypes to model
a range of typical residential buildings. This step involves a
comprehensive analysis of the heating energy demand, consider-
ing various vegetation configurations and their impact on energy
savings.

2.2. Study area

Ireland (northwestern Europe) has a mild but changeable maritime
climate (Cfb), characterised by mild summers, cool winters, and a long-
term mean annual air temperature of approximately 9.7 °C. Due to
the unique geographical location, Ireland experiences frequent extra-
tropical cyclones during the cold season [33]. The sustained winds
and extensive cloud cover constrain winter solar gains [34]. Dublin
(53.35° N, 6.26° W) is located on the east coast of Ireland. The windier
part of the year lasts for almost 6 months in Dublin, spanning from
October to March, with average wind speeds of more than 6.2 m/s
(Fig. 2(a)). During this period, Dublin also experiences a higher per-
centage of cloud cover, about 60% or more (Fig. 2(a)). In Ireland,
approximately one-third of the residential building stock predates 1970
and suffers from subpar insulation performance [35]. With high popu-
lation density and a large share of older housing, Dublin is particularly
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(a) Neighbourhood context (Stoneybatter)
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(b) Representative street view used in scenario design.

Fig. 3. Study area imagery from Google Earth (accessed: 1 July 2025).
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affected. These stock characteristics, combined with weather conditions,
exacerbate the heating demand in the city.

The study neighbourhood is Stoneybatter, on the north side of Dublin
city centre (as shown in Fig. 3). The area is dominated by pre-1970 ter-
raced housing and exhibits relatively poor building energy performance
[36]. These characteristics make Stoneybatter a pertinent testbed for
evaluating microclimate-sensitive interventions aimed at reducing wind-
driven infiltration losses and heating demand. Details of the building
stock typology are provided in Section 2.4.1.

2.3. ENVI-met simulations

2.3.1. Model description

The microclimate simulation model used in this study is ENVI-met
5.6.1. Based on the hydromechanics and thermodynamic equations,
ENVI-met simulates the “surface-vegetation-atmosphere” interaction

with a high temporal and spatial resolution (up to 0.5 m). ENVI-met
is widely recognised in urban microclimate research due to its de-
tailed modelling capabilities, including evapotranspiration, sensible
heat fluxes, transpiration, and soil-plant water exchange [37-39]. One
of the main advantages of ENVI-met is its ability to model vegetation
in detail, which is essential for accurately simulating the cooling ef-
fects of vegetation on urban microclimates. Toparlar et al. [40] reviewed
CFD analyses that confirm that ENVI-met is the software most used for
studying the urban microclimate.

Given the high requirement of computational resources for CFD
models, this study selects specific days to represent typical weather con-
ditions in Dublin. To evaluate the impacts of low temperatures and high
wind on heating demand, the selected days correspond to periods with
low temperatures (referring to 18th and 28th Jan) and with high values
of wind speed (referring to 28th and 29th Jan), as shown in Fig. 4.
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2.3.2. Simulation verification

Usually, the majority of building energy modelling relies on typical
meteorological year (TMY) data derived from nearby weather stations,
which primarily represent regional background conditions and do not
explicitly reflect the influence of urban morphology and land-cover char-
acteristics on local climate. In this study, the SUEWS model is employed
to generate neighbourhood-scale microclimate conditions by translating
urban surface properties into local meteorological forcing, including air
temperature, humidity, wind conditions, and surface radiation compo-
nents. The performance and applicability of the SUEWS model for the
study area have been evaluated in a previous study by Ren et al. [36].
Therefore, SUEWS is used here as a validated tool to provide represen-
tative local boundary conditions for subsequent ENVI-met and building
energy simulations.

To validate the feasibility of ENVI-met, we simulated a 150 m X
150 m area centred around the weather sensor. The observation date is
26 December 2023. Environmental sensor data were obtained from a
personal weather station hosted on the Weather Underground platform,
which provides real-time measurements of air temperature, relative
humidity, wind speed, and wind direction [41]. The data were col-
lected from the Weather Underground weather station (ID: IDUBLI9;
53.372° N, 6.313° W), located within the study area. The air temper-
ature, relative humidity, wind speed, and direction generated from the
SUEWS are used as the input meteorological data for the ENVI-met val-
idation model. The model runs for 24 hours, and the results for the
last 18 hours are compared with the observed data collected from the
neighbourhood sensor.

As the Fig. 5 shows, there is a strong correlation between the data
from the simulation and the sensor. The R? values for the air temperature
and relative humidity are both appropriately 0.82, indicating a good fit
between the model and the observed data. The Mean Bias Error (MBE)
of air temperature is approximately 1.1 °C, which indicates that the pre-
dicted air temperature closely matches the actual values, although with
a slight overestimation. This overestimation may be due to the influ-
ence of various factors in the actual urban environment, such as human
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activities and local wind conditions. It is also important to note that the
sensor data naturally exhibits fluctuations. In addition, the ENVI-met
model does not account for all environmental variables and human in-
terferences during simulations, such as traffic conditions. Despite these
limitations, the simulations performed using ENVI-met are considered
reliable for assessing the microclimate.

2.3.3. Design of the study cases

ENVI-met software is used to establish the initial model of the typical
street scale (as shown in Fig. 3) in the neighbourhood. Based on the
preliminary simulations, the grid size is set to 3m X 3m X 2m, with a
simulation area of 192 mx290 m. The buildings are represented as 2-floor
terraces, reflecting the existing building archetypes (further details in
Section 2.3.1. The building orientations are set to northeast-southwest
(NE-SW) and northwest-southeast (NW-SE), aligning with the current
building orientations in the neighbourhood.

Note: BD: Building Direction; TP: Tree Planting.

Currently, most trees in the neighbourhood are deciduous trees,
which do not provide sheltering effects during the winter months. The
existing vegetation in Stoneybatter primarily consists of street trees and
park trees, serving as windbreaks. To estimate the sheltering effects
of trees in winter and their impact on heating demand, this study in-
vestigates several evergreen tree planting scenarios. Table 1 shows the
details of the cases. It should be noted that the sheltering effects of street
trees depend on their spatial relationship with surrounding buildings.
The configuration presented here should therefore be interpreted as an
illustrative example, and alternative tree-building arrangements may
produce different energy outcomes.

« Case A and Case D represent the current situation, with no
vegetation.

« Case B and Case E introduce street trees.

« Case C and Case F implement windbreaks that are oriented
perpendicular to the prevailing wind.
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Table 1
The evergreen tree planting scenarios.
Cases Case A Case B Case C Case D Case E Case F
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Table 2
Initial conditions used in ENVI-met.
Category Parameter Name Data
Basic Parameters Location Dublin, Ireland

Grid size 3mx3mx2m
Start simulation date 18th, 28th and 29th
Start simulation time 18:00:00

Total simulation time 30 hours

Model rotation 45° and 135°

Output Timing Receptors and buildings

All other files

Every 30 min
Every 60 min

The choice of vegetation species for the simulations is based on the
site situation(road width), planting characteristics centring on Dublin
and the characteristics of software grid settings. For street tree cases, we
use the Cypress (height: 7 m, width: 3 m), and for windbreak cases, we
use the Pine (height: 15 m, width: 7 m). To maintain consistency across
all cases and avoid discrepancies due to variations in plant shape, the
same plant model from the Albero tool is used for all vegetation types.
All other vegetation parameters, including leaf area index (LAI), drag
resistance and porosity, are adopted from the default values provided
in the Albero database. It should be noted that, as the analysis focuses
on winter conditions and evergreen tree species, seasonal variations in
vegetation properties are outside the scope of this study. The resulting
wind-sheltering effects are therefore interpreted in a relative, scenario-
based manner.

To minimise edge effects and ensure the validity of the simulations,
8 nested grids were added in the calculation domain. All simulations
were conducted using the standard ENVI-met atmospheric boundary
layer formulation and identical numerical solver settings, time-step con-
figuration, and convergence criteria as defined by the system defaults,
ensuring numerical consistency and reproducibility across all cases. The
parameters near the surface of the middle building in the terraces are ex-
tracted, including air temperature, relative humidity, and wind speed.
These meteorological data are then used as input for the building en-
ergy simulations. The primary initial conditions for the simulations are
summarised in Table 2, with the remaining conditions set to the default
values of the system.

2.4. Building energy simulation

In this study, the Integrated Environmental Solutions Virtual
Environment (IES VE) version 2023.5.2.0 was chosen to explore
the sheltering effects of trees on building energy consumption of
archetypes [42]. IES VE offers comprehensive analysis capabilities,
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including detailed evaluation and optimisation of building energy
efficiency, comfort, ventilation, and HVAC performance [43,44]. It has
been widely used and recommended for its high accuracy in energy
modelling [42,45].

This research employs a coupling approach between ENVI-met and
IES VE, where key weather variables—such as air temperature, rela-
tive humidity, and wind speed—generated by ENVI-met serve as input
data for building energy simulations in IES VE. This coupling enables
a more accurate representation of how outdoor microclimates, influ-
enced by trees, impact indoor energy consumption. Specifically, it allows
for precise quantification of how changes in the urban microclimate af-
fect energy demand, particularly during colder periods when heating
demand is most significant.

2.4.1. Building typology

Buckley et al. [46] present a geographic building database for Dublin
city centre using a typology approach. Fig. 6 shows the distribution of
buildings in Stoneybatter. This area contains 2090 buildings, of which
94% are single-family houses, with the remaining buildings being non-
residential structures and apartment blocks. Terraced houses are the
most common archetypes, accounting for 93.3% of the total, which
aligns with the common building typology in Dublin.

Approximately 80.8% of the buildings were constructed before 1978,
when building regulations were not yet in place. As a result, these older
buildings typically have poor energy performance. For instance, 52.3%
of the terraced houses were built before 1930, with solid brick walls
(some without insulation) and single-glazed windows. In contrast, 9.0%
of the terraced houses were built between 1994 and 2004, featuring
cavity walls and improved energy performance due to the first Building
Regulations introduced in 1992, which addressed fuel conservation and
energy efficiency in buildings. The multi-family apartment blocks in
the area account for just 1.2% of the total and were built after 1978,
incorporating modern updates such as cavity walls and double-glazed
windows. Table 3 provides the breakdown of buildings per archetype
across different construction periods.

For this study, we focus on three representative archetypes of
terraced houses: those built between 1900-1929, 1978-1982, and
1994-2004. These houses dominate, and the periods represent sig-
nificant changes in building practices and regulations, making them
particularly relevant for further analysis. Additional details on building
parameters are provided in the next section.

2.4.2. Model settingup
To ensure an effective coupling between ENVI-met and the IES VE
model, the building models within IES VE were configured to align with

Non-res.

(b) The map of building archetypes

Fig. 6. The map of building years (a) and building archetypes (b). Det., Semi-det., Terr., Bung., Apt., and Non-res. denote detached, semi-detached, terraced, bungalow,

apartment, and non-residential buildings, respectively.
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Table 3
Number of buildings per building archetype across different years.

Years Detached  Semi- Terraced Bungalow  Apartment Non-
detached Res
Pre 1900 5 - 134 - - 51
1900-1929 - - 960 481 - -
1930-1978 - - 17 22 1 18
1978-1982 - - 149 - -
1983-1993 - 8 - - 4 -
1994-2004 - - 188 - 10 2
2005-2010 1 - - - 11 -
Unknown - - - - - 27

those in ENVI-met, as illustrated in Fig. 7. To account for the impact of
surrounding buildings on energy performance, a 50 m area surround-
ing the target building was selected for the building energy simulation.
Figs. 7(c) and Fig. 7(d) show the location of the target building within
the model.

Solar radiation:

Trees influence solar radiation by blocking incoming short-wave
radiation and modifying the radiative environment around buildings,
thereby affecting building energy consumption. To incorporate the im-
pact of trees on radiation, the tree positions in the IES VE model were
matched to those in the ENVI-met model, as shown in Fig. 7(b) and
Fig. 7(d). In the IES VE model, trees are represented as external shading
elements to account for the effects on solar radiation, while micro-
climatic processes related to trees are calculated through ENVI-met
simulation.

Infiltration:

As building standards become more stringent, the role of infiltration
in building energy consumption is becoming increasingly significant.
Typically, an infiltration target or standard is defined in models, repre-
sented by a mean air change rate with a ’continuously on’ profile. In this
study, we enhance the model resolution by implementing a dynamic in-
filtration profile, which is adjusted based on wind pressure derived from
the model’s weather file.

p=cC- %,wz ey

where P is wind pressure (Pa), p is air density (kg/m?), v is wind speed
(m/s)

e St e
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e
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(a) ENVI-met model in 2D

(¢) IES VE model in 2D
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ATTMA [47] utilises the power law equation to establish the rela-
tionship between the airflow Q and building pressure differentials AP,
as given by:

0 =CAp" 2

where Q is airflow rate (m3/s), C is flow coefficient, AP is the indoor—
outdoor pressure difference across the building envelope (Pa), n is
pressure exponent, typically ranging from 0.5 to 1. For most buildings,
n is typically around 0.65 [48].

Egs. (1) and (2) are used to calculate the wind pressure and airflow
at both average and maximum wind speeds. We employ a Python script
to scale the infiltration based on wind speed, as described in Eq. (3).

3

0.65

ws_pressure

ws_ach = max_ach X _p—
max_wind_pressure

where, ws_ach is wind-speed-adjusted air changes per hour, max_ach
is maximum air changes per hour, ws_pressure is wind pressure at the
current wind speed, and max_wind_pressure is maximum wind pressure.

Based on the analysis in Section 3.2.2, this study selects the three
most common building archetypes for further investigation. All parame-
ter values (shown in Table 4) are derived from the Building Regulations
[49-52], the TABULA project [53], and other relevant studies [15,54].
In addition, air infiltration rates are determined using the Kronvall and
Persily (K-P) “divide-by-20” rule of thumb [55,56], which typically uses
gso as the numerator [57]. These values define the baseline (mean) infil-
tration level for each archetype, which is subsequently modulated using
Eq. (3) to generate a wind-speed-dependent infiltration profile. The re-
sulting profile can be imported into IES VE as a freeform infiltration
profile, replacing the default ’continuously on’ profile. This approach al-
lows for a more dynamic and realistic simulation of infiltration rates,
improving model resolution and accuracy. Detailed occupant behaviour
data for the archetypes are as outlined in Table 5.

3. Results and discussion
3.1. Results of microclimate

This section shows the results of microclimate simulations under six
different cases of tree design. Air temperature and wind speed values
were extracted from ENVI-met receptor grids located within one grid

(d) IES VE model in 3D

Fig. 7. The coupled models in ENVI-met and IES VE. (The building in blue is the objective building, while the buildings in pink are the Adjacent buildings.).
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Table 4
The description for the building archetypes.

Building and Environment 295 (2026) 114432

Archetype  Year Description U-values (W/m? - K) WWR (%)  Air Permeability
Wall  Roofs  Ground Floors =~ Windows  Doors (m3/h-m?)

1 1900-1929 Terraced House 21 0.68 1.38 4.8 3 11.8 15

2 1978-1982  Terraced House 1.1 0.4 0.86 3.7 3 31.3 12

3 1994-2004 Terraced House 0.55 0.26 0.66 2.8 3 20.9 10

Table 5
The occupant behaviour data.

Description Details Occupant schedules

12

19°C
People: Max sen-

Heating point
F R R—

0.8

||~ Heating

sible heat gain Los = :eg:;‘w:g
90 W/person, Loa || — cooking
Max latent heat gain 02 |

60 W/person, o 2

Internal heat gain Occupancy 4 persons
Lighting: 10 W/m?

Cooking: 10 W/m?

cell adjacent to the building facades and spatially averaged across all
facades.

3.1.1. Air temperature

Fig. 8(a) shows the air temperature of Cases A - F on the 18th, 28th,
and 29th of January. A comparison between building orientations (Cases
A, B, C versus D, E, F) indicates that orientation-related differences in

air temperature are small. Across the selected days, the maximum dif-
ference between Case A and Case D remains below 0.2 °C, with a peak
difference of approximately 0.16 °C observed on 18 January. While the
building orientation generally affects shading, it appears to have a min-
imal impact on air temperature in this context. This suggests that within
the simulated winter conditions, building orientation plays a secondary
role compared to other factors such as wind flow and tree placement.

The presence of evergreen trees, however, has a noticeable effect
on air temperature. Due to the combined effects of shading, shelter-
ing, and transpiration of trees, the air temperature around buildings
varies. Fig. 8(b) shows the air temperature differences between cases
with trees (Cases B, C, E, and F) and those without trees (Cases A and D).
During the night, the cases with trees generally exhibit slightly warmer
temperatures compared to those without. For example, on the 18th,
the temperature differences reached approximately 0.05 °C for Case B
and 0.03 °C for Case E during nighttime. This is likely due to reduced
longwave radiation loss and stored heat in tree canopies.

During daytime hours (09:00-18:00), both street-tree configurations
(Cases B and E) and windbreak configurations (Cases C and F) are
associated with modest reductions in air temperature relative to the
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(b) Hourly air temperature differences between tree cases (B, C, E, F) and no-tree

January 2020.

reference cases (A, D) on 18, 28 and 29

Fig. 8. Hourly air temperature (a) and temperature differences (b) across six building-tree configuration scenarios on selected winter days.
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Fig. 9. Hourly wind speed (a) and wind speed differences (b) across six building—tree configuration scenarios on selected winter days.

baseline cases. The largest differences occur around midday, with tem-
perature reductions ranging from approximately 0.1 °C to 0.5 °C across
the analysed days. Compared to windbreak scenarios, street-tree cases
exhibit more uniform temperature reductions over the daytime period,
although the overall magnitude of cooling remains limited within the
investigated configurations.

The temperature reductions are more pronounced on the 18th of Jan,
when wind speeds are low, with temperature differences reaching 0.5°C
at midday. In contrast, during windier conditions, as observed on the
28th and 29th of Jan, the temperature reductions are less noticeable,
with temperature differences generally between —0.1°C and —0.2°C
during midday. The wind tends to disperse the cooling effect, reducing
its overall impact. These findings suggest that external climatic factors,
such as solar radiation, ambient temperature, and wind speed, impact
the role of tree effects on shaping air temperature.

3.1.2. Wind speed

Fig. 9(a) shows the hourly wind speed variations for Cases A - F on
the 18th, 28th, and 29th of January. The overall wind speed varies
across the three days. Wind conditions vary substantially across the
three days, reflecting differences in background meteorological forcing.
On 18 January, wind speeds remain relatively low throughout the day,
with mean values of approximately 2 m/s and limited variation between
cases.

In contrast, on the 28th and 29th, when wind speeds are higher,
clearer differences emerge between cases with varying building orien-
tations. Cases A, B, and C, which have a NE-SW building orientation,
generally experience higher wind speeds, likely due to less interfer-
ence between NE-SW-oriented buildings and the southwest wind flow.
Wind speeds are consistently lower in cases with a southeast-northwest

(SE-NW) orientation, suggesting that the building layout in this
orientation plays a significant role in blocking wind flow.

During the same day, Case A and Case D exhibit higher wind speeds
throughout the day, indicating that the absence of trees allows wind to
flow with minimal obstruction. Fig. 9(b) shows the wind speed differ-
ences between cases with trees and those without trees (Case A and Case
D). Cases B and E demonstrate the largest reductions in wind speed, espe-
cially during peak wind periods. The presence of street trees effectively
blocks the wind flow, leading to a reduction of up to 0.5 m/s on the 18th
and even greater reductions (approaching 1.2 m/s) on the 28th and 29th
of January. In comparison, Case C and Case F show a slight reduction
in wind speed, indicating that the windbreak plays a role in moderating
wind flow, though not as significantly as street trees. It should be noted
that the windbreak’s effectiveness is influenced by the distance between
the trees and the building.

Generally, Case B exhibits larger wind speed reductions than Case E,
which can be attributed to the building orientation. The wind interacts
more directly with the trees in the NE-SW building orientation, amplify-
ing the obstruction effect. For Case F, the buildings in SE-NW orientation
play an important role in reducing wind speed, with the windbreak fur-
ther enhancing this effect. It is also noteworthy that there are instances
of positive wind speed differences in Case C at certain hours. When build-
ings are oriented in the NE-SW orientation, the windbreak to the wind
direction might create gaps or channels where the wind is funnelled
[58]. These funnelling effects become more pronounced under higher
wind conditions.

3.2. Results of building energy consumption

3.2.1. Heating loads comparison
This section compares the building energy consumption, specifically
focusing on heating demand, under different tree planting scenarios
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using the coupled ENVI-met and IES VE models. This study specifically
examines the energy performance of the most common architectural
archetypes: terraced houses built between 1900—1929, 1978—1982,
and 1994—2004. Old buildings are often less energy-efficient due to
their age and construction style. The analysis focuses on compara-
tive heating-demand differences between scenarios, reflecting relative
responses to changes in wind exposure under the simulated conditions.

Fig. 10 presents the daily heating load for three building archetypes
(Archetype 1, 2, and 3) across six cases (A-F) on 18th January, 28th
January, and 29th January. Archetype 1 exhibits the highest daily heat-
ing load across all cases and days, reaching over 60 kWh on the 28th
of January. This is likely due to higher infiltration rates or less effi-
cient insulation. In contrast, Archetype 2 shows moderate heating loads,
nearly half that of Archetype 1, owing to updates in building construc-
tion. Archetype 3 demonstrates the lowest heating loads, typically below
20 kWh, suggesting better insulation or a more efficient design.

When comparing the two groups of building orientations, those with
NE-SW orientations generally have higher heating loads than those with
SE-NW orientations, particularly during windier conditions. The build-
ing layout plays an important role in sheltering, which reduces wind
exposure and infiltration.

Although buildings with the SE-NW orientation tend to have lower
heating loads overall, the group cases with the NE-SW orientation gener-
ally show a significant reduction in heating load when trees are present.
This is because the buildings in the SE-NW orientation play a sheltering
effect as well, thus diminishing the role of trees. While both Case B and
Case E have street trees, the heating load reduction rate for Case E is
almost half that of Case B.

Trees impact the air temperature and wind speed around buildings,
which in turn affects heating demand. Fig. 11 shows the heating load
difference rate between cases with trees and those without trees (Case A
and Case D). Across the analysed days and archetypes, cases with street
trees are associated with lower heating loads relative to the correspond-
ing baseline cases, particularly for Case B compared to Case A, with a
maximum reduction of 6.15% observed on 28 January. This reduction is
consistent with reduced wind exposure under the simulated conditions
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and its influence on wind-driven heat loss. These results illustrate the
potential sensitivity of heating demand to vegetation-induced changes
in local wind conditions within the modelled scenarios.

However, not all tree cases contribute to reduced heating loads.
For example, Case C shows a slight increase in heating load (less than
0.1 kWh) across all days compared to Case A, despite including a
windbreak. This pattern suggests that stronger wind conditions are as-
sociated with increased infiltration-related heat loss under the analysed
winter scenarios. Another exception is observed for Cases B and E of
Archetype 3 on the 18th of January. Due to its higher energy perfor-
mance, Archetype 3 experiences less heat loss driven by infiltration.
In contrast, the reduction in air temperature and solar gain due to the
presence of street trees leads to a higher heating demand.

In addition, all archetypes show various results under different tree
cases. Taking the 28th as an example, when the weather was cold and
windy, Archetype 1 experiences a 4.29% reduction in heating load due
to the addition of street trees, while Archetype 3, which has better air-
tightness, shows a 5.99% reduction due to having lower heating loads
to begin with.

3.2.2. Infiltration comparison

Infiltration contributes to building heating demand, particularly un-
der cold and windy conditions. Fig. 12 illustrates the distribution of
hourly heating loss by infiltration of all archetypes on the 18th, 28th
and 29th of January. Due to the poor airtightness, Archetype 1 consis-
tently exhibits the highest hourly infiltration across all cases and days,
making it the most susceptible to infiltration losses. Archetype 2 shows
a moderate infiltration level, while Archetype 3, with better insulation
or resistance to air infiltration, has the lowest infiltration. For example,
the median hourly infiltration of the current situation for Archetype 1
on the 28th of January is 0.8 kW, compared to approximately 0.6 kW
for Archetype 3. Additionally, Archetype 1 shows the largest spread
(interquartile range), while Archetype 3 demonstrates more consistent
infiltration regardless of external conditions or tree placements.

Infiltration is strongly influenced by wind speed. Case B with street
trees exhibits significantly lower infiltration compared to Case A without
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Fig. 10. Daily cumulative room heating load for three representative terraced house archetypes under six tree configuration cases on the 18th, 28th, and 29th of

January.
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Fig. 11. Heating load difference rate for cases with trees (B, C, E, F) relative to their corresponding no-tree cases (A for B and C; D for E and F) on 18, 28, and 29
January. The difference rate is calculated as the percentage change in daily total room heating load with respect to the corresponding no-tree case.
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Fig. 14. Daily infiltration heat loss and solar gains of the three building archetypes on 18, 28, and 29 January.

trees. Trees effectively shelter buildings from wind, thereby reducing the
heat loss driven by infiltration. Buildings with SE-NW orientation (Cases
D, E, F) are more resistant to infiltration compared to those with NE-SW
orientation (Cases A, B, C), highlighting the role of building alignment
in mitigating wind-driven infiltration.

Usually, the uncontrolled infiltration significantly affects the heating
load in buildings. Fig. 13 shows the ratio of infiltration to room heating
load for the terraced house built in 1900 and 1929 (Archetype 1). On the
28th, the infiltration accounts for 21.43% to 31.42% of the heating load,
which is primarily driven by gaps in the building envelope and ambient

11

wind. The presence of street trees leads to a significant reduction in
this ratio across all dates, highlighting the sheltering effects of trees in
mitigating infiltration-driven heat loss.

Generally, vegetation plays the co-function of shading effects and
wind-sheltering effects in winter, especially the evergreen trees. To ex-
plore the vegetation’s impact on building heating demand in winter,
both infiltration and solar gains under all cases are examined, as shown
in Fig. 14. It is obvious that the cases with street trees have a reduction
in infiltration of all archetypes, varying across the dates. Windbreaks,
due to their distance from the buildings, have a less pronounced effect.
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While trees reduce infiltration, they also block and absorb solar radi-
ation, which reduces solar gains, potentially increasing heating demand
during winter. For example, on the 18th of January, solar gain in Case
D (the current situation) is 1.49 kWh, while it is reduced to 1.28 kWh in
the case with street trees. The effect of trees on solar gain is not uniform
across all environments, which varies depending on building orienta-
tion. For Archetype 1, Case B (NE-SW orientation) has a solar gain of
1.39 kWh, while Case E (SE-NW orientation) has 1.28 kWh on the 18th.
This difference is due to the greater exposure to solar radiation in the
NE-SW orientation compared to the SE-NW orientation.

The building archetypes impact the solar gains as well, especially
the window-to-wall ratio (WWR), which directly impacts the access of
solar gains to the rooms. For instance, Archetype 3, with a higher WWR,
experiences more solar radiation, resulting in a solar gain of 1.75 kWh on
the 18th of January, compared to 1.38 kWh and 1.35 kWh for Archetypes
1 and 2, respectively.

3.3. Impact of trees on heating demand under various weather conditions

It is well established that weather conditions play a determining
role in building energy demand. Temperature fluctuations, wind speed,
and solar radiation all interact with the building’s physical properties
and landscape design, such as tree placements, to influence the over-
all building energy performance. Understanding these weather-related
influences is essential for optimising building energy consumption and
improving climate-resilient designs.

Air temperature may be a direct factor impacting heating demand.
Colder external temperatures increase the heating load required to
maintain indoor comfort. On the 18th of January, with the lowest tem-
peratures, the heating demand for all cases was nearly identical. The
effects of trees on heating demand are minimal on this day, indicating
that temperature was the dominant factor influencing heating needs.

Wind speed is a major factor determining the heat loss from build-
ings. As wind speeds increase, the heat loss due to infiltration also rises,
particularly in poorly insulated buildings. The findings show that the
higher wind speeds on the 28th and 29th lead to a higher infiltration,
especially for Archetype 1, over 19 kWh, as shown in Fig. 14. Conversely,
street trees significantly reduce wind-driven heat loss, providing a
sheltering effect that lowers heating demand.

In addition, Fig. 10 shows that the 28th and 29th have a higher heat-
ing load than the 18th of Jan, despite the latter having the lowest daily
air temperature. The ratio of infiltration to heating load was highest on
the 28th, at about 31.4%, as seen in Fig. 13, compared to 9.8% to 11.8%
on the 18th—Iless than half of that on the 28th. This pattern suggests
that stronger wind conditions are associated with increased infiltration-
related heat loss under the analysed winter scenarios. Simson et al. [21]
found that the impact of high wind speeds and low sheltering conditions
leads to up to 50% of all heat losses, aligning with the findings of this
study.

Solar radiation can help reduce heating demand during winter by
offering free passive solar heat. However, the presence of trees can block
solar radiation to some degree, which may reduce the available heat.
Due to a higher cloudy cover rate in Dublin during winter, the shading
effects of trees are not as significant. This effect is more pronounced in
buildings with SE-NW orientation, where shading from trees limits solar
radiation during midday.

The combined effects of air temperature, wind speed, and solar ra-
diation create complex interactions that influence heating demand. For
example, on 28 January, when temperatures were low and wind speeds
were high, heating loads reached their peak, particularly for Archetype
1. In contrast, trees provided a mitigating effect by reducing wind-driven
heat loss, although this benefit was partially offset by reduced solar ra-
diation. These findings illustrate the trade-off between wind sheltering
and solar gain under the analysed winter conditions, indicating that both
effects should be considered when interpreting vegetation impacts on
heating demand in urban environments.
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These results are particularly significant for cities like Dublin, where
much of the housing stock predates modern energy efficiency standards
and building retrofit options are often constrained by cost. Within this
context, vegetation-induced reductions in wind-driven heat loss may
represent a complementary pathway to influence heating demand, par-
ticularly for older and more permeable buildings. While not a substitute
for building-level retrofitting, such microclimate-based interventions
highlight the potential for landscape strategies to contribute to reducing
heating energy demand and associated costs under winter conditions.

4, Conclusion

This study investigates the impact of urban trees on the heating
energy demand of common building archetypes, focusing on the shelter-
ing effects on heat loss driven by infiltration. Employing the ENVI-met
model, we simulate various tree design strategies, considering the
building orientation and tree placement, to generate accurate weather
conditions around buildings for energy modelling. The localised climate
data obtained from these simulations are then used to perform energy
simulations for building archetypes in Ireland, providing a comprehen-
sive evaluation of the role of urban evergreen vegetation in influencing
heating energy demand.

This study indicates that the primary mechanism through which
urban trees influence winter heating demand is wind sheltering. The
presence of trees decreases near-building wind speed, which in turn
mitigates heat loss driven by air infiltration. Within the simulated sce-
narios examined, street tree configurations were associated with the
largest relative reductions in heating demand, with reductions of up to
6.16%. Heating demand is fundamentally driven by external air temper-
ature, with colder external temperatures leading to increased heating
loads, while wind speed further amplifies heating demand by increas-
ing infiltration-related heat loss, especially in poorly insulated buildings.
Under windy conditions, infiltration accounted for up to 31.42% of the
heating demand in the most wind-exposed cases, underscoring its critical
role in shaping winter energy requirements. While trees reduce wind-
driven heat loss, their shading effect may also limit beneficial solar
radiation entering buildings in winter, partially offsetting energy sav-
ings. In the present case, characterised by frequent winter cloud cover
in Dublin, the shading effect of evergreen trees had a limited influence
on heating demand. Overall, the effectiveness of urban tree configura-
tions in reducing winter heating demand is closely linked to local wind
exposure within the climatic context examined.

However, it is important to acknowledge the limitations of this study.
Firstly, the simplification of the models is one of the non-negligible
factors. This study does not explicitly resolve variations in canopy struc-
ture or fine-scale aerodynamic interactions within the tree crown, which
may influence the magnitude of wind-sheltering effects. Secondly, this
study focuses on the winter period using evergreen tree species, and
therefore does not address potential seasonal variations in vegetation
properties or their influence on wind sheltering across different times
of the year. Thirdly, the assumptions regarding thermal bridge and air
infiltration can lead to differences between simulations and the real val-
ues. Additionally, the influence of street trees and windbreak distance
and spatial configuration relative to buildings was not systematically
explored, despite its known importance for the effectiveness of wind
sheltering in reducing infiltration-driven heat loss.

In future research, we aim to explore more comprehensive scenar-
ios by integrating various factors, including a sensitivity analysis of tree
characteristics and urban neighbourhood configurations, to identify the
optimal urban tree design strategies. In addition, urban building energy
modelling will be essential for evaluating the effectiveness of tree de-
sign and enhancing our understanding of the interactions between urban
vegetation, local microclimate, and building energy consumption.

While this study focuses on Dublin, the findings may be applicable
to other urban areas with similar climatic conditions. The methodol-
ogy used here is particularly suited for designing pathways to reduce
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energy demand across Europe, as the Tabula Tool provides building
archetypes for 21 European countries. These insights are especially rel-
evant for vulnerable populations who cannot afford the high costs of
deep retrofitting. Microclimate-sensitive urban planning measures, such
as strategic tree planting, may complement conventional retrofitting
strategies by addressing wind-driven heat loss in vulnerable housing
contexts.
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