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Abstract: As the effects of climate change and urbanisation intensify, liveability and comfort in
outdoor spaces decrease. Because of large spaces exposed to solar radiation and low crossing of
airflows, courtyard buildings are extremely vulnerable in this regard. However, there are significant
gaps in the literature on outdoor comfort in courtyards, especially regarding the effect of border
configuration (including gap position and features), as well that of tree density. The study proposes a
methodology—to be used during preliminary design—to compare the effect of alternative scenarios
for courtyard buildings on outdoor microclimate, varying both the building perimeter configuration
and courtyard vegetation layout. A matrix is set to combine the two variables and select relevant
scenarios, which are then simulated in ENVI-met focusing on air temperature, wind speed and
physiological equivalent temperature (PET). A case study in Bologna, Italy (humid subtropical
climate) is presented as an example of the implementation. The resulting outdoor microclimate maps
and frequency diagrams are compared and discussed. It emerges that both variables have a role in
outdoor comfort: while gap configuration affects air temperature more (up to a difference of 1 ◦C),
tree density impacts PET by up to 2 ◦C difference. The methodology can be replicated in several
other contexts to support the optimisation of courtyard building design from the early stages.

Keywords: outdoor microclimate map; outdoor thermal comfort; ENVI-met; air temperature; wind
speed; PET

1. Introduction

Scientists from the Intergovernmental Panel for Climate Change (IPCC) predict a
1.5 ◦C increase in global temperature due to climate change (CC) effects by 2050 in the best
scenario, which means global emission reduction targets are achieved in time thanks to
nationally determined contributions (NDCs) [1]. Even in this case, in Europe, annual mean
temperature is expected to rise at least 1.6 ◦C and maximum temperature of the warmest
month 1.9 ◦C in 2050 compared to the three previous decades (1985–2014) [2]. Additionally,
the number of hot days and the duration (+63%) and frequency (+18.9%) of heatwaves
are presumed to increase in all future climate change scenarios for Europe. Should we fail
in achieving the set targets, these effects would dramatically worsen: +83.7% heatwave
frequency and +1.247% heatwave duration in 2050.

Dense urban environments will be especially impacted, as well as the liveability and
well-being of citizens. In particular, rising mean temperatures will exacerbate heat stress in
cities [3], where “the modified land surface affects the storage and radiative and turbulent
transfers of heat and its partition into sensible and latent components [. . .]. The relative
warmth of a city compared with surrounding rural areas, known as the urban heat island
(UHI) effect, arises from these changes and may also be affected by changes in water runoff,
pollution and aerosols” [4].

Beyond the expected rising temperature, many researchers agree that the lack of
green areas in favour of large impervious surfaces that absorb more energy and cool more
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slowly is one of the main reasons that heat stress is higher in cities [5,6], along with the
fact that building elevations and density reduce wind speed (air flow) and prevent heat
dispersion [7–9]. In addition, human activities such as heating/cooling buildings and
driving cars warm the environment.

As a result, people’s comfort in outdoor spaces is highly affected, and pollutants are
more likely stagnating in the air [10]. This in turn exacerbates climate-related discomfort
and disease, including cardiovascular and respiratory disorders, as well as heat-stroke,
leading to increased mortality rates [11–13], not to mention this discouraging people to
spend their (free) time in uncomfortable public or collective outdoor spaces [14].

Other side effects of rising temperatures include the need for more cooling in buildings
during the summer to maintain comfortable indoor temperatures. Taking Europe as an
example, a rise of 59% in cooling degree days is expected in 2050. This value must be
elevated to 305% should annual mean temperature rise surpass 2 ◦C [2]. These effects are
already visible in larger European cities, such as the centres of London and Paris, which
regularly record night-time temperatures 4 ◦C higher than rural surroundings [15].

Therefore, how to protect urban areas from heat waves is one of the most signifi-
cant issues that policymakers, urban planners and designers need to address as soon as
possible [7].

1.1. How to Mitigate Urban Heat Stress

Several strategies and designs are documented in the literature to this end, and their
effects are increasingly being tested with the appropriate assessment methods [16–19].
The current knowledge is that the most impactful factors are vegetation, surface material
properties, morphology of buildings, and wind-air flows [20].

On the one hand, great attention has been paid to the impact of urban surfaces on
outdoor comfort, especially focusing on heat-related features of pavement and façade
materials. Using reflective, permeable pavements with high albedo and reflectivity is
a promising strategy to mitigate UHI [21]. The same is valid for cool or evaporative
pavements [22,23].

Similar proprieties are sought in façade design, where it is preferable to select high-
emissivity materials to improve the outdoor microclimate [24]. Notably, Alonso et al. point
out that façades’ colour, emissivity, and solar reflectance not only affect outdoor thermal
comfort but also the building energy demand [25]. Zinzi also proves that ‘cool façades’
have the potential to mitigate outdoor heat stress while reducing the building demand for
summer cooling [26]. However, visual comfort of pedestrian should be carefully considered
when using these materials, in order to select options that both reduce heat stress and
visual discomfort [27].

Several studies and applied cases demonstrate that cool materials have a greater
mitigation effect when used on both buildings and the ground at the same time, as they
result in a significant reduction in air and surface temperature [25,28,29], but their full
potential has yet to be realised.

On the other hand, nature-based solutions (NBSs) such as tree planting, green per-
meable surfaces (e.g., grass) or water-based elements are receiving considerable atten-
tion [30,31]. Based on the green evapotranspiration principle that air is cooled by replacing
sensible heat with latent heat [32], adding vegetation is quite a diffuse and effective mit-
igation strategy all over the world [33,34]. Additionally, water basin and water design
elements are spreading as a way to improve outdoor microclimate in cities [35,36], even if
the increasing scarcity of water due to CC might hamper the success of this strategy. Blue
and green solutions are usually favourably welcomed by citizens because of the additional
benefits for people and nature, including psychological relief [37]. However, their effective-
ness depends on climate and context features, given that also building shadows and wind
canyons can affect NBS functioning.
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Urban geometry also influences the functioning of heat mitigation strategies [38],
which explains why the morphology of blocks and buildings has been increasingly studied
with relation to heat stress and especially ventilation effects.

1.2. Heat Stress in Dense Urban Patterns

Given that urban morphology—defined as “mass, density, and orientation of building
stocks” [39]—strongly impacts natural ventilation, computational fluid dynamic simula-
tions have been widely and increasingly used to investigate its effect on outdoor thermal
comfort. In order to fully consider the many variables involved, assessment methods have
evolved in the years from bidimensional indicators (e.g., building density or floor-to-area
ratio) to three-dimensional ones (e.g., building volume, height, shape) [40–42].

In particular, dense urban environments have been proven to considerably worsen ven-
tilation flows and thus affect thermal comfort at pedestrian level [43]. Therefore, Palusci and
Cecere recommend urban renewal plans considering how airflows and urban morphology
interact because their effects on human life can be either positive or negative [44]. However,
most studies focus on idealised urban patterns [45], while studies of real neighbourhood or
block layouts are still limited.

Building blocks or street grids do indeed shape urban structures, defining diverse
densities and favouring or hindering dominant wind accordingly. In this regard, it has been
noted that the historical city pattern, albeit dense and made of low-reflection materials,
has irregular street geometries that benefit building mutual shading and thus preventing
surfaces from being exposed to solar radiation for long periods of time. In this model,
vegetation was typically concentrated in private or collective gardens.

Modern city concepts, with progressive enlargement of street sections and public
spaces, may have aided wind flows if dominant directions were considered during the
planning stage, but at the expense of the mutual shading effect. Because voids prevail
on built elements, stones and construction materials are directly more exposed to solar
radiation and thus embed more heat, exacerbating the heat island effect typical of cities.
This is in fact proven by Oke, who demonstrates how historic European city patterns
are more favourable in terms of climate than modern city forms, exemplified by North
American ones [46]. Nowadays, it is largely acknowledged that cities with an orderly
pattern, such as the street grid, have a much greater urban heat island effect than cities with
a more disordered pattern [47].

This suggests that the diffused modern courtyard building type is among the most
critical ones, with regular borders, large street section and unshaded spaces, which is why
a significant body of literature exists to evaluate thermal comfort in courtyards [48–52].

1.3. Assessment of Outdoor Comfort in Courtyards

As the attention towards thermal comfort in courtyards has grown, methods and
tools for evaluating it have also advanced, whether through on-site monitoring, computer
simulations, or a combination of both [51]. Also, design-support procedures to optimise
courtyard inner space layout for building microclimate have been developed [53]. In
most cases, simulations of outdoor thermal comfort in courtyards are based on ENVI-met
software [54–57], which returns maps on air, soil and building surfaces, as well as the
thermal comfort expressed through the Physiological Equivalent Temperature Index (PET),
the Universal Thermal Climatic Index (UTCI) and the predicted mean vote (PMV) [58]. PET,
in particular, is defined by Höppe [58] as “the air temperature at which, in a typical indoor
setting (without wind and solar radiation), the heat budget of the human body is balanced
with the same core and skin temperature as under the complex outdoor conditions to be
assessed”. Therefore, the software allows consideration of all relevant parameters that
affect outdoor thermal comfort in a three-dimensional microclimate model, from vegetation
to building morphology and surface materials.

Many scholars examined the shading effect carried by the shape, orientation, and
boundary surfaces (such as building walls) of courtyards in order to enhance open space
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comfort [49,50,52,59,60]. Several authors addressed the benefits of vegetation and cool
pavements within courts [61,62]. Taleghani et al., as an example, argue that in courtyard
blocks in the Netherlands, the use of greenery on both roofs and pavements is the most
effective strategy to mitigate heat stress [63]. The effect of tree planting on courtyard
outdoor comfort is also particularly studied [64–66].

Fewer studies focus on airflows in courtyards to reduce heat stress, either indoor or
outdoor [67–70]. The same limited attention is paid to the effect that the volume distribution
on the borders may generate on courtyard outdoor thermal comfort, that is, the effect of
building elevation features and the positioning of floor-to-ceiling gaps or access breaches.
This might instead be of great help both in cases of new developments or urban regeneration
plans to predict the effect of design choices on outdoor thermal comfort.

A recurring approach in contemporary developments is to symmetrically locate the
volumes on the borders of the plot according to regular patterns providing access to the
inner courtyard through breaches that interrupt the elevation continuity on each side of the
plot, mainly to give a semi-public character to this space. Less frequently, these gaps follow
an irregular distribution that is mainly due to the relation with surrounding alignment,
passages, or street directions. Not only does the different distribution and nature of these
volumes influence the way the courtyard space can be naturally ventilated but also the
distribution of vegetation (if any).

The investigation of this topic can be highly relevant to provide solutions in existing
contexts, where new volumes are built in the gaps between existing buildings to contrast
urban sprawl by exploiting available voids. The practice of inserting new buildings along
existing discontinuous urban fronts is taking pace, encouraged by several municipalities
worldwide, and many guidelines have been published accordingly, but at present no
one has mentioned the potential impact of such interventions on the courtyard thermal
comfort [71–74].

Accordingly, it is worth investigating how building continuity or discontinuity, gaps,
and the nature of possible vegetation patterns can affect the outdoor microclimate of
courtyards, which represents an interesting, recurring, and still critical typology for
many reasons.

2. Goals

The aim of this study is thus to investigate the role of courtyard building perimeters
and courtyard vegetation in affecting the microclimate to improve outdoor thermal comfort
in open spaces. In particular, the specific objective is to explore the impact of two elements
that are recurrently considered in courtyard building design: (i) volume distribution along
the courtyard borders, and how the gaps are treated to screen ventilation air flows or not;
and (ii) vegetation distribution in the courtyard.

3. Materials and Methods

The methodology compares the effect of alternative scenarios for courtyard buildings
on outdoor microclimate, varying both the building perimeter configuration and court-
yard vegetation layout. The procedure is relevant to new buildings design as well as
redevelopment projects to foresee and thus optimize courtyard thermal comfort.

Outdoor microclimate maps (OMMs) are used to investigate their effects assuming air
temperature, wind speed and PET as the most significant indicators [75,76]. To this end,
the study makes use of the ENVI-met software (v 5.5), as the most used and reliable to
simulate ventilation in urban environments, especially when it is necessary to consider the
interaction of different surface materials, vegetation, and solar radiation with air flow and
its turbulent phenomena [67]. Accuracy level and calibration of the tool are also reported
in [77]. This study aims to simulate the effect of two main design variables, focusing on:

(A) The building perimeter configuration, including both gap positioning and their capac-
ity to influence airflows.
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In fact, the border features may vary depending on the skyline, urban morphology
and density, front alignments, and functional requirement, so different options are explored,
from simple breaches between volumes, to continuous fronts where the gaps are filled with
volumes, passing through intermediate solutions where screens are placed in the gaps to
‘modulate’ airflow crossing.

(B) Vegetation distribution, especially focusing on tree density.

The courtyard layout as well can vary according to contextual factors and diverse
uses (e.g., public or collective spaces, parking areas, etc.). In particular, among the possible
NBSs to be implemented, the study focuses on tree planting as the most frequent in
courtyard buildings.

As a first step in the design process that is here simulated, all possible gaps are
positioned in the courtyard perimeter according to the plot and building size. Then,
several scenarios corresponding to alternative perimeter configuration can be defined,
by respecting local planning rules and context constraints (e.g., minimum distance from
windows of other buildings) while ensuring adequate access to the courtyard. This may
lead to some gaps to be maintained mandatorily open (i.e., void).

The basic principle behind defining scenarios is to simulate the impact of the
two variables on a gradient basis, as shown in Figure 1:
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Figure 1. Concept map to select scenarios to be investigated. Perimeter features are indicated by
letters, tree density by numbers.

(A) from a courtyard building with multiple accesses (Aa—all possible gaps are left open)
to a continuous courtyard building (Ad—all gaps filled), passing through intermediate
situations in which some gaps are only ‘screened’ to align the frontages and others
are filled with proper volumes;

(B) from no trees (B1) to a high tree density (50–70% of the courtyard surface) (B3).

In the case of an existing building, all scenarios must be compared with the actual
case study situation (scenario 0) to ensure current conditions are not worsened. Once the
scenarios to be analysed are selected, the effects of variables A and B are simulated through
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OMMs by the ENVI-met software (v 5.5), especially considering air temperature (measured
in ◦C), wind speed (m/s) and physiological equivalent temperature (PET, ◦C).

A significant day of summer where peak heat stress is expected must be assumed in
the setting for the simulation, which is run for a 48 h time span assuming the hottest day as
a reference and the previous one as a double check. Then, results from three representative
hours of the day with regard to heat stress are compared: e.g., 11:00 for the morning (when
the temperature starts to significantly rise), and 13:00 (maximum solar radiation) and 15:00
for the afternoon (when the effects of the peak heavily affect the microclimate).

PET is calculated assuming conventional parameters of metabolism, clothing and
activity for an adult person. Accordingly, assuming the range scale proposed by Matzarakis
et al. [78], the output is reported on a six-factor scale: below 23 ◦C corresponds to thermal
sensation ‘slightly warm’, 23 ◦C–29 ◦C ‘warm’, 29 ◦C–35 ◦C ‘hot’, 35 ◦C–41 ◦C ‘very hot’,
41 ◦C–47 ◦C ‘extremely hot’, and above 47 ◦C ‘extreme heat stress/collapse’.

The process (Figure 2) is considered validated by comparing the simulated scenario
0 with onsite measurements for calibration purposes. This has been already investigated
by the authors in previous studies where ENVI-met results’ consistency and reliability
with real data were demonstrated with reference to the calibration of outdoor microclimate
simulation models [77].
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Figure 2. Concept of the methodological steps.

To this end, it is worth clarifying that the goal of the study is not focusing on refining
data accuracy, but to exploit a consolidated approach to investigating the impact of court-
yard perimeter configuration and tree density variations through OMMs. The adoption of
a digital environment for this simulation is particularly helpful, especially when alternative
scenarios—which cannot all be realised—must be compared.

4. Case Study

A case study is used only to clarify the methodology and not to compare the accuracy
of the simulation outputs with real data. Any other intervention on courtyard buildings in
a different place have been potentially selected. In this case, an infill development within a
social housing courtyard building was chosen as representative of a regeneration process
that many Italian and European cities are undergoing.

The site is located in the city of Bologna (Italy), 44◦ 49′ N latitude, 11◦ 34′ E longitude
and 50 m a.s.l. altitude. According to the Köppen–Geiger classification [79], the area falls
within a humid subtropical climate (Cfa) with short dry summers and heavy precipitation
during mild winters. The city is in the Italian climatic ‘zone E’, where the number of degree
days (DDs) is estimated between 2101 and 3000.

The building is located in Bolognina, a district north of the railway station that has
the highest rate of social housing in the city due to its historic position as a working-class
neighbourhood. In this city, the municipality and ACER Bologna (local public housing
agency) have begun a broad and ambitious programme to renovate the stock while dealing
with climate change and social issues.

The original urban plan was based on a regular grid of streets defining plots with
courtyards, which have been partly reshaped during the post-war reconstruction. An infill
development is planned in a specific courtyard (Figure 3) that is fully devoted to social
housing and whose central open space is now used as a parking area by the residents, with
negative consequences in both its usability and liveability.
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Figure 3. The city of Bologna (left) and aerial view of the area, with case study highlighted in red.
Source: Bing maps.

The inner courtyard is 35 × 70 m (2100 m2), with 18 m-tall buildings on the border.
The current breaches in the block’s perimeter measure 8 m in width. The project (Figure 4)
brief is to redesign the courtyard landscape features to improve outdoor thermal comfort
and lessen local heat stress while clearing central areas from cars, reconfiguring urban
fronts, and including some new dwellings to cope with the chronic shortage of housing.
Once mandatory accesses are fixed, all other possible gaps to work with are identified. Two
design options are considered:

(1) gaps filled with new buildings hosting additional dwellings, which do not allow
airflow crossing;

(2) gaps screened with automated parking volumes whose façades in perforated metal
grids partially allow airflow crossing.
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Figure 4. The sketch illustrates current gaps of the courtyard border that may be potentially filled (on
the left) and a design proposal for the courtyard layout (on the right). Elaborated by I. Beijtaga.

The courtyard greening design is influenced by the decision of the public adminis-
tration to favour the use of trees in semi-private open spaces as a mitigation strategy to
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ensure their liveability as gathering places for the local community. Accordingly, only the
tree pattern influencing the vegetation density was considered for the simulation.

From all the combinations possible, five have been selected for the simulation against
the actual state (scenario 0). As the case study is analysed for demonstration purposes,
some theoretical assumptions corresponding to extreme scenarios have also been included
in the process in addition to the ones meeting optimal combinations from the concept map.
This is aimed at better understanding the specific contribution of each variable.

Therefore, results have been compared in two main steps: one focusing on the effects
of changes in the A variable, the second due to changes in B.

Figure 5 shows the selected scenarios, where Aa-d maintain the same tree density (i.e.,
average B2) but it changes the building perimeter configuration:

a. Current state of the building block with existing gaps (scenarios Aa B2)
b. All possible gaps are screened (scenario Ab B2)
c. Some gaps are screened, and others are filled with new volumes (scenario Ac B2)
d. All gaps are filled with new volumes (scenario Ad B2)
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Two gaps are left open in all the cases, as they are mandatory access for the courtyard.
With reference to tree density, three conditions with all possible gaps filled (Ad) are simu-
lated beside the current state (in this case, scenario 0 corresponds to Aa B2), which is taken
as a means of comparison. Scenarios Ad B1–3 in fact consider the building perimeter as
totally closed to evaluate the contribution of vegetation alone:

1. no trees (0 tree), scenario Ad B1;
2. average tree density (approximately 30% of the surface covered by trees), scenario Ad B2;
3. high tree density (approximately 60% of the surface covered by trees), scenario Ad B3.

Trees are positioned in the ENVI-met model according to diverse possible functions of
each courtyard portion. The pavement is considered impervious in all scenarios as it is in
the current condition, and changing this surface would further influence the impacts by
introducing a third variable that is not under investigation at this stage.
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ENVI-met simulation was run for 12 August 2021, the hottest day of that year from
the historic data set. Input climate data are from the local environmental database Dext3r
from ARPAER [80,81]. For more reliable results, the simulation started from 6:00 the day
before (11 August) and lasted 48 h. As for human parameters, the following choices were
applied: a man 1.75 m height, 75 kg weight, 0.5 clo and slightly walking.

5. Results and Discussion

Results of the ENVI-met simulations are presented and commented on using both
OMMs and frequency diagrams. The maps illustrate the spatial distribution of the values
for each considered variable (air temperature, wind speed, PET) in the three selected hours.
The diagram instead shows the value of these variables on the x-axis (one at a time) and
their frequency in the OMM on the y-axis, i.e., the ratio of cells registering this value in
the maps.

5.1. Outdoor Microclimate Maps, Variable (A) Perimeter Configuration Effect with Average
Tree Density

The first set of OMMs show how volume positioning and the diverse combinations of
filled and screened gaps affect outdoor thermal comfort. Regarding the air temperature
at 11:00 (Figure 6, first column), values in the courtyard are between 31.5 ◦C (dark blue)
and 32 ◦C (light blue), almost evenly distributed in scenarios Ab B2 and Ac B2, while in the
current state (scenario Aa B2), there are areas with temperatures slightly higher: 32.5 ◦C
and 33 ◦C (green).

At 13:00 (Figure 6, second column) the same homogeneous temperature distribution
occurs, but one degree higher (32.5 ◦C and 33.5 ◦C), except for scenario Ad B2, where the
temperature of the whole yard is 32.5 ◦C (green). Scenario Aa shows a greater variation in
the air temperature of the courtyard, with values between 33 ◦C and 34 ◦C (red). At 15:00
(Figure 6, third column), the distribution is similar to that of 13:00, both in terms of distribution
and values, except for the current state, which shows temperature lower by 0.5 ◦C.

From the comparison between the current state (Aa—multiple gaps in the courtyard
building border) and progressive filling of the border, it emerges that gap screening can
reduce courtyard air temperature by at least 1 ◦C. When all the possible gaps are filled with
buildings, the courtyard air temperature is further reduced by 1 ◦C.

Figure 7 shows the frequency of each thermal comfort variable value in scenarios for
the design variable A. The air temperature graphs show that at 11:00, the range is mostly
between 30.5 ◦C and 32.5 ◦C, while at 13:00 and 15:00, the range is between 32 ◦C and
34.5◦C. In all graphs, the current scenario (Aa B2, blue line) shows the highest frequency
of highest temperature values: at 11:00 45% of the area is at 32 ◦C, at 13:00 48% is at
33.5 ◦C and at 15:00 over 50% of the area is at 33.5 ◦C. The other scenarios have lower
values, both in terms of peaks and of the range of the distribution: in fact, the frequency of
the values is evenly distributed, except for scenario Ab B2, which has a higher frequency
(peak) of lower values by approximately 1 ◦C compared to the others: at 11:00, 35% of the
area is at 31 ◦C, at 13:00, 42% is at 32.5 ◦C and at 3, at least 50% of the area is at 32.5 ◦C.
The other two scenarios have similar and homogeneous distribution. Surprisingly, the
‘all possible gaps filled’ scenario (Ad B2) is not the one with the largest area with lower
temperature values.
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Regarding wind speed (Figure 8), it should be considered that Bologna is in the
Pianura Padana area, which has weak ventilation and no wind, just breeze less than
3–4 m/s. Hence, wind speed is typically about 0 m/s (calm, no wind) and always below
1.5 m/s (light air according to Beaufort scale). In the case study, higher speeds could be
due to the Venturi effect near the gaps. Indeed, in the current case, at 11:00, wind speed
between 3 m/s and 4 m/s is registered near the breaches. In the other scenarios, the air
speed inside the courtyard is calm (0 m/s, blue) or light (0.5 m/s—1.5 m/s, blue), with
slightly higher values (2 m/s, green) outside the courtyard. No significant variations are
predicted by ENVI-met for 13:00 or 15:00. The ventilation of the courtyard is basically due
to the Venturi effect near the gaps. Otherwise, the typical condition is calm or light air.
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Figure 9 confirms that most of the area has wind speed values lower than 2 m/s. The
only remarkable difference is the comparison between the actual state scenario (Aa B2,
blue line) and the fully closed courtyard (Ad B2, orange line), while in the actual state,
there are points with an air speed higher than 3 m/s, and in the latter, they are—not
surprisingly—completely absent, and the maximum peak is 2.5 m/s.
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PET (Figure 10) allows the simultaneous evaluation of multiple phenomena related to
outdoor thermal comfort—such as air temperature, solar radiation, relative humidity and
wind speed—with a single indicator.

Buildings 2023, 13, x FOR PEER REVIEW 16 of 31 
 

 11:00 13:00 15:00 

A
a 

B2
 

   

A
b 

B2
 

A
c 

B2
 

   

A
d 

B2
 

   

 

 
Figure 10. OMM showing the effects of variable A (block�s perimeter features) with average tree 
density—PET. Figure 10. OMM showing the effects of variable A (block’s perimeter features) with average tree

density—PET.



Buildings 2023, 13, 2687 15 of 28

At 11:00, PET is nearly homogeneous inside the courtyard, as 29 ◦C–35 ◦C correspond
to thermal sensation ‘hot’ (yellow), except for a central area with ‘very hot’ (35 ◦C–41 ◦C,
orange) and a peak ‘extreme hot’ (red), that depends on how the building’s shadows are
projected on the courtyard surface.

At 13:00, the thermal comfort depends mainly on the building shadows projected on
the courtyard pavement: in fact, at the courtyard centre with maximum solar radiation,
the software returns an ‘extremely hot’ sensation (41 ◦C–47 ◦C, red). At 15:00, the same
thermal comfort of the morning is illustrated, but in this case, results show only two values:
29–35 ◦C corresponding to thermal sensation ‘hot’ (yellow), and a central area with
‘extreme hot’.

PET graphs (Figure 11) show a significant difference between the actual state (orange
line) and the ‘all gaps filled’ scenario (blue line), as the first has a higher frequency of
‘hot’ PET values (29 ◦C–35 ◦C) at all three times. Another interesting aspect concerns the
frequency of the ‘extremely hot’ condition that does not emerge from the OMMs: at 13:00
and 15:00, it appears that 30% of Ad B2 has ‘extremely hot’ values (in the centre of the area),
while the other scenarios all have values around 20%. Thus, it seems that the gaps play a
role in influencing the PET by eliminating the most extreme conditions.

5.2. Outdoor Microclimate Maps, Variable (B): Tree Density Effect

The second set of OMMs shows the effect of tree density. The maps also include the
current situation for comparison. Regarding the air temperature at 11:00 (Figure 12), in
the scenario without trees (B1), the air temperature is 31.5 ◦C (light blue), while in the
high-tree-density one (B3), the whole area is 31 ◦C or lower.

At 13:00, the air temperature in the treeless area (B1) is homogeneous and equal to
33 ◦C (yellow), while in the high-tree-density version, the values are 31.5 ◦C–32 ◦C (green):
this difference increases at 15:00, when in the B1 scenario the air temperature rises to
33.5 ◦C (orange). Thus, it emerges that with the same configuration of the courtyard (all
gaps closed), the greater presence of trees allows a reduction in temperature of 0.5 ◦C to
2 ◦C, depending on the time of day. Compared to the current situation, a reduction of 2 ◦C
is evenly registered. However, the more trees, the less the airflow, due to Venturi effect in
the courtyard.

Figure 13 shows the comparison of the frequency graphs for variable B. The air tem-
perature shows that the no-trees version (Ad B1, orange line) has the maximum frequency
of highest temperature values at all the three times comparable to the actual state. At 11:00,
52% of the area is at 31.5 ◦C, at 13:00, 48% is at 33.5 ◦C and at 15:00, 50% of the area is at
33.5 ◦C. Therefore, it can be observed that the ‘all gaps closed’ scenario has wider projected
shadows, but without trees, it has temperature values similar or higher to the current state.

Figure 14 shows almost identical values of wind speed at the three times, particularly
in the high-tree-density scenario where the air is calm. A Venturi effect can be seen in the
no-trees scenario with a slight airflow near the openings on the left towards the courtyard
on the right of the plot, but given the difference of only 0.5 m/s, this can be neglected.

The tree density effect is more significant in PET. At 11:00, the treeless scenario (B1) dis-
plays almost the whole area, with PET values equal to ‘extremely hot’ (red,
41 ◦C–47 ◦C), while in the high-tree-density scenario (B.3), PET is equal to ‘hot’ (yellow,
29 ◦C–35 ◦C) with a spike of two heat stress classes.

The same difference can be observed at 13:00 and 15:00, where there are also ‘collapse’
conditions (above 47 ◦C) in the no-trees situation. It is therefore evident that trees, thanks
to the evo-transpiration principle, play a crucial role in influencing the outdoor heat stress,
up to a leap of two heat stress classes.

The wind speed diagram (Figure 15) confirms what was said in the previous scenarios
with variable A: the air is calm and below 2 m/s. In figures, the variations are not significant
and are due to the values outside the courtyard building.
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The PET graphs (Figure 16) confirm the no-trees scenario as the most uncomfortable.
In all three graphs, the highest frequency is found for ‘hot’ PET values (29 ◦C–35 ◦C, yellow).
Again, it is interesting to evaluate the extreme situations, in particular the frequency of
‘extremely hot’ and ‘warm’ areas in the different scenarios. At 11:00, in the high-tree-density
scenario (Ad B3), about 10% of the area is ‘warm’ (23 ◦C–29 ◦C), while in the no-trees
scenario (Ad B1), this value is zero. At 13:00 and 15:00, the ‘warm’ area is absent for
scenario Ad B3 too.
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Figure 17 shows the frequency analysis. Looking at the values of the ‘extremely hot’
areas, in the no-trees scenario (Ad B1), the percentage of areas in the extreme condition is
equal to 15% at 11:00, 25% at 13:00 and 20% at 15:00. On the contrary, in the scenario with
high tree density (Ad B3), these percentages are 0%, 10%, and 8%, respectively, mostly due
to the values outside the courtyard (borderline).
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5.3. Discussion

The in-depth investigation of frequency graphs and OMMs revealed some important
reflections regarding the general impact of the two design variables examined in this study.
The outcomes give some early insights on their effects and confirms the relevance of the
issue that deserve further studies and applications to improve outdoor microclimate in
courtyard buildings. First, it was proven that the courtyard microclimate and outdoor
thermal comfort are significantly impacted by both the treatment and positioning of gaps.
Changes in tree density also have a relevance. The gaps along the courtyard border may
affect the projected shading on the courtyard, and thus the amount of solar radiation directly
impacting the pavement, and partially also that reflected by buildings themselves. As a
result, air temperature values change: the greater the shaded surface inside the courtyard,
the lower the air temperature.

Regarding wind speed, instead, the presence or not of gaps does not impact signif-
icantly. Instead, the presence or absence of gaps has little impact on wind speed. Due
to the Venturi effect, small variations may arise close to gaps with little improvement in
comfort from increased airflow. Unfortunately, this can generate the movement of dust
and particulates, causing other discomfort. For more accurate results, this limited effect of
gap configuration on wind speed could be further investigated by means of CFD software,
which is envisaged in a further stage of the study.

Breach positioning and treatment on the building perimeter do not significantly affect
PET values, which are mainly dependent on projected building shadow. However, small
variations are detected in mere gaps, with higher PET values, which is likely due to the
higher solar radiation on the floor.

Vegetation results in great effects on air temperature and even more so on PET. For
the proposed case study, the authors have intentionally decided to simulate vegetation
combined with the ‘all possible gaps filled’ scenario, in order to exclude the contribution of
the Venturi effect or solar radiation near gaps. As foreseeable, results for the no-trees sce-
nario are all worsening the actual situation, especially regarding PET. Generally speaking,
the other scenarios demonstrate that tree planting can improve the comfort level, decreas-
ing heat stress even by two classes. The analysis of the graphs confirms that—thanks to
the shade of the foliage and evapotranspiration—trees allow for greater comfort in the
courtyard area. The comparison of the average/high-tree-density scenarios shows some
differences, but does not suggest a visible preference to define a minimum tree density
threshold, which definitely should be tuned according to the local context.

Overall, the strength of the proposed procedure lies especially in the possibility to
simulate the effects of diverse intervention scenarios and the related impact of possible
replication within the same urban area. As a means of example, the Bolognina district,
where the case study is located (Figure 3), has over 15 courtyard buildings similar in
characteristics and size to the simulated one. Considering air temperature, which is the
parameter most affected by changes in the comfort variables, from Table 1 it can be observed
that at 11:00 a.m. in simulation B3, most of the area is at 31 ◦C, while in scenarios 0 and
B2, the air temperature is 32 ◦C, and 31.5 ◦C in B1. At 13:00, the difference between the
four scenarios is comparable, but with temperature values about 1.5 ◦C higher. At 15:00 in
scenarios 0 and B1, most of the courtyard is at 33.5 ◦C, while scenario B3 is at 32.5 ◦C. In
other words, scenario B3 registers a reduction of at least 1 ◦C in air temperature during the
hottest hours of the day.
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Table 1. Frequency of air temperature distribution according to variable B. Highlighted values are
those most relevant to the discussion.

Hours Air Temperature (◦C) Aa B2 (0) Ad B1 Ad B2 Ad B3

11:00

30.50 - - 2.00 7.00
31.00 19.00 4.00 28.00 46.00
31.50 20.00 52.00 25.00 3.00
32.00 44.00 22.00 31.00 28.00
32.50 12.00 17.00 10.00 9.00
33.00 - 1.00 - -
33.50 - - - -
34.00 - - - -
34.50 - - - -

13:00

30.50 - - - -
31.00 - - - -
31.50 - - - 2.00
32.00 - - 1.00 10.00
32.50 3.00 3.00 25.00 42.00
33.00 19.00 46.00 27.00 3.00
33.50 47.00 32.00 33.00 29.00
34.00 25.00 13.00 10.00 8.00
34.50 1.00 2.00 - -

15:00

30.50 - - - -
31.00 - - - -
31.50 - - - 2.00
32.00 - - 1.00 13.00
32.50 3.00 - 29.00 40.00
33.00 41.00 40.00 47.00 25.00
33.50 50.00 48.00 18.00 15.00
34.00 3.00 8.00 1.00 -
34.50 - - - -

Accordingly, if the 2100 m2 of the case study courtyard is assumed as a base unit
for the whole courts of the 15 similar plots (although others of a different size could also
be potentially involved), a surface of approximately 3.15 hectares would be potentially
mitigated, reducing the average temperature by 1 ◦C, with significant benefit for the whole
residential area and the local community.

The explored replicability potential only refers to air temperature when varying tree
density (B), as they have been proven to be the main difference generator in terms of
mitigative impact. As mentioned, the continuity or the interruption of the courtyard’s
building fronts does not influence the overall conditions so remarkably as to justify their
recurrent application, due to the possible limitations given by the urban fabric layout and
to the related costs. Further studies in this field might be performed to increase the number
of scenarios, or even variables to be combined. For the presented case study, a number of
relevant scenarios have been selected to demonstrate the relevance of the topic, but authors
are aware that many others could have been chosen and explored.

The procedure led to some general insights that are valid for the local climate (Bologna),
and not necessarily for others. As such, it could be interesting to evaluate differences in the
impact of the selected variables for diverse climatic zones or urban typologies, expanding
the reflection to other contexts.
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6. Conclusions

Large public areas, squares, public and private buildings (e.g., green roofs and re-
flective materials), as well as private open spaces, like courtyards, can all be targets of
interventions to mitigate heat island effects in cities. That is why outdoor thermal comfort
and mitigation strategies have been largely studied in recent decades, but still significant
gaps are detected, and further research is needed to support the effective implementation
of such actions into a more comprehensive framework that particularly considers the
intermediate scale between the building and the district level.

Focusing on courtyard buildings, the case study’s findings demonstrate the impact of
vegetation in lowering air temperature and enhancing outdoor comfort (PET), while the
presence or not of gaps along the courtyard borders appear less relevant and more difficult
to replicate for other constraints that might depend on the urban fabric layout.

On this basis, the study provides a starting point for a research methodology that aims
to identify patterns in the reconfiguration of private areas. In other words, the approach
and the outcomes are applicable to a single courtyard and can be repeated to provide
the same advantage in other private courtyards throughout the city. In this regard, it is
important to highlight the distinction between the advantages of PET and the reduction in
air temperature when discussing the benefits of the interventions. If repeated in several
cases, the drop in air temperature helps lessen the effects of heat islands and heat waves,
though neither of these phenomena can be eliminated because they rely on several variables,
including the previously mentioned public areas and building exteriors.

Nevertheless, even small improvements in PET values allow for the achievement of
another type of benefit related to the liveability of open spaces, which is the possibility to
use the cooler ones (PET values below 35 ◦C) during hot summer days.

The described methodology has high replicability potential, as it proposes to inves-
tigate variations in OMM by ENVI-met and frequency graphs through a general concept
that can be implemented in several other case studies (Figure 1). The idea behind it is that
all the courtyard building-based urban patterns can be analysed through the proposed
methodology in all urban patterns (such as Bologna or Barcelona) where this building
typology is recurrent. The proposed demonstration case is therefore used to showcase the
process and its outcome potential while discussing the methodological structure.

Software such as ENVI-met allows the simulation of diverse scenarios within the
digital environment, and it is common knowledge that these increase their accuracy and
relevance as the model scale enlarges (e.g., up to large city areas). Therefore, even if this
study has focused on courtyard buildings, the same procedure can be extended to entire
urban areas, including other open space typologies such as squares, streets, parks, etc.

The potential of the study lays in the presented methodology to combine several design
variables, including, among the others, one of the most implemented NBSs to improve
urban microclimate, that is, tree planting. This represents indeed a novel perspective to
evaluate their benefits, which are usually discussed in terms of biophilia and shading
contribution [82–84], and not for the overall benefits brought to outdoor thermal comfort.
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