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Abstract: Outdoor comfort is gaining attention in the design of our cities to face the current context
of rising temperatures. Although simulation is required to inform the early design stage of projects
considering outdoor space and strategies to improve their thermal performance, different tool
options must be compared through monitoring to determine the accuracy of their modeling. This
study analyses the thermal comfort benefits of the installation of a shading device in a courtyard
in the Mediterranean climate. In the study, two simulation workflows were analyzed, one using
ENVI-met software and the other using the Ladybug Tools, to evaluate their performance. Air
temperature monitoring data were used to validate and calibrate the simulations. Then, both were
used to compute the Universal Thermal Climate Index (UTCI) to evaluate comfort. The results show
that the simulation reproduced an air temperature reduction when the shading was installed, but
this was not as high as the monitoring results (up to 13.7 ◦C). In the UTCI, in contrast, the two
simulation workflows provided contradictory results. These differences were explained by analyzing
the different parameters affecting comfort and the mean radiant temperature, and the air temperature
was found to be the parameter most affecting the UTCI in this context. Thus, future research should
focus on improving the accuracy of the simulations of these two parameters.

Keywords: courtyard; microclimate; UTCI; passive strategies; building simulation; outdoor thermal
comfort

1. Introduction

Outdoor space microclimate simulation is an increasingly critical issue in the current
situation of climate change and public health, given that simulation can provide information
and criteria about the design of our cities [1]. Outdoor comfort control can help to reduce
global urban energy consumption and, at the same time, act as an indicator of how well we
are mitigating the urban heat island effect [2]. Improving outdoor comfort through design
by creating cool microclimates is a way to reduce the temperatures in our cities. Therefore,
outdoor comfort is an important parameter that should be taken into greater account in
design. One attractive option that may be used to improve thermal comfort in cities is the
installation of textile shading devices in street canyons to protect them from direct solar
radiation. Previous research performed in the city of Cordoba found that this strategy is
effective regarding the orientation of the street [3].

The courtyard is an element that has been implemented in the traditional architecture
of many cultures not only as an outdoor space that provides light and ventilation to the
building but also as a space to live in [4]. Nowadays, courtyards are considered a passive
strategy in terms of the energy efficiency of buildings [5,6], given that the microclimate
generated within a courtyard controls the outdoor temperature, a performance that reduces
the energy demands of buildings by lowering the energy losses through surfaces in contact
with the courtyard space and, consequently, reducing the consumption of the conditioning
systems [7]. In this study, we focus on the benefits of the courtyard as an outdoor space that
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can be inhabited in light of its potential to provide improved thermal comfort compared to
outside spaces, especially in hot and dry climates such as the Mediterranean.

The self-shading effect generated by courtyards’ geometry creates their particular
microclimate [8]. The performance of the courtyard depends on many factors, such as its
geometry [9,10], orientation [11], and location [12], the albedo of the surfaces [13], presence
of vegetation or water [14], and elements that provide shade [15]. Understanding the
influence of each of these factors is important in enabling the design of the most efficient
courtyard. Although much research has been carried out to gather empirical knowledge of
how different factors affect the performance of courtyards, the use of simulation software is
required in order to accurately predict their performance in the design process. The ability
to predict the microclimate of courtyards or other outdoor spaces affecting buildings will
greatly reduce uncertainties about energy simulations of the outdoor environment and
comfort [16,17]. Specifically, the use of computational fluid dynamic (CFD) tools is required
to account for the thermodynamic effect that occurs in this kind of space.

In addition to the use of simulation software to predict physical variables, the quan-
tification of the performance of an outdoor space requires the use of human-centered
measurements, given that our objective is mainly the improvement of the comfort of people
in those spaces. Several thermal comfort indexes have been developed for application in
the outdoor environment, although only four, the Physiological Equivalent Temperature
(PET) [18], the Standard Equivalent Temperature (SET*) [19], the Predicted Mean Vote
(PMV) [20], and the Universal Thermal Climate Index (UTCI) [21], are widely used in
outdoor comfort studies [22]. PMV and SET* are indoor indexes that were adapted to
outdoor environments, while PET and UTCI were directly created for outdoor environ-
ments. Among these two, PET has been widely adapted to different climates, considering
different ranges of thermal comfort [23,24]. UTCI, in contrast, was specifically developed to
be universal, meaning that the comfort range can be applied to different climates. Thus, the
results are comparable [25]. Therefore, UTCI was selected in this study to measure outdoor
thermal comfort, as many other studies have previously used this index to measure comfort
in courtyards [26–28].

Among the different strategies analyzed to improve the performance of courtyards, the
increase in shading elements (vegetation or devices) has been the most effective. Previous
studies have evaluated the shading benefits of outdoor or semi-outdoor spaces using
experimental studies. Ying Liu et al. [29] evaluated outdoor thermal comfort considering
the shade benefit of trees and concluded that it was the most efficient way to cool down
according to the surveys. The effectiveness of textile shading devices in the streets of
Cordoba was evaluated using thermography, achieving a ground surface temperature
reduction of 16 ◦C [3]. The inclusion of permanent or removable shading devices in a
courtyard has been successful in controlling radiation flux [30]. The specific use of shading
devices in a courtyard was experimentally measured in the Mediterranean climate in a case
study which achieved an up to 6 ◦C higher reduction in air temperature when the shading
device was installed compared to when it was not installed [31]. In contrast, another study
observed a relative increase in the air temperature of 1K between a bare and a shaded
courtyard in a hot dry climate [32].

Despite the number of experimental studies analyzing the effect of shading on outdoor
thermal performance, simulation is required if the effect of the shading is to be evaluated in
the design stage of a project. There are a very limited number of studies using simulation
for the specific analysis of shading in courtyards. Berkovic et al. [33] analyzed different
strategies aiming to improve comfort in a courtyard using the software ENVI-met and found
that shading provided by trees and galleries was the most effective means of improving
thermal comfort on hot days. The same software was used by another two studies [34,35]
to analyze the influence of sun-sail shading and tree shading on school courtyards in Egypt,
suggesting design strategies to improve thermal comfort. In contrast to Berkovic et al.’s
analysis [33], they included a validation of the simulation tool before applying it. This is
essential for ensuring the accuracy of the simulations. An increasing number of studies
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contrasting monitored and simulation data in ENVI-met validated their results, although
some studies concluded that, in the specific case of courtyards, the software can lead to
important inaccuracies [36]. ENVI-met [37] is one of the most widely used tools to simulate
urban outdoor microclimates and thermal comfort, and its accuracy should be evaluated
before its use in thermal performance analysis [38].

There are other issues regarding ENVI-met’s use in the early design stage of projects,
including the great amount of time and computational power required for the simula-
tions. Recently, some other simulation tools that have also been applied to urban analysis
and thermal comfort have gained attention, such as CitySim, Rayman, or the Ladybug
Tools [39]. The Ladybug Tools have been used to simulate courtyards, with some accuracy
and performative advantages compared to ENVI-met [40]. However, their suitability for
simulating the effectiveness of shading devices in courtyards still requires validation.

This study aims to analyze the thermal comfort improvement yielded by the strategy
of shading devices in courtyards using simulations previously validated by means of
monitoring results. With this goal, two gaps found in the literature are addressed: first, the
limited number of studies analyzing the strategy of shading devices in courtyards in a hot
climate, and second, the validation and performative evaluation of two tools, ENVI-met
and the Ladybug Tools. The former is widely used but not particularly appropriate for the
early design process, and the latter is an emerging tool that is gaining increasing attention
and still requires validation studies. The focus of the study is to identify suitable tools
to be used in the early design stage of courtyard microclimates to optimize user thermal
comfort. To achieve these goals, a case study of the city of Cordoba was monitored and
simulated, and the UTCI comfort parameter was predicted to compare the performances of
the courtyard with and without a shading device installed.

This paper is structured as follows: The materials and methods section presents the
case study, the monitoring campaign, the simulation tools, and the performance parame-
ters analyzed. Then, the results section presents the experimental campaign results, the
validation of the workflows, and the simulation results of UTCI for both tools. In the
discussion section, the results are further analyzed and discussed, finally ending with the
conclusion section.

2. Materials and Methods
2.1. Case Study

The case study selected for this study is a residential house with a small courtyard
located in the city center of Cordoba (4◦46′23” W, 37◦52′58” N, elevation 106 m a.s.l). The
climate of the area is classified as type Csa according to the Koppen classification [41],
where “C” stands for a temperate climate (monthly mean minimum temperature between
−3 ◦C and 18 ◦C), “s” stands for dry summers (less than 40 mm of rainfall), and “a” means
hot temperatures in the summer (monthly mean maximum temperature above 22 ◦C).
The courtyard of the house was geometrically characterized using the aspect ratio (AR),
defined as the relationship between the height and the width of the courtyard, following
Equation (1):

AR = Height/Width, (1)

The courtyard is 4.5 × 4.5 m wide and 6.5 m high, which computes an aspect ratio
(AR) of 1.4. The courtyard’s walls are coated with white cement mortar and have a window
ratio of 20% approximately. On the roof, around the courtyard, there is a railing that allows
the installation of a canvas mesh to provide shade when needed, while still allowing air to
flow in and outside the courtyard, reducing the overheating effects (Figure 1). The canvas
installed during part of the monitoring campaign is a black polyethylene fabric with a
60–70% UV filter of a 70 g/m2 density.
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Figure 1. Image of the analyzed courtyard with the shading device displayed.

2.2. Monitoring

The monitoring campaign took place in the summer of 2017 from 26 July to 22 August.
That year was one of the hottest ever recorded in the south of Spain, according to the Spanish
Agency of Meteorology (AEMET) [42]. For half of the monitoring period, the courtyard
was protected by the previously described shading device. The monitoring methodology
followed the same procedure as that of the previous studies already published [43,44]. The
air temperature, relative humidity, and wind speed and direction outside the courtyard
were recorded using a meteorological station model, PCE-FWS 20, placed on the roof of the
house and separated from the roof pavement to avoid the influence of radiative heat from
the pavement material on the weather station. Inside the courtyard, the air temperature and
relative humidity were recorded at human height, 1.5 m high above the ground, using the
data loggers model TESTO 174 H. The two parameters were selected due to their influences
on human thermal comfort. The devices were hung on the south façade of the courtyard to
avoid direct solar radiation that could cause overheating and were separated from the wall
by a 10 cm space. Table 1 shows the technical data of the instruments.

Table 1. Technical data of the measurement instruments.

Situation Sensor Variable Accuracy Range Resolution

Courtyard TESTO 174H
Dry bulb Temp. ±0.5 ◦C −20 to +70 ◦C 0.1 ◦C

RH ±0.1% 0–100% 2%

Outdoor PCE-FWS 20
Dry bulb Temp. ±1 ◦C −40 to +65◦C 0.1◦C

RH ±5% 12–99% 1%
Wind ±1 m/s 0–180 km/h -

Two days with similar highest temperatures, around 44 ◦C, one when the shading
device was installed (4 August) and another without the device (18 August), were selected
for simulation in order to provide comparable data.
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2.3. Simulation

Two simulation workflows were compared in this study to analyze their accuracy and
suitability for implementation in the early design stage of a project. Based on previous
studies [38,45], the dry bulb temperature selected as the monitored parameter to calibrate
and validate the results inside the courtyard. Afterward, the simulation tools were used
to provide the UTCI index and measure the benefits of the passive strategy of installing
a shading device in the courtyard. The two workflows are summarized in Figure 2 and
described as follows:

2.3.1. ENVI-Met Simulation Workflow

This CFD tool is the most frequently used to simulate urban microclimates according
to literature, given that it takes into account the interrelations between most of the different
factors that intervene, such as the soil, air, vegetation, water, and buildings. It provides a
large amount of data and requires a long simulation time and high computational power.
The ENVI-met v4.4 version was used in this study. ENVI-met uses the finite difference
method to solve the partial differential equations of the CFD model, the turbulence kinetic
energy (TKE). The geometry model had 121 × 112 × 30 cells and a cell size of 0.5 m. It
included the building with the courtyard and its surroundings. The cell size was selected as
the smallest possible in this software to achieve the best accuracy. The boundary conditions
for the simulation were the hourly air temperature, relative humidity, and the mean wind
speed and direction measured in the monitoring campaign on the roof of the building. The
building materials and soil properties used in the simulation are described in Table 2. The
material properties included in the software were kept as the same. A total of 48 h were
simulated in order to discard the first 24 h, given that the numerical method of ENVI-met
requires an initialization period to provide reliable data.

Table 2. Input variables for the ENVI-met simulation.

Variable Input

Model geometry 121 × 112 × 30 (0.5 m cell size)

Air temperature/relative humidity
Wind speed and direction at 10 m

Specific humidity at 2500 m
Roughness length

Monitored data. (Figure 3)
0.83 m/s-135◦

4.5 g/kg
0.1 m

Walls/roof materials Mortar/tiled

Initial conditions for soils
Materials: concrete and soil.

Upper layer: 293K
Middle layer: 289K
Deep layer: 285K

Simulation starting day (DD.MM.YYYY)
Simulation starting time (HH:MM:SS)

Total simulation time (hours)
Save model state (min)

2017/08/03 (shaded)/2017/08/18 (not shaded)
00:00:00

48 h
30 min

2.3.2. Ladybug Simulation Workflow

The Ladybug Tools for Grasshopper enable the connection between different types
of validated simulation software, such as EnergyPlus, OpenFOAM, Radiance, or Daysim,
and the graphical interface of the modeling tool Rhinoceros [46]. Each of the tools, namely
Honeybee, Ladybug, and Butterfly, were separately used to calculate one or more of the
factors that intervene in outdoor thermal comfort, and the results were combined to obtain
the UTCI index. Honeybee, linked with EnergyPlus, was used to perform the energy
simulation that provided the surface temperature data as inputs for the Butterfly tool,
which, linked with OpenFOAM, was used to perform the CFD courtyard microclimate
simulation. The monitored outdoor temperature, relative humidity, and wind speed were
the inputs for the simulations, as previously conducted in the ENVI-met simulation.
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This kind of workflow has previously been validated by other researchers when ap-
plied to urban microclimates [47,48]. In this case, it was used to simulate courtyards, which
are slightly different, given that wind is not as important as the convection effect produced
by the temperature differences on the surfaces. This is why we used the methodology
previously published in [40], where the heat transfer solver in Butterfly was chosen in order
to simulate temperature changes in the courtyard.

The model construction for the CFD analysis in Butterfly followed the general rec-
ommendations for CFD simulations [49]. The mesh was automatically generated by the
software and had approximately 2.3e6 cells with varied dimensions, refined for up to
four levels of the building. A sensitivity analysis was performed to determine this level
of refinement. The boundary conditions for the wind in the inlet of the model followed
a logarithmic wind profile, as typically used in urban simulations. The buoyantBoussi-
nesqSimpleFoam solver, a steady-state solver used for incompressible fluids which also
uses the Boussinesq approximation, was used in the software.

The air temperature results for the courtyard from both workflows were compared to
the monitoring data to validate the simulations. Afterward, the results of the air tempera-
ture, relative humidity, mean radiant temperature, and wind speed in the courtyard were
used for the UTCI calculation. The process was carried out in the case study based on the
two selected days, with and without the shading device installed, in order to measure the
effectiveness of the shading strategy.

Figure 2. Flowchart showing how different inputs and outputs relate to the simulation tools and
validation. Db T = dry bulb temperature. RH = relative humidity.

2.3.3. Performance Parameters

To validate the simulations, the air temperature outputs in the courtyards were com-
pared with the monitored data. Given the lack of standards available to validate the
performance of outdoor microclimate simulations, the validation of the simulation work-
flows was achieved by contrasting the statistical error parameters with previous research.
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The statistical parameters were the coefficient of determination (R2) and the root mean
square error (RMSE).

The performance of the shading device was analyzed using two parameters:

• The thermal delta (TD) was defined as the difference between the outdoor temperature
and the temperature inside the courtyard. This value was calculated at different hours.

• The thermal comfort was quantified using the selected UTCI index. To compute this
index, the simulated air temperature, relative humidity, wind speed and mean radiant
temperature in the courtyards were extracted and used in the UTCI computation for
each software at different times. This value was represented in a map of the courtyard,
given that spatial variability that was expected to appear between the shaded and
unshaded areas.

Figure 3. Monitored outdoor and courtyard air temperature on the selected days.

3. Results
3.1. Monitoring Results

The monitored outdoor air temperatures and courtyard air temperatures are displayed
in Figure 3 for the two selected days. The outdoor temperature (dark red line) showed
a very similar trend on both days, reaching a 45 ◦C maximum peak temperature and a
25 ◦C minimum in the early morning. The temperature inside the courtyard (light yellow
dashed line) showed differences between the two days. While the minimum temperature
was around 26 ◦C on both days, the maximum temperature reached 37 ◦C when the
courtyard was not shaded, while the use of the shading device limited the maximum
temperature to less than 31 ◦C. The bars at different hours represent the thermal delta (TD)
that was produced by the courtyard, reflecting delta the difference between the outdoor
and courtyard temperatures at a specific time. It reached 7.4 ◦C without the shading device
at 18:00 h, a significant reduction in the outdoor temperature. However, it reached 13.7 ◦C
at 16:00 h, when the shading device was installed, which was a significant improvement.
Finally, we also noticed the negative TD in the early morning, meaning that, in both cases,
the courtyard produced a slight overheating effect.

Figure 4 shows the monitored relative humidity and wind speed outdoors, data which
were introduced as boundary conditions in the simulations. The wind speed was low on
both days, as is common in this dense area. The relative humidity on the non-shaded
day stayed between 10 and 60% during the whole day. On the shaded day, the limits of
the relative humidity were 10 to 30%. These values are characteristic of the hot and dry
summers in this Mediterranean area.
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Figure 4. Monitored outdoor relative humidity and wind speed on the selected days.

3.2. Air Temperature Simulation Results

The results from ENVI-met are shown in Figure 5 through the same kind of graph
as that used for the monitoring results of the air temperature. This software was not able
to accurately reproduce the TD that occurred in the courtyard. When the shading device
was not installed, the maximum temperature inside the courtyard reached 42 ◦C, and the
TD was only 2.0 ◦C at 16:00 h. Once the shading device was installed, the maximum TD
increased to only 2.4 ◦C at noon. The TD at 16:00 h, when shaded, was only 1.5 ◦C. The
overheating effect during the night was accurately reproduced, being around 1 ◦C warmer
in the courtyard than outdoors, keeping the courtyard temperature above 27 ◦C at all times.

Figure 5. ENVI-met-simulated outdoor and courtyard air temperatures on the selected days.

The results of the Ladybug Tools workflow are shown in Figure 6. The courtyard
temperature reached around 36 ◦C. The TD reproduced was closer to the monitoring results,
especially when the courtyard was not shaded, reaching an 8.2 ◦C difference between the
outdoor and the courtyard temperatures at 16:00 h. However, when the shading device
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was installed, the TD reached 9.3◦C at the same hour, being only 1.1 ◦C higher than the
non-shaded temperature and not 6.6 ◦C, as the monitoring showed. Analyzing all the
hours, the shading effect produced benefits at all times by increasing the TD, except for
the overheating effect at 6:00 h, which was slightly higher when the courtyard was shaded.
The Ladybug simulation produced a stronger overheating effect during the night than the
monitored results.

Figure 6. Ladybug-simulated outdoor and courtyard air temperatures on the selected days.

3.3. Validation of the Simulations

In order to numerically compare the results of the two workflows with the monitoring
results, the statistical parameters calculated were the coefficient of determination (R2) and
the root mean square error (RMSE). To be reliable, a model should provide an R2 close
to 1 and an RMSE close to 0 [50]. These values were calculated for the air temperature
simulation of the courtyard at a 1.5 m height. Table 3 shows the results. The coefficient of
determination was higher for the ENVI-met simulation in both the shaded and the non-
shaded configurations. However, the RMSE was lower in the case of the Ladybug Tools
simulation results. These values were in the range of those of other validated simulations
of outdoor environments [36,48], except for the ENVI-met simulation of the shaded day,
which produced a high RMSE error.

Table 3. Quantitative evaluation of the simulation’s performance for the courtyard temperature
output.

No Shaded Shaded

R2 RMSE (◦C) R2 RMSE (◦C)

ENVI-met simulation 0.93 3.31 0.95 8.31
Ladybug Tools simulation 0.73 1.90 0.64 4.26

If we compare the TD results, the Ladybug Tools simulation workflow was always
closer to the monitored data than the ENVI-met results. In Figure 7, the TDs at different
hours of the day for all the simulations and monitoring are displayed. It can be seen that the
simulation results closest to the monitoring data (blue bars) were the Ladybug simulation
(green bars), except for the early morning hours.
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Figure 7. Simulated and monitored thermal delta (TD) at different hours for the different configura-
tions analyzed.

3.4. UTCI Calculation Results

The results of the air temperatures, mean radiant temperatures, relative humidity,
and wind speed of each workflow were used to compute the UTCI. The UTCI calculator
used was the same for both workflows, the component included in the Ladybug plugin for
Grasshopper, in order to compare the effects on the results of the physical parameters using
each software and not those of the UTCI model used. This component uses the original
Fortran code adapted to the Grasshopper language to compute the UTCI [51,52]. It is also
adapted to compute the UTCI using the ground wind speed instead of that monitored at
10 m.

Figure 8 shows a map of the courtyard representing the results of the UTCI at four
different hours from ENVI-met, with the non-shaded courtyard on the left and the shaded
one on the right. The values were obtained at 1.5 m above the ground of the courtyard
at the user level. The mean value for the courtyard is also given at each hour. The UTCI
mean values ranged from 27.9 ◦C to 44 ◦C when the courtyard was not shaded and from
28.7 ◦C to 45 ◦C when it was shaded. Similarly, Figure 9 shows the same outputs of the
Ladybug tools workflow. In this case, the UTCI values ranged from 28.3 ◦C to 34.5 ◦C when
not shaded and from 25.9 ◦C to 34.1 ◦C when shaded. The effect of the shading device
was more noticeable at noon in both workflows, when the shaded area of the courtyard
provided an important reduction in the UTCI compared to the non-shaded courtyard. At
8:00 and 20:00 h, ENVI-met workflow showed lower UTCI values on the non-shaded day
compared to the shaded day. In contrast, the Ladybug workflow showed higher values at
these hours when not shaded. This contradiction is examined in the discussion section.

Comparing the mean values between the two workflows (Table 4), they show a UTCI
value at noon that was 8.3 ◦C lower in the case of the Ladybug simulation than that of the
ENVI-met simulation when not shaded and 10.6 ◦C lower when shaded. At 16:00 h, these
differences were 9.5 ◦C without shading and 10.9 ◦C when shaded. These results show a
difference large enough to emphasize the importance of having accurate data in order to
calculate accurate UTCI values.
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Figure 8. UTCI values at a 1.5 m height in the courtyard at different hours based on the ENVI-met
simulation workflow. Left: without shading. Right: shaded.

Table 4. Simulated mean UTCI values at 1.5 m in the courtyard at different hours of the day.

ENVI-Met Simulation Ladybug Tools Simulation

Time (h) Not Shaded Shaded Not shaded Shaded

8:00 27.9 28.7 28.3 25.9
12:00 40.9 40.6 32.6 30.0
16:00 44.0 45.0 34.5 34.1
20:00 35.7 37.5 34.2 34.1
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Figure 9. UTCI values at a 1.5 m height in the courtyard at different hours based on the Ladybug
simulation workflow. Left: without shading. Right: shaded.

4. Discussion
4.1. Concerning the Differences in the UTCI Values between the Workflows

The UTCI results shown cannot be explained exclusively by the air temperature results
of the simulations. The higher value at 16:00 h provided by the ENVI-met simulation when
shaded compared to the value when not shaded is one example. Figure 10 shows the mean
radiant temperature and relative humidity simulated by each workflow on the two days
in the middle of the courtyard at 1.5 m. These are two of the other factors that were used
in the UTCI calculation, the last one being the wind speed, shown in Table 5. The relative
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humidity and wind speed were similar between the two workflows on both days. The
most important differences appeared in the mean radiant temperature results. At 16:00 h,
despite the courtyard being shaded, the mean radiant temperature achieved a higher value
than that on the non-shaded day using the ENVI-met workflow. This can explain the 1 ◦C
higher UTCI on the shaded day provided by ENVI-met at 16:00 h.

Figure 10. Mean radiant temperature and relative humidity results of each workflow in the middle
of the courtyard at 1.5 m above the ground on the two simulated days.

Table 5. Wind speed (m/s) results of each workflow in the middle of the courtyard at 1.5 m above
the ground on the two simulated days.

8:00 h 12:00 h 16:00 h 20:00 h

ENVI-met (19 August) 0.06 0.05 0.05 0.04
Ladybug Tools (19 August) 0.3 0.03 0.01 0.01

ENVI-met (4 August) 0.07 0.05 0.05 0.05
Ladybug Tools (4 August) 0.25 0.03 0.03 0.01

However, what is most interesting about these graphs is the difference between
the workflows concerning the mean radiant temperature results. The ENVI-met results
provided much higher values during the daylight hours than the Ladybug Tools, while at
night, the mean radiant temperature provided by ENVI-met was lower. The effect of direct
solar radiation was also noticeable in the peak that appeared on the non-shaded day. While
Ladybug Tools reached a mean radiant temperature of 56 ◦C at noon, ENVI-met reached
72 ◦C. This significant difference can explain the differences in the UTCI values, being
larger than the air temperature difference between the workflows. At night, the Ladybug
Tools results never dropped below 26 ◦C, while ENVI-met reached 19 ◦C. Such differences
in the mean radiant temperature provided by the two workflows have previously been
reported by other researchers. Naboni et al. [53] simulated the mean radiant temperature
of outdoor spaces in a case study in the summer with ENVI-met and Ladybug Tools, and
the ENVI-met results were always higher than those of Ladybug Tools. They explained
these results given the tools’ different calculation assumptions and capabilities, which they
explained in detail in [54]. Gal and Kantor [55] found that ENVI-met overestimated the
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mean radiant temperature in shaded areas and underestimated the nighttime temperatures.
This suggests that, in our case study, the values provided by Ladybug Tools may be more
accurate, given that they were higher during the night and lower during the day in the
courtyard. Considering that the air temperature and relative humidity did not show
important differences, and that air temperature and mean radiant temperature yielded by
Ladybug Tools were closer to the monitored data, the UTCI index provided by Ladybug
Tools was considered closer to reality in this case study.

4.2. Concerning the Shading Benefits

Although the results for the shading device were not as good as we expected based on
the monitoring results, the UTCI distribution in the courtyard shown in Figures 8 and 9 at
noon indicates that when the sun is high and reaches deep into the courtyard, the effect of
the shading device is substantial in the areas where the sun is blocked.

Despite the differences between the two workflows, the thermal benefit of the instal-
lation of a shading device in the case study courtyard was reproduced, although with
different levels of success. The mean hourly thermal gap (this is the sum of the thermal
gaps at different hours divided by the number of hours), shown in Table 6, increased on
the shaded days for both workflows, although the monitoring results provided the highest
mean thermal gap. This means that both workflows can reproduce the effects of shading
benefits on the air temperature, but both underestimate the potential of the strategy. Still,
Ladybug Tools was able to provide closer results to the monitoring data. The temperature
differences provided by the workflows are in agreement with the limited simulated effects
of shading described in [34,56], where only a 0.59 ◦C maximum difference was reproduced
between the shaded and unshaded courtyard. In contrast, Mahmoud et al. achieved
higher temperature differences using ENVI-met to simulate shading devices in a courtyard.
However, the case study they analyzed had an aspect ratio much lower than the one used
in our study, and geometry can impact the results.

Table 6. Mean thermal gap per hour for the monitoring and simulation results.

Monitoring ENVI-Met Ladybug Tools

19 August (non-shaded) 2.7 0.2 2.0
4 August (shaded) 7.1 0.4 3.9

In terms of thermal comfort, the overestimation of the mean radiant temperature
provided by ENVI-met can alter the benefit of the shading, as seen in the UTCI results at
16:00 h. This should be further investigated before considering ENVI-met as a suitable tool
for predicting the thermal performance of shaded courtyards.

4.3. Concerning the Usability of the Software

In practice, ENVI-met simulations required a longer time to provide accurate data than
Ladybug Tools. In the early design of projects, this can be a disadvantage, given that rapid
changes in projects require rapid analysis and data in order to make decisions. ENVI-met
was not conceived for the purpose of early design. On the other hand, each simulation
provides a great amount of data in regard to not only the environmental parameters but
also the building and comfort parameters. The Ladybug Tools were conceived for early
design. Their link to Rhinoceros, a software tool widely used by designers, is proof of that.
This makes the tool’s use in the early design stage easier, and the results that it provides
to help to inform this stage are delivered faster. In addition, the better accuracy found in
this study leads us to recommend this workflow. However, it has one main issue, which is
the lack of consideration of the evapotranspiration effects of vegetation and water, which
could be necessary in some case studies.
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4.4. Limitation and Future Research

The results obtained in this research are limited to one case study of an enclosed court-
yard in the hot and dry Mediterranean climate. In addition, this study only considered two
days, one with the shading device and the other without the shading device. Although days
with similar outdoor temperatures were chosen, the small differences between the two days
may have affected the results. However, this kind of uncertainty is unavoidable in outdoor
experimental analysis, where no identical conditions can be achieved. Further research
considering the uncertainties regarding the measuring instruments [57] used to validate
the workflows will provide more data, enabling us to clearly state that the differences in
the results are due to the simulation and not the differences in the boundary conditions.

Further studies should also analyze the structural uncertainty originating from the
mean radiant temperature of the simulation, given that important differences were found
and they affect the comfort results greatly. In addition, it was found that the accuracy of the
simulation of shaded courtyards can be greatly improved. Further research should focus
on methods that can be used to achieve a higher accuracy by optimizing these workflows
or using other software.

5. Conclusions

This study evaluated the accuracy of the results and the suitability of two existing
outdoor microclimate simulation tools for early design when analyzing the effects of a
shading device installed in a courtyard in a hot and arid climate. The results showed that
the Ladybug Tools simulation workflow provided more accurate results of the dry-bulb
temperature, and considering the other thermal comfort parameters, the UTCI values
provided were also more accurate. For this reason, the use of this software to improve
the design of this kind of space is recommended. This workflow has more possibilities
for improvement, given that is an open-source set of plugins that are continuously being
optimized by the research community.

The simulations revealed that the effect of the shading device on the UTCI was higher
during the morning hours when the sun reached deep into the courtyard. However, the
UTCI values for the shading device did not show results as good as we expected based on
the monitoring results. From the simulations, which showed important differences in the
simulation of the mean radiant temperature, in addition to air temperature differences, it
can be stated that further research on the accuracy of mean radiant temperature calculations
must be carried out.

Future research should also try to improve the accuracy of the simulation results when
the shading device is installed in order to better quantify the benefits of this strategy. It
would also be interesting to investigate the use of the workflows to analyze other passive
strategies, such as the installation of water or vegetation in the courtyard, as well as different
geometries, locations, and orientations.
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