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Abstract: Previous measurements (Del Rio et al. 2019) have confirmed the formation of cool summer
microclimates through a combination of passive cooling elements (i.e., evaporative cooling louver,
vegetation, and sunscreen) in semi-outdoor building spaces in Japan. Computational fluid dynamics
(CFD) simulation is useful to understand the contribution of each element to semi-outdoor and
indoor microclimates with natural ventilation, and to determine their effective combination. To date,
there have not been sufficient studies on the modeling and validation for the CFD simulation of
microclimates by such elements. This study demonstrates the modeling method using literature-based
values and field measurements. It also demonstrates model validity by comparing the obtained
results with field measurements. The results show that CFD simulation with detailed modeling of
these elements can replicate vertical temperature distributions at four different positions across the
semi-outdoor space and indoor space. The maximum difference in air temperature between the
measurements and simulation results was 0.7–1 ◦C. The sensitivities of each passive cooling element
on the microclimates formed in both spaces were confirmed. The watered louver condition and
shorter louver–window distance were most effective in cooling both spaces. These results indicate
that the modeling method could be effectively applied to assess cool microclimates and formulate a
passive cooling design.

Keywords: microclimate; evaporative cooling; passive cooling; natural ventilation; field measurement;
CFD simulation

1. Introduction

Building microclimates have a strong influence on the effectiveness of natural ventilation [1–5].
In the hot humid summer climate of Tokyo, a combination of factors such as reduced green spaces and
increasingly compact house design in urban and suburban areas has made it difficult to maintain a
comfortable indoor environment using only passive cooling methods such as natural ventilation and
solar shading. Moreover, alternating natural and artificial ground covers have a reduced capacity to
retain water, attenuating the cooling effect of evaporation from the ground [6]. As a result, building
users tend to use air conditioners instead of natural ventilation to maintain a comfortable indoor thermal
environment [7]. However, the continuous use of air conditioners increases energy consumption [7],
and anthropogenic heat negatively impacts the outdoor thermal environment. This highlights the
importance of the design of sustainable and comfortable urban spaces and buildings [8].

The use of passive cooling methods [9,10] in cities and residential areas is an adaptive measure
for severe thermal environments. The planting of trees and green cover is one of the most effective
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ways to improve the urban thermal environment [9,10]. In reality, it is difficult to achieve an objective
cooling effect due to the limited amount of green spaces in compact urban areas. As such, alternative
solutions that combine multiple passive cooling methods are required to improve the microclimate
of compact urban spaces. The development of practical passive cooling methods has been studied
extensively in Japan [4,11–14]. Direct evaporative cooling is the simplest and oldest form of air
conditioning [10]; these systems are dependent on climatic conditions. Although they are expected to
be more effective in hot and dry climates, studies [15,16] have shown that they can also function in
hot and humid climates. The use of evaporative cooling is a widely used passive cooling method in
traditional Japanese vernacular houses [17]. The summer season in Japan is characterized by hot and
humid weather with abundant rainfall; however, the relative humidity decreases to approximately 50%
during the daytime on sunny days. Therefore, evaporative cooling has the potential to improve the
microclimate during the hot daytime hours in Japan. Hirayama et al. [12] developed an evaporative
cooling louver that lowers air temperature by a maximum of approximately 3.0 ◦C within the vicinity
of the louver. The louver is a stand-alone aluminum louver system coated with hydrophilic resin,
porous particles, and a photocatalyst (TiO2) that disperses water over the entire surface using only a
small amount of water. The louver is sufficiently wet with the continuous drip of water from the top
of the louver, which then evaporates, cooling the air that flows easily through the slats. The louver
provides (1) shade against direct solar radiation, (2) radiation cooling, (3) ventilation cooling with
cooled airflow, and (4) privacy near the window. The louver also has an independent foundation
(350x350 mm), offering practical applications for its installation in limited outdoor spaces. Even though
the louver improves the microclimate within its vicinity, its actual performance inside buildings has
not yet been evaluated. Therefore, more information on the cooling effect of the louver, either alone or
in combination with other passive cooling methods, is required to provide design recommendations
for generating cool microclimates inside buildings.

This study analyzed the generation of a cool microclimate using passive cooling elements (PCEs)
in a semi-outdoor space of a residence in one of Japan’s hottest cities—Kumagaya City. The PCEs
investigated in this study include the evaporative cooling louver, surrounding vegetation (trees
and flower pots), and sunscreens, evaluated using computational fluid dynamics (CFD). Previous
measurements [14] have confirmed the formation of cool summer microclimates by combined PCEs in
the semi-outdoor space. Computational fluid dynamics (CFD) simulation was useful to compute the
contribution and sensitivity of each element on the semi-outdoor and indoor microclimate through
natural ventilation, and determine their effective combination. Compared to field measurements
conducted at a limited number of points, CFD simulations can provide detailed information on any
variable in the entire computational domain (cited by [18]). Once validated, numerical simulations
have the advantage of performing comparative analyses based on different scenarios and designs
with limited time and cost. However, there has been insufficient modeling and validation of CFD
simulation of microclimates formed by PCEs. This study demonstrates the modeling method using
literature-based values and field measurements, and proves its validity by comparing it with field
measurement results and implementing sensitivity analysis.

2. Literature Review and State of Art

There has been considerable research focusing on urban microclimate modeling and its validation.
Microclimates formed by surrounding buildings [19,20], vegetation [21,22], and cool materials [23] have
been simulated using numerical models in urban spaces; this enables the assessment of their effects on
human thermal comfort [24]. Most microclimate simulations target a specific height around 1–2 m
from the ground and discuss the two-dimensional (2D) horizontal distribution of these microclimates.
Model validation is only conducted for limited points at a fixed height.

Numerical simulations have been also applied to assess the thermal and energy performance of
buildings, including the effects of envelope materials (e.g., wall materials, phase change materials) [25–27].
There has also been intensive research into numerical simulations to evaluate the effects of outdoor
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microclimates on the indoor environment as passive cooling techniques [28]. This includes evaluation of
the effects of the outdoor radiation environment on the solar heat gain of buildings [29,30], the outdoor
wind environment on the natural ventilation of buildings [2,3,5], the outdoor microclimate on building
thermal performance [31–33] and energy demands [34–40], and outdoor overheating, including urban
heat islands, on the energy demand of buildings [41,42]. In particular, vegetation models have been
applied to numerical simulations to evaluate solar shading [43–46], wind break [47], and overall
cooling effects [48,49] derived from vegetation on the indoor thermal environment. The effects of
cool pavements and materials on building energy use and thermal environment have also been
evaluated [50,51]. However, there has been limited discussion on the effects of cool microclimates
for a spatial scale less than 1 m, with the detailed vertical distribution formed by vegetation and
cool materials. Furthermore, the combined effect of multiple elements (e.g., vegetation and cool
materials) has received less attention [4,14]. This is primarily due to the complexity of calculating
two semi-independent spaces (outdoor and indoor) simultaneously, whilst considering the physical
phenomena at the surface and in the vicinity of space components.

Field measurements in a previous study [14] have shown that the spatial scale of the cool
microclimate formed by PCEs was less than 1 m, having a characteristic vertical temperature gradient
from the ground (i.e., accumulation of cooled air near the ground) in a semi-outdoor building space.
It was suggested that a part of the cool microclimate was induced into the indoor space with natural
ventilation through window openings near the space. This measurement could not identify if the
characteristic microclimates were formed by the individual effect of PCEs or their combined effect.
Identifying primary contributors to the cool microclimate and determining the extent to which they
affect the indoor microclimate are important research tasks.

3. Materials and Methods

3.1. Method Outline

A CFD model was built using previous field measurement data and introducing heat transfer
models of individual PCEs from the literature. The simulation focuses on the flow field, with careful
calculation of heat transfer from objects. Field measurement data were used to determine the initial
condition and surface temperature of the building materials and ground cover. Moreover, measured
microclimate data were used to validate the CFD model by evaluating the synthetic effect of the multiple
introduced heat transfer models. A flow chart of the research method is shown in Figure 1. First,
a previous field experiment of semi-outdoor and indoor microclimates for a house with multiple PCEs
in a semi-outdoor space was described. Second, the modeling details of the PCEs in the semi-outdoor
space were explained in relation to the CFD simulation. Third, the results of the CFD simulation were
validated using the field experiment results. Finally, a sensitivity analysis of individual and combined
effects on PCEs was conducted using the validated CFD simulation.Sustainability 2020, 12, x FOR PEER REVIEW 4 of 24 
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3.2. Field Measurement

The field experiment was conducted in a two-story passive house located in a residential area
(N36◦8′50.6′′, E139◦23′19.1′′) of Kumagaya City on 12 and 17 September 2016. This city has a humid
subtropical climate (Cfa in the Köppen climate classification [52]) and one of the hottest summers in
Japan [53]. The study was conducted during September (transition season), as the conditions were
more appropriate for using evaporative cooling to extend the use of natural ventilation (after the
hottest season). Recent weather data for the city (2007–2017) indicate that evaporative cooling has a
cooling potential of 4.6–8.9 ◦C due to the water pressure deficit of air and wet surface during summer.
To achieve the evaporative cooling effect, PCEs, comprised of an evaporative cooling louver [12],
surrounding vegetation, and sunscreens attached from the top of the louver to the top of the window
were installed in the outdoor space of the house. This space was connected to the common indoor space
(kitchen, living room, and dining room) through two sliding windows, creating two semi-outdoor
spaces: Spaces A and B, as shown in Figures 2 and 3. The distance between the louver and window
(L–W) for Space A was 1 m and for Space B was 2.8 m. The water supply during the experiment was
1.8 L/(m2h) for each evaporative cooling louver’s vertical plane. The supplied water temperature was
25 ◦C on average.
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Measurement points for recording the vertical air temperature distribution were installed in the
semi-outdoor space (back of the louver (Tlo)), center of the semi-outdoor space (Tsop), indoor space
(inside the window (Twin)), and in the center of the indoor space (Tcin) at different heights above the
ground (GL) (0.1–2.5 m) in Spaces A and B, as shown in Figure 4. In addition, ambient temperature
(Tamb), solar radiation, and wind speed conditions, including outdoor wind speed and direction (WSout,
WDout) and indoor wind speed and direction (WSwin, WDwin), were also recorded. Wind conditions in
the semi-outdoor space were recorded only for Space A (WSsop, WDsop). The measurement equipment
used and their accuracy are shown in Table 1.
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direction. GL is ground level. FL is floor level.

Table 1. Measurement equipment.

Measured Parameter Equipment Accuracy

Horizontal solar radiation Thermopile pyranometer ±5%
Representative ambient

temperature
T-type 0.1-mm thermocouple inside

ventilated tube 0.1 ◦C

Air temperature T-type 0.1-mm thermocouple (with shield) 0.1 ◦C

Representative relative humidity Resistance change-type humidity sensor
(Model: CHS-MSS, TDK Corporation, Japan)

±3% (<90% RH)
±5% (>90% RH)

Wind velocity and direction 3-axis ultrasonic anemometer (Model:
CYG-81000, R.M. Young Company, USA) ±2◦ ± 0.1 m/s

Wind velocity and direction Ultrasonic wind sensor (Model: WMT52,
Vaisala Corporation, Finland) ±5◦ ± 0.3 m/s

Thermograph Infrared camera (Model: Thermo GEAR
G100, Nippon Avionics Co.,Ltd., Japan) ±2 ◦C

Data Data logger (Model: LR5400, Hioki E.E.
Corporation, Japan)

The cooling effect of the PCEs was evaluated in a previous experimental study and cool air
accumulation was confirmed mainly in Space A [14]. Among the several cases reported in the field
measurements [14], the average data of one case (25 min) on September 12, 2016 were used to validate
the CFD simulation in this study. This experimental case was selected as the PCEs and the ventilation
settings with windows fully open were set to maximize the cooling effect with natural ventilation.
Figure 2 shows the floor plan of the case study with the experimental settings of the selected case as
follows: (1) the analysis area where air flows inside the house; (2) the openings for inflow (sliding
windows), flow between rooms (kitchen door), and outflow (ceiling window); (3) the target area,
comprised of the semi-outdoor spaces (Spaces A and B) and the indoor space. The air passing across
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the rooms and the kitchen door would flow out through the ceiling window located on the stair hall
(Figure 2b). These conditions were used to validate the numerical simulation (Figure 3b).

3.3. CFD Simulations

A numerical CFD technique was selected to conduct the simulations. The commercial software
scSTREAM (MSC software, Tokyo, Japan) was used to solve the steady Reynolds-averaged Navier–Stokes
(RANS) equations to evaluate the average flow and temperature fields during the target evaluation time.

3.3.1. Computational Geometry, Domain, and Grid

Table 2 lists the calculation conditions used for the simulation. The size of the computational
domain (calculation area) shown in Figure 5 was based on the best practice guidelines for CFD set
by Franke et al. [54], Tominaga et al. [55], and Blocken [56]. This includes a distance of 5H from the
building to the top and sides of the computational domain, and a distance of 15H between the building
and the outlet boundary downstream of the building [57]. The resulting dimensions of the domain are
shown in Table 2. To predict the flow field around a building with acceptable accuracy, a fine grid
arrangement is required to resolve the flow near the corners, with a stretching ratio of the adjacent grid
of 1.3 or less [55]. A relationship also exists between the size of the mesh and convergence. As the
building model is complex and there are some materials with a large aspect ratio, a 100 mm mesh was
used, as shown in Table 2. The computational domain was also discretized by a hexahedral mesh
containing approximately 12 million elements, with an expansion ratio of 1.1.

Table 2. Computational settings.

Calculation area 133.9 m (x) × 123.9 m (y) × 43.2 m (z)
Expansion ratio 1.1

Mesh size 0.1 m × 0.1 m × 0.1 m
Number of elements 12,723,092

Turbulence model Standard k-model

Inflow boundary

Fixed velocity
X component: 0.29 m/s
Y component: 0.95 m/s

Z component: 0 m/s
Outflow boundary Natural outflow

Wall boundary Upper boundary: Free slip
Ground boundary: No slip

Scheme for convection terms QUICK
Convergence criteria 1 × 10−5 for all variables

Cycles 1000
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3.3.2. Boundary Conditions

• Setting the inflow and outflow conditions.
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Simulated isolated building conditions were comparable to those obtained by experiments at the
site because when the field experiment was conducted, there was no building facing the semi-outdoor
space and windward windows within a 20 m distance; thus, there was no obstruction of air flow.
Therefore, in the CFD simulation, we set appropriate inflow boundary conditions to match the wind
conditions measured in both spaces (i.e., WSout and WSwin) during the field experiment. As a result,
a velocity of 1 m/s (maximum WSout recorded during the experiment) was set at a height of 1.5 m.
Wind direction was set at 197◦ (SSW), the average of the maximum and minimum WDout recorded
in the selected experimental case. The average recorded relative humidity was 56%. The standard
k–ε model was used for turbulence, where the turbulent kinetic energy and dissipation were set to
0.173 m2/s2 and 0.0069 m2/s3, respectively. The remaining settings are listed in Table 2.

• Setting wall boundary conditions.

For the ground boundary, the log law condition was applied to the flow fields. For the top
boundary of the computational domain, a symmetry boundary condition (slip wall) was used.

• Setting thermal boundary conditions.

The surface temperature (Ts) of the building elements was based on thermal imagery captured
by an infrared camera (Thermo GEAR G100, Nippon Avionics Co., Ltd., Tokyo, Japan) during the
experiment. The heat transfer coefficients used for the outdoor and indoor geometry were 11.6 and
9.5 W/m2k, respectively [58], including the effect of solar radiation.

3.3.3. Solver Settings

The three-dimensional (3D) steady RANS equations were solved with a standard k-model.
Second-order upwind discretization schemes were used for the momentum and turbulence equations.
The Quadratic Upstream Interpolation for Convective Kinematics (QUICK) scheme was used for
convection terms. The convergence criterion for all variables was 1 × 10−5. We confirmed this criterion
was sufficient for convergence in this study, based on the calculation time.

3.3.4. Detailed Modeling

• Modeling of vegetation.

Vegetation consisted of plants (trees and flower pots) and ground covers in the semi-outdoor
spaces. Plants were modeled with the same sizes and locations as the experiment using a cylindrical
shape, as shown in Table 3 and Figure 6. The leaf area density (LAD) and drag coefficient (Cd) (Table 3)
were estimated by observing the foliage density of each plant type using photos taken during the
experiment. Accordingly, different LAD and Cd were assigned to each foliage density; these included
high-density type 1 (HD1), high-density type 2 (HD2), low-density type 1 (LD1), high-density type 3
(HD3), and low-density type 2 (LD2). The values used for the LAD and Cd of plants were based on
the resistance [59] and turbulence model B by Mochida (2008) [60] (see Table 4). For ground cover
inside the semi-outdoor space (HD3 and LD2), as Ts was significantly lower than that of plants (refer to
Figure 6), the LAD and Cd were estimated to achieve a higher cooling effect than the plants due to
the watered soil. A previous study [61] showed that the average porosity for one, two and three trees
was 0.91, 0.69, and 0.42, respectively. When porosity had reduced, more flow was forced around the
plant. Moreover, the fitting equation of permeability in turbulent flow has greater accuracy when
the vegetation porosity ranges from 0.9 to 1.0 [62]. For HD and LD types, porosities of 0.90 and 0.99,
respectively, were assigned. The average surface temperature, shown in Figure 6, was derived from
thermal imagery captured during the experiment. As observed, the Ts of the plants was 28.0 ◦C
with direct solar radiation (dashed black), 27.5 ◦C when semi-shaded, and 26.5 ◦C when shaded
(inside white square) during the evaluation time. The Ts of ground cover was 23.0 ◦C inside the
semi-outdoor space and 25.5 ◦C near the window in Space B. A model constant of 1.8 was selected
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because it can accurately reproduce the velocity deficit effect downwind of the trees and has been
shown produce good correspondence between calculations and measurements [60]. The convective
heat transfer coefficient (CHTC) of plants was based on Asawa et al. [63] and was estimated by the
following equation:

CHTC = 7.9v + 17.2, (1)

where v [m/s] is the inflow fixed velocity for the entire crown. The CHTC were double the value given
by the Jürges relation formula [63]. The CHTC of ground cover were derived from Hagishima et al. [64]
and are shown in Table 3. A constant moisture flux of 0.1 g/m2 s was set for vegetation with high
foliage density; this applied to HD1, HD2, and HD3.Sustainability 2020, 12, x FOR PEER REVIEW 10 of 24 
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Table 3. Cont.

Type of
Vegetation Plant Parameters Density Cd

LAD
[m2/m3]

CHTC
[W/m2k] Porosity

Existing trees: Amelanchier canadensis, Styrax japanicus
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Table 4. Model B: Resistance (drag) and turbulence from planted area.

Type Fi Fk Fε Model Constant

Model B ηaCduiV ηaCdV3 ε
k Cp1Fk Cp1 = 1.8

• Modeling of porous media: evaporative cooling louver and window net.

The evaporative cooling louver has a complex geometry with an acute angle toward the windward
direction, considered to result in less drag with a higher evaporative cooling effect [12]. To save
calculation load and time with appropriate drag and cooling effects, the evaporative cooling louver
was modeled as a porous media anisotropic model containing a solid and fluid as an alternative to
generating fine mesh elements. Figure 7 shows that the length and height of the louver was 1.8 m,
and louver thickness was set to 0.1 m to match mesh size. Similarly, the window net was modeled
as porous media, with length and height based on one panel of the sliding window (0.70 × 2.10 m),
and a thickness of 0.1 m. Table 5 presents the inputs of the porous media (louver and window net),
which include the CHTC, surface area ratio (surface area/volume mesh), porosity (volume ratio/volume
mesh), fixed temperature, cross-sectional area ratio (area/area mesh), and pressure loss. For the CHTC
of the louver, the heat transfer model of the louver developed by Hirayama et al. [65] was employed.
The CHTC [W/m2k] of the louver was based on the following equation:

CHTC = 22.17v + 16.22, (2)

where v is the inflow fixed velocity [m/s].
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Table 5. Model inputs for the porous media: anisotropic model.

Porous
Media

CHTC
[W/m2k]

Surface Area
Ratio [m2/m3] Porosity Fixed Temperature

[◦C]

Cross-Sectional
Area Ratio

Pressure
Loss [Pa]

Front Side

Louver 38.39 (2) 39.2 0.79 23.5 0.66 0.21 Table 6
Window net 11.6 2.60 0.99 No heat generation 0.26 0.002 Table 6

Table 6. Model inputs for the porous media: pressure loss variation.

Evaporative Cooling Louver [63] Window Net [64]

Wind speed [m/s] Pressure loss variation [Pa] Wind speed [m/s] Pressure loss variation [Pa]
0.00 0.00 0.00 0.00
0.25 0.20 0.75 2.50
1.00 3.11 1.90 8.00
4.00 38.77 2.90 16.00

4.00 25.00

As presented in Table 5, a fixed surface temperature of 23.5 ◦C (watered) was assigned to the
louver, and no heat generation was assigned to the window net to avoid affecting the surrounding
air temperature. For surface area ratio, porosity, and cross-sectional area ratio, the data of one mesh
were inputted, as shown in Figure 7. Therefore, the front view (Y axis) and side view (X axis) of one
mesh was used to calculate the surface area, volume ratio, and cross-sectional area ratio. For the
louver, the surface area used to calculate the ratio was obtained by multiplying the circumference of
one slat (0.153 m) by the number of slats in one mesh (2.5 slats) and the thickness of the mesh (0.1 m).
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The volume ratio of one mesh used to calculate porosity was obtained by multiplying the volume
of one slat by the number of slats in one mesh and the thickness of one mesh. Similarly, the same
data were calculated for the window net by assuming an area of one hole of the net of 1.2 mm2 and
a wire thickness of 0.2 mm. These results are summarized in Table 5. The pressure loss variations
of the louver and window net are shown in Table 6. The pressure loss of the louver was obtained
from the analysis model of Hirayama et al. [65], and the window net was estimated from the model
in Minoru et al. [66], which used a similar net size (i.e., net4). A moisture of 1.177 g/s was set for the
louver based on the evaporation rate of the louver [12] at the time of the field experiment. The porous
media use the following equations for momentum (3), energy for fluid media (4) and solid media (5):

Momentum equation for porous media:

∂ρFui

∂t
= −

∂u jρFui

∂x j
−
∂σi j

∂x j
+ ρFgi + ςi (3)

Energy equation for fluid media:

∂αFρFCPFTF

∂t
= −

∂u jρFCPFTF

∂x j
+

∂
∂x j

KF
∂TF

∂x j
+ χh(Ts − TF) + αFqF (4)

Energy equation for solid media:

∂αSρSCSTS

∂t
=

∂
∂xi

KSαi j
∂TS
∂x j

+ χh(TF − TS) + (1− αF)qS (5)

where ui is the mean velocity in the i direction [m/s]; u j is the mean velocity for the j direction [m/s];
σi j is the stress tensor [Pa]; gi is the gravitational acceleration in the i direction [m/s2]; ςi is the pressure
loss in the i direction per unit length [Pa/m]; αF is the porosity of porous media [-]; ρF is the fluid
density [kg/m3]; ρS is the solid density [kg/m3]; CPF is the specific heat of fluid at constant pressure
[J/(kg K)]; CS is the specific heat of solid [J/(kg K)]; KF is the heat conductivity of fluid [W/m]; KS is the
heat conductivity of solid [W/m]; TF is the fluid temperature [K]; TS is the solid temperature [K]; qF is
the heat generation in fluid per unit volume [W/m3]; qS is the heat generation in solid per unit volume
[W/m3]; αi j is the tensor of area ratio [-]; χ is the surface area ratio (contact ratio between the fluid and
solid per unit volume) [m2/m3]; h is the convective heat transfer coefficient [W/(m2 K)].

3.4. Simulation Cases

Table 7 shows the simulation cases for all conditions used for validation and sensitivity analysis.
To ensure controlled conditions, only one variable was changed at a time. As previously mentioned,
this study mainly focused on replicating and analyzing the formation of cool air in a semi-outdoor
space. Thus, the settings in the semi-outdoor space were altered, whereas the settings in the indoor
space were kept constant. For the validation case S-0, the settings in the semi-outdoor space reproduce
the field experiment case. As such, case S-0 was used as the base case for sensitivity analysis to analyze
the cooling effects of the PCEs under various conditions, including louver watering conditions and the
number of PCEs. The effect of louver watering conditions is represented by cases S-0–S-2. The effect of
the number of PCEs on the formation of cool air is represented by cases S-3–S-5. Only the sunscreen
remained installed in the semi-outdoor space to maintain the initial thermal boundary conditions for
the building elements and ground cover. To simulate different watering louver conditions, the louver Ts

was modified. For the watered louver condition, based on previous research [14], the Ts of the watered
louver was approximately 4 ◦C lower than Tamb; thus, 23.5 ◦C was applied. Moreover, when the louver
was wet, Ts was approximately 2 ◦C lower than Tamb; 25.5 ◦C was applied. For the dry louver, Ts was
set to 29 ◦C as the solar radiation during the experiment was relatively low.
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Table 7. Simulation cases.

Simulation Cases PCEs in the
Semi-Outdoor Space

Louver
Watering Louver Ts [◦C] Vegetation

Watering

Validation case S-0 louver, vegetation 1,
sunscreen

watered 23.5 watered

Sensitivity
analysis

case S-1 louver, vegetation
sunscreen wet 25.5 watered

case S-2 louver, vegetation,
sunscreen dry 29.0 watered

case S-3 louver, sunscreen watered 23.5 -
case S-4 vegetation, sunscreen - watered
case S-5 sunscreen - -

1 Vegetation: Potted flowers and trees. The ground cover was watered at all times. The vegetation Ts is shown in
Figure 6.

4. Results

4.1. Validation

Figure 8 presents the vertical temperature distribution for each measurement point for the
semi-outdoor and indoor spaces between the experiment and simulation (case S-0). Table 8 shows
the correlation and deviation between the experiment and simulation at each measurement point.
Figure 9 compares the wind speed for the outdoor, semi-outdoor, and indoor spaces between the
experiment and simulation. According to the vertical temperature distribution in Figure 8, cool air
formation occurs near the ground in the semi-outdoor spaces (Spaces A and B) in the experiment and
simulation, indicating that the cooling effects of the PCEs were replicated in the simulation. In general,
the results for Spaces A and B show good correlation between the experiment and simulation (Table 8).
The coefficient of determination (R2) for all points was between 0.93 and 0.99, and the root mean
square error (RMSE) was between 0.2 and 0.5 except for Twin, demonstrating that the model accurately
predicts the data. However, for the point Twin at Space A, the RMSE was close to 0.9. This is
because the model overpredicts the wind speed through the window (WSwin). The WSwin was
approximately 0.2 m/s (Figure 9), higher than that recorded during the experiment. It was assumed
that this causes Twin to be slightly cooler, as more cool air flows through the window, resulting in a
maximum air temperature difference of 0.7–1.0 ◦C for GL+0.5 m to GL+2.5 m (Figure 8a). Despite this,
good correlation was observed for Tcin (air temperature in the center of the indoor space/representative
indoor air temperature) in Spaces A and B, indicating that the model accurately predicts indoor air
temperature. Overall, the vertical air temperature distribution showed a consistent trend between the
experiment and simulation, demonstrating that the model can effectively predict conditions observed
during the experiment.

Table 8. Correlation and deviation between the experiment and simulation for case S-0.

Space A Space B
Point RMSE MSE R2 RMSE MSE R2

Tlo 0.27 0.07 0.95 0.32 0.10 0.97
Tsop 0.40 0.16 0.98 0.25 0.06 0.96
Twin 0.89 0.79 0.97 0.14 0.02 0.93
Tcin 0.29 0.09 0.99 0.35 0.12 0.94

R2, coefficient of determination; RMSE, root mean square error; MSE, mean squared error.
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Figure 8. Comparison of vertical air temperature distribution between the experiment and simulation
case S-0 in semi-outdoor and indoor spaces in (a) Space A and (b) Space B.
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Figure 9. Comparison of wind speed in the outdoor (WSout), semi-outdoor (WSsop), and indoor spaces
(WSwin) between the experiment and simulation case S-0.
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4.2. Sensitivity Analysis

4.2.1. Watering Conditions of the Evaporative Cooling Louver

Figure 10 shows the sensitivity analysis results for the formation of cool air in the semi-outdoor
space and the subsequent cooling effect in the indoor space for different louver watering conditions.
Figure 11 shows the air temperature and wind speed contours for each case at the measurement point
GL+1.5 m, that is, 1.5 m above the outdoor ground or 1.0 m above the indoor floor level. Figure 12
shows the air temperature and wind speed contours at GL+1.5 m for each simulated case. In Figure 10,
the results show that when the louver watering condition is applied and its Ts is close to the wet-bulb
temperature, the validation case S-0 can effectively predict the formation of cool air in the semi-outdoor
space compared to other cases. Moreover, the results for cases S-1 and S-2 show that when the watering
stops and the Ts of the louver is increased, the evaporative cooling effect of the louver, shown in Tlo,
significantly reduces. In case S-1, when the louver is wet, the cooling effect of Tlo from GL+0.1 m to
GL+1.5 m is reduced by approximately 1.8–0.6 ◦C for Space A, and 1.7–0.5 ◦C for Space B, compared to
the initial case S-0. Moreover, when the louver is dry in case S-2, the cooling effect at Tlo from GL+0.1 m
to GL+1.5 m is further reduced by approximately 3.4–1.3 ◦C for Space A and 4.3–1.2 ◦C m for Space B.
For Tsop (measurement point at the center of the semi-outdoor space), the reduction in cooling effect
differed greatly between Spaces A and B because of the louver–window (L–W) distance. The L–W
distance was 1 m for Space A and 2.8 m for Space B. Thus, for Space A in case S-1, the cooling effect at
Tsop had reduced by approximately 1.3–0.4 ◦C from GL+0.1 m to GL+2.0 m. In contrast, for Space B
in case S-1, the cooling effect at Tsop had only reduced by approximately 0.35–0.1 ◦C from GL+0.1 m
to GL+2.0 m. This demonstrates that the cooling effect reduces with increasing distance from the
evaporative cooling louver. This means shorter L–W distance is preferable when the evaporative
cooling louver is used to form cool air in a semi-outdoor space. This is confirmed when observing
the air temperature contours at GL+1.5 m in Figure 12a.1,a.2, where the formation and cooling effect
(watered and wet louver) is better for Space A than Space B. In Space B, the combination of factors such
as the L–W distance, amount of vegetation, and wind direction (Figure 12b.1,b.2), directly affects the
accumulation of cool air in the semi-outdoor space and the cool air does not reach the window–indoor
space. With a larger L–W distance, the generation of cool air in the semi-outdoor space and the flow of
cool air into the indoor space is more difficult than with a shorter L–W distance in Space A. Based on
Figure 10, for case S-2, the cooling effect of Tsop from GL+0.1 m to GL+2.0 m had reduced by 2.3–0.9 ◦C
for Space A and 0.5–0.4 ◦C for Space B. When the louver was dry (case S-2), there was no cool air
produced in the semi-outdoor space (Figure 12a.3); thus, Tlo and Tsop at point GL+1.5 m are similar to
the ambient temperature. Furthermore, Figure 10 (point Tcin) and Figure 12a.1,a.4 show that the cool
air accumulated in semi-outdoor Space A could not effectively cool the entire indoor space with the
current indoor variables (window-opening conditions, indoor door opening, and leeward openings;
see Figure 2). This is clearly seen by comparing cases S-0, S-1, and S-2, where no significant difference
was observed in Tcin. Despite there being a difference for Twin in Space A, in reality, this point could be
properly reproduced, as described in the previous section. Thus, only points Tlo, Tsop, and Tcin were
appropriate for a comparative analysis.
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Figure 10. Comparison of vertical air temperature distribution in semi-outdoor and indoor spaces
between watered, wet, and dry louvers for (a) Space A; (b) Space B.
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Figure 11. Comparison of vertical air temperature distribution in semi-outdoor and indoor spaces for
different amounts of PCEs in (a) Space A; (b) Space B.
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4.2.2. Amount of Passive Cooling Material in the Semi-Outdoor Space

This section analyzes the individual effect of each PCE. As shown in Table 7, all PCEs were
applied to case S-0; case S-3 had no vegetation, case S-4 had no louver, and case S-5 had no louver
and no vegetation. The vertical air temperature distribution in these cases is presented in Figure 11.
For cases S-0 and S-3, the shorter L–W distance in Space A and use of the evaporative cooling louver
resulted in a higher cooling effect (Tlo) and better formation of cool air (Tsop). When the vegetation was
removed in case S-3, the air temperature at Tlo in Space A only increased by approximately 0.3–0.1 ◦C
for GL+0.1 m to GL+1.0 m. This is in contrast to when the louver was removed in cases S-4 and
S-5, where air temperature at Tlo increased by 2.5–1.0 ◦C and 1.9–0.9 ◦C for GL+0.1 m to GL+1.5 m,
respectively. In contrast, for Space B, the lack of vegetation in case S-3 resulted in a further increase at
Tlo of approximately 0.7–0.1 ◦C for GL+0.1 m to GL+1.5 m; twice the cooling effect lost in Space A at all
points. This suggests that the use of surrounding vegetation is more beneficial for obtaining a higher
cooling effect and generating more cool air at a larger L–W distance than at a shorter L–W distance in
Space A. This is more explicitly shown in Space B for cases S-4 and S-5, where air temperature at case
S-4 (only vegetation) Tsop increases by 0.5–0.1 ◦C for GL+0.1 m to GL+1.5 m, in contrast to case S-5,
where air temperature in Tsop increases by 1.5–0.1 ◦C.

4.2.3. Cooling the indoor space

For cases with wet and watered louvers, the generation and flow of cool air is evident in
Space A (Figure 12a.1,a.2,a.4). In contrast, the cool air formed by the louver does not reach the
window in Space B, mostly due to the large L–W distance and wind; this clearly contributes to the
dissipation of cool air through the side. Regarding the presence of vegetation, a comparison of cases
S-3 (Figure 12a.4) and S-0 (Figure 12a.1) shows that the cool air generated in the semi-outdoor space
easily dissipates when vegetation was removed in Spaces A and B. A comparison of cases S-0 and S-3
(in Figure 12a.1,a.4,b.1,b.4) shows that the wind speed through the window was higher in the latter case
due to the lack of vegetation, allowing more cool air to flow through the window and further cooling
the indoor space. Thus, although vegetation enhances the cooling effect near the louver, it may prevent
cool air from dissipating into the indoor space. This suggests that vegetation is not necessary for a
shorter L–W distance. For cases S-0 and S-4 (Figure 12a.1,a.5,b.1,b.5), vegetation had different effects
on wind speed and flow of air because the combination of the vegetation and the louver significantly
reduced the wind speed in case S-0. This was unlike case S-4 without the louver, where only vegetation
resulted in a higher wind speed through the window. Generally, the use of solar shading (sunscreen)
alone (case S-5) results in the worst-case scenario.

As seen in the indoor space, a better cooling effect was observed when using the watered louver
(cases S-0 and S-3). In addition, a comparison between Spaces A and B shows that a shorter L–W
distance is more beneficial for cooling the indoor space than a longer L–W distance, where controlling
the wind direction and inducing cool air is more difficult. The results for all cases demonstrate that the
ventilation strategies employed during the experiment (Figure 2) restrict indoor flow due to a lack of
leeward openings; this meant the effective induction of cool air was restricted. In general, the results
show that the louver is effective for indoor cooling if a combination of proper installation (shorter L–W
distance) and indoor ventilation strategies are applied.

5. Discussion

The validation results of the CFD simulation with detailed modeling of PCEs show that this model
can effectively predict the cooling effect of PCEs for a semi-outdoor space. The maximum difference in
air temperature between the experiment and simulation was obtained at Twin (0.7–1 ◦C) in Space A.
This difference was considered acceptable for CFD simulations, considering the model simplification
and assumptions (i.e., average steady-state flow calculations in the CFD, limited boundary conditions,
imperfect agreement with experimental conditions), and considering the following points. Previous



Sustainability 2020, 12, 5360 18 of 23

studies that compared experimental and simulated air temperatures in outdoor spaces with cool
materials and vegetations reported a mean absolute error of 1.34 ◦C on average, 3.67 ◦C as a maximum,
and 0.27 ◦C as a minimum [23]. The reported R2 was 0.92 on average, 0.99 as a maximum, and 0.66 as
a minimum. In our study, the R2 was between 0.93 and 0.99 for all measurement points. Therefore,
our results show better accuracy than those previously reported in the literature. In terms of human
thermal comfort for passive cooling, the sensitivity of human skin to temperature differences is
approximately 1 ◦C [67]. Regarding the temperature experiments in the outdoor spaces used for
validation, measurement errors of approximately 0.7 ◦C are inevitable [4]. Therefore, the simulation
and modeling are considered to have appropriate accuracy for discussing the cooling effects of PCEs.

For sensitivity analysis, a similar reduction in temperature was observed between the louver
watering conditions of cases S-0 (watered louver) and S-2 (dry louver) in Space A in a previous
study [14]. Here, the Tlo had reduced by approximately 2.8–1.2 ◦C from GL+0.1 m to GL+1.5 m after
the louver was watered, and had reduced by 3.4–1.3 ◦C in the simulation. This confirms that the
cooling effect of the louver watering conditions was successfully reproduced with this model.

In terms of the effect of the L–W distance, Del Rio et al. (2019) [14] indicated that cool air generated
by the louver in Space B could potentially dissipate through the side prior to reaching the window.
The simulation results in Figure 12 support this hypothesis as the wind speed contours in Figure 12
show that air passing through the louver with relatively high wind speed did not flow toward the
window and instead, flowed toward the corner of the wall. Therefore, to obtain a higher cooling effect
(cool breeze) in the indoor space, the louver should be installed close to the window and kept watered,
and vegetation should not be used (i.e., case S-3 in Space A). The louver and vegetation also showed
more positive effects when implemented alone than in combination. In general, the results indicate
that the evaporative cooling louver has a higher cooling effect than vegetation. In addition, the Twin

and WSwin results (case S-0) reveal that cool air was induced indoors when the wind speed through
the window was greater than 0.2 m/s, similar to the conclusions of a previous study [14].

This study conducted validation and sensitivity analysis of CFD simulations related to the
formation of cool air in semi-outdoor spaces using PCEs. Although the indoor space variables were
not investigated in detail, the validated model was able to replicate the representative indoor air
temperature (Tcin), and therefore, the effect of ventilation parameters employed in the field experiment
(Figure 2). This suggests that future studies investigating the indoor space variables such as window
type, porosity of the building, size of indoor space, and location of furniture, would provide useful
insights for the design of cross ventilation between openings and indoor spaces to optimize the flow of
cool air indoors. Greater cooling was obtained in the semi-outdoor space by using the evaporative
cooling louver and a sunscreen. This combination has the potential to reduce indoor temperatures
with appropriate ventilation. Future research should investigate these variables to determine the most
optimal method to enhance the natural ventilation potential of a residence, transferring cool air indoors
from semi-outdoor spaces.

6. Conclusions

This study demonstrates a modeling method and presents validated results for cool microclimates
using PCEs in the semi-outdoor space of a passive house located in one of Japan’s hottest cities.
The PCEs used consisted of an evaporative cooling louver [12], surrounding vegetation, and a
sunscreen. The results showed good correlation between the experiment and simulation for Spaces A
and B. The R2 for all points was between 0.93 and 0.99, and the RMSE was between 0.2 and 0.5 except
for the window position (Twin), demonstrating that the model accurately predicts the air temperature.
The maximum temperature difference was observed at Twin; however, the difference was within 1 ◦C.
These results show that the modeling method and parameters applied in the CFD simulation were able
to reproduce the vertical air temperature distributions in semi-outdoor and indoor spaces observed
during a previous field experiment [14].
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A sensitivity analysis was conducted for the variables in the semi-outdoor spaces, and the
individual and combined effects of the PCEs were confirmed. The louver model with porous media
was able to reproduce the cooling effect between different louver watering conditions (watered,
wet, and dry). Similar air temperature reductions were obtained between dry and watered louver
conditions in the simulation and experiment (approximately 1–3 ◦C). In addition, the effect of different
louver–window (L–W) distances on the generation of cool air in the semi-outdoor space was similar
between the simulation and experiment. A shorter L–W distance was found to be the most effective,
as the louver was closer to the window, enabling cool air to be more easily generated by the watered
louver. At a greater L–W distance, cool air dissipated through the sides prior to reaching the window.
The sensitivity analysis also showed that vegetation was not necessary with a shorter L–W distance.

This study confirms that the evaporative cooling louver can generate cool microclimates inside
buildings under certain conditions, i.e., when it is watered; placed near the target area; faces a
predominant wind direction; used in daytime when relative humidity is about 50–70%; during
transition seasons (after hottest season), to aid mixed mode ventilation. In addition, to cool the indoor
space with adequate natural ventilation, techniques such as cross and/or stack ventilation avoiding
single sided ventilation are applied. Moreover, this study demonstrated that CFD simulations with
the detailed PCE parameters can be effectively used to evaluate the cooling effects of PCEs on the
microclimate. As the main focus of this study was on the semi-outdoor space, indoor variables should
be studied in the future to determine better ventilation strategies for improving the flow of cool air into
indoor spaces. In addition, an evaluation of residents’ thermal comfort is also necessary. This study
encourages the implementation of passive cooling methods in microclimate design to help mitigate
uncomfortable urban thermal environments and ensure the health and quality of life for present and
future generations.
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Nomenclature

Tamb Ambient temperature [◦C]
WSout Outdoor wind speed [m/s]
WDout Outdoor wind direction [◦]
Tlo Air temperature at the back of the louver [◦C]
Tsop Air temperature at the center of the semi-outdoor space [◦C]
WSsop Wind speed at the semi-outdoor space [m/s]
Twin Air temperature inside the window [◦C]
Tcin Air temperature at the center of the indoor space [◦C]
WSwin Wind speed inside the window [m/s]
Ts Surface temperature [◦C]
v Inflow fixed velocity [m/s]
Fi Extra term added in the momentum equation
Fk Extra term added in the transport equation of k
Fε Extra term added in the transport equation of ε
η Fraction of the area covered with plants
a Leaf area density (LAD)
Cd Drag coefficient
k Turbulence energy
ε Energy dissipation rate
Cp1 Model constant
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ui Mean velocity for i direction [m/s]
u j Mean velocity for j direction [m/s]
σi j Stress tensor [Pa]
gi Gravitational acceleration for i direction [m/s2]
ςi Pressure loss for i direction per unit length [Pa/m]
αF Porosity of porous media [-]
ρF Fluid density [kg/m3]
ρS Solid density [kg/m3]
CPF Specific heat of fluid at constant pressure [J/(kg K)]
CS Specific heat of solid [J/(kg K)]
KF Heat conductivity of fluid [W/m]
KS Heat conductivity of solid [W/m]
TF Fluid temperature [K]
TS Solid temperature [K]
qF Heat generation in fluid per unit volume [W/m3]
qS Heat generation in solid per unit volume [W/m3]
αi j Tensor of area ratio [-]
χ Surface area ratio (contact ratio between fluid and solid per unit volume) [m2/m3]
h Convective heat transfer coefficient [W/(m2 K)]
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