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Preface to ”Urban Heat Island Mitigation

Technologies”

Although the effects of urban form on local climate have been studied extensively in the last 50

years, deliberate design interventions to harness theoretical knowledge on climate-sensitive design

on large (urban and neighbourhood) scales as well as specific policy options for mitigation remain

few and far between. This is especially the case in the warm, humid regions of the world, where

much of the unintended climate consequences of urbanization are felt and interventions to mitigate

them are exceedingly rare.

This Special Issue of Energies highlights recent practices and policy developments in the area

of urban heat island mitigation. Given the traction that climate change mitigation and adaptation

currently enjoys in the public imagination and the role of cities in such mitigation, now is the

opportune moment to highlight what works and why and to explore the policy and practical

implications of both urban design and urban planning.

We highlight issues around land use/land cover and their optimization for urban heat

islands. The links between heatwaves resulting from our warming climate and the problem of

urban overheating is also discussed in this Special Issue. Furthermore, the role of nature-based

solutions (especially green infrastructure) in enhancing outdoor comfort in a Mediterranean context

is presented. A case study on microclimate design process in a developing country is described for

its potential relevance to architectural and urban design for enhanced climate sensitivity. Finally,

broader technical solutions such as radiative cooling are explored to reduce the need for cooling.

Rohinton Emmanuel

Editor
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Understanding the Role of Optimized Land Use/Land
Cover Components in Mitigating Summertime
Intra-Surface Urban Heat Island Effect: A Study
on Downtown Shanghai, China
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Abstract: In this study, 167 land parcels of downtown Shanghai, China, were used to investigate
the relationship between parcel-level land use/land cover (LULC) components and associated
summertime intra-surface urban heat island (SUHI) effect, and further analyze the potential of
mitigating summertime intra-SUHI effect through the optimized LULC components, by integrating
a thermal sharpening method combining the Landsat-8 thermal band 10 data and high-resolution
Quickbird image, statistical analysis, and nonlinear programming with constraints. The results show
the remarkable variations in intra-surface urban heat island (SUHI) effect, which was measured
with the mean parcel-level blackbody sensible heat flux in kW per ha (Mean_pc_BBF). Through
measuring the relative importance of each specific predictor in terms of their contributions to
changing Mean_pc_BBF, the influence of parcel-level LULC components on excess surface flux of
heat energy to the atmosphere was estimated using the partial least square regression (PLSR) model.
Analysis of the present and optimized parcel-level LULC components and their contribution to the
associated Mean_pc_BBF were comparable between land parcels with varying sizes. Furthermore,
focusing on the gap between the present and ideally optimized area proportions of parcel-level LULC
components towards minimizing the Mean_pc_BBF, the uncertainties arising from the datasets and
methods, as well as the implications for sustainable land development and mitigating the UHI effect
were discussed.

Keywords: surface urban heat island effect; land use/land cover; partial least square regression;
nonlinear programming; Shanghai; China

1. Introduction

It is projected that global urban dwellers will increase from the present 55% to 68% in 2050 [1].
The ongoing urbanization presents numerous challenges for the urban environment and human
well-being [2,3], as evidenced by the dramatic land use/land cover (LULC) change for intensive human
settlements inevitably altered hydrological circulation, climate regulation, soil conservation, and
biodiversity preservation [4–11]. One of the environmental consequences of LULC change is the urban
heat island (UHI) effect. Associated with human activities and climate change [12–19], the UHI effect
significantly affects emissions of air pollutants and greenhouse gases [20], meteorological disasters,
and health risks [21,22].

Since the 1830s, the meteorological station recorded air temperature (AT) has been widely used to
monitor the UHI effect at canopy height, due to the advantage of long time series data for historical
climate analysis. Usually, the weather stations were sparsely and unevenly distributed within and

Energies 2020, 13, 1678; doi:10.3390/en13071678 www.mdpi.com/journal/energies1
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around the cities. They are not fully representative to reveal the UHI effect of differing local climate
zones [23], especially in the circumstance that urban encroachment in the suburban/rural area caused
the biased AT recorded at local weather stations, which was known as the so-called “city-entering”
phenomenon of stations [24]. The land surface temperature (LST) is used as an alternative to identify
the surface urban heat island (SUHI) effect [25]. In contrast to local weather stations with low spatial
coverage, the satellite-borne thermal sensors with a wide instantaneous field of view (IFOV) can capture
the thermal features of land surface quickly and provide a cost-effective solution. Since the 1970s,
the satellite-borne thermal remote sensing has been a promising approach for monitoring city-level and
regional SUHI effect worldwide. So far, there has been well-documented literature on the application of
satellite-borne thermal sensors for multiple-scale SUHI studies, using thermal infrared bands acquired
from the low-resolution sensors (~km) such as Geostationary Operational Environmental Satellite
(GOES), Advanced Very High-Resolution Radiometer (AVHRR) and Moderate-resolution Imaging
Spectroradiometer (MODIS) and mediate resolution sensors (60–120 m) such as Landsat-5/Theme
Mapper (TM), Landsat-7/Enhanced Theme Mapper Plus (ETM+), and Landsat-8/Thermal Infrared
Sensor (TIRS), as well as Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) [26–28].

However, on the applicability of satellite thermal remote sensing for SUHI studies, two questions
should be addressed (1) how to transfer the spatially explicit information of intra-SUHI effect to the
decision-making of land development and land parcel design? and (2) how to link the LST-indicated
SUHI effect with the well-known canopy UHI effect? On the first question, when we turned our
researching of interest into the urban area, it was found that these low and mediate resolution
thermal bands were not suitable for monitoring the SUHI effect in urban settings with diverse LULC
components, various urban morphology, and fine-scale land parcel design attributes [29–31]. In practice,
the Advanced Thermal and Land Applications Sensor (ATLAS) operated by the American National
Aeronautics and Space Administration (NASA) can capture the fine-scale thermal property of urban
LULC components. Unfortunately, such aerial high-resolution thermal images (~10 m) are costly and
very lacking for most of the SUHI studies. On the other hand, several trial studies were performed
to thermally sharpen the coarse MODIS or GOES data to simulate the thermal signals of Landsat
TM/ETM+ and ASTER in the urban area, but the LST products were still too coarse to indicate the
SUHI effect. Alternatively, the combined usage of the high-resolution satellite/aerial images and
mediate resolution satellite TIR bands may provide a practical way of mapping the urban thermal
environment [31]. On the second question, the direct linkage between the LST-indicated intra-SUHI
effect with the canopy UHI effect may be subject to many uncertainties. As an alternative, the LST can
be used to estimate the excess surface flux of heat energy to the atmosphere, which was closely related
with the surface warming [32], and thus, can help illustrate the relationship between SUHI effect and
canopy UHI effect.

Nowadays, urban areas, which are subject to local warming effect or the combined local and
global warming effects, are the fundamental units for climate change adaptation and mitigation [33].
Thus, focusing on the relationship between LULC components and artificial modification of urban
climate, how cities cope with the UHI effect optimizing land use patterns towards sustaining regional
ecosystems, will significantly affect UHI mitigation and adaption to climate change [34–40].

Taking downtown Shanghai, for example, which suffers from summertime extreme heat events,
as a case study, this study aims to investigate the relationship between parcel-level LULC components
and summertime intra-SUHI effect, and further find the solution to cooling the city and mitigating
summertime intra-SUHI effect through the optimized LULC components. We expect the findings of
this study will be beneficial for decision-makers who are engaged in mitigating the UHI effect and
adapting to climate change.
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2. Location of the Study Area

Downtown Shanghai, the economic center of China, is located between latitudes 31◦32′N–31◦27′N
and longitudes 120◦52′ E–121◦45′ E. This region has a northern subtropical monsoon climate.
The average annual temperature approximates 15 ◦C, with temperatures averaging 28 ◦C in the
summer and 4 ◦C in the winter. The average annual precipitation ranges between 1000 and 1200 mm,
with approximately 60% of the rainfall being received during spring and autumn. It covers an area of
4000 km2, housing approximately 84.03% of a total of 24.18 million permanent residents within the
boundary of greater Shanghai [41]. In this study, concerning previous studies of urban function zones
(UFZs) in China [42–45], four typical UFZs of downtown Shanghai were selected (see Figure 1 and
Table 1).

 

Figure 1. Location of the study area. Note: The labels (a), (b), (c), and (d) denote the four urban
function zones (UFZs) known as Wujiaochang, PeacePark, UrbanCore, and Xujiahui, respectively.

Table 1. Description of four UFZs.

UFZ Area (km2) Description

Wujiaochang 7.09
One of the subcenters of downtown Shanghai with a cluster featuring
a commercial center, colleges and universities, and a high-tech park

for innovative firms.

PeacePark 2.00 Featured with a cluster of high education, innovative enterprises,
Peace park, and recreational landscaping.

UrbanCore 5.97
The heart of downtown Shanghai, with a cluster of municipal

administrative services, banking, headquarter economy, commercial
center, and historical and cultural resorts.

Xujiahui 2.58
One of the sub-centers of downtown Shanghai, featuring a cluster of a

commercial center, historical and cultural resorts, high education,
advanced medical care, and innovative enterprises.

3. Materials and Methods

3.1. Materials

The data sources include the Landsat-8 images, high-resolution Quickbird image, and the auxiliary
datasets. Due to the influence of cloud contamination, the available satellite images were limited.
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In this study, two cloud-free Landsat-8 satellite images (path/row:118/38) acquired on two summertime
dates (August 13, 2013, and August 3, 2015), were used for retrieval of LST. A high-resolution Quickbird
image (dated April 1, 2014) covering the four UFZs was used for the classification of LULC components.
Together with the free-accessible Google Earth and Baidu Map, the commercial digitalized urban
thematic maps of downtown Shanghai [46] were used as the auxiliary datasets.

3.2. Methods

To better illustrate our research aims and related arrangement of the sections, an overall technical
flowchart containing the basic and key procedures employed for this study were shown in Figure 2.

High-resolution image 

High-resolution parcel-level LULC mapping 

Landsat 8 TIR band 10 image 

TOA radiance 

Multiple-resolution parcel-level LULC products Multiple-resolution TOA radiance 

Multiple-resolution surface emissivity products 

Multiple-resolution LST products 

Thermally sharpened LST validated with minimum RMSE  

Estimated BBFD and parcel size-independent BBF products  

Thermal correction with RTE method

Statistical analysis and optimization modelling towards minimizing parcel-level BBF 

Figure 2. Flowchart of this study.

3.2.1. Classification of LULC Components and Delimitation of Land Parcels

By using a land surface classification system with nine LULC types in downtown Shanghai [31],
the classification of LULC components was performed with an object-oriented classification (OOC)
method. This OOC method could make full use of contextual data—such as spectral information,
texture, spatial neighborhood properties, and fractal dimensions—from very high-resolution images and
delineate the objects of interest [47] with much higher accuracy than traditional per-pixel classification
methods [48–50]. The overall accuracy is approximately 80.03%. The post-classification product was
further manually corrected by overlapping it with Google Earth and Baidu Map layers and then
validated in a field survey, with an overall correction accuracy of 91.1%. Subsequently, based on
our prior knowledge of land use and the developmental intensity of the UFZs, 167 regular polygons
were drawn to delimit the land parcels along the directional and geometric features of traffic roads,
bounding walls, and urban creeks enclosing the clustered land units.

Herein, we want to emphasize that the classification of LULC components was used for the
estimation of land surface emissivity. Given the mixing-pixel effect of the land surface showing the

4
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same/similar LST, and many LULC types may complicate the analysis between LULC components and
the associated thermal effect, for this study, the nine LULC classes were aggregated into four classes:
building (architecture with vertical walls and roofs, e.g., house and warehouse), paved surface (e.g.,
asphalt road, square, playground), waterbody (e.g., creek and pond), and vegetation (e.g., tree, shrub,
and lawn) (see Figure 3).

Figure 3. Parcel-level land use/land cover (LULC) components at four UFZs. Note: The labels (a),
(b), (c), and (d) denote the four UFZs known as Wujiaochang, PeacePark, UrbanCore, and Xujiahui,
respectively. The white polygons denote the land parcels’ boundaries. The black spots denote the
pixels shaded by the buildings and were removed to avoid the biased result of thermal analysis.

3.2.2. Retrieval and Validation of High-Resolution Thermally Sharpened LST

In this study, retrieval and validation of high-resolution thermally sharpened LST include the
following steps. Firstly, for Landsat 8 TIR bands, given band 11 is subject to higher uncertainty of
telescope stray light disturbance [51,52], band 10 was used to generate the top of the atmosphere (TOA)
radiance as follows,

Lsensor, λ = gain×DN + o f f set, (1)

5
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where Lsensor,λ is the at-sensor radiance of thermal band pixels in W/(m2 ster μm), the gain is the
slope of the radiance/DN conversion function, and offset the slope of the radiance/DN conversion,
respectively [53].

Secondly, a spatial interpolation-based method known as co-Kriging interpolation was employed
to generate the high-resolution thermally sharpened LST, via a combination of the high-resolution
land surface products and Landsat-8 TIR band 10 data [31]. Given the bias arising from the different
resolutions between the high-resolution LULC components product and coarse TOA radiance data,
both datasets must be scaled to the same resolution. Therefore, the high-resolution LULC components
product were resampled with multiple resolutions (1–9 m) and set as the base maps to overlap and
delimit the TOA radiance layer. We assumed that same/similar surfaces would have the same/similar
radiance values since there is no available reference data for this study. Then, for each scene of the
TOA radiance layer, we tried many times from hundreds of points per km2 to 6000 points per km2 to
compare the co-Kriging interpolation results, and we found the remarkable decrease in the pairwise bias
between the raw and simulated points in response to the increasing point number. It was found that the
threshold of 3000 points was reasonable as the pairwise bias was inclined to get flat and changed little
when the point number was greater than 3000 points [31]. Therefore, 3000 spatially random points per
km2 with the same interval as the multiple resolutions of the LULC component products were generated
to extract the point-based radiance values falling within the polygon of each same/similar LULC
category. The extracted points with radiance values were used to rebuild the TOA radiance layer, using
the co-Kriging interpolation method. Besides, based on the multiple-resolution LULC layers, a surface
emissivity correction for the same/similar LULC components was performed according to empirical
studies [54,55] and laboratory testing [56]. Subsequently, based on a generalized single-channel method
known as the range transfer equation (RTE) for retrieving LST [57], the emissivity corrected LST using
was computed as follows,

Lsensor,λ =
[
ελBλ(Ts) + (1− ελ) L↓atm,λ ] × λ+L↑atm,λ (2)

Bλ(TS) =
Lsensor, λ − L↑atm, λ − λ × (1− ελ)L↓atm, λ

λελ
(3)

Ts =
k2

ln
(
1 + k1

Bλ(TS)

) (4)

where Bλ(TS) is the black body radiance given by Plank’s law, TS the black body LST in Kelvin
(K), ελ the corrected emissivity of the specific land surface (details see reference [31]). L↓atm, λ is

the downwelling atmospheric radiance, L↑atm, λ the upwelling atmospheric radiance, λ the total
atmospheric transmissivity between the surface and sensor, all of which were retrieved from a
web-based Atmospheric Correction Tool [58]. k2 and k1 are band 10 thermal conversion constants
included in the metadata file of Landsat 8 data [53].

Finally, validation for the sharpened LST products was performed by comparing the pixel-based
root-mean-square error (RMSE) between the original 30 m LST products and the resampled 30 m
products from the sharpened products (Appendix A Table A1). The sharpened LST products at 1 m
resolution were employed for further analysis due to their superior visual quality and minimal RMSE.

3.2.3. Estimation of Parcel-Level Sensible Heat Flux

Based on the high-resolution sharpened LST products, the parcel-level blackbody sensible heat
flux (BBF) was estimated follows [32]:

ΦBBFD =

∫ 11.19 μm

10.60 μm

C1

πλ5
[
exp
( C2
λT

)]dλ (5)

6
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BBFi = ΦBBFD×Ai (6)

where ΦBBFD is the pixel-based BBFD (W·m−2), C1 = 3.7404×108 (W·μ4·m−2), C2 = 14387, λ is TOA
radiance, and T is LST in Kelvin (K), Ai is area of the ith land parcel (m2).

However, due to the uneven size of the land parcels, there exists a remarkable variation of
parcel-level BBF. Therefore, regardless of the size effect of land parcels, the parcel-level BBFs were
converted to per ha BBF (pc_BBF), namely a cumulative number of the BBFD multiplying by the pixels
within an idea parcel sized 1 ha, to make them comparable.

3.2.4. Statistical Analysis and Estimating the Optimized Lulc Components for Minimizing
Mean_pc_BBF

As a regular step, the exploring data analysis procedure, including descriptive statistics, normality
test, Box–Cox transformation for skewed data (if there were), and Pearson’s product-moment correlation,
was performed. In this study, Pearson’s product-moment correlation analysis helped quantify the
assumed relationship between the dependent and independent variables. However, the result of
correlation analysis indicated the multicollinearity between the independent variables (for details see
Section 4.1). Thus, the partial least square regression (PLSR) model that was developed for fixing the
problem of the multilinearity was employed. Further, to avoid the over-fitting problem and determine
a reasonable model with the appropriate number of components that has good predictive ability,
the leave-one-out (LOO) method was used for cross-validation, by selecting the model with the highest
average predicted R2 and the lowest average prediction sum of squares (PRESS). The validated PLSR
model was written as follows,

Mean_pc_BBF = α1+β1·X1+β2·X2+β3·X3+β23·X2·X3+β4·X4+ε, (7)

where Mean_pc_BBF is the averaged pc_BBF of two summertime days since the overall parcel-level
BBFD products on two dates were highly similar to each other (for details, see Appendix A Figure A1),
so were the pc_BBF; α1 is the intercept/constant item, β1~β4 are the partial coefficients; X1~X4 are the
Box–Cox transformed area proportions of the paved surface, waterbody, vegetation, and building
within each land parcel, respectively (for details see Appendix A Table A2). ε is the error term.

Subsequently, based on the validated PLSR model, nonlinear programming with constraints
towards minimizing Mean_pc_BBF through the optimized LULC components was written as follows,

Min α1+β1·X1+β2·X2+β3·X3+β23·X2·X3+β4·X4 (8)

s.t. X′1 + X′2 + X′3 + X′4 ≤ 100 (9)

s.t.
{

X′1 + X′2 + X′3 + X′4 ≤ 100 (9)
α0 + β′1·X3 + β′2·X3̂2 + β′3·X3̂3 ≥ BBF_Threshold (10)

(10)

where the definitions of α1, β1~β4, X1~X4 are the same as Equation (7). X’
1~X’

4 are the raw area
proportions of the paved surface, waterbody, vegetation, and building within each land parcel. α0 is
the constant item of the cubic regression model, β’1~β’3 are the coefficients. BBF_Threshold is the
threshold value of pc_BBF in response to the changing area proportion of vegetation.

The statistical processes employed in this study were performed with R 3.6.2 [59] and the pls
library for PLSR [60]. The Rsolnp library [61] was used to estimate the optimized LULC components
for minimizing Mean_pc_BBF.

4. Results

4.1. Synoptic Analysis of Parcel-level LULC Components and Mean_pc_BBF

Overall, Figures 3 and 4 show the highly similar patterns of parcel-level LULC components and
associated intra-SUHI effect measured with Mean_pc_BBF at four UFZs. As shown in Figure 3, there

7
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were significant variations of parcel-level LULC components measured by their area proportions.
The buildings occupied the highest area proportion of the land parcels (averaged 47.72%), followed by
the paved surfaces (averaged 24.59%) and vegetation (averaged 23.98%), whereas waterbody occupied
the lowest area proportion (averaged 1.25%). In response to the fragmented vegetation and waterbodies
within the total landscape, Figure 4 shows the overall unevenly distributed pattern of Mean_pc_BBF.
As shown, the clusters of pixels with a paved surface and dense buildings exhibited higher BBFD than
the spatially sparse pixels with waterbodies and vegetation. By contrast, the aggregated pixels with
dominant vegetation and waterbodies, such as the university campus, big parks, boulevards, and a few
well-vegetated residential communities, exhibited significantly lower Mean_pc_BBF (65.24–72.00 kW,
averaged 68.47 kW); whereas most of the parcels dominated with paved surfaces and dense buildings
exhibited the mediate Mean_pc_BBF (68.10–72.38 kW, averaged 70.31 kW) to higher Mean_pc_BBF
(68.50–74.56 kW, averaged 70.70 kW).

 

Figure 4. Parcel-level size-independent BBF (Mean_pc_BBF) at four UFZs. Note: The labels (a), (b), (c),
and (d) denote the four UFZs known as Wujiaochang, PeacePark, UrbanCore, and Xujiahui, respectively.
The definitions of white polygons and the black spots are the same as Figure 3.

8
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4.2. Interpretation of Relationship between Parcel-Level LULC Components and Mean_pc_BBF

In the sense of qualitative statistics, Table 2 shows the statistically significant relationships between
the Box–Cox transformed parcel-level LULC components and the intra-SUHI effect measured with
Mean_pc_BBF, as evidenced with the correlation coefficients indicating the multicollinearity that may
mislead our understanding of the relationships as mentioned above. However, it can be seen that
except for the positive relationship between X2 and X3, there were the negative relationships between
the other LULC components, indicating the overall exclusive competition of land use purpose for
urban land development and associated influence on Mean_pc_BBF. Figure 5 visually addresses the
bivariate relationships between fine-scale parcel-level LULC components (e.g., building and vegetation)
and Mean_pc_BBF. The observed positive/negative bivariate relationships with remarkable variations
in Mean_pc_BBF are wholly in agreement with the heterogeneity of parcel-level LULC components
and associated Mean_pc_BBF shown in Figures 3 and 4. Based on Figure 5b, the BBF_Threshold in
equation 10 was estimated.

Table 2. Coefficients of Pearson’s product-moment correlations.

Pairwise Correlation

X2 (Waterbody) vs. X1 (Paved surface) −0.166*
X3 (Vegetation) vs. X1 (Paved surface) −0.312**
X4 (Building) vs. X1 (Paved surface) −0.194*
X3 (Vegetation) vs. X2 (Waterbody) 0.503**
X4 (Building) vs. X2 (Waterbody) −0.387**
X4 (Building) vs. X3 (Vegetation) −0.611**

X1 (Paved surface) vs. Mean_pc_BBF 0.620**
X2 (Waterbody) vs. Mean_pc_BBF −0.435**
X3 (Vegetation) vs. Mean_pc_BBF −0.470**
X4 (Building) vs. Mean_pc_BBF 0.639**

Note: In this table, all the independent variables were Box–Cox transformed. * and ** denote significance at 0.05 and
0.01 levels, respectively.

Figure 5. Non-linear regression models showing the statistical relationships between (a) Box–Cox
transformed area proportion of building and Mean_pc_BBF; (b) Box–Cox transformed area proportion
of vegetation and Mean_pc_BBF. Note: Given the high correlation between the Box–Cox transformed
variables and Mean_pc_BBF (see Table 2) that causes the multicollinearity, only two of them were
selected to draw the scatterplots.

Further, beyond addressing the bivariate relationships shown in Table 2 and Figure 5, Table 3
comprehensively shows the quantitative relationship between the Box–Cox transformed parcel-level
LULC components and their roles in controlling Mean_pc_BBF, explaining 56.1% variation of
the Mean_pc_BBF associated with independent variables. As shown, along with the waterbody,
the interaction of waterbody and vegetation exhibited the statistically significant negative coefficients,
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indicating their capacity for suppressing Mean_pc_BBF when fixing the other variables. In contrast,
paved surface, vegetation, and building exhibited statistically significant positive coefficients, indicating
their capacity for increasing Mean_pc_BBF. However, herein, the unstandardized coefficients (Coefs)
of the Box–Cox transformed variables result in puzzling understanding as they cannot be directly
comparable for indicating each specific positive/negative relationship with Mean_pc_BBF.

Table 3. Coefficients of partial least square regression (PLSR) models.

Variable Coef S-Coef

Constant 64.699 0
X1: Paved surface 0.417 0.267

X2: Waterbody −0.464 −0.291
X3: Vegetation 0.562 0.085
X4: Building 0.019 0.741

Waterbody × Vegetation −0.32 −0.196

Summary statistics F = 51.340, p < 0.05
Adjusted R2 = 0.561

Note: Coef and S-Coef denote unstandardized and standardized coefficients, respectively. In this table, all the
independent variables were Box–Cox transformed.

Alternatively, by measuring the changing standard deviation of Mean_pc_BBF in response to each
one standard deviation increase in a given Box–Cox transformed variable, the standardized coefficients
(S-Coefs) can better indicate the relative strength of the relationship between the Box–Cox transformed
variables and Mean_pc_BBF. As indicated, the waterbody was found to be the strongest negative
determinant of Mean_pc_BBF when fixing the other variables, as with each one standard deviation
increase in waterbody would approximately decrease 0.291 standard deviations of Mean_pc_BBF.
The interaction of waterbody and vegetation was found to be the second strongest negative determinant
of Mean_pc_BBF when fixing the other variables, as with each one standard deviation increase in the
interaction of waterbody and vegetation would approximately decrease 0.196 standard deviations of
Mean_pc_BBF. Besides, vegetation was found to be the smallest positive determinant of Mean_pc_BBF
when fixing the other variables, as with each one standard deviation increases in vegetation would
approximately increase 0.085 standard deviations of Mean_pc_BBF. In contrast, when fixing the other
variables, paved surface and building were found to be the mediate and highest positive determinants
of Mean_pc_BBF, as with the relatively remarkable increase in standard deviations of Mean_pc_BBF,
which respond to each one standard deviation increase in paved surface and building, respectively.
The use of the S-Coefs made sense for the results.

4.3. Comparison of the Present and Optimized Parcel-level LULC Components and the Associated
Mean_pc_BBF

Table 4 shows the remarkable changes in summertime Mean_pc_BBFs associated with present
and optimized parcel-level LULC components. As shown, except for the slight change of proportion of
the other impervious surface in the present and optimized parcel-level LULC components, the changes
in area proportions of the other LULC components were remarkable. As a whole, compared with
present LULC components, the optimized parcel-level LULC components with the thresholding area
proportions would cause an overall 51.80% decrease in summertime Mean_pc_BBFs.

On the other hand, if fixing the area portion of the other impervious surface constant, it is an
excellent way to enhance the parcel-level area proportions of the waterbody and vegetation and
simultaneously decrease area proportion of Building. However, due to the remarkable variation of
parcel-level LULC components, there were only 7.79% of the land parcels (big parks and memorial
cemetery), ultimately meeting the optimized thresholding area proportions of the parcel-level LULC
components. In contrast, the land parcels with dominant impervious surface approximated 44.31%
of total land parcels. Then, focusing on the gap between the present and ideally optimized area
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proportions of parcel-level LULC components, there would be higher uncertainties of minimizing
the Mean_pc_BBF through adjusting urban land development and optimizing the parcel-level LULC
components. How to seek practical solutions will be further emphasized in the discussion section.

Table 4. Changes in summertime Mean_pc_BBFs associated with present and optimized parcel-level
LULC components.

Area Proportion (%) Mean_pc_BBF (kW)

LULC Present Optimized Present Optimized

Other 24.59 24.68
128.01 61.70Waterbody 1.259 4.97

Vegetation 23.98 42.91
Building 47.72 27.44

5. Discussion

5.1. On the Data, Methods, and Findings of this Study

The occurrence of the intra-UHI effect depends on the complicated human-nature processes in the
built environment. In addition to the macro-scale climate system, the micro-scale artificial modification
of urban climate due to varying thermal properties of LULC is one of the key drivers of the intra-SUHI
effect. Most of the datasets used in this study are publicly accessible, and statistical analysis methods
and optimization algorithm adopted are well known among the researchers. Together with the spatial
interpolation-based thermal sharpening method, which was proven to be capable to capture the varying
thermal properties of fine-scale LULC components [31], the PLSR analysis quantitatively examined the
relative importance of parcel-level LULC components in determining the Mean_pc_BBF. Furthermore,
results of the present and optimized parcel-level LULC components and their contribution to the
associated Mean_pc_BBF were comparable across the land parcels, regardless of their varying size.

In the existing studies for investigating SUHI effect via satellite thermal remote sensing, most
of which only used the MODIS, Landsat TM/ETM+/8, and ASTER thermal band products [62,63],
or additionally combined with high-resolution aerial photos/commercial satellite satellites for added
interpretation [17,64,65], the results based on the unsharpened thermal band data were too coarse to
examine the relationship between the observed LST and fine-scale LULC components. In contrast, our
findings, though exhibiting the uncertainties of the Mean_pc_BBF between the present and ideally
optimized area proportions of parcel-level LULC components, can provide more detailed information
on the fine-scale intra-SUHI effect and optional choices for decision-making towards mitigating UHI
effect. Thus, the application of the accessible public datasets and the methods in this study can be
referenced to the case studies elsewhere.

5.2. Implications for Practical Solutions to Optimized Parcel-Level LULC Components towards Mitigating
Intra-SUHI Effect

In the modern history of downtown Shanghai, this city was in the track of international trading
and industrialization manipulated by the western colonialist authorities. This city’s compact form
had been criticized for deteriorating the natural watery landscape and lacking green space during its
growth [66]. In the period of ‘urban industrialization (1949–2000)’, this city became China’s biggest
industrial center, and most of the land patches were encouraged for intensive development of industrial
facilities, traffic roads, and residential quarters at the loss of the creeks and farmlands within the former
urban-rural mosaics [67–69]. The resultant remnants of waterbodies and vegetation within urban areas
accounted for tiny area proportions of downtown Shanghai, making this city a typically hot city during
the summer.

Recently, with the growing awareness of the better environment, the local government has been
dedicated to urban regeneration and improve this city’s green infrastructure via land replacement for
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new greenspace. The consequent increase in greenspace from 8278 ha in 1998 to 127,332 ha in 2015 was
rewarded with a remarkable decrease in previous UHI hotspots [70–72]. However, as addressed in
Section 4, the overall competitive parcel-level LULC components embodied the heterogeneity of urban
land development intention and associated SUHI effect. As evidence, the cumulative area proportions
of waterbodies and vegetation are still less than the recommended minimum 30% baseline of the
study area, which can better interpret the weakness of present parcel-level waterbodies and vegetation
in modifying the SUHI effect. To achieve the goal of minimizing Mean_pc_BBF, it is essential to
trade-off the conflicts rooting in the facets of urban land development intention, then further reduce and
remove the significant mismatching in area proportions between the present and optimized parcel-level
LULC components. To do so, regeneration of the land parcels with dominant buildings and hard-top
pavements well as architectural renovation should be officially given the top priority. For example,
practice in ecological resilience, such as the well-managed vertical planting and roof garden, has
exemplified its remarkable cooling capacity in microclimatic UHI mitigation. In addition to increasing
the green ratio, it is crucial to shape the openness of urban morphology and alleviate the blocking of
wind corridors that reduces convective heat removal and transfer by the wind [73]. We recommend
that future land parcel design should guide the moderate density clusters of middle- and high-rises
with acceptable building distance (e.g., 30 m or more, rather than merely the sunshine spacing).

5.3. Limitation of this Study and Future Researching Tasks

There are several noticeable shortcomings of this study. Firstly, due to the 16-day revisiting interval
of Landsat 8 satellite and cloud contamination, only two cloud-free images are available for this study.
Thus, the estimated parcel-level BBF, which was generated from the thermally sharpened LST products,
can only capture the instantaneous field of view rather than the continuous scenes of the study area.
Secondly, until the present, except for a few five-year intervals of aerial photography performed
in earlier years, there have no available airborne sensors like the ATLAS at 10-m for investigating
the BBF in downtown Shanghai. Alongside with lacking the airborne sensed data, the absence of
in-situ measured parcel-level BBF datasets made the cross-validation of the estimated parcel-level
BBF impossible. Thirdly, the three-dimensional features of urban morphology and their influences on
micro-climate and human thermal comfort were not considered in this study. Consequently, in the
sense of data demand for near real-time, temporal continuity, spatial representativeness, the direct
linkage between the retrieved parcel-level BBF, human thermal comfort, and energy requirement for
cooling was insufficiently illustrated. To fill these emphasized knowledge gaps, in future research
design, the in-situ measurement of micro-climatic parameters, high-resolution land cover types, the
three-dimensional features of urban morphology, should be incorporated into the computational
fluid dynamics (CFD) simulation platforms (e.g., ENVI-met and WindperfectDX) to cross-validate
the satellite observation and in-situ measurements, and then be further refined to generate the
tempo-spatially continuous datasets.

In short, we argue that focusing on these above-mentioned shortcomings, to find the good
questions and attempt to comprehensively put the conceived ideas into practice, then we can get close
to the truth and find the practical ways to mitigate the adverse UHI effect and further enhance the
adaption capacity to climate change.

6. Conclusions

Selecting downtown Shanghai as a case, this study quantitatively examined the influences of
parcel-level LULC components on summertime intra-SUHI effect and further analyzed the potential
of mitigating summertime intra-SUHI effect through the optimized LULC components. The major
findings were summarized as follows,

(1) Overall, there exists a statistically significant relationship between fine-scale parcel-level
LULC components and the intra-SUHI effect measured with Mean_pc_BBF. The observed remarkable
variations in Mean_pc_BBF can be attributed to the heterogeneity of parcel-level LULC components.
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(2) Focusing on the influence of parcel-level LULC components on intra-SUHI effect, the relative
importance of waterbodies and vegetation in terms of their contributions to decreasing associated
Mean_pc_BBF urgently require increasing their area proportions. Theoretically, the optimized
parcel-level LULC components would cause an estimated 51.798% decrease in summertime
Mean_pc_BBFs. However, how to balance the conflicts between the present and ideally optimized
parcel-level LULC components towards minimizing the Mean_pc_BBF should be carefully considered.
It is still a long and formidable challenge for decision-making of sustainable land development and
mitigating the UHI effect.

(3) In contrast to the relative coarse scales of region and city levels, our study demonstrated a
practical approach linking fine-scale parcel-level LULC components and intra-SUHI effect, using the
integration of satellite-based thermal sharpening, statistical analysis, and nonlinear programming with
constraints. The methodology and findings presented beneficial insights for guiding sustainable urban
land development towards enhancing the city’s adaption capacity to climatic change for megacities
like Shanghai.
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Appendix A

Table A1. Pixel-based root-mean-square error (RMSE) between the original 30 m and the resampled
30 m LST products from the sharpened products (1–9 m).

1m 3m 5m 7m 9m

Mean ± s.d. 2.51 ± 0.32a 2.71 ± 0.33a 2.83 ± 0.42a,b 2.90 ± 0.56a,b 3.20 ± 0.65 b

Note: The different labels denote significant difference at 0.05 level.

Table A2. Estimations of the lambda (λ) and formulas.

Box-Cox Transformed Estimated Lambda (λ) Formulas

X1 0.50 X1 = sqrt (Paved surface)

X2 0.11 X2 =
(Water body)0.11

0.89
X3 0.00 X3 = log (Vegetation)

X4 1.34 X2 =
(Building)0.11

0.89
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Figure A1. The UFZ-specific BBFD maps on two summertime dates. Note: (a), (b), (c), and (d) denote
the UFZ-specific BBFD (dated on August 13, 2013) at Wujiaochang, PeacePark, UrbanCore, and Xujiahui,
respectively. (e–h) denotes UFZ-specific BBFD (dated on August 3, 2015), respectively.
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Abstract: There is no consensus regarding the change of magnitude of urban overheating during HW
periods, and possible interactions between the two phenomena are still an open question, despite the
increasing frequency and impacts of Heatwaves (HW). The purpose of this study is to explore the
interactions between urban overheating and HWs in Sydney, which is under the influence of two
synoptic circulation systems. For this purpose, a detailed analysis has been performed for the city of
Sydney, while considering an urban (Observatory Hill), in the Central Business District (CBD), and a
non-urban station in Western Sydney (Penrith Lakes). Summer 2017 was considered as a study period,
and HW and Non-Heatwave (NHW) periods were identified to explore the interactions between
urban overheating and HWs. A strong link was observed between urban overheating and HWs, and
the difference between the peak average urban overheating magnitude during HWs and NHWs was
around 8 ◦C. Additionally, the daytime urban overheating effect was more pronounced during the
HWs when compared to nighttime. The advective flux was found as the most important interaction
between urban overheating and HWs, in addition to the sensible and latent heat fluxes.

Keywords: heatwaves; urban overheating; urban heat island intensity; energy budget equation;
sensible heat flux; latent heat flux; advective heat flux; Australian climatic conditions; coastal cities;
desert climate

1. Introduction

Currently, urban areas around the world are hosting more than 50% of the world’s population,
and this figure is rapidly increasing [1]. Additionally, it is expected that, by 2025, 75% of the world’s
population will reside in coastal cities and, consequently, more built-up spaces will be required. Mostly,
cities are hotter than the surrounding non-urban areas, because of the urban heat island (UHI) effect.
Urban overheating is one of the most documented phenomena, affecting more than 400 cities around
the world [2,3]. The major causes of urban overheating relate to synoptic weather conditions, thermal
properties of the materials (absorbing solar radiations or opaque surfaces releasing heat), lack of
vegetation, less evaporative surfaces, availability of heat sources or sinks in the cities, anthropogenic
heat released in the cities, and the reduction of wind penetration due to the urban texture [4–8].

Urban overheating has a devastating impact on energy consumption, vulnerability, human health,
economy, and environment, and these negative effects are further magnified during HWs. Urban
overheating increases the building energy demand and the peak electricity demand [4]. In more detail,
with every 1 ◦C rise in temperature, induced by urban overheating, peak electricity demand might
increase by 0.45–4.6% [9]. Additionally, UHI might also induce up to 0.8 kWh/m2K of the average
cooling energy penalty [10]. While forecasting the global energy demand, it was also concluded that
UHI and other factors, such as population growth and rapid penetration of air-conditioning, may
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increase the cooling energy loads of residential and commercial buildings up to 275% and 750%,
respectively, by 2050 [11].

In addition to the adverse effects on energy and economy, UHIs and HWs impact on human
health is most frightening and is the matter of prime concern [12,13]. Worldwide, HWs are one of
the leading causes of weather-related mortality [14]. A notable case is the European heatwave of
2003, which caused approximately 70,000 excess deaths [15]. In Australia, over the last two centuries,
heat-related deaths exceeded those due to other climate hazards [16]. As in many studies, in Sydney, a
significant increase in the mortality rate of elderly people, especially of women, was noted during HW
episodes [17–20], with an increase in mortality rate by 13% computed for the summer of 2011 [20].

Heat-related mortality and morbidity also increase due to the combined effect of overheating
in the cities and higher levels of pollutants, being also enhanced by high temperatures [21]. More
in detail, a 4.5–12% increase in mortality rate was estimated in Sydney, due to a 10 ◦C rise in daily
maximum temperatures and high concentrations of ozone and particulate matter [22], being notably
contributed by photochemical smog formation [23,24]. People’s adaptation to higher temperatures
influences the mortality and morbidity rates and also the definition of the HW threshold temperatures
towards the use of relative instead of absolute terms [25,26]. In particular, urban overheating impacts
on low-income populations are also devastating, due to the poor thermal quality of dwellings, which
worsens the exposure to extreme heat events and pollution. Resultantly, mortality, and morbidity
ratios are higher in such urban areas [27].

Extreme heat events occur with higher frequency and intensity due to global climate change.
For instance, HW frequency has already increased in the last few decades [28] and it is likely to increase
further in the 21st century [29,30]. These regional and global changes are also affecting the UHI
magnitude during the HWs. Cities are more vulnerable to extreme heat events, and HWs have more
severe impacts due to their higher population density and additive UHI effect [31]. Recent findings on
HWs, their causes, impact on energy, economy, and health, and its higher frequency have altered the
research trend towards the identification of the potential interactions between UHIs and HWs, which
affects the urban population [6,21,32].

Exploring the synergies between urban overheating and HWs helps in identifying the key factors
that intensify the urban overheating, and more effectively plan for the application of mitigation
technologies. No consensus exists on the relative change of the magnitude of urban overheating during
HWs, and the interactions between both phenomena is still an open question [33–40]. Additionally,
interactions between UHIs and HWs are mostly explored for noncoastal sites relative to the rural sites,
and mostly positive interactions were noted at nighttime. For instance, in Beijing, China, the UHI
is intensified at nighttime during HWs, and the difference between HW UHI and the background
UHI is approximately 1.5 ◦C [35]. Similarly, higher nighttime UHI during the HWs was also found in
Karachi, Shanghai, and Oklahoma [33,41,42]. No modification was noted in the UHI trend during the
HWs in Philadelphia, PA, USA [43], while a reduction in UHI pattern during HWs was reported by
Brazdil at Klementinum, Czech Republic [34]. In contrast to these studies, an amplified daytime UHI
during HWs was found in Athens, while considering coastal stations as a reference [37]. Similarly, a
positive daytime response between UHIs and HWs was noted in Shanghai, China, while considering
the coastal reference station and the maximum difference between UHI during HWs and NHWs was
around 1.5 ◦C [38].

In previous studies, either rural sites were compared with the urban sites or coastal sites were
compared against the urban stations. However, the interaction between urban overheating and HWs
in coastal cities close to a significant heat source such as desert has never been explored before. Sydney
is located along the coastline of the South Pacific Ocean on the eastern side, while, on the west, it
is exposed to advective airflow from one of the largest deserts in the world. Thus, it is under the
influence of two different synoptic systems, (i) coastal winds and (ii) desert winds, as concluded
in [5,44]. Synergistic interactions between UHIs and HWs also depend upon the boundary conditions
of the investigated area. For instance, the urban-rural moisture contrast is considered as an essential
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interaction when noncoastal urban sites are compared with rural locations. In Baltimore, USA, during
HWs, not only urban-rural temperature differences increased, but also the urban-rural moisture
contrast, which is one of the major synergistic interactions between UHIs and HWs [41]. During HWs,
typically, the sensible heat flux at the urban site increases [45], while, at the rural site, it is the latent
heat flux that increases. This dynamic further intensifies the magnitude of the UHI during the HW [35].
High wind speed typically decreases the magnitude of UHIs [46]; however, advective heat flux from
warm areas, increases the UHI and affects the interaction between UHIs and HWs, when coastal
stations are considered [37].

The present study investigates the change in urban overheating magnitude during HWs in a
coastal city, Sydney, being regionally affected by the desert and explores the synergistic interactions
between urban overheating and HWs. Penrith Lakes in Western Sydney, influenced by the desert winds,
at approximately 55 km from the coast, is taken as the nonurban (inland) station, while Observatory
Hill located near the coast and Central Business District (CBD) Sydney is considered as urban reference
station (coastal) to investigate the issue. The meteorological data of summer 2017 are analyzed to
identify the HW and non-heatwave (NHW) periods. The specific energy budget contrast is computed
in terms of sensible, latent, and advective heat fluxes to identify the potential interactions between
urban overheating and HWs. To counteract urban overheating in Sydney, appropriate mitigation
technologies can be devised by using the results of this study and, consequently, public health, energy
savings, and environmental quality can be improved.

2. Methodology and Data

Sydney is the capital of the state of New South Wales (NSW), spreading along the south-eastern
coastline, while, on the west, it is under the influence of one of the largest desert landforms in the world,
the Australian arid biome [47]. From the eastern coastline to the western Blue Mountains, Sydney’s
metropolitan area extends by about 70 km [48]. For this study, Sydney is divided into three main zones,
(i) Eastern Sydney, (ii) Inner Sydney, and (iii) Western Sydney. Eight different stations in three zones of
Sydney are considered for the Heatwave (HW) calculation: Observatory Hill, Sydney Airport and
Terrey Hills reserve in the eastern Sydney, Olympic park AWS and Canterbury Racecourse in the Inner
Sydney, Horsley park Equestrian Centre AWS, Campbelltown and Penrith Lakes in Western Sydney
(Figure 1). To quantify the magnitude of urban overheating and characterize the synoptic conditions in
Sydney, Observatory Hill—which is highly influenced by the sea breeze—is considered as the reference
urban (coastal) station in this study, as proposed in [5]. Penrith Lakes, which is influenced by the desert
winds, is taken as a nonurban (inland) station, with among the highest maximum temperatures in
Western Sydney, and Australia in general.

Weather data are obtained from the Australian Bureau of Meteorology (BOM) for the sites of
Penrith Lakes, Observatory Hill (OBS Hill) and six other stations in eastern, western, and inner Sydney.
Observatory Hill (151◦12′18” E, 33◦51′39” S, 39 m above mean sea level) is located on a hill covered by
greenery, in the proximity to the coast and Sydney’s central business district (CBD) [49] OBS Hill is
in a mixed-use area, with industrial, commercial, and residential buildings, extending over 27 km2,
with a tree canopy cover of approximately 15.2% [50]. It is one of the densest areas in Sydney, with a
population of 205,339, corresponding to 76.8 persons per hectare [51]. Wind is mostly blowing from
sea to the site, and NE/SE winds are representing the sea breeze, while the winds from NW/SW blow
from inner Sydney towards the reference station.

Penrith Lakes is in Western-Sydney, north-west of Observatory Hill, at about 55 km from the
reference station and the nearest coastline is at 49 km distance. The weather station is located in Penrith
Lakes regional park (150◦40′42” E, 33◦43′10” S, 24.7 m above mean sea level), with green areas, bare
soil, and lakes in surroundings [49], while the close urban area of Penrith displays mostly residential
and commercial buildings. Additionally, the Nepean river flows to the west of the station, and an aqua
park and golf facility are also present nearby. The tree canopy cover of the area is around 25% of the
total land area, much higher than Sydney CBD [50]. Temperatures at Penrith Lakes are quite high in
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summer and sometimes reaching 47 ◦C. The population of Penrith is approximately 13,000. Wind
speed and direction vary and NE/SE winds represent the wind coming from inner Sydney to the site,
while the NW/SW direction denotes the dry, warm, and downslope winds (Foehn wind)/desert wind,
which might increase the site ambient temperatures.

Figure 1. Selected weather stations and their locations.

The dataset that was composed of semi-hourly records was cleaned, and outliers and null-values
were removed, while using the validation procedure that was proposed by Estevez et al. [52], comprising
range tests, step tests, persistence tests, and relational tests. A two-step procedure was used to infill
the gaps. The missing values up to three hours were linearly interpolated, while, for longer gaps,
genetic algorithms have been applied to establish relations between the studied station and three
nearest stations. Subsequently, the hourly averages were computed from 1999 to 2017. The dataset was
analyzed to calculate the HW days and periods and understand the frequency and intensity of HW
over the years. As done in [44], the period 1999–2017 was considered due to either the unavailability of
data at some of the weather stations before the study period or issues with data quality and significant
gaps, which could not be infilled for this type of analysis. The available meteorological parameters
were the ambient temperature (near-surface air temperatures at 2 m height), Relative Humidity (RH),
wind speed, and wind direction. Vapour pressure (Pv), saturated pressure (Ps), Absolute Humidity
(AH), and dewpoint temperature were calculated from the available parameters. The summer of 2017
was selected as a study period, as it was one of the warmest summers in recent years, to identify
the interactions between HWs & urban overheating at Penrith Lakes [44]. Additionally, a time series
analysis of ambient temperature over Sydney from 1960 to 2016 demonstrated that the mean and
maximum temperatures in summer have increased in recent years [53]. Monthly and seasonal UHI
variations in Sydney have already been studied in [44], while the focus of the study is on urban
overheating response during HWs.

2.1. HW Period Identification & UHII Calculation

Defining the HW period is not straightforward, as people in different areas have different
climatic adaptability and, hence, the vulnerability factor might vary with the location. Consequently,
there is no globally accepted definition of HW period, with multiple metrics being proposed in the
literature [25,26,54,55]. The temperature threshold, spatial extension, and duration of the HW period
are the most commonly used parameters for isolating HW events. Most of the metrics identify an
HW when a threshold is trespassed by a given number of subsequent days with the limit being an
absolute maximum temperature threshold (35 ◦C or 37 ◦C), or a relative maximum temperature (90th,
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95th, or 97th percentile) [22,25,26]. The latter type of metrics consider percentiles instead of absolute
temperatures to account for the climatic adaptability factor. There is also no consensus on the minimum
number of subsequent days trespassing threshold to be considered an HW: two consecutive days are
used in the USA, while two to five consecutive days in Europe and Australia are taken as the minimum
duration [17,56–58]. Excess Heat Index (EHI) and Excess Heat Factors (EHF) also have been used to
identify HW events, by considering the 95th percentile temperature threshold and three consecutive
days [58]. In the present research, the temperature threshold is defined in terms of percentile, and
the minimum duration is considered as three consecutive days, as in [37,55,56]. The number of HW
days at Penrith Lakes, as calculated with 97th, 95th, and 90th percentiles were 208, 342, and 691 days,
respectively, while the HW periods were 12, 31, and 84, respectively (Table 1).

Table 1. Number of Heatwave (HW) days and periods at Penrith Lakes and Observatory (OBS) Hill
(1999–2017).

Weather Station
Threshold

Temperature
Threshold

Temperature (◦C)
Number of HW

Days
Number of HW

Periods

OBS Hill
(Reference)

97th Percentile 31.2 209 4
95th Percentile 29.4 345 14
90th Percentile 27.6 703 60

Penrith Lakes
97th Percentile 36.4 208 12
95th Percentile 34.7 342 31
90th Percentile 32 691 84

HWs is a regional phenomenon, thus, it was essential to know whether similar events were
happening at other surrounding stations. Very few HW periods were noted at eight weather stations
with the 97th percentile and three consecutive days definition. Additionally, these were not falling in
the same period, which referred to the local overheating at a particular station. With the 95th percentile
and three consecutive days definition, a common HW period at all weather stations was observed
from 9–11th February, while the corresponding NHW period was considered from 13–15th February,
as shown in Table 2. Two NHW periods of equal duration as of the HW period, one immediately
before and one after the HW period, were considered in [37,41], to explore the synergies between urban
overheating and HWs. However, in the present research, another HW period was noticed at Penrith
Lakes from 4th–6th February (Table 2). Thus, only one HW and one NHW periods were considered for
further analysis due to the gap of only two days between two HW periods. The threshold temperatures
(95th percentile) were 34.7 ◦C and 29.4 ◦C, at Penrith Lakes and OBS Hill, respectively (Table 2).
During the summer of 2017, a total of four HW periods were recorded at Penrith Lakes, two in January
and two in February.

Table 2. Total Number of HW Periods and their duration in Summer 2017 (with 95th Percentile and
three consecutive days definition).

Weather Station
Threshold

Temperature (◦C)
(95th Percentile)

Number of HW
Periods

Days for HW
Periods in

Summer 2017

Days for NHW
Periods in

Summer 2017

OBS Hill 29.4 2
29–31 Jan. 26–28 Jan.

9–11 Feb. 13–15 Feb.

Penrith lakes 34.7 4

8–11 Jan. 4–7 Jan.

16–18 Jan. 19–21 Jan.

4–6 Feb. 1–3 Feb.

9–11 Feb. 13–15 Feb.
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The magnitude of urban overheating is computed as the ambient temperature difference between
Penrith Lakes and OBS Hill (ΔT = TPenrith − TOBS Hill). Thus, positive urban overheating magnitude
indicates the higher temperatures at Penrith Lakes than in the City, while negative values mean higher
temperatures at the coastal station. Mean urban overheating magnitude with standard deviations was
also calculated for the whole HW and NHW periods to understand the variation in urban overheating
patterns. Similarly, AH differences (ΔAH =AH Penrith Lakes −AH OBS Hill) were also calculated between
both sites, and a positive value denotes higher latent heat flux at Penrith Lakes, while a negative value
shows higher latent heat flux at the coastal site.

2.2. Energy Budget Equation Exploration

The energy budget equation is used to understand the surface energy contrast between urban and
rural sites. The quantification of the energy budget equation at both sites during HWs and NHWs
helps in understanding the interactions between urban-overheating and HWs. In the energy budget
equation (Q* + QF = QH + QE + ΔQS + ΔQA, expressed in W/m2), Q* is the net all-wave radiative heat
flux at earth surface. It consists of the balance of incoming and outgoing short-wave and long-wave
radiations. QF is the anthropogenic heating flux, which is high at urban sites due to human activities,
such as air-conditioning use. QH and QE are the turbulent sensible and latent heat fluxes, respectively,
and their sum is also called available energy. The sensible and latent heat fluxes are mostly explored
while investigating the interaction between UHIs and HWs and are also considered as one of the
important reasons for urban-rural temperature difference [35]. Sensible heat flux is usually high at
urban sites, mostly due to higher surface temperatures, while latent heat flux is high at the rural site,
because of abundant site moisture. Urban-rural moisture contrast is considered as one of the important
synergistic interactions between HWs & UHIs [41]. ΔQs is the storage heat flux, which is high at the
urban site due to the higher heat storage capacity of surfaces. ΔQA is the advective heat flux. In this
study, sensible and latent heat fluxes during HWs and NHWs were estimated through near-surface
temperature (ambient temperatures) and absolute humidity values.

Typically, higher surface temperatures during the HWs increases the ambient temperatures,
through convection and resultantly sensible heat flux [59]. Similarly, latent heat flux increases due to
the higher evaporation rates at the site. Wind speed and direction helped in identifying the advective
heat potential at both sites. In the present study, mainly sensible, latent, and advective heat fluxes are
explored to identify the synergies between urban-overheating and HWs. Initially, analysis is made
for one representative HW (11 February 2017) day, last day of the HW period, having maximum
temperature, and one NHW day (14 February 2017), having minimum temperatures during considered
NHW period. After a one-day analysis, it is repeated for all HW and NHW periods.

3. Results

The magnitude of urban overheating was computed during both HW and NHW periods.
Urban-overheating magnitude at daytime was quite high (average peak around 10 ◦C at 17:00) during
the HWs, as compared to the NHW period, especially in the afternoon (Figure 2).

The results show a strong connection between urban overheating and HWs. The specific pattern
can be attributed either to advection from the sea breeze, cooling down the coastal station quickly
during the day, and then intensified the urban overheating or because of the latent heat flux difference
between both sites, got increased abruptly during the daytime.
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3.1. Coastal-Inland Moisture Contrast on Selected HW and NHW Days

During the HW day, the latent heat flux difference between the coastal and the inland sites increased
in the daytime, compared to the NHW day (Figure 3). Generally, due to higher surface temperatures
during the HW period, the evaporation rate increases, which increases the AH. The availability of
vegetation and ground surface moisture enhances the evaporation/evapotranspiration rates. Typically,
evapotranspiration/evaporation is more evident in rural areas, when compared to urban areas and,
hence, these areas show lower ambient temperatures. When the AH difference, between both sites,
during the HW period at daytime was increasing, the urban-overheating magnitude was also increasing
(Figure 3). From here, it can be concluded that, despite having nonurban surfaces and being closer to
the water bodies (lakes), latent heat flux at Penrith Lakes at daytime was lower, during the HW period
when compared to the coastal site. The possible explanations include: (i) reduced evaporation rates at
the site, (ii) advection of dry air at Penrith Lakes, (iii) advection of humid air from sea to the coastal
site, and (iv) higher/constant evaporation or evapotranspiration at the coastal station. Temperature
and AH profiles at Penrith Lakes and OBS Hill were explored further to understand the phenomena.
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Figure 3. Absolute humidity difference (ΔAH) and urban-overheating (ΔT) between Penrith
Lakes—OBS Hill during selected HW (11 February 2017) & NHW (14 February 2017) days.

3.2. Wind Speed and Direction on Selected HW and NHW Days

Wind speed and its directions were examined during HW and NHW days and observed the
following. During HW day, at daytime wind speed at Penrith lakes increased from 2–5 m/s and it was
blowing from desert to the site (Figure 4A). At this time, the wind was blowing from sea to site at
OBS Hill, as shown in Figure 4C, and the urban-overheating magnitude was quite high. During the
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NHW day, wind speed at Penrith lakes was slightly higher when compared to the HW day, and it was
blowing from Inner-Sydney to the site (Figure 4B), and urban overheating magnitude was quite low, as
compared to the HW day. The nocturnal wind direction at Penrith lakes during HW day (desert to the
site) and NHW days (Inner Sydney to the site) did not change much when compared to the daytime.
However, windspeed also got reduced at nighttime and urban overheating magnitude.
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Figure 4. Wind speed-U (m/s) and direction comparison with urban overheating (ΔT) at Penrith Lakes
and OBS Hill during selected HW (11 February 2017) and NHW (14 February 2017) days. (A): Penrith
Lakes during HW day, (B) Penrith Lakes during NHW day, (C) OBS Hill during HW day, (D) OBS Hill
during NHW day.
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On the other hand, at OBS Hill during the HW day, the nocturnal wind direction was from inland
to the site, while during the NHW day wind was blowing from sea to the site (Figure 4D). Wind speed
during the NHW day at OBS Hill was much higher when compared to the HW day.

3.3. Absolute Humidity and UHI Magnitude at Night-Time

During HW & NHW days, AH at Penrith lakes was higher at nighttime, when compared to
OBS Hill (Figure 5B). The land cover (retaining more moisture content), proximity to the lakes, wind
speed, and direction and evaporation of surface moisture (formed due to condensation) can explain
the higher AH and lower nocturnal temperature at Penrith Lakes. The principal reason could relate to
non-urban surfaces, having higher evaporation potential and increasing the latent heat flux at the site.
Precipitation could be another important reason for higher soil moisture at Penrith Lakes, which was
observed on the 7th and 8th of February.
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Figure 5. Temperature T (◦C) and AH (g/m3) profiles at Penrith Lakes & OBS Hill on selected HW
(11 February 2017) & NHW (14 February 2017) days. (A) Temperature profiles in ◦C at Penrith Lakes
and OBS Hill on HW and NHW days, (B) AH profiles in g/m3 at Penrith Lakes and OBS Hill on HW
and NHW days.

Dew formation is another potential reason for the increased AH value in the morning, as, in early
morning, warm soil can evaporate the excessive surface moisture, which formed due to condensation.
This phenomenon occurs if the surface temperatures are less than or equal to the dew point temperature,
then humidity from the air condenses, and dew is formed. Site ambient temperatures at Penrith Lakes
and OBS Hill were compared with dewpoint temperatures during both HW and NHW periods to
explore the chances of dew formation, and it was found that, at Penrith Lakes, there were chances of
dew formation during HW days, as shown in Figure 6A. Thus, a sharp increase in AH value at Penrith
lakes at 6 am could be because of the evaporation of surface moisture.

Nighttime temperatures at both stations are almost the same during both HW and NHW days
(Figure 5A). At OBS Hill, steady sea surface temperatures penetrating at the site are maintaining
the air temperatures and AH within a specific range, while the radiative cooling process at Penrith
lakes due to its non-urban surfaces is quickly reducing ambient temperatures. Thus, the nocturnal
urban-overheating magnitude during both HWs and NHWs is negligible.
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3.4. Daytime Urban Overheating Magnitude

Daytime temperatures at Penrith lakes were much higher when compared to OBS Hill during
HW day (Figure 5A). During this time, AH at the site got reduced very quickly and then started
increasing again in the evening (Figure 5B). Until midday, the AH was quite high and consistent
at the site, but a sharp reduction in AH value referred to the change in wind speed and direction.
During the whole HW day, wind at Penrith lakes was blowing from desert to the site; however, until
1 p.m., wind speed was quite low (Figure 4A). Advection from the desert wind with higher wind speed
after 1 p.m., making the evaporation/evapotranspiration process ineffective at the site and, resultantly,
drastic increase in temperature was noted at Penrith Lakes. Wind speed started decreasing at 4 p.m.,
and resultantly temperature started falling and AH increased again because of the restoration of the
evaporation process.

The analysis of the data at Penrith Lakes during the whole HW period (9th–11th Feb.) & NHW
period (13th–15th Feb.) found that daytime temperatures were consistently increasing at Penrith lakes
from first HW day to the last HW day (Figure 7A). On the other hand, latent heat flux during daytime
at the site was getting reduced similarly, as shown in Figure 7C. The wind blowing from inner Sydney
to the site (see methodology and data) is helping to reduce the site temperatures as site evaporation
potential is not getting compromised (Figure 8A,B). On the other hand, when the wind is blowing from
desert to the site (Figure 8A), ambient temperatures increase (Figure 7A), as the evaporation process
is becoming ineffective (Figure 7C). It is due to dry, warm air, which is causing the fast depletion of
available moisture and decreasing the latent heat flux at Penrith Lakes. Additionally, as wind speed
from the desert is increasing, AH is getting further reduced and drastically increasing the temperatures.

In contrast to Penrith Lakes, daytime AH at OBS Hill, during both HW & NHW days, was high
(Figure 7D) and consistent and temperatures were also low in the same proportion (Figure 7B). This is
due to the advection of humid air from the sea as during both HW & NHW days, the wind was blowing
from sea to OBS Hill (Figure 4C,D). However, the wind speed was much higher, as compared to the
HW day, during the NHW day. Thus, the temperatures at OBS Hill were accordingly low (Figure 5A).

28



Energies 2020, 13, 470

  

 

0

5

10

15

20

25

30

35

40

45

50
0 2 4 6 8 10 12 14 16 18 20 22

Te
m

pe
ra

tu
re

 -
T 

(0 C
)

Hours

(A)

T(°C) Penrith Lakes, 9th Feb.
T(°C) Penrith Lakes, 10th Feb.
T(°C) Penrith Lakes, 11th Feb.
T(°C) Penrith Lakes, 13th Feb.
T(°C) Penrith Lakes, 14th Feb.
T(°C) Penrith Lakes, 15th Feb. 0

5

10

15

20

25

30

35

40

0 2 4 6 8 10 12 14 16 18 20 22

Te
m

pe
ra

tu
re

 -
T 

(0 C
)

Hours

(B)

T(°C) OBS Hill, 9th Feb.
 T(°C) OBS Hill, 10th Feb.
T(°C) OBS Hill, 11th Feb.
T(°C) OBS Hill, 13th Feb.
T(°C) OBS Hill, 14th Feb.
T(°C) OBS Hill, 15th Feb.

0

2

4

6

8

10

12

14

16

18

20

22

0 2 4 6 8 10 12 14 16 18 20 22

AH
 (g

/m
3 )

Hours

(C)

AH (g/m³) Penrith Lakes,  9th Feb.
AH (g/m³) Penrith Lakes,  10th Feb.
AH ( g/m³) Penrith Lakes, 11th Feb.
AH ( g/m³) Penrith Lakes, 13th Feb.
AH ( g/m³) Penrith Lakes, 14th Feb.
AH ( g/m³) Penrith Lakes, 15th Feb.

0

2

4

6

8

10

12

14

16

18

20

22

0 2 4 6 8 10 12 14 16 18 20 22

AH
 (g

/m
3 )

Hours

(D)

AH (g/m³) OBS Hill,  9th Feb.
AH (g/m³) OBS Hill,  10th Feb.
AH (g/m³) OBS Hill, 11th Feb.
AH (g/m³) OBS Hill, 13th Feb.
AH (g/m³) OBS Hill, 14th Feb.
AH (g/m³) OBS Hill, 15th Feb.

Figure 7. Temperature profile (◦C) and AH (g/m3) at Penrith Lakes and OBS Hill during HW
(9–11 February 2017) & NHW (13–15 February 2017) Periods. (A) Temperature profiles at Penrith Lakes
during HW and NHW periods, (B) Temperature profiles at OBS Hill during HW and NHW periods,
(C) AH profiles at Penrith Lakes during HW and NHW periods, (D) AH profiles at OBS Hill during
HW and NHW periods.

On the other hand, during the HW day, although the temperatures were relatively high at OBS
Hill, but because of higher evaporation from the sea, AH was also higher. After analyzing the three
consecutive HW (9–11th Feb.) and NHW (13–15th Feb.) days at OBS Hill, it was found that, during
both HW and NHW periods in the daytime, the wind was blowing from sea to the site (Figure 8C,D).
However, as wind speed was getting reduced, AH was also getting reduced due to less advection from
the sea and resultantly temperatures were increasing (Figure 7B,D). When the wind was blowing from
inland to the coastal site, AH was reduced, and temperatures increased.
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Figure 8. Wind Speed (m/sec) & wind direction at Penrith Lakes and OBS Hill during HW
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the NHW period.

30



Energies 2020, 13, 470

4. Discussion

The urban population is at higher thermal risk due to rapid urbanization and extreme heat
events. Hence, comprehensive knowledge is required for identifying the factors, magnifying the
urban-overheating, and changing the urban-rural energy contrast. In the present study, the very first
time, the impact of extreme heat events on urban overheating is measured in a coastal city, which is
also under the influence of the desert climate. The results reveal that the urban overheating effect
gets amplified during the HWs, in contrast to some of the previous studies, where no modification or
reduction in the UHI pattern was noticed during the HWs [34,43].

Additionally, it is found that the urban overheating effect is more pronounced in the daytime,
especially in the afternoon. These results are consistent with the studies that were carried out in the
coastal cities [37,38]. However, these results differ from other studies, where rural and noncoastal sites
were compared, and due to a quick radiative cooling process at rural stations and slow cooling at urban
sites, the nocturnal UHI effect was more intense during the HWs [33,35,41,42,60]. The nighttime urban
overheating effect, in the present study, during HWs is unnoticeable. It is due to the rapid radiative
cooling process at Penrith Lakes, due to non-urban surfaces and maintained temperatures at OBS Hill
due to a steady sea breeze.

The difference between the peak average magnitude of urban overheating during HWs and NHWs
is approximately 8 ◦C. In previous studies, with coastal or non-coastal reference stations, the maximum
difference between HW and NHW urban overheating was from 1–2.5 ◦C [33,35,37,38]. The greater
magnitude of urban overheating in Sydney is due to the presence of two different synoptic systems
(heating mechanism—desert winds and cooling mechanism—coastal winds), on both sides of the city,
which makes western Sydney more vulnerable. In the present study, advective heat flux is found as
the dominant interaction between urban overheating and HWs, in addition to the sensible and latent
heat fluxes. Advective heat flux was considered to be inconsequential for noncoastal cities; however,
in coastal cities, it was one of the primary reasons for the intensification of urban overheating during
HWs [37,38]. In noncoastal cities, urban-rural moisture contrast was considered a major interaction
between UHIs and HWs [35,37,41].

Moreover, synergies between UHIs and HWs may get diminished if there is an insufficient latent
heat flux difference between urban and rural sites [35]. In France, extreme temperatures were noted
in 2003, because of the reduced evapotranspiration and latent cooling, which were linked to the soil
moisture conditions [61]. Higher latent heat flux differences between urban and rural areas were also
considered as the most important synergistic interaction in Beijing, China [35]. However, in the present
study, sensible and latent heat fluxes at Penrith Lakes are also getting affected by the winds. Desert
winds from the west are causing a fast depletion of available moisture at Penrith Lakes, consequently
decreasing the total evaporation/evapotranspiration and, thus, the latent heat flux, while increasing
the ambient temperatures. On the other side, a steady sea breeze at the coastal site during the HW
event maintained the temperatures and humidity at a certain level. Generally, higher wind speed
reduces the magnitude of UHIs [2,62,63]; however, in this case, winds with higher speed from the
desert are increasing the temperatures at the inland station and, consequently, urban overheating.
The impact of wind speed and direction (coastal and desert wind) on urban overheating at the coastal
station highlights the importance of advective heat flux and shows it as the most influential interaction
between urban overheating and HWs in Sydney.

Western Sydney’s population is at high thermal risk, due to higher outdoor temperatures during
extreme heatwave events. Thus, the chances of heat-related mortality, morbidity, air pollution, and
electricity consumption increase [6]. Not only appropriate mitigation technologies need to be employed
in Western Sydney, but CBD and eastern Sydney should be mitigated to allow for the sea breeze
penetration in the Western Sydney through ventilation corridors to maintain the outdoor thermal
comfort. Thus, through proper urban planning initiatives and design, excess urban heat can be
mitigated and, consequently, it can help in reducing the economic burden from the health and energy
sector. A detailed investigation of these mitigation technologies will be carried out in a subsequent
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paper. These results are not only applicable in Sydney, but they can also be applied to other cities,
having similar boundary conditions, such as Muscat (Oman), Dubai(U.A.E.), Jeddah (Saudi Arabia),
Dammam (Saudi Arabia), Casablanca (Morocco), etc. [2,64,65].

Reliance on the data from a single summer/year to identify the interaction between urban
overheating and HWs is one of the limitations of this study, and results can be validated by considering
data from some more recent summers. Additionally, this study can be further enhanced by analyzing the
other weather stations in inner and Western Sydney. Other components of the energy budget equation
may also be explored to understand the interactions between urban overheating and HWs further.

5. Conclusions

The frequency and intensity of HWs are increasing in the 21st century, negatively affecting
the outdoor thermal comfort in urban areas. This study focuses on the interactions between urban
overheating and HWs in a coastal city (Sydney, Australia), which is affected by a desert landmass.
The results show a positive response between urban overheating and HWs, which gets magnified
during the daytime, instead of night-time, consistently with the literature. Additionally, the difference
between peak average urban overheating magnitude during HWs and NHWs was around 8 ◦C, which
exceeds the most commonly documented figures. The greater difference between the magnitude of
urban overheating during HWs and NHWs is attributed to the presence of two synoptic systems,
which become further active during HWs. The increased severity of urban climate during HWs might
severely affect human health, environmental quality by increasing the pollutants in the atmosphere,
and economy by increasing the energy demand. Urban-rural moisture contrast is considered as one
of the leading factors, intensifying the UHI magnitude during the HWs. However, advective heat
flux was found as the dominant interaction between both these phenomena in addition to sensible
and latent heat fluxes. Further, the advective heat flux also affected the sensible and latent heat fluxes
at both sites and intensified the urban overheating. The results will help to devise the appropriate
strategies to mitigate extreme heat events and design countermeasures to urban overheating.
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Abstract: This empirical study investigates large urban park cooling effects on the thermal comfort
of occupants in the vicinity of the main central park, located in Madrid, Spain. Data were gathered
during hot summer days, using mobile observations and a questionnaire. The results showed that the
cooling effect of this urban park of 125 ha area at a distance of 150 m could reduce air temperatures by
an average of 0.63 ◦C and 1.28 ◦C for distances of 380 m and 665 meters from the park. Moreover,
the degree of the physiological equivalent temperature (PET) index at a distance of 150 meters from
the park is on average 2 ◦C PET and 2.3 ◦C PET less compared to distances of 380 m and 665 m,
respectively. Considering the distance from the park, the correlation between occupant perceived
thermal comfort (PTC) and PET is inverse. That is, augmenting the distance from the park increases
PET, while the extent of PTC reduces accordingly. The correlation between these two factors at
the nearest and furthest distances from the park is meaningful (p-value < 0.05). The results also
showed that large-scale urban parks generally play a significant part in creating a cognitive state of
high-perceived thermal comfort spaces for residents.

Keywords: cooling effect; urban park; thermal comfort; physiological equivalent temperature;
perceived thermal comfort; urban heat island; air temperature; sustainable cities; smart cities;
urban health; global warming; urban green spaces; sustainable urban development; climate change
mitigation and adaptation; urban resilience

1. Introduction

Due to climate change and the growing urbanization, the heat in cities is rising rapidly [1,2]. Today,
heat has adversely affected urban life across the world [3], including urban areas of the Mediterranean
climate [4,5]. The increase in temperature in urban areas, especially densely populated areas has
given rise to the phenomenon of urban heat islands (UHI) [6,7], which can threaten the health and
comfort of citizens [8,9]. The green urban spaces have been researched by numerous studies as an
adaptive strategy to reduce the effect of urban heat and improve the health of citizens, by considering
thermal comfort [10,11] as well as their socio-economic role [12]. Various studies have been conducted
on the effects of various types of green infrastructures aiming at reducing urban heat and thermal
discomfort [13,14], which include different scales and forms such as small local parks [15], large
urban parks [16], urban gardens [17], green roofs [18,19], green walls [20,21] and street trees [22,23].
This study emphasizes the cooling effect of large urban parks.
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The studies conducted on large urban parks have shown that such parks have a significant effect on
air temperature reduction and UHI [24–26], which is especially noticeable during the summer [27,28].
However, it is noteworthy that the temperature drop does not only take place within the park but also
surrounding areas [29]. The cooling effect of urban parks, referred to as a park cooling island (PCI) [30],
is known to affect the surrounding environment depending on the area of the green space and quality
of green coverage [31,32]. Two relevant indices to measure the cooling effect of urban parks are the
cooling effect distance (CED) and cooling effect intensity (CEI) [33], which have been extensively used
in various scales and climates [34–36].

Studies on the cooling effect of urban parks in different regions have shown that large scale urban
parks with areas over 10 ha can have an average of 1 to 2 ◦C effect on surrounding areas that are an
average of 350 meters away [33]. In general, air temperature reductions in urban parks are typically up
to 0.5–4 ◦C and may even cause up to 5–7 ◦C reduction [37]. Despite the cooling effect of urban parks
on their surroundings, such an outcome is not merely dependent on the traits of the green space [38].
The morphology of the surrounding area of parks, the sky view factor (SVF), the spatial configuration
of the location, and the covered area, also affect the perception of the cooling effect of urban parks and
thermal comfort [37,39].

Numerous studies have been carried out on the cooling effect of urban parks. However, research
pertaining to the extent of this effect on thermal comfort perception from psychological and physical
perspectives is limited. This gap necessitates examining the cooling effect of urban parks on the
aforementioned parameters at different intervals from the park to determine factors that may be
applied in sustainable urban development.

2. Park Cooling Effect and Thermal Comfort Perception

A set of thermal indices was investigated in two experimental (effective temp (ET), resultant temp
(RT), humid operative temp (HOP), operative temp (OP) and wind chill index (WCI)) and analytical
(index of thermal stress (ITS), heat stress index (HIS), effective temp (ET*), stand. effective temp (SET*),
out. stand. eff. temp (OUT_SET), predicted mean vote (PMV), perceived temp (PT) and physiological
equivalent temperature (PET)) groups [40–43]. The basis of these analytical indices was the energy
balance (produced and wasted human energy). The main issue of thermal indices pertains to the
average thermal comfort assessment and climate conditions of each area [44]. The result of various
studies on validating other indices shows that examples such as SET and PET have a high correlation
(89%) with thermal comfort in open spaces [45]. Most studies in recent years have utilized SET, PMV
and PET to predict comfort levels in open spaces [46–48].

PET enables the comparison of the full effect of thermal conditions about the outside environment
with individual experience [49,50]. PET is one of the recommended indices in urban and regional
urban planning around the world, used to predict thermal changes of urban or regional clusters [51].
This index has shown a significant correlation to thermal comfort in various climatic conditions in
open urban spaces as validation [52]. One of the prominent influencing factors on PET condition is
the Tmrt (mean radiant temperature) climate variable. The indices mentioned above provide a single
image of a set of individual and climate variables and enable the comparison of comfort conditions in
various environments (due to global factors) [53].

In studies conducted to investigate the thermal comfort of urban parks, the PET index is commonly
used. In a study conducted on a warm sunny day in Beijing, China (21 August, 2 pm) [54], it was
shown that the effect of the Yuan Dynasty Relics green space with 102 ha area, in close approximately
to the area of Retiro Park, reduces the PET by an average of 2 ◦C and a maximum of 15.6 ◦C. Another
study conducted at Zhongshan Park in Shanghai city center with an area of 21.42 ha, showed that the
PCI led to thermal comfort during Shanghai’s winter as well as summer and had a PET of 15–29 ◦C [55].
Additionally, a study conducted at the Central Park of Cairo with an area of approximately 26.01 ha [56]
showed that parks had a significant effect in enhancing thermal comfort during summer, which, based
on this effect, entailed a PET value of 22–30 ◦C throughout the day.
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While the cooling effect of urban parks has generally been recognized as a strategy for mitigating
urban heat and providing thermal comfort [57,58], the extent of perceived thermal comfort stemming
from the cooling effect of urban parks is difficult to predict, necessitating investigations of people’s
attitudinal and bodily experiences concerning physical thermal conditions at various intervals in the
surrounding areas of these parks [59,60]. The degree of perceived thermal comfort by an occupant,
which is caused by the cooling effect of urban parks, is dependent on factors such as individual
behavioral and psychological traits, in addition to distance and cooling effect intensity [61–63].
Individual demographic traits include age, gender, and physical characteristics such as height and
weight of occupants [64,65]. Psychological traits include the individual’s experience of being in the
environment and their thermal expectations and tolerance [66,67]. Behavioral aspects include the
extent of being covered (in terms of clothes) and the type of activities conducted by the individual [68].

A common method to determine the extent of thermal comfort experienced by occupants is the
use of surveys [69]. Essentially, by using such survey methods as open, semi-open, or multiple-choice
questions [70], individuals can be asked about their thermal comfort experiences [71]. In order to
measure the human thermal comfort perception level, cognitive mapping can be utilized in combination
with questionnaires. Employing this method and asking residents to identify places where they feel
more comfortable from a thermal point of view provided a more comprehensible image of the residents’
thermal comfort level for understanding [72,73]. In recent years, utilizing questionnaires and asking
direct questions about the perceived comfort of citizens alongside micro-climatic perceptions have
yielded valuable results [74].

Many studies have been conducted on the cooling effect of urban parks, particularly their CEI and
CED effects. However, less research has been carried out on the thermal comfort of this effect at different
distances from the park. Additionally, few studies on the cooling effect of urban parks on thermal
comfort have mainly investigated through physiological indices. As both psychological and physical
perspectives together provide the complete concept of thermal comfort, it, therefore, necessitates
examining the extent of thermal comfort created by urban green spaces from either perspective.

The purpose of this study is to investigate the cooling effect of the large urban park and its
effect on the thermal comfort of occupants in the areas around the park. This study focuses on the
perceived thermal comfort (PTC) and physiological equivalent temperature (PET) of locations, at a
defined distance from the park and similar in terms of urban aspects and influential factors such as
floor coverings, enclosures, street canyon and vegetation, whilst responding to the following research
questions:

• What is the extent of the large urban park cooling effect on thermal comfort based on PET?
• What is the extent of the large urban park cooling effect on occupants’ PTC?
• What is the relationship between the measured PTC and the measured occupant PET?

3. Materials and Methods

3.1. Location and Selection of the Sites

This research was located in Madrid (40◦25′08” N; 3◦41′31” O), the capital of Spain with a
population of 3,223,334 and population density of 5265.91 /km2, and a hot-summer Mediterranean
climate (Csa) according to the Köppen classification [75]. The average annual temperature in downtown
Madrid is 19.9 ◦C during the day and 10.1 ◦C at night. The warmest month of the year is July, with an
average temperature of 32.1 ◦C during the day. Then August, June and September are the hottest
months with average daily temperatures of 31.3 ◦C, 38.2 ◦C and 26.4 ◦C, respectively [76]. Retiro Park
has an area of approximately 125 ha. It is the largest and oldest park in the center of Madrid with rich
plant diversity. One of the prominent issues of this study was the method of selecting distances from
Retiro Park. Although studies have not been conducted on the average cooling effect of Retiro Park,
an updated UHI map of Madrid was presented in 2015 by Núñez Peiró et al. [77], where the effect of
Retiro Park was made evident based on the temperature color spectrum. Essentially, the UHI map of
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Madrid from 26 July 2015 represents the effect of Retiro Park in counteracting to the effect of UHI in
the northern, eastern and southern areas of the park [78].

In order to accurately assess the cooling effect of Retiro Park on its surrounding areas, it was
necessary to select places on a micro-scale with common features that are located at various distances
from the park. The northern area of Retiro Park, due to its well-organized form, has more regular
urban-type compared to other areas (east and south). Based on the temperature zones of the updated
thermal map of Madrid’s urban heat islands in 2015 [79], three street crossings (intersections) located in
the Salamanca and Recoletos neighborhoods in the north of Retiro Park along the Lagasca Street, were
chosen. These sites were located at 150 meters, 380 meters and 665 meters from the park at Lagasca
intersection with the Conde de Aranda, Jorge Juan and Hermosilla streets, giving zones of different
temperature ranges (yellow, orange and red; Figure 1). These types of selected local intersections
represent most of Retiro Park’s northern area intersections (Figure 2). Based on this map [77,79], each of
the three intersections A, B and C had a temperature difference of about 0.8 ◦C.

Figure 1. Madrid’s urban heat island (UHI) map on 26 July 2015 [77,79] and the selected northern
region of the Retiro Park. Intersection A is in the yellow zone, intersection B is in the orange zone and
intersection C is in the red zone, close to one of the UHIs of Madrid.

 

Figure 2. The northern region map of Retiro Park and the location of the selected sites. Point A is
located 150 meters away from the park; point B is located 380 meters away from the park and point C is
located 665 m away from the park.
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All three assessed intersections were selected based on a common geometric configuration.
The considered geometric configuration included an enclosure, sky view factor (SVF), and street height
and width (Figure 3, Table 1). The considered material structure included the ground surface coverage
material, pavement material and building facade material, which were similar in all three regions;
the ground surface material in all three regions was asphalt; the pavement material was gray tiles and
the building material is mostly red-colored bricks and bright cement (Figure 3). The presence of green
spaces in the street canyon was highly significant in terms of micro-climatic issues [80]. In this regard,
vegetation was also considered as well as the aforementioned parameters (Table 1), so the selected
regions were also similar in terms of this parameter (Figure 3).

 

Figure 3. Street view of the three intersections (A–C) as well as fisheye shots.

Table 1. The geometric configuration of the intersections and street trees properties in three
investigated intersections.

Part

Street Canyons Street Trees
Width

N_S (M)
Width

W_E (M)
H/W Ratio

N_S (–)
H/W Ratio

W_E (–)
SVF a Number

of trees
Mean Tree
Height (m)

Mean Crown
Diameter (m)

Crown
Shape b

A 15 12 1.23 1.54 0.17 26 12.74 5 Cone
B 15 15 1.28 1.33 0.2 30 12.34 6 Cone
C 15 15 1.2 1.23 0.2 25 12.66 5 Cone

a. Calculated by Ray Man 1.2. b. Crown Shape Classification by Park et al. [15].

There were two priorities in selecting the intersections. Firstly, the points were selected according
to Madrid’s UHI map (Figure 1) where the distances were of different temperature ranges, and secondly,
locations were selected that shared the greatest similarity in terms of physical and structural traits.
In this vein, three sites A, B and C were selected to extract data, in accordance with the goals of
this study.

3.2. Microclimate Parameter Measurements

Micro-climatic measurements were conducted during six days in hot summer, on 22 June, 10 and
24 of July, 10 and 24 August and 10 September 2018. Data extraction started from 22 June and was
spaced at roughly every two weeks, targeting sunny and calm days (no clouds) up to the end of summer
(10 September). Ta and relative humidity (RH) were collected during the six days, were measured
by mobile microclimate stations (HOBO MX2301A Temperature/RH Data Logger, manufactured by
Onset Computer Corporation, MA, USA) with precision Ta; ± 0.2 ◦C and RH; ± 2.5% between 10:40
and 12:10 CEST (Central European Summer Time). The data was collected at one-minute intervals,
and the weather data collection duration at each location was 10 minutes (Table 2).
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Table 2. Intersection mean values for air temperature (Ta), relative humidity (RH) and wind speed
(WS) on all measurement days (10:40–12:10 CEST).

Date Part Time Mean Ta, ◦C Mean RH % Mean WS, m/s

22 June
C 10:40–10:50 29.26 29.1 1.43
B 11:00–11:10 28.87 29.27 1.15
A 11:30–11:40 27.81 32.04 0.80

10 July
C 11:15–11:25 29.8 33.96 1.43
B 11:42–11:52 29.7 22.1 1.16
A 12:00–12:10 29.4 29.71 1.36

24 July
C 10:40–10:50 29.45 21.71 1.36
B 11:10–11:20 28.1 30.25 1.43
A 11:30–11:40 27.74 30.56 1.43

10 August
C 10:40–10:50 25.12 18.16 1.43
B 11:00–11:10 23.77 41.05 1.72
A 11:20–11:30 23.22 43.45 2.47

24 August
C 10:50–11:00 26.63 38.81 2.35
B 11:15–11:25 26.2 38.13 1.13
A 11:35–11:45 26.05 37 1.29

10 September
C 10:45–10:55 23.41 56.71 1.5
B 11:15–11:25 23.13 52.45 1.36
A 11:35–11:45 21.73 51.15 1.91

The devices were placed 1.5 meters from the ground and covered by a radiation shield. The wind
speed (WS) was determined by a Proster Digital Anemometer MS6252a placed at the same distance.
The type of ground coverings, walls and types of and distance to vegetation that affect the temperature
conditions were checked according to field studies; high-resolution images were taken by a Canon
Eos 600D, 5184 pixels × 3456 pixels digital camera. Arial images were taken from Google Earth,
2018–2019. Fisheye images were taken at three intersections using a fisheye (Sigma 8 mm circular)
lens. Additionally, the weather data of Retiro Park were collected via the AEMET (Agencia Estatal de
Meteorologia) fixed station [76] located inside the park. These parameters were previously identified
to show the effect of urban parks on thermal comfort [54].

3.3. The Questionnaire Survey

A random semi-structured survey was conducted on 145 pedestrians (nA: 49, nB: 45 and nC: 51)
at intersections where microclimatic data were collected (workplace and residential). The interviewees
comprised different gender and age groups (with the exception of children), and were active at different
levels. Table 3 shows detailed information on the number and characteristics of individuals, on different
days and intersections.

Data extraction from the surveys took place during the period of determining micro-climatic
parameters at three intersections A, B and C (more and less than 10 minutes). Questions were divided
into three sections.

The second section comprised four questions about the degree of thermal comfort perception
during the interview. The questions were short and designed as five options (very high = 5 to very
low = 1). Research questions concerning the level of individual thermal comfort included: (Q1) How
much thermal comfort do you feel? (not too hot, not too cold); (Q2) How warm do you feel? (Q3) What
is the extent of thermal comfort perceived through Retiro Park? (Q4) How much heat can you tolerate
in this location?

The third section included open personal questions such as gender, height, weight, level of activity
and type of clothing.
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Table 3. The proportional percentages questionnaire data in the three investigated intersections on all
the measured days.

Variable Categories
Percentage (%)

A B C

Age 13–21 2.0 2.2 11.8
22–30 26.5 20.0 13.7
31–45 40.8 26.7 31.4
46–60 16.3 24.4 29.4
61–85 14.3 26.7 13.7

Gender Men 67.3 73.3 51
Women 32.7 26.7 49

Q1

Very low (1) 0 0 0
Low (2) 10.2 6.7 9.8

Medium (3) 28.6 57.8 43.1
High (4) 42.9 31.1 35.3

Very high (5) 18.4 4.4 11.8

Q2

Very low (5) 5.9 4.4 0
Low (4) 23.5 31.1 18.4

Medium (3) 33.3 26.7 22.4
High (2) 27.5 28.9 38.8

Very high (1) 9.8 8.9 20.4

Q3

Very low (1) 4.1 2.2 13.7
Low (2) 8.2 20.0 25.5

Medium (3) 28.6 31.1 27.5
High (4) 42.9 31.1 25.5

Very high (5) 16.3 15.6 7.8

Q4

Very low (1) 2.0 0 3.9
Low (2) 10.2 15.6 25.5

Medium (3) 30.6 60.0 35.3
High (4) 42.9 13.3 23.5

Very high (5) 2.0 0 3.9

Essentially, the questionnaire questions were designed so that in a short period (10 minutes),
pedestrians in the neighborhood of different age and gender groups could be interviewed to extract
information about their level of perceived thermal comfort (Figure 4). The total score from the questions
is presented as an indicator of the perceived thermal comfort (PTC). However, the inquiry of PTC
was ambiguous for occupants, so this question was addressed by asking how comfortable do you
feel in terms of temperature (not too hot not too cold)? For the second inquiry, the question that was
also directly asked was how much heat do you feel? Therefore, data relevant to this question was
considered in reverse form to determine the perceived thermal comfort index (very high = 1 to very
low = 5). It should be noted that in order to accurately derive the research data, prior to the start
of summer on 22 May, 18 experimental micro-climatic data and questionnaires (six questionnaires
at each intersection) were compiled (10 minutes at each intersection) in order to address the issues
and queries of questionnaire gaps and to identify bio-climatic notions amidst the main questionnaire
compilation stage.

3.4. Analyzing the Thermal Comfort Parameters

3.4.1. Physiological Parameters

In order to analyze thermal comfort and derive PET, the relevant parameters should be calculated.
The calculation of parameters for PET assessment includes clo, level of activity, SVF and Tmrt. In this
study, Ray Man 1.2 [81,82] software was used to derive SVF, Tmrt and PET. The calculation of clo, which
pertains to the extent of being covered for an individual, was based on its computational indices [83].
Given that each clothing item has its own index, the clo for each person was based on the collected data.
The greatest extent of clothing coverage for participants was a T-shirt with trousers (34%), shirt with
trousers (25.4%) and the least was shorts with a t-shirt (22.6%), which were of 61 clo, 65 clo and 40 clo,
respectively. Determination of activity levels was based on individual activity in the environment.
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Every activity had an indicator, walking 115 W/m2, sitting 60 W/m2, standing 70 W/m2, and fast
walking 220 W/m2 [84] (Table 4).

Figure 4. The average frequency of questionnaire data (Questions 1–4) at three intersections. Intersection
A is gray, intersection B is orange and intersection C is blue.

Table 4. Clothing and activity level of responders in the three investigated intersections.

Variable

Percentage (%)
Hot Summer Days

22 June 10 July 24 July 10 August 24 August 10 September
A1 A2 A3 A1 A2 A3 A1 A2 A3 A1 A2 A3 A1 A2 A3 A1 A2 A3

_Clothing
Shirt and Normal Pants -

65 clo 40 40 33.3 44.4 33.3 25 30 33.3 10 0 20 0 0 16.6 28.5 22.2 50 30

Tshirt and normal pants -
61 clo 20 20 33.3 22.2 22.2 37.5 30 44.4 50 30 40 50 33.3 16.6 57.1 33.3 33.3 50

shirt and Shorts - 45 clo 0 0 0 11.1 0 0 10 0 0 10 10 0 16.6 16.6 0 11.1 0 10
Tshirt and Shorts
(or skirt) - 40 clo 40 20 16.6 11.1 33.3 0 20 22.2 20 50 10 40 50 33.3 14.3 0 16.7 10

Dress - 35 clo 0 0 0 11.1 11.1 12.5 10 0 10 10 10 0 0 0 0 0 0 0
Suiet - 90 clo 0 0 16.6 0 0 12.5 0 0 10 0 10 10 0 16.6 0 11.1 0 0

Others 0 20 0 0 0 12.5 0 0 0 10 0 0 0 0 0 22.2 0 0
_Activity

Wlking - 115 W/m2 60 10 66.6 55.5 77.8 50 40 44.4 60 30 50 80 50 66.6 57.1 55.5 83.3 40
Standing - 70 W/m2 20 0 16.6 44.4 22.2 12.5 50 44.4 20 40 30 10 16.6 33.3 14.3 11.1 16.7 20

Sitting - 60 W/m2 20 0 16.6 0 0 37.5 10 0 20 30 20 10 33.3 0 28.5 33.3 0 40
Jogging - 220 W/m2 0 0 0 0 0 0 0 11.1 0 0 0 0 0 0 0 0 0

SVF calculation was conducted by importing fisheye images in the RayMan software, and 3D
simulation of spatial geometry and environment vegetation in the Obstacle section of the software.
The SVF index is one of the effective parameters in deriving the thermal comfort of the environment [85].

The PET index was considered a vital indicator in studying thermal comfort and has been used in
numerous studies as a reliable indicator in deriving the thermal comfort of the external environment [46].
Tmrt and PET were derived based on extracted micro-climatic data (Table 5), and SVF data derived via
the Ray Man software (Table 1).

3.4.2. Psychological Parameters

SPSS software was utilized, according to the statistical data obtained from the questionnaire to
examine the significance of the data in three selected intersections, and also to examine the significance
of the relationships between various indices with PTC [86,87]. In order to examine cognitive maps
more accurately, AramMMA software was used [88]. In this program, all the cognitive maps were
overlapped, and then according to the color spectrum, it determined which locations had the most
point of reference (Figure 5). Each color represents the number of pointing a location (for example red
means one time or purple means 12 times). In order to convert the qualitative data of cognitive maps
into quantitative data, inside the AramMMA software, the Retiro area was rated, so that 100 percent of
the score was dedicated to the maps that noted parks, while zero percent was considered for those that
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did not mention to the park. By using the cognitive map analyses, the importance of park cooling
effect on resident psychological thermal comfort in different parts of the Retiro Park was represented.

Table 5. Values of the Tmrt (◦C) and average values for physiological equivalent temperature (PET; ◦C)
in part A, B and C.

Date Part Mean PET, ◦C Tmrt,
◦C

22 June
C 35.3 48.4
B 35.8 48.7
A 33.7 48

10 July
C 36.3 49.4
B 36.5 49.3
A 35.8 49.3

24 July
C 35.7 49
B 33.9 47.7
A 33.5 47.6

10 August
C 28.9 43.8
B 26.8 43.1
A 24.3 42.7

24 August
C 29.1 44.4
B 28.6 44.5
A 26.9 44.3

10 September
C 26.1 40.6
B 26.2 41
A 23.1 39.8

Figure 5. Cognitive map analyses using the AramMMA software [88] during six hot summer days
of 2018.
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4. Results

Data was gathered during six days in hot summer, on 22 June, 10 and 24 July, 10 and 24 August
and 10 September at three different intersections at different distances from the northern area of Retiro
Park (Table 2). The selected data collection time interval was generally between 10:40 and 12:10 CEST
(the exact time of each intersection is given in Table 2). This time was chosen since it was between the
maximum and minimum temperatures in the park, so the temperature data extracted at points A, B
and C were close to the average park temperature (mid-temperature taken by the AEMET weather
station [76] on the data extraction days; Table 6). Based on Figure 6, the temperature range for points
A, B and C (gray rectangle) was between the maximum and minimum extracted park temperature
(linear range). It is noteworthy that among the three areas, the average temperature of point A was
closer to the average temperature of the park (mid-temperature; Table 6) compared to the other points.
AEMET data showed that the lowest and highest temperatures pertaining to the data extraction days
in the Retiro Park were related to the 4:50–6:00 and 13:40–14:40 CEST timeframes.

Table 6. Mean values for air temperature (Ta), in the three intersection (10:40–12:10 CET) and values
for air temperature (Ta), relative humidity (RH) and wind velocity (W) in the Retiro Park on all the
measurement days.

Date
Ta

a (◦C) Retiro Park b Ta (◦C) Time of Ta in Retiro Park b HR %
Park b

Wind in
Park b

Part A Part B Part C Min Mid Max Min Max

22 June 2018 27.81 28.87 29.26 21.6 27.7 33.8 04:50 14:40 22.95 1.7
10 July 2018 29.4 29.7 29.8 21.5 28.4 35.2 06:00 13:50 22.95 2.2
24 July 2018 27.74 28.1 29.45 19.8 26.4 33.0 05:00 13:50 22.94 1.9

10 August 2018 23.22 23.77 25.12 17.5 24.4 31.3 05:40 13:40 36.8 2.2
24 August 2018 26.05 26.2 26.63 20.6 26.8 33.0 05:30 14:20 19.25 1.4

10 September 2018 21.73 23.13 23.41 17.3 22.8 28.3 05:20 13:45 33.55 1.9

a. Field measurement, b. AEMET data.

 

Figure 6. The diagram shows the temperature range of the three intersections A, B and C measured
and the temperature range of Rétiro Park during the six days of hot summer 2018 in Madrid.
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Gray rectangles: Temperature range at three intersections (bottom side: Ta A, top Side: Ta C).
Linear range: The temperature range of the park is based on AEMET (bottom line: Ta mid of park,

top line: Ta Max of the park.
The mean Ta for points A, B and C are 25.99 ◦C, 26.62 ◦C and 27.27 ◦C, respectively. The Ta

difference over the measurement days between distance of 150 m (A) and 380 m (B) from the park was
about 0.63 ◦C, between B and C (distance of 665 m) was about 0.65 ◦C and for the difference between A
and C, the temperature difference was about 1.28 ◦C. According to the results, as the distance from the
park increases, the temperature and its difference with areas closer to the park will be greater.

4.1. Assessment of the Park’s Cooling Effecting on Thermal Comfort Indices

In this section, PET data and questionnaire results were used to assess the cooling effect of Retiro
Park on thermal comfort. PET data are derived based on the indices standard and the perceived
thermal effect is obtained based on the average questionnaire and cognitive maps data. By using both
these data, the extent of thermal comfort originating from the Retiro Park cooling effect at distances A,
B and C could be deduced as physiological and psychological points of view.

4.1.1. Comparison of the Park Cooling Effect Significance on PET at Different Distances from the Park

In a more accurate analysis using SPSS software, a one-way ANOVA was used to analyze the
relationship between distances A, B and C from the park and the relevant PET differences. Upon every
variance analysis and in the case of significant mean difference (the significant level of a p-value less
than 0.05), Tukey test, which is a series of post-hoc tests, were used to accurately determine which of
the average of a variable has a significant difference [89]. Essentially, by using this test, the thermal
comfort relationship was deduced based on the PET index, which was obtained using the Ray Man
software on distances A, B and C.

The results of the ANOVA test (Table 7) show that concerning the PET index, there was a lower
significant error rate (0.05) and 95% confidence level of a significant difference between average PET
data in each of the A, B and C points (p-value = 0.029). Therefore, Tukey’s post-hoc tests were used to
determine whether there is a significant difference between each of the A, B and C intersections.

Table 7. ANOVA PET analyses in the three investigated selected points.

Sum of Squares df Mean Square F p-Value

Between Groups 151.731 2 75.865 3.645 0.029
Within Groups 2955.708 142 20.815

Total 3107.439 144

The results of this studied grouping test are presented in Table 8. According to this table, it can be
stated that there was a significant relationship between the mean PET index at points A and C but the
mean PET index between point B with points A and C did not entail a significant difference. The mean
PET for A, B and C was 29.3 ◦C, 31.3 ◦C and 31.6 ◦C, respectively. Essentially, it can be stated that
the PET index difference among intersections A and C was explicit and significant (p-value = 0.036).
The mean of this index in A had a difference of 2.3 ◦C with C, while the difference between A with B
was about 2 ◦C, which was not considered significant in terms of the Tukey test (p-value = 0.09).

4.1.2. Comparison of the Significance of the Questionnaire Dataset PTC at Different Distances from
the Park

In order to compare the significance of the PTC at different distances from the park, the mean
dataset extracted from the questionnaire for each section was derived as the PTC. The questions
answered by citizens via the questionnaire were about how they felt about the ambient temperature
and the effect of Retiro Park on such feelings in the form of four questions (Table 3).
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Table 8. Tukey PET analyses in the three investigated intersections (A, B and C).

(I) Part (J) Part
Mean

Difference (I–J)
Std.

Error
p-Value

95% Confidence Interval

Part N
Subset for alpha = 0.05

Lower
Bound

Upper
Bound

1 2

A
B –1.99624 0.94199 0.090 −4.2274 0.2349 A 49 29.3327
C –2.28303 * 0.91265 0.036 −4.4447 −0.1214 B 45 31.3289 31.3289

B
A 1.99624 0.94199 0.090 −0.2349 4.2274 C 51 31.6157
C –0.28680 0.93311 0.949 −2.4969 1.9233

Sig. 0.084 0.949
C

A 2.28303* 0.91265 0.036 0.1214 4.4447
B 0.28680 0.93311 0.949 −1.9233 2.4969

*. The mean difference is significant at the 0.05 level.

Based on the results of the ANOVA statistical test (Table 9) and a lower significance error level
(p-value < 0.05), there was 95% confidence pertaining to a significant difference between mean thermal
comfort index (PTC) in each of the A, B and C regions (p-value = 0.032). Thus, Tukey’s post-hoc test
was used to determine the significant difference between each of the intersections.

Table 9. ANOVA perceived thermal comfort (PTC) analyses in the three investigated selected points.

Sum of Squares df Mean Square F p-Value

Between Groups 2.318 2 1.159 3.517 0.032
Within Groups 46.809 142 0.330

Total 49.128 144

Since the rating of questions was from very low to very high in the form of numbers 1 to 5, Table 10
shows that the average of the total questions during the 6 days for A, B and C was approximately 3.3.,
2.9 and 2.8, such that area A was of the highest share indicating more thermal comfort experienced
by people in this area. In interpreting the table above, it can be stated that there was a significant
difference between the mean PTC index at points A and C (p-value < 0.05), but the mean PTC at point
B with points A and C had no significant difference. Based on this relationship, it is also clear that
with an increase in distance from the green area, the perceived comfort experienced by citizens was
reduced; thus there was an inverse correlation between increased distance and PTC.

Table 10. Tukey PTC analyses in the three investigated intersections (A, B and C).

(I) Part (J) Part
Mean

Difference (I–J)
Std.

Error
p-Value

95% Confidence Interval

Part N
Subset for alpha = 0.05

Lower
Bound

Upper
Bound

1 2

A
B 0.35417 0.14270 0.062 −0.0165 0.7248 C 51 2.8417
C 0.45000 * 0.14270 0.017 0.0793 0.8207 B 45 2.9375 2.9375

B
A −0.35417 0.14270 0.062 −0.7248 0.0165 A 49 3.2917
C 0.09583 0.14270 0.783 −0.2748 0.4665

Sig. 0.783 0.062
C

A −0.45000* 0.14270 0.017 −0.8207 −0.0793
B −0.09583 0.14270 0.783 −0.4665 0.2748

*. The mean difference is significant at the 0.05 level.

4.1.3. Comparing the Cognitive Maps Significance at Different Distances from the Park

The meaningfulness of the cognitive maps data with the distance from the park was evaluated
using the ANOVA test. The analysis of this section was performed by using a AramMMA software for
analyzing cognitive maps. In this analysis, the maps pointing to the Retiro park were distinguished
from maps that did not mention the park. In fact, 100 percent of the score was dedicated to the maps
noting parks, while zero percent was considered for those that did not mention to the park. The result
of the ANOVA test (Table 11) illustrated that there was an acceptable agreement (95%) between the
correlation of cognitive maps and the distance from the park (p-value < 0.05).
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Table 11. ANOVA cognitive maps analyses in the three investigated selected points.

Sum of Squares df Mean Square F p-Value

Between Groups 36,309.751 2 18,154.876 8.948 0.000
Within Groups 288,104.042 142 2028.902

Total 324,413.793 144

Owing to the agreement, in each of the A, B and C regions the Tukey test was used separately,
and the results were as follows. As illustrated (Table 12), 87.7%, 60% and 50.9% of the respondents
in the A, B and C areas, respectively, referred to the park. As expected, the highest level of cognitive
mapping from the park is in the vicinity of the park area (150 to 380 meters). Nevertheless, in the C
region, with 665 meters distance from the park, more than half of the respondents claimed that the site
was comfortable thermally thus preferring to spend more time there. The difference between A and C
was also meaningful (p-value = 0.000). The good agreement of this relationship depicts the impact of
the Retiro park (as a place with a high level of thermal comfort) on the resident’s mental images and
psychological dimensions.

Table 12. Tukey cognitive maps analyses in the three investigated intersections (A, B and C).

(I) Part (J) Part
Mean

Difference (I–J)
Std.

Error
p-Value

95% Confidence Interval

Part N
Subset for alpha = 0.05

Lower
Bound

Upper
Bound

1 2

A
B 27.75510 * 9.30015 0.009 5.7273 49.7829 C 51 50.9804
C 36.77471 * 9.01047 0.000 15.4330 58.1164 B 45 60.0000

B
A −27.75510 * 9.30015 0.009 −49.7829 −5.7273 A 49 87.7551
C 9.01961 9.21244 0.591 −12.8005 30.8397

Sig. 0.589 1.000C
A −36.77471 * 9.01047 0.000 −58.1164 −15.4330
B −9.01961 9.21244 0.591 −30.8397 12.8005

*. The mean difference is significant at the 0.05 level.

4.1.4. Comparison of the Significance of the Questionnaire Dataset PTC with PET

For a closer assessment of the effect of Retiro Park on thermal comfort, the PET index and PTC by
citizens were compared on the basis of the total data extracted from the questionnaire. Mainly, this PET
analysis, which is a standard index for perceived thermal comfort, was compared with the personal
opinion of people about their perceptions concerning the thermal comfort of the environment. SPSS
software was used to assess the correlation test as well as other statistical tests.

Based on the results of the Pearson correlation test (Table 13), the relationship between the PET
index with thermal comfort in the selected points of A and C was significant (p-value < 0.05) and was
of inverse correlation (−0.404 and −0.379). Due to the medium correlation coefficient (medium = −0.3
to −0.5) [90–92], the relationship between the PET index and the PTC in area A (p-value = 0.004) was
more significant that of area C (p-value = 0.006). Moreover, the significance of PET index relationship
with perceived thermal comfort in area B (p-value = 0.061) was not accepted (p-value > 0.05).

Table 13. Pearson correlation analyses between PET and PTC.

Part PET

A PTC
Pearson Correlation −0.404 *

p-value (2-tailed) 0.004
N 49

B PTC
Pearson Correlation −0.281

p-value (2-tailed) 0.061
N 45

C PTC
Pearson Correlation −0.379 *

p-value (2-tailed) 0.006
N 51

*. The mean difference is significant at the 0.05 level.
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4.2. Relations Between Thermal Comfort Indices (Physiological and Psychological)

Regarding the results, by increasing the distance from the park at intersections B and C, despite
physical and structural similarities to the intersection the A, there was an increase in air temperature
(Ta), and consequently, the extent of PET and Tmrt also changed accordingly.

The data pertaining to the perceived thermal comfort (PTC) acquired from the questionnaire was
rated from 1 to 5 (1 = very low to 5 = very high) and at points A, B and C during six days were on
average approximately 3.3, 2.9 and 2.8, respectively (Table 10). At point A, residents experienced higher
thermal comfort compared to the other points. Essentially, the level of PTC at this location was medium
to high according to citizens’ opinions (medium = 3), whereas for B and C, the average perceived
thermal comfort for the data extraction days was lower than medium. Furthermore, the results show
that the extent of PTC at intersection A was more significant in all the days (Figure 7). It is noteworthy
that based on statistical data, the perceived thermal comfort was correlated to PET and was of inverse
correlation, such that its graph behavior was inversely correlated with the PET graph (Figures 7 and 8).
For example, on 10th August, where the PET value was at a minimum at point A (PET 24.3 ◦C),
the relevant perceived thermal comfort was at a maximum (3.6) or on 10th July, at point C, the PET was
36.3 ◦C, which was higher compared to other points and days which was inversed in the perceived
thermal comfort graph and the least value of this index was at point C with a value of 2.4. In addition
to the similar behaviors of PET, Tmrt, Ta and PTC parameters at each intersection during the six days
of assessment (Figures 7 and 8), the credibility of the data and calculations conducted in this study
were approved.

Figure 7. The average data for questionnaire data titled PTC at each three intersections A, B and C
during six days.
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Figure 8. The relationship among mean PET (gray), mean Ta (blue) and Tmrt (orange), at each three
intersections A, B and C during six days.

Based on the results, it can be said that Retiro Park played an essential role in providing thermal
comfort to the citizens during the summer days in downtown Madrid, which was physically and
psychologically debatable. As mentioned, Madrid has a Mediterranean climate that is characterized by
hot summers. Studies in the Mediterranean climate have shown how urban green spaces can reduce
the impact of urban heat [93,94]. A study carried out in Greece, Athens [95], found that the urban park
on the western margin of Athens during the hot summer days could reduce daytime air temperature
between 0.2 ◦C and 2.6 ◦C. In a similar study conducted in Lisbon, another Mediterranean city during
the six days of summer 2007 and 2008 [96], the results showed that a 0.24 ha urban park was able to
reduce the air temperature inside the park to 6.9 ◦C compared to its surrounding air temperatures.
These studies and the studies mentioned in the first part of the article indicate that large-scale parks
affect their surroundings through cooling down their environment. This is significant for Retiro Park
due to its variety of vegetation and vegetation density compared to previous studies. The cooling effect
of the park can cool over a distance of 350 m in its northern part, with a dense and regular texture,
between 0.06 and 1.28 ◦C compared to the 655 m range near Heat Island.
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As noted earlier, little is known about the cooling effect of urban parks on thermal comfort,
and most of the studies have focused on the CED and CEI levels. However, in the Mediterranean areas,
a study was carried out in Israel investigating the thermal comfort of urban parks using the PET index.

In this study conducted by Cohen, Potchter and Matzarakis [97], a total of 10 urban parks of
various areas (0.2 to 0.36 ha) were assessed in Tel Aviv. Although the investigated parks were smaller in
terms of area compared to Retiro Park, the results illustrated that parks with richer vegetation density
had greater cooling effects and thermal comfort, and could reduce temperatures by up to 3.8 ◦C whilst
bringing PET to 18 ◦C during hot summer.

This study proved how important this is in areas with hot summers. However, in this study
and other studies on the thermal comfort of large urban parks, less attention was paid to the thermal
comfort from a psychological point of view. In this study, in addition to assessing CED and CEI of a
park and thermal comfort from the physiological point of view (PET), mental thermal comfort through
questionnaires (PTC) and cognitive maps were also investigated. Based on the results, the significance
of both PTC and PET indices was confirmed. The two indices were inversely correlated, and when the
cooling effect was reduced by the distance from the park, the PET rate increased and the PTC level
decreased, which indicates the impact of the cooling effect of the large urban park on the thermal
comfort from both psychological and physical perspectives.

In this regard, the role of large urban parks was tangible in providing thermal comfort
for citizens and it is necessary to pay more attention to various levels of urban planning and
sustainable development.

5. Conclusions

This study examined the potential of large urban parks in providing thermal comfort for citizens
living within the park perimeter. The results extracted amidst six hot summer days in Madrid show
that large urban parks exhibit a cooling effect. Considering the significance of the mean Ta difference
between the distance of 150 m and 665 m from the park (p-value< 0/05), as well as the lower temperature
of about 1.28 ◦C pertaining to the distance closest to the park compared to distances further away from
the park (under equal conditions), in addition to the insignificant mean Ta difference at the distance of
380 m compared to 150 m and 665 m (p-value > 0/05), we found that the cooling effect of the large urban
park at distances close to the park (under 380 meters) had a significant role in temperature reduction.

Accordingly, the level of PET would increase as the distance from the park increased, and residents
would perceive less thermal comfort compared to distances closer to the park. The degree of PET index
at a distance of 150 meters from the park was on average 2 ◦C PET and 2.3 ◦C PET less compared to
distances of 380 meters and 665 meters respectively. The PTC of citizens was acquired based on the
average obtained data from the questionnaire, which showed that people in the vicinity of the park
experienced more thermal comfort. For the other two regions of the park, which were more distant,
less thermal comfort was experienced (less than average).

The results of the cognitive maps analyses demonstrated that large parks played a significant role
in thermal comfort improvement affecting people’s mental map. For people, such parks are a space
where they feel more comfortable, thereby spending more time to enjoy the desirable temperature.
Although the resultant mental maps were closer to residents in the vicinity of parks, the results
demonstrated that at long distances to the park (665 meters) those locations still had a psychological
dimension in offering thermal comfort (more than 50%).

PET and PTC as the main variables of this research were inversely correlated such that when the
distance from the park was increased, the PET was increased and thermal comfort was decreased.
The correlation between the two indices was significant in the nearest and furthest distance from the
park (p-value < 0.05) and the highest correlation coefficient of the two indices pertains to the distance
closest to the park (150 meters). Essentially, this indicates the high level of perceived thermal comfort
from the citizens’ point of view as well as the PET compared to distant locations.
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As a result, the cooling effect of a large urban park was a suitable solution to improve people’s
thermal comfort (as physiological and psychological perspectives) either within the park area or in the
vicinity of the park. The results of this study clarified that in areas close to the park, such an effect on
thermal comfort is more perceptible. Thus, in order to enhance the cooling effect of large urban parks,
it is necessary to implement urban design and planning solutions (qualitative and quantitative) to
provide more favorable conditions for the lives of citizens.
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Abstract: A radiative cooling device, based on a metamaterial able to mirror solar radiation and emit
heat toward the universe by the transparency window of the atmosphere (8–13 μm), reaching and
maintaining temperatures below ambient air, without any electricity input (passive), could have a
significant impact on energy consumption of buildings and positive effects on the global warming
prevention. A similar device is expected to properly work if exposed to the nocturnal sky, but during
the daytime, its efficacy could be affected by its own heating under direct sunlight. In scientific
literature, there are only few evidences of lab scale devices, acting as passive radiative cooling at
daytime, and remaining few degrees below ambient air. This work describes the proof of concept
of a daytime passive radiative cooler, entirely developed in ENEA labs, capable to reach well 12 ◦C
under ambient temperature. In particular, the prototypal device is an acrylic box case, filled with
noble gas, whose top face is a metamaterial deposited on a metal substrate covered with a transparent
polymeric film. The metamaterial here tested, obtained by means of a semi-empirical approach, is a
spectrally selective coating based on low cost materials, deposited as thin films by sputtering on the
metallic substrate, that emits selectively in the 8–13 μm region, reflecting elsewhere UV_VIS_NIR_IR
electromagnetic radiation. The prototype during the daytime sky could reach temperatures well
beyond ambient temperature. However, the proof of concept experiment performed in a bright
clear June day has evidenced some limitations. A critical analysis of the obtained experimental
results has done, in order to individuate design revisions for the device and to identify future
metamaterial improvements.

Keywords: cool roof; passive radiative cooling; metamaterials; prototype

1. Introduction

The average ambient air temperature has raised by about 0.12 ◦C, per decade, since 1951 because
of climate change [1]. This trend has been emphasized at a local scale by the Urban Heat Island (UHI)
effect, defined as the increase of urban temperature compared to that of the countryside surrounding
the city, caused by the synergic action of urban sprawl and global warming [2–4].

Aligned with the ambient temperature increase, a relevant rise of the electricity consumption can
be expected in the future [5]. Wenz et al. [6] demonstrated that electricity uses in Southern European
countries exceeded by 7% that of Northern European ones, due to the occurrence of higher temperature
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levels often concentrated in short periods, attributable to building space cooling [7]. Implications also
regard thermal comfort and quality of life, especially for low-income people [8].

The role of proper building materials in the mitigation strategy to fight against overheating is
widely documented in the literature [9–11]. The so-called cool materials, which are characterized by
high solar reflectance and high thermal emissivity, can limit the temperature rise of urban fabrics.
Several technologies emerged in the past years to enhance the building energy performance and
architectural integration: spectrally selective [12], fluorescent [13], dynamic [14] materials. Moreover,
the production and characterization of super cool materials is documented in [15]; these materials
remain below the ambient temperature under solar irradiation, thanks to extremely high emissivity
and solar reflectance (both above 0.96/0.97).

In this perspective, potentialities of daytime radiative coolers are very high and, thus, they are
gaining attention as ways to cool down buildings and cities. Benefits of nighttime radiative cooling
have been documented in recent decades [16,17], while daytime radiative cooling is an emerging
technology, which has to face the challenging task of keeping the material surface well below the
ambient temperature under solar irradiation [18]. Few materials can fulfill this objective thanks
to very high reflectance in all the solar and in infrared range with exception of the atmosphere
transparency window (8–13 μm), which also corresponds to the peak thermal emission of bodies at
ambient temperature [19]. These materials must have very high emissivity only in the latter range and
are, thus, able to cool down radiating the heat in the outer space [20].

Despite significant progress in the field, daytime cooling technologies are still under study and
development [21]. Recent advances in the electromagnetic field, related to nanotechnologies, have
demonstrated to be promising for this specific application [19]. Essentially a photonic approach
can modulate the emission and adsorption of electromagnetic radiations in specific ranges, to create
one-dimensional (1D), 2D, and 3D metamaterials [22]. A first application of a photonic approach to
obtain a device with a metamaterial able to reach 5 ◦C under ambient temperature during daytime
has been reported by Raman and colleagues of the Stanford team, in 2014 [23]. Their proposed
metamaterial is an alternating dielectric layers stack, obtained based on hafnium and silicon oxides
deposited by evaporation. Other solutions based on metamaterials or porous alumina were developed
more recently [24–26].

In consideration of the possible closure of the atmosphere transmittance window in presence of
high humidity (water vapor blocks infrared radiation), many studies have been done on the evaluation
of the influence of emission selectivity [27]. For example, in determined environmental conditions,
reflecting only solar range and emitting elsewhere could result simplest and cheaper [28]. Moreover,
polymeric formulations containing silica nano-spheres to be coupled with metallic reflective layers [29]
have been proposed and compared with more sophisticated photonic metamaterials.

Starting from a multi-year experience in the development of spectrally selective coatings for
receiver tubes in solar thermodynamic field [30], the authors have recently started an experimental
activity focused on the development of simple, low cost, scalable coatings for daytime radiative cooling
to be integrated in buildings fabrics or cooling system components. The aim of this work is to contribute
to the advancement of knowledge and current state of art and research on this field, both in terms of
new materials development and prototypal device fabrication, highlighting the following aspects:

• design and fabrication of new metamaterials on different substrates, pursuing a photonic approach
similar to that reported from Raman and colleagues, in terms of reflectance higher than 95% in
all solar spectral range, and selective emission only in 8–13 micron, but with cheaper materials
and utilizing a different deposition process in spite of evaporation, as the low cost and scalable
sputtering deposition;

• realization of a daytime radiative cooling prototypal device, for individuating possible applications
and testing cool metamaterial and/or other similarly produced materials, which, taking into
right account different contribution to heat transfer (conduction, convection, radiation, etc.),
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can maximize the optical performance of selective emission in 8–13 micron and reflective behavior
in all wavelength range, working as heat exchanger if deposited onto metallic substrates.

Proof of concept (on technological scale) of the use of metamaterials here developed to reach a
temperature well below ambient air during daytime.

Objective of the present study is the design and preparation of a daytime radiative cooler,
characterized by an extremely high reflectance in all wavelengths except in the atmospheric transparency
window (8–13 micron); thus, able to remain well below ambient temperature under solar irradiation.
The use of cheaper materials and the sputtering deposition process, instead of evaporation, may lead
to lower costs compared to similar developed solution

In particular, the proof of concept of the daytime passive radiative cooler device has been performed
either protecting it by a transparent case, either directly exposing it to the outdoor environment, aiming
at assessing the surface temperature drop potentialities in the Mediterranean climate and the options
to implement low cost solutions.

In the following sections, the design and manufacturing of the prototype, the design and
manufacturing of metamaterials, the characterization of chemical-physical and optical properties of
the metamaterial, the testing on field of the prototype will be described.

2. Materials and Methods

The present daytime cooling prototypal device consists of a metamaterial deposited on a metallic
substrate, directly exposed to the outdoor environment, or protected by a dedicated transparent case
filled with a noble gas. Possible applications are: i) coupling with a cooling system, whose pipes run
below the radiator (active/hybrid mode); ii) directly integrated in the building envelope as radiative
cooler (passive mode), iii) simply utilization to test new selective engineered materials.

The present study is limited to the surface temperature drop with respect to the ambient
temperature, as the unique performance indicator. Next developments will include the cooling power
as additional indicator, to compare the results versus the already developed research and technology
in this regard.

2.1. Design and Manufacturing of the Prototype

The case prototype has been specifically designed for this activity, and entirely realized in ENEA
labs. It is a rectangular box 500 × 400 × 115 mm, made of acrylic sheets nominally 10 mm thick and
filled with pure Krypton, to minimize heat convection. The total weight of the box is about 6 Kg.

The prototype has a 300 × 200 mm exposed area and it consists of the following parts, as indicated
in the left scheme in Figure 1:

• transparent cover, to insulate the metamaterial from wind and water condensation;
• base layer, made of the acrylic sheet with a layer of insulating polystyrene foam placed on, and

where the passive radiative cooler plate is collocated. This suppresses the conductive heat gain
from the back surface and side-walls;

• connector for the installed thermocouple, used to measure the surface temperature during the test;
• screws to fix the transparent cover onto the base;
• valve to inflate gas into the case;
• valve to exit gas from the case.
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Figure 1. Cooler prototype scheme and photo.

2.2. Design and Manufacturing of the Cool Metamaterial

The radiative cooler consists of a substrate of aluminum of dimensions 300 × 200 × 1 mm coated
with an engineered material, named in following sections cool metamaterial (CM) fabricated in ENEA
labs by means of sputtering deposition technique.

In particular, the present CM has been obtained by means of a photonic approach (semi-empirical
simulation method), already described in our previous works [31]. In more detail, a sequence of
layers with specific thicknesses has been selected, based on our consolidated knowledge in the field of
dielectric materials. Through the application of a commercial optical properties simulation software,
Essential Macleod (a software for the design, analysis, simulation and troubleshooting of thin optical
coatings), a first sequence of layers can be individuated starting from the data-base of the software and
imposing desired transmittance or reflectance values to the entire structure. A second step consists
in depositing each single layer on a glass substrate and in measuring the optical properties through
spectrophotometric and ellipsometric experimental analysis. The last step consists in including the
obtained experimental data in the software library, iterating simulation of the entire structure to obtain
the theoretical optimal method (thickness of layers and their right sequence) to realize the CM with
desired optical properties by means of sputtering. However, sequential deposition of different materials
can create compatibilities issues that requires the addition of new layers or the modification of initially
selected materials, iterating the previous steps until the optimization of the fabrication method. Finally,
chemical-physical characterization of the experimental metamaterial can confirm the achievement of
the desired optical properties or give suggestions on further iteration of the previous steps.

The CM selected for this work is part of a library of engineered metamaterials that can be optimized
for different substrates. In particular, it consists of different layers of selected materials sputtered in the
following conditions:

• silver (Ag) film, grown in DC sputtering mode, at Ar pressure of 0.1 Pa and with 1.65 W/cm2

power density applied to the cathode;
• aluminum nitride (AlN) layers, grown at Ar+N2 pressure of 1 Pa and with power density of

7.75 W/cm2 applied to Al cathode;
• aluminum oxide (Al2O3) layer, deposited at Ar+O2 pressure of 1 Pa and with power density of

7.75 W/cm2 supplied to Al cathode;
• silicon nitride (SiNx) films grown in a gas mixture of Ar+N2 at different concentration and total

pressure ranging from 0.7 to 1 Pa. The Si target has been pretreated using an Ar+H2 gas mixture
to reduce the contamination on the Si target surface. As an example for SiNx_01 and SiNx_02
these experimental conditions have been applied:

• SiNx_01 medium frequency 200W, 200sccm Ar+, 30 sccm of N2 0.7 Pa;
• SiNx_02 medium frequency 1700 W, 200sccm Ar+, 30 sccm of N2 1Pa.
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UV-VIS-NIR analysis has been performed using a double beam Perkin-Elmer model. Lambda
900 instrument, equipped with a 15 cm integrating sphere to measure global spectral reflectance
and transmittance.

Ellipsometric analysis has been executed using a J.A. Woollam variable-angle spectroscopic
instrument (Model VB-400) equipped with WVASE32 software.

Vibrational analysis of materials has been done using two Fourier Transform Infrared (FTIR), a
Perkin Elmer for transmittance measurements, equipped with a Deuterated Triglycine Sulfate (DTGS)
detector operating in the 400–10,000 cm−1 range and a Bruker Equinox with integrating sphere and MCT
detector operating in the 760–8000 cm−1 range for diffuse reflectance measurements. The resolution
has been comprised in the range 0.5 to 4 cm−1 for transmittance and 8 cm−1 for reflectance.

Substrates used for characterization purposes are Si (111), optical quality glass and stainless steel.
As for the prototype fabrication, the selected substrate is aluminum, for a potential better integration
in heat exchanger applications.

2.3. Field Testing

Experiments on field have been conducted in a sunny June 2019 day, comparing different
temperatures read from thermocouples positioned as in Scheme 1 and recording data with a
ThermoCamera. The thermocouples used to monitor T are Watlow shim style mod. P/N
75XKSGA180B and model. P/N 70XKSGD180B with a stainless steel shim, which can also be
placed between components for surface temperature measurement. The ThermoCamera is Fluke Ti27
IR FUSION TECHNOLOGY.

Scheme 1. Temperature test experiments on field.

The images are recorded, analyzed with the SmartView software, and compared with the data
from the thermocouple, as reported in Figure 2.

Figure 2. Thermocouple (a) and thermocamera (b) reading temperature comparison.
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This validation test can be useful to assess, in the temperature range under exam, an error, in the
temperature measurement, of the order of +/− 0.5◦ C.

The environmental average conditions of the day of the experiment are the following: wind speed
= 3.11 +/− 0.08 m/s; wind direction 214 +/− 1◦ 0◦ = North; T = 26.41 +/− 0.11 ◦C.

3. Results

The proof of concept of a passive daytime radiative cooling device, potentially integrable
with a chiller or a fan coil, has required the following steps: 1) fabrication of the prototype case;
2) fabrication and characterization of the emissive metamaterial, CM; 3) selection of cover polymeric
material, which preserves optical properties of CM; 4) field testing of the device operation as passive
radiative cooler.

The design and realization of the prototype case is described in the previous paragraph and can
be considered as a first important practical result.

The second step is the development of an engineered cool metamaterial, CM, able to satisfy some
stringent optical requirements (e.g., selective emissivity) as reported in Figure 3, and the deposition
of it on an aluminum plate acting as heat exchanger, by means of reproducible, scalable and low
cost processes.

Figure 3. Reflectance spectra in the wavelength range 250 to 16,000 nm of simulated multilayered cool
metamaterial (CM) (red line) in comparison to a simple cool roof paint (blue line), reported with Solar
Spectrum AM1.5 irradiance (dark line) and black body irradiance at 27 ◦C (green line).

CM has been obtained by means of a photonic approach (semi-empirical simulation method),
already described in ENEA’s previous works, and detailed in the above section. In particular, a sequence
of layers with specific thicknesses has been selected, based on a consolidated knowledge in the field
of dielectric materials, and the resulting metamaterial properties have been simulated in solar range
using a commercial optical properties simulation software (McLeod), to grant an high reflectance in
such spectral region.

The resulting CM consists of different layers of silver, aluminum, and silicon oxides and nitrides
(SiNx, SiO2, Al2O3, AlN), with variable thicknesses. Two main requirements have been considered
for the material definition: 1) strong emissivity in 8–13 micron, 2) different adaptive template
layers, tailored for all different substrates where the metamaterial has to be deposited, both for
development/characterization purpose and for prototype plate fabrication. In Table 1, the main
structure obtained is reported.
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Table 1. Cool metamaterial (CM) structure composition.

Layer Composition Thickness [nm]

SiO2 230

SiNx 150

SiO2 230

Al2O3 150

SiNx 100

Al2O3 360

AlN 100

Ag 200

AlN 10

Substrate >1500

The silicon based layers mainly contributed to the IR emissivity in the 8–13 μm wavelengths
range while the thinner alumina bottom layers deposited on Ag coated metallic substrate, work in
maximizing (>95%) solar reflection.

Once defined, the materials sequence and the thicknesses of each layer, a relevant effort has been
spent to fabricate CM. In particular, the work consisted in a full process manufacturing optimization,
firstly requiring the sputtering deposition and characterization of each single layer, and then the full
coating sequential deposition.

For a comprehensive chemical-physical characterization, the CM has been deposited on different
substrates (stainless steel, silicon, glass), and on aluminum foil of 10 × 30 cm. To cover metallic
substrates with the reflective silver layer, which has the highest reflectance in solar range (400–2500 nm),
it is preferable to use an adaptive layer because metallic substrates are (usually) covered with native
oxides, whereas silver growth on oxides is difficult [32]. To this purpose the consolidated technology of
sandwiching silver between aluminum nitride lavers [33] has been adopted; the first AlN layer has the
function of barrier toward diffusion of stainless steel elements and silver template, while the second
aluminum nitride layer is a barrier between silver and oxygen contained in alumina successive layer.
Another kind of adaptive layer can be Tungsten alpha or other materials that can work as template for
a 2D of the noble metal at low thickness.

Alumina last layer was deposited by means of reactive sputtering, from an aluminum target and
an oxygen reactive gas in target saturation region.

The role of silicon nitride is crucial for granting high selective emissivity. Within the present
work, SiNx was deposited by means of reactive sputtering in N2 and Argon atmosphere, working in
transition region of the silicon target. It is typically very difficult to sputter crystalline Si3N4 (bulk
material). In order to obtain the simulated metamaterial formulation, two silicon nitrides, with Si/N
ratio < 1.3, were produced and characterized. In Figure 4, refractive index of the two samples SiNx01
and SiNx02 are reported, to show how it is possible to act on optical properties of thin layers varying
sputtering process parameters.

In Figure 5 is shown a comparison between infrared reflectance of CM simulated and CM deposited
on aluminum plate.

In Figure 6, a comparison between CM FTIR reflectance of CM, as deposited on different substrates
by means of the same sputtering process is reported. It is remarkable the high reflectance in a large
part of infrared range (>95% from 2000 to 6000 cm−1) and the strong absorption (and, hence, emission)
in 670–1300 cm−1. Only few differences between metamaterials, as grown on different substrates
in infrared reflectance spectra, are detectable, because reflective behavior of such metamaterial in
this range is heavily influenced by the 200 nm silver layer. The absorption band (670–1300 cm−1) is
identical in all different samples. A difference can be detected in the hydrogen bonds absorption band
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around 3300 cm−1, lied to –OH groups and around 3600 cm−1 lied to –NH groups and influenced by
water content.

Figure 4. Refractive index of two silicon nitride thin layers compared to bulk one.

Figure 5. Infrared reflectance of CM simulated and experimental.

Figure 6. Infrared reflectance of CM deposited on different substrates: silicon (red line), glass (blue
line), aluminum (green line).
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Apart from CM, a cover protecting the system from natural convection can also play an important
role to optimize the performance of the radiative cooler. As above mentioned, for daytime application,
it is fundamental to block convective heat gain, so that the cooling prototype’s net radiated power
is higher than the absorbed solar power and the device can yield a temperature below the ambient
one. On the contrary, if the absorbed solar power is higher than the net radiated power, the device
temperature becomes higher than the ambient air temperature. In this circumstance, the use of
convective covers is undesirable, as natural convection can facilitate the release of heat from the cooling
device. In the absence of direct solar radiation, convection covers can greatly improve the device
performance in terms of radiative cooling.

To cover the box, protect the panel from air and wind, and suppress convective heat gain from
the ambient, it is necessary to individuate a material with a high optical transmittance in 8–13 micron
range, since differently this could reduce CM emissivity.

Moreover, the covering material has to be flexible and low cost. An organic material typically
absorbs in such a region, but in literature it has been demonstrated that a thin film of pure polyethylene
has a transmittance higher than 80% in the IR region 8–13 μm (769–1250 cm−1), as reported in Figure 7a
(book transmittance spectrum of polyethylene card). Different commercial samples of PE (of various
origins and thicknesses) have been analyzed with other polymeric transparent materials (e.g., Fluon of
different type, PE-PET of different thickness, PC, etc.). As an example, in Figure 7b, the FTIR
Transmittance percentage (T%) vs. wavenumber is reported for different selected samples (Fluon 250
(red line), PE film 6 micron thick (blue line), PET-PE 10 micron thick (green line), PE based freezer bag
(dark line). Focusing on the interest region (Figure 7c), a 6-micron thick PE film cab be considered
appropriate for the purposes of the present work. It is worth noticing that, in some commercial PE
based polymers, a white pigment is present that interferes with optical behavior. In other terms, it is
always advisable to verify, through FTIR analysis that the covering film is transparent in the specific
interest region. Differently, the work to optimize metamaterial optical properties could be useless,
since the effective front of the device is the polymer.

As shown, the selected PE film (6 micron thick) has the highest IR transmittance (>80%) in the
range 8–13 micron (769–1250 cm−1). As already mentioned, inside the rectangular box, the gap between
stainless and polymeric cover has been filled with the noble gas Krypton, which has the lowest heat
transfer coefficient, for reducing convection heat transfer.

Verification of the Functionality of the Prototype

The first experimental test on the prototype was conducted in June 2019, on a rooftop of the
ENEA Portici Lab. In a preliminary phase of the test, the prototype was positioned on a rooftop,
with thermocouples measuring metal radiator temperature and air temperature (as described in
Scheme 1a): no temperature decrease of CM was observed, rather a little overheating. Subsequently,
the polymeric cover was removed from the box, to avoid greenhouse effect, and the experiment was
repeated on the metallic plate exposed directly to air, positioned on the casing but without cover.
The plate temperature, measured on the underside of the heat exchanger, after 2 min went well below
the air temperature, approximately of 12 ◦C, even under direct solar irradiance staying unchanged for
the duration of the test (1 h), as shown in Figure 8.

It can be hypothesized that the heat gain of the device, in the preliminary part of the test, was due
to the direct sun irradiation of the box lateral sides. Sunshades should have been mounted around the
periphery of the enclosure, to prevent the sun from heating up the box walls, causing greenhouse effect.
Most probably, sunshades are not required for night operation of the device. The simple removal of
the coverage was effective in reducing the device temperature. Since CM was directly exposed to air,
the system did not perform at the best of its potentiality: indeed the presence of inert gas and PE film
is expected to significantly contribute to reduce heat gain from ambient convection.
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(b) (c) 

(a) 

Figure 7. FTIR transmittance spectra of different polymeric thin films for selecting cover material.
(a) Book spectrum of polyethylene card; (b) full range spectra of Fluon 250 (red line), PE film 6 micron
thick (blue line), PET-PE (green line), PE based freezer bag (dark line). (c) Insert containing the interest
region (769–1250 cm−1), where the most transparent polymer is the blue-one line.

Anyway, having extracted CM from the box (and consequently having only measured the CM
thermal behavior and not the entire prototype performance), another shorter test was executed to
confirm the metamaterial ability to reach temperatures lower than the ambient one. In particular,
the temperature difference (ΔT) occurring between two metallic identical plates exposed to clear sky
conditions, one of which covered with metamaterial, was measured positioning two thermocouples as
represented in Scheme 1b. In Figure 9, the maximum temperature difference measured (a) and the
temperature course (b) are reported. As shown in Figure 9, the CM was able to reach a temperature
12 ◦C lower than its substrate.

The CM exposed to the air after the test started to partly peel off from the metallic slab substrate
edges. The peeling process that initially started in the edges region (Figure 10b), after 1 month of air
exposure (Figure 10a), appeared uniform on the entire slab. Pink regions, entirely delaminated from
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substrate, are visible in Figure 10a. Such behavior is not detectable in samples deposited on different
substrates (produced for analytical purposes).

Figure 8. Experimental characterization of the radiative cooler prototype on the roof: first
experimental test.

 
Figure 9. Comparative temperature test between CM and identical plate without coating exposed to
clear sky conditions: (a) photo, (b) data.

The FTIR reflectance spectrum of the metallic sample after 1 month of air exposure was measured
and it is reported in Figure 11, compared to as grown one. A degradation phenomenon that reduces
emission performances in the transparent atmosphere window is evident. In particular, a decrease of
TO and LO Si-N and Si-O absorption modes is present.
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a) 

 

b)  

Figure 10. (a) Photos of mirror coatings before and after test. (b) ThermoCamera image during test.

Figure 11. FTIR Reflectance before the field test and after 1 month.
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4. Discussion

Aims of this work is the proof of concept of a passive daytime radiative cooling device, to be
potentially integrated with a chiller or a fan coil (and in such case semi-passive) to maintain cool
an indoor environment reducing electricity consumption. This electricity saving can be achieved
if the cooler located on the roof is able to grant, under direct sunlight, a temperature well below
ambient temperature.

In a classical macroscopic physics approach, a radiative cooler exposed to a daylight sky is
subject to both global solar irradiance and atmosphere thermal radiation. The net cooling power
emitted by the radiator depends on the power balance between radiative, convective, and conductive
transport phenomena. In particular, the device radiative power has to increase, while the conductive
and convective parts have to lower. The radiative device power can be maximized with the use of
emissive materials (that strongly emit in the window transparency window of 8–13 micron range).
The amount of the incidental atmospheric radiation (PsunAM1.5), which is absorbed by the radiator,
can be diminished by increasing reflectance in solar range (250–2500 nm). The power absorbed by the
surrounding atmosphere (Patm) and the power gained due to convective and conductive phenomena
(Pconv+cond), which could heat the device can be lowered by means of a proper insulation from ambient.

When the radiated output power exceeds the net absorbed power (PsunAM1.5 + Patm + Pconv+cond),
the radiator temperature lowers.

Thus, to achieve a state where T is significantly below Ta, an engineered material with peculiar
optical properties has to be integrated in a device where the radiative emission within the 8–13 μm
wavelength region has to be maximized and the absorbed power from the incoming atmospheric
radiation, non-radiative contributions, and absorption of solar power must be minimized. All these
requirements can be satisfied acting on the different constituents of the cooling device, in particular
tailoring optical properties of engineered metamaterial.

The global AM1.5 solar spectrum in the Mediterranean area has an irradiance value of about
1000 W/m2 and a significant absorption of this power flux can easily diminish the cooling effect of the
device. For this reason, the passive radiative coolers reported in the literature are utilized in the night.
For a daytime application, it is important that solar incoming radiation is highly reflected (95%) in
all spectral wavelength range, except for the 8–13 micron window (770–1250 cm−1), where a strong
selective emission is required. In case of a lack of selectivity in such IR region, a significant absorption
of the atmospheric radiation outside the transparency window can occur, not allowing the cooling
device to achieve temperatures significantly below the ambient temperature.

Moreover, certain atmospheric conditions can significantly influence the cooling potential, reducing
the transmittance window. Particularly, the parameter mostly affecting the cooling potential is the
atmospheric humidity: in a cloudy sky, the atmosphere can be completely opaque to IR radiation,
invalidating any beneficial effect of the cooling device.

Within the present work, a demonstrative experiment has been performed on a proprietary
prototypal device, as proof of concept of daytime passive radiative cooler properties of engineered
metamaterials that exposed to direct solar irradiation, can stay well below ambient temperature.

The engineered metamaterial has been fabricated by means of a low cost, scalable sputtering
process starting from cheap and abundant materials

For achieving high emissivity, silicon oxides, and nitrides have been included in the chemical
composition of the materials, fabricated in form of thin films, and characterized in the full wavelength
range, to validate the simulations in a region where commercial database have a lack of data. Moreover,
the choice of amorphous oxides and nitrides of a same element (e.g., silicon oxide and nitrides,
aluminum oxide and nitrides), was also based on the quantum tunneling of phonon dispersion heat
transfer in the Heisenberg picture (the closest picture of condensed matter physics to the classical
macroscopic physics [34]), where vibrational excitations can tunnel, quantum-like, from one lattice
to another similar, if they are positioned at nanometer distance (e.g., in contiguous layers of the
metamaterial).
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Clearly, once defined the desired sequence of layers, it is necessary to optimize a sequential
sputtering process. It typically suffers from modifications of ideal layer deposition conditions
(e.g., substrate temperature increase) that can modify selected ideal process parameters. Moreover,
chemical compatibility of different materials in contiguous layers (as coming from optical simulation
and heat transfer considerations) is the real challenge of metamaterial realization. For example, plasma
oxygen can be dangerous for the silver layer, so that contiguous layers cannot be oxides. Reticular
mismatch from a layer to another can cause tensile or compressive stresses that compromise adhesion,
or metamaterial mechanical stability. The process optimization is specific for every substrate and for
every thickness of each single layer constituting the coating. Furthermore the process optimization
is different depending on the thickness of the layers (thin (>100 nm) and ultrathin (<15 nm) layers),
which do not have bulk properties as those simulated. As an example, in the present work, based on
mechanical and thermal considerations, a metallic substrate was selected to build the device, but a
silicon substrate (as in the work of Raman [24]) would have provided a better adhesion between the
materials constituting the coating. In this regard, a better adhesion on aluminum will be the objective
of a future revised prototype. Most probably the first adaptive layer is too thin (only 10 nm), causing
mechanical stresses due to mismatching of reticular structures. A way to overcome this problem is to
heat the substrate before layers deposition. Another potential cause of delamination is the formation
of ammonium ions; which, in form of gas, bubble out from the metamaterial, since in the selected
testing conditions AlN can hydrolyze. Similar consideration can be applied to Tungsten adaptive layer,
which could be oxidized, forming tungsten oxides (explaining the pink color of delaminated parts).

Concerning the device, as well described in the previous section, a greenhouse effect inside the
prototype case was detected, due to the absence of proper lateral sunshades. Despite such initial
difficulty, the CM plate has demonstrated to be able to reach a temperature well below the ambient
one, showing reproducible behavior also when tested in comparison with its only substrate.

Based on the evidences acquired from this proof of concept, the future work will be devoted
to optimize the prototype, to newly test it using the same promising engineered cool metamaterial,
and to apply it as platform for material testing on the field. As a future step, the system will be
equipped with lateral sunshades and subsequently tested under direct sun irradiation. At the same
time, considering that CMs are very interesting materials also when exposed directly to air, additional
work will be devoted to optimize formulations for materials to be directly used in radiative roofing,
further improving their optical properties and facing the issue of adhesion on different substrates and
performance stability in air.

In summary, within the present work, the development and testing of a new prototype of daytime
radiative cooler device, that can be used to mirror solar radiation and to emit heat in dark cool sky
through atmospheric window, was performed, achieving promising results in terms of cooling efficacy
(−12 ◦C registered under the experimental conditions tested). A cross-disciplinary approach in the
development of CM and device is expected to be the key factor in view of the deployment of this
promising technology.

5. Conclusions

Within the present work, a prototype of daytime passive radiative cooler has been developed
and tested during daytime, starting from an engineered metamaterial formulation (named CM) by
means of photonic approach method combined to a low cost scalable sputtering deposition process,
passing through the manufacturing of a rectangular box device. Promising results have been obtained
for the CM surface, which has reached a steady state temperature well below the ambient temperature
(−12 ◦C) under direct sunlight. The whole process of design, fabrication, characterization of the CM
and the testing on field of the device are described. However, some design limitation are identified,
both for the CM and for the device, such as coating stability on some substrates (e.g., aluminum) and
the absence of sunshades on the lateral wall of the device.

72



Energies 2020, 13, 4192

The obtained experimental evidences will be fundamental in driving the future research activities
for the development of new metamaterials and new devices, following a cross disciplinary approach at
material/system level.

6. Patents

Starting from the results here reported work is in progress to rethink a metamaterial formulation
able to control electromagnetic and optic waves in order to radiate excess of heat out of the space,
being at the same time stable on different construction substrates as a smart tailorable skin.
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Abstract: Even if current action towards sustainability in architecture mainly concerns single buildings,
the responsibility of the urban shape on local microclimate has largely been ascertained. In fact,
it heavily affects the energy performances of the buildings and their environmental behaviour.
This produces the necessity to broaden the field of intervention toward the urban scale, involving in
the process different disciplines, from architecture to fluid dynamics and physics. Following these
ideas, the Masterplan for the Campus of the University Eduardo Mondlane in Maputo (Mozambique)
develops a methodology that integrates microclimatic data and analyses from the initial design model.
The already validated software ENVI-met (Version 4.4, ENVI_MET GmbH, Essen, Germany) acts as a
useful ‘feedback’ tool that is able to assess the microclimatic behaviour of the design concept, also in
terms of outdoor comfort. In particular, the analysis focused on the microclimatic performances of a
‘C’ block typology east oriented in relation to the existing buildings, in Maputo’s specific climatic
characteristics. The initial urban proposal was gradually evaluated and modified in relation to the
main critical aspects highlighted by the microclimatic analyses, in a sort of circular process that ended
with a proposed solution ensuring better outdoor comfort than the existing buildings, and which
provided an acceptable balance between spatial and climatic instances.

Keywords: urban form; urban microclimate design; city; sustainability; sustainable development

1. Introduction

The centrality of the city with reference to energy efficiency has been confirmed by several
scientific contributions and in various disciplines. Nevertheless, in current approaches, the majority of
legislative guidelines and design activities are related to individual buildings. Interesting studies (De
Pascali, 2008 [1]) have shown how the long-term benefits obtained by the application of energy saving
policies to single buildings tend to reduce their effectiveness. Thus, it is strongly necessary to shift the
focus from the city, conceived as a collection of single buildings, to the city as an organism with its own
shape and its own climatic behaviour: “A significant share of energy is, in fact, linked to the physical
and functional relationships which are established, or may be established, among the various elements
of the settlement, and which determine the city’s shape and organization” [1]. The support of urban
microclimate design in the reconfiguration and re-organization of the urban form could lead urban
morphology towards more efficient configurations. Through this process, we will be able to reduce
neg-entropic requirements, raising both the quality and liveability of the spaces of the cities.
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Energy Balance in the Urban Microclimate Design

As stated by Balaras et al. (2019) [2], the employment of urban microclimate design can transform
buildings and the built environment in cities from the cause of issues into one of the solutions to
today’s economic, environmental and social challenges. From this point of view, the focus is usually
more on the reduction of energy consumption, generated by artificial heating and cooling, and on the
use of renewable energies (see, e.g., Susowake et al., 2019 [3], Sánchez Cordero et al., 2019 [4], Mancini
and Lo Basso, 2020 [5]) rather than on the capability of urban environments to efficiently use energy.
As a matter of fact, there is a relationship between the energy balance and the urban form that can be
summarized in Equation (1), proposed, among others, by M. Santamouris (2001) [6] and De Pascali
(2008) [1]:

QR + QT = QE + QL + QS + QA (1)

where it is highlighted that the energy gain of the city QR + QT (where QR is the net radiative flux,
directly influenced by the urban surface radiation, and QT is the anthropogenic heat flux, given by
transportation, heating systems, etc.) contrasts with the heat flow that the system stores and the
exchange inside QE + QL + QS + QA (where QE is the sensible heat, QL the latent heat, QS the stored
energy and QA the energy transferred to/from the system through advection), clearly pointing out the
roles of urban form in the energy performance of the settlement. Following, among the others, the
seminal work of T.R. Oke (1982) [7], one of the key parameters in urban microclimate design is the space
among buildings (urban canyons), which plays a significant role in the efficient functioning of urban
environments (see, for instance, the studies of Chiri e Giovagnorio, 2015 [8] and Giovagnorio et al.,
2017 [9]). In particular, the ratio of the building height (H) to the distance between building façades (W)
affects the air flows (see, for instance, Badas et al., 2020 [10], Garau et al., 2019 [11], Badas et al., 2019 [12],
Garau et al., 2018 [13], Badas et al., 2017 [14], Ferrari et al., 2017 [15]) and, consequently, the natural
ventilation potential and the capability to disperse or accumulate pollutants, humidity and heat, both
outside and inside the buildings (Costanzo et al., 2019 [16]). As a consequence, H/W plays a relevant role
on the Urban Heat Island (UHI) phenomenon and, in turns, in the urban environment energy balance.
For instance, as shown by NG (2010) [17], when the wind is perpendicular to the fabric orientation, a
H/W ratio larger than 2 drastically reduces air penetration into the urban canyons, almost cancelling
the natural ventilation at pedestrian level. Moreover, the H/W ratio bias the solar radiation penetration:
Santamouris (2001) [6] suggests to designers, as a good construction technique, to increase/decrease the
H/W ratio when the latitude decreases/increases, in order to reduce/enhance the light penetration and,
as a consequence, the temperature, reducing the use of air conditioning or heating. In this way, the
urban microclimate design contributes to the energy efficiency of the cities and to the reduction of the
UHI phenomenon, as well as to the optimization of the outdoor human comfort. Moreover, the H/W
ratio plays a relevant role in the control of outdoor human comfort and thermal stress. Outdoor human
comfort is one of the key parameters for quantifying the results of an intervention based on urban
microclimate design, but it is difficult to define in one single quantity, as both objective quantities (such
as, for instance, humidity, temperature, air velocity, solar exposition, etc.) and subjective quantities
(such as, for instance, human activities, heat sensitivity, clothing, etc.) contribute to its definition.
An extensive classification can be found in the review of Coccolo et al., 2016 [18], where the outdoor
human comfort indices have been classified into three main categories, namely the thermal indices,
the empirical indices and the indices based on Linear Equations. Among the thermal indices, the
Predicted Mean Vote (PMV), based on the energy balance of a human being, is an index representing
the average temperature (and the related thermal stress) sensed by a group of people. PMV was
firstly introduced by Fanger (1970) [19] for the quantification of indoor human comfort, but was then
adapted to outdoor human comfort through the use of micrometeorological variables (such as wind
speed, relative humidity, mean radiant temperature, solar irradiation and outdoor temperature) and
adding, among other things, human activity and clothing factors (Coccolo et al., 2016 [18]). Even if
those parameters can be measured at some points through sensors, only the adoption of microclimatic
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software makes it possible to study the performance of the built environment during the design phase
over the entire investigation field. Among available microclimatic software, ENVI-met (Version 4.4,
ENVI_MET GmbH, Essen, Germany) Bruse and Fleer, 1998 [20], https://www.envi-met.com/ [21]),
employing the German VDI 3787 Standard, 2008, to compute the PMV, has often been used to simulate
outdoor comfort in the recent past (e.g., Abdi et al., 2020 [22]; Ouali et al., 2020 [23]; Hassan et al.,
2020 [24]; Limona et al., 2019 [25]; Shinzato et al., 2019 [26]; Karakounos et al., 2018 [27]; Nasrollahi
et al., 2017 [28]; Ghaffarianhoseini et al., 2015 [29]). As reported by Fabbri and Costanzo, 2020 [30],
ENVI-met is the most widely used software for simulating the urban outdoor microclimate; they
reported a list of 59 recent (from 2013 to 2019) scientific papers where ENVI-met was employed to
simulate the outdoor microclimate. Among these, 19 showed simulations that had not been validated
with field-measured data, mainly with the target of comparing different planned solutions, similarly
to what has been done in the present case (i.e., the comparison of the microclimatic performances of
present building to the planned ones). This is because ENVI-met includes the main variables and
processes involved in urban microclimate evolution, such as turbulence, heat, pollutant transport and
dispersion, radiation fluxes within buildings and natural/artificial soils, influence of vegetation, etc.,
and, differently from most of the other computational tools, it is able to do this while at the same time
reproducing the daily variations in sun position and its influence on shading/insulation. So ENVI-met
includes in a single piece of software the numerical simulation of fluid dynamics, thermodynamics and
radiation balance in complex urban domains. Therefore, despite some inherent limitations due to the
discretization of the studied domain and to the approximations introduced by the numerical solution
of complex equations typical of this kind of software, this tool has been demonstrated to produce
valuable and useful feedback, through which a designer can direct urban design so as to improve its
energy and microclimatic performance. In the present paper, the targets are:

1. to evaluate whether or not the planned solution can have better microclimatic performances, also
in terms of outdoor comfort, than the existing buildings;

2. to test a recursive and multidisciplinary design process, where different disciplines such as
Architecture and Fluid Dynamics are involved and together contribute to the proposed solutions;

3. to apply this process to a social and cultural context, the African city of Maputo (Mozambique),
where the urban microclimate design is not usually applied.

2. The Case Study: History, Future Perspectives and Critical Issues

The case study is in the preliminary stages of the urban design process concerning the development
of the Eduardo Mondlane University Campus in Maputo (Mozambique).

The Eduardo Mondlane University (Universidade Eduardo Mondlane in Portuguese; UEM) is the
oldest and largest university in Mozambique and is located in the Sommerschield district (Figure 1),
right in the interface between the formal city, served by urban infrastructure and services, and the
spontaneous informal city, lacking almost any type of service. It occupies a peripheral position in
relation to the formal colonial city, located to the south, and runs alongside one of its most important
access routes, the Avenida Julius Nyerere, which favours the connection of the city to the north of
the country. The whole area occupies around 147,000 square metres, and it hosts several faculties
of the Universidade Eduardo Mondlane: one high school, some administrative pavilions, a library,
a scientific research centre, a canteen and residences for students and professors. The Campus area
is used not only by people attending the University, but also by the rest of the population. In fact,
it houses several public functions, including a bank, restaurants and sports activities. UEM may be
able to deal with the social, cultural and sports development of the society in general, addressing the
whole community. In fact, there has been an increase in demand among the population for cultural
spaces that could ease social inclusion and sharing. A possible integration of cultural spaces within the
Campus in the educational and tourist circuit of Maputo is therefore a fundamental aspect with great
potential which, accompanied by a good promotion strategy, would contribute to the promotion not
only of the University but, above all, of the African cultural identity.
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Figure 1. The Sommerschield district in 2017. The UEM Campus is highlighted in the centre of the
area. Behind the north boundary there is the informal development.

The Campus currently presents several problems related to a fragmented and chaotic structure,
to the lack of infrastructure and internal order, which do not allow full liveability, orientation and
movement. Moreover, this does not facilitate its opening towards the city, marking the break between
the autochthonous informal city and the formal colonial one. The main current issues, emerging
on the basis of the analysis of student reports, are mainly related to spatial organization, quality
of learning spaces, quality of public external spaces, climatic comfort (both inside and outside the
building), and connection with the city. These interviews highlight critical points of the Campus in its
current condition, but also constitute a good starting point for identifying important topics for the
design of infrastructure development. In terms of spatiality, the Campus layout, even in an attempt to
recall the orthogonal "colonial" mesh, lacks an internal organization, and the various buildings appear
disconnected from one another. The extension of the Campus and its organization require an increase
in the equipment of public spaces and should be intended for pedestrian flow.

The 2018 UEM Rector report, taking up the 2018–2028 Strategic Plan, lists some possible
transformation scenarios aimed in these directions, such as the construction of buildings for the
School of Art, the increase in the number of dormitories for students, the creation of deposits for the
historical archives of Mozambique, the recovery of spaces for sport, a project for a health centre, the
expansion of the structures of some departments, the increase in services and multipurpose cultural
spaces, which would also allow significant financial income for the Campus.

Concerning the microclimate, the situation is not optimal. The climate characteristics associated
with a not fully sustainability-oriented design dramatically affect both the liveability of the internal
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spaces and the outdoor comfort. In fact, the interior spaces present serious difficulties in obtaining
good thermal comfort without the use of air conditioning equipment, and the outdoor space is not
enjoyable during the day.

The microclimate on the campus is tropical, with high temperatures associated with a high relative
air humidity. This condition makes control of the local microclimate difficult to attain, especially if the
architectural solutions do not consider the problem of orientation and protection of the rooms against
the direct incidence of sunlight as the predominant design principle. On the other hand, in the dry
season, temperatures can drop significantly, and the hydrometric degree can also be uncomfortably low.

The Process for the Design of the Campus

The Sommerschield district, in which the UEM is located, remained out of planning until 1965.
The UEM Campus was initially organized in a project by PROFABRIL, a Portuguese company for
industrial projects. This plan, on which the first buildings of the Campus were built, established
general distribution rules for activities and functions through their zoning. It was only in the early
2000s that the increasing student population, largely determined by a strong economy growth, made it
necessary to reconsider the general layout of the campus in order to provide better accommodation for
both students and professors.

The first proposed Masterplan of the Campus dates to 2004. It was designed by a team of local
architects lead by José Forjaz, an architect of Portuguese origins, who, since 1978, represented a
prestigious figure in both political and cultural fields. Forjaz was director of the Faculty of Architecture
of UEM and director of the DNH (Direcção Nacional de Habitação) of the Ministry of Public Works
and Housing. Thanks to the efforts of his research group, even if not implemented, the 2004 plan
still constitutes a point of reference for the university, and provides a useful key for the analysis and
understanding of the context.

A critical reading of the plan in fact provides interesting support for the new project development.
The situation in 2004, before the Forjaz’s Masterplan, shows a disordered structure in which some
buildings follow the north-south Cartesian orientation, others are oriented according to the distribution
axis of the formal city and others follow their own logic. The buildings are concentrated in different areas
of the campus, taking up the concept of "subdivision by zones and functions" of the PROFABRIL plan.

Looking at Figure 2, the first panel (Figure 2a, phase 0), certifies that in 2004 the area for sport
fields, student and professor dormitories, the university library, the faculties of Science, Economics,
Letters, Agronomy, Biology, Laboratories, the botanical garden building, already existed. Technical
rooms, a sports pavilion, an area for the historical archive and one occupied by TELEVISA, and a
private radio and television group are also present. The distribution of the road system for vehicles
and parking areas is also reported. The second panel (Figure 2b, phase 1), shows the interventions
deemed immediate by Forjaz’s Plan. The third panel shows Forjaz’s plan in its whole (Figure 2c, final
phase). The proposal includes the distribution of the buildings along the north-south axis and aims to
cover the entire available area, concentrating in the eastern part. The idea is to adopt a rectangular
module, intended to house the classrooms, which is repeated vertically along a narrower ‘slat’, or a
corridor intended for connection. Each classroom is combined with a patio and, at a less dense rhythm,
by three smaller square modules, intended for the auditorium, while the services are arranged in
smaller modules, mirroring the classrooms.

The external connection is solved through a road that, starting from the one already present in the
centre of the area, runs parallel to the Campus border from north-east to south, and then continues in
the different areas, joining the Rua dos Presidentes, Avenida De França and Avenida Vladimir Lenine,
roads that connect the Campus to the city. The ramifications towards the centre of the Campus are
therefore eliminated, as well as the parking areas, which are instead distributed in various points
along the road that surrounds the main area. The road connecting Avenida Julius Nyerere has been
moved, almost cutting the Botanical Garden in half. The pedestrian traffic is thought through covered
walkways, which constitute the corridors on which the classrooms are grafted.
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Figure 2. The Campus in 2004. (a) starting situation (phase 0): the Campus in 2004, (b) the interventions
deemed immediate by the Forjaz’s Plan (phase 1), (c) Forjaz’s Masterplan for 2006–2020 (final phase).
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Overlapping Forjaz’s Plan with the current state, it is easily concluded that the evolution of the
conformation of the Campus did not follow the direction given by the 2004 Masterplan. The buildings
built after 2004 that incorporate the plan are those that were highlighted in Phase 1 (Figure 2a) with the
exception of the lake. The current Department of Mathematics and Computer Science (Figure 3) is the
only building to resume the setting for "grafts" that characterizes the Plan. The structure is made up
of two almost identical rectangular blocks that graft onto a covered corridor. However, this body is
interrupted by a third rectangular block, as wide as the others but twice as long. The reasons for which
Forjaz’s Plan was abandoned are unknown but, as can be seen from the current state of affairs, the
Campus is still incomplete and lacking in the facilities and services that should have been provided for
the various departments. In Figure 4, the current situation of the Campus is shown; among the issues
of the present Campus, three important points have to be highlighted:

1. The central area is still occupied by Televisa. The telecommunications company established its
headquarters inside the perimeter of the Campus from the time of the civil war, occupying an
extremely strategic position. This area is scarcely exploited, since it is an area with few buildings
and a lot of free space.

2. The south-west belt is occupied by the presence of a large construction site owned by the Chinese
Government. There is currently a pavilion and a new entrance to the campus.

3. The southern part of the Campus is bordered by a vast area currently free of buildings whose
ownership and intended use are unknown. This area could play an important role and contribute
to the redevelopment of UEM.

 

Figure 3. Existing modular blocks. The Department of Mathematics and Computer Science is the only
building to resume the setting for “grafts” that characterizes the Plan.
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Figure 4. Current situation of the Campus. The four main entrances are signed with an arrow. In the
north, the informal district with the typical steel-covered roof. On the right the coast with the line of
recent skyscrapers. The green area is the botanical garden.

3. Materials and Methods

3.1. Proposal

The case study presented herein can be described as an iterative and multidisciplinary process
of design and verification of microclimatic performance in relation to the local conditions of the
site. The work, therefore, aims at defining a repeatable procedure, which integrates the principles of
architectural design with the urban microclimate design into a single process in order to optimize the
energy performance of the new urban fabric, to improve its comfort levels and to reduce construction
costs, all of which are necessary to achieve the highest standards. The project aims at establishing
a permanent research board on the topic of sustainable urban design focused, in particular, on the
development of UEM Campus. In terms of the architectural design approach, the new proposal does
not differ significantly from the previous one except for the proportion of the blocks, whose typology
has been slightly modified in order to fit with current spatial needs.

The desire to maintain the general layout of Forjaz’s proposal largely originates in reducing the
urbanization costs, but also in the recognition of a rational urban design, the good balance between
public and semi-public spaces, and the clear reference to the formal grid layout of the colonial city,
which became an element of order in relation to the chaotic and informal development of spontaneous
surrounding neighbourhoods. Some optimization has been adopted for the public spaces, roads,
sidewalks and multipurpose public building. The comparison between Forjaz’s proposal of a modular
building typology, the currently adopted one, and the one planned by the ‘País Project’ reveals the
evolution of the global design. Even if the collected documentation does not provide information
regarding the elevation envisaged in Forjaz’s Plan, it sounds reasonable to consider an elevation of
two or three levels at least. The rectangular volumes are intended for the main functions and are
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inserted into the longitudinal connection element. The services, placed independently, are separated
from the main volumes and are repeated at irregular intervals along the ‘slat’. In the current situation,
the only building that appears to resume Forjaz’s Plan is located in the central part of the Campus.
The structure follows the orientation and the proposed arrangement, but the model has undergone
many changes. The rectangular volumes are wider and go directly into the ‘walkway batten’. The
functional program of each block is distributed over three levels, two of which are intended to host
classrooms. The complementary volumes for services remain, while the square volume in the centre
of the patio becomes a loggia, covered on the top floor. The staircase runs parallel to the ‘slat’, and
two staircases have been added on the side of each rectangular volume, supported by a septum, each
one inconveniently serving a different floor. Each volume has a different height, and this is mainly at
disadvantage of the connecting batten, now difficult to perceive because its shape appears fragmented,
representing just a covered walkway. In the new proposal the type of the block is made up of three
volumes that are grafted onto a narrower perpendicular volume. Even if the proposal maintains the
position and the general setting of Forjaz’s Plan, the spaces and connections are optimized and based
on the internal functional program. The project follows a specific hierarchy, in which the corridor
acquires character, becoming a liveable and multifunctional space that allows distribution in the various
branches, each with a specific function. The rectangular modules are arranged along the ‘slat’, marking
a 1:2.7 ratio with the courtyard; the serving rooms are rethought and acquire meaning, the general
design appears clearer and more orderly. Even if the ‘comb-shaped’ south-east oriented disposition
is common to the three plans, they diverge in terms of proportion of the modular blocks (Figure 5).
Forjaz’s ‘C-shaped’ block is the smallest in terms of both width and length; the courtyard is smaller
even than the existing ones, and it seems to be insufficient for ensuring air circulation. The existing
building has the same orientation, but different proportions, from the proposed one, which had a bigger
courtyard with a similar ratio but 30% deeper. The comparison among the proposal for the typology of
the modular building, the currently adopted one, and the one planned by the ‘País project’ reveals the
evolution of the design. The proportions of Forjaz’s ‘C-shaped’ block, of the existing ‘C-shaped’ block,
and of the proposed País’ ‘C-shaped’ block are listed in Table 1 and shown in Figure 5.

Figure 5. Different settings for the modular blocks. From left to right: Forjaz’s ‘C-shaped’ block,
existing ‘C-shaped’ block, and proposed País’ ‘C-shaped’ block (measures in metres).
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Table 1. Proportions of Forjaz’s ‘C-shaped’ block, of the existing ‘C-shaped’ block, and of the proposed
País’ ‘C-shaped’ block.

Proportions
of C-Shaped

Block

Building
Length

[m]

Building
Width

[m]

Block Length
(Including the
Courtyard) [m]

Block
Width

[m]

Height
[m]

Courtyard
Length [m]

Courtyard
Width [m]

Courtyard
Ratio [-]

H/W
Ratio

[-]

Forjaz 47.00 12.50 84.50 53.60 7.00 47.00 23.50 1:2 3.36

Existing 47.20 17.60 94.50 57.70 11.00 47.20 23.00 1:2 2.09

País 71.75 18.50 118.80 91.40 10.50 76.00 28.45 1:2.7 2.70

The depth of the País’ ‘C-shaped’ block (Figure 6) is largely derived from the need to ensure the
correct insulation for classrooms and a better quality of the public space. In terms of urban design and
orientation, the new Masterplan does not differ significantly from either the Forjaz one or from the
existing buildings, except the proportions of the courtyard, which evolve 23.00 × 47.00 m (ratio 1:2) to
28.45 × 76.00 m (ratio 1:2.7). Even if this change seems minimal, its effects significantly affect the overall
outdoor comfort performances. The ‘Project Pais’ Masterplan (2019) is shown in Figure 7; the new
buildings have been split into two complexes, a northern complex and a southern complex, to improve
human outdoor comfort, following the results of the simulation of the present situation (see Section 3).

Figure 6. Typical internal distribution of modular block in 2019 proposal.
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Figure 7. The Sommerschield district in ‘Project Pais’ Masterplan (2019); the new buildings are split
into two complexes, a northern complex and a southern complex.

3.2. From Standard Planning Methodologies for Urban Microclimate Design

Even if the general design proposed by the ‘Project Pais’ research group represents a significant
update with respect to the existing plan, the main innovation of this case study is represented by the
methodology behind the process of generating the urban shape. As stated in the previous paragraphs,
the current urban design does not properly take into account the microclimate behaviour of urban
shape. The standard approach interprets the topic of sustainability as if it were acceptable to leave
the management of the issue of thermal outdoor comfort to building technology and/or artificial air
conditioning alone. Even if, as stated previously, the scientific community currently accepts that the
application of energy saving policies to single building tends to reduce their effectiveness (De Pascali,
2008 [1]), the majority of legislative guidelines and design activities concern individual buildings
and exclude the adoption of particular policies for the urban shape. This produces the necessity to
broaden the field of intervention toward the urban scale, involving in the process different disciplines:
from Architecture to Fluid dynamics and Physics. On this topic, the Masterplan for the Campus of
University Eduardo Mondlane in Maputo develops a methodology on the basis of which integrate both
microclimatic data and analyses start from the initial design model. The already validated software
ENVI-met (see Section 1) acts as a useful ‘feedback’ tool that is able to verify—even qualitatively—the
microclimatic behaviour of the designed concept. In this case, the analysis is focused on microclimatic
consequences of a ‘C’ block typology southeast oriented in the climatic Maputo’s specific climatic
characteristics. As suggested by Blocken (2015) [31], since experimental data for the case under study
were not available, the validation process can be achieved by performing generic sub-configurations
contained in high-quality experimental datasets available online.

85



Energies 2020, 13, 2316

From the usual point of view of an architect (or of a planner), it is not acceptable to originate urban
shape directly or automatically on the basis of microclimatic needs. It sounds reasonable, because
the architecture of the city is actually the result of a complex relation between several constrains and
factors, functional and even symbolic, that cannot be simplified in a sort of mechanical process of
urban shape generation. Thus, this approach starts from an early layout that is gradually evaluated
and modified in relation to the main critical issues highlighted by microclimatic analyses, in a sort of
circular process which ends with a proposed solution that can be considered as an acceptable balance
between spatial and microclimatic instances.

The proposed approach to urban microclimate design is structured through a three-step process:

• Phase 1. The present urban design is analysed from a microclimatic point of view, with the support
of the already validated software ENVI-met, in order to identify primary critical situations, and
test typo-morphological solutions of the project and the consequences that these choices produced
on microclimatic behaviour.

• Phase 2. The initial choices of the proposed urban design are modified with the intent of improving
design performance and overcoming the critical situations previously identified. The proposed
modifications are studied in order to comply with certain general settings of the original project.

• Phase 3. The proposed urban design is analysed as in phase 1 to evaluate its microclimatic and
outdoor comfort performances and, in case, modified and re-evaluated, until the urban design is
considered satisfactory.

As mentioned in previous paragraphs, Forjaz’s Masterplan has not been implemented to date.
Consequently, to verify the microclimatic performance of the Forjaz’s Masteplan makes no sense in
terms of scientific results. Nevertheless, the current proposal largely derives from the general layout
designed by the Mozambican-Portuguese architect. Even if some important improvement were set in
terms of typology and spatial organization, the ‘comb-shaped’ layout of the new proposal is largely
consistent with the previous one. In terms of macro-behaviour, the microclimatic performances of the
two proposals may have a lot of similarities. While at a ‘micro-scale’, here intended as the scale of a
single building, the two behaviours may differ significantly. Consequently, in terms of ‘qualitative
analysis’ of the climatic performances of the Masterplan, in this case only two different configurations
were evaluated: the current one and the ‘Project Pais’ design.

3.3. Input Data for the Simulations

As previously stated, the analyses presented in this paper were developed with the help of
ENVI-met (version 4.4). ENVI-met allows the designer to evaluate the performance for specific periods
of the day of many microclimatic parameters, through easy-to-understand thematic graphical maps; in
particular, in this work, the focus is on wind, temperature, relative humidity and PMV.

The UEM Campus is in Maputo, which is located at around 25◦58′ S, 32◦35′ E directly facing
the Indian Ocean, with a tropical savanna (or wet and dry) climate (Aw according to Köppen climate
classification). Meteorological data regarding the town can be obtained from three meteorological
stations: Maputo, Maputo MZ and Maputo/Benfica. Being in the southern hemisphere, monthly
averaged air temperature usually varies from a minimum of 19.5 ◦C in July to a maximum of 26.9 ◦C in
December and January, with a mean value of 23.7 ◦C. Relative humidity varies from a minimum of
67% in September to a maximum of 74% from December to March, with a mean value of 71%. Wind
velocity varies from a maximum of 5.0 m/s on September and October to a minimum of 3.3 m/s in June,
with an average of 4.3 m/s, and the prevailing (i.e., the most frequent) wind direction is south-east, that
corresponds also to the dominant wind (i.e., the one with the highest velocities).

As in the tropical and subtropical climates, the most critical hours for the Urban Heat Island
phenomenon are in the range 14:00–16:00 (Ferreira et al., 2012 [32]), the time chosen for the data
extraction is 15:00 of the most critical day for the local situation December 21st, which is the summer
solstice (in the southern hemisphere), with the simulation starting the day before. Data were saved
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every 30 minutes of simulated time, while the update timing was 600 s for plant processes, 30 s for
surface data, 600 s for radiation/shadows and 900 s for the flow field. The input data were: a wind
velocity of 4.3 m/s at an altitude of 10 m and coming from the south-east direction; a temperature of
27.0◦; a relative humidity of 74%. The boundary conditions were: Simple Forcing for the meteorology;
TKE (Turbulent Kinetic Energy) model (Mellor and Yamada 1982) for the turbulence model; Lateral
Boundary Condition (LBC) for temperature and humidity: Forced; LBC for turbulence: Cyclic.

Regarding the spatial domain chosen for the simulations, on the left of Figure 8, the terrain
elevation in metres above the mean sea level, employed in the ENVI-met simulations is shown.
Moreover, we must consider that the Sommerschield district, in which the UEM Campus is located, is
on the edge of the so-called ‘formal city’, the planned city built during the colonial age. The northern
surroundings are fully covered by an ‘informal’ unplanned suburb built mainly of poor buildings with
steel roofs. In the south-east corner there is a large botanical garden which provides humidity and
shadow. The east border is close to the seafront even if some high building prevents the Campus to be
full related with it. Those external parts may have a critical influence on the climatic performances
of the Campus; thus, the considered domain is significantly larger than the UEM’s area. In fact, the
domain, taking into account the terrain altitude, is: 1020 m long, 920 m wide and 250 m high for the
current situation (on the left of Figures 9–14), and 1525 m long, 1375 m wide and 250 m high for the
planned situation (on the right of Figures 9–14). In both cases, individual cells are cubes of 5 m, leading
to a 204 × 191 × 50-cell domain for the current situation and to 305 × 275 × 50-cell domain for the
planned situation. In particular, the DTM (Digital Terrain Model) is shown, for a better visualization,
in two Figures, Figures 8 and 9. In Figure 9, the soil, buildings (in black) and vegetation on the two
domains (current and planned situations) are shown. The existing buildings of the Campus have
a height of 11.00 m, the proposed ones 10.50 m, and the surrounding ones are between 4 and 7 m,
with the relevant exception of two hotels close to the ocean, in the south-east direction, the highest
building of which has a height of around 70 m. As shown by Fabbri et al. (2017) [33] and Duarte et al.
(2015) [34], the vegetation plays a relevant role in the urban microclimate, so the present vegetation has
been included in the simulated domain; in particular, dark green indicates very dense trees, 10m-high
and with a leafless base (ID 0000T1 in the ENVI-met plant database), pale green indicates very dense
trees, 15 m high, with a distinct crown layer (ID 0000SK in the ENVI-met plant database), while the
buildings have the default wall parameters of ENVI-met. The terrain is “terre battue” (ID 0000TB in
the ENVI-met surface database), which was chosen because, among the materials for the soil surface
included in ENVI-met, it had the closest features to those of the natural soil of the Campus and its
neighbourhood: very hard and dry. To improve the visualization and avoid any confusion with the
data, in Figures 10–18, the vegetation is plotted in white. A preliminary simulation, under the same
weather conditions, was performed on a wider domain (on the right of Figure 8), 2500 m long, 2500 m
wide, and 250 m high (500 × 500 × 50-cell), which included the ocean on the south-east boundary,
to obtain the wind profile shape to provide input to the current situation and planned situation
simulations, in order to take into account the high buildings upstream the campus and, at the same
time, reduce the computational time.

In previous studies, (Chiri and Giovagnorio 2012 [35]; Giovagnorio and Chiri, 2016 [36]) we
verified the index of insulation even in the early stage of the design process. Nevertheless, in this case,
due to both the dimension of the considered domains and the low height of the buildings, we decided
to verify this parameter only at a smaller scale in future investigations. Data were firstly extracted
from the output files of ENVI-met with the tool Leonardo, and then converted into 3D matrices for
visualization and analysis with Matlab (Version R2020a, The MathWorks, Inc., Natick, MA, USA).
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Figure 8. On the left: terrain elevation (m above the mean sea level) employed in the ENVI-met
simulations; on the right: a view of the 3D model employed for the preliminary simulation on a
larger scale.

 

Figure 9. The domain employed in the ENVI-met simulations, with buildings (in black) and vegetation
(pale green and dark green): on the left, the current situation (1020 m/204 cells in the X-direction,
920 m/191 cells in the Y-direction), on the right, the planned situation (1525 m/305 cells in the X-direction,
1375 m/275 cells in the Y-direction).

4. Results

4.1. Analysis and Comparison of Current Situation and Planned Situation

In Figures 10, 12, 14, 16 and 17, the maps of the simulated relative humidity, wind speed, air
temperature, PMV and PMV with saturated values, for the current situation (on the left) and for the
planned situation (on the right), are shown in false colours: colours close to dark blue mean low values,
close to dark red high values; to avoid any confusion with the data, the buildings are in black, the
vegetation in white. The quantities are measured 1.50 m from the ground, i.e., at pedestrian level. To
simplify the quantitative evaluation of the microclimatic performances of the new buildings when
compared to the existing buildings’ ones, in Figures 11, 13, 15 and 18, a zoom is shown of the proposed
buildings in the northern complex (on the left) and in the southern complex (on the right), with counter
lines for each quantity. Moreover, on the left plot of Figures 11, 13, 15 and 18, the existing buildings are
shown as well. As the new buildings are planned to be placed downstream of the existing Campus,
here the target is not to improve the microclimatic performances of the existing Campus but to design
new buildings that have better performances than the existing ones. For this reason, a comparison
between the values (of humidity, wind velocity, air temperature and PMV) in the planned buildings
and in the empty space they are planned to be placed is not shown.

A first critical issue of the current situation is the humidity (on the left of Figure 10), as the
botanical garden (the large white stain on the south-east corner of the Figure) significantly influences
the comfort performances of the Campus public space in terms of rise of humidity index. The humidity
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produced by plant transpiration increases the air humidity and the prevalent wind, coming from
the sea in the south-east direction, it is transferred across the Campus, affecting all the downstream
buildings and public spaces; this issue had to be taken into account in the planning of the distribution
of the new buildings, as in a sub-tropical climate an increase in humidity can be very unpleasant. For
this reason, the new buildings were split into two complexes, one south of and one north of the high
humidity wake, in order to avoid an overlap with the humidity wake. Consequently, the new buildings
have lower humidity values than the existing ones. As a matter of fact, the humidity values in the
courtyards of the proposed southern complex (on the right of Figure 11) are between around 52.00%
and 53.00%, in the proposed northern complex (on the left of Figure 11) between around 52.50% and
52.75%, while in the courtyards of the existing Campus (on the left of Figure 11) the values are almost
everywhere higher than 53.00%, with peaks of 55.00%.

 

Figure 10. Relative humidity [%] at pedestrian level: on the left, in the current situation; on the right,
in the planned situation.

 

Figure 11. Comparison of the relative humidity [%] at pedestrian level in the new buildings and in the
existing ones: on the left, the northern complex of proposed buildings with the old Campus; on the
right, the southern complex of proposed buildings.

A second critical issue of the current situation is the ventilation in the courtyards of the existing
Campus (plot on the left of Figure 12: colours represent the absolute values, arrows both the direction
and the absolute values). The wind velocity is damped from the trees of the botanical garden and from
the downstream buildings such that, even if the existing ‘C’-shaped block are correctly east oriented,
most of the courtyards experience velocities lower than around 1.5–2 m/s. The worst cases are in
the courtyards downstream of the north-south oriented building on the right of the Campus, which,
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together with the trees present there, reduce the wind velocity to less than 1 m/s. To overcome this
issue, two strategies have been pursued: the already-mentioned split into two complexes and the
employment of larger courtyards to enhance the air circulation and, in turn, improve the courtyards’
overall comfort. The plot on the right of Figure 12 confirms that this result has been achieved, as the
wind velocities inside the new buildings courtyards are higher almost everywhere than in the existing
ones. In particular, the contour plots in Figure 13 show that the wind velocity in the courtyards of
the proposed southern complex (on the right of Figure 13) are between around 2.0 m/s and 4.0 m/s
(somewhere higher than 4.0 m/s), in the proposed northern complex (on the left of Figure 13) mainly
between around 1.5 m/s and 3.0 m/s, while in the courtyards of the existing Campus (on the left in
Figure 13), the values are almost everywhere lower than around 1.5 m/s.

 

Figure 12. Wind velocity [m/s] at pedestrian level: on the left, in the current situation; on the right,
in the planned situation.

 

Figure 13. Comparison of wind velocity [m/s] at pedestrian level in the new buildings and in the
existing ones: on the left, the northern complex of proposed buildings with the old Campus; on the
right, the southern complex of proposed buildings.

The left of Figure 14 shows that temperature is not a relevant issue: the average temperature range
is not very wide (around 24.0 ◦C in almost all the existing Campus area) and does not exceed typical
tropical conditions. In the new buildings, temperature (on the right of Figure 14) does not get better,
and it tends to remain on the average of tropical climate. Figure 15 shows that the air temperature
is higher in the courtyards of the proposed southern complex (on the right of Figure 15), between
around 24.15 ◦C and 24.00 ◦C, and slightly lower in the proposed northern complex between and in
the existing Campus (on the left of Figure 15), around 24.00 ◦C and 23.95 ◦C.
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Figure 14. Air temperature [◦C] at pedestrian level: on the left, in the current situation; on the right,
in the planned situation.

 

Figure 15. Comparison of the air temperature [◦C] at pedestrian level in the new buildings and in the
existing ones: on the left, the northern complex of proposed buildings with the old Campus; on the
right, the southern complex of proposed buildings.

The value of the PMV index is very relevant in microclimate design, because, as mentioned above,
PMV summarizes the external thermal comfort conditions in a single number. The left plot of Figure 16
highlights that, in the current situation, a non-optimal situation is found, as in the public spaces are
almost everywhere around 2.0, meaning that users will tend to feel warm and to perceive moderate
heat stress. The right-hand side of Figure 16 shows that bigger courtyards improve overall comfort:
the PMV index is now better distributed compared with the current situation, and it is dramatically
improved in some local situations (e.g., inside almost all the new courtyards). To better highlight this
point, in Figure 17, the colour map is saturated at 1.55 and 2.00: in this way, it is possible to see how
the PMV values in most of the new courtyards have now dropped to values lower than 1.55, and all of
them demonstrate better outdoor comfort performances than the current situation ones. To be more
precise, Figure 18 shows the contour plots of PMV: a user will feel more comfortable in the courtyards
of the proposed southern complex (PMV drops under 1.50 in some points, corresponding to a thermal
perception of slightly warm and to a slight heat stress) and of the proposed northern complex (with
slightly higher values) than in the existing Campus ones (where almost everywhere PMV is 1.90). This
is mainly due to two aspects: the better ventilation and the lower humidity of the ‘C’-shaped block
east oriented (in particular for the ones not downstream of the current buildings).
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Figure 16. PMV [-]at pedestrian level: on the left, in the current situation; on the right, in the
planned situation.

 

Figure 17. PMV (1.55 < PMV < 2.00) at pedestrian level: on the left, in the current situation; on the
right, in the planned situation.

 

Figure 18. Comparison of the PMV [-] at pedestrian level in the new buildings and in the existing
ones: on the left, the northern complex of proposed buildings with the old Campus; on the right, the
southern complex of proposed buildings.
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4.2. Process Advantages and Limitations

The positive results obtained following the analysis confirmed not only the validity of the project
interventions, but the effectiveness of the design procedure. The integration of a continuous check
system, placed side-by-side with the design process, assisted the designer in selecting and editing
the typo-morphological solutions to allow definition of a more efficient urban form even in the early
stages of the project. The advantages of this method allowed the technician to act upstream of the
design process rather than downstream, to define more energy-saving and environmentally aware
solutions. The software used reveals to be an extraordinary tool through which it is possible to
qualitatively assess the trends stemming from the initial choices, directing the design towards the
overall improvement of its performance. The accuracy of the results is still related to the size of the
area, and is reduced in direct ratio to the extension of the surface. Specifically, the numerical precision
of the result is reduced to a qualitative trend, especially on the edges, while in the centre the data have
better accuracy. If, on the one hand, the procedure applied to the case study demonstrates still to be in
an experimental stage, on the other hand, it certifies its effectiveness if applied from the preliminary
stages of the project to understand design behaviour resulting from initial choices. To build according
to principles of sustainability does not mean sacrificing quality of spaces. Architects and technicians do
not necessarily give up their own responsibilities by delegating architectural issues to computer and
informatics technology. In this process, the software assists the designer as a technical instrument, but
it cannot mechanically replace him with respect to design choices aimed at quality and at the spatial
configuration of city. However, the results, confirmed by the experiment as expected, demonstrate the
method’s validity and its applicability in diffuse forms.

5. Discussion. The Results of Planning Intervention

As mentioned in the previous paragraph, even if some important improvement were set in terms
of typology and spatial organization, the ‘comb-shaped’ layout of the new proposal is largely consistent
with the previous one. In terms of macro-behaviour, the climatic performances of the two proposals
have a lot of similarities. In fact, the overall ‘qualitative analysis’ of climatic performances of the two
evaluated configuration (the current one and the ‘Project Pais’ design) reports a lot of similarities,
except for a clear prevalence for the newest one with regards with the air-flow in the courtyards.
This enhancement is largely derived from the H/W ratio adopted for the new project, which is closer
to that of the Forjaz block even if the general dimension of the court is bigger. In fact, the existing
building has a H/W ratio of 2.09 due to the fact that it has the same courtyard as the Forjaz one, but
with higher buildings. The planned block has an H/W ratio of 2.70, which is slightly more than the
existing one, even if it is less than 3.36 H/W of the Forjaz’s block. The shape of the urban blocks
affects the settlement’s ability to use natural lighting and ventilation for indoor and outdoor spaces
and, moreover, the urban design orientation with respect to the prevailing wind direction flow is
dramatically important. Consequently, the confirmation of Forzjaz’s ‘comb-shaped’ design is correct,
both for general spatial arguments and for climatic comfort consideration. The modification applied to
the original block shows its validity in optimizing overall performances of the courtyards and also their
liveability as public spaces. The results of this work contribute to confirm the validity of an integrated
approach to urban design. Nevertheless, the project should be supported by a deeper analysis of
the relation between the quality of outer spaces (in terms of vegetation, water pools, etc.) and the
micro-climate. Finally, as mentioned in previous paragraphs, this work does not consider insulation
because of the width of the dominion; nevertheless, it is crucial in a closer investigation. Furthermore,
the characteristics of materials can play a crucial role in determining a good comfort performance and
in reducing thermal control and surface reflection. In summary, the future perspectives of this work
may be summarized as follows:

1. A more specific work on the shape of the buildings that compose the blocks in order to verify the
opportunity to introduce some interruption in the blocks to provide better air flow;
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2. A focus on design intermediate scale, which may highlight the relation between the shape and
the solar radiation;

3. A sort of ‘close-up’ on a group of buildings, testing different façade designs in order to prevent
bad insulation of inner space or, conversely, too much radiation on exposed walls.

4. A deeper test on the influence of vegetation and pools in outer spaces in microclimate performances.
5. Research on the influence of the albedo of local materials on the climatic building’ behaviour.

6. Conclusions

The Masterplan for the Campus of the University Eduardo Mondlane in Maputo (Mozambique)
has been employed as a case study to test a recursive and multidisciplinary methodology that integrates
architectural design with fluid dynamics, in an approach where the shape and distribution of buildings
are planned following both the optimization of urban microclimate and the principles of architectural
design. To the best of the authors’ knowledge, this is the first time that this kind of architectural urban
microclimate design process has been applied in the social and cultural context of the African city of
Maputo (Mozambique).

The proposed planned intervention envisages C-shaped blocks, east-oriented, in harmony with
those of Forjaz’s Masterplan, but optimized in shape, proportions and distribution according to the
results of the microclimate simulations on the present situation. The software ENVI-met (version 4.4),
widely adopted and validated in recent years, was employed for the microclimatic simulations and the
PMV index was used to compare the outdoor comfort performance of the planned intervention to the
ones of the present situation.

The results show that the planned C-shaped blocks, east-oriented and with higher H/W ratio
and courtyard ratio than the existing buildings, allow better natural ventilation without increasing
the temperature. The splitting of the Campus into a northern and a southern complex avoids the
planned buildings being affected by the high-humidity wake generated when the prevailing wind
passes through the botanical garden. PMV fields confirm the good performance, in term of outdoor
comfort, of the planned buildings, as the PMV value in their courtyards is always better than the one in
the existing Campus. As a consequence, we can state that the planned solution has better microclimatic
performances, also in terms of outdoor comfort, than the existing one.

These results were reached thanks to the above-mentioned recursive and multidisciplinary process,
where urban planning is not only guided by architectural decisions (with the risk to have an interesting
but inefficient urban environments), but also, conversely, not only guided by the “mechanical” answers
given by a software (with the risk to have an efficient but unpleasant urban environments).
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