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a b s t r a c t
The increase in urbanization leads to an intensiﬁcation of the heat island effect, due to several factors:
reduction in green areas; high solar absorptance of construction materials; waterproof surfaces; low sky
view factors and natural ventilation effectiveness. Urban heat island characteristics have vast impacts and
implications on energy efﬁciency, environment, and at last on human comfort and health. The development of urban fabric involves the modiﬁcation of the thermal ﬂuid-dynamic ﬁeld of the whole area around
the new buildings. This factor leads to worse the energy performances of all the structures affected by
the phenomenon. The study investigates on the impact of a new building complex as result of a redevelopment process on the thermal and energy performances of the actual surrounding urbanized area sited
in Rome. The purpose is to provide results to better understand the urban heat island effects on climate
inside cities and population health. The assessment was carried out through a monitoring campaign and
numerical analyses. The temperature ﬁeld and the Universal Thermal Climate Index (UTCI) were calculated for the current scenario of the area, for the redeveloped conﬁguration and for a proposed scenario
characterized by the adoption of mitigation strategies against urban heat island countermeasures, such
as vegetation improvement and cool materials able to limit the surface temperature rise under solar
radiation.
The new redeveloped conﬁguration of the area induces an increase in average air temperature up
to 3.5 ◦ C in the central part of the day and a worsening of the maximum UTCI index up to 2.7 ◦ C. This
is caused by the increase of the number of obstacle to the natural ventilation, the replacement of soil
and spontaneous vegetation with low albedo materials. The application of cool materials and vegetation
determines a temperature decrease up to 2 ◦ C, while the maximum UTCI reduction is moderate, about
1 ◦ C.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
In 2009 the world energy outlook highlighted that most of EU
population lives in cities [1]. The trend in new building designs
are focused on the return of an investment without any evaluation of the possible worsening of the localized thermo-ﬂuid
dynamic conditions in energy and comfort terms. As a matter of
fact, the buildings are obstacles to the natural ventilation inducing
an increasing of hot air masses and polluting agents inside urban
canyons.
Therefore, research on energy consumption and human health
in urban areas are needed in order to reduce warming phenomena caused by the increase of urban density and the decrease of
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green areas. Although the urbanization has led to an increase in
the global economy [2], the growing ratio of urban fabric on green
areas lead to many environmental problems [3] both in micro and
macro scale [4–8]. Liu et al. in 2005 [9] focused their attention on
the correlation between the fast economy growth and the environmental issues affecting countries in Chinese territory. The main
identiﬁed problems are pollution, biodiversity losses, cropland
losses, depleted ﬁsheries, desertiﬁcation, disappearing wetlands
and grassland degradation.
The environmental alteration caused by the urbanization led to
the modiﬁcation of the ecosystems [10,11]. In the last years there
was an increase on the attention on the urban heat island (UHI)
phenomenon. It is deﬁned as the increase in urban areas temperature in comparison to the countryside adjacent to cities [12]. A
Kolokotroni et al. study indicates that the urban heat island phenomenon is caused by microclimatic variations due to “manmade”
intervention and modiﬁcation of the natural environment [13].
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Nomenclature
d
MAE
MBE
ND

Index of agreement [–]
Mean absolute error [–]
Mean bias error [–]
Number of analyzed data [–]

O
Oj
Pj
RMSE
SVF
UTCI

Mean of the observed variable
Observed variables for each instant j
Model-predicted variables for each instant j
Root mean square error [–]
Sky view factor [–]
Universal thermal climate index [–]

Moreover, the UHI has effects on human health [14,15] and
buildings energy performances [16–18] due to the thermo-ﬂuid
dynamic modiﬁcation of air masses passing through urban structures [19,20].
In the last years, many studies aimed at assessing the impact
of building energy consumption mitigation techniques on UHI,
such as green roofs [21,22] and cool materials [23–26]. They are
materials (paving, roofs and walls) characterized by a high solar
reﬂectance and thus by surface temperatures sensibly lower than
a conventional material; moreover, their high infrared emissivity
value allows to emit and dissipate the stored heat towards the sky
during night-time hours. A study of Carnielo et al. demonstrates
how the increase in the reﬂectivity power of asphalt paving impacts
on urban environment, reducing air temperatures and leading to a
building energy consumption decrease during summer [27]. The
use of cool materials technology combined with large green areas
implementation leads to a sensible reduction of the urban heat
island phenomenon [28].
Considering that in UE about 40% of total ﬁnal energy consumption is attributed to civil sector, the need of devising new tricks
acquires a new form in analyzing how passive energy-saving techniques can also induce sensible beneﬁts in heat island mitigation
by reducing the cooling demand and consequently the electricity
demand during summer.

2. Objective and Methods
The need of improving the physical environment of a degraded
and disused area in a popular district of Rome has led to design
a new large commercial building complex. As reported in several
studies [29–31], the increase in built surfaces will result in an alteration of the local climatic conditions of the whole nearby zone. This
work shows a case study analysis with the aim of assessing the
extent of this alteration and the possible thermal conditions mitigation associated to the use of urban heat island countermeasures
applied on the area to be redeveloped. The paper is organized in
two sections:
• Monitoring campaign: A measurement reference point was chosen within the disused area in order to collect microclimatic
parameters. The measurement campaign was carried out during
a summer day. The only purpose of the campaign is to extract
sufﬁcient data to validate the micro-scale models used in the
numerical analyses;
• Numerical Analyses: A holistic microclimate tool able to simulate the variation of several thermal atmospheric parameters was
used to model three 3D micro-scale urban conﬁgurations including the site to be redeveloped and the surrounding neighboring
areas:
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1 The ﬁrst model is based on the current conditions of the area.
The input parameters of this model were opportunely changed
in order to match the output results with the microclimatic data
extracted from the monitoring campaign;
2 The second 3D model recreate the future redeveloped scenario;
3 A new conﬁguration was proposed consisting of an alternative
version of the previous model. It is characterized by cool materials applications and vegetation improvement within the original
requaliﬁcation project.
The outputs extracted from the simulations carried out on the
three micro-scale models allows the study of temperature ﬁeld over
the whole investigated domain and the comparisons among the
models. More speciﬁcally, temperature vertical proﬁles associated
to an investigation point selected outside the area to be redeveloped were examined in order to quantify the inﬂuence on the
surrounding environment thermal performances. Moreover, the
temperatures proﬁles were used to extract a thermal comfort index
calculated in the aforementioned point.
3. Case study description: “Ex Mercati Generali”
A disused group of buildings called “Ex Mercati Generali” is
placed in Ostiense, a popular neighborhood extended in the southern part of the urban area of Rome at latitude 41.87 and longitude
12.48. The “Ex Mercati Generali”, shown in Fig. 2(a) enclosed in
the yellow dot line, is an area of about 90,000 m2 composed by
13 historical buildings with a height up to 8 m. Currently, the area
mainly consists of rubble, sandy soil and spontaneous vegetation.
It is embedded in a mainly residential zone built in different periods. The actual prevalent typology is high rise buildings (30 m)
along a 60 m wide boulevard with trees in between. The area is
also characterized by large urban voids, mainly covered by asphalt
(e.g. parking lots). The site taken into account in this study include
the “Ex Mercati Generali” and the surrounding areas covering about
360,000 m2 .
4. Microclimatic measurement campaign
The monitoring campaign was carried out by means of a microclimatic station placed in the area at 6.5 m of elevation above the
ground. Four weather parameters were measured:
1
2
3
4

Outdoor temperature:
Wind velocity;
Relative humidity;
Intensity of solar radiation on the horizontal plane.

Fig. 1 shows the measurement point. The choice of this point was
made to limit the inﬂuence of trafﬁc on the measured quantities.
The climatic station is composed by a LSI Lastem M-Log data
logger linked with a hot wire anemometer for the air velocity measurements and a psychrometer for the measure of air temperature
and relative humidity. The solar radiation measurement was carried out by means of a Delta Ohm HD 2102.2 assembled with a
pyranometer LP Pyra 03.The data of the aforementioned quantities
were recorded from 9:00 AM to 4:00 PM on July 16th, 2014.
5. Calculation
The ﬁrst part of the numerical analysis reported in this work
was carried out with ENVI-met 4.0 [32]. It is a transient tool able to
recreate urban 3D models based on a soil-vegetation-atmosphere
transfer scheme realized with deterministic equations that couple
thermal and ﬂuid-dynamics processes. It is possible to edit ther-
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Fig. 1. View of the “ex Mercati Generali” area and monitoring point.

Table 1
Input parameters in the numerical analysis.
Parameter

Value

Atmosphere temperature at 2500 m [K]
Wind Speed [m/s]
Wind Direction [◦ ]
Speciﬁc Humidity at 2500 m [gwatervapor /kgair ]
Relative Humidity at 2 m [%]
Roughness length at measurement site [m]

used for model validation
2.5
225 (South-West)
7
65
0.01

mal, optical and solar characteristics of the elements composing the
model. Recent studies were based on ENVI-met calculations to predict thermo-physical phenomena in the urban environment, trying
to match calculated parameters with measured ones [33–35].
ENVI-met requires to set in input several atmospheric quantities. The input values used in the proposed study are reported in
the following Table 1. They are set as constants with the exception
of atmosphere temperature parameter that was changed in order
to perform the model validation process as will be described below.
The air temperature proﬁles extracted from ENVI-met simulations on July 16th were used as input to calculate the thermal
comfort index UTCI (Universal Thermal Climate Index) based on an
equivalent temperature concept. The software used for the calculation is RayMan [36,37], which is able to calculate human thermal
comfort in urban areas. In the UTCI index, the meteorological conditions are compared to a reference environment, which has 50%
relative humidity, calm air and the mean radiant temperature being
equal the air temperature [38]. The UTCI equivalent temperature for
a given meteorological condition is deﬁned as the air temperature
of the reference environment that produces the same physiological
stress (strain) [39].

5.1. Model description
In Fig. 2 the three 3D micro-scale urban model inputted in ENVImet are presented. They are composed by a mesh of 126 × 115 × 30
square cells. Each cell has a dimension of 5(x) x 5(y) x 3(z) meters.
Models differ in the central part, highlighted in yellow dots in
Fig. 2(a), where three conﬁgurations of the “Ex Mercati” were
implemented, while the nearby areas are modeled with same geometrical optical and thermal characteristics.
Fig. 2(b) shows the current state area hereinafter called anteoperam. Fig. 2(c) shows the designed redeveloped area hereinafter
called post-operam. At last Fig. 2(d) present the proposed conﬁgura-

tion equipped with high solar reﬂectance materials, green roofs and
extended gardens. This geometry will be called ﬁnal-post-operam.
The following Table 2 reports the main thermal and solar properties of materials (soils and buildings) used in the urban models.
5.2. Model validation
Once the ante-operam model was put in the simulation tool, a
validation process was performed by comparing the measured temperature data with numerical results by varying the initial potential
temperature of atmosphere at 2500 m, in order to match it with the
actual outdoor temperature peak, being equal the intensity of solar
radiation peak and its daily distribution and having set a simulation date equal to the measurement date. As shown in Fig. 3, an
air temperature and relative humidity receptor was placed in the
model in the corresponding point where the actual measurements
were performed.
Different statistical indices were used to analyze the differences
between the simulated and experimental data. Considering Pj and
Oj respectively the model-predicted and observed variables for
each instant j, ND the number of analyzed data and O the mean
of the observed variable, the quantitative indicators [40] adopted
in this study are:
• The mean bias error (MBE). It indicates if the model values underestimates or overestimates the observed data. This indicator does
not work correctly when an alternation of overestimations and
underestimations of predicted values are registered, because they
set off against each other.
ND


MBE =

(Pj − Oj )

j=1

(1)

ND

• The Root Mean Square Error (RMSE). It is the standard deviation
of the differences between predicted and observed values. It is
worth to notice that few large errors led to a great RMSE value.

RMSE =


 ND


(Pj − Oj )2

 j=1
ND

(2)
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Fig. 2. Micro-scale models: (a) “ex Mercati Generali” aerial view; (b) ante-operam; (c) post-operam; (d) ﬁnal-post-operam.

Fig. 3. Calibration receptor RC at the “ex Mercati Generali” area and ante-operam model.

• The Mean Absolute Error (MAE). It is the same of the MBE indicator but it takes into account the absolute difference between
predicted and observed values. For this reason, this indicator
is useful when there are an alternation of overestimations and
underestimations predicted values.

ND


MAE =

|Pj − Oj |

j=1

(3)

ND

Table 2
Solar and thermal properties of construction materials used in the three urban models.
Urban Models

Soil Albedo [–]

Wall Albedo [–]

Roof Albedo [–]

Wall Thermal Conductivity [W/mK]

Roof Thermal Conductivity [W/mK]

Ante-operam
Post-operam
Final-post-operam

0.35
0.20
0.75

0.30
0.30
0.75

0.30
0.30
0.75

1.30
1.30
1.30

1.30
1.30
1.30
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Table 3
Statistical indices for the initial temperature of the atmosphere equal to 296 K.
Variable

MBE [%]

RMSE [%]

MAE [%]

d [%]

Air temperature
Air humidity

−0.01
−1.57

1.64
8.77

1.28
7.78

0.99
0.90

Table 4
UTCI Assessment Scale: UTCI categorized in terms of thermal stress (for interpretation of the references to colour in this table, the reader is referred to the web version
of this article.).

• The index of agreement “d”. It is a statistical indicator that quantifying the agreements between predicted and observed values.
With values ranged from 0 to 1, the index of agreement is usually
used to cross-compare different models.

⎡

ND


⎢
⎢ j=1
d=1−⎢
ND
⎢ 
⎣
j=1

2

Pj − O

−

Oj − O

2

|Pj − O| + |Oj − O|

⎤

⎡

⎥
⎢
⎥
⎢
⎥=1−⎢
ND
⎥
⎢
⎦
⎣

ND



Pj − Oj

2

j=1

|P j − O| + |Oj − O|

⎤
⎥
⎥
⎥
⎥
2
⎦

UTCI (°C) range

Stress Category

above +46

extreme heat stress

+38 to +46

very strong heat stress

+32 to +38

strong heat stress

+26 to +32

moderate heat stress

+9 to +26

no thermal stress

0 to +9

slight cold stress

0 to -13

moderate cold stress

-13 to -27

strong cold stress

-27 to -40

very strong cold stress

below -40

extreme cold stress

j=1

(4)
The following Figs. 4–6 show the assessment of the simulation
error between the observed and the model-predicted air temperature and relative humidity values recorded in the RC point, varying
the initial potential temperature of the atmosphere. Fig. 4 shows the
air temperature and humidity trend of the simulated and observed
data. Figs. 5 and 6 show the results of the statistical indices both for
air temperature and humidity.
As inferred by the statistical analysis ﬁndings shown in
Figs. 5 and 6, the value of potential air temperature at 2500 m that
results to be more in agreement with the data recorded with the
microclimatic station is 296 K. As a matter of fact, in Fig. 4 the curve
corresponding to an initial temperature of the atmosphere of 296 K
can approximate the observed values. The Table 3 show the statistic
index results for the initial temperature of the atmosphere equal to
296 K.
5.3. Temperature distribution: ENVI-met results
Figs. 7–9 show the temperature ﬁeld at 1.5 m height above the
ground, through a chromatic scale, on a horizontal plane on July
16th at 6:00 AM, 12:00 AM and 6:00 PM respectively. As expected,
the comparison between ante-operam and post-operam (the redeveloped scenario) demonstrates as the increase in the built surfaces
can signiﬁcantly raise the air temperature value in the domain.
The addition of surfaces absorbing the energy coming from solar
radiation encourages the convective heat exchanges with air. The
average values of air temperature variation are 2.5 ◦ C at 6:00 AM,
3.5 ◦ C at 12:00 AM, 3 ◦ C at 6:00 PM.
The use of cool materials on vertical and horizontal surfaces and
vegetation improvement in the ﬁnal-post-operam model conﬁrms
to be effective in the mitigation of the outdoor environment temperatures. In fact, by comparing the post-operam model results with
the ones obtained with the ﬁnal-post-operam model, it is worth
to notice an air temperature decrease of 0.5 ◦ C at 6:00 AM, 2 ◦ C
at 12:00 AM and 1.5 ◦ C at 6:00 PM. Despite the previous result,
temperatures calculated for the ﬁnal-post-operam model are still
sensibly higher than those recorded in the ante-operam: the substantial increase of constructed surfaces does not allow an adequate
air mixing impeding the transportation of warm air masses out of
the domain.
Relevant results are obtained by observing Fig. 11, where the
vertical temperature proﬁles are displayed. The investigation point
in which they were calculated is indicated in Fig. 10. It is worth to
notice as this point is placed outside the area to be redeveloped,
in a road intersection. Through the observation of these results it

is possible to assess the thermal impact of the new built on the
surrounding urban area.
The vertical temperature trends are different in shape, depending on the time of day when the proﬁles were extracted. In fact, at
6:00 AM the surface temperature of the ground is lower than the
one of the air above it, due to a moderate solar irradiation in the
early morning. On the other hand the vertical proﬁles at 12:00 AM
and 6:00 PM denote an inverse behavior.
Passing from the ante-operam model to the more thermally
critical post-operam model, the maximum temperature increase
is registered at low heights, under the canopy (average buildings
height), close to the ground: 1.6 ◦ C at 6:00 AM; 2.3 ◦ C at 12:00 AM
and 2.7 ◦ C at 6:00 PM. The new building complex worsens the thermal characteristics of the urban zone not only inside its borders but
also in the adjacent area.
Again, the use of cool materials and vegetation proposed in ﬁnalpost-operam model determines a decrease in temperature mostly
under the canopy. By comparing the results with the ones obtained
for the post-operam model the maximum temperature variations
are: 0.6 ◦ C at 6:00 AM (the solar radiation does not signiﬁcantly
inﬂuence the heat exchanges in early morning making the cool
materials ineffective); 1.1 ◦ C at 12:00 AM and 1 ◦ C at 6:00 PM.
The beneﬁts depending on the countermeasures are more effective
under the canopy due to the favorable convective heat exchanges
between surfaces and air, but they are also present over the canopy
although they slightly decrease with height.
5.4. Estimating outdoor thermal comfort: RayMan results
Thermal stress is assessed with a 10 point scale shown in Table 4.
UTCI temperature values are associated with a stress category comply closely with the deﬁnition assumed in the Glossary of Terms for
Thermal Physiology in 2003 [41].
UTCI is calculated for the three urban models in the same chosen
point previously described and shown in Fig. 10. Hourly simulation
results, extracted at 1.5 m height above the ground on July 16th, are
presented in Fig. 12. The UTCI permanence within the “no thermal
stress” category is very similar for the three considered urban models: 54%, 46% and 50% of the day for the ante-operam, post-operam
and ﬁnal-post-operam respectively.
In the central part of the day, when solar irradiation reaches the
highest values, more signiﬁcant differences among the considered
conﬁgurations are observed. UTCI remains in “strong heat stress”
for 6 h for the ante-operam while it amounts to 9 and 8 h for the
post-operam and ﬁnal-post-operam respectively. The maximum in
UTCI value is 34 ◦ C for the ante-operam while it reaches a value
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Fig. 4. Trend of observed and the model-predicted air temperature (a)and relative humidity (b) varying the model initial potential temperature of the atmosphere.

Fig. 5. Simulation error between the observed and the model-predicted air temperature values varying the model initial potential temperature of the atmosphere.

higher than 37 ◦ C for the post-operam model. However, these values
are both contained within the “strong heat stress” category. The
application of cool materials and vegetation improving in the area
to be redeveloped (represented by the ﬁnal-post-operam model)
determines a modest decrease in the maximum UTCI value of about
1 ◦ C.

6. Conclusions
The study assesses the impact of new buildings on the localized microclimate conditions of a popular neighborhood of Rome.
The purpose is to provide results to better understand the urban
heat island effects on climate inside cities and population health.
A case study was analyzed related to a disused area of 90,000 m2
for which a redevelopment project is planned. Three 3D urban
models were implemented: the ﬁrst one called ante-operam represents the current conditions (a disused site); the second one called
post-operam represents the renovated scenario, namely a multipur-

pose commercial center, characterized by a strong increase in the
built surfaces; the third one called ﬁnal-post-operam represents a
proposed conﬁguration consisting in the application of high solar
reﬂectance materials and vegetation improvement in order to mitigate the localized urban heat island phenomena deriving from the
presence of the new buildings. The ﬁndings show how the indiscriminate and poorly planned urbanization leads to the expected
critical thermal issues due to high solar absorption and obstacles
which do not allow air to freely circulate. Moreover, the effectiveness of urban heat island effect countermeasures applied in the case
study is examined.

1 A thermal analysis was carried out with ENVI-met, a holistic microclimate tool able to recreate an urban portion with
buildings and roads. Simulations results allow to analyze the horizontal distributions of average outdoor temperature calculated
in a reference day (July 16th). The comparison between anteoperam and post-operam conﬁgurations in the central part of the
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Fig. 6. Simulation error between the observed and the model-predicted relative humidity values varying the model initial potential temperature of the atmosphere.

Fig. 7. Thermal map of the “ex Mercati Generali” area on July 16th at 6:00 AM 1.5 m height: (a) ante-operam model; (b) post-operam model; (c) ﬁnal-post-operam model.

Fig. 8. Thermal map of the “ex Mercati Generali” area on July 16th at 12:00 AM 1.5 m height: (a) ante-operam model; (b) post-operam model; (c) ﬁnal-post-operam model.

Fig. 9. Thermal map of the “ex Mercati Generali” area on July 16th at 6:00 PM 1.5 m height: (a) ante-operam model; (b) post-operam model; (c) ﬁnal-post-operam model.
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Fig. 10. Investigation point of vertical temperature proﬁles.

Fig. 11. Vertical temperature proﬁles in the investigation point on July 16th: (a) at 6:00 AM; (b) at 12:00 AM; (c) at 6:00 PM.

Fig. 12. Universal Thermal Climate Index (UTCI) in the investigation point on July
16th.

day denotes an increase in average temperature of 3.5 ◦ C. The
application of cool materials and vegetation as urban heat island
countermeasures leads to a decrease in average temperature of
2 ◦ C, as inferred by the comparison between post-operam and
ﬁnal-post-operam.

2 Further information were found examining the vertical temperature distribution in an investigation point speciﬁcally chosen
outside the area to be redeveloped. It allows to investigate the
thermal and comfort conditions of the spaces surrounding the
case study area as a function of the different chosen urban models. As expected, an increase in built surface mostly affects the
localized microclimate conditions under the average height of
buildings. In the post-operam conﬁguration a maximum increase
in temperature of 2.7 ◦ C is registered at 6:00 PM close to the
ground level with respect to the ante-operam conﬁguration. The
ﬁnal-post-operam conﬁguration determines a small decrease in
temperature if compared to the post-operam with a maximum
value of 1.1 ◦ C reached at 12 AM. The differences in temperature between the post-operam and the ﬁnal-post-operam become
thinner increasing the height.
3 An outdoor comfort index, the Universal Thermal Climate Index
(UTCI), was evaluated through the RayMan tool in the same reference point where the vertical temperature distributions were
extracted. The daily permanence of UTCI under the “no thermal stress” category is very similar to the three urban model,
ranging between 46% and 54% of the day. More signiﬁcant differences among the models were found analyzing the UTCI
permanence inside the “strong heat stress” category occurring
during the highest solar irradiation hours. In post-operam model
UTCI remains conﬁned in the category 3 h more than in the anteoperam model with a maximum increase of 3 ◦ C. Urban heat
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island countermeasures decrease by 1 h the UTCI permanence
in the “strong heat stress” category associated to a reduction of
the maximum UTCI value of 1 ◦ C.
As demonstrated in this study, the use of cool materials and
vegetation integrated in a building complex is recommended and
it leads to a decrease of the critical issues that give rise to the urban
heat island phenomenon in the surrounding zones.
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