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In the present paper a computational methodology for assessing and improving the microclimate in
the urban environment is developed. A Computational Fluid Dynamics (CFD) model is described, which
accounts for the evaporation occurring on water surfaces as well as the evapotranspiration from plant
surfaces and tree foliage. Solar radiation and wind effects are also taken into account. Additionally, ther-
mal comfort indices are implemented in the model, hence local information is provided regarding thermal
sensations (bioclimatic maps). Surface temperature and air temperature at pedestrian level, are also used
to characterize the microclimate. The methodology is demonstrated by means of a case study, which refers
to the area of Gazi in Greece. Initially, the model is applied for simulating the airflow pattern throughout
the domain of interest. The numerical results reveal the problematic areas in terms of thermal discomfort
and wind effects. Based on that information advanced bioclimatic techniques are suggested to reduce
severe heat stresses and to eliminate these areas. The effectiveness of the architectural interventions is
tested by estimating the microclimate-indices differences compared to the existing conditions. It is con-
cluded that the proposed methodology serves adequately for applying effective bioclimatic strategies to

mitigate the Urban Heat Island (UHI) effect.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Urban Heat Island (UHI) effect is related to higher urban
temperatures in the city centers compared to the surrounding rural
or suburban areas (Santamouris, Synnefa, & Karlessi, 2011). This sit-
uation is mainly caused by anthropogenic heat releases in the urban
environment, i.e. vehicles, power plants, air-conditioners and other
heat sources, as well as by heat stresses produced by the use of
ground or building materials of pour thermal behavior, the lack of
heat sinks (water surfaces) and of vegetation (Memon, Leung, &
Chunho, 2008). The adverse effects of UHI include the deteriora-
tion of living environment and increase in energy consumption in
buildings, especially during the summer period (Hassid et al., 2000).

Abbreviations: ABL, atmospheric boundary layer; ASHRAE, American Society
of Heating Refrigerating and Air-Conditioning Engineers; CFD, Computational Fluid
Dynamics; PMV, predicted mean vote; SET, standard effective temperature; SIMPLE,
semi-implicit method for pressure-linked equations; UHI, Urban Heat Island.
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This situation is even more intensive in areas of low income popu-
lation (Santamouris, Pavlou, Synnefa, Niachou, & Kolokotsa, 2007).
Furthermore, UHI increases the generation of pollutants while the
total ecological footprint is augmented (Fintikakis et al., 2011).

In parallel, the Kyoto protocol recommendations for reduc-
ing greenhouse emissions by at least 5% by 2008-2012 (Chlela,
Hassaunndee, Inard, & Riederer, 2009) in order to tackle global
warming and climate change, has forced governments to focus on
the reduction of energy consumption in buildings. One of the key
factors to achieve this objective is by retrofitting and rehabilitat-
ing existing open public spaces so that the UHI effect is mitigated
(Fintikakis et al., 2011).

In order to limit the effect of heat islands on energy demands and
summer comfort, various techniques have been proposed involv-
ing the use of reflective materials, increased plantation and the
use of heat sinks (Akbari, Davis, Dorsano, Huang, & Winert, 1992;
Fintikakis et al., 2011). Numerous studies that report optical and
thermal characteristics of construction materials and their influ-
ence on urban environment exist (Akbari et al., 1992; Doulos,
Santamouris, & Livada, 2001; Fintikakis et al., 2011; Niachou,
Livada, & Santamouris, 2008; Santamouris et al., 2011; White,
Golden, Biligiri, & Kaloush, 2010). In most of these studies it
becomes evident that the use of materials with high reflectivity
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Nomenclature . . .
n relative sunlight duration hours

abs absorptivity o wind direction (°)

alb albedo 8 atmospheric boundary layer height (M)

Cu turbulent viscosity coefficient o roughness term in the exponential law

CcpP cooling power K Von Karman constant

D; water-vapor mass diffusion coefficient (m?/s) 70 wall shear stress (Pa)

e expectancy factor % dynamic molecular viscosity (kg/ms)

E evaporation rate (kg/m? s) A water vapor saturation curve gradient (Pa/°C)

f Blasius friction factor y psychrometric coefficient (Pa/°C)

Fu) velocity function (kg/Pam? s) A evaporation latent heat (J/kg)

fi cloudiness factor &n dimensionless coefficient in the longwave radiation

he convective heat transfer coefficient (W/m?2 K) equation

Himax maximum building height (m) o Stefan-Boltzmann constant (W/m? K#)

i latitude (°) oy standard deviation of air velocity magnitude

Iy clothing insulation, clo w leaf orientation to the sun’s direct beam (°)

K turbulence kinetic energy (m?/s?) o water vapor density on leaf surface (kg/m?3)

Kair heat conduction coefficient (W/mK) Pa water vapor density in the air (kg/m3)

K; leaf-shape parameter Spi boundary layer thickness on leaf surface (M)

Ly longwave radiation (W/m?2)

Met metabolic rate (W/m?2) Subscripts

PMV predicted mean vote bl boundary layer

Ds saturated water vapor pressure (Pa) c convection

Dy water vapor pressure (Pa) cl cloth

R infrared radiation (W/m?2) ias intercellular air space

Thy leaf boundary layer resistance (s/m) in inlet

Tc leaf cuticular resistance (s/m) l leaf

RHjmqg relative humidity in the imaginary environment (%) max maximum

Tias leaf intercellular air space resistance (s/m) ref reference

Rn total radiation (W/m?) s saturated

Tst leaf stomatal resistance (s/m) st stomatal

Saiuse  leaf diffuse radiation (W/m?) v vapor

Sgirece  leaf absolute incident radiation (W/m?)

SET standard effective temperature (°C)

Sn sum of entering and reflective shortwave radiation to solar radiation and high spectral emissivity, the so-called cool
(W/m?) . . . materials, increase the urban albedo and it is considered as one

Se source term in the conservation equation of the most promising technique to tackle the UHI phenomenon.

t time (s) ) Additionally, increasing green spaces and vegetation represents

Tin temperature at the inlet boundary (°C) a powerful mitigation technique as it contributes in heat-stress

Ti leaf temperature (°C) i relaxation, blocking noise and wind protection (Fintikakis et al.,

u velocity magnitude of the air (m/s) 2011). Furthermore, the use of heat sinks, i.e. water surfaces (foun-

- friction velocity (m/s) tains and water streams), represents an adequate technique to

Uzm velocity magnitude 2 m above the ground (m/s) dissipate part of the excessive urban heat.

ur free-stream Ve.locity magnitude above the height of The state of the art provided from current international research
the atmospheric boundary layer (m/s) , indicates methods to build sustainable environments in the urban

Uref velocity magnitude at the height of meteorological- sector. Modern landscape and urban architecture has moved on
station sensor (m/s) from empirical design techniques and it requires accurate meth-

Ux velocity component in x direction (m/s) ods to quantify microclimate for assessing and improving climatic

Uy velocity component in y direction (m/s) conditions in cities. Computational Fluid Dynamics (CFD) mod-

Uz velocity component in z direction (m/s) els have gained interest for such purposes as a result of gradual

w le.aflength allgned_to air Fl1rect10n (m) . upgrade of computational resources. Numerous investigations in

Wind;pgex index of mechanical wind effects on pedestrians literature indicate that CFD models serve well for bioclimatic-
(m/s) . design applications. Priyadarsini, Hien, and David (2008) presented

Yo water vapor mass fraction (kg/kgmixture) asurvey of CFD simulations for assessing the UHI effect in Singapore

Yhyo0in  Water vapor mass fraction at the inlet boundary and highlighted the significance of using reflective materials on
(l(g[ kgmixtur%) building facades, while proper arrangement of high-rise tow-

Z arbitrary height from ground (M) ers for enhancing airflow within street canyons is suggested.

Zref height of the meteorological-station sensor (M) Fintikakis et al. (2011) presented various UHI mitigation tactics

that were tested using a coupled CFD and an experimental proce-

Greek letters 5 dure, by means of imposing surface-temperature measurements as

P density (kg/m )_ . . . boundary conditions in the CFD model. In the absence of such mea-

4 transported variable in the conservation equation surements Takahashi, Yoshida, Tanaka, Aotake, and Wang (2004)

Iy diffusion co_efﬁqent n the_CO}'lSEl_‘V&thl’l equzatlg)n developed a simulation code for predicting solid-surfaces tem-

€ turbulent kinetic energy dissipation rate (m®/s*) peratures by combining CFD computations with surface radiation

exchange and unsteady heat conduction calculations. The influence
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of the outdoor microclimate on building energy consumption is
quantified by Bouyer, Inard, and Musy (2011), who presented
a CFD-thermoradiative coupled simulation tool for estimating
building energy demands with respect to different urban design
scenarios. The influence of trees and water ponds on urban micro-
climate was numerically examined by Robitu, Musy, Inard, and
Groleau (2006), who introduced a coupled CFD-radiation model for
simulating heat and mass transfer mechanisms, such as evapora-
tion and evapotranspiration.

The present paper addresses the issues discussed in the inves-
tigations above and it presents an integrated computational
approach for predicting and mitigating the UHI effect. The main
contribution of the present study is the development of a detailed
methodology towards the formulation of specific technical instruc-
tions for designing open spaces in the urban environment that
ensure thermal comfort conditions at pedestrian level. The method-
ology proposed includes most important physical processes of the
airflow phenomenon in the building complex as well as personal
parameters to evaluate thermal comfort. The key delivery of the
present study is the provision of a practical and robust approach
for urban planning purposes. The methodology developed involves
the application of a validated CFD model for predicting the micro-
climate in the urban sector and advanced rehabilitation techniques
to improve pedestrians’ thermal comfort as well as to reduce areas
of high temperatures.

2. Methodology

A concise description of the procedure presented herein is
formulated as follows: Initially, the existing microclimatic condi-
tions are estimated by applying a CFD model with respect to the

governing climatic parameters, extracted by statistical processing
of available meteorological data. The model includes solar radiation
effects as well as special source terms in mass and energy conserva-
tion equations to account for evaporation and evapotranspiration.
Thermal sensations of pedestrians are computed by implementing
special thermal comfort indices in the CFD model. The numerical
results obtained are utilized to identify areas of high tempera-
tures, thermal discomfort and excessive wind speed. Accordingly,
architectural interventions (e.g. cool materials, shading devices,
vegetation, water and plant surfaces) are introduced to eliminate
these conditions. Finally, the CFD model is executed for the mod-
ified version of the area and the effectiveness of the interventions
suggested is tested in terms of microclimate-parameters differ-
ences compared to the existing situation.

3. The case study considered

The case study considered constitutes of two squares and of their
connection road, which are situated in the area of Gazi in Heraclion,
Greece. The geographic coordinates of the urban space are: Lati-
tude of 35.1931° and Longitude of 25.0401°, while its height from
sea level ranges from 20 m to 35 m. The distance from sea coast is
1500 m. As far as the weather conditions are concerned, a temper-
ate Mediterranean climate dominates, which corresponds to hot
and dry summers and cool, humid winters. The greater urban area
of interest and the spaces where bioclimatic-design interventions
are proposed are presented in Fig. 1.

The specific area suffers from various environmental problems
due to the rapid growth of building construction and of traffic in the
last years. This situation results in the gradual increase of anthro-
pogenic heat, which, in combination with the use of conventional

Fig. 1. Area of interest.



44 G.M. Stavrakakis et al. / Sustainable Cities and Society 4 (2012) 41-57

&

>

[3)

o

o

g’ Jun

g mJune

e m Jul

o Y

e m August

(]

=

3

Q

Q

o

2006 2007 2008 2009 2010 2011
Year
Fig. 2. Occurrence frequency of temperatures above threshold value.

building and ground materials, e.g. concrete pavers and asphalt, strong winds, as indicated by the available meteorological data and
contributes to the increase of temperature and comfort-level degra- by citizens’ complaints.
dation of pedestrians. As a consequence, the energy consumed in The surfaces, where bioclimatic-design interventions are pro-
the neighboring buildings increases for cooling purposes. Finally, posed, are adumbrated in Fig. 1 and they are consisting of the

it should not be disregarded that the area suffers from relatively characteristics below:
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Fig. 4. Percentage of recordings of wind-direction ranges.

e Square 1: The building existing in the square is a concrete con-
struction of dark gray color. The ground material is conventional
asphalt, while no artificial or physical (trees) shading devices are
present. The material used in the south and the west road is also
conventional asphalt. The east passage of the square is covered
with conventional concrete pavers of dark gray color.
Connection road of the squares: The ground surface is covered
with conventional concrete pavers of dark gray color, while trees
and shading devices are absent.

West road of the square 2: The ground covering is conventional
concrete paver.

Square 2: The square includes the city hall building, which con-
sists of two substructures connected via a semi-outdoor space
in the middle of the building, and a cafeteria. Both buildings are
concrete constructions of beige color. The main material used for
ground covering is concrete paver of gray color, while some lin-
ings of red paver exist. In the southwest part of the square a grass
parterre exists, where few trees are present. In the southeast part
a play-ground is situated using sand as ground covering, where a
cypress cluster is also present. The pergolas existing in the square
are currently unexploited. In the north part of the square a small
auditorium of gray concrete is built, while plantation is limited.
The east adjacent passage is of conventional asphalt.

e East Road of square 2: Conventional asphalt road.

4. Meteorological data

The weather data used to characterize the local climate are
received from the meteorological station situated on the roof of the
city-hall building. The available data base includes hourly record-
ings of temperature, relative humidity, wind speed and direction for
the last six years. Obviously, the limited data base is not capable of
leading to conclusions regarding climate change. However, it can
be used for extracting the dominating climate parameters which
correspond to the worst scenario in terms of hot conditions. The sta-
tistical procedure followed aims at determining climate-parameter
values on a hot summer day.

Initially, the recordings of the summer months are gathered and
the occurrence frequency of heat waves is determined for each

month every year. This is achieved by calculating the percentage of
temperature recordings that exceed a threshold value (at present
a value of 30°C is set). The results are illustrated in Fig. 2 and it is
concluded that the hottest conditions occurred in August 2010 as
the occurrence frequency of heat waves was approximately 50%.
Hence, the weather conditions recorded during that period rep-
resent the worst case scenario, which is likely to reoccur in the
future. The mean and uttermost values of climate parameters that
correspond to August 2010, for each hour from 7.00 to 20.00 are
presented in Fig. 3.

As far as wind direction at the specific period is concerned, it is
determined according to the hypothesis that all directions diverg-
ing by £30° from strictly north direction are considered north. The
percentage of recordings of specific wind-direction ranges are pre-
sented in Fig. 4. It is seen that the percentage of north-direction
recordings is 73% during the time period 7.00-20.00. Especially
during the time period 10.00-20.00, in which heat stresses are
expected, the percentage of north-direction recordings is approx-
imately 81%. It is concluded that the north direction is dominant
during the time period 7.00-20.00. The representative weather
data extracted herein (see Fig. 3) are summarized in Table 1 and
they are used as inlet boundary conditions in the CFD model.

5. Mathematical modeling
5.1. Governing equations

The present CFD model applies numerical techniques to solve
the conservation equations for a three-dimensional turbulent fluid
flow, which can be cast in the following general form (Patankar,
1980):

@ + div(pti — I'ygradp) = Sy (1)
where p is the density of the mixture air-water vapor; i is the
velocity vector; ¢ is the dependent variable being 1 for the conti-
nuity equation, uy, uy, u; for the momentum equation in x, y and
z direction, respectively, T for the equation of energy and Yy, o for
the water-vapor transfer equation; Iy, is the diffusion coefficient of

Table 1

Representative climate-parameter values of incoming wind.
Parameter 7:00 8:00 9:00 10:00 11:00 12:00 13:00
Wind speed (m/s) 241 2.55 2.64 2.65 2.75 3.37 4.12
Temperature (°C) 24.38 24.44 24.75 26.56 28.80 29.74 30.12
Relative humidity (%) 69.38 69.19 68.16 69.38 69.19 68.16 65.29
Parameter 14:00 15:00 16:00 17:00 18:00 19:00 20:00
Wind speed (m/s) 4,79 5.26 5.40 5.39 5.25 4.60 3.97
Temperature (°C) 30.40 30.38 30.48 30.34 30.19 30.11 29.75
Relative humidity (%) 59.58 56.00 55.80 55.80 56.45 57.70 58.06
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Fig. 5. Spatial discretization of the existing situation in: (a) square 1 and (b) square 2.

variable ¢; and S, is the source/sink term of variable ¢. The trans-
ferred quantity ¢, also stands for turbulence dependent variables,
here for the kinetic energy of turbulence k and for the eddy dis-
sipation rate ¢. In this study the standard k-¢ model (Launder &
Spalding, 1974) is applied, which is modified to account for buoy-
ancy effects (Stavrakakis & Markatos, 2009). The model treats flow
effects in the vicinity of the walls using standard wall functions
(Launder & Spalding, 1972).
The assumptions made for the problem are:

(a) Incompressible flow of a Newtonian fluid,

(b) Neutral atmospheric conditions,

(c) Richards-Hoxey assumptions for the Atmospheric Boundary
Layer (ABL) (Richards & Hoxey, 1993),

(d) The fluid is considered as a mixture of dry air and water
vapor. The diffusion coefficients as well as the physical
properties of the mixture may be found in previous investiga-
tions (Stavrakakis, Koukou, Vrachopoulos, & Markatos, 2008;
Stavrakakis, Stamou, & Markatos, 2009; Stavrakakis, Zervas,
Sarimveis, & Markatos, 2010).

(e) Traffic conditions in the area are currently neglected and only
the effect of construction materials and physical elements is
taken into account. However, the results obtained are consid-
ered adequate for interpreting the difference in microclimate
parameters before and after the architectural intervention.

The CFD model applied herein is validated, at least regarding
velocity components and temperature variations, in recent studies
(Stavrakakis & Markatos, 2009; Stavrakakis et al., 2008, 2011).

5.2. Computational domain, grid and method of solution

The problem follows the general theoretical aspects regarding
the airflow around bluff bodies (Ferziger & Peric, 2002). According
to literature guidelines the computational domain is built so that
important flow effects, such as the so-called “horse-shoe” vortex
(Ferziger & Peric, 2002), are properly simulated. Specifically, the
inlet boundary, the lateral and the upper boundaries are placed
at a distance of 4Hpax from the building complex, while the outlet

boundary is located 8Hpax far from the area of interest (where Hpax
is the maximum building height of the domain).

The computational domain is discretized by applying a non
uniform unstructured grid. The computational grid contains
approximately 350,000 and 450,000 control volumes for the situ-
ations before and after the architectural intervention, respectively,
whilst the scale of spatial resolution reaches 0.2 m near small wall
surfaces. The grids of the existing and the suggested situation are
illustrated in Figs. 5 and 6, respectively.

The CFD code used employs a standard finite-volume method
provided by a general CFD platform (Fluent v.6.3.26). The first-order
upwind discretization scheme and the SIMPLE solution algorithm
(Versteeg & Malalasekera, 1995) are used, while residuals of 10~4,
for pressure, velocity and turbulence components, and of 10~7 for
enthalpy and chemical species, are set for full convergence. Simu-
lations are performed on a Windows PC of 2.0 GHz CPU and of 3 GB
RAM. The solution time is approximately 1 h and 1.5 h for each hour
reported in Table 1 (from sunrise to sunset), for the existing and the
suggested case, respectively.

5.3. Incident solar radiation

The incident solar radiation on solid surfaces is computed
using the solar ray tracing model (Fluent Inc., 2005). The
amount of solar load depends on the material optical proper-
ties (albedo and transmissivity for semi-transparent surfaces)
and it is determined by applying a special solar load model,
namely Solar Position and Intensity Code (Solpos) developed
in the American National Renewable Energy Laboratory (NREL)
(http://rredc.nrel.gov/solar/codesandalgorithms/solpos/). The
model calculates the direction of solar beam with respect to the
day and hour of interest for the given geographical coordinates
(reported in Section 3 above); thus the solar load on the wall
surfaces is calculated for each hour from sunrise to sunset. It
should be mentioned that the model also accounts for cloud cover
conditions by implementing a cloudiness factor, defined in the
equation below:

f,=0.1+0.9 2)

Fig. 6. Spatial discretization of the suggested situation in: (a) square 1 and (b) square 2.
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where 7 is the relative sunlight term defined as the ratio of actual
and theoretical sunlight duration hours. In the present study the
value 1.0 is set for summer conditions.

5.4. Boundary conditions and special sources

5.4.1. Inlet boundary

At the inlet boundary, the exponential law for velocity compo-
nents is imposed. In the general case of oblique flow the following
equations are used:

_ Uref sinf z a 3
"= G 19 (5) )
_ Ury cosd z\° 4
Uy (Zref/8>a (5) (4)

The equations above are obtained by combining the equations of
velocity at the ABL height §, being 300 m from ground, and at a ref-
erence height z, e.g. the meteorological-sensor height, where the
velocity of incoming wind ur is available for each hour (Table 1)
(Stavrakakis et al., 2009). The term a stands for the terrain rough-
ness, which is set equal to 0.2 (Cook, 1997), and z is an arbitrary
height from ground. Finally, the height of the weather-station sen-
sor is 33 m above sea level, while the wind incidence angle 6
(Stavrakakis et al., 2009) is set equal to zero as explained in Section
4.

As far as the turbulence components are concerned they are
imposed using the equations below (according to the assumption
(c) above):

k= \;%(1@ (5)

3
u*

E = — 6
p (6)

where « is the Von Karman constant and u, is the friction velocity.

The latter is calculated as follows:

1/2
7o )
U, = — 7
(s »
where 7 is the wall shear stress defined by the equation below:
fpu?
=" (8)

where ug is the velocity at the ABL height (uf = u,ef((S/zref)”) and
fis the friction coefficient calculated by the Blasius equation
(Stavrakakis et al., 2008):

~1/4
pl,lf5
=0.045| — 9
-oous(22) o

According to the assumption (b) reported above, a constant tem-
perature Tj, is set, received by Table 1 for each hour considered.
Water-mass fraction is also set at a constant value with respect to
relative-humidity (RH) values tabulated in Table 1. Specifically, it
is calculated as follows (Perry & Green, 1999):

0.622p,

YH,0,in = P—0.373p, (10)
where p, is the water vapor pressure:
_ Ds
pv=RH x 705 (11)
and ps is the saturated water vapor pressure:
10° 3816.44
Ps = 760 &P (18'3 T 22687+ T,-n) (12)

The aforementioned model is implemented in the CFD model as
a user-defined function based on a special C++ code.

5.4.2. Outlet, lateral and upper boundaries

The outlet boundary is handled so that horizontal homogeneity
is retained for all variables considered and no reverse flow occurs,
i.e. a Neumann condition is imposed for the transferred quantity,
dp/dx;; = 0 (jj/ /i, where jj is the velocity direction vector and i is
the defining normal-to-surface vector of the boundary). The upper
and lateral boundaries are handled as free-slip boundaries, i.e. zero
normal velocity component and zero normal spatial gradient of all
other variables are imposed (u;; = 0, dp/dx;; = 0).

5.4.3. Wall boundaries and special sources

The airflow near walls is simulated using the well-known equi-
librium wall functions for bridging the viscous and the inertial
sublayer; thus ensuring the interconnection of all variables stored
in wall-neighboring grid-nodes with their corresponding ones
imposed on wall surfaces (Launder & Spalding, 1972). Wall sur-
faces are handled as heat and water-vapor sources (or sinks) to
account for special physical mechanisms, such as evaporation and
evapotranspiration.

Specifically, the convective and radiative heat fluxes are
obtained based on the thermal and optical properties of ground and
building materials. Water surfaces represent heat sinks and water-
vapor sources through evaporation. Similarly, vegetation and plant
surfaces represent water-vapor sources due to evapotranspiration,
while they absorb solar radiation and convective heat at the shaded
parts. In the subsections below the manipulation of the aforemen-
tioned special sources is analyzed in detail. The models presented
below are applied as heat or/and mass sources (where appropri-
ate) in the CFD model in the form of special user-defined functions
based on a C++ code.

5.4.4. Water surfaces
The evaporation rate is calculated according to Penman’s
method (Penman, 1948) as follows:

_ A Ry y
T A+y A TAT y
where E is the evaporation rate, y is the psychrometric coefficient,
A is the slope of water-vapor saturation curve, R, is the total radia-
tive heat flux, A is the evaporation latent heat, F(u) is the velocity
function and D is the saturation vapor-pressure deficit (D = ps — py).
The terms y, A, A and F(u) are defined by the Eqs. (14)-(17)
below:

F(u)D (13)

_17.271Ty, RH

Y=2377+T1, T (W) (14)
5

A 4098 x10 pzs (15)
(Ty + 237.3)

X =10%(2501 — 2.361T;,) (16)

F(u) = 7.2 x 1073(1 + 0.54u3p) (17)

where uy,, is the velocity of the incoming wind 2m above the
ground and the terms ps and p, are calculated with respect to the
given relative humidity (Eqgs. (11) and (12)).

The radiative heat balance on water surfaces is formulated as
follows:

Rn =Sn—Ln (18)

where S, is the algebraic sum of Entering and reflective shortwave
radiation and L, is the longwave radiation. The aforementioned
fluxes are calculated by Egs. (19) and (20) below:

Sn = (1 — alb)Sp(0.29 cosi + 0.557) (19)
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Ln = enfio(Ty +273)% (20)

where alb is the water albedo (0.06), i is the latitude of the area
(Section 3), Sy is the extraterrestrial irradiation (1367 W/m?2) (Jain,
1988), o is the Stefan-Boltzmann constant and &g is a dimensionless
coefficient defined as follows:

&n = 0.56 — 0.08pY> (21)

The evaporation model described above is applied on water
surfaces in the CFD model; thus different evaporation fluxes are
obtained for different climate-parameters combinations (velocity,
temperature and relative humidity) that correspond to a certain
hour of the day.

5.4.5. Plantation surfaces

The evaporation from plantation surfaces is estimated using
Eq. (13) above, the terms y and F(u) being modified as follows
(Monteith, 1965):

B 17.271T;, RH

y =(1+0.33uzm) 2377+ Ty “(ﬁ)} 22
_ 2.5u2m

- 230 (23)

The rest of the parameters participating in the model are com-
puted as described in the previous subsection, while the albedo
term is altered to a higher value (0.25).

5.4.6. Tree surfaces

The procedure to calculate the evapotranspiration of trees is
based on net heat balance in the leaf-ambient interface, which is
formulated as follows (Jones, 1992):

abs x coS @ x Sgirect + abs x Sgifuse + ER = £0T + he(Ty — Tiy) + AE
(24)

where abs is the absorption coefficient to solar radiation, being 0.6;
w is the leaf orientation to direct sun’s beam (fixed at 30°); ¢ is the
leaf emissivity equal to 0.96; Ris the infrared radiation emitted from
leaf; Sgirecr and Sgguse are the direct and the diffuse incident radia-
tion on leaf surface, respectively; h. is the convective heat transfer
coefficient in the vicinity of leaf surface; T is the leaf temperature;
and A is the evaporation latent heat, calculated using Eq. (16).
The evaporation rate is estimated as follows:

E- PL=pa (25)
T +Tp

where p; and p, represent the density of water vapor in ambient
air and on leaf surface, respectively, computed using polynomial
equations with respect to T;, (Jones, 1992).

Table 2
Tree properties.

The terms r; and rp,; stand for the leaf resistance and the leaf
boundary layer resistance, respectively, defined below as:

= ias £ Tst)le (26)
(Tc + Tigs + Tst)

o = %b]l (27)
where 1, is the leaf intercellular air space resistance, fixed at
a typical value (25s/m); rs is the stomatal resistance; r. is the
cuticular resistance, being 2500 s/m; D; is the water-vapor mass dif-
fusion coefficient calculated following literature guidelines (Perry
& Green, 1999); and §p; is the boundary-layer thickness on leaf
surface, calculated below as:

w \ 72
S =K (uf> (28)
re;

where K; is the leaf shape parameter (equal to 4.0) and w is the
length of the leaf aligned to wind direction.

Based on Eq. (28), the convective heat transfer coefficient is
determined as follows:

Kair

e = Spi

(29)

where K, is the air’s thermal conductivity being 0.0259 W/mK.
Obviously, the resultant evaporation rate and heat flux depend on
the weather conditions for each hour of the day (Table 1).

5.5. Properties of physical and construction materials

In the present subsection, the properties of physical (plantation)
and construction (ground and building) materials, asimposed in the
CFD model, are reported. Specifically, the former category includes
the deciduous or evergreen nature of trees and their geometry,
while the latter category refers to the optical properties of the con-
struction materials used. The aforementioned characteristics are
tabulated in Tables 2 and 3.

6. Thermal-comfort and wind-effect indices

e Thermal comfort conditions are estimated by using the following
indices (in hourly basis):

e Temperature at the height 1.80 m above the ground.

e Surface temperature.

¢ Extended PMV model for non air-conditioned spaces (Fanger &
Toftum, 2002). An expectancy factor e=0.7 is used.

Symbol Name Evergreen (E)/deciduous (D) Height (m) Foliage shape Foliage diameter (m)
T1 Laurel E 9 Spherical 7
T2 Redbud D 7 Spherical 6
T3 Mulberry D 6 Spherical 5
T4 Olive E 9 Spherical 7
T5 Acacia D 5 Spherical 4.5
T6 Almond D 7 Spherical 5
T7 Plum D 5 Spherical 4.5
T8 Mediterranean Cypress E 12 Elliptical 5
T9 Arizona Cypress E 8 Conical 5
T10 Leyland Cypress E 8 Conical 5
T11 Sycamore B 7 Conical 6
T12 Brachychiton E 5 Conical 3
T13 Sour orange tree E 5 Spherical 3
T14 Araucaria B 6.5 Conical 3
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Table 3
Properties of construction materials.
Symbol Name Reflectivity Emissivity Reference
M1 Conventional concrete paver (dark gray) 0.1 0.95 Benzerzour, Masson, Groleau, and Lemonsu (2011)
M2 Conventional asphalt 0.06 0.95 Chatzidimitriou, Chrisomallidou, and Yannas (2006)
M3 Grey coating 0.25 0.95 Taha, Sailor, and Akbari (1992)
M4 Beige coating 0.55 0.9 Taha et al. (1992)
M5 Slate rock 0.08 0.9 Kaufman (1981)
M6 Grass and vegetation 0.3 0.68 Chatzidimitriou et al. (2006)
M7 Soil 0.29 0.9 Taha et al. (1992)
M8 Water 0.05 0.95 Taha et al. (1992)
M9 Sand 0.24 0.76 Taha et al. (1992)
M10 Cool paver (dark gray) 0.52 0.97 Commerce
M11 Cool paver (red) 0.62 0.88 Commerce
M12 Cool light green coating 0.81 0.89 Commerce
M13 Travertine marble 0.55 0.9 Dessi (2008)
M14 Cool gray asphalt 0.37 0.89 Commerce
M15 Granite paver (beige) 0.27 0.9 Taha et al. (1992)
M16 Planted pergolas 0.3 0.68 Chatzidimitriou et al. (2006)
M17 Wooden shading 0.35 0.9 Taha et al. (1992)
M18 Cool gray coating 0.76 0.9 Commerce

Wind effects on pedestrians are calculated as follows (Blocken
& Carmeliet, 2004):
Windingex = U + oy (30)
where u is the velocity magnitude of the air and oy, its standard
deviation (turbulence intensity). The threshold value below which
acceptable wind-speed levels are considered (in urban open spaces)
is 6 m/s.

Thermal comfort and wind effect calculations are performed
by means of a C++ algorithm implemented in the CFD model. The
algorithm utilizes the environmental-parameters values produced
by the CFD model, i.e. air temperature, mean radiant temper-
ature, air velocity, relative humidity and turbulence intensity;
hence all indices are calculated in every grid-cell of the compu-
tational domain. The personal parameters of pedestrians, used in
the algorithm, include clothing insulation, being I; = 0.5clo and
a metabolic rate fixed at Met = 100 W/m? to account for walking
users. The algorithm is described in detail in previous investigations

(Stavrakakis et al., 2008, 2010). The aforementioned procedure
formulates a detailed view of the microclimate in the domain of
interest, in terms of indices-values contours (bioclimatic maps).
This is useful for detecting the problematic areas of the domain
and for suggesting mitigation interventions.

7. Results

In the present section the results obtained by the computational
model described above are presented. Initially, the results regard-
ing the existing case are analyzed and discussed. Based on the local
information provided, advanced bioclimatic-design interventions
are proposed and the model is applied for the suggested case. The
improvements obtained are illustrated in terms of differences of
indices mean values before and after the architectural intervention,
for each square individually as well as for the domain of interest in
total. The mean values of microclimate quantities are computed as
a weighted average using the area of grid-cell fronts that belong

Fig. 7. Design features of the existing case.
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to the surface of interest (square 1, square 2 or connection road)
as weighting factors. It should be mentioned that for mean-value
calculations:

e The square 1 includes the main area of the square and the roads
around it.

¢ The square 2 includes the main area of the square, the west road
and the east road shown in Fig. 1.

7.1. Existing situation

The design features of the existing case are reported in Section 3
above. For reader convenience a description image is presented in
Fig. 7 (using the symbols reported in Tables 2 and 3). The simulation
is performed by applying the CFD-microclimate model analyzed in
Sections 5 and 6, with respect to each hour of the typical summer
day given in Table 1.

The insolation “snapshots” in terms of absorbed IR radiation for
indicative hours from 10.00 to 18.00 are presented in Fig. 8. It is
obvious that both squares are not shaded adequately, while the use

18:00

Fig. 8. Insolation “snapshots” (absorbed IR radiation (W/m?)) for the existing case.

of conventional ground materials leads to the absorption of large
amount of IR radiation, part of which is afterwards attributed to the
environment. Especially in square 1, the radiation absorbed reaches
maximum values due to the lack of shading, the use of conventional
asphalt and the dark color of the building situated in the square. In
square 2, slightly lower values of absorbed IR radiation are obtained
as aresult of the existence of planted surfaces and shaded parts near
trees. Regarding the connection road, it is shaded during morning
hours, while it is insolated during noon and afternoon hours.
Mean temperature results at pedestrian level in the areas of
interest (1.80 m) are presented in Fig. 9(a) from sunrise to sunset.
Maximum temperature occurs at 14.00 in all areas, thus the specific
hour is representative for assessing microclimate under severe heat
stresses. Specifically, the highest temperature is observed in square
1, being 33.7 °C. On the contrary, lower temperatures are calculated
in square 2 and in the connection road, equal to 32.5°Cand 32.2°C,
respectively. In Fig. 9(b), results of mean surface temperature are
presented. Itis seen that wall temperature is dramatically increased
during noon hours for both squares, due to the lack of shading and
to the use of conventional construction materials. Lower values are



G.M. Stavrakakis et al. / Sustainable Cities and Society 4 (2012) 41-57

as

o

=]

®

[

o

E

3

c

«©

(7]

=

O
/\&9 @9 %'@ \Q’& \.\'Q.P \q;gP .{5@
Time

b

Surface temperature (C)

S LSS

NI
l\b‘. ‘\63- \6. \«- \%. \q- @.

$

51

—e— Square 1
—=— Square 2
—a— Connection road

ISR S S

—e— Square 1
—=— Square 2

—a— Connection road

ISR S S S Y
L

\b. ,\6' <\. \Q)‘ ,\q. S°

Fig. 9. (a) Mean temperature at pedestrian level and (b) mean surface temperatures in the areas of interest for the existing case.

obtained in the connection road, as it remains shaded for longer
periods. An indicative view of surface temperature distribution is
illustrated in Fig. 10 at 14.00. The highest temperature occurs on
roads and other hard surfaces. On the contrary, on grass surfaces
temperature may be even by 40 °C lower compared to roads.

Thereinafter, results regarding microclimate at 14.00 are pre-
sented in Fig. 11. Specifically, distributions of PMV and Wind;gex
at pedestrian level are illustrated. The following conclusions are
drawn:

e Square 1: Intensive thermal discomfort throughout the square
(mean value of PMV: 2.9) due to high temperature dominating in
the area. Wind effects on pedestrians are within acceptable levels
(mean value of Wind;,gex: 1.47).

e Square 2: Thermal discomfort due to high temperatures (mean
value of PMV: 2.29), especially at the south part of the square.
Wind effects are considered relatively intense at the semi-
outdoor space of the city-hall building (Wind;,4ex ranges from
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4.4m/s to 5.8 m/s). Wind strength may exceed acceptable levels
at the play-ground area, where the index Wind;, 4., ranges from
5.8m/sto7.17 m/s.

¢ Connection road: Lower values of PMV are obtained (mean value:
2.05) compared to the aforementioned areas, but still hot condi-
tions prevail. Regarding wind effects, moderate wind strength
occurs (mean value of Windj,gex: 2.36 m/s).

7.2. Suggested architectural intervention

Based on the problematic areas detected above, mitigation
bioclimatic-design interventions are formulated. The physical and
construction elements of the proposal are described schematically
in Fig. 12. The suggested design intervention involves techniques to
increase shading areas, to reduce temperature at the non-shaded
parts and to ensure wind protection in areas frequently used by
pedestrians (semi-outdoor space and play-ground). Specifically,
the interventions proposed include:

Fig. 10. Surface temperature (K) at 14.00 for the existing case.
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Fig. 11. Distributions of PMV and Wind;nq., at pedestrian level in: (a) square 1, (b) connection road and (c) square 2, for the existing case.

Fig. 12. Design features of the suggested case.
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e Square 1: (a) Construction elements: Cool red paver in the main
area of the square, granite paver around the square, cool gray
asphalt at the west and south neighboring roads, grass parterre
and compressed soil in the west part of the square, wooden shad-
ing and cool gray coating on the building. (b) Physical elements:
Mainly laurel, redbud and mulberry have been used.

Square 2: (a) Construction elements: Arc lining of travertine mar-
ble, cool gray paver at the south part of the building as well as
at the neighboring roads, cool green coating on building facades
and on auditorium surfaces. (b) Physical elements: Planted per-
golas and water streams, Mediterranean-cypress cluster at the
north part of the square for wind protection of the semi-outdoor
space, Arizona cypress for enhancing wind protection and shad-
ing at the play ground, olive, redbud, laurel, mulberry, almond
and sycamore.

Connection road: (a) Construction elements: Wooden shading
devices. (b) Physical elements: Mainly redbud and mulberry are
used.

The insolation “snapshots” for the suggested case are presented
in Fig. 13. Compared to the existing situation, the absorbed IR
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18:00

Fig. 13. Insolation “snapshots” (absorbed IR radiation (W/m?)) for the suggested case.

radiation is substantially reduced as a result of applying physi-
cal and artificial shading devices and cool materials. The impact of
the aforementioned situation is obvious in mean surface temper-
ature and in mean temperature at pedestrian level during the day
cycle (Fig. 14). Maximum temperature now occurs in square 2 at
14.00, being lower than that in the existing case by 1.5 °C. Regard-
ing the square 1 and the connection road, temperature is reduced
by 3.64°C and 1.6°C, respectively, at the same hour. Fig. 16 dic-
tates that mean surface temperature is reduced by 26°C, 11 °C and
5.5°C, in square 1, square 2 and connection road, respectively. An
indicative view of surface temperature distribution is illustrated in
Fig. 15 at 14.00.

The effect of the interventions suggested is shown in Fig. 16,
where results of PMV and Wind;,g.x at 14.00 are presented. The
following conclusions are derived:

e Square 1: Thermal comfort levels are substantially improved
(mean PMV equals to 1.37). Wind intensity remains at low levels
as in the existing case.

e Square 2: Improvement of thermal comfort (mean PMV equals
to 1.76), especially along north, east and west side of the square.
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Fig. 14. (a) Mean temperature at pedestrian level and (b) mean surface temperature in the areas of interest for the suggested case.

Referring to wind effects the mean value of Wind,, 4. is reduced to
0.5m/s and to 3.5 m/s at the semi-outdoor space and at the play-
ground area, respectively, as a result of the vegetation added in
the north and the east part of the square.

e Connection road: Improvement of thermal comfort levels (mean
value of PMV: 1.73). Wind effects remain at the same level as in
the existing case.

7.3. Comparative results

In the present subsection, the improvements obtained are illus-
trated in terms of differences of microclimate parameters between
the existing and the suggested situation.

7.3.1. Mean surface-temperature and temperature differences at
pedestrian level

The hourly differences in mean temperature at pedestrian level
and surface temperature in the areas of interest (squares and con-
nection road) are calculated by exploiting Figs. 9 and 14 for the
existing and the suggested case, respectively. The results are illus-
trated in Figs. 17 and 18. It is seen that mean temperature at 1.80 m
above the ground is reduced by at least 1.5 °C in the squares during
most hours of the day. The same is not true in the connection road
as it is being shaded in longer periods compared to the squares.
Regarding surface temperature, it is reduced by at least 5 °C during
most hours in the areas of interest.

As far as the difference of mean maximum temperatures is
concerned it is concluded that at pedestrian level, maximum tem-
perature (occurred at 14.00)isreduced by 3.35°C,1.52°Cand 1.2 °C,

Fig. 15. Surface temperature (K) at 14.00 for the suggested case.
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Fig. 16. Distributions of PMV and Wind;,q.x at pedestrian level in: (a) square 1, (b) connection road and (c) square 2, for the suggested case.
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Fig. 17. Mean temperature difference between the existing and suggested case at pedestrian level in the areas of interest.

in the square 1, square 2 and the connection road, respectively.
Referring to mean maximum surface temperature, the respective
reduction occurred is 26 °C, 12°C and 6°C.

7.3.2. Thermal comfort and draught improvements

The same calculation procedure as above is followed concern-
ing the improvements obtained for thermal comfort (PMV) and
draught (Wind;,4.x) indices, during the hours of severe heat stresses
and wind effects (10.00-18.00) (see Table 1). The differences

between the existing and the suggested case are presented in per-
centage terms. The results of both indices are illustrated in Fig. 19.
It is concluded that especially in the squares, the PMV index is
reduced by at least 20% during all hours. Regarding the draught
index, the change is negligible in the square 1 and in the connec-
tion road as they are not subjected in wind stresses in any case. On
the contrary, a reduction of at least 20% is obtained in square 2 as
a result of targeted interventions applied, i.e. in the semi-outdoor
space in the city-hall building and in the playground area.
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Fig. 19. Reduction percentage of: (a) PMV and (b) Windi,gex, in the suggested case.

8. Conclusions

In the present work a general computational methodology for
assessing and mitigating Urban Heat Island is developed. A spe-
cial CFD model is described which is used to quantify microclimate
and comfort conditions in the urban environment. The effects of
both construction and physical elements are taken into account and
local information in detailed resolution regarding the aforemen-
tioned conditions is obtained. The usefulness of the computational
model lies on the fact that it can be applied for assessing the exist-
ing case and extracting the problematic areas and for testing any
architectural interventions suggested for eliminating those areas.
The conclusions of the analysis presented herein are summarized
as follows:

e Environmental and microclimate conditions are quantified
throughout the domain of interest before and after the architec-
tural intervention.

e Theresults obtained provide the problematic areas (UHI and wind
effects) based on which the designer proposes interventions.
The effectiveness of any architectural intervention may be tested
before construction, and the best design is finally decided through
trial and error.

For the specific case considered it is concluded that mean tem-
perature at the pedestrian level is reduced by at least 1.5°Cin the
squares during hours of severe thermal stress. During the same
period, mean surface temperature is reduced by at least 12°C.
These reductions lead to an improvement in thermal comfort by
at least 20%, representing an adequate mitigation of UHI in the
urban domain.

It is expected that the mitigation of thermal stresses reduce
energy consumption for cooling purposes in neighboring build-
ings; thus it contributes to the reduction of carbon emissions.
The methodology described may contribute in developing guide-
lines and standards for retrofitting open public spaces and
in stimulating scientists and engineers to conduct advanced
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technical studies at the horizon of future initiatives such as “eco-
quartiers” and “smart cities”.
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