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Abstract
This thesis deals with the micro-climatic analysis and the improvement of the energy
efficiency in a typical urban residential built environment in Thessaloniki. The scope of this
research is to assess the benefits of coupling the simulation of both the built environment as
a whole and the building units. For that reason, the implementation of roadside trees is
introduced as a possible measure to mitigate Urban Heat Island and improve building energy
performance. The simulation tools used are ENVI-met v.4 [1, 2] and EnergyPlus 8.8 [3, 4];
ENVI-met is a three-dimensional (3D) prognostic micro-climate model based on
Computational Fluid Dynamics (CFD) and thermodynamics that simulates the conditions in
the exterior area and between buildings. On the one hand, although ENVI-met is widely used
and validated, as a micro-climate simulation tool, it does not have the ability to calculate
indoor energy demand and/or consumption. Therefore, EnergyPlus is used, which is a
Building Energy Simulation (BES) tool. Although EnergyPlus does not have the ability to
deal with the outdoor environment and especially with the thermal effect of vegetation and
water volumes, it takes into account trees and the built environment as shading elements.
Therefore, a one-way integration of the two simulation tools is the minimum requirement so
that urban planners, designers and engineers to have an adequate comprehension of the
complex interaction between buildings and their surrounding micro-climate.
At his point, I would like to express my deep appreciation to Dr. Ifigeneia Theodoridou,
supervisor of this thesis, who provided me with valuable advices and gave me inspiration. I
would also like to thank current PhD student Ms. Stella Tsoka for her crucial assistance
regarding micro-climate energy simulations. Finally, advices given by Dr. Theodoros
Theodosiou have been great help in conducting this study.

Petros Ampatzidis
December 2017
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1. Introduction
Over the last 20 years, world population has increased, economies have grown, and
transportation means have risen as well. According to the International Energy Agency (IEA)
[5], during these years, global energy intensity, i.e. the energy used per unit of GDP, has been
decreased for about 1.8%. (Figure 1) However, IEA underlines that this progress is detected
in emerging and developing countries, and that humanity needs to take immediate measures
to reach a decrease of energy intensity by at least 2.6%, in order to be consistent with the
goal of limitation of global average temperature “well below 2 °C” [6].

Figure 1: Energy intensity change at a global level. Source: IEA. http://www.iea.org/eemr16/

Buildings, both residential and commercial, play an important role on the global share of
energy consumption. More particularly, in the developed countries this portion lies between
20–40% of the total energy use, surpassing the consumption of transportation and industrial
sector [7].
Furthermore, according to the Population-Reference-Bureau of 2009, half of the world’s
population lives in the cities [8]. In Greece, this number reaches 60%, while in other
European countries like France, Spain and United Kingdom, around 80% of the population
lives in urban areas. This on growing urbanization has affected the radiant balance of the
urban spaces, the anthropogenic heat release, wind flow and the convective heat exchange
between buildings and ground. Hence, different air temperatures appear between urban areas
and the surrounding rural environment, a phenomenon known as Urban Heat Island (UHI)
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[9]. This phenomenon is being intensified, among other things, by the progressive
replacements of permeable, natural surfaces with rough, mineral materials like asphalt and
concrete. Consequently, more solar radiation is retained and re-radiated to the urban
environment, whilst the reduced sky view factor can contribute to the entrapment of short
and long-wave radiation inside urban canyons preventing their natural cooling [10].
However, the UHI is not a static phenomenon, i.e. its intensity (UHII) is higher on cloudless
and windless nights and varies seasonally and diurnally [11, 12, 13].
Stathopoulou and Cartalis [14] evaluated the UHI intensities for the five biggest cities of
Greece using thermal images and a land cover database consolidated with a GIS framework.
Their results showed a surface UHI intensity of 3.3 °C in Athens and 2.7 °C in Thessaloniki,
between rural and urban areas. In a more recent study, Giannaros and Melas [15] studied the
intensity of the Urban Heat Island in Thessaloniki and they found it to vary between 2-3 °C
during hot summer days. In the same study, the researchers found that the city of Thessaloniki
also experiences the opposite of the UHI, the Urban Cool Island (UCI), meaning that, mostly
in late afternoons, the city’s air temperatures are lower than the surrounding rural areas. UCI
is mentioned in other studies as well [16, 17]. Undoubtedly, the UHI does not only affect the
outdoor thermal comfort of citizens, but it also has a negative impact on cooling energy
consumption, due to the increased air temperatures [18, 19], as well as smog release [20].
Nowadays, in Europe, while all EU countries are trying to implement the Energy Efficiency
Directive of 2012 [21] to reach EU’s 20% energy efficient targets in 2020, the need for
affordable and yet effective measures to mitigate UHI and make buildings more energy
efficient emerge as urgent as ever. There are several studies dealing with the quantification
of UHI mitigation techniques in urban Mediterranean areas [22, 23, 24, 25, 26, 27]. With
respect to the city of Thessaloniki, the existing literature consist of studies that deal with
retrofitting of open public spaces [28, 29], or the implementation of large scale green roof
projects [30]. Only a few studies examine the amelioration of the urban climatic conditions
at district scale [31, 32]. In the same context, this study will deal with the investigation of
measures to improve energy efficiency in a typical urban built environment in Thessaloniki,
Greece.
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2. Literature Review
This chapter includes a short literature review regarding the advances in UHI mitigation and
the simulation techniques that have already proposed. In particular, the impact of the urban
morphology on the building energy performance will be reviewed along with the way that
the urban configuration influences urban micro-climate. Furthermore, several urban
numerical simulation tools will be presented, as well as the contribution of the coupling
between building energy simulation tools and micro-climate simulation tools. Finally, the
issue of weather data generation will be discussed.

2.1 Urban morphology and energy impact on buildings
An important part of the energy used worldwide is derived from space heating and cooling
of buildings and, thus, their minimization is of high importance. Buildings exchange heat
with their surrounding environment mainly by convection and radiation. This chapter will
focus on how the urban configuration, as well as several UHI mitigation techniques can affect
these heat fluxes and, therefore, alter the buildings’ energy performance. Current research
demonstrates extensive and up-to-date review papers regarding energy conservation
measures for improving the energy efficiency of buildings [33, 34].
In an effort to contribute to the evaluation of building energy consumption at city scale,
Morille et al. [35] studied the impact of several vegetation technologies, such as green walls
and roofs, on the cooling energy consumption of buildings. Using an advanced micro-climate
tool, they concluded that the direct effects of green walls and trees appear to be the most
efficient regarding cooling energy demands. Kikegawa et al. [36], using numerical simulation
tools for a case study in Tokyo, Japan, classified residential and office canopies with respect
to the sky view factor and found that green walls can decrease residential building energy up
to 20%, while at the same time reduce ambient temperatures by 0.7 °C.
Green roofs are considered to be an efficient way to decrease cooling and heating energy
demands of a building. Apart from their contribution to the micro-climate, green roofs
provide additional insulation and have cooling effects to the underlying building. At their

8

celebrated experimental study, Santamouris et al. [37] examined the impact of a green roof
implementation in a nursery school in Athens, Greece and concluded that a reduction from
12 to 87% of cooling energy consumption was possible during summer; the influence during
the winter is negligible. The work of Berardi [38] was one of the first studies that managed
to deal with both the reduction of energy consumption and micro-climate benefits of a green
roof retrofit at a university building in Toronto, Canada. ENVI-met was used for simulating
the benefits of green roof at the micro-scale environment and the building energy simulation
program, EnergyPlus, was used to simulate the reduction on cooling and heating energy
consumption. Results from both programs were validated with field measurements and
electricity bills. The existence of some rooftop weather stations near the case study building
provided a good approach of the micro-climate of the area; both simulation tools were forced
with the weather file of the nearest weather station, rather than using existing EPW files of
EnergyPlus. Results showed that a green roof retrofit will affect mostly the rooftop microclimate and the energy consumption of the building (1.8-2.9%), rather than the outdoor
thermal comfort at pedestrian level. It was found that the reduction of heating loads of the
last floor has the biggest impact on the total energy reduction, while a direct connection of
the cooling demand with the leaf area index (LAI) is demonstrated; the denser the green roof
the higher the reduction of cooling.
In their celebrated research, Huang et al. [39] argued that an increase of 25 % of the tree
cover in the urban environment can lead to 50 % cooling energy savings, if it is combined
with measures for shading optimization. Akbari et al. [40] studied the energy impact of treeshading in two houses and monitored a total cooling energy demand reduction of 29 % for
each building. According to an empirical analysis conducted by Pandit and Laband [41] with
residential data in a suburban environment, 50 % dense tree shading in summer caused 14 %
energy savings, whereas with 20% shade in winter results showed that heating energy
consumption increased by 6%. These findings indicate that the reduction of solar heat gains
through shading effects, especially during the hours when the building receives the greatest
amount of solar radiation, along with the increased need for artificial lighting can cause
significant heating energy consumption. Simpson and McPherson [42], who studied tree
shading effects on the energy consumption of uninsulated and insulated houses for several
climate zones in California, U.S.A., found that trees placed on south and southeastern façades
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can decrease cooling energy use. Nonetheless, they argued that energy savings in summer
can be eliminated by a substantial increase in heating energy use due to significant solar
obstruction. In comparison, Nikoofard et al. [43] studied a detached house in Canada and
found that tree shade can lead to 10 % increase of heating demand and 90 % decrease of
cooling demand compared to an unshaded building and given that the building is situated in
a densely built urban environment.
In a recent study conducted in the city of Manchester, UK., Skelhorn et al. [44] assessed the
influence additional greenspace on the energy performance of commercial buildings. For a
scenario of additional mature trees, in a percentage of 5%, in the urban area, building energy
simulation results showed a cooling energy reduction of 2.8 %. Raji et al. [45] conducted an
extensive literature review regarding the impact of several greening systems, including green
roofs, green walls, green balconies, sky gardens and indoor sky gardens, on the energy
performance of buildings.
Furthermore, impacts of urban configuration can also be linked to the buildings’ energy
consumption. According to Ratti et al. [46], building’s energy performance depends on the
urban geometry, building design, the systems’ efficiency as well as the users’ behavior
(Figure 2). For example, a small H/W ration, i.e. higher amount of solar radiation reaching
the building surfaces, can lead to an increased demand of air conditioning systems during
summer days for buildings in relatively hot regions.
According to a recent study of Vallati et al. [47], buildings inside an urban street canyon
present lower heating demands and higher cooling demands compared to a similar standalone building, always considering the climate of the case study location (Rome). This is,
mainly, due to the obstruction of solar radiation by the surrounding buildings, the interreflections between buildings and the limited convection heat transfer because of the
confined wind velocities. Allegrini et al. [48] agree with the conclusions of the previous
study, as wider urban canyons receive more solar radiation, while narrow streets block sun’s
penetration during the day and infrared heat dissipation during the night.
Strømann-Andersen and Sattrup [49], studying the influence of increases in urban density on
the daylighting and passive solar gains of urban buildings, concluded that the urban geometry
plays an important role on the building energy performance, leading to a total energy
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consumption increase of up to 30% for offices and 19% for houses. In a more recent study,
Vartholomaios [50] studied the impact of several descriptors of urban form on residential
building energy consumption in Thessaloniki, Greece. Using a sensitivity analysis, the author
concluded that the compactness of passive zones and the utilization of solar gains during
winter time, are the key factors that lead to a low energy urban configuration.
Ko [51] conducted a thorough literature review, where several urban form features influence
the energy behavior of buildings accordingly. This includes housing typology, urban
configuration and urban density, green spaces and land coverage.

Figure 2: Building's energy performance is linked with urban form, building design, system efficiency and user's behavior
[46].

The typical urban built environment consists, mainly, of dark-colored surfaces or materials
with high solar absorptivity, and with the combined effect of rare vegetation. Therefore, it
can heat-up more and, thus, intensify UHI as well as buildings’ cooling energy consumption
[52]. Consequently, large scale implementation of high albedo materials in urban built
environment can be considered as a solution towards UHI mitigation and its corresponding
negative energy-related effects on buildings. These interventions may involve the application
of cool materials on building roofs or/and façades. It is already shown that the use of cool
materials on urban building can lead to less heat transferred into the buildings and, thus, to
lower cooling energy demand. For example, Rosenfeld et al. [53] calculated that a raise of
the albedo of the surfaces of an urban building in Sacramento, U.S.A, can lead to energy
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savings of about 20-40%. In the same vein, Akbari et al. [52] estimated that a reasonable
increase of pavements and roofs albedo, with a simultaneous increase of urban greenery, can
lead to a 20% decrease of the cooling energy demand at a national level in the U.S.A. This
fast-growing and promising mitigation technique lead Akbari et al. [54] to estimate the global
cooling effect by a hypothetical implementation of cool pavements and cool roofs all around
the urban world. Their results revealed the potential of counteracting the impact of ongrowing CO2-eq. emissions for 11 years. Moreover, Synnefa et al. [55] studied the energy
benefits of cool-colored and cool materials by simulating the same single-story building at
27 countries world-wide. Results showed that by increasing building’s roof albedo to 0.67, a
cooling energy saving, of 8-48 kWh/m2, is possible depending on the climate. Kolokotsa et
al. [56] studied the potentialities of cool materials implanted on roofs for a building in
Heraklion, Crete. Their results showed a significant energy saving during summer as well as
during the whole, 27% and 19.8% respectively. Nonetheless, apart from their optimistic
results regarding cooling energy conservation, cool roofs create a thermal penalty during
winter, increasing the energy needed due to the reduced heat gains. Kolokotroni et al. [57]
estimated that cool roofs can increase heating demand by 10%, in a parametric study
performed in London.
Since the technology of the implementation of high albedo materials has been widely
examined for pavements and roofs, Zinzi [23] focused on the potentialities of wall
applications on residential buildings, located in different Mediterranean cities, like Athens,
Marseille and Cairo. By conducting parametric dynamic simulation analysis for different
building configurations and climatic conditions, the author concluded with cooling energy
saving of 3 kWh/m2 per 0.1 increase of the material’s solar reflectance.

2.2 Urban Configuration
Before going deeper into the several urban retrofitting techniques, the urban configuration
itself should be pointed out as a factor that also intensifies the UHI as well. According to
Shashua-Bar et al. [58], urban canyon geometry and street’s aspect ratio (AS), i.e. the ratio
of the mean building height to the mean street width, can play an important role in moderating
micro-climate at pedestrian level. Moreover, the magnitude and timing of the energy balance
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of a street canyon’s surfaces is correlated with the geometry and orientation of the canyon
itself [59]. Height to width ratio (H/W ratio) is the factor that mostly defines the geometry of
an urban canyon, affecting shading as well as radiation hours. It is shown that an increased
H/W ratio leads to a cooler outdoor environment, due to decreased air and surface
temperatures as well as better thermal comfort conditions [60, 61]. The increase of the height
leads to more shading hours in all orientation and can lower the outdoor air temperatures by
3 °C [61, 62]. However, during summer days, the increased inter-reflections between
buildings and the decreased penetration of wind can lead to poorer thermal comfort
conditions. Oke [63] found a strong relationship between the geometry of the urban canyon
and the thermally affected micro-climate in an imaginary mid-latitude city. The author
concluded that a H/W ratio between 0.4 and 0.6 is appropriate in order to provide solar
accessibility and satisfactory maintenance of the solar warmth in the winter, and enough
shading and atmospheric dispersion in the summer. Recently, Tsitoura et al. [64] studied the
influence of H/W ration in Mediterranean urban environment during summer and concluded
that H/W ration mostly affects canyons with E-W orientation, due to the fact that shading is
a crucial factor compared to N-S oriented canyon with lower sun penetration.
Ali-Toudert and Mayer [65] showed that, under hot and arid conditions, street’s AR and its
solar orientation have a worth-mentioned impact on the outdoor thermal comfort of
pedestrians, and especially on the time of day when high heat stress happens and on how the
physiologically equivalent temperature (PET) is spatially distributed. In fact, shading is
usually considered as the most crucial factor that affects pedestrian thermal comfort
conditions [66], especially when calculating thermal comfort indices in summer, when solar
radiation and the level of shading are more important than wind speeds and air temperatures
[67, 68]. According to Müller et al. [69], urban canyons with sky view factor (SVF) of 0.129
have good thermal comfort conditions during the longest period throughout the year. It has
been shown that SVF mainly affects the surface temperatures, since the higher the SVF is the
higher the solar penetration on the buildings sides [64].
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2.3 Mitigation techniques
As far as mitigation of the UHI is concerned, there are numerous studies that propose a
variety of solutions. Taha [70], studied the potential of several mitigation techniques in a
mid-latitude city with warm climate during typical summer days, concluding that changing
the albedo of urban surface and adding green spaces can play an important role in reducing
high outdoor temperatures (2-4 °C). On the other hand, lowering the anthropogenic heat
release does not seem to affect the micro-climate in commercial and residential zones to a
great extend; however, in dense city centers it can play an important role. In the same
framework, a review study by Memon et al. [71] concluded that mitigation benefits will
mostly derive from the controllable part of the Indirect Solar Heating (ISH), i.e. the design
and planning parameters, as the anthropogenic heat release is mainly connected to energy use
patterns. According to Gago et al. [72], buildings (building’s envelope, urban canyons,
building distribution etc.), green areas (trees and plants) and pavements (high albedo
materials) are the most important elements that someone should take into consideration if she
or he wants to alter the urban planning. Several other studies agree with the previous
conclusion [10, 73].

2.3.1

High albedo materials

As stated previously, modern urban districts are characterized by mineral, rough materials
on pavements, roads and buildings. These materials present low albedo and, therefore, can
significantly increase surface temperatures and long-wave radiation emission. Consequently,
increases of ambient air temperature, which are strongly linked to surface albedo, can alter
urban radiation energy balance to a significant extend.
Albedo, or solar reflectivity, indicates a material’s surface reflecting power. It is defined as
the ratio of the reflected to the received irradiance. It is dimensionless and can take values
between 0 and 1. Surfaces with albedo of 0 do not reflect solar radiation at all, while surfaces
with albedo of 1 reflect 100% of the incident radiation [74].
Therefore, a simple and cost-effective way to deal with the problem is to enhance materials’
solar reflectance and infrared thermal emittance. These are the main properties of high albedo
materials, or cool materials, which can find applications in pavements, walls and roofs.
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Raising the albedo of urban surfaces results to a significantly decreased surface temperature,
and therefore, to less heat been introduced into the buildings. The direct effect of this
implementation is less energy demand for cooling during summer time; but an indirect effect
by a large-scale implementation, is the ambient cooling of the surroundings and mitigation
of the UHI [75]. Since the impact of reflective materials on building energy demand has
already been analyzed, the focus is on their influence on the amelioration of the UHI.
In the same line of thought, roofs occupy 20-25% of the total urban surface area, and therefore
can offer an effective way to mitigate UHI in the cities [76]. Rosenfeld et al. [77], estimated
that by implementing cool roofs, cool pavements and additional shade trees in Los Angeles,
the UHI can be decreased about 3 °C. In a similar study for the dense city of Athens, the
researchers showed that cool roofs can mitigate the UHII by 1-2 °C [78]. In fact, along the
Mediterranean region, cool roofs appear to be the best solution in mitigating UHI [79].
Unlike cool roof technologies, the implementation of high-albedo materials in road and/or
pedestrian pavements is a relatively new technology. Cool pavements are designed to store
less heat, lower surface temperature than conventional materials [80] and low brightness in
order to avoid glare problems [81]. Synnefa et al. [82] studied five thin layer cool asphalts
and resulted that the implementation of cool pavements on roads can lead to an air
temperature drop of 5 °C, on average, given that wind velocity is low. In an extensive
implementation of 4,500 m2 cool pavements in an urban open area, Santamouris et al. [83]
calculated a reduction of 1.9 K on the outdoor air temperature, under typical summer day
conditions. Finally, Battista and Pastore [84] argue that by increasing the albedo of the
asphalt (from 0.11 to 0.40) in an urban canyon in Rome, maximum ambient temperatures can
be reduced by 1 °C.
A factor that plays a key role on thermal comfort is the surface temperature, which affects
the radiant thermal balance between people and environment. Synnefa et al. [85] studied 14
different types of reflective coatings and estimated that the surface temperature of a typical
white concrete tile, with an appropriate reflective coating, can be reduced by 4 °C during hot
summer days and 2 °C during warm nights. Georgakis et al. [86] studied the effects of cool
pavements inside a deep urban street canyon, resulting with surface temperatures 7-8 °C
lower than the case with conventional paving materials; air temperature was found to be up
to 1 °C decreased. Perhaps the most important drawback of the implementation of cool
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materials on pavements and facades is the extra thermal stress, with which they burden
pedestrians in urban street canyons due to their increased solar reflectance [87]. A solution
proposed by Alchapar and Correa [88] for the improvement of urban thermal energy balance
underlines the combined effect of cool pavements and additional vegetation in urban street
canyons. Similar observations were made in a more recent study, conducted by Tsoka et al.
[32]. The authors showed that by increasing the albedo of asphalt and pavements, on average,
by 0.35 in an urban district in Thessaloniki can lead to a peak rise of mean radiant temperature
(Tmrt) up to 5 °C. at pedestrian level. The authors agreed that although reflective materials
have a positive impact on surface and outdoor air temperature, they can also affect,
negatively, pedestrian thermal comfort by increasing radiative exchange. Thus, a possible
solution would be the implementation of both cool materials and additional urban vegetation.
Results showed a difference of almost 17 °C decrease of mean radiant temperature between
the combined solution and the case where only reflective materials were applied, underlining
that dense foliage trees can control Tmrt in an effective way.
Despite the fact that common cool materials are gaining ground in the markets during the last
years, their development and the respective research are further ahead. For instance, apart
from simple white materials or cool-colored materials, more innovative technologies have
been researched and developed, such as nano-materials doped into cool coating to enhance
their thermal behavior and highly reflective materials with dynamically changeable optical
characteristics [89, 90], although in practice their general market approval has not yet been
established as these technologies are highly expensive.

2.3.2

Urban vegetation

Another mitigation technique is the implementation of additional urban greenspace, i.e.
roadside trees, parks, green roofs and walls. An important aspect of the urban built
environment is the low fraction of the ground that is covered by any kind of vegetation,
compared to non-urban areas. The absence of adequate urban vegetation negatively affects
the UHI. Vegetation, and especially trees, block solar radiation and thus reduce solar heat
gains on walls, roofs and windows, and increase latent heat exchanges by evapotranspiration,
while they decrease surface temperatures below their crown and nearby due to shading
effects, resulting in a cooler environment [70]. More specifically, several studies have shown
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that vegetation can cool the surrounding environment by means of evapotranspiration,
absorption of less heat as well as excessive reflectance of solar radiation, i.e. higher albedo,
when compared to common urban paving or construction materials [91, 92].
A common way to isolate the different effects of greening on the built or outdoor environment
is by studying its macro or micro-scale impact separately. As UHI is being intensified due to
climate change, its negative effects on the outdoor thermal comfort will be increased.
Therefore, mitigation of heat stress at the pedestrian level is of great importance. Regarding
the macro-scale effects of vegetation, several studies have shown that an extended
implementation of large greenspaces can reduce air temperatures from 1 to 5 °C, depending
on the climate and the local soil characteristics [93, 94, 95]. According to Shashua-Bar et al.
[96], the decrease in air temperature is, mostly, due to the combined effect of
evapotranspiration and shading of trees.
In more recent works, Ng et al. [91] investigated the thermal impacts of additional vegetation
in Hong Kong and found that with a tree coverage which exceeds the 1/3 of the land area, a
cooling effect of 1 K can be achieved. The authors also noted that, in dense urban areas with
high buildings, green roofs and planted grass on the ground level are a rather inefficient way
to deal with outdoor thermal comfort. Green roof’s weakness to offset UHI impacts in highdense urban areas is also mentioned by Zölch et al. [97], who simulated different greening
options in an urban area of Munich, Germany and concluded that trees and green façades
perform better than green roofs regarding the amelioration of thermal stress, while the latter
provide a descent solution for storm water runoff reduction and eco-friendliness. In a microclimatic modelling of additional vegetation in a suburban area in Manchester, U.K., Skelhorn
et al. [98] estimated that by adding 5% mature trees the surface temperatures can decrease
by 1 °C. More recently, Tsoka [31] studied the influence of additional tree planting in two
urban neighborhoods of Thessaloniki, Greece and found that planting trees can decrease
significantly surface temperatures, within a temperature range of 15 °C for asphalt surfaces,
regardless the street’s orientation. Other studies, using advanced micro-climate simulation
tools, have shown that additional greening, and especially tree canopies, can effectively
mitigate human heat stress during the day in an urban residential district [99, 100]. Studying
the effectiveness of eight different tree species on the amelioration of outdoor thermal
comfort in Hong Kong, Morakinyo et al. [101] concluded that the most important parameters
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that improve or worsen pedestrian thermal comfort during day and night are the leaf area
index (LAI), the tree’s height, as well as the trunk height. Additionally, the authors found
that tree’s effectiveness on improving thermal comfort during night decreases by increasing
urban density.
On the other hand, when focusing on the building-scale effects of vegetation, green roofs and
green facades can significantly reduce indoor air temperatures and thus the demand for
cooling of the building itself [37, 45, 102], as mentioned previously. Additionally, it has been
shown that, even in Mediterranean climates, green roofs can effectively reduce storm water
runoff [103]. In a recent study conducted by Karteris et al. [30], it was shown that the green
roof potential of Thessaloniki is estimated at 17% of the city’s total built area, indicating a
significant potential regarding green roof retrofits.
Green and reflective roofs present a very high mitigation potential as well as several climatic
advantages. Scherba et al. [104] conducted a modeling effort in order to examine the
influence of several roofing technologies on the building’s rooftop energy balance. The
results indicated that cool roofs present a higher UHI mitigation potential during the peak
daily period, compared to green roofs. On the other hand, during the night, when UHI
intensity is important as well, green roofs contribute the most. Recently, Wang et al. [105],
in their work for Toronto, Canada, argued that additional urban vegetation, including
roadside trees, urban green parks etc., would have the greatest impact on the mitigation of
UHI, compared to common high-albedo materials (cool roofs, cool pavements). An extended
review of green and cool roofs mitigation technologies, and the comparison of them,
conducted by Santamouris [106], analyze applications made at city scale.

2.4 Urban Simulation Tools
This chapter deals with different modelling approaches that are designed to simulate urban
micro-climate, as well as the energy demand of urban buildings and neighborhoods.
Numerical simulation appears as the most appropriate technique to capture both the nonlinear and complex nature of the micro-climate and the numerous features of the building
units. The modes which are going to be reviewed are building energy simulation (BES) tools,
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micro-climate simulation tools, city-scale simulation tools and platforms based on
Geographical Information System (GIS).

2.4.1 Building energy simulation (BES) tools
Among a great variety of building energy simulation tools, dynamic simulation programs are
preferred due to their advanced numerical models that deal with the time-varying complexity
of buildings and their users’ behavior. The work of Crawley et al. [107] is one of the most
comprehensive reports, providing a comparative analysis of twenty BES tools in fourteen
major categories, such as general modelling features, building envelope and daylighting.
Important information is presented on how each program behaves for the respective category.
One of the most popular whole building simulation programs, used in the current study is
EnergyPlus, a free console-based program, with open source code, that was developed by the
U.S. Department of Energy (DOE) based on two older tools, BLAST and DOE-2.1E [3, 4].
Apart from being an established building simulation program, EnergyPlus can easily be
linked with other programs offering an external interface. It is also the base over which
several programs are being developed, e.g. DesignBuilder [108] and OpenStudio [109].
Other BES tools are TRNSYS [110], eQUEST [111], IDA-ICE [112] and ESP-r [113]. Some
of these programs are preferred from architects, urban planners and civil engineers, but as a
general conclusion, and taking under consideration several academic studies [114, 115], it is
made clear that BES programs fail to capture the dynamically changing outdoor microclimate, which indeed affects building energy performance.

2.4.2 Micro-climate simulation tools
In order to capture the non-linear complex nature of outdoor environment, the tools used
environment are the celebrated micro-climate numerical simulation tools. These programs
are relatively recent but well advanced. There are different numerical models for different
scales (e.g. urban canyon, urban block etc.), as well as different degrees of complexity
depending on the objectives of the respective study. Computational Fluid Dynamics (CFD)
simulations are a powerful tool in assessing thermal interactions at micro-climate-scale as
they provide high spatial resolution. Weaknesses occur though, when large-scale case studies
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are assessed due to their high computational cost. Some of the most common micro-climate
tools are ENVI-met, SOLENE-microclimat [116] and UrbanMicroclimate [117].
For this study the free simulation tool ENVI-met V4 is used; an overview of the tool’s data
flow is presented in Figure 3. ENVI-met is a three-dimensional (3D) simulation tool, which
can model the surface-plant-air interactions of the micro-scale urban environment. It is based
on thermodynamics and CFD, solving the standard k − ε turbulence model including the
equations of Reynold Average Navier-Stokes (RANS). More specifically, ENVI-met, having
a ﬁne resolution cell-grid of 0.5 to 10m, is designed to simulate processes of exchanging
vapor and heat at the ground or/and wall level, ﬂows around and between buildings, exchange
of mass and energy between plants and their environment and particle dispersion. Regarding
thermal comfort, while the free version can calculate the Predicted Mean Vote (PMV/PPD),
the professional licenses of the program additionally include the Physiological Equivalent
Temperature (PET), Universal Thermal Climate Index (UTCI) and Standard Effective
Temperature (SET). Moreover, Pro ENVI-met versions include detailed building physics,
such as façade temperatures and energy fluxes, and solar access analysis. As shown in
Figure 3, the input data for the model consists of meteorological data and
configuration/materials of the area.
ENVI-met is a program which has already been validated with field experimental
measurements by several researchers. Chow et al. [118] managed to compare air temperature
data from a bicycle traverse across a hot and arid city with the simulated outputs of ENVImet V3. Results indicated that the program can fairly simulate temporal and/or spatial
temperature data, especially for the grid-cells that are away from the system boundaries;
there, the produced systematic errors are substantially larger. Krüger et al. [68] found that
ENVI-met overestimates wind velocities if the input wind velocity is over 2 m/s at the height
of 2.1 m above ground level. They also concluded that an air velocity of 1.2 m/s is a
reasonable threshold in order for the pedestrians to feel thermally comfort and the air quality
to be at accepted levels. Finally, they highlighted the incapability of the existing ENVI-met’s
database of plants and trees to include the local vegetation characteristics of the current case
study scenario. Chow and Brazel [119] validated ENVI-met with observed data in a desert
city and found that the tendency of the simulated daytime temperatures is to be lower than
the measured ones. The opposite (overestimation) happens for the nighttime air temperatures.
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Several more studies also agree that the model tends to underestimate diurnal ambient
temperatures [118, 120]. Nonetheless, they agreed with previous studies that the model
calculates with a fairly good level of precision air temperature (r2 > 0.67) compared with
actual data from nearby meteorological stations. Ng et al. [91] verified ENVI-met outputs
with both long-term data acquired from a meteorological station and in situ spatially
distributed measurements in a typical dense urban area in Hong Kong. Simulated results, i.e.
air temperature and relative humidity, found to be reasonably correlated with actual
observations with R-squared equal to 0.625 and 0.765, for the long-term and in situ
measurements respectively.

Figure 3: Data flow overview of the simulation tool ENVI-met.

All the previous studies verified that ENVI-met, and particularly ENVI-met’s version 3.0 or
3.1, can simulate with reasonable degree of correctness the outdoor air temperature, relative
humidity and wind velocity for different climates (hot, dry, desert, humid). Despite their
acknowledged academic value, these studies failed to deal with more inclusive variables.
ENVI-met V4 includes for the first time the possibility of forcing the model (full forcing)
with user-modified weather data in order to approach the dynamic behavior of the microclimate. Yang et al. [121] worked with the new ENVI-met V4 (4.0) and managed to validate
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its simulated thermal characteristics (soil temperature, soil heat fluxes at surface etc.) of
several ground surfaces (tile, asphalt, concrete and grass) during a hot/warm summer period.
Results showed that the model can accurately simulate the thermal performance of ground
surfaces as well as the thermal impact on outdoor micro-climate during hot seasons. Acero
and Herranz-Pascual [122] compared ENVI-met V4 outputs with meteorological
measurements from four urban areas with different micro-climatic conditions during typical
summer days in Bilbao, Spain. They forced the initial model with air temperature and relative
humidity profiles, while wind speed and solar radiation profiles, among other variables,
remained unchanged throughout the simulation period. Results showed that although ENVImet simulates with precision air temperature, outputs regarding mean radiant temperature
and wind speed may present significant differences with measured values. Therefore, the
authors highlighted the importance of creating precise weather profiles for input in the model
and suggest future studies to take into consideration the limitation of the simulation tool.
Since several studies [123, 124] have shown that CFD-based simulation tools lead to
extended computational time, other simulation alternatives seem to emerge. One of them,
proposed by Obrecht et al. [125], is based on a multi-GPU implementation of the lattice
Boltzmann method (LBM) for an urban aeraulic simulation, providing a cost-effective
simulation of urban building scale flows.

2.4.3

City-scale simulation tools

During the last years, in the context of sustainable development, urban energy suppliers and
policy makers tend to address to city scale building energy simulation tools in order to
effectively manage energy networks and apply energy strategies. Consequently, in an effort
to overcome inherent limitations of building and micro-climate models regarding their huge
computational time and, therefore, their limitation to neighborhood scale approaches, models
focusing on the sustainable development at city scale were developed based on simplified
radiation models and smaller spatial resolutions. Two are the major modelling approaches:
top-down and bottom-up. The first data correlates total building energy-related data with
specific characteristics of the buildings, whilst the latter approaches the energy performance
of the residential sector by calculating energy consumption of each building or group of
buildings [126].
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Top-down approaches are mainly based on income, energy prices and other macroeconomic
parameters, as well as on urban forms and demographic data, and thus are principally used
by policy makers. On the other hand, bottom-up models create the profile of city’s energy
needs by aggregating individual building’s energy demand.
Two of the most famous city-scale simulation tools are the platform CitySim [127, 128] and
the software SUNtool [129], which both address urban environment and buildings, by
calculating the energy consumption of buildings, while considering the luminous and solar
masking effects of the surrounding urban micro-climate. These models were developed with
a user-friendly interface to help designers optimize their decision making regarding the
dynamic nature of building energy demand, supply of energy, water and waste flows etc.
Furthermore, a city-scale simulation tools was developed by He et al. [130] in order to
estimate the impact of urban micro-climate on the building thermal performance at a cityblock-scale. The same tool was later used by Kawai et al. [131] for the calculation of the
energy demand of an entire neighborhood during specific days. Other city-scale simulation
tools, which have been recently presented in the 14th International Conference of IBPSA in
India, are DIMOSIM [132], Smart-E [133], Virtual PULSE [134], OpenIDEAS [135] and
AMBASSADOR Project [136]. An exhaustive review study conducted by Frayssinet et al.
[137] can provide a detailed knowledge of city-scale simulation tools.

2.4.4

GIS simulation tools

Within a contemporary approach, geospatial data from GIS, along with building
characteristics derived from existed typologies have been provided as the base for the
development of tools in order to calculate building energy demand at city-scale. It is clear,
that this approach can only lead to a rough estimation of the actual energy demand, but it
offers a good alternative to typical bottom-up simulation models, if all building units within
the case study should be assessed. Of course, these tools are not suitable to calculate the
interaction between micro-climate and the building units, as well as the various operational
profiles of the users [137].
Kaden and Kolbe [138] have studied the potential of calculating city-scale building energy
demand using semantic 3D models, based on CityGML [139], of the city of Berlin, Germany,
along with statistical data, in the context of the Energy Atlas Berlin initiative. Similar
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projects, most of them based on the CityGML format to increase standardization and
interoperability, have also been conducted in the European Institute for Energy Research
[140], in the EnerCity project [141], as well as in the work of Nouvel et al. [142].
Furthermore, in the proposed methodology by Li et al. [143] for large-scale urban modelling,
almost 46,000 buildings were modeled using as the physical model a reduced-order building
energy model, the Energy Performance Certificate (EPC) calculator. Their methodology uses
a simplified thermodynamic approach with a quasi-steady-state building energy balance. The
duration of the simulation run was about 40 minutes. Tian et al. [144], tried to overcome
monthly-limited city-scale simulations by proposing a process of converting GIS building
data into 3D building energy models. The authors used EnergyPlus to simulate almost 10,000
individual buildings at an hourly-scale for the whole year and the simulation run took only 4
hours. Reinhart et al. [145] using a similar methodology introduced a new model called UMI,
“an urban simulation environment for building energy use, daylighting and walkability”.

2.4.5

Summary and discussion

So far, it has been shown that computational limitations impose detailed modelling tools to
be used for short periods (some days or weeks) and small modelling domains (building scale).
In order to approach a neighborhood or city scale simulation, models have to accept a fair
level of simplification, such as low temporal and spatial resolution.

2.5 Weather data generation
As stated previously, TWYs are created by multi-year sets of annual weather data, which are
mostly taken from meteorological station located at airports. Consequently, they are not
representative of every case study and they are also seldom available for every location; thus,
engineers tend to create site-specific weather data using stochastic weather generators. There
are several stochastic tools, such as Elements [146] and Meteonorm [147].
Stochastic weather generators are statistical tools, which can simulate random, but realistic,
sequences of several meteorological variables, like dry bulb temperature, wind speed, relative
humidity etc. In general, weather generators can be divided into four categories: Box-Jenkins
methodology [148], resampling methods [149, 150, 151], hierarchical models and point

24

process models [152]. The reader can find more useful information about stochastic weather
generators in the review study of Ailliot et al. [153].
These weather generators, apart from providing a great variety of already available weather
data for several locations around the globe, allow the user to import his or her own
meteorological measurements in a monthly basis that should represent the specific area’s
climatic conditions; twelve typical meteorological months (TMMs) are then created. These
measurements, which can be outdoor dry bulb temperature, relative humidity, wind speed
and solar radiation values, are then used to generate statistically similar hourly and daily data
for the whole year, i.e. TWYs [154]. The generation of the TMMs can be based on several
methods, such the Typical Meteorological Year (TMY) dataset, which has been updated to
TMY2 and TMY3, created by the U.S. National Renewable Energy Laboratory [155, 156],
the Weather Year for Energy Calculation (WYEC), proposed by Crawley [157], the Test
Reference Year (TRY), the Design Reference Year (DRY) and the Synthetically modeled
Meteorological Year (SMY). All the above-mentioned weather formats have been
extensively reviewed by Al-Mofeez et al. [158]. At this point, it should be mentioned that
TWY’s selection must consider the most recent weather data, due to the effects of long-term
climate change, but at the same time to reflect, to a logical extend, the weather variations
[159].
Hong et al. [160] in an effort to assess which climate zones are affected the most by using
different weather data, simulated typical commercial buildings for 17 different climates and
31 weather files, using TMY3 data and Actual Meteorological Year (AMY) weather data
over a 30-year measurement. Results showed that the weather energy impact is greater in
cold climates.
Due to the fact that different statistical procedures are applied to different methods, the
obtained weather files could present significant discrepancies. Bhandari et al. [161]
conducted a comparative analysis between provided weather files and weather data obtained
from a meteorological station and estimated that the maximum difference for an individual
weather variable can be up to 90%. The authors simulated commercial and residential
building energy performance using EnergyPlus and concluded that, depending on the weather
file, building energy consumption can vary by ±40% and ±7% in monthly and annual basis
respectively. In a more recent comparative study between different TWYs generated in
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Meteonorm and a weather file produced from actual measurements, Tsoka et al. [162]
showed that weather variables from the different TWYs, which have been generated
following different statistical methods, may vary from 0.1 to 9% and from 10 to 45% during
summer and winter respectively. Consequently, these monthly differences affect the energy
performance of buildings and lead to diverse monthly energy needs. Similar conclusions
were made by Seo et al. [163] and Crawley [157], who estimated that the maximum
differences on annual building energy needs can be up to 5% and 11%, for cooling and
heating respectively. The above-mentioned studies underline the principle of caveat emptor,
i.e. let the buyer (or the user) be aware of these differences, according to the discrepancies
linked to the generated weather data.

2.6 Coupling BES and micro-climate simulation tools
During the last decades, numerical tools have been evolved to a significant extend. In
particular, Building Energy Simulation (BES) tools are capable of explicitly simulating the
energy performance of the building, including a detailed analysis of the performance of
HVAC systems, daylighting, thermal comfort and wind movement. However, these programs
cannot capture the outdoor micro-climate conditions and, therefore, can only provide an
approximation of the building performance. In most cases, BES programs are fed with
meteorological data of nearby stations, which are usually created from statistical analyses
derived from long-term observations. Hence, these kind of data series are not representative
of the actual micro-climatic conditions of the building, as they ignore the modifying effect
of the urban configuration, the Urban Heat Island effect, the existing vegetation etc.
On the other hand, the micro-scale climatic conditions can be modelled precisely with the
various micro-climate simulation tools. These programs offer the ability of calculating
surface and air temperatures, relative humidity, wind speed, mean radiant temperature (Tmrt)
etc. in the surroundings of buildings in an urban canopy. The results strongly depend on the
provided weather data, soil type, temperature profiles, urban configuration (structures,
distances, buildings’ height) and physical properties of buildings’ materials and existing
vegetation.
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Therefore, there is not a single tool that directly assesses the impact of the micro-climate on
the building’s energy performance. Over the past 15 years, researchers have been coupling
building energy models with urban canopy models, which were either single-layered [164,
165, 166, 167]or multi-layered [168, 169, 170, 171]. Nonetheless, this approach can provide
low spatial resolution as the boundary conditions are presented in two dimensions.
The approach that is increasingly used by several studies over the last years, in order to obtain
a three-dimensional aspect of the boundary conditions, is the development of an appropriate
coupling methodology between BES and CFD micro-climate simulation tools that provide
reasonable simulation time while, simultaneously, maintain the model’s capabilities. The
first studies regarding the theoretical development of the coupling methodology were
conducted mainly for the interior environment of a building [172, 173, 174]. Other studies
developed full dynamic coupling procedures but either they simplified infrared exchanges
and wind processes [114] or they did not consider the whole building climatic environment
[115]. Bouyer et al. [124] developed a simulation platform for the coupling of microclimate
and building simulation tools in order to study the impact of different urban designs on the
energy demand of a building. They concluded that solar irradiance is the factor that mostly
affects the building energy consumption.

2.6.1 Review of coupling approaches
Despite the fact that this study will focus on the coupling procedure between EnergyPlus and
ENVI-met, there are other coupling approaches in the literature, which combine microclimate software packages based on CFD with building energy simulation tools, that are
academically useful and, thus, need to be reviewed first.
For example, in one of the first studies that dealt with dual stage simulations, Fahmy et al.
[175] worked on the effects that the existence of trees has on indoor thermal comfort and
concluded that coupling simulation methodologies provide a better image of indoor climate.
Their methodology included a coupling procedure of ENVI-met with the dynamic thermal
modelling package DesignBuilder. In later study, Fahmy and Sharples [176] used the same
coupling procedure to assess the impact that different urban forms have on building’s CO 2
emissions, in a residential building in Cairo, Egypt, during summer period. More recently,
Zhang et al. [177] coupled ENVI-met with DesignBuilder in order to study the optimization
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of design parameters for a school in northern China regarding outdoor thermal comfort
conditions and building energy demand during summer days. Results showed that adopting
an integrated design methodology can improve building’s energy performance by reducing
its cooling demand by 5%, while improving outdoor thermal comfort by 25%.
Gros et al. [178] proposed a new numerical approach as to study micro-climate interactions
on buildings. They developed the model EnviBatE that combines building energy simulation
with the urban canopy on a district scale and succeeded to highlight the micro-climate impact
on energy building demand. This new tool was created from the coupling between the
thermos-radiative model SOLENE and QUIC-URB [179] (for the calculation of airflows),
as well as a zonal energy balance model developed by Bozonnet et al. [180]. The purpose of
the model was to quantify the interactions between building energy demand and microclimate based on a simplified building thermal model, excluding, for example, the
computation of moisture, in an effort to achieve logical computational time for detailed
annual results. In a more recent study [181], some of the previous researchers managed to
couple EnviBatE with SOLENE-Microclimate in a district scale in order to compare the
impacts of different building densities on wind airflows, solar irradiance, indoor temperatures
and building energy demand. SOLENE-Microclimate can be used to compute standalone
building’s energy demand and its interaction with the micro-climate in a period of few days,
while EnviBatE is developed to simulate a whole building district throughout a year.
Moreover, recent micro-climatic studies investigated the impact of several urban forms on
the micro-climate by adopting a coupling procedure. In particular, Allegrini et al. [182]
conducted a one-way coupling approach using the BES tool CitySim and the OpenFOAM
CFD simulation tool. The results showed that local heat islands are strongly affected by the
buildings’ geometry. In a later study [183], the same authors, following the above-mentioned
coupling procedure, found that turbulence plays a significant role in dissipating heat from
urban areas with high wind speeds weather profiles. In a more recent micro-climate study,
Allegrini and Carmeliet [184] used similar coupling method for the quantification of local
heat islands in an urban area of Zürich, Switzerland. The authors studied two different
complex building configurations to decide which of these designs lead to a more comfortable
micro-climate. They concluded that urban heat islands can be found locally between
buildings and that they not only depend on building’s geometry but also on the wind speeds
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and directions and the materials used on the buildings. Finally, using the same numerical
approach, Allegrini and Carmeliet conducted one more study [185] in order to analyze the
influence of buoyancy, i.e. the upward force exerted on an object which is fully or partially
immersed in a fluid, and building height topology on the urban micro-climate. Building
energy simulations are used to calculate building surface temperatures, which are later
imported as boundary conditions in RANS-CFD simulations. Results showed that buoyancy
plays an important role on determining local air temperatures.
Recently, Perini et al. [186] tried to come up with a new methodology for the estimation of
outdoor thermal comfort in an urban environment, taking into account the micro-climate
effects of vegetation and urban morphology in the case study of a typical urban canyon in
Munich. For this purpose, a combination of ENVI-met and TRNSYS was performed. The
results showed the proposed coupling procedure can be effectively used for the estimation of
outdoor comfort, especially during night hours.
Zölch et al. [187] studied the potential of urban green infrastructure (UGI) measures, i.e.
green roofs, green façades and roadside trees, to improve outdoor and indoor thermal comfort
conditions as well as building’s energy performance, in an urban building block in Munich,
Germany. The authors conducted cluster analysis for the typical annual weather files,
grouped them into five typical simulation days, and then used the CFD-based simulation tool
ENVI-met to calculate micro-climatic conditions. The results were then imported into IDAICE for the estimation of building energy demand and CO2 emissions. Results showed that
UGI interventions can contribute to the limitation of indoor overheating. As mentioned in a
previous chapter, Skelhorn et al. [44] managed to highlight the beneficial contribution of
additional urban greenspace to the improvement of building energy performance of
commercial buildings in Manchester, UK. The authors came up with these results by coupling
ENVI-met with IES-VE software.
In a more sophisticated approach, Gobakis and Kolokotsa [188] studied the urban microclimatic impacts on the building energy consumption, by coupling BES tool ESP-r with
ENVI-met. The coupling procedure included, among other things, the creation of a library in
Python in order to obtain information from both tools, the representation of the building’s
external surfaces in a Python 3D model and the integration of the ENVI-met grid in it. Results
showed that when the micro-climatic conditions obtained from ENVI-met are used as
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weather file input to ESP-r, a ±10% difference in energy demand for cooling and/or heating
requirements is observed. Furthermore, if the coupling procedure includes the exchange of
convective heat transfer coefficient values, then this difference can be up to ±40%.

2.6.2

Review of coupling approaches with EnergyPlus and ENVI-met

One of the first studies that dealt with a coupling methodology of a BES program and a
microclimate tool is the work of Yang et al. [123], in which they propose an integrated
method to assess the energy performance of a building in an urban district. They used the
added feature of “full forcing”, a function that allows users to feed ENVI-met with selfcustom weather files in order to create a more realistic description of the micro-climate. One
of the main conclusions was that EnergyPlus underestimates the long-wave solar radiation
that reaches the building envelope, because it assumes that ambient and outdoor temperatures
have the same value. They also found that, in hot and humid regions, air humidity can
negatively affect the sensible cooling load of a building, due to the evapotranspiration of
plants. Finally, the authors addressed the issue of the convection heat transfer coefficient
(CHTC), which can significantly affect cooling and heating energy demands of buildings.
Morakinyo et al. [189] studied the one-way coupling integration of EnergyPlus 8.3 and
ENVI-met v4 in the warm-humid region of West Africa (Nigeria) by means of ENVI-met
validation based on in situ measurements. Apart from that, the authors validated the coupling
procedure by comparing indoor measurements with EnergyPlus output values, which were
obtained having as input the averaged data from ENVI-met. A different weather profile was
created for each building and the simulation was carried out by using DesignDay objects for
summer conditions. The case study referred to two similar buildings, located in the university
campus, (one unshaded and one tree-shaded) and the results showed strong correlation
between measured and simulated air temperatures (R2=0.81, shaded by trees; R2=0.97, no
shading). Nonetheless, the authors underlined the need of more realistic input data to come
up with better results. Furthermore, this study stressed the positive impact of tree-shading on
the outdoor and indoor micro-climatic conditions by means of outdoor/indoor air temperature
and the Physiological Equivalent Temperature (PET), served as a thermal comfort index,
which they also found to be fairly or strongly correlated (R2=0.67-0.97) with other indices
like THI and WBGT.

30

Some of the authors of the previous study recently worked [190] on a project where energy
consumption and micro-climatic conditions were studied together for four different green
roof types, three different urban densities and four different climates (Cairo, Hong Kong,
Tokyo and Paris). The integration was achieved by using ENVI-met’s output data as the
boundary conditions of the EnergyPlus simulation. At an earlier step, the simulation of the
micro-climate was done by forcing ENVI-met’s model boundary with the weather file of
EnergyPlus (EPW). In both programs the hottest summer day of city was used, according to
the EPW file, as simulation period. The results underlined the difficulty of green roofs in
mitigating high outdoor temperatures and reducing energy consumption for cooling in hot
and humid climates. Furthermore, the authors highlighted the need for vertical greenery, with
high leaf density, if the goal is to lower outdoor air temperatures and reducing building’s
energy use. On the other hand, when focusing on the reduction of the daytime indoor
temperatures, the key factor seems to be the total area covered by the green roof, with fullintensive green roofs being more efficient, followed by full-extensive, semi-intensive and
semi-extensive.
Pastore et al. [191] studied the influence of several retrofitting measures, e.g. added
vegetation, replacement of windows etc., on the indoor thermal comfort of several building
apartments of a neighborhood. They propose a coupling methodology where a meso-scale
simulation with ENVI-met 3.1 was performed in order to obtain micro-climate input
characteristics for the near-building meteorology. Consequently, output data of the microclimate simulation of the neighborhood were used as input data for the building scale
simulations, conducted with EnergyPlus 8.0. Micro-climate simulations were carried out for
two different days in August - a typical day with average climatic conditions and a day with
solar radiation and wind speed above average values. Simulations with EnergyPlus were
performed by creating a DesignDay for each scenario. The results showed that using
vegetation as a retrofitting technique on neighborhood scale, a significant impact on the
improvement of thermal comfort inside the buildings can be achieved as indoor temperatures
decreased by 3.4 °C. Although the authors stressed several limitations of their study, e.g. the
lack of available information regarding leaf area density (LAD) and leaf area index (LAI),
they failed to comment, like other authors of previous studies, on their decision to work with
specific sizing periods in EnergyPlus, thus the DesignDays. According to EnergyPlus
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documentation texts, DesignDays are mostly useful when someone wants to size equipment
or calculate building loads [192].
Huang and Li [193] proposed a more structured methodology in order to study the energy
impact of different urban canyon configurations, along with roadside trees, on the cooling
consumption of building, in the hot-humid climate of Taipei, Taiwan. They used a cosimulation approach with ENVI-met and EnergyPlus, but they differ from previous studies
by including a parametric analysis using an orthogonal experiment design [194] and the
Monte Carlo method in order to assess the statistical importance of several urban canyon
typologies on a variety of different building shells and user profiles. The researchers noted
that the most important factor on affecting building’s peak cooling consumption, as well as
the micro-climate, is the height-to-width ratio (H/W). More specifically, a street canyon with
0.5 H/W would consume almost 37% more energy compared to a street with a H/W ratio of
2. Additionally, they found that streets with a N-S orientation present 16.9% more energy
consumption than SW-NE streets. Finally, simulation results revealed that the roadside
vegetation can more positively affect the micro-climate and the building’s energy
consumption in shallow street canyon, i.e. with low H/W. In deep street canyons, trees didn’t
appear to be so effective due to the fact that the surrounding buildings offer solar obstruction
to a significant extend. Also, they observed a strong relationship between LAI and the
corresponding cooling energy reduction; the larger the LAI of trees is the greater the decrease
of energy demand.
An overview of the studies that include a coupling between ENVI-met and EnergyPlus is
presented in Table 1 that follows.
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Table 1: Summary review of the studies that coupled CFD-based tool ENVI-met with BES tool EnergyPlus.
Study
Yang et al. [123]

Morakinyo et al.
[189]

Berardi [38]

Case Study

Weather File

Coupling Approach

Urban district with a
row
layout of buildings,
Guangzhou, China

Default EPW
file for the
location

One-way coupling

Two institutional
buildings, FUTA,
Nigeria

In-situ
meteorological
data

One-way integration

University building,
Toronto, Canada

Local weather
station
measurements

One-way coupling
procedure

BCVTB for the
modification of
weather files

Field measurements
validation

Key Features
Impacts of different
microclimatic factors
CHTC was pointed
out
Tree-shading effect on
outdoor & indoor
thermal comfort

Energy and microclimate benefits of
green roofs
Annual simulations

Morakinyo et al.
[190]

Pastore et al. [191]

High, medium and
low-density
neighborhood with
row layout of
buildings

Social housing
complex, Palermo,
Italy

Default EPW
file for the
location

One-way coupling
procedure
ENVI-met generated
outputs were averaged
to modify EPW file for
EnergyPlus

Local weather
data

Urban canyon effect
on building cooling
energy, Taipei, Taiwan

Extreme hot
weather
conditions from
the typical
meteorological
year

Four different climates
– Three urban
densities

One-way coupling
procedure

Vegetation impact on
building’s indoor
temperature and
thermal comfort

One-way coupling

Canyon geometry &
roadside vegetation

Micro-climate
data from mesoscale simulation

Huang and Li [193]

Impact of green roofs
on outdoor & indoor
temperatures and
cooling demand

Orthogonal
experimental design
method for minimum
simulation runs

Peak cooling energy
consumption
Monte Carlo method
to obtain several
envelope patterns
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2.6.3 Weather data and simulation days
So far, it has become clear that weather files, both for micro-climate and building simulations,
are a very crucial factor regarding the accuracy of the studies. Climatic effects have a strong
influence on building energy performance, as well as on internal gains, i.e. users, lighting
and equipment [195]. Hence, special attention must be paid when defining initial boundary
conditions [196]. In building energy simulation tools, typical meteorological data, obtained
from long-term measurements and from weather stations usually located in airports, are used
as boundary conditions. These data, which are known as Typical Weather Years (TWY),
contain hourly values of several meteorological parameters and are generated with the use of
various weather data methods [197]. Furthermore, although these weather file represent
adequately the past, they cannot capture future climate change, let alone UHI effect. In fact,
it has been shown that different boundary conditions can affect the urban micro-climate and,
thus, alter buildings’ energy performance [198].
The academic community suggests two main approaches for a representative implementation
of the micro-climatic effect:
(a) in-situ measurements, which are being forced as boundary conditions [19, 199] or
(b) climatic data resulted from extrapolation techniques or stochastic weather generators
[200, 201, 202].
From the one hand, in-situ measurements, which are temporally and spatially limited, require
expensive equipment and extensive field work. From the other hand, weather generators and
extrapolation techniques, even though they produce weather data in the same form as usual
simulation tool’s input data, they do not count for the effects of the interaction between
buildings and their urban micro-climate. Nonetheless, when already calculated, weather data
are being modified and fed back to the weather generator, UHI-countermeasures can be taken
into account.
According to Sharmin et al. [203], although ENVI-met is a very useful and analytical microclimate tool, it must be fed with the most site-characteristic weather data in order to produce
reliable results. The majority of the micro-climate studies, which were overviewed
previously, used typical meteorological data of a neighboring station. Only a few studies
incorporate in situ meteorological measurements, and thus more accurate weather data. It has
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been shown that temperature differences between local generated climatic profile and typical
weather profiles obtained from the simulation tools, can lead to unreliable building energy
predictions [204, 205].
Moreover, it is important to justify the selection of the specific simulation days for the microclimate simulations, i.e. whether it is typical regarding the respective season, or it refers to
the hottest or coldest day of the year based on the meteorological data available. Considering
the high computational cost of CFD-based simulations, one should carefully study the
available meteorological data as well as clearly determine the objectives of the study. Finally,
in respect to building energy simulations, careful modification of the weather files, with the
outputs of the micro-climate simulations, is needed in order to create annual, monthly or daily
weather files. Consequently, building energy simulation would run for a whole year, specific
months or days. Particularly, in EnergyPlus, it is also important to decide whether the
simulation would be conducted for a DesignDay, usually used for load or sizing purposes, or
a typical “Run Period” for the calculation of the building energy demand; again, decisions
should be made with respect to the objectives of the study.

2.6.4 Summary and discussion
All the above-mentioned micro-climate studies significantly contribute to the effort of
estimating, accurately, the impact of the urban micro-climate on the energy building
performance and vice versa. The need for BES tools to be effectively interconnected with
CFD micro-climate software, in order to perform more sophisticated and efficient
calculations, has become prominent. Ideally, city energy models, including building energy
models at district or city scale, should be coupled with micro-climatic models, with the latter
being coupled with meso-scale models, as Dorer et al. [206] propose. Nonetheless, this
approach leads to extremely high computational cost and several methodological limitations
and, thus, is rarely used by the academia.
Furthermore, a full coupling procedure of BES and CFD-based micro-climate simulation
tools, i.e. the evaluation of the two-way interactions between buildings and their
surroundings, is still needed. Given the fact that this approach requires researchers to take
into account scale compatibility issues due to the high complexity of the interaction between
buildings and micro-climate as well as the computational cost which arises, several studies
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used simplified building thermal model or focused on a reduced urban land area, such as an
urban canyon. For example, in the work Allegrini and Carmeliet [185] one-way coupling was
preferred due to the fact that the authors’ objective was to study how increased surface
temperatures can form local heat islands and not to accurately predict their values in a certain
case study. Additionally, great emphasis should be given at the selection or creation of the
weather data, which has to be as precise as possible. Finally, it has become obvious that
researchers should clearly define the objectives of the study in order to choose the most
suitable methodology and simulation period.

2.7 In a nutshell
The impact of several mitigation techniques on the building energy use was initially
examined. The presence of trees appears to be the most effective way to reduce the energy
demand during summertime since the obstruction of solar radiation by means of tree shade
reduces heat losses through the buildings’ envelope. Nonetheless, one should consider that
during winter solar heat gains might be decreased, leading to an increased heating energy
demand. This is mainly dependent on the tree-shaded façade’s orientation. Green roofs,
although they can improve the energy performance of one-storey buildings, they mostly
contribute to the reduction of energy use of the last floor in a multi-storey building. The
implementation of high albedo materials on the building’s envelope has been thoroughly
studied in several researches, indicating a high energy saving potential during summer as
more solar radiation is reflected and less heat is transferred through the building elements.
However, energy penalties during winter have also been observed. Furthermore, it has been
shown that the street’s H/W ratio is highly linked to outdoor thermal comfort conditions as
well as the buildings’ energy performance.
Regarding the mitigation of UHI, high albedo materials implemented on roofs, walls and
pavements can be very effective in reducing ambient air temperature. However, despite their
positive impact on surface and outdoor air temperature, cool materials can negatively affect
pedestrians’ thermal comfort by increasing radiative exchange. A possible solution proposed
by some researchers is the combined implementation of cool materials and additional
vegetation in order to compensate for the increased thermal stress. On the contrary, urban
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vegetation, and especially trees, improves outdoor thermal comfort by means of
evapotranspiration, absorption of less heat as well as excessive reflectance of solar radiation,
since they present higher albedo than conventional paving or construction materials. One of
the most important factors that affect the efficiency of tree to improve pedestrian thermal
comfort throughout the day are LAI, tree’s height as well as the trunk height. The lack of a
complete literature regarding values of LAI is still a major obstacle in accurately assessing
vegetation’s impact. Moreover, several studies indicate green roofs’ inability to ameliorate
thermal stress at pedestrian level; they provide a descent solution for storm water runoff
reduction and eco-friendliness instead.
As far as simulation tools are concerned, engineers and urban planners can choose between
a variety of software depending on their objectives. CFD and BES tools impose short-period
simulation and small modelling domains due to their computational limitations.
Consequently, if a neighborhood or city scale simulation is required, models have to accept
a fair level of simplification, such as low temporal and spatial resolution.
During the last years, several researches have adopted a coupling methodology of CFD and
BES tools in order to assess the interactions between urban micro-climate and building units.
A well-established coupling methodology, depending on the goal and scope of each study, is
perhaps the most important factor that should be taken under consideration. To the author’s
best knowledge, a full coupling in order to assess the two-way interaction of buildings and
environment is still needed. Additionally, the attention is drawn at the selection or creation
of the input weather data, which has to be as precise as possible.
Table 2 presents existing studies that adopt a coupling procedure in order to assess the impact
of urban vegetation on the micro-climate and/or the building energy performance. It becomes
clear that only a few studies incorporate integration of the micro-climate simulation tool
ENVI-met and building energy simulation tool EnergyPlus which this study is going to use.
Among them, even fewer investigate the impact of additional vegetation on both the microclimate and building energy performance. Finally, the need to assess the coupling procedure
in winter has also become prominent.
This study incorporates one-way coupling procedure between ENVI-met and EnergyPlus in
order to examine how the use of micro-climatic conditions affects building energy demand,
compared to the use of default weather data. Additionally, the implementation of roadside
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vegetation is assessed in terms of UHI mitigation and improvement of the energy
performance of buildings. The case study area is an urban neighborhood in Thessaloniki,
Greece. At this point, it should be mentioned that there is a lack of researches for the city of
Thessaloniki that assess the impact of vegetation on the local and the built environment by
means of an integrated approach. Hence, this study aims to fill a gap in literature in an effort
provide a useful background regarding the implementation of the coupling procedure in
Thessaloniki for future studies. In this context, the aim of this research is to seek answers to
the following questions:
(a) Does the implementation of roadside trees in an urban neighborhood lead a priori to
the mitigation of the Urban Heat Island effect and especially of ambient air
temperatures?
(b) How much does the inclusion of micro-climatic conditions influence the energy
performance of urban buildings?
(c) What is the impact of the presence of medium-height trees on the cooling and heating
energy demand of multi-storey buildings?
(d) Does the implementation of trees affect a detached building in a similar way as affect
a building constructed in row-system?
(e) Are there any drawbacks of planting trees in a street canyon with a given orientation
and local environmental conditions?
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Table 2: Summary review of the studies that incorporate coupling of CFD and BES tools focusing on the impact of trees.

Study

Case Study

Weather data

Approach

Yang et al. [123]

Urban district with a
row layout of
buildings,
Guangzhou, China

Default EPW file
for the location
Summer and
winter simulation
days

One-way coupling

Morakinyo et al.
[189]

Two institutional
buildings, FUTA,
Nigeria

In-situ
meteorological
data
Summer
simulation day

One-way integration
ENVI-met EnergyPLus

Pastore et al. [191]

Social housing
complex, Palermo,
Italy

Micro-climate
data from mesoscale simulation
Summer
simulation days

One-way coupling
procedure
ENVI-met EnergyPLus

Huang and Li [193]

Urban street canyon,
Taipei, Taiwan

Typical
meteorological
year
Extreme hot
summer day

One-way coupling
ENVI-met EnergyPLus

Roadside trees’
potentiality to reduce
cooling energy
demand is greater in
streets with small
H/W ratio.

Fahmy et al. [175]

Urban district in New
Cairo, Egypt

Raw weather data

One-way coupling
ENVI-met DesignBuilder

Zhang et al. [177]

School building in
Northern China

Nearby
meteorological
station
Typical summer
simulation day

One-way coupling
ENVI-met DesignBuilder

Default weather files
are not suitable for
indoor thermal
analysis.
Trees must be
selected both for their
thermal and indoor
impact.
Planting trees
decreased building’s
cooling demand by
almost 2.6 %.

Perini et al. [186]

Urban canyon in
Munich, Germany

Meteorological
station in the city
center
Hot summer day

Coupling ENVI-met
and TRNSYSS by
means of Grasshopper

Trees improve
outdoor thermal
comfort by means of
Tmrt

Zölch et al. [187]

Urban block in
Munich, Germany

TRY clustered
into five typical
days

Coupling between
ENVI-met and IDAICE

Good agreement
between energy
demand calculated
with typical days and
detailed simulation

Skelhorn et al. [44]

Commercial buildings
in Manchester, UK

Weather data
obtained from
CIBSE

Coupling ENVI-met
and IES-VE

Adding 5 % mature
trees led to cooling
energy saving up to
2.8 %.

ENVI-met
EnergyPLus

Key Findings
-

Cooling load
increased by 0.1%
with the presence of
trees
No impact of trees on
the heating demand
Tree-shading leads to
lower indoor and
outdoor air
temperatures and
higher relative
humidity values.
Positive vegetation
impact on building’s
indoor temperature
and thermal comfort
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3. Methodology
Micro-climatic simulation studies are an important tool to assess interactions between the
built and the surrounding environment, such as surface and air temperatures or wind flows,
providing valuable piece of information regarding actions of urban retrofitting to achieve
better building energy performance, outdoor thermal comfort and lower environmental
footprint. More specifically, in order to assess how the micro-climate environment affects
fluxes interacting on building-environment interface-scale, it is necessary to take into account
the following parameters:
•

convective heat exchanges, which mainly depend on near-wall wind speeds as well
as local air temperature fluctuations;

•

solar radiation, depending on the albedo of the surrounding surfaces, masking effects
and others;

•

heat fluxes due to infiltration and ventilation, which strongly depend on pressures
forced on the buildings’ envelope;

•

long-wave radiation exchanges with surrounding surfaces and the sky, depending on
different emissivity values and form factors.

3.1 Input and assumptions
3.1.1

Convective heat exchange

According to Gobakis and Kolokotsa [188], CHTC is the most important parameter when
conducting coupling procedures between building energy simulation and micro-climate
tools. It has been shown that convective heat exchanges between the external buildings’
surfaces and their surroundings can be 3 to 4 times higher than infrared heat exchanges [207].
Factors that affect the value of CHTC include building’s orientation, building surface
properties, the building and environment’s geometry, wind profiles, as well as temperature
differences between surfaces and their environment [208]. More specifically, urban
configuration is directly linked with the airflow patterns around buildings, something that
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alters the value of CHTCs [209]. According to existing studies, CHTC can play an important
role on the formation of external building surface temperatures as well as building energy
demand. For instance, Allegrini et al. [210], found that depending on different CHTC
correlations, cooling energy demand for buildings inside an urban canyon can vary up to
80%.
It is clear that there is an open debate in the academia regarding the usefulness of conducting
very detailed simulations, due to their high computational cost. A recent study, made by
Lauzet et al. [211] tried to examine the sensitivity of building energy demand to different
simulation details of the coupling procedures. The authors studied six different buildings in
three different cities with different densities and concluded that the calculation of the
convective heat transfer coefficient has a minimal impact on building energy demand,
something that was observed in all cases. On the contrary, the calculation of long-wave and
infrared heat exchanges should be carefully taken into consideration.

3.1.2

Radiation

3.1.2.1 Solar radiation
Solar, or short-wave, radiation is a crucial factor that strongly affects the energy performance
of buildings. In contrast to rural buildings, urban buildings receive different and varying
amounts of solar radiation, mostly dependent on shadowing and reflections, something that
alters their energy demand a lot.
There are two major categories of solar radiation: direct and diffuse radiation. Direct
radiation follows the direction of sunlight in a straight line and is also known as beam
radiation. Short-wave radiation is usually provided by typical meteorological data in order to
be introduced to building or micro-climatic simulation tools. Due to several urban
obstructions, a part of solar radiation does not reach buildings surfaces, which can be easily
calculated by means of projection methods [212, 213] and/or ray-tracing [214]. Diffuse
radiation comes from the sun rays that have been scattered by particles in the atmosphere
and, thus, it does not have any fixed direction. Again, diffuse radiation is usually provided
by typical weather files or can be calculated by several sky models (isotropic or anisotropic)
[215]. Sky view factor is an important parameter that influences the effective diffuse fluxes
at an urban environment and can be calculated by projection methods or ray-tracing, as in the
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case of direct radiation. According to Robinson and Stone [216], building simulation tools,
which consider diffuse radiation as isotropic, significantly deviate from detailed anisotropic
models regarding the estimation of the annual solar irradiance.
Additionally, solar radiation can also be reflected by urban surfaces other than atmospheric
particles, like trees, water bodies, buildings etc. This kind of radiation is being reflected
isotropically, following the Lambertian Law, and thus can be estimated using the radiosity
method, or simplified ones [217]. Radiosity indicates the total sensible heat released by a
surface and is, actually, the sum of the long-wave radiation emitted, and the short-wave
radiation reflected from the surface.
3.1.2.2 Long-wave radiation
Long-wave or infrared radiation is absorbed and emitted by objects and surfaces, with the
net heat exchange calculated based on surface temperatures, surface properties (e.g.
transmittance and emittance etc.), as well as relative areas and positions. Infrared exchanges
on building scale occur between external building surfaces and the following (Figure 4):
•

the sky, with significant heat losses, especially during night, due to its very low
effective temperature;

•

the ground, which acts as a buffer element because of its almost stable temperature
throughout the year;

•

other surfaces, including neighboring buildings, shadings etc.

Long-wave radiation, as diffuse radiation, is usually calculated by means of radiosity and
ray-tracing. Furthermore, it has been shown that building energy simulations can have
inaccurate results regarding loads and temperatures when the consideration of long-wave
radiation exchanges is done in insufficient details [124, 218, 219].

3.1.3

Urban surface temperatures

The temperatures of the urban building surfaces have a significant effect on the thermal
behavior of the buildings, as well as the outdoor thermal comfort. High surface temperatures
may lead to an uncomfortable hot outdoor environment for the pedestrian, while increasing
the energy needs for cooling of the buildings [182].
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The estimation of urban surface temperatures is a parameter that strongly influences the
emitted long-wave radiation of a surface and thus its temperature. In other words, calculating
long-wave radiation exchanges between urban surfaces entails a coupling procedure until
thermal and radiative models come to a point of convergence. Therefore, due to the high
computational cost of such a procedure, simulation models usually estimate surface
temperatures with three different ways:
(a) by setting surface temperature as equal to ambient air temperature, as in EnergyPlus with
default simulation settings;
(b) by calculating surface temperature with the radiative model without convergence, as Yang
et al. [123];
c) by setting surface temperature as equal to the value of the previous time-step, like the
methodology proposed by Robinson et al. [127].

Figure 4: Long-wave radiation exchanges between external building surfaces and their surroundings in an urban canyon.
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3.2 Proposed methodology
A number of past research works stressed the benefits of coupling CFD micro-climate tools
with building energy models. However, there are only a few studies that investigate the
interactions between local and built environment. As already stated, this can mainly be
attributed to the high computational cost deriving from coupling procedures. According to
Malys et al. [219], coupling procedures can be very advantageous in terms of:
(a) evaluating the impact of the environment on building;
(b) assessing both the direct and indirect impacts of the under-investigation mitigation
techniques;
(c) obtaining more reliable charges regarding users control of indoor environment based on
the micro-climate approach.
Despite the fact that the literature lacks full coupling procedures, the restricted time in which
this study had to be conducted along with the high computational cost led to the decision of
adopting a simple one-way coupling between ENVI-met v4 and EnergyPlus 8.8 as a way to
assess the influence of urban micro-climate on buildings’ energy performance. Therefore,
following Allegrini and Carmeliet [185], given that the objectives of this study are well
confined, the assessment of building’s impact on ambient environment will be the subject of
future studies
The case study is a typical urban neighborhood in Thessaloniki, Greece. Given the fact that
in-situ measurements can be highly time-consuming, require expensive equipment and,
therefore, be outside of the frame of this study, site-specific weather data are purchased as
initial boundary conditions. This data, provided by the Technical Chamber of Greece [220],
created specifically to match the meteorological values proposed in the national Regulation
for the Energy Performance of Buildings and to be used for studies on Net Zero Energy
Buildings.
The selection of the simulation days is based on the extreme case scenario for summer and
winter since the objective of the study is to assess urban micro-climate’s impact on building
energy demand by exploring the benefits of coupling CFD and BES tools. Thus, hourly
temperature and relative humidity values of the hottest and coldest day will be forced as
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outside initial boundary conditions for the micro-climate simulation. Micro-climate analysis
and interpretation of the results will be then attempted.
Consequently, outputs generated by ENVI-met and saved using receptors in front of the
building façades, including dry bulb temperature, wind speed and wind direction, will be
grouped and introduced as new boundary condition objects to each façade, following Yang
et al. [123] and Morakinyo et al. [189]. For this purpose, the object OutdoorAir:Node is used
in order to override the default meteorological conditions and apply values calculated for the
near-building environment of each surface. It should be mentioned, that outdoor air
conditions generated by ENVI-met, measured for every grid cell and thus for every vertical
surface of each building floor, were averaged and forced as local environmental conditions
for the entire corresponding façade. This is based on the assumption that the height of
Buildings A and B, 12m and 15m respectively, does not alter the meteorological parameters
to a considerable extend. The workflow of the coupling procedure is graphically described
in Figure 5.

Figure 5: Workflow of the coupling between ENVI-met and EnergyPlus.

The local outdoor air conditions applied to each building façade will be then used in the
EnergyPlus calculations for the estimation of new convection coefficients, which are going
to define the exterior surface heat balance taking into account the urban micro-climate.
The goal of the first coupling is to assess the impact of the complex nature of the urban
environment on the energy performance of buildings. More specifically, the micro-climatic
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influence will be evaluated regarding peak cooling and heating energy demand for two multistorey buildings, one built in row-system and one detached.
Afterwards, the implementation of medium-height dense trees in the main street canyon as
well as in the two vertical secondary streets will be examined by means of UHI mitigation
and energy impact on buildings. For this reason, the same coupling procedure will be
followed. Additionally, the influence of trees on the indoor environment, regarding air
temperature, will be also investigated. The framework of this study is presented in Figure 6.

Figure 6: Study framework.

3.2.1

Simulation stages

For the quantification of the influence of micro-climate and the implementation of roadside
trees on building energy performance the research process can be divided into five distinct
stages:
i. Stage 1: Micro-climate simulation. Current situation (ENVI-met).
ii. Stage 2: Building energy demand. Current situation (EnergyPlus)
iii. Stage 3: Impact of micro-climate on building energy performance (1st coupling).
iv. Stage 4: Implementation of tall and dense trees inside the streets. Micro-climate
simulation (ENVI-met).
v. Stage 5: Impact of the presence of trees on buildings (2nd coupling).
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3.3 Case study
3.3.1

Location and climate

The case study area is located at the Municipality of Kalamaria, a suburb around 6 km east
of the center of the city of Thessaloniki, Northern Greece, at 40.59N latitude and 22.95E
longitude. The city is situated along the coast of Thermaikos gulf with a population of around
390,000 citizens (2007), while the population of the larger metropolitan area reached around
1.1 million inhabitants the same year [221]. The climate of the area is generally considered
temperate-Mediterranean with hot, dry summers and mild, wet winters; the regions near the
coast are significantly influenced by the sea breeze and, thus, present different humidity and
air flow patterns. During summer days, the average high and low air temperatures are 30.6
°C and 17.7 °C respectively, while the extreme high temperatures can reach values above 40
°C. During winter days, the average daily air temperature is 6.3 °C, while at nighttime
temperatures reach 2.1 °C, on average. The lowest temperature that has been recorded during
the last two decades falls to -10 °C [222].
The case study area consists of four urban residential building blocks of a total area of
approximately 16,000 m2 and is depicted in Figure 5. The majority of the buildings have 4-5
stories and were built between 1980-1990 and, thus, most of them are poorly insulated. Open
spaces are mostly limited to the street canyons and buildings’ courtyards, while the seaside
is at a 400 m distance.
The height to width ratio (H/W), or aspect ratio, of the main street (Dodekanisou) is 0.9,
while the aspect ratio of the secondary streets, Ganahoron and Raidestou, is 1.2 and 1.1
respectively. Dodekanisou street has a NE-SW orientation and the secondary vertical streets
have a NW-SE orientation.
The majority of the buildings have typical flat cement-tiled roofs, while there are some
building whose roofs are covered with ceramic tiles, as shown in Figure 7. The permeability
of the ground surfaces is reduced due to the fact that dominant urban materials mainly consist
of concrete pavements and asphalt, while only small parts are covered with loamy soil.
Vegetation consists of low grass with bushes, scrubs and low trees, while there are several
parts where medium-height trees are also present. The majority of the vegetation is located
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on the sidewalks of the main streets and in-between buildings. Due to the absence of a welldocumented literature regarding the LAI values of trees, this study adopts the values of
similar studies that have been conducted for the Thessaloniki [32, 31].

Figure 7: Aerial photo of the case study area.

3.4 ENVI-met simulation set up
As already mentioned, ENVI-met is CFD-based 3D micro-climate simulation tool designed
to accurately simulate surface-air-vegetation interactions in the urban built environment. In
order to set up the simulation, the user needs two main input files: (a) the area input file and
(b) the configuration file. The first one describes the building’s layout and location
parameters, the existing vegetation and shadings, as well as the area’s soil type and the
receptors, while the latter contains useful simulation settings such as initial meteorological
values, time settings etc.
The latest versions of the tool provide the ability to define different U-values for the
buildings’ façades, as well as capture heat inertia and thermal mass of the several building
elements. Nonetheless, perhaps the most important feature is simple forcing, i.e. the ability
to force the initial meteorological conditions of the simulation with user specified air
temperature and relative humidity profiles. Consequently, simulation accuracy is
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significantly improved, and the obtained results are more realistic [121]. Moreover, the latest
Winter release of 2017 is able to run in 64-bit mode for the first time, allowing the simulation
of larger areas in a reasonable resolution and time.
In this study, ENVI-met v.4.3 is used so as to simulate the micro-climatic and building
interactions in an urban neighborhood in Kalamaria, Thessaloniki. Simulations were
performed for a typical day in summer and a typical day in winter under clear sky conditions.
In general, the selection of a typical summer (or winter) day requires a statistical analysis of
site-specific weather files obtained during several years. The lack of available multi-year
meteorological data for the region of Kalamaria led to the decision of using typical summer
and winter days from the updated weather data provided by the Technical Chamber of Greece
for the city of Thessaloniki, as already stated in previous section. This updated weather
profile was created in order to match with the official measurements of the Hellenic National
Meteorological Service and, simultaneously be more consistent with the values provided by
the national Regulation of Energy Performance of Building, also known as KENAK,
compared to the available weather files from the EnergyPlus platform. The hottest day of
summer refers to 21st of July with mean daily temperature at 30.4 °C, while during winter,
the coldest day is on 15th of January, with the mead daily temperature at -2 °C. The air
temperature and relative humidity values of the different typical days that were forced to
simulation for summer and winter day are presented in Table 3 below.
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Table 3: Input meteorological parameters for the summer and winter day.

Summer

Winter

Summer

Tair

Tair (°C)

RH (%)

00:00

25.5

85

01:00

25.3

02:00

Winter
Tair

RH (%)

Hour

Tair (°C)

RH (%)

-2.1

80

12:00

36

38

1.3

63

85

-2.9

82

13:00

35.9

41

1.8

59

25.2

87

-3.6

83

14:00

35.6

41

2

62

03:00

25

87

-4

78

15:00

35.1

38

1.6

60

04:00

24.8

84

-4.5

83

16:00

34.4

39

0.6

64

05:00

24.9

87

-4.8

81

17:00

33.5

39

-0.6

64

06:00

26.9

69

-5.1

76

18:00

32.3

43

-1.1

64

07:00

29.2

59

-5.2

73

19:00

31

50

-1.6

67

08:00

31.6

53

-4.3

75

20:00

29.8

54

-2.2

72

09:00

33.6

41

-2.8

70

21:00

28.7

58

-2.7

76

10:00

35.7

36

-1.2

67

22:00

27.6

63

-3.2

80

11:00

36.1

36

0.3

65

23:00

26.4

71

-3.8

80

Hour

(°C)

(°C)

RH (%)

The ENVI-met simulations were performed for 24h and with 1h time step. The major
simulation input parameters for summer and winter day simulations are the following:
(a) mean wind speed at 10m height was set to 0.80 m/s based on the research of
Tsoka et al. [32] regarding the attenuation of wind speed due to urban obstacles;
(b) dry bulb temperature and relative humidity values were set according to the values of the
selected simulation days;
(c) specific humidity at 2500m (model top);
(d) roughness length was set to 0.01 for urban area, and soil initial temperatures and wetness
were set equal to the default values of ENVI-met.
Additionally, the albedo values for roofs and building walls were set to 0.3 and 0.4
respectively. All model’s input parameters are presented in Table 4 below.
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Table 4: Input parameters for summer and winter simulations.

Input parameters

Summer simulation

Winter simulation

Mean wind speed at 10m

0.80 m/sa

3.5 m/s

Wind direction

SW (225°)

WSW (245°)

0.01b

0.01

Clear sky

Clear sky

7 g/kgb

7 g/kg

1

1

305 Ka

305 K

304 Ka

304 K

293 Kb

293 K

Soil upper layer wetness

50 %b

50 %

Soil middle layer wetness

60 %b

60 %

Soil deeper layer wetness

60 %b

60 %

Roughness length at site
Cloud coverage
Specific humidity at 2500m
Adjustment factor for solar
radiation
Soil upper layer (0-20cm)
initial temperature
Soil middle layer (20-50cm)
initial temperature
Soil deeper layer (50-200cm)
initial temperature

a

Tsoka et al. [32]

b

ENVI-met default values

In order to minimize the disturbing effect of boundary conditions and to assure numerical
stability of the model’s results, 7 nesting grids were set at domain border [121]. The
computational domain consists of 85*82*20 grids, with grid size of 1.5m*1.5m*3m. Hence,
the total core domain size covers an actual area of 127.5m*123m, whose 3D and plan
representation can be seen in Figure 8. The major settings of ENVI-met simulations are
presented in Table 5.
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Figure 8: 2D and 3D representation of the case study area.
Table 5: Major settings of ENVI-met simulation.

Domain

127.5m x 123m x 60m

Meshes and grid size

85 x 82 x 20 (dx=dy= 1.5m, dz= 3m)

Environment

With greenery

Simulation period

Summer: July 21
Winter: January 15

Weather data

Upgraded weather data for Thessaloniki

Soil Profiles

Loamy Soil: albedo 0.2
Asphalt: albedo 0.1
Concrete pavements: albedo 0.3

3.5 EnergyPlus simulation set up
Every building energy simulation tools can, by default, run building simulations only under
isolated conditions, i.e. the surrounding micro-climatic conditions are being neglected. Trees
and neighboring buildings can be represented only as obstructions of solar radiation. For this
reason, weather data extracted from the micro-climate simulation were forced as input for
the boundary layer conditions of the EnergyPlus simulation. The buildings are modeled as
multi-floor entities, following the outcomes of Martin et al. [223], who studied the
divergences between simplified (shoebox and multi-floor models) and detailed building
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models in EnergyPlus regarding their monthly cooling energy demand, and concluded that
building engineers ought to create multi-floor building models, as they provide better
agreement with the detailed ones.
In this study two kinds of buildings are going to be examined: a detached building and a
building constructed in row-system. The two buildings have the same southeast orientation
and they are considered as uninsulated. As stated previously, they are modeled as multi-floor
apartments with 4 and 5 stories respectively and they can be seen in a 3D view in Figure 9
(Building A and Building B). It should be mentioned that the simulation case in EnergyPlus
is modeled with the identical street morphology as in ENVI-met in order to capture complete
shadowing effects and interreflections.

Figure 9: 3D view of the buildings under examination.

According to the Hellenic Statistical Authority, 66% of the existing buildings in urban areas
have as main construction material reinforced concrete, used for the load bearing structure
and following the rules of the Greek anti-seismic regulation. Typical masonries consist of
double brick cavity walls. Hence, it becomes clear that Greek urban buildings present a great
heat storage capacity, which in some cases, e.g. during hot summer days, can lead to
overheating of the interior as heat can’t be easily dissipated. The building models were
developed to best represent the respective buildings in ENVI-met. Thus, no thermal
insulation and no balconies were implemented. At this point it must be noted that the BASIC
version of ENVI-met used in this study does not support the feature of adding massive
building elements as shading sources (balconies), but this should not affect the coupling
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procedure whatsoever, since they have not been modeled in EnergyPlus either. The materials
and construction layers, as well as their thermal and physical properties are presented in
Table 6, while the 3D EnergyPlus models can be seen in Figures 10 & 11. It should be
mentioned that both buildings present a mixed use, i.e. the ground-floor has a commercial
use and the rest floors are used as apartments. Also, they are both modeled with the same
constructional features and materials, as well as the same schedules regarding internal heat
gains and ventilation.
Table 6: Building materials, construction and thermo-physical properties.

Construction

Layers

Type

Thickness

Thermal

Specific Heat

Density

(m)

Conductivity

(J/kg-K)

(kg/m3)

(W/m-K)
Roof

Lightweight

0.03

0.81

1000

1700

0.20

2.50

1000

2400

Plaster

0.02

0.87

1000

1800

Wall Plaster

0.02

0.87

1000

1800

Brick Wall

0.20

0.78

1000

1900

Wall Plaster

0..02

0.87

1000

1800

Plaster

0.02

0.87

1000

1800

Heavyweight

0.20

2.50

1000

2400

0.08

0.35

1000

1000

Cement

0.02

1.4

2000

1100

Ceramic Tiles

0.02

1.84

2000

840

Clear 6mm

0.006

0.9

-

-

Air 13mm

0.013

-

-

-

Clear 6mm

0.006

0.9

-

-

concrete
Heavyweight
concrete

Walls

Floors

concrete
Lightweight
concrete

Windows
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Firstly, the buildings were simulated with the initial weather file obtained for the city of
Thessaloniki in order to compute building energy demand for the baseline scenario.
Afterwards, meteorological data for the two simulation days (July 21, January 15) generated
from ENVI-met, i.e. hourly outdoor air dry bulb temperature, wind speed and wind direction,
captured by the receptors, which are placed in front of each building façade, were averaged
in order to create a new weather profile for each building façade.

Figure 10: 3D representation of Building A (row building) for the simulation in EnergyPlus.

Figure 11: 3D representation of Building B (detached) for the simulation in EnergyPlus.
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4.

Simulation results

This chapter deals with the implementation of the simulation scenarios, the expected results
according to the literature and the actual results from the thesis’ case study. A thorough
interpretation of the outcomes is attempted.

4.1 Additional vegetation results
4.1.1

The effect on ambient air temperatures and wind profile

The implementation of dense, middle-high trees in both sides of the main street
(Dodekanisou), as well as on the pavements of the two vertical streets (Gabriilidou and
Moschonision) in order to capture the impact of additional vegetation both on the microclimate and the building’s energy demand, is examined. Moreover, existing small trees have
been replaced with new taller and denser ones.
One of the most important scientific parameters of trees and plants, that is included in the
ENVI-met Albero application, is the Leaf Area Index (LAI), i.e. the ratio of leaf’s one-sided
area to the total ground surface area. The tool calculates this indicator at 10 intervals along
the plant’s height in order to estimate the Lead Area Density (LAD), which uses to
characterize every plant [98]. Current and additional vegetation characteristics, including
LAD, plant height and crown width, can be found in Table 7.
The expected results of the implementation of additional trees would present lower air
temperatures due to increased latent heat by evapotranspiration and less sensible heat flux to
ambient air imputable to shading effects [76]. Nonetheless, as it can be seen in Figure 12,
which illustrates ambient air temperatures at 12:00 and 16:00 for the status quo scenario and
the one with additional vegetation, the dynamics of the micro-climate indicate a small air
temperature increase in the horizontal main street. More specifically, at noon, air temperature
on the pavement in front of the detached Building B, at pedestrian level (1.5m), is 35.9 °C
for the current situation, while for the scenario of additional trees it rises to 36.2 °C, thus an
absolute temperature increase of 0.3 °C. The most extreme thermal effect is detected in the

56

center of the street, where temperature increased up to 0.6 °C. At 16:00, air temperature
divergences tend to be reduced by 0.1-0.2 °C mostly due to shading effect by buildings and,
thus, the decreased solar radiation.
On the contrary, on the pavement in front of Building A (row house) air temperature
decreased by almost 0.04 °C on pedestrian level. Mitigation of UHI can be mainly observed.
inside the two vertical street canyons above the main street, where air temperature decreased,
on average, by 0.1 °C at 12:00.
Table 7: Vegetation characteristics.

Summer

Winter

LAD

LAD

7m

0.7

0.1

4m

3m

1.1

0.4

Tree

3m

3m

0.8

0.2

Tree

10 m

9m

0.7

0.1

Scrub

1m

-

0.3

0.3

Grass

0.5 m

-

0.3

0.1

Tree

7m

5m

1.2

0.5

Scenarios

Type

Height

Crown width

Current

Tree

5m

Tree

Additional
Vegetation

The potentialities of urban greenery on mitigating the Urban Heat Island, a mostly nighttime
phenomenon, are more obvious during late hours of the day. Figure 14 shows simulated
ambient air temperatures for the two scenarios at 22:00 and 00:00. At first glance, it is
noticeable that major decreases of air temperature happen inside the two vertical urban
canyons. In particular, at 22:00 there is a remarkable temperature reduction from 0.14 K to
0.24 K, while at midnight there is a small decrease of trees’ cooling potential due to the
entrapment of long-wave radiation. Regarding the main street, at the left-hand side, a small
increase of air temperature is still observed from 0.03 K to 0.05 K throughout the night, while
at the right-hand side of the street, air temperatures decrease, mainly because cold air from
the vertical streets is blown into the main street. The air that comes from the vertical streets
is generally colder in evening due to the solar obstruction from the buildings. At 22:00,
temperature reduction at pedestrian level in front of Building A is 0.05 K, while at 00:00 this
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value rises to almost 0.1 K. Moreover, at the street part beyond the second crossing, where
more cold air mixes with the warmer air of the main street, air temperatures present a further
reduction, e.g. at the center of the main street, in front of the last building of the upper part
of the neighbor, a temperature decrease of 0.2 K is observed. It is advisable to mention that
the daily averaged air temperature change in front of Building A and Building B, at the main
street, is neglectable, 0.04K and 0.002 K respectively, whereas near its right-hand façade the
air temperature reduces, on a daily scale, by almost 0.1 K. Absolute temperature differences
for daytime and nighttime hours are presented in Figures 13 & 15 respectively.

Figure 12: Absolute air temperatures at (i) 12:00 and (ii) 16:00 for current and additional vegetation scenarios in
summer.
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Figure 13: Absolute air temperature differences at (i) 12:00 and (ii) 16:00 in summer with current situation as the
reference scenario.

Figure 14: Absolute air temperatures at (iii) 22:00 and (iv) 00:00 for current and additional vegetation scenarios in
summer.
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Figure 15: Absolute air temperature differences at (iii) 22:00 and (iv) 00:00 in summer with current situation as the
reference scenario.

During the winter, trees seem to have a positive impact on the urban environment as well. As
shown in Figure 16, trees significantly increase ambient air temperature by 0.25 K in front
of Building A, at noon. Major temperature differences are depicted in areas which are
protected from the cold west-southwestern wind with trees providing further wind reduction
under their canopy, as it will be shown next. The contribution of trees reaches its highest
levels during early morning hours (not shown), when temperature increases up to 0.4 K are
observed. This is mainly because tree canopy, reduced long-wave emissivity, although trees
are considered deciduous. At night, the air temperature increase in front of Building A, i.e.
the one constructed in row-system, reaches 0.15 K at 22:00, while in the center of the main
street canyon a small increase of 0.08 K is observed. 0.15 K at noon. On the other hand, in
front Building B, and especially on pedestrian level (0 – 2.1 m) ambient air temperature
increase is relatively lower, up to 0.1 K at 12:00, while during nighttime temperature
discrepancies are imperceptible. The daily average air temperature increase for Building A
is almost 0.2 K, whereas for Building B is 0.1 K. On the main street, where asphalt is the
dominant material, the average daily air temperature increase at pedestrian level (0 – 2.1 m)
is 0.06 K. Again, the major contribution of roadside vegetation can be observed at early
morning, at 6:00 am, when the ambient air temperature increase is 0.13 K. These findings
indicate that although the evaporation and transpiration effects of trees are significantly
decreased during winter, the attenuation of wind speed can play an important role on the local
environment.
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Figure 16: Absolute air temperature differences at (i) 12:00 and (ii) 22:00 in winter with current situation as the
reference scenario.

According to Mochida et al. [224], the presence of tree canopies decreases wind velocities
and increase turbulence at the pedestrian level. Figure 19 demonstrates the horizontal flows
at pedestrian level (z=1.5m) for the two different scenarios. The wind speed, at pedestrian
level, is reduced from 0.42 m/s to 0.27 m/s, a reduction of almost 36%. In particular, wind
speed is reduced on average by 33 % and 37 % throughout the day in front of Building A and
Building B, respectively. Moreover, as Figures 17 & 18 show, the implementation of
additional roadside trees inverts the vertical wind flow direction inside the canyon creating a
small recirculation area. The combined effect of the recirculation of warm air and low speeds
could cause a small air temperature increase, since the advection of air is now limited. This
also explains why this structure changes during nighttime, when the circulated air is colder,
and the entrapment of long-wave emissivity is counterbalanced. In addition, in the vertical
streets where wind velocity attenuation was lower, air temperature decrease could be
achieved under the tree foliage.
During the winter, the presence of trees still affects wind flows inside street canyons and
around buildings. As it is depicted in Figure 20, there is a notable reduction of wind velocity
on the pavements in front of the two case study buildings at pedestrian level (1.5 m). More
specifically, in Building B wind speed is reduced by 0.33 m/s at noon, while the reduction in
front of Building A reaches 0.40 m/s. The average daily reduction of wind speed in front of
the two buildings is 33 % for Building B and 35 % for Building A.
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Figure 17: Vertical flow. Y-Z cut. Current state. Summer.

Figure 18: Vertical flow. Y-Z cut. Additional vegetation scenario. Summer.
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Figure 19: Horizontal wind flow at pedestrian level (z=1.5m) Summer.

Figure 20: Horizontal wind flow at pedestrian level (z=1.5m). Winter
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4.1.2

The effect on surface temperature

Simulation results regarding the effect of trees on surface temperature reduction indicate a
strong influence, especially during daytime. Urban greenery provides extra solar protection
to underlying surfaces and, thus, results in considerably lower temperatures, as well as in less
sensible heat being transferred to the environment. For the scenarios of this study, absolute
surface temperature distributions, at 12:00 and 16:00, are illustrated in Figures 21 & 22
respectively, while Figures 23 & 24 show the absolute values of surface cooling potential,
i.e. the absolute temperature difference between the two scenarios.
For the summer simulations, the analysis revealed that on the shaded pavements in front of
the case study buildings, surface temperatures reduced almost by 17 °C at 12:00. Moreover,
the replacement of pavements with soil resulted in surface temperature reduction,
approximately, by 20 °C in the main street, while the maximum temperature difference is
21.4 K at the upper part of the two vertical streets. At 16:00, and generally when the sun
starts to set, the highest temperature reductions are observed at the parts that receive solar
radiation. Finally, it should be mentioned, that there was no temperature change in areas
where no trees were added; this is the green-colored area in Figures 23 & 24.

Figure 21: Surface temperature distribution at 12:00 in summer.

64

Figure 22: Surface temperature distribution at 16:00 in summer.

Figure 23: Absolute values of surface temperature difference at (i) 12:00 and (ii) 16:00 in summer.
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During nighttime, major surface temperature reduction can be found at the part of the
pavements that had been replaced with loamy soil. In addition, it should be pointed out that
there is a small temperature increase at the street asphalt due to the entrapment of long-wave
radiation by the added trees.
As already stated previously, urban surface temperature reduction is of great importance in
the effort to mitigate UHI effects. Lower surface temperatures lead to lower long-wave
radiated heat and, therefore, to less sensible heat flux to the urban environment through
convective heat transfer phenomena.

Figure 24: Absolute values of surface temperature difference at (iii) 22:00 and (iv) 00:00 in summer.
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During the winter, major surface temperature reductions can be observed in areas which
normally receive direct solar radiation in the status quo scenario. As Figure 25 shows, in
these areas surface temperature reductions up to 0.8 K can be found, mainly in the lower
parts of the two vertical canyons.

Figure 25: Absolute values of surface temperature difference at 12:00 in winter.

4.1.3

The effect on mean radiant temperature and relative humidity

Perhaps the most important factor that contributes to a thermally comfort environment is
mean radiant temperature (Tmrt), which is directly linked to all short and long-wave radiation
fluxes from both the sun and the surrounding urban elements, which appear with different
surface temperatures and, thus, with shadowing effects by trees. Currently, there are several
proposed methods to calculate Tmrtt; ENVI-met is using the following equation (Equation
1) [225]:
0.25

𝑇𝑚𝑟𝑡

1

𝛼𝑘

𝜎

𝜀𝜌

= [ (𝐸𝑡 (𝑧) +

(𝐷𝑡 (𝑧) + 𝐼𝑡 (𝑧)))]

(1)

Where:
σ is the Stefan Boltzmann constant, αk is the body’s absorption coefficient for short-wave
radiation and ερ is its emissivity, while Et(z), Dt(z) and It(z) are long-wave, diffuse shortwave and beam short-wave radiation fluxes absorbed at height z by a body.
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Several studies have already validated the ability of ENVI-met to precisely calculate daytime
mean radiant temperature values [226, 227], whereas others have underlined that the model
underestimates Tmrt during night [100, 228, 101]. Figure 26 illustrates the comparison of the
averaged Tmrt at pedestrian level (1.5 m) in front of the two buildings (Building A & B) at
the status quo scenario and the scenario of added trees for the summer simulations.

Mean radiant temperature (°C)
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Figure 26: Comparison of daily averaged mean radiant temperature at pedestrian level in summer.

Observing the comparison results of Figure 26, it becomes clear that there is an imperceptible
increase of mean radiant temperature during the summer nighttime, which is mainly
attributed to the difficulty of long-wave radiation to escape the shaded areas resulting in
increased Tmrt. The reverse happens during the biggest part of daytime; mean radiant
temperature decreased from 15.8 °C to 27.6 °C. This significant decrease of the Tmrt is
imputable to minor beam, diffuse and reflected short-wave radiation and lower absolute
surface temperatures [229]. In the winter midday, a reduction of 27 °C in front of the case
study building is also observed, while the reduction of Tmrt in other parts of the area is hugely
dependent on the winter sun path, which generally has lower angles compared to the summer
sun path. Quite the same structure as in the summer nighttime occurs during winter nighttime;
Tmrt is generally increased in the most parts of the case study area but with a considerably
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lower magnitude compared to the daytime. Major disparities of Tmrt are observed under the
trees’ foliage in the main street.
Furthermore, it should be mentioned that relative humidity was slightly increased, by almost
2 %. This can mainly be attributed to tree’s shading effects as well as added moisture by
means of evapotranspiration.

4.2 Building energy simulation results
In this section, building energy simulation of the two case study buildings (Buildings A & B)
will be examined. Taking advantage of the coupling procedure, the effects of both microclimate and additional vegetation to the building energy performance and indoor
environmental conditions will be assessed.

4.2.1

The energy impact of micro-climate

After the simulation of the current situation in EnergyPlus, the building energy models were
forced with micro-climatic parameters retrieved from ENVI-met status quo scenario, as it is
described in previous section. One-dimensional meteorological data, i.e. dry bulb
temperature, wind speed and wind direction, obtained from receptors placed in 0.75m in front
of at each building façade, were averaged in order to create new site-specific boundary
conditions for each building façade.
By considering the impact of the urban micro-climate, as it was simulated in ENVI-met,
cooling energy demand for the extreme case scenario in summer is increased by 1.7 % for
Building A and by 2.2 % for Building B. This can be mainly attributed to lower wind speeds
at the buildings’ façades as well as to the lower daily dry bulb temperature range. The higher
increase in cooling energy of the detached building may be linked to the fact that it has more
total surface area exposed to the ambient air.
On the contrary, the inclusion of the urban environment led to a decrease of the heating
energy demand by almost 3% for each building. This can be explained by the increased air
temperatures due to the Urban Heat Island effect compared to the temperature values
obtained from the default weather file.
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4.2.2

The effect of additional vegetation

In order to simulate the energy impact of additional vegetation on buildings, micro-climate
meteorological data were forced once more at each building façade as previously. The
simulation of trees in EnergyPlus has been conducted based on the corresponding 3D
structure created in the Albero application of ENVI-met, applying a certain Leaf Area
Density (LAD) for every 1 m of height. LAD values are linked to Leaf Area Index (LAI)
with Equation 2 that follows:
H

T
∫0 LAD(z) ∗ dz (2)

Where, 𝐻𝑇 is the tree height (m) and z is the vertical grid resolution (m).
However, EnergyPlus simulates vegetation as solar obstructions, thus every tree has to be
given the corresponding solar transmittance (ψ) to accurately represent its shading effects
throughout the year. According to Huang et al. [193], transmittance values can be obtained
by using LAI of trees and an experimental multi-regression model that estimated the decrease
of solar radiation under the tree crown (Equation 3):
ψ = exp(−0.0054 × LAI 3 + 0.1083 × LAI 2 − 0.9504 × LAI) (3)
In the same line of thought, solar transmittance values were calculated separately for summer
and winter, 0.37 and 0.64 respectively. The 3D representation of the planting of trees is done
as shown in Figure 27, i.e. trees were modeled as orthogonal shadings according to their
structure in ENVI-met.
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Figure 27: 3D representation of additional tree in EnergyPlus (left) and ENVI-met (right).

The local urban micro-climate affects the indoor environmental conditions as well. Figures
28 & 29 show the mean hourly indoor air temperature of the ground floor for the two case
study buildings during summer. It should be mentioned that in order to capture the total effect
of roadside vegetation the cooling system was removed.
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Figure 28: Mean indoor air temperature of the ground floor of Building A.

The presence of roadside trees outside in front of the southeastern façade of Building A led
to a significant decrease of indoor air temperature by almost 1 °C throughout the day and,
thus, cooling energy reduction is expected. On the contrary, as Figure 29 shows, the mean
indoor air temperature of the second floor of Building B has been increased after the

71

implementation of trees, stressing the complex nature of micro-climate. This can be
explained by the increase in relative humidity due to the trees’ evapotranspiration that leads
to an increased cooling energy demand.
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Figure 29: Mean indoor air temperature of the second floor of Building B.

The simulation results indicate that considerable reduction of building cooling energy
demand is achieved compared to the previous stage, where the micro-climate was taken into
account. Particularly, almost 4 % and 2 % is observed in Building A and Building B
respectively.
At this point, it should be mentioned that major cooling energy reduction is found in the first
two floors (Ground floor and 1 st Floor) of both buildings, i.e. at the respective height of trees,
where cooling energy savings up to 17 % are observed. Moreover, it became clear that at the
first two floors of both buildings the same energy reduction was recorded. Another notable
observation is that the cooling demand of the rest floors slightly increased by almost 1 % and
3 % for Building A and Building B, respectively. This can be mainly attributed to the
increased latent cooling load due to the fact that additional trees increase relative humidity
locally. Therefore, it can be argued that in the first two floors, the decrease of sensible cooling
load due to solar obstruction exceed the increase of latent cooling load, whereas in the upper
floors the opposite structure occurs. Additionally, since trees were planted in front of two
sides of Building B, the amount of the increased latent cooling load is higher, and thus higher
cooling energy demand can be expected. These findings agree with similar results obtained
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by the coupling procedure conducted by Yang et al. [123]. Finally, if the case study buildings
were more energetically efficient, e.g. insulated, with high efficient windows etc., the
expected results would be less notable, as maximum cooling energy reduction is achieved on
building units with poor energy performance [193].
Regarding the impact of trees on the heating energy demand of buildings, simulation results
revealed a more diverse effect on the two buildings. More specifically, in Building A
(constructed in row-system) the inclusion of additional vegetation considerably decreased
heating energy demand, namely up to 5 % at building scale. Major energy conservation is
observed at the two intermediate floors, almost 9 %, whereas almost 5 % of heating energy
reduction is achieved at the ground floor. This can be explained by the warmer local
environment as well as the reduction of wind speed and thus the lower heat transfer though
convection phenomena.
On the contrary, although total heating energy demand for Building B is slightly reduced by
1 %, the planting of trees contributed to an increased heating energy demand of the first two
floors, which are mainly shaded by trees, by 5 % and 1 % for ground floor and 1 st floor
respectively. Even though heat transfer through convection has become lower due to wind
speed reduction, it seems that planting trees at the whole eastern façades of the buildings
significantly decreases solar heat gains, even when the trees are considered deciduous. This
can be observed in Figure 30, in which direct short-wave solar radiation fluctuations are

Short-wave solar radiation (W/m2)

presented for the southeastern (front) façade the ground floor of Building B.
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Figure 30:Direct short-wave solar radiation fluctuations at the southeastern facade of Building B (Ground floor).
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5. Discussion and Conclusions
The present research attempts an integration of two distinct software in the simulation
procedure in order to account for the interactions between the urban and the built
environment, i.e. ENVI-met and EnergyPlus, in an urban neighborhood in Thessaloniki,
Greece. Special focus is given at the influence of additional roadside vegetation both on
determining the local environment and affecting the energy performance of buildings.
Despite the fact that ENVI-met and EnergyPlus are commonly accepted simulation packages,
they present significant limitations; the first do not have the ability to accurately simulate
building energy performance, while the latter does not take into account the micro-climate
impact of vegetation. For that reason, a simple one-way coupling methodology is introduced
to better exploit the benefits of both programs.
As already discussed in previous section, numerous studies have stressed the significant role
of trees in mitigating the urban micro-climate and thus affecting the energy behavior of
nearby buildings. Additionally, an increasing number of studies have stressed the benefits of
coupling CFD and BES tools in the complex urban micro-scale environment in a more
accurate way. Hence, the outcomes of this study can be compared with findings of previous
ones.
At the micro-climate scale, the obtained results show that the implementation of mediumheight, dense roadside trees in summer may lead to increased ambient air temperatures up to
0.3 K above the pavements and 0.6 K above exposed street asphalt. This is mainly due to the
reduced wind speeds and, thus, to lower heat being removed through convection phenomena.
In particular, wind speed is reduced on average by 35 % throughout the day in front of the
two case study buildings. The results agree with the findings of other studies conducted for
Thessaloniki. For instance, Tsoka [31] in her modelling study found that by adding trees and
creating a small park inside the main urban canyons, air temperature increases up to 0.25 °C
in certain parts of the area. Moreover, regarding the two vertical canyons, wind speed
reduction was lower and thus the implementation of dense-foliaged trees led to air
temperature decrease by 0.1 K, on average, at midday, while at 22:00 the cooling potential
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reached 0.24 K. The latter seems to agree with several past studies that examined UHI
mitigation with the implementation of trees and indicate that the cooling potential of urban
greenery is minor during the day time, between 0.1 K and 1.0 K [230, 231]. This is mainly
linked to the shadowing effect of surrounding buildings and the increased urban surface
concentrations. During the winter, micro-climate simulations indicated a daily average
outdoor air temperature increase of 0.2 K and 0.1 K for Building A and Building B
respectively. This can be attributed to the entrapment of long-wave radiation and the reduced
convection phenomena, as wind speeds reduced on average by 34% at pedestrian level. These
findings stress the complex nature of the micro-climate and the different outcomes that may
occur depending on the urban morphology and the initial meteorological conditions.
As far as surface temperatures are concerned, results strongly agree with findings from past
studies specifying that the most important influence of trees is on surface temperature
reduction rather than on decreasing ambient air temperature [98, 232]. In particular, results
revealed a surface temperature reduction of almost 17 °C in front of the case study buildings
in the main street, at 12:00 in summer. However, the surface cooling potential of vegetation
is lower in the two narrowest vertical streets due to less short-wave radiation reaching the
ground. During nighttime, the entrapment of long-wave radiation causes a small surface
temperature increase in some parts, because less heat is transferred to the environment
compared to the unshaded current state. The same structure applies in the winter as well.
However, given the lower angle of the sun, the areas that present the highest surface
temperature reduction are the ones that normally receive direct solar radiation at the status
quo scenario. In these parts of the neighborhood surface temperature can be decreased up to
0.8 K at noon.
The assessment of the impact of vegetation on mean radiant temperature (Tmrt) revealed
major Tmrt reductions during summer daytime by almost 28 °C. However, during nighttime
this effect is reversed by the reduced long-wave emissivity and the resulted small increase in
Tmrt. During the winter, roadside vegetation led to a decrease of Tmrt on the pavements in
front of the case study buildings and at pedestrian level by approximately 27 °C at 12:00,
mainly due to solar obstruction. A very important factor that alters the impact of vegetation
on Tmrt is the period of the day in which the buildings or streets are being shadowed by trees.
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This means that trees planted on the south façade of a building will obstruct the beneficial
winter sun, which is in a lower angle compared to summer days. These findings are in general
agreement with mean radiant temperature reduction observed in other studies [100, 189].
Additionally, there is a general agreement in the literature regarding the small increase of
relative humidity due to trees’ shading effects [233, 229, 65]. The analysis of the results
addressed a reduction of almost 2% in relative humidity compared to the status quo scenario.
In simulations conducted at micro-climate or building scale, researchers normally use
meteorological data obtained from weather stations located mainly in airports or from the
software database. Nonetheless, it has been shown that this method can produce nonrepresentative results. Ignatius et al. [204] adopted a parametric approach in order to generate
several urban layouts of an assumed district with offices. The aim of the authors was to
investigate how urbanized weather data can lead to more accurate results regarding ambient
air temperatures and building loads. Their findings indicated a temperature difference up to
2 °C between temperatures recorded at the default weather station and the simulated ones,
that led to a reduction of the estimated cooling load by 8 %. Yang et al. [123] found a 10 %
increase of building cooling load by considered parameters modified by the micro-climate,
such convection phenomena, infrared radiation and infiltration heat transfer, in the coupling
procedure between ENVI-met and EnergyPlus. On the contrary, heating energy demand
decreased by 0.5 %, indicating a minor influence of the local environment. The findings of
this study qualitatively agree with these observations, as the inclusion of micro-climate
increased cooling energy demand and decreased heating energy demand for both case study
buildings by almost 2 % and 3% respectively for both buildings. This, indicates that detached
houses and row-houses are affected in a similar way by the urban micro-climate. The
discrepancies regarding the magnitude of the micro-climate’s influence are mainly based on
the fact that this research does not take into account the alterations in CHTC and long-wave
radiation exchanges. According to Yang et al. [123], EnergyPlus underestimates average
values of CHTCs both during in summer and winter; consequently, this leads to less cooling
energy demand but higher heating demand during the winter, since heat removal through
convection is limited.
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Another notable observation is the increase of heating energy demand of the first two floors
of Building B when the implementation of roadside trees is considered in the coupling
procedure. According to Bouyer et al. [124], who investigated the influence of several microclimatic phenomena on building energy performance, solar irradiance stands as the most
influential factor. Consequently, the reduction by almost 50 % of direct solar radiation on the
southeastern façade of the ground floor of Building B can explain the increase of heating
energy demand by 5 % and 1 % for the ground floor and the 1st floor respectively.
Furthermore, since the presence of trees reduce wind speeds under their canopy, the
buoyancy effect tends to be increased. Thus, more warm air is moving upwards near the
building walls resulting in more cold air entering the urban area. According to Allegrini and
Carmeliet [184], in areas with low wind velocity (about 1 m/s), buoyancy effect is the major
mechanism of heat transfer, whereas in areas with high wind speeds, heat transfer happens
mainly through turbulent phenomena. Hence, it is clear that, during the winter, in front of
Building B the decrease of wind speed leads to warm air moving upwards while colder air
enters the urban area and, thus, higher heating energy demand can be expected. On the
contrary, for the row-house (Building A) the presence of trees contributed to a total heating
energy demand reduction of 5 %. In this case, all building floors presented less heating energy
needs, with major heating energy demand reduction of almost 9 % in the intermediate floors.
These findings stress a different response to the effects of additional vegetation of detached
houses and buildings constructed in row-system during the winter season, since detached
buildings have more open surfaces to the ambient air and, thus, they are hugely influenced
by wind speed attenuation.
Regarding the influence of roadside trees on buildings’ cooling energy demand, the obtained
results, which indicate energy savings of almost 2 % and 4 % for Building B and Building A
respectively, concur with the findings of previous studies [44, 41], which indicate a cooling
energy demand reduction from 2.8 to 14 %. No significant discrepancies exist between the
two buildings in terms of the alteration of their energy balance during the summer.
At this point, several limitations of the study should be pointed out. Firstly, the computational
cost of ENVI-met, e.g. one-day simulation for the case of additional vegetation lasted
approximately 30 hours with a i7 processor, may impose great obstacles to engineers who
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want to study the interactions between the urban and the built environment and apply
mitigation or energy efficiency measures. Hence, the computational domain should be wisely
selected based on the research objectives. Secondly, the exclusion of spin-up time in
simulations with ENVI-met, due to the extra computational cost, may have caused small
numerical inaccuracies on the micro-climatic conditions. Furthermore, the absence of in-situ
meteorological data should also be mentioned, as the outcomes could be different if actual
climatic conditions were forced into the software. Another possible limitation arises from the
lack of accurate LAI and LAD values in the literature for the precise simulation of trees and
plants. Finally, the results of this study apply to the specific climate of Thessaloniki (warm
and humid) and with the specific urban morphology of the selected case study area; several
discrepancies may arise if the proposed coupling methodology is applied under different
conditions.
As a conclusion, when it comes to measurements for the improvement of the energy
efficiency of the urban built environment, the proposed approaches should consider the
interactions between buildings and their local micro-climate. In this context, the findings of
this study stress that applying a simple coupling methodology between a CFD and BES tools
can lead to more accurate results. Further studies in the future will assess the influence of
surface temperatures on the two-way interaction between the built and the local environment,
since several studies [184] have shown that during summer afternoons, near building ambient
temperatures can be increased by 1 °C depending on the constructional features of buildings.
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Nomenclature
AR
BES
CFD
CHTC
DOE
DRY
EPC
EPW
EU
GIS
HVAC
H/W
IEA
ISH
KENAK
LAD
LAI
LBM
PET
PMV
RANS
SET
SMY
SVF
Tair
Tmrt
TMM
TMY
TRY
Tsurf
UCI
UGI
UHI
UHII
WYEC

Aspect Ratio (similar to H/W)
Building Energy Simulation
Computational Fluid Dynamics
Convection Heat Transfer Coefficient
U.S. Department of Energy
Design Reference Year
Energy Performance Certificate
EnergyPlus Weather file
European Union
Geographical Information System
Heating Ventilation and Air Conditioning
Height to Width ratio
International Energy Agency
Indirect Solar Heating
Energy Performance of Buildings Regulation
Leaf Area Density
Leaf Area Index
Lattice Boltzmann Method
Physiologically Equivalent Temperature
Predicted Mean Vote
Reynold Average Navier-Stokes equations
Standard Effective Temperature
Synthetically modeled Meteorological Year
Sky View Factor
Ambient Air Temperature
Mean Radiant Temperature
Typical Meteorological Month
Typical Meteorological Year
Test Reference Year
Surface Temperature
Urban Cool Island
Urban Green Infrastructure
Urban Heat Island
Urban Heat Island Intensity
Weather Year for Energy Calculation
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