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Abstract: Passive building is among the most important subjects in architecture today. The key factor
in terms of a solution is related to the level of renewable energy in buildings. Natural ventilation is
among the effective factors in indoor thermal comfort. Virtual simulations prepare a basis for reliable
and fast result outcomes. Computer Fluid Dynamics (CFD) software is available thanks to advances in
technology and mathematical calculation to simulate projects with any conditions. This paper presents
thermal comfort reduction where, in the simulation, the closed environment is considered rather
than the individual building with no surroundings. In order to reach the conclusion, a comparison
between a single building simulation and two locations in the walled city of Famagusta in the Turkish
Republic of Northern Cyprus, a historical settlement, is provided to illustrate the changes according
to the closed environment conditions. According to the results, if energy consultants aim to present
realistic energy data in order to upgrade the level of sustainability of buildings, it is important to
consider the effect of the closed environment on natural ventilation in their calculation.

Keywords: passive building; indoor thermal comfort; closed environment; computing fluid dynamics
simulation; natural ventilation

1. Introduction

Architecture, urban planning, and building construction are considered to consume the most
energy in terms of energy efficiency, which is involved with daily indoor life in order to protect humans
from outside conditions and the outdoor environment. Technological advances influence human
lifestyles both positively and negatively [1,2]. Technology and technicians are trying to minimize
energy usage and find better approaches to reduce the amount of energy consumed [3]. Currently,
the best solution is to use renewable energy, which is accessible all around the world. Among the
types of natural energy, wind is among the most important resources that have a direct effect on the
feeling of temperature [4-8]. It is possible to track the evolution of natural ventilation in architecture
and use elements such as wind catchers in old cities. Buildings are designed based on maximizing
the benefits of natural ventilation [9,10]. We can consider natural ventilation as a solution for energy
efficiency, mainly in hot climates, by harnessing the wind and bringing down indoor temperatures
to acceptable levels [11]. After modernism, people who moved to cities with the dream of a better
life caused the cities to grow without following any rules, and it brought chaos between cities, wind,
and building design. Commonly, city planners design cities with large-scale factors such as vehicle
circulation, energy resources, connection networks, etc. Thus, there is no room for neighborhood
microclimates and building-scale natural ventilation [12-14]. There are several factors in between that
reduce the possibility of designing buildings according to natural ventilation in order to increase the
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level of indoor thermal comfort to the maximum that need to be considered in urban planning and city
development [15]. It is obvious that, in different climates, there are various factors that affect indoor
thermal comfort in buildings; thus, regulations are changing according to the climate [16]. It is clear
that, to understand the level of thermal comfort taking natural ventilation and building surroundings
into consideration, climate conditions should be analyzed as a first step. Throughout history, one of the
main factors in building construction was having the buildings take maximum benefit of natural energy
resources, and cities were shaped according to the building designs [17,18]. A city as a systematic
process of connection among different factors that come together to shape the living area for people at
a larger scale has an important role to play in human health and creating comfortable situations for
citizens [19].

Increments in warmth in urban areas expand the length of developing seasons and diminish
strong wind events. Natural ventilation diminishes the air quality by expanding contaminants [20,21].
Researchers are concerned about the response of urban air circulation to unnatural weather changes.
Different researchers have reasoned that ventilation can effectively impact atmospheric changes at
a microclimate scale [22]. The main element acting as guidance for wind in cities is the density of
the city pattern, which needs to be considered for natural ventilation in every part of the city [23].
The diminutive size of streets and pedestrian access compared to the sizes of city blocks and building
proportions dictates all these effects. It is recognized that the focus must be on the street/pedestrian
level regarding the air quality in urban open spaces [24,25]. On a normal street, the base part is the
spot for air contamination, while on restricted and long avenues, contamination relies on numerous
elements such as breaks and the level of greenery on the road [26].

Passages, proximity, gathering areas, and so on were designed according to the climatic conditions
in order to create pleasant and comfortable areas and meet people’s needs in historical settlements.
One city that was directly designed according to prevailing winds is Bushehr city in southwest
Iran [27,28]. A great deal of intersections with open spaces provide a setting for wind circulation and
the most extreme exchange of wind and structures [29]. We can say that the stickiness of interior spaces
is directed out via air currents in roads. These spaces, notwithstanding social capacity, have conveyed
wind in lanes [30].

Natural ventilation relies on differences between air pressure between spaces, which can be
caused by wind or buoyancy, and the effects are different temperature or humidity [31]. An empirical
model represents the experience and examination of ventilation situations in different cases in order
to understand the wind behavior, which can be categorized into two topics: simplified empirical
methods for prediction of air flow, and simplified methods for prediction of air velocity inside a
building [32]. This category is applicable to low-rise buildings with different functions, in which
there will be direct connections to outdoor spaces from building openings. Standards have proposed
formulas for calculating natural ventilation in single-side and cross-ventilation configurations [33].
A standards body that gives guidance for calculating the natural ventilation in buildings and general
energy topics is the American Society of Heating, Refrigerating, and Air Conditioning (ASHRAE),
which requires information of overall effective leakage areas in determining usage pressurization or
depressurization methods, which researchers have followed [34]. It is clear in simplified empirical
methods for the prediction of air flow that there are many detailed usable approaches to help designers
understand and analyze the small scale of a building before construction in order to have the maximum
benefit of natural ventilation to improve the indoor air quality and thermal comfort. On the other
hand, for simplified methods of estimating the air velocity inside naturally ventilated buildings, it is
possible to classify the techniques into five categories: full-scale investigation, computerized numerical
simulation (the selected method for this research), tabulated data obtained from parametric wind
tunnels, wind discharge coefficients, and direct measurements of the indoor air quality [35].

Zoning and multizoning systems are formulated in order to describe the meaning of airflow
through opening sizes and places, wind pressure, buoyancy pressure, and wind variation in order to
have the information required for calculating the natural ventilation in building sections and have
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a representation of real-scale building ventilation systems [36]. The yardstick for assessing wind
development is given by a bioclimatic examination in the area, which partitions the year into overheated
and cold periods and characterizes areas in need of remediation. Before researching potential plans
that will give wind security or use air developments effectively, it is important to think about the
direction of the wind [37,38]. Adjusting for wind direction is critical in buildings, where the use of
windbreaks, the course of action of openings in high- and low-weight territories, and the directional
impact of window channels can improve wind currents [39].

Human interference is involved, in which mainly constructed buildings act as windbreaks,
as indicated by Bates’s description, occupying the airflow upward, keeping in mind that, before long,
it turns back and evaporates from the ground level. The most secured piece of this zone is near the
windbreak on the leeward side; it turns out to be increasingly uncovered as the good ways from the
windbreak increments until arriving at a point where the air flow is again at full speed. There is a
smaller quiet territory on the windward side. On the leeward side, such receptiveness will bring about
a smaller shielded region more remote from the windbreak [40,41]. Indoor thermal comfort has been
studied by two methods, experimental and simulation by software. The problem of most results is
that they consider buildings in the best situation according to the wind behavior, about which there
are many doubts. The gap in energy efficiency calculation in terms of natural ventilation is that the
mentioned factors are not counted in the formula. In general calculations, only weather data will
apply without factors that affect the path of the wind to specific building sites, so the results will not be
accurate and the outcome will be different from reality. In order to understand complete ventilation in
buildings, most parts are covered in [42].

Computing Fluid Dynamics (CFD) software gives the opportunity to examine the regulated
standards for indoor air parameters such as the temperature of the room, the level of humidity, and the
speed of airflow [43]. The CFD system works with detailed parameters such as airflow, which is
responsible for contaminant dispersion and temperature distribution [44]. The building configuration
will be affected by such information, and in order for architects to have naturally ventilated designs,
they need to have the simulation parallel with other design steps [45]. The advantage of using CFD
over experimental or laboratory approaches is clearer and allows for easier assessment of the possibility
of natural ventilation. Open-source software is needed in order to illuminate, or at least work with,
the minimum boundaries during the process [46]. Based on research and experience with different
computing calculations for research simulation, the Rhino Grasshopper plugin was selected. With the
use of technology, it is advanced software designed specifically for analyzing and measuring energy
use and the effect of every factor on the simulation in order to have the most accurate results compared
with the real building model. Most regulations and formulated codes have been entered into the
software in order to make the job easy and fast, and reduce mistakes [47].

Rhinoceros 3D is computer-aided design software. Grasshopper is a visual programming
language and environment that runs within the Rhinoceros 3D computer-aided design application.
Grasshopper is primarily used to build generative algorithms, such as for generative art. Programs
may also contain other types of algorithms including numeric, textual, audiovisual, and haptic
applications. Advanced uses of Grasshopper include parametric modeling for structural engineering,
architecture, and fabrication; lighting performance analysis for eco-friendly architecture; and building
energy consumption [48]. Ladybug Tools is a collection of free computer applications that support
environmental design and education. Ladybug Tools is among the most comprehensive, connecting 3D
computer-aided design interfaces to a host of validated simulation engines [49]. Honeybee supports
detailed daylighting and thermodynamic modeling. Specifically, it creates, runs, and visualizes the
results of simulations using Radiance and EnergyPlus. It accomplishes this by linking simulation
engines to CAD and visual scripting interfaces. For this reason, Honeybee is one of the most
comprehensive plugins presently available for environmental design. Figure 1 graphically explains the
linkages among Grasshopper plugins and supportive software used in this research.
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Figure 1. Linkage hierarchy of Rhino software plugins.

2. Materials and Methods

The authors used available information in order to find energy-efficiency calculation methods
around the world to compare and analyze the existing requirements in energy-efficiency standards
calculations. The findings are limited to building simulations with general weather data input from
EPW files according to natural ventilation calculations. Thus, in order to understand the importance
of the closed environment and its absence during the mathematical simulation process, the research
problem was designed. Examining the existing situation of saving energy within the case study to
explore the needed basis and create primary information for illustrating the importance of considering
the surroundings in energy calculation formulas is the method in this study. Finding the differences
and clarifying the basis for improving natural ventilation calculations to increase the percentage of
thermal comfort as the research aims guide the discussion, focusing on climate during the process,
and related factors are taken into consideration in order to illustrate the importance of this topic and
find the link between the closed environment and indoor human comfort. Data for this research were
collected from books, journals, and online resources. Studying the effect of reducing the level of energy
consumption and increasing indoor thermal comfort is needed, and the results will have a direct impact
on the future of our planet. The objective is to consider the current situation in terms of the climate and
find the most accurate outcome of energy consumption calculation based on microclimate and wind
effect. The framework of this research methodology illustrates the result of comparing and analyzing
different CFD software and understanding the processes in wind behavior and natural ventilation
in buildings.

There are two methods of natural ventilation that benefit thermal comfort. The first method is
wind-driven ventilation, which normally happens as a breeze blows over a building; the breeze hits
the windward divider, causing an immediate positive pressure. The breeze moves around the building
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and leaves the leeward divider with negative pressure, which is called sucking impact. By locating
openings on the windward and leeward dividers in the building, natural air will surge in the windward
openings and leave the leeward openings to adjust and relieve the pressure on the windward and
leeward faces, which is beneficial in hot climates, as in the selected case. The second method is based on
ventilation induced by temperature or humidity, which is commonly used as stack-driven ventilation.
For stack ventilation to work appropriately, there must be a temperature contrast. Warm air, which is
less dense, rises in the indoor spaces, while the cooler air is sucked from openings from lower levels.
This method does not depend on the breeze. On overheated summer days with no wind, a stack impact
can occur with moderately stable wind. Besides, since it does not depend on pressure and the course
of the breeze, there is better control in finding air admission. Wind-driven ventilation is considered
as a basis for simulations and analysis according to climate conditions and the need for fresh air for
indoor spaces. Required factors for wind-driven ventilation are building orientation, location, and
proportion, and the types and operation of windows [50,51].

This step requires reviewing different types of ventilation in the wind-driven method. Generally,
it is possible to group ventilation into three categories: natural, mechanical, and mixed-mode
ventilation. As far as mechanical ventilation is not part of the research focus, it is going to be
illuminated. The research method and preparation for the comparison was to find the level of indoor
thermal comfort difference, so first a simple building model was designed. This building follows
the construction regulations of the selected case. Then, thermal comfort percentage is simulated
according to energy efficiency standards, which means without surroundings, and later the same
building conditions are applied in the unique historical environment with dens and semi-dens in order
to illustrate the change in comfort level if building surroundings are considered in the simulation.
Realistic weather conditions are considered, which are presented in climate data in Section 3, which
means that the yearly simulation setup is done by current weather data and the result is applicable
for the selected neighborhood. Results are simplified and shown in an understandable chart for all
professionals for better realization of the situation and case condition. Also, the simulation process
with all limitations and boundaries is shown for a detailed explanation for researchers if following the
same method will be helpful for their design and research process.

3. Case Study Analysis

The Turkish Republic of Northern Cyprus is an accepted state that contains the northeastern
section of Cyprus island. A buffer zone under the influence of the United Nations extends between
Northern Cyprus and the remainder of the island and cuts Nicosia, the largest city on the island
and the capital of both sides, in half. Many powerful countries have occupied Cyprus throughout
history because of its strategic location [52,53]. The research case, located in the Mediterranean Sea,
has hot-humid and semi-arid zones with a subtropical climate. Climate changes are seen in different
cities caused by the mountain located in the middle of the island. Girne is in a hot-humid climate with
higher humidity toward the high mountain. A shift between hot-humid and mixed climate is seen in
Famagusta and Guzelyurt, caused by the distance from the sea. Lefkosa, which is located at the center
of the island, has a hot-dry climate [54]. At the eastern shore of the island is Famagusta, a port city with
a rich history. During the medieval period, Famagusta was the island’s most significant port city and
an entryway to exchange with ports of Western European countries, from where the Silk Road dealers
conveyed their merchandise. This city, with a population of about 54,000 [55], is the third-biggest city of
Northern Cyprus. Famagusta is located at 35°7” N and 33°55” E, and is 25 m above sea level. According
to the Koppen—Geiger climate classification, it has a hot Mediterranean/dry summer subtropical climate
that is mild with moderate seasonality. In other words, due to the subtropical high pressure system, it
is hot and dry in summer, and due to the polar front, it has rainy and moderate weather. The average
maximum temperature in the hot season is approximately 33 °C in the city, and the average minimum
temperature for the cold season is about 17 °C [56]. Dividing walls were constructed by the Lusignan
Kingdom of Cyprus in the 14th century and completed by the Republic of Venice during the 15th and
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16th centuries before the attack of the Ottoman Empire in 1571 [57-60]. The Famagusta walled city is a
unique closed historical environment with gates, surrounded by a ditch on three sides (Figure 2).

Figure 2. Walled city of Famagusta.

The Famagusta walled city is an interesting, unique protected historical settlement. Since this
study focuses on the closed environment, it is interesting to find the effect of surrounding walls next to
buildings on indoor thermal comfort. In order to define the reason behind the selection of a two-story
residential building for this study, applicable rules in this settlement are followed, which restrict any
building from surpassing the wall height, and the majority of the neighborhood is residential, and
this function has the highest time count function for daily activities. In Figure 3, selected sites for
simulations are highlighted according to surrounding density and street access that act as guidance for
wind direction. The first location is within the extension of the walled city main path, which illustrates
the effect of the wall on natural ventilation combined with low-density surroundings, and the second
selected building site is deeper in the historical urban pattern. Results of mathematical simulations
of both buildings are compared with the single building with the same requirements without closed
environment conditions.

LOGATION 2
LOCATION |

Figure 3. Selected building locations in the Famagusta walled city.
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Wind effect factors have been studied in terms of how they change the thermal conditions
in buildings. The factors that affect users’ thermal comfort characteristics can be categorized into
six subheadings, according to the effect the wind will have on them and change the adaptive
comfort parameters:

e  Pressure: Atmospheric pressure or air pressure is the power applied to a surface by the air above
it as gravity pulls it to Earth. Pressure is normally estimated with a biometer, which uses mercury
in a glass cylinder that rises or falls to indicate the heaviness of air pressure [61].

e  Temperature: Temperature is a feeling of how hot or cold the weather is. It is the most commonly
estimated climate parameter. More explicitly, temperature explains the dynamic energy of the
gases that create the air. As gas particles move more and increase speed, the air temperature
will be higher. Generally, air temperature influences the rate of evaporation, relative humidity,
and wind speed and direction [62].

e  Wind direction: It is generally detailed in cardinal ways or in azimuth degrees. Wind course is
estimated in degrees clockwise from the North. Wind headings are estimated in units from 0° to
360°, which means 90° between north, east, south, and west [63].

e  Relative humidity: Relative humidity is the proportion of the fractional weight of water vapor
to the balance vapor weight at a given temperature. It relies on temperature and the weight
of the arrangement of schemes. A similar measure of water vapor brings about higher relative
humidity in cold climates than warm climates. Relative humidity is ordinarily communicated as a
percentage; a higher rate implies that the air-water ratio is increasing [64].

e  Wind speed: Wind speed, or wind flow velocity, is a central barometric amount related to air
moving from high to low pressure, generally because of temperature change. Most of the time
breezes are parallel to isobars because of the Earth’s rotation. Wind speed is presently estimated
with an anemometer, but it can also be characterized with the Beaufort scale. Wind speed is
influenced by various variables and circumstances, including the pressure gradient, Rossby waves
and jet streams, and nearby climate conditions. There are additional connections to be found
between wind speed and wind direction with pressure and territory conditions [65].

e  Wind circulation: Wind circulation is the large-scale development of air. The Earth’s wind
circulation differs from year to year; however, the enormous scale structure of its flow remains
consistent. Mid-latitude or tropical convective cells happen as random events, and climate
forecasts of those cannot be made more than 10 days before. The Earth’s climate is a result of its
brightening by the sun and the laws of thermodynamics. The work delivered by the sun causes
the movement of the majority of air, and in that process, it redistributes and is consumed by
the Earth’s surface close to the tropics. Large-scale wind cells move poleward in hotter periods,
yet remain to a great extent consistent, as they may be, in a general sense, a property of the Earth’s
size, pivot rate, warming, and barometric depth, all of which change nearly nothing [66].

3.1. Famagusta Weather Analysis

During the year, Cyprus faces prevailing winds from south to northwest. It is important to see
how the winds affect the city in different months of the year. Figure 4 shows Famagusta wind roses
during winter and summer in order to understand the general wind directions and wind speeds to
check the yearly average and seasonal wind portfolio at the same time. The graph in Figure 4b shows
the wind direction and temperature during summer at the same time, so we can estimate the wind
effect. During the summer from the south, and in winter from the west, we have the prevailing wind
direction. In the same figure, the left side clarifies when, in which direction, and for how long we will
have discomfort, which is a challenge for designers to increase the hours of thermal comfort during
those times.
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Figure 4. Wind roses in Famagusta in (a) winter and (b) summer.

Providing the extracted information from CFD software requires graphical formulas as an interface
for the main mathematical calculations that can be used by any Grasshopper user in order to find
any climatic condition wind rose based on the Ladybug plugin. The Ladybug EPW file download
section is a platform that provides users with access to updated weather data all around the world.
General information is necessary in simulations to extract daily data from wind direction and wind
speed to be imported to the simulation based on daily conditions in order to have realistic results.
Figure 5a illustrates daily temperature information for the selected case. Daily temperature is required,
as it is a basic measurement of users’ thermal comfort, so the same data were used as the base in
the software simulation. According to temperature, Figure 5b shows the universal thermal climate
index for Famagusta in terms of whether it is comfortable or not as a simplified graphic, where red
stands for comfortable times and blue shows uncomfortable times. Around five months a year, people
feel comfortable in these weather conditions, which shows the importance of a new systematic way
to control the microclimate in order to increase the benefits. Microclimate details are presented in
Figure 5c, which shows outdoor thermal comfort. Outdoor thermal comfort has a strong role in the
process, since the atmosphere surrounding the building dictates the weather input from the openings
to the indoor spaces.

Based on yearly weather data, it is possible to find the yearly percentage of comfortable and
uncomfortable conditions and how citizens feel the temperature. Research shows that the air
temperature is not the exact felt temperature. In order to find out, it is necessary to add velocity and
humidity factors. The result is found by following the Grasshopper Ladybug adaptive comfort method,
which is strong, useful, and one of the most complete mathematical systems to be imported to the
main calculation. Figure 5 shows that about 60% of the year is still not comfortable based on the user
feeling criterion.

Wind speed is not a single variable; many factors affect the wind. Itis possible to calculate the wind
factors at different heights with a single component in the Ladybug plugin. This information is useful
in detailed building design, but as a general decision for an international approach in most scientific
research and simulations, wind speed at 10 m height is considered as a standard. The most important
and effective components for these research simulations are adaptive comfort and psychometric charts.
After all analyses, these two components prepare the ground for comparison and understanding of the
situation. Also, they provide a chance to export numeric data into usable and easily understandable
graphs so everyone can benefit from the prepared results. The adaptive comfort chart below shows
three criteria: when people in the selected climate feel cold, hot, or comfortable. This zoning is the
basis for the solving strategy (Figure 6).
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3.2. Simulation and Model Design

The simulation model was made based on construction rules and regulations as well as typical
land divisions and boundaries in the Turkish Republic of Northern Cyprus. The first step of the
analysis is to follow the individual building with inputs from weather data in order to have a basis
for comparison, and then the same building is simulated in two different neighborhood patterns to
find the percentage of thermal comfort reduction. The weather data were downloaded and run for
Famagusta by the Ladybug EPW file downloader. The simulation model was created based on allowed
square meter construction according to the Northern Cyprus land division average. The building
length is 17 m and the width is 16 m. Each floor height is 3.5 m, which means that, in a two-story
building, the building height is considered 7 m in total. After designing the model, we can define
the windows for cross-ventilation. According to Northern Cyprus regulations, openings should be a
minimum of 5% of the construction area in square meters, which means 20% of the surface based on
the designed model for this section. During the simulation, it is defined that windows will be 100%
open or closed according to the setting in the formula, and the window frame infiltration is counted as
0.015, which does not have an effect on the final outcome. In order to define the windows, first walls
that will have the openings are selected by filtering and then transferring to zones. Only cross walls are
selected to have openings, as the research focuses only on a cross-ventilation system. Then, the whole
opening percentage is designed as three windows in each fagade. The opening breaks are based on a
typical building design method in the neighborhood according to indoor space organization, and a
single opening does not ventilate indoor space corners, which will appear as nonconformable zones as
a result. The breakup distance is a 1.5 m offset from the ceiling and 1.2 m from the floor, according to

construction regulations (Figure 7).
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Figure 7. Honeybee formula for defining openings on model surfaces according to cross-ventilation
method and opening percentage based on Northern Cyprus regulations.

In this section, limitation data for the window situation are added to the program formula.
Natural ventilation is set as an active means, and a heating, ventilating, and air conditioning (HVAC)
system is not involved in the simulation in order to get only the wind effect on thermal comfort.
Then, the software is set to keep windows open completely (100%) when the indoor temperature is
between 21 and 30 °C. Out of that range, we will need a heating or cooling system, which means that
windows will be considered closed, as the ventilation will not have a positive impact on indoor thermal
comfort. Also, windows will be closed if the outdoor temperature is less than 15 °C or above 30 °C.
Figure 8 shows the formula section that defines the limitations for window conditions.
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Figure 8. Temperature limits for windows to be open or closed.

As a next step, needed data are fixed for the EnergyPlus simulation engine. During this part,
the complete set is calculated by EnergyPlus as a supportive software link to Grasshopper Honeybee.
The formula is explained step-by-step in the following section. The general information imported from
the weather data file is attached to the formula as a basis for calculation. It is important to define the
analysis period in this part as the result will be exported based on summer and winter. The reason
behind this division in the adaptive comfort calculation section is that it is needed to define the clothing
level, which will be different based on the season. The energy simulation parameter is set to 1 in the
terrain section, which defines the neighborhood pattern. That means that the preset definition for this
area is suburbs with distance between buildings and low density. In the Honeybee context section,
surface parameters that represent the other buildings located in the neighborhood are attached to
the main formula. This selection will give definitions to the software to count them as surrounding
environment that will have a windbreak effect. An hourly time step is selected for the simulation
output to generate detailed information as a result. That means that, for each month, the prevailing
wind might be from a different direction, but at the end, with different angles, the result will be in the
same framework; thus, a comparison is possible (Figure 9).
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Figure 9. EnergyPlus simulation preparation linkage from Grasshopper Honeybee plugin.
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As the last step, we calculate the thermal comfort percentage for the selected period. The important
factor in this section is to properly consider clothing level based on exported data. For the seven
months that are counted as hot temperature conditions based on Figure 5a, the simulation was run with
a clothing level of 0.6, which means two-piece light clothing, the common outfit for residential indoor
living. For the other five months, the clothing level changed to 1, which means three-piece clothing
during the cold period. Indoor activity also has an effect on how temperature feels. So, in order to keep
all results simple and in the same condition, sitting was selected as an activity. Dry bulb temperature,
relative humidity, mean radiant temperature, and wind speed are attached to related trees for final
calculation from the EnergyPlus results directory. Biometric pressure is also defined for the formula.
In comfort parameters, the humidity ratio upper boundary is defined as 0.012 according to ASHRA
E55 standards, which means that higher humidity will create discomfort for people, and the humidity
level is high as the case is a coastal city. After the calculation is finished, there are several results to be
exported, of which the usefulness of this research and the percentage of indoor thermal comfort are
gathered as the main outcomes (Figure 10).
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Figure 10. Thermal comfort percentage calculation.

4. Discussion

The main point of thermal comfort calculation is to make an agreeable situation for inhabitants
by making changes toward decreased energy consumption. At present, there is a contention that,
by utilizing the passive design principles of sustainable energy sources, better thermal comfort can be
achieved in buildings. In an inbuilt neighborhood with current closed environment conditions, it was
impractical to provide complete thermal comfort, so an attempt was made to lessen dissatisfaction
instead. Architects and energy consultants try to use energy calculations to estimate the existing
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conditions of buildings in order to design thermal comfort improvement strategies. However, by using
natural ventilation systems, achieving comfort zones is easier. The problem is how to produce accurate
and reliable calculation outcomes by only considering the individual building itself. Based on the
results, indoor thermal comfort changes are made according to closed environment conditions. Thus,
it is not enough to simulate the level of comfort based only on weather data specifically related to
natural ventilation.

The results of the advanced mathematical simulations for all three mentioned cases are gathered
in Figure 11. The x-direction shows the monthly division of the year and the y-direction shows the
thermal comfort percentage during each month. The blue line represents the single building simulation
based on energy codes, which means that the basic weather data information was entered into the
simulation without a closed environment effect on natural wind. It is obvious in this stage that the
general indoor temperature covering the comfort zone is higher than the other cases located in the
neighborhood pattern with surrounding buildings. The orange line represents the outcome for the first
building located in the main path of the Famagusta walled city with a more open surrounding built
environment, which has lower thermal percentage than the individual building simulation. At the end,
the gray line represents the second building located deep in the neighborhood with higher density.

70
60
50
40
30
20

10

Thermal comfort Percentage

= Single building First location Secnd location

Figure 11. Comparison chart between one building with no surroundings and two buildings in
Famagusta walled city considering the closed environment.

During January, February, August, and December the thermal comfort percentage is either 0 or
close to nothing. The reason behind this is that, when the outdoor temperature is out of the limit range,
the windows will automatically close, which means that there will be no natural ventilation during
these periods. It happens mainly during the winter, when the outdoor weather is very cold, and in
the middle of the summer due to high temperature. Also, the thermal comfort percentages in March
and July are less than 10%, which is very low, and, during these months, the HVAC system will be
needed. In April, the individual building performance is above 10%, but the simulated models with
surrounding environment are less than 10% according to user satisfaction. The other reason for the
low percentage for the summer period is the high level of humidity during that time, which, if it goes
above 0.012 based on ASHRAE standards, will not be counted as a comfortable situation even if the
temperature is in the acceptable range.

In terms of the general thermal comfort percentage calculated hourly for all three simulated cases,
the individual building with no surroundings has the maximum, which is normally considered in
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energy calculations at 19.56% during the year, considering all limitations in the simulation process.
It is followed by the first location with wide open surroundings, at 13.51%. This shows that the wall
constructed around the historical settlement in Famagusta itself affects the natural ventilation, and the
only path for the wind is from the top of the wall and three main gates designed for passage to the
fortress. The third building location shows an even lower indoor thermal comfort percentage, 13.02%
for the year. In Figure 12, examples of thermal comfort percentage are presented with a color code as
yearly outcome to analyze and compare the numeric differences between them. The same as Figure 11,
the individual building simulation is shown in blue, the first building is shown in orange, and the last
building is shown in gray in the chart.

M Individual sample Location 1 Location 2

Thermal comfort Percentage

INDOOR THERMAL COMFORT PERCENTAGE
Figure 12. Average thermal comfort percentage for complete year comparison.

5. Conclusions

Taking the results into consideration, it is obvious that the percentage of thermal comfort for
the single building with no closed environment is higher than that for the buildings located in the
existing pattern that are affected by the surroundings (Figure 11). It is important to mention that, in the
thermal comfort mathematical simulations, only the effect of natural ventilation is calculated. Thus,
the percentage is determined accordingly, which means that counting other factors such as material,
solar gain, insolation, window shading, building form, etc., will change the percentage accordingly.
During energy calculation for passive building design, the other factors are designed in the formula.
Simulations are done for each month of the year separately and entered on the main chart in order
to prepare a basis for comparison in order to analyze and illustrate the differences between models.
In the general average calculation, it became clear that there was a reduction in thermal comfort of
about 6.05% when comparing the individual building simulation and the first building located in
the neighborhood with a closed environment. This gap increases to 6.54% when the first building
location is replaced by the second, which is deeper in the neighborhood (Figure 12). These percentage
differences should be covered by indoor mechanical HVAC systems, which means that the energy
consumption in the passive building design process will be different and might surpass the acceptable
limits. Thus, the effect of the closed environment on natural energy ventilation calculations should be
considered in calculating energy standards. To summarize, in contrast with the individual building
energy consumption formula based on natural ventilation, a mathematical calculation needs to be
developed based on closed environment conditions in order to have reliable results.



Sustainability 2019, 11, 6043 15 0f 17

Author Contributions: Conceptualization, A.A. and PH.; methodology, A.A.; software, A.A_; validation, A.A.
and PH.; formal analysis, A.A.; investigation, A.A.; resources, A.A.; writing—original draft preparation, A.A.;
writing review and editing, A.A. and P.H.; supervision, P.H.; project administration, P.H.; funding acquisition,
A.A.and PH.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

Muller, D.G. Sustainable Architecture and Urbanism; Birkhauser: Basel, Switzerland, 2002.

Goodland, R.; Daly, H.E.; Serafy, S.E. Population, Technology, and Lifestyle: The Transition to Sustainability;
Island Press: Washington, DC, USA, 1992.

Hordeski, M.E. New Technologies for Energy Efficiency; The Fairmont Press: Lilburn, GA, USA, 2003.

Kalz, D.E.; Pfafferott, J. Thermal Comfort and Energy-Efficient Cooling of Nonresidential Buildings; Springer:
New York, NY, USA, 2014.

Sayigh, A. Sustainability, Energy and Architecture: Case Studies in Realizing Green Buildings; Academic Press:
Oxford, UK, 2013.

Da Rosa, A.V. Fundamentals of Renewable Energy Processes; Academic Press: Oxford, UK, 2009.

Alvarez, S. Natural Ventilation in Buildings: A Design Handbook; James & James: London, UK, 1998.

Li, Y.; Chen, Z. A balance-point method for assessing the effect of natural ventilation on indoor particle
concentrations. Atmos. Environ. 2003, 37, 4277-4285. [CrossRef]

Elmualim, A.A. Effect of damper and heat source on wind catcher natural ventilation performance.
Energy Build. 2006, 38, 939-948. [CrossRef]

Cohen, S. The Sustainable City; Columbia University Press: New York, NY, USA, 2017.

Taleb, H.M. Natural ventilation as energy efficient solution for achieving low-energy houses in Dubai.
Energy Build. 2015, 99, 284-291. [CrossRef]

Smith, M.P. After Modernism: Global Restructuring and the Changing Boundaries of City Life; Transaction
Publishers: Piscataway, NJ, USA, 1992.

Morris, C.J.K.; Simmonds, I.; Plummer, N. Quantification of the influences of wind and cloud on the nocturnal
urban heat island of a large city. J. Appl. Meteorol. 2001, 40, 169-182. [CrossRef]

Chen, H.; Ooka, R.; Huang, H.; Tsuchiya, T. Study on mitigation measures for outdoor thermal environment
on present urban blocks in Tokyo using coupled simulation. Build. Environ. 2009, 44, 2290-2299. [CrossRef]
Levermore, G. Building Energy Management Systems: An Application to Heating, Natural Ventilation, Lighting
and Occupant Satisfaction; E & FN Spon: New York, NY, USA, 2013.

Hiyama, K.; Glicksman, L. Preliminary design method for naturally ventilated building using target air
change rate and natural ventilation potential map in the United State. Energy 2015, 89, 655-666. [CrossRef]
Bandarin, F; Oers, R.V. Reconnecting the City: The Historic Urban Landscape Approach and the Future of Urban
Heritage; John Wiley & Sons: West Sussex, UK, 2014.

Mostafaeipour, A.; Sedaghat, A.; Dehghan-Niri, A.A.; Kalantar, V. Wind energy feasibility study for city of
Shahrbabak in Iran. Renew. Sustain. Energy Rev. 2011, 15, 2545-2556. [CrossRef]

Carrer, P.; Wargocki, P.; Fanetti, A.; Bischof, W.; Fernandez, E.D.O.; Hartmann, T.; Kephalopoulos, S.;
Palkonen, S.; Seppanen, O. What does the scientific literature tell us about the ventilation-health relation in
public and residential buildings? Build. Environ. 2015, 94, 273-286. [CrossRef]

Chakraborty, T.; Lee, X. A simplified urban-extent algorithm to characterize surface urban heat islands on
a global scale and examine vegetation control on their spatiotemporal variability. Int. . Appl. Earth Obs.
Geoinf. 2019, 74, 269-280. [CrossRef]

Oke, T.R. The energetic basis of the urban heat island. R. Meteorol. Soc. 1982, 108, 1-24. [CrossRef]
Santamouris, M. On the energy impact of urban heat island and global warming on buildings. Energy Build.
2014, 82, 100-113. [CrossRef]

Edward, N.G. Designing High-density Cities for Social and Environmental Sustainability; Earthscan: London,
UK, 2009.

Sailor, D.J. A review of methods for estimating anthropogenic heat and moisture emissions in the urban
environment. Int. J. Climatol. 2011, 31, 189-199. [CrossRef]


http://dx.doi.org/10.1016/S1352-2310(03)00527-2
http://dx.doi.org/10.1016/j.enbuild.2005.11.004
http://dx.doi.org/10.1016/j.enbuild.2015.04.019
http://dx.doi.org/10.1175/1520-0450(2001)040&lt;0169:QOTIOW&gt;2.0.CO;2
http://dx.doi.org/10.1016/j.buildenv.2009.03.012
http://dx.doi.org/10.1016/j.energy.2015.06.026
http://dx.doi.org/10.1016/j.rser.2011.02.030
http://dx.doi.org/10.1016/j.buildenv.2015.08.011
http://dx.doi.org/10.1016/j.jag.2018.09.015
http://dx.doi.org/10.1002/qj.49710845502
http://dx.doi.org/10.1016/j.enbuild.2014.07.022
http://dx.doi.org/10.1002/joc.2106

Sustainability 2019, 11, 6043 16 of 17

25.
26.

27.
28.

29.
30.

31.
32.
33.
34.
35.
36.
37.
38.

39.
40.

41.
42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

Woolley, H. Urban Open Spaces; Taylor & Francis: Oxford, UK, 2004.

Buyantuyev, A.; Wu, J. Urban heat islands and landscape heterogeneity: Linking spatiotemporal variations
in surface temperatures to land-cover and socioeconomic patterns. Landsc. Ecol. 2009, 25, 17-33. [CrossRef]
Cody, J.; Siravo, F. Historic Cities: Issues in Urban Conservation; Getty Publications: Los Angeles, CA, USA, 2019.
Golzari, N. Architecture and Globalization in the Persian Gulf Region; Routledge: New York, NY, USA, 2016.
Stankovic, S.; Campbell, N.; Harries, A. Urban Wind Energy; Earthscan: London, UK, 2019.

Motalaei, N.; Ranjbar, E. Climate-friendly urban design process in old towns. In Proceedings of the
ICUC9—9th International Conference on Urban Climate Jointly with 12th Symposium on the Urban
Environment, Toulouse, France, 20-24 July 2015.

Nagda, N.L. Modeling of Indoor Air Quality and Exposure; ASTM International: Phladelphia, PA, USA, 1993.
Thompson, J.R. Empirical Model Building; John Wiley & Sons: Hoboken, NJ, USA, 2009.

Etheridge, D. Natural Ventilation of Buildings: Theory, Measurement and Design; John Wiley & Sons: Hoboken,
NJ, USA, 2011.

American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). ASHRAE Handbook
2019: Heating, Ventilating, and Air-Conditioning Applications; ASHRAE: Atlanta, GA, USA, 2019.

Awbi, H.B. Ventilation Systems: Design and Performance; Psychology Press: Naples, FL, USA, 2008.
Santamouris, M.; Wouters, P. Building Ventilation: The State of the Art; Routledge: Oxford, UK, 2006.

Dekay, M.; Brown, G.Z. Sun, Wind & Light Architectural Design Strategies; John Wiley & Sons: Hoboken, NJ,
USA, 2014.

Lyndon, D.; Olgyay, V.W.; Reynolds, J.; Yeang, K. Design with Climate, Bioclimatic Approach to Architectural
Regionalism; Princeton University Press: Princeton, NJ, USA, 2015.

Burke, S. Windbreaks; Gulf Professional Publishing: Houston, TX, USA, 1998.

Heisler, G.M.; Dewalle, D.R. Effects of windbreak structure on wind flow. Agric. Ecosyst. Environ. 1988,
22-23,41-69. [CrossRef]

Wight, B. Farmstead windbreaks. Agric. Ecosyst. Environ. 1988, 22-23, 261-280. [CrossRef]

Kleiven, T. Natural Ventilation in Buildings: Architectural Concepts, Consequences, Possibilities; Norwegian
University of Science and Technology: Trondheim, Norway, 2003.

Li, Y.; Nelsen, P.V. CFD and ventilation research. Indoor Air 2011, 21, 442-453. [CrossRef] [PubMed]

Tu, J.; Yeoh, G.H.; Liu, C. Computational Fluid Dynamics: A Practical Approach; Butterworth-Heinemann:
Oxford, UK, 2012.

Bates, PD.; Lane, S.N.; Ferguson, R.I. Computational Fluid Dynamics: Applications in Environmental Hydraulics;
John Wiley & Sons: Hoboken, NJ, USA, 2005.

Peters, B.; Peters, T. Computing the Environment: Digital Design Tools for Simulation and Visualisation of Sustainable
Architecture; John Wiley & Sons: Hoboken, NJ, USA, 2018.

Hensen, J.L.; Lamberts, R. Building Performance Simulation for Design and Operation; Routledge: New York,
NY, USA, 2012.

Peronato, G.; Kampf, H.J.; Rey, E.; Anderson, M. Integrating urban energy simulation in a parametric
environment: A Grasshopper interface for CitySim. In Proceedings of the 2017 PLEA International
Conference, Edinburgh, UK, 2-5 July 2017.

Roudsari, M.S.; Pak, M. Ladybug: A parametric environmental plugin for grasshopper to help designers
create an environmentally-conscios design. In Proceedings of the 13th Conference of International Buildings
Performance Simulation Association, Chambery, France, 25-28 August 2013.

Parker, J.; Teekaram, A. Wind-driven Natural Ventilation Systems; BSRIA: Berkshire, UK, 2005.

Khan, N.; Su, Y; Riffat, S.B. A review on wind driven ventilation techniques. Energy Build. 2008, 40, 1586-1604.
[CrossRef]

Kypros. Available online: http://www.kypros.org/Cyprus/history.html (accessed on 2 September 2013).
Walsh, M.].W,; Kiss, T.; Coureas, N.S.H. The Harbour of All this Sea and Realm: Crusader to Venetian Famagusta;
Central European University Press: Budapest, Hungary, 2014.

Hancer, P. Thermal Insulations of Roofs for Warm Climates. Ph.D. Thesis, Eastern Mediterranean University,
Famagusta, Cyprus, 2005.

Lotfabadi, P.; Hancer, P. A comparative study of traditional and contemporary building envelope construction
techniques in terms of thermal comfort and energy efficiency in hot and humid climates. Sustainability 2019,
11, 3582. [CrossRef]


http://dx.doi.org/10.1007/s10980-009-9402-4
http://dx.doi.org/10.1016/0167-8809(88)90007-2
http://dx.doi.org/10.1016/0167-8809(88)90025-4
http://dx.doi.org/10.1111/j.1600-0668.2011.00723.x
http://www.ncbi.nlm.nih.gov/pubmed/21585552
http://dx.doi.org/10.1016/j.enbuild.2008.02.015
http://www.kypros.org/Cyprus/history.html
http://dx.doi.org/10.3390/su11133582

Sustainability 2019, 11, 6043 17 of 17

56.

57.
58.

59.
60.

61.

62.

63.

64.

65.
66.

Famagusta Climate & Temperature. Available online: www.famagusta.climatemps.com (accessed on
11 August 2019).

Hill, G. A History of Cyprus; Cambridge University Press: New York, NY, USA, 2010; Volume 2.

Cypnet. Available online: http://www.cypnet.co.uk/ncyprus/city/famagusta/othello.htm (accessed on
8 September 2019).

Romeartlover. Available online: http://romeartlover.tripod.com/Ciprol.html (accessed on 8 September 2019).
Walsh, M.].K.; Edbury, PW.; Coureas, N.S.H. Medieval and Renaissance Famagusta: Studies in Architecture,
Art and History; Ashgate: Surrey, UK, 2012.

National Geographic. Available online: https://www.nationalgeographic.org/encyclopedia/atmospheric-
pressure/print/ (accessed on 14 September 2019).

Environmental Monitor. Available online: https://www.fondriest.com/news/airtemperature.htm (accessed
on 14 September 2019).

Wind Measurements. Available online: https://www.quora.com/What-is-the-unit-measurement-of-wind
(accessed on 14 September 2019).

Babin, SM. Atmus. Available online: https:/www.atmos.umd.edu/~{}stevenb/vapor/ (accessed on
10 September 2019).

Oliver, J.E. Encyclopedia of World Climatology; Springer: Dordrecht, The Netherlands, 2004.

Manabe, S. Climate and the ocean circulation: I. The atmospheric circulation and the hydrology of the earth’s
surface. Mon. Weather Rev. 1969, 97, 739-774. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


www.famagusta.climatemps.com
http://www.cypnet.co.uk/ncyprus/city/famagusta/othello.htm
http://romeartlover.tripod.com/Cipro1.html
https://www.nationalgeographic.org/encyclopedia/atmospheric-pressure/print/
https://www.nationalgeographic.org/encyclopedia/atmospheric-pressure/print/
https://www.fondriest.com/news/airtemperature.htm
https://www.quora.com/What-is-the-unit-measurement-of-wind
https://www.atmos.umd.edu/~{}stevenb/vapor/
http://dx.doi.org/10.1175/1520-0493(1969)097&lt;0739:CATOC&gt;2.3.CO;2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Case Study Analysis 
	Famagusta Weather Analysis 
	Simulation and Model Design 

	Discussion 
	Conclusions 
	References

