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Abstract  

  In this capstone project, the focus is placed on evaluating how courtyards are microclimate 

modifiers and how they can provide thermal comfort to the house in a temperate climate. The first 

step performed in this study is a literature review, from which we found that courtyards in a 

temperate climate should have a rectangular form with a width to height ratio ranging between 0.4 

and 1. Also, from literature it is found that the majority of the courtyard designs are having a total 

area ranging between 10 and 25 m² in a temperate climate.   

  Designing and simulating using Revit comes as a second step in his study. A house with 1 

floor with no courtyard is designed and it was compared in terms of its energy performance to 3 

design of 1 level houses with courtyards with 3 different courtyard areas of 12 m², 17.5m² and 

24m². Through the energy analysis performed by Revit, we obtained the 4 designs energy 

performance and how they are standing against the benchmark of ASHRAE 90.1. The results 

showed that a house with a courtyard has a high Energy Use Intensity (EUI) greater by 49.6% 

from ASHRAE 90.1. While the three houses with courtyards have an EUI higher by 26.2%, 17.8% 

and 16.03% respectively compared to the benchmark standards.  

  Moreover, through comparing the results of solar insolation, illuminance and solar access 

simulations run on a single summer and winter days for a house with no courtyard and a house 

with courtyard. It was found that the ground level in a house with a courtyard has a winter 

insolation of 265 kWh while a house with no courtyard has only 255 kWh, and a summer insolation 

of 532 KWh while a house with no courtyard is of 960 KWh. Concerning solar access analysis, It 

was obtained that the spaces in the ground level of a house with a courtyard has a winter solar 

access of 66% while a house with no courtyard has only 33%, and a summer solar access for a 

minimum of 3 hours to all the spaces, while a house with no courtyard has only 22% of solar access 

to its spaces. Finally, the illuminance analysis in winter showed that a house with courtyard has 

moderate to high illuminance levels exceeding the illuminance threshold of 3000 LUX, while its 

is below threshold in a house with no courtyard. However, in summer the illuminance reaches a 

maximum of 6000 LUX in a house with courtyard while it stays under the threshold for a normal 

house. From all these simulations, we concluded that courtyards act as natural microclimate 

modifiers, and they provide thermal comfort inside the building.  
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I. Introduction  
 

  Energy efficiency and sustainability are of the major concerns that research, and 

development are focusing on. The remarkable increase in energy usage and consumption is 

negatively impacting the environment through the immense emissions of carbon dioxide and 

greenhouse gases. One of the major contributors to the increase in energy consumption is 

residential buildings is the excessive usage of heating and cooling equipment in winter and 

summer. This situation led the consumption to reach an average of 30% worldwide [5]. 

  One of the potential solutions to decrease energy consumption in the residential sector is 

to design buildings with passive energy systems which are about controlling heat gain in summer, 

and heat loss in winter. Courtyards are considered to be passive energy systems, capable of 

assuring solar access and shading to the building, in addition to cooling and natural ventilation in 

summer while attaining low heating losses and ultimately lowering energy consumption in winter.  

  In this capstone project, the focus is about identifying how these courtyards are effective 

traditional, cultural, and architectural means in responding to climatic conditions. There are two 

motives behind this project. The first is to revive and preserve the old Moroccan architectural 

designs, and the second is to test for the energy potentials of this designs and to decide if they can 

solve the problem of the increase in the energy consumption in residential buildings.  

  This report is divided into seven parts. The first part is an introduction, followed by a 

second part about the methodology, the third part is a literature review in which I tackled the 

courtyards and their aspects including shape, orientation, function, history and their environmental 

and thermal impacts in different climates. The fourth part of the project involves building design 

specifications, particularly the building geometry, types of walls and windows and their thermal 

efficiency. The fifth part is about the design of a house with no courtyard and other 3 houses with 

a courtyard and involved the evaluation of energy performance through the usage of Revit for the 

3D designs and for illuminance, solar access, solar insolation, heating and cooling loads analysis 

and in comparing design benchmark with the energy standard ASHRAE 90.1.  

  The sixth part is the STEEPLE analysis which help us visualize the implications of the 

project under seven aspects which are social, technological, economic, ethical, political, legal and 

environmental. The last part of this report is a conclusion.  
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II.  Methodology 

 

  To attain the goals of this capstone project. A literature review is conducted to know the 

historical evolution of the courtyards, and to understand how these architectural designs have been 

used as microclimate modifiers in different climates. Moreover, different aspects about courtyards 

have been covered in the literature review including shape, orientation, areas of the courtyards and 

ratios of width to length and perimeter to height have been investigated, and the optimal range of 

these ratios have been found.  

  For software simulation Revit is used for designing buildings with and without courtyards, 

and it is also used for running energy simulations. However, before designing and running 

simulation. A literature review was made about the energy efficient type of windows and walls 

which they will be used in Revit.    

   In the design and simulations phases of this capstone project. Four houses of 1 floor level 

have been designed, where 1 has no courtyard and each of the three other designs have courtyards 

with various areas to visualize the impact of reduction in area on courtyard performance in a 

temperate climate. The study will be implemented in a city with a temperate climate, therefore the 

location and the weather data have to be set in Revit.  

  Simulations are conducted with Revit to test for cumulative solar insolation, illuminance, 

solar access, and benchmark comparison against ASHRAE 90.1. The results of the benchmark 

comparison of every design against ASHRAE 90.1. will be the basic determinant for the energy 

performance of all the designs. Furthermore, the house with no courtyard will be compared to one 

of the three designs (house with courtyard) in terms of illuminance levels, solar insolation, and 

solar access. Finally, to visualize the impact of courtyards on heating and cooling loads, the 

analysis will be made by Revit on one of the chosen house with courtyard designs. 
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III. Literature Review 

1. Definition of Courtyards  

  Houses with inner or outer courtyards characterizes with center or corner open spaces 

which are completely or partially surrounded with building’s walls and windows. 

  Not only the Moroccan architecture withstood centuries where buildings have been 

constructed with courtyards, but also countries and 

cities with warm, humid, hot and arid climates have 

had these types of construction in their residential and 

commercial buildings [1] [2]. 

  The usage of these open spaces which are 

known by courtyards is due to the latter ability in 

modifying the house microclimate, where they mainly 

act as cool air collector in summer and sunshade 

provider in summer.  

2. Function of Courtyards 

  Courtyards have the potential to act as passive energy systems. The latter are mechanisms 

which have the ability to control thermal conditions of the building through adjusting heat transfer 

in and out the building without requiring an electrical or mechanical equipment  heating or cooling 

system [1]. The courtyards are considered to be passive architectures, since they provide the areas 

in the building with natural ventilation, adequate solar access, shaded areas and also sufficient 

heating and cooling loads.  

  Furthermore, courtyards offer various energy advantages depending on the type of climate 

the building is located at. For instance, in a hot-arid climate, the inner courtyard which is 

surrounded by the building tall walls provide the rooms adequate shading and permit sufficient 

inner wind flow; which results in having cooler air inside the rooms and lesser hot wind infiltration 

[2]. In addition to that, in hot-arid climates; the high tendency to have small fountains accompanied 

Figure 1: Inner Courtyards 
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with trees and plants which allow for more shading, reduced sunlight direct irradiance penetration 

and higher cool air and lesser heat gain inside the building.  

  Not only courtyards are energy beneficial, but they also provide private areas that act as 

spaces for isolation and comfort to the building residents.  

3. Types of Courtyards  

  Courtyards can come in different types and their location varies inside the buildings as 

illustrated by figure 2.  

 Type 1:  Courtyards are acting as inner pen spaces for the building. These inner open spaces 

could have courtyards, patios or atriums which are explained in the followed section 4 [3]. 

 Type 2: A partially covered space is attached to one of the building’s corners as a balcony, 

or a corridor [3]. 

 Type 3: the building characterizes with an open space which entirely encloses it [3].  

 

Figure 2: Types of Courtyards. Left:Type1. Middle: Type 2. Right: Type 3 

 

4. Atriums and Patios 

  Atriums and patios are types of architectures that are similar to courtyards which are shown  

in figure 3. 

➢ A patio is a courtyard with a very small area. These types of architecture are found in 

Spanish or Spanish-American houses and also in countries with temperate climates as in 

Western Europe [3][4] . These patios can be partially or completely covered with roofs.  
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➢ An atrium is an inner open space which is strictly covered by roof of glass [3] [4]. 

 

Figure 3: Left: Courtyard. Middle: Patio. Right: Atrium 

5. History of Courtyards 

  Courtyards have been one of the oldest architectures that have been present in different 

civilizations. Historically, the courtyard design evolved in ancient Egyptian civilization in Lahun 

5000 years before it first appeared in Iraq in the Chaldean City of Ur at a time before 2000 B.C 

[5].  

  The Middle East was the first place to introduce courtyards with their different designs and 

dimensions to the architectural planning of houses. Courtyards in Egypt endured the Pharaonic 

era, and in Iraq courtyards endured the Sumer civilization which is known as the first civilization 

in the southern of Iraq [5].  The subsequent adoption of courtyards was in the western cultures 

where it first appeared in Rome and Greek as shown in figure 4 and 5. In 700 B.C, Italy was the 

first to design houses with courtyards but with different aspects compared to the courtyards 

appeared in the Middle East. The courtyards in Italy was taking the design of an atrium. 

   

 

   

 

 

 
Figure 4: Greek Courtyard Houses Figure 5: Roman Atrium Houses 
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  Later in time, courtyards started to show in North Africa, West Africa and in South of 

Africa due to the Kraals -tribes- of Bechuanaland which is a country currently named by Botswana. 

Courtyards in these locations were mostly designed inside houses, confined with columns, and 

surrounded with rooms openings including windows and doors to the courtyard [5]. Courtyards in 

Morocco firstly appeared in a rectangular form as shown by figure 6 during the middle ages which 

endured between the 5th and the 15th centuries.  

 

 

 

 

 

 

 

 

 

  Some of the Islamic countries in North Africa and in the Middle East have taken courtyards 

in their houses to provide a private space for the house resident, particularly for the women, in 

addition to establish a space for relaxation through decorating the courtyards with plants and water 

fountains.  Some of the countries surrounding the Mediterranean Sea, especially Spain have been 

influenced by the Roman atriums and designed houses with courtyards following the Roman 

architecture and considered these atriums as spaces for outdoor activities [5]. The other type of 

courtyards which is the patio, have been firstly introduced to the Latin American culture due to 

the Spanish colonizers.  

  Courtyards in Asia were introduced in the 14th century. For instance, courtyards in 

Malaysia were filled with vegetation and small water pools to provide fresh and cooler air [5] . 

The Malay houses had inner courtyards which their designs took similar aspect to the in-house 

courtyard of the traditional Chinese architecture.   

Figure 6: Moroccan Courtyard Houses during the Middle Ages 
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6. Shape of Courtyards: Square and Rectangle 

   Courtyards come in different forms and shapes; round, rectangular or as a square. From 

literature, based on comparing squared with rectangular shaped courtyards. The rectangular types 

showed prominent advantages in providing shades through controlling solar access to the house in 

summer, and also in controlling heat gain through lowering heat losses in winter[6][7]. A square 

type courtyard is capable of providing good illuminance to the rooms opened to the courtyard and 

to the building in general.   

7. Shape of Courtyards: Circular 

  Courtyards can come in a round or a circular shapes for the advantage they provide 

particularly assuring good illuminance and heat gain during winter. However, the disadvantage is 

that a circular shape will provide very low protection against solar access in summer, which will 

create an increase in heat inside the house resulting in an uncomfortably thermal house conditions 

[6][7]. 

  Another drawback of this type of courtyards is related to the number of levels the house 

has [6][7]. For instance, a house with 8 levels, the upper levels of the building are frequently 

exposed to the sun, while the direct sun irradiance cannot access to the lower four levels 

particularly in winter, resulting in lower levels of heat and insufficient amount of light, and 

resulting in the need of artificial heating systems.  

8. Impact of Courtyards 

 Courtyards as Microclimate Modifier 

   Constructions with courtyards have survived long history of more than 5000 years, and 

still holding a strong architectural position due to its potentials for assuring thermal comfort inside 

residential and commercial buildings [3]. Courtyards are known to be microclimate modifiers for 

their capability in providing shades, cool air and lower heat gain in summer, while reducing heat 

losses in winter in addition to the ability in adjusting humidity.  

The three main factors in the climatic function of a courtyard building are:  sun, wind and humidity. 
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 Sun: courtyards control sun access to the building making some areas in the building 

collecting sun irradiance, while others protected from sun [8]. One of the major 

consideration before construction for enabling sun control to the courtyard is the courtyard 

orientation and where exactly the open space will be located inside the building for 

allowing lesser or higher sunlight access. 

 

 Wind: Courtyards have the ability in controlling wind flow inside the building. The 

courtyard can allow wind to freely circulate in the building between exterior and interior 

spaces surrounding the courtyard [3]. And it can act as natural ventilator of the inner 

building air spaces, this courtyard ability is particularly important during the summer [8].  

For instance, during the night the hot areas are ventilated, and warm air exists the inner 

spaces to the courtyard and ultimately from the building , then  cooler air enters from the 

courtyard to inner areas and replaces the warm exited air. 

Therefore, in hot summer days the courtyard provides inner spaces with fresh and cooler 

air [9]. However, during winter, particularly in snow climates; the courtyard is designed to 

limit the wind circulation inside the building. Whereas in a tropical climate, courtyards are 

able to refresh the inner building air since these climates characterizes with nearly same 

inner and outer building temperature. 

 

 Humidity: humidity in air is necessary in hot-arid climates for helping residents to have 

comfort in their buildings. One of the main reasons why courtyards are highly constructed 

in hot-arid climate is because of their ability in increasing relative humidity air levels inside 

the building [3] [9]. For instance, a study showed that in a costal region the inner courtyard 

humidity was maintained at 80% however the outdoor humidity was at 95% [2]. In addition 

to that, one of the famous components being used to increase inner areas humidity is the 

decoration with plants and trees in addition to the installation of fountains for water 

evaporation which ultimately increase the humidity. However, in  hot climates where 

humidity is not a constraint, fewer plants and trees are used.  
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 Courtyard Function in Different Climates 

 Impact of Courtyards in Hot Arid Climate 

  The usage of courtyards in hot-arid climates is significant due to the important thermal 

performance the courtyards perform in terms of providing comfortable thermal inner spaces to the 

whole building [3] [14] . For instance, a study conducted in the houses in the Sahara of Tunisia 

had shown the courtyard capability in lowering the temperature of the inner building spaces 

ambient temperature by 22°C bringing it from 49°C to 27°C.  

 Impact of Courtyards in a Snow Climate 

  Courtyards have managed to exist in snow climates and were capable in providing thermal 

comfort. In these climates, courtyards are having smaller sizes to reduce heat losses inside the 

building and to assure lower ventilation [3]. This is due to the fact that buildings in these climates 

need more solar access and more heating loads during winter times of the year. 

 Impact of Courtyards in a Tropical Climate 

  Courtyards provide thermal comfort through the control of heating and cooling loads, 

ventilation and solar lighting. In tropical climates courtyards are not expected to mainly focus on 

controlling heating loads, however the main focus in this type of climates is the control of 

ventilation and solar direct access to the building [3] [8]. In this case, the courtyards are designed 

to harvest and breeze wind in order to ventilate the building, and also to control solar irradiation 

and to limit their penetration to the building.  

 Impact of Courtyards in a Temperate Climate 

  According to Köppen climate classification a temperate climate characterizes with a 

minimum average temperature of -3 °C and a maximum average temperature of 18°C during cold 

months. In these type of climates, courtyards have various sizes and they range from small to very 

large sizes. A reason why courtyards could have smaller sizes is the need of lower amounts of 

heating and cooling loads, in addition to requiring less ventilation [3]. However, this doesn’t imply 

https://en.wikipedia.org/wiki/K%C3%B6ppen_climate_classification
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that every temperate climate should have a small sized courtyard. Large courtyards are also 

constructed, and they are designed to attain efficiency inside the particular application.  

  In addition to that, other considerations in the design of courtyards in temperate climates 

are as follow: 

▪ Natural Elements: plants and trees in these climates are just for decoration and as an 

addition to greenery components inside the building [3] [8] [9]. They are not for the purpose 

of cooling as in hot-arid climate.  

 

▪ Openings in Different Facades: In a temperate climate, the surrounding spaces to the 

courtyard have more openings compared to snow and hot-arid climates. The large opening 

are due to the need of natural sunlight and for solar heat [3] [9]. Nevertheless, natural 

ventilation is not disregarded in this type of climates. Instead, natural ventilation is required 

for its potential in reducing the usage of air conditioners or complete ling removing them 

from the house. 

 

 Natural Ventilation of Courtyards 

  Courtyards are potential architecture in providing natural ventilation to the building and 

making the latter a green building. Natural ventilation is necessary for reducing energy 

consumption as the reduction in the usage of air conditioners [2]. From literature study, it has been 

observed that the buildings possessing internal courtyards, their openings to the courtyards through 

windows and doors increases the airflow speed inside the courtyard. Particularly, the rooms facing 

the courtyard have remarkable rate of ventilation flow [2]. The study also showed that ventilation 

through windows facing courtyards is more significant compared to ventilation through street 

facing windows, this is explained through the comparison of wind conditions inside the courtyard 

and outside the house building, which they found very different.  

  Ventilation in courtyards is attained due to the design potential in bringing the building to 

become a heat sink at night, where the natural convective cooling of the courtyard permit the 

removal of hot air and its replacement by cool fresh air, resulting in a thermally comfortable 

environment for living. The study concluded that the higher are the walls of the courtyard, the 
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better are the cooling conditions inside the building particularly during the summer. This is the 

result of  the cooled air which reside at the bottom of the area or space.   

9. Sustainable Courtyard Geometry in Temperate Climate 

9.1 Area of Courtyard Based on Zone Analysis Depending on Climate 

  Research and study have shown the capability and ability of courtyards in creating thermal 

comfort inside different type of climates. For instance, in warm temperate climate as in some cities 

in the Mediterranean  region, courtyards are capable in reducing temperature by 8°C inside the 

building [11] [12]. In this capstone project, we are evaluating the energy potentials of a building 

with a courtyard in a temperate climate. As shown by figure 7, zones have been located to different 

areas based on their temperature characteristics in a study about the number of courtyards and their 

areas in Spain.  

 

 

 

 

 

 

   

  From this categorization, the cities of Toledo and Santiago in zone C as shown by the figure 

4 have similar climate as the cities in Northern of Morocco where Tetouan is the city selected for 

examining the potentials of the courtyard. These cities have the majority of courtyards with an area 

ranging from 5 to 10 m², followed by those with areas of 10 to 15 m² , then those of 15 to 20 m² 

and others having 20 to 25 m² as shown by the figures 8 and 9.   

 

 

Figure 7:  Classification of Zones based on Climate 
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9.1 Recommended Courtyard Dimensions 

  The courtyard’s efficiency and performance is measured by how much it can improve the 

thermal conditions of the spaces opened to the courtyard. This efficiency is influenced with its 

geometry, dimensions, and proportions of height to perimeter and of length to width [11] [12]. A 

study performed on houses with courtyards in temperate climate in Italy, recommended the 

following dimensions for 𝑅1 where 1  𝑅1  10 and 𝑅2 0.1  𝑅2  1 which there values are 

calculated as follow:    

    

 

 The study concluded to the following requirements before choosing the dimensions of the 

courtyard to assure the latter attaining the desired thermal comfort in temperate climate [11]. 

▪ With 𝑅1 ranging between 1 and 5, the heating load requirements increases. Therefore, it is 

preferable for 𝑅1 to be higher than 5 and to not exceed the maximum ratio of 10.  

▪ High values in 𝑅1  and 𝑅2  are required for warming the building in winter through 

increasing solar irradiance, and consequently reducing energy consumption for heating.  

𝑅2 =  
𝐶𝑜𝑢𝑟𝑡𝑦𝑎𝑟𝑑 𝑊𝑖𝑑𝑡ℎ

𝐶𝑜𝑢𝑟𝑡𝑦𝑎𝑟𝑑 𝐿𝑒𝑛𝑔𝑡ℎ
 𝑅1 =  

𝐶𝑜𝑢𝑟𝑡𝑦𝑎𝑟𝑑 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

𝐶𝑜𝑢𝑟𝑡𝑦𝑎𝑟𝑑 𝐻𝑖𝑔ℎ𝑡
 

Figure 8: Areas of Courtyards in TOLEDO Figure 9: Areas of Courtyards in SANTIAGO DE C 
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▪ Higher walls of the spaces surrounding the courtyard, allows the courtyard to have higher 

length which is beneficial in assuring natural ventilation and cooler air inside the building 

during the summer, and ultimately to reduce energy consumption for cooling.  

▪ 𝑅2 ratio with values equal or greater than 0.4 allows the courtyard to assure reduced heating 

loads during the winter.  

▪  Overall building energy consumption rate reaches the maximum for 𝑅1 values ranging 

between 1 and 5. However, for 𝑅1 values greater than 5 and close to 10 the overall rate for 

energy consumption reaches its minimum. 

▪ At value of 𝑅2 equals to 1, the rate of energy consumption of the building reaches its 

maximum. While, a value of 𝑅2 equals to 0.1 allows for the attainment of lower energy 

consumption rates. However, in winter a ratio of 𝑅2 equal or greater than 0.4 is preferable. 

Therefore, a ratio of 𝑅2 greater than 0.4 and lower than 1 is preferable.  

▪ A ratio of 𝑅2 greater or equal to 0.6 and smaller or equal to 1, is enabling the courtyard to 

provide sufficient daylight, air circulation and ventilation inside the rooms surrounding the 

courtyard [10]. 

9.2 Orientation 

  Courtyards are known for their potential to be microclimatic modifiers to the surrounding 

rooms and spaces of the building. One of the key components that determines its potentials to be 

microclimate modifier is the orientation. The generic ultimate courtyard direction is to have facing 

the north south [13]. 

  One of the key players in determining the courtyards’ orientation is the building layout. As 

the courtyard energy potentials revolve on controlling sun, wind and humidity [13]. It is very 

challenging to obtain the right orientation which will permit the effective control of these variables 

and ultimately assure the thermal and environmental comfort inside the building.   

9.3 Ventilation 

  Based on a research performed in a warm climate in Singapore at a historical complex of 

Havana It was found that for proper ventilation, and for efficient air flow inside the building. The 

courtyard width to height ratio should be higher or equal to 0.66 and lesser than 1 [10]. The study 



  
14 

showed that a lower width to height ratio  of 0.33 results in constrained and lower airflow provided 

by the courtyard to the building.  

 

IV. Building Design and Courtyard Specifications 
 

1. Building Total Area 

  Moroccan traditional houses known by Riads are found in old medina as in Rabat, Fes and 

Marrakech. They are characterized with their wide spaces reaching a total floor area of almost 260 

m². For space reduction the building we are simulating will have a total area of 120 m² and we will 

only simulate a building with 1 floor. The design I made, I was inspired from some floor plan 

designs of Moroccan Riads with courtyards, where one of the Riads floor plans is illustrated in the 

figures 10, 11 and 12 [15] .  

▪ Ground floor (260 m² on the ground)  

− Entrance hall 

− Patio 

− Bedroom 1 and bathroom  

− Bedroom 2 and bathroom  

− Living room, dining room with fireplace 

− Kitchen and office 

− Fountain-jacuzzi and Hammam 

 

 

▪ 1st floor (110 m² living space) 

 

− Large living room with fireplace and carved 

wooden ceiling. 

− Covered gallery 

− Bedroom 1 and bathroom  

− Bedroom 2 and bathroom  
Figure 11: First Floor Plan 

Figure 10: round Floor Plan 
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▪ Terrace (130 m² fitted) 

− Outdoor lounge  

− Empty patio 

− Terrace and outdoor shower 

− Separate terrace  

 

 

 

2. Location and Climate 

  The focus of this capstone project is to evaluate the energy potentials of a house with 

courtyard in a city characterizes with temperate climate. The map illustrated in figure 13 shows 

the location of Moroccan cities characterized with temperate climates, those cities are located in 

the north. The selected city is Tetouan which characterizes by monthly temperature illustrated in 

figure 15.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Terrace Plan 

Figure 13: Locations of Temperate Climate 
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3. Building Selected Type of Windows  

  In order to select the right type of windows for our application, it is recommended to opt 

for a selection considering factors as frame, glazing, U-Factor, SHGC factor and low-emissivity 

coatings as explained in the following sections.  

 U-Factor 

  U-factor is a rating mechanism which allows us to understand the energy efficiency of a 

material in buildings as windows and doors. The low ratings of the U-factor demonstrates higher 

energy efficiency of the material, however a large or a high rating for the U-factor explains that 

the material has a low energy efficiency [16]. 

  Windows could be single glazed, double, or triple glazed, and U-Factor refers to the 

window as a whole including its frame, coating, and glazing.  For instance, a double-glazed 

window with a U-factor ranging between 0.30 and 0.15 is the highest in terms of energy efficiency.  

The types of windows having U-factor closer to 0.30 are double pane windows, while the triple 

pane windows are having a smaller U-factor closer to 0.15.  

Figure 15: Monthly Temperature in Tetouan Figure 14: Tetouan Location 
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 SHGC Coefficient 

  SHGC stands for the “Solar Heat Gain Coefficient” which is coefficient that measures the 

fraction of incident solar radiation encompassing the direct irradiance, the transmitted and the 

absorbed solar irradiance through a window [16]. The SHGC coefficient ranges between 0 and 1, 

and the lower is this coefficient the lower is the amount of heat transmission through the windows. 

 Frame 

  The energy efficiency of a window can be optimized, and the window thermal resistance 

can also be improved, particularly its U-Factor,  through the selection of the right frame type to 

the window [16]. Examples of potential and energy efficient frames are wood, fiberglass and vinyl. 

Wood and metal frames are widely used; however wood frames have shown to be energy efficient 

and possess high thermal resistivity.  

 Glazing 

  Window glazing is about the number of glass panes a window has. The window could be 

double or triple glazed and this identifies the insulation performance of the window. For instance, 

ta triple glazed pane window is more insulating compared to a double glazed one[16]. The benefits 

of having more panes in a window is creating insulation and lowering the U-factor and the SHGC, 

and ultimately increasing the energy performance of the window.  

 

 Low-Emissivity Coatings 

  Coatings helps to identify the insulation performance of the window. Low-Emissivity 

coatings which is denoted by low-e is a number that refers to how much a glass can control heat 

transfer [16]. It has been recorded that windows with low-e coatings have shown to be energy 

efficient, even though their cost is 10 % to 15% higher than the simple regular type of windows, 

but their energy performance is recorded to be 30% to 50% higher in terms of reducing energy 

losses inside the building.   
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  The advantage added by low-e coatings is about lowering the U-factor of the design, also 

in controlling the solar irradiance penetration to be either low, moderate or high[16]. By installing 

a low-e coated window in residential or commercial buildings, the energy ratings of the wind 

remarkably improves and the amount of energy losses is firmly controlled where the an low-e 

coated window can reduce energy losses by 75% compared to a non-low-e coated window.   

 Selected Window for Simulation 

  The selected type of window for our application has the properties illustrated in table 1. 

The chosen glazing  is double because of its critical insolation role which reduces heat dissipation 

in winter and improves the thermal comfort inside the building [16]. In addition to that, a double-

glazed window reduces external noise. 

  In summer, the doble-glazed window prevent heat gain from external environment and 

ensures cooler air circulation and moderate inner temperature of the house. With the benefits 

provided by a double-glazed window, we are capable of reducing heating loads in winter, and 

cooling loads in summer and ultimately minimizing energy expenses.  

  For our project, and for Revit simulation the selected low-e coating window has an 

emissivity rating of  0.1, which implies that the window is capable in reflecting 90% of the incident 

infrared.  

 

 

 

 

 

 

4. Building Selected Type of Walls 

  The type of the selected wall for our project simulation is of concrete masonry. The reasons 

why we are selecting this type of walls are because of its structural, acoustical, and resistance to 

fire advantages. In addition to its ability in assuring significant thermal mass performance through 

Table 1: Analytical Properties of Selected Window 
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absorbing solar heat during hot weather and moderating the overall temperature inside the house. 

Ultimately,  this type of walls is capable in reducing the overall energy cost of the building [17].   

The wall selected for our design simulation has the analytical properties illustrated in the table 2.  

 

 

 

 

 

 

V. Designs and Simulation for Evaluating Courtyard Energy Potentials 
 

  From literature review, it has been shown that a rectangular courtyard has more energy 

potentials compared to a square and a circular one. Therefore, a rectangular shape is the one 

considered for the design in this capstone project. Moreover, the house used for the simulation is 

a 1 floor house with a total floor area of 120m², where design 1-house with no courtyard- has been 

put into comparison with the other three designs – houses with courtyards- in terms of energy 

performance. In addition to that, for evaluating the impact of courtyard area on the energy 

performance of the house in terms of illuminance, solar access, heating and cooling and also solar 

insolation, three courtyard sizes as shown in table 3 referred to by design 2, 3 and 4 have been 

tested using Revit.   

 

 

 

 

Table 2: Analytical Properties of the Selected Wall 

Table 3: Design 1, 2, 3 and 4 Specifications 
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1. Thermal Analysis of Design 1: House with No Courtyard 

1.1 House with no Courtyard Design Specifications: 

  The house 3D design is illustrated in the figures 16 and 17, while figure 18 shows the 

rooms distribution, and in table 4 the rooms schedule are illustrated including rooms’ areas and 

perimeter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Ground Floor Room 

Figure 17: House with no Courtyard - Ground 

Floor 3D View 
Figure 16: House 3D View 
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Table 4: Room Schedule for a House with No Courtyard 

 

 

 

 

 

 

 

1.2 Lighting Analysis  - Illuminance 

  Illuminance is a quantity that measures the amount of 

light accessible in a particular space and seen by human eyesight 

[18]. With Revit we can perform illuminance analysis, where 

the simulation results are representing this quantity by a color 

scale of LUX unit as shown in figure 19 that shows the quantity 

of luminous flux incident on particular spaces and surfaces.  

 

 Illuminance Analysis in Winter  

  By performing illuminance analysis in a winter day of December the 21st based on solar 

irradiance obtained from weather data for our selected location as shown in table 5 . It is found 

that at 10 am 7% of illuminance is passing and 2% is recorded to be without shades, while the 

other 91% is below the threshold, which means that 91% of the illuminance is below 3000 LUX 

which is the illuminance mean level. At 3pm it is recorded that 27% of the illuminance is passing, 

7% without shades and 66% is below the threshold of 3000 LUX as illustrated in figure 20.  

Table 5: Solar Irradiance Data in Winter 

 

 

 

 
GHI DNI DHI 

10:00 AM 108 196 33 

3:00 PM 191 365 66 

Figure 19: Color Scale for Illuminance Flux 
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  Illuminance results of the ground floor level in a winter day in figure 21 which shows that 

all of the rooms are illuminated at a very small amount of a maximum of 107 LUX, while other 

rooms are having higher amount f illuminance ranging between 107 and 2071 LUX, and only small 

surfaces from the ground floor are exceeding the mean illuminance level of 3000 LUX. 

 

 

 

 

 

 

 

 

 

 

Figure 20: Illuminance for Whole House 

Figure 21: Illuminance Analysis for Ground Level 
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 Illuminance Analysis in Summer  

  By performing illuminance analysis in a summer day of July the 21st based on solar 

irradiance obtained from weather data for our selected location as shown in table 6 .It is found that 

at 9 am 28% of illuminance is passing and 72% is recorded to be below the threshold which means 

that 72% of the time daylight levels are below the mean illuminance level of 3000 LUX. At 3pm 

it is recorded that 28% of the illuminance is passing, 2% without shades and 70% is below the 

threshold which means that 70% of 3000 LUX which is the mean illuminance level as shown in 

figure 22. 

Table 6: Solar Irradiance Data in Summer 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  The Illuminance results of the ground floor level in a summer day are illustrated in figure 

23 which shows that all of the rooms have illuminance access. All of the spaces are illuminated in 

small quantities of a maximum of 107 LUX, while others are highly illuminated reaching an 

amount of 2071 LUX, however this quantity is still below the illuminance threshold which is the 

mean illuminance level of 3000LUX. 

 

 

 
GHI DNI DHI 

9:00 AM 540 673 86 

3:00 PM 687 746 89 

Figure 22: Illuminance Analysis in Summer 
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1.3 Lighting Analysis - Solar Access 

  The solar access simulation we are performing using Revit follows the solar path during a 

particular selected day in the year, which displays for us the number of hours of sunlight 

penetrating every space in the house.  

1.3.1 Solar Access in Winter 

  By performing the lighting analysis, particularly for evaluating the hours of solar access 

for all the rooms in the ground floor level during a winter day of December the 21st. It is shown 

that 33% of the rooms have a solar access of a minimum of 3 hours, while 67% of the other rooms 

have very small amount of solar access of a maximum of 1 hour as shown is figure 24. 

  

 

 

 

 

Figure 23: Illuminance Analysis of Ground Floor in Summer 

Figure 24: Solar Access in Hours in Winter 
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1.3.2 Solar Access in Summer 

  Through running the solar access analysis on the ground floor level in a summer day in 

July the 21st. The results displayed that 22% of the rooms in the house are having a minimum of 3 

hours of solar access, while the other 78% of the ground floor level rooms are having very small 

amount of solar access of a maximum of 1 hour as shown by figure 25  . 

 

  

 

 

 

 

 

 

 

1.4 Solar Cumulative Insolation Analysis 

  The solar cumulative insolation simulation we are performing using Revit displays for us 

the amount of power resulted from the incident sunlight on particular surfaces in the building. 

Also, the simulation also provides the rate at which the solar irradiance falls on the surface.  

 Cumulative Solar Insolation in Winter 

  The building solar cumulative insolation is performed on a total area of 1128 m² which 

includes front, back and top exterior walls, the inner walls and the floors. Also, it is performed 

from the sunrise to the sunset on a winter day which is chosen to be December 21 from 8:28 Am 

to 6:10 Pm. The results of this simulation are illustrated in figure 26. 

The solar cumulative insolation for the whole building is found to be 596 KWh with 0.53 KWh/m². 

Figure 25: Solar Access Analysis in Summer 
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  In order to measure the amount of solar insolation for the ground level of our building in 

the winter day of December the 21 from the sunrise to the sunset; from 8:28 Am to 6:10 Pm. The 

solar analysis is performed on a total area of 558 m² which includes only the ground level inner 

walls and the ground floor area. The results of this simulation are shown in figure 27.  

 

The solar cumulative insolation is found to be 255 kWh and of 0.46 KWh/m². 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Cumulative Solar Insolation Analysis in Winter 

Figure 27: Cumulative Solar Insolation in Winter for Ground 

Floor 
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 Cumulative Solar Insolation in Summer 

  The total area on which the cumulative solar insolation is performed is of 1128 m² which 

encompasses the  front, back and top exterior walls, the inner walls and the floors areas. Also, it is 

performed from the sunrise to the sunset on a summer day which is chosen to be the 21 of July 

from 6:07 Am to 8:38 Pm. The results of this analysis are illustrated in figure 28.  

The solar cumulative insolation is found to be 1508 KWh and of 1.34 KWh/m². 

 

 

 

 

 

 

 

  

  In order to evaluate the amount of solar insolation for the ground floor during a summer 

day of  July the 21st from the sunrise to the sunset; from 6:07 Am to 8:38 Pm. The analysis is 

performed on a total area of 558 m² which includes only the ground floor inner walls and floor 

area. The cummulative solar insolation for the ground floor is found to be 960 KWh and of 1.72 

KWh/m².  

 

 

 

 

 

 

Figure 28: Cumulative Solar Insolation in Summer 

Figure 29: Cumulative Solar Insolation in Summer for Ground Floor 



  
28 

1.5 Energy Simulation for Benchmark Comparison  

1.5.1 Energy Standard: ASHRAE-90.1 

  The energy standard of ASHRAE-90.1 demonstrates the least requirements that should be 

present in building designs for the latter to be energy efficient. These energy efficiency 

requirements have been considered as criteria and as benchmark basis to perform comparisons for  

evaluating buildings designs. The ASHRAE-90.1 has been a benchmark for building designs and 

energy efficiency in  buildings in the United States, in addition to being considered as a criteria for 

evaluating energy efficiency in buildings around the world for more than 35 years [19].  

In this capstone project, the four designs are to be evaluated against this standard.  

1.5.2 Energy Analysis Model and Benchmark Comparison for Design 1 

  In order to generate perform the energy analysis for benchmark comparison, we generate 

with Revit the energy model on which the analysis is performed in the cloud and displays the 

results. The energy model has distinctive geometry, it illustrate the overall design and forms in 

terms of computational system of connections[20]. This computational network is very significant 

and powerful in determining how our model is performing since it captures and analyzes all of the 

methods through which heat transfer occurs inside the building. After the simulations are 

performed on the clouds, a new 3D analytical model is obtained which is shown in figure 30.  The 

achieved results from the cloud analyses shows how our model is performing from an energy 

efficiency perspective compared to the energy standard ASHRAE 90.1.  

 

 

 

 

 

 

 

  

Figure 30: 3D Analytical Model of a House with no Courtyard 
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  The energy analysis results allows us to compare the design with the industry benchmark 

standard of ASHRAE 90.1 explained in the section 1.5.1. The benchmark allows us to understand 

the design current performance standing against the benchmark standard concerning mean annual 

coast in USD/ m²/Year and the mean energy use intensity (EUI) in KWh/m²/year as explained 

below:  

▪ Design Mean Annual Cost of 28.4 USD/ m²/Year which is higher by 18 USD/ m²/Year than 

the standard benchmark of 10.4 USD/ m²/Year as shown in figure 31. 

▪ Design Mean Energy Use Intensity of 374 KWh/m²/year which is higher by 49.7% 

KWh/m²/year than the standard benchmark of 188 KWh/m²/year  as shown in figure 32.  

 

  

 

 

 

 

 

   

 

 

 

 

 

 

Figure 31: Design 1 Mean Annual Cost Figure 32: Design 1 Mean Energy Use 

Intensity 
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2. Thermal Analysis of Three Designs: Houses with Courtyard 

2.1 Energy Simulation on 3D Analytical Models for Designs 2, 3 and 4 

  The results of the energy analysis performed on the three houses with courtyards allow us 

to compare the designs of houses with courtyards with the industry benchmark standard of 

ASHRAE 90.1, and also to perform a comparison between the performance of a house with no 

courtyard and a house with inner courtyard. The energy analysis is performed on three analytical 

models and shows the mean annual coast in USD/ m²/Year and the mean energy use intensity 

(EUI) in KWh/m²/year for the 1 floor house design with various courtyard sizes explained in table 

3 from section V.  

 Benchmark Comparison Results for Design 2  

  Design 2 is house of a total area of 120 m², with a courtyard of 24 m² area with a length of 

6m and a width of 4m, where 𝑅1= 5.65 and  𝑅2=0.67 which are falling in the range of the required 

ratios which were obtained from literature review. The ground floor of the design is illustrated in 

figure 33. Figure 34 and 35 shows the 3D view of the ground floor and of the house, while table 7 

shows the room schedule of this design illustrating the rooms’ areas and perimeter. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Ground Floor Plan for Design 2 
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  The design shown in figures 34 and 

35 is simulated in the cloud to obtain an 

energy analytical model as shown in figure 

36. The design energy performance is 

compared to the benchmark of ASHRAE 

90.1 and the results are as follow:  

 

 

Figure 34: 3D View of the Ground Level Figure 35: 3D View of the Building 

Table 7: Room Schedule of a House with 4 by 6 Courtyard 

Figure 36: 4 by 6 Courtyard Energy 

Analytical 3D House Model 
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▪ Design Mean Annual Cost of 23.6 USD/ m²/Year which is higher by 13.5 USD/ m²/Year 

than the standard benchmark of 10.1 USD/ m²/Year as shown in figure 37. 

▪ Design Mean Energy Use Intensity of 286 KWh/m²/year which is higher by 26.2% 

KWh/m²/year than the standard benchmark of 211 KWh/m²/year  as shown in figure 38. 

 

 

  

 

  

 

 

 

   

 

 

 

 

 Benchmark Comparison Results for Design 3  

  Design 3 is house of a total area of 120 m², with a courtyard of 17.5 m² area with a length 

of 5m and a width of 3.5m, where 𝑅1= 4.81 and  𝑅2=0.7 which are falling in the range of the 

required ratios that we obtained from literature review. The ground floor of the design is illustrated 

in figure 39. Figure 40 and 41 shows the 3D view of the ground floor and of the house, while table 

8 shows the room schedule of this design illustrating the rooms’ areas and perimeter. 

 

 

Figure 37: Design 2 Mean Annual 

Cost 
Figure 38:  Design 2 Mean Energy 

Use Intensity 
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Figure 39: Ground Floor Plan for Design 3 

Table 8: Room Schedule of House with 3.5 by 5 Courtyard 

Figure 40: 3D View of Ground Level Figure 41: 3D View of Building 
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  The design shown in figures 40 and 

41 is simulated in the cloud to obtain an 

energy analytical model as shown in figure 

42. The design energy performance is 

compared to the benchmark of ASHRAE 

90.1 and the results are as follow:  

 

 

 

 

▪ Design Mean Annual Cost of 21.1USD/ m²/Year which is higher by 10.9 USD/ m²/Year 

than the standard benchmark of 10.2 USD/ m²/Year as shown in figure 43. 

▪ Design Mean Energy Use Intensity of 258 KWh/m²/year which is higher by 17.8% 

KWh/m²/year than the standard benchmark of 212 KWh/m²/year  as shown in figure 44. 

  

 

  

 

  

 

 

 

   

 

 

Figure 42: 3.5 by 5 Courtyard Energy 

Analytical 3D House Model 

Figure 44:  Design 3 Mean Energy 

Use Intensity 
Figure 43: Design 3 Mean Annual Cost 
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 Benchmark Comparison Results for Design 4  

  Design 3 is house of a total area of 120 m², with a courtyard of 12 m² area with a length of 

4m and a width of 3 m, where 𝑅1= 3.94 and  𝑅2=0.75 which are falling in the range of the required 

ratios that we obtained from literature review. The ground floor of the design is illustrated in figure 

45. Figure 46 and 47 shows the 3D view of the ground floor and of the house, while table 9 shows 

the room schedule of this design illustrating the rooms’ areas and perimeter. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 47: 3D View of Building 

Figure 45: Ground Floor Plan for Design 4 

Figure 46: 3D View of Ground Level 
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  The design shown in figures 46 and 

47 is simulated in the cloud to obtain an 

energy analytical model as shown in figure 

48. The design energy performance is 

compared to the benchmark of ASHRAE 

90.1 and the results are as follow:  

 

 

 

 

 

▪ Design Mean Annual Cost of 19.6 USD/ m²/Year which is higher by 9.6 USD/ m²/Year 

than the standard benchmark of 10.0 USD/ m²/Year as shown in figure 50. 

▪ Design Mean Energy Use Intensity of 237 KWh/m²/year which is higher by 16.03% 

KWh/m²/year than the standard benchmark of 199 KWh/m²/year  as shown in figure 49. 

 

 

Figure 48: 3 by 4 Courtyard Energy 

Analytical 3D House Model 

Table 9: Room Schedule of House with 3 by 4 Courtyard 
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2.2 Benchmark Comparison Results and Potential Designs 

  The results obtained from the benchmark comparisons of the four designs is summarized 

in the table 10. 

 

 

 

 

 

 

 

 

  From table 10, we observe that design 1 which is a house with no courtyard has the highest 

energy intensity usage and the annual mean cost compared to the design 2, 3 and 4. Therefore, we 

Figure 49:  Design 4 Mean Energy 

Use Intensity 
Figure 50: Design 4 Mean Annual Cost 

Design Mean Energy Intensity 

Use (EUI) (KWh/m²/year )

Design Mean 

Annual Cost ($)

Diffrence  % in EUI 

Compared to ASHRAE-90.1

Design 1
Not 

Applicable
374 28.4 49.7

Design 2 24 286 23.6 26.2

Design 3 17.5 258 21.1 17.8

Design 4 12 237 19.6 16.03

Courtyard 

Area
Designs 

Benchmark Comparison ASHRAE-90.1

Table 10: Benchmark Comparison of 4 Designs 
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can conclude that a house with a courtyard has higher energy efficiency potentials compared to a 

house with no courtyard. We can also observe that for houses with courtyards, the energy intensity 

use and the mean annual cost do not have high range of difference, which proves that as long as 

the dimensions of the courtyards are falling under the required ratios; efficient energy performance 

is maintained.  

2.3 Thermal Analysis of Design 4 and Comparison With Design 1 

  Since design 2, 3 and 4 have shown great potentials in terms of energy efficiency compared 

to a house with no courtyard, and in order to discover the other aspect of energy efficiency of these 

designs in terms of solar irradiance, solar access, illuminance and heating and cooling. Design 4 

was selected for this simulations.  

2.3.1 Cumulative Solar Insolation in Winter 

  The solar cumulative insolation analysis is conducted on the whole building including the 

front, back and top exterior walls, in addition to the inner walls and the floors summing up to a 

total area of 1128 m². The analysis is performed from the sunrise to the sunset on a winter day 

which is chosen to be December 21 from 8:28 Am to 6:10 Pm. The results of this simulation are 

illustrated in figure 51.The solar cumulative insolation for the whole building is found to be 634 

KWh with of 0.54 KWh/m² while a house with no courtyard has only 596 KWh with 0.53 KWh/m². 

Therefore, the courtyard is allowing for more solar irradiance to the building and thus assuring 

heat gain in winter and reducing dependence on artificial heating.  

 

 

  

 

 

 

 
Figure 51: Cumulative Solar Insolation Analysis in Winter 
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  In order to visualize the impact of having a courtyard inside the house, it is critical to obtain 

the amount of solar insolation of the ground level. The analysis in a single winter day of December 

the 21st from the sunrise to the sunset; from 8:28 Am to 6:10 Pm is run on the ground level inner 

walls and the ground floor area summed for a total area of 558 m². The results of this simulation 

are shown in figure 52.  

The solar cumulative insolation is found to be 265 kWh and of 0.47 KWh/m², while a house with 

no courtyard has only 255 kWh with 0.46 KWh/m². 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 Cumulative Solar Insolation in Summer 

  In a summer day July the 21, and from the sunrise to the sunset from 6:07 Am to 8:38 Pm. 

Solar insolation analysis is performed on a total area of 1128 m² which encompasses the front, 

back and top exterior walls, the inner walls and the floors areas. The result of this simulation is 

illustrated in figure 53. 

The whole building has a solar insolation of 1300 KWh with 0.99 KWh/m², while a house with no 

courtyard has a solar insolation of 1508 KWh with 1.34 KWh/m².  

Figure 52: Cumulative Solar Insolation in Winter for Ground Floor 
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  In order to evaluate the courtyard performance in a summer day, it is necessary to obtain 

the amount of solar insolation in the ground floor. The selected day is July the 21st , and the analysis 

is run from the sunrise to the sunset; from 6:07 Am to 8:38 Pm. The total area considered for this 

analysis is of 558 m² which includes only the ground floor inner walls and floor area. The solar 

insolation for the ground floor is illustrated in figure 54 which is found to be 532 KWh with 1.07 

KWh/m², while a house with no courtyard is of 960 KWh with 1.72 KWh/m².  

From these results, we can conclude that the courtyard is providing shadings to some spaces and 

reducing the overall solar irradiance, ultimately the courtyard is assuring cooler air circulation to 

the spaces surrounding it, and providing moderate temperature inside the house helping in reducing 

energy consumption and dependence in artificial air conditioners.  

  

 

 

 

 

 

 

Figure 53: Cumulative Solar Insolation in Summer 

Figure 54: Cumulative Solar Insolation in Summer for Ground Floor 
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2.3.3 Illuminance Analysis in Winter  

  By performing illuminance analysis in a winter day of December the 21st based on solar 

irradiance obtained from weather data for our selected location as shown in table 11. Since, we are 

concerned in knowing the energy performance of a courtyard and its impact on illuminance level 

particularly on the ground floor.  

The analysis displayed in figure 55 showed that all of the rooms have moderate to high illuminance 

levels reaching and exceeding the illuminance threshold of 3000 LUX. When we compare this 

results with the ones obtained for the ground level illuminance analysis on a house with no 

courtyard as showed by figure 56. It shows that the level of illuminance inside the house are very 

low and below the mean level of 3000 LUX. These results led us to conclude that the courtyard 

provides higher levels of illuminance.   

Table 11: Solar Irradiance Data in Winter 

 

 

 

 

 

 

 

  

 

   

 

 

 

 

 

 
GHI DNI DHI 

10:00 AM 108 196 33 

3:00 PM 191 365 66 

Figure 55:  Winter Illuminance Level in Ground 

Floor for In House Courtyard - Design 4 
Figure 56: Winter Illuminance Analysis for 

Ground Level for No Courtyard House- Design 1 
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2.3.4 Illuminance Analysis in Summer  

  By performing illuminance analysis in a summer day of July the 21st based on solar 

irradiance obtained from weather data for our selected location as shown in table 12. Since, we are 

concerned in knowing the energy performance of a courtyard and its impact on illuminance level 

particularly on the ground floor.  

The analysis displayed in figure 58  showed that various illuminance levels are present in different 

rooms where some have low illuminance below the threshold of 3000 LUX while others have 

higher illuminance levels above the mean illuminance level of 3000 LUX and reaching the 

maximum of 6000 LUX. When we compare these results to the ones obtained for the ground level 

illuminance analysis on a house with no courtyard as showed by figure 57. It showed that the mean 

level of illuminance of 3000 LUX is not even reached, and that all the rooms have very low 

illuminance. These results confirms that courtyard provides higher levels of illuminance in 

summer.   

Table 12: Solar Irradiance Data in Summer 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
GHI DNI DHI 

9:00 AM 540 673 86 

3:00 PM 687 746 89 

Figure 58: Summer Illuminance Analysis for 

Ground Level In House Courtyard - Design 4 
Figure 57: Summer Illuminance Analysis 

for Ground Level for No Courtyard House- 

Design 1 
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2.3.5 Solar Access in Winter 

  The solar access analysis which was run in a single winter day of December the 21st  

showed that the rooms for a house with a courtyard as illustrated in figure 59 have a minimum of 

3 hours for solar access reaching a maximum of 4 hours during the day. Even though a house with 

no courtyard have same number of solar access ranging between 3 and 4 hours as shown by figure 

60. This house has only 33% of the spaces where solar access is present, however the house with 

a courtyard has 66% of the spaces.   

  

 

 

 

 

 

 

 

 

2.3.6 Solar Access in Summer 

  Through running the solar access analysis on a single summer day of July the 21st. It 

showed that in a house with courtyard all the rooms have sufficient solar access of a minimum of 

3 hours and of a maximum of 4 hours as shown by the figure 61. However, for a house with no 

courtyard, only 22% of the rooms have a minimum of 2 hours of solar access while the others have 

a solar access ranging between 0 and 1 hour as shown in figure 62. 

 

  

Figure 60: Winter Solar Access- 

House with No Courtyard 
Figure 59: Winter Solar Access- House with 

Courtyard 
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2.3.7 Heating and Cooling Loads 

  From the performed heating and cooling loads calculation by Revit. We are able to 

understand and visualize the building energy performance through different parameters as: peak 

cooling load and peak heating loads per month. From the simulations and analysis conducted based 

on the illuminance, solar access and solar irradiance aspect; it was shown that a house with 

courtyard is energy efficient compared to a house with no courtyard.  

To also visualize how a house with a courtyard is performing in terms of heating and cooling loads. 

Design 4 is chosen for this simulation where all the  results are illustrated in the tables 13, 14 and 

15.   

 

 

 

 

 

 

 

 

Table 13: Heating and Cooling Loads for the whole Building 

Figure 61: Summer  Solar Access- 

House with Courtyard 
Figure 62: Summer Solar Access- 

House with No Courtyard 
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             From table 13, the peak cooling load for the whole houses reaches 1837 W while the peak 

heating load is reaching 982W. From table 14, our building has no infiltration, while its ventilation 

is reaching 17.48% and 22.45% in heating and cooling respectively in the building. Table 15 

summarizes for us the peak cooling and heating loads for all the spaces in the building. Those 

results are very helpful in knowing how are building is performing and how we can improve it to 

always attain energy efficiency, particularly reducing our dependence on artificial heating and 

cooling systems.  

 

Table 14: Heating and Cooling Loads of the House Components 

Table 15: Heating and Cooling Loads of Design 4 Rooms 
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VI. STEEPLE Analysis 
 

  The real-world implementation of a project requires a prior study and analysis of internal 

and external factors that could impact the project performance either positively or negatively. One 

of the project management analysis that I had the chance to know about from the principles of 

management class is the SWOT analysis which target the study of Strength, Weaknesses, 

Opportunities and Threats of any project before its implementation  

  In this capstone report, the analysis we are focusing on is the STEEPLE analysis which 

evaluates the project under four aspects which are the Analysis, Design, Implementation and 

Testing[21]. 

The word STEEPLE is an acronym which its initials stand for:  

- S: Social 

- T: Technological  

- E: Economic  

- E : Environmental  

- P: Political  

- L : Legal  

- E :Ethical  

 

This capstone project respects all the seven implications required by the STEEPLE analysis, and they 

are explained in the following diagram. 
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Social: 

▪ Courtyards are gathering 

area for family members 

 

▪ A protected space for kids 

to play, and for practicing 

of social activities 

 

▪ Providing privacy and 

comfort  

 

▪ An opportunity for 

reviving and preserving 

the old Moroccan 

architecture, and also for 

protecting our culture. 

 

 

Technological: 

▪ Usage of a reliable, highly 

precise and efficient design and 

modeling software from 

Autodesk which is Revit 

▪ The model can always be 

changed and modified which 

will benefit future studies 

▪ Use of multiple simulations and 

various thermal analysis as: 

illuminance, solar insolation, 

solar access, heating and 

cooling loads and benchmark 

comparisons which gives us the 

full picture of the project 

potentials 

 

Economic: 

▪ Reduction of cost 

spent on heating and 

cooling systems 

 

▪ Reduction in the 

installation of lighting 

equipment 

 

▪ Reduction of 

country’s expenses on 

electricity 

STEEPLE ANALYSIS 

Political and Legal: 

▪ Respect of political and 

legal laws of construction 

in Morocco 

 

▪ The building with inner 

courtyard should comply 

with the issued regulation 

by the Ministry of 

preparation for the 

national territory, 

construction, housing and 

city policy 

 

 

 

Environmental: 

▪ Natural Ventilation 

▪ Natural cooling and 

heating control 

▪ Humidity reduction 

▪ Providing solar shades for 

some spaces in the house 

while allowing sun access 

to other parts 

▪ Protection of the 

environment from 

greenhouse gases resulted 

from the increased usage 

of energy in the 

residential sector 

 

 

Ethical: 

▪ Being a reliable 

mechanism for assuring 

comfortable space for 

residents 

▪ Respecting construction 

laws  
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VII. Conclusion 
 

  This capstone project has tackled one of the main issue that the world is concerned about 

which is the reduction of energy consumption and limitation of greenhouse gases emissions, 

through developing potential, sustainable and energy efficient means to save the environment for 

us and for the future generations.  

  Throughout this project, we investigated the aspects of the courtyards and we mainly found 

how the courtyards achieve thermal comfort inside buildings in a temperate climate, snow climate, 

humid and a hot arid climate. In addition to that, the courtyards has the potential for assuring 

control of three climatic features which are the sun, wind and humidity.  

  From the analyzed and the collected data, software design and simulations were required 

to evaluate how potential is the courtyard. From the state of the art about courtyards, we achieved 

that an inner rectangular courtyard with width to length ratios ranging between 0.4 and 1 are the 

potential design in a temperate climate. From weather data and solar irradiance of the city of 

Tetouan, we were able to attain significant results about illuminance analysis, solar access, and 

solar insolation analysis. We also achieved data about the benchmark comparison performed by 

Revit of the design against ASHRAE 90.1. Based on this analysis, we compared benchmark 

performance of a house with no courtyard and 3 houses with different courtyard sizes, and we 

concluded that houses with courtyards are energy efficient comparison to a building with no 

courtyard. In addition to that, we were able to achieve remarkable results from the illuminance, 

solar access and solar insolation analysis on houses with courtyards and we were able to understand 

how the size of the courtyard can affect the building performance in a temperate climate.  

  Thanks to this capstone, I was able to use a new software which is Revit, the constraints 

faced were in terms of learning how to properly use the software; since it is my first time I am 

using Revit. However, thanks to my perseverance I was capable of designing and simulating my 

work.   

  To conclude,  in this study and with the usage of software testing. We were capable to 

conclude that courtyards have great energy potentials and permit the building to become energy 

efficient. Courtyards with a rectangular form in a temperate climate have proven to provide natural 

ventilation, reduce heat gains in summer and minimize heat losses in winter. Furthermore, they 
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provide privacy and isolation for the residents where they can freely practice social activities and 

gathering. Also courtyards, are architectural heritage which helps preserve the old Moroccan 

culture and tradition. 

  As a future work of this capstone project, it would be beneficial if we could simulate a 

design with more than 1 floor and evaluate the courtyard performance as we increase the number 

of levels. In addition to that, we could conduct a simulation of houses with inner courtyards in 

different cities in Morocco with various climates and analyze the energy performance and also to 

test for the possible alternatives that could make this courtyards more sustainable designs, as 

enclosing the courtyard with glass walls having doors and windows which could be opened or 

closed depending on the resident choice.   
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