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Abstract

:

This study discusses housing densification as a sustainable housing strategy. Furthermore, it investigates how housing densification can improve the shading performance of open spaces with respect to row-house typology. The analysis considers a real-time case study of linear courtyards enclosed by row houses. Urban analysis was followed by a numerical shading analysis to examine the impact of housing attachment method (aligned or stepped) on courtyard shading potential. Row houses were found to be an acceptable housing densification solution in Saudi Arabia, with well-integrated open spaces. The stepped-attached housing pattern showed a higher potential for urban shading (by ~55% with an east–west orientation of row houses) than that of the aligned–attached pattern. In addition, the stepped-attached housing pattern improved the visual quality and created a serial visual effect. This study recommends the promotion of compact housing patterns in Saudi Arabia to reduce the rapidly increasing domestic electrical-energy demand and improve urban shading. Housing densification is considered as an effective passive design and planning strategy for this purpose.
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1. Introduction


One main aspect of sustainable cities is to provide a healthy urban environment that helps improve the quality of life of their inhabitants. The way we plan and design our cities is believed to strongly affect our social well-being. Sustainable housing can be defined as “housing that creates sustainable communities in a resource-efficient manner” [1]. However, there is limited public awareness in this regard, and several sociocultural barriers to implementing sustainability in the housing sector [2]. This includes the exaggerated housing-unit area, which is 625 m2 in Saudi Arabia on average. This unnecessary space increases domestic energy consumption and CO2 emissions [3]. A large proportion (50%) of domestic energy in Saudi Arabia is consumed by air conditioning, which is caused by lack of proper thermal insulation in 70% of the existing residential buildings. Therefore, thermal insulation has become an obligatory requirement for new building-design approval. Improving the thermal insulation levels of existing and new buildings is expected to reduce the electricity consumption of buildings by ~30–40% [4].



However, there is a need to enhance the implementation of other passive design strategies on both the building-design and urban-design levels [5,6]. One important strategy in this regard is urban densification. Several studies have investigated the impact of housing densification on urban shading (see Section 2 for details). To advance the current research in this field, our study investigates the potential impact of row houses on enhancing urban shading under the urban and climatic conditions of Saudi Arabia. Although this housing typology is uncommon in Saudi Arabia compared with the single-family detached houses, it can be effectively used to satisfy the need for housing densification. Moreover, it may offer a socially acceptable housing type with common open spaces and separate entrances to each housing unit. The row typology is expected to support official efforts to reduce domestic energy consumption and improve the quality of the urban environment.



Using a real-time case study, this paper discusses a row-housing project in Saudi Arabia. The study begins with a literature review of housing densification and the urban role of open spaces, and then presents the research materials and methods. In the empirical part, the study carries out an urban analysis of the case study. The potential of urban densification to enhance shading in outdoor open spaces embedded in the housing environment is investigated using a numerical parametric simulation with several variables, such as building height, open-space orientation, and attachment method of housing blocks. The results of this study will provide recommendations that could become part of the future urban development policy of the Saudi city. The findings of this study should also be applicable to many other neighboring countries with similar climatic and sociocultural conditions.




2. Literature Review


2.1. Housing Densification as a Sustainable Strategy


As opposed to urban expansion, urban densification can accommodate rapid urban population growth [7]. Municipalities can adopt urban densification to maximize the benefits of the existing resources within urban areas. As such, urban densification is commonly considered as a sustainable strategy that considerably influences resource efficiency [8]. Urban densification can take many forms, including “soft” and “hard” ones. Soft densification includes progressive policies that encourage residents to optimize the use of their land plots without radically changing the existing urban form. For example, large plots can be divided into smaller subplots, or additional living quarters can be added to the existing units through a refurbishment process. Conversely, hard densification considerably alters the urban form, for example, by replacing detached houses with apartment buildings and their required services [9,10].



Urban densification can be effectively implemented in new housing developments using high urban density that is consistent with local building regulations [11]. In existing housing developments, it can be achieved by filling vacant zones in the city. In all cases, densification policies should be handled with care, because they exert multiple socioeconomic and cultural impacts. The main aim of urban densification is to optimize the use of space, public services, and infrastructure to help save energy, reduce CO2 emissions, and mitigate the phenomenon of urban heat islands (UHIs) [12]. The main passive cooling advantage of urban densification is that it protects buildings from unwanted heat gains by reducing their external surface areas exposed to direct sun and unwanted thermal gains. This advantage can be achieved by attaching housing units horizontally, stacking them vertically, or combining both approaches. However, urban densification should not compromise the adequate provision of open spaces. In modern cities, there is a growing concern that limiting the use of public open space may cause deterioration in the health and well-being of residents in the housing environments [13,14].




2.2. Housing Typologies in Saudi Arabia


Housing demand in Saudi Arabia depends on several factors, including household income, housing-unit price, rate of population growth, and demand for housing finance solutions, such as loans [15]. The main challenge in this regard is the current and projected gap between housing supply and demand. As the requirements and cost of housing increase, middle- and low-income families face challenges in owning a housing unit [16]. Saudi Vision 2030 [17] aimed to increase citizens’ ownership of housing units from 50% in 2016 to 60% in 2020, and its current goal is 70% for 2030. To reach this goal, the government has developed several housing-investment-enabling policies that encourage the engagement of the private sector in housing supply. Furthermore, it has developed affordable housing programs, such as Sakani, which is a real estate initiative that facilitates people to own their first housing unit. It also offers many other solutions related to housing land, housing self-construction, and housing renovation initiative [18].



In this context, new urban planning solutions that improve housing affordability are also required in the Saudi housing sector. For instance, land-subdivision methods should be improved to encourage efficient land use and smart growth principles [19]. This solution would control horizontal urban sprawl and thereby reduce the cost of housing infrastructure [20]. Introducing economic housing typologies would also improve housing affordability. Several housing typologies could be recognized in Saudi Arabia. According to the General Authority of Statistics [21], the main housing typologies in Saudi Arabia are apartment houses (44%), villas (29%), single floors in villas (8%), and traditional houses (19%). Attached units, including semiattached (duplex) and attached units (row houses), are less common. As these typologies offer an acceptable, more affordable alternative for those who cannot afford the initial and running cost of villas but hope to own a private housing unit, their popularity is expected to increase in future [22].




2.3. Open Spaces Embedded in Dense Residential Zones


In general, urban built forms (including dense urban patterns) should be used to create open spaces that serve as social spaces at the same time. Open spaces in housing environments are among the most important image-making urban elements that help develop a sense of place in cities. Moreover, they are the main determinant of housing community structure or housing grouping patterns. Open spaces provide socializing and recreational opportunities that enhance the quality of life of residents. To ensure their efficiency, open spaces embedded in housing environments should be well-planned and designed to satisfy the residents’ requirements and expectations. Among the suggested attributes of good public open spaces are sufficient area, accessibility, safety, visual interest, and inclusion of proper climatic protection measures, such as shading in hot climates [23,24]. This last attribute is essential in Saudi Arabia and other countries characterized by hot climatic conditions.



On a general level, urban structure is based on three main elements: space, built environment, and movement system. Buildings are human-made physical entities that can affect open space quality through the relationship they offer between open space and users. Residential buildings gain a special importance in this regard [25]. Open space refers to “any open piece of land that is undeveloped (has no buildings or other built structures) and is accessible to the public”. This includes green areas, public plazas, playgrounds, and vacant lots [26]. They could be centralized or decentralized, private, public, or semi-public. They have four urban levels: pocket or local level, neighborhood level, city level, regional level, and national level. Local open spaces refer to the relatively small open areas that serve the recreation needs of the immediate residents. Neighborhood open spaces are larger and serve the neighborhood community within a reasonable walking distance [27]. Open spaces could also be effectively used to add vegetation and landscape features, and play an important role in improving people’s quality of life [28]. This is a main target of the 2030 Sustainable Agenda, Sustainable Development Goal 11 “Sustainable Cities and Communities” [29]. This is also a main objective of the Saudi Vision 2030, Quality of Life program [30].



Modern city temperatures in Saudi Arabia and elsewhere have been increasing owing to several factors, including climate change and the lack of holistic approaches for passive urban-design strategies. In Saudi Arabia, the prevailing climate is the desert climate [31]. The UHI effect considerably correlates with urban configuration [32,33] but can be mitigated by urban shading. Therefore, urban shading is essential for improving microclimatic conditions. A UHI refers to a built-up area that becomes hotter than its adjacent rural areas, owing to urbanism and the replacement of green areas by buildings. The UHI effect substantially increases the energy demand of buildings, mainly by increasing the need for air conditioning in hot climates, which results in increased emissions of greenhouse gases [34]. Moreover, it increases outdoor thermal discomfort and soil dryness. The UHI effect is commonly mitigated by increasing the green coverage area using native plants, installing cool roofs and paving, and improving urban shading with proper building massing [32,35,36].



Although Saudi Arabia has several climatic zones, most of its provenances are dominated by the desert climate, which is characterized by hot climatic conditions in summer and very low annual rainfall [37]. Under such conditions, shading provision in the built environment, including open spaces, is an essential passive design strategy for improving outdoor thermal comfort, as well as mitigating solar heat gains and their related phenomena (such as the UHI effect). Furthermore, increasing the amount of urban shading is believed to considerably reduce energy consumption. Common examples are courtyard houses (on a single-building level) [38,39] and housing clusters (on an urban level) [40,41]. Among the solutions for urban shading are compact urban patterns that use building masses as shading elements. This should be done without compromising the need for avoiding urban crowding, which is usually controlled by urban regulations that specify maximum urban density for any given urban context.



Several studies have investigated the impact of housing densification on urban shading [42,43,44,45,46]. For example, Masoud et al. [47] examined the effect of urban forms on the shading of pedestrians. They adopted the sky-view factor (SVF) as an indicator of solar access, considering the hot climate conditions of Jeddah, Saudi Arabia. They examined the benefit of urban densification in the old part of Jeddah city, a representative compact neighborhood in an urban setting. They found that the SVF effectively indicates solar access in urban morphology. Moro et al. [48] conducted a shading analysis of some urban public squares surrounded by building masses. Using satellite imagery and a geographic information system, they calculated the percentages of shaded areas in the examined open spaces. They recommended using their analysis for examining the impact of future vertical expansion on solar access to open spaces. In terms of the predicted mean vote, Hegazy and Qurnfulah [49] conducted a detailed investigation of thermal-comfort conditions in four selected urban areas of Jeddah city, Saudi Arabia. They performed a simulation using the ENVI-met software and explored the role of street orientation under summer and winter conditions. Liu et al. [50] investigated the impact of community form and building shading on heating and cooling energy demands. They conducted a parametric simulation using Grasshopper and EnergyPlus, and examined the impact of different building densities in this regard. They considered several building configurations in parallel, as well as staggered rows and several climate zones in China. Based on the results, they proposed a model that quickly estimates the building energy demand under different shading scenarios. However, the impacts of urban density and building configuration as essential factors require further investigation. To advance the current research in this field, the present study investigates the potential impact of urban densification on urban-shading enhancement, considering row-house typology under the urban and climatic conditions of Saudi Arabia.





3. Materials and Methods


This study aimed to examine the potential role of housing densification for improving open-space urban shading considering the hot climate of Saudi Arabia. To achieve this aim, our study adopted the following methods (Figure 1) to analyze a case study:




	
Analysis of the urban environment: A local row-housing project was analyzed via direct observation. This project was selected as an example of housing densification with a row-house pattern.



	
Analysis of urban shading: Based on the urban analysis of the case study, the study carried out a parametric shading analysis using simulation. The study considered row-house attachment method, height, and orientation as independent variables. The amount of outdoor shading was calculated for two parallel rows of housing blocks enclosing a linear courtyard. From the relationships between the examined variables, the urban settings that can maximize shading in the linear courtyard were recommended.








The numerical model was constructed using the DesignBuilder v5.5 modeling tool. DesignBuilder is a validated building simulation program that uses EnergyPlus as the simulation engine for conducting energy calculations. Based on the BLAST and DOE-2 models [51], this tool has a user-friendly interface and a variety of outputs that are used to evaluate the environmental performances of buildings, including internal temperature, energy-consumption breakdown, heat-transfer analysis, and thermal-comfort calculators. In the present study, the main DesignBuilder output was the sunlit fraction of the courtyard enclosed by the building rows. This is achieved through analyzing the surface outputs of the examined linear courtyard, where maximizing the shading or minimizing the sunlit fraction is the desired strategy. The workflow of DesignBuilder begins by drawing the examined building three-dimensionally, and specifying its geographic location, the modeling parameters, and the required outputs. Next, it runs the simulation and obtains the results. The following inputs are also considered:




	
Block shape: Rectangular (8 m × 12 m) with the short façade facing the courtyard. Floor area was assumed to be fixed in all cases (8 m × 12 m = 96 m2).



	
Building height: One to four floors with a floor height of h = 3.5 m.



	
Linear courtyard width: 4H = 14 m (where H is the building height), giving a maximum aspect ratio (AR) of 1.0 (Table 1).



	
Block shifting distance of the stepped blocks: 4 m (33% of the long façade length).



	
Building type and occupancy: Residential, 0.04 people/m2 (four people per floor).



	
Metabolic rate: 110 and 130 W/person for women and men, respectively.



	
Clothing: 1.0 and 0.5 clo in winter and summer, respectively.



	
Sensible gains (lighting and equipment): 10 W/m2.



	
HVAC system: Full air conditioning powered by electricity (split units). Heating and cooling set-point temperatures: 20 °C and 24 °C, respectively.



	
Window parameters: Window area = 20% of the façade, shaded with internal blinds. Windows in the attached building configurations (aligned and stepped) are provided on the front and back facades only.



	
Material U-values [52]: cavity external wall = 0.34 W/m2.K, concrete roofs = 0.2 W/m2.K, and double-glazing windows = 2.67 W/m2.K.



	
Climatic conditions: The latitude range of Saudi Arabia is 31 °N–17.5 °N, within the so called sun-belt area (40 °N–40 °S) [53]. Its climate has several zones of variability, [54] but the climate generally belongs to the hot desert category, according to the Köppen climate classification system [55]. Thus, the climatic data of Riyadh were considered in this study.









4. Results and Discussion


4.1. Observatory Analysis of the Urban Environment


This subsection overviews the Al-Ferdaws housing project located within the campus of King Fahd University of Petroleum and Minerals (KFUPM) in Dhahran, Saudi Arabia. This project was selected as a relatively compact housing planning and design that is uncommon in the Saudi housing environment, as discussed in the literature review. The project was planned to accommodate staff members of the KFUPM faculty and their families on an approximate area of ~14 ha. Along with other interesting elements of landscaping and green areas, the project includes housing blocks, access roads and car parks, pedestrian walkway networks, semipublic open spaces (linear courtyards), and services (mosques and public-events halls). It includes 454 attached or semiattached housing units linearly arranged in two orientations: north–south (N–S) and east–west (E–W). The general density of the project is ~33 housing units per hectare, which is considered reasonable in the context of housing densification in Saudi Arabia under international and local recommendations [11,56].



To ensure high accessibility to houses, several blocks of row houses are arranged parallel to each other and to the local roads (cul-de-sacs), where the house entrances are easily approached via several linear courtyards bounded by these blocks. Moreover, this layout improves the efficiency of land subdivision and is appropriate for treating the irregular nature of the site, especially in the southern zone (Figure 2). The project plan discourages thorough traffic by constructing a ring road and a set of cul-de-sacs terminated by roundabouts. Local roads in the project represent only ~13% of the project area, thereby increasing the share of other land uses and creating an effective road hierarchy that reduces the speed and scale of roads to favor residential land use. Car parks of various forms are well-distributed throughout the project. They include car-park courts and on-street car parks at a reasonable distance from the doors of the housing units. This fragmented car-park pattern and the screening of cars in sheds were designed to reduce the negative visual impact of vehicles.



Pedestrian movement is separated from car movement along a separated network of shaded paths that effectively connect the different courtyards. The pedestrian paths enhance the continuity of courtyards and create a network of open spaces by which pedestrians can easily move between courtyards and cul-de-sacs. Entry points to the courtyards are well-defined, with wooden sheds to separate the semipublic and public spaces. Open spaces are provided by shared courtyards bounded by the row houses in a linear pattern. The courtyards are mainly shaded by building masses (Figure 3). Each courtyard contains a central play area for children, which is shaded by membrane structures. Sharing of the courtyards reduces the impact of stacking the housing units, and enhances the sense of openness. Meanwhile, to enhance the sense of privacy, the central courtyard is divided into a series of zones using several territorial measures, such as narrowing of the areas between spaces, change of level, and change of direction. These measures further improve the visual quality of the project by creating a serial visual effect and a continuous change from sun to shade during movement through the central courtyard (Figure 3). This change visually engages the users in their urban environment. This shows that row houses don’t essentially have to be hyper-repetitive building forms to achieve their design goals. A form with more irregularity is recommended to improve users’ experience. However, the uniqueness of each courtyard should be increased to enhance the visual contrast in landscape elements, building materials, colors, and other features.



For the design of housing units, the project includes several types of units to fit several family sizes. The most common strategy in this regard is using a three-story block design, where the ground floor comprises a two-bedroom unit and the top floors comprise three-bedroom duplex units. The areas of these two types of units are approximately 130 and 220 m2, respectively. The units are generally well-designed with conscious distribution of the allocated space. However, they do not provide separate sitting rooms for male and female visitors, thus ignoring common practice followed in Saudi Arabia. In general, the design pays considerable attention to the shading issue on both the urban and architectural design levels. This attention is noticeable in the housing-unit design, where the extensive use of balconies bounded by raised parapet walls improves their shading potential, and in the use of building masses as shading elements of the enclosed courtyards. This shading potential is numerically investigated in the following section of the study.




4.2. Analysis of Urban Shading


Prior to the planned shading analysis, the selected simulation code must be verified using experimental measurements. To do so, the housing blocks and enclosed courtyards were represented using scaled physical models. These physical models were exposed to the sun in Dhahran city for approximately two weeks during the autumn season (from 25 October to 12 November 2021). The resulting shading in the courtyard was recorded using digital photography (two readings per day). The percentage of shaded area in the courtyard was then calculated using the AutoCAD program. The resulting experimental hourly data were compared with DesignBuilder data using similar settings. Initially, the hourly data of the sunlit fraction obtained from the DesignBuilder simulation tab were applied over the entire open-space surface area. However, these data showed a high discrepancy (~20%) from the measured data. After contacting the software developer, the author learned that DesignBuilder divides any complex surface into several simple square and/or rectangular subsurfaces before calculating the sunlit fraction. In the examined case shown in Figure 4, the open-space external surface was divided into five subsurfaces with different areas. Using the Results Viewer tool, the hourly sunlit fraction values were determined over each subsurface. The value obtained was then multiplied by the subsurface area to obtain the area-weighted average sunlit fraction, which was then divided by the total open-space area to determine the average sunlit fraction Equation (1):


  S w =    ∑  i = 1  n  S i × A i    ∑  i = 1  n  A i    



(1)




where Sw is the total weighted sunlit fraction in a given hour, Si is the sub-surface hourly sunlit fraction, Ai is sub-surface area, and n is number of sub-surfaces. This process resulted in more accurate hourly data of sunlit fraction. This process was only necessary for the sunlit fraction hourly data. As for daily averages, there was no significant difference between the sunlit fraction daily average obtained directly from the DesignBuilder simulation tab and from Results Viewer tool.



The measured and modeled data were again compared, and the results are shown in Figure 5. The average discrepancy was 7.8%, indicating a good agreement between the two methods and the validation of the implemented simulation code. After verifying the proposed modeling process, it is possible to proceed with the modeling part of this study. This part aims to investigate the shading potential of row houses in the demonstrated case study. The row houses are three stories high and planned in a linear pattern. The ground floor comprises a one-floor unit and the top two floors comprise duplex units. To increase the applicability of the results, this typology was simplified and modeled considering the following as independent variables (Figure 6):




	
Building configuration: Aligned-attached (Aa) and stepped-attached (As) houses. By changing the building configuration, we can investigate how the aligned- and stepped-attachment methods affect the outdoor shading.



	
Housing density by increasing the number of floors (1, 2, 3, and 4, corresponding to the ARs of 0.25, 0.50, 0.75, and 1.0, respectively).



	
Linear courtyard orientation: N–S and E–W.








The percentage of courtyard shaded area was considered as the main dependent variable. Figure 6 shows the modeling cases and their corresponding codes. The first, second, and third code assignments indicate the number of floors, courtyard orientation, and building configuration, respectively, in each case. Sixteen cases were examined herein (Figure 6). Figure 7 shows the shading analysis results. In general, the shading potential in the courtyard was higher in winter than in summer; however, the design will prioritize high shading potential under the prevailing summer conditions. Results show that the shaded area in the courtyard increased with increasing AR of the courtyard, i.e., with increasing building height. For example, when the building height was four floors, the percentages of courtyard shaded in the E–W courtyard orientation were 21.6% and 33.8% for the Aa and As configurations, respectively. That is, the As configuration improved the shade percentage by 56.5%. In the As building configuration, the housing blocks are attached with a shifting distance of 4 m (33% of the long façade), meaning that one third of the façade length faces the east and west directions. This alignment increases the building exposure to the morning and afternoon sun from that of the Aa configuration, thus offering a higher shading potential in the courtyard.



For the four-story buildings in the N–S courtyard orientation, the percentages of courtyard shaded area in summer were 71.5% and 72.7% for the Aa and As configurations, respectively. An insignificant difference between the two configurations was observed in this orientation. However, this orientation generally offers a higher shading potential than that of the E–W orientation, because the long eastern and western facades of the buildings in the N–S orientation are exposed to the low morning and evening sun, which significantly increases the amount of shading in the open space (Figure 8). Thus, it was concluded that the N–S orientation of the courtyard offers more summer shading than the E–W orientation in both the stepped and aligned attachment methods. However, the stepped attachment method improves the shading potential in the E–W orientation, the usually recommended orientation in hot climates.



Furthermore, the impacts of the examined configurations on the thermal performance of the buildings are important. Figure 8 shows the impact of the attachment method (Aa or As) on the normalized cooling energy in summer. With smaller surface area than the As buildings, the Aa buildings required lower cooling energy in both the E–W and N–S orientations. Meanwhile, the E–W orientation required less cooling energy because the long building facades were not directly exposed to the east and west sunrays. However, case 2-EW-As required slightly higher cooling energy than case 2-EW-Aa, because (owing to its stepped pattern) case 2-EW-As was partially exposed to the east and west sunrays. This increase may be mitigated by the higher shading potential of stepped buildings than that of the aligned ones, as demonstrated in the previous subsection.





5. Conclusions


As an oil-producing country, Saudi Arabia relies mainly on fossil fuel to meet its increasing energy demand. Domestic energy consumption is a main category of fuel use. Therefore, sustainable housing strategies and energy-efficient practices, such as housing densification, are urgently required. For this, sufficient and adequate open spaces embedded in the residential environment are also important. This is crucial to improve urban shading and attract people to using these outdoor open spaces, especially under hot climatic conditions. Thus, using a real-time case study, the present study aimed to investigate the impact of housing densification on the performance of open-space shading. Within the investigated housing project, rows of houses enclosed linear courtyards. The empirical investigation was followed by a numerical investigation of the resulting urban shading to determine the impacts of attaching housing units horizontally and stacking them vertically. This was conducted considering the variables, such as building height, courtyard orientation, and the attachment method of the housing blocks (aligned or stepped). This comparative parametric study has practical value, because it considers the different interacting variables under different testing scenarios.



It was concluded that row houses could offer an acceptable solution to housing densification in Saudi Arabia. They could be compactly arranged with well-integrated open spaces that improved the quality of the residential environment. The shading of these open spaces was significantly affected by the housing density, grouping pattern, and orientation of the row houses. Selecting an appropriate building-attachment method was important for improving courtyard shading. In the E–W orientation, the As housing pattern improved the urban-shading potential by ~56% from that of the Aa pattern because the As pattern increases the chance of building’s exposure to the sun from different directions, thus improving shading in the courtyard. In addition, the As housing pattern effectively improved visual quality and created a serial visual effect in the examined case study.



The findings of this study confirm that it is essential in the context of housing urban design to guide the rapid housing growth in hot climates towards effective shading growth. This study recommends a further investigation of the impact of other passive urban-design strategies to improve the thermal comfort conditions in residential open spaces. Such investigations should involve determining the effects of vegetation, albedo, and paving materials on open spaces. This study recommends that the use of compact housing patterns in Saudi Arabia should be promoted to reduce the rapidly increasing domestic electrical-energy demand and improve the degree of urban shading. Housing densification is believed to be an effective passive design and planning strategy for this purpose, in addition to other common strategies, such as building massing, orientation, shading, insulation, and vegetation.
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Figure 1. Workflow diagram of the research methods. 
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Figure 2. Plan of the Al-Ferdaws housing project site, Dhahran, Saudi Arabia ([57]; reproduced by the author). 
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Figure 3. A typical courtyard (top) and housing units (bottom) in the Al-Ferdaws housing project, Dhahran, Saudi Arabia. 
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Figure 4. Physical models used in shading measurements, and the method of dividing the open-space external surface into five subsurfaces using DesignBuilder. 
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Figure 5. Comparison between experimental and modeled shading data. 
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Figure 6. Illustrations and codes of the modeling cases. 
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Figure 7. Percentages of courtyard shaded areas in summer and winter observed in different modeling cases with E–W and N–S courtyard orientations. 
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Figure 8. Stepped and aligned shading patterns in the courtyard, observed at 4:00 pm on 1 August 1. 
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Table 1. Relationships between building height and courtyard width in the examined cases.
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	No. of Floors (N)
	Building Height

(H = N × 3.5)
	Courtyard Width (W)
	Aspect Ratio = (H/W)





	1
	3.5 m
	4 × 3.5 = 14 m
	0.25



	2
	7.0 m
	4 × 3.5 = 14 m
	0.5



	3
	10.5 m
	4 × 3.5 = 14 m
	0.75



	4
	14.0 m
	4 × 3.5 = 14 m
	1.0
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