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Abstract

:

Energy conservation is recently the most important issue all over the world, including in Egypt. Recently, the built environment of Egypt has experienced a dramatic change in its buildings’ typology, with more interest in constructing high-rise buildings. This in turn creates high demand for energy, as high-rise buildings are considered to be one of the most energy-consuming types of buildings. Egypt has a wide variety in its climatic conditions, with seven different inhabited climatic regions, and a further one which is uninhabited. Therefore, integrating the energy efficiency of a building as a major design factor in the early design stages of such a type of buildings is important. This article is concerned with investigating the effect of high-rise buildings’ geometrical shape on the building’s energy consumption within the different climatic regions of Egypt. Four building shapes (square, circular, rectangular, and ellipse) are examined. The long axe of the models is oriented to the north (“the optimum orientation within all regions”), with a window-to-wall ratio (WWR) of 30%. The performance of these models is studied in seven cities representing the inhabited Egyptian climatic regions using simulation software, DesignBuilder, with the EnergyPlus simulation tool. Study findings revealed that adjusting the geometric form of the building significantly affects energy consumption and thermal comfort with climatic variation. The most compact shape, circular, was the most suitable geometrical shape in four regions out of seven. The ellipse shape was found to be the most suitable mass geometry within two other regions, while the square shape was found to be effective in only one region. The results of this research indicate that designers should not use the rectangular shape anywhere across Egypt.
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1. Introduction


The increasing global energy demand and the shortage of energy sources has forced our attention towards energy conservation concepts in the early design stage of buildings. The high-rise building form is considered as the most energy-consuming type of building [1,2]. Its massive mass, along with dense occupancy and complicated mechanical systems, create considerable challenges for the designers who are trying to achieve energy efficiency and thermal comfort within its enclosure [3]. Although this is a significant problem, it can be noted that the high-rise building type has been adopted by many countries, either for achieving land-use efficiency through vertical extension, or for giving the country a contemporary modern visual perception. Recently, Egypt has started to catch up with others in the high-rise building race. Therefore, the built environment of Egypt has encountered dramatic changes in its buildings’ typology as skyscrapers continue to be built in many locations across the country. This, in turn, will significantly increase the country’s overall energy consumption.



According to the recently published Egyptian Electricity Holding Company EEHC report, Egypt consumed 55.2 gigawatts of electricity in 2017/2018 [4] compared to 45 gigawatts in 2016/2017 [5], with a drastic increase of about 22.5%. The built environment in Egypt has been found to consume more than 60% of electric energy in Egypt (Figure 1) [6].



Air conditioning and lighting have been found to consume more than two-thirds of energy in Egypt’s commercial buildings sector (Figure 2) [7]. High-rise buildings are mainly used as commercial and office buildings. It was reported that high-rise buildings, and in particular office buildings, are among the most energy-consuming types of buildings [8]. Most of the overall operating energy consumption in these buildings was found to be due to their permanent reliance on HVAC systems and artificial lighting during working hours [7]. This shows that most of the energy in this type of buildings is mainly used to provide thermal comfort to the users.



The ability to generate thermal comfort for the users of a building is affected by many factors that can be controlled by the architect, such as external climatic conditions, building fabric, building envelope treatments, building mass, and orientation [9,10]. Integrating these factors in the early design stage of the building can significantly decrease energy consumption. Moreover, it is well-known that different climatic conditions impose different design requirements on buildings and how they are treated [11,12]. In addition, both the design guides and recent research indicate that building mass geometry is one of the most important design factors that significantly affects a building’s energy efficiency, and therefore should be carefully considered by architects [13].



Climatically, the Egyptian land has been classified in general by Koeppen’s climate classification as a hot, arid, desert climate, with northern and eastern costal narrow strips experiencing hot steppe climate conditions [14]. However, and for environmental design purposes, the local Housing and Building Research Center (HBRC) [15] has divided Egypt into eight different climatic design regions. A representative city was defined for each region (Figure 3). One of these regions (the Sinai high lands) is a hard mountain terrain and is uninhabited (R6). The other seven climatic design regions are: the north coast region (R1), with its representative city (Alexandria); the delta and Cairo region (R2), with its representative city (Cairo); the region of northern-upper Egypt (R3), with its representative city (El-Minya); the region of southern-upper Egypt (R4), with its representative city (Asyut); the east coast region (R5), with its representative city (Hurghada); the desert region (R7), with its representative city (El-Kharga; and finally, the region of southern Egypt (R8), with its representative city (Aswan) (Figure 3). These regions vary significantly in their climatic conditions, which in turn require different architectural considerations to be integrated in building design for the optimum climatic and energy response.



Figure 4, Figure 5, Figure 6 and Figure 7 illustrate the climatic design regions’ variation in climatic conditions in each region’s representative city using the weather data included in its typical metrological year file (TMY).



Several studies have emphasized the strong correlation between the geometrical form of the building mass and its performance in energy consumption. The building’s energy performance is significantly affected by climatic condition variation for the same geometrical mass shape.



On one hand, most recent studies are directly concerned with the comparison of the impact of different mass shapes on energy consumption. On the other hand, other studies are concerned with the impact of the shape on the thermal gains of the building, which in turn significantly affects energy consumption. These studies were conducted in a variety of climatic regions, such as hot-arid, hot-humid, tropical, subtropical, and temperate climates.



Ramzi et al. [16] studied the impact of mass geometrical compactness on the energy consumption of buildings in the cities of Tunis and Kuwait, which experience the climatic conditions of hot, arid deserts. A parametric analysis was conducted for two building forms (rectangular and L-shape) within the two cities using a simulation tool (DOE-2). The window-to-wall ratio was set at either 0 (with no windows) or 25% for both of the shapes used. The results of the study showed that the rectangular shape consumed less energy in comparison to the L-shaped one. The researchers explained these results with reference to the higher compactness of the rectangular form than the L form, which in turn decreased the surface area of the building that was exposed to harsh external climatic conditions. However, no attention was given to the orientation of the buildings regarding the sun, which could give different results.



A similar study was conducted [17] in the hot, arid climate of Kuwait using eight different shapes of an office building with a footprint of 625 m2 and a height of 20 floors. The aim of the study was to develop a mathematical relationship between the building mass’s shape and its energy consumption, taking into account the building’s aspect ratio (width/length, or W/L), window-to-wall ratio (WWR), and variation in orientation. Eight geometrical shapes were investigated, including square, rectangular, L-shape, T-shape, cross-shape, H-shape, U-shape, and cut-shape. The parametric analysis was conducted using DOE-2 simulation software for the studied models to analyze their energy use. The results indicated that their energy use decreases as the relative compactness of the building shape increases due to variations in solar exposure for the different shapes.



Within the Mediterranean climate, a study [18] concerned with investigating the impact of a rectangular residential building mass’s aspect ratio, comprising width-to-length ratio (W/L), roof-to-walls ratio (R/W), and surface-to-volume ratio (S/V) on thermal performance, and therefore on energy consumption. The building area, the height, and the volume of the building mass were set constant at 500 m2, 20 m, and 10,000 m3, respectively. Ten W/L ratios, ranging from 0.1 to 1, were examined using Ecotect and IES simulation tools. The study concluded that S/V ratio is the main shape parameter affecting the building’s thermal performance. Moreover, a reduction of about 40% in the building’s energy consumption could be achieved when W/L = 0.8. The authors therefore recommended employing passive strategies and mass geometrical studies in the early design stages.



A hot, humid climate was targeted by two studies regarding the impact of building mass shape on either solar gain or cooling loads. Both factors could significantly affect the building’s energy consumption. The first study [19] studied the impact of high-rise buildings’ geometrical shape on the annual amount of solar gain within the hot, humid climate of Malaysia. Two open-plan office building models were used in this study, with square and circular shaped plans. They studied both shapes with varying aspect ratios (width-to-length, or W/L) while maintaining the same footprint at 1225 m2 and height at 120 m. Three aspect ratios (W/L) were simulated for each shape (1:1, 1:1.7, and 1:3) using Ecotect simulation software. They found that the solar gain of a building is directly proportional to its energy consumption. The results of the study showed that the circular building model with W/L = 1:1 achieved the lowest solar gain and in turn the lowest energy consumption in such a climate. However, the highest solar gain and worst energy consumption was achieved by the rectangular shape, with W/L = 1:3.



In the same context of Malaysia, the second study [20] investigated the relationship between the building form and the cooling loads inside the building using Ecotect simulation software. Eight buildings’ geometrical form models were built (rectangular, square, courtyard, L, T, U, ellipse, and circle) and simulated. The results showed that the most compact shapes (circle and square) achieved the lowest cooling load and in turn the lowest energy consumption. Moreover, the researchers argued that the main cause of these results is the small surface area exposed to heat penetration due to the high compactness of these shapes.



Raji et al. [11] investigated the relationship between energy efficiency and building mass shape for a high-rise office building with a footprint of 1500 m2 and a height of 40 storeys in three different climates (tropical, subtropical, and temperate) using the DesignBuilder simulation tool. For each climate type, three cities (Amsterdam, Sydney, and Singapore) were selected as representative cities for the temperate climate, subtropical climate, and tropical climate, respectively. Twelve building mass geometry shapes were modelled and tested for their energy performance in each climate. These shapes were circle, octagon, ellipse, square, triangle, rectangle, atrium, H- shape, U-shape, Z-shape, cross-shape, and Y-shape. The orientation of all the models examined was set to north, and the opening-to-wall ratio was set to 50%. The results of this study revealed that the basic geometric shapes (circle and square) achieved the highest energy performance in the different studied climates, while the Y-shape was found to be the worst performing shape across the different climates. The optimal energy performance was obtained by the ellipse shape in both temperate and subtropical climates, along with the octagon shape in the tropical climate.



In the different climatic context of China, a study was conducted [13] to improve the energy efficiency of office buildings in the city of Tianjin. Five building shape models (Square, triangle, cross, circle, and oval) of high-rise office towers with a plan footprint of 1444 m2 were tested and simulated using the DesignBuilder software. The study tested the effects of geometric shapes on a building’s energy performance. The results showed that the maximum energy saving in such a climate was achieved by the oval shape.



Limited studies are found to employ a real building as a case study in identifying the impact of a building’s mass geometry on its energy consumption. A comparative study was conducted [21] on two high-rise residential buildings in Korea in order to identify the relationship between a building’s shape and its energy consumption. The geographical location of both case studies was selected in a way to be almost identical in climatic conditions. Geometry-wise, the case studies’ masses were Y-shape and I-shape. Total electricity and gas consumption of both case studies were calculated as a fraction of the total floor area in each case. The results revealed that the linear I-shaped floor plan case performed better in terms of total electricity consumption but consumed 10% more gas than the Y-shaped one.



From the above discussion, it can be summarized that the shape of the building plays an important role in determining the energy performance of the building. There is a relationship between the compactness of the building and its energy usage. The energy consumption of a building decreases when its relative compactness increases. In addition, it was reported that energy performance is significantly affected by mass geometry within both hot and cold climates, while only a slight impact could be found in temperate climates [22]. Basic building mass shapes (circular, square, and oval) are found to achieve the best energy performance across different climates.



In light of the outlined above background and previous work, this study aims to investigate the effect of high-rise office buildings’ mass geometry on energy efficiency within the various Egyptian climatic regions. Moreover, it tries to answer this key question: Which mass geometry of high-rise building best suits climatic conditions of each Egyptian climatic design region and achieves optimum energy efficiency? Answering such a question could help designers decide which building mass shape can be adopted in which climatic region for less energy consumption.




2. Materials and Methods


In order to achieve the research aim, a mixed-methodology approach is adopted, including three main parts. The first part is the theoretical study. This part depends on a theoretical review, and aims to identify the building mass geometries best suited to the Egyptian context to be adopted in this investigation. The second part is the analytical study, which aims to analyze the climatic context of the Egyptian climatic regions to extract the best energy efficiency scores of the most relevant parameters of the cases chosen in part one. The third part is the computer-based study that employs a simulation tool to investigate the energy performance of the models set by the first two parts of the methodology across each Egyptian climatic region. Figure 8 illustrates the research methodology overview.



2.1. Theoretical Study


According to the previous work discussed in the introduction, the basic geometric shapes, such as the circular and square shapes, attained the lowest energy consumption in different climatic conditions. The building width-to-length (W/L) ratios of 1:1 and 1:3 were reported by Olgay [23,24] and Yeang [25] to be the optimum in terms of heat gain within moderate and hot climates, such as Egypt’s, and in turn in energy efficiency [19]. Therefore, and by applying these two W/L ratios to both square and circle shapes, this study adopted four basic shapes (circle, square, ellipse, and rectangle). The proposed building models’ height was set at 145 m over 40 storeys, as this is the predominant high-rise building height within Egypt [26]. The footprint of all models is assumed to be 1600 m2. This area was set to achieve a surface-to-volume (S/V) ratio of the study’s models ranging between 0.096 and 0.122. The models’ S/V range was found to comply with the range that frequently resulted from the five generations classification of tall buildings based on energy consumption (0.085–0.16) [27,28]. The window-to-wall ratio (WWR) has been set at 30%, which expresses the average between the ratios of 20–30% and 30–40% recommended for temperate and tropical climates for optimum energy efficiency [11]. Table 1 illustrates the study models’ geometrical characteristics according to the review conducted during the theoretical part of the methodology.




2.2. Analytical Study


This part aims to identify the best orientation in each Egyptian climatic region, as a main climatic parameter affecting energy consumption through the climatic analysis method, which is to be applied to the models. Typical meteorological year (TMY) weather data files for each representative city of the Egyptian climatic region was analyzed using the Szokolay method [29] of solar radiation analysis integrated into the Autodesk Weather Tool software. By applying this technique, Figure 9a–g show the best orientation for the cities of Alexandria, Cairo, El-Minya, Asyut, Hurghada, El-Kharga, and Aswan, which represent the Egyptian climatic regions of R1, R2, R3, R4, R5, R7, and R8, respectively.



The analysis shows that the best orientation to achieve the minimum annual solar gain in most analyzed cities is to orient the long axes of the building to face almost north, and to extend it from east to west (Figure 9). According to this analysis, all the models’ orientation will be fixed to the north across all Egyptian climatic regions.




2.3. Computer-Based Study


Computational simulation is considered to be one of the most effective analysis and research methods in calculating and predicting building’s energy and thermal performance [30]. In this study, Energy Plus simulation technology has been implemented in the DesignBuilder—V6.1 energy simulation software that we adopted. This software was selected because it is powerful, offers easy modeling, and has an excellent graphical interface, along with its ability to introduce accurate calculations of energy consumption, thermal comfort, daylight, and cost [31,32]. Figure 10 illustrates the DesignBuilder workflow [33].



An open-plan office building model for each case was constructed in DesignBuilder, with characteristics and orientation formulated in Section 2.1 and Section 2.2. The TMY weather files for each representative city of the seven investigated climatic regions were assigned to the model. The occupants’ number and density were calculated as follows:



Assumptions:




	
30% of floor area is services core and not used for office activities.



	
Each person needs (6 m2) office space.








Calculations:




	
Net office activity area = 1600 (gross floor area) − (0.3 × 1600) = 1120 m2



	
Total number of occupants = 1120/6 = 186.67 ≈ 187 Person



	
Density = 187/1600 = 0.117 Person/m2








All inputs of set points for heating, cooling, humidity control, and ventilation rate have been obtained from The Egyptian Code to Design and Execute HVAC Works [34]. The code determined that the acceptable temperature range in office building is 24–26 °C for cooling and 21:23 °C for heating, so the study relied on the highest (26 °C) and the lowest (21 °C) values. The lighting intensity was set to comply with the European standards for office activity, which report that acceptable illuminance and glare factor are 500 lux and 19, respectively [35]. During weekends, it is assumed that the lighting, equipment, and HVAC system in the office models are off.



ASHRAE [36] equation (Equation (1)) for calculating the minimum fresh air required per person was adopted and the fresh air inputs were calculated as follows:


Vbz = RP × Pz + Ra × Az



(1)




where:




	
Vbz = Breathing zone outdoor airflow



	
Az = Zone floor area



	
Pz = Zone population



	
RP = Outdoor airflow rate required per person (2.5 L/s per person for office space)



	
Ra = Outdoor airflow rate required per unit area (0.3 L/s.m2 for office spaces)








So:


Vbz = 2.5 × 187 + 0.3 × 1600 = 947.5 L/s










Fresh air per person = Vbz/zone population = 947.5/187 = 5.1 L/s per person











For the rest of model’s inputs, Table 2 includes only the customized inputs that have been amended by the authors. Inputs within the software domain other than these inputs were kept as the default values of the software.





3. Results


The computer-based study results, analysis, and discussion are presented for each representative city of each Egyptian climatic design region.



3.1. Alexandria (North Coast Region—R1)


The simulation results of the four studied geometrical shapes within (Alexandria) revealed that the square shape has achieved the lowest annual energy consumption (4025.4 megawatts) compared with the other shapes under investigation (Figure 11). In addition, it achieved the minimum hours of discomfort (259 H) during the year. In contrast, the circular shape had the highest energy consumption of 4041.8 megawatt along with, surprisingly, almost the same discomfort hours of the square-shape model. It can be clearly seen from the graph (Figure 11) that the ellipse, rectangular, and circular models increased their total energy consumption in comparison to the square model by 0.2%, 0.36%, and 0.4%, respectively. The highest time spent under discomfort condition (272 H) was observed in the rectangular-shape model.




3.2. Cairo (Delta and Cairo Region—R2)


The results revealed that in Cairo the optimum energy conservation were achieved by the circular-shape model, while the rectangular model achieved the highest energy consumption. The circular model consumed only 4322.3 megawatts, which was higher by approximately 0.08%, 0.18%, and 0.89% in the square, ellipse, and rectangular shapes, respectively (Figure 12). Discomfort hours followed the same trend as energy consumption, achieving the lowest value (283.8 H) within the circular shape and the highest one (294.8 H) in the rectangular shape.




3.3. El-Minya (Region of Northern Upper Egypt—R3)


For El-Minya, the results (Figure 13) show almost the same performance of the examined shapes as with Cairo. The circular shape had the lowest total energy use of about 4296.12 megawatts, while the rectangular model had the highest total energy consumption of about 4353.8 megawatts, with a nearly 1.34% increase in energy consumption. Both the square- and ellipse-shape models had a respective energy consumption of only 0.42% and 0.48%, more than the optimum (circular) shape. Moreover, the same trend was followed in discomfort hours.




3.4. Asyut (Region of Southern Upper Egypt—R4)


In Asyut, the results (Figure 14) indicated that the ellipse shape has consumed the lowest amount of energy, along with the lowest duration spent under thermally discomfortable conditions. The highest values for both total energy consumption and discomfort hours had been achieved by the circular shape. The ellipse-shape model saved energy consumption by almost 0.6% compared to the circular one, with a difference of 23.81 megawatts.




3.5. Hurghada (East Coast Region—R5)


Within the context of Hurghada, the results (Figure 15) show that the circular shape had the lowest total energy use of 4852.29 megawatts. Meanwhile, the highest energy use was found to be in the rectangular shape, with a value of 4996.22 megawatts and an energy consumption which was 2.97% more than the circular shape. In terms of discomfort time, the lowest duration has been achieved by both the square and circular shapes, with a tiny difference between them, while the highest has been achieved by the ellipse shape.




3.6. El-Kharga (Desert Region—R7)


In El-Kharga, the circular shape has been found to require a lower amount of annual energy, using about 4859.35 megawatts (Figure 16). The rectangle shape had the worst energy performance with a consumption of 4907.83 megawatts, which was 1% higher than the circular shape. Moreover, the square and ellipse models have almost the same total energy consumption, using 0.31% and 0.33% more than the circular model, respectively. In terms of discomfort hours, the result showed the same trend and performance of models as with Hurghada.




3.7. Aswan (Region of Southern Egypt—R8)


In Aswan (Figure 17), the annual energy consumption of the four simulated shapes came in order from lowest to highest as follows: the ellipse (4910.34 megawatts), the circular, the square, and finally the rectangular (4967.62 megawatts) shapes. The rectangular shape consumed 1.17% more energy than the ellipse-shape model. However, unexpectedly, the highest discomfort hours have been achieved by the ellipse shape that was considered the most efficient in its energy performance.



Table 3 summarizes the study’s results and findings from its different methodological parts.





4. Discussion


From the previous results and in terms of energy consumption, the most compact shape, the circular building (S/V = 0.096), was found to be the most suitable geometrical shape for high-rise buildings in four out of seven Egyptian climatic regions (Cairo-R2, El-Minya-R3, Hurghada-R5, and Elkhrga-R7). This result was found to be compatible with the findings of previous work performed on hot, humid climates [19,20] with climatic conditions similar to Cairo-R2 and Hurghda-R5. Within hot, arid climates that have similar conditions to El-Minya-R3 and Elkhrga-R7, Al-Anzi et al. 2009 [17] confirmed that the most compact building shape consumes the lowest energy.



The ellipse shape is found to be the most suitable mass geometry within Asyut-R4 and Aswan-R8, regions which have the driest climate across Egypt. This result contradicts the studies with results that come from tests performed in arid regions [16,17], which recommended compacted building mass for energy conservation in such climates. This performance can be justified by the fixed northern orientation of the large surface façade along with shallow building mass width. This orientation provides a high percentage of shade to the surface area of the northern wide façade, which reduces heat gain during hot summers. Both regions have maximum values of direct solar incidence compared with other climatic regions (Figure 6). Therefore, these conditions, along with the low humidity (Figure 5) and high wind speed (Figure 7) of both regions, can reduce heat gain and save the energy consumed in cooling and heating together.



The square shape is found to be effective in only Alexandria-R1, a region that lies on the coast of the Mediterranean Sea. Although the square model is less compact than the circular model, with a higher surface-to-volume ratio (S/V), it was able to benefit from low temperatures during the summer and a warmer climate during the winter that helped it preserve energy. Moreover, the cloudy sky during the year can significantly reduce solar gain through the large, exposed surface of façades, along with providing more natural lighting. This could reduce the energy required for lighting and HVAC systems.



The worst energy performance is achieved by the rectangular shape across all Egyptian climatic regions except Asyut-R4 and Alexandria-R1, where the circular shape was the worst. The high surface-to-volume ratio (S/V) of the rectangular shape, which facilitate the reception of large amounts of solar radiation gain, could be the reason behind its bad performance.



On the other hand, thermal comfort is found to be significantly associated with building compactness. The lowest amount of thermal discomfort duration was obtained by the most compact buildings’ shapes (circular and square) except for Asyut—R4. In Asyut-R4, the ellipse model was the most thermally comfortable building because of the high wind speed in the summer months that allowed faster cooling for the building mass.



The results also indicate the wide variations in energy usage among Egyptian climatic regions (Figure 18). In addition, the huge differences in the ability of high-rise buildings to provide thermal comfort in the different regions has been highlighted. It can be clearly seen from Figure 18 that high-rise buildings have proven efficiency in achieving thermal comfort and energy usage in R1, R2, R3, and R4. In contrast, within the harsh climatic conditions of R5, R7, and R8, the models showed, in general, poor performance regarding energy and thermal comfort.




5. Conclusions


The study aimed to investigate the effect of a building’s geometric shape on the energy efficiency of high-rise buildings across different Egyptian climatic regions. Four models’ geometrical shapes were simulated in seven inhabited climatic regions using EnergyPlus as part of the DesignBuilder software. The outputs of annual total energy consumption have been used to define the optimal building shape for each climate. The conclusions drawn from the study emphasized that the most compact shape, the circular building, is the most suitable geometrical shape for high-rise buildings in four regions out of seven from the Egyptian climatic regions (R2, R3, R5, and R7). The ellipse shape is found to be the most suitable mass geometry within R4 and R8, while the square shape is found to be effective in only R1. In addition, energy consumption and thermal comfort are found to be somewhat related, with relative building mass compactness. Although the percentage of energy consumption varies slightly with the change in the shape of the building, this small percentage may represent thousands of kilowatts that deserve to be considered.




6. Research Limitations, Recommendations and Further Work


This work was limited to just studying the effect of high-rise buildings’ mass geometry on energy efficiency within the Egyptian climatic variant context. Many factors, such as orientation and WWR, were set to their best energy performance values in such a context according to our review to eliminate and minimize their impact.



In the light of the research results, the authors recommend not to construct high-rise buildings within climatic regions with the harsh climatic conditions of R5, R7, and R8 because of massive annual energy consumption and poor internal thermal conditions.



However, many other parameters could significantly change the results, such as changing window-to-wall ratio (WWR) and building orientation. The combined effect of these parameters should be further investigated. Moreover, the impact of applying passive measures to the building envelope, along with integrating smart and renewable energy solutions, should be considered in future research. Applying such systems and solutions were reported to achieve considerable energy conservation [37].



In addition, there are some considerations that need to be further clarified for the correct use of results and for the future progress of this research. First, single-zone/open-plan style offices were specified for the entire floor space in all building models. Using one activity template has both benefits and drawbacks. Positively, it reduces the model’s complexity and saves simulation time. Negatively, change in the function of some areas and their consequences have an impact on energy consumption which cannot be reflected in the model (e.g., the usability of space areas). Furthermore, an increase of usable space will increase the internal gains due to occupancy, office equipment, and lighting, which could have an effect on the heating and cooling requirements.
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Figure 1. Electricity consumption in Egypt by sector [6]. 
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Figure 2. Energy consumption pattern for office and commercial buildings in Egypt [7]. 
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Figure 3. Climatic design regions of Egypt with representative cities indicated [15]. 
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Figure 4. Variation in dry bulb temperature for Egyptian climatic regions’ representative cities. 
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Figure 5. Variation in relative humidity for Egyptian climatic regions’ representative cities. 
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Figure 6. Variation in direct solar radiation for Egyptian climatic regions’ representative cities. 
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Figure 7. Variation in most-frequent wind speed for Egyptian climatic regions’ representative cities. 
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Figure 8. The research methodology overview. 
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Figure 9. The best orientation of the buildings (indicated in yellow) within the Egyptian climatic regions to achieve minimum average solar gain: (a) the best orientation in Alexandria city (R1); (b) the best orientation in Cairo city (R2); (c) the best orientation in El-Minya city (R3); (d) the best orientation in Asyut city (R4); (e) the best orientation in Hurghada city (R5); (f) the best orientation in El-Kharga city (R7); (g) the best orientation in Aswan city (R8). 






Figure 9. The best orientation of the buildings (indicated in yellow) within the Egyptian climatic regions to achieve minimum average solar gain: (a) the best orientation in Alexandria city (R1); (b) the best orientation in Cairo city (R2); (c) the best orientation in El-Minya city (R3); (d) the best orientation in Asyut city (R4); (e) the best orientation in Hurghada city (R5); (f) the best orientation in El-Kharga city (R7); (g) the best orientation in Aswan city (R8).
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Figure 10. DesignBuilder workflow [33]. 
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Figure 11. Total annual energy consumption and discomfort hours results in Alexandria (R1). 
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Figure 12. Total annual energy consumption and discomfort hours results in Cairo (R2). 
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Figure 13. Total annual energy consumption and discomfort hours results in El-Minya (R3). 
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Figure 14. Total annual energy consumption and discomfort hours results in Asyut (R4). 
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Figure 15. Total annual energy consumption and discomfort hours results in Hurghada (R5). 
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Figure 16. Total annual energy consumption and discomfort hours results in El-Kharga (R7). 
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Figure 17. Total annual energy consumption and discomfort hours results in Aswan (R8). 
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Figure 18. Total energy use and discomfort hours results variation across Egypt. 
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Table 1. The study models’ geometrical characteristics.
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W/L

	
Area (m2)

	
H (m)

	
S/V

	
WWR






	
Model (1) - Square

	
1:1

	
1600

	
145

	
0.107

	
30%
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Model (2) - Rectangle

	
1:3

	
1600

	
145

	
0.122

	
30%
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Model (3) - Circle

	
1:1

	
1600

	
145

	
0.096

	
30%
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Model (4) - Ellipse

	
1:3

	
1600

	
145

	
0.116

	
30%
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Table 2. DesignBuilder inputs assigned to study models.
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Category

	
Sub-Category

	
Item

	
Input






	
Activity

	
Occupancy

	
Density

	
0.117 Person/m2




	
Metabolic rate

	
Office activity




	
Metabolic factor

	
0.9




	
Occupancy schedule

	
8.00 am to 16.00/5 days per week




	
Clothing

	
1 Clo/winter

0.5 Clo/summer




	
Other gains

	
Office equipment

	
13 w/m2




	
Environmental control

	
Cooling setpoint

	
26 °C




	
Heating setpoint

	
21 °C




	
Fresh air

	
5.1 L/S/Person




	
Humidity control

	
20–50%




	
Lighting, target illuminance

	
500 Lux




	
Construction

	
External walls

	
- Aluminum cladding: 4 mm

- Glass fiber insulation: 25 mm

- Cement mortar: 20 mm

- Concrete blocks: 200 mm

- Cement mortar: 20 mm
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U value = 0.748 W/m2·K




	
Openings

	
Glazing type

	
Double Low-E (10 mm/13 mm Argon)

	
U value = 1.15 W/m2·K




	
Aluminum window frame

	
U value = 573 W/m2·K




	
Lighting

	
LED lighting (with day lighting control)

	




	
Power density

	
2.5 w/m2-100 lux




	
Luminaire type

	
Recessed




	
Working plan height

	
0.8 m




	
Glare

	
19




	
HVAC

	
VAV, air-cooled chiller, fan-assisted reheat

	




	
Heating system coefficient of performance (COP)

	
0.85




	
Cooling system coefficient of performance (COP)

	
1.8




	
Auxiliary energy

	
35 KWh/m2




	
Ventilation rate

	
6 Ac/h
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Table 3. Summary of the study’s findings.
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Theoretical Study

	
Analytical Study

	
Computer-Based Study






	
Extract the Study Models’ Geometrical Characteristics

	
Climatic region

	
Best Orientation Achieves Minimum Annual Solar Gain

	
Best Energy Performance Shape and Its annual Consumption

	
Worst Energy Performance Shape and Its Annual Consumption

	
Annual Energy Saved




	
Parameter

	
Value

	
Proposed Models Plan

	
Shape

	
MW

	
Shape

	
MW

	
MW




	
W/L ratio

	
1:1 and 1:3

	
Square

 [image: Sustainability 13 10529 i006]

Rectangular

 [image: Sustainability 13 10529 i007]

Circular

 [image: Sustainability 13 10529 i008]

Ellipse

 [image: Sustainability 13 10529 i009]

	
R1

	
The long axes of the building to face (North)

	
Square

	
4025.4

	
Circular

	
4041.8

	
16.4




	
S/V ratio

	
0.096-0.122

	
R2

	
Circular

	
4322.3

	
Rectangular

	
4360.67

	
38.37




	
WWR

	
30%

	
R3

	
Circular

	
4296.12

	
Rectangular

	
4353.8

	
57.68




	
Height

	
145 m

	
R4

	
Ellipse

	
4164.91

	
Circular

	
4188.72

	
23.81




	
Stories no.

	
40

	
R5

	
Circular

	
4852.29

	
Rectangular

	
4996.22

	
143.93




	
Footprint

	
1600 m2

	
R7

	
Circular

	
4859.35

	
Rectangular

	
4907.83

	
48.48




	
R8

	
Ellipse

	
4910.34

	
Rectangular

	
4967.62

	
57.28




	
Aims achieved

	
Setting up the tested models characteristics

	
Answering the question: Which mass geometry of high-rise building best suits the climatic conditions of each Egyptian climatic region and achieves optimum energy efficiency?
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