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Abstract

:

The density of building blocks and insufficient greenery in cities tend to contribute dramatically not only to increased heat stress in the built environment but also to higher energy demand for cooling. Urban planners should, therefore, be conscious of their responsibility to reduce energy usage of buildings along with improving outdoor thermal efficiency. This study examines the impact of numerous proposed urban geometry cases on the thermal efficiency of outer spaces as well as the energy consumption of adjacent buildings under various climate change scenarios as representative concentration pathways (RCP) 4.5 and 8.5 climate projections for New Aswan city in 2035. The investigation was performed at one of the most underutilized outdoor spaces on the new campus of Aswan University in New Aswan city. The potential reduction of heat stress was investigated so as to improve the thermal comfort of the investigated outdoor spaces, as well as energy savings based on the proposed strategies. Accordingly, the most appropriate scenario to be adopted to cope with the inevitable climate change was identified. The proposed scenarios were divided into four categories of parameters. In the first category, shelters partially (25–50% and 75%) covering the streets were used. The second category proposed dividing the space parallel or perpendicular to the existing buildings. The third category was a hybrid scenario of the first and second categories. In the fourth category, a green cover of grass was added. A coupling evaluation was applied utilizing ENVI-met v4.2 and Design-Builder v4.5 to measure and improve the thermal efficiency of the outdoor space and reduce the cooling energy. The results demonstrated that it is better to cover outdoor spaces with 50% of the overall area than transform outdoor spaces into canyons.
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1. Introduction


Since the Kyoto Protocol in 1998, climate change has become the most important global challenge [1,2,3], owing mainly to the increase in world population growth in conjunction with industrial development activities [4]. Climate change is returning to increased greenhouse gas emissions, specifically CO2 emissions. Reducing energy consumption is therefore of considerable significance globally, since the largest amount of energy consumption means the burning of large quantities of fossil fuels and the release of massive amounts of greenhouse gases [5]. According to the National Institute for Public Health and the Environment in the Netherlands, if fossil fuel-generated energy still accounts for around 75% of all cooling emissions, these coolant leaks could cumulatively increase the warming impact of CO2 emissions by up to 25% by the middle of the century [6]. Previous studies indicate that new buildings have shown that carbon emissions can be lowered by more than 50% compared to buildings constructed 5–10 years ago [7,8]. The Intergovernmental Panel on Climate Change urges all responsible persons to promote their country’s mitigation strategies [9,10]. On the local level, while Egypt contributes only very little to global greenhouse gas (GHG) emission (0.6% of global emissions), GHG is one of Egypt’s main climate change parameters [11]. Egypt is listed as one of the five countries most susceptible to climate change [11]. By 2060, the maximum temperature in Cairo, Egypt’s capital, is predicted to increase by 4 °C as a consequence of global warming, and for the rest of Egypt, the increase would be 3.1 to 4.7 °C [12]. Over the duration of 1990 to 2100, the temperature increase is predicted to be 5.6 °C in an intense pollution scenario. Unless pollution falls significantly, the temperature rise will remain around 1.6 °C [11]. In recent times, decision-makers in Egypt are of the opinion that a national strategy should be put in place to ensure the adoption of the most relevant approaches to mitigating climate change in the country, i.e., effort should be directed to the promotion of zero and low-carbon energy systems to substantially minimize energy consumption, coupled with detailed strategies for adaptation and mitigation [13]. Although the climate has a major impact on outdoor and indoor thermal performance, most Egyptian research studies on climate change are still limited to agriculture, biodiversity, and conservation strategies for historical buildings and heritage sites, particularly in coastal cities such as Alexandria [14]. A few studies have addressed the impact of urban form on thermal conditions in outdoor spaces [15,16,17,18]. All these studies investigated both the impact of urban form on the outdoor spaces and energy-saving buildings.



Globally, severe heat waves that affected many European countries in 2003 caused more than 80,000 additional deaths [19] in addition to a severe increase in electricity consumption. [20,21] estimated that the climate change is responsible for a 3.6–5.5% increase in energy demand in Greece annually. The severe heat waves were repeated frequently. Due to their intensity and spatial extent, the heat waves in 2003 and 2015 were ranked as the second and sixth most severe European heat waves [22]. In 2019, heat waves in Germany caused some cities to reach 40 °C. Due to the climate change impacts on the built environment, there is a growing concern in recent years about the urban climate adaptation, especially the topics related to energy consumption. Some used a panel of several European countries [23]. Other studies addressed a specific case like a country, a city, or a sector of city. Several studies have addressed the relationship between average temperature and electricity consumption [20,24]. These studies revealed that the main value affecting the energy consumption is the extreme temperature value, whether high or low value, not the average value. In Europe, the adaptation should consider the extreme hot or cold, however in Egypt, the extreme hot is the main problem due to its climatic region. Meanwhile, climatic studies can vary from a region to another. It is important to consider each country’s specificities [20]. Moral Carcedo, 2005 [24], investigated the relationship between temperature and energy consumption by applying a transition model to analyze a Spanish case. Silav et al., 2020 [20], investigated this relationship in Portugal. Li et al., 2018 [25], addressed the impacts of climate change on energy demands in the residential sector in Nanjing in China. In this study, the authors introduced a mathematical model to provide relevant references to study the effects of temperature changes on building energy consumption.



The effect of climate change on future outdoor thermal performance is an important issue. In this regard, one of the key meteorological parameters governing human energy balance and thermal comfort is the mean radiant temperature, Tmrt, which sums up all shortwave and longwave radiation fluxes (both direct and reflected) to which the human body is exposed [26]. Tmrt’s spatiotemporal fluctuations for years to come (2070–2100) are simulated utilizing the algorithm change-factor to adjust the observed one meteorological evidence (2001–2010) to reflect simulated climate change by model Earth system/global climate model representative concentration pathways (RCP) 4.5 and 8.5 scenarios on the atmosphere. The RCP 4.5 scenario takes into consideration the radiative sum forcing stability at 4.5 Wm−2 till 2100 [27], while the RCP 8.5 scenario provides a situation of heavy use of fossil energy, culminating in 2100 (8.5 Wm−2) [28].



The urban climate is a multi-scale phenomenon. As part of the design process, it has different scales: buildings (microclimate, clusters or building groups (local scale), and settlement (mesoscale) [29]. The urban climate, which has a major impact on the outdoor occupants of the city [30,31], is directly affected by the geometrical properties of outdoor urban spaces. Achieving thermal comfort in outdoor spaces has attracted much interest in the scientific community lately. Thermal conditions of outdoor spaces are a major determinant of the patterns of space usage [32]. Outdoor conditions with less thermal comfort usually discourage participation in outdoor activities. Thermal discomfort not only raises the heat burden in the open spaces but also the heat load on the building facades, thereby requiring more energy for cooling purposes [33]. In the past, numerous research studies have focused mainly on heat mitigation strategies to control changes in air ambient temperature, although it is only one of the factors that influence the thermal comfort of outdoor spaces. Thermal comfort is a much better indicator of the thermal performance of any space [34]. In this study, thermal comfort is expressed by the physiological equivalent temperature (PET), which is an up-to-date thermal index. It is based on “human energy balance and considers the thermo-regulatory capacity of the human body to adjust to stressful microclimates” [35]. PET is an effective tool for the evaluation of the thermal component of different climates [36]. Moreover, it is considered as an outdoor thermal comfort indicator that is used to investigate the impact of urban geometrical properties on the thermal quality under different weather conditions [37,38,39]. It allows a layperson to compare the integral effects of complex external thermal conditions with his own indoor experience [35]. Table 1 highlights the PET range and grade of physiological stress on humans.



Various studies were conducted on the thermal efficiency of streets and outdoor spaces (in terms of their architectural features such as aspect ratios, orientation, shading, and canopies) in relation to the effect of their attributes on outdoor thermal efficiency. These previous studies have shown that the most relevant urban space attributes that affect urban microclimate conditions are orientation and aspect ratio (or height-to-width ratio, H/W) [40]. Many experiments were performed to determine the impact of several criteria on thermal comfort in street canyons, such as the geometry of street canyons, solar exposure, and shading. For these experiments, physiological equivalent temperature (PET) was used to evaluate thermal comfort sensitivity values [41,42]. Most of these studies indicate that shading sites are more effective than canyons spaces. For example, in a comparison between unshaded and tree-shaded locations, Matzarakis and others [43] found a substantial difference of about 15 K between PET values. Other researchers have reported findings of environmental and comfort aspects in open spaces in cities in five separate European countries, focused on field surveys and questionnaires [44]. There are also studies that examine the creation of thermal comfort by greening outdoor spaces within the urban environment [33,45,46]. However, the urban form for each region reveals a distinctive influence of climatic conditions [40]. It is very difficult to conduct thermal comfort passively, particularly in summer when it is very hot. Nevertheless, thermal comfort can be increased by alterations to urban building architecture.



It is evident from previous research that the interaction of buildings and outdoor spatial proportions has a significant effect on the thermal performance of the studied areas, impacting the sum of solar radiation and corresponding lighting, either on the façade of the building or on the level of the pedestrians. Nevertheless, in any given region, there may be a great range of microclimates in the same local area. The differentiation is mainly in the urban canopy layer influencing basic urban features (buildings, streets, trees) on scales of a few hundred meters [47]. At the time of writing, to the best of our knowledge, hardly any research on correlating between the thermal efficiency of outdoor spaces and energy efficiency based on the climate change in Egypt has been conducted. There are very few published works concerning the effect of urban geometry on human thermal comfort, especially in Upper Egypt. Moreover, most of the available studies deal with spaces with aspect ratio height (H)/width (W) >0.5, where the impact of changing urban geometry is clear [48]. The investigated case study is a rare example of space in an educational campus where public activities are held in a hot and arid environment without mitigation strategies to reduce the heat stress. As shown in Figure 1, this investigated case study has the following characteristics and dimensions; the space width = 92.5 m, buildings height = 15 m. This area takes the east-west direction with (H/W = 0.16) and sky view factor (SVF = 0.85), as well as it was divided into two platforms and two streets.



The many factors that impact energy efficiency in buildings can be divided into two classes. One class deals with all factors that focus on the building envelope such as building form, orientation, dimensions, geometry, compactness, and construction materials. All these factors have a fundamental effect on energy consumption for heating and cooling in buildings [49]. Therefore, these factors are widely investigated all over the world. The second class of factors are those that deal with the effect of the urban climate on the energy demand for cooling and heating in buildings. Urban geometry, greening, and urban pattern are the most important factors in the second class. There are some ambiguities about this class since most of the previous research focuses on the direct effect of the first class on energy consumption in buildings. In this study, however, the focus is on urban geometry attributes that impact both outdoor thermal comfort and energy demand for cooling in the adjacent buildings. There are a few studies that discuss the effect of urban climate on the energy demand for cooling and heating in nearby buildings e.g., Strømann-Andersen, 2011 [50] examined the impact of urban climate on energy demand for adjacent interior spaces, especially for heating demand, and found that urban geometry of canyons had a very significant impact on the total energy consumption, in the range of up to +30% for offices and +19% for housing. The study also highlighted the impact of dense urban built-up on energy consumption, especially for improving daylight in the adjacent interior spaces but not increasing energy consumption in these spaces. A significant relative increase in energy consumption, about 30%, was observed in the case of transformation into a dense urban area with approximately 70 kWh/m2/year. This increase in energy consumption was due to the location of the case study in Denmark. Dense urban built-up is not a suitable solution for energy efficiency in places with a cold climate, like Denmark. So, it is recommended to select wider canyons in this type of climate to save energy in the adjacent interior spaces.



On the local front, 42% of the energy in Egypt is consumed by the buildings sector. Consequently, energy conservation is a critical issue in Egypt, and decision-makers have to tackle the challenges of high energy consumption and electricity shortages, coupled with repeated reduced electricity supply between 2012–2013 [51]. Lowering energy demand in the context of climate change challenges for cooling and heating is an important issue [52,53]. Thus, improving energy efficiency in university buildings is one of the major objectives of this study. In fact, many indices are used to measure energy consumption in university buildings, e.g., the average annual energy consumption per unit area, the average annual energy consumption per capita, and carbon emission per capita [54]. The energy consumption of the New Aswan University Campus (case study) was calculated for comparison with energy consumption by other universities globally. Table 2 highlights the comparison between the average annual energy consumption of several universities in the United States, Finland, and South Korea [54].



The average annual energy consumption per m2 for Aswan University, roughly 524.5 kWh/m2, is compared to the other universities presented in the table above. This means that Aswan University’s annual average energy consumption per m2 is higher than that of universities in other parts of the world. It is, therefore, very important to reduce energy consumption at Aswan University with all the available passive solutions. One of these passive solutions is the optimization of urban geometry (which includes orientation, aspect ratio, lightweight urban roof cover, and sky view factor), which has a significant impact on thermal outdoor performance and energy consumption in adjacent buildings [55]. This paper, therefore, proposes the best strategy for control of thermal conditions for outdoor spaces and energy-efficient building conditions for urban areas in arid regions, and in particular, for the Aswan University campus.



This study seeks to contribute towards a more in-depth understanding of thermal sensation in public outdoor urban spaces dedicated to human activities, especially in Egyptian new cities located in arid regions. It reports on the results of a comprehensive study aimed at quantifying the contribution of various proposed strategies in mitigating heat stress and developing guidelines for the design of better outdoor spaces to mitigate thermal stress in existing spaces. The analysis was based on data extracted throughout the entire day. Moreover, it was expanded to study the effect of proposed cases on the energy required for cooling in the adjacent buildings under climate change scenarios.




2. Research Methods


Since the sky view factor (SVF) is considered the main parameter which affects the thermal performance of outdoor space and thus the energy consumption, the study limits to investigating scenarios affecting SVF values such as aspect ratio and lightweight urban roof cover. The scenarios were selected based on their feasibility and the literature review. Regarding the survey, measuring devices for ambient temperature and relative humidity were used, and the rest of the parameters (solar radiation, wind speed, and wind direction) were recorded using our weather station. The simulated model was calibrated to ensure its reliability before applying the suggested scenarios.



2.1. Area of Study


New Aswan University campus was chosen as a case study to investigate the impact of outdoor thermal efficiency on energy demand for cooling in adjacent buildings. New Aswan University is in New Aswan city, located in the desert area [56] (24.085296° N–32.904779° E). The city has different climatic characteristics, with the average annual temperature at 25.9 °C, while the average maximum temperature in June is 42 °C and the average annual rainfall is 1 mm [57]. Aswan University campus is located in the southwestern part of New Aswan city and has an open area of 98.507 acres (413,730.80 m2). Figure 2 shows the location of Aswan University campus.




2.2. Meteorological Data


There are several methods to examine the different impacts of urban form on the microclimate parameters. The first method is based on onsite measurements [58,59]. This method tends to be limited by the conditions of their urban context. The second method is based on simulations using weather stations data [60]. However, using the weather data of off-site weather stations in simulation may miss the climatic conditions derived by the context of the samples being tested. The third method is calibrated simulations [61]. We preferred this method since it tends to balance between attaining validated results and testing various scenarios that might not be available in the existing forms either in terms of time or space. The measure campaign was conducted as a part of a research project in multiple sites in New Aswan city. The surveyed sites were in Aswan University new campus [15], and in a social residential quarter [62]. Regarding this study, the measure campaign conducted in the Aswan University new campus was used. Five points was selected as measured points (P1, P2, P3, P4, and P5 using Hobo U12 data loggers installed in handmade sunscreens mounted at a height of 1.5 m at all measurement locations as shown in Figure 3. Measurements were taken from 12 a.m. on 12th July for 48 h. The climatic conditions of New Aswan are rather homogeneous in summer. Hence, it was possible to limit the measurements to 13th and 14th of July 2018 as representative of typical hot, sunny, and cloudless conditions. A measuring campaign was held at that time on the campus construction site to validate the model in the current state. In this campaign, air temperature and relative humidity were measured. In the preliminary simulation with ENVI-met, the meteorological parameters were defined as follows:




	
2.7 m/s was set for the wind speed at 10 m following records from the Aswan airport weather station.



	
The hourly values of air temperature and relative humidity were obtained from a data logger installed in the study site on the survey day.



	
Specific humidity at model top (2500 m, g/kg) was set to 3.7 according to the University of Wyoming website (University of Wyoming, 2017) Aswan weather station ID 62414.



	
The albedo of materials was set to 0.6, 0.2, 0.5, 0.12, 0.31 for roofs, walls of buildings, pavement, asphalt, and sand for ground.



	
The default values of ENVI-met were used for roughness length (0.01).








The validation of the model was done according to the literature, whereby the average difference between simulated and observed values is represented in root mean square error (RMSE) which describes the overarching accuracy of the model and the index of agreement (d) [63]. Where d = 1.0, it means that the simulated value equals the observed value. The data collected showed that the air temperature trends between the observations and the simulation were roughly the same; the observed peak Ta (ambient temperature) was consistently 1 to 2 °C above the simulated value. Hence, the simulated results showed good agreement with field measurements and the index of agreement d ranged between 0.96 and 0.98; the correlation (R2 > 0.96) showed that the simulation successfully captured the observed diurnal temperature trends.




2.3. Climate Change Scenarios


This study presents the local climate changes in Aswan, Egypt based on the extracted data from COSMO-CLM, a regional climate model developed by the CLM-community, a group of European research facilities based on a weather forecast model by the DWD, the German Weather Service. It can simulate meteorological parameters with a horizontal resolution of 1 to 50 km [64]. For this study, a horizontal resolution of 12.5 km was used. The output had a temporal resolution of 3 h. From a large model domain that contained the whole of Egypt, the data point for Aswan was extracted and the daily mean values for the 2 m temperature were calculated with the help of climate data operators (CDO).



The results of this study showed significant warming in the near future for Aswan, with an increase of 2 K from 1980 till 2050 under RCP 4.5 and 2.5 K in the same period under RCP 8.5, respectively. Thus, the analysis of the temperature trend for Aswan showed a clear rise in the mean ambient temperatures during the period 1981–2050, with a rise from 26.2 to 27.9 °C under RCP 4.5 and 28.7 °C under RCP 8.5, respectively as shown in Figure 4.



The steep temperature increase on hot days and hot nights, as well as the alarming rise in occurring heat waves, will pose problems to human health. This will lead to a higher energy demand for air conditioning and thus, higher costs for the inhabitants of Aswan. Data files with different parameters as 2 m temperature, 2 m relative humidity, 10 m wind speed in m/s, and wind direction were obtained from COSMO-CLM and subsequently used as input data in ENVI-met to simulate the microclimate in the future for the study area.




2.4. Proposed Cases and Simulation Cycling


This study relied on a coupling simulation to evaluate both thermal comfort conditions for outdoor spaces and energy consumption in adjacent buildings using ENVI-met and Design Builder, respectively. Figure 5 illustrates the integration between ENVI-met and Design Builder to evaluate both outdoor thermal conditions and annual energy consumption in nearby buildings. The simulation cycle was moved through three major phases. In the first phase, a numerical simulation using ENVI-met was applied on the New Aswan University campus to evaluate the micro-climate conditions for all outdoor campus spaces to pick the hottest location on the campus.



Then, the second phase demonstrated the influence of the proposed cases (PC) on the thermal comfort of the selected area in the present and future under two scenarios of climate change RCP 4.5 and RCP 8.5. The simulation process took place on 13th July 2018 and (future) 2035. In this phase, six cases were suggested to improve the thermal performance of the study area. In this respect, three proposed cases (PC1, PC2, PC3) to cover outdoor space in varying proportions (25%–50%–75%) were suggested to expand the shading area and improve the thermal conditions in the study area. With regards to the mentioned aspect ratio of the investigated case study (H/W) = 0.16. The coverage of that huge area between the buildings can be through use of simple coverings such as tents which are carried on outdoor columns located in the outer space between the investigated buildings. Using this type of coverage allows decision-makers to improve the outdoor thermal conditions, as well these types of coverage have the lowest cost among other coverages. These proposed cases reflected the first mitigation category. The fourth proposal case (PC4) reflected the second mitigation category and adopted the idea that transformation of the outer spaces into a deep canyon was assumed to enhance the thermal performance of these spaces by increasing the aspect ratio of this study area. This study added another assumption in the fifth and sixth cases (PC5, PC6), which reflected the third and fourth mitigation categories. PC5 assumed that it should be more effective to cover these canyons with an appropriate distributed roof, while PC6 had the same characteristics of PC5, but with a green surface added into the canyon. All characteristics of the proposed cases are illustrated in Table 3.



In the third phase, the extracted results of the second phase such as air temperature, relative humidity, and wind speed were used as input data. The energy demand for cooling in the adjacent buildings was calculated in this process. In this regard, for the base case and presented proposed cases, Design Builder was used for the calculation of the energy consumption of adjacent buildings in the present 2018 and future 2035 under different climate change scenarios RCP 4.5 and RCP 8.5. The adjacent buildings input data are as follows; wall to window ratio = 0.15, thermal transmittance values (U-values) of the external facades = 0.35 W/m2K, single clear glazing with thickness = 6 mm, and solar heat gain coefficient (SHGC) = 0.815 was used in the external windows.





3. Results and Discussion


The main objective of this paper is to examine approaches towards reducing energy demand for cooling in the buildings overlooking the university’s outdoor spaces by investigating the influence of urban geometry characteristics of the university’s outdoor spaces on its outdoor thermal performance. Therefore, this study investigates the impact of different urban geometry on the thermal performance of the university’s outdoor space (study area). In addition, the study also examines in depth the impact of these proposed urban geometries on the cooling energy demand in adjacent buildings.



3.1. Evaluation of Current Outdoor Thermal Performance of Whole Campus Spaces


First, the current environmental conditions were analyzed to determine the main causes of thermal problems on campus. As mentioned before, several geometric variables influence outdoor space thermal behavior, such as aspect ratio, sky view factor (SVF), and orientation. The current situation reveals there are two perpendicular streets on the campus. The first street is in the N-S direction with aspect ratio = 0.16, while the second street is in the direction of the E-W with aspect ratio = 0.16. A simulation process was created for the entire campus using ENVI-met to assess the thermal performance of all campus outdoor spaces in the current situation and to determine the hottest area on the campus. It was clearly found, in terms of thermal comfort, the street with N-S direction performed slightly better than those in other direction. The hottest area was found in the street taking the east-west direction. This result was more consistent with previous research which found that, for the E-W direction, the most favored aspect ratio for outdoor spaces should be ranged between 2 to 3 [65]. Figure 6 shows the hottest area on the New Aswan University campus.




3.2. Adapted Urban Spaces to Improve Thermal Performance


In the second phase, six proposed cases were analyzed. These proposed cases outlined four parameters of urban geometry. The shading parameter was the first parameter; the second parameter was the aspect ratio; the third parameter was merged between the first and second parameters; the fourth parameter was similar to the third parameter but with greenery added onto the ground surface. Moreover, simulation processes were conducted under different climatic conditions. Input data for simulation process in this stage were collected from Aswan Airport weather station for the present time, but extracted from COSMO-CLM for the future scenario. The findings derived from COSMO-CLM indicated a significant increase in air temperature for Aswan city in both climate change scenarios (RCP 4.5 and RCP 8.5). Extracted results from COSMO-CLM indicated that air temperature levels would increase over the day hours in the future scenario. In addition, on the 13th of July 2018, it was found that the maximum value reached 42.5 °C at 16:00, while it was projected to reach 44.3 and 46.1 °C at the same time in 2035 under the RCP 4.5 and RCP 8.5 scenarios, respectively, with an average increase ranging between 1.8–3.6 K. Such findings point out that the lack of an appropriate climate solution will have a negative impact on outdoor thermal conditions due to the impact of climate change on these areas. Figure 7 illustrates the effect of future climate change scenarios on the air temperature values in 2035.



In this phase, the thermal performance of the proposed cases was evaluated using PET. It was found that all the proposed cases could improve the thermal performance of the selected areas, both at the present time and in the future. Moreover, PC1 and PC4 were the most appropriate solutions to improve the predicted thermal conditions for such spaces in arid regions in future scenarios. Nevertheless, for the present, only PC1 had priority over other scenarios, while PC4 was found to be the most appropriate scenario in the future, based on its efficiency in improving thermal performance, with an average that ranged between 4–18% in all climate change scenarios. Figure 8 and Table 4 illustrate that PET values would reach lower values in the future according to PC4. Results of PC4 showed lower PET values for 2018, RCP 4.5 (2035) and RCP 8.5 (2035) exceeded 34.42, 39.25, and 39.19 °C at 6:00 p.m., respectively. Higher values at 47.52, 49.31, and 49.7 °C were reached in the same scenarios at 3:00 p.m. This increase of future PET values will return to the heat-trapping that takes place when the space is covered by an average of 50% in combination with rising air temperatures in the coming years. Therefore, in the future, due to rising outdoor air temperatures, the higher aspect ratio of outdoor spaces would be preferred rather than sheltered outdoor spaces. It was also found that PC5 would not be an appropriate solution due to the increasing rate of heat-trapping inside these canyons in the future. Moreover, PC6 is not a recommended solution, although in these canyons, green areas were installed in conjunction with the shelter parameter. This resulted in an increase in relative humidity as well as a rise in air temperature due to heat-trapping, leading to an increase in PET values.



In the third phase of this study, the effect of the proposed cases on the energy demand for cooling the northern building was evaluated in the present and future scenarios. The results reflected the impact of climate change and its negative effect on energy consumption. The impact of urban geometric properties was examined to determine the total amount of energy consumption in adjacent buildings due to differences in thermal loads on building façades in each urban geometry scenario. It was found that PC1 and PC4 had almost the best effect on the outdoor thermal performance in the present as well as in the future. For PC1, the average percentage of improvement in 2018, (2035) RCP 4.5, and (2035) RCP 8.5 were 6.64%, 5.2%, and 2.79%, respectively.



In general, the results of PC1 in the present and future (2035) RCP 4.5 are more compatible with the climate, while it would not have the same effect in (2035) RCP 8.5 due to the increase of heatwaves in the RCP 8.5 scenario. The base case, however, did not compare well with PC1 and PC4 due to increasing thermal load on the building façades according to the solar inclination which is rather high, especially in summer, when it reaches more than 80°. So, many parts of building facades, especially the top floor, are subjected to a high level of thermal load. This significant amount of thermal load led to increased energy demand for cooling in the top floors and in the entire adjacent indoor spaces. Figure 9 presents the amount of energy consumption in the adjacent buildings in the present and future scenarios.





4. Conclusions


The study investigates the effect of different urban geometry on both thermal performances of outdoor spaces and the energy required for cooling in the buildings overlooking outdoor spaces. The focus is on assessing the efficiency of six proposed cases that present four main parameters. These parameters are distributed shading roof parameters, canyon parameters with higher aspect ratio values, integration between the above parameters, and adding greening to the ground surface of the integration parameter. The study shows an improvement of the outdoor thermal comfort in the case that depends on the parameter concerned with covering the outer space with a distributed roof (covering 50% of the total area of the outer space) in comparison with other studied parameters at the present time. This thermal improvement will continue in the case of meteorological temperatures recording values less than 42 °C, while dependence on the canyons becomes the best solution in the case of the meteorological temperatures exceeding that value, an inevitability in future scenarios due to climate change. So, relying on the deep canyons without any covering would prevent the occurrence of heat-trapping as well as the reduction of the area of the surfaces exposed to the intense direct solar radiation, significantly reducing the PET values inside those canyons. This result is in agreement with a previous study (Mohammed. A, 2015) [66] which found that higher solar radiation on the space surfaces led to greater heat sensitivity to the ambient air, resulting in a significant temperature increase.



In general, the study showed an improvement in the outdoor thermal comfort in all studied proposed cases; the energy consumption of the indoor spaces overlooking the studied outdoor space was decreased, with an average percentage between 1.8–14.4% in simulation cases in the present and in the future. Energy consumption for cooling is an index of the impact of urban geometry on the outer spaces. The study concluded that several useful urban geometrical strategies could be applied to Egyptian universities located in arid areas to enhance their environmental performance and energy consumption by surrounding buildings, and especially for spaces that are overlooked by urban structures. These strategies could be applied in the early stages of the building design or as a future modification in the occupancy stage.
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Figure 1. The characteristics and dimensions of the studied case study. 
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Figure 2. Aswan University new campus in New Aswan city: (a) Aerial view of New Aswan city, (b) The planned campus for Aswan University in New Aswan city. The location of the case study area is highlighted. 
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Figure 3. Measurement locations at Aswan University new campus: (a) Arial view of part of Aswan University campus in New Aswan city. Measurement points (P1 and P2) and the investigated area [15], (b) The investigated space. 
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Figure 4. Temperature trends for New Aswan from 1981–2050 under RCP 4.5 and RCP 8.5. 
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Figure 5. Simulation cycling with ENVI-met and Design Builder in outdoor–indoor simulations. 
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Figure 6. The hottest area on the New Aswan University campus: (a) Axonometric view for the campus, (b) Thermal distribution map for whole campus. Dashed circle represents the hottest area in the campus. 
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Figure 7. Comparison between outdoor thermal performance of the studied area in the present (2018) and those projected for the future (2035) under different climate change scenarios. 
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Figure 8. The effect of proposed mitigation cases on the outdoor thermal comfort of the studied area on New Aswan University campus in the present and following years and scenarios: (a) 2018; (b) 2035 RCP 4.5; (c) 2035 RCP 8.5. 
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Figure 9. Average annual energy consumption in the adjacent buildings in the following scenarios: (a) 2018, (b) 2035 RCP 4.5, and (c) 2035 RCP 8.5. 
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Table 1. Thermal perception based on Physiological Equivalent Temperature PET range and grade of physiological stress on human beings in a typical case [36].
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	PET (°C)
	Thermal Perception
	Grade of Physiological Stress





	<4
	Very cold
	Extreme cold stress



	4–8
	Cold
	Strong cold stress



	8–13
	Cool
	Moderate cold stress



	13–18
	Slightly cool
	Slight cold stress



	18–23
	Comfortable
	No thermal stress



	23–29
	Slightly warm
	Slight heat stress



	29–35
	Warm
	Moderate heat stress



	35–41
	Hot
	Strong heat stress



	>41
	Very hot
	Extreme heat stress
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Table 2. The average annual energy consumption of several global universities.
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	United States
	South Korea
	Finland





	Annual average of energy

consumption per m2
	490 kWh/m2
	210 kWh/m2
	229 kWh/m2
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Table 3. Description of proposed urban geometry cases.
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	Acronyms
	Model
	Description





	PC1
	 [image: Sustainability 13 00027 i001]
	Semi sheltered with 50% distributed shaded roof



	PC2
	 [image: Sustainability 13 00027 i002]
	Semi sheltered with 25% distributed shaded roof



	PC3
	 [image: Sustainability 13 00027 i003]
	Semi sheltered with 75% distributed shaded roof



	PC4
	 [image: Sustainability 13 00027 i004]
	Dividing the outdoor space into a street and two canyons with aspect ratio = 1.5



	PC5
	 [image: Sustainability 13 00027 i005]
	Dividing the outdoor space into a street and two half shaded canyons with aspect ratio = 1.5



	PC6
	 [image: Sustainability 13 00027 i006]
	Dividing the outdoor space into a street and two half shaded canyons with aspect ratio = 1.5 and with green areas added
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Table 4. Thermal distribution map for the selected area at 2:00 p.m. in 2018 and 2035 (RCP 4.5–RCP 8.5).
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Scenarios

	
2018

	
2035




	
RCP 4.5

	
RCP 8.5






	
Base

	
 [image: Sustainability 13 00027 i007]

	
 [image: Sustainability 13 00027 i008]
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Minimum value = 32.38 °C

Maximum value = 61.73 °C

	
Minimum value = 49.75 °C

Maximum value = 70.80 °C

	
Minimum value = 49.49 °C

Maximum value = 70.80 °C




	
PC1
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Minimum value = 30.30 °C

Maximum value = 57.20 °C

	
Minimum value = 49.38 °C

Maximum value = 68.80 °C

	
Minimum value = 49.13 °C

Maximum value = 68.40 °C




	
PC2
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 [image: Sustainability 13 00027 i018]




	

	
Minimum value = 47.82 °C

Maximum value = 66.00 °C

	
Minimum value = 49.62 °C

Maximum value = 70.00 °C

	
Minimum value = 49.38 °C

Maximum value = 69.40 °C




	
PC3
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Minimum value = 45.78 °C

Maximum value = 64.60 °C

	
Minimum value = 49.35 °C

Maximum value = 68.60 °C

	
Minimum value = 49.10 °C

Maximum value = 68.20 °C




	
PC4
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Minimum value = 41.77 °C

Maximum value = 65.65 °C

	
Minimum value = 42.00 °C

Maximum value = 65.80 °C

	
Minimum value = 42.89 °C

Maximum value = 66.20 °C




	
PC5
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Minimum value = 47.28 °C

Maximum value = 66.00 °C

	
Minimum value = 47.40 °C

Maximum value = 68.20 °C

	
Minimum value = 47.64 °C

Maximum value = 68.20 °C




	
PC6
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Minimum value = 49.20 °C

Maximum value = 73.60 °C

	
Minimum value = 49.87 °C

Maximum value = 76.40 °C

	
Minimum value = 50.14 °C

Maximum value = 77.40 °C
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