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ABSTRACT

Energy consumption in buildings is considerably high in areas of hot and humid climates due to its association with high cooling loads. Electricity grids are highly affected by the consumption of cooling systems like air-conditioning and large refrigeration facilities, which significantly impact the economic and environmental sectors. As building design and operating parameters influence the cooling demand in the building, it is believed the root cause of the problem may be detected at an early building design stage. Thus, this review identifies the building design parameters that impact the cooling loads in buildings that are geographically restricted to countries with hot and humid climates. The building’s design characteristics are classified into four main categories: glass characteristics, wall characteristics, building orientation and dimensions (BO & D), and building cooling system. The review was conducted over high-rise and low-rise buildings. Annual energy requirements (in some cases overlapping with electricity consumption), annual cooling loads, and peak cooling loads are the three forms in which energy demand reductions in buildings are represented. It is found that maximum annual cooling load savings are obtained through cooling systems, followed by wall characteristics, then glass characteristics, with the least for BO & D, with maximum reductions of up to 61%, 59%, 55%, and 21%, respectively. As for the peak cooling load reductions, wall characteristics, cooling systems, and glass characteristics had almost the same average values of 18.7%, 15.2%, and 17.2%, respectively, while BO & D are not reported due to the incomparable number of case studies. The parameters that have the most influence on reductions in peak cooling loads are wall and glass characteristics. In general, savings that are associated with wall characteristics are more significant for low-rise buildings than for high-rise buildings, while the latter is more influenced by glass characteristics. This is a reasonable conclusion since high-rise buildings, in general, acquire higher window-to-wall ratios than the former. In general, most studies considered glass characteristics, while fewer studies considered BO & D. This review has shown various aspects that are vital in studying building cooling load demand and its related energy performance. 
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1  INTRODUCTION

In hot countries, cooling demand reaches up to 85% of overall building electricity consumption [1]. The climatological conditions are vital in determining the cooling energy requirements 

[2]. In general, cooling energy requirements are expected to increase in hot regions, which in turn will increase the worldwide energy demand. Likewise, countries with humid climates experience high rates of cooling energy demand; for instance, Hong Kong, China, has an estimated energy consumption on cooling of 60% [3], while it is almost 48% in Malaysia [4]. One of the main factors in the high electricity consumption in hot areas is urbanization [5], which is correlated to the high ambient temperature [6]. From an environmental point of view, the challenge of cooling buildings in such countries is providing an efficient cooling system to keep CO  production as low as possible during a life cycle, especially in countries of interest. 

2

Saadatian  et al.  [7] identify mechanical cooling as a leading source of CO   emissions as well 2

as hot climates. Qatar is the top country in the world for annual per capita CO  emissions [8]. 

2

One possible reason is excessive economic growth and fast urban  development [9]. While the 

© 2022 WIT Press, www.witpress.com

ISSN: 2056-3272 (paper format), ISSN: 2056-3280 (online), http://www.witpress.com/journals DOI: 10.2495/EQ-V7-N4-351-372

352  

 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) country is currently developing and adopting green building codes to address the environmental concerns [10] related to CO  emissions from buildings, more analysis is required to 2

understand the factors that influence the cooling demand of buildings, which is considered to be the primary reason for high energy consumption. Much attention is directed towards the modern urbanization aspect, which may lead to urban heat islands (UHI), one of the severe climatological factors that cause excessive cooling requirements. Energy consumption in buildings accounts for 40% of the total world energy use, with high-rise buildings contributing significantly to this percentage [11]. According to the literature, high-rise buildings require more energy for cooling than low-rise buildings on equivalent foundations. Based on equal occupancy rates, Radhi [12] concluded that the cooling requirements represent 45% and 67% 

of the total energy consumption for low-rise and high-rise buildings, respectively. 

Although there are some review articles that holistically address the factors that impact cooling demands, such as [13] and [14], they lack specific aspects. Chen  et al.  [13] presented a review article about the internal and external influencing factors. They reported ranges of energy savings for various factors, but the reported percentages were in the form of energy savings. However, reporting energy savings in terms of cooling demand and loads may be more significant and provide a more accurate picture of the true contribution of cooling demand to overall energy consumption. Also, Anaya  et al.  [14] concluded that building envelope parameters are one of the most influencing factors on cooling loads, but they did not address the specific envelope parameters within cooling loads since the building envelope involves a considerable number of parameters that vary in their influence, such as glass characteristics, wall insulation, etc. Furthermore, their review is limited to high-rise buildings, in which a building exceeds 23 m only with no consideration of low-rise buildings. Therefore, there is still a need to cover specific aspects related to building design parameters and their association to cooling loads. 

Identifying the impact of specific building design parameters and operating systems represents the starting point towards finding strategies to specifically reduce the annual and peak cooling consumption, and therefore the overall energy demand. Therefore, this review focuses on the energy consumption of buildings. While in the literature, many studies are assessed for cooling and energy requirements, not all are necessarily relevant due to the variation in the climatological conditions of where the building is located. Thus, in this review, the method followed is to consider the cooling requirements of buildings that are geographically restricted to hot and humid climates. To determine the areas of hot and humid climates around the world, the Köppen-Geiger climate classification is used [15]. A world map screening is conducted over the different climates according to universal standards, identifying seven climates and their Köppen-Geiger world map classification codes: Arid/Desert Hot climate (BWh), Tropical Rainforest climate (Af), Tropical Monsoon climate (Am), Mediterranean Hot Summer climate (Csa), Humid Subtropical climate (Cfa), Dry-Winter Humid Subtropical climate (Cwa), and Hot-Summer Continental climate (Dwa). 

Thus, this review is subjected to identifying and quantifying the impact of specific design parameters. Figure 1 shows the parameters that are considered in this literature review, namely glass characteristics, wall characteristics, building orientation and dimensions (BO & D), and cooling systems, on cooling loads in hot and humid climates. 

2  CASE STUDIES

Table 1 summarizes the design parameters that have a quantified value of cooling and energy demand. 

[image: Image 1]
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Figure 1: Illustration of some examples of building design parameters used in this review. 

2.1  Glass characteristics

The glass characteristics such as Solar Heat Gain Coefficient (SHGC), window-to-wall ratio (WWR), U-value, and the spacing manner have a great impact on the cooling load because of the high and direct solar gains [48, 49]. Assem and Al-Mumin [18] showed that highly glazed buildings can achieve a reduction in energy requirements when SHGC values are below 0.4. 

Mirrahimi  et al.  [50] showed cooling load reductions of 19% and a peak cooling reduction of 30% can be achieved with double low-E glass, while they are 9.5% and 10% with single tinted glass, respectively. Reducing this value also reduces the savings related to lighting energy. Tibia and Mokhtar [51] showed that the double glazing in glass used in buildings is better than single glazing. Cheung  et al.  [23] identified several glazing types that can save cooling loads of up to 4.6% and 4.9% of annual and peak, respectively. By studying several glazing types under solar absorbance and building orientation effects, up to 10% and 11% can be reduced from their annual and peak cooling loads, respectively. The glass shading coefficient parameter is directly proportional to cooling loads [25]. Chan and Chow [22] studied three glass types: clear, absorptive, and reflective. They found that clear glass shows the best performance in reducing annual cooling load by up to 12%, while reflective glass is up to 8% 

when the balcony is southwest facing. Solar absorptance is another glass characteristic that has been addressed in several studies. Cheung  et al.  [23] used a wide range of solar absorbance, i.e. from 0.2 to 0.8. They found that as solar absorptance increases, the cooling loads decrease in a linear manner. Reductions start only at a value of 0.5. Katanbafnasab and Aby-Hijleh [39] could save more than 33.5% of their annual energy requirements by employing Electrochromic Glazing. Buratti  et al.  [45] used various U-factors with glass types and could achieve energy savings in the range of 15.2–19.9%. They employed temperable double and single-low-E and super windows. 

One of the most influential building envelope parameters is the WWR, which is widely addressed in literature. Sozer  et al.  [30] found that  reducing WWR results in reductions in cooling loads of 38% and also showed the effect of facade orientation on the cooling load. For the 
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 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) latter, they found that window cable spacing increased the cooling loads by up to 3.5 times when changed between the south and the north orientations, while there was a negligible difference between the east and the west orientations. The reductions that are associated with WWR 

value are reasonable, but no firm conclusion can be drawn without addressing the glazing type. 

One useful study which addressed this aspect was carried out by Afshari  et al.  [16], who varied the glazing type with two double-pane at the same SHGC values, which showed a small difference of 4.2% and 3.6% for peak and annual cooling loads, respectively. A comparison of these results with the conclusion of Tibia and Mokhtar [51] show that SHGC and U-values are inversely proportional to cooling load reductions. In line with this, a similar conclusion is confirmed by Samuelson  et al.  [52]. Tibia and Mokhtar [51] showed that SHGC has a greater influence on annual load reductions when compared to U-value. They found that WWR has the most influencing factor and that it is directly proportional to the cooling load of all glass types. 

On the other hand, Yu  et al.  [53] found that the heat-transfer coefficient is the most sensitive parameter at WWR of 25% and 50%, while wall, roof solar absorptance, and roof heat transfer coefficient have a negligible effect and do not depend on WWR. Sozer  et al.  [30] showed that decreasing the value of WWR results in a 38% cooling load saving. Also, they showed that the savings can be further enhanced to 57% if reducing the WWR is applied in tandem with shading by cables. 

2.2  Wall characteristics

One building envelope parameter is wall insulation, which is reported in several studies. The building envelope can be defined as the layer that physically separates the indoor and outdoor environments [54], such as exterior walls, roof/floor, transparent elements, interior partitions, internal mass, etc. [55]. Most building envelope parameters have a direct impact on cooling loads. This is because of their direct exposure to solar radiation [56]. It has a direct effect on building temperature as the insulation layer can be used to control the building heat transfer via the building envelope [57], such as façade coloring, which leads to a reduction of solar absorption and hence lower consumption of cooling energy systems [58]. The influence of EPS on cooling loads is addressed by Hassan and Al-Ashwal [25]. They found that as the thickness of the wall insulation increases, the annual cooling reduction drops to 18%. A reduction in the peak cooling load of 22% is achieved at 25 mm, which can be further enhanced to 29% when the thickness increases to 100 mm. Cheung  et al.  [23] tested EPS with various thicknesses (0–100 mm) and found reductions in cooling loads of 19.4% and 29.2% 

for annual and peak, respectively, when 100 mm of insulation is applied. Bojic  et al.  [19–21] 

presented annual and peak cooling load reductions of 38% and 16%, respectively. Mohamed 

[34] employed thermal insulation to the outer layer of the building’s walls and ceilings while considering double-layer glazing windows, which saved 33.5% and 35.5% of the annual and peak cooling loads, respectively. Mushtaha  et al.  [35] combined thermal insulation of walls with shading devices along with natural ventilation to find that 59% of energy requirements can be saved. Muhaisen [37] could save 22% of the cooling requirements by applying a U-value of 1.8 W/m2K to the walls. Daouas [47] showed that 71% of energy requirements can be saved by applying a 10 cm thickness of insulation. However, this percentage includes savings for heating as well as cooling. 

Several studies examined the impact of extruded polystyrene (EPS) in thermally insulated walls on cooling loads. Al-Tamimi [59] and Al-Tamimi and Fadzil [17] showed that more than 10% and 26% of annual and peak cooling loads can be saved, respectively. Their results 
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Figure 2: The effect of increasing the thickness of EPS of thermal insulated wall on cooling loads [17, 59]. 

are summarized in Fig. 2. Also, Al-Tamimi [38] found that more than 19%, 7%, and 29% of annual energy consumption can be saved by applying EPS insulation with thicknesses of 8, 4, and 6 cm on the roof only, the walls only, and the roof and wall, respectively. 

2.3  Building orientation and dimensions

Building orientation and dimensions involve many design parameters that have a considerable influence on cooling loads, such as building shading at a given orientation, building altitude, window to floor area, passive building design, presence of courtyards and balconies in the building, etc. 

Savings in cooling loads may be earned by re-orienting the building only. Du and Pan [24] 

found a difference of 10% in cooling loads when changing the orientation of the apartment. 

Bojic  et al.  [19–21] showed that 6.7% can be saved by reorienting an apartment. Various design parameters can be considered when considering building orientation. Cooling loads can be reduced. For instance, Tibi and Mokhtar [32] indicated that orientation is a significant parameter for determining the building glass type. Furthermore, shading and orientation are two dependent parameters that affect the cooling loads of buildings, as they help in con-trolling the amount of solar irradiation received by the buildings. There are several ways to apply shading. Faisal and Aldy [60] have demonstrated that several techniques and orientations of shadings can be applied. Examples of these techniques are the wing wall and the overhang of windows. Cheung  et al.  [23] showed that by applying the wing wall shading, reductions of 4.6% and 4.9% are attained for the annual and peak cooling loads, respectively, while the overhang reduces them by 2.9% and 3.2%. Friess  et al.  [61] showed that a peak reduction of up to 9% can be attained with overhangs of 1-m depth. Lau  et al.  [26] found that the egg-crate shading type saves 3.4% of cooling loads. Also, they found that 10% savings are achieved when shading is applied at all orientations, with special attention to the west and east façades of a building. The west and east orientations were highlighted by Naamandadin 
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 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) et al.  [62], who found they receive the highest sun intensity, which results in high cooling energy consumption. However, Daouas [47] does not recommend the west- and east-facing walls in the cooling season for a case study in Tunisia. One reason for this contradiction is the difference in climate, as the former two articles’ case studies were conducted in Kuala Lumpur, Malaysia, which has an Af climate, while the latter was in Tunisia, which has a Csa climate. In particular, Aflaki  et al.  [63] found that indoor temperature and relative humidity were impacted by orientation and height. Overall, although building orientation is widely addressed, it shows a small impact on cooling loads [17, 59]. None of the reviewed articles that consider building orientation showed savings above 10% for all climates. 

Building altitude is addressed in several studies that reported cooling and energy requirements. Also, some have considered the building geometry of high-rise buildings 

[64]. Radhi [12] conducted a comparison between two buildings (high and low rise) and showed that a high-rise building requires 66.9% of the total electricity consumption for cooling, while a low-rise building with same occupancy rate requires 45%, that is, a difference of 21.9%. In a study of Bruelisauer  et al.  [65], the effect of some parameters by building altitude is addressed. They indicated that the stack effect results in an increase in the temperature by 13°C with increasing building altitude. Furthermore, the cooling loads were affected by  building orientation differently for the case of floors located higher than others. Weerasuriya  et al.  [33] found that the apartments that are located near the windward side of higher floors have higher energy saving up to 23% relative to the apartments in the middle and lower floors. This conclusion is also confirmed by Du and Pan [24], who considered a number of flats at floors 3 and 39, finding that at higher floors, cooling loads reduce by up to 12% due to climatic factors, i.e. wind speed. Also, Du and Pan [24] found that electricity bills of apartments on 20th floor and higher are up to 26% lower than those of lower floors due to the different usage of air-conditioning and natural ventilation, i.e. 

opening windows. 

UHI are discussed in literature as a factor that affects the demand for cooling energy. It is a phenomenon that occurs when a combination of high-rise buildings is constructed nearby, affecting the local environmental conditions that are known as the microclimate and leading to an increase in temperature. Accordingly, it is addressed as a building altitude parameter as it is initially caused by high-rise buildings. Palme  et al.  [66] addressed the UHI to study the humidity and sensitivity to solar gains. They found that humidity levels get lower and solar radiation gains are found to be sensitive to building orientation; hence, higher temperatures are captured by the building. A key observation is that high-rise buildings acquire more than twice the amount of cooling demand, showing that the effect of the building height is dominant over the urban area, i.e. rural areas, different urban layouts, etc. Also, this shows that high-rise buildings are significant energy consumers for cooling requirements. They found that up to 18% in cooling energy reduction is obtained due to the shading that is induced by the surrounding buildings. On the other hand, Radhi and Sharples [67] found an increase in the consumption of air-conditioning electricity of up to 10% due to the UHI effect. They found an increase of up to 17% in Cooling Degree Days in comparison to rural areas. Furthermore, Radhi  et al.  [68] reported up to a 5°C increase in ambient temperature due to the UHI effect. Yang  et al.  [69] showed that UHI has a different impact as the tree cover factor affects the night and daytime cooling for a high-rise building through evaporative cooling at night. Giridharan  et al.  [3] showed that a reduction in UHI intensity during the daytime can be achieved by increasing tree cover. 

Building dimension parameters include plan shape and depth, WFR, relative compactness (RC), etc. WFR is a building design parameter that specifies the WWR relative to floor area. 
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Cheung  et al.  [23] found that when WFR increases from 10% to 40%, 12.8%, and 10.4% 

reductions in annual and peak cooling loads are attained, respectively. Plan shape and plan depth are other shape-related parameters. Raji  et al.  [28] showed that when switching from the ellipse plan shape to the Y plan shape, the total energy consumption increases by 15.7% 

and 12.8% in humid subtropical and humid tropic climates, respectively. The effect of building morphology on cooling loads is addressed by Krem  et al.  [70]. They found that the position of the vertical structural core/wall, the aspect ratio, and the floor plan have significant impacts. AlAnzi  et al.  [71] found that the building’s RC is inversely proportional to the cooling load at various building shapes when WWR is assumed to be zero (no windows) and at 50%. When RC decreases from 0.99 to 0.17, cooling energy increases by 115%. This can be justified by the building’s exterior wall area and solar exposure since it is described by the reciprocal RC. The effect of the different building shapes on the cooling load depends on RC, WWR, and solar heat gain coefficient (SHGC). Ourghi  et al.  [72] found that increasing RC, WWR, and SHGC decreases the cooling loads. Furthermore, Friess  et al.  [61] concluded that square compact buildings perform better in terms of cooling energy performance than elon-gated ones. 

Passive cooling, balconies, and courtyards are considered parameters of building design and layout in this review. According to Chan and Chow [22], incorporating a balcony with a southwest orientation can reduce annual cooling loads by 12%, but only 3.4% when it is located in the north. The use of balcony and opening windows in a high-rise residential building as presented by Weerasuriya  et al.  [33] reveals that up to 27% energy savings can be achieved when wind-driven natural ventilation is used. The authors also reported higher savings that can reach 45% if the wind and buoyancy-driven natural ventilation are facilitated. 

The buoyancy-driven ventilation that is also known as the stack-effect is addressed by Moffitt Natural Ventilation Solutions to promote air flow and enhance the cooling profile by natural ventilation [73]. Jose Sanchez de la Flor  et al.  [40] experimented with various values for facades and courtyards and found that up to 10% of energy requirements can be saved. 

Lopez-Cabeza  et al.  [74] have found that courtyards can be key elements in the passive conditioning of buildings in hot climates. Taleb [36] showed savings of 23.6% by employing passive design in the building. The courtyard energy savings per unit of wall area are constant regardless of adjacent space floor area [40]. 

2.4  Cooling system

The cooling system of a building is a part of its HVAC system. Examples of various cooling systems are passive cooling (sea breeze) supported by a heat absorption element [75], radiant cooling and underfloor air supply based on absorption chillers and electric chillers, air–soil heat exchanger, and concrete core activation based on a solar absorption chiller [76]. Actu-ally, the HVAC system is the most significant energy consumer in the building [12]. 

Considerable cooling requirements savings are expected by optimizing/improving HVAC 

systems since these systems account for 40%–60% of the total buildings’ energy use [77]. 

Indeed, the capacity to reduce costs by modifying HVAC systems has a significant impact on a building’s ability to maintain its environmental sustainability [78]. Some examples of the cooling system include chillers either connected over a district and supplied to various buildings through pipeline networks, as in the case of a district cooling system [79], or chillers employed within the building itself. Afshari  et al.  [16] found that chillers, pumps, and fans are responsible for this high consumption, which makes the cooling system a subject for improvements. Deng  et al.  [80] discovered, for example, that systematic optimization of 

366  

 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) operational and control parameters can save 35% and 29% of energy, respectively. Chen and Yang [81] and Deng  et al.  [80] suggested optimization methods for high-rise building  systems to minimize energy consumption. 

In literature, strategies and techniques for reducing energy use by upgrading cooling systems are reported. Sun  et al.  [31] found that 6.6% can be saved by altering some operational strategies, which represents a 21% peak cooling load difference. Attia  et al.  [82] found that the coupling of the ceiling fans with the air-conditioning yearly schedule calibration strategy is the most significant. Heat recovery of HVAC systems during hot seasons, according to Assem and Al-Mumin [18], can reduce cooling requirements by 15% and 18% for water- and air-cooled systems, respectively. Zhu and Jiang [41] investigated that a single-loop with a variable-speed pump can save up to 50% of the cooling requirements. Vakiloroaya  et al.  [42] 

could save more than 52% by employing a hybrid evaporative to enhance the cooling efficiency of their HVAC system. Khandelwal  et al.  [43] coupled direct and regenerative cooling technologies in chillers, which led to savings of up to 15.69% of annual energy requirements. 

Vakiloroaya  et al.  [46] found that a refrigeration system with air-cooled direct expansion can save 9% of power consumption. Rahman  et al.  [44] employed an energy storage system, which saved up to 61% of the building’s electricity cost required for cooling. Shaikh and Chaudhry [29] found that by employing the variable speed drive fan, 20% of cooling loads can be saved. Also, a 30% saving can be achieved by using the variable refrigerant flow principle. 

Although some studies reported modest savings, there are considerable savings that can reach up to 60% of cooling requirements. This variation in savings creates a wide range of opportunities to improve the cooling systems. Furthermore, as reviewed, cost savings can be achieved not only by improving the system mechanics and equipment efficiency but also by altering and improving the operational methods and strategies. The latter can be achieved by optimizing the dynamics of the cooling equipment and refrigeration cycle and by applying optimized control strategies. In addition to this, the material used to run the cooling systems can be subjected to optimization. For example, Anaya  et al.  [83] provided an assessment of the dynamic behavior of dual chillers by optimizing the refrigerants. Thus, the cooling profile of buildings can be holistically improved when research develops multiple aspects to enhance the savings. 

3  CONCLUSION

This review aims to provide a holistic view of the building design parameters that influence cooling loads in high-rise and low-rise buildings in humid and hot climates. Climates were selected based on Koppean climate classification as follows: BWh, Cfa, Cwa, Csa, Dwa, Af, and Am climates. The building design parameters that are considered are glass characteristics, wall characteristics, BO & D, and cooling systems. BO & D includes building altitude, shading with respect to building orientation, plan depth and layout, use of balconies, courtyards, and passive cooling design, among others. The reductions in energy requirements were found in three forms in the reviewed articles: peak cooling load, annual cooling load, and annual energy consumption. The latter is considered electricity consumption in some cases. 

It is found that the highest annual cooling load savings are attained with decreasing order by cooling systems, wall characteristics, glass characteristics, and BO & D. The highest values are reported at 61%, 59%, 55%, and 21%, respectively. Reported annual energy consumption showed the same average values for glass characteristics, BO & D, and cooling system of almost 21%, while wall characteristics showed a higher value of almost 50%. This is a reasonable value since energy demand considers both cooling and heating requirements, and hence insulating the wall will save cooling as well as heating loads, which makes greater 
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savings. The building envelope’s parameters (wall and glass) have the greatest influence on reductions in peak cooling loads. Overall, cooling loads were more affected by wall characteristics at low-rise buildings in comparison to high-rise buildings, while the latter were shown to be influenced more by glass characteristics. One disclaimer that should be addressed is that the number of case studies that provide quantification of energy savings is small, and hence the conclusion of this review would be more significant if there were more articles that provided quantified case studies. 

ACKNOWLEDGMENTS

This paper was made possible by an National Priorities Research Programs (NPRP) award (#NPRP11S-1208-170073) from the Qatar National Research Fund (a member of The Qatar Foundation). The statements made herein are solely the responsibility of the authors. 

REFERENCES

[1] Kaul, N.,  The Bad Boys of Energy Consumption. https://gulfnews.com/business/ 

property/the-bad-boys-of-energy-consumption-1.2120451

[2] Alpuche, M., González, I., Ochoa, J., Marincic, I., Duarte, A. & Valdenebro, E., Influence of absorptance in the building envelope of affordable housing in warm dry climates.  Energy Procedia, 57, pp. 1842–1850, 2014. 

[3] Giridharan, R., Ganesan, S. & Lau, S., Daytime urban heat island effect in high-rise and high-density residential developments in Hong Kong.  Energy and Buildings, 36, pp. 525–534, 2004. 

[4] Chua, S. C. & Oh, T. H., Green progress and prospect in Malaysia.  Renewable &  Sustainable Energy Reviews, 15(6), pp. 2850–2861, 2011. 

[5] Saffouri, F., Bayram, I. S. & Koc, M., Quantifying the cost of cooling in Qatar.  9th IEEE-GCC Conference and Exhibition (GCCCE), 2017. https://doi.org/10.1109/

IEEEGCC.2017.8448269

[6] Gastli, A., Charabi, Y., Alammari, V. & Al-Ali, A., Correlation between climate data and maximum electricity demand in Qatar.  IEEE GCC Conference and Exhibition, Doha, Qatar, 12–20, 2013. 

[7] Saadatian, O., Haw, L. C., Sopian, K. & Sulaiman, M. Y., Review of windcatcher technologies.  Renewable and Sustainable. Energy Reviews, 16, pp. 1477–1495, 2012. 

[8] Asif, M., Growth and sustainability trends in the buildings sector in the GCC region with particular reference to the KSA and UAE.  Renewable and Sustainable Energy Reviews, 55, pp. 1267–1273, 2016. 

[9] Furlan, R., Petryccioli, A., Major, M. D., Zaina, S., Zaina, S., Al Saeed, M. & Saleh, D., The urban regeneration of west-bay, business district of Doha (State of Qatar): A transit-oriented development enhancing livability.  Journal of Urban Management, 8, pp. 126–144, 2019. 

[10]  Saleh, R. & Al-Swidi, A., The adoption of green building practices in construction projects in Qatar: A preliminary study.  Management of Environmental Quality: An International Journal, 30(6), pp. 1238–1255, 2018. 

[11]  Li, L., Shen, X., & Qian, R., Typological evolution of high-rise buildings in terms of thermodynamics and energy formation.  International Journal of High-Rise Buildings, 4(2), pp. 127–133, 2015. 

[12]  Radhi, H., A comparison of the accuracy of building energy analysis in Bahrain using data from different weather periods.  Renewable Energy, 34, pp. 869–875, 2009. 

368  

 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) 

[13]  Chen, S., Zhang, G., Xia, X., Setunge, S. & Shi, L., A review of internal and external influencing factors on energy efficiency design of buildings.  Energy & Buildings, 216, p. 109944, 2020. 

[14]  Anaya, B., Hou, D., Hassan, I., Wang, L. & Rahman, A., Influencing factors on cooling demand of high-rise buildings in hot/humid climates: A review.  WIT Transactions on Ecology and the Environment, 253, pp. 423–433, 2021. 

[15]  Peel, M. C., Finlayson, B. L. & Mcmahon, T. A., Updated world map of the Köppen-Geiger climate classification.  Hydrology and Earth System Sciences Discus-sions, European Geosciences Union, 11(5), pp.1633–1644, 2007. 

[16]  Afshari, A., Nikolopoulou, C. & Martin, M., Life-cycle analysis of building retrofits at the urban scale-A case study in United Arab Emirates.  Sustainability, 6(1), pp. 453–473, 2014. 

[17]  Al-Tamimi, N. & Fadzil, S., Energy-efficient envelope design for high-rise residential buildings in Malaysia.  Architectural Science Review, 55, pp.119–27, 2012. 

[18]  Assem, E.O. & Al-Mumin, A.A., Code compliance of fully glazed tall office buildings in hot climate.  Energy and Buildings, 42, pp. 1100–1105, 2010. https://doi.org/10.1016/j. 

enbuild.2010.02.001

[19]  Bojić, M., Yik, F. & Sat P., Influence of thermal insulation position in building envelope on the space cooling of high-rise residential buildings in Hong Kong.  Energy & Buildings, 33, pp. 569–81, 2001. 

[20]  Bojić, M., Yik, F. & Sat P., Energy performance of windows in high-rise residential buildings in Hong Kong.  Energy & Buildings, 34, pp. 71–82, 2002. 

[21]  Bojić, M. & Yik, F., Cooling energy evaluation for high-rise residential buildings in Hong Kong.  Energy & Buildings, 37, pp. 345–351, 2005. 

[22]  Chan, A. L. S. & Chow, T. T., Investigation on energy performance and energy payback period of application of balcony for residential apartment in Hong Kong.  Energy & Buildings, 42, pp. 2400–2405, 2010. 

[23]  Cheung, C. K., Fuller, R. J. & Luther, M. B., Energy-efficient envelope design for high-rise apartments.  Energy & Buildings, 37, pp. 37–48, 2005. 

[24]  Du, J. & Pan, W., Impact of window opening behaviors on cooling load of high-rise residential buildings in Hong Kong.  Proc. Building Simulation,  16th Conference IBPSA, 16, pp. 2403–2410, 2019. 

[25]  Hassan, A. S. & Al-Ashwal, N.T., Impact of building envelope modification on energy performance of high-rise apartments in Kuala Lumpur, Malaysia.  International Transaction Journal of Engineering Management, Applied Science & Technologies, 6, pp. 

91–105, 2015. 

[26]  Lau, A. K. K., Salleh, E., Lim, C. H. & Sulaiman, M. Y., Potential of shading devices and glazing configurations on cooling energy savings for high-rise office buildings in hot-humid climates: The case of Malaysia.  International Journal of Sustainable Built Environment, 5, pp. 387–399, 2016. 

[27]  Lima, I., Scalco, V. & Lamberts, R., Estimating the impact of urban densification on high-rise office building cooling loads in a hot and humid climate.  Energy & Buildings, 182, pp. 30–44, 2019. 

[28]  Raji, B., Tenpierik, M. J. & van den Dobbelsteen, A., Early-stage design considerations for the energy-efficiency of high-rise office buildings.  Sustainability, 9, 2017. https://

doi.org/10.3390/su9040623

[29]  Shaikh, Z. & Chaudhry, H.N., Energy modelling and indoor air quality analysis of cooling systems for buildings in hot climates.  Fluids, 3, 77, 2018. 

  

 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) 369

[30]  Sozer, H., Clark, R. & Elnimeiri, M., Applying traditional architectural rules for energy efficiency and lateral structural stiffness to an 80-story tower.  Energy, 36, pp. 

4761–4768, 2011. 

[31]  Sun, Y., Wang, S. & Xiao, F., In situ performance comparison and evaluation of three chiller sequencing control strategies in a super high-rise building.  Energy & Buildings, 61, pp. 333–343, 2013. 

[32]  Tibi, G. & Mokhtar, A., Glass selection for high-rise residential buildings in the UAE 

based on life cycle cost analysis.  Energy Procedia, 62, pp. 270–279, 2014. 

[33]  Weerasuriya, A. U., Zhang, X., Gan, V. J. L. & Tan, Y., A holistic framework to utilize natural ventilation to optimize energy performance of residential high-rise buildings. 

 Building & Environment, 153, pp. 218–232, 2019. 

[34]  Mohamed, M., Optimal thermal insulation thickness in isolated air-conditioned buildings and economic analysis.  Journal of Electronics Cooling and Thermal Control, 9, pp. 23–45, 2020. 

[35]  Mushtaha, E., Salameh, T., Kharrufa, S., Mori, T., Aldawoud, A., Hamad, R. & Nemer, T., The impact of passive design strategies on cooling loads of buildings in temperate climate.  Case Studies in Thermal Engineering, 28, p. 101588, 2021. 

[36]  Taleb, H., Using passive cooling strategies to improve thermal performance and reduce energy consumption of residential buildings in U.A.E. buildings.  Frontiers of Architectural Research, 3, pp. 154–165, 2014. 

[37]  Muhaisen, A., Effect of wall thermal properties on the energy consumption of buildings in the Gaza Strip.  2nd International Sustainable Building Symposium, Ankara, Turkey, 2015. 

[38]  Al-Tamimi, N., Cost benefit analysis of applying thermal insulation alternatives to Saudi residential buildings.  Journal of Engineering Sciences, Assiut University, Faculty of Engineering, pp. 156–177, 2021. 

[39]  Katanbafnasab, M. & Abu-Hijleh, B., Assessment of the energy impact of using building integrated photovoltaic and electrochromic glazing in office building in UAE.  Engineering, 5, pp. 56–61, 2013. 

[40]  José Sánchez de la Flor, F., Ruiz-Pardo, Á., Mellado, E., Gómez, C. & Galán-Marín, C., Assessing the impact of courtyards in cooling energy demand in buildings.  Journal of Cleaner Production, 320, 128742, 2021. 

[41]  Zhu, W. & Jiang, Y., Energy conservation using variable-speed chilled water pumps for single-loop chilled water systems with fan-coil units.  Energy Engineering, 100, pp. 

22–36, 2003. 

[42]  Vakiloroaya, V., Khatibi, M., Ha, Q. P. & Samali, B., New integrated hybrid evaporative cooling system for HVAC energy efficiency improvement.  2011 IEEE/SICE International Symposium on System Integration (SII 2011), Kyoto, Japan, pp. 772–778, 2011. 

[43]  Khandelwal, A., Talukdar, P. & Jain, S., Energy savings in a building using regenerative evaporative cooling.  Energy & Buildings, 43, pp. 581–591, 2011. 

[44]  Rahman, M. M., Rasul, M. G. & Khan, M. M. K., Feasibility of thermal energy storage systems in an institutional building in subtropical climates in Australia.  Applied Thermal Engineering, 31, pp. 2943–2950, 2011. 

[45]  Buratti, C., Barelli, L. & Moretti, E., Application of artificial neural network to predict thermal transmittance of wooden windows.  Applied Energy, 98, pp. 425–432, 2012. 

[46]  Vakiloroaya, V., Zhu, J. G. & Ha, Q. P., Modeling and optimization of direct expansion air-conditioning systems for commercial buildings energy savings.  International 

370  

 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) Symposium on Automation and Robotics in Construction, Seoul, Korea., pp. 232–237, 2011. 

[47]  Daouas, N., A study on optimum insulation thickness in walls and energy savings in Tunisian buildings based on analytical calculation of cooling and heating transmission loads.  Applied Energy, 88, pp. 156–164, 2011. 

[48]  Nyuk, H. W., Wang, L., Noplie, C. A., Rana, P. A. & Wei, X., Effects of double glazed façade on energy consumption, thermal comfort and condensation for a typical office building in Singapore.  Energy & Buildings, 37(6), pp. 563–572, 2005. 

[49]  Datta, G., Effect of fixed horizontal louver shading devices on thermal performance of building by TRNSYS simulation.  Renewable Energy, 23(3–4), pp. 497–507, 2001. 

[50]  Mirrahimi, S., Mohamed, M., Haw, L., Ibrahim, N., Yuopff, W. & Aflaki, A., The effect of building envelope on the thermal comfort and energy saving for high-rise buildings in hot–humid climate.  Renewable and Sustainable Energy Reviews, 53, pp. 508–1519, 2016. 

[51]  Tibia, G. & Mokhtar, A., Glass selection for high-rise buildings in the UAE considering orientation and window-to-wall ratio.  Energy Procedia, 83, pp. 197–206, 2015. 

[52]  Samuelson, H., Claussnitzer, S., Goyal, A., Chen, Y. & Romo-Castillo, A., Parametric energy simulation in early design: High-rise residential buildings in urban contexts. 

 Building & Environment, 101, pp. 19–31, 2016. 

[53]  Yu, J., Tian, L., Yang, C., Xu, X. & Wang, J., Sensitivity analysis of energy performance for high-rise residential envelope in hot summer and cold winter zone of China.  Energy 

 & Buildings, 64, pp. 264–74, 2013. 

[54]  Cleveland, C. J. & Morris, C. G.,  Building Envelopergy, Expanded Edition, Elsevier: Burlington, 2009. 

[55]  Gaglia, A. G., Balaras, C. A., Mirasgedis, S., Georgopoulou, E., Sarafidis, Y. & Lalas, D. P., Empirical assessment of the Hellenic non-residential building stock. Energy consumption, emissions, and potential energy savings.  Energy Conversion Management, 48(4), pp. 1160–1175, 2007. 

[56]  Ralegaonkar, R. & Gupta, R., Review of intelligent building construction: A passive solar architecture approach.  Renewable and Sustainable Energy Reviews, 14, pp. 2238–2242, 2010. 

[57]  Wang, Y. & Fukuda, H., The influence of insulation styles on the building energy consumption and indoor thermal comfort of multi-family residences.  Sustainability, 11, 266, 2019. 

[58]  Niu, J., Some significant environmental issues in high-rise residential building design in urban areas.  Energy and Buildings, 36, pp. 1259–1263, 2004. 

[59]  Al-Tamimi, N., Evaluation on cooling energy load with varied envelope design for high-rise residential buildings in Malaysia.  Proceedings of the Tenth International  Conference Enhanced Building Operations, 2010. 

[60]  Faisal, G. & Aldy, P., Typology of building shading elements on Jalan Sudirman  corridor in Pekanbaru.  IOP Conf. Series: Materials Science and Engineering, 128, p. 012029, 2016. 

[61]  Friess, W. & Rakhshanb, K., A review of passive envelope measures for improved building energy efficiency in the UAE.  Renewable and Sustainable Energy Reviews, 72, pp. 485–496, 2017. 

[62]  Naamandadin, N. A., Sapian, A. R. & Noor, S. N. A. M., Site planning and orientation for energy efficiency: A comparative analysis on three office buildings in Kuala Lumpur 

  

 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) 371

to determine a location for building shading device.  Key Engineering Materials, 700, pp. 247–55, 2016. 

[63]  Aflaki, A., Mahyuddin, N. & Baharum, M. R., The influence of single-sided ventilation towards the indoor thermal performance of high-rise residential building: A field study. 

 Energy & Buildings, 126, pp. 146–158, 2016. 

[64]  Roslan, N. & Ismail, M., A review on the impact of building geometry factors of glass façade high-rise buildings.  3rd International Conference-Workshop on Sustainable Architecture and Urban Design, 2017. 

[65]  Bruelisauer, M., Meggers, F., Saber, E., Li, C. & Leibundgut, H., Stuck in a stack—

Temperature measurements of the microclimate around split type condensing units in a high-rise building in Singapore.  Energy and Buildings, 71, pp. 28–37, 2014. 

[66]  Palme, M., Inostroza, L., Villacresesd, G., Lobato-Corderod, A. & Carrasco, C., From urban climate to energy consumption Enhancing building performance simulation by including the urban heat island effect.  Energy and Buildings, 145, pp. 107–120, 2017. 

[67]  Radhi, H. & Sharples, S., Quantifying the domestic electricity consumption for air-conditioning due to urban heat islands in hot arid regions.  Applied Energy, 112, pp. 

371–380, 2013. 

[68]  Radhi, H., Fikry, F. & Sharples, S., Impacts of urbanisation on the thermal behaviour of new built up environments: A scoping study of the urban heat island in Bahrain.  Land-scape and Urban Planning, 113, pp. 47–61, 2013. 

[69]  Yang, F., Lau, S. & Qian, F., Summertime heat island intensities in three high-rise housing quarters in inner-city Shanghai China: Building layout, density and greenery. 

 Building and Environment, 45, pp. 115–134, 2010. 

[70]  Krem, M., Hoque, S., Arwade, S. R. & Breña, S., Structural configuration and building energy performance.  American Society of Civil Engineers,  Journal of Architectural Engineering, 19(1), 2013. https://doi.org/10.1061/(ASCE)AE.1943-5568.0000103

[71]  AlAnzi, A., Seo, D. & Krarti, M., Impact of building shape on thermal performance of office buildings in Kuwait.  Energy Conversion and Management, 50, pp. 822–828, 2009. 

[72]  Ourghi, R., AlAnzi, A. & Krarti, M., A simplified analysis method to predict the impact of shape on annual energy use for office buildings.  Energy Conversion and Management, 48, pp. 300–305, 2007. https://doi.org/10.1016/j.enconman.2006.04.011

[73]  Moffitt Natural Ventilation Solutions, Buoyancy Ventilation and You; www.moffittcorp. 

com/buoyancy-ventilation/

[74]  López-Cabeza, V. P., Galán-Marín, C., Rivera-Gómez, C. & Roa-Fernández, J., Courtyard microclimate ENVI-met outputs deviation from the experimental data.  Building and Environment, 144, pp. 129–141, 2018. 

[75]  Hoque, S. & Iqbal, N., Building to net zero in the developing world.  Buildings, 5(1), pp. 56–68, 2015. 

[76]  Selke, T. & Schubert, M., LEED™ Platinum awarded Arabian Green Building with solar heat driven cooling technology.  Energy Procedia, 91, pp. 824–831, 2016. 

[77]  Pérez-Lombard, L., Ortiz, J. & Pout, C., A review on buildings energy consumption information.  Energy & Buildings, 40(3), pp. 394–398, 2008. 

[78]  Patel, P., Energy saving by modification in HVAC as a cost saving opportunity for industries.  International Journal of Pharmaceutical Sciences & Research, 4(9), pp. 

3347–3356, 2013

[79]  Olama, A.,  District Cooling: Theory and Practice, CRC Press, 2016. 

372  

 B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) 

[80]  Deng, J., He, S., Wei, Q., Liang, M., Hao, Z. & Zhang, H., Research on systematic optimization methods for chilled water systems in a high-rise office building.  Energy and Buildings, 209, p. 109695, 2020. 

[81]  Chen, X. & Yang, H., A multi-stage optimization of passively designed high-rise residential buildings in multiple building operation scenarios.  Applied Energy, 206, pp. 541–557, 2017. 

[82]  Attia, S., Evarard, A. & Gratia, E., Development of benchmark models for the Egyptian residential buildings sector.  Applied Energy, 94, pp. 270–284, 2012. 

[83]  Anaya, B., Kadam, S.T., Gkouletsos, D., Papadopoulos, A. I., Hassan, I., Rahman, M. 

A.  et al. , Systematic assessment of the dynamic behavior of ecofriendly refrigerants used in dual vapor compression chiller.  Science & Technology for the Built Environment, 27(7), pp. 917–935, 2021. 





cover.jpeg
B. Anaya, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 4 (2022) 351-372

A REVIEW ON THE IMPACT OF BUILDING DESIGN AND
OPERATION ON BUILDINGS COOLING LOADS

BARA ANAYA!, DANLIN HOU2, IBRAHIM HASSAN', LIANGZHU (LEON) WANG? & AZIZ RAHMAN!
!Texas A&M University at Qatar, Qatar.
2Concordia University. Canada.

ABSTRACT

Energy consumption in buildings is considerably high in areas of hot and humid climates due to its
association with high cooling loads. Electricity grids are highly affected by the consumption of cooling
systems like air-conditioning and large refrigeration facilities, which significantly impact the economic
and environmental sectors. As building design and operating parameters influence the cooling demand
in the building, it is believed the root cause of the problem may be detected at an early building design
stage. Thus, this review identifies the building design parameters that impact the cooling loads in build-
ings that are geographically restricted to countries with hot and humid climates. The building’s design
characteristics are classified into four main categories: glass characteristics, wall characteristics, build-
ing orientation and dimensions (BO & D), and building cooling system. The review was conducted over
high-rise and low-rise buildings. Annual energy requirements (in some cases overlapping with electric-
ity consumption), annual cooling loads, and peak cooling loads are the three forms in which energy
demand reductions in buildings are represented. It is found that maximum annual cooling load savings
are obtained through cooling systems, followed by wall characteristics, then glass characteristics, with
the least for BO & D, with maximum reductions of up to 61%, 59%, 55%, and 21%, respectively. As
for the peak cooling load reductions, wall characteristics, cooling systems, and glass characteristics
had almost the same average values of 18.7%, 15.2%, and 17.2%, respectively, while BO & D are
not reported due to the incomparable number of case studies. The parameters that have the most influ-
ence on reductions in peak cooling loads are wall and glass characteristics. In general, savings that
are associated with wall characteristics are more significant for low-rise buildings than for high-rise
buildings, while the latter is more influenced by glass characteristics. This is a reasonable conclusion
since high-rise buildings, in general, acquire higher window-to-wall ratios than the former. In general,
most studies considered glass characteristics, while fewer studies considered BO & D. This review has
shown various aspects that are vital in studying building cooling load demand and its related energy
performance.

Keywords: annual cooling loads, building, building cooling, building energy design, energy, cooling
load, hot climates, humid climate, peak cooling loads.

1 INTRODUCTION
In hot countries, cooling demand reaches up to 85% of overall building electricity consump-
tion [1]. The climatological conditions are vital in determining the cooling energy requirements
[2]. In general, cooling energy requirements are expected to increase in hot regions, which in
turn will increase the worldwide energy demand. Likewise, countries with humid climates
experience high rates of cooling energy demand; for instance, Hong Kong, China, has an esti-
mated energy consumption on cooling of 60% [3], while it is almost 48% in Malaysia [4]. One
of the main factors in the high electricity consumption in hot areas is urbanization [5], which
is correlated to the high ambient temperature [6]. From an environmental point of view, the
challenge of cooling buildings in such countries is providing an efficient cooling system to
keep CO, production as low as possible during a life cycle, especially in countries of interest.
Saadatian et al. [7] identify mechanical cooling as a leading source of CO, emissions as well
as hot climates. Qatar is the top country in the world for annual per capita CO, emissions [8].
One possible reason is excessive economic growth and fast urban development [9]. While the
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