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Abstract

:

Underground constructions (UGCs) have been used globally to accommodate a wide range of building usage, such as offices and shopping malls. Most of these constructions suffer from a lack of natural ventilation as well as daylight, as they are completely built under the surface of the earth. This has caused many issues related to discomfort, impacting the activity and the productivity of users. This study aimed to analyse the effect of the use of UGCs in hot regions, enhanced by partly elevated external walls which reach aboveground to ensure natural ventilation and daylight, with relatively small amounts of glazing to minimise the influence of solar heat gain. The study used a real built underground room with field measurements for indoor temperature and relative humidity. Moreover, the study used the computer tool EDSL TAS to simulate the performance of the model throughout the year after a field validation. It was concluded that the use of UGCs in hot climates should be encouraged as natural ventilation and daylight can decrease temperatures by 3 °C in summer, and the utilisation of evaporative cooling can cool the indoor environment by nearly 12 °C. Furthermore, heat transfer was highly affected by the external environment. It was found that the amount of heat transfer doubled in comparison between under and aboveground constructions. The use of small windows for ventilation caused high humidity, even in hot regions, during summer.
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1. Introduction


1.1. Background


Evaporative cooling is an important technique used in the Middle East to cool outdoor conditions in extremely hot climates. Figure 1A shows one of the traditional evaporative cooling strategies using wind catchers. Earth’s shelters are an obtainable technology developed from methods used since ancient times to counteract the extremes of outdoor climatic conditions globally [1,2]. They could be used for different reasons, such as residences for people, or soil for growing food [3]. The temperature of the subsurface is commonly lower than that over ground in the summer and higher in the winter, due to its thermal mass advantages. Worldwide, there has been a noteworthy increase in the number of underground constructions (UGCs). For example, in railways, such as the Antwerpen central railway station in Belgium; hospitals, such as the Ceppo hospital of Pistoia in Italy; and shopping centres, such as the Gangnam station underground shopping mall in South Korea. This evolution is connected to the expansion of the urban scale of cities and towns [4]. Consequently, cities such as Riyadh need UGC, where the case study of the UG room has been constructed, to meet the rapidly increasing demand [5].



More than 30% of the available land mass on Earth is in hot regions, while only 12% is in regions with a temperate climate. This makes it important to consider hot climatic regions. Energy consumption from buildings is higher than that from any other comparable sector [7]. This shows the importance of utilising UGCs in the steering of building energy consumption. According to Shi [4], the use of UGCs can save approximately 23% of energy. Furthermore, the utilisation of UGC will aid in isolating buildings from outdoor noise [2]. One of the impediments of UGC is the shortage of indoor environmental quality (IEQ), yet it is fundamental to devise approaches to maintain comfortable indoor environments that meet the international standards of IEQ [8]. Recent research has indicated that an acceptable thermal comfort level is achievable with less use of energy by UGCs [9].




1.2. Literature Review


1.2.1. Evaporative Cooling


In hot regions, several studies have highlighted different methods to improve the level of thermal comfort as well as energy consumption in UG spaces. For instance, Rabani [10] presented the utilisation of water spraying in UGCs, which has the ability to lower the temperature of indoor environments by 7–13 °C. This is comparable to the research of Alwetaishi [11], which explored the influence of water spraying at Mashrabiya in an historical building in a hot region; the work revealed that it is possible to lower the indoor temperature by 4 °C during summer in the city of Taif. This potential is larger in a region with a hot and arid climate. Although a region with a hot and humid climate is considered a hot region, the high level of humidity makes it difficult for the evaporative cooling system to work effectively [12]. In [13], which includes a case study from the city of Jeddah in Saudi Arabia, the analysed region is hot and humid. The study included an experimental field investigation for EC techniques with Mashrabiya. The work highlighted the difficulties in achieving the comfort level midday due to the high level of heat combined with high humidity. The system works more efficiently in hot and dry regions. In the UAE, Trepci [14] investigated the built context impact as passive cooling in the hot climate. The researcher introduced different aspects to control passive cooling at the level of urban design, such as height, distance, and orientation, which can contribute to a 26% increase in cooling energy. In the composite climate of India, [15,16] highlighted the influence of EV on thermal comfort. The researchers reported the strong connection between EV and thermal comfort. Using the Griffith method, it was found that comfort satisfaction in India is higher than the suggested values of ASHRAE 55 and ISO 7730, with an average of 28.8 °C. Evaporative cooling is not restricted to a certain method, it has many applications. In a study of Sotelo-Salas [17], which is located in the hot climate of Mexico, the researchers used spray evaporative cooling in an opaque skin façade for cooling, using CFD. The evaporative cooling (EC) technique is not restricted to hot regions; it is also used in other climates during summer. In the work of Kowalski [18], which was carried out in Poland, EC systems were used in industrial buildings. The author reported that an EC system has a strong potential for energy saving under the climatic conditions of Poland.



In some countries in the Middle East, wind catchers are used along with evaporative cooling systems. In Kuwait, in [19], the researchers explored the utilisation of wind catchers with EC to improve indoor air quality and energy efficiency. It was reported that the system reduced energy consumption by 52% and improved thermal comfort by 76%–100% with a free running air conditioning operation. In the context of Tunis, in [20,21], the researchers highlighted the possibility of reducing the indoor air temperature by an average of approximately 15 °C and raising the relative humidity by 54%. However, the effect of the system on energy consumption was not clear in the research.




1.2.2. Underground Construction Studies


Studies on UGCs are abundant globally [22,23,24]. Even though there are numerous research publications on the topic of UGCs, such as [25,26,27,28,29,30,31], very few have looked at residential buildings. This shows the significance of this research. In a study carried out by Shan [32] in Singapore, the author reported that thermal comfort was developed, as well as a notable resistance to outdoor noise. In contrast, there are some disadvantages of UGCs, such as lack of daylight, cost of construction, and psychological issues.



UGCs come in various shapes, such as atria, elevation plans, and Bermed plans [33]. Irrespective of the local climatic condition, there are leading elements which influence the behaviour of UGCs, such as design, depth of UGCs, utilisation of natural ventilation, soil property, conductivity of thermal mass, and elevation above sea level [34,35,36]. As a result, natural ventilation is very crucial in UGCs as it is linked to a high level of moisture [37]. UGCs have some barriers, as mentioned before, such as isolation from aboveground and lack of daylight. This might be ameliorated by the use of plants as suggested by Kim [38]; Kim’s work indicated a positive perception with the existence of plants in the building. Moreover, the work suggested using artificial windows, which has been found to be beneficial in underground indoor spaces.




1.2.3. Thermal Mass and Its Influence on Underground Constructions


The use of thermal mass (TM) can be classified into two major combinations: internal insulation (for instance, the existence of furniture) and external insulation (such as walls, roof, and floor) [39]. The use of thermal mass can be efficacious in the constriction of energy use and maintenance of comfort level [40,41,42,43,44]. In fact, thermal comfort might be considered the most appropriate aspect in hot regions [45], or during a warm summer in countries with milder climates [40,46,47]. Recently, Kumar, in [48], reported that the use of TM is beneficial not only in regions with hot climate but also in locations of composite climatic conditions, such as India. A comparison between an historical building which was constructed using stone building material, and another that was constructed using modern building materials such as bricks was carried out by Yousef [49] in the hot region of Egypt. The study revealed that the technique used in this heritage building helped to reduce the temperature of the indoor environment by approximately 1.4 °C. Furthermore, a wide range of research has been conducted on historical buildings [50,51].



TM is ultimately connected to thermal comfort. Based on the work conducted by Kumar [52], between 40% and 98% of thermal discomfort perception can be avoided with the utilisation of TM in buildings. However, some of the published research is against this. These scholars are of the opinion that the use of TM has no effect on energy use but may help in ameliorating the comfort level [53].





1.3. Context of Extreme Climate of Al Dwadimi City in Saudi Arabia


The town of Al-Dawadmi is located in the heart of Saudi Arabia’s desert with the coordinates of 24°50′ N 44°39′ E (Figure 2). It is located in the heart of Saudi Arabia, approximately 300 km west of the capital of Saudi Arabia, Riyadh. It has a desert climate with a very hot summer and cold winter. The unique feature of this town is that it is elevated roughly 1000 m above sea level, which leads to a very cold climate in winter. The town is known for its historical tourist destination Ash Shu’ara heritage village.




1.4. Aim and Objectives of Study


The aim of this study was to investigate the effects of underground building construction with a new design to allow natural ventilation and daylight combined with an evaporative cooling system to improve comfort and energy efficiency. This aim was achieved through different objectives. A literature review on UGCs, TM influence, and evaporative cooling was conducted (Figure 3 shows a schematic representation of the evaporative cooling system).




1.5. Novelty and Significance of Study


Thermal control and comfort are very crucial in regions with extreme climatic conditions. The climate might be extremely hot or extremely cold such as that in Riyadh and Stockholm, respectively. Such locations require more environmental architectural design enriched with appropriate building materials to reflect the need of the local climate. The element of UGC is a traditional approach to control the indoor built environment in the Middle East, as it suffers from extreme temperatures.



Although there has been abundant research on UGCs, such as [25,26,27,28,29,30,31], only little of it features new designs to allow both natural ventilation and daylight. This shows the significance of this study to contribute to the existing knowledge, particularly in the context of the hot climates of Gulf countries, where there is a very little research contribution. In fact, based on the extensive research on the topic thus far, there has been no study conducted in the region of the Middle East where there is a field constructed underground space with an evaporated air conditioning system. This reflects the novelty of the study which can contribute in different ways to the existing knowledge. The use of a field construction added enhancement to the methodology is the novelty of the study. A new design of the underground model was developed for this research. In the new design, the UG room was raised aboveground to allow the placement of windows for ventilation and daylight (Figure 4).





2. Methodology and Materials


2.1. Design and Construction of Real Model Room Built Underground


This study was conducted using a real constructed model, built in a town called Al Dwadimi. The dimension of the room was 3.5 m × 4.0 m, with a 1.0 m elevated atrium for exposing the external wall to the outdoors to allow natural ventilation and daylight. Local and traditional building materials were used in the construction of the model, such as mud and palm fronds (Figure 5). Note that all the examined models were unoccupied.




2.2. Design and Production of Evaporative Cooling Air Conditioning Unit


The study involved designing and building an on-site evaporative cooling air conditioning unit (ECACU) (Figure 6). The on-site design and building of ECACU provided an affordable approach to create an alternative solution for users; it was a box with the dimension of 80 cm × 80 cm with a height of 100 cm. There was an internal layer of pads supplied with a watering tube to absorb water and aid in cooling the hot external air. An internal fan was installed to extract air into the indoor room (Table 1).




2.3. Use of Energy Simulation Tool (TAS EDSL)


In addition to the use of the field measurement of the constructed real model, the computer simulation software TAS EDSL was used to predict some results. This software is used globally in building energy analysis investigations, such as in Chile [55], Austria [56], Singapore [57], Poland [58] Italy [41,42,59,60], Saudi Arabia [61], the UK [45,46,62,63], and Turkey [64].



The model was built with an external wall with a thickness of 35 cm. The conductivity of the wall was 0.82 W/mK, and the total U-value was 1.45 W/m²K. The room had a top roof made with mud and palm fronds; it had a thickness of 30 cm, conductivity of 1.38 W/mK, and U-value of 2.09 W/m²K. As the study area consisted of one room, it was divided into one zone within the TAS model. In addition to this, the infiltration of the two windows had the value of 0.5 ach with full operation of natural ventilation.




2.4. Calibration of Energy Model and Validation


The research used graphical calibration to verify the adequacy of the results. Figure 6 shows an acceptable agreement between the simulated and the measured results for temperature and humidity, obtained by the use of data loggers. The results indicated acceptable differences, which could be considered minor (Figure 7). In addition, TAS software was validated previously by the author in a study that dealt with a sustainable application of an asphalt mixer (RAP). The new design of the building brick could be used in cold regions for thermal insulation capability [65]. The validation used a constructed model in the campus of the University of Taif and compared it with the energy simulated model developed using TAS. As the case study was an underground space, which differed from a normal aboveground space, the validation and calibration were very crucial. Energy software such as TAS EDSL is not usually used to run simulations for underground spaces; however, the current model used a very thick external wall to overcome this issue. This provided a simulation of the underground boundary, which had a very high mass external condition. It is recommended that energy simulation provide more advanced options to test underground spaces. Validation and simulation were carried out using advanced energy tools (Table 2).





3. Results and Discussion


The research presented a new design of UGCs enhanced with an on-site built-in evaporative cooling air conditioning unit. Figure 8 shows the indoor temperature and relative humidity of the underground room and the aboveground room, simulated using TAS EDSL for the whole year. The use of UGC helped to maintain a constant fluctuation of temperature as well as relatively high humidity considering the hot and arid climate of Saudi Arabia. From January to March, the average temperature was around 17 °C, which was above the minimum outdoor air temperature by 5 °C. Moreover, the average indoor relative humidity was lower than the outdoor maximum humidity by approximately 33%. This was the power of the TM of the UGC. Figure 9 shows the effect of the TM on the building heat transfer of the underground constructed room compared to the aboveground room. The UGC room had considerably less heat transfer than the aboveground room by as high as 70%. This had a clear influence on the fluctuation of the indoor built environment, particularly temperature, which was linked to thermal comfort. In summer, the UGC room helped to maintain a lower indoor temperature than the maximum outdoor temperature by 3 °C. This was due to under-construction and the lack of an evaporative cooler. Although the climatic classification of this study was hot and arid and the study was carried out during summer, the distinction in humidity was in the range of 45–62%. This was attributed to the natural ventilation consolidated by the utilisation of UGBC. The design of the underground room used a smaller size of glazing for natural ventilation and daylight to control the influence of the solar radiation gain. The research revealed that the use of UGCs in hot climates encouraged with small openings for natural ventilation and daylight could decrease the temperature by 3 °C (Figure 8 and Figure 9). Figure 9 shows a comparison of the total amount of building heat transfer between the underground room and the aboveground room. The UG room had a very limited fluctuation of building heat transfer, such as conduction, convection, and radiation, while the aboveground room had a considerably higher amount of heat transfer. This was attributed to the dramatic swing of the outdoor temperature of the aboveground room as compared to the ground temperature. This resulted in a more comfortable indoor environment of the underground spaces with less reliance on energy use, particularly in extremely hot regions.



The room was designed with a small window for natural ventilation and daylight to improve the liveability of UGCs. This is an issue with most recently published research. Although the solar heat gain was primarily affected by the size of the openings and glazing, a minor variation was recorded in different seasons, as shown in Figure 10. There was only a minor variation among all the seasons. As shown in Figure 10, summertime had the highest amount of solar radiation, while wintertime had the lowest with a peak of approximately 100 W. This supported the claim that the window to wall ratio has to be kept to minimum in hot and dry climates [66]. In addition to this, this was similar to the findings of the work of Bulut [67], which investigated the thermal performance of buildings in Australia. The paper revealed that retrofitting windows can contribute to almost 10% of electricity use.



The study revealed that the use of evaporative cooling could reduce indoor temperatures during the daytime by 12 °C in summer. This was an enormous reduction, significantly affecting both the comfort level of the users, as well as the energy use (Figure 11). This is quite similar to the work of Rabani [10], which used evaporative cooling and reported a temperature reduction of 7–13 °C. The system also helped to increase the relative humidity by 45% to be in the range of 40% to 60%. Such an improvement had a clear effect on the level of thermal comfort of the occupants, and hence, considerably reduced the energy for cooling. The cooling system was found to be very efficient, as shown in Figure 12, which also shows the frequency of decrease in the temperature and increase in the humidity in a 5 min recording slot. During the first hour, the temperature dropped by 7 °C, and the humidity increased by 13%. This was also linked to the high thermal mass construction of the ground of the underground buildings. This had a clear effect on the total amount of building heat transfer that was exchanged with the building zone in both winter and summer, where in winter, it was found to be warmer than the outdoor temperature, and in summer, it was found to be cooler. This point will hopefully stimulate further research.




4. Conclusions


The current research was carried out in a real underground construction space located in Al-Dwadimi in Saudi Arabia and aimed to analyse the influence of UGCs on indoor air temperature and relative humidity. The new design was elevated aboveground to encourage natural ventilation and daylight. The research used TAS EDSL as the modelling tool, and field measurements were conducted to obtain some measurements. The WWR of the glazing constructed was small to minimise the effect of solar radiation in locations that experience a very harsh outdoor environment, particularly in summer. The research highlighted that the heat transfer in UGCs was twice that of the aboveground spaces. Taking into consideration the issue of the lack of natural ventilation in UGCs, the current built underground space was found to be relatively humid, even though it was summer, and it was a hot and dry region. This could be beneficial in locations that suffer from dryness, particularly during summer. The study also indicated that the use of UGCs in hot climates consolidated with natural ventilation could decrease the indoor air temperature by 3 °C in summer. This reduction could be as high as 12 °C upon the utilisation of the evaporative cooling technique. The use of evaporative cooling was developed and enhanced with the concept of Mashrabiya, which was an architectural traditional element used in the region. The work would have a great potential in regions with a hot climate, such as in Saudi Arabia where outdoor temperatures soar in both summer and winter. The current study encourages land holders to consider underground spaces in demotic buildings, as they can provide not only extra spaces in the homes but also more comfortable and energy efficient buildings. Based on the current research and findings, it is suggested that further research and investigation be conducted with respect to different shapes and designs of UGCs, as well as structural elements. In addition to this, the behaviour of the occupants can be investigated in relation to the comfort of UGCs.
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Figure 1. Old and traditional wind catcher in the Middle East (A), modern systems of wind catchers where (B) is used in an operating heat transfer system, and (C) is a thermal operation integrated with wetted columns. Reprinted from Ref. [6]. 
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Figure 2. Weather data of Al-Dwadimi town Reprinted from Ref. [54]. PPT denotes precipitation. 
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Figure 3. System design of evaporative cooling unit. 
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Figure 4. (A) View of actual room model showing the 0.6 m elevation aboveground level for naturel ventilation, and (B) night view of the room with traditional furniture, designed by Mohammed Al-Amoodi. 
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Figure 5. Site construction of underground room from digging to finishing and set-up of the equipment in the underground room; view of the building which has a normal room to compare it with the underground room. 
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Figure 6. On-site building of evaporative cooling unit with internal fan installed to pull in air from external unit into inside the room. 
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Figure 7. Calibration: (A) indoor temperatures (°C) and (B) relative humidity (%). 
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Figure 8. Indoor temperature and relative humidity of underground room and aboveground room, simulated using TAS EDSL for the whole year, where ORH is the outdoor relative humidity, OAT is the outdoor air temperature, UGR.IAT is the underground indoor temperature, and UGR.RH is the underground relative humidity. 
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Figure 9. Building heat transfer of (A) underground room and (B) aboveground room. 
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Figure 10. Solar heat gain (SHG) in underground room in all seasons, W. 
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Figure 11. Comparison between (A) indoor air temperature and (B) relative humidity of underground constructed room. 
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Figure 12. Frequency of reduction in indoor temperature with use of evaporative cooling in sampling record every 5 min, where IAT is indoor air temperature and IRH is indoor relative humidity. 
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Table 1. Inner surface temperatures of water tank and internal fan.
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	Internal view of inlet fan
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	External view of evaporative cooling unit
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Table 2. Tools and equipment used in research study.
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	Tool
	Image of Tool
	Output
	Accuracy





	Thermal imaging camera
	 [image: Buildings 11 00573 i005]
	Temperature measurements range from −20 to 250 °C (−4 to 482 °F)
	<0.15 °C



	Professional high-temperature thermometer laser pointer
	 [image: Buildings 11 00573 i006]
	Tester gun measuring range −50 to 550 °C
	0.5 to 1.0



	Temperature and humidity data logger
	 [image: Buildings 11 00573 i007]
	
	−

	
It records 32,000 data points




	−

	
Built-in sensor to measure temperature and humidity






	Temperature: ±1.0°

Humidity: ±3.0%



	TAS EDSL software; Energy building performance tool
	 [image: Buildings 11 00573 i008]
	It considers various energy aspects such as energy load, solar radiation, and daylight analysis
	-
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