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Abstract

:

In arid climates, almost half of the urban peak load of energy demand is used to supply cooling and air-conditioning in the summertime. The pressure placed on energy resources to satisfy inhabitants’ indoor comfort requirements is mounting due to accelerated urbanisation rates in developing countries and has led countries such as those in the GCC (Gulf Cooperation Council) to establish sustainable building codes to enhance their environmental performance. Using the extensive parametric energy simulations provided by DesignBuilder, this study addresses the potential of applying different GCC energy efficiency measures to reduce annual energy consumption and carbon emissions in a typical residential dwelling in the Kingdom of Bahrain. To do so, first, a base case validation simulation model was generated, followed by four design scenarios addressing the minimum requirements for Bahrain’s Energy Conservation Code, Abu Dhabi’s ESTIDAMA 1, Saudi Arabia’s code, and Kuwait’s building code. Then, a feasibility study was conducted using the simple payback period (SPP) and lifecycle cost (LCC) analysis. Overall energy and carbon emission (CO2) reduction showed the potential for building sustainable codes to improve building environmental performance throughout the year. In terms of energy performance and CO2 reduction, Abu Dhabi’s ESTIDAMA 1 code recorded the best energy savings at a 24.4% and a 26.3% reduction in carbon emissions, followed by the Saudi code with a 14.6% annual energy savings and 12.3% less carbon emissions. Regarding the economic analysis, although the SPP indicates the Bahraini code offered payback in just under two years for subsidised energy and half a year for unsubsidised, the LCC analysis suggests that applying Abu Dhabi’s ESTIDAMA 1 code was the most feasible, followed by the Saudi building code. Consequently, the study suggests a comprehensive evaluation of the relationship between the sustainable building codes and their economic feasibility in order to enhance and promote the wide application in the GCC based on the code’s capabilities and their benefits for residential households and the overall economy.
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1. Introduction


For many reasons, the building sector accounts for more than 40% of all primary energy use and associated greenhouse gas (GHG) emissions, including the increasing population, expanding housing stock, and better living standards; all these have led to an expected escalation in energy use. As a result, energy demand saw its sharpest growth during the last decade, recording 2.3% more in 2018 [1]. Most of this energy assists comfortable levels of heating, ventilation, and air conditioning, which account for 35%, compared to lighting (11%) and major appliances (18%), with the remaining 36% is scattered across miscellaneous areas, including electronics. However, in arid climate zones, such as in the Gulf Cooperation Council (GCC) member countries, the situation is even worse because the consequences include a higher energy load for cooling. In these zones, air conditioning accounts for over 60% of total energy consumption [2], and there is a higher incidence of heat stress and other heat-related illnesses due to the extremely hot climate [3].



Bahrain, for instance, has one of the highest energy consumption rates in the world and uses almost three times more energy per person than the world average. Based on 2014 statistics, the country consumes 11,500 kWh of energy per capita compared with the global average of 3030 kWh. According to the World Bank, in 2016, over 48.6% of total electricity consumption was attributed to residential buildings, followed by the commercial sector at 36.4% [4]. Like other GCC countries, Bahrain has a substantial seasonal variation in electricity consumption; during the extremely hot months from May to October, there is a significant increase in consumption, mainly due to the heavy use of air-conditioning units, which account for 60–65% of electricity usage in buildings. This high annual rate of electricity consumption will mostly continue and lead to an increase in energy consumption per capita, as Bahrain is witnessing a high population growth rate, rapid urbanisation, industrialisation, and commercialisation.



With more visitors coming in and causing a fast-growing domestic energy demand, these factors represent a major challenge for energy security. Increasing awareness of climate change and energy savings make it essential to review and update the building codes to meet national energy and environmental challenges. In a quick response in 1984 from GCC members, their respective ministries of electricity endorsed a thermal regulation to be voluntarily adopted by all members [5]. The proposed guidelines included minimum levels of thermal resistance (R-value) of 1.35 m2K/W for walls and 1.75 m2K/W for roofs. However, due to the differing contexts of the GCC members, such as energy infrastructure [6], dwelling and household characteristics [7], lifestyles [8,9], household behaviour [10,11], and other country-specific conditions, the type of policy instrument suitable for guiding energy efficiency varies between GCC members and different sectors. Since each GCC member has its own context that determines which policy instruments are more appropriate, individual energy efficiency codes were established.



Of the GCC members, Kuwait was the first to develop an energy efficiency code of practice, which was adopted and implemented by the Ministry of Electricity in 1983. The code specifies minimum thermal resistance for walls and roofs, size and quality for glazing, fresh air requirements, and performance standards for air-conditioning (AC) systems. The code is regularly revisited and updated with the latest in energy efficiency standards and applications, most recently in 2014 [12]. In Saudi Arabia, the building code was activated in 2007 for the first time and includes a specific section (Section 601) on energy conservation requirements for different housing conditions under different local climates [13]. The United Arab Emirates and Qatar also implemented more generic sustainability framework rating systems, where energy use is the main driver. Abu Dhabi in the United Arab Emirates launched the ESTIDAMA rating system for new developments [14], while Qatar mandated the Qatar Sustainability Assessment System (QSAS), which later became the Global Sustainability Assessment System (GSAS) [2]. Bahrain adopted an energy efficiency code for commercial buildings in 1999, which has prescriptive requirements for thermal insulation in the walls and roofs and specifications for window glazing [15,16]. The application of this code was extended to all building types in 2013 [17]. Table 1 summarises the minimum requirements for a residential building to comply with the prescriptive-based design approach, as described in some GCC codes [16,18].



However, although it is generally considered that energy efficiency measures are the most cost-effective way to enhance the security of energy supply and reduce greenhouse gas emissions [19], the feasibility of such measures has been considered separately [20]. Moreover, despite the proposals mentioned above on shifting toward energy codes, surprisingly little is known about how energy codes affect residential energy consumption in practice [21], leading to a very limited application in the GCC in general [22,23,24], and Bahrain in particular [15]. As recent applications of the different codes have revealed, there are numerous barriers to applying feasible technical and economic approaches to energy saving [11,25,26,27], and this is compounded by a noticeable lack of awareness among both designers and householders about the most suitable technology and its feasibility for the building envelope [28]. Perhaps this explains why Bahrain’s energy code has a limited ability to meet the thermal insulation requisites for the building envelope, which includes walls, roofs and window glazing. These can account for 15–40% of the total building cost and can even exceed 40% with building services such as heating and cooling systems [28]. This limited ability can be detected in the Bahraini energy code, which kept the same minimum thermal values as adopted by the GCC thermal regulation in 1984—the only difference was adding specifications regarding the window glazing—as presented in Table 1.



In this context, the study had two aims: firstly, to evaluate the effectiveness of the different GCC energy efficiency measures on overall energy consumption and carbon emission (CO2) for a typical Bahraini residential building; and, secondly, to assess the long-term and economic feasibility of these energy efficiency codes, including the percentage of annual energy consumption saving, peak cooling load reduction, payback period, and the building’s lifecycle cost.




2. Literature Review


Most of the available studies on applying different energy-saving measures are almost exclusively designed for mid-latitude climates in North America and Europe, and thus, have very limited application to the Middle East and the GCC region [15,22,23,24]. Accordingly, this section critically reviews recent studies on energy efficiency in buildings in the GCC region. Due to the recent advances in technology and enhanced energy modelling techniques, the only studies included in the review are those from the past decade, which use dynamic energy modelling, as approved by many well-established green building codes.



The first study to consider is from 2008 [29], when Radhi examined the reduction in consumed energy as a result of several energy efficiency measures for an office building in Bahrain. These measures included thermal insulation for walls and roofs, low emissivity glazing, energy efficient systems and appliances such as daylight sensors and better energy-saving equipment, in addition to examining different cooling setpoints. This combination of measures led to a 42% energy reduction. However, no feasibility analysis was conducted to evaluate the cost-effectiveness of such measures. Another study by Radhi et al. [16] tested the impact of Bahrain’s thermal insulation code, known as Article 32, on reducing the energy consumption and carbon emissions of both residential and commercial buildings. The study analysed the impact of different insulation levels, glazing types, and window-to-wall ratios on both thermal comfort and total building energy consumption. The study concluded that window size and type have a significant impact on thermal comfort for residential buildings and that simply improving the building envelope is insufficient to achieve a 40% reduction in both energy use and carbon emissions [16]. Again, no economic analysis was conducted as part of these studies.



In a similar study, Taleb and Sharples [30] considered the hot, arid climate of Saudi Arabia and reported that a 32.4% reduction in annual electricity could be achieved by enhancing the insulation of external walls and roofs and by using double glazed windows with appropriate shading devices on residential buildings [30]. In the United Arab Emirates, Taleb [31] conducted a dynamic energy simulation on a residential villa in Dubai by assessing the passive cooling strategies of eight different principles, and reported a 23.6% reduction in annual energy use. Similar outcomes were reported in Saudi Arabia by Alaidroos and Krarti [32], who examined the impact of the building envelope on the energy saving of a typical residential building in different cities within the kingdom. Energy savings of 22.7–39.5% could be achieved, subject to the context and climate of the city. In Qatar, Kharseh and Al-Khawaja examined five different energy retrofitting methods related to building envelopes and their effects on the cooling loads of a residential building [33]. The outcomes showed a potential reduction in cooling energy of 53%. Almost identical outcomes were reported in another study in Kuwait conducted by Ameer and Krarti [34]. They investigated Kuwaiti residential building energy codes and found that there was a substantial reduction in electricity bills when the energy codes were applied.



In Oman, Al-Saadi et al. [35] explored different energy-efficient retrofitting strategies, including air tightness improvement, LED light installation, and walls and roof insulations. The findings indicated that 42.5% less energy was used by combining the best tactic from each measure. Another study in the same context found that by applying the proper energy efficiency measures, maximum energy saving could reach 26.7% [36]. Alalouch et al. [18] employed dynamic building simulations to examine the energy-saving potential of applying the minimum requirements of the energy-saving code on residential buildings located in different climate zones within Oman. The outcomes showed an energy reduction of 13.2% in a warm, tropical climate compared to 48% in a hot, dry climate.



In Saudi Arabia, another interesting study by Wahl [37] investigated the amount of energy that can be saved by adapting the building envelope according to different energy efficiency measures, using energy simulations for a two-storey residential building. Changing the window type from single clear glass to double glass with a reflective surface produced the highest energy saving of 21–27% of total saved energy. Other energy savings were gained by adding insulation to an uninsulated roof (23% total energy saving), enhancing the thermal insulation of the external walls (11–21%), and installing fixed shades when dimensioned for the peak cooling load (8–13%). Another study in Saudi Arabia by Almushaikah and Almasri [38] assessed different energy-efficient measures in the residential sector. The results suggested that the applied measures were responsible for reducing energy consumption by 27–29% for walls, 13–14% for roofs, and 6% for windows; these findings are much lower in comparison to Wahl [37] regarding the windows and roofs, despite both studies being set in the same climate. In summary, all of the above reviews reported different findings regarding energy saving potential when energy efficiency is considered in the various arid climate locations of the GCC.



The literature review also revealed a lack of investigation of the energy efficiency measures taken in Bahrain, despite the fact that Bahrain consumes almost three times more energy per person compared to the world average and, after Qatar, and is the second-highest polluter of CO2 emissions (36.58 tonnes per capita) [39]. Following an extensive literature review of more than 100 studies on building performance between 2001–2017, and according to Koppen’s climate classification (Figure 1) [40], most recent studies have been conducted on tropical, subtropical, and temperate climates (in descending order of frequency). Given the paucity of studies on hot, dry climates, therefore, it is important to gain further understanding of both the feasibility and impact of implementing energy efficiency measures in residential buildings in such climates, and within Bahrain, in particular.




3. Methodology


In accordance with the background to this study, this paper hypothesizes that relying solely on the amount of energy or carbon emissions to be saved is not enough for the wide application of energy efficiency measures in the GCC. Still, more analyses are required to have a comprehensive evaluation and understand the long-term and economic feasibility of implementing these codes in the residential sector. Moreover, it is crucial to differentiate the capabilities of each code based on different factors such as context, climate, design requirements, electricity prices, and other country-specific conditions. Therefore, the study particularly considered the effectiveness of the current GCC energy efficiency measures for building envelopes regarding energy saving, reduced carbon footprint, and economic feasibility for residential buildings in the arid climates of Bahrain. Accordingly, the proposed framework was designed to investigate:




	
The energy consumption rates associated with the residential sector growth rate;



	
Base case selection criteria for a typical residential building;



	
Dynamic energy modelling for the base case for validation purposes;



	
A parametric energy analysis for the different GCC building code scenarios, based on the annual energy consumption saving percentage, peak cooling load, and carbon emissions reduction;



	
Long-term and economic feasibility, including the simple payback period (SPP) and the building’s lifecycle cost (LCC).








The objectives of the five phases were to:




	
Evaluate the effectiveness of the different GCC energy efficiency codes on typical Bahraini residential building energy consumption and carbon emissions;



	
Assess the economic and environmental benefits of applying these energy efficiency codes.








3.1. The Potential Growth Rate of Bahrain’s Residential Sector


To assess the effectiveness of potential energy savings in the residential sector in Bahrain, it is first crucial to estimate the residential sector’s role in the overall energy consumed by the country at present and in the future. Accordingly, to locate the required data, reports and information were gathered from relevant bodies. Annual reports were analysed up to 2017 from the World Bank and the Sustainable Energy Unit (SEU), which is a joint initiative between the Office of the Minister of Electricity and Water Affairs and the United Nations Development Program (UNDP) [41]. In addition, the study considered reports for the years 2000–2016 from the Central Informatics Organisation (under the supervision of the Ministry of Finance and National Economy) and an Energy Country Profile report 2020 [42]. The data required for the estimation include:




	
The size of the residential sector compared to others such as the industrial, agricultural, and commercial sectors;



	
The annual energy consumed by the residential sector compared to others;



	
The annual growth rate of the residential sector.








Moreover, the energy to be consumed by the residential sector in 2030, aligned with the 2030 Bahrain economic vision, was forecasted using Equation (1), which was developed using Pascal’s Triangle [43]. Equation (1) is based on the percentage of annual average energy consumption by the residential sector and annual total energy consumption:


   E n  =    (  1 + r %  )    n − o   ×  E o   



(1)




where En = total energy consumption in the target year, r% = annual growth rate of energy consumption, n = the target year, o = the most recent year where the total energy consumption is known, and Eo = total energy consumed at year 0.




3.2. Base Case Selection Criteria


The reference case study for the research is a prototype housing unit provided by the Ministry of Housing in Bahrain. Although there are many housing typologies, the most affordable and commonly known is the T3M unit (Figure 2). The reasons for deciding on this case study were:




	
The availability of all the required data, such as the building construction drawings, main materials properties, operational schedule and energy consumption monthly patterns. These data will add more confidence to the outcomes and facilitate further studies in the future.



	
The very high energy consumption rate of the residential sector in Bahrain, which, according to previous studies, consumes more than 48% of the total electricity generated by the whole country [15,44].



	
Residential buildings constitute most of Bahrain’s building stock and about 76% of the total and projected annual growth in energy consumption [15].









3.3. Dynamic Energy Modelling Setups and Software Selection


Several studies have analysed the use of simulation tools in evaluating the energy and thermal performance of buildings [45,46]. According to a comprehensive review based on the most used building energy modelling tools, DesignBuilder, developed by DesignBuilder Software Ltd in the UK, is the most suitable tool for assessing performance applications and criteria [47,48,49]. It is the most comprehensive interface for the well-known EnergyPlus, (which is Department of Energy’s open-source whole-building energy modeling (BEM) engine), compared to others [50]. DesignBuilder outcomes have been validated and used in several studies with similar aims to the current study [49,51].



Building Model and Location—The Base Model


The T3M case study building is in Bahrain, which is classified as hot, dry climate zone 1B by the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) standards [52], and BWh in the Köppen-Geiger climate classification, which stands for hot, desert climate [53]; it has extremely hot summers and mild winters. As presented in Figure 3, the T3M is a two-storey building with three bedrooms and a living room on the upper floor, plus family living, kitchen, and majlis (guest reception based on gender), and a garage and small garden on the ground floor, with a total area equal to 209 m2. It is worth mentioning that some of these units are standalone while others are semidetached, depending on the plot size and location. The unit selected for this study is located in Hamad city, north of Bahrain, which has 48 standard T3M units over a plot area of 2.5 hectares (Figure 4). The main construction is a reinforced concrete frame structure with 0.2 m thick brick infilled walls without insulation or an airtight building envelope. The windows are double-coated with a solar heat gain coefficient (SHGC) of 0.31. The overall glass surface area in the facades is estimated at 24.6%, and they have no solar protection.



According to Maile’s [50] ideal workflow for BEM tools, the building form was simplified, and all the inner spaces and zones were identified and labelled. Table 2, shows all the data required to perform a dynamic energy simulation, including the site location, weather data, building form, construction materials, HVAC system, internal load, and operational schedule. The data were used to create a dynamic energy simulation model for the base case for validation purposes before testing the various measures of the energy codes, including the different building envelopes’ technologies. The building has no heating system, and the AC runs continuously at a setpoint of 24 °C. A lighting density of 5 W/m2 is set for the building during operational hours, as presented in Figure 5, assuming that on weekdays from 09:00 till 16:00, family members will be either at work or school and only the housemaid will be at home. Thus, the occupancy load at these times will only be 20% but rises to 100% with the presence of all family members, and similarly will be 100% during the weekend. Occupancy density in this study was assumed to be six occupants.





3.4. Parametric Energy Analysis for GCC Energy Efficiency Measures


Since one of the paper’s aims was to assess the effectiveness of GCC energy efficiency measures in the arid conditions of Bahrain, it was important to validate the simulation results to add confidence in the outcomes. Therefore, a base model for a prototypical Bahraini T3M house, described in Table 2, was modelled and verified by comparing the simulated electrical prediction with the actual consumption. This was followed by the modelling of four different scenarios, each representing one of the energy efficiency codes listed in Table 1. The GCC’s thermal regulations of 27 years ago were excluded as, due to recent building technology developments, each GCC member has already created their own thermal regulations. Each case’s data on annual energy consumption, peak cooling load, carbon emissions, and economic feasibility were then compared against the base case and analysed for the best scenario.




3.5. Long Term Performance and Economic Statistics


To assess the long-term performance of the energy efficiency scenarios listed in Table 1, percentages for annual energy consumption savings and peak cooling load reduction were statistically analysed using Equation (2):


  % =   a − b  a  × 100  



(2)




where (a) represents either the annual energy consumption or the peak cooling load of the base case, and (b) represents the annual energy consumption or the peak cooling load of the proposed scenario.



Regarding economic feasibility, two other indicators were used:




	
The SPP, which shows the amount of time taken to recover the initial investment of the project, as shown in Equation (3):


   SPP    =   T o t a l   I n v e s t m e n t   C o s t   A n n u a l   c o s t   s a v i n g s    



(3)







	
The LCC, which provides the total cost of facility ownership. It considers all costs of acquiring, owning, and disposing of a building or building system and can be estimated according to Equation (4):


  LCC = T o t a l   I n v e s t m e n t   C o s t +   1 −    (  1 + d  )    − N    d  × E C  



(4)




and,


EC = EU × re



(5)




where (d) represents the discount rate, and (N) represents the life cycle of the building in years. According to several studies, the LCC (d) discount rate is presumed to be 5% over a 30-year cycle period, (N) [18,34,54,55]. (EC) is the annual estimated energy cost, (EU) is the annual energy consumption acquired from the dynamic energy simulation, and (re) is the electricity tariff obtained from the EWA annual report for 2019 [56], as per Table 3, including both the unsubsidised and subsidised electricity tariff. The total investment cost was obtained from a previous study, as shown in Table 4 [18,34].










4. Results and Discussion


4.1. The Energy Consumption Growth Rate in the Bahraini Residential Sector


Rapidly rising Bahraini population figures, expected to increase by 33% by 2030 compared to 2015 [57], will produce an increase in housing stock; together with better living standards, this will, in turn, cause further growth in energy use. According to the Electricity and Water Authority [4], the average amount of electricity consumed by the residential sector between 2010–2018 was 47.9% of all electricity supplied by the country; this means that the sector consumed almost half the electricity, while the other half was consumed by three different sectors. Table 5 presents the annual electricity consumption of all sectors in Bahrain between 2010–2018 [4]. By comparing these rates to average global electricity consumption, Bahrain’s rates are very high and almost double the world average, estimated to be 27% [58]. In Canada, 16% of total energy production is consumed by the residential sector [59], while in the US and UK, this figure is 22% and 28%, respectively [60]. Moreover, energy intensity, which is a standard measure for how efficiently energy is used, is 54% higher in Bahrain than the GCC average and 88% higher than the world average [41,61]. These figures make the energy sector the greatest source of greenhouse gas emissions in Bahrain, at 77% of total emissions. According to the World Bank [61], Bahrain’s per capita emissions are amongst the highest in the world and continue to rise.




4.2. Projecting Long-Term Residential Sector Electricity Demand


Demand forecasts play a decisive role in energy supply-demand management for both governments and private sectors. Therefore, it is crucial to have an accurate forecast of future energy consumption trends to manage power production and distribution systems better [62]. Based on Pascal’s Triangle [43], Equation (1), as noted above, was used to model future energy trends. However, due to high fluctuation in the annual growth rate of energy consumption (r%), which recorded 1% in 2011, and 13.7% and 9% in 2014 and 2015, respectively, the average annual growth rate was calculated for the given period (2010–2018) as 4.6% for total energy consumption and 4% for residential sector energy consumption. The average rate was used in Equation (1), for instance:


   E  2030   =    (  1 + 4.6 %  )    2030 − 2018   × 17,241 = 29,499    million   KWh   











The country’s total energy plus the energy forecast to be consumed by residential buildings was modelled up to 2030, in alignment with Bahrain’s 2030 economic vision, as seen in Figure 6. By 2030, residential buildings are expected to consume 12,937 million KWh, accounting for almost 44% of the country’s total energy consumption. The accumulated energy consumption is equivalent to 11,789 million KWh between 2020–2030, which accounts for 92,094 million tonnes in carbon emissions as per the United States Environmental Protection Agency (EPA) projection [63]. According to the World Bank, Bahrain’s per capita emissions are amongst the highest in the world and continue to trend upwards [61].




4.3. Base Model Energy Performance and Validation


Since one of the paper’s aims was to assess the validity of GCC energy efficiency measures in the context of the arid conditions of Bahrain, it was crucial to verify the simulated electrical consumption from DesignBuilder. This is because energy consumption for the same house unit can vary according to users’ behaviour and lifestyle and the number of persons using the house. Therefore, three official monthly electricity bills were collected and benchmarked with the DesignBuilder simulated prediction for the same T3M residential building type. The analysis of the official electricity bills indicated that all three residential units shared the same electricity consumption trends, with significant increases in the summer months from May to October, probably due to the heavy use of AC units, which account for 60–65% of electricity usage in buildings [41]. The annual consumption value of the three houses ranged between 31,403 kWh and 39,420 kWh, with an average of 34,194.33 kWh. Although DesignBuilder predicted an electrical consumption of 34,720.19 kWh/year, this still falls within the acceptable average range of <10–20% [64,65], as it recorded variations of 10.5%, 9.3% and 11.9% for houses 1–3, respectively. The simulated outcomes were plotted against the three houses’ actual electricity consumption, as shown in Figure 7. All shared almost the same drift by beginning to rise in April and May and reaching a peak in August, except for house number three, which peaked in September and then began to fall. In terms of root mean square error (RMSE), Equation (6) is a good measure of how accurately the model predicts the response. The RMSE was 6.80%, 5.23%, and 8.89% for houses 1–3, respectively, falling within ASHRAE 14 tolerance criteria for RMSE of ±20% [66,67,68]. This shows that the developed DesignBuilder base model was able to capture the main aspects of the building’s physics in the simulation.


   RMSE    =       ∑   i = 1  N    (  x i  −   x ^  i  )  2   N     



(6)




RMSE = root mean square error;  i  = variable  i ; N = number of non-missing data points;    x i    = actual observations time series;    x i ^    = estimated time series.




4.4. Impact of Energy Conservation of Practice Codes: Comparative Analysis


Using the previous settings for weather file, model location, geometry, orientation, and occupation schedule, the validations were applied for all examined scenarios. Each scenario was modified to represent one of the energy conservation practice codes presented in Table 6. Afterwards, a cross-comparison of the impact of the four scenarios was made, including annual energy consumption, peak cooling load, and carbon emissions. As illustrated in Figure 8, annual energy savings varied between the different codes, but Case 2, Abu Dhabi’s ESTIDAMA 1 code, recorded the minimum amount of energy consumption per year at 26,262.78 KhW. This demonstrated a 24.4% annual saving compared to the base case. Case 3, the Saudi Building code, had the second-lowest energy consumption with a total of 29,661.57 KhW per year, accounting for 14.6% of total energy savings compared to the base case. These cases were followed, respectively, by the Kuwaiti Building Code as Case 4 and the Bahraini base Case 1, with very similar amounts of 34,656.90 KhW and 34,720.19 KhW, respectively. Although the Kuwaiti Building Code includes specifications for better roof and exterior wall thermal insulation, the window U value is much higher than in the Bahraini Code. This feature is a crucial parameter for energy saving in an arid climate and may be the reason for the very similar energy savings of the two codes. Previous studies have shown that a change in the glass type can lead to a significant reduction in energy consumption [69,70,71], reaching up to an 18.8% energy saving [72]. The base case (Case 1) representing the Bahraini Code showed the least annual energy savings, possibly because the only requirement of the 1984 GCC thermal regulations regarding the wall and roof design elements was the addition of the window U value. Applying these outcomes to the previously forecast energy consumption for the residential sector (Figure 6), a promising energy savings of 24.4% may be achieved by 2030 if the Ahu Dhabi ESTIDAMA 1 code is applied, while a 14% energy savings may be achieved if the Saudi Building Code is implemented, as illustrated in Figure 9.




4.5. Peak Cooling Load Savings Potential


It was also very important to examine the impact of the tested scenarios on the cooling loads in GCC countries, where most energy consumption is used to provide occupants with better indoor thermal conditions. Reducing the cooling load cuts down the capital cost of the cooling equipment in the first place. Table 7 presents the cooling loads and reduction percentage for each case compared to the base case. Case 2 (Abu Dhabi ESTIDAMA 1 code) offered a 29.35% annual reduction, followed by Case 3, the Saudi Building Code, which recorded 16.4%, and finally Case 4, the Kuwaiti Code, which consumed less than 2% more energy compared to the base case.




4.6. Carbon Emissions (CO2) Reduction Potential


The elevated quantity of energy used for cooling adds to the burden on the surroundings by boosting carbon emissions (CO2) from the built environment, leading to higher air pollution levels, greater health risks, energy insecurities, and climate change. For the GCC, the situation is even worse due to the extremely warm weather and subsequent greater energy load for cooling [3]. AC units account for 60–65% of electricity usage in buildings and will lead to more carbon emissions and other heat-trapping gases being emitted [73,74]. In the GCC, according to a recent study, air conditioning accounts for 70% of the annual peak electricity consumption in the residential sector [6]. In Bahrain, the contribution of residential AC to peak power consumption is even more significant, approaching 80% of residential peak power demand [75]. Figure 10 shows that the monthly carbon emissions (CO2) per scenario align with previous outcomes; Abu Dhabi’s ESTIDAMA 1 code (Case 2) recorded the highest annual reduction in CO2 with 26.3%, while the Saudi Building Code (Case 3) was second with 12.3% less carbon emissions compared to the base Case 1. Case 4, the Kuwaiti Building Code, had almost the same amount of CO2 as the base case.




4.7. Economic Analysis


Evaluating the technical performance of energy efficiency codes in compliance with economic viability explores a balanced option for introducing (or revising) the benchmarking criteria that may be adopted by various stakeholders [76]. Therefore, the analysis was performed as a feasibility study to understand the costs and economic advantages of complying with the energy efficiency codes, including the annual energy savings, the return on initial investment and the total cost of each scenario. One well known economic indicator is the simple payback period (SPP), which shows the amount of time taken to recover the initial investment of the project, as stated previously in Table 4, in addition to the investment cost for the base case. This is very similar to the GCC thermal regulations initial cost, with the addition of the extra cost of the modified windows. Table 8 presents the SPP values for the different case studies, and the index was calculated based on a 5-year SPP, as recommended in different studies [18,34]. Case 2, the Abu-Dhabi ESTIDAMA 1 code, was the only scenario that offered a payback period of almost five years for the unsubsidised energy tariff, and 16.8 years to recover the initial investment for the subsidised energy rate, compared to the base case. Regarding Case 3, the Saudi Building code, it would take 9.9 years for investment payback of the unsubsidised energy rate and 31.9 for the subsidised ones. These figures only provide a quick overview of the economic feasibility and ignore future increases in energy consumption and prices; however, further analysis is required for a wider performance perspective, such as LCC, which can determine the cost-effectiveness of energy retrofits. This is because LCC considers both the whole building lifecycle and various economic parameters [77,78]. The case study with a lower LCC compared to the LCC of the base case is considered a feasible option. As presented in Table 9, the LCC of the four scenarios were very interesting, although the SPP indicated that the as-built base Case 1 was the best case in terms of offering payback in almost two years for subsidised energy and eight months for unsubsidised. However, the LCC analysis indicates that Case 2, the Abu-Dhabi ESTIDAMA code, is the most feasible, offering 19.5% and 10% savings for unsubsidised and subsidised, respectively, compared to the base case. This is followed by Case 3 (Saudi Building Code), which offered only 9% for unsubsidised energy but cost more for the subsidised energy compared to the base case, and then the as-built base Case 1 and Case 4, which had very similar outcomes.





5. Conclusions


The building sector accounts for more than 40% of all primary energy use and associated greenhouse gas (GHG) emissions. This is attributed to the anthropogenic heat generation related to an increasing population, growing housing stock, and higher expectations for better living standards, all of which have led to an expected increase in the demand for energy use [1,79]. Countries with a hot, arid climate use almost half the urban peak load of energy demand for cooling and AC needs in summer [2]. In Bahrain, the contribution of residential AC to the peak power consumption is approaching 80% of residential peak power demand [75]. This has triggered a renewed interest in countries such as Bahrain and the GCC states, which are facing similar pressures in developing their own energy-efficient building codes to meet national energy and environmental challenges. However, there are very few applications, and studies on these codes in an arid climate remain very limited [22,23,24,40]. Therefore, the goal of this study was to explore the energy performance and economic feasibility of the building energy codes mandated by the GCC members, which share a similar climate, when implemented in a typical residential unit in Bahrain for better application. The key results can be concluded as follows:




	
The outcomes confirm the continuation of the residential sector in maintaining the bigger share of energy consumption at almost 44% of Bahrain’s total energy expenditure until 2030; this high percentage opens the door for immediate action to review the efficiency of the current code and any other available codes before any application.



	
The results show very high potential for energy savings in the residential sector in Bahrain if proper building codes are analysed and applied correctly. The best-case showed a 24.4% reduction in energy compared to the base case. These outcomes are in line with previous findings of a similar context; for instance, in Dubai, the savings from applying energy-efficient measures can reach 23.6% [31]; in Oman, it ranges between 22.7% and 53% [36] and between 22.7% and 39.5% in Saudi Arabia [32].



	
The harsh climatic characteristics of the Kingdom of Bahrain, as well as other GCC states, adds an extra overload during the long summer due to the need for continuous cooling, leading to an increase in carbon emissions (CO2) from the built environment, higher air pollution levels, greater health risk, energy insecurities, and climate change. Accordingly, by examining the tested scenarios, it was found that Case 2 (Abu Dhabi ESTIDAMA 1 code) offered a 29.35% reduction in annual cooling load and a 26.3% reduction in annual CO2 emissions; this was followed by Case 3, the Saudi building code, which recorded a 16.4% lower cooling load and 12.3% less carbon emissions compared to the base Case 1.



	
One of the shortcomings of previous studies was the lack of information regarding the economic feasibility of these energy codes, especially when comparing the initial cost with the base case, as this can provide misleading information, which does not help decision-makers; therefore, the current study conducted an economic analysis using SPP and LCC, which can determine the cost-effectiveness of energy retrofits, including a number of economic parameters [77]. This was obvious in the output for both indicators, where the SPP stated that the base case was the best option as it offered a payback period of almost two years, but the LCC stated that, in terms of long-term investment, applying the Abu Dhabi ESTIDAMA 1 code would be a better option. The latter offers 19.5% and 10% savings for unsubsidised and subsidised electricity, respectively, compared to the base case. Again, this opens the door for further studies on the feasibility of the available studies and codes, not only from a technical point of view but also financially and economically.



	
In this case, only energy efficiency measures related to the building envelope were considered, but the code should also consider integrating passive approaches with active techniques, such as using hybrid ventilation techniques and solar energy, which has proven to be a very efficient approach for further energy reduction in arid climates, in some cases, it can provide energy saving of 23% throughout the year [79].



	
It seems that the examined energy-efficient building codes are not designed for minimum energy consumption or for long-term economic feasibility, which may explain their limited application by house owners.








Applying energy-efficient building codes could soon be a very promising tool for sustainable and low energy building design; having said this, the process is as yet a non-standardised practice that varies from one code to another, from one designer to another, and from one location to another. With the lack of reliable data regarding the codes’ feasibility for house owners, it is crucial to differentiate the capabilities of each code based on different factors such as context, climate, design requirements, and other country-specific conditions. This is in addition to its economic viability, which might open the door for either introducing or revisiting the benchmarking criteria that may be adopted by various stakeholders. This paper provides a comprehensive evaluation of the effectiveness of the current energy efficiency measures in the residential sector if proper building codes are applied. The paper’s significance lies in the fact that there has been a lack of investigation of the energy efficiency measures in the GCC and limited information regarding its economic feasibility for residential buildings in the arid climates of Bahrain. In closing, some of the issues examined in the paper still need to be tackled, as the study has only investigated one building type and four GCC sustainable building codes. As noted, this could take into account the integration of other renewable energy sources, such as solar energy. All of these areas need further investigation and present possibilities for future research.
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Figure 1. Distribution of studies according to climate type [40]. 
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Figure 2. T3M residential unit as a reference case study. 
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Figure 3. T3M residential unit DesignBuilder building model. 
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Figure 4. Hamad city, official layout. Source: Ministry of Housing, Bahrain. 
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Figure 5. A typical Bahraini family’s daily profile on weekdays, including HVAC and lighting loads. 
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Figure 6. Energy consumption forecast for Bahrain’s residential sector in relation to total energy consumption. 
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Figure 7. The three residential buildings’ actual monthly electricity usage and those of DesignBuilder. 
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Figure 8. Monthly energy consumption for base Case 1 (Bahraini code), Abu-Dhabi ESTIDAMA 1 code, Saudi code, and Kuwaiti code. 
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Figure 9. Forecast energy consumption of the residential sector for the promising design scenarios up to 2030. 
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Figure 10. Monthly carbon emissions for the four cases. 
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Table 1. Minimum requirements for code compliance in residential buildings for different GCC countries adapted from [16,18].
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	Design Element
	GCC Thermal Regulations [5]
	Bahrain Energy Conservation Code [15,16]
	UAE, Abu Dhabi ESTIDAMA 1 Pearl Compliance [14]
	Saudi Building Code [13]
	Kuwaiti Building Code [12]





	Exterior Walls
	U = 0.741 W/m2.K (0.131 Btu/h.ft2.F)
	U = 0.741 W/m2.K (0.131 Btu/h.ft2.F)(1)
	Massive wall

U = 0.30 W/m2.K (0.0528 Btu/h.ft2.F)
	Massive walls

U = 0.27 W/m2.K (0.0476 Btu/h.ft2.F)
	U = 0.483 W/m2.K (0.0851 Btu/h.ft2.F)



	Roof
	U = 0.57 W/m2.K

(0.1 Btu/h.ft2.F)
	U = 0.57 W/m2.K

(0.1 Btu/h.ft2.F)
	Insulation entirely above deck

U = 0.2 W/m2.K

(0.035 Btu/(ft2.hr.F))
	U = 0.116 W/m2.K (0.0204 Btu/(ft2.hr.F))
	U = 0.341 W/m2.K (0.060 Btu/h.ft2.F)



	Floor
	NA
	NA
	Massive floor

U = 1.65 W/m2.K (0.291 Btu/h.ft2.F)
	U = 0.27 W/m2.K (0.0476 Btu/h.ft2.F)
	U = 0.714 W/m2.K (0.126 Btu/h.ft2.F)



	Window
	NA
	Maximum U-value

(W/m2.°C)

U = 0.75

Window glazing

WWR(2) = 10–20% (U = 5.10)

WWR > 20% (U = 2.4)
	WWR < 30%

U = 1.9 W/m2.K

(0.335 Btu/h.ft2.F)

If projection factor PF < 0.25, then SHGC should

be 0.23
	U = 1.99 W/m2.K

(0.351 Btu/h.ft2.F)

SHGC = 0.4

U-value of the door = 2 W/m2.K (0.352 Btu/

h.ft2.F)
	U = 3.61 W/m2.K (0.636 Btu/h.ft2.F)

SHGC = 0.6

Tv = 0.6



	Infiltration
	NA
	NA
	3.64 l/s/m2 of exterior surface area
	0.39

(0.57 × weather factor), (Weather

factor = 0.69 for hot humid climate)
	0.25



	Coefficient of performance

(COP)
	NA
	NA
	If cooling capacity is

>40 kW

and <70 kW, then COP should be 3.22
	2.7
	2.3







Notes: (1) In addition to exterior walls, other walls and floors connected to non-air-conditioned spaces must be insulated; (2) WWR = window-to-wall ratio.
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Table 2. Simulation inputs for the building’s properties.
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Building Properties

	
Unit






	
No. of floors

	
2

	




	
Total area

	
209

	
m2




	
Floor height

	
3.17

	
m




	
Ground level

	
0.45

	
m




	
External wall area

	
421.6

	
m2




	
External opening area

	
104.03

	
m2




	
External wall insulation

	
U-value: 2.746

	
W/m2-K




	
Roof insulation

	
U-value: 0.53

	
W/m2-K




	
Glazing

	
Double coated 6/8/6 (SHGC 0.31)

	




	

	
3.26 W/m2-K

	
W/m2-K




	
Window-to-wall ratio

	
24.6

	
%




	
Shading

	
Blinds (inside) with high-reflectivity slats

	




	
Occupancy density

	
6 occupants

	




	
System type

	
Split air-conditioning units

	




	
Thermostat setting

	
24 °C for cooling (no heating is provided)

	




	
Cooling system seasonal CoP

	
2.5
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Table 3. Subsidised and unsubsidised electricity consumption tariff.
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Electricity Consumption Unit

	
Electricity Usage Charge ($)




	
Kilowatt-Hour (kWh)

	
Subsidised

	
Unsubsidised






	
First 3000

	
0.080

	
0.77




	
3001–5000

	
0.24




	
Above 5000

	
0.42
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Table 4. Total capital cost of the design alternatives [18,34].
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	Design Alternative
	Total Investment Cost [$]





	Design Case 1—Bahrain: GCC thermal regulations
	14,166.3



	Design Case 2—UAE, Abu Dhabi ESTIDAMA
	34,142.4



	Design Case 3—Saudi Building Code
	38,755.2



	Design Case 4—Kuwaiti Building Code
	21,319.7
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Table 5. Annual electricity usage by all sectors in Bahrain, 2010–2018 [4].
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Sector

	
Residential

	
Commercial

	
Industrial

	
Agricultural

	
Total




	
Year

	

	
Million KWh

	
Million KWh

	
Million KWh

	
Million KWh

	
Million KWh






	
2010

	

	
5966.00

	
4720.00

	
1408.00

	
49

	
12,143.00




	

	
%

	
49.1

	
38.9

	
11.6

	
0.4

	
100.0




	
2011

	

	
5871.00

	
4523.00

	
1821.00

	
48

	
12,263.00




	

	
%

	
47.9

	
36.9

	
14.8

	
0.4

	
100.0




	
2012

	

	
6309.00

	
4551.00

	
1739.00

	
45

	
12,644.00




	

	
%

	
49.9

	
36.0

	
13.8

	
0.4

	
100.0




	
2013

	

	
6426.25

	
4854.56

	
2017.29

	
51.54

	
13,349.63




	

	
%

	
48.1

	
36.4

	
15.1

	
0.4

	
100.0




	
2014

	

	
6985

	
5520.00

	
2632.00

	
48

	
15,185.00




	

	
%

	
46.0

	
36.4

	
17.3

	
0.3

	
100.0




	
2015

	

	
7626

	
6141

	
2728

	
57

	
16,552.00




	

	
%

	
46.1

	
37.1

	
16.5

	
0.3

	
100.0




	
2016

	

	
7643

	
5979

	
2587

	
61

	
16,270.00




	

	
%

	
47.0

	
36.7

	
15.9

	
0.4

	
100.0




	
2017

	

	
8378

	
5412

	
2710

	
59

	
16,559.00




	

	
%

	
50.6

	
32.7

	
16.4

	
0.4

	
100.0




	
2018

	

	
8086

	
6307

	
2786

	
62

	
17,241.00




	

	
%

	
46.9

	
36.6

	
16.2

	
0.4

	
100.0
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Table 6. The examined case studies, including the proposed changes as per the GCC energy conservation codes.
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	Case 1 as Built
	Case 2
	Case 3
	Case 4





	Design Element
	Bahrain Energy Conservation Code (1) [15,16]
	UAE, Abu Dhabi ESTIDAMA 1 Pearl Compliance [14]
	Saudi Building Code [13]
	Kuwaiti Building Code [12]



	Exterior Walls
	U = 0.741 W/m2·K (0.131 Btu/h.ft2·F)
	Include 0.082 m EPS expanded polystyrene

U = 0.30 W/m2·K
	Include 0.095 m EPS expanded polystyrene

U = 0.27 W/m2·K
	Include 0.031 m EPS expanded polystyrene

U = 0.483 W/m2·K



	Roof
	U = 0.57 W/m2·K

(0.1 Btu/h.ft2·F)
	Add 0.18 m EPS expanded polystyrene

U = 0.2 W/m2·K
	Add 0.3 m EPS expanded polystyrene

U = 0.116 W/m2·K
	Add 0.095 m EPS expanded polystyrene

U = 0.341 W/m2·K



	Floor
	NA
	Add 0.01 m EPS expanded polystyrene

U = 1.65 W/m2·K
	0.13 m EPS expanded polystyrene

U = 0.27 W/m2·K
	0.045 m EPS expanded polystyrene

U = 0.714 W/m2·K



	Window
	Maximum U-value

(W/m2.°C)

U = 0.75

Window glazing

WWR (2) = 10–20% (U = 5.10)

WWR > 20% (U = 2.4)
	WWR < 30%

U = 1.9 W/m2·K

(0.335 Btu/h·ft2·F)

If projection factor PF < 0.25, then SHGC should

be 0.23
	U = 1.99 W/m2·K

(0.351 Btu/h.ft2·F)

SHGC = 0.4

U-value of the door = 2 W/m2·K (0.352 Btu/

h.ft2·F)
	U = 3.61 W/m2·K (0.636 Btu/h.ft2·F)

SHGC = 0.6

Tv = 0.6



	Infiltration
	NA
	3.64 l/s/m2 of exterior surface area
	0.39

(0.57 × weather factor), (Weather

factor = 0.69 for hot humid climate)
	0.25



	Coefficient of performance

(COP)
	NA
	If cooling capacity is

>40 kW

and <70 kW, then COP should be 3.22
	2.7
	2.3







(1) The proposed guidelines included minimum levels of thermal resistance (R-value) of 1.35 m2K/W for walls and 1.75 m2·K/W for roofs without specifying any guidelines for some other items, including floors, infiltration rate, and coefficient of performance (COP). (2) WWR = window-to-wall ratio.
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Table 7. Cooling loads and reduction percentages compared to the base case.
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Case 1 As-Built (Bahraini)

	
Case 2

Abu Dhabi

	
Case 3

Saudi

	
Case 4

Kuwaiti




	

	
kWh

	
kWh

	
%

	
kWh

	
%

	
kWh

	
%






	
January

	
317.0

	
330.7

	
−4.3

	
425.3

	
−34.2

	
371.3

	
−17.1




	
February

	
463.4

	
437.8

	
5.5

	
551.3

	
−19.0

	
518.8

	
−11.9




	
March

	
997.5

	
791.1

	
20.7

	
966.6

	
3.1

	
1050.8

	
−5.3




	
April

	
1743.2

	
1309.6

	
24.9

	
1568.4

	
10.0

	
1830.6

	
−5.0




	
May

	
3018.7

	
2065.9

	
31.6

	
2431.1

	
19.5

	
3041.1

	
−0.74




	
June

	
3424.5

	
2302.8

	
32.8

	
2697.9

	
21.2

	
3420.5

	
0.11




	
July

	
4218.0

	
2826.6

	
33.0

	
3300.7

	
21.7

	
4212.0

	
0.14




	
August

	
4229.3

	
2845.5

	
32.7

	
3321.1

	
21.5

	
4234.8

	
−0.12




	
September

	
3989.3

	
2728.8

	
31.6

	
3193.5

	
19.9

	
4032.8

	
−1.0




	
October

	
3171.2

	
2237.7

	
29.4

	
2637.1

	
16.8

	
3254.8

	
−2.6




	
November

	
1636.9

	
1239.8

	
24.3

	
1485.6

	
9.2

	
1725.4

	
−5.4




	
December

	
669.8

	
579.9

	
13.4

	
718.5

	
−7.3

	
728.6

	
−8.7




	
Total

	
27,878.6

	
19,696.2

	
29.4

	
23,297.1

	
16.4

	
28,421.5

	
−1.94
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Table 8. Simple payback period, including the subsidised and unsubsidised energy costs.
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	Case 1 As-Built (Bahraini)
	Case 2

Abu Dhabi
	Case 3

Saudi
	Case 4

Kuwaiti





	Annually energy consumption (KWh)
	34,720.2
	26,262.8
	29,661.6
	34,656.9



	Energy saving compared to the as-built (KWh)
	NA
	8457.4
	5058.6
	63.3



	Unsubsidised cost ($) 0.77
	26,734.5
	6512.2
	3895.1
	48.7



	Subsidised cost ($) 0.24
	8332.8
	2029.8
	1214.1
	15.2



	5 years unsubsidised
	133,672.7
	32,561.0
	19,475.7
	243.7



	5 years subsidised
	41,664.2
	10,148.9
	6070.3
	75.9



	Total investment cost [$]
	17,524.9
	34,142.4
	38,755.2
	21,319.7



	SPP unsubsidised in years
	0.7
	5.2
	9.9
	437.5



	SPP subsidised in years
	2.1
	16.8
	31.9
	1403.6
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Table 9. Lifecycle cost for the examined design scenarios including subsidised and unsubsidised energy rates.






Table 9. Lifecycle cost for the examined design scenarios including subsidised and unsubsidised energy rates.












	
	Case 1

As-Built Bahrain
	Case 2

Abu Dhabi
	Case 3

Saudi
	Case 4

Kuwait





	(EC) is the annual energy cost estimated (unsubsidised) ($)
	26,734.54
	20,222.34
	22,839.41
	26,685.81



	(EC) is the annual energy cost estimated (subsidised) ($)
	8332.84
	6303.06
	7118.77
	8317.65



	(EU) is the annual energy consumption acquired from the dynamic energy simulation (KWh)
	34,720.2
	26,262.8
	29,661.6
	34,656.9



	(re) is the electricity tariff obtained from the EWA annual (unsubsidised) ($)
	0.77
	0.77
	0.77
	0.77



	(re) is the electricity tariff obtained from the EWA annual (subsidised) ($)
	0.24
	0.24
	0.24
	0.24



	Total investment cost [$]
	17,524.9
	34,142.4
	38,755.2
	21,319.7



	LCC unsubsidised ($)
	428,500.4
	345,009.3
	389,852.9
	431,546.1



	LCC subsidised ($)
	145,621.165
	131,035.993
	148,188.25
	149,182.47
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