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It is commonly known that buildings in hot climate contribute to a huge amount of electricity consumption mainly due to air conditioning needs. Many countries around the world are aiming to convert buildings to net zero energy buildings (NZEB). However, buildings in hot climates require varieties of active and passive measures to adapt the concepts behind NZEB. This work attempts to resolve the challenges associated with shifting school buildings to NZEB in hot arid climates. It presents an energy performance analysis that is focused on two scenarios for new and retrofitted schools. Building thermal simulation is used to assess the implications of several energy conservation measures, and different scenarios are suggested to utilize up to 80% of roof’s area for the installation of Photovoltaics (PV), and on-site wind turbines. The implemented energy conservation measures show a reduction in annual energy consumption by 35% and 21% for new and retrofitted schools respectively. Discounted payback period is used to estimate the economic feasibility of the suggested scenarios. It is found that NZEB is technically feasible at highest roof area PV installations with respective discounted paybacks of 3.55 and 5.54 years for the new and retrofitted schools. However, adding wind-turbines can delay the breakeven year of investments needed to achieve NZEB. The estimated savings in net present value (NPV) are 3273 and 4284 thousand US dollars for the retrofitted and new schools respectively, and each school’s roof can generate 40.63 GWh in 25 years and avoid 29.23 kilotons of CO2.
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1 INTRODUCTION
The rapid growth in world energy usage has already raised concerns about the ability to continue in the same energy consumption patterns, considering the exhaustion of nonrenewable energy resources. This has also led to a significant increase in greenhouse gas emissions (GHG), mostly from power generation (Pervez et al., 2021). The historical trends on global energy demand have shown that it generally rises with the expansion of urbanization and modernization in countries, in addition to the increase in human population (Webb et al., 2017). The breakdown of global energy consumption has shown that building energy consumption accounts for about 40% of annual primary energy in developed countries and about 20% of annual primary energy resources in developing countries (Li et al., 2015). There is special consideration to studies of net-zero energy buildings (NZEB). This approach means that buildings can generate an amount of energy equal to that consumed on an annual basis (Sartori et al., 2012). It covers promising improvements in construction and occupant behaviors known as efficient control measures toward controlling energy demand around the world particularly in developing countries (Valasai et al., 2017; Yousuf et al., 2014). The NZEB also targets maximizing the generation of renewable energy in the building (Ahmed et al., 2022). In general, the concept behind an NZEB can be reached by three approaches, first by reducing energy usage through passive strategies, second by applying energy efficient technologies, and third by allowing the building to maximize its potential to generate energy from renewable resources.
There are varieties of technical, financial, and environmental considerations that must be addressed before considering the potential approach. Harkouss et al. (2018a) explained that there is no common approach for a NZEB, and the final achievements rely particularly on the applicable approach to follow. Furthermore, the scientific community encourages buildings that are nearly NZEB (nNZEB); which is another optimistic contribution in this field (Wells et al., 2018). The European Union, through the Energy Performance of Buildings Directive (Directive, 2010), defined nNZEB as buildings with very high energy performance. From this understanding, it seems that controlling buildings’ energy demands under NZEB concepts is promising for decision-makers and designers. The present work provides a systematic approach to the potential of converting schools to NZEB in hot climate. The presented work capitalizes from the recent improvements in building thermal simulation tools to estimate the performance of school building in Kuwait, and to give insights to the benefits that can be acquired after achieving NZEB balance. This can help planners and energy policymakers to integrate performative aspects in early design stages.
1.1 Background
The wide spread of NZEB focuses more on employing passive-designing techniques as an essential step towards lowering energy consumption. It is a well-known strategic decision in building construction. The passive measures include insulation, building orientation, natural ventilation, daylighting, and phase change material (Rana et al., 2021; Singh, 2018; Stephens, 2011; Hutton, 2012). The effectiveness of passive techniques should be suitable to the site of the building, especially to the climate conditions. Johnston and Gibson (Johnston and Gibson, 2010) indicated that proper site analysis and climate conditions are the primary steps in designing NZEB. Gorse (2020) suggested that there is no common rule or specific consideration of passive design for all regions around the world, and energy-efficient building codes and regulations should be applied with respect to the nature of climate conditions.
On the other hand, applying efficient technologies is another approach in NZEB. It is concerned with embedded systems that consume less energy than conventional technologies. This approach covers heating, ventilation, air conditioning systems (HVAC), domestic hot water (DHW), lighting, and appliances. The approach also targets smart control of the technologies as well as managing the behavior of the end users. Awareness from building design professionals, contractors, and owners, is a key principle for adopting efficient technologies in NZEB (Anju, 2017). Adopting efficient technologies can considerably affect the energy requirement of the building; especially with the help of building automation and control (Aelenei et al., 2013). The reduction in energy consumption from passive design, in addition to implementing efficient technologies in the building, represents an inspiring step to tie the building to renewable energy sources. In this context, connecting the building to renewable energy generation systems represents the last approach in NZEB, and the common renewable technologies are Photovoltaic (PV), wind turbines, and solar collectors.
The worldwide rapid development in the energy sector forced countries to look at their energy scenario with special emphasis on major consumers like buildings. The European Union, as an example, has set a definition of the efficient buildings, considering France as an example, where the national legislation specified nNZEB for residential and office buildings (Paoletti et al., 2017). The European Union countries are also obliged in a long-term strategy to convert existing and new buildings, including public, private, residential, and non-residential buildings to an appropriate level of nearly zero energy buildings (nNZEB) by 2050 (Directive, 2018).
The performance of efficient buildings in terms of energy usage is classified according to the annual energy use intensity (EUI) measured in kWh/m2 (Kurnitski et al., 2014). In contrast, many countries are not giving the desired response to this issue. Countries that have hot and arid climate conditions in the Middle East, for example, rely mostly on fossil fuels to supply electricity to buildings (Al-Saeed and Ahmed, 2018). Hot climate conditions are common features of countries in this region, and it is commonly known that buildings in hot climates receive severe solar irradiances that strike building envelopes and windows, especially at the west façade (Almutairi, 2012). This raises the cooling load, which adds a burden on air conditioning systems and subsequently consumes more electrical power.
From the NZEB point of view concerning weather, Pless et al. (2014) indicated that weather conditions influence buildings’ energy consumption; as well as renewable energy resources; and an NZEB might not be achieved every year. An investigation was conducted to study 34 worldwide cases on NZEB by Feng et al. (2019). They recommended that implementing NZEB in hot climates is significant, which raises the necessity to integrate passive design, energy-efficient systems, and renewable energy technologies. Accordingly, implementing NZEB or nearly NZEB (nNZEB) is essential in countries that lack intensive care from governments, especially with highly subsidized electricity, as in the Middle East region. Research is being carried out in the literature to reduce building energy consumption in various countries in the Middle East (GamalEldine and Corvacho, 2022; Krarti et al., 2017; Krarti and Dubey, 2017; Park et al., 2019; Ali and Hashlamun, 2019). However, legislative regulations still did not reach the level of the example from the European Union. Kuwait is a good example of countries from the Middle East (Gulf State), which suffers from a rapid increase in electrical energy demand due to building air conditioning (Almutairi et al., 2015). The country implements a building energy code (Ministry of Electricity and Water of Kuwait, 2019) that stimulates building designers and owners to make their buildings efficient, but unfortunately not to the level of NZEB or nNZEB. Furthermore, (EUI) is not measured and not addressed by the energy code, which subsequently resulted in complete disregard for this important evaluation parameter.
Concerning the NZEB concept, a study was conducted by AlAjmi et al. (2016a) to verify the potential of NZEB for an existing educational building in Kuwait that is cooled by a chilled water system. They studied three scenarios, first, using PV modules in the entire roof’s area, second, replacing the current chillers with more efficient chillers, and third using the roof area to combine PV modules with a solar absorption chiller. They suggested that implementing energy efficiency measures by using more efficient chillers, in addition to utilizing the roof’s area to occupy PV solar modules, can result in saving electrical power and avoid CO2 emissions, which can promisingly reach NZEB in a monthly basis in few months only, and nNZEB in an annual basis. They also recommended that dealing with an existing building to be converted to NZEB is much harder than implementing the applicable NZEB approaches for new buildings. They also stated that ‘most of the literature work for NZEBs is focused on dwellings and/or newly designed buildings, whereas existing commercial and institutional buildings have received little attention particularly in hot climate’.
Implementing the concept of NZEB in a similar climate in Gulf Cooperation Council (GCC) countries was successfully reached in a study conducted in the United Arab Emirates (Alkhateeb and Abu-Hijleh, 2019). They concluded that the passive measures could reduce electricity by 14.7%, while the active measures could reduce electricity by 63%; and they emphasized the importance of protecting glazing from solar radiation, especially with large windows. The impact of various solar shading techniques in a hot arid climate with efficient glazing was present in a recent study that investigated various glazing types and shading schemes (Alajmi et al., 2022). The authors examined the economic feasibility of efficient glazing and shading compared to the current practice with the predominant glazing type and construction style for houses in Kuwait. The study found that building energy consumption using low-performance windows is higher by about 6 times than that using high-performance windows, significantly at higher window-wall-ratio (WWR). However, this significant saving due to efficient glazing and shading was achieved in accordance with the fixed thermal resistance of walls and the roof.
The impact of reducing heat gain through the building’s envelope using an exterior insulation finish system (EIFS) was investigated by Al-Awadi et al. (2022). They investigated four types of building envelope walls for common residential building construction in Kuwait considering the heat gain from thermal bridging in the envelope’s external walls and roof. It was found that adding EIFS to walls and roofs can significantly reduce heat gain through the building envelope and subsequently lower energy consumption. Most of the studies in this region focused on residential buildings due to their large share of electrical energy consumption. The problem with residential buildings is that they are almost occupied around the year, and they must be air-conditioned continuously in the long summer months, as found by Al-Temeemi (1995). So, it might not be a promising solution to convert residential buildings to NZEB; which are large in number and almost occupied during summer. The occupancy period has been a significant influencer that forced building owners to let air conditioning operate to maintain the desired thermal comfort. In this context, school buildings have a long summer holiday, and the common practice is these buildings have no occupants during that time and do not require usage of energy. No previous attempts have been made to quantify the energy savings that can be acquired by incorporating efficient passive techniques and low-energy solutions to enable such buildings like schools in Kuwait to play an important role in this regard. Thus, a notable gap in the literature is identified, specifically for school buildings in the region. With the absence of compulsory NZEB or nNZEB in the region, this work aims to examine the viability of school buildings to meet the requirements of NZEB in hot climate.
1.2 Aims of this study
The present study considers the theme of the work in two parallel directions. First, by studying the existing school’s building model, which represents the predominant construction style in Kuwait, and verifying its ability to adapt NZEB under a retrofitting scheme. Second, suggesting comprehensive enhancement measures and technologies to enable the new schools to act better towards NZEB. The country is planning to build residential cities in the next 10 years, such as Sabah Alhmad City, where the number of new schools is 170, while the number of existing schools are 979 governmental schools, and 296 private schools (Public Authority for Housing Welfare in Kuwait, personal communication, 2023, September 10).
Estimating the energy performance of school buildings to act actively as efficient buildings seeking NZEB has not yet been investigated in the literature in Kuwait. For this reason, a computer model that represents the common school type in Kuwait was created by DesignBuilder Thermal Building Simulation. Three cases for the analysis were made, the first case is a school building that meets the requirements of the energy code in Kuwait, which barely meets the standard of the code with complete disregard to efficient passive energy solutions, efficient HVAC, and low energy consumption lighting. The second case incorporates improvements to enhance the building’s thermal performance and the subsequent energy savings. The second case herein represents the possible retrofitting that can be made to enable the building to meet NZEB. Finally, the third case represents the new school to be built in the future, which has extra improvements to meet NZEB more effectively compared to the retrofitting case.
The concept of NZEB is predominantly considered in accordance with annual energy balance, welcoming the exchange with the relevant utility grid due to energy storage constraints. For this reason, this work views its results, on an annual basis, considering the relevant school’s academic calendar. Hence, the contribution of this work can be summarized as the following.
• Reducing the school building’s electrical load by installing window’s overhang and side fins, efficient glazing type specified by Alajmi et al. (2022), positioning the largest façade to the north-south direction for the new schools, implying efficient air conditioning, and an efficient lighting system.
• Installing the appropriate PV modules and wind energy to assist the grid, where the generation source is from the building roof and its vacant yard.
• An economical evaluation of the saving annual energy consumption due to the suggested modifications.
• Estimating the avoided CO2 from applying the recommended solutions compared to the baseline case.
2 RESEARCH METHODOLOGY AND MATERIAL
This work aims to estimate the applicability of suggested energy savings solutions on the current construction style of schools in Kuwait. The proposed solutions are examined by Thermal-Building Simulation to measure the tendency of schools to perform efficiently in terms of saving energy and producing on-site energy from renewable energy alternatives. An overview of the methodology flow chart is shown in Figure 1. More details about the specific inputs penetrated in the simulation and other relevant materials are illustrated in the following subsections.
[image: Figure 1]FIGURE 1 | The methodology flowchart.
2.1 Climate region and weather conditions
Kuwait is a hot-climate country in the Arabian Gulf that has harsh climate conditions that average 48°C DBT and 50% RH, which require running AC systems from April through October. Al-Mutairi et al. (2011) indicated that air conditioning accounts for approximately 70% of the country’s annual peak load and 45% of the total annual electricity consumption. Buildings in Kuwait receive substantial solar irradiances which can reach about 950 W/m2 daily on a horizontal surface during summer (Allison, 1979). Figure 2 shows the variation of dry bulb temperature on a hot summer day in Kuwait (DesignBuilder Software Ltd, 2023).
[image: Figure 2]FIGURE 2 | The variation of dry-bulb temperature on a hot summer day.
2.2 Description of the studied school building
The studied building represents the common schools in Kuwait with two stories and a total floor area of 16,000 m2. The building geometry is of a rectangular plan, but the current schools in Kuwait are built with complete disregard for the optimum directional orientation. For this reason, the baseline case is assumed to be built based on the assumption that the long two sides of the school building face an east-west orientation, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Baseline school building model.
Typical schools of this indoor floor area can occupy up to 900 people 5 days a week on the specified occupancy schedule to be penetrated in the simulation with a continuous summer vacation from 1st June until 31st August annually.
The school’s walls and roof are designed in accordance with common construction patterns, which are compatible with the energy code of practice implanted by the government in Kuwait. The wall and roof layers are classified as a heavy thermal mass, with an overall heat transfer coefficient of 0.562 W/m2 K and 0.397 W/m2 K, respectively. The energy code of practice specifies the overall heat transfer coefficient of the roof after insulation to be 0.187 W/m2 K with medium thermal mass.
The openings of the buildings (windows and entrance doors) are made of aluminum with a framed structure comprised of 6 mm double glazing with an air gap of 12 mm and an overall heat transfer coefficient of 3.38 W/m2 K. The selected air conditioning system for the baseline case is a roof-top packaged-direct expansion air conditioning system with a COP of 2.1 in accordance with the minimum COP specified by the code. The selection of this air conditioning type is based on our observation from typical schools in Kuwait despite their low efficiency in conserving electrical energy. The building’s characteristics are summarized in Table 1.
TABLE 1 | Input data penetrated to the simulation for the baseline building model.
[image: Table 1]2.3 Validating the simulated school building
The building is simulated using the popular DOE EnergyPlus simulation engine through its interface with DesignBuilder. The baseline case represents the typical school building considering all input data needed in the simulation. The input data covers the location to consider the local weather, geometry and orientation, construction characteristics, lighting, equipment and HVAC, occupancy period and people load. The simulated building model has been validated based on energy use intensity (EUI). The calculated EUI of the studied baseline building model was about 308 kW/m2. The international standard indicated that EUI for public and commercial buildings may range between 254- and 352-kW h/m2 (EIA, 2003).
Measuring EUI represents to what extent the building is conforming to the related energy standard in terms of energy consumption. The status of this measurement in Kuwait is not yet being popularized. However, in a study conducted by AlAjmi et al. (2016b) they investigated the energy use intensity for an educational building in Kuwait. The EUI was measured experimentally in 12 months, and they found that the measured EUI was about 348 kWh/m2. This high EUI was attributed to the inefficiency of energy consumption and other related factors that might affect the EUI. On the other hand, the calculated EUI in the present study is based on simulating the baseline case with respect to specific input data specified by the applied Energy Code in Kuwait, and without implementing the academic calendar that requires smart automation of the school’s energy usage.
2.4 Suggested passive measures, efficient technologies and operation strategy
The necessary elements for the successful development and operation of NZEBs consist of applying design-based passive energy solutions, smart automation with sensors and actuators, integrated control of the building, and subsystems for the operation of the building (Kolokotsa et al., 2011). The passive approach as an example has a a direct effect on cooling, heating, lighting, and ventilation loads dependent on what kind of energy saving the designer is looking for. So, from a fundamental point of view, this work prefers to manipulate the building envelope with some features that can lower the annual energy consumption, particularly from solar irradiances. It is preferred to amend the predominate construction style presented by the baseline case model with a few parameters of the initial design including the window-to-wall ratio, windows side-fins, overhang projection, and window glazing (Figure 4), and directional orientation (Figure 5). The mentioned parameters are expected to passively lower the energy demand, as indicated by Harkouss et al. (2018b). Some of the considered parameters are applied to new schools only.
[image: Figure 4]FIGURE 4 | Enhancements on window including side fins and overhang projection.
[image: Figure 5]FIGURE 5 | Suggested directional orientation with largest facades facing north-south.
Passive design solutions can make significant contributions to reducing the energy demand of the building if they are combined with energy-efficient equipment. The study recommends changing the current air conditioning systems (rooftop direct-expansion AC) and fluorescent lighting, which are both commonly used in school buildings in Kuwait. The recommended substitutes are variable refrigerant flow (VRF) split air conditioning systems and light-emitting diode (LED) lighting with lower power intensity. VRF split system has the potential to lower electrical energy requirements associated with rooftop packaged direct expansion as indicated by Alajmi and Zedan (2020). Also, LED lighting is a good saver for electrical energy compared to fluorescent lighting (Espejel-Blanco et al., 2018). On the other hand, the work also covers the appropriate operation scheme for the school building to enhance the energy-saving strategy that comes before NZEB. AlAjmi et al. (2016b) in the work discussed earlier, found that improper operation schedule for air conditioning and lighting during weekends and holidays has a significant impact on the resulting high EUI value. From this understanding, the current work suggests adding the operation schedule that matches the academic calendar as an additional parameter in the amended simulation model. The intended outcomes from the performed enhancement are measured in terms of EUI. Table 2 summarizes the additional enhancement parameters included in the modified building model.
TABLE 2 | Modified input data penetrated to the simulation of the modified building model.
[image: Table 2]2.5 Suggested on-site renewable energy production
The potential of net zero energy building approach relies on the ability to adopt renewable energy alternatives in addition to as much reduction in energy demand of the building. So, the annual net balance could be achievable between the total energy consumption and the available total on-site energy generation by renewable energy alternatives. From this concept, incorporating renewable energy is more effective at the design stage to meet energy requirements. Accordingly, the current work examines two renewable energy sources to generate electrical power measured on an annual basis. The analysis is performed using the renewable energy capabilities in DesignBuilder software and the suggested sources are rooftop photovoltaic solar cells and on-site wind turbines.
The capacity of renewable energy design calculations is dependent on the remaining energy demand that results from the incorporated passive measures and efficient technologies that were discussed in Section 2.3. The proposed installation area for the rooftop solar modules is estimated to reach about 80% of the roof’s area, keeping 20% of the roof free for shading effect and maintenance. Another possible installation area is the open yards inside the school’s fences. The predicted performance of PV modules tilted on the roof is based on the hourly solar irradiance of Wh/m2 from the TMY file in DesignBuilder. The electrical power generated from the proposed PV installation in the simulation is based on si-mono model CS3U-380M at 27° tilt angle facing south, which has a nameplate capacity of 380 W, with an efficiency factor of 19.1% and an inverter efficiency of 98.1% (Almutairi et al., 2022). The arrangement of PV modules is shown in Table 3.
TABLE 3 | characteristics of the suggested PV panels.
[image: Table 3]For the wind energy source, an experimental study was conducted in desert area in Kuwait to examine the feasibility generating electrical power from wind turbines compared to PV power plant in the same location (Al-Nassar et al., 2021). They found that wind turbines farm outperforms PV plant by 20% more electrical power generation in an annual basis with more cost effectiveness. However, the current work finds it difficult to benchmark with this work because these plants are operated in desert area, where the location is 280 m above sea level, and dust storms significantly affected the performance of PV panels. The current study is concerned with on-site power generation to satisfy the building electrical load. So, this work examines the feasibility of wind turbines to take a share of on-site renewable energy generation for the school’s studied building.
Wind energy from wind turbines is based on a minimum distance of 3-5D (RESDM, 2023). The suggested turbine distribution is designed to keep space equal to 4 times the diameter of the turbine to avoid any aerodynamic interference. The uncertainty behind selecting wind turbine as an alternative to PV is generally due to the high installation cost of wind turbines. For this purpose, a total number of 16 wind turbines are suggested to be installed on the roof of the school building in 2 rows, 8 in each row, where the estimated utilized area resulting from the distribution is about 350 m2, which represents about 4% of the roof’s area. The suggested wind turbines are assumed to be installed on a 10 m high pole, where the micro wind environment has been neglected in the simulation performed by DesignBuilder software. Characteristics of the wind turbine are given in Table 4 (Zeus, 2023). Figure 6 illustrates the suggested renewable energy sources on the school building’s roof. From the figure, any excess electricity consumption from the utility grid or production of electricity from renewables is measured according to a net meter. So, no energy storage is proposed in the undertaken analysis.
TABLE 4 | Characteristics of the used wind turbine.
[image: Table 4][image: Figure 6]FIGURE 6 | School’s building electrical load connected to onsite renewable energy.
2.6 NZEB equations and performance formulas
Energy consumption of the school building relies on various parameters necessary for the calculations. It comprises energy consumption resulting from air conditioning, appliances, and lighting. Also, the calculations expand to consider renewable energy sources used to produce the on-site energy. Solar energy harvesting through photovoltaic modules to be installed on the school’s roof and in open yards if needed to meet energy demand on an annual basis, with the ability to send surplus electricity, if exists, to the grid.
This work is based on the definition of NZEB illustrated earlier in the introduction, yet the uncertainty behind achieving NZEB shall be verified in accordance with the resulting energy balance between building energy demand and on-site energy production by renewable energy resources. Net energy needs of the school building on an annual basis are calculated according to Equation 1, and the resulting amount should equal 0 kWh (annually) for successful NZEB.
[image: image]
Where [image: image] refers to the annual net energy difference between total electricity consumed by the building (Ebuilding) covering air conditioning, equipment, and appliances, and LED lighting consumptions and the summation of energy generated from photovoltaic modules [image: image]
2.7 Method of economic and environmental evaluation
The school’s owner during the design and construction stages should be aware of the impact of enhancement decisions from a financial point of view. Based on that, there are additional costs that should be paid if the owner (the government in this case) decides to undertake the suggested enhancements. The costs herein cover better window glazing type (CGlz) with smaller WWR, installing overhang and side fins (CProj), installing VRF split direct-expansion system (CAC), LED lighting (Clight), smart operation of the building (Csmart), renewable energy that includes rooftop PV modules (CPV), and small size wind turbines (CWT) if applicable. The baseline model case does not include the previous options during construction compared to the modified case model. So, considering the baseline case as a benchmark, the school’s owner is expected to pay the extra cash to own efficient window glazing subtracting the low-efficiency glazing used in the base case model, and extra cash to substitute packaged-dx air conditioning and fluorescent lighting with VRF air conditioning system and LED lighting. Accordingly, the total cost (Ctotal) is elaborated more in Equation 2.
[image: image]
2.7.1 Overview enhancement cost for new school building
The suggested improvement costs consider the required cash that must be allocated for the modified case in the new construction project. It is assumed that the new school has the same geometry and other parameters that influence building energy, except for the declared suggested improvement parameters. The windows area in the new school represents 20% of the total façade area based on 20% WWR. This represents about 611 m2 of total façade area compared to 911 m2 od windows area in the baseline case at 30% WWR. Based on the recent market price for the suggested window glazing, the cost is US $ 102,037 at 167 US $/m2; while the baseline case has a low efficiency glazing window that costs US $ 118,430 at 130 US $/m2. The owner is expected to save more cash attributed to the reduction in aluminum frame for the 20% WWR. The aluminum frame price per unit area of the window is US $ 100. So, a net difference cost of US $16, 393 is saved during construction if the new school case is decided to be considered. For the solar shadings, side fins and overhang projections are made from aluminum, where the price per unit area is US $ 83, according to local fabricators. This enhancement parameter is suggested to be compatible with the recommended smaller WWR. So, the total area of the shading projections is 374 m2, which costs US $ 32,164 to be paid during construction.
For the air conditioning system selection, the baseline case has a rooftop package of direct-expansion air conditioning. In contrast, the new school case is suggested to be a VRF split direct-expansion system with higher efficiency. This type has been selected because it does not require any installation on the roof in addition to its higher efficiency. From the design of the simulation performed in DesigBuilder, the building requires installing air conditioners at 1 RT/27 m2 for the new school case and 1 RT/23 m2 for the baseline case. The new school case is 17% lower in its cooling load due to the suggested enhancement especially the directional orientation and efficient glazing. The bassline case has low-efficiency direct-expansion AC, and based on recent prices from the local market, the cost is estimated to be around US $ 475,000 including the costs of cooling production and air distribution in zones, while the suggested higher efficiency split-direct expansion system for the new school is estimated to be US $ 525,000. Thus, it is assessed that extra cash needs to be paid during construction to consider VRF split direct expansion as an efficient air conditioner instead of the predominant rooftop air conditions. This additional cash is estimated to be US $ 50,000 to be paid during construction. For the suggested LED lighting system, the baseline case is equipped with fluorescent lighting at a power density of 5 W/m2, while the new school case has LED lighting at 3 W/m2. The prices for fluorescent and LED lighting are US $ 12,000 and US $ 15,000 respectively. So, a net difference of US $ 3,000 must be paid for the new school that represents the modified case. For the smart operation of the building, it is proposed to keep the air conditioning system, lighting, and other equipment linked to the working hours and the academic calendar of the school. For this purpose, the school’s building needs to be equipped with smart devices and the relevant wiring and cabling to control all energy consumption with respect to occupancy. Thus, the cost of all the suggested smart operation elements is estimated to be around US $ 28,000 based on average quotations from local suppliers. It is also estimated to pay annual system maintenance and calibration at 1% of the installation cost. The total cost mentioned in Table 5 shows the total investment cost that needs to be paid at the beginning of the new school project.
TABLE 5 | Summary of new school items.
[image: Table 5]2.7.2 Overview enhancement cost for retrofitted school
In the retrofitting case, it is expected that the school’s owner will apply some of the previous improvement parameters that were applied on the new school case. It is assumed that the retrofitted case will undergo an improvement scheme excluding smaller WWR and solar shading because prices are uncertain in this case. Meeting NZEB by enhancing the energy performance of the building envelope is a challenging process in retrofitting (Silva et al., 2016). The uncertainty about the actual budgeting should be allocated specially for civil works. The reason behind this is retrofitting is mostly made for old schools, and the transformation process to make the school more efficient in some cases becomes as an iceberg for the project planner. On the other hand, costs during retrofitting shall consider selling the existing air conditioning system, glazing the window without the frame, and lighting, assuming 10% salvage value. The suggested low-e glazing will be placed in the same frame as the existing window, and the low-e glazing will cost 67 US$/m2.
Moreover, the suggested air conditioning type requires a few changes to the existing ducting system, and the owner is not required to buy the entire AC system. Table 6 shows a summary of average quotations from local contractors. The total cost mentioned in Table 6 shows the total investment cost that needs to be paid at the beginning of the retrofitting project.
TABLE 6 | Summary of retrofitting items.
[image: Table 6]2.7.3 Cost of on-site renewable energy
The capacity of on-site renewable energy generation is the same in retrofitted and new school cases. The rooftop on-site PV electricity production is based on 80% roof usage, with a total number of 2,740 photovoltaic panels, each has a nameplate capacity of 380 W, with total install power of 1,041.2 kW and at a unit price of 0.9 US $/W. This is estimated to be around US $ 937,000 to be paid during construction, which also includes the on-grid inverter. The system is expected to have an annual degradation decline of 1% during a lifecycle of 25 years, and an annual maintenance cost of 1% from the installation cost. On the other hand, to assess the feasibility of wind turbines, it is proposed to have on-site wind turbines with a total production capacity of 49.6 kW. The production of this installed capacity is assumed to be sold to the utility grid as surplus electricity. It is estimated to install this capacity at 2,200 US$/kW, which can cost around USS $109,120 to be paid during construction (Carbone free heat, 2023). The cost herein also includes the mounting pole and the inverter. It is expected to do preventive maintenance for the system on an annual basis, which can cost about 2% of the installation cost. Moreover, the wind turbine is expected to have an annual degradation of 0.64% (Mathew et al., 2022).
2.7.4 Annual cash flow
The annual cash flow indicates the positive annual returns that result from saving conventional electricity, subtracting the annual maintenance costs needed. The annual savings of avoided electrical energy (Cavoided) can be calculated according to the cost of electricity from the electricity provider in Kuwait [image: image], which is estimated at around 0.131 US$/kWh (Ministry of electricity and water of Kuwait, 2023). The avoided energy is defined as the difference between the baseline building energy (Ebaseline) and the summation of energy reduced from energy conservation measures and efficient technologies (Emeasures) and energy produced by on-site renewable energy (ERE), as given in Equation 3. The resulting avoided conventional electricity cost is subjected to the annual decline in on-site renewable energy production due to degradation.
[image: image]
So, to get the annual cash flow (CF), the cost of required maintenance (Cmaintenace) is subtracted from the cost of avoided conventional electricity as given in Equation 4.
[image: image]
2.7.5 Net present value and discounted payback
The performance analysis of NZEB project relies on estimating the financial benefits by using net present value that cover initial investment and recurring cash flows, in addition to payback period to measure the economic feasibility (Arif et al., 2021). The initial investment (Ctotal) is the total cost to be paid during construction or retrofitting. This amount is in today’s prices, but annual cash flow (CF) must be estimated with special consideration to the escalation in future prices. For this reason, annual cash flows are influenced by the discount rate during the 25-year plan. The present study uses the net present value method (NPV) to escalate all recurring cash in the future and discounts them to the base date, as in Equation 5, where (n) is the year and (r) is the discount rate, which is assumed to be 3%.
[image: image]
The feasibility of modifying the common construction style of schools in Kuwait and the embedded energy conservation measures can be presented in terms of discounted payback period.
This economic indication demonstrates the benefits of the suggested measures in the modified case either under retrofitting or for new schools. It represents a decision-making tool that encourages the building owners to be assured about the decisions that they make to improve the building during construction. From this perspective, the discounted payback period depends on several factors, including the capital investment in the beginning, and the recurring annual cash flows that cover maintenance, in addition to the savings in avoided electrical energy costs on an annual basis. Equation 6 shows how the discounted payback period can be determined, where [image: image] represents the breakeven year when accumulated discounted annual cash flow returns equal the capital investment.
[image: image]
2.7.6 Environmental benefits (CO2 reduction)
The initiatives taken to improve the building’s performance in terms of energy usage must be evaluated from an environmental perspective. This can be determined by quantifying the amount of CO2 emissions that were avoided during the improvement of the modified case and the application of the suggested renewable energy resources. The selection of CO2 in the assessment is because it has a significant adverse impact on today’s major ecological and health issues. The avoided CO2 emissions (ACO2), Equation 7, can be estimated by multiplying the amount of avoided conventional electricity in 25 years by 0.72 kg/kWh, which represents the plant CO2 emissions from power plants in Kuwait (EM) (Hajiah et al., 2006).
[image: image]
3 RESULTS AND DISCUSSION
The study performed the analysis according to the input data penetrated to DesignBuilder thermal building simulation software. The input data represent the common design details of schools in Kuwait, in addition to the suggested enhancement parameters that can be embedded in the construction budget for new school, and enhancement parameters to retrofit existing school. The study assumed these enhancement parameters to be considered from the beginning of the new school and retrofitting projects. Both school’s scenarios undergone an economic feasibility assessment towards NZEB, considering the amount of cash that must be allocated for any NZEB scheme. These costs should be rational and applicable to the local economic influences and governmental policies such as taxes, intensive, subsidization, and minimum wages. From this point of view, this work presented the costs based on local prices obtained from the market in Kuwait in today’s prices.
3.1 Energy savings due to improvement parameters
Energy consumption of the simulated cases considered the baseline school building as the benchmark. All cases have similar simulation inputs except the considered improvement parameters. The baseline case was simulated according to the construction parameters specified by the Energy Code. The specified values of the parameters in the code do not fulfill the requirements of NZEB. So, the created baseline case in the simulation was subjected to the academic calendar first to lower its annual energy consumption before the improvement parameters. This has brought the annual energy demand from 4,900 MWh to 2,200 MWh, which demonstrates the significance of the ability of schools for NZEB schemes. Table 7 shows the impact of the suggested improvement on the baseline case school model.
TABLE 7 | Energy savings due to improvement parameters.
[image: Table 7]The retrofitting school has adopted energy conservation measures from efficient AC, lighting, and high-performance glazing. The effect of these parameters lowered the annual building load from 2,200 MWh to 1738 MWh, which is 21% of electrical power consumption. However, the simulated new school was able to adopt the entire suggested enhancement parameters. Accordingly, the annual electrical power needed for the new school is reduced by 35% compared to the baseline case. Thus, the annual building load for the new school is 1,430 MWh, which is lower than the retrofitted case by about 310 MWh. Figure 7 shows the performance of the studied simulation models represented by EUI.
[image: Figure 7]FIGURE 7 | Annual electrical power requirements of the simulated models.
The economic feasibility of each improvement parameter is illustrated in Table 8. The influence of directional orientation was not estimated, because it is assumed that this parameter is a zero-cost energy conservation measure that can be considered during the design stage only. The effect of energy savings that resulted from avoided electrical power is calculated from the effect of applying each parameter individually on the baseline case simulation model. The economic assessment considered the simple payback period as a tentative decision parameter before considering the entire scenario of NZEB. So, the saved cash for each improvement parameter was counted as an annual return that can cover the embedded initial cost. From Table 8, the suggested air conditioning system has the longest payback period of 15.1 years, although it can lead to a substantial amount of annual electrical savings, followed by efficient glazing at 5.9 years, solar shading at 5.5 years, and efficient lighting at 1.7 years. So, from an economic point of view, each enhancement parameter could return its initial investment, which is a cautious primary step before commencing the NZEB scenarios and exploring the financial obligations of the school’s owners.
TABLE 8 | The feasibility of improvement parameters.
[image: Table 8]3.2 Net energy adopting renewable energy
The suggested improvement on the baseline case may influence the annual building electrical power and subsequently increase the potential of NZEB. From this perspective, the net energy of the developed building models described earlier in Equation 1 was calculated and subjected to possible on-site renewable energy generation as follows.
3.2.1 Building load assisted by rooftop PV panels
The study examined the potential of rooftop PV installation from 30% to 80% of the roof area at an increment of 10%. The resulting annual net energy is based on the energy balance between the building load and rooftop PV system, as shown in Table 9.
TABLE 9 | The energy balance between the building load and rooftop PV system.
[image: Table 9]From Table 9, the retrofitted case at 30% of the roof usage requires extra electrical power equal to 1,051 MWh annually to get net zero. With the increase in possible available roof area to occupy more PV panels, the retrofitted case can fulfill the requirement of NZEB possibly at 80% roof area with about 90 MWh that can be sold to the utility grid. So, the building in the retrofitted case under the estimated roof area needs about 2700 PV panels to achieve its annual electrical power in the first year to be net zero energy. On the other hand, the new school case has attained almost net zero energy except for a shortage of 58 MWh at 60% of the roof area with 2052 PV panels. This shortage can be met by about 87 PV panels which require an extra installation area of 170 m2. So, the new school under the suggested conservation measures can attain net zero energy with 2139 PV panels at about 70% of the roof area. Promisingly, the new school has outperformed the retrofitted case in terms of giving electrical power back to the utility grid at 70% and 80% PV roof area installations with 170 MWh and 200 MWh, respectively, in the first year. In 25 years, the 80% PV roof scenario can generate 20.57 GWh.
3.2.2 Building load assisted by rooftop PV system and wind turbines
The study in this part investigated the performance of the simulated cases when wind turbines take a portion of the on-site renewable energy generation, as shown in Table 10. The additional electrical power from wind turbines was based on 16 wind turbines with an installed capacity of 49.6 kW. The purpose of adding this small power generation capacity is to measure the economic influence that results from adding wind turbines to balance net energy against net zero requirements. From the simulation, the installed wind turbines generate about 58 MWh in the first year. Adding this amount to the generated electricity from rooftop PV installations, both retrofitted and new school building cases would be net zero with surplus electrical power if the added wind turbines were installed with PV power from 80% of the roof area.
TABLE 10 | The energy balance between the building load and combined PV and WT systems.
[image: Table 10]Furthermore, the new school gives a positive net energy balance if the proposed wind turbine power is combined with rooftop PV at 60% of the roof area. This is encouraging in terms of the ability to balance net zero at lower rooftop PV installation compared to rooftop on-site power generation only as indicated earlier in Table 10. Accordingly, the decision behind this inconsistency can be verified by expanding the results in a holistic economic view by incorporating the economic influences.
3.3 Economic performance of the suggested schemes
3.3.1 Annual cash flow
The economic assessment of the suggested schemes was performed by considering the initial cost and the annual recurrent cash flows for both the retrofitting and new school buildings. The annual recurring cash flows represent the savings of avoided conventional electrical power, subtracting the annual operation and maintenance cost. It is worth noting that the occurrence of a net zero energy balance is supposed to happen in the first year. So, relying on conventional energy is supposed to happen on an annual basis because of degradation in on-site renewable energy sources. Accordingly, the recurring cash flow, which is the net cost of avoided energy, is expected to decline annually during the study period (25 years). For the new school case, the effect of degradation on the discounted annual cash returns is shown in Figure 8A with rooftop PV only, and Figure 8B with rooftop PV and WT.
[image: Figure 8]FIGURE 8 | Annual discounted cash returns resulted from renewable energy for new school with rooftop PV only (A), and rooftop PV with WT (B).
Figure 8A shows the annual discounted cash returns from installing rooftop PV panels at various percentages of Roof’s area. It is evident that the economic performance of each installation scenario is homogeneous at the entire study plan (25 years), with superiority of the highest installation area (80% roof), which can attain US$ 330, 000, downward to the lowest installation area (30% roof), with US$ 175,000, at the end of first year. The high installation areas acquire high annual returns despite the decline in PV performance which take place until the last year of the life span, combining to that, the resulted discounted annual returns are also affected by the annual operation and maintenance cost which represents 1% from the capital investment. All other installation scenarios behave in the same manner during the lifespan. On the other hand, adding WT to assist rooftop PV, Figure 8B, has no significant impact on the discounted annual returns at high rooftop PV installation areas, since the installed capacity of WT represents about 5% from the total installed capacity of rooftop at 80% roof’s area. However, the installed WT capacity is about 12% from the installed capacity of rooftop PV at 30% roof’s area. For this reason, the discounted annual returns are marginally higher if the proposed WT is added to rooftop PV installations at smaller areas. From Figure 8B, the configuration of PV at 30% assisted by WT can attain about US$ 195, 000 at the end of first year.
Considering the retrofitted school case, the effect of degradation on the discounted annual returns is shown in Figure 9A with rooftop PV only, and Figure 9B with rooftop PV and WT. Both renewable energy installation scenarios in retrofitted case act similarly to what happened to the new school, although, the discounted annual returns are significantly lower than the new school due to the difference in energy demand between the two cases, which makes the new school a profitable choice under the same size of installed on-site renewable energy choices.
[image: Figure 9]FIGURE 9 | Annual discounted cash returns resulted from renewable energy for retrofitted school with rooftop PV only (A), and rooftop PV with WT (B).
3.3.2 Net present value and discounted payback
The economic performance of the suggested schemes was represented by both net present value (NPV) and discounted payback period (DPP). They represent decision tools that give the decision maker a holistic understanding of the feasibility of the undertaken improvement choices. The NPV and DPP for the integrated improvement choices with on-site renewable energy production are calculated for a 25-year financial plan, as listed in Table 11, considering various rooftop PV installation areas. From Table 11, both school cases have positive returns with the examined on-site renewable energy installation schemes, and they achieved their payback periods within the study period (25-year-plan). In the option of rooftop PV only, the retrofitted school can lower the payback period if the suggested retrofitting choices are combined with a larger rooftop PV installation area. The retrofitted school in this regard has a payback period ranging from 6.36 years at 30% roof PV scenario downward to 5.54 years at 80% roof PV scenario. This was justified by the ability of the school to achieve a greater amount of avoided energy cost at high PV installations that can compensate for the high retrofitting cost. The schools’ owners, as described earlier in Tables 5, 6, have obligations to pay extra cash on the embedded budget to modify the design of the baseline school to adopt the suggested changes. Hence, the extra cash associated with retrofitting was estimated to be around US$ 445,000; while the extra cash related to the new school was estimated to be US$ 96,766.
TABLE 11 | NPV and DPP for the examined installation schemes.
[image: Table 11]For this reason, the new school’s economic performance is much better than the retrofitted school because of the lower improvement cost to be paid to modify the baseline design, additionally it was able to conserve more energy requirements annually. The new school’s payback period ranges from 2.78 years at a 30% PV scenario to 3.55 years at an 80% PV scenario. For the fulfillment of NZEB, the retrofitted school under the suggested improvements can achieve its energy balance at 80% rooftop area at NPV of US$ 3,273,000, while the new school can do so at 70% and 80% rooftop PV installations, resulting in NPV of US$ 3,951,000 and US $ 4,284,000 respectively.
On the other hand, adding WT with a small capacity (49.6 kW) has made a slight rise in the resulting DPP. It marginally enhanced the NPV for the studied cases and led to the occurrence of NZEB for the new school at 60% rooftop PV installation. The added WT power represents 12.6% of the installed power of 30% rooftop PV, 9.6% of 40% rooftop PV, 7.7% of 50% rooftop PV, 6.4% of 60% rooftop PV, 5.5% of 70% rooftop PV, and finally 4.8% of 80% rooftop PV. The sensitivity of this added amount was measured against the increase in DPP from each rooftop PV installation. From Table 11, taking new school as an example, the DPP at 30% rooftop is 2.78 years, while the DPP at 30% rooftop combined with WT is 3.31 years, which results in a 19% rise in the breakeven time. Furthermore, the new school has a lower breakeven year at 40% rooftop PV with a DPP value of 3.01. So, from a practical point of view, reallocating the budget of WT to add more PV panels is recommended.
3.4 Projection of environmental and financial benefits
The estimated savings in electrical power can potentially benefit the existing governmental and private schools in the country, which are 979 schools and 296 schools respectively. The electrical savings for these schools are estimated based on savings that were obtained by the retrofitted school. On the other hand, estimated savings for new school is assumed to be applied for new project in Sabah Alhmad City, where a plan to build 170 school was declared by 2033. A comprehensive projection overview for the estimated savings in annual electrical power and the avoided CO2 emissions is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Projection of annual electrical savings and the subsequent avoided CO2 emissions.
Moreover, the estimated CO2 emissions savings attributed by applying the scenario of 80% PV roof for 25 years period is estimated to be 29.23 Kiloton CO2/school. Projection of the avoided CO2 emissions considering the number of benefited schools which are 1,445 schools is estimated to be 42,237 Kiloton of CO2 during the lifetime of the proposed rooftop PV system.
4 SUMMARY AND CONCLUSION
There has been increasing interest in net zero energy buildings (NZEB) in recent years, and many developed countries have enacted legislation that requires the conversion of buildings to make them consume less energy. However, there are considerable concerns about the ability of buildings in hot climate regions to actively be NZEB. Therefore, this work demonstrated a systematic approach to convert the predominant school design in Kuwait to be NZEB. This was achieved by applying several energy conservation measures in order to provide the requirements of NZEB. First, we must study the building model of the existing school, which represents the predominant construction style in Kuwait, and we must verify its ability to adapt NZEB under a retrofitting scheme. Second, suggesting comprehensive enhancement measures and technologies to enable the new schools to act better concerning NZEB. The suggested enhancement parameters covered the better window glazing type with smaller WWR by installing overhang and side fins, installing a VRF split direct-expansion system, installing LED lighting, and ensuring the smart operation of the building. Three cases for the analysis were considered, and the first was a baseline case, i.e., a school building that meets the requirements of Kuwait’s energy code. The second case represented the existing school that incorporated the applicable energy conservation improvements under the retrofitting scheme to meet NZEB. The third case represented the new school to be built in the future, which incorporated the entire energy conservation improvements to meet NZEB. All cases were prepared using DesignBuilder Building Thermal Simulation, and their resulting electrical loads were balanced against the requirements of NZEB by suggested on-site, renewable, energy resources that included rooftop PV at various roofs’ areas, and wind turbines. Based on the techno-economic evaluation of the simulated cases and the results reported in this work, the following conclusions were drawn.
• Applying the academic calendar can reduce the annual electrical load of the baseline school drastically by avoiding the use of the AC during the hot summer months. This has reduced the annual energy demand from 4,900 MWh to 2,200 MWh.
• Schools in hot climates have great potential to actively being NZEB due to their flexibility to be vacant during summer holidays, and by having large roof areas that can accommodate large numbers of renewable energy systems that can be installed on-site.
• A new school could adopt more energy conservation measures at lower cost compared to retrofitting an old school, which requires additional retrofitting costs.
• The performed economic evaluation, under the same on-site renewable energy capacities between new and retrofitted schools, proved that a new school can reach the nearest breakeven year compared to a retrofitted school.
• Despite their abilities to acquire positive returns in present value, the effect of smaller renewable energy capacitates cannot fulfill the recruitments of NZEB.
• The retrofitted school has NPV ranges between 1,610 and 3,273 thousand of US dollars for rooftop insulations between 30% and 80% of the roof’s area, and with the occurrence of NZEB at 80% of the roof’s area.
• The new school has NPV values that range between 2,621 thousand and 4,284 thousand U.S. dollars for rooftop insulations between (30–80)% of the area of the roofs and with the occurrence of NZEB at 70% of the area of the roof and 80% of the area of the roof.
• Adding wind turbines was beneficial in terms of balancing the load against NZEB for the smaller roof areas of PV installations, but it leads to a longer breakeven year compared to NZEB with rooftop PV only.
• The scenario of installing rooftop PV at 80% of the area of the roof is promising in terms of the electrical power that is saved and the subsequent CO2 emissions that are avoided, which are estimated to be 40.63 GWh and 29.23 Tons of CO2, within 25 years for each school.
• By applying energy conservation measures, the estimated annual savings are 589 GWh for the existing 1,275 schools in the retrofitting scheme, and 130 GWh for 170 new schools.
• The scenarios involving the installation of high rooftops have dominance over smaller rooftop installation areas in terms of making NZEB successful and acquiring higher annual profits. The superiority of the scenarios involving high PV installation areas is significant during the lifetime of the PV system despite the effect of the high annual maintenance cost of the large PV installation.
• From the economic and environmental prospectives, the results presented in this work should encourage owners and policymakers to convert existing and new school buildings into NZEB.
• A detailed framework should be developed for each hot climate country to establish a systematic approach that considers the characteristics of school’s building design, the predominant active and passive measures that suit the weather conditions, and energy policies that can encourage the transition toward NZEB.
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Window overhang projection
Window side-fins projection
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Type of window glass

VRE split direct expansion (COP)
Lighting load
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Value
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05m
05m
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Baseline building model New school building model Net cost US $

Parameter
Status Cost USS  Improvement Cost US $

Air conditioning system Packaged-DX 475,000 Efficient VRE split DX with high |~ 525,000 50,000

With low COP cop
Complete window Predominant glazing 118430 Low-e glazing and reduced WWR | 102,037 +16,393
Window shading None — Side fins and overhang ‘ 32,164 ‘ 32,164
Lighting type Fluorescent 12,000 LED 15,000 3,000
Operation schedule None Smart automation 28,000 28,000
“Total improvement cost excluding 96766
RE

S Tole 2 imeans savedcoit dusing constraction compared b bisiilie cise:





OPS/images/fenrg-12-1503382-t004.jpg
Characteristics

Maximum power 31kW
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acteristics Value

Wall U-Value 0568 W/m?-"K.

Roof U-value 0397 W/m?-'K

Window (WWR) 30% uniformly distributed

Total indoor area 16,000 m*

Building shape Rectangular, two stories, with open yards
Orientation Largest fagade facing east-west

Type of window glass v «6-mm thick, double glazed, clear and reflective

glass with an air gap of 12 mm
U-value (3.38 W/m*"K)

People load 30 classrooms, 25 students/classroom
‘Teaching staff and other administrative people 15%
of number of students, take average metabolic
factor (male-female)

Packaged -DX AC (COP) 21
Equipment Load ' 3W/m?
Lighting load 5W/m? (Fluorescent)
Infiltration 0.5 air change per hour

Thermostat settings 24 in summer and 21 in winter
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Annual net electricity MWh

30% roof area + WT 40% roof area + WT | 50% roof area + WT 60% roof area + WT | 70% roof area + WT ‘ 80% roof area + WT
Retrofitted 992.5 764.8 \ 594.6 307.5 788 ‘ (+)149.5

New school 6852 456.8 ‘ 2282 ()05 (+)2285 ‘ (+)457.8
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Retrofitted School New School

RE
installation 1% DPP NPV DPP

Thousand Thousand

us$ us$

Rooftop PV 30% 1610 636 2,621 278
Rooftop PV 1625 698 2,636 331
30%+WT
Rooftop PV 40% 1941 609 2,952 301
Rooftop PV 1956 663 2970 347
40%+WT
Rooftop PV 50% 2724 589 3285 319
Rooftop PV 2,290 637 3301 359
50%+WT
Rooftop PV 60% 2,607 575 3,618 338
Rooftop PV 2,623 616 3,634 () 370
60%+WT
Rooftop PV 70% 2,940 563 3951 () 345
Rooftop PV 2,956 600 3,967 (') 378
70%+WT
Rooftop PV 80% 3273() 554 4284 () 355
Rooftop PV 3,288(") 587 4299 () 3.85
80%+WT

(*): The occurrence of NZEB.
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Building electricity MWh

annually

calendar

Baseline case without academic 4,900
calendar
Baseline model with academic 2,200

Effect of orientation

2037.2(7.4%)

Effect of Higher COP AC 1936 (12%)
Effect of lighting 2,134 (3%)
Effect of shading 2,156 (2%)
Effect of glazing 2024 (6%)

Effect of WWR 2,112 (4%)
New school 1,430.2
Retrofitted school 1738
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Parameter Salvage Additional
value USS  cost to pay

us$

Air conditioning 47,500 262,500 215,000
system

Modification in - 130,000 130,000
AC ducting and
the subsequent
civil work in the
building

‘Window glazing 2,732 61,037 58,305
only

Lighting 1,200 15,000 13,800

Smart - 28,000 28,000
automation

Photovoltaic - 937,000 937,000
system (80%
roof)

Wind turbine - 109,120 109,120
system

Total retrofitting 445,105
cost excluding
RE
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Annual net electricity MWh

30% roof area 40% roof area 50% roof area 60% roof area 70% roof area 80% roof area
Retrofitted 1,051 8233 594.6 366 137.3 +91

New school 743.7 5153 286.7 58 +170 +399.3
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Cost of saved
electricity. US $
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Payback year

Directional orientation
Efficient AC

LED

glazing with lower WWR

Solar shading

162

264

200

21,222

34,584
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26,200
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525,000

15,000
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