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Abstract

:

The concept of a zero energy building is a significant sustainable strategy to reduce greenhouse gas emissions. The challenges of zero energy building (ZEB) achievement in Thailand are that the design approach to reach ZEB in office buildings is unclear and inconsistent. In addition, its implementation requires a relatively high investment cost. This study proposes a guideline for cost-optimal design to achieve the ZEB for three representative six-story office buildings in hot and humid Thailand. The energy simulations of envelope designs incorporating high-efficiency systems are carried out using eQuest and daylighting simulation using DIALux evo. The final energy consumptions meet the national ZEB target but are higher than the rooftop PV generation. To reduce such an energy gap, the ratios of building height to width are proposed. The cost-benefit of investment in ZEB projects provides IRRs ranging from 10.73 to 13.85%, with payback periods of 7.2 to 8.5 years. The energy savings from the proposed designs account for 79.2 to 81.6% of the on-site energy use. The investment of high-performance glazed-windows in the small office buildings is unprofitable (NPVs = −14.77–−46.01). These research results could help architects and engineers identify the influential parameters and significant considerations for the ZEB design. Strategies and technical support to improve energy performance in large and mid-rise buildings towards ZEB goals associated with the high investment cost need future investigations.
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1. Introduction


Continuously rising global energy demand is a serious concern in several countries. In Thailand, the final energy consumption in the building sector accounts for 23% of the national energy consumption [1]. Without energy conservation control, energy consumption in the commercial sector will suddenly increase and be higher than in other sectors. Such an increment of energy demand will make the country face energy shortages, high energy prices, and an increase in pollutants and CO2 emissions. Regarding this concern, the Department of Energy of Thailand has enforced the Energy Conservation Promotion Act and Building Energy Code (BEC) for promoting energy reduction in commercial and residential buildings. In addition, three higher energy efficiency standards were defined in the Thailand 20-Year Energy Efficiency Development Plan (2011–2030) to lessen the final energy use by 17% in 2030 [2]. These standards comprise (1) higher energy performance standard level (HEPS), (2) economic level (ECON), and (3) zero energy buildings level (ZEB), with the aim being to reach the ZEB in 2037.



Achieving greater energy efficiency for HEPS and ECON levels can be done using a higher energy-efficiency building envelope, including air-conditioning and ventilation systems, office equipment, and lighting systems. ZEB refers to the building that can produce renewable energy on-site, equal to the total amount of energy used by the building [3,4]. According to the APEC Nearly (Net) Zero Energy Building Roadmap, several countries set a plan and energy strategies to achieve ZEB in the next 10–20 years. However, several projects in Europe, the United States, and China have achieved net-zero consumption, due to rapid development in building materials and technologies. Ref. [5] revealed that the implementation of ZEB in developing countries still requires hard efforts. It requires high investment costs, and there is a lack of personal capability in ZEB design. Consequently, the development of design strategies promoting ZEB in Thailand should be examined to enhance the national savings goal.



1.1. Current Situation of ZEB Development in Thailand


Bangkok, Thailand, has a hot and humid air-condition above thermal comfort conditions almost all year. Air conditioning units are necessary and widely used in most office buildings, and the cooling energy demand takes a large portion of total energy use. To achieve the ZEB design will require a huge renewable energy production capacity to meet the balance of such high cooling demand. As reviewed from the ZEB projects, the number of buildings successfully achieving ZEB in Thailand is small. Most are small government and academic buildings with 2–3 stories with a gross floor area lower than 10,000 m2 [6,7,8,9]. Ref. [9] showed that a replacement of fluorescent lamps with LED, using high efficiency air-conditioners and energy-star computers could significantly reduce the energy use and make the buildings zero consumption. Later, the Department of Alternative Energy Development and Efficiency (DEDE) [10] proposed a guideline for the ZEB design of a small office building with six stories. The final energy use showed 59.08 kWh/m2–year, near the national ZEB goal of 57 kWh/m2–year. In this project, renewable energy generation accounted for 91.1% of the total energy demand. Ref. [11] investigated the potential energy production from the rooftop PV system to match with the energy demand of small and large office buildings. From their study, a ratio of PV power generation to the energy use of office buildings was relatively small when compared to the residential buildings, owing to the limited roof area.



According to the comprehensive review by [6,12], several studies have investigated and proposed the ZEB design for residential buildings and low-rise small office buildings. Their effort successfully changes those buildings to net-zero consumption ahead of the national plan. However, there is a knowledge gap and lack of guidelines for ZEB design for medium and large buildings. Furthermore, high investment cost from advanced designs and technologies is a significant barrier for the ZEB development in Thailand. Consequently, the efficiency measures associated with feasibility analysis should be carried out to define the best practices to reach the ZEB goal.




1.2. A Review of Design Measures and Strategies to Achieve the ZEB Goal


The design concept for ZEB is to reduce the building’s energy demand as much as possible; then, renewable energy generation is provided to meet the energy balance. From previous works, several energy-efficiency designs through passive and active strategies have been proposed under different contexts.



Through passive techniques, natural ventilation is a crucial design for cooling energy reduction. Ref. [13] investigated a potential use of naturally ventilated office buildings in three cities in hot and humid summer zones to evaluate thermal comfort and cooling energy savings. The use of natural airflow could provide a maximum savings potential of 30%. However, the benefit of natural ventilation is limited for office buildings in hot and humid conditions. The challenge of using this technique has to deal with human thermal comfort.



Another passive design approach typically used in most ZEB projects is to minimize heat gain through the envelope via increasing thermal insulation. Several works have been evaluated combined strategies to improve building envelope performance. Ref. [5] did a comprehensive review of current developments and technologies in 34 NZEB projects in hot and humid regions. It was found that an average u-value of walls and windows in nearly zero energy building (NZEB) and ZEB projects in China, Canada, the Republic of Korea, and the United States had higher performance than that required by ASHRAE 90.1 [5,14]. Several studies examined the impact of envelope designs and retrofits, including wall insulation, type of glazed window, solar shading, and envelope’s airtightness, on the building energy reduction [15,16,17,18,19]. The improvement in wall insulation and high-performance glazed windows could save energy from 5 to 33%, depending on climates. Ref. [15] examined the close relationship of the effect of envelope retrofits in existing buildings to improve energy performance and thermal comfort in educational buildings in Egypt’s hot arid climate. The study revealed that the average energy savings obtained from the simple envelope-retrofit strategies were 33%. A significant reduction of up to 23% occurred when applied solar shading followed by the glazed window. Wall insulation had a small effect on energy reduction. Furthermore, light-colored external surfaces were used to reflect the solar heat [20,21]. Ref. [21] compared the impact of two different wall colors on the thermal comfort and energy efficiency of buildings in a hot and arid climate. The light wall-painted color with high solar reflection could reduce external surface temperature by 24.5%, and the heating demand was decreased by 3.86% in the cold season.



Lessening the window to wall ratio (WWR) could significantly reduce heat gain through the windows [5,22]. Ref. [19] investigated the combinations of building envelope designs, including WWRs, materials, and shading devices to make the four-story office buildings in Brazil achieve a net-zero energy target. Reducing WWR from 80% to 50% and 30% could make the building achieve the ZEB goal. However, this reduction could lower daylighting benefits and make office space feel small. Maximizing energy-savings and daylighting performance, optimal WWRs with shading devices in different orientations were carried out in previous works [23,24]. Shading devices are another design feature that prevents the envelope from being directly exposed to solar heat and has made significant savings by 12% [17,25].



Reducing the envelope area exposed to the solar heat can be done by geometry design with the building orientation. Ref. [26] investigated the cooling energy consumptions in eight geometries of residential buildings for four building orientations. The studied buildings are located in Bangkok neighborhood areas. The tall with a rectangular-shaped building were more energy efficient than the low-rise square-shaped buildings, owing to that they had the less “surface-to-volume ratio” (S/V). As similar to other investigations [27,28], the small building with a large ratio of envelope surface area to the building volume (S/V) shows less energy efficiency than that of the large building. For an energy-efficiency design concept, a small envelope area of the building should be oriented to the E-W axis to minimize the solar heat gain.



Regarding active strategies, high-performance lighting systems, such as cost-effective light-emitting diode (LED) light bulbs and integrated lighting systems with occupancy-based control, are implemented in ZEB projects [18,29,30]. Besides the lighting system, a significant reduction occurs when using high energy-efficient ventilation strategies. For example, high energy efficiency ratio (EER), heat and energy recovery ventilators (HRV, ERV), variable air volume (VAV), and variable refrigerant flow (VRF) systems were designed and implemented in ZEB projects [31,32,33]. Designs with a high-efficiency air-conditioning system could considerably reduce heating and cooling demand by 12–60% [31,33].



Solar power generated from rooftop PV systems is the most common and widely used for buildings’ primary energy sources. Ref. [5] reviewed the ZEB implementation in 34 office buildings and found that low-rise buildings could reach the ZEB goal. The maximum building height in ZEB projects was four–five stories [5,17]. The implementation of ZEB in medium and large buildings has a limit of PV energy generation, which could not cover a whole building’s energy consumption. Several works [34,35,36] investigated the potential increment of solar electricity production with an integrated façade PV and the rooftop system. Optimal designs of a building’s geometry were examined for the electricity production potential from façade PV installation as seen in [35,37]. Besides the limited installation area, weather conditions, surrounding environment, and building geometry related to its orientation also affect the PV production capacity [22,37,38,39]. Consequently, these topics should be considered at the initial design stage.




1.3. Cost-Benefit Analysis in Energy Efficiency Buildings


All the ZEB projects have to deal with the high investment cost. Several financial perspectives have been used to assess ZEB design’s proper measures, which provides the lowest investment cost, while shows high energy performance. The building’s lifetime commonly used in economic evaluation ranges from 20 to 30 years [40]. Most studies considered microeconomic level in the financial perspectives, including interest rate, incentives, and taxes, but not accounting for the cost of emission from environmental impacts [40]. Economic evaluation approaches, such as Net Present Value (NPV), Internal Rate of Return (IRR), and discounted payback period (DPB), have been used to perform a cost-benefit analysis of the investment in energy-efficient buildings [41].



Ref. [41] performed a comprehensive retrofit of building skins and open heating pipe network for improving the energy efficiency of four apartment buildings in Beijing, China. The actual energy savings and associated benefits were calculated using two indices: payback period (Pt) and IRR for the financial assessment. The study revealed that heating system retrofit was more cost-effective (IRR = 59%, Pt = 1.7 year) than envelope retrofit (IRR = −3.06%, Pt = 28.2 year). The improvement of external walls was more cost-effective than that of external windows, due to the high investment cost of the window frame’s material. Ref. [42] investigated cost-optimal solution achieving ZEB in an Estonian office building for a 20-year period using the investment cost and NPV. The study showed that the cost-optimal level, representing minimal life cycle cost, occurred in the low building energy demand (≤130 kWh/m2) via smaller WWRs, high-performance glazed windows, and insulated walls. However, the zero energy building (≤100 kWh/m2) was not cost-optimal in that current economic situation. They suggested that the improvement of such a high-performance façade would possibly achieve the ZEB if the escalation of energy cost and construction cost decreased in the future. The use of IRR alone is not recommended because this indicator could help decision-makers measure and rank the project’s profitability when the capital budgets are limited.



The cost-optimal analyses have been used to examine the energy-efficiency measures in nearly and net-zero projects. Ref. [43] did a comprehensive review of cost-optimal analyses in nearly zero projects. Many alternative designs could provide the accuracy of effective solutions than the limited number of design measures. However, it requires computational time and effort. A multi-stage optimization could offer more time efficiency. Ref. [44] developed three-stage optimization to evaluate alternative measures, including building-envelope parameters, heating and cooling systems, and PV solar and thermal systems towards ZEB for a residential building. They presented that low thermal insulation levels, including shading, building tightness, operable windows when the cool air outside, were the cost-optimal solutions for a residential building in Finland in summer. The mechanical system was not the optimal option, due to its high initial cost and operation and maintenance costs. In contrast, Ref. [45] revealed that high-performance envelope design, accounting WWRs, window orientation, and width-to-depth ratio were not the cost-optimal solution in a cold climate. Later, Ref. [46] identified the optimal solutions of 13,456 designs, including building envelope and heating system options, for building energy performance via using CO2-eq emissions and discounted payback period. The study revealed that the heating energy source was a significant parameter influencing the CO2-eq emissions reduction and the payback period.



According to the reviews, the proposed effective designs from cost-benefit and optimal analysis serve different purposes and building performances, depending on design assumptions, building functions, building operation, and climate. These proposed solutions might not directly implement for the ZEB design in Thailand.




1.4. Research Gap and Objective


The limitation of ZEB design guidelines and high investment cost are significant barriers for the ZEB development in Thailand. This study tries to fill the current knowledge gap on how to design the new buildings in Thailand to achieve the ZEB by integrating the on-site renewable energy source. Firstly, the study investigates energy savings potential when different energy-efficient approaches are developed. The final energy use for each design measure is compared to the on-site energy production from the rooftop PV system. Then, economic evaluation and optimal energy-efficiency level are used to examine the best design solutions. Finally, the significant design parameters and current challenges from this research are discussed, and recommendations are provided for future studies. This research could provide the guidelines and best practices for the new construction buildings to help architects and engineers design zero-energy office buildings on different scales.





2. Materials and Methods


This research framework is comprised of four parts, as shown in Figure 1. The study provides the methods to select the three representative office buildings as case studies. In addition, the design strategies for passive and active approaches are reviewed to define the studied parameters for improving the buildings to reach the ZEB goal. Daylighting performances from improvement in envelope designs are carried out to design the artificial lighting in office space. Then, the energy analysis of each design step is calculated.



Meanwhile, the rooftop PV installations in different orientations are designed, and the PV energy production of each scenario is calculated. The energy-savings potentials are then compared to the energy generation from the rooftop PV system to evaluate the potential to become the ZEB goal. For the nearly zero energy consumption, the building geometry, especially a ratio of rooftop area and building height, is adjusted to increase sufficient PV energy generation. When the building achieves the ZEB, the investment cost and energy savings of several design measures are compared. The optimal points as comparable to IRR and DPB are used to propose the best practice for ZEB in suburban areas of Bangkok, Thailand.



2.1. Overview of Case-Studies Selection


2.1.1. Site Selection


The studied location is in suburban areas of Bangkok (the shaded-gray area), Thailand, which has low-rise academics, offices, and residential buildings, as shown in Figure 2. The weather of Bangkok is hot, and rain falls almost all year, even in the winter. Table 1 presents the weather conditions, including air temperature, relative humidity, mean velocity, and mean global solar radiation.




2.1.2. Define the Reference Buildings and Model Setting


In this study, the new construction buildings are used as reference buildings. The modeled building sizes include three scales: small (5000 m2), medium (15,000 m2), and large (32,500 m2), which these sizes were the mode values observed from 81 office buildings in Bangkok areas investigated from [39]. All reference buildings have a square shape (1:1) since it allows the least heat transfer through the building’s envelope compared to the rectangular-shaped building [26,28]. Each building has a service core at the center, surrounded by the open-plan office space, which the ratio of office space accounts for 80% of the gross floor area, as presented in Figure 3. Three reference buildings have six stories (21 m height) with 3m floor-to-ceiling panels. In order to define the materials used for design newly constructed buildings (reference buildings), the study did a few surveys and collected the data of envelope designs, typically found in existing buildings, from different sources, which were mainly from previous studies [5,39,43,47,48] and manufacturing data. The variation of WWRs of three reference buildings ranging from 20 to 80% without external shading devices. In this design, the lighting power density (LPD) has to be below the maximum allowance of 14 W/m2 as defined by the previous version of Ministerial Regulation Prescribing Type or Size of Building and Standard, Criteria, and Procedure in Designing Building for Energy Conservation BE 2552 [49]. Unavailable data, such as material reflectance and absorption values, air infiltration, and set-point temperature, use the default values provided in the energy model. Table 2 provides detailed information on the building’s construction, materials, and systems, which all will be implemented in three reference buildings.





2.2. Design Approaches towards ZEB


Two passive design techniques are integrated with two energy-efficiency systems to achieve the ZEB in the office building. This study tries to make significant energy reduction through passive approaches via using relative high-performance materials as much as possible. Then energy-efficient lighting and mechanical systems are implemented to increase more energy savings. The building materials and systems (shown in Table 3) are based on the recommended designs applied in the applicable energy-efficiency levels recommended by [50]. The first step is to reduce heat gain through windows and walls. Two glazed materials: green insulated glazed windows and the high-performance glazed windows with triple tinted glazing with Low-E film are used. The walls are treated with high thermal performance insulation, which has u-values of 0.13 and 0.24 W/m2K and solar absorptance of 0.5. The horizontal shading with 2 m in length is installed to prevent solar heat at the second step.



For the active approach (Step 3 and 4), LED light bulbs (LPD of 5 W/m2) used in [51] are used for energy-efficient lighting systems in Step 3. For an energy-efficient cooling system (Step 4), the air conditioning unit in small and medium buildings is a split-type system and a central air conditioning unit for the large building. An inverter air conditioning system with a seasonal energy efficiency ratio (SEER) of 20.85 is chosen. The air temperature set-point of all energy-efficiency measures is 25.5 °C, which could provide comfortable conditions in office space. The split-type system installs evaporative pre-cooling at the air condenser side.



The energy reduction from each design measure is compared and used to access the significant design parameters on the ZEB. After applying all measures, the final energy consumptions are compared to the national ZEB goal and the actual rooftop PV energy generation capacity. If the final energy shows nearly zero consumption, the building height is decreased to increase the rooftop area for the PV installation. The energy production of the rooftop PV cell area is recalculated to assess the potential production capacity. A recommendation for the geometry of three-building scales achieving the ZEB is then used for the cost analysis.




2.3. Building Performance Simulation


2.3.1. Simulation of Lighting and Energy Performance


The variations in the design of WWRs, glass materials, and shading lengths could affect the lighting performance in office space. The small windows could reduce the amount of heat transfer through the glazed areas. However, it also lessens the benefit of natural light. Ref. [54] reviewed several indicators widely used to perform daylight simulation in Thailand. In this study, the static method is used. To maintain the illuminance level of 500 lx at the working plane as defined by the International Commission on Illumination (CIE), artificial light is designed in the office space to fulfill this requirement. However, Thailand’s building energy code [50] defines the lighting power density (LPD) not exceed 14 W/m2. Consequently, the design needs to compromise between lighting quality and energy efficiency.



The study uses DIALux evo software, developed by the German Institute for Applied Lighting Technology (DIAL), to perform daylight and artificial light in office space at 1 m high. The installation height of the artificial light lamps is 3 m. It is assumed that the simulation is performed under partly cloudy sky conditions. The reflectivity of wall and ceiling materials is 70%. The floor material has a reflectivity of 30%.



In the first two steps of energy-efficiency measures, the artificial light uses fluorescent lamps. In Step 3, considering more energy efficiency, the light lamps are replaced by the 16 watts LED T5. In the calculation process, the DAILux evo automatically arranges the lightbulb lamps, as shown in Figure 4a, and provides the results of illuminance levels in the working area (Figure 4b). However, some working areas show higher and lower illuminance levels. Consequently, the distance between the lamps and the lamp’s directions is manually adjusted to keep the illuminance level and LPD within the standard requirements. The calculated LPDs obtained from the lighting simulation are then used to calculate the investment cost.



The energy consumption of the reference buildings, for typical construction and high energy-efficiency buildings, is calculated using eQuest 3.65 [55]. This energy model is widely used and can provide reliable results for building energy analysis. The energy simulation is performed under Bangkok/Don Muang weather station (13.913° N, 100.607° E). The model settings of the three reference buildings and higher-performance energy-efficient buildings are presented in Table 4 and Table 5, respectively. Figure 5 presents an example of the model buildings in the energy model. The energy simulation is performed in the lower neighborhood building density and low-rise constructions. Consequently, it does not account for the shading effect from trees and nearby buildings.




2.3.2. Model Validation


Before evaluating the energy savings potential of different energy-efficiency measures, it is necessary to evaluate how the model setting is reliable for further predicting energy results as similar to those consumptions of the actual buildings. In previous work, Ref. [39] collected electricity bills from 81 office buildings in Bangkok areas. From their investigations, the total energy consumption in 81 office buildings ranged from 0.1 to 2.5 GWh/year (an average value of 0.5 GWh). The average energy use intensity (EUI) was 145 kWh/m2–year. The relationship between the building areas and energy consumptions is plotted to generate the predicted energy trend line. In this study, the occupancy load patterns are adjusted in the energy model in the calibration process. The simulated energy results of the three reference buildings, as in the existing designs, are compared with the predicted trend line established by previous works [39] using Equation (1).



However, the percentage error might not be the best indicator to measure the agreement between the simulation results and actual data. ASHRAE guideline 14 provides a calibration standard with several metrics for hourly and monthly calibrations. Two indices: Normalized Mean Bias Error (NMBE) (in Equation (2) and Coefficient of Variation of the Root Mean Square Error (CV(RMSE) (in Equation (3)), are widely used in energy model and optimization-based calibration as mentioned in [56]. Ref. [56] tested sixty optimization-based calibration approaches to assess the accuracy of the energy model using single-error functions and a combination of different error functions. The study revealed that NME, CV(RMSE), R2, Cχ2 could provide the model accuracy with the weekly and monthly dataset sizes of heating and cooling demand. The study revealed the limitations of the NMBE function and its relatively high errors for optimization-based calibration. Ref. [57] recommended not to use NMBE alone since this index depends on the cancellation errors.



To ensure that the energy model has a proper setting, as defined by the calibration standard, the study compares the simulation results (si) with the energy auditing data (mi) in a medium building investigated by [58]. The NMBE and CV(RMSE) are used as the calibration indices. The comparison is on a monthly basis, since we had only access to this data availability. In the equation,  n  represents the number of data points, and  p  is the number of parameters.


  E r r o r    %  =      m i  −  s i     m i      × 100  %   



(1)






  N M B E =  1  m ¯   ·     ∑   i = 1  n     m i  −  s i      n − p   × 100  %   



(2)






  C V   R M S E   =  1  m ¯         ∑   i = 1  n       m i  −  s i     2    n − p     × 100  %   



(3)








2.3.3. Renewable Energy Generation from the Rooftop PV Panels


Thailand is located 15 degrees above the equator, with high solar irradiation in the northeast and central parts [59]. The average global solar irradiation ranges from 4.7 to 5 kWh/m2–day, with a peak of 6.7 kWh/m2–day occurring in April. The average power potential from PV panels in this area was 1450 kWh/kWp [60,61].



Previous works [52,53] compared the potential of energy production of different PV cells for the rooftop installation systems. They recommended that the monocrystalline silicon solar cell could provide the maximum power production, while requiring less installation area than other types for the current economic solution. The lifespan is greater than 30 years; however, its cost is relatively high. Consequently, this study used a monocrystalline silicon solar cell because it could provide the highest capacity (250 Wp/cell).



This study assumes that the rooftop of small and medium office buildings is not available for use. The buildings have an underground water tank, and the supplied water is fed up to the occupied floors, and the machine-room-less elevator. elevators are machine rooms. The outside air condensing units are installed at a building’s sidewalls. For the large office building, 19% of the rooftop area prepares for a cooling tower installation, significantly reducing the number of PV panels installation.



The PV facing orientation is another important factor for solar power generation. In Thailand, the solar path moves towards the south for most of the year. Consequently, the planning layout of PV panels on the rooftop is arranged in five directions: E, W, S, SE, and SW, which could take maximum solar power from the south. The arrangement of the PV panels avoids shades from nearby PV panels, sidewalls, and existing A/C systems. The minimum space between the PV panels is 0.15 m and 2 m from the sidewalls. The tilt angle of the PV panels, which could provide maximum power capacity for Thailand, is 15 degrees [62]. The study uses PVSyst 7.0 software, widely and acceptably used for sizing, designing PV panels, and calculating PV energy generation. The calculation of PV panels installation at the rooftop of the small, medium, and large buildings with six stories are 384, 1296, and 2380 panels, respectively. The simulation does not account for the effect of nearby building’s shades and the effect of hot air on the energy production capacity. The performance ratio, representing actual to theoretical energy output from the PV system, ranges from 76.8 to 80.5%. The solar power simulation is performed under 10-year average weather conditions (2010–2020).





2.4. Cost-Benefit and Feasibility Analyses


In this section, the study aims to assess the cost-benefits of ZEB designs compared to the reference cases. The second purpose is to examine the alternative design solutions achieving the ZEB.



Ref. [43] did a comprehensive review of cost-optimal analyses in nearly zero projects and classified the optimal approaches into two groups. The manual method is the simple technique typically used with a few data of design measures. The more accurate approach is the simulated-based optimization method, in which the optimization algorithms for global cost minimization are performed using simulation software. The number of energy-efficiency measures for the simple manual approach was less than ten packages, and it could be up to 1000 packages. In comparison, the energy-efficiency measures analyzed in the simulated-base optimization method were more than 5000 packages. With this limited input data used in the manual approach, the cost optimization could show an error owing that the prediction does not cover all the designs in existing building retrofits. To reduce such an error, the use of presence design of existing-retrofit conditions is recommended. The plots of global costs and energy use intensity are widely used in the cost-optimal analysis to examine the lowest point, providing the minimum investment cost, while presenting high energy performance. In this study, the global cost of different design measures, including the rooftop PV system, accounting for the inflation rate, interest rate, and the escalation of energy cost, is calculated using Equation (4), defined by the Department of Alternative Energy Development and Efficiency, Ministry of Energy [63]. In the equation,    C i    is the initial investment cost.    C  a , i    j    represents the replacement and operation cost for each component at the year  j .    V  f , G    j    is the interest rate and is calculated using Equation (5), where    R d    is the costs at starting year 0.    R f    represents the discount rate, which this study uses 3% based on Thailand’s market prices, and the present energy cost is 0.13 USD/kWh.  i  is the year of analysis. In this study, the period of analysis (n) is 20 years.


  G l o b a l   C o s t  G  =  C i  +   ∑  j      ∑   i = 1  n     C  a , i    j  x  R d   i    −  V  f , G    j     



(4)






   R d  =  1      1 +  R f     i     



(5)







The calculated global cost in a unit of USD/m2 and energy consumption in different energy-efficiency measures are plotted and compared. In this study, the lowest point of the curve shows the optimal energy level that can be used for design decisions. Furthermore, The NPV (in Equation (6)) is used to filter out the economic solutions and examine projected investment opportunities. Negative NPV represents that investment is not attractive because its return is less than the present value of the project’s assets. It could be found that the cost-optimal measures might not provide benefits regarding better outside views and architectural aesthetics. Therefore, the calculated IRRs and discounted payback periods (DPB) are ranked to examine the alternative solutions, which provide a similar cost-benefit. The IRR is the discount rate that the project’s NPV equals zero, calculated using Equation (7). The design measures with higher IRR, representing the good investment, and the shorter discounted payback period (calculated using Equation (8))


  N P V =   ∑   j = 1  n     C j        1 +  R f     j    −  C 0   



(6)






  0 = N P V =   ∑   j = 1  n     C j        1 + I R R    j    −  C 0   



(7)






  D P B = Y e a r s   b e f o r e   f u l l   r e c o v e r y +   U n r e c o v e r e d   c o s t   a t   t h e   s t a r t   o f   t h e   y e a r     c a s h   f l o w   d u r i n g   t h e   y e a r    



(8)




where    C j    is the cash flow period in year  j  and    C 0    is the initial cost at year 0.



Table 4 provides the costs, including initial investment accounting for installation, replacement, maintenance and operation, and resident value of each design measure. The costs are based on Thailand’s market 2020 prices. It is assumed that, within the calculation period (20 years), there is no replacement for the building’s envelope components. The replacement of LED light bulbs and ventilation fans occurs every five years and ten years, respectively.





3. Results


In this section, the validation results and energy consumption of three reference buildings are presented. The energy-savings potentials of four design strategies are compared with the on-site PV energy generation, and the economic feasibility analyses are carried out. Finally, the limitations are discussed, and practical solutions for the ZEB design in Thai office buildings are proposed.



3.1. Energy Consumption in Reference Buildings and Model Validation


Before energy efficiency measures are implemented, the final energy consumptions of three reference buildings with applied different WWRs are carried out. The large buildings have the lowest energy use intensity ranging from 121.3 to 135.0 kWh/m2–year, followed by the medium building (125.0–137.8 kWh/m2–year) and small building (132.8–150.4 kWh/m2–year), as presented in Figure 6. All are site energy use with electricity purchased from the grid. For the model verification, the simulation results were relatively close to the trend line observed by [39]. The variance of errors ranges from 0.1 to 0.6%. Furthermore, the calculations of energy use in the model building are compared with the previous investigation [58]. The NMBE and CV (RMSE) show 4.3% and 14.7%, respectively, which are within the acceptable ranges (±5% for NMBE and ±15% for CV (RMSE)), as defined by ASHRAE 14-2002.




3.2. Energy-Savings Potential and Power Generation from PV Panels


The on-site energy consumptions in the three reference buildings are mainly from the cooling load, accounting for 47–51%, followed by equipment load of 24–26%, and lighting load of 25–27% (shown in Figure 7). Regarding energy savings from passive design strategies, using the building envelope with high-performance windows and installation of wall insulation (Step 1) could reduce the cooling energy by an average of 12.4–15.1% from the on-site energy demand. The standard deviation (s.d.) of the savings, varying depending on WWRs, is 2.3. In Step 2, installed horizontal shading devices could slightly save the cooling energy by approximately 2.7% (s.d. = 1.1). From our investigation, the design through passive strategies alone could reach the HEPS level’s savings target. As expected by [2], the improvement shows that this saving level could be achieved via using the current technology.



Significant energy reduction occurs when implementing active strategies. Replacing LED light bulbs (Step 3) could reduce the building’s energy use to 82 kWh/m2–year, close to the ECON level, which requires more energy-efficiency technologies and cost-effective systems. The savings level from changing the light bulbs accounted for 22.7% (s.d. = 1.9) of the energy use in reference buildings. High-performance air-conditioning systems with higher SEER could considerably decrease the energy use from Step 3 by 54.9% (s.d. = 0.4). A considerable reduction of 61–68% occurs in cooling load and fan and equipment load. Consequently, a combination of all design measures could reduce the total energy use to 38–40 kWh/m2–year, achieving the national energy efficiency goal of 57 kWh/m2–year for ZEB. The percentage savings account for 76.7–82.7% of the on-site energy use, considered a deep implementing level [64].



EPPO [2] defines the ZEB that the building consumes very low energy consumption, and the on-site energy generation is supplied from the renewable energy source. Then the PV power generation capacity needs to be accounted for in this savings level. From the solar power calculation, the maximum generation capacity occurs in those oriented to the west direction, shown in Table 5. The medium building could generate more capacity than the large building because the rooftop of the large building containing a cooling tower.



In Table 6, considering a relationship between the on-site energy generation from the rooftop PV system and final energy use, the PV production capacity of three buildings accounted for 64.5–83% of the final energy use. After deducting the on-site energy generation from the PV system, the final on-site energy demands range from 6.5 to 14.2 kWh/m2–year. Consequently, the actual performance could not reach the ZEB even though the building’s energy consumption lowers the national savings target. So, those energy performances are considered nearly zero consumption.



Figure 8 presents monthly energy consumption profiles in different design strategies and the rooftop PV power production profiles. The highest energy consumption occurs in the summer and rainy seasons (April to October), with a peak in April, due to high cooling demand in the hottest conditions. The lowest consumption occurs in November. Regarding the PV energy production, the high generating capacity occurs from November to March. An achievement of ZEB is found only in medium buildings, especially in November, when the PV production could equal the energy demand. The performance becomes nearly zero consumption in February and March. However, it is difficult to achieve the ZEB in the rainy season, where the PV production capacity is relatively low under cloudy sky conditions. Given opportunities to increase energy savings during this period, potential reductions from implementing other energy-efficiency measures, such as building operation to reduce the cooling energy demand, should be considered.




3.3. Building Geometry Design for ZEB in Thai Office Buildings


As presented before, the final energy consumptions of the six-story building do not reach the ZEB, due to low PV production capacity and inadequate installation area. In examining appropriate design solutions that give the opportunity to reach the ZEB, this study needs to reduce the building’s height and expand the rooftop area. The calculation of final energy use compared to the rooftop PV energy production is recalculated and plotted in Figure 9a. The plots are on the diagonal line when the energy production is equal to the building energy use. All above the line means the energy generation by PV systems is higher than the final energy demand. The red circle is the reference point of the ZEB national energy-efficiency plans of 57 kWh/m2–year. From our investigations, the maximum height for small, medium, and large buildings achieving the ZEB should be 4, 5, and 3 stories, respectively. Figure 9b presents the ratios of building width to building height (W/H) of three buildings. The higher building’s width represents the larger building rooftop area—the W/H above the dashed line represents the cases that provide enough rooftop area for PV energy production. To make the net-zero building consumption, the W/H for small, medium and large office buildings should be equal to or greater than 2.5, 3.1, and 10, respectively.




3.4. Cost-Effective Solutions for ZEB Design


Figure 10 presents the plots of global cost ($/m2) and energy consumption (kWh/m2–year) of each design measure. The NPV values are calculated as labeled next to the symbols. The cost-optimal solutions are found in the scenarios with applied WWR of 20 and laminated glazed windows with horizontal shading from 1 to 2 m in length. The on-site energy demand for small, medium, and large buildings is 42.7, 40.6, and 47.2 kWh/m2–year, respectively. After adjusting the building’s height, some design measures in small and large buildings, especially the cases with 80%WWR (with the red label), do not achieve zero consumption. Considering the large building with three stories, the optimal designs could reach a net-plus energy building when the ratio of the on-site energy generation to the on-site energy demand (PV/ED) is greater than 1. All energy-efficiency measures could provide profitability (positive NPV), except for the cases (in the dashed line) in the small buildings. A high-performance glazed window (triple tinted glazing with Low-E film) is not cost-effective for small buildings with WWRs greater than 40%. From the investigations, the NPV values vary depending on the project’s investment, which is strongly affected by the glazed materials. The NPVs could be classified into two groups. Group 1 (in the shaded area) represents the scenarios with applied green insulated and laminated glazed windows.



In contrast, the cases in group 2 (in the unshaded area) are applied with relatively high-cost glazed windows (triple tinted glass with Low-E film). For office buildings, the façade design with WWR of 20% could provide maximum benefit in energy savings; however, this design could make the room feel smaller and take fewer benefits from outside views. Consequently, the study also uses the IRR and DPB to examine the alternative solutions, which provide similar financial performance.



The study examines the potential ZEB designs with applied higher WWRs. In Table 7, the calculated IRRs of different energy-efficiency measures are ranked, and the DPBs are considered the cost-effectiveness of energy-efficiency investment. The maximum acceptable payback period should not exceed seven years as typically used for determining energy-efficiency investment in Thailand [65]. However, the DPB of all design measures slightly over the acceptable return time. The energy-efficiency measures with the three highest IRRs are proposed for the alternative façade designs, except for the large building providing five designs with the WWRs varying from 40%, 60%, and 80%. Making small buildings with zero consumption shows the lowest cost-effectiveness because it provides lower IRR values and the longest payback period up to 8.5 years.



From the investigations, either the design with WWR of 20% or 80% could provide similar energy-savings performance, while the DPBs are within a range of 7.2–8.5 years. Consequently, the façade design with WWR = 80 could be an economical option. It requires the insulated wall with a u-value of 0.26 W/m2K and green insulated glazed windows (u-value = 1.62 W/m2K) integrated with 2 m in length shading. The DPBs of the façade design of WWR = 80 in the medium and large buildings take 3–4 months higher than those of WWR = 20. However, the small building could take eight additional months to get the return. Suppose a few more months can be neglected; in that case, the façade design with WWR = 80 could be the optional solution for architects and property owners, who prefer the wider interior space with expanded open window views.





4. Discussion and Current Challenges


Investigating a potential ZEB design in three representative office buildings in Bangkok neighborhood areas has been carried out. Like other countries, increments of investment costs are a significant barrier to achieving the ZEB design for office buildings in Thailand. To achieve this goal, this study makes a deep improvement of building envelope and energy-efficiency systems. From our investigations, the additional investment cost for the ZEB design is 2.93 times of the reference building, which is considerably higher than those reviewed by [64]. Consequently, policy makers should further find strategies to reduce such a high cost or provide financial incentives to encourage property owner’s interest in this deep renovation.



From our investigations, using high-cost energy-efficiency measures for ZEB might not be the cost-benefit option, especially using the triple glass with Low-E film. Negative NPV occurs in all small buildings with applied the triple glass windows. The calculated NPVs for the medium and large buildings show positive values, but they provide the lowest profitability, compared to other measures. Similar savings performance could be found in the cases using the green insulated glazed window integrated with 2 m in length horizontal shading, which costs approximately 73% less than those of higher performance windows with the shading. The investment cost of the high-performance window depends mainly on the window area. For the triple glazed window with Low-E film, the larger the ratio of WWR is, the longer it takes property owners to get profitability from the initial investment. As compared to the cheaper windows (laminated glass and green insulated glass), the return periods of WWR of 20 and 80 have a slight difference.



As similar to previous works [44,46], the air-conditioning system plays a significant role in the building’s energy efficiency and shares a large portion of the global cost. Decreasing such a high cost with lower efficient A/C systems could be applied in the net-plus energy buildings (PV/ED ≥ 1). In this study, the large buildings with three stories consume less energy than their energy generation (PV/ED = 1.14). Consequently, the cheaper systems are replaced to meet the balance of PV power generation (PV/ED = 1). The SEER of 17.37 is applied in the cases with WWR of 20 and 80, while the SEER = 15.50 is used for 40%WWR. The final energy consumptions are increased to 53.9–54.2 kWh/m2–year, whereas the global costs are 21–27% lower than those of the higher SEERs. The property owners could get faster returns by 1.4–1.8 years.



Furthermore, the current investment costs of the small solar power plants in Thailand are relatively higher than other countries, which is less attractive for property owners [66]. Besides these economic challenges, the PV energy production capacity is a significant barrier to ZEB implementation in office buildings. Even if the building’s energy consumption lowers the national ZEB target, the energy demand is still higher than the renewable energy generation. This barrier is similar to those revealed in previous works [5,17,67]. Ref. [5] called those buildings as “net-zero energy ready buildings”, which might potentially become the ZEB in the future when some energy-efficiency measures are well implemented. This study suggests that either decreasing energy consumption or generating more renewable energy for office buildings in Thailand should be reconsidered to achieve the ZEB goal.



Making the nearly zero energy buildings to be zero consumption, higher energy-efficient designs and technologies should be applied. In this study, the recommended u-values of walls and glazed windows are relatively higher than those implemented in previous studies [3]. This envelope design could sufficiently prevent solar heat gain through the building envelope since the energy reduction is relatively low, even when the shading device is installed (Step 2). However, the energy-efficiency systems used in Steps 3 and 4 are not the highest performance available on the market. Consequently, one possibility for making a significant reduction is to use a higher efficiency lighting system and SEER for air conditioning systems. Regarding PV generation, several studies have proposed approaches to increase PV power generation capacity. Multiple-axis solar tracking systems could improve productivity by 24% [68]. Additional electricity production could gain from façade PV installation. Refs. [34,69] showed that façade PV system could generate power 400–900 kWh/kWp per year. However, the payback time for this system investment could be 2–4 times that of the rooftop systems [34], which needs to be considered.



According to the research’s results, the active approach makes a significant reduction of building energy use. Another significant design parameter to achieve the ZEB is the building geometry. In this study, the design guideline of the building’s width to height ratio reaching the ZEB is proposed for a square-shaped office building. The maximum height is up to five stories for a medium building, while the large building is up to three stories. Ref. [19] presented that the ZEB could be achieved in up to four-story office buildings in Brazil, whereas, in Florianopolis, a three-story building is a maximum height for ZEB design [37]. From our investigation and the reviews from other results, lessening energy consumption in a large and mid-rise building to meet renewable energy production is still a significant challenge.




5. Conclusions


This study investigated the potential implement of ZEB in three newly constructed office buildings in different scales: small (5000 m2), medium (15,000 m2), and large (32,500 m2), in Bangkok neighborhood areas. Energy simulations of different energy-efficiency measures, including two passive and two active strategies, were carried out to examine energy savings potential. Examining reasonable investment costs for the ZEB design, the study performed the cost-benefit analysis to determine the optimal solution with the lowest investment costs. The calculated NPVs, IRRs, and DPBs were used to examine the profitability and alternative energy-efficiency solutions for façade design.



From our investigations, the on-site energy demands of six-story office buildings after applied all energy-efficiency measures range from 38 to 40 kWh/m2–year, which could reach nearly zero energy building. The percentage savings from the proposed design accounts for 76.7–82.7% of the reference buildings. The on-site PV power generation accounts for 64.5–83% of the on-site energy demand. The envelope design using high-efficiency materials for walls and windows could save energy from 12.4–15.1%. The large contribution of energy reduction of 71.3–73.9% occurs when using high energy-efficient lighting and cooling systems.



Besides the envelope and system designs, this study also provides a guideline for building geometry design in achieving the ZEB. With a limited rooftop PV installation, it is hard to make the large and mid-rise buildings become the ZEB. In this study, achieving the ZEB required reducing the building’s floors and increasing the roof area. For the large office building to have zero energy consumption, the maximum building height should be three stories with W/H ≥ 10. Small and medium buildings could achieve the ZEB at the height of up to four floors with W/H ≥ 2.5 and five floors with W/H ≥ 3.1, respectively. It is suggested that a ratio of building rooftop area associated with the building height should be examined and integrated at the beginning of the design process.



The calculated IRRs and DPBs provide that the lowest cost-effectiveness for ZEB design occurs in small office buildings. The use of triple glass with Low-E film windows in the small office buildings is not profitable in the current economic condition (NPVs = −14.77–−46.01). The most cost-effective solutions (IRRs ranging from 12.34 to 13.85%) occur in the scenarios with applied WWR of 20, u-value of 0.26 W/m2K, and laminated glazed windows with horizontal shading from 1–2 m in length. The payback period of these designs ranges from 7.2 to 7.7 years. However, the envelope design of 80%WWR could become the cost-effective solution for ZEB when it integrates with a u-value of 0.26 W/m2K and green insulated glazed windows (u-value = 1.62 W/m2K) integrated with 2 m in length.



Some important topics are not considered in this analysis, which is discussed in the following:



Future studies should account for the practical implementation of ZEB in various building forms using façade PV systems and natural ventilation. In this study, a square-shaped building (low S/V) was used as a case study, which considered minimum heat gain through the building’s envelope. When additional PV energy generation from the façade is accounted for, optimal building form, which minimizes heat gain through envelope while increasing façade PV production performance, needs further investigation. In addition, in big cities, surrounded building shade considerably decreases heat gain through the building’s envelope and the PV power capacity. Encouraging more ZEB in the city areas, the effect of a complex environment on building energy use and PV production should be examined.



Regarding the passive design, natural ventilation causes a significant reduction in cooling energy use, giving more opportunities to achieve ZEB for mid-rise and large buildings. However, the square-shaped building has a limited natural ventilation application compared to other geometries with a larger surface area. Future investigations should consider the building design features supporting applied hybrid ventilation systems when the cool outside air is available.



With the limited input data used in the optimal analysis, the proposed designs might not be the best optimal solution. According to our findings, the A/C systems, and their sizes considerably impact global costs and energy savings. Consequently, future studies should account for the variations of A/C systems, which could significantly reduce the investment cost in the ZEB design. Furthermore, the sensitivity analysis should be performed to examine the effect of uncertainties and variations in the cost investment of different design measures on the project’s profitability. It will help decision makers to identify the risks and opportunities for the ZEB design shortly.



It is noted that the Ministry of Energy, Thailand has enforced the new version of “Ministerial Regulation Prescribing Type or Size of Building and Standard, Criteria and Procedure in Designing Building for Energy Conservation BE 2563 (2020). The newly constructed buildings, including offices, with a gross floor area greater than 10,000 m2 have to comply with the new BEC regulations. The regulation requires overall thermal transfer value (OTTV) and roof thermal transfer value (RTTV) for office buildings not exceeding 50 W/m2 and 15 W/m2, respectively. Since this research was conducted before the BEC announcement, the envelope designs and systems of the reference buildings (a new construction) were based on the typical designs of the buildings built before the regulation enforcement. Consequently, the energy savings performance and investment costs compared to the reference buildings might not represent those of the new buildings in compliance with the new BEC.
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Figure 1. Research framework. 
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Figure 2. Studied location in suburban areas of Bangkok (shaded-gray area). 
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Figure 3. The layout of the representative small, medium, and large office buildings. 
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Figure 4. (a) The planning layout of artificial light in office space. (b) A simulation of illuminance level at working plane using DIALux evo. 
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Figure 5. Design characteristic of the reference office building and proposed design in the energy modeling. 
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Figure 6. Distributions of the site energy consumptions in three reference buildings. 
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Figure 7. Annual energy consumptions after implemented the highest performance measures compared to the on-site rooftop PV power production. The error bar represents the variations of energy demands varied depending on WWRs. 
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Figure 8. A comparison between monthly energy consumption profiles and PV power generation profiles in three different building scales. 
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Figure 9. The possible building height (a) and building geometry design (b) of office buildings to meet the ZEB goal. 
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Figure 10. Cost optimal level and energy savings of various energy-efficiency measures. The number labeled next to the symbols represents the NPV ($/m2). The scenarios in the shaded area use laminated and green insulated glazed windows with installed horizontal shading. The designs with the red label numbers are not zero consumption. 
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Table 1. The weather condition of Bangkok/Don Muang, Thailand.
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Season

	
Air Temperature (oC)

	
RH (%)

	
Mean Wind Velocity

	
Mean Global Solar Radiation




	
Max

	
Min

	
Average

	
Max

	
Min

	
Average

	
(m/s)

	
(kWh/m2/Day)






	
Summer

	
37

	
25

	
30

	
80

	
67

	
73

	
2.0

	
5.44




	
Winter

	
34

	
22

	
28

	
67

	
63

	
64

	
1.7

	
5.05
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Table 2. Information of constructions, material properties, and systems used for the reference buildings.
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Category

	
Parameter

	
Types

	
Thermal Properties

	
Reference






	
Building envelope

	
Wall

	
Aluminum cladding metal stud frame with R-13 batt insulation

	
U-value = 2.65 W/m2K

	
[39,47,48]




	
Solar absorptance

	
0.6

	
Default value




	
Glass

	
Laminated Glass

	
U-value = 5.52 W/m2K

SC = 0.60, VT = 71%

	
[47,48]




	
WWR

	
-

	
20, 40, 60, 80

	
Survey




	
Roof

	
Concrete slab polyurethane 5.1 cm

Solar absorptance

	
U-value = 1.47 W/m2K

0.6

	
[47,48]

Default value




	
External floor

	
Reflectance

	
20%

	
Default value




	
Shading length

	
-

	
0 m

	
Survey




	
Infiltration rate of exterior wall

	
-

	
5.08 L/s.m2

	
Default value




	
Interior construction

	
Internal walls

	
Gypsum plasterboard drywall metal stud framing with R-13 batt insulation

	
U-value = 2.28 W/m2K

	
[39,48]




	
Reflectance

	
50%

	
Default value




	
Floor

	
10.2 cm concrete slab

	
U-value = 3.22 W/m2K

	
Survey




	
Reflectance

	
30%

	
Default value




	
Internal heat gain

	
Occupant density

	
-

	
18.6 m2/person

	
Default value




	
Occupation

	
Time

	
Mon-Fri

8 a.m.–5 p.m.

	
Survey




	
Lighting demand

	
Fluorescent lamp

	
>14 W/m2

	
[49]




	
Equipment demand

	
Office equipment load

	
0.68 W/m2

	
[5]




	
Air conditioning system

	
System

	
Small and medium buildings: No.3 certified efficiency device, condenser = air cooled

	
SEER = 9.7

	
Manufacturing data




	
Large building: Chilled water system with variable air volume (VAV)

	
SEER = 16

	
Manufacturing data




	
Set-point Temperature

	
-

	
24.5 °C

	
Default value
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Table 3. Passive and active design approaches towards ZEB.
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Technique

	
Step

	
Energy Efficiency Measures

	
Value

	
Reference






	
Passive Strategies

	
1

	
High-performance glazed windows: Triple tinted glazing with Low-E film

	
U-value = 0.21 W/m2K, SC = 0.15, VT = 21%

	
[50]




	
Green insulated glazed windows

	
U-value = 1.62 W/m2K, SC = 0.40, VT = 60%

	
[50]




	
High-performance wall: Cavity wall with 5 cm polyisocyanurate insulation

	
U-value = 0.13 W/m2K, solar absorptance = 0.5

	
[50]




	
High-performance wall: Cavity wall with 5 cm polyisocyanurate insulation (no rad)

	
U-value = 0.24 W/m2K, solar absorptance = 0.5

	
Manufacturing data




	
2

	
Shading device

	
1.5- 2 m

	
[50]




	
Active Strategies

	
3

	
LED T5

	
5 W/m2

	
[51]




	
4

	
Small and medium building:

Split type with air-cool inverter system

	
SEER = 20.85

	
Manufacturing data




	
Large building: Central unit with air-cool inverter system

	
SEER = 20.85

	
Manufacturing data




	
Rooftop PV system

	
5

	
PV panel

	
Monocrystalline silicon 250 Wp/cell

	
[52,53]




	
Inverter

	
Voltage 380V, power 12 kW

	
[52,53]
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Table 4. Investment cost of building materials and systems.
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Cases

	
Materials

	
Initial Cost ($/m2)

	
Replacement Cost

($/m2)

	
Maintenance & Operation Cost ($/m2-year)

	
Resident Value

($/m2)






	
Reference buildings

	
Aluminum cladding metal stud frame with R-13 batt insulation

	
45.90

	
-

	
-

	
-




	
Laminated Glass

	
55.00

	
-

	
0.05

	
-




	
Fluorescent lamp

	
2.13

	
0.50

	
0.05

	
-




	
No.3 certified efficiency device, condenser air cooled SEER = 9.7

	
45.96

	
-

	
0.05

	
0.13




	
Chilled water system with variable air volume (VAV) SEER = 16

	
40.84

	
-

	
0.05

	
0.20




	
Energy-efficiency buildings

	
Cavity wall with 5 cm polyisocyanurate insulation (no rad)

	
54.30

	
-

	
-

	
-




	
Cavity wall with 5 cm polyisocyanurate insulation (rad)

	
57.30

	
-

	
-

	
-




	
Green insulated glass

	
70.70

	
-

	
0.05

	
-




	
Triple tinted glazing with Low-E film

	
325.0

	
-

	
0.05

	
-




	
Shading device

	
15.20

	
-

	
-

	
-




	
LED T5

	
5.30

	
16.00

	
-

	
-




	
Split type with inverter air-cool system, SEER = 20.85

	
74.80

	
0.50

	
0.05

	
0.13




	
Central unit with inverter air-cool system, SEER = 20.85

	
66.80

	
0.50

	
0.05

	
0.20




	
PV system: Monocrystalline silicon 250 Wp/cell + inverter

	
16.00

	
-

	
0.10

	
-
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Table 5. Calculations of energy production from rooftop PV systems facing different orientations.
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Building Area (m2)

	
Photovoltaic Power Generation (kWh/m2-Year)




	
W

	
S-W

	
S

	
S-E

	
E






	
5000

	
28.1

	
27.8

	
27.0

	
26.1

	
25.6




	
15,000

	
31.9

	
31.6

	
30.7

	
29.6

	
29.1




	
32,500

	
25.8

	
25.6

	
24.8

	
23.9

	
23.5
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Table 6. A comparison of final on-site energy consumption and on-site energy production from the rooftop PV system.
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	Building Area (m2)
	Final Energy Uses with Applied Energy Efficiency Measures

(kWh/m2–Year)

(a)
	On-Site PV Energy Generation (kWh/m2–Year)

(b)
	The Average Ratio of PV Energy Generation to Final Energy Use

(a)/(b)
	Final on-Site Energy Use Purchased from the Grid

(kWh/m2–Year)

(a)-(b)





	5000
	39.8–41.0
	28.1
	68.6–70%
	11.7–12.9



	15,000
	38.4–40.0
	31.9
	79.8–83%
	6.5–8.1



	32,500
	39.0–40.0
	25.8
	64.5–66%
	13.2–14.2
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Table 7. Proposed design measures to achieve the ZEB national savings target in 2037.
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Building

	
WWR

	
Wall u-Value

(W/m2.K)

	
Window u-Value (W/m2.K)

	
Shading Length

(m)

	
Lighting System

	
A/C System

	
NPV ($/m2)

	
IRR

	
DPB (Years)

	
Energy Savings * (%)






	
Small

(5000 m2)

W/H ≤ 2.5

	
20

	
2.65

	
5.52

	
2

	
LED T5 (5 W/m2)

	
Inverter A/C with evaporative pre-cooling

SEER = 20.85

	
40.15

	
12.34%

	
7.7

	
80.5




	
20

	
2.65

	
5.52

	
1

	
32.69

	
11.15%

	
8.3

	
80.5




	
80

	
0.24

	
1.62

	
2

	
41.11

	
10.73%

	
8.5

	
80.2




	
Medium

(15,000 m2)

W/H ≤ 3.1

	
20

	
2.65

	
5.52

	
1

	
49.68

	
13.58%

	
7.3

	
81.4




	
20

	
2.65

	
5.52

	
2

	
49.25

	
13.49%

	
7.2

	
81.5




	
80

	
0.24

	
1.62

	
2

	
50.84

	
12.21%

	
7.8

	
81.6




	
Large

(32,500 m2)

W/H ≤ 10

	
20

	
2.65

	
5.52

	
1

	
Inverter central A/C with cooling tower

SEER = 20.85

	
47.07

	
13.85%

	
7.2

	
78.4




	
20

	
2.65

	
5.52

	
2

	
46.78

	
13.78%

	
7.2

	
78.6




	
80

	
0.24

	
1.62

	
2

	
45.26

	
12.34%

	
7.7

	
78.6




	
60

	
0.24

	
1.62

	
2

	
42.93

	
12.21%

	
7.8

	
79.2




	
40

	
0.13

	
5.52

	
1.5

	
40.79

	
12.15%

	
7.8

	
79.3








Note: Wall materials: Aluminum cladding metal stud frame with R-13 batt insulation, u-value = 2.65 W/m2K, solar absorptance = 0.6. Wall insulated with 5 cm polyisocyanurate (no rad), u-value = 0.24 W/m2K, solar absorptance = 0.5. Wall insulated with 5 cm polyisocyanurate (rad), u-value = 0.13 W/m2K, solar absorptance = 0.5. Window materials: Green insulated glazed windows, u-value = 1.62 W/m2K, SC = 0.40, VT = 60%. Laminated Glass, U-value = 5.52 W/m2K, SC = 0.60, VT = 71%. * Energy savings as compared to those of the reference building.
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