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Abstract

:

More than 60% of housing in South Korea consists of mass constructed apartment neighborhoods. Due to poor quality construction materials and components, the average operative life of apartment buildings is 20 years. The rapid degradation and low maintenance condition of transparent and semi-opaque components, as well as the limited daylight access in the standard apartment layout, are cause for the lower visual comfort of occupants. This research analyzes the improvement in visual comfort for the renovation of an exemplary apartment unit in Seoul, using Building Information Modeling (BIM) and parametric environmental analysis tools. The existing apartment is virtually reconstructed with BIM software. The building model is exported to Computer-Aided Design software to execute parametric daylight analyses through environmental simulation software. An enhanced modular building envelope and apartment layout are developed to reduce the energy demand for heating, cooling, artificial lighting, and to improve visual and thermal comfort. The visual comfort analysis of the refurbished apartment results in average improvements of 15% in terms of Daylight Factor and 30% of daylight autonomy. Therefore, this research proposes, the renovation of aged Korean apartment buildings to enhance daylighting and visual comfort.
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1. Introduction


Mass construction of apartment neighborhoods in South Korea started with the enforcement of a series of national housing plans developed during the 1970s and 1980s [1]. The aim of these consecutive national housing plans and policies was to resolve the housing shortage that the country suffered from the end of the Korean War [2]. Between 1970 and 2010, 8 million apartment buildings were constructed in South Korea [3]. During the years of economic development (1960–1992) [4], the Korean government employed multiple strategies to reach the goals set by national housing plans: industrialization of the building sector and mass construction of standard apartments as well as support for the private initiative for the realization of residential buildings [5]. A standard apartment unit layout was developed on the basis of the traditional Korean house, the Hanok [6], to facilitate industrialized mass construction and the replicability of multistory apartment buildings [7]. However, to rapidly increase the housing stock, poor quality materials and construction components were utilized [8,9]. Additionally, real estate sector speculation caused a further reduction of the quality and quantity of construction materials, by concurrently increasing apartment unit selling prices to maximize profits [10]. Accordingly, the quality of the apartment stock in South Korea is comparably low, with an average building life time of 20 years [11]. Approximately 46% of apartment buildings (3.7 million buildings (Figure 1)) require extensive renovation, due to poor structural conditions, degradation of construction components, and obsolescence of building technical systems [12,13]. Aged apartment buildings require higher heating and cooling energy costs, due to comparably high air infiltration through the building envelope [14], and degradation of construction components, such as insulation [15,16] and windows [17]. The visual comfort of occupants in the standard apartment unit is low, due to limited daylight access, caused by the configuration of the apartment unit layout [18]. Additionally, the daylight transmission of windows decreases during their lifetime, due to the accumulation of soiling, scratches, and decay of the optical properties of the panes [19,20].



After 20 years of building operation, occupants of apartments in Korea are often unable or unwilling to pay the required high building maintenance and renovation costs [21]. Redevelopment strategies for apartment neighborhoods were established in the 1980s under the Joint Redevelopment Project (JRP) plan [22]. JRP consist of the demolition of aged apartment neighborhoods, and the construction of new buildings with higher number of floors and Floor Space Index (FSI) [23]. Previous occupants receive monetary compensation from real estate speculators, and relocate in peripheral low-income districts [24]. JRP-based redevelopments of apartment neighborhoods are responsible for the production of demolition waste [25], emissions from new construction [26], and gentrification [27].



From the beginning of the 21st Century, the Korean Government has begun to enact a number of laws that are aimed at the renovation and requalification of dilapidated apartment neighborhoods [28]. In 2014, the “vertically extended remodeling” [12] plan was established to motivate construction companies and building owners to invest in building renovation projects. Accordingly, constructors are allowed to increase the amount of floors for aged apartment buildings by two or three levels, if the expansion works are combined with the energetic optimization of the existing construction. The amendment of the Housing Act [29] additionally provided the opportunity for dwellers to increase the usable area of their own apartment by up to 40% of the previous floor space in the framework of renovation projects that increase the energy efficiency of existing buildings. In 2008, South Korea adopted a comprehensive sustainability plan for all economic sectors under the “Low Carbon Green Growth” initiative [30]. Through the “Green Growth” plan, South Korea has committed 2% of its Gross Domestic Product (GDP) towards the introduction of alternative energy technologies and 30% reduction of Greenhouse Gasses (GHG) emissions from 2009 to 2020 [31]. The Housing Act has therefore been amended to include the progressive reduction of building envelope U-values in new constructions. New residential buildings should accordingly reach zero energy consumption, and nonresidential buildings should cut energy requirements by 60%, by 2025 [32]. Furthermore, the “Green Growth” plan foresees the construction of 1 million green homes by 2020 [31].



Sustainable initiatives for the renovation of apartment buildings aim for the improvement of the energy consumption of residential constructions, by increasing the thermal insulation levels of the building envelopes [33,34,35]. Studies on the renovation of apartment buildings concentrate on developing optimal strategies for the expansion of the usable floor space of apartment units, in combination with the improvement of energy efficiency [36,37]. However, less attention is paid to analyzing the impact of renovation projects on the well-being of occupants, including thermal and visual comfort. The South Korean sustainable certification system, G-Seed [38], does not include indications concerning minimum and maximum thresholds of acceptable daylight levels for visual comfort in residential buildings [39]. Research on daylight performance optimization focuses on the energy efficiency of improved window systems and the calculation of heating and cooling energy demand reduction by changing the window-to-wall ratio (WWR) [40,41]. Studies on visual comfort concentrate on providing design strategies to attenuate glare and increase daylight [42] and comparing the effect of different apartment building layouts and shapes on the visual comfort of occupants [43]. However, an integrated approach for the reduction of energy demand for heating and cooling with the increase of visual and thermal comfort is still missing. A specific approach based on measuring daylight levels in apartment buildings, and accordingly the development of visual comfort improvement strategies, is therefore required. In particular, current studies on the simulation of daylight levels in residential buildings [44,45] concentrate on providing data on levels of natural light in apartment buildings located in Korea, without providing indications for the improvement of visual comfort through the renovation of the apartment buildings. In contrast, the development of models for integrated sustainable building planning concentrates on the optimization of building designs based on interrelated variables [46]. The aim of such models is the definition of optimal building shapes and envelopes to maximize day lighting and natural ventilation. However, the development does not take advantage of modern technology available both for building design and environmental analysis.



Studies of building energy demand and indoor comfort have been enhanced by the introduction of freeware software for environmental analysis [47]. Building Information Software (BIM) in architectural practices facilitates the control of building quantities, design precision, the exchange of building data and construction component information between different file formats, specialist, and analysis tools [48]. However, recent studies show a trend in modeling complex systems such as daylight optimization in building designs. Parametric tools are employed to assess the impact of shading on windows according to specific variables, such as geometry, dimensions, and transparency of the shading systems [49]. Accurate daylight modeling in residential and nonresidential buildings facilitates the development of effective design solutions for optimized daylighting [50]. The use of BIM allows also the assessment of different building design options for the reduction of buildings’ service energy consumption [51].



This research developed an integrated Building Information Modeling-parametric framework for the renovation of aged apartment buildings in South Korea, focusing on daylight improvement. An existing apartment building in Seoul has been selected as an exemplary case study, to demonstrate the use of the BIM-parametric framework. The building has been virtually reconstructed through BIM software. A daylight simulation of a reference apartment unit in the building has been executed using parametric environmental analysis software. The daylight simulation has been executed parallel to energy simulations and thermal comfort analysis of the apartment unit in order to provide an integrated energy and comfort model for the exemplary apartment buildings. The energy and daylight simulations took into account the specific thermal and optical properties of the construction components, as well as the distribution of spaces in the standard layout of the reference apartment unit. Results from the daylight simulation of the existing building were used to develop an enhanced building envelope system made of modular panels. The enhanced building envelope system includes improved WWR and window components to provide better daylight transmission and distribution in the renovated apartment. Additionally, based on the results of the daylight simulation, a new apartment unit layout has been developed to improve the visual comfort of occupants and the available usable floor space. The results from the daylight and energy simulations of the renovated apartment showed improvements in visual and thermal comfort, as well as the heating and cooling energy demand.



This research aims to develop a streamlined integrated BIM-parametric workflow for the renovation of apartment buildings in South Korea, and Asia in general. Through the use of the integrated BIM-parametric framework, construction data can be stored in a BIM model and multiple renovation solutions can be analyzed using parametric environmental analysis tools. Furthermore, the BIM-parametric renovation framework allows energy, daylight, and comfort analyses to be integrated through a range of building simulations. Accordingly, the integrated framework allows the discovery of interdependencies between energy, daylight, and comfort, and the optical and thermal properties of building components in order to develop sustainable renovation solutions. The proposed integrated framework can increase the feasibility of renovation projects by reducing the required time and related monetary costs for the analysis and improvement of existing aged buildings.




2. Materials and Methods


The virtual BIM reconstruction of the exemplary apartment building located in Seoul has been executed with the software Autodesk Revit [52]. Construction data, retrieved from the survey of the existing apartment building and literature on the construction of housing in South Korea, have been stored in the virtual BIM building model using construction component families. Revit families are virtual modular components that store information, such as the type and number of material layers as well as the thermal properties of the building construction elements. Families are independent from a single building project, and can be exported and reutilized in other BIM-projects. Virtual model geometries of the apartment building analyzed that have been generated within the BIM-software have been exported to the Computer-Aided Design (CAD) software, Rhinoceros SR5 [53] through the Autodesk proprietary DWG ACIS solid format. Geometries generated in Rhinoceros can be imported backwards into Revit with the same ACIS format.



For the energy and daylight simulations of the reference apartment unit in the building, the component groups Ladybug and Honeybee from the Ladybug tools [54] plug-in for the parametric suite Rhinoceros Grasshopper 0.9 [55] have been utilized. Ladybug tools use geometries generated in Rhinoceros as virtual models for energy and comfort simulations executed with free environmental analysis software. Environmental software connected through the Ladybug tools with Rhinoceros include Radiance 5.2 [56] for daylight simulations, THERM 7.5 [57] for the calculation of the thermal gradient through construction components of the building envelope, WINDOW 7.6 [58] (Lawrence Berkeley National Laboratory) for the simulation of optical and thermal properties of windows systems, and Energyplus 9.0.1 (US Department of Energy) [59] for the simulation of heating and cooling energy demand.



The BIM-parametric renovation framework consists of exporting BIM geometries and construction data produced with Revit to Rhinoceros. Building energy, daylight, and comfort simulations are executed through the use of the parametric Ladybug tools. The parametric tools allow changing specific variables related to construction components, such as the U-value and thickness of insulation, as well as the g-values of windows. Accordingly, building energy simulation can be executed by transferring data between the parametric tool and Energyplus. The daylight analysis of the building model is produced in Radiance after importing the geometries of construction components and their optical properties. The natural light distribution simulation in interior spaces is executed in Rhinoceros. The visualizing tool allows visualizing different daylight and visual comfort indexes through two- and three-dimensional distribution maps. Through the different building simulations, improvement strategies for the renovation of existing aged buildings are developed. The optimization of the improvement strategies follows an iterative procedure. The building simulation aims for quantification of indoor comfort improvement and service energy minimization of different building envelope renovation measures. Renovation strategies include, among others, the replacement of existing windows with better performing components and changes of the Window-to-Wall Ratio (WWR). The building simulations can be executed again on the renovated virtual building model and improvements quantified. Accordingly, the improvement strategies for the renovation of aged buildings can be refined and enhanced, to increase the performance of the building refurbishment project. The framework is backward compatible, as geometries and the construction data parametrically generated in Rhinoceros and based on environmental simulations can be exported again to the BIM-software.



For application of the BIM-parametric framework in the case of the exemplary apartment located in Seoul, construction data and the thermal and optical properties of the building components and materials used for the environmental simulations have been exported from the reconstructed virtual BIM-model to the data spreadsheet and elaboration software Microsoft Excel 2017 [60] using the in-built functionalities of the BIM program. The construction data stored in Microsoft Excel have been imported into Ladybug, using the Grasshopper plug-in, Bumblebee [61]. Accordingly, construction data exported from Excel to Rhino Grasshopper have been associated through the use of Ladybug tools with their relative building components and model geometries exported into Rhinoceros from Revit. The combined geometrical information and associated construction data defined the parametric building model for energy, daylight, and comfort simulations using environmental analysis software. The parametric building model has therefore been imported into the environmental analysis software for the execution of energy and comfort simulations. Accordingly, results from the energy and comfort simulations have been imported from the environmental analysis software into Rhinoceros through Ladybug. Simulation results for the reference apartment have been visualized through maps of the distribution of heating and cooling energy loads, color-coded grids measuring daylight, and false-color 3D-rendering displaying the intensity of daylight in the different rooms of the apartment unit.



The processes involved in the environmental analysis of the building construction, the development of the enhanced building envelope system, and the quantification of improvements in terms of energy demand and visual and thermal comfort define the integrated BIM-parametric renovation workflow. The BIM-parametric renovation workflow (Figure 2) has been developed and published in previous research by the authors [62].



This study focuses primarily on the improvement of daylight and visual comfort of the exemplary apartment unit. The information regarding daylight analysis and visual comfort improvement is summarized in the BIM-parametric renovation framework:

	
Virtual building reconstruction using BIM: the exemplar building construction is virtually reconstructed in Revit. Accordingly, construction elements, such as windows and glazing systems, are collected in specific construction families.



	
Climate and solar radiation analysis of the building: apartment building geometries are exported from the virtual Revit model to Rhinoceros for simulation of the annual global solar incident radiation on the building envelope using Ladybug. For the purpose, the building envelope model is subdivided into single partitions measuring a maximum 100 cm × 100 cm. The solar radiation analysis allows the selection of a reference apartment unit in the building for the energy, daylight, and comfort simulations. The reference apartment unit is selected according to the average solar radiation received during a whole year, calculated for all units within the building.



	
Building envelope analysis: Through direct survey and a WINDOW simulation of window components installed in the exemplary apartment building, the transmission index of glass panes (g-value) and U-value of the entire glazing system are calculated. Additionally, optical properties of construction components, such as Red/Green/Blue (RGB) reflections, roughness, and specularity, are defined using data on common materials that are available online [63].



	
Visual comfort analysis: A horizontal grid-based (spacing between sensors: 10 cm, grid height: 80 cm) analysis of daylight for the indoor spaces of the reference apartment is executed using Radiance. The following daylight metrics are measured.

	
Daylight Factor (DF): Percentage of exterior natural light produced by a diffuse overcast sky received in indoor spaces.



	
Daylight Autonomy (DA): Percentage of the time in a year, when the minimum illuminance threshold of 300 lux is exceeded in indoor spaces.



	
Useful Daylight Illuminance (UDI): Percentage of the time in a year when illuminance values measured in indoor spaces range between the minimum threshold of 300 lux and the maximum threshold of 700 lux. The maximum threshold has been defined taking into account the function of the different spaces in residential buildings and the requirements for sensible user groups (the elderly, children, and so forth).








	
Development of improvement strategies: Partially based on the results of the daylight simulation and the visual comfort analysis, an enhanced building envelope is developed. Additionally, the results and observations of Energyplus simulations and thermal comfort analysis of the existing apartment also affect the design of the enhanced building envelope system. The enhanced building envelope system consists in modular panels that can be attached to the existing apartment construction. The modular envelope panel construction includes improved insulation, as well as window components and WWR, a shading system, and Building Integrated Photovoltaics (PV) panels. The enhanced building envelope provides lower building envelope U-values and increased window g-values; a shading system composed by variably oriented blinds and the production of renewable electricity through the BIPV panels. Accordingly, the improved transmission index (g-value) and thermal properties of new windows modules included in the enhanced building envelope panels are calculated with the software WINDOW. Optical properties of the new window components, such as RBG reflectance, roughness, and specularity of the frame, are further determined according to the relative material properties in the online databases. Additionally, an improved apartment layout is developed to provide better daylight access for indoor spaces, and extend the usable floor space of the renovated apartment.



	
Quantification of improvements: The daylight simulation and the visual comfort analysis metrics defined in phase 4 are executed using construction data from the enhanced building envelope. Results from the simulation of the renovated apartment unit are compared with the data from the simulation of the existing condition to quantify improvements in terms of daylight and visual and thermal comfort.



	
Virtual building renovation construction using BIM: Modular panel families are parametrically defined in Rhinoceros according to the new geometrical, thermal, and optical properties calculated for the enhanced building envelope system. Accordingly, panel geometries are exported to Revit, and the virtual BIM building module of the existing apartment building is integrated with the modular enhanced envelope system. The result is a detailed model of the renovated apartment building, including modular panel families that can be used in other BIM projects.



	
Quantification of renewable energy production: A parametric simulation is executed for the calculation of renewable electricity produced by the BIPV-panels. Parameters, such as the efficiency of BIPV-panels, soiling, snow coverage, shading, and electricity transformation losses, are calculated for new panels, and after lifetimes of 10 and 20 years.








The integrated BIM-parametric workflow allows the comparison of analysis and simulation results for energy demand, and visual and thermal comfort for multiple renovation variants. Accordingly, the effect of different renovation variants can be simulated depending on the different optical and thermal properties of the utilized materials and construction components of specific building envelope renovation system variants. The BIM-parametric renovation framework allows the improvements to be quantified in terms of the visual and thermal comfort, as well as the heating and cooling energy demand for each renovation option. Improvement results for different options can be compared according to the analyzed parameters. The comparison results facilitate the identification of preferred solutions for the renovation of apartment buildings.




3. Results


3.1. Description and Virtual BIM Reconstruction of the Exisiting Exemplary Apartment


The apartment building selected for the development of the enhanced building envelope system based on the BIM-parametric renovation workflow is a standard, 15-storey high, residential unit located in the Gireum neighborhood of Seoul, located in the Seongbuk district of Seoul. The apartment building analyzed is number 103 (hence called “building 103”) included in the Sambu apartment complex, a linear cluster of five apartment buildings constructed in 1992, and located in the middle of the Gireum neighborhood [64] (Figure 3).



Apartment units in building 103 each have a floor plan of approximately 139 m2 [65] (Figure 4), a standard dimension for apartment units in South Korea. The disposition of four bedrooms around a central area containing the kitchen (on the North) and the living room (on the South) is typical of Korean apartments [66]. The presence of a continuous southern enclosed deck (Figure 5a) is additionally a common feature in apartments in South Korea. On the North, apartments have smaller windows, with a smaller enclosed deck connecting to the bedroom in the Northwest (Figure 5b).



The structural frame of the building in load-bearing reinforced concrete walls is the main construction system in South Korea for apartment buildings. Building 103 has a lifetime of 26 years, which is therefore greater than the average lifespan of apartment buildings in Korea.



The virtual BIM reconstruction of building 103 has been executed using construction data retrieved from the in situ survey of the building, and literature on the construction of apartment buildings in South Korea [7,66,67]. The construction system of building 103 presents three central elevator–staircase cores integrated into the reinforced concrete load-bearing wall structure. Two apartments units are connected with each core from left and right. The resulting number of apartment units per floor is six, with a total of 90 units for 15 floors. The floor height is 2.50 m with a room height of 2.30 m. The three central cores extend over the building rooftop for two additional floors. The last floor of each central core extension serves as machinery room for the elevator and water supply deposit. The building supporting structure consists in externally insulated load-bearing reinforced concrete walls (load-bearing wall thickness: 250 mm; insulation thickness for the exterior load-being walls with windows: 50 mm polystyrene panels; insulation thickness for roof and side exterior load-bearing walls without windows: 70 mm) [68].




3.2. Simulation of the Thermal and Optical Properties of Window Components in the Exisiting Building


According to the survey of the apartment, window elements are composed of double-glazing and cast iron or aluminum frame construction. For correct simulation of daylight in the reference apartment unit selected, the thermal and optical properties of windows have been simulated. In particular, the light transmission coefficient of windows (g-value) has been defined by observing windows in the existing building and determining the amount of soling, scratches, and maintenance status of each element, depending on the position of each window located on the south- and north-oriented building façades. No windows are included in the West- and east-oriented façades. The average window g-value has been observed to range from 0.50 to 0.75. Southern Enclosed deck windows present an average g-value of 0.65, and are more difficult to clean due to their exterior position and larger surfaces, as well as direct exposure to traffic. The g-value of 0.65 for south-oriented windows has been calculated as the average between the lower g-value of exterior enclosed deck windows (g-value: 0.55), more exposed to external natural (rain and soling) and anthropogenic (traffic smog and particulate of industrial origin) agents, and the windows between the indoor spaces and the enclosed deck (0.75) are more protected from exterior soiling due to their internal position. The average g-value of 0.65 has been additionally defined to account for variations in the maintenance state of windows located in the different apartment units of building 103. Northern windows are more protected from traffic particulate, and present smaller cleaning surfaces. As such, their average g-value has been set at 0.72, considering the presence of a enclosed deck positioned in front of the northwestern bedroom, and the smaller windows in both the northeastern bedroom and the kitchen. To simulate the thermal properties of existing windows, the program WINDOW has been utilized (Figure 6).



The construction of windows for the simulation has been defined by calculating the thermal properties for each window element depending on the specific dimensions of each component for a double clear glazing system with aluminum frame. G-value calculations for the windows are consistent with the glazing system adopted in the WINDOW simulations. Table 1 presents an overview of the geometrical, optical, and thermal values calculated for each window type.




3.3. Global Radiation Analysis of the Building Envelope and Selection of Reference Apartment Unit for Daylight Simulations


The simulation of daylight has been executed for a single reference apartment unit located in building 103. The reference apartment unit selected is located on the left of the central core of the 7th floor in building 103, at 17 m height. The reference apartment unit has been selected according to the analysis of the cumulative annual solar radiation for the building envelope. Accordingly, the reference apartment unit presents the average annual cumulative solar radiation and direct sunlight hours calculated for all units in the building. Therefore, the daylight simulation of the reference apartment allows estimation of the average natural light access across all units in the building, providing a good approximation of the general visual comfort condition in the building.



Building 103 is oriented 13° from the Southern direction (Figure 7a,b). The Expressway platform and neighboring buildings project shadows on the building façades.



The cumulative annual solar radiation analysis for building 103 shows an average of 600 kWh/m2 for the south-oriented façade (Figure 7c), and 300 kWh/m2 for the north-oriented façade (Figure 7d). Accordingly, the reference apartment unit selected presents average annual cumulative solar radiation values for both south- and north-oriented façades. The analysis of cumulative annual sunlight hours for the reference apartment unit shows in addition an average of 3000 h/a of sunlight for the south-oriented façade and 400 h/a for the north-oriented façade.




3.4. Daylight Simulation of the Existing Reference Apartment


To calculate the amount of exterior radiation being transmitted, reflected, and diffused into the interior spaces of the building, the Daylight Factor (DF) was calculated for a reference apartment in building 103 [69]. The optical properties assigned to the construction materials of the virtual apartment model of the daylight simulation have been taken from the Radiance library for rendering materials, and common optical material properties are available from the online databases [63]. Table 2 lists the optical properties assigned to the interior and exterior component material surfaces of the reference apartment unit. To map both the DF and the Daylight Autonomy (DA) for the reference apartment, the percentages of daylight radiation that were received on a virtual horizontal area, which was positioned 80 cm above the apartment floor surface, were simulated. The simulation of received daylight was based on the division of the virtual horizontal area into a sensor grid with a unit size of 10 cm × 10 cm. The parametric system used a cumulative sky matrix, which was based on the weather data for Seoul. The calculation of the DF was based on the simulation of an overcast sky on 21 September, at 12:00 h (noon).



The resulting DF apartment unit floor plan map illustrates the percentage of daylight that was irradiated on the specific indoor areas (Figure 8). According to the BREEAM and DGNB sustainable building certification systems, a minimum DF of 2% should be available in at least 80% of each room’s floor area, in order to fulfill the minimum comfort criteria [70].



The results of the reference apartment unit’s daylight analysis illustrated significant differences of the DFs. Table 3 lists the percentages of the total apartment unit area with specific Daylight Factor thresholds.



In the enclosed deck areas, the DFs were between 11 % and 22 %, while 80% of the indoor area had a DF of less than 2%. The windows between enclosed decks and outdoors and the glass doors between enclosed decks and indoors, as well as shadowing from the apartment units above, significantly reduced the amount of daylight penetrating into the apartment unit. The enclosed deck positioned in front of the northwestern room had a higher average DF of 12%. The kitchen had only a small window, and had a maximum DF of 6% on less than 5% of the room area. The bedroom in the Northeast had a DF of 6% on 27% of the room area. Accordingly, only 20% of the entire apartment unit indoor area met the minimum DF of 2% required for comfortable indoors.



The results of the DA (Figure 9a) show the percentage of hours during the year, when the illuminance values exceed the minimum comfort threshold of 300 lux. Additionally, the Useful Daylight Illuminance (Figure 9b) shows the percentage of hours during one year, when illuminance values are between the minimum value of 300 lux and the maximum threshold of 700 lux. The minimum and maximum illuminance thresholds for visual comfort are defined according to the specific room and residents, including the elderly [42] (Figure 9b).



Table 4 summarizes the simulation results for the mapping of both the DA and UDI of the reference apartment.



The DA simulation results show that only 16% of the total apartment area received illuminance values of more than 300 lux during 90% of the total annual daylight hours. Only 25% of the total apartment area received minimum comfortable illuminance values for more than 50% of the total annual daylight hours. The areas with the highest amount of hours of minimum acceptable illuminance levels above 300 lux were the enclosed decks. However, the enclosed decks were only infrequently used. As such, the higher daylight levels enjoyed from these spaces present only limited benefit for the occupants of the apartment. Additionally, the UDI analysis showed that the maximum illuminance threshold for residential uses (700 lux) was exceeded in the enclosed decks, reducing the overall visual comfort in these zones. Therefore, only 5% of the apartment unit indoor area had illuminance levels between (300 and 700) lux during more than 50% of total annual daylight hours. South-oriented rooms receive comfortable illuminance levels during 30% of total annual daylight hours on approximately 20% of the total floor area. The UDI measured in the south-oriented rooms was reduced, due to overexposure of the areas near the enclosed decks. Only 18% of the south-oriented cumulated room area met visual comfort criteria during 30% of total annual daylight hours. North-oriented rooms received mostly indirect radiation, which contributed to lower illuminance levels in the comfortable range of (300 to 700) lux. However, due to the comparatively small window areas only 20% of the north-oriented room areas received minimum comfortable illuminance levels of 300 lux. According to the UDI analysis, only 15% of the north-oriented cumulative room area received comfortable illuminance levels in the range (300 to 700) lux, while 5% of the room area had illuminance levels that were above 700 lux.



According to the visual comfort analysis of the existing apartment unit, the following elements influence the daylight distribution in the indoors.



	
Double windows with comparable low g-values contribute to a constant reduction of the incoming solar radiation. The windows reduce the amount of daylight penetrating into the indoors and produce lower visual comfort due to the resulting reduced Daylight Factor. Enclosed deck spaces have a DF of 22%, while indoor zones have an average DF of 1.25%.



	
The enclosed decks are nonconditioned buffer zones with higher amounts of daylight than the conditioned indoors. The DA is 99% for the enclosed deck and 12% for indoor spaces.



	
The WWR is 72% for the south-oriented façade and 15%. As a result, the north-oriented rooms have a lower DA of 12% compared with the south-oriented rooms, which have a DA of 16%.







3.5. Development of the Enhanced Building Envelope Modular System and Improved Apartment Layout


Two strategies have been defined for the in situ sustainable renovation of the reference apartment unit analyzed. The intervention solutions developed for the reference apartment unit can be applied to other apartment units within the building, given the modular structure of building 103, and the repetition of the same apartment unit layout throughout the entire building:

	-

	
An enhanced building envelope modular system that integrates increased insulation with lower U-value than for the existing condition, improved window components with lower U-values and higher g-value, Building Integrated Photovoltaic (BIPV) panels, and an exterior shading system. The definition of the enhanced envelope system has been determined on the base of the results of energy and daylight simulations, and the relative visual and thermal comfort simulations executed through the BIM-parametric renovation framework [62].




	-

	
The reconfiguration of the existing apartment layout by expanding the interior rooms in the enclosed decks located both on the north and south, as well as the allocation of new storage areas in the existing central zones of the apartment that present reduced daylight (Figure 10).









The description of the enhanced envelope panel construction has been developed and published in previous research by the authors [62]. Table 5 provides an overview of the specific construction layers of an exemplary façade module for the enhanced building envelope (Figure 11).



The integration of the enhanced envelope modular system with the building construction determined specific improvements: an overall reduction of the s of the building envelope increased indoor solar gains due to the higher g-values of the new windows installed as well as the production of renewable electricity through the use of BIPV.



The expansion of indoor spaces in the enclosed decks determined the direct interface of interior apartment rooms with the outdoors. Accordingly, a new WWR has been defined to take into account the direct exposure to natural light, and the increased direct solar gains of indoor spaces. The definition of the new WWR follows both the analysis of annual cumulative solar radiation executed in Section 3.4, as well as studies on window sizing for optimal indoor comfort in residential and nonresidential buildings [73,74,75]. Accordingly, the average WWR after the renovation of the apartment is 30% for the south-oriented façade (existing WWR: 72%, improvement: −42%) and 18% for the north-oriented façade (existing WWR: 15%, improvement: +3%). Table 6 shows the WWR for each room in the renovated apartment.



The difference in terms of WWR between the south- and north-oriented façades depends on the amount of cumulative annual solar radiation received and the balance between solar gains and heat losses through the window glazing for each building façade. Additionally, the construction system developed for the montage of the enhanced envelope panels on the existing building structure differs for the two façades, and influences the dimension of windows in the renovated apartment. On the south-oriented façade, the enhanced building envelope panels replace the enclosed deck exterior walls with no load-bearing function, and can be mounted on a load-bearing structure directly connected to the ground. For the north-oriented façade, the enhanced envelope panels are directly mounted on the existing load-bearing exterior wall through a steel subconstruction. Therefore, the dimensioning of windows for the enhanced building envelope panels on the north-oriented façade has been planned to avoid weakening the structural resistance of the existing load-bearing exterior wall through the construction of new openings in the existing construction. Additionally, the presence of home appliances, plumbing, and fixtures, as well as fixed furniture being placed indoors in front of the north-oriented façade walls in the apartment units, further limited the dimensions of the new window openings. In the kitchen, the presence of fixed fittings considerably reduced the allowed dimension of the additional window included in the exterior building envelope façade panels.



The selection of the appropriate window components for the renovation of the existing apartment has been defined according to three variables:

	-

	
Life cycle analysis (LCA) of common window frame materials: The LCA has been employed to select the optimal window frame system material with the lowest environmental impact. The LCA-based selection of window frame components has been made between unplasticized polyvinyl chloride (PVC-U), wood, and aluminum. For the evaluation of the life cycle environmental impact of the window frame materials selected, the DGNB (German: Deutsche Gesellschaft für nachhaltiges Bauen—German council for sustainable building) criteria ENV1.1 (Ecological footprint/balance) and ENV2.1 (Resources utilization) have been utilized (Table 7) [76,77]. Energy and resource utilization data for the different window frame materials have been extracted from the wecobis.de [78] and oekobau.dat [79] databases of the German Ministry for the Interiors, Land and Housing. On the basis of the LCA-based analysis, a wood window frame has been selected for the enhanced building envelope system as the material with the lowest environmental impact.




	-

	
Life cycle analysis of current available technologies in South Korea: For the construction of the enhanced building envelope system, a locally produced window system has been selected to reduce the impact of transportation costs and emissions on the life cycle balance of the renovation project. Accordingly, the current window components available on the Korean market have been analyzed. The analysis resulted in the selection of a clear glass double-glazed and wood frame window system for the construction of the enhanced building envelope system modules. To evaluate the thermal performance of the window system selected, a WINDOW simulation for the different windows components installed in the enhanced building envelope modules of the renovated apartment has been conducted. Table 8 presents an overview of the window components installed for each room of the apartment, and their relative U-values and g-value.




	-

	
Maximization of solar gains: To improve daylight access and solar gains through the window glass panes, a higher g-value has been defined for the double clear glass window system installed in the enhanced building envelope modules. The g-value of 0.80 has been defined according to data retrieved from the glazing system database of the software WINDOW. As the WWR of the building façades has been slightly increased for the north-oriented façade and substantially decreased for the south-oriented façade, a g-value of 0.8 could be maintained during the entire operative life of the enhanced building envelope panels. The possibility of constantly maintaining the visual performance of the window glass surfaces by preserving the same g-value during the operative life of the components is allowed by the improved access and operation of windows for maintenance purposes defined by comparably smaller cleaning surfaces, the removal of double window systems in the enclosed decks, and protection from soiling provided by the shading system.









Figure 12 presents an overview of the south-oriented (Figure 12a) and north-oriented (Figure 12b) façades of the reference apartment unit after renovation.




3.6. Daylight Simulation of the Renovated Reference Apartment Unit


Figure 13 shows the grid-based (grid spacing 10 cm × 10 cm, grid height 80 cm) DF simulation of the renovated apartment floor plan (Figure 13) with improved room layout and building envelope. According to the selection of improved construction components, the g-value of windows was improved from 0.65 in the south facade and 0.72 in the north façade to a g-value of 0.8. Construction optical properties (RGB reflection, Specularity, and Roughness) remained unaltered, in order to facilitate the quantification of improvements related to the new WWR, improved g-value, and position of windows and room extensions.



Table 9 compares the quantification of daylight improvements between the DF analysis for the existing and renovated reference apartment units. Compared to the existing condition, the renovated reference apartment unit shows an overall increase of the DF by 15%. Additionally, both southwestern and southeastern bedrooms reach the minimum DF threshold of 2%, for a minimum of 80% of floor space, defined by the international sustainable building certification systems BREEAM and DGNB. The remaining rooms, with the sole exception of the kitchen, reach a DF of 2% for an average of 30% of the cumulative room surface, which presents an increase of 23% compared to the existing condition. The kitchen shows a limited increase of 11% area exposed to a minimum DF of 2%, due to the remaining low WWR of 10%. However, improved WWRs and increased g-values successfully contribute to the generally better DF in all rooms of the apartment unit. The direct solar access of the rooms extended into the enclosed deck spaces also increases the amount of daylight received in the apartment unit.



The analysis of DA (Figure 14a) shows an overall average increase of 30% apartment surface exposed to illuminance values exceeding 300 lux for at least 50% of the yearly hours. The southeastern bedroom and the living room have significantly improved DAs, with approximately 48% and 63% room surface area exceeding the minimum threshold of 300 lux for 50% of annual hours. North-oriented rooms show a lower increase in DA, with an average 20% of additional room surface receiving minimum illuminance levels during 50% of the year.



The calculation of the UDI included the utilization of the external solar blind system to reduce excessive daylighting. The daylight simulation calculated the shading of natural light for solar blinds installed exclusively in the south- and north-oriented bedrooms of the renovated apartment unit, according to daylight control requirements for mixed-use spaces (resting, working, and so on). Solar blinds are not considered to be installed in the enhanced building envelope panels positioned in front of the kitchen and the living room. Table 10 summarizes the construction and operation specifics of the solar blind system utilized for the daylight simulation model.



To define the impact of solar blind closing degrees on the amount of sunlight penetrating into the reference apartment unit for the daylight simulation, the Bidirectional Scattering Distribution Function (BSDF) material definition method [80] was used. The BSDF (Figure 15a,b) material definition method allows the simulation of internally and externally transmitted, reflected, and diffused sunlight through windows equipped with specific solar blind systems. The grid-based UDI analysis of the reference apartment unit (Figure 14b) illustrates the improvement in daylight control due to the use of the external solar blind system in all four bedrooms. The kitchen did not require external shading, due to the small window dimensions and WWR. The living room is equipped with a light internal shading system with a solar transmittance of 0.85 because the vertical tilt opening mechanism of the windows did not allow manual operation of the external blinds.



The UDI analysis of the renovated apartment unit shows differences in the acceptable illuminance levels in south and north-oriented rooms. Direct exposure to sunlight increased both illuminance levels and exposed floor space in the south-oriented rooms, improving the useful daylight illumination. However, if the cumulative amount of floor space that was exposed to acceptable daylight values per year was increased, illuminance levels in south-oriented rooms also more frequently exceeded the maximum illuminance threshold of 700 lux. Twenty-five percent of the floor area in south-oriented rooms received acceptable levels of illuminance for 30% of the annual hours.



High levels of illuminance reduced the room area exposed to a minimum of 50% of comfortable annual hours in the southeastern bedroom by 5.30%, and in the southwestern bedroom by 8.30%. Thirteen percent of the north-oriented room floor area received comfortable and acceptable levels of illuminance for 30% of the annual hours.



However, the average amount of annual hours with acceptable illuminance levels within all apartment unit rooms was increased after renovation. On average, 6% additional floor area was exposed to a minimum of 50% of acceptable hours.



Different UDI values between south and north-oriented rooms were caused by the influence of the improved WWR on the amount of light penetrating into the indoors, and the illuminance values measured in the single rooms. Direct daylight penetration into the south-oriented rooms results in a bigger floor area with higher illuminance levels, which often exceed the acceptable daylight intensity threshold of 700 lux. In the north-oriented rooms, indirect solar gains through smaller windows result in a lower increase of illuminance values for a higher amount of comfort hours per year, on a smaller portion of the room area. Therefore, northern rooms enjoy better illuminance values for a longer time during the year, but for a smaller area, than the south-oriented rooms.



Table 11 summarizes the overall increase of DA and UDI for each apartment unit room before and after the renovation in percentages for specific DA and UDI thresholds. Furthermore, the table lists the number of hours per year when the use of shading systems facilitates the reduction of uncomfortable illuminance levels to comfortable illuminance levels for each room.



According to the visual comfort analysis of the existing apartment unit, the following elements influence the optimized daylight distribution indoors.

	
Luminosity levels are increased, compared with the existing apartment unit, due to the removal of enclosed decks. The increase of illuminance in certain areas of the apartment can be regarded as more comfortable than the reduced daylight in the indoors of the apartment unit before renovation. Shading systems can be operated to reduce the amount of light penetrating into the apartment.



	
The introduction of shading systems causes a substantial reduction of excessive daylight levels in the south-oriented spaces. However, shading of daylight in the immediate vicinity of the outdoors from the indoors provides zones located more distantly from windows with reduced daylight. Accordingly, the available daylight autonomy for interior apartment unit zones is lower.








The WWR of the south-oriented and north-oriented façades has been decreased by 40.13% and 1.70%, respectively. The UDI of the south-oriented façade has increased due to the higher penetration of daylight into the adjacent rooms. The main reasons are the extension of the rooms into the originally enclosed deck area and reduction of glass layers by replacement of the double window systems by a single window. Excessive illuminance values have decreased due to reduced WWR. The overall daylight access of the north-oriented rooms has also increased due to the extension of the northwest bedroom and the increased WWR of kitchen and northeast bedroom facades by 10% and 22%. The amount of floor space covered by sufficient daylight for at least 50% of annual hours has increased by approximately 7%. Furthermore, the maximum threshold for the amount of annual hours measuring comfortable daylight levels has increased from 50% to 70% of annual comfortable hours.





4. Discussion


The simulation of daylight for the renovation of the reference apartment unit in building 103 accurately describes the influence of the spatial configuration of the standard apartment unit layout on the internal distribution of natural light in Korean apartment buildings. Buffer zones, such as enclosed decks, greatly influence the cumulative daylight access of indoor spaces in apartment building in South Korea. Additionally, the daylight simulations allow potential dependencies to be determined between the varying level of natural lighting in the indoor areas of the apartment and the type, as well as the frequency, of different activities performed in the apartment rooms. Furthermore, the daylight analysis presented in this research provides the assessment of visual comfort in Korean apartment units according to specific illuminance thresholds based on international standards. As such, the assessment of visual comfort for apartment units in South Korea can be compared with other building typologies in the same country or abroad, and act as a benchmark in the evaluation of daylight for a wide range of similar buildings.



Three main measures for the increase of acceptable daylight levels in the indoors of apartment units have been identified in this research: (i) removal of buffer zones (enclosed decks) between the indoors and the outdoors, (ii) improvement of the WWR, and (iii) installation of window components with higher g-values. Among the three measures, the increase of g-values (iii) has the highest influence on the penetration of daylight into the rooms. The removal of buffer zones (i) and the improvement of the WWR (ii) facilitate a better indoors light distribution and solar access.



A relevant aspect in the calculation and simulation of daylighting is the reduction of overall UDI in apartment unit spaces by operation of shading devices. The daylight simulation described in Section 3.6 includes the operation of dynamic shading systems for the reduction of excessive illuminance levels. The reduction of illuminance by the different orientation of movable blinds is based on measurements of one sensor in each room located at a fixed distance from the facade. By operation of the shading system, the entire room space is affected by the reduction of illuminance values. Accordingly, interior zones with greater distance from windows do not receive minimum illuminance threshold values set for daylight comfort. Therefore, apartment units with shading systems could have similar average UDI values as units without shading systems. Interior zones in apartment units without shading system would receive higher illuminance levels and would compensate the excessive illuminance levels in areas near windows. Accordingly, the introduction of shading systems in apartment buildings benefits greatly the indoor visual comfort of occupants. Occupants can regulate the amount of daylight penetrating into the rooms by manual operation of the shading system.



The daylight simulation executed for the existing reference apartment unit condition provides consistent data for the definition of visual comfort improvement strategies through the development of the enhanced building envelope system. Results are based on the daylight simulation of a reference apartment unit receiving comparably average sunlight radiation levels throughout the year. Therefore, the installation of specific window components in the enhanced envelope system panels provides improvements in terms of DA and UDI for a broad range of apartment unit conditions, and these improvements do not exclusively apply to the reference apartment unit analyzed. The solution developed for the reference apartment unit is therefore a standard renovation strategy providing average improvements of DF, DA, and UDI. Accordingly, the application of the standard renovation solution to other apartment units can result in higher or lower visual comfort improvements, depending on the position and condition of each apartment unit within the building.



A refined process aimed at the development of specific daylight improvement solutions that varies according to the position of each apartment unit within the building and its condition can consistently influence the monetary cost and lifecycle of panel components in the enhanced building envelope system. The required space for the installation of improved window components in the enhanced building envelope panels can be reduced for apartment units that present higher cumulative annual solar exposure. The reduction of WWR for specific apartment units allows, on the one hand, the saving of monetary costs for the installation of windows and, on the other hand, increased surface of PV modules and production of renewable electric energy. Costs and efficiency of the components defining the enhanced building envelope system can therefore be optimized to further improve the economic and technological feasibility of in situ renovation strategies for apartment buildings. The BIM-parametric renovation framework is purposely defined to include the definition of individual local solutions, and could support the detailed planning of renovation projects for apartment buildings.



The development of specific visual comfort improvement solutions tailored to individual apartment units can be realized through a parametric system that takes into account local variations in terms of the position of each apartment unit in an apartment building and its condition. However, the number of control parameters involved in the definition of individual solutions increases with the level of the detail required in the daylight analysis. Aside from the previously described simulation parameters related to the apartment unit layout, construction, and size of window components, factors such as the varying maintenance degree of components, amount and source of soiling, as well as operative schedules of windows for each apartment unit can further influence the complexity of daylight simulations. To determine realistic simulation and calculation values for the additional control parameters, a dedicated analysis of each additional factor has to be conducted either for each building to be renovated, or using data retrieved from the analysis of a statistically significant pool of apartment buildings. The analysis process of each parameter allows understanding of the dependencies between external or internal agents and local variations (such as the shading determined by neighboring structures) in terms of window components conditions. External agents influencing the visual comfort in apartment building can be defined by particulate matter of natural or anthropogenic nature, soiling due to rainwater runoff on window surfaces, and so on. Internal agents influencing indoor visual comfort can be represented by operative schedules, damage, and scratches from utilization of the windows. However, previous research efforts have not yet concentrated on detecting the specific dynamics and dependencies between external/internal agents and indoor daylight conditions. Furthermore, statistical data on the use and condition of window components in apartment buildings in South Korea has not yet been produced, and will be an object of further research from the authors. The parametric analysis of daylight based on local conditions can define a valid improvement in terms of enhancing daylight and visual comfort increase. The simulation of daylight for apartment units based on local internal/external agents defines an alternative daylight analysis and improvement system. The parametric daylight analysis system is an alternative to statistical learning techniques based on building usage data and user behavioral analysis. A preliminary heuristic analysis method could therefore be developed to assess window component conditions for the specific case of building 103, so as to detect potential dynamics between external/internal agents and local variations in terms of daylight.



Dynamics and specific factors affecting the propagation and distribution of natural light in indoor spaces also provide a model for the analysis of deterioration and maintenance of window components during their life cycle, after the completion of the apartment building renovation. The daylight simulations presented in this research calculate daylight for an average g-value of 0.8, which is a standard value determined by taking into account the eventual deterioration of glass panes in window components, and the relative reduction light transmission due to soiling. However, a more detailed analysis of the causes for the reduction of window g-value during the operative life of the components would allow a more precise, detailed, and realistic quantification of the effective amount of light penetrating through windows in a determined life span. Accordingly, a lifecycle oriented simulation of daylight is under development for the further improvement of this research.



A detailed definition of internal/external agents and parameters influencing daylight in apartment units can additionally contribute to a more accurate model for the dynamic control of solar blinds, and improve daylight measurements in indoor spaces. As such, an increased number of rotational states for solar blinds defined through the BSDF method could refine the daylight simulation model and improve the quantification of the efficiency of the shading system through a more sensible control of natural light filtration into indoor spaces.



The development of the enhanced building envelope system depends on the available window components and glazing technologies in South Korea. However, the usage of local components provides a limited choice in terms of available systems, as well as lower thermal and optical performance of the selected windows, if compared with products available on the international market. Accordingly, the comparative life cycle analysis between alternative products on the international market and the locally available window components can provide a better outlook on the trade-off between monetary costs, the environmental impact of outsourced production and transportation of window systems, and the increased energy and thermal and visual comfort performance of improved window components.



Aside from the development of a heuristic model for the definition of parameters influencing the simulation of window conditions and daylighting, the cultural approach towards natural light and its control in Korean living spaces must also be addressed. Empirical observations show that dwellers, as well as workers in offices and public spaces in South Korea, tend to prefer artificial constant light to varying natural daylight. Accordingly, the standard apartment layout, with enclosed decks serving as buffer zones for natural light filtration, could be explained by the general tendencies of the Korean living culture to prefer more stable illumination sources, and avoidance of external sunlight as the main lighting source. Therefore, the definition of an improved apartment unit layout and the enhanced building envelope system should take into account preferences from dwellers, and could bring about consistent variations from a renovation model based only on international standards for visual comfort. The presence of buffer zones could therefore be integrated into indoor spaces, and a new spatial configuration could provide the benefits in terms of natural light filtration sought by Korean apartment dwellers, as well as improved visual comfort requirements from international standards and reduced artificial lighting energy demand.




5. Conclusions


The research discussed in this study focuses on the improvement of daylight for the renovation of an aged reference apartment building through a BIM-parametric framework. The research shows that the renovation of an exemplary apartment building through the parametric definition of the improved apartment unit spatial layout and the installation of the enhanced building envelope system provides an increase of 15% for Daylight Factor, 30% for Daylight Autonomy, and 15% for Useful Daylight illuminance, compared to the existing apartment unit condition. The parametric definition of construction specifics and optical properties of window components, as well as the dynamic simulation of integrated shading systems, allow correlation of the variable construction properties of alternative products with improvements in terms of daylight and visual comfort, to select the best fitting window components for the renovation of apartment units. Accordingly, the research proves the efficacy of the BIM-parametric renovation framework to successfully develop in situ, sustainable renovation strategies for aged buildings, aimed at improving indoor visual comfort. The optimization and development process of renovation solutions through the BIM-parametric renovation workflow could therefore be adopted exclusively for the renovation of window systems in aged buildings, and be applied in a wider range of partial refurbishment projects both in South Korea and Asia alike. Further research work will address the modeling of external/internal agents in the indoor daylight simulation for apartment units and the assessment of their impact on the visual comfort of apartment building occupants. Additionally, the impact on indoor visual comfort produced by the deterioration of transparent and semi-opaque components during their entire life cycle will be analyzed. External and internal agents influencing component deterioration will be identified and included in the daylight simulation model. Successively, improvements in terms of daylighting produced by the replacement of existing windows with components with better optical performance will be quantified. The research will concentrate on comparing the performance and environmental impact of components produced in South Korea and foreign countries. The trade-off in terms of environmental impact of components’ life cycle between local and imported window components will be assessed. The assessment of components’ performance and life cycle impact will define a method to develop sustainable solutions for renovation projects of aged buildings.







Author Contributions


The research was executed by F.M.A. with T.S. in South Korea and U.D. in Germany. All authors contributed equally to the writing of this paper, and read and approved the final manuscript.




Funding


This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF), and funded by the Ministry of Education (2018R1D1A1B07050989).




Acknowledgments


This research was also supported as a Sungkyunkwan University 2018 College of Engineering Research Promotion Project. The authors would like to thank Kyoyoung Hwang and Narae Lee for their assistance and translation of literature from Korean to English.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Kim, K.-H.; Park, M. Housing Policy in the Republic of Korea Institute; Asian Development Bank Institute, Ed.; Asian Development Bank Institute: Tokyo, Japan, 2016; Volume 570. [Google Scholar]

	



Ha, S.-K. Housing poverty and the role of urban governance in Korea. Environ. Urban. 2004, 16, 139–154. [Google Scholar] [CrossRef]

	



Chung, I.-U. The Current Status of Old Apartments and the Remodeling Policies in Korea; LandHousing Corporation: Singapore, 2014. [Google Scholar]

	



Lee, J.-W. Economic growth and human development in the Republic of Korea, 1945–1992. Reconstruction 2007, 1945, 61. [Google Scholar]

	



Koh, C. Overview of Housing Policies Programs in Korea; Korea Housing Institute: Seoul, Korea, 2004. [Google Scholar]

	



Choi, J. The traditional characteristics reflected in the plan of modern apartment houses in Korea. J. Archit. Plan. Res. 1999, 16, 65–77. [Google Scholar]

	



Choi, K.-J.; Jihn, J. A Study on the Change of the Apartment Unit Plan in National Housing—Focused on Institutional and Social Changes. J. Korean Hous. Assoc. 2015, 26, 123–131. [Google Scholar] [CrossRef]

	



Lee, K.-H.; Park, G.-S.; Chae, C.-U. A Study on the Repair Time of the Construction Type in the Apartment Housings. J. Korean Hous. Assoc. 2011, 22, 83–92. [Google Scholar] [CrossRef]

	



Bak, C.C.; Son, C.B.; Shik, H.S. Study on the Analysis of Construction Period and Material Amount of Apartment; Architectural Institute of Korea: Seoul, Korea, 1990; pp. 498–501. [Google Scholar]

	



Hong, J.-H.; Katano, H.; Inoue, T. A Study on the Process and the Background of High Rise and High Density of Apartment Houses in Korea. J. Archit. Plan. 2007, 72, 1–8. [Google Scholar] [CrossRef]

	



Kim, S.A. Policy and Technology of Housing Remodeling in Korea; Korea Institute of Construction Technology: Ilsan, Korea, 2003. [Google Scholar]

	



Yoo, H. The Sustainable Remodeling Policies in South Korea. In Proceedings of the Architecture and Civil Engineering Conference, Singapore, 13–14 April 2015; pp. 155–158. [Google Scholar] [CrossRef]

	



KOSTAT. Complete Enumeration Results of the 2016 Population and Housing Census. In Statistics Korea (KOSTAT); Ministry of Strategy and Finance: Sejong, Korea, 2016. [Google Scholar]

	



Kim, Y.-I.; Song, S.-Y. Energy Consumption status of Apartment Buildings and Influence of Various Factors on Energy Consumption. J. Korean Sol. Energy Soc. 2014, 34, 93–102. [Google Scholar] [CrossRef][Green Version]

	



Choi, I.Y.; Cho, S.H.; Kim, J.T. Energy consumption characteristics of high-rise apartment buildings according to building shape and mixed-use development. Energy Build. 2012, 46, 123–131. [Google Scholar] [CrossRef]

	



Choi, D.-S.; Lee, M.-E. Condensation Prevention Performance Assessment Taking Into Account Thermal Insulation Performance Degradation Due to Aging for Apartment Housing. KIEAE J. 2015, 15, 11–18. [Google Scholar] [CrossRef][Green Version]

	



Lee, Y.J.; Kim, J.W.; Song, D.S. Analysis of Heating and Cooling Load Profile According to the Window Retrofit in an Old School Building. Korean J. Air-Cond. Refrig. Eng. 2017, 29, 455–462. [Google Scholar]

	



Moon, K.H.; Ahn, H.T.; Kim, J.T. Evaluation Methodology of View Right Using Graphic Programs. Korea Inst. Ecol. Archit. Environ. J. 2007, 7, 9–15. [Google Scholar]

	



Mainini, A.G.; Bonato, D.; Poli, T.; Speroni, A. Lean strategies for window retrofit of Italian office buildings: Impact on energy use, thermal and visual comfort. Energy Procedia 2015, 70, 719–728. [Google Scholar] [CrossRef]

	



Rice, E.O. Daylight in Façade Renewal: Using New Metrics to Inform the Retrofitting of Aging Modern-Ear Façade Types. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, USA, 2006. [Google Scholar]

	



Seo, J.-K. Housing Policy and Urban Sustainable Development: Evaluating the Process of High-rise Apartment Development in Korea. Urban Policy Res. 2016, 34, 330–342. [Google Scholar] [CrossRef]

	



Ha, S.-K. Substandard settlements and joint redevelopment projects in Seoul. Habitat Int. 2001, 25, 385–397. [Google Scholar] [CrossRef]

	



Lee, B.S.; Chung, E.-C.; Kim, Y.H. Dwelling Age, Redevelopment, and Housing Prices: The Case of Apartment Complexes in Seoul. J. Real Estate Financ. Econ. 2005, 30, 55–80. [Google Scholar] [CrossRef]

	



Kim, J.; Brand, M.; Lee, H.-S.; Park, M.-S. The Role of Construction Companies in the Reconstruction Process of Apartment Buildings in Korea. In Proceedings of the Ninetheen Annaul Pacific-Rim Real Estate Society Conference, Melbourbe, Australia, 13–16 January 2013; p. 11. [Google Scholar]

	



Tae, S.; Shin, S.; Woo, J.; Roh, S. The development of apartment house life cycle CO2 simple assessment system using standard apartment houses of South Korea. Renew. Sustain. Energy Rev. 2011, 15, 1454–1467. [Google Scholar] [CrossRef]

	



Jeong, Y.-S.; Lee, S.-E.; Huh, J.-H. Estimation of CO2 emission of apartment buildings due to major construction materials in the Republic of Korea. Energy Build. 2012, 49, 437–442. [Google Scholar] [CrossRef]

	



Kim, K. Housing Redevelopment and Neighborhood Change as A Gentrification Process in Seoul, Korea: A Case Study of the Wolgok-4 Dong Redevelopment District; Florida State University: Tallahassee, FL, USA, 2006. [Google Scholar]

	



Kim, D.; Ryu, J.; Cha, J.G.; Jung, E.H. Korea’s urban regeneration project on the improvement of urban micro climate: A focal study on the case of Changwon City. Glob. J. Hum. Sci. Geogr. Geo-Sci. Environ. 2013, 13, 26–37. [Google Scholar]

	



A.A.V.V. The Current Situation of Improved Regulation and Remodeling System; MOLIT—Housing Redevelopment Division: Seoul, Korea, 2014. [Google Scholar]

	



Jones, R.S.; Yoo, B. Achieving the "Low Carbon, Green Growth" Vision in Korea; OECD: Paris, France, 2012. [Google Scholar]

	



Lee, M.-K.; Kim, Y.-S.; Kang, S.-J.; Ryu, J.-C.; Kim, W.-D.; Han, K.-J.; Balmes, C.; Lee, Y.-H.; Kim, S.-J. Korea’s Green Growth Experience: Process, Outcomes and Lessons Learned; Global Green Growth Institute: Seoul, Korea, 2015. [Google Scholar]

	



Yoon, Y.S. Zero Energy Buildings in Korea—Korea Energy Policies for Sustainable Building. In Zero Energy Building Workshop; Fraunhofer Representative Office Korea, Energy Dream Center: Seoul, Korea, 2012; Volume 1. [Google Scholar]

	



Sun-Ho, C.; Jae-Sik, K.; Gyeong-Seok, C. Energy Performance Evaluation of External Insulation System for Post Remodeling in Apartment Buildings. In Proceedings of the SAREK 2016 Summer Annual Conference, Seoul, Korea, 5–7 July 2016; pp. 176–178. [Google Scholar]

	



No, Sang Tae. A Case Study on Seasonal Building Thermal Load Analysis According to Apartment Balcony Extension Using Building Energy Simulation Tools. J. Korean Inst. Archit. Sustain. Environ. Build. Syst. 2012, 6, 32–37. [Google Scholar]

	



Jang, H. Modelling of Existing High-Rise Apartment Buildings for Energy-Efficient Refurbishment in South Korea; University of Sheffield: Sheffield, UK, 2016. [Google Scholar]

	



Seong, B.; Kim, M.; Won, P. A Study on Residential Satisfaction with Diversion of Expanded Balcony Area at Multi-family Housing through Residents’ Survey. J. Archit. Inst. Korea Plan. Des. 2011, 27, 317–324. [Google Scholar]

	



Lee, Y.; Choi, J.; Kang, H.; Byun, N. Schematic Development on the Extension Remodeling Types of Apartment Building Stocks. In Proceedings of the APNHR 2007 Conference—Transformations in Housing, Urban Life, and Public Policy, Seoul, Korea, 30 August–1 September 2007. [Google Scholar]

	



Wang, J.-J.; Kim, J.-H.; Lee, K.-S.; Park, I.-S. G-SEED: The Revised Korean Green Building Certification System. In Proceedings of the 3th International PLEA Conference 2014—Sustainable Habitat for Deveolping Societies Ahmedabad, CEPT University, Ahmedabad, India, 16–18 December 2014; p. 6. [Google Scholar]

	



Kim, D.I.; Lee, S.H.; Choi, D.H.; Kim, G.H.; Jung, J.N. The Direction of Improvement for G-SEED in Korea, Considering Environmental Performance. J. Asian Archit. Build. Eng. 2015, 14, 483–490. [Google Scholar] [CrossRef][Green Version]

	



Lee, N.-E.; Ahn, B.-L.; Jeong, H.-G.; Jang, C.-Y. Optimum Method of Windows Remodeling of Existing Residential according to the Window Properties and Window Wall Ratio. Korea Inst. Ecol. Archit. Environ. 2013, 13, 71–78. [Google Scholar]

	



Kim, J.M.; Lee, G.C.; Lee, S.G.; Kim, M.S.; Min, J.K. An Effect of the Change of Orientation and Window Area Ratio upon Building Energy Requirement in Apartment Housings. Korea Inst. Ecol. Archit. Environ. J. 2013, 13, 21–26. [Google Scholar]

	



Kim, G.; Kim, J.T. Healthy-daylighting design for the living environment in apartments in Korea. Build. Environ. 2010, 45, 287–294. [Google Scholar] [CrossRef][Green Version]

	



Lee, J.-B. A study on the daylight condition of the apartment houses—Focused on the comparative analysis of the daylight condition between the plank type and tower type apartment complex. J. Korea Acad. Ind. Coop. Soc. 2007, 8, 121–129. [Google Scholar]

	



Lim, T.S.; Lim, J.H.; Kim, B.S. Space study on Lighting Performance For Residential Buildings By using Simulation Analysis. Korea Inst. Ecol. Archit. Environ. J. 2013, 13, 97–104. [Google Scholar]

	



Lim, T.S.; Lim, H.S.; Koo, J.-O.; Kim, G. Assessment of the Daylighting Performance in Residential Building Units of South Korea through RADIANCE simulation. Korea Inst. Ecol. Archit. Environ. J. 2012, 12, 25–32. [Google Scholar][Green Version]

	



Kim, H.-J.; Kim, J.-S. Design Methodology for Street-Oriented Block Housing Considering Daylight and Natural Ventilation. Sustainability 2018, 10, 3154. [Google Scholar] [CrossRef]

	



Salim, F.D.; Burry, J. Software Openness: Evaluating Parameters of Parametric Modeling Tools to Support Creativity and Multidisciplinary Design Integration. In Proceedings of the International Conference on Computational Science and Its Applications, Fukuoka, Japan, 23–26 March 2010; pp. 483–497. [Google Scholar]

	



Rosen, S.L. Using BIM in HVAC design. Ashrae J. 2010, 52, 24–32. [Google Scholar]

	



Lee, K.S.; Han, K.J.; Lee, J.W. Feasibility Study on Parametric Optimization of Daylighting in Building Shading Design. Sustainability 2016, 8, 1220. [Google Scholar] [CrossRef]

	



Reinhart, C.F.; Herkel, S. The simulation of annual daylight illuminance distributions—A state-of-the-art comparison of six RADIANCE-based methods. Energy Build. 2000, 32, 167–187. [Google Scholar] [CrossRef]

	



Kaewunruen, S.; Rungskunroch, P.; Welsh, J. A Digital-Twin Evaluation of Net Zero Energy Building for Existing Buildings. Sustainability 2018, 11, 159. [Google Scholar] [CrossRef]

	



Khemlani, L. Autodesk Revit: Implementation in Practice; White Paper; Autodesk: San Rafael, CA, USA, 2004. [Google Scholar]

	



Davidson, S. Grasshopper-Algorithmic Modeling for Rhino; Lynnwood: Lynnwood, DC, USA, 2013. [Google Scholar]

	



Mostapha, S.R.; Pak, M. Ladybug: A parametric Environmental Plugin for Grasshopper to Help Designers Create an Environmentally Conscious Design. In Proceedings of the 13th International IBPSA Conference, Lyon, France, 25–30 August 2013. [Google Scholar]

	



McNeel, R. Grasshopper Generative Modeling for Rhino. Computer Software. 2010. Available online: http://www.grasshopper3d.com (accessed on 28 December 2018).

	



Larson, G.W.; Shakespeare, R. Rendering With Radiance: The Art and Science Of Lighting Visualization; Booksurge LLC.: Charleston, SC, USA, 2004. [Google Scholar]

	



Finlayson, E.; Mitchell, R.; Arasteh, D.; Huizenga, C.; Curcija, D. THERM 2.0: Program Description. A PC Program for Analyzing the Two-Dimensional Heat Transfer through Building Products; LBL-37371 Rev.; Lawrence Berkeley National Laboratory: Berkeley, CA, USA, 1998; p. 2. [Google Scholar]

	



LBNL. Window 7beta: PC Program for Analyzing Window Thermal Per-Formance; LBNL: Berkeley, CA, USA, 2012. [Google Scholar]

	



Crawley, D.B.; Lawrie, L.K.; Winkelmann, F.C.; Buhl, W.F.; Huang, Y.J.; Pedersen, C.O.; Strand, R.K.; Liesen, R.J.; Fisher, D.E.; Witte, M.J.; et al. EnergyPlus: Creating a new-generation building energy simulation program. Energy Build. 2001, 33, 319–331. [Google Scholar] [CrossRef]

	



Fylstra, D.; Lasdon, L.; Watson, J.; Waren, A. Design and Use of the Microsoft Excel Solver. Interfaces 1998, 28, 29–55. [Google Scholar] [CrossRef]

	



Mans, D. Bumblebee. Available online: https://www.grasshopper3d.com/group/bumblebee (accessed on 21 September 2018).

	



Amoruso, F.; Dietrich, U.; Schuetze, T. Development of a Building Information Modeling-Parametric Workflow Based Renovation Strategy for an Exemplary Apartment Building in Seoul, Korea. Sustainability 2018, 10, 4494. [Google Scholar] [CrossRef]

	



Lighting-Materials. Lighting Materials for Simulation. Available online: http://lighting-materials.com/ (accessed on 20 June 2018).

	



Seijn Planning (Ed.) Apartment Encyclopedia (Seoul and Bundang/Ilsan); Seijn Planning: Seoul, Korea, 1998; Volume 1, 259p. [Google Scholar]

	



Seijn Planning (Ed.) Apartment Encyclopedia (Seoul and Bundang/Ilsan); Seijn Planning: Seoul, Korea, 1998; Volume 2, 259p. [Google Scholar]

	



Kang, B. History of Korean Apartment Housing Projects Community Housing Study Committee: Seoul; Seijn University: Seoul, Korea, 1999. [Google Scholar]

	



Il, I.K. A Comparative Study on Apartment Unit Plans of SH Corporation and Private Construction Company in the Housing Development District; Seoul City University: Seoul, Korea, 2013. [Google Scholar]

	



Kim, J.; Chun, J.; Lee, B. Study about Change of Insulation Standard in Apartment in Its Effect. J. Archit. Inst. Korea 2009, 11, 125–132. [Google Scholar]

	



Tregenza, P.R.; Waters, I.M. Daylight coefficients. Lighting Res. Technol. 1983, 15, 65–71. [Google Scholar] [CrossRef]

	



BREEAM. BREEAM International New Construction 2016—Technical Manual SD233 2.0; BRE Global Ltd.: London, UK, 2018. [Google Scholar][Green Version]

	



Breheny, M. Superglass Cavity wall Insulation BRA Technical Approval Certificate; Superglass Insulation Ltd.: Stirling, UK, 2017. [Google Scholar]

	



Smile Plastics. Available online: https://smile-plastics.com/ (accessed on 23 July 2018).

	



Goia, F. Search for the optimal window-to-wall ratio in office buildings in different European climates and the implications on total energy saving potential. Sol. Energy 2016, 132, 467–492. [Google Scholar] [CrossRef]

	



Ghisi, E.; Tinker, J.A. Window Sizes Required for the Energy Efficienc of a Building Against Window Sizes Required for View. In Proceedings of the CIB World Building Congress, Toronto, TOR, Canada, 1–7 May 2004. [Google Scholar]

	



Ma, P.; Wang, L.-S.; Guo, N. Maximum window-to-wall ratio of a thermally autonomous building as a function of envelope U-value and ambient temperature amplitude. Appl. Energy 2015, 146, 84–91. [Google Scholar] [CrossRef]

	



DGNB. Gebaeude Nachhatlig Sanieren; Deutsche Gesellschaft Fuer Nachhaltiges Bauen: Stuttgart, Germany, 2018. [Google Scholar]

	



DGNB. DGNB System—Kriterienkatalog Gebaued Neubau; DGNB: Stuttgart, Germany, 2018. [Google Scholar]

	



Wecobis.de. Available online: https://www.wecobis.de/ (accessed on 15 July 2018).

	



Oekobaudat.de. Available online: https://www.oekobaudat.de/ (accessed on 20 July 2018).

	



Konstantoglou, M. Simulating Complex Window Systems Using BSDF Data. In Proceedings of the 26th Conference on Passive and Low Energy Architecture (PLEA), Quebec City, QC, Canada, 22–24 June 2009. [Google Scholar]








[image: Sustainability 11 02699 g001 550]





Figure 1. Distribution of housing typologies and relative aging for residential buildings in South Korea (according to data from Korean Statistical Service (Kosis) [13]). 
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Figure 2. Overview of the Building Information Modeling (BIM)-parametric renovation framework utilized for the development of the sustainable renovation strategy for the exemplary apartment building. The framework is organized in one BIM-model generation/update and five recursive parametric optimization phases. 
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Figure 3. Localization of building 103 in (a) South Korea, (b) district subdivision of Seoul, (c) the Gireum district, and (d) the Sambu apartment complex. 






Figure 3. Localization of building 103 in (a) South Korea, (b) district subdivision of Seoul, (c) the Gireum district, and (d) the Sambu apartment complex.



[image: Sustainability 11 02699 g003]







[image: Sustainability 11 02699 g004 550]





Figure 4. BIM reconstruction of the standard apartment unit in building 103 with indication of each room floor space (left apartment unit in the middle core—dimension annotations in cm). 
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Figure 5. BIM reconstruction of the standard apartment unit in building 103: (a) south façade and (b) north façade. 
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Figure 6. WINDOW simulation of the thermal properties of glazing and frame window construction for the exemplary case of enclosed deck windows. 
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Figure 7. Annual cumulative solar radiation analysis of building 103: (a) Solar analysis with contextual shading for the south-oriented façade; (b) solar analysis with contextual shading for the north-oriented façade; (c) overview of cumulative annual solar radiation for the South-oriented façade and the reference apartment (marked surface); and (d) overview of cumulative annual solar radiation for the north-oriented façade and the reference apartment (marked surface). 
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Figure 8. Daylight factor (DF) ground floor map for the reference apartment unit with illustration of the DF in the majority of 0% (dark blue) to 22% (dark red). 
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Figure 9. (a) Annual Daylight Autonomy (DA) map and (b) Useful Daylight Illuminance (UDI) analyses for the reference apartment unit. 
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Figure 10. Virtual BIM model of the renovated apartment showing the exterior enhanced building envelope system and the reconfiguration of the interior spaces, with indication of the cumulative floor space of each room and extension/storage areas. 
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Figure 11. Enhanced building envelope system exemplary façade module. Each layer number is associated with the description provided in Table 5 below. 
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Figure 12. Enhanced building envelope system mounted on (a) south-oriented façade and (b) north-oriented façade (measures in cm). 
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Figure 13. Grid-based daylight factor (DF) analysis from 0% (dark blue) to 25% (dark red). 
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Figure 14. Reference apartment annual grid-based daylight autonomy (DA) and useful daylight illuminance (UDI) analyses; (a) DA analysis of the apartment unit’s floor plan from 0% (dark blue) to 100% (dark red); (b) UDI analysis of the isometric apartment floor plan layout from 0% (dark blue) to 70% (dark red). 
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Figure 15. (Left) WINDOW-generated BSDF-based shading position for (a) 20° orientation (2-slightly closed condition) and (b) 50° orientation (3-partially closed). (Right) BSDF solar transmission hemispherical sky map for (a) 20° orientation (2-slightly closed condition) and (b) 50° orientation (3-partially closed), visualized with the Radiance-developed BSDFviewer. 
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Table 1. Different apartment window U-values and g-values.
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	Window Type
	Dimensions (Length × Height in cm)
	U-Value (W/m2K)
	g-Value





	Enclosed deck
	380 × 210
	3.163
	0.65



	Glass door
	200 × 200
	3.224
	0.65



	Bedroom Southeast
	250 × 110
	3.019
	0.65



	Bedroom Northwest
	250 × 110
	3.019
	0.72



	Bedroom Northeast
	130 × 100
	3.153
	0.72



	Kitchen
	90 × 50
	3.432
	0.72
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Table 2. Fractional values for different optical properties of the construction material surfaces of different components.
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	Component
	Red Refl.
	Green Refl.
	Blue Refl.
	Specularity
	Roughness





	Outdoor façade
	0.33
	0.33
	0.33
	0.08
	0.18



	Indoor ceiling
	0.15
	0.15
	0.15
	0.14
	0.06



	Indoor floor
	0.08
	0.08
	0.08
	0.10
	0.15



	Window frame/door
	0.19
	0.40
	0.19
	0.12
	0.07
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Table 3. Percentage of total apartment unit area with specific DF thresholds.
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	Daylight Factor Threshold
	Percentage of Total Apartment Unit Area





	≥20%
	1%



	≥15%
	3%



	≥10%
	6%



	≥6%
	11%



	≥2%
	21%



	2%
	79%
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Table 4. Percentage of apartment area for the DA and UDI thresholds.
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	DA Threshold
	Covered Apt. Area
	UDI h/year Threshold
	Covered Apt. Area





	90%
	16.40%
	70%
	0.00%



	70%
	21.24%
	50%
	5.01%



	50%
	24.80%
	30%
	13.24%



	30%
	28.89%
	15%
	19.65%



	10%
	38.02%
	5%
	32.91%
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Table 5. Description of the modular building envelope renovation system construction, with specification of the individual layers from 0 (inside) to 7 (outside), name, component configuration, and layer depth [62].
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	Layer No.
	Name
	Component Configuration and Materials
	Depth





	0
	Indoors building envelope layer
	Gypsum boards wood frame
	Depth: 8–10 cm



	1
	Support structure
	Stainless steel frames
	Depth: 4–6 cm



	2
	Construction support frame
	Timber frame stainless steel rail connectors to layers 1 3
	Depth: 6–8 cm



	3
	Thermal insulation panel
	Glass wool [71], timber frame, aluminium foil (vapor barrier)
	Depth: 20 cm



	4
	Construction support frame
	Timber frame, stainless steel connectors, plastic membrane (waterproof barrier)
	Depth: 6–8 cm



	5
	Window component
	Timber frame, double glazing rubber gasket
	Depth: 10–15 cm



	6
	Solar blind system
	Recycled plastic stainless steel
	Depth: 8 cm



	7
	Mounting System

1. Cladding

2. Cladding
	Stainless steel

1. Glass, plastic film, multicrystalline silicon (PV) aluminium frame

2. Recycled plastic panels [72]
	Depth: 10 cm

1. Depth: 2 cm

2. Depth: 0.5 cm



	Σ
	Complete component window Complete component 1. cladding 1

Complete component

2. cladding 2
	Multiple (see above)

Multiple (see above)

Multiple (see above)
	Depth: 42.5 cm

1. Depth: 55 cm

2. Depth: 43 cm
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Table 6. Window-to-wall ratio of single rooms for the existing and renovated reference apartment unit. The WWR is calculated as the portion of each exterior room surface covered by windows.
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	Component
	WWR

(Existing Apartment)
	WWR

(Renovated Apartment)





	Southeast bedroom
	38.5% *
	28% (−18.5%)



	Living room
	86.6% *
	35% (−51.6%)



	Southwest bedroom
	86.3% *
	28% (−58.3%)



	Northwest bedroom
	40.2% *
	23% (−17.2%)



	Kitchen
	2.7%
	10% (+6.3%)



	Northeast bedroom
	17.2%
	22% (+5.2%)



	Building façades WWR improvement (decrease/increase)
	WWR

(existing apartment)
	WWR

(renovated apartment)



	South-oriented façade
	70.46%
	30.33% (−40.13%)



	North-oriented façade
	20.03%
	18.33% (−1.70%)







* Double window system (between enclosed decks and the outdoors and closed decks and the indoors).
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