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Abstract

:

Adaptive façades are gaining greater importance in highly efficient buildings under a warming climate. There is an increasing demand for adaptive façades designed to regulate solar and thermal gains/losses, as well as avoid discomfort and glare issues. Occupants and developers of office buildings ask for a healthy and energy-neutral working environment. Adaptive façades are appropriate dynamic solutions controlled automatically or through occupant interaction. However, relatively few studies compared their energy and overheating risk performance, and there is still a vast knowledge gap on occupant behavior in operation. Therefore, we chose to study four dynamic envelopes representing four different façade families: dynamic shading, electrochromic glazing, double-skin, and active ventilative façades. Three control strategies were chosen to study the dynamic aspect of solar control, operative temperature, and glare control. Simulations were realized with EnergyPlus on the BESTEST case 600 from the ASHRAE standard 140/2020 for the temperate climate of Brussels. A sensitivity analysis was conducted to study the most influential parameters. The study findings indicate that dynamic shading devices and electrochromic glazing have a remarkable influence on the annual thermal energy demand, decreasing the total annual loads that can reach 30%. On the other hand, BIPV double-skin façades and active ventilative façades (cavity façades) could be more appropriate for cold climates. The study ranks the four façade technologies and provides novel insights for façade designers and building owners regarding the annual energy performance and overheating risk.
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1. Introduction


The building sector in the EU aims to reduce its footprint for new and existing constructions. Innovative building envelopes could become one of the key solutions to reduce environmental impacts and increase the performance of buildings [1]. More specifically, adaptive façade systems are promising technologies that will continue to gain a substantial share of the 2050 building stock [2]. For the few last decades, dynamic building envelopes, also called adaptive façades, have been of great interest to researchers [3]. The dynamic building envelope technologies include roller blinds, shutters, venetian blinds, and chromogenic façades—including electrochromic and thermochromic glazing-building integrated photovoltaic, Double-skin Façades (DSF), Closed Cavity Façades (CCF) [4], and phase change materials. Adaptive façades technologies are abundant and can respond to or benefit from the changing outside boundary conditions [5]. Their main advantage is their possibility to control solar heat gain and daylight while preventing overheating and glare.



Many studies investigated the impacts of adaptive façades. The study of Attia et al. is one of the earliest studies that aimed to classify and group the most promising adaptive façade technologies [2]. Their study proposed four categories or families of adaptive façades, namely dynamic shading (family 1), chromogenic façades (family 2), solar active façades (family 3), and active ventilative façades (family 4). Other studies focused on evaluating and benchmarking single adaptive façade technologies. For example, Vraa Nielsen, Svendsen, and Bjerregaard Jensen (2011) also studied dynamic shading impact on the energy demand and thermal and visual comfort by simulating a single room in Denmark with the help of iDbuild and LightCalc [6]. A comparison of windows with and without static shading devices was made and demonstrated a significant reduction of the cooling and heating energy loads and the amount of daylight. Tällberg et al. (2019) evaluated the influence of thermochromic, photochromic, and electrochromic on energy use, investigating the impact of three control strategies: solar control, operative temperature control, and daylight control [7]. It was demonstrated that electrochromic glazing has better energy performance than two other smart windows. It was also shown that operative temperature control is the most efficient strategy. Finally, they concluded that overheating risk is not sensible to this smart technology. For Closed Cavity Façades (CCF), Alberto, Ramos, and Almeida (2017) concluded that it helps to reduce the energy demand [8] significantly. Based on their study, cavity depth, ventilation mode, and airflow path could strongly influence the results.



However, none of the mentioned studies compared adaptive façades from different families. Most of the available studies in the literature limit their scope to a single façade family or technology such as dynamic shading devices [8,9,10], switchable chromogenic windows [11,12], double-skin façade [13,14], or switchable conductivity value [15]. In addition, dynamic control strategies are important, but few studies evaluate their impacts to consistently benchmark the performance of adaptive façades.



Therefore, the objective of this study is to compare the energy saving potential and overheating risk of four adaptive façade technologies in office buildings. The study scope is limited to benchmarking the performance of windows that can apply one of the four adaptive façade technologies (excluding adaptive opaque façades [16,17]); namely, dynamic shading devices, electrochromic glazing, and BIPV double-skin façade, and active ventilative façade (cavity façade) were chosen. At first, a base case, established on the BESTEST case 600, was modeled with DesignBuilder software v7.0.1.006. Then the different smart technologies and their control strategies were implemented and simulated. Different impact criteria were analyzed: energy savings and overheating risk. All simulations were performed annually and for the location of Uccle Weather Station, in Belgium’s Brussels-capital region. The following research questions guide the research article:




	
What is the influence of the adaptive façade technology choice on energy use and thermal comfort in an office building?



	
To what extent can control strategies improve comfort and reduce annual energy use for the four adaptive façade technologies?








The findings indicate that dynamic shading is the most effective technology, followed by electrochromic glazing. BIPV double-skin façade and active ventilative façade (cavity façade) are not recommended for temperature climates. Hopefully, this work can support the design decision-making of façade engineers and architects regarding the choice of adaptive façade technology. The paper contributes to the larger body of knowledge on smart and dynamic building envelopes. The study findings are considered one of the first studies comparing the different adaptive façades families and benchmarking their performance.




2. Literature Review


For the last 30 years, new building envelope materials and façade components have been more and more numerous. As a mediator between the exterior and interior, there are many functions of a façade that affect the performance of a building [18]. These innovative building façades can adapt themselves depending on the external climatic conditions and dynamic occupant requirements and ensure step-change progress of the energy performance. The COST Action TU 1403 is one of the earliest international projects that aimed to provide a general framework, standardized methods, and tools to evaluate, in a quantitative way, the performance of adaptive façade. Based on several framework and review studies [2,19,20,21], four main families can be considered dynamic building envelopes, as shown in Figure 1:




	
Automated shading devices



	
Chromogenic glazing



	
Solar active façades



	
Active ventilative façades








The following section presents the products of the four adaptive façade technologies. The short review provides insights into the state of the art of the four families of technologies and builds upon previous studies [5,22].



2.1. Automated Shading Devices


Movable shading devices can be static or dynamically controlled depending on the strategies chosen. Several studies showed that such shadings could significantly improve energy use [6,23,24] as well as the overheating risk [9] and visual comfort [25,26,27].



De Luca, Voll, and Thalfeldt analyzed the performance of different types of shading systems, fixed and dynamic, and their influence on the energy use and cooling loads for an office building located in Tallinn, Estonia [23]. Findings show that solar shading is an efficient way to control the energy use of office buildings, though with different efficacy by the static systems depending on orientation, window, and shading type. It shows that dynamic blind systems have more uniform performance and usually outperform static shading.



Other examples of notable research on solar shading include the work of Skarning et al. (2017), who mapped and compared energy, daylighting, and overheating risk for various combinations of window size and glazing properties with and without dynamic shading [9]. Vraa Nielsen investigated three types of façades (without solar shading, fixed solar shading, and dynamic solar shading) simulated with various window heights and orientations [6]. They demonstrated that the use of dynamic solar shading dramatically improved the amount of daylight available compared to fixed solar shading, emphasizing the need for dynamic and integrated simulations early in the design process to facilitate informed design decisions about the façade. Kyu Yi, Yin, and Tang (2018) showed that shading devices could significantly improve visual comfort [25]. Indeed, this paper develops a method to evaluate a new daylight control system that includes an analysis of a new dynamically tunable material that changes its phase based on ambient environmental conditions. Mostafa et al. (2016) reported the experimental results of thermal performance of residential buildings coupled with a smart kinetic shading system [24]. The results showed that this system could lead to improved shading and decreased the internal temperature of the building by about 2–3 °C. Consequently, the energy saved improved by 18–20% compared to the standard building without a shading system; the improvement in apartments with regards indoor environment quality and energy use will reflect directly on the building performance.




2.2. Chromogenic Glazing


Switchable windows can change their optical properties and thus modulate interior spaces’ solar gains or daylight by reflecting or absorbing them [3]. Several studies showed that they could significantly improve energy use, overheating risk, and visual comfort. First, Tällberg et al. (2019) reviewed the performance of smart windows with a focus on simulation studies of thermochromic, photochromic, and electrochromic technologies [7]. This study provided valuable insights by combining technology reviews with building performance simulation for a theoretical reference shoebox model. The most relevant limitation of this study is the assumptions made for the control strategies of smart window glazing. In another paper, a representative office building zone with an electrochromic (EC) glazed façade was simulated in TRNSYS and Radiance/Daysim for a large number of different combinations of design parameters (i.e., location, façade orientation, window control, window-to-wall ratio, internal gains, thermal mass, and envelope airtightness) [28]. In 2018, Casini reviewed active dynamic glazing for buildings [20]. The study analyzed electrochromic glazing technology as an alternative to shading systems and investigated their performance concerning solar and lighting control concerning the glazing color. The study focused on nanocrystal glass, liquid infill windows, gasochromic windows, elastomer-deformation tunable windows, and electrokinetic pixels windows. Finally, Feng et al. (2016) reviewed the configuration and optical and thermal properties of WO3-based gasochromic (GC) smart windows [29]. Subsequently, using the eQUEST building simulation program, the effect of the GC smart window on the energy use for a commercial office building was calculated and compared with various glazing systems currently available on the market, including the SAGE electrochromic (EC) smart window.



Switchable windows can change their optical properties and thus modulate interior spaces’ solar gains or daylight by reflecting or absorbing them [3]. Several studies showed that they could significantly improve energy use, overheating risk, and visual comfort. First, Tällberg et al. (2019) reviewed the performance of smart windows with a focus on simulation studies of thermochromic, photochromic, and electrochromic technologies [7]. This study provided valuable insights by combining technology reviews with building performance simulation for a theoretical reference shoebox model. The most relevant limitation of this study is the assumptions made for the control strategies of smart window glazing. In another paper, a representative office building zone with an electrochromic (EC) glazed façade was simulated in TRNSYS and Radiance/Daysim for a large number of different combinations of design parameters (i.e., location, façade orientation, window control, window-to-wall ratio, internal gains, thermal mass, and envelope airtightness) [28]. In 2018, Casini reviewed active dynamic glazing for buildings [20]. The study analyzed electrochromic glazing technology as an alternative to shading systems and investigated their performance concerning solar and lighting control concerning the glazing color. The study focused on nanocrystal glass, liquid infill windows, gasochromic windows, elastomer-deformation tunable windows, and electrokinetic pixels windows. Finally, Feng et al. (2016) reviewed the configuration and optical and thermal properties of WO3-based gasochromic (GC) smart windows [31]. Subsequently, using the eQUEST building simulation program, the effect of the GC smart window on the energy use for a commercial office building was calculated and compared with various glazing systems currently available on the market, including the SAGE electrochromic (EC) smart window.




2.3. Solar Active Façades


The third adaptive façade family represents solar active façades. As indicated by this name, solar active technologies are activated with the help of the sun. In addition, controlling the solar gain and sometimes the daylight also influences overheating risk and energy savings. Many studies have been conducted to improve the energy performances of Closed Cavity Façades compared to conventional façades [30,31,32,33,34].



Shi, Tablada, and Wang (2020) [35] simulated an office room in Singapore through the EnergyPlus tool and analyzed the influence of Closed Cavity Façades on energy demand. Their study proved a better visual comfort with this smart technology. Based on the dynamic simulation of the indoor environment by Yang et al. (2015), this research dynamically simulates the change of the blind inclinations and locations of the middle shading devices inside DSF in summer and their influences on ventilation rate, intermediate cavity, and indoor temperature. There are also other solar active technologies: green façades and green roofs. This study compares the cooling load reduction through GRs (green roof) and GWs (green walls) by varying the area of greenery covered on a single-story building and two high-rise buildings in Hong Kong by simulations using EnergyPlus [36].




2.4. Active Ventilated Façades


These adaptive technologies are based on ventilation, aiming to control the airflow inside the cavity, while automated operable windows aim to control the air entering the building. Besides controlling overheating risk, these technologies include active ventilative cooling as a major characteristic [2].



In Alberto’s work, a parametric study is carried out to systematically assess the impact on the building performance, geometry, airflow path, cavity depth, openings area, and type of glazing [30]. It was found that the most important aspect of the efficiency of a double-skin façade is the airflow path, and the most efficient geometry was the multi-story double-skin façade, presenting, on average, 30% less HVAC-related energy demands. Zomorodian et al. (2018) selected an optimal DSF for an office building in Tehran among proposed design alternatives differing in the façade spatial configuration, shadings, and cavity ventilation strategies by dynamic simulations [34]. The overall carbon emissions and the costs during the building’s life cycle are also assessed in different alternatives. According to the results, energy use is reduced from 7.9% to 14.8%. Finally, a paper written by Faizi, Yazdizad, and Rezaei (2014) presents the characteristics and classification of double-skin façades and their advantages and disadvantages in order to clarify whether or not these systems represent a valid approach to energy efficiency and sustainability in building or are just an architectural fad [37]. The results show that this system can reduce thermal energy in summer by providing good ventilation through its cavity (naturally or mechanically). It uses solar heat recovery to heat the building in winter; besides, it provides acoustic insulation in busy areas.





3. Methodology


Building performance simulation investigated the energy-saving potential and overheating risk of adaptable façades. Cutting-edge commercial products have been simulated with different control strategies similar to [7] and based on the work of Bertrand [38]. Figure 2 shows the methodological study conceptual framework that summarizes the study’s approach. The following sections explain the process and research methodology.



3.1. Building Model


3.1.1. Benchmark Model Specifications


The study’s comparative nature requires using an example reference building that allows benchmarking of the four adaptive façade technologies. According to Corgnati, Fabrizio, Filippi, and Monetti [39], an example reference building relies on experts’ assumptions and studies to compare and benchmark different design measures and solutions. Therefore, the base case 600 from BESTEST was chosen. BESTEST is a Building Energy Simulation Test project developed by ASHRAE standard 140-2020—Standard Method of Test for the Evaluation of Building Energy Analysis Computer Programs [40].



The materials specification and geometry of BESTEST case 600 correspond to a low thermal mass building with two windows positioned on the south wall. The model comprises a single thermal zone, and the window-to-wall ratio of the south façade is 55%. The floor is on the ground, and all surfaces are exposed to external weather and solar radiation. Figure 3 displays geometry specifications. This building model indicated in Figure 3 was considered as the benchmark case for the performance comparison of the other four models. Table 1 indicates the explicit materials component for each layer. The energy modeling was performed by DesignBuilder software v7.0.1.006 packages and then by EnergyPlus. The ground model was calculated according to ISO 13370 and ISO 13790 [41]. The climate location of Brussels, Belgium (50.8° N, 4.3° E) was selected, representing cold and mild temperate climates (Cfb = Temperate oceanic climate) as well as continental climates (Dfb = Warm-summer humid continental climate) according to Köppen climate classification. In 2020, Brussels had 218 Heating Degree Days (HDD) and 57 Cooling Degree Days (CDD) for a base temperature of 15.5 °C and 22 °C, respectively [42]. The weather file (BEL_BRU_Brussels.Natl.AP.064510_TMYx.2007-2021 of the Uccle (Brussels) weather station was used from the Belgian Royal Meteorological Institute in TMY3 format) in compliance with ISO 15927-4 [43]. The operative temperature was used for overheating risk evaluations at 20–25 °C based on ISO 17772 [44]. The simulation was conducted with hourly time steps to cover the 8760 h of the year.




3.1.2. Internal Gains and Setpoints


The building model represents an office with one occupant (0.0207 person/m2), equipment, and lighting. Occupancy schedules assume a presence from 8 am to 6 pm during weekdays. Equipment on the workstation emits 150 W, which means 3.13 W/m2, and is active only during the same schedule. Lighting is turned on from 8 a.m. to 6 p.m. with the default setting of 5 W/m2-100 lux as power density. Lighting control is active and switches off the lighting when daylight is higher than 500 lux. The 500 lux threshold is considered optimal for improving workers’ productivity [45]. Continuous lighting control is activated, from 0 to 500 lux. A linear algorithm gradually interpolates lighting power to increase when natural daylighting decreases. Overheating risk thresholds are based on the CEN 16798 PMV/PPD model of category II. Setpoint temperatures for the room are set to 21 °C for heating and 25 °C for cooling and are kept for the study cases.




3.1.3. Energy Performance and PV Production


Since the scope of the analysis was to compare the energy performances of the different façade technologies, the results included only heating and cooling energy use, together with the electrical energy converted by the PV system for the BIPV façade. The BESTEST case assumes that the office is heated with natural gas as fuel and cooled with electricity. The Coefficient of Performance (COP) equals 0.5 and 4.5, respectively, for the heating and cooling systems. The heating and cooling systems work continuously throughout the day. Humidification/dehumidification does not occur, and domestic hot water heating is excluded in the model. Losses due to infiltration or thermal bridges or other system losses are not considered to ease the comparison of each technology.





3.2. Façade Technologies Modeling


Modeling dynamic and adaptive façade technologies is a complex task that requires different building energy model software. Therefore, several custom-made modeling workflows and scripts were used to represent the optical properties and control mechanisms under different boundary conditions. Various layers of each façade technology of the windows were modeled in detail concerning the optical and thermal parameters. The following subsections provide further explanations for the modeling assumptions and limitations of the four adaptive façade technologies.



3.2.1. Technology 1: Dynamic Shading


Dynamic shading technology controls or automates external and/or internal solar shading devices. In this study, automated blinds with low reflectivity were chosen as shading devices. Different parameters influence blinds as slat angle or slat thickness. Table 2 indicates the default input data of the dynamic shading chosen. Appropriate activation thresholds of the external blind for energy-saving were based on the review of similar studies [46,47]. A custom-made algorithm was created for the shading control using EMS, a high-level control method available in EnergyPlus influenced by the study of Karlsen [48]. Sensors were placed, and the generated simulation data was used to direct various control actions.




3.2.2. Technology 2: Electrochromic Window


The dark state of electrochromic glazing was modeled, taking into account the glazing’s wavelength and optical properties, including the refractive index of the materials contained in the functional layer [49]. Table 3 lists the glazing switching thresholds from clear to dark. The optical properties of both states are programmed based on manufacturers’ data sheets [7]. Changing the properties of the pre-defined electrochromic switchable’s subtype makes it possible to model the dark state of electrochromic glazing. The clear state can be modeled by modifying the optical properties of the window’s glazing type.



The optical properties of electrochromic glazing come from an existing study [7] which took properties from real manufacturers. Thus, these were kept.




3.2.3. Technology 3: BIPV Double-Skin Façade


The non-ventilated BIPV-DSF model in EnergyPlus was integrated onto the base case building model. The principle of modeling a double-skin is based on adding an internal partition or cavity into the base model. A large window covering almost the entire exterior wall surface is modeled. Some assumptions made for the BIPV double-skin façade model are listed below and in Table 4, based on Yang et al. (2020) [33]:




	
The base model assumes no air exchange between the cavity zone and the occupied space. Thus, the airflow path is considered Outdoor Air Curtain (OAC). No hot air was extracted from the air cavity, which was a barrier to heat loss in the cold seasons [30].



	
Cavity depth was set to 0.6 m as the optimal range of cavity depth in the sense of energy use [30,50].



	
Semi-transparent PV glazing with comparable VLT was selected for the study. The selected VLT values of the PV glazing were 30% which was based on previous studies [33,50].



	
Each of the two skins had an opaque portion (upper and lower) which represented, in reality, the ventilation louver in the closed position.









3.2.4. Technology 4: Active Ventilative Façade


A ventilated closed cavity façade was modeled in EnergyPlus. A closed cavity façade features a vented active façade or an air-exhaust façade with an automated interior solar shade similar to the active ventilative façade technology implemented in Germany’s Festo Building Esslingen site [52]. A ventilation channel through which waste air is exhausted is between the interior screen and the exterior glass. The cavity is also fed through the ceiling plenums, where exhaust air from the offices is expelled. Heat extraction through mechanical ventilation is programmed during winter and summer. The automated sun-shading generates a variable g-value, enabling summer heat protection and lowering the indoor temperature and cooling loads.



Another example can be found in the Antwerp Court House (2006). The curtain wall is a double-skin façade with an integrated ventilation system for nighttime cooling. Each office also has access to window ventilation during the daytime.





3.3. Control Strategies


Control strategies are the backbone of adaptive façade systems. They comprise different parameters that interact with the indoor and outdoor conditions, resulting in high complexity levels. Therefore, their programing depends strongly on the simulation software and requires additional high-level methods of modeling capabilities [53,54]. The advantage of using EnergyPlus is that the software has modeling objects that model dynamic shading, switchable glazing, and closed cavity. For each façade technology mode, numerous pre-defined control strategies were tested, facilitating the comparative analysis.



The four tested façade technologies embed automated controls for the occupants’ visual and thermal comfort. The control parameters used in this study include:




	
Occupancy schedule = 8:00–18:00 during working days



	
Vertical solar radiation sensor > 150 W/m2



	
Operative temperature OT > 25 °C



	
Glare > Index 22 and 150 W/m2








The control strategies were time-scheduled to operate the different technologies. Thresholds limits listed above were determined according to ISO 52016-3 [43] standard and other reference studies [7,33,48,55,56]. Furthermore, according to a study made in Germany in 2003, individuals activated their blinds to avoid incoming solar gains when they reached 450 W/m2 [57]. The operative temperature threshold of 25 °C was chosen for activating shading. The glare index of 22 was activated in EnergyPlus. Depending on the control strategy, the technology was activated when exceeding the threshold limits to decrease heat gain and lighting under this threshold. Blinds and shades cover all the windows except its frame.



On the contrary, when the shading device is ‘Off’, it is assumed to cover none of the windows. For switchable glazing, ‘On’ means that the glazing is in the fully switched dark or opaque state, while ‘Off’ means that it is in its clear state [49]. The detailed parameterization of the control strategies is described below.



3.3.1. Automated Shading: Dynamic Shading


	
DS 0—Dynamic shading operates based on a schedule



	
DS 1—solar = Dynamic shading operates based on solar control



	
DS 2—OT = Dynamic shading operates based on operative temperature



	
DS 3—Glare = Dynamic shading operates based on glare control







3.3.2. Chromogenic Glazing: Electrochromic Window


	
ECW 0—Electrochromic glazing operates based on a schedule



	
ECW 1—solar = Electrochromic glazing operates based on solar control



	
ECW 2—OT = Electrochromic glazing operates based on operative temperature



	
ECW 3—Glare = Electrochromic glazing operates based on glare control







3.3.3. Solar Active Façade: BIPV Double-Skin Façade


	
DSF 0—BIPV double-skin façade operates based on a schedule



	
DSF 1—solar = BIPV double-skin façade operates based on solar control



	
DSF 2—OT = BIPV double-skin façade operates based on operative temperature







3.3.4. Active Ventilative Façade: Ventilated Closed Cavity Façade


	
DSFV1-f25 = Ventilated closed cavity operates based on a schedule



	
DSFV2-f25 = Ventilated closed cavity operates based on solar control



	
ECW 2—OT = Ventilated closed cavity operates based on operative temperature






It is assumed that the only difference between double-skin façades (DSF) and double-skin ventilated façades (DSFV) is the ventilation mode. Thus, the parameters that will be studied are the airflow and the temperature threshold. Since this paper aims to investigate energy-saving potential and overheating risk, the control modes according to COST Action TU 1403 [58], these control strategies are time-scheduled control for the first one and hard-coded extrinsic control for the others. Thresholds are determined regarding standards and other studies [48,59,60]. The results correspond to the following control strategies:




	
Occupancy schedule means that the technologies are always on during occupied hours.



	
Solar radiance



	
Operative temperature: This last option is modeled by applying the control type inside air temperature, and then, when simulating, temperature control is set on 2–Operative temperature



	
Glare








Furthermore, a study made in Germany in 2003 investigated the moment when individuals tended to use electric lighting. They all activated their blinds to avoid incoming solar gains when they reached 450 W/m2 [57].



Finally, based on the standard CEN 16798, the optimal indoor temperature ranged between 21 and 25.5 °C [61]. However, without clear data for the operative temperature, the threshold, 25 °C, was used. No threshold was needed for glare control. Table 5 indicates the threshold for each control strategy. The control names are based on the control strategy labeling system of DesignBuilder.



Planning a schedule for using these smart envelopes would be a solution to optimize their use (Favoino et al., 2018) [58]. Therefore, dynamic envelopes could be switched on or activated during the schedule by taking into account control strategies, as shown in Figure 4.





3.4. Sensitivity Analysis


A sensitivity analysis was conducted to identify the most influential parameters that can lead to energy demand reduction exceeding 10% compared to the base case. The sensitivity analysis was performed only to evaluate the variance influence on energy use and overheating risk. Figure 5 presents the sensitivity analysis parameters chosen for the different cases and resume control strategies available and simulated for each case.



The Morris method was used to conduct a global sensitivity analysis where variables vary over the entire domain [62]. The Morris method is an efficient screening method that requires low computing costs with many inputs. The Morris method is based on repetitions of a one-at-a-time (OAT) design with a sequential variation of the inputs. The variation in the model output due to the change of input parameter is called the elementary effect [62]. The EE of a model y = y(x1, …, xk) with input parameters xi is defined as below:


  EEi =   y  (  x 1 ,    x  2 ,   … ,    xi  − 1 ,    xi    +    Δ  ,    xi  + 1 ,   … ,    xk   )  −    y   (  x 1 ,    x  2 ,   … ,    xk   )     Δ   



(1)







In this study, we adopted r = 5 considering the computation cost so that there are six repetitions of elementary effect calculated for each input variable (k = 12). The total number of simulations was r(k + 1) = 65.





4. Results


The results of the base case simulation and the four façade technologies are presented in this section, including the post-processing and visualization of the energy use and overheating risk.



4.1. Comparative Analysis


Figure 6 shows each case’s relative thermal energy performance and their control strategies by taking into account the sensitivity analysis. Dynamic shading with schedule control (DS 0) indicates the best thermal energy performance with 68.7% compared to the base case. The solar control strategy (ECW 1) reveals the most efficient energy performance with 72.3% compared to the base case for the electrochromic cases. Finally, the double-skin façade helps to decrease the energy demand but with a more negligible impact than electrochromic and dynamic shading cases. However, the leading cases are BIPV double-skin façade with schedule control (DSF 1) and active ventilative closed cavity façade (DSFV 2), 87.2% and 84.2% of the energy use compared to the base case, respectively. The PV electrical production is considered in the net energy saving for the BIPV-DSF case. This comes from Closed Cavity Façades, which mainly influence the heating loads lower than the cooling energy loads. On the contrary, the dynamic shading and electrochromic glazing technologies influence mainly the cooling loads.



The overheating risk is shown for all cases and their control strategies in Figure 7. Contrary to the energy performance, the double-skin façade cases improve the most overheating risk performance with an overheating risk between 88.6 and 88.4% compared to the base case. The electrochromic and dynamic cases have poor impacts on overheating risk, with an improvement of less than 4%. However, the solar control strategy damages this overheating risk for both dynamic shading and electrochromic glazing with a percentage of 107.0% and 103.1% compared to the base case.




4.2. Dynamic Shading


4.2.1. Energy Loads


The first three control strategies are almost the same heating demand throughout the year as the base case. The difference is more visible in the case of cooling energy loads. The behavior of the dynamic cases for cooling energy loads is similar to the electrochromic cases’ behavior, with the best results for schedule control (DS 0) closely followed by the Operative temperature control (DS 2). Once again, dynamic shading with glare control (DS 3) consumes the same amount of cooling energy as the base case. Thus, this control strategy will not be studied deeper with the surface temperatures and solar radiation.



As for electrochromic glazing, the more technology can save cooling energy loads, the higher the surface temperatures and the smaller the gaps. The difference between the surface temperatures is lower in each case compared to the base case. For example, during July, the inner and outer surface difference was 3°C for the base case and 1°C for the DS 2 case. Moreover, dynamic shading devices drastically reduce the transmitted solar radiation shown in the electrochromic case. The transmitted solar radiations are practically equal for dynamic shading with schedule control (DS 0) and operative temperature control (DS 2). Dynamic shading with solar control (DS 1) has higher solar radiation transferred to the room and has worse energy use performance.



Finally, Table 6 indicates results related to the energy loads. Dynamic shading with schedule control (DS 0) and operative temperature control (DS 2) has the best performance. As for electrochromic glazing, glare control does not change the energy use. This table shows that dynamic shading helps avoid overheating the room.




4.2.2. Overheating Risk


Table 7 presents the discomfort hours for dynamic shading cases. These technologies do not have a significant impact on overheating risk. Moreover, as for the energy loads analysis, DS 0 and DS 2 have the best performance related to overheating risk with a minimal difference. Discomfort hours with summer clothing slightly increase for all control strategies but even more for schedule control (DS 0). Discomfort hours with winter clothing decrease slightly.





4.3. Electrochromic Glass


4.3.1. Energy Loads


The simulations give almost the same heating energy load results as the base case. Electrochromic glazing with glare control (ECW 3) seems to have similar heating energy loads to the base case. Indeed, the annual heating demand is 3804 kWh for both. Thus, EW3 will not be studied further.



Cooling energy loads are significantly lower for the three first cases of electrochromic glazing with an annual decrease of 45.5%, 50.2%, and 44.7% for schedule control, solar control, and operative temperature control, respectively. As for heating energy loads, the glare control strategy does not change the cooling energy loads from the base case.



By comparing the solar radiation absorbed by the glazing, the implementation of electrochromic glazing decreases significantly the solar radiation transmitted to the room. Figure 8 shows a more linear behavior for electrochromic cases and even more when cooling energy loads are smaller. The electrochromic case with schedule control (ECW 0) closely followed by operative temperature control (ECW 2) has the best performance regarding energy and thus has smaller transferred solar radiation.



Table 8 indicates the energy simulation results for the base case and electrochromic cases. The percentage of energy compared to the base case is calculated. This percentage is always calculated as the following Equation:


     {   Value   of   the   case   }     {   Value   of   base   case   }      ·   100 = i m p r o v e m e n t   c o m p a r e d   t o   b a s e   c a s e   i n   %  



(2)







This table shows that electrochromic glazing remarkably reduces the annual and significantly cooling energy loads by avoiding overheating.




4.3.2. Overheating Risk


Table 9 displays overheating risk performance for electrochromic cases. The first control strategy (ECW 0) brings better overheating risk by comparing the results with the base case. Nevertheless, the difference is minimal and does not exceed 4%. Electrochromic glazing with solar control (ECW 1) brings the worst overheating risk with a percentage of 107% compared to the base case. Furthermore, as for the energy loads, electrochromic glazing with glare control (ECW 3) does not change the results.





4.4. BIPV Double-Skin Façade


4.4.1. Energy Loads


The BIPV double-skin façade decreases the heating energy demand, but the control strategies seem to influence this demand negatively. Moreover, contrary to electrochromic and dynamic shading cases, a simple or naturally ventilated BIPV double-skin façade has a small influence on the cooling energy loads. Table 10 indicates the results related to the energy loads. A BIPV double-skin façade helps to improve a significant way energy performance. The improvement is more significant in the case with control strategies. BIPV double-skin façade with schedule control (DSF 1) seems to have the best results related to energy use. A BIPV double-skin façade without any ventilation (DSF 0) helps decrease the heating energy loads, but the cooling energy loads are higher by 108% compared to the base case.




4.4.2. Overheating Risk


Table 11 reports the discomfort hours for the BIPV double-skin façade cases. A BIPV double-skin façade significantly improves overheating risk. A naturally ventilated BIPV double-skin façade with operative control (DSF 2) has the best performance. Closed Cavity Façades mostly reduce the discomfort hours with summer clothes and with summer and winter clothes which means that they mostly improve the overheating risk in summer.





4.5. Active Ventilated Closed Cavity Façade


4.5.1. Energy Loads


The heating energy loads for the different double-skin façade cases are lower for both cases and almost equal, as shown in Table 12. Legend corresponds to:




	
DSFV 1—Only mech. = Mechanically ventilated closed cavity façade with operative temperature control



	
DSFV 2—hybrid = Naturally and mechanically (=hybrid) ventilated closed cavity façade with operative temperature control








Moreover, mechanical and hybrid ventilation does not impact the cooling energy loads. Finally, a closed cavity façade helps to improve the energy performance, and natural ventilation increases even more, the performances. There is no difference between a naturally or mechanically ventilated closed cavity façade. However, hybrid ventilation shows a better performance in terms of energy-saving with 86.1% of the energy loads compared to the base case. The surface temperatures inside the cavity exhibit higher values than the inside surface. The cavity can act as a buffer zone that will store heat.




4.5.2. Overheating Risk


Double-skin façade helps to improve overheating risk performance. Table 13 gathers the discomfort hours of closed cavity façade with mechanical and hybrid ventilation. It shows that the difference between these two ventilation modes does not affect the results.





4.6. Sensitivity Analysis


The sensitivity of control strategies’ thresholds was investigated for each case.



4.6.1. Dynamic Shading


The dynamic shading with schedule control (DS 0) has the best performance regarding energy loads, but dynamic shading with operative temperature control (DS 2) has the best performance related to overheating risk. However, the thresholds and slats properties can vary and change the results.



DS 1—Solar Threshold Variation


Table 14 helps determine the most efficient solar threshold, which is 300 W/m2-K. This value seems to be the best compromise between energy use and overheating risk.




DS 2—Operative Temperature Threshold Variation


The differences in the sensitivity analysis results of the operative temperature threshold variation of the dynamic shading case are minimal and almost continuous for overheating risk and energy use. For an operative temperature threshold of 18 °C, the annual loads are 6242 kWh and the total hours of discomfort are 4139 h. For an operative temperature threshold of 26 °C, the annual loads are 6386 kWh and the total hours of discomfort are 4185 h.



The difference between the chosen thermal thresholds is less than 2% for energy demand and overheating risk. Thus, it is assumed that the dynamic shading case is not sensitive to this variation.




DS 2—Slat Angle Variation


The slat angle does not significantly impact energy use and overheating risk. Concerning the base case, the annual loads were 9091 kWh and the total hours of discomfort were 4207. For a slat angle of 15°, the annual loads were 6309 kWh, and for a slat angle of 75°, it was 6298 kWh. The total hours of discomfort were 4112 and 4101, respectively, for a slat angle of 15° and 75°. Thus, despite the small differences, the total loads reduction and overheating risk reduction are higher for an angle of 75° (total loads reduction of 69.3% and overheating risk reduction of 97.6% compared to base case).




DS 2—Slat Separation Variation


The slat separation does not have a significant influence on the impact criteria. Indeed, for the base case, the annual loads were 9091 kWh. When the slat separation was 0.5 cm, the annual loads were 6325 kWh, and when it was 5 cm, the annual loads were 6638 kWh. Thus, the variation influences overheating risk and energy use by less than 1% until a slat separation of 5 cm. However, the cooling loads increase when the salt separation is high, as shown in Figure 9. Thus, the settings of the reference case were kept, i.e., a slat separation of 1875 cm.




DS 2—Slat Width Variation


The width of the slat can vary. This variation influences the energy loads and especially the cooling loads. If the slats are too thin, the cooling energy loads increase significantly. By changing the slat width from 0.5 cm to 5 cm, the annual loads decreased by more than 15%, but the overheating risk varied by less than 2%. Indeed, with a slat width of 0.5 cm, the annual loads were 7689 KWh and the total hours of discomfort were 4185 h. Moreover, when the slat width was 5 cm, the annual loads were 6322 KWh and the total hours of discomfort were 4104 h. The best results concerning the total reduction load were obtained with a slat width of 2.5 cm (69.4%), and the best results concerning overheating risk reduction were obtained with a slat width of 5 cm (97.6%).




DS 2—Slat Blind-to-Glass Distance Variation


Finally, the last sensitivity analysis was made for the dynamic shading case concerning with blind-to-glass distance of the slat. There were no significant influences on this parameter. For a distance of 0.02 cm, the total loads’ reduction and the overheating risk reduction compared to the base case were 70.3% and 97.6%. For a distance of 0.2 cm, the total loads’ reduction and the overheating risk reduction compared to the base case were 68.9% and 98.2%.





4.6.2. Electrochromic Glass


Regarding the electrochromic glazing cases, it can be concluded that ECW with schedule control (ECW 0) has the best performance related to energy loads and overheating risk. However, the threshold of the control strategies could be varied.



ECW 1—Solar Threshold Variation


As shown in Table 15, the solar threshold has an essential impact on the energy demand and a small impact on overheating risk. By applying a solar threshold of 150 W/m2-K, the energy loads decrease, and by comparing it with the results obtained in Table 6, ECW 1 could have better results than ECW 0. The discomfort hours increase by more than 10%. According to this table, the reference case is the best compromise.




ECW 2—Operative Temperature Threshold Variation


The thermal threshold does not seriously impact the energy use except for the thermal threshold of 26 °C, as shown in Table 16. However, the indoor temperature is assumed to be appreciated between 21 and 25.5 °C [63]. Thus, 26 °C seems to be a too high threshold, even if it is the operative temperature and not the indoor temperature. Applying a thermal threshold of 20 °C is the best energy use and overheating risk option. Nevertheless, it can be observed that the overheating risk variation was less than 3%, and the energy use difference was less than 1% between 18 and 24 °C compared to the reference case.





4.6.3. BIPV Double-Skin Façade


According to the results given for the BPIV double-skin façade, the façade with schedule control (DSF 1) had the best performance related to energy loads, and the BPIV double-skin façade with operative temperature control (DSF 2) had the best performance related to overheating risk. It is assumed that the schedule could not be varied since the analysis was made for office buildings.



DSF2—Cavity Depth Variation


The larger the cavity is, the smaller the energy loads, especially the cooling loads. Overheating risk is poorly influenced, and energy use can decrease by 14.8% from a variation of 1 m to 0.25 m of the cavity depth. If the cavity is larger, the annual loads will decrease more. Indeed, with a depth of 1 m, the total loads’ reduction is 88.4%, and the overheating risk reduction is 86.6%. Moreover, with a depth of 0.25 m, the total loads’ reduction is 103.2%, and the overheating risk reduction is 86%.




DSF2—Operative Temperature Threshold


The thermal threshold of natural ventilation does not impact overheating risk or energy demand. There is an increase of less than 0.5% for energy demand and overheating risk from 18 to 26 °C (8022 kWh and 8042 kWh of annual loads and 3649 h and 3645 h discomfort).





4.6.4. Active Ventilated Closed Cavity Façade


The overheating risk is improved when applying mechanical (DSFV 1) or hybrid ventilation, but the difference between the two cases can be neglected. However, these results can be linked to some parameters. Thus, the parameters studied are the mechanical airflow and the thermal threshold.



DSFV 1—Mechanical Airflow


The energy demand and especially cooling loads decrease by applying a higher airflow rate inside the cavity. This energy demand can vary from 7.2% for an airflow rate between 3 and 25 ac/h. The overheating risk is not influenced by airflow rate since the difference is less than 0.2% between 3 and 25 ac/h.




DSFV 1—Operative Temperature Threshold


This case is not sensitive to the variation of the operative temperature control thresholds. The percentage of energy use and overheating risk presents a poor reduction. For example, between 18 °C and 26 °C, the annual loads vary from 8023 kWh to 8043 kWh, i.e., a total load reduction of 88.3% and 88.5%, respectively, compared to the base case.




DSFV 2—Mechanical Airflow of Hybrid Ventilation


Contrary to the mechanical ventilation case, the influence is smaller with an energy demand that varies from 5.1% between 3 and 25 ac/h against 7.2% for the mechanical ventilation. Changing the airflow rate does not induce a difference related to the discomfort hours. The performance is improved for a high airflow rate as in the first case.




DSFV 2—Operative Temperature Threshold


Finally, the last sensitivity analysis is made on the operative temperature threshold variation but for the double-skin façade with hybrid ventilation. The relative energy use varies from 5.1% between 3 and 25 ac/h while overheating risk does not change.







5. Discussion


The findings of this study confirm the saving potential of dynamic shading and electrochromic glazing in temperate climates. Among the four compared façade technologies for an office building in Brussels, controlled external blinds and electrochromic glazing had a similar performance. The choice of the control strategy is strongly influential. The following sections summarize the main study findings and provide practical recommendations for façade designers.



5.1. Summary of the Main Findings and Recommendations


The main findings highlighted by the study are:




	
Dynamic shading and electrochromic glazing have the best energy performance, reducing the total annual loads between 26.3% and 31.3%. Both façade technologies reduce the cooling energy demand by 44.7% and 54.4%.



	
Dynamic external blinds combined with the scheduled control strategy (DS 0—Dynamic shading operates based on a schedule) are the most effective façade technology that reduces energy use and overheating risk.



	
The slat separation and the slat width are the most influential properties of external blinds that improve the energy performance of dynamic shading. A slat separation larger than 3.75 cm significantly increases the cooling loads with more than 20% augmentation from 3.75 to 7.5 cm. A slat width below 1.25 cm increases the cooling demand by more than 26%, from 0.5 to 1.25 cm.



	
Electrochromic glazing with solar control (ECW 1—solar = Electrochromic glazing operates based on solar control) is the most effective façade technology that reduces energy use and overheating risk.



	
The sensitivity analysis for electrochromic glazing pointed out that the most influential parameter is the control threshold of solar radiation, which mainly reduces the cooling energy loads.



	
Both double-skin façade technologies (BIPV double-skin façade and active ventilated closed cavity façade) significantly reduce energy use and overheating risk by 18.8% and 13.4%, respectively. Closed cavity façade technologies mostly affect the heating loads with a decrease of 28% per year.



	
BIPV double-skin façade that operates based on solar control reduced the heating energy load by 13%. The semi-transparent BIPV- double-skin façade produced annual solar electricity that almost met heating energy use. The sensitivity analysis indicates that BIPV-DSF solar conversion performance is highly affected by the PV panel’s air cavity temperature and transparency.



	
For the ventilated closed cavity façade, the most influential parameters are the cavity depth and the airflow rate based on the sensitivity analysis results. Both parameters affect the energy demand and especially the cooling loads. Thus from 0.25 to 1.00 m for the cavity depth and from 3 to 25 ac/h, the cooling demand decreases by 14.8%, and 5.1%, respectively.








Even though the study results are initial and should only be interpreted in the context of cooling-dominated office buildings located in temperate climates, it presents practical recommendations for façade designers. Dynamic shading and electrochromic windows are the best adaptive façade systems to reduce cooling loads and decrease overheating risk. In an office building with a window to wall ratio of 55% and high internal loads, it is crucial to reduce solar heat gains at the source through external dynamic blinds and switchable electrochromic glazing. This study’s recommendations align with the work published earlier by Karlsen et al. [48] and Tällberg et al. [7].



Overall, the Closed Cavity Façades improved the energy performance but were not as effective as electrochromic glazing and dynamic shading devices. Compared to the base case, the reduction was between 7.9% and 18.2%. However, this technology mostly impacts the heating energy loads, decreasing it between 30% and 26.7%. Nevertheless, the cooling loads also decrease by more than 10% and improve the energy performance in the ventilated closed cavity façade. Thus, the active ventilation mode has an important effect on the energy demand, especially cooling demand in mild climates. Therefore, other combinations for closed cavity façades should be tested, including BIPV double-skin façades and ventilated closed cavity façades. Combining automatic blinds systems and active ventilation within the assembly components of closed cavity façades is recommended. It will allow occupants to interact with the façade [64]. However, closed cavity façades remain complex regarding their design, operation, and maintenance.



In the context of global climate change, summers will be warmer. Therefore, a control strategy should be coupled to the operative temperature control to avoid the overheating risk is necessary [65]. Overall, solar control-based and occupancy-based strategies performed the best when comparing the four technologies. For automatic blinds, the sensitivity analysis proved that the solar radiation threshold (150 W/m2 is the threshold used in this study to activate the blinds) is the most influential parameter that can reduce the cooling energy load and overall energy use. A higher solar threshold induces low cooling energy loads. However, a too-small threshold causes too low cooling demand at the expense of higher heating demand. Furthermore, a too large vertical spacing between slats or a too-small width of slats would let more sun pass through the window because the slatted cover would be too poor.




5.2. Strength and Limitations


The current study helps set a benchmark for comparing the energy performance and overheating risk of adaptive façade systems. It provides an overall view of the possible improvement brought by four advanced façade technologies. The study findings offer informed decision-making for adaptive façades design in cutting down cooling and heating energy loads while decreasing the overheating risk for building occupants. The study’s contribution lies in the comparative approach and not the absolute values of the technologies evaluation results. The comparison offers a chance to contrast the four technologies and objectively quantify their performance to facilitate their choice. The studied technologies are available in the market and becoming cost-effective. Building owners, façade designers, and architects are challenged by long-term carbon neutrality and well-being requirements, implying suitable and smart façade solutions. The study raises the awareness of decision-makers and helps deploy innovative adaptive façades technologies and their control strategies.



Moreover, the study methodology profited from advanced computation modeling features found in EnergyPlus and the high-level control methods of the Energy Management System (EMS). The buildings’ performance simulations benefited from the validated BESTEST 600 model to compare four façade technologies with different control strategies, which would have been very cumbersome and tedious if performed in a laboratory or field setting. The paper’s focus is directly related to energy use and overheating risk in buildings with adaptive façades. Therefore, the study’s main contribution is that its workflow can be transferred to other climates outside temperate climates. More importantly, the study can be reproduced and applied to real case studies to study the effect of adaptive façades for the four building orientations.



On the other hand, the study has some limitations. Visual comfort was not investigated, and thus the influence of the four adaptive façades on lighting energy loads and daylight quality is missing. At the same time, EnergyPlus is not the best software to evaluate visual comfort. Moreover, the control strategies applied in this study were limited by the programming capacity to represent the four technologies and their control strategies in the EMS of EnergyPlus. These control logics’ (non)availability determines what can be modeled in the simulation tool [58]. Therefore, the modeling results were initially compared using LBNL Windows and ES-SO ESBO. However, EnergyPlus remains one of the fittest-to-purpose building simulation tools. Finally, the study would have benefited from expanding its scope to include sustainability criteria such as the embodied carbon of the different adaptive façades technologies.




5.3. Implication on Practice and Research


Smart building technologies such as adaptive façades are identified as high potential solutions for future buildings and tend to become more and more popular [2]. The European Energy Performance of Buildings Directive (EPBD) recast of 2021 promotes the smartness of buildings through dynamic building envelopes. The introduction of the new indicator called the Smart Readiness Indicator (SRI) aims to accommodate smart-ready services, including adaptive façades. Thus, smart façade technologies are expected to become a part of best practices with the European goals towards carbon neutrality of the building sector by 2050.



Therefore, future work should focus on wide parametric analysis that evaluates visual comfort and addresses adaptive façades technologies’ carbon footprint. Also, the construction costs and maintenance are crucial criteria. Adaptive façades are mostly commissioned for protective performance, such as structural, air permeability, radiation properties, etc. and for energy performance [66]. However, there is a lack of information on occupant satisfaction [67] based on post-occupancy evaluations [68]. A post-occupancy evaluation is a suitable way to evaluate the performance of adaptive façades from users’ perspectives with the help of surveys.





6. Conclusions


Adaptive façades aim to improve the performance of buildings, such as by reducing energy use, environmental impacts, maintenance needs, and costs. More importantly, they prevent unwanted solar heat, generate energy, and allow occupant interactions to improve user satisfaction. In this study, four different façades families were studied:




	
dynamic shading;



	
electrochromic glazing;



	
BIPV double-skin façade;



	
active ventilative façade (closed cavity).








BESTEST case 600 model simulated office space’s energy and thermal performance in a temperate climate. Dynamic shading and electrochromic glazing have the best energy performance, reducing annual energy loads between 26.3% and 31.3%, especially cooling loads between 44.7% and 54.4%. On the other hand, Closed Cavity Façades could be more appropriate for cold climates by decreasing the total loads between 7.9% and 18.2%. Closed Cavity Façades decreased the heating energy loads between 27.9% and 30%. Dynamic shading devices and electrochromic glazing are the most promising technologies for thermal energy performance and overheating risk for office buildings in temperature climates among the four compared adaptive façades families.



Regarding overheating risk, the closed cavity façades have the best performance by significantly decreasing the summer thermal discomfort hours between 11.6% and 13.4%. Moreover, solar-based and operative temperature-based controls are the most promising control strategies for dynamic shading and electrochromic glazing cases and hybrid ventilation mode for Closed Cavity Façades cases. The results provide a valuable comparison for future studies. The results increase the awareness of project managers, clients, and other project stakeholders. They also provide scientists and façade engineers with useful information to successfully implement and parameterize adaptive façades in office buildings.
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Abbreviations




	AF
	Adaptive façade



	DS
	Dynamic shading



	DS0
	Dynamic shading with schedule control



	DS1
	Dynamic shading with solar control



	DS2
	Dynamic shading with operative temperature control



	DS3
	Dynamic shading with glare control



	DSF
	Double-skin façade



	DSF0
	Double-skin façade not ventilated



	DSF1
	Double-skin façade naturally ventilated with schedule control



	DSF2
	Double-skin façade naturally ventilated with operative temperature control



	DSFV
	Double-skin façade ventilated



	DSFV1
	Double-skin façade mechanically ventilated with operative temperature control



	DSFV2
	Double-skin façade naturally and mechanically (hybrid) ventilated with operative temperature control



	ECW
	Electrochromic window



	ECW0
	Electrochromic window with schedule control



	ECW1
	Electrochromic window with solar control



	ECW2
	Electrochromic window with operative temperature control



	ECW3
	Electrochromic window with glare control
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Figure 1. Main existing dynamic transparent building envelopes. 
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Figure 2. Study conceptual framework. 
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Figure 3. BESTEST case 600 geometry—ASHRAE (2017). ASHRAE standard 140-2017—a standard method of test for the evaluation of building energy analysis programs. 
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Figure 4. Dynamic envelope operating schema according to the schedule and control strategy. 
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Figure 5. Sensitivity analysis chosen for the different cases based on OT threshold. 
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Figure 6. Thermal energy performance—percentage for the energy use in all cases. 
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Figure 7. Overheating risk performance—percentage for thermal use of all cases. 
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Figure 8. Monthly solar radiation on the window—Base case and electrochromic cases—Window level. 
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Figure 9. Sensitivity analysis—DS2—slat separation. 
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Table 1. Materials specifications Low mass building—BESTEST case 600.
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Composition

	
Layer

	
Thickness (m)

	
Conductivity (W/m-K)

	
U-Value (W/m2-K)

	
Resistance (m2K/W)

	
Specific Heat (J/kg-K)

	
Density (kg/m³)






	
External wall (outside to inside)

	
Exterior surface coefficient

	
-

	
-

	
29.3

	
0.00

	
-

	
-




	
Wood Siding

	
0.009

	
0.14

	
15.6

	
0.06

	
900

	
530.0




	
Fiberglass quilt

	
0.066

	
0.04

	
0.6

	
1.65

	
840

	
12.0




	
PlasterBoard

	
0.012

	
0.16

	
13.3

	
0.08

	
840

	
950.0




	
Interior surface coefficient

	
-

	
-

	
8.29

	
0.12

	
-

	
-




	
Total air-air

	

	

	
0.516 *

	
1.94

	

	




	
Roof (outside to inside)

	
Exterior surface coefficient

	
-

	
-

	
29.3

	
0.03

	
-

	
-




	
Roof deck

	
0.019

	
0.14

	
7.368

	
0.14

	
900

	
530.0




	
Fiberglass quilt

	
0.1118

	
0.04

	
0.358

	
2.79

	
840

	
12.0




	
PlasterBoard

	
0.01

	
0.16

	
16.0

	
0.06

	
840

	
950.0




	
Interior surface coefficient

	
-

	
-

	
8.29

	
0.12

	
-

	
-




	
Total air-air

	

	

	
0.321 *

	
3.15

	

	




	
Floor (outside to inside)

	
Exterior surface coefficient

	
-

	
-

	
29.3

	
0.00

	
-

	
-




	
Insulation

	
1.003

	
0.04

	
0.0

	
25.08

	
-

	
0.00001




	
Timber flooring

	
0.025

	
0.14

	
5.6

	
0.18

	
1200

	
650.0




	
Interior surface coefficient

	
-

	
-

	
8.29

	
0.12

	
-

	
-




	

	
Total air-air

	

	

	
0.039

	
25.37

	

	




	
Building component

	
Area (m2)

	
U-value (W/m2-K)

	
U*A (W/K)




	
Walls

	
62

	
0.516 *

	
31.99




	
Roof

	
48

	
0.321 *

	
15.41




	
Floor

	
48

	
0.39

	
1.87




	
Window

	
12

	
N/A **

	
N/A **




	
Total

	
170

	
N/A **

	
N/A **




	
Volume (m³)

	
Window-to-wall ratio

	
Window-to-env. ratio

	
Env.rea per volume




	
128

	
55%

	
7%

	
1.33 m2/m3








* The total air-air U-value does not match the one given by the input report of DesignBuilder. This is probably because the software considers the ground properties in the U-value calculations. ** It is considered that the window properties will vary in each case; thus, the values will change.
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Table 2. Blinds with low reflectivity default properties in EnergyPlus.
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Slat Properties






	
Blind-to-glass distance (m)

	
0.05




	
Slat width (m)

	
0.025




	
Slat separation (m)

	
0.01875




	
Slat thickness (m)

	
0.001




	
Slat conductivity (W/m-K)

	
0.9




	
Slat angle (°)

	
45




	
Slat solar properties




	
Slat solar transmittance

	
0




	
Slat visible properties




	
Slat visible transmittance

	
0
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Table 3. Optical properties of the base case and ECW case.
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Envelope

	
State

	
g_Value

	
T_sol

	
T_vis

	
U-Value

(W/m2-K)

	
Reference






	
Base case

	

	

	
0.747

	
0.898

	
2.87

	
Design Builder BESTEST CASE 600 default settings




	
ECW

	
Clearest state (Window glazing)

	
0.46

	
0.3

	
0.4

	
1.59

	
[44], (p. 177)




	
Darkest state

(EC pane)

	
0.09

	
0.01

	
0.023
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Table 4. Properties of the semi-transparent PV glazing.
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	PV Type
	Perovskite PV
	Amorphous Silicon PV (a-Si)





	Source
	[51]
	Onyx Solar Energy SL



	U-value (W/m2 K)
	5.59
	5.14



	Visible Light Transmittance
	37.5%
	27.0%



	Solar Transmittance
	33.2%
	18.6%



	Solar Reflectance (front)
	3.5%
	9.0%



	Solar Reflectance (black)
	3.5%
	28.5%



	Visible Light Reflectance (front)
	4.0%
	7.1%



	Visible Light Reflectance (black)
	4.0%
	34.3%



	Emissivity
	0.89
	0.84



	PV efficiency (under STC), η (%)
	6.64
	2.84
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Table 5. Control types and thresholds in the study.
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	Control Name
	Control Type
	Threshold





	3
	On during schedule
	-



	4
	Solar irradiance (vertical façade)
	450 W/m2



	7
	Operative temperature
	25 °C



	5
	Glare Index
	22
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Table 6. Energy results—Base case and dynamic shading cases.
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Case

	
Base

	
Dynamic Shading






	

	
Name

	

	
DS0

	
DS1

	
DS2

	
DS3




	

	
Control strategy

	
-

	
Schedule

	
Solar

	
Operative temp.

	
Glare




	

	
Threshold

	
-

	
-

	
450 W/m2-K

	
24 °C

	
22




	
Energy

	
Heating demand (kWh/year)

	
3804

	
3834

	
3840

	
3858

	
3804




	
Heating loads saving (%)

	
100.0

	
100.8

	
100.9

	
101.4

	
100.0




	
Cooling demand (kWh/year)

	
5287

	
2409

	
2886

	
2450

	
5287




	
Cooling loads saving (%)

	
100.0

	
45.6

	
54.6

	
46.3

	
100.0




	
Annual loads (kWh)

	
9091

	
6243

	
6726

	
6308

	
9091




	
Total energy reduction (%)

	
100.0

	
68.7

	
74.0

	
69.4

	
100.0











[image: Table] 





Table 7. Hours of discomfort—Base case and dynamic shading case.
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	Case
	Control Strategy
	Threshold
	Hours of Discomforts with Winter Clothes (h)
	Hours of Discomforts with Summer Clothes (h)
	Hours of Discomforts with Winter or Summer Clothes (h)
	Total Hours of Discomfort (h)
	Improvement of Overheating Risk (%)





	Base
	-
	-
	2221
	1282
	704
	4207
	100.0



	Dynamic shading
	On during schedule
	-
	1780
	1667
	692
	4139
	98.4



	
	Solar
	450 W/m2-K
	2029
	1461
	722
	4212
	100.1



	
	Operative temp.
	24 °C
	1944
	1477
	706
	4127
	98.1



	
	Glare
	22
	2221
	1282
	704
	4207
	100.0
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Table 8. Energy results—Base case and electrochromic cases.
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Case

	
Base

	
Electrochromic Glazing






	

	
Name

	

	
ECW0

	
ECW1

	
ECW2

	
ECW3




	

	
Control strategy

	
-

	
Schedule

	
Solar

	
Operative temp.

	
Glare




	

	
Threshold

	
-

	

	
450 W/m2-K

	
24 °C

	
22




	
Energy

	
Heating demand (kWh/year)

	
3804

	
3824

	
3969

	
3845

	
3804




	
Heating loads reduction (%)

	
100.0

	
100.5

	
104.3

	
101.1

	
100.0




	
Cooling demand (kWh/year)

	
5287

	
2880

	
2601

	
2922

	
5287




	
Cooling loads reduction (%)

	
100.0

	
54.5

	
49.2

	
55.3

	
100.0




	
Annual loads (kWh)

	
9091

	
6704

	
6570

	
6767

	
9091




	
Total energy reduction (%)

	
100.0

	
73.7

	
72.3

	
74.4

	
9091.0
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Table 9. Hours of discomfort—Base case and electrochromic cases.
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	Case
	Control Strategy
	Threshold
	Hours of Discomforts with Winter Clothes (h)
	Hours of Discomforts with Summer Clothes (h)
	Hours of Discomforts with Winter or Summer Clothes (h)
	Total Hours of Discomfort (h)
	Improvement of Overheating Risk (%)





	Base
	-
	-
	2221
	1282
	704
	4207
	100.0



	
	On during schedule
	-
	1864
	1555
	655
	4074
	96.8



	Electrochromic
	Solar
	450 W/m2-K
	1974
	1664
	862
	4500
	107.0



	
	Operative temp.
	24 °C
	2078
	1360
	702
	4140
	98,4



	
	Glare
	22
	2221
	1282
	704
	4207
	100.0
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Table 10. Energy results—Base case and double-skin façade case.
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Case

	
Base

	
BIPV Double-Skin Façade






	

	
Name

	

	
DSF0

	
DSF1

	
DSF2




	

	
Control strategy

	
-

	
-

	
Schedule

	
Operative temp.




	

	
Threshold

	
-

	
-

	
-

	
24 °C




	
Energy

	
Heating demand (kWh/year)

	
3804

	
2663

	
2788

	
2704




	
Heating loads saving (%)

	
100.0

	
70.0

	
73.3

	
71.1




	
Cooling demand (kWh/year)

	
5287

	
5710

	
5026

	
5329




	
Cooling loads saving (%)

	
100.0

	
108.0

	
95.1

	
100.8




	
Annual loads (kWh)

	
9091

	
8373

	
7814

	
8033




	
Total energy reduction (%)

	
100.0

	
92.1

	
86.0

	
88.4
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Table 11. Hours of discomfort—Base case and BIPV double-skin façade case.
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	Case
	Control Strategy
	Threshold
	Hours of Discomforts with Winter Clothes (h)
	Hours of Discomforts with Summer Clothes (h)
	Hours of Discomforts with Winter or Summer Clothes (h)
	Total Hours of Discomfort (h)
	Improving of Overheating Risk (%)





	Base
	-
	-
	2221
	1282
	704
	4207
	100.0



	BIPV double-skin façade
	-
	-
	2202
	1014
	432
	3648
	86.7



	
	On during schedule
	(10 ac/h)
	2188
	1071
	458
	3717
	88.4



	
	Operative temp.
	24 °C; 10 ac/h
	2197
	1015
	432
	3644
	86.6
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Table 12. Energy results—Base case and ventilated closed cavity façade cases.
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Case

	
Base

	
Closed Cavity Façade






	

	
Name

	

	
DSFV1

	
DSFV2




	

	
Control strategy

	
-

	
Mech.—OT

	
Hybrid—OT




	

	
Threshold

	
-

	
24 °C

	
24 °C




	
Energy

	
Heating demand (kWh/year)

	
3804

	
2705

	
2723




	
Heating loads saving (%)

	
100.0

	
71.1

	
71.6




	
Cooling demand (kWh/year)

	
5287

	
5329

	
5100




	
Cooling loads saving (%)

	
100.0

	
100.8

	
96.5




	
Annual loads (kWh)

	
9091

	
8034

	
7823




	
Total energy reduction (%)

	
100.0

	
88.4

	
86.1
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Table 13. Hours of discomfort—Base case and ventilated closed cavity façade case.
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	Case
	Control Strategy
	Threshold
	Hours of Discomforts with Winter Clothes (h)
	Hours of Discomforts with Summer Clothes (h)
	Hours of Discomforts with Winter or Summer Clothes (h)
	Total Hours of Discomfort (h)
	Improving of Overheating Risk (%)





	Base
	-
	-
	2221
	1282
	704
	4207
	100.0



	Double-skin ventilated façade
	Operative temp.
	24 °C
	2196
	1014
	431
	3641
	86.5



	
	Operative temp.
	24 °C
	2196
	1014
	432
	3642
	86.6
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Table 14. Sensitivity analysis—DS 1—solar threshold variation improvement.
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Diminutive

	
Case

	
Fixed Parameter

	
Parameter Varied

	
Annual Loads (kWh)

	
Total Loads Reduction %

	
Total Hours of Discomfort (h)

	
Overheating Risk Reduction %






	
Sensitivity analysis: dynamic shading—Solar threshold




	
Base case

	
Base

	

	

	
9091

	
100.0

	
4207

	
100.0




	
DS1-s150

	
Dynamic shading

	
Slat properties

	
150 W/m2-K

	
6294

	
69.2

	
4502

	
107.0




	
DS1-s300

	
300 W/m2-K

	
6322

	
69.5

	
4337

	
103.1




	
DS1

	
450 W/m2-K

	
6726

	
74.0

	
4212

	
100.1




	
DS1-s600

	
600 W/m2-K

	
7858

	
86.4

	
4214

	
100.2




	
DS1-s750

	
750 W/m2-K

	
8901

	
97.9

	
4210

	
100.1
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Table 15. Sensitivity analysis—ECW 1—solar threshold variation improvement.
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Diminutive

	
Case

	
Fixed Parameter

	
Parameter Varied

	
Annual Loads (kWh)

	
Total Loads Reduction %

	
Total Hours of Discomfort (h)

	
Overheating Risk %






	
Sensitivity analysis: electrochromic—Solar threshold




	
Base case

	
Base

	

	

	
9091

	
100.0

	
4207

	
100.0




	
ECW1-s150

	
Electrochromic

	
Optical properties

	
150 W/m2-K

	
6489

	
71.4

	
4740

	
112.7




	
ECW1-s300

	
300 W/m2-K

	
6480

	
71.3

	
4611

	
109.6




	
ECW1

	
450 W/m2-K

	
6570

	
72.3

	
4500

	
107.0




	
ECW1-s600

	
600 W/m2-K

	
6872

	
75.6

	
4475

	
106.4




	
ECW1-s750

	
750 W/m2-K

	
7213

	
79.3

	
4493

	
106.8
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Table 16. Sensitivity analysis—ECW 2—thermal threshold variation improvement.
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Diminutive

	
Case

	
Fixed Parameter

	
Parameter Varied

	
Annual Loads (kWh)

	
Total Loads Reduction %

	
Total Hours of Discomfort (h)

	
Overheating Risk %






	
Sensitivity analysis: electrochromic—Temperature threshold




	
Base case

	
Base

	

	

	
9091

	
100.0

	
4207

	
100.0




	
ECW2-t18

	
Electrochromic

	
Optical properties

	
18 °C

	
6705

	
73.8

	
4074

	
96.8




	
ECW2-t20

	
20 °C

	
6704

	
73.7

	
4070

	
96.7




	
ECW2-t22

	
22 °C

	
6741

	
74.2

	
4164

	
99.0




	
ECW2

	
24 °C

	
6767

	
74.4

	
4140

	
98.4




	
ECW2-t26

	
26 °C

	
7157

	
78.7

	
4177

	
99.3
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