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Abstract

:

Overheating, glare, and high-energy demand are recurrent problems in office buildings in Santiago, Chile (33°27'S; 70°42'W) during cooling periods. Santiago climate is warm and dry, with high solar radiation and temperature during most of the year. The objective of this paper is to evaluate the thermal and daylighting performance of office buildings transparent façades composed of three different complex fenestration systems (CFS). Each CFS contains a different external shading device (ESD): (1) external roller, (2) vertical undulated and perforated screens, and (3) tilted undulated and perforated screens. The study was carried out by in situ monitoring in three office buildings in Santiago, Chile. Buildings were selected from a database of 103 buildings, representing those constructed between 2005 and 2011 in the city. The monitoring consisted of measuring the short wave solar and daylighting transmission through fenestration systemsby means of pyranometers and luxometers, respectively. This paper shows measurements that were carried out during summer period. A good performance is observed in a building with the external roller system. This system—applied to a northwest façade—shows a regular and high solar and daylighting control of incoming solar radiation. The other two ESD systems evidence a general good performance. However, some deficiencies at certain times of the day were detected, suggesting a non-appropriated design.
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1. Introduction


The size and type of glazed areas of office building’s envelope is a key variable to be considered during their preliminary architectural design stages. Façades transparency of this type of buildings directly impacts the occupant’s thermal and visual comfort and has an intrinsic relationship with the heating, ventilation and air conditioning (HVAC) and lighting final energy consumption. Fenestration areas provide panoramic views to outdoor and transmission of solar radiation, allowing solar heat gains and daylighting to indoor spaces. Therefore, windows directly impact comfort, productivity, and health of the occupants [1,2,3]. At the same time, daylight can significantly reduce buildings electric energy consumption, due to reduction of using artificial lighting [1,4]. This also may decrease internal gains, which reduces the buildings cooling energy demand. High energy cooling demand and overheating have become recurrent problems in fully glazed façade office buildings during the last few years [5]. For example, studies show that 70% of the peak cooling loads of Galileo building in Frankfurt, Germany, are caused by the excessive solar heat gains transmitted through its fully glazed façade [6].



Cooling demand is significantly higher than heating demand in office buildings with fully glazed façade located in Central Chile. In fact, highly glazed buildings in Santiago and Valparaíso (33°S) show significant overheating and glare problems during summer and intermediate seasons of the year [7,8,9].



Similar results were obtained in a study made for a building located in Sweden, a country with a colder climate and less solar radiation than Santiago and Valparaíso. This study concluded that the energy performance of the analyzed building strongly depends on the size of the glazed surfaces of the building’s envelope [10]. Thus, the impact of using a fully glazed façade in office buildings of Sweden must be carefully analyzed. Office building with 30% and 60% of envelope’s glazed areas are highly more energy efficient than those with fully glazed facades. Highly transparent façades of office buildings in Sweden generate high cooling energy demand and glare problems in their interior spaces [10].



Glare problems in buildings have been extensively studied in different countries [11,12,13,14]. According to some studies, the window-to-wall ratio highly impact on the interior illuminance of office buildings, affecting their occupant’s comfort [9,13]. High illuminance may suggest glare problems for occupants.



For achieving indoor visual comfort and high-energy performance in office buildings, particularly in cooling periods, a careful design process of the building’s envelope must be done from its early design stages. The façade system could include an ESD, as an effective way for controlling solar heat gains, and, hence, overheating prevention and/or air conditioning energy savings during cooling periods of the year.



Given the direct relationship between thermal and lighting behavior of office buildings, and in order to achieve comfort with architectural criteria and design strategies that improve the energy performance of office buildings, several studies have been aimed to analyze them simultaneously by means of energy and lighting simulation tools [13,15,16,17,18,19].



Research on thermal [3,20,21] and visual [22,23,24] comfort in office buildings have been carried out in different countries. One of these studies [3] analyzed the effect of different kinds of interior blinds and curtains on occupants’ comfort during winter days under different weather conditions. In this study, interior surfaces temperatures of glazing, shading devices, and floor were measured. In addition, a thermal comfort meter to register the operative temperature and an indoor climate analyzer for registering indoor environmental conditions were placed at 1.3 m from the façade at height of 1.1 m. Depending on the sky condition (clear or overcast sky) the use of the interior blinds and curtains may significantly contribute on improving comfort conditions in the measured zone. In fact, during clear-sky days, even with cold external temperatures, the interior glass surface may reach quite high temperature, causing discomfort to occupants in the measured zone, when no interior shading device was used. This study concluded that interior blinds and curtains can effectively minimize the incident solar radiation on the occupants, allowing a better thermal environment around them [3].



On the other hand, illuminance measurement and occupant behavior observation was performed in an office building in San Francisco, California. It was found that Northwest and Southeast external shading devices were not enough to prevent glare and the use of interior curtains was necessary [20].



Just a few of the mentioned studies consider an experimental protocol to simultaneously analyze the thermal and lighting energy performance of office spaces. In fact, with the aim of analyzing the thermal and lighting performance of a building located in Sheffield, England, luminance, illuminance, and temperature measurements were performed during different seasons. Overheating and glare were detected in working spaces [25]. However, this study lacks of measurements of transmitted solar radiation through the transparent sections of the façade, thus, overheating and glare problems cannot be correlated, quantitatively, to the magnitude of solar heat gains and daylighting transmission. In this city, average of sunshine hours during the month of January is 43.1 h and during July is 194.4 h [26].



Santiago presents a warm and dry climate, with high daily temperature variations, especially in summer and intermediate seasons. From October to March there are almost no precipitations, observing high levels of solar radiation and high temperatures. Average of sunshine hours during January is 325.7 h and during July are 118.2 h. During January (the hottest month), the mean maximum temperature is 29.7 °C and the mean minimum temperature is 13.0 °C. However, temperature can rise over 35 °C in some summer days. During the coldest month (July), the mean maximum temperature is 14.9 °C, and the mean minimum is 3.9 °C [27].



Different studies in office buildings of the city of Santiago de Chile have shown that there are severe problems of overheating and glare when highly transparent facades are used. In office buildings, when decreasing the window to wall ratio, these problems are significantly reduced. Facades with external shading devices highly decrease office building’s cooling energy demand, positively impacting in the occupant’s thermal and visual comfort [7,28]. Conclusions of these studies are based on daylighting and thermal performance simulations. No experimental studies exist in Chile regarding to thermal and daylighting performance of complex fenestration systems, which includes glazing and shading devices with complex geometries (such as perforated screens, blinds, and curtain rollers) with optical properties highly angular dependent [29]. These types of complex systems are difficult or impossible to be modeled in a simulation tool.



On the other hand, not many studies where SW (Short-Wave) solar radiation and daylighting transmission are simultaneously monitored in existing buildings have been found.



The objective of this paper is to simultaneously evaluate the thermal and daylighting performance of office buildings’ complex fenestration systems containing three different external shading devices (ESD): (1) external curtain roller, (2) vertical undulated and perforated screen, and (3) tilted undulated and perforated screen.



To achieve this objective, a methodology to measure the solar radiation transmitted as solar heat gain and daylight, through a complex fenestration system, was designed. This methodology was implemented in three existing office buildings in Santiago of Chile (33°27'S; 70°42'W), which have incorporated the mentioned three different kinds of ESD.




2. Methodology


2.1. Definition of the Case Studies


A complete database of 102 office buildings built between 2005 and 2011 in different districts of the city of Santiago was generated. This database includes information about the building itself (i.e., useful surface, number of stories, building’s geometric compactness) and variables for the façade system characterization (i.e., kind of system, type of glazing, existence of shading devices, and window-to-wall ratio). The information to generate this database was obtained from building permits of the different municipalities, where buildings have been built. In some cases, information was complemented by contributions of the respective designers.



Then, the buildings were characterized by means of a descriptive analysis of their formal variables and façade properties, prioritizing those cases that incorporate systems to control solar radiation (i.e., selective glazing, shading devices) due to the objectives of the research. Finally, the results obtained from the descriptive analysis were considered for selecting the case studies to be analyzed in this paper. Additionally, the database accomplished a secondary objective of showing a panorama of the contemporary construction of office buildings in Santiago, Chile.




2.2. Measurements


This paper shows measurements in three case studies during summer days, in order to characterize the performance of the façade with different ESD systems for this periods of the year. Due to the extensive use of the office spaces, measurements were mainly registered during weekends. According to that, data collection lasted as long as three days, considering continuous measurements in 10-minute intervals.



The registered data correspond to measurements of solar radiation and illuminance.



2.2.1. Measurements of Short-Wave (SW) Solar Radiation Transmission


Kipp & Zonen’s SP Lite 2 pyranometers were used for measuring incident irradiance and transmitted short-wave (SW) solar radiation. These instruments were located in different parts of the façade, as shown in Figure 1. The incident solar radiation is registered in the vertical plane between 100 cm and 120 cm over the floor, in three points: Exterior (i), solar between the glazing and the ESD (ii), and interior (iii).



The SP Lite2 has a 180° view field, sensitivity from 60 to 100 µV/W/m² and a spectral range between 400 and 1100 nm. Since the instrument considers a smaller spectral range than pyranometers of higher precision, comparisons were made between the SP Lite2 and another Kipp & Zonen pyranometer, the CMP11, which covers a spectral range from 285 to 2800 nm. The comparison sessions were performed during four days, registering the irradiance in a vertical plane facing north. The results of this verification showed an excellent agreement between the two types of pyranometers, which shows that the SP Lite2 is appropriated for measuring incoming and transmitted SW solar radiation on a vertical plane, and for indirectly evaluate the performance of façade systems in terms of controlling solar heat gains.
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Figure 1. Location of the sensors for in situ monitoring of incident and transmitted SW solar radiation and illuminance. 






Figure 1. Location of the sensors for in situ monitoring of incident and transmitted SW solar radiation and illuminance.
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2.2.2. Measurements of Illuminance


Horizontal illuminance measurements were performed 80 cm over the floor, in five positions located in a perpendicular line to the glazing. The first point corresponds to an exterior illuminance measurement, while the other four sensors are located in the interior, at different distances from the façade (Figure 1). Five sensors were connected in series to a Konica Minolta T-10A luxmeter, which accounts for a 2% of error. Illuminance and SW solar radiation measurements are done simultaneously.



Measurements obtained by the pyranometers and luxmeters were obtained every 10 min. Pyranometers were connected to an Agilent 39470A data acquisition system, while the illuminance sensors were connected to their own data acquisition system.






3. Monitored Buildings


3.1. Office Buildings in Santiago, Chile


Buildings of the already mentioned database (point 2.1) are from 4 to 32 stories, with constructed area between 2000 m2 and 40,000 m2. The building facade of 41% of the sample is exclusively curtain walls, 10% is lightweight façade, 17% is loadbearing walls, and 32% corresponds to a mix of more than one type of façade.



The preference of non-structural façade systems as curtain walls (41%) over load-bearing walls (17%) allows installation of a large transparent envelope area. In fact, 51% of the buildings register window-to-wall ratios between 75% and 100%, and 33% between 50% and 74%. Due to Santiago’s climate, with high level of solar radiation, this large transparency on the office building envelope may cause an intensive risk of glare and overheating or high cooling energy consumption.



Due to risk of overheating and high cooling energy consumption, some office buildings incorporate ESD to reduce solar heat gains. From all the registered buildings in the city, only 18.6% of them use ESD in at least one of their facades. From this fraction, a 42.1% use overhangs, 36.8% use brise-soleil and 10.5% louvers. The rest of ESD correspond to other types of systems. It is important to notice that this classification only considers the existence of shading devices in any façade of the buildings and that the sole existence of the ESD in the building does not mean that it works properly or that it was conceived under energy efficiency criteria. The authors are certain that in some cases, the ESD were probably incorporated for aesthetic criterion rather than being used as sun protection systems. In fact, for example, overhangs on east and west oriented facades, which are observed in some buildings, are not effective as solar protection systems.




3.2. Analyzed Buildings


The monitored buildings correspond to three office buildings with similar characteristics in terms of dimensions, but with different types of CFS. Each CFS is evaluated within the context of the building where it is located, in terms of controlling SW solar and daylight transmission.



3.2.1. Building A


This a six-story building of 5200 m2 with a lightweight façade system, made of full-glazed components from floor to ceiling, having a 100% window-to-wall ratio (Figure 2). On its northwest façade, the building presents a concrete overhang and an exterior curtain roller that is automatically deployed through a photo sensor located at the roof. The curtain is operated during working days and occasionally during weekends. Artificial light is off excepting before 9:00 and after 19:00. Measurements were performed in the 6th floor, in a space close to a terrace, which allows access to the exterior of the building for installing outdoor instrumentation. Instrumentation was located according to Figure 1. Measurements were carried out during weekend to capture periods or days when the exterior roller were completely down or not deployed, allowing analysis of the system’s performance.
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Figure 2. Complex fenestration system and location of the instrumentation in Building A. 
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3.2.2. Building B


This is a nine-story and 6300 m2 office building, with light-weight glazed façade, with an operable double-clear-glazing fenestration system with aluminum framing. Even though this building presents some opaque zones on its envelope, its window-to-wall ratio is between 75% and 100%. East and west-facing facades of the building have metallic undulated and micro perforated sunscreens, while the north-facing façade has a set of horizontal micro perforated louvers, contained in evenly-spaced two-story steel frames.



Even though measurements were performed on the west, north, and east-facing façade, only the latter is analyzed on the present document, aiming to characterize the performance of the metallic sunscreen. Instrumentation was installed on the third floor, in a classroom, facing east (Figure 3). Artificial light is off during measurements.
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Figure 3. Complex fenestration system and location of the instrumentation in Building B. 
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3.2.3. Building C


This is a four-story and 5500 m2 office building, with load-bearing walls and operable windows. The total window-to-wall ratio varies between 50% and 74% for east and west-facing facades (main facades of the building). While single clear glass is installed on the east-facing windows, the west-facing façade considers clear double-glazing units and an undulated micro-perforated sunscreen as a solar control strategy. This screen is supported by a secondary structure, which positions it in an angle of 30° with respect to the vertical plane.



Measurements were performed on the third floor, in a closed space facing west. The space is used as a library, and, thus, it is used sporadically as a working space. Instrumentation was installed as shown in Figure 4. Artificial light is off during measurements.
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Figure 4. Complex fenestration system and location of the instrumentation in Building C. 






Figure 4. Complex fenestration system and location of the instrumentation in Building C.
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4. Results and Analysis


4.1. Measurements


The following data correspond to measurements performed during a clear-sky day, and will be used for evaluating the performance of the different CFS in terms of SW solar and daylight transmission through them.



4.1.1. Building A


First, data corresponding to building A is shown in Figure 5. It can be observed that the exterior roller can significantly reduce both SW solar and daylight transmission to the interior space. It can also be observed that this system was deployed from 14:00 to 19:00. This is the period when sun rays directly strikes this façade.



Since the data correspond to a clear-sky day, the registered values show a very high exterior illuminance (up to 100,000 lux), while only 500 lx to 1000 lx are measured on the interior, when the curtain roller is deployed.
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Figure 5. Solar Radiation (a) and illuminance (b) registered during a clear-sky day in Building A. 






Figure 5. Solar Radiation (a) and illuminance (b) registered during a clear-sky day in Building A.
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4.1.2. Building B


On the other hand, data from Building B was obtained from measurements on the east façade (Figure 6). In this case, a considerable reduction of the incoming solar radiation is observed indoor. SW transmitted solar radiation reaches values of around 266 W/m2. Regarding daylight transmission several interior illuminance peaks were registered on this building. These peaks are observed during the incident period of solar radiation (07:00 to 13:00), which suggests design deficiency in the ESD. During this period, illuminance values from around 5000 lx to 45,000 lx were measured.
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Figure 6. Solar Radiation (a) and illuminance (b) registered during a clear-sky day in Building B. 
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4.1.3. Building C


According to data of building C, the use of an ESD system also shows an important reduction of the incident solar radiation, being this very clear after 15:00, when beam radiation starts reaching the west façade. Also, an important reduction on the interior illuminance can be seen with respect to the exterior one, even though values of 10,000 lx were registered by sensors 01 and 02 during the afternoon (Figure 7). Data in building C show illuminance peaks during the afternoon, reaching maximum values of about 50,000 lx.
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Figure 7. Solar Radiation (a) and illuminance (b) registered during a clear-sky day in Building C. 






Figure 7. Solar Radiation (a) and illuminance (b) registered during a clear-sky day in Building C.
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4.2. System Efficacy


The previous results provide insight information about the performance of CFS during daytime in summer. In order to analyze this performance, an index is used to quantify the efficacy of each system in terms of reducing the SW solar radiation This index is defined as the ratio of the registered values of the interior pyranometer (or luxmeter) over the values registered by the exterior pyranometer (or luxmeter). In addition, for SW solar transmission, this value was estimated in a daily-integrated basis.



4.2.1. Daily Integrated Factor for SW Solar Transmission


Values of the daily-integrated factor for summer days and for the 3 CFS are shown in Table 1.
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Table 1. Daily-integrated interior/exterior short-wave (SW) solar factor for different summer days of the three buildings.







Table 1. Daily-integrated interior/exterior short-wave (SW) solar factor for different summer days of the three buildings.







	
Building

	
Orientation

	
Complex Fenestration System

	
Day

	
Month

	
Internal/External SW Solar Transmission Index






	
Building A

	
NW

	
selective double glazing + roller

	
Day 01

	
January

	
0.12




	
Day 02

	
January

	
0.11




	
Building B

	
E

	
clear double glazing + undulated perforated screen (vertical)

	
Day 01

	
January

	
0.11




	
Day 02

	
January

	
0.11




	
Building C

	
W

	
clear double glazing + undulated perforated screen (tilted)

	
Day 01

	
January

	
0.10




	
Day 02

	
January

	
0.11









It can be observed that the daily-integrated Interior/Exterior SW solar factor value of the 3 evaluated CFS remains relatively constant, reaching values from 0.10 to 0.12.




4.2.2. Instantaneous Index for SW Solar and Daylighting Transmission


The fact that similar results were found for the different cases) suggests that all three CFS reaches almost identical effectiveness in terms of blocking SW solar radiation. However, differences in their performance can be seen in different times of the day, which require a deeper analysis. According to that, Interior/Exterior factor for instant values are plotted for both SW solar radiation values in Figure 8, Figure 9 and Figure 10 for buildings A, B and C, respectively. Also the variation of an illuminance instantaneous factor is shown in these figures. This illuminance interior/exterior factor corresponds to the ratio between the registered values of the different interior luxmeters over the value registered by the exterior luxmeter.



Figure 8 shows that the performance of the system installed on building A varies strongly at 15:00, when the roller is deployed. Despite of that, the values of the SW Interior/exterior factor before and after this discontinuity are almost constant, being a little less than 0.4 in the morning (with the roller up) and close to 0.01 in the afternoon (with the roller down).



Similar behavior can be seen for the illuminance values registered by sensor 01 (the closest to the façade). However, the data registered by sensors 02, 03, and 04 is distorted during the first hours of the morning because the space receives diffuse radiation from the east-facing facade (the analyzed space is located in a corner of the building). This is the reason why these sensors stabilize and follow sensor 01 and solar irradiance’s tendency from 12:00 to 14:30 hours. According to that, values of 0.5, 0.4, 0.3, and 0.2 are found for sensors 01 to 04, respectively. Illuminance factors data when the curtain is deployed show values of around 0.01, similar as for SW solar radiation interior/exterior factor.
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Figure 8. Solar radiation and illuminance internal/external factor for Building A. 
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On the other hand, building B shows a variable ratio between the interior and exterior values for different illuminance and SW solar radiation sensors, with important peaks during morning hours (Figure 9). As expected, during afternoon (14:00 to evening), both SW solar and illuminance factors are constant due to the presence of diffuse solar radiation.



The registered behavior is caused by discontinuities in the undulated screen, suggesting probable deficiencies in the solar protection system design of the CFS.
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Figure 9. Solar radiation and illuminance internal/external factor for Building B. 






Figure 9. Solar radiation and illuminance internal/external factor for Building B.
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Similar to building B, building C shows constant Interior/Exterior SW solar factor values in some periods and unstable values in some others (Figure 10). During the morning, Interior/Exterior SW solar factor values vary from 0.1 to 0.2, and reaches values of around 0.1 in the afternoon. The Illuminance Interior/Exterior factor values present peaks and instability from 15:30 p.m., when the façade starts receiving direct solar radiation.
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Figure 10. Solar radiation and illuminance internal/external factor for Building C. 






Figure 10. Solar radiation and illuminance internal/external factor for Building C.
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In building C, peaks are mainly observed during the evening, in sensors 01, 02 and 03 (20, 60, and 140 cm from the façade, respectively), when the angle of incidence of solar radiation over the facade is much lower. Accordingly, the vertical discontinuity of the CFS (micro perforated and undulated screen) leaves unprotected spaces that, at certain times of the day, allow beam radiation to enter the space.






5. Conclusions


A methodology for studying the solar and daylight transmission through building facades has been presented and implemented in office buildings in Santiago, Chile. The methodology consists in continuous measurements of vertical solar radiation inside and outside of the building façade. The collected data was used to calculate an index called the Interior/Exterior SW solar factor, which is defined as the ratio of interior over the exterior vertical SW solar radiation. This value can be considered a quantification of the efficacy of the complex fenestration system in terms of blocking solar radiation in a building’s facades.



The methodology also consists on measuring horizontal outdoor illuminance and in different points of the interior space of the building, data that can be lately used to calculate a similar index to the one explained before. As in the case of the solar radiation, this factor intends to quantify the efficacy of the ESD in terms of blocking daylight, and observing phenomena that can be associated to visual comfort problems.



For both illuminance and SW solar radiation, Interior/Exterior solar factor values are calculated instantly during the measurement period. However, in the case of solar radiation, a daily-integrated coefficient was also calculated.



The methodology was implemented in three office buildings in Santiago, Chile, each one with different CFS, during summer days. When observing the daily-integrated Interior/Exterior SW solar factor, with values of 0.10 and 0.12, which may suggest good performance of each CFS, considerably reducing the direct solar radiation.



The data corresponding to the instantaneous Interior/Exterior factor values shows singularities in transmission of both solar radiation and daylight. The system that presents the most homogeneous results is the exterior roller installed in building A. However, despite of the good daily-integrated Interior/Exterior SW solar factor values of the systems in buildings B and C, transmission peaks can be seen for both solar radiation and daylight, which may cause indoor thermal discomfort and probable glare during some periods of summer days. It may be concluded from these results that a good daily-integrated Interior/Exterior SW solar factor value does not necessary assures a good performance of the CFS. A careful analysis of these systems in design stage of the building is highly recommended. Finally, it is worth noticing that even the exterior roller (which—as mentioned—offers the most homogeneous solar control) can present design problems. That system, in the particular case of building A, has been installed only in the North-West oriented façade, and not in the North-East oriented one, effect that can be noticed in the measured data. Coherence between the different solar protection systems applied to façades in the building is a fundamental factor for reaching good thermal and visual comfort conditions in all the spaces of the building.
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