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Abstract

:

Microalgae are third-generation biomasses that can be used to extract bio-fuel with various advantages from an ecological perspective. In addition, since it is cultivated in an underwater space, it can be used as a microalgae culture space by using building facades. Architectural applications of microalgae are being carried out from various points of view in other countries such as America, Israel, and Germany. As a result, successful cases (such as Germany’s BIQ House) are emerging. However, research studies related to microalgae facade are mainly conducted in terms of culture environment and efficiency. The degree of inflow concerning external resources for a microalgae facade remains unclear. The question concerning how the environment of an indoor space where microalgae facade is installed could be changed is unclear too. Thus, the objective of this study was to analyze the impact of the space in which the microalgae facade was installed from the perspective of the lighting environment. This study also examined effects of creating a lighting environment compared to existing windows, applicable space, and supplementary points through mock-up tests on microalgae facade. As a result, it was found that the standard microalgae facade suggested by the Korean Intellectual Property Office (KIPO) could inflow 22.7–41.3% of illumination compared to general windows. If the analysis result is compared with Korean Standard A 3011 (Normal), the microalgae facade can only be applied to spaces that do not have natural light such as ‘warehouses’ and ‘stairs’. Accordingly, it is concluded that if the microalgae facade is to be used creatively, the thickness should be thinner than the standard of patent to set the standard of comfort and consider the user’s comfort in the design stage.
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1. Introduction


1.1. Background & Goals


Bioenergy is being highlighted as a new green and carbon neutral energy that can reduce carbon dioxide. Microalgae are classified as third-generation biomasses. They are more environmentally friendly and efficient than grain and wood in various aspects such as raw material production cost, required time, production volume, and carbon fixation effect [1]. Therefore, research on microalgae-related culture and energy harvesting technology as a future eco-friendly energy resource in the field of bioenergy is currently in progress. Huge microalgae plants are being built and operated in developed countries including the United States and Israel [2]. According to the ‘World Energy Outlook 2014′ survey and research report published by the International Energy Outlook, it is predicted that the use of bioenergy will account for 19% of the total energy market in 2040 [3].



In addition, since microalgae are cultured in water, various culturing methods have been proposed using various types of photobioreactors. Among them, the vertical type has the advantage of culturing microalgae in a vertical plane, as few horizontal areas are required for culturing [3]. There are some examples in which the function of culturing microalgae is given to the building facade, window, or urban component by using a vertical photobioreactor. Representative cases include Germany’s BIQ house, UK’s Photo Synth Etica, and Mexico’s Bio Urban Project. They suggest the possibility of bioenergy production using buildings by integrating functions of a building’s facade and photobioreactor [4,5,6].



However, major research topics in this field have attracted interest, including technological aspects such as the creation of a microalgae culturing environment and the increase in culturing efficiency. On the other hand, the indoor environment which changes according to the installation of microalgae facades has been rarely studied. Humans can use a building facade to protect themselves from the external environment. If necessary, a part of the external environment can be introduced into the indoor space to create a living environment. In particular, in terms of the light environment, a building facade is an element that must be analyzed and designed from a planning point of view such as natural lighting and lighting planning. It is classified as an environmental factor with the greatest influence on the indoor lighting environment [7,8]. Considering these points, it can be said that in order for microalgae facades to be applied to buildings, studies considering the indoor environment should be conducted concurrently.



Accordingly, this research performed a mock-up test to determine the indoor influence of microalgae facades in terms of lighting environment based on nationally certified microalgae window specifications. Based on collected data, different types of buildings and indoor spaces that could be applied to microalgae culture as building envelopes were identified.




1.2. Steps of Research


This research consisted of several steps to analyze changes of an indoor lighting environment according to the application of a microalgae facade’s architectural space and to identify the applicable building and indoor space types.



As the first research step, indoor surrounding factors related to windows and typical daylighting environment assessment methods were identified for microalgae window specifications and indoor lighting environment analysis for the application of microalgae facades.



In the second step, a mock-up monitoring test was planned based on previous researches to determine changes in the inside daylighting environment according to the installation of microalgae facades. Lighting environment monitoring data were collected using presented methods.



Finally, collected data were compared and analyzed with Korean Industrial Standard A 3011 (KS A 3011) to suggest types of buildings and indoor spaces suitable for microalgae facades. Supplementary points for expanding the applicability of microalgae facades were reviewed. The research flow consisting of these steps is shown in Figure 1.





2. Literature Review


2.1. Factors Related to Indoor Natural Lighing Environment


2.1.1. Solar Radiation


Solar radiation is the radiant energy emitted from the sun when it reaches the earth’s horizontal ground. In this situation, the amount of energy reaching the earth’s surface is called insolation. It is expressed as W/m2 and MJ/m2 [9]. In general, when solar radiation energy flows into the earth, its energy is reduced by dust and water vapor distributed in the atmosphere. When there are more these particles, less solar energy will reach the ground [10].



Solar radiation is one of the major variables of an indoor thermal environment. The perspective of utilization of solar radiation varies depending on the location of the building and the local situation. In an area with lots of solar radiation, it is necessary to shield the insolation in order not to increase the temperature of the inside. Designers in this area can plan louvers and eaves in building design in order to block heat from outside. Conversely, high humidity can be created in areas with low insolation. In such cases, mold may grow indoors, which can adversely affect the user’s health and durability of the building [11]. Therefore, in such an environment, a technique that minimizes the phenomenon of discharging heat from the indoor space to the outside is applied to the building.



Solar heat gain coefficient (SHGC) is a major performance factor of windows related to solar radiation. SHGC refers to the amount of insolation coming in through windows. It is calculated as the sum of solar energy directly entering from the outside and solar energy absorbed and emitted from glass. If a window’s SHGC is higher, it is easier to have inflow of solar radiation from the outside into the room [12].




2.1.2. Illuminance


Illuminance refers to the amount of light per unit time that an object receives when light flows into an object from a specific light source. Its unit is lux (lx) or candela (cd). Korean illuminance standards are written in lux. Illuminance is affected by the brightness of the light source and the distance from the light source [13].



Illuminance is classified as the most important environmental factor in acquiring visual information of an object, such as color and texture. In modern architecture, only the possibility of delivering visual information has been judged. The common perception is that the higher the illuminance of the indoor space, the better. However, as the importance of visual environment has increased, a design that provides an appropriate illuminance environment in consideration of the use, type of space, and tendency of users has become an essential element. According to the tendency, glass with appropriate physical properties is used depending on the use of space [14].



In terms of visible environment, visible light transmittance (VLT) exists as typical window performance index related to illuminance. VLT refers to the percentage of visible light that can enter through a window. In general, when a window has a low VLT performance, it is difficult to see outside through the windows. The amount of light that enters in the room is decreased. Therefore, when a window with a low VLT is applied to a building, there is a disadvantage in that artificial lighting must be used even in daylight hours. Due to this problem, it is necessary to set the VLT of the window by understanding the use of the space and activities carried out inside.




2.1.3. Luminance


The definition of luminance is the amount of light reflected from the object flow into human eye. The unit of luminance is cd/m2 or nitro (nt). Since luminance can judge user comfort such as glare, the International Commission on Illumination (CIE) guidelines for indoor lighting also mention the importance of luminance. Therefore, the design method for arranging and configuring lighting by analyzing the luminance distribution and glare reduction of the indoor space is increasing [15].



Variables that determine luminance are very diverse. In order for humans to identify an object, light reflected or emitted from the object is required. Also, as the amount of light reflected from the same object changes, humans may perceive the object differently. Therefore, the user can perceive the created light environment differently according to physical properties such as gloss, roughness, and color of the object. In addition, even if the light source is set at the same level, it can change depending on various variables such as the roughness of the illuminated surface, the viewing angle, and the position of a person. Therefore, to use luminance to evaluate a lighting environment, it is necessary to apply other variables affecting glare [16].





2.2. Typical Assessment Methods of Indoor Lighitng Environment


2.2.1. Solar Radiation


There is no indoor light environment evaluation item related to solar radiation in architecture-related certification systems of Korea (or of other countries). It is simply written as background data [17]. In the case of Leadership in Energy and Environmental Design (LEED), the average solar radiation is specified as one of the background data for evaluating the illuminance environment in the ‘Daylight and Views’ item of version 2.1 and 2.2 [18]. In addition, in the details of ‘adaptation to climate change’ among the UK Building Research Establishment Environmental Assessment Method (BREEAM) certification items, solar radiation was mentioned as an external risk factor for structural resilience evaluation [19]. As a result of the investigation, although there are some cases in which the amount of insolation is recorded to establish background data, there is no case of a certification system that directly evaluates solar radiation.




2.2.2. Illuminance


As for the standard certifications stipulated in Korea concerning illuminance, results of our investigation have shown that there are 14 standards suggested by Korean Standard (KS). Among them, ‘KS C 7612-Illuminance measurements for lighting installations’ and ‘KS A 3011–Recommended Levels of Illumination’ are being operated as certification standards that can directly evaluate an indoor illuminance environment [20,21].



KS C 7612 standard certification specifies the measurement method and conditions for indoor illuminance. Specifically, it is stipulated to measure the illuminance within 40 cm of the floor reference height or 5 cm of the working surface height. Illuminance measuring work must perform at four or more points. It is specified that the average value of the illuminance measured at four places is calculated and compared with the standard [20]. KS A 3011 provides illuminance standards according to the use of buildings and spaces. Types of illuminance measurement methods are classified according to types of spaces and activities [21]. The criteria of KS A 3011 are shown in Table 1.



In LEED, indoor illuminance is evaluated as ‘LEED BD+C v4.1 Daylight’ index. The method is divided into options 1 and 2 (assessed by using simulation technique) and option 3 that directly measures a space’s illuminance. Option 1 is a method that simulates and calculates Spatial Daylight Autonomy and Annual Sunlight Exposure (sDA & ASE) of an indoor space. The evaluation is performed by calculating the average spatial daylight autonomy value through simulation. Option 2’s method uses simulation to calculate the floor illuminance at 9:00 am and 3:00 pm based on the vernal equinox and compares it with the standard. Option 3’s method directly measures and evaluates the illuminance of an indoor space to be evaluated according to the suggested measurement method [22].




2.2.3. Luminance


Regarding luminance, there are no legal or institutional standards related to architecture in Korea or other countries. However, there is an assessment index that can estimate whether a human has visual discomfort in a specific light environment. Various concepts such as unified glare rating (UGR), daylight glare index (DGI), and daylight glare probability (DGP) exist as luminance-related evaluation indicators provided by comfortable low energy architecture.



UGR is a standard formula for evaluating glare by the International Lighting Commission. It can assess the level of glare most accurately since it reflects the object that causes glare in the assessment. However, in order to calculate the estimation index, it is necessary to input various parameters such as physical properties of the object, circumstances of the surrounding environment, and angle/position with respect to the light source. Thus, it is difficult to calculate UGR accurately [23].



DGI evaluates glare caused by large light sources such as sunlight. As with UGR, DGI also calculates the glare probability differently depending on the angle between the light source, the object, and the user [24].



DGP is used with DGI as an index indicating the probability that humans will feel uncomfortable due to glare. Since DGP is calculated based on vertical surface illuminance, the human view is classified as a key parameter. The calculated DGP can be assessed based on the comfort standard suggested by Jan Wienold [25]. When the calculated value is less than 0.35, it is understood that glare does not occur [25]. The criteria of DGI and DGP are shown in Table 2.





2.3. Trend of Microalgae Facade-Related Studies and Differentiation of Research


The microalgae facade has a short history of research compared to eco-friendly strategies for buildings that have been actively researched (such as solar power and solar thermal energy). Therefore, research related to microalgae facade is still at a basic level. Studies of application dimensions such as understanding the unique advantages and prospects of facade systems and conditions for application to buildings are mainly conducted. Maryam Talaei has presented environmental and compositional parameters that must be considered for the construction of a new facade system through the combination of a photobioreactor and a building facade [27]. He analyzed the unique advantages and functions of the microalgae facade system, the change in a thermal environment, shading, and energy production according to the installation of the facade system from various angles. A new facade system was compared with the double skin facade system for searching parameters of microalgae facades. As a result of his research, he argued that local climatic conditions, heat production capacity, light blocking properties, and convenience of the indoor environment should be considered together for the application and construction of a microalgae facade.



In relation to an environmental analysis of a microalgae facade, Simonetta L. Pagliolico’s studies have presented a microalgae envelope as a light blocking system that can control illuminance and glare [28,29]. In these studies, microalgae culture was actually performed to confirm the change in light transmittance according to the culture of microalgae. In the process, both the growth rate and light transmittance of microalgae were recorded and the data were applied to shell properties of Daysim, a mining performance simulation program. Based on the Daysim analysis conditions set through this process, mining simulations in Turin, Palermo, Italy were performed to validate the microalgae facade system. As a result, the facade system was traditional Venetian for the south, west, and north directions. It was concluded that it had a light blocking performance similar to blinds. In addition, these studies presented simulation results that the probability of occurrence of glare was higher. It was concluded that the control of the microalgae envelope could be performed in two ways based on illuminance and DGP [28].



In the next research of Simonetta L. Pagliolico, monitoring was performed for the indoor space to confirm the actual daylight blocking performance of the microalgae facade [29]. The microalgae envelope facade used for monitoring was fabricated in the form of a convex lens to reduce glare. The monitoring site was installed at Saint Marcel Kindergarten in Aosta, northwestern Italy, and the experiment was conducted for three weeks. As a result, the daylighting performance of the classroom to which the microalgae system was applied was in compliance with the legal standard, although it was close to the threshold. In addition, through the change of the facade shape, the weakness of the glare aspect presented in the previous study was supplemented [29]. Such prior studies have value as they provide data that can be used to improve the performance effectiveness in terms of indoor illuminance and glare control of the microalgal shell.



The present research has the same characteristics as Pagliolico’s study in terms of the light environment. However, the microalgae facade presented in the above studies makes it difficult to be used as general building parts in the conventional architecture market. Therefore, those studies have a limitation in that they could not present universal data as a reference for performing advanced research on a photobioreactor facade in the future. In addition, previous studies in the envelope construction stage are difficult to provide a clear answer on the proportion of the microalgae envelope in total daylighting surface. From this point of view, the present research can identify changes in the environment that occur when all daylighting surfaces of a space are replaced with microalgae facades. In addition, the shape of the photobioreactor used in the experiment was designed to be similar to that of a window with a flat plate structure. Thus, the results of the present study can serve as basic data for conducting detailed studies such as construction of photobioreactor window in the future. This aspect can be said to be the differentiation point between the present study and previous studies.




2.4. Assessment Factors and Methods of Indoor Lighting Environment


In order to analyze the lighting environment of an indoor space, a literature review was conducted on environmental factors related to sunlight and evaluation methods of deduced factors. As a result, illuminance and luminance were derived as environmental factors that could determine an indoor lighting environment. As a result of examining the evaluation methods of the two derived environmental indicators, it was determined that comparative analysis through a mock-up test was possible since the criteria for each space were specified. Accordingly, in the final mock-up test, the study was conducted in the direction of exploring the type of space where the microalgae facade could be installed by measuring the VLT and indoor illuminance of a specimen.





3. Planning & Measuring Microalgae Façade Mock-Up Test


3.1. Outline of Mock-Up Test


As a microalgae culture progresses, the concentration of biomass and the turbidity increase. Accordingly, the light-transmitting property of the photobioreactor gradually decreases, making it difficult to transmit light. As a result, the microalgae facade gradually loses light transmittance and the influx of daylighting into room is reduced. Although this phenomenon itself can be understood through simple observation of the culture medium, numerical approaches to quantify natural lighting performance including window performance factors have never been attempted.



Therefore, in this study, a microalgae facade mock-up test was performed, microalgae were cultivated, and changes in the data of windows and indoor light environment were collected and analyzed during the operation period. The purpose of this test was to examine the indoor influence of a light environment of a microalgae facade. In addition, by using the collected data, we could identify the types of spaces to which the microalgae facade could be applied and explore complementary points to increase the usability of a microalgae facade.



As shown in Figure 2, a mock-up test was conducted in the order of microalgae culture specimen and mock-up planning, selection of microalgae species, window performance of specimen according to microalgae culture and light environment measurement of the mock-up inside. For the microalgae species used in the test, Chlorella vulgaris was selected. Chlorella vulgaris is a nationally approved culture method for producing biomass [30]. For the microalgae test specimen, a chamber-type specimen was manufactured by applying specifications of microalgae windows registered in the Korean Intellectual Property Office [31]. At the same time, the indoor space of the mock-up produced a box-type structure that could install and operate the test body. During the cultivation process, VLT was measured for each unit time and illuminance data were collected to analyze the indoor light environment.




3.2. Scope and Variables of Mock-Up Test


The temporal range of the mock-up test was set based on the culturing temperature of Chlorella vulgaris presented in the book ‘Freshwater Green Algae Cultivation Methods and Agricultural Use’ provided by the National Academy of Agricultural Sciences. According to the above guideline, the optimum culture temperature for Chlorella vulgaris microalgae suggested is 28–30 °C and the maximum culture temperature range is 15–40 °C [30]. There is a possibility that the culture rate will be slow without separate equipment such as hot water or warm air supply in winter when the outdoor temperature can be decreased to 15 °C or less. For the purpose of the experiment, it is necessary to identify changes over time, and the outdoor temperature must be a control variable.



In addition, among conditions of the mock-up test, factors that can change the light environment over time are mainly altitude and position of the sun. As a result of analyzing the difference in height and position of the sun in spring, summer, and autumn (using the sunpath diagram according to these conditions), it was found that there was no difference in the sun position between spring and autumn. Therefore, the time range of the mock-up test was reduced by considering spring and autumn time points as the inter-season.



Finally, the winter in which culture conditions were not established was excluded from the time range of the test. Spring and winter seasons were integrated due to similarly concept of inter-season’s sun position and sunlight hours. Based on this premise, summer and autumn were selected as the temporal range of the mock-up test. Specifically, the ‘summer solstice’ and ‘autumn equinox’, showing seasonal characteristics of summer and autumn, were chosen to be the temporal criteria. The duration of the mock-up test was set to be two weeks based on the maximum culture period of Chlorella vulgaris suggested by the Rural Development Administration. Recording time points of lighting environment and window data were set at 09:00, 12:00, and 18:00 based on the general building operation schedule in Korea.



The spatial extent of the mock-up test must pick a place without shield around it in order to control the influence of external shielding elements. In addition, the culture of microalgae should be in a place that is difficult to access by people not involved in the test and easy to maintain continuously. According to these conditions, the test site was conducted on the roof of Engineering Building No. 2 in Chonnam National University.



As the equipment used in the test, WP-4500 Window Energy Profiler was used among Window Profilers that could measure the performance of light-transmitting materials including glass as shown in Table 3. For indoor lighting environment measurement, TM-208, which could measure solar radiation, illuminance, and ultraviolet rays, was used. The conditions required for culturing microalgae were planned based on the national technical data used for time range selection. Finally, the culturing was carried out for two weeks at a stage in which the microalgae’s density was 10% [30]. To minimize the influence of climate, the most important control variable for the test, climatic conditions were recorded by taking pictures of the surrounding area and sky at each time point of measurement of window performance and light environment.




3.3. Construction of Speciman and Mock-Up


As shown in Figure 3, the size of the mock-up was 1500 mm in width, 1400 mm in length, and 1600 mm in height. It had a box shape (close to a cube shape). This box-shaped structure was divided into a specimen installation space and an indoor space. The front-side could install a panel with a square-shaped of 1200 mm in length. The back-side was an empty space where measuring equipment could be installed to judge the effect of indoor space. The two spaces were separated by a 3 mm single plate glass and a 30 mm thick polyvinyl chloride (PVC) window frame. The composition of the mock-up was designed to utilize the measurement method of ‘KS C 7612-Illuminance measurements for lighting installations’. Accordingly, the indoor space of the mock-up was configured with a height of up to 1200 mm to perform both floor and working surface’s brightness measurements. It was possible to install an 800 mm height object, the working surface height suggested in KS C 7612. A mock-up was constructed according to these conditions to overcome the difference in scale between building and mock-up, which was a limit of the experiment, and to secure the significance of experimental data.



The mock-up was divided into specimen’s installation space and indoor space. The material of the mock-up was a stainless-steel square frame with a sandwich panel. The interior was divided into areas by installing a 3 mm single-layer glass window at a position 100 mm away from the front to the inside to distinguish the test specimen installation space from the indoor space.



For comparison of the specimen with 3 mm single glass performance and the specimen cultured with microalgae in the same environment, two specimens and mock-ups were produced each as shown in Figure 4. In the test, microalgae culture was carried out only on one specimen among the two specimens and the trend of change of each specimen was compared during the culturing process. The culture of the microalgae was carried out in mock-up 01. Mock-up 02 was not operated separately.




3.4. Progress of Mock-Up Test


In order to perform the microalgae facade mock-up test, temporal and spatial ranges, test method, test procedure, and so on were stipulated. Test data were collected from the rooftop of Chonnam National University College of Engineering Building No. 2 for about two weeks from 22 June 2020 and 22 September 2020. During the test period, microalgae culture was carried out without any setback. Window performance and indoor illuminance data were collected for each unit time according to the lapse of operating hours. Figure 5 shows the process of changing the microalgae facade during the test period.





4. Analysis of Collected Window and Illuminance Data


4.1. Summer Season


As for the weather conditions at summer solstice, 8 days out of the 15-day measurement period were found to be rainy conditions. Accordingly, measured data at the summer solstice were generally recorded in ‘cloudy’ or ‘raining’ conditions. Averaged daily temperature was in the range of 20–30 °C and wind speed was 1.0–3.2 m/s. The amount of cloud cover did not fall below 40% depending on characteristics of summer season. Whole climate data are presented in Figure 6.



In summer, the wind speed and total cloud cover increased depending on whether it was rainy. However, the temperature and solar radiation decreased. These climate change characteristics could be classified as climatic conditions corresponding to the rainy season among general summer characteristics of Korea. The rainfall period was longer than in autumn. In addition, the ratio of total cloud cover did not fall below 40% even at the time of monitoring when there was no rain, confirming the characteristic that a certain level of cloud was continuously present in the sky during the monitoring period.



The VLT of microalgae specimen was recorded as 25% in first measurement time of mock-up 01. The VLT for each measurement time of DAY 01 hardly changed. However, from 6 pm on DAY 03, the window performance dropped to single digits and decreased to 9% as shown in Figure 7. From DAY 04 to DAY 08 thereafter, the test specimen’s performance showed a continuous decreasing trend. The value of VLT dropped to 1%. Afterwards, the measured value was maintained at 1% level from DAY 09 to DAY 15. Thus, the range of VLT Change at summer solstice fell from 25% to 1% over a week. The averaged VLT value during whole culturing period was 6%. In contrast, averaged VLT of mock-up 02 was 85%, revealing a 14-fold difference in performance.



As shown in Figure 8, the initial measured illuminance at the floor of mock-up 01 was 6780 lx, indicating that an illuminance environment of about 54.0% was created compared to the illuminance value of 12,550 lx measured in mock-up 02. When the average illuminance for each measurement time was compared, average illuminance values at 9 am of mock-up 01 and 02 were measured to be 1612.45 lx and 4017.17 lx, respectively. The indoor environment of the microalgae facade was 40.1% compared to the normal glass performance. The trend became stronger as it approached noon. Measured illuminance values of mock-up 01 and 02 were 1624.48 lx and 4548.33 lx, respectively. Mock-up 01 created an illuminance environment of 35.7%. Finally, even at 6 pm, the measured value was 322.07 lx for mock-up 01 and as 941.86 lx for mock-up 02. As a result of comparing the indoor illuminance of the two mock-up specimens, mock-up 01 showed that it was possible to create an illuminance environment at a level of 34.1% compared to mock-up 02.




4.2. Autumn Season


Weather conditions at the time of the autumn equinox were rainy for 4 days out of the 15-day measurement period. The rain was mainly concentrated in the first half of the measurement period. After that, during the mid-to-late period of the trial, no cloudy days occurred except for DAY 09. In this situation, the time of the autumn equinox was generally recognized under conditions of ‘less clouds’ or ‘clear sky’. The average daily temperature was 20–25 °C and wind speed was at 1.0–2.2 m/s. The average amount of total cloud cover was 0–40% except for rainy weather and DAY 09. Accordingly, the test was progressed in a situation in which cloudy and clear sky were mixed. Whole climate data are presented in Figure 9.



In the case of autumn, it rained from Day 02 to Day 05. In the latter half of the monitoring period except for Day 09, the total cloud coverage stayed at 30–50% overall, unlike in the summer time. As a result, the solar insolation also showed a high inflow of more than 20 W/m2 of insolation per hour on average per day except for Day 09. Through this, it appears that the weather characteristics of autumn are higher and sunny than summer and that atmospheric conditions hindering solar inflow are less in autumn than in summer.



The VLT measured at mock-up 01 at the time of the autumn equinox was 29%. The VLT showed a rapidly tendency to decrease over DAY 01 to DAY 03 as shown in Figure 10. After that, it showed a gentle decreasing trend again until DAY 06. The fluctuation of the VLT measurement value slowed down at a level of 10%. However, during the period from DAY 07 to DAY 09, the trend of change in VLT accelerated again and decreased to the lowest value of 1%. Mock-up 01’s window performance remained at a level of 1% during the period from DAY 10 to DAY 15. The VLT variation range at the time of the autumn equinox was 1–29%, which was similar to that of the lower extremities. Average VLT was 9%, which was 3% higher than the lower extremities. It resulted in a performance difference of 9.6 times compared to the average VLT measurement value of mock-up 02.



As presented in Figure 11, the maximum illuminance during the autumn equinox monitoring period of mock-up 01 was 6400 lx, which recorded 22.6% of the indoor illuminance level compared to the 28,290 lx shown in mock-up 02 without the microalgae culture. At 9 am, the measured illuminance of mock-up 01 was 3162.20 lx, which was 27.1% of the 11,639.73 lx of mock-up 02. Measured values of mock-up 01 and mock-up 02 at noon were 3339.67 lx and 1441.47 lx, respectively. It was found to be at a level of 23.1%. Finally, the indoor illumination environment for mock-up at 6 pm had 84.56 lx and 265.14 lx for mock-up 01 and 02, respectively, which was only 31.8%.




4.3. Analysis Results


By conducting window performance and indoor illuminance measurement tests at the summer solstice and autumn equinox, the composition level of the indoor light environment according to the application of the microalgae facade was identified. As a result, the indoor illuminance of mock-up 01 at the summer solstice was found to be from 34.1 to 40.1% of that of mock-up 02. The measured illuminance of mock-up 01 was decreased to a maximum of 39.37 lx. When these results were compared with the standards specified in KS A 3011, it was found that the indoor illuminance of mock-up 01 could fall to the level of a ‘space where simple work for a short time’.



The trend was stronger at the time of the autumn equinox. Average VLT and indoor illuminance of mock-up 01 during the period were 22.6–27.1% of the indoor illuminance level compared to the mock-up 02 environment. Accordingly, the minimum illuminance of mock-up 01 was dropped to 38.68 lx. When substituting the KS A 3011 illuminance standard, the light environment of mock-up 01 may fall to the same level as the summer season.



Through these test data, it was found that the microalgae window could drop to a maximum of 38–39 lx level regardless of the change in climatic conditions as the operating time elapsed under an environment wherein microalgae windows could be cultured and operated.



Spaces suitable for the minimum illuminance environment of the microalgae facade installation space classified in KS A 3011 include ‘race track, stadium audience seats’, ‘emergency stairs’, ‘garage’, and ‘warehouse’. These types are classified as spaces that do not require natural light. At the same time, it was found that the work environment illuminance standard did not satisfy the minimum standard illuminance of 60 lx for performing ‘rough work’. Based on these results of the mock-up test, it is recognized that if the building facade only considers the microalgae window standard currently presented by Korean Intellectual Property Office, a daylighting environment will be created that is unsuitable for performing any work. Therefore, it is judged that it is necessary to supplement microalgae window specifications and change the compositions of microalgae facades in order to construct a bio-facade that can simultaneously meet the energy production function and the existing daylighting performance.



In particular, it is expected that an area through which sunlight can be transmitted and a space with culture function must be mixed by changing the configuration, such that 100% of the light transmitting area suggested in the existing microalgae window standard can be used as a culture chamber. In the existing microalgae culture space, 100% of the permeable surface of the window was used as the culture area due to the efficiency of culturing. However, in this case, it is necessary to change the pipe system suggested in the existing standard. Accordingly, a redesign process is required. On the other hand, as a method of increasing the permeability of the microalgae window in terms of configuration, a method of constructing a permeation area in the existing culture chamber can also be suggested. The method may create a space that cannot be filled with water in a rectangular culture chamber and configure the area as a light transmitting surface. It can be seen as a method that can accommodate changes in the skin according to the design thinking of architects more flexibly, ultimately securing both aesthetic value and eco-friendly value.



In addition, depending on the location of the sunlight-transmitting surface in the culture space, the type of spaces to which the microalgae facade can be applied may be diversified. For example, if the position of the sunlight-transmitting surface is the same as the test specimen used in this study, the intact light-transmitting surface will be the upper part of the window. It can act as a skylight. The configuration method can be used in a private space that prevents the view from the outside. Conversely, when the light-transmitting surface is located in the middle of the culture space, it is possible to protect the user’s right to view even though it cannot play the role of a skylight. In this way, by composing the complete light-transmitting surface in various ways in terms of composition, the designer’s thoughts and intentions and user convenience can be considered together, which can be sublimated into another architectural expression technique.





5. Conclusions


Microalgae are new bioenergy resources that have been attracting attention as resources with high eco-friendliness compared to existing energy production methods. However, current microalgae research remains at a basic level. Installation and operation of the actual building and review of problems associated with it have not been performed. Since a Photovoltaic Panel has been commercialized through repeated research, the microalgae facade also needs to be constructed as a practical energy production method by conducting basic research in the present.



From this point of view, in this study, mock-up tests were performed to understand the architectural applicability of a microalgae facades from the perspective of the lighting environment. Window and indoor illuminance performance of the microalgae facade were comparatively analyzed. As a result, it was confirmed that it was necessary to revise the standard of existing microalgae windows and to reduce the turbidity by reducing the thickness of the culture space to increase the VLT and indoor illuminance performance. In addition, this research checked daylighting performance of building facade in which the specific gravity of the photobioreactor was 100%. It is also important to control variables in design aspect. Results of this study can be used as background data for microalgae facade related research insofar that this study confirms that environmental change occurs in the indoor space when all facade surfaces are composed of the photobioreactor. Accordingly, this study is meaningful in that it presents specific data on the change and effect of the daylighting environment when a microalgae facade is applied to a unit space that conforms to the Korean national standard.



However, the limitation of this study is that a mock-up test has a fundamental difference in scale from an actual building, even if the problem of scale is recognized and supplemented. If the area of the microalgae facade is increased to a size larger than the standard suggested in the research, the results of this study may be different from other experimental results. In addition, this study was conducted based on the specification of the Korean Intellectual Property Office which lacked representativeness, considering the limitations of climate condition control and the fact that the concept of the microalgae facade has not yet been established. Therefore, the next research on the influence of the indoor environment according to the change in the size and composition of the microalgae window should be conducted from various viewpoints to determine the composition of a microalgae facade suitable for use in buildings. Based on the results of research to be carried out in the next stage, the types and specifications of microalgae facades that can create a suitable environment according to the use of buildings in terms of laws and institutions should be suggested.



In addition, another limitation of the research is that the effect of microalgae facades was handled only from the view of daylighting environment (although the basic purpose of those is to produce biomass). Therefore, the cultivation settings of microalgae can recognize as one of critical factors that cannot be overlooked in the construction of the envelope. If the energy required for culturing is higher than the total amount of its production, microalgae facade may lose its inherent advantages. So, they should be implemented in an integrative manner in terms of building energy balance and thermal condition in addition to the indoor environment. In this regard, Pruvoset’s study showed that composition and operation methods of the vertical microalgae facade could be changed for the construction and maintenance of the photobioreactor facade through the comparison of thermal balance between the existing skins with vertical space and the building [32]. The results of the above research can be viewed as another basis for arguing that the structural aspect of the existing microalgae facade needs to be changed. Therefore, in future studies, various conditions for functional performance and optimization of microalgae facades such as the daylighting environment, building energy balance, and thermal environment are to be considered in a converged way and presented as a new configuration method.
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Figure 1. Research flow. 






Figure 1. Research flow.
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Figure 2. Mock-up test method (Adapted from Ref. [26]). 
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Figure 3. Test specimen of microalgae façade (Adapted from Ref. [26]). 
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Figure 4. Construction of mock-up (Reprinted from Ref. [26]). 
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Figure 5. Change of microalgae’s density during mock-up test (Adapted from Ref. [26]). 
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Figure 6. Weather conditions in summer season. 
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Figure 7. VLT change of mock-up 01 and 02 in summer season. 
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Figure 8. Measured illuminance data in summer season. 
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Figure 9. Weather conditions in autumn season. 
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Figure 10. VLT changes of mock-up 01 and 02 in autumn season. 
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Figure 11. Measured illuminance data in autumn season. 
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Table 1. Part of the KS A 3011 standard criteria.
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Types

	
Rank

	
Range (lx)

	
Type of Lighting






	
Workplaces that require a dark atmosphere

	
A

	
3–6

	
Overall Lighting




	
Low-occupancy places with dark atmosphere

	
B

	
6–15




	
Dark public places

	
C

	
15–30




	
Simple Workshop

	
D

	
30–60




	
Workplaces that do not require eye concentration

	
E

	
60–150




	
Workspace that requires high illuminance for large objects

	
F

	
150–300

	
Work Space Lighting




	
Workspace that requires high illuminance for small objects

	
G

	
300–600




	
Workspace that requires high illuminance for tiny objects

	
H

	
600–1500




	
Workspace that requires high illuminance for tiny objects with long time

	
I

	
1500–3000

	
Overall & Spot Work Space Lighting




	
A workspace where you need to focus on your eyes for a long time

	
J

	
3000–6000




	
Very special workspace

	
K

	
6000–15,000
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Table 2. Comfort criteria of DGP and DGI (Adapted from Ref. [26]).
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Index

	
Human Sense

	
Range

	
Index

	
Human Sense

	
Range

	
Human Sense

	
Range






	
DGP

	
Imperceptible

	
0.35 > A

	
DGI

	
Just Perceptible

	
16 > A

	
Just Uncomfortable

	
24 > A ≧ 22




	
Perceptible

	
0.4 > A ≧ 0.35

	
Noticeable

	
18 > A ≧ 16

	
Uncomfortable

	
26 > A ≧ 24




	
Disturbing

	
0.45 > A ≧ 0.4

	
Just Acceptable

	
20 > A ≧ 18

	
Just Intolerable

	
28 > A ≧ 26




	
Intolerable

	
A ≧ 0.45

	
Acceptable

	
22 > A ≧ 20

	
Intolerable

	
A ≧ 28
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Table 3. Equipment used for the mock-up test.
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	Photo
	Name
	Measuring

Parameters
	Photo
	Name
	Measuring

Parameters





	 [image: Buildings 12 00304 i001]
	WP-4500
	VLT, SHGC,

Infrared,

Ultra Violet
	 [image: Buildings 12 00304 i002]
	TM-208
	Ultra Violet Light,

Solar Radiation,

Illuminance
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