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Abstract

:

Energy used for lighting is one of the major components of total energy consumption in buildings. Nowadays, buildings have a great potential to reduce their energy consumption, but to achieve this purpose additional efforts are indispensable. In this study, the need for energy savings evaluation before the implementation of lighting control algorithms for a specified building is highlighted. Therefore, experimental tests have been carried out in a university building with laboratories and other rooms, equipped with KNX building automation system. A dimmable control strategy has been investigated, dependent on daylight illuminance. Moreover, a relationship between external and internal daylight illuminance levels has been evaluated as well. Based on the experimental results, the authors proposed a method for the rough estimation of electrical energy savings. Since, according to the EN 15232 standard, Building Automation and Control Systems (BACS) play an important role in buildings’ energy efficiency improvements, the BACS efficiency factors from this standard have been used to verify the experimental results presented in the paper. The potential to reduce energy consumption from lighting in non-residential buildings by 28% for offices and 24% for educational buildings has been confirmed, but its dependence on specific building parameters has been discussed as well.
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1. Introduction


Buildings are responsible for almost 40% of the world’s energy consumption, including up to 65% of electrical energy [1,2,3]. Moreover, lighting is a major portion of the electrical energy consumption of non-residential and commercial buildings, especially those that are not fully retrofitted to LED lighting [4,5]. Hence, in recent years one of the key strategies for this sector is increasing energy efficiency by reducing the energy used for lighting. Various concepts, approaches, and technologies have been proposed to achieve these purposes. Many studies have shown that proper lighting controls can significantly reduce annual energy consumption. However, this depends on many factors, such as the climatic conditions of the country [6,7,8], the north–south orientation of the building [9], and its surroundings, that is, shade from trees or reflections from neighboring buildings [10]. Much attention has been paid to building construction, such as the shape of the building [11,12], the shape of the rooms—mostly the depth [13,14,15], and the size of windows and doors [8,16].



In the last few years, advances in lighting control systems have significantly improved energy savings and visual comfort in rooms. Moreover, interest in finding new solutions for electric lighting systems and controls has been increasing due to new architectural design trends as well as the accessibility and lower cost of new technologies and products [17]. For years lighting control and monitoring functions have been provided in buildings by different automated devices and systems. In particular, in non-residential, public, and commercial buildings various kinds of BACS have been implemented. The most popular are three international standards of the BACS: the LonWorks, the KNX, and the BACnet [18,19]. However, there are numerous other technologies and applications on the market that can be installed in smart buildings. Generally, they are classified as proprietary (closed) or non-proprietary (open). The former are closed solutions, integrating equipment and software produced by the company that manufactured the system, while non-proprietary BACS integrate equipment from different manufacturers and software platforms [20,21]. Moreover, the emerging Internet of Things (IoT) affects the building automation sector as well and brings new categories of technical solutions for BACS, using various communication protocols for short-range devices such as Zigbee, EnOcean, X10, and Z-Wave [22]. Therefore, systems for lighting control in buildings can be organized in different ways, even with universal microcomputers (Raspberry Pi) and other modules (Arduino), providing full openness and integrity on the field level [23,24]. Nowadays, the devices and systems mentioned above allow for the implementation of even very complex lighting control algorithms. However, proper selection of the technology and algorithms used in the BACS for lighting control in a specified building is still a challenge because it requires taking into account many factors and parameters. In this context, the importance of potential energy savings estimation should be emphasized as well. Small energy savings indicates the need for simple lighting control, while large savings favors the use of complex systems. It is worth noting that the studies in this area give varying results that are difficult to generalize.



Bearing in mind all these aspects, appropriate and advanced lighting control has become an essential part of lighting systems in modern and retrofitted buildings, both residential and non-residential. For different kinds of buildings, several control strategies are commonly used in modern building design [4,17,25]:




	
Manual switching/dimming



	
Presence/occupant detection



	
Daylight harvesting



	
Constant illuminance








These two last strategies are particularly interesting. They can help building occupants work in appropriate lighting conditions as well as lead to additional electrical energy savings. For their implementation, adaptive dimming schemes are proposed for the rooms [26]. A lot of studies are focused on daylight integration within control strategies and systems. In [27] an adaptive dimming scheme based on a daylight pipe integrated with an indoor lighting control platform has been analyzed, showing significant energy savings potential. In another study, Larsen et al. [28] introduce a new estimation methodology for electrical energy consumption in an office with daylight- and occupancy-controlled artificial lighting. Considering this aspect, the analysis of energy efficiency improvements for a school building has been presented and discussed in [29]. For three classrooms with different types of control systems, the total annual energy savings varied from 18% to 46%; the authors concluded that this is closely related to the operation of the control systems, implemented and integrated control functions as well as the obtained illuminance levels in the classrooms. They also noticed that the energy savings due to the implementation of a lighting control can be divided into two aspects: (i) artificial lighting dimming due to daylight penetration and (ii) initial dimming to compensate for the over-dimensioning of the lighting system, taking into account constant illuminance [29,30]. Another important aspect is the prediction of daylight illuminance both external (outdoor) and internal (indoor), discussed in [14] as a key stage in daytime lighting designs in buildings. It also affects control strategies by taking into account daylight penetration and maintaining constant illuminance in the rooms.



The above brief discussions indicate that the estimation of potential energy savings due to advanced, daylight-centered lighting control strategies must take into account many factors affecting daylight penetration inside a building as well as control function integration. These factors should be incorporated in the design of buildings and lighting. Additionally, the organization and design of a distributed control systems should be taken into consideration as well [31,32]. On the other hand, an evaluation of the lighting control system’s behavior, well-documented energy consumption, and occupant satisfaction with building operations are necessary to evaluate the benefits of using complex lighting control systems [33]. Therefore, to permit the integration of all these factors and parameters into one control and management platform as well as to provide interoperability into the control systems, it is suggested to use a fully distributed, standardized, and open Building Automation and Control Systems (BACS) in such applications [17,34].



Since daylight-centered control strategies and their assumptions should be analyzed individually for specific buildings, in this paper the authors present results of investigations focused on a university building automation laboratory, equipped with BACS based on the KNX standard, including distributed brightens and presence sensors as well as advanced lighting controllers. A case study approach has been proposed to assess the feasibility of the dimmable lighting control method, depending on the daylight illuminance distribution in rooms. A 10-month monitoring of different parameters has been carried out in several rooms in the same university building and potential energy efficiency improvements have been estimated and discussed. A method for the rough estimation of electrical energy savings has been proposed by the authors. This is based on the measured number of hours with specified illuminance levels of daylight in the aforementioned rooms with dimmable lighting control. An additional contribution of this paper is a comparison of the calculated estimations of energy savings with the BACS efficiency factors introduced in the EN 15232 standard concerning the impact of the BACS on a building’s energy efficiency.



The remainder of this paper is organized as follows. Section 2 contains information about the EN 15232 standard and its regulations as well as requirements regarding the selection and organization of the BACS control functions, providing potential energy efficiency improvements. Information about case study building and systems is presented in Section 3. Afterwards, Section 4 provides the results of the experiments, with analyses and findings. Estimated energy savings and their potential are presented and discussed in Section 5. Finally, Section 6 gives the conclusions and suggestions for future work.




2. Potential Energy Efficiency Improvements in Buildings with BACS


As mentioned in the previous section, BACS are more and more often considered not only as a tool providing better control of a building’s infrastructure devices, users’ comfort and security, but as a platform for energy management, providing additional energy savings as well. Moreover, the Energy Performance of Building Directive (EPBD) 2010/31/EU [35,36], in line with the Directive 2012/27/EU [37] as well as the Energy Roadmap 2050 [38], promotes the implementation of smart home and building technologies to reduce energy consumption in both residential and non-residential buildings. Modern BACS offer a lot of control and monitoring functions dedicated to various kinds of devices, subsystems, and services in buildings. Hence, in 2007 European Standard EN 15232 [39] was introduced, providing a list of the BACS control and Technical Building Management (TBM) functions having an impact on the energy performance of buildings [40]. They are divided into a few categories. The most significant categories of proposed advanced control functions refer to heating, ventilation, air conditioning (HVAC), cooling, and hot water generation and distribution systems. Apart from these, there are lighting and blind control functions mentioned in the standard as well. Therefore, they could be considered in the organization of lighting control strategies for BACS aimed at energy efficiency improvements.



2.1. BACS Efficiency Classes


To classify possible various control strategies for the BACS, the EN 15232 standard defines four BACS efficiency classes, depending on the BACS control and TBM functions’ complexity, integration level, and interoperability:




	
Class A—highest level of integration: BACS and TBM systems provide high energy performance with individual control of devices and subsystems in rooms.



	
Class B—advanced BACS with specific TBM functions provide additional savings in energy consumption with distributed control of devices and subsystems.



	
Class C—standard BACS without TBM functions; this is a reference class for BACS.



	
Class D—non-energy-efficient BACS; buildings with such systems shall be retrofitted and new buildings with such BACS shall not be built.








Since the lighting control systems and daylight availability in the rooms are considered in this paper, the authors have focused on the control functions dedicated to them and their potential for energy efficiency improvements. Similar questions have been considered in [41,42] with an experimental validation and case study analyses. Hence, lists of the specific BACS control functions with their assignment to the BACS efficiency classes from the EN 15232 are given in Table 1 [39].




2.2. An Expected Impact of the BACS Lighting Control Functions on Electrical Energy Efficiency


In relation to the BACS efficiency classes, the EN 15232 standard proposes two methods for calculating the impact of the BACS and TBM functions on the building energy performance: (i) the “detailed method” with the requirement of a deep knowledge of the characteristics of the building and its installations, subsystems like HVAC, lighting, etc., as well as (ii) simplified the “BACS factors method,” allowing us to roughly estimate the impact of the BACS and TBM functions on the building energy performance [39,43]. In this paper the authors compare the BACS efficiency factors from this simplified method with the potential energy savings estimated based on real data from an experiment. These factors have been classified in the EN 15232 standard, depending on the BACS efficiency classes and the building types [3,39]. Potential energy savings due to the lighting BACS control functions are expressed by BACS efficiency factors for lighting, provided in this standard. Since the case study presented and analyzed in this paper concerns a specific university building with laboratories and offices, some factors related to those kinds of buildings are presented in Table 2 [39].



As shown in Table 2, the factors for the BACS efficiency class C are defined with a value of 1 as reference class, with standard functionality of the BACS and TBM systems. The factors for other, higher classes (B and A) show significant potential for energy efficiency improvements with the BACS and TBM functions. In particular, for advanced BACS functions organized and integrated according to the guidelines and requirements of class A, the energy consumption for lighting can be reduced by almost 25% to 30%. Nevertheless, it should be underlined that the real outcomes obtained from the data measured for specific buildings can show significant differences from the expected and estimated energy savings. Therefore, some research and experimental validations with real buildings as case studies have been conducted by different research teams, presenting data analyses and comparisons [44]. In [41] Beccali et al. conclude that the BACS factors method can be used with sufficient precision to evaluate the energy consumption of C or A BACS classes’ lighting systems, both in residential and non-residential buildings. However, at the same time they declare a wider research aiming at determining how the BAC factor method can be improved and made more accurate.



In this paper we present a case study and experimental results aimed at verifying the soundness of this simplified BACS factor method and validating the estimated levels of the energy savings in a lighting system controlled by distributed KNX BACS modules.





3. Case Study—Experimental Building and Control System


This study deals with the activities of the Laboratory of KNX System and Evolution of Installation Energy Efficiency (SKNX & EIEE Laboratory) at Poznan University of Technology in Poznan, located in the northwestern part of Poland. The laboratory is on the first floor of a two-story building situated at latitude 52°24′05.6″ N and longitude 16°57′07.6″ E. The north–south orientation of the building is shown in Figure 1. The surroundings of the building do not affect daylight availability to the rooms in terms of shade or light reflection. The layout of the laboratory, the area of the rooms, and the total area of windows in each room as well as the arrangement of lamps and the power density of the installed lighting are also presented in Figure 1. In all the rooms, the windows are of the same area (0.63 m2) and are placed 0.3 m from the exterior surface of the building. There are two laboratory rooms, two offices, and a corridor on the floor considered in the case study for this paper.



3.1. Lighting Installation and KNX Control System Components


The laboratory is equipped with both a KNX standardized, distributed building automation system and SCADA solutions for the control and visualization of heating, lighting, and air conditioning. This control and monitoring platform allows us to organize and modify various control scenarios for the laboratory rooms, offices, and corridor. The structure of the KNX lighting control system of the SKNX & EIEE Laboratory is shown in Figure 2. This structure consists of one line (KNX bus) powered by a KNX power supply unit PS (30 V DC). Each device connected to the KNX bus has its own intelligence thanks to the integrated microcontroller, operating system, and program memory. These features with a standardized communication interface enable data transmission between devices using KNX standard telegrams (messages). The design of the installation and configuration is done via a PC with the installed ETS (Engineering Tool Software) connected by a KNX/IP router.



In the KNX Laboratory room, the lighting system consists of fluorescent lamps controlled by DALI (Digital Addressable Lighting Interface) communication protocol; therefore, the KNX/DALI gateway (DG) is used to integrate the DALI lamp controllers with a KNX bus. The lighting in other rooms is controlled with the eight-channel Dimming Actuator (DA). All rooms are equipped with presence detectors with brightness sensors (C1–C6) as well as push buttons (S1–S6). All these devices allow us to control lamps manually or automatically depending on the occupancy and daylight level in the rooms. The arrangement of the sensors in the rooms is also shown in Figure 1. Moreover, a weather station with brightness sensor (WS in Figure 1 and Figure 2) is installed on the southeastern facade of the building and an additional brightness sensor (BS in Figure 1 and Figure 2) is mounted on the north facade to measure the outdoor daylight illuminance levels. The basic technical characteristics of the brightness sensors C1–C6, WS, and BS are presented in Table 3.



Bearing in mind all these features of the KNX BACS implemented in the SKNX & EIEE Laboratory, the authors state that for this case study the BACS efficiency class is A, taking into account the occupancy and daylight control considered in the experiments presented in this paper.




3.2. Data Acquisition and Lighting Control Strategy Assumptions


The KNX BACS field network is a key tool used for data transmission and acquisition in the case study presented in this paper. Values and parameters measured by all kinds of sensors integrated within the BACS in SKNX & EIEE Laboratory are transmitted to the HomeServer connected to KNX bus (Figure 2). The HomeServer visualizes the results on-line, archives them, and sends the results as .csv file once a day to specified e-mail addresses. The recording format allows further processing of the results by external tools and programs. Additionally, the laboratory is protected by an Intruder Alarm System. Arming of this system automatically turns off lights in the entire space of the laboratory, while disarming this system turns on lights in the corridor. A violation of a protected zone is detected by a presence detector and a light turns on in the violated zone. The following data are recorded by the HomeServer:




	
illuminance level from the weather station and brightness sensor mounted on building facades, as well as from presence detectors with brightness sensors in each room;



	
wind speed from weather station;



	
state of the Intruder Alarm System—armed or standby;



	
on/off status of lights in each room;



	
position status of the blinds in each room.








The occupancy of each room is monitored using a sensor, and lights are turned off in case of inactivity after a sufficiently long period of time and turned on instantly when activity is detected again. In the corridor, in case of inactivity for a specified period of time, lights are not turned off but dimmed to 25% illuminance. The brightness sensor monitors daylight in the room and if the presence detector is active the lighting is controlled by the daylight illuminance. When the illuminance of the daylight falls below a specified point, the lights are brightened such that the illuminance monitored by the sensor increases to the required threshold. When a set point is exceeded, the lamps are turned off.



However, it should be noted that the potential electrical energy savings achieved by using presence detectors depends strongly on the behavior of the occupants. Obviously, the lighting control method described above is favorable in rooms in which the occupancy is changing, but it is not considered in this paper. Therefore, in the estimation of energy savings possibilities, in this study only a dimmable lighting control method was investigated. This estimation was based on daylight illuminance recorded inside the rooms and the determination of the number of hours in which the illuminance exceeded the specified set-points required to turn on and increase the intensity of light.



The mentioned set points are determined by correlation between the illuminance measured by the sensor (light reaching the sensor) and the illuminance on a table surface in the rooms and on the floor surface in the corridor. This correlation takes into account daylight distribution in the depths of the room. An example of daylight illuminance distribution in Office 1 and Corridor depths are shown in Figure 3. The illuminance decreases rapidly away from the window and remains nearly constant as the distance from the window increases.



Knowledge of the distributions was applied to control algorithm of the lights, such that the lamps are being switched on and their brightness increases more and more away from the windows. For example, in the corridor, the required illuminance level is assumed to be 150 lux, in accordance with the EN 12464-1 standard [45]. On 12 May 2016 at 14:30, three lamps located close to the window can be turned off; the fourth should be brightened to 50% and the rest to 100%. On 19 May 2016 at 10:15, only the first lamp can be turned off; the second lamp should be brightened to 50% and the rest to 100%. In the rooms, the lights can also be controlled by taking into account the distribution of the daylight with depth. The distribution in Office 1 shown in Figure 3a indicates that the lights in the first row from the window can be turned off, those in the second row should be brightened to 50%, and those in the next row should be brightened to 100% (or other estimated values).





4. Experimental Results, Analysis, and Findings


As mentioned in previous sections, daylight illuminance and its distribution in the rooms are crucial for possible electrical energy savings. However, for the estimation of daylight in the rooms, there are two illuminance levels considered in research simulations and experiments: (i) external—outside the building and (ii) internal—inside the rooms. Moreover, the well-known Daylight Factor (DF) is used for indication of daylight availability in each room. The DF is defined as:


   D F =    E  i n t      E  e x t      ,  



(1)




where    E  i n t     is the internal illuminance and    E  e x t     is the external illuminance, simultaneously available on the horizontal plane from the whole of an unobstructed CIE overcast sky given by the International Commission on Illumination [7,30,46].



4.1. External Daylight Illuminance Measurements


In the case study of the SKNX & EIEE Laboratory analyzed in this paper, the external daylight illuminance levels are measured on the southeastern facade of the building by a weather station and on the north facade by a brightness sensor. During overcast days, the illuminance levels obtained from these two sensors were almost identical; however, on sunny days these values vary owing to varying sunlight at the building facades. Sample results are presented in Figure 4. Therefore, the lighting and blinds control in the room—depending on the illuminance measured by an external sensor—must consider the position of the sensor relative to the selected room.



In order to estimate the feasibility of the dimmable lighting control method depending on the daylight illuminance distribution in rooms, the external daylight illuminance was measured every 5 min by the weather station during the period 1 July 2014 to 30 April 2015. Figure 5 shows the illuminance level measured each day from 1 July 2014 to 5 July 2014 and from 26 November 2014 to 30 November 2014. A value of 0 on the time axis means hour 0:00. On 1 July 2014 the sun rose at 4:33 and set at 21:17. In Figure 5a the sunrise hour corresponds to 273 min and the time of sunset to 1277 min. On 23 November 2014 the sun rose at 7:29 (corresponding time in Figure 5b is 449 min) and set at 15:47 (in Figure 5b—947 min). The highest illuminance of approximately 85,000 lux was recorded in the first period. Then, the illuminance level began to decrease and, in the second period, the maximum and minimum values of recorded illuminance were approximately 11,000 lux and less than 1000 lux, respectively. In the period with the shortest day of the year, the maximum value of the illuminance was approximately 14,000 lux because of the sunny day. It was observed that the recorded illuminance from 1 July to 5 July suddenly decreased owing to the position of the sun relative to the building façade where the weather station is installed and, obviously, there were more non-zero recorded values than in the period of 26 November to 30 November.



Since January 2015, the illuminance of the daylight increased steadily and reached a maximum value of approximately 72,000 lux in the last period investigated (16 to 30 April 2015). The minimum illuminance also increased; on cloudy days, it was less than 5000 lux. To highlight the influence of the sensor location on the measured illuminance, Figure 6 shows the daylight illuminance measured by the brightness sensor mounted on the north facade. The illuminance measured by this sensor was approximately 1.5 to 4 times lower than the illuminance measured by the weather station.



Figure 5 and Figure 6 indicate a very large variation of the daylight illuminance. In Figure 5, the illuminance reached approximately 85,000 lux, but the values decreased to less than 10,000 lux in a day owing to cloud cover. This variation affects the daylight variation inside the rooms, where in a short time it can change from a few times to tens of times, depending on variations in cloudiness. It should be noted that such a large variation occurs on most days of the year. These variations are similar to the results presented in [13,14].




4.2. Internal Daylight Illuminance Measurements


Inside the laboratory rooms, the illuminance of daylight was measured by brightness sensors, sent and transmitted via KNX bus, then recorded in the HomeServer memory. Figure 7a shows the illuminance levels in rooms on a cloudy day on 23 November 2014 in which the outdoor illuminance was lower than 7000 lux. The highest illuminance was recorded in Office 2; however, it was lower than the required value of 500 lux. In the other rooms, the illuminance values were lower than 100 lux.



The illuminance level on a sunny day (25 March 2015) measured inside rooms is shown in Figure 7b. The maximum value measured by the weather station was approximately 40,000 lux, while the value measured by the outdoor illuminance sensor was approximately 10,000 lux. In such outdoor daylight, only the illuminance in Office 2 was higher than 500 lux for about two hours, while in the other rooms the illuminance remained below 500 lux all day.




4.3. Correlation between External and Internal Daylight Illuminance Levels


The relationships between indoor and outdoor illuminance of daylight measured by the weather station for Offices 1 and 2 are shown in Figure 8 for a cloudy day (23 November 2014) and in Figure 9 for a sunny day (25 March 2015). On 23 November 2014 the external illuminance measured by the weather station and the external brightness sensor were practically the same. This means that on a cloudy day the illuminance does not depend on the facade where the sensors are mounted. In this case, internal illuminance    E  i n t     can be approximated using a linear or polynomial function of external illuminance    E  e x t    :


   for   Office   1 :    E  i n t   = − 0.37 + 0.0111 ·  E  e x t    ;   coefficient    R 2    is   0.98301  



(2)






   for   Office   2 :    E  i n t   = − 0.8618 + 0.0403 ·  E  e x t   − 1.5342 ·   10   − 5   ·  E  e x t  2  + 2.9588 ·   10   − 9   ·  E  e x t  3   ;    coefficient    R 2    is   0.89729 .  



(3)







The values of the R2 coefficient show a very good correlation between indoor and outdoor illuminance levels for both functions. The form of the function depends on the shape of the room and daylight availability: Office 1 receives daylight from one side of the room, while Office 2 receives daylight from two sides. Offices 1 and 2 are quite small and sensors measuring illuminance are placed near the windows.



On a sunny day, the internal daylight depends on the position of the sun; therefore, for one value of the external illuminance, there are two values of the internal illuminance measured in a room, as shown in Figure 9. The more intense the sunlight, the larger the difference between these values.



The relationship between external and internal daylight illuminance levels is very complex and depends on many factors, as has already been mentioned in previous subsections. However, it should be noted that knowledge of this relationship is essential for proper selection of lighting control algorithms and evaluation of potential energy savings. If formulation of function equations is possible, these equations can be incorporated into the control algorithm to estimate daylight penetration in rooms.




4.4. Availability of Daylight in the SKNX & EIEE Laboratory Rooms


In the SKNX & EIEE Laboratory the experimental investigations were carried out in rooms with different daylight availability. The Electrical Installations Laboratory receives daylight through windows located on one side of the room, at the northwest. In the KNX Laboratory, the windows are on two sides of the room—the northwest and the northeast. The training stands are placed on two sides of the laboratory, obscuring the daylight. The depth of the two laboratories is 5.7 m and the presence detector with brightness sensor is mounted on the ceiling at a distance of 2.85 m from the wall with windows. In Office 1, the windows are at the southeast, while in Office 2 they are at the southeast and south. The corridor is in the central part of the laboratory, with daylight penetration via only one window at the south—in the narrow side of the corridor. The work plane includes practically the entire surface of each room at a height of 0.75 m above the floor, except for the corridor where the work plane includes the floor surface.



In order to assess the validity of dimmable lighting control and energy savings, the number of hours with illuminance levels higher than 500, 400, 300, 200, and 100 lux were estimated in the period from 1 July 2014 to 30 April 2015. These values were determined based on measurements by sensors placed in each room and taking into account the variation of the illuminance resulting from cloud cover. They are in accordance with EN 12464-1 standard [45]. The values for the Electrical Installation Laboratory, KNX Laboratory and two offices in July 2014 are shown in Figure 10, and the total number of hours determined during the considered 10-month period are shown in Figure 11. Results for the Corridor were not presented because the measured illuminance was less than 100 lux. Obviously, the number of hours in which the illuminance exceeds the specified values depends on the month: higher in the summer months and lower in the winter months, respectively.



Figure 10 and Figure 11 show that the daylight availability in several rooms of one building was very different. The number of hours when the illuminance level exceeded the specified values is shown in Table 4.



The largest value occurred in Office 2 owing to the location of the windows on two sides and the small dimensions of the room, and therefore the location of the illuminance sensor is near windows. Slightly less daylight availability occurred in the deeper Office 1, with one side window. Comparison of daylight availability in the two offices reveals that the number of hours with illuminance greater than 500 lux was 2.5 times higher in Office 2 than in Office 1 and the number of hours with illuminance between 200 and 300 lux as well as between 300 and 400 lux were approximately twice as high.



In the KNX Laboratory with windows on two sides and a depth comparable to the depth of Office 1, daylight availability is limited owing to a piece of equipment blocking access to light from the windows. Low availability also occurred in the Electrical Installations Laboratory owing to the orientation of the building relative to the northwest.





5. Energy Savings Estimation and Discussion


The results presented in the previous section indicate that, in the two offices, the use of dimmable lighting controls is economically reasonable unlike in the laboratories, where a simpler method giving significant energy savings is on/off lighting control. Therefore, to estimate possible energy savings, the authors assumed that in a room where the required illuminance level was 500 lux, any reduction in the daylight illuminance of 100 lux requires an increase in the lamp’s brightness by 20%. Knowing the installed power of the lamps in the room and the time when the daylight illuminance was less than 500 lux by 100, 200, 300, 400, and 500 lux, the energy reduction can be estimated. Moreover, it was assumed that the light was automatically controlled at all times and only dimmable lighting control was used. The rooms were occupied from 8:00 a.m. to 6:00 p.m. each day including holidays; therefore, the period from 1 July 2014 to 30 April 2015 has 304 days, and hence 3040 h. The time in which the light should be switched on was determined separately for each day and if this time was greater than 10 h, 10 h was used in the calculation.



The energy consumption without control and with dimmable lighting control as well as the energy savings as a percentage of energy consumed without control are presented in Table 5. Energy consumption without control was calculated by multiplying the installed power of lamps by the overall time of activity in rooms (3040 h).



The results of the energy savings estimation for different rooms in the SKNX & EIEE Laboratory confirmed that implementation of the BACS control and TBM functions provides additional energy savings in buildings. However, as has been noted in Section 2, these savings are closely related to the physical characteristics of specific buildings and rooms. The results of the experiment show that better energy efficiency improvements for advanced dimmable lighting control can be obtained in rooms with better daylight penetration. For rooms like KNX and Electrical Installations laboratories in this case study, the potential energy savings are not so great since the sufficient illuminance level in the rooms should be provided with artificial lighting (lamps) most of the time. For the two laboratories, there are no economic reasons for applying dimmable control; however, owing to the low availability of daylight in the rooms, on/off lighting control is recommended. In these cases, the orientation of the building relative to the south and north plays a significant role, affecting daylight penetration into the rooms. Moreover, the relationship between the indoor and outdoor illuminance levels of daylight should be determined, as has been done in Section 4.3. If this relationship is formulated by a function equation, it can be used to estimate daytime lighting in rooms by the algorithms and control functions of the BACS.



Nevertheless, the results of the experiment obtained and presented in this paper indicate that the potential energy savings on the level expected directly from the BACS factors presented and discussed in Section 2 are achievable. For this case study the BACS efficiency class is A, taking into account the occupancy and daylight control. Therefore, the expected savings from the BACS factors related to the electrical energy used for lighting in non-residential buildings are 28% for offices and 24% for educational buildings, respectively. The experimental results are similar for Office 2. For the other rooms the real savings are lower than expected from the BACS factors, but in this case study only the dependence on daylight availability has been analyzed. To achieve better energy efficiency, the impact of other control and TBM functions should be considered, but they were not considered in this paper. Finally, it could be expected that in Polish climatic conditions, the possible maximum energy savings obtainable using dimmable lighting control would be approximately 30% of the energy consumed without control. However, in practice these energy savings should always be analyzed individually for specific buildings and only for long periods.




6. Conclusions and Future Works


The study presented in this paper focuses on the feasibility of daylight-centered control strategy implementation in non-residential buildings. Experimental evaluation and validation of the dimmable lighting control strategy proposed by the authors have been carried out in a specific university building. In this case study, it is the SKNX & EIEE Laboratory equipped with the open, distributed BACS based on the widely used KNX international standard of building automation. This KNX BACS provided a universal platform for measurements, data acquisition, and visualization from different sensors and control modules distributed in the SKNX & EIEE Laboratory rooms. A technical analysis of the BACS infrastructure installed in the laboratories allowed the authors to implement the requirements from the EN 15232 standard. Therefore, the BACS efficiency factors method for the rough estimation of electrical energy savings due to the BACS control and TBM functions implementation has been presented and experimentally verified for the case study considered in the paper. The authors are convinced that this approach is in line with the current and suggested directions of research work in the field of using BACS in the energy efficiency improvements of buildings. The results of this experiment confirm that BACS control functions integrated in accordance with the BACS efficiency class requirements have a great impact on a building’s energy efficiency. However, this impact is not always as great as expected based directly on the BACS efficiency factors. Therefore, these factors cannot be treated arbitrarily. The results of the experiment presented and discussed in the paper confirmed this statement as well. Hence, as has been motioned, the potential energy savings should always be analyzed and verified for specific buildings individually [34].



To verify the diversity of potential energy savings, a detailed analysis of the daylight impact on the proposed dimmable lighting control strategy has been presented. The authors focused on daylight illuminance changes and distributions in different rooms. The R2 coefficient proves a strong correlation between external and internal illuminance levels, showing the possibility of formulating function equations for this correlation, which could be used in control algorithms to predict daytime lighting in the rooms. Moreover, based on long-term daylight illuminance level measurements, the authors proposed their own method of rough electrical energy savings estimation for a dimmable lighting control strategy. The results of this estimation have been compared with the BACS efficiency factors, confirming the mentioned diversity of energy savings. In this way the study presents a possible approach for estimating lighting control schemes and the prediction of energy savings. It should be noticed that the methods proposed in the paper are universal and can be considered in verifications of various control systems concepts and strategies. This is especially important since, as shown in the paper, non-residential buildings have a large potential for overall energy savings and electrical savings for lighting as well. However, the key aspects are not only the building’s location and orientation, as considered in other studies, but also integrity and interoperability between various devices and subsystems of a building’s infrastructure. These are also given by the mentioned EN 15232 standard for various categories of control and monitoring functions. Therefore, future work will be first of all focused on the verification of the potential energy savings by applying energy efficiency strategies to the case study building. In the next stage of work the authors will consider an extension of the lighting control strategies proposed in this paper as well as the integration of other control functions within advanced control strategies, organized according to guidelines from the EN 15232 standard. In particular, experimental validation of these requirements for specific case studies will be included. Moreover, taking into account similar research [40,47], implementation of energy management functions with the distributed BACS, ready for both Demand-Side Management (DSM) and Demand-Side Response (DSR) strategies, are considered by the authors for future studies.
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Figure 1. Layout of the SKNX & EIEE Laboratory with arrangement of lamps, installed lighting power density, and deployment of KNX BACS devices (the numbers outside the building indicate the total area of windows in the room). 
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Figure 2. A structure of the KNX lighting control system in the SKNX & EIEE Laboratory (the symbols of devices are standardized by the KNX Association). 
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Figure 3. Daylight illuminance level distributions (a) at Office 1 depth and (b) at Corridor depth; ■—on 12 May 2016 at 14:30, ●—on 13 May 2016 at 10:10, ▲—on 19 May 2016 at 10:15. 
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Figure 4. Illuminance levels of daylight measured by the weather station (sensor 1) and brightness sensor (sensor 2) on a sunny day (a) and an overcast day (b). 
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Figure 5. Daylight illuminance level recorded by the weather station mounted on the south-eastern facade of the building (a) from 1 July 2014 to 5 July 2014 and (b) from 26 November 2014 to 30 November 2014. 
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Figure 6. Daylight illuminance level recorded by the brightness sensor mounted on the north facade of the building (a) from 1 July 2014 to 5 July 2014 and (b) from 26 November 2014 to 30 November 2014. 
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Figure 7. Daylight illuminance level in rooms (a) on a cloudy day (23 November 2014) and (b) on a sunny day (25 March 2015). 
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Figure 8. Relationships between internal and external illuminance of daylight measured by weather station on cloudy day on 23 November 2014 for (a) Office 1 and (b) Office 2. 
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Figure 9. Relationships between internal and external illuminance of daylight measured by the weather station on a sunny day (25 March 2015) for (a) Office 1 and (b) Office 2. 
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Figure 10. Number of hours in July 2014 for (a) Electrical Installations Laboratory, (b) KNX Laboratory, (c) Office 1, and (d) Office 2 with illuminance level higher than: ■—100 lux, ●—200 lux, ▲—300 lux, ▼—400 lux, ♦—500 lux. 
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Figure 11. Number of hours from 1 July 2014 to 30 April 2015 with illuminance level higher than specified values. 
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Table 1. The specific BACS control and TBM functions for lighting [39].
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Lighting Control

	
Description

	
BACS Efficiency Class




	
Residential

	
Non-Residential






	
Occupancy control

	
Manual on/off switch

	
C

	
D




	

	
Manual on/off switch + additional sweeping extinction signal

	
B

	
C




	

	
Automatic detection

	
A

	
A




	
Daylight control

	
Manual

	
B

	
C




	

	
Automatic

	
A

	
A











[image: Table] 





Table 2. The selected BACS efficiency factors for lighting in non-residential buildings [39].






Table 2. The selected BACS efficiency factors for lighting in non-residential buildings [39].





	
Non-Residential

Building Types

	
The BACS Efficiency Factors for Lighting

Related to the BACS Efficiency Classes




	
D

	
C (Reference)

	
B

	
A






	
Offices

	
1.1

	
1

	
0.85

	
0.72




	
Lecture hall

	
1.1

	
1

	
0.88

	
0.76




	
Education buildings (schools)

	
1.1

	
1

	
0.88

	
0.76
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Table 3. Technical characteristics of the brightness sensors.
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	Technical Characteristics
	Weather Station WS
	External Brightness Sensor BS
	Presence Detector with Brightness Sensor C





	Type of sensor
	KNX Basic weather station

Art. No. 663990
	KNX brightness and temperature sensor

Art. No. 663991
	INSTABUS ARGUS Presence with infrared receiver

Art. No. 630591



	Brightness range
	1 to 100,000 lux
	1 to 100,000 lux

(±20% or ±5 lux)
	10 to 2000 lux



	Measurement mode
	Send brightness value cyclically every 5 min
	Send brightness value cyclically every 5 min
	Sensors C1–C5 send brightness value cyclically every 5 min

Sensor C6 sends brightness value if the new value differs on more than 10% from the last sent one
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Table 4. The number of hours when the illuminance level exceeded the specified values.
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Room of

the Building

	
The Number of Hours When the Illuminance Eint Expressed in Lux Was




	
100 < Eint < 200

	
200 < Eint < 300

	
300 < Eint < 400

	
400 < Eint < 500

	
Eint > 500






	
Elect. Inst. Lab.

	
762.5

	
70.3

	
0

	
0

	
0




	
KNX Lab.

	
488.6

	
7.4

	
0

	
0

	
0




	
Office 1

	
811.1

	
196.0

	
125.2

	
128.4

	
224.0




	
Office 2

	
602.3

	
373.2

	
281.8

	
120.2

	
552.1
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Table 5. Energy consumptions and energy savings in several rooms of building.
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Room of

the Building

	
Energy Consumption in kWh/m2

	
Energy Savings as a Percentage of Energy Consumed without Control




	
Without Control

	
With Control






	
Elect. Inst. Lab.

	
36.12

	
33.94

	
6




	
KNX Lab.

	
39.62

	
38.43

	
3




	
Office 1

	
35.48

	
29.8

	
16




	
Office 2

	
35.44

	
25.87

	
27












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
.
2120 25032015
L
€= 7000 lx 3 £,,= 40000 10x
s vae) S = -
ofce2 £ o
e g
\ e ;
et st Lab Sm
il | ) Enc mtLeo
i w0o]  comder oo
o [ e — |
o zo 40 w0 o0 100 10 w0 oz o oo 8%t im0 W
“Time (min) Time (min)
(a) (b)





media/file4.png
230V

PS

=l
6
e -l
I
crsn| HI %
I
KNX Bus
ﬂ

C1

S1

C2

S2

C3

S3

Ca

sS4

C5

S5

C6

S6

DA 8Ch

0-10V

DALI ﬂ

DALI Bus

Ix |WwWs

BS

KNX

— KNX/IP Router






media/file18.png
Indoor daylight illuminance (lux)

_— Office 1 ._.--".. :
mn
2 nt IIHJI'
OD = i .l ...ﬁ - L[ ] -
iﬂFl‘ = =
| |
1504 .J' .-
! i,
1004 '_.'
A l '.
50+ ; B
L | |
0- 25.03.2015
0 10000 20000 30000 40000

Outdoor daylight illuminance (lux)

(a)

Indoor daylight illuminance (lux)

700

600
500 -

400 -+

300

200 -

Office 2 LS .:.

.

.l -~ n

l.'. I'I.l’

" . "y .
-l .‘l
I... "
u e - "

25.03.2015
6 10600 20600 30600 40600

Outdoor daylight illuminance (lux)

(b)






media/file21.jpg
Number of hours (h)

2000

1600

1200

800+

400

Elect. Inst.
Lab.

Office 2
100 lux

200 lux

300 lux






media/file3.jpg
230v

T e LT
& = o
=
©ln
G
ome T e UM A e LpTess ]I
Sarver, Ix Ix DALI
T
= = =71 m
Computer S2 s 1~ x (ws
¢
© ©
e HiIlL/ e H 5
= =
S3 s H KNX/IP Router






media/file22.png
Number of hours (h)

2000 ~

—

D

o

o
|

1200
800

400 A

Office 1

Elect. Inst.
Lab.

I KNiab.
2

Office 2
100 lux

200 lux

300 lux






media/file19.jpg
“Number of hours (h)

Number of hours (h)

Elect It Lab,

Dayot iy

@

Numbor of hours ()

Number o hours ()

X Lo

Day oty

(b)

offcet
u
w
Oay oty
(c)

Day oty

(d)





media/file7.jpg
NI

002014

unance ool (1)

sevsor1 23122014

b3

T %o s w0n o e
Time (ri)

(a)

Time (i)

®)






media/file10.png
llluminance level (lux)

90000

80000 4 01-05.07.2014 12000 + 26-30.11.2014
E _p>-ﬁ<h., -
70000 | = 10000 -
60000 - [ i
. D 8000 -
50000 ® y
- -
40000 - | R
30000- E 4000
20000 - - .
| 2000 -
10000 - _
0 [ [ ! | : | v I O I 3 T T I v I
200 400 600 800 1000 1200 200 600 800 1000 1200
Time (min) Time (min)

(a) (b)






media/file14.png
500

400 -

300 +

200 -+

llluminance level (lux)

100 -

23.11.2014
E,, = 7000 lux

(max. value)

Elect. Inst. !_ab.

Office 1
Corrid Pr\*ﬂ,\ / o

\ KNX Lab.

J I ! I : I
200 400 600

! I : I . I : I
800 1000 1200 1400
Time (min)

(a)

llluminance level (lux)

Office_ 1

S
-

Corridor

25.03.2015
E . =40000 lux

ext
(max. value)

Elect. Inst. Lab.

KNX Lab.

v T T T T T T
200 400 600

860 |
Time (min)

(b)

T . ! . I
1000 1200 1400





media/file11.jpg
fluminance level (lux)

s arasoraots o o
H
1 I
1 fuo
- .
. . .
% ECE P R Y
T ) T )
@ ®






media/file6.png
llluminance level (lux)

7000

6000;
5000:
4000;
3000:
20002
1000:

0 -

L |
om
e |

¢ 3 3 3

L ES TR LI IV N FORL I VN SR UM SR AU W I
-05 00 05 10 15 20 25 30 35 40 45

Distance from the window (m)

(a)

llluminance level {lux)

5000
|
|
4000 -+
|
3000{ 4
‘I
2000{ .=
e A"
] f;'
Lo I
ﬁ.:‘.l
0- *tsilussssnusassnsas
—T T T T T T 7T T T T T T 1T 1
<t @ 4 2 3 4 5 B F 8 F£10 11 12 13

Distance from the window (m)

(b)





media/file15.jpg
S 2
E Eumn
i §
] o
£ g
ie H
] K
g $w
. 220 § e
H 2.
i e e e e 90 T o 2 0w 5% ot 70w

Outdoor daylght uminance () Outdoor daylgh uminance (ux)
(a) (b)





nav.xhtml


  energies-11-02166


  
    		
      energies-11-02166
    


  




  





media/file16.png
£ o)) (o

Indoor daylight illuminance (lux)
%)

500

04 Office 1 - = Office 2
= 400+
3
0 - =
£ 300-
E
o =
= 200
=y
0+ )
T 100~
o
23.11.2014 . 23.11.2014
0+ E 5
L] I v I ' [ ' 1 v 1 i | J | T T T Y I T 1 ‘ [ L I T I
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Outdoor daylight illuminance (lux) Outdoor daylight illuminance (lux)

(a) (b)





media/file2.png
Electrical Installations Laboratory; 66m’

ﬂ% c1 11'}?83::\’;”’2 )

0.63m?

7.78W/m’ 168W

Ulg BE

Office 1; 21.6m’

— C“E

1.89m?

— 252W

——a
I 7 —=  11.67W/m’ g

KNX Laboratory; 60m*

13.07W/m’

784W

]

1.89m’

Ix | WS






media/file20.png
Number of hours {h)

Number of hours (h)

14
: Elect. Inst. Lab.
12 - an” = Ny "y L™
1 |
10 [ ] ]
. B -. = HE [ | BE
8 - n, .
6 - u '
: |
A
_ &
2]e®%e © o ? o 0. . —
| AaA , Ay, A o0
0]AYY oV eev 44 4o  ae_ e o
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Day of July
(a)
14
1 Office 1
12 1 -
A | | n n
| ] | | | | B L ] |
10 1] m = o .
y = m ™®
| | |
8_‘ ™ ®
B °ge o o 0
64 of "g'vt . 2 2% 224 a
7 ® v ® L ] vv"'
4 B I : R v;v ¢ o v
1 Vea®h L
vA & OO0
210 o vas®  0vel0% 00e®
{a0e®a oy o
013 $o o o2 )

Day of July

(0)

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32

Number of hours (h)

Number of hours (h)

I e KNX Lab.
?_
| H B | |
H
6 <
54 - B
] n = "y
i | 1
1 " =sm =m
3 E -
3| l . .
2 -
J | ]
Ly ®
] *
01 m - ® (] ] ]
L [l [RE I VR [ P e L Lo ) e ) PR 5t [ .
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32
Day of July
14 - ol TR Office 2
/m mm ", - o
5 " E = n® E =
1 geo_me e ® " a
1 * ®" oo ° m o® -
10 - ..Al‘..
|® % % o Age
A A A A A A
At = 4 "‘:‘ ve 3 438, 43 44
joy Vv v;nx °® Vo v x"'
4 FNe ¢ $e,® o
] v b4 ¢ o
T
24 [s) ° yaN
- A
0 L J

S T 655 R0 [ e [ i IS N [ 7 L LU Lo O IO .0 T
0 2 4 8 8 1012 14 18 18 20 22 24 2§ 28 30 32

Day of July

(d)





media/file5.jpg
g

EE]

[

H

:
(AR3

L

05 %0 95 70 15 20 25 30 35 40 45
Distance from the window (m)

(a)

A A PR A A R
Distance from the winow ()

(b)





media/file1.jpg





media/file12.png
llluminance level (lux)

50000 - 01-05.07.2014 6000 - 26-30.11.2014
;- 4
= 5000 -
40000 et
S ]
@ 4000 -
30000 - 8 l
S 3000
,
20000 - E '
S 2000
100001 —
0 1 1 ' I L 1 5 I 0 T T ’ T | T T T ‘ T T T
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Time (min) Time (min)

(a) (b)






media/file9.jpg
0108072014

e 26-30.11.2014
T
2o
8
£ w
£ o
=0
Time (i) Time (min)
@

(b)






media/file0.png





media/file8.png
llluminance level {lux}

60000
50000:
40000:
30000;
20000;

10000

23.09.2014

sensor 1

sensor 2

0

' |
200

T T T T T T T T T T y [
400 600 800 1000 1200 1400

Time (min)

(a)

llluminance level (lux)

sensor 1 23.12.2014

sensor 2
s

" T ! T £ I " T ' I " T y I
200 400 600 800 1000 1200 1400

Time (min)

(b)






media/file17.jpg
Indoor dayight iluminance (1)

25032015 i 25032015
Woo e w0 a0 5 ok w0

‘Outdoor daylght uminance (1)

(a)

Outdoor dayight uminance (w)

(b)






