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Abstract

:

Daylight utilization significantly contributes to energy savings in office buildings. However, daylight integration requires careful design so as to include variations in daylight availability and maintain a balance between factors such as lighting quality and heat gain or loss. Designers with proper planning can not only improve the visual environment and create higher-quality spaces, but simultaneously minimize energy costs for buildings. The utilization of photosensors can exploit the benefits of daylighting by dimming the lighting system, so that no excessive luminous flux is produced, thus leading to energy savings as well as visual contentment. However, the human factor is crucial for the proper function of a lighting control system. Without its acceptance from the users, energy savings can be minimized or even negligible. The objective of this paper is to present a post-occupancy evaluation regarding occupant satisfaction and acceptance in relation to daylighting in offices equipped with automated daylight controls. In addition, the response of the users was compared with lighting measurements that were performed during the post-occupancy evaluation. Three case studies of office buildings with installed daylight-harvesting systems were examined. The age of the occupants was a crucial factor concerning their satisfaction in relation to the lighting levels. Aged users were more comfortable with lighting levels over 500lx, while young users were satisfied with 300lx. The impact of different control algorithms was outlined, with the integral reset algorithm performing poorly. The acceptance of the users for the closed loop systems maintained the expected energy savings of the daylight harvesting technique. Most of the occupants preferred to use daylight as a light source combined with artificial light but having the control to either override or switch it on and off at will. The results shown that a post-occupancy survey along with lighting measurements are significant for making an office environment a humancentric one.
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1. Introduction


A significant amount of electricity, namely 17–20%, is consumed by lighting at a global scale [1,2]. In Greece, the respective quotient of the electricity consumed by lighting is 21% [3]. Apart from daylight integration as a means for electric energy reduction [4,5], by examining the daylight zones [6,7,8,9] and redirecting solar radiation [10,11,12,13,14], a lot of research has been conducted for (a) the promotion of renewable energy sources in the building sector [15,16,17,18] and in electrical energy storage systems [19] and (b) the energy savings in exterior places [20,21,22,23,24,25,26,27,28]. LED luminaires have a great impact on the lighting market due to their prominent characteristics such as high energy efficiency and long lifespan and are acknowledged as the prevailing lighting solution in the future [29,30,31,32]. The use of solid-state lighting can contribute to the reduction of energy consumption due to the increased luminous efficacy when compared to traditional light sources (i.e., fluorescent). Consequently, the global market penetration of LED lamps has increased from 9% in 2011 in the European Union and is expected to exceed 70% in the near future [3]. Decision makers in the lighting sector should take into account circular economy features and use of lighting controls [33,34,35,36,37,38,39,40,41,42,43]. Reviewing the literature, it is evident that the installation of daylight-harvesting systems leads to high energy savings [44,45,46]. Despite the proven benefits from daylight, daylight controls are not widely installed in buildings due to the additional costs of equipment, labor, studies for lighting control design, potential training for usage and maintenance. Another factor that impedes the proliferation of daylight controls is the misperception among building contractors that these systems are unreliable, although various studies have highlighted their high reliability [47,48,49,50,51,52]. In order to better understand the operation of photosensor-based daylight-harvesting systems and maximize the benefits of daylight integration, the users’ reaction to these systems must be thoroughly studied.



Building facilities have the sole purpose of accommodating the needs of their users. A post-occupancy evaluation study, abbreviated as POE, is defined as a holistic and rigorous procedure of assessing a building’s performance with regards to its users after its occupation. It can be described as the documentation and review of user satisfaction, space and resources exploitation of an occupied built facility so as to quantify its efficiency and designate critical occupant and building performance issues. It involves both technological as well as human factors [53]. Therefore, it can be considered as a framework which demonstrates the continuous interaction between buildings and the need of the occupants and suggests appropriate measures to optimize the built environment in order to fulfill these needs [54]. POEs are categorized in three types according to their purpose: indicative, investigative and diagnostic [55,56]. Post-occupancy evaluation is characterized by a plethora of benefits. The most important is that it provides feedback for the actual operation of a building [56]. Other benefits include the effective application of building design skills, improvement of building commissioning process, facilitation of building management, accumulation of knowledge concerning building operation, optimization of building efficiency with regards to a variety of both technical characteristics, e.g., a building’s energy or thermal management, its structure and architecture, as well as human characteristics, e.g., occupant’s wellbeing and productivity, opportunities to improve dialogue within design teams and their partners, improvement of existing building regulations and establishment of new more effective regulatory frameworks and policies [53,56]. The advantages of POE are applicable not only to a specific building or facility, but extend further to the building sector overall. A POE provides valuable conclusions, which can be utilized for the establishment guidelines and the adoption of measures that improve a buildings’ performance in existing, as well as future projects [57,58]. The conduction of POE’s enhances knowledge thus steadily improving building indoor environment [59].



Numerous studies have established the correlation between the occupants’ satisfaction and their productivity [58,60,61,62]. Buildings which address efficiently the needs of their users are considered more pleasant [58,63]. Lieman and Bordass [58] have proven that the level of control each user has over his working environment is a critical factor which is able to influence the occupants’ satisfaction and productivity. Another finding of their survey was that users were more satisfied when they worked in an office with the preferred operable windows, rather than offices with automatic ventilation in their working environment systems. An extensive post-occupancy evaluation study [64] has accumulated data from various office buildings and has highlighted the importance of indoor environment quality factors such as air quality, temperature, sound, privacy, etc. Thomas [61] has shown that high levels of daylight, glare and noise control in a work environment can positively affect the occupants’ satisfaction. Choi et al. [65] have performed on-site measurements of indoor environment quality characteristics, as well as occupant surveys and concluded that thermal quality along with lighting adequacy were highlighted as key factors for user satisfaction and wellbeing. Kim and de Dear [66] have compared the satisfaction of employees working in open-plan as well as private offices and deduced that the users of enclosed private offices expressed a higher level of satisfaction with their work environment. The most important factor affecting an occupant’s satisfactions in both types of offices was the amount of individual space available. However, several differences regarding user satisfaction between the two types of offices have been identified. Absence and high level of commotion in open space offices were significant factors that affected employee satisfaction negatively, whereas lighting levels, ease of interaction and comfortable furniture were identified as more significant for the satisfaction of the occupants in private offices. Another POE study by Agha-Hossein et al. [62] has denoted a strong correlation between the productivity and contentment of employees with two groups of variables: (a) interior usage of their workspace which includes office layout and appearance, comfort of furniture, visual and auditory privacy, and (b) physical conditions which include natural and artificial light, air quality and temperature. Filippín et al. [67] have conducted an evaluation study concerning a building in Argentina and quantified its thermal and energy performance which were highly praised by its occupants. Mustafa [59] published a POE study regarding the architecture, accessibility as well as indoor environment quality of a university facility in Iraq. The procedure of POE involved a combination of two sophisticated surveys. The first involved rating by experts and the second was addressed to the users of the building. The results of this study demonstrated that the majority of building environment characteristics, namely a quotient of 88%, is highly associated with the contentment of its occupants. Ponterosso et al. [63] have performed a POE in a “green” building and reached the conclusion that it is important that occupants are able to understand the sustainability features of a building. According to their study, thermal comfort is a profound factor which can affect comfort levels. Moreover, seemingly small details of the indoor environment can induce great impact on the level of comfort experienced by occupants. A large-scale POE study by Park et al. [68], including 1601 workstations in 64 office buildings, utilized measurements of indoor environment quality and occupant surveys. Their objectives were to determine critical indoor environment quality and physical parameters that affect occupant’s satisfaction with regards to thermal quality and indicate correlations between the building systems, the measurements of indoor environment factors and user satisfaction in simultaneous time frames. The researchers [68] deduced that the most important indoor environmental factors affecting occupant satisfaction with regards to thermal quality were air temperature and radiant temperature asymmetry which exists between the two sides of the building’s wall. Respectively, the most significant technical attributes of the building were the size of each working plane, view and the extent of thermal control. Candido et al. [69] aimed to identify key factors that correlate to employees’ contentment, productivity, and wellbeing in open-space office areas while concurrently indicating design similarities in contemporary working environments. The data that were analyzed came from 8827 evaluation studies in office buildings in Australia. The results have proven that maintenance and aesthetics of the building, quality of air, level of sound and commotion, visual comfort were considered among other features as key parameters by the occupants. Göçer et al. [70] documented the results from a dataset comprising of 9794 POE surveys in Australian office buildings. Their conclusions were that open-space office buildings could exploit the advantages of enhanced aesthetics, design of zones that addresses the needs of the work environment, daylight integration and access to an outdoor environment. A recent POE study [71] was conducted in four Swiss green office buildings and employed in situ measurements and occupant surveys in an effort s to demonstrate the factors that maximize users’ comfort. The main finding of the study was that although the observed environmental factors adhered to standards, the indoor conditions did not reach the 80% satisfaction threshold by the users. The occupants designated temperature and air quality as crucial parameters.



As energy audits and surveys in buildings have a significant role [72,73,74,75,76,77,78,79,80], the scope of the proposed research is to emphasize their corresponding role into the lighting systems. The number of POE studies focused only to lighting is limited and this is exactly the basic scope of the proposed method. The collection of POE studies, especially these focusing on the lighting systems, systematically organizes the existing knowledge in the field. In that sense, these studies can provide information on the quality features of the lighting design. In this paper, a post-occupancy evaluation study is performed to document the reactions of the occupants concerning daylight harvesting control systems. The study aims at drawing valuable conclusions concerning the efficiency of lighting systems and daylight controls in an office building. Three office buildings have been examined and a combination of methods has been selected in order to carry out the POE study, namely (a) observation of the lighting system of building, (b) physical measurements regarding the total illuminance on working plane level originating from both daylight and artificial lighting, and (c) an occupant survey was formed that takes into account the occupants’ reaction to daylight, windows and lighting control. An occupant survey was delivered to the users of three office buildings with different daylight harvesting control algorithms in each of them, in order to elucidate their preferences. The results of the study can produce a quality profile of the building based on different user opinions that can be utilized as a model for the evaluation of the lighting systems and controls, as well as to determine the correlation between the performance of these controls, the illuminance measurements and the user’s overall satisfaction and wellbeing.




2. Materials and Methods


This research is based on the occupants’ preferences together with lighting measurements. A questionnaire was designed that can demonstrate user preferences regarding daylight integration and lighting control. Three buildings were selected (A, B and C), each one with different control algorithm (closed loop, open loop and integral-reset control algorithm) in their daylight harvesting control system, in order to investigate their performance. The selection of these buildings was based on two factors: the suitability of the building (i.e., installed lighting control systems) and the availability of users to participate in a survey. The latter is a major problem since by publishing any energy-related results, the value of the buildings might be affected. Thus, there is a reluctance from building owners to participate in surveys or measurement campaigns. A total of 122 people were involved in the questionnaire and an equal number of task areas were measured. Figure 1 shows the methodology used. Lighting measurements combined with the occupants’ preferences were statistically analyzed. Presented in the following paragraphs are the examined buildings, the definition of the questionnaire, the lighting measurement and the statistical analysis procedures.



2.1. Selection of the Buildings


Three office buildings located in Athens, Greece, were selected. In all buildings, a daylight-harvesting system was installed. Building A (Figure 2) is a 2-storey office building of the tertiary sector in an open plan area. On the first floor there are open plan offices, while on the second floor there are closed office spaces. POE was performed in both floors. Building B (Figure 3) is an 8-storey office building. The sky view to the north is partially obstructed by a three-storey building. The users are located mainly in the perimeter of an open plan space. POE was performed on the 3rd and 4th floor. Building C (Figure 4) is a 4-storey office building. The sky view to the north and south is partially obstructed by two similar height buildings. Floors 2 and 3 were selected for this study. A detailed description of the lighting system and daylight control is presented in Table 1 for each building. In all buildings, all examined areas were used as offices. In the rest floors the activities were different, thus were not taken into account.




2.2. Survey with Questionnaire


Since the main objective of the study concerned daylight integration and control, the occupants that were working in offices placed in the perimetric zone of each building were chosen for the study. The questionnaires were handed to the users that (a) are located in areas with high daylight penetration, (b) their working station was inside the daylight zone according to EN 15,193 [81] (the maximum depth of the daylight zone was 2.5 times the height between the window lintel above the floor and the height of the task area above the floor) and (c) the corresponding lighting system in the daylight zone was controlled using from a daylight-harvesting system. Due to the general personal data protection regulations the questionnaires were filled anonymously and the detailed position of the occupants’ working stations was not recorded, except their age. Figure 5 presents the orientation of the working spaces as a percentage.



The sample of the occupants that were selected, were between 20–60 years old. (Figure 6, right). The questionnaire was completed by a total number of 122 occupants (53 women, 69 men, Figure 6, left). The questions are presented in Table 2. The format of the questionnaire was based mainly on rating scales. Rating scales are used so as to model the respondents’ feedback in a comparative form and are applied in various types of surveys where respondents are expected to assess or classify attributes, such as performance, efficiency, etc. The rating scales are suitable for field research due to their reliability and efficiency for subsequent statistical analysis. Based on the answers, researchers were able to associate a qualitative measure with a certain attribute or feature. The answers were on an ordinal 5-point scale from ‘too much’ to ‘very poor’ and a 3- or 4-point scale, while some questions used a tick box (Table 2). The occupants were not trained or informed before filling the questionnaire, in which simple questions were used. This was a prerequisite for the current research. We believe that any training to the occupants prior the questionnaire could affect their responses, especially their awareness to the lighting controls systems, a crucial factor for their successful implementation in to the buildings.




2.3. Survey with Lighting Measurements


During the survey and the evaluation of the questionnaire from the users (Spring time, from 11:00 to 15:00), illuminance measurements were performed. The illuminance measurements are a crucial parameter in a POE survey, because (a) the occupants’ opinion can be verified and (b) the lighting installation is checked as if it is in accordance with EN 12464-1 [82] or the initial lighting design. Special actions should be performed after POE and measurements are concluded. If the space is over illuminated and there are complaints, the redundant luminaires should be removed if possible. On the other hand, a number of luminaires should be added if lighting levels are inadequate. For the measuring procedure, a T-10a Minolta calibrated luxmeter was used (Figure 7). The measuring sensor was placed at a height of 0.8 m, on the working surface of each occupant. The luminaires in the measuring area were all in operation using daylight harvesting control. The measured value was the total illuminance, namely daylight and dimmed artificial lighting levels at the time of the survey.




2.4. Statistical Analysis


The survey responses were used to build two types of variables, namely ordinal and dummy. Therefore, the methods for testing the research questions are adjusted on the type of variables incorporated in each one of them. There are two basic methods for testing the associations of variables. When the variables are of ordinal scale, the correlation analysis is conducted. There are two basic correlation coefficients: Pearson and Spearman. Pearson measures the association of variables using their original values while the Spearman coefficient tests the monotonic association based on the rankings of the variables. The first is parametric and is implemented in rather large samples, while the second is a non-parametric one and is implemented on rather small samples [82]. In addition, it can be used when the data are of ordinal scale, which is the case of the present paper [83]. Since, the correlation analyses will consider both the whole sample where observations are quite a lot, as well as on individual buildings, which have smaller samples, the present paper adopts the Spearman correlation analysis. The formula for estimating the Spearman coefficient between two variables y and x is as follows:


  ρ = 1 −   6 ∑  d i 2    n  (   n 2  − 1  )    ,  



(1)




where n is the number of cases and di the difference between the ranks of their observation in y and x variables, respectively. The ρ coefficient takes values in the closed interval [−1,1] with values close to 1 denoting a strong positive correlation and values close to −1 a strong negative correlation. Values close to 0 denote a weak correlation of the considered variables [83,84].



On the other hand, when analysis incorporates both ordinal and dummy variables, the non-parametric Mann–Whitney test will be conducted. Mann–Whitney test the null hypothesis that the scores of a variable follow the same distribution over two samples being formulated by the two values of the dummy variable. Similar to Spearman coefficient, the Mann and Whitney statistic U, is computed based on the rankings rather on the actual scores of the variables [83,84]. Then, the statistical significance of the estimation is extracted based on a z normal approximation of the U statistic [85].





3. Results


3.1. Survey


In the first question (Table 2), the occupants ranked the three parameters that are most important for them in making an office environment a pleasant one. In this question, the users indicated what they want mostly and not necessarily what they experience in their office. Visual comfort, thermal comfort and ventilation are ranked as the most desired features with average with average occupants’ preferences 24.6%, 23.8% and 21.3%, correspondingly (Figure 8). On the other hand, in the second question, the occupants voted for what they experience in their offices. These comparable values for the individual examined buildings are shown in Figure 9. The results of occupants’ satisfaction for Buildings B and C related to the most parameters came out very well. Only visual comfort came out well for Building A, because of the lighting control system with photosensors and occupancy sensors.



As most of the occupants want to work with both daylight and artificial lighting (Figure 10, left) a daylight-harvesting system is preferable than a simple on-off switch. Thus, every user selected that the existence of an external opening is very or moderately important (Figure 10, right). However, only the users of Building C prefer their workplace to be illuminated solely by daylight, while the majority of the employees of Building A oppose it (Figure 11, left). Most of the occupants reported that there is too much light, not only into the entire area of their offices but also in their working planes. Their answers were almost the same either for their space or desk (Figure 11, right, and Figure 12, left). This is due to the overall and general lighting design using a typical grid. None of the buildings had placement of the luminaires according to the task areas. The occupants of Building A, while reporting high illuminance values for both daylight and artificial lighting (Figure 12, left), they also reported low amounts of daylight reaching their working space (Figure 12, right). This means that in many working positions in Building A, the luminaires above them were emitting their maximum light flux. In this building, the control of solar gains is realized by both external and internal shading systems (Figure 2, middle) which are adversely affecting daylight levels. In open-plan spaces, their use can result in gloomy conditions and hence low daylighting levels. A façade renovation can definitely improve the aforementioned conditions [10,11,12,13,14].



From the total number of the users, 21% of them were not aware of the existence of a daylight harvesting control. The less awareness was recorded in Building C, where 43% of the occupants in that building did not know about the installed photosensors. The users’ responses show different reactions for the occupants of the buildings concerning light controls (Figure 13, Figure 14 and Figure 15). The users of buildings A and B had similar responses concerning the degree of control that the users have over the artificial lighting above their working plane (Figure 13, right). In general, the occupants stated that it is important to be able to control not only the artificial lighting above them (Figure 13, left) but also to control it separately from the advancement areas (Figure 14, right). However, they are highly or moderately satisfied with the degree of control of the lighting system that they have (Figure 14, left). It should be mentioned that daylight harvesting was in an automated mode in all examined buildings. Moreover, both buildings A and B do not offer their users the ability to override lighting controls or perform manual control (almost 90% of the users in buildings A and B; Figure 13, right). On the contrary, Building C offers that ability. For this reason, over 60% of all the users have expressed a strong desire to control the level of artificial lighting (Figure 13, left). Furthermore, while it could generally be expected that the degree for individual control would be high, the reality of control especially in areas with shared control groups, strengthens these convictions (Figure 14, right). Most of the users, over 50% for all the case studies, have the ability to control the amount of daylight that impinges on their working plane (Figure 15) by using the internal blinds (Figure 2 and Figure 4, left) to prevent direct solar radiation.




3.2. Lighting Measurements and Occupants’ Preferences


According to EN 12464-1 [81], the target illuminance in an office space is 500lx. Figure 16, Figure 17 and Figure 18 present the lighting measurements concerning the installed power per person, glare, the total amount of light and daylight that experience in their space. With the help of an orange (upper limit) and a purple (lower limit) dashed line, a comfort zone of 500 ± 100lx was highlighted [86]. Most of the occupants (67%) are working in spaces with installed power up to 108W per person (Figure 16), emitting light that results from 150l to 883lx in illuminance values.



In buildings A and B, the similar responses of the users concerning the amount of total light and daylight (Figure 17) on their working plane indicate that artificial light is dimmed as the total light should include high values of daylight. This is an indicator that the daylight-harvesting system is efficient as there were very few task areas (offices) where the measured total lighting levels were below 400lx. For the same buildings (A and B), evaluating the illuminance measurements, the “good” response of the users is coinciding with the comfort zone (400–600lx), while the “much” response is embodying many values higher than 600lx, especially in Building B. On the other hand, in Building C, while the responses of the occupants between the total light levels and daylight are again similar, the corresponding illuminance measurements are below the comfort zone (400–600lx). Although someone should expect that the occupants will describe this situation as “poor” or “very poor”, they experienced it as “good” or even “too much”.



As glare can be affected by how bright a scene can be, the frequency of glare and the brightness of the external views were examined through the measured lighting levels (Figure 18). There is a debate regarding the selection of an upper illuminance limit above which daylight is not preferable due to glare. While most of the users experienced bright scenes, the frequency of glare was declared from “never” to “sometimes”. Even in Building B, where there are high illuminance values, the same users felt, correctly, that the bright environment as the illuminance values were up to 900lx. However, as noted above, while the glare is related with luminance (cd/m2) distribution rather than illuminance values (lx).





4. Discussion


4.1. Lighting Levels and Age


The occupants’ perception regarding the amount of light on their desk did not correlate with the actual measurements of illuminance in their desk. A Spearman correlation analysis both on the whole sample but also on every individual building basis was performed. All analyses returned low ρ scores and non-statistically significant results indicating that the perceived capacity of lighting differs from the actual amount of illuminance. This could be a factor of the occupants’ age.



In Building A, 45% of the total lighting measurements, both artificial and daylight, were below 500lx (21% below 400lx) and 24% higher than 600lx. A total of 65% of the users responded (Figure 19) that they like their visual environment (Question 6, Table 2), while comparing the lighting system with the other building parameters (Question 2) their satisfaction for the lighting system was much higher. In the same way, in Building B, 38% of the measurements were below 500lx (17% below 400lx) and 28% higher than 600lx mostly due to daylight. 92% of the users liked their visual environment. Lastly, for Building C, 93% of the working stations were under illuminated, below 500lx (68% below 400lx). The measurements verified the problem of the integral reset algorithm used in Building C (Table 1). Even with a proper commissioning this control algorithm shows erratic behavior [34,36,39,40,44].



Returning to age, it seems that the young age of the Building C users (mainly 25–34) were not affected by the reduced lighting levels (Figure 20) as 93% of them like their visual environment even if it is dimmed below 400lx in most cases. In Building B, where their users of increased age work (+55, Figure 19), a preference for illuminance values between 559 and 794lx was recorded (Figure 20). Figure 20 shows the average measured illuminance values along with the standard deviation per group age in which the occupants’ response for liking their visual environment was positive. The measured values of negative responses were not taken into account. These results verify the newer edition of EN12464-1 [87], in which, using the scale of illuminance (from 500 to 750lx) the lighting designer can decide if the illuminance levels should be raised by at least one step when working conditions or age require it. However, a high percentage of older staff should be within the specific working area. This is due to the retinal illuminance that decreases as people getting older and can be attributed to the reduction of the pupil size and higher spectral absorption of the crystalline lens. Higher lighting levels are needed also for persons that underwent presbyopic corrections [88].




4.2. Total Lighting Levels and Daylight


In Table 3, the estimated Rho coefficients and the respective statistical significance are presented for the three buildings. The results show that the relationship between the two variables is only found statistically significant for Building B. Considering the nature of the two questions (Questions 11 and 12, Table 2) and the fact that Building B is controlled by open loop sensors placed outdoors it is concluded that employees in that building give a positive evaluation to the total quantity of lighting only when they perceive that daylight is sufficient. This relationship is absent in the other buildings, signifying that satisfaction is achieved not only by the provision of daylight but also with artificial light. This raises a question regarding the effectiveness of artificial lighting provision in Building B.



In Building C, the total lighting levels were lower than the corresponding value of 500lx, while there was presence of daylight (Figure 17). As already explained, the integral reset algorithm used in the photosensors of Building C, might be the main reason that artificial lighting was dimmed too much, lower than the necessary lighting levels. Secondly, another reason for the low lighting levels, could be a possible override of the system from the occupants. Due to both reasons, the users of younger age, gave a significant tolerance in visual comfort for achieved lower lighting levels (Figure 20).




4.3. Glare


Most of the users are satisfied with their visual environment with the slight exception of the Building A (Figure 21, left). The use of the external blinds in Building A may dissatisfy some occupants because the deterioration of the view. More than 50% of the occupants consider themselves as insensitive to glare (Figure 22, right). The main sources of glare were the reflections on the monitors either by the artificial lighting systems or the daylight. The employees’ satisfaction of their visual environment was tested by taking into account (a) the abundance of light when they look in front of them (Questions 6 and 7, Table 2) and (b) the frequency of glare incidents (Questions 6 and 8). Variable from question 6 (Is your visual environment pleasing?) is a dummy variable and variables from question 7 (When you look up from your working plane does the scene that your see in front of you seem…) and question 8 (Does glare ever disturb or annoy you?) are of ordinal Likert scale, thus a direct correlation analysis is not feasible. Instead, a Mann–Whitney test is preferred. The Mann–Whitney test for questions 6 and 7 returned a z value of −3.176 which denotes statistical significance at the (<0.01) level. This result shows that when employees consider the light in their front view as adequate (inside the field of view of the human eye looking forward), they tend to show greater satisfaction for their visual environment (including their working surface). The relationship across the three buildings was tested and we acquired statistically significant result only for the Building B. In addition, the results of the test for questions 6 and 8 returned a z value of −0.345 with no statistical significance. Therefore, glare does not seem to affect the visual comfort satisfaction level of employees at the measured illuminance levels. To test for any differences across the buildings three tests were also conducted returning no significant results. Hence, the absence of any relationship between visual satisfaction and glare is confirmed for the whole sample. In addition, user sensitivity to glare was tested by estimating the number of glare incidents that encounter for all buildings (Questions 6 and 8). Since the variable of question 9 is a dummy one, the test will rely on the Mann–Whitney method. The tests performed over all the three buildings returned no statistically significant result. Thus, it is concluded that sensitivity to glare does not influence the judgement of employees regarding the frequency of glare incidents in their work.




4.4. Lighting Controls


Figure 13, Figure 14 and Figure 15 show the different reactions of the occupant responses concerning the light controls. The relationship formed among the questions 14–16 (Table 2) and their corresponding variables was examined. This differs across the three buildings because of the different control algorithms (Table 1). For this reason, the pairwise Spearman correlation coefficients were estimated. The estimated ρ coefficients and their statistical significance are presented in Table 4. The estimated correlation coefficient between question 14 and 15 variables acquires statistical significance only when Building B is considered. This means that only in Building B it is both important, from the users, to have ability to control the lighting on their desk area and to be satisfied with the amount of control that they already have. As for the correlation of variables between question 14 and 16, this was found significant in buildings A and B, with the former estimation acquiring higher statistical significance (<0.01 to <0.10 level). For those buildings it seems that a positive relationship does exist between (a) the user’s ability to control the lighting in their desk areas and (b) their satisfaction with the actual level of control. Finally, the third correlation test (between question 15 and 16 variables) yields the exact opposite results, as a strong and statistically significant correlation coefficient is found only for Building C. This finding denotes that the control of lighting and the satisfaction of employees regarding the actual control are correlated only in Building C. Finally, concerning the relationship between the importance on the ability to control lighting on their area, as opposed to the ability to do that separately from the adjacent desks, the correlation analysis returned a rather high rho coefficient (0.659) which was found statistically significant at the (<0.01) level, as expected.





5. Conclusions


Buildings are established to be functional and satisfy the needs of their occupants. Hence, the goal of a building cannot be accomplished if its occupants are discontented by its performance. The goal of a post-occupancy evaluation study is to conduct a methodical and thorough assessment of the overall performance attributes of a facility after its occupation, to obtain feedback about a variety of features, such as energy consumption, quality of the indoor environment, occupant’s satisfaction, productivity, etc. The results of a post-occupancy evaluation study are able to elucidate if a building responds to the expectations that were envisaged in the early stages of the design, by appraising the facility’s performance with regards to human aspects such as the occupant’s satisfactions or wellbeing, as well as nonhuman aspects such as metrics of their energy and thermal performance. In this study a questionnaire was generated so as to concentrate on the lighting of the examined buildings and especially on daylight utilization in buildings, where daylight controls with photosensors are installed.



A systematic documentation and analysis of the information gathered from the three examined buildings was conducted and some features that will be exploited in the future were identified. The majority of the occupants have a positive opinion about their lighting quality with the exception of the employees that occupy Building A. The discontentment of the occupants can be attributed to the external blinds that are installed in Building A, which obstruct their view. The users’ strong preference for daylight illumination leads to the conclusion that daylight is more effective in increasing work place morale and providing visual comfort rather than artificial light. Another remark is that visual comfort, temperature and ventilation are evaluated as the most desirable characteristics of indoor environment quality in an office space. Additionally, low levels of noise and spaciousness received high, but not the highest, ranking. It should be noted that the only discontentment related to daylight penetration in buildings is mainly associated with glare, particularly on the computer monitors. Therefore, when designing with a daylight professional must implement all the appropriate measures so as to eradicate any visual discomfort caused by glare.



The lighting measurements along with a post-occupancy evaluation, can form a complete survey concerning the lighting system and can be part of a building energy audit and diagnosis. The users’ satisfaction of their visual environment is in line with the lighting measurements and the corresponding target illuminance (500 ± 100lx, [86]). Two trends concerning their age and the lighting levels were documented. In Building C, the occupants were satisfied even when the lighting levels were lower than the target illuminance of 500lx for an office environment. This is due to the integral reset control algorithm (Building C) that had the poorest behavior from all three buildings since for 93% of the user positions were below 500lx. This of course is related to increased lighting energy savings in Building C, but with illuminances lower than the design illuminance. However, the acceptance rate of the users was high most probably due to their young age. The new edition of prEN12464-1 2019 [87] suggests a step increase of 250lx in office environments for aged users. However, the opposite action, a reduction of illuminance due to young users, does not occur as this reduction was documented in the current research. On the other hand, in Building B, the increased age group of people was satisfied with higher levels of illuminance verifying the recommendations the prEN12464-1 2019 [87]. These recommendations allow lighting professionals adopt an increased task illuminance for older occupants so as to counterbalance the decline of retinal illuminance due to age. This should be applied in specific task areas and note to whole area, as more energy consumption could weigh down the overall building energy equilibrium. Furthermore, the results show that in Building C increased energy savings can be expected since the users prefer lighting levels less than 500lx. A daylight control system can achieve up to 60% [89] energy savings in comparison to a manual control system provided that operates normally. Any erratic behavior could counterbalance the possible energy savings, as the users tend to override it and thus losing a substantial percentage of the energy savings. While the targeted POE for lighting control installations are limited, the erratic behavior of the integral reset control algorithm was verified according to the relative bibliography [36,39,45]. Examining the lighting levels with the satisfaction of the users the results were verified also with previous research [65]. The purpose of the study was mainly to examine the acceptance of control systems by building occupants recording all possible problems caused by their operation. This can be accomplished by a time limited survey. However, if the proposed POE method is performed at different seasons in a year can help to calibrate the daylight-harvesting system properly, maintaining the expected energy savings.



Most occupants praised the integration of automated daylight controls, although they revealed their strong preference towards individual control over the artificial lighting system. In other words, each occupant desires to be able to control his or her individual lighting conditions rather than having to accept lighting levels that are adjusted by others (e.g., lighting professionals) for them, even when the lighting conditions comply with international standards. For the full acceptance of a lighting control system, the occupants should become aware that the system does exist in their working environment. In this survey, 79% of the users knew that a daylight harvesting technique was implemented in their working space. In Building C, the aforementioned percentage dropped to 43%. In this building, lighting control was implemented only in the perimeter zone as a stand-alone solution for every luminaire. Although low illuminance levels were recorded, users did not bother to examine the cause of low illuminance and fix it. The age of the users was an important parameter which affected their tolerance for lower light levels. However, it is still important for the facilitators, to inform and educate the occupants regarding proper use of lighting control systems that are integrated to their building. Furthermore, the quick fluctuation of the dimming levels of the daylight-harvesting system was the most pivotal reason for the discontentment of the lighting system from occupants in all buildings. It is crucial that the commissioning of the system should be performed by a lighting expert [90]. A proper adjustment of the photosensor’s time response could provide solution to this problem in the examined buildings. The proper commissioning of the installed photosensors could maximize energy savings.



The reality is that the occupants will never be satisfied by any daylight-harvesting system unless they have some benefit from it. The results showed that, for all the cases, (a) ease of use of lighting controls, (b) occupant awareness to lighting controls and (c) occupant training concerning lighting controls are of critical importance so as to establish desirable lighting conditions and simultaneously achieve energy savings.
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Figure 1. Diagram of the post-occupancy evaluation method. 
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Figure 2. Interior space (left), exterior façade (middle) and position of the photosensor (right) for Building A. 
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Figure 3. Interior space (left), exterior façade (middle) and position of the photosensor (right) for Building B. 
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Figure 4. Interior space (left), exterior façade (middle) and position of the photosensor (right) for Building C. 
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Figure 5. Position of the occupants’ working planes concerning the orientation of the building façade where the office spaces were located for each examined building (Building A: left, Building B: middle, Building C: right). 
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Figure 6. Number of occupants that completed the POE (left), and their age frequency distribution (right). 
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Figure 7. Illuminance measurement procedure in a lighting survey. A T-10a Minolta calibrated illuminance meter was used for the measurements. 
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Figure 8. Results of occupants’ opinion of what they want most from the main parameters that affect the overall comfort in an office building. 
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Figure 9. Satisfaction (green color) and dissatisfaction (red color) of different parameters (Visual comfort, Noise level, Odor, Ventilation, Thermal Comfort, Size of external openings, Privacy, Large space, View, Aesthetics of the interior space) for the examined buildings. 
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Figure 10. Results for how the users prefer their lighting conditions (left) and how important is for them to have a window in their office (right). 
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Figure 11. Results of how often the occupants work using only daylight (left) and the amount of total light on their space (right). 






Figure 11. Results of how often the occupants work using only daylight (left) and the amount of total light on their space (right).



[image: Energies 13 04024 g011]







[image: Energies 13 04024 g012 550] 





Figure 12. Results about the amount of total light (left) and daylight only (right) on their desk. 
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Figure 13. Results of how important is from the occupants to control the level of artificial lighting over their working plane (left) and in what degree (right). 
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Figure 14. Preference of occupants for how satisfied they are with their degree of control (left) and how important is from them to control the artificial lighting of their working plane separately from the others (right). 






Figure 14. Preference of occupants for how satisfied they are with their degree of control (left) and how important is from them to control the artificial lighting of their working plane separately from the others (right).



[image: Energies 13 04024 g014]







[image: Energies 13 04024 g015 550] 





Figure 15. Preference of occupants for the occupants’ control on the amount of daylight that impinges on their working plane. 
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Figure 16. Illuminance measurements vs. installed power per person. 
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Figure 17. Occupants’ response for the amount of total lighting levels (left column) and the corresponding daylight on their working plane (right column) in relation to the measured illuminance (Building A: Upper part, Building B: Middle, Building C: Lower part). 
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Figure 18. Responses about the frequency of glare (left column) and the brightness of the scene in front of their working plane (right column) in relation to the measured illuminance (Building A: Upper part, Building B: Middle, Building C: Lower part). 
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Figure 19. Illuminance measurements vs. the occupants’ response concerning liking their visual environment (left) and their age (right). 
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Figure 20. Illuminance measurements on the users’ desks in regards their age, in which, the occupants’ response for liking their visual environment was positive. 
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Figure 21. Occupants’ preference for their visual environment (left) and how dim or bright is the scene in front of them (right). 
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Figure 22. Results of how frequent the users are disturbed from glare (left) and if they consider themselves sensitive to glare (right). 
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Table 1. Technical characteristics of lighting system and daylight harvesting equipment.
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	Building
	Type of Luminaire
	Placement of Photosensor
	Control Algorithm





	A
	Recessed with parabolic louvres and 4 T8 18W lamps
	Interior, aiming the task area, controlling a group of luminaries (Figure 2, right)
	Closed loop



	B
	Downlight with 2 Compact Fluorescent 18W lamps
	Exterior, one photosensor controlling the luminaires in perimeter zone of the building (Figure 3, right)
	Open loop



	C
	Recessed with parabolic louvres and 4 T5 14W lamps
	Interior, one photosensor for each luminaire installed in the daylight zone of the building (Figure 4, right)
	Integral reset
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Table 2. The questionnaire given to the occupants of the buildings.
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Questions

	
Answer






	
1

	
Which three of the following parameters are the most important for you in order to have a pleasant environment in your work?

	
O Thermal Comfort

O Visual comfort

O Ventilation

O External openings

O Aesthetics of the interior space

	
O Noise free

O Privacy

O Large space

O View out

O Other




	
2

	
From 5 (very satisfied) to 1 (very dissatisfied), how satisfied are you with the parameters on the right in your working environment?

	
O Visual comfort

O Noise level

O Odor

O Ventilation

O Thermal Comfort

	
O Size of external openings

O Privacy

O Large space

O View

O Aesthetics of the interior space




	
3

	
Do you prefer working in with daylight, artificial light or both?

	
Daylight, artificial, both




	
4

	
How important is it to you to have a window in your room or immediate work area?

	
Very, Moderately Not important




	
5

	
Do you ever work using only daylight?

	
Often, sometimes, only occasionally, never




	
6

	
Is your visual environment pleasing?

	
Yes, No




	
7

	
When you look up from your working plane does the scene that your see in front of you seem

	
Too bright 5( ) 4( ) 3( ) 2( ) 1( ) Too dim




	
8

	
Does glare () ever disturb or annoy you?

	
Frequently 5( ) 4( ) 3( ) 2( ) 1( ) Never




	
9

	
Do you consider yourself as very sensitive to glare?

	
Yes, No




	
10

	
The amount of total light on your office is:

	
Too much 5( ) 4( ) 3( ) 2( ) 1( ) Very poor




	
11

	
The amount of total light on your desk is:

	
Too much 5( ) 4( ) 3( ) 2( ) 1( ) Very poor




	
12

	
The amount of daylight on your desk is:

	
Too much 5( ) 4( ) 3( ) 2( ) 1( ) Very poor




	
13

	
Is an automated lighting control system installed in your office or in your work environment generally? If yes, it is annoying?

	
Yes ( ) No ( )




	
14

	
Level of importance with regards to the ability to control the lighting output of the luminaires over your personal office?

	
Important 5( ) 4( ) 3( ) 2( ) 1( ) Unimportant




	
15

	
What degree of control do you have over the electric lighting above your work plane?

	
Full control 5( ) 4( ) 3( ) 2( ) 1( ) No control




	
16

	
How satisfied are you with this level of control

	
Satisfied 5( ) 4( ) 3( ) 2( ) 1( ) Unsatisfied




	
17

	
Is it important to be able to control the lighting of your working plane separately from that of nearby desks?

	
Important 5( ) 4( ) 3( ) 2( ) 1( ) Unimportant




	
18

	
Do you have any kind of control on the amount of daylight that impinges on your working plane?

	
Full control 5( ) 4( ) 3( ) 2( ) 1( ) No control
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Table 3. The estimated Spearman Rho coefficients between variables of question 11 (total light) and question 12 (daylight) across the three buildings.






Table 3. The estimated Spearman Rho coefficients between variables of question 11 (total light) and question 12 (daylight) across the three buildings.





	Correlation
	A
	B
	C





	Rho
	0.180
	0.537
	0.349



	Statistical Significance (two tailed)
	0.349
	0.000
	0.131



	Ν
	29
	64
	22
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Table 4. The results of the pairwise Spearman correlation analyses for the variables of question 14 (How important to you is that you are able to control the level of electric lighting over your desk?), question 15 (What degree of control do you have over the electric lighting above your work plane?) and question 16 (How satisfied are you with this level of control?) for the three examined buildings.






Table 4. The results of the pairwise Spearman correlation analyses for the variables of question 14 (How important to you is that you are able to control the level of electric lighting over your desk?), question 15 (What degree of control do you have over the electric lighting above your work plane?) and question 16 (How satisfied are you with this level of control?) for the three examined buildings.





	Rho
	A
	B
	C





	Question 14–Question 15
	0.309
	0.314 **
	−0.026



	Question 14–Question 16
	−0.352 *
	−0.428 ***
	−0.292



	Question 15–Question 16
	0.048
	−0.107
	0.747 ***



	Ν
	29
	64
	23







Statistical significance: (***) at 0.01 level (**) at 0.05 level (*) at 0.10 level.
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