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Abstract

:

This study estimates the relationship between poor indoor environmental quality (IEQ) and the increasing labor costs in green buildings in Taiwan. Specifically, poor performance of IEQ including HVAC, lighting, and indoor air quality, influences the health and well-being of occupants and leads to worse productivity, ultimately causing increased personnel cost. In Taiwan’s green building certification (GBC) system, the energy-savings category is mandatory while the IEQ category is only optional. It means that certified building cases may not reach the expected level in IEQ. Thus, this study reviews the thermal environment, indoor air quality (IAQ), and illumination performances of IEQ-certified and non-IEQ-certified buildings in 20 green buildings. Building energy and IEQ simulations were conducted to analyze the relationships between indoor comfort, energy cost, and personnel cost in green buildings. The results show that IEQ-certified green buildings averagely perform better than non-IEQ-certified ones in the aspects of IEQ and building costs. Besides, 3 of 13 non-IEQ-certified green buildings undertake extremely high additional expenditure for the poor IEQ. The results correspond to some previous findings that green-certified buildings do not necessarily guarantee good building performance. This study further inspects the pros and cons of Taiwan’s GBC system and proposes recommendations against its insufficient IEQ evaluation category. As the trade-off of energy-saving benefits with health and well-being in green buildings has always been a concern, this study aims to stimulate more quantitative research and promote a more comprehensive green building certification system in Taiwan.
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1. Introduction


Since people spend at least 87% of their lifetime [1] and consume about 40% of global energy in buildings [2], the concern regarding balancing human well-being and energy efficiency is necessary [3,4]. The concept of green buildings (GBs), focusing on the practice of creating healthier and resource-efficient building environments [5,6], is regarded as an effective solution to improve the building performance [7]. Therefore, many countries have developed green building certifications (GBCs) to ensure a building’s performance regarding energy conservation and indoor environmental quality (IEQ) [8,9,10].



The issues of IEQ in relation to indoor human health and comfort include acoustic quality [11,12], illumination [13,14], indoor air quality (IAQ) [15,16], and thermal comfort [17,18]. In addition to cutting down building energy consumption [19,20], GBs are also expected to improve the performance of IEQ and well-being [21,22]. The criteria for IEQ levels and energy performance in buildings refer to international standards, such as ISO 17772-1 [23] and EN 16798-1 [24]. However, the favoring of energy-saving benefits in the building industry means the human well-being category in GBs has received relatively less attention [25]. According to previous research, most GBs have outstanding energy efficiency and save 30–50% of energy consumption on average [26]; on the other hand, the human well-being category only accounts for 18–35% of the allocation, which is lower than 20–42% of the energy category [27].



To identify whether GBs possess better IEQ performance and satisfaction, this paper reviews the previous studies on IEQ, human health, and productivity performance between GBs and conventional buildings (CBs) that are not certified by GBCs. The GBCs considered in the review include: the Building Research Establishment Environmental Assessment Method (BREEAM) of the UK; the Leadership in Energy and Environmental Design (LEED) of the US; the Ecology, Energy saving, Waste reduction, and Health (EEWH) of Taiwan; the Korean Green Building Certification Criteria (KGBCC) of South Korea; the Green Star of Australia; the Green Mark of Singapore; China Green Building Label (CGBL) of China; and the Green Star of South Africa (GreenStar SA). A summary of the literature review is listed in Table 1.



Some of the studies indicated that GBs have a better performance than CBs. Pei et al. [28] measured IEQ variables and questionnaires in 10 CGBL buildings and 42 CBs in China. The results claimed that GBs performed better than CBs in all IEQ aspects. Sediso and Lee [29] implemented a post-occupancy evaluation of two KGBCC GBs and two CBs in South Korea. The results implied that GBs showed high satisfaction and enhanced IEQ performance. MacNaughton et al. [30] recruited 109 participants from 6 LEED GBs and 4 CBs in US cities. The findings showed that the LEED certification increased the benefits of most IEQ aspects, health, and productivity in high-performing buildings. Xuan [31] compared five LEED-certified buildings and one non-certified building in the US. The results showed that LEED GBs were superior to CBs in most IEQ factors. Lee et al. [32] carried out questionnaires and IEQ measurements in eight Green Mark GBs and six CBs in Singapore. The results showed that the mean ratings for satisfaction with thermal comfort, lighting level, IAQ, and overall IEQ were higher in Green Mark GBs.



Nevertheless, some studies found inconsistent results against the above ones. Lee and Kim [33] compared occupants’ satisfaction and performance between LEED and non-LEED buildings. This study found higher satisfaction and performance in thermal comfort and IAQ but lower visual and acoustic quality in LEED buildings. Paul and Taylor [34] investigated one GB and two CBs on campuses in Australia. The results revealed that there was no obvious difference between the two types of buildings in most IEQ aspects and further indicated that there was no evidence to show that GBs are more comfortable than CBs. Gou et al. [35] analyzed the IEQ performance of two LEED GBs and a group of CBs in Hong Kong. The results demonstrated an inconsistent IEQ performance in LEED buildings and suggested that there was no significant difference in IEQ satisfaction between the two groups. Gou et al. [36] examined the building performance and satisfaction in an LEED GB, a CGBL GB, and a CB in China. The in-depth examination of IEQs showed that GBs did not always perform better in each IEQ aspect than CB. Altomonte and Schiavon [37] collected questionnaires on 144 buildings, including 65 LEED GBs, in the United States. The results showed a negligible difference in IEQ satisfaction scores between the two groups of buildings. Liang et al. [38] surveyed IEQ performance and satisfaction in two CBs and three EEWH GBs in Taiwan. Although GBs performed better than CBs in all IEQ aspects, the two types of buildings were both low in thermal comfort and IAQ performance. Thatcher and Milner [39] compared the work environment between three Green Star buildings and a group of CBs in South Africa. This study noted that there were no statistically significant improvements for IEQ in theGBs except for IAQ. Altomonte et al. [40] gathered occupants’ responses from two BREEAM GBs and two CBs in the United Kingdom. The results showed that occupants had lower satisfaction regarding the luminous, aural, and thermal environments in BREEAM GBs. Sant’Anna et al. [41] administered questionnaire surveys to bank employees and customers in three LEED GBs and three CBs in Brazil. The results indicated that only the employees showed better IEQ satisfaction in the two groups of buildings.



This literature review illustrates equivocal outcomes of IEQ performance and occupant satisfaction in GBs. The comparative analysis in Table 1 implies that GBs may not always perform better in every aspect of IEQ and human satisfaction than that of CBs. The IEQ aspects should be emphasized more in GBCs to approach the expected performance of human comfort, well-being, and productivity originating from GBs’ design [16,25,35,40,42,43,44].



In Taiwan, the local certification of EEWH is one of the first GBCs in Asia [45,46]. Nine categories comprise the EEWH certification system, which include biodiversity, greenery, water-soil content, energy savings, CO2 emission reduction, construction waste reduction, IEQ, water resource, and garbage/sewage improvement. EEWH greatly focuses on the energy savings category (accounting for 28% of the allocation), which is listed as the mandatory inspection. Meanwhile, the IEQ category related to health and well-being accounts for only 12% of the allocation and is only listed as an optional inspection, which means that the IEQ category is not necessarily checked for every certified building [46]. Even if the IEQ design of a GB is poor, EEWH may not be able to identify or correct it in time to ensure the occupants’ health and comfort. As of October 2021, only 34% of the EEWH-certified buildings took the rank of the IEQ category [47]. In other words, 66% of the certified cases do not undergo the inspection or guarantees of the IEQ category. A local study [38] measured the IEQ and satisfaction of green offices in Taiwan. The results point out that warm, humid, stuffiness, and peculiar odor are the top four reasons that occupants complain about the poor IEQ in both GBs and CBs, although the proportions of satisfaction in the acoustics, lighting, thermal comfort, IAQ, and overall IEQ in GBs are higher than those in CBs. This study also demonstrated that it is necessary to re-examine the current evaluation criteria, especially regarding the incorporation of the criteria with relevance to thermal comfort. This indicated that when designers encounter the trade-offs between energy conservation and human comfort, the evaluation standard of the current EEWH certification system makes designers take the energy savings category into primary consideration, and the issue of IEQ is ignored intentionally or unintentionally.



From the forecited studies, it is difficult to conclude that a GB can certainly provide a better environment. The higher-weighted energy-saving benefits in most GBCs are not the only inducement of this status [25,26], whereas IEQ design inaccuracies or flawed evaluation criteria in GBCs have greater negative outcomes [48,49]. Building design and specifications should pay attention to the comfort demands of occupants and should not excessively pursue energy efficiency at the sacrifice of human comfort [50,51]. Specific evidence shows that building performance and IEQ have significant influences on human health, comfort, and productivity [52]. The loss in productivity that is avoided by maintaining a comfortable environment will far exceed the additional investment in environmental control [4]. In GB design, considering IEQ and human comfort can specifically result in additional benefits other than energy conservation. Therefore, it is essential to review the scoring systems of GBCs to further develop the GB concept, which considers energy conservation with human comfort, health, and well-being simultaneously [53,54].



Inspired by the trend of IEQ and human-related issues of GBs, this study aimed to explore the deficiencies of EEWH in IEQ inspection, with subsequent influences on energy consumption, human comfort, and productivity. This study conducted a comprehensive analysis of building designs for the selected EEWH GBs. Besides, building energy and indoor environment simulations were executed. Furthermore, the expenses of energy consumption related to heating ventilation and air-conditioning (HVAC) systems and occupants’ productivity gains and losses were estimated to observe how the IEQ category in EEWH influences the performance of the investigated cases. Ultimately, recommendations for complementing the IEQ category in the EEWH based on the findings of the relationship between energy consumption, expenditure, and IEQ performance are proposed in this study.




2. Materials and Methods


2.1. Investigated Cases


The investigated cases included 20 green buildings located in Taiwan, certified by EEWH after 2010, and the certification metadata is approved for public access. The relevant information is compiled in Table 2. Since this study focused on the aspects of energy consumption, occupants’ satisfaction, and gains and losses of productivity in green offices, only the scores related to the categories of energy savings and IEQ are listed in Table 2. The energy savings category is mandatory while the IEQ category is optional in the EEWH certification system. All 20 cases were office buildings that have had their energy conservation validated. The energy performances of these cases are around 20–75% of the average value in Taiwanese buildings. However, only seven cases have applied and passed the IEQ category. Due to an inability to obtain the IEQ verification data for the other 13 cases, it was not possible to estimate their rating scores. Besides, lack of IEQ verification does not necessarily mean that such cases’ performance in IEQ is worse.



A brief introduction to the scoring of the energy-savings category and IEQ category in the EEWH GBC system is given in the following paragraphs. On the one hand, the energy-savings score (R1) includes three aspects: envelope thermal performance (R11), HVAC system efficiency (R12), and lighting system efficiency (R13). All of the three aspects must meet the qualification benchmark to calculate the rating scores.



Table 3 shows the schemes for the three aspects of the R1 rating scores. Firstly, the R11 scoring focuses on lowering the external heat gain from the building envelope and reducing the solar heat gain from fenestrations. Secondly, the R12 scoring aims to prevent an excessive design of the HVAC system and encourages high-efficiency equipment as well as energy-saving technologies adopted in GBs. Thirdly, R13 scoring encourages the adoption of high-efficiency lighting devices/controls and prevents the excessive design of artificial illumination in GBs. Each aspect takes a basis value for estimating the rating score: the R11 basis is the ratio of the sensible cooling load (EEV); the R12 basis is the value of the HVAC system efficiency (EAC); the R13 basis is the value of the lighting system efficiency (EL). The qualification benchmark for these basis values is a value of 0.8. This means the proposed sensible cooling load from the building envelope (related to R11) and energy consumption of the HVAC system (related to R12) and lighting system (related to R13) must be 20% lower than the threshold values specified by EEWH. Meanwhile, there are upper limits for the three aspects and the total R1 scoring.



On the other hand, the IEQ category is composed of four aspects: acoustics, lighting, ventilation, and room furnishing. Table 4 depicts the evaluation contents, allocation, and weight for each aspect. The IEQ score (R2) is determined according to the rating score of each aspect (Xi) and the corresponding weighting factor (Yi), as Equations (1) and (2):


  I E = Σ (  X i  ×  Y i  )  



(1)






   R 2  = 0.31 × I E − 17.2  



(2)








2.2. IEQ Impacts on Labor Cost


Generally, improving IAQ and thermal and visual comfort in green offices can increase productivity and generate extra profits to offset the higher energy expenditure. If productivity is lowered due to poor IEQ, it will take increased labor or time to complete the same workload [4]. Therefore, the loss of productivity, the man-hour increase, or additional personnel costs derived from the poor IEQ are classified as the cost of IEQ (CIEQ).



Jin et al. [55] proposed a method to deduce CIEQ, as shown in Equation (3). The value h is the hour number of a year; SPmax is the occupant’s maximum self-assessed productivity and SPh is the occupant’s self-assessed productivity at hour h; S is the average hourly salary; Nh is the number of occupants (N) at hour h; and wh is the weight of the occupancy during hour h:


   C  I E Q   =   ∑   h = 0   8760       S  P  m a x     S  P h    − 1   × S ×  N h  ×  w h   



(3)







The occupant’s self-assessed productivity (SP) is calculated by the IEQ satisfaction (IES) in Equation (4) [55,56]. In addition, IES can be derived by the relationship between IES and IEQ acceptance (IEQaccept.) in Equation (5), as proposed by Jin et al. [57]:


  S P = 15.091 × I E S + 75.466                   − 1 ≤ I E S ≤ 1    



(4)






  I E  Q  a c c e p t .   = 0.95 e x p   − 0.312 e x p   1.7568   1 − I E S        



(5)







Through regression analysis of questionnaire data, Wong et al. [58] established empirical relationships for IEQaccept. with the predicted percentage of dissatisfied (PPD, ξ1), CO2 concentration (ξ2), equivalent noise level (ξ3), and illumination level (ξ4) in Equations (6)–(10):


   IEQ  a c c e p t .   = 1 −  1  1 + exp   − 15.02 + 6.09  φ 1  + 4.88  φ 2  + 4.74  φ 3  + 3.70  φ 4       



(6)






   φ 1  = 1 −  ξ 1                   ξ 1  = P P D    



(7)






    φ 2  = 1 −  1 2     1  1 + exp   3.118 − 0.00215  ξ 2      −  1  1 + exp   3.230 − 0.00117  ξ 2               500 ≤  ξ 2  ≤ 1800   ppm     



(8)






   φ 3  = 1 −  1  1 + exp   9.540 − 0.134  ξ 3                      45 ≤  ξ 3  ≤ 73   dBA    



(9)






   φ 4  = 1 −  1  1 + exp   − 1.017 + 0.00558  ξ 4                200 ≤  ξ 2  ≤ 1600   lux    



(10)




where φ1–φ4 are the acceptances for the IEQ aspects of thermal, ventilation, acoustics, and lighting, respectively.




2.3. Research Agenda and Analysis Process


Through the simulation results of energy consumption from HVAC and lighting system and the IEQ performance in the investigated cases, this study analyzed the influences of energy-savings and IEQ categories in EEWH on energy expenses and IEQ costs, respectively. To emphasize the aforementioned influences, this study only considered the building costs related to IEQ expenditure, energy consumption of HVAC, and lighting systems. Figure 1 shows a flowchart that demonstrates the research agenda and analysis process of this study. The first step is to collate the information and metadata of the building envelope, HVAC system, and lighting system for each case. Secondly, the metadata is converted to the input format of the EnergyPlus software. EnergyPlus is a holistic modeling tool used to efficiently simulate the environmental and energy behavior of buildings and has been used in many sustainable building studies [59]. Then, hourly simulations of the building environment and energy consumption are executed with typical weather year data (TMY3) [60]. The third step is to estimate the energy cost (CE). According to EEWH, CE refers to the energy cost of the HVAC system and lighting equipment in the building, excluding other equipment. Meanwhile, the electricity-billing scheme of the Taiwan power company is imported into EnergyPlus for energy expenses estimation and CE calculation. The fourth step is the calculation of CIEQ. According to the simulation outcomes, the hourly indoor environmental conditions in each case can be acquired, including PPD, illumination, and CO2 concentration. Substituting these outcomes into Equations (6)–(10) obtains the IEQ variables of the thermal, lighting, acoustics, and IAQ aspects, as well as overall IEQ satisfaction. Lastly, this study can quantify the buildings’ economic costs and benefits derived from IEQ performance through Equations (3)–(5). In addition, there are some preconditions for the building simulations in this study. The acoustic environment, which cannot be simulated by EnergyPlus and is not feasible for performing long-term measurements, is assumed to be a constant level of ξ3 = 55 dBA (φ3 = 95%). The assumption is equivalent to a quiet office with some conversations and sounds of typing. Moreover, the lower and upper limits of SP according to Equation (4) are respectively 60.4% and 90.6%, so the maximum productivity in this study was set as SPmax = 90.6% [55]. The average value of the hourly salary refers to NT$260 announced by the Taiwan government. The occupancy density is 0.1 person/m2, and occupants work from 9:00 to 17:00 on weekdays. The daily expense of each building case is the sum of its CE and CIEQ in this study.





3. Results


3.1. Energy Costs and R1 Scores in EEWH Buildings


Figure 2 shows the energy-savings scores of the investigated cases as presented with and without certification of the IEQ category. For R11, all cases score above 8 points and are concentrated within 8–10 points. The scores of IEQ-certified cases are 8.0–11.8 while those of the non-IEQ-certified cases are 8.0–12.0, showing no significant differences. For R12, the IEQ-certified cases perform better that the rating scores at 4.0–8.3; for the non-IEQ-certified cases, the lowest score is 2.3 and the highest score is only 7.2. For R13, the highest scores of IEQ-certified and non-IEQ-certified cases are 5.6 and 6.0, respectively. Both are fairly close or exactly at the upper limit of 6 points. For IEQ-certified cases, the lowest score is 2.9, whereas the lowest score of non-IEQ-certified cases is only 1.2. For the overall scores of R1, IEQ-certified cases score 16.6–23.1, with a mean of 20 and median of 20.4. On the contrary, non-IEQ-certified cases score 12.6–24.2, with a mean of 17.6 and median of 16.9. It is worth noting that the highest total R1 score among all cases (23.2) is a non-IEQ-certified case, although the IEQ-certified cases have higher mean values and medians of the R1 scores. At the same time, the CE of all cases is NT$ 218–698 per unit of floor area, as shown in Figure 3. However, there is no significant correlation between the performances of the CE and R1 scores in the overall investigated cases.




3.2. IEQ Acceptability and R1 Scores in EEWH Buildings


Through building simulations, the annual IEQ performance of each case can be comprehended and the sub-items and overall score of IEQ estimated. Figure 4 presents the annual average values of the thermal comfort, IAQ, and lighting aspects of all building cases. For the buildings with IEQ certification, the acceptability ranges of the thermal comfort, IAQ, and lighting aspects are 86.7–94.6%, 82.8–95.0%, and 91.6–95.4%, respectively. In contrast, those of the non-IEQ-certified buildings are 83.4–93.8%, 76.3–92.4%, and 83.6–98.0%.



Regarding the thermal comfort aspect, IEQ-certified buildings have a 25th quantile, median, and 75th quantile of 89.5%, 90.6%, and 91.9%, whereas the values of the non-IEQ-certified group are 87.5%, 91.7%, and 92.7%. The median and 75th quantile of the non-IEQ-certified buildings are slightly higher than those of IEQ-certified buildings. Besides, the median score of IEQ-certified buildings is lower than non-IEQ-certified buildings by 1.1%.



Regarding the IAQ aspect, the 25th quantile, median, and 75th quantile are 86.7%, 89.8%, and 91.5% in the IEQ-certified group and 85.6%, 87.9%, and 90.8% in the other group. The highest, 75th quantile, median, 25th quantile, and the lowest scores of IEQ-certified buildings all preceed those of non-IEQ-certified buildings. The difference between their median scores is 1.9%.



Concerning the illuminance aspect, the 25th quantile, median, and 75th quantile are 92.2%, 93.3%, and 95.1% in IEQ buildings and 89.5%, 94.1%, and 95.6% in non-IEQ buildings. The non-IEQ-certified buildings surpass IEQ-certified buildings for the highest score by 2.6%, but the lowest score of non-IEQ-certified buildings is 8% behind that of the other group. In addition, the median score of non-IEQ-certified buildings is higher than that of IEQ-certified buildings by 0.8%.



Moreover, Figure 5 shows the annual average IEQaccept of all cases. The IEQ-certified buildings are represented by a green bar, and the non-IEQ-certified buildings are represented by a red bar. Overall, there are 10 buildings with an IEQaccept score higher than 90%; four of these buildings are IEQ-certified and six of them are non-IEQ-certified. However, the average score of IEQ-certified buildings (90.5%) is only 1.2% higher than that of non-IEQ-certified buildings (89.3%).




3.3. CE and CIEQ


Some characteristics of building designs, such as geographic locations, climatic conditions, building scales, shape factors, and space configurations, as well as HVAC systems of different scales and types (air-handling unit, fan-coil unit, or variable refrigerant flow), have not yet been incorporated into the energy-savings category in the EEWH; however, these characteristics, which all affect the CE and CIEQ of a building, are difficult to compare with each other on certain scales.



This study applied the cost ratio of CIEQ to CE to illustrate the influence of IEQ certification on daily energy expenses. As shown in Figure 6, the cost ratios of most cases are less than 0.6. The cost ratios of IEQ-certified buildings are concentrated between 0.3 and 0.6 and the average ratio is about 0.35. In comparison, the cost ratios of non-IEQ-certified buildings are from 0 to 9.5 whereas the average is around 1.4. Meanwhile, three non-IEQ-certified buildings have extremely high cost ratios. The case E-2 has the highest cost ratio, which is 9.5. The other two buildings are case C-4 (ratio = 3.94) and case T-5 (ratio = 3.33). The average of the IEQ-certified buildings is lower than that of the non-IEQ-certified buildings by 1.18.



Besides, for all investigated cases, when the IEQaccept of a building is poorer, the additional personnel cost increases, leading to higher CIEQ. As the IEQaccept of an investigated case is lower than 87% (such as the poorest three cases), the annual CIEQ exceeds NT$1300/m2; when the IEQaccept value is as low as 83% (E-2), CIEQ increases to approximately NT$3000/m2. Simultaneously, in the other investigated cases with an IEQaccept value over 87%, the average of their CIEQ is only NT$83.6/m2.





4. Discussion


According to the simulation results, it is known that IEQ certification indeed has an influence on the building performance and total building energy expenses. Therefore, this study will discuss the differences between the energy-savings category (R1 scores), IEQ category (R2 scores), and cost ratios (CE and CIEQ) between two groups of buildings in this section.



4.1. Insight of Energy-Savings Rating Scores and Energy Costs in EEWH Buildings


The energy consumption of HVAC and lighting systems are included in the energy costs discussed in this study. The energy cost of an EEWH building concerns not only the building design (R1 score) but also the performance (R2 score).



The relationships between energy costs and the aspects of R1 scores are shown in Figure 7. The R11 scores of IEQ-certified buildings (at average 9.0 score) and non-IEQ-certified buildings (at average 9.5 score) are both in the relatively high level of the R11 rating (score range 0–12). As shown in Figure 7a, the relationship between R11 scores and energy costs is not significant. The R12 scores of IEQ-certified buildings (at average 6.7 score) perform better than those of non-IEQ-certified buildings (at average 4.3 score), but the R12 scores of both groups are in the low level of the R12 rating (score range 0–14). In Figure 7b, the relationship between R12 scores and energy costs is negative, though the r2 value is only 0.2159. The R13 scores of the studied cases are distributed within the R13 rating (score range 0–6). The average score of IEQ-certified buildings is 4.3 and that of non-IEQ-certified buildings is 3.8. Referring to Figure 7c, the energy costs show negative relations with the scattered R13 scores. Although the r2 values between the energy costs and the R1 rating aspects are not significant, it still implies that a higher R12 or R13 score may help to reduce the energy costs. The results showing that it is difficult for GBC rating scores to reflect the energy performance match the findings in previous studies [22,61].




4.2. Insight of IEQ Rating Scores and IEQ Acceptability in EEWH Buildings


The relationships between energy costs, IEQ performance, and the aspects of R2 scores are difficult to verify because it is not mandatory for every EEWH building to pass the IEQ certification. Thus, this study can only discuss the impact of the IEQ category in EEWH on the IEQ performance and acceptance (IEQaccept) of the investigated cases.



First of all, the IEQ category in EEWH actually influences the outcomes of building simulations. Since the IEQ category in EEWH does not include the aspect of thermal comfort, the setpoint of the indoor temperature is fixed as 24 °C throughout the building simulations, which is the thermal neutral temperature from local research [62]. Besides, there is no significant difference regarding the thermal comfort acceptability between IEQ and non-IEQ buildings owing to the preconditions of the HVAC control (Figure 4). The major distinctions of the thermal comfort performance are caused by the solar heat gains of each case. The acquired solar radiation makes the indoor mean radiant temperature (MRT) vary with the envelope designs of the investigated cases, resulting in not only an increase of the cooling load but also the perceived thermal discomfort. A previous study [63] also explained the influence of building envelope energy-saving regulations on the cooling load and indoor thermal comfort.



Secondly, the outdoor air ventilation rate plays an important role in maintaining sufficient IAQ and occupant satisfaction by introducing fresh air into buildings. Besides, the increasing cooling energy expense corresponding with a high ventilation rate is a consideration in hot-humid Taiwan. However, neither the related aspects for evaluating the ventilation rate nor the regulations for monitoring indicators of air pollutants, such as the CO2 concentration [64], are included in the EEWH certification system. Instead, there are only credit points in five ranks over the floor area proportion of ventilated spaces. The ventilation rate criteria in EEWH only provides suggestions for adopting real-time CO2 monitoring for energy efficiency that may reward credits in the energy-savings category; however, the criteria do not reflect the occupants’ satisfaction related to IAQ. The median of the IAQ acceptability in IEQ-certified buildings (at the value of 89.8) is higher than that of non-IEQ-certified buildings (at the value of 87.9) by 1.9% (Figure 4). Moreover, this study compared the ventilation rate of the studied cases to the minimum ventilation rate in ASHRAE 62.1 [65]. The comparison values werre calculated as VRratio by dividing the ventilation rates of the studied cases with the threshold of ASHRAE 62.1. Figure 8 displays the relationship between the IAQ acceptance (φ2), annual maximum CO2 level, and the values of VRratio. The scatters show that six of these cases fail to meet the Taiwanese standard of Indoor Air Quality Act (2011) [66], which is a provision for office spaces with all-time CO2 < 1000 ppm. According to the results, the buildings with VRratio lower than 1.6 may easily have a high CO2 concentration, and buildings with VRratio even lower than 1.3 tend to further decrease the IAQ acceptance. The results reveal the lack of prevention mechanisms and regulations in the EEWH system mentioned above.



Thirdly, compared with the thermal comfort and IAQ aspects, the criteria of indoor illuminance in the EEWH system are relatively comprehensive. In addition, there is a national illuminance standard, CNS 12112 [67], in Taiwan. The standard states that the illuminance of all occupied indoor workplaces should meet the range of 300–750 lux. Thus, this study analyzed the relationship between the range of annual indoor illuminance during working hours (8 a.m. to 6 p.m.) and the rating scores of R13 of each investigated case. According to the results shown in Figure 9, artificial lighting designs for all investigated cases are above the average of 300 lux. Coupled with daylighting as an aid, the lowest indoor illuminance of each case meets the recommendations of CNS 12112. At the same time, apart from the C-2 case, regardless of whether a case is IEQ-certified or not, the median of the indoor illuminance is above 500 lux, and the lighting acceptance (φ4) can also reach 90%. It is worth noting that the E-2 case, the lowest artificial lighting design (311 lux), can make its indoor illuminance surpass 600 lux for more than 70% of working hours with the assistance of daylight utilization.



Furthermore, when observing the scores of R13 and artificial lighting designs, it was found that cases with similar R13 scores may not necessarily have consistent design values. For example, in the C-2, S-1, P-4, T-1, and T-4 cases, owing to the use of poor-efficiency lighting equipment, their R13 scores are all below 2.5 points though their artificial lighting designs vary from 440 to 600 lux. In contrast, T-2, S-2, and C-4 use LED lighting equipment with a better luminous efficiency, and their R13 scores are higher than 5.0. However, it was also discovered that E-2 deliberately reduces the artificial lighting design to have a high R13 score with the compromise of visual comfort. In addition, although the C-3 case uses LED lighting equipment, the excessive lighting design and energy inefficiency decrease the R13 score. To avoid similar situations, such as cases E-2 or C-3, this study suggests adjusting the benchmarks in the EEWH system against excessive or insufficient lighting.



Generally, the larger the value of WWR, the more abundant daylight can be introduced into a building. The use of natural daylight can reduce lighting energy consumption and provide sufficient illuminance in the office. By comparing the artificial lighting design and the range of indoor illuminance, it can be observed that natural lighting may assist in providing adequate illuminance during working hours in the cases of E-2, P-2, S-2, P-5, T-5, P-1, T-4, and E-4. Furthermore, if artificial lighting can be operated with proper strategies in the investigated cases, most of the cases will achieve extra lighting energy-saving benefits. However, no EEWH-certified building has applied for the daylight-sensing control bonus in R13 so far due to the difficulty of daylight control. Despite daylight providing a more pleasant indoor environment than artificial lighting, it is possible that workspaces in perimeter zones may directly receive uncomfortable glare if there is no shading device. Thus, it is necessary to install internal venetian blinds for these areas to reduce the impact from glare and provide a working environment without daylight discomfort glare [68,69].




4.3. Cost Ratio and Energy-Savings and IEQ Categories in EEWH Buildings


Section 3.3 shows that the additional costs derived from IEQ performance account for lower proportions of the total costs in IEQ-certified buildings than in non-IEQ-certified buildings (Figure 6). Meanwhile, three non-IEQ-certified buildings have extremely high cost ratios. Among the worst three cases, case E-2 has its CIEQ approximately 9.5 times to its CE due to the insufficient designs in the thermal comfort, outdoor air supply, and illuminance. The cost ratios of the other two cases are around 3.33–3.94 due to the insufficient ventilation rate and illuminance level.



According to the results of this study, the IEQ certification in EEWH does not have an obvious influence on the IEQ performance (Figure 5) and total cost ratios (Figure 6). Additionally, for the buildings with higher IEQ and energy performance, the number of non-IEQ-certified buildings is more than that of IEQ-certified buildings. There are six non-IEQ-certified and four IEQ-certified buildings for which the IEQaccept is higher than 90%. The performance of the cost ratio provided a consistent result. There are 10 non-IEQ-certified and 7 IEQ-certified buildings that have a cost ratio lower than 1.



However, for buildings with a relatively poor performance (IEQaccept < 90%), especially the non-IEQ-certified cases, there is a higher possibility of obtaining an abnormal cost ratio, which is not supposed to occur in GBs. The results of this study correspond to previous research showing that the certified GBs have a wide range of building performances, but the worst ones may not be different from CBs [70]. Besides, all of the studies with similar results concluded that this phenomenon should be amended through GBCs amendment to make the scoring schemes of GBCs focus on the categories that actually improve occupants’ health, well-being, and productivity [35,37,40,43].



Generally, the EEWH certification system certainly influences the performance of GBs in Taiwan, and its contribution to energy conservation is quite significant. Even though there are no linear relationships between the scores of energy conservation (R1) and building energy cost (CE), the energy performance of EEWH buildings in this study is approximately 20–75% of the average value in Taiwan buildings. In comparison, as the IEQ category is only an optional item in EEWH, it not only decreases the contribution of the EEWH system to improving IEQ in GBs, but also leads to some architecture designers ignoring the essentials of human well-being in buildings. The inconsistent IEQ performance of EEWH buildings makes the contribution of EEWH to IEQ more ambiguous and tenuous. Meanwhile, the non-IEQ-certified cases may easily result in a relatively poor indoor environment and huge additional burden owing to the thermal comfort, IAQ, and illuminance of these cases being sub-standard.




4.4. Suggestions for Taiwan’s GBC


On the basis of the results and discussions above, this study suggested that the EEWH certification system in Taiwan can be improved by the following recommendations:




	
Add the IEQ category as one of the mandatory items in EEWH;



	
Establish the thermal comfort criteria in the inspections of the IEQ category to ensure the thermal comfort control standard in EEWH green buildings;



	
Identify the ventilation criteria in the inspections of the IEQ category and employ professional standards, such as ASHRAE 62.1 or Indoor Air Quality Act, to improve the IAQ, ventilation rate, and energy efficiency in EEWH green buildings;



	
Specify the indoor illuminance criteria in the inspections of the IEQ category and adopt the upper and lower limits specified by CNS 12112 to prevent excessive or insufficient lighting;



	
According to the existing R1 and R2 rating schemes, the supplement items should identify the limits to prevent excessive or inappropriate designs.








The complements for IEQ and energy-savings categories may advance the EEWH system to balance human thermal comfort and energy efficiency, and then promote the notion of sustainable buildings in Taiwan.





5. Conclusions


This study examined 20 EEWH-certified green offices and their rating scores in the energy-savings and IEQ categories. The annual energy consumption and the extra costs derived from the IEQ performances of the investigated cases were estimated by building simulations. Through the simulation results, the energy performances of the study cases were found to all be regular and even better than the baseline in Taiwan because the energy conservation category is one of the mandatory inspections in the EEWH system.



However, in terms of the IEQ aspect, some cases appeared to have problems with omissions or inappropriateness in IEQ designs due to the voluntary-based IEQ category and its incomprehensive scoring system. In terms of the building energy aspect, the average cost ratio (CIEQ/CE) of the seven IEQ-certified cases was 0.35, which is obviously lower than the average of 1.4 for 13 non-IEQ-certified cases. Among the non-IEQ-certified cases, most of the cost ratio values were relatively low, but there were three cases whose CIEQ was much higher than CE. In one of the high cost ratio cases, the insufficient designs for all the aspects of thermal comfort, ventilation, and lighting resulted in the CIEQ being 9.5 times the CE; the insufficient ventilation and lighting designs in the other two cases led to the CIEQ being 3.33–3.94 times the corresponding CE.



Through the analysis of CE and CIEQ, as well as referring to the discussions related to IEQ aspects including the thermal, ventilation, and lighting environment, this study inspected the advantages and disadvantages of the EEWH certification system. The results of this paper match some previous findings that green buildings certified by GBCs do not necessarily guarantee better IEQ satisfaction and energy performance. In addition, this study further proposed recommendations for strengthening the EEWH certification system in the energy-savings and IEQ categories. The recommendations are essential requirements related to indoor human comfort, health, and well-being. Based on the recommendations, green buildings in Taiwan are expected to mitigate the design and performance anomalies and improve the building environment in the future. Ultimately, this study anticipates provoking much more relevant research on the same topic for improving GBCs and creating a sustainable, comfortable, and energy-efficient building environment.
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Figure 1. The flowchart of this study used for investigating IEQ and energy costs in green buildings. 
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Figure 2. Scores of the total and three aspects of the energy conservation category. Green represents Envelope, blue represents A/C, orange represents Lighting. And the triangle represents non-IEQ-certified, the circular represents IEQ-certified. 
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Figure 3. R1 scores and CE performances of the investigated cases. 
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Figure 4. Acceptance of IEQ components. Orange represents non-IEQ-certified, green represents IEQ-certified. 
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Figure 5. Annual average IEQ scores of the investigated cases. 
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Figure 6. Cost ratios of the investigated cases. 
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Figure 7. Analysis of the three aspects in R1 scores. The relationships between building energy cost and (a) envelope thermal performance (R11), (b) HVAC system efficiency, and (c) lighting system efficiency. 
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Figure 8. Scores of φ2 and VRratio of the investigated cases. 
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Figure 9. Analysis results of indoor illumination for the investigated cases. 
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Table 1. Previous studies comparing the performance of GBs and CB.
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Study

	
GBC

	
Country

	
Finding




	
Acoustic

	
Visual

	
Thermal

	
IAQ

	
IEQ

	
Health

	
Productivity






	
[28]

	
GBL

	
China

	
◎

	
◎

	
◎

	
◎

	
◎

	
--

	
--




	
[29]

	
KGBCC

	
South Korea

	
◎

	
◎

	
◎

	
◎

	
◎

	
--

	
--




	
[30]

	
LEED

	
U.S.

	
◎

	
◎

	
◎

	
◇

	
◎

	
◎

	
◎




	
[31]

	
LEED

	
U.S.

	
◎

	
◎

	
◎

	
--

	
◎

	
--

	
◎




	
[32]

	
Green Mark

	
Singapore

	
▽

	
◎

	
◎

	
◎

	
◎

	
◎

	
--




	
[33]

	
LEED

	
U.S.

	
▽

	
▽

	
◎

	
◎

	
◇

	
--

	
--




	
[34]

	
Green Star

	
Australia

	
◇

	
◇

	
▽

	
◇

	
◇

	
--

	
--




	
[35]

	
LEED

	
China

	
◇

	
◇

	
◇

	
◇

	
◇

	
--

	
--




	
[36]

	
LEED & GBL

	
China

	
◇

	
▽

	
◇

	
◇

	
◎

	
◎

	
◎




	
[37]

	
LEED

	
U.S.

	
▽

	
▽

	
◎

	
◎

	
◇

	
--

	
▽




	
[38]

	
EEWH

	
Taiwan

	
◎

	
◎

	
◎

	
◎

	
◎

	
--

	
--




	
[39]

	
Green Star SA

	
South Africa

	
◇

	
◇

	
◇

	
◎

	
◇

	
◇

	
◇




	
[40]

	
BREEAM

	
U.K.

	
▽

	
▽

	
▽

	
▽

	
▽

	
--

	
--




	
[41]

	
LEED

	
Brazil

	
◇

	
◇

	
◇

	
◇

	
◇

	
--

	
--








◎: GBs perform better; ▽: CBs perform better; ◇: No significant difference between GBs and CBs; --: The variable is not considered.













[image: Table] 





Table 2. Locations, energy savings, and IEQ scores of the investigated cases.
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Cases

	
Floor Area (m2)

	
Energy Savings (R1)

	
IEQ

	
Locations




	
Envelope (R11)

	
HVAC (R12)

	
Lighting (R13)

	
(R2)






	
P-1

	
14,497

	
8.0

	
8.3

	
5.5

	
6.1

	




	
P-2

	
11,344

	
9.3

	
7.2

	
4.1

	

	




	
P-3

	
49,360

	
9.2

	
7.4

	
3.8

	
3.0

	




	
P-4

	
6825

	
12.0

	
4.1

	
2.1
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P-5

	
9840

	
8.0

	
7.8

	
4.5

	
5.4




	
T-1

	
36,912

	
9.1

	
5.5

	
2.9

	
6.5




	
T-2

	
14,776

	
8.7

	
6.0

	
5.6

	
5.4




	
T-3

	
1822

	
8.0

	
7.2

	
4.0

	




	
T-4

	
4956

	
9.2

	
3.2

	
2.5

	




	
T-5

	
11,371

	
12.0

	
5.8

	
4.3

	




	
C-1

	
35,093

	
8.1

	
4.1

	
4.4

	
7.2




	
C-2

	
15,182

	
8.4

	
3.2

	
2.1

	




	
C-3

	
10,231

	
10.6

	
3.9

	
2.4

	




	
C-4

	
74,094

	
8.2

	
3.0

	
5.8

	




	
S-1

	
19,543

	
9.0

	
2.3

	
1.2

	




	
S-2

	
15,815

	
8.0

	
3.9

	
5.8

	




	
E-1

	
5472

	
11.8

	
7.8

	
3.5

	
3.0

	




	
E-2

	
2501

	
12.0

	
6.2

	
6.0

	

	




	
E-3

	
4387

	
9.0

	
3.0

	
4.4

	

	




	
E-4

	
10,544

	
8.3

	
2.3

	
4.6
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Table 3. Compilation of scores for energy savings of EEWH office buildings.






Table 3. Compilation of scores for energy savings of EEWH office buildings.





	
R1 Aspects

	
Essential Conditions

	
Rating Score Calculation




	
Basis

	
Benchmark

	
Equation

	
Upper Limit






	
Envelope (R11)

	
EEV

	
≤0.8

	
R11 = 31.3 − 36.6 EEV

	
12




	
HVAC (R12)

	
EAC

	
R12 = 20.1 − 23.3 EAC

	
14




	
Lighting (R13)

	
EL

	
R13 = 10.5 − 13.1 EL

	
6




	
Total

	

	

	
R1 = R11 + R12 + R13

	
34
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Table 4. Evaluation contents for IEQ in EEWH with rating scores and weights.






Table 4. Evaluation contents for IEQ in EEWH with rating scores and weights.





	Item
	Evaluation Contents and Allocation
	Subtotal (Xi)
	Weight (Yi)





	Acoustics
	ability of sound insulation of walls, windows, and slabs
	100
	0.2



	Visual
	visible transmittance of glass, daylight availability, anti-glare device
	100
	0.2



	Ventilation
	ability of providing natural or mechanical ventilation
	100
	0.2



	Furnishing
	amount of furnishing, usage of recycled/green materials
	100
	0.4
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