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Abstract:

 Heat loss and gain through windows has a very high impact on the thermal comfort of offices. This paper analyzes a standard low energy consumption university office that has a standard envelope. Dynamic thermal simulations with EDSL Tas software, a predicted mean vote (PMV), and a predicted percentage of dissatisfied (PPD) with all local discomfort as stated in ASHRAE, ISO 7730: 2005, EN 15251: 2007 were used for thermal sensation, in order to optimize the best window to external wall proportion in a hot and humid climate that exists in the Famagusta case study. A simulated office building is oriented east to west in order to take advantage of the wind direction. In May 45% (PPD < 6%–0.7% open window), 93% (PPD < 10–0.2 open window), and 97% (PPD < 15%–0.1% open window) thermal comfort scores are obtained when the window to external wall ratio (WWR) is 10%. In October 43% (PPD < 6%–0.7% open window), 86% (PPD < 10–0.2 open window), and 92% (PPD < 15%–0.1% open window) thermal comfort scores are obtained when the WWR is 10%. In September 49% (PPD < 10% full open window) and 51% (PPD < 15%–0.1% open window) thermal comfort scores are obtained when the WWR is 10%.
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1. Introduction


Dynamic thermal simulation methods are used by academics for assessing building performance. For office windows in hot climates, thermal comfort can be achieved through simulations for losing or gaining heat. EDSL Tas software [1] is one of the options for dynamic thermal simulation generation with ASHRAE [2], ISO 7730: 2005 [3] and EN 15251: 2007 [4] standards.



Pino et al. [5] found that by using EDSL Tas software for a fully-glazed façade in Santiago, the cooling and heating energy demand may reach 115 kWh/m2 in one year. Moreover, if the WWR is 20% with external solar protection and selected glazing, the cooling and heating demand will be 25 kWh/m2. If night ventilation is applied during cooling periods, a further 37% reduction will be achieved.



In cold climates, artificial energy is needed to provide thermally-comfortable spaces. Additionally, the indoor climate is affected by the building form and envelope [6]. In warm parts of Europe, from an energy saving point of view, windows are weak points of the building envelope, especially for cooling. The performance of clear glass for maintaining cooling loads is very good if its thermal transmittance is between 2.00 W/m2K and 3.00 W/m2K [7]. Operating the windows has great importance on the physical connection with the outside and the use of natural ventilation for controlling thermal comfort conditions to reduce cooling loads. Moreover, natural ventilation will improve indoor air quality [8,9]. The opening proportion of the window should be based upon the outdoor air temperature, season, time, and occupancy pattern [10,11,12,13]. HVAC energy can be reduced by up to 17%–47% by using mixed-mode ventilation for summer time in various climates [14]. In moderate climate conditions such as in Germany, Italy, and Turkey, the indoor air quality can be controlled by opening typologies and summer cooling depending upon the natural ventilation strategy [15]. In all climates of the USA, annual cooling energy use can be reduced by using thermal resistance envelope materials (RSI-0.5/RSI-2.5) from 15% to 39%. Annual heating energy can also be saved by up to 10% depending on the window size and internal heat gains [16]. Designing large windows for offices can allow more daylight to enter and creates a balance between the energy consumed for lighting and cooling systems [17]. Although windows are used for visual contact and for the generation of daylight into spaces, they have disadvantages, such as creating weak points in the building skin for heat losses [18]. High levels of solar radiation during the summer period in hot and humid environments increase cooling loads [19]. The correct proportion of window to external wall and the correct opening proportion of the window will reduce cooling loads and increase thermal comfort. In order to design sustainable offices, architects should be offered guidance as to the correct size of windows on external walls and the correct window opening proportion in relation to the whole year’s performance. The area of a window is a decision taken by the designers at the early stages of architectural design; therefore, it is difficult or impossible to change it later. It is obvious that windows have a very important effect on the energy use of the building [20].



The construction of passive building requires small windows on the north façade due to potential heat losses. However having large windows on the south façade leads to solar heat gain. A dynamic simulation tool called DEROB-LH showed that the size of windows is not important for winter heating but is very important to meet the cooling demand during summer [21]. In Amman city, using a larger area of glass on the south, east, and west elevations saves energy and decreases the heating load for the winter season if insulating glass of 6 mm clear glass on the outer pane, 12 mm air space and 6 mm clear glass on the inner pane is used. However, energy is saved if the glazing area is decreased with insulating glass of 6 mm clear glass on the outer pane, 12 mm air space, and 6 mm clear low-E (Pilkington) is used on the north elevation [22].



The quality of the indoor environment requires thermal comfort because of its effects on well-being, the performance of people, and energy requirements [23]. For the thermal sensation of people, mean radiant temperature is one of the important variables. [24]. In order to investigate the energy behavior of buildings, a thermal infrared imaging tool is useful. This tool is used for the thermal insulation of the envelope, ventilation, air leaks, and mechanical devices performance [25]. The choice of window systems is very important for building energy saving due to the U value and solar heat gain coefficient of windows [26]. When venetian blinds are installed on windows in tropical climates, the satisfaction of people who are sitting next to glass depends on the level of solar radiation striking the body [27]. A virtual window was designed with an array of 32 LED tiles and a line of LED linear fixtures with adjustable color temperatures to provide direct light into the test room. As a result a 100% view from the window is achieved; moreover, the average work plane luminance reached 239 lx and 11% of total area became 500 lx [28]. This study used daylight metrics and lighting energy that are influenced by window to wall ratio, wall reflectance, and window orientation in a tropical climate. As a result 30% of the window to wall ratio with 0.8 wall reflectance on the south orientation led to the optimum solution [29]. In order to calculate the PMV and PPD ISO 7730: 200 and EN 15251 [3,4] with air temperature, mean radiant temperature, air velocity, and relative humidity are required [30].




2. Objective


This research reports on the outcomes of dynamic thermal simulations via EDSL Tas software [1] for finding the thermal comfort of naturally ventilated office environments via an optimal proportion of window to external wall with an optimal window opening percentage. Moreover, it underlines the fact that average acceptable PMV and PPD for yearly-based thermal comfort of the office environment should be achieved for sustainability. According to ISO 7730 [3] and EN 15251 [4] standards for overall thermal comfort and local discomfort, there are a number of categories. First, category A is PPD < 6% (PMV −0.20 to 0.20), the second category, B, is PPD < 10 (−0.50 to 0.50) and the third category, C, is PPD < 15% (PMV −0.70 to 0.70). There is also a fourth category, D, that begins from the minimum of category C. Natural ventilation is a sustainable solution for decreasing cooling load in the summer season and the heating load for the winter season. This paper examines the influence of different window to external wall proportions with different window opening percentages for averaged yearly and monthly thermal performances of naturally-ventilated sustainable office environment in Famagusta, Cyprus. The goal is to offer advice to designers on the thermal comfort of office environments.




3. An Overview of Previous Studies


Ochoa et al. [20] developed a computer model for optimizing low energy and visual comfort in the temperate climate of Amsterdam, the Netherlands with window to external wall ratios from 10% to 100% at 10% intervals of four main orientations. The window used in this work was located in the middle of the external wall and was double glazed without any shading device. As a result of this work, it was concluded that large windows should not be used because they provide heat transfer during winter and summer periods. The cooling demand is large in a southerly orientation with large windows and conversely the heating demand is also large in a northerly orientation, again with a large window size. Moreover, with large sized windows the least electric consumption was observed with 30% WWR at the north direction and 20% WWR at the south, east, and west façades. The window to external wall ratio between 50% and 70% in the North, 60% in the South and 50%–60% in the east and west orientations were observed for the intersection of optimum visual comfort and luminance criteria.



Gasparella et al. [31] used TRNYS software for evaluating the effect of two different double glazing and two different triple glazing windows with sizes of 16%, 25%, 34%, and 41% of window to floor area for the parameters of orientation of the window, internal gains for winter and summer energy need with peak loads, of a well-insulated residential building in the climate of Paris, Milan, Nice, and Rome. The results of the simulations found that a large glazing area increases the winter performance of the building but having a peak load is a disadvantage. Moreover, this disadvantage can be addressed by using shutters during the night. A southerly orientation performs best in winter, as wintertime windows with low thermal transmittance are good with high solar transmittance. It should not be forgotten that high solar transmittance creates a disadvantage in summertime, and the use of shading devices during this time is advantageous.



Poirazis et al. [32] used IDA ICE 3.0 for dynamic energy simulations of a single skin office building in Sweden. Studies have been done when the building was occupied with 30%, 60%, and 100% window to external wall area. Moreover, building orientation and plan type with shading devices were analyzed for low energy use and good thermal comfort. The study concludes that single skin buildings consume more energy than conventional façades during occupation. In addition to this, the impact of using shading elements and appropriate window types can save 15% of energy for fully glazed façade buildings.



Thalfeldt et al. [33] studied costly optimal and energy efficient window to external wall ratio and external shading device simulations in the cold climate of Estonia. The optimal window to external wall ratio was 40% and 60%. In addition to this, the costly optimal façade solution was high transparent triple, low-emissivity glazing with window to external wall ratio of 25% and the external wall insulation of 200 mm (U = 0.16). Limited simulations studied in Central Europe concluded that a window to external wall ratio of 40% with triple glazing and double low-emissivity coating leads to optimal cost.



Susorova et al. [34] created typical office models in design builder software and concluded that the geometry of fenestration affects energy consumption like 3% and 6%, maximum 10% and 14% in hot climates but only 1% in temperate and cold climates.



Lee et al. [35] conducted research via building thermal simulation models in order to identify optimum annual heating, cooling and lighting by means of energy consumption for different window systems on a building skin with different window to external wall ratios and orientations in Manila, Taipei, Shanghai, Seoul and Sapporo which all have an Asian climate. The study concluded that in Manila, Shanghai, Seoul, and Sapporo, only 25% of the window to external wall proportion on the south façade was effective. In Sapporo and Seoul, solar heat gain had a positive effect on increasing the indoor temperature during the heating season. The north façade is less affected from the variations of window to external wall ratio with the solar heat gain coefficient and the visible transmittance. However, the east and west façades are affected, and care is needed. From a U-value perspective, window systems with 1.5 W/m2K to 0.8 W/m2K have a greater effect on reducing the heating load than the cooling load. For cold areas lower U-values can be used for window systems.



In cool climates, such as Lithuania, without any shading, a north direction is the most energy efficient orientation for air conditioned buildings. The most energy efficient window to external wall ratios for south, east, and west orientations are 20%, but for north orientation is 20%–40% [36].



When all existing researches are considered, it became clear that there is an absence of research relating to optimum averaged yearly and monthly effects of window to external wall ratios with various window opening ratios for offices in hot and humid climates on thermal comfort issues. The necessity of filling this gap motivated the author to carry out this research. The consequences of the study will guide architects during the determination process of window to external wall ratios for offices in hot and humid climates.




4. Methodology


4.1. Predicted Mean Vote (PMV) Method


Dynamic thermal simulations of EDSL Tas [1] were carried out for the office environment located in Famagusta, Cyprus. EDSL Tas version 9.3.3 is used which is a building modeling and dynamic simulation tool. The simulations were performed with the Famagusta weather file. Figure 1 illustrates the size and plan of the office model. The dimensions of the office were 3.0 m × 5.0 m and the room height was 3.0 (m). The office chosen as a model consisted of only one zone and two windows (inlet and outlet) which were placed on the east and west walls. The proportions of the window to external east and west walls range from 10% to 100% and the opening percentages of windows on east and west external walls range from 0.1 to 1. By using EDSL Tas simulations [1], results of all PMV and PPD were obtained for the analyzed office.


Figure 1. Plan of the naturally-ventilated model office with dimensions (3.0 m × 5.0 m × 3.0 m).
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Categories A, B, C, and D, which are stated above, can be seen with all the details in Table 1. The properties of opaque and glass construction layers with U-values are given in Table 2 and Table 3, respectively, for simulated office buildings.



Table 1. Classification of thermal environments proposed by ISO 7730 [3] and EN 15251 [4].



	
Thermal State of The Body as a Whole

	
Local Discomfort




	
Category

	
Predicted Percentage of Dissatisfied (%)

	
Predicted Mean Vote Range

	
Percentage of Dissatisfied (PD) Due to Draught (%)

	
PD Due to Vertical Air Temperature Difference (%)

	
PD Due to Cool or Warm Floor (%)

	
PD Due to Radiant Temperature Asymmetry (%)






	
1 (A)

	
<6

	
−0.20 to 0.20

	
<10

	
<3

	
<10

	
<5




	
2 (B)

	
<10

	
−0.50 to 0.50

	
<20

	
<5

	
<10

	
<5




	
3 (C)

	
<15

	
−0.70 to 0.70

	
<30

	
<10

	
<15

	
<10




	
4 (D) (EN 15251)

	
>15

	
<−0.70 or >0.70

	










Table 2. Shows used properties of opaque construction layers with U-values for the simulated office.



	
Category

	
U-Value (W/m2K)

	
Solar Absorptance

	
Emissivity

	
Conductance (W/m2K)

	
Time Constant




	
Ext. Surface

	
Int. Surface

	
External

	
Internal






	
Ground floor

	
0.283

	
0.760

	
0.500

	
0.910

	
0.900

	
0.297

	
127.999




	
Walls

	
1.135

	
0.400

	
0.400

	
0.900

	
0.900

	
1.407

	
4.920




	
Ceiling

	
1.01

	
0.700

	
0.500

	
0.900

	
0.900

	
1.251

	
13.749










Table 3. Shows used properties of glass construction layers with U-values for the simulated office.



	

	
U-Value (W/m²K)

	
Solar Transmittance

	
External Solar Absorptance

	
Internal Solar Absorptance

	
Light Transmittance

	
Time Constant




	
Ext. Surf.

	
Int. Surf.

	
Ext. Surf.

	
Int. Surf.






	
Windows (clear 6-12-6 double glazing low E)

	
1.803

	
0.498

	
0.173

	
0.135

	
0.227

	
0.097

	
0.760

	
0










The Percentage of Dissatisfied People (PPD) and Predicted Mean Vote (PMV) calculations are produced via EDSL Tas [1] software by using its macros section for thermal comfort prediction. The simulated office building has one zone and the PMV parameters are as follows; metabolic rate is 1.2 met, air speed was between 0.15 m/s as the lower limit and 0.3 m/s as the upper limit. Clothing value was 0.6 clo as the lower value and 0.95 clo as the upper value. The schedule for the office environment is created for the whole year (365 days, 7 days, and 24 h).



The ASHRAE Thermal sensation scale [2,3,37] can be summarized as; −3 cold, −2 cool, −1 slightly cool, 0 neutral, 1 slightly warm, 2 warm, and 3 hot. Providing thermal comfort conditions should include metabolic rate (met), clothing insulation (clo), air temperature (°C), radiant temperature (°C), air speed (m/s), and humidity (%) [3,37].




4.2. TAS Simulation Results and Discussions


In order to generate the best window to external wall ratio with different window opening ratios, dynamic simulations of EDSL Tas are carried out. Macros are used for thermal comfort predictions (PMV and PPD) for averaged yearly and monthly performance generation. For the results three categories of ISO 7730 [3] and EN 15251 [4] are used. According to these standards, PPD and PMV hours are found for Famagusta that has hot and humid climatic conditions. As a result of the findings for the simulated office during the whole year (8760 h) categories of ISO 7730 [3] and EN 15251 [4] which provide thermal comfort conditions with WWR and window opening ratio can be found in the following paragraphs and in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 respectively.


Figure 2. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 10% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 3. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 20% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 4. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 30% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 5. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 40% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 6. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 50% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 7. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 60% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 8. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 70% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 9. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 80% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 10. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 90% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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Figure 11. Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied People (PPD) for categories A,B, and C by means of hours (out of 8760 h in a whole year) for WWR 100% with all window opening ratios (from 0.1 to 1) with M: 1.2 met, air speed of 0.15–0.3 m/s, clothing value with 0.6–0.95 clo.
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In category A where the WWR is 20% with 0.1 window opening ratio, a minimum 958 h of thermal comfort conditions and 22.39 °C mean radiant temperature (MRT) are observed as an annual average. When the WWR is 100% with a full (1) window opening ratio, 1156 h are observed as the maximum number of hours for thermal comfort conditions with 24.36 °C as a yearly averaged mean radiant temperature. It should be noted that April, May, June, July, September, October, and November were partly providing thermal comfort under the conditions stated above. For Predicted Mean Vote (PMV) yearly average of 872 h were observed as a minimum, and yearly average of 1065 h as a maximum, for thermal comfort conditions. Both draught and cool or warm floor hours observed as a yearly average of 2154 h as minimum and a yearly average of 2416 h as maximum hours of thermal comfort conditions for above WWR and window opening ratios, respectively. Both vertical air temperature difference and radiant temperature asymmetry do not have any hours of thermal comfort condition during whole year for any WWR and window opening ratio. All details can be observed in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11. Table 4 shows non-thermal comfort conditions and Table 5 shows the thermal comfort conditions obtained.



Table 4. In category A, when WWR percentages are as follows, no thermal comfort is obtained.



	
Window Opening Ratio

	
January

	
February

	
March

	
July

	
August

	
December






	
0.1

	
10% to 80%

	
10% to 60%

	
10% to 20%

	
10%

	
10% to 50%

	
10% to 30%




	
0.2

	
10% to 70%

	
-

	
10% to 20%




	
0.3

	
-

	
10%




	
0.4 & 0.5 (half)

	
10% to 90%

	
10% to 80%

	
-

	
10% to 20%




	
0.6

	
10% to 70%

	
-

	
-




	
0.7

	
10% to 80%

	
-

	
-




	
0.8

	
10% to 100%

	
10% to 90%

	
-

	
-




	
0.9 & 1 (full)

	
10% to 100%

	
10% to 100%

	
-

	
-










Table 5. In category A, when WWR percentages are as follows, thermal comfort is obtained.



	
Window Opening Ratio

	
January

	
February

	
March

	
April & May & June

	
July

	
August

	
September & October & November

	
December






	
0.1

	
90% to 100%

	
70% to 100%

	
30% to 100%

	
10% to 100%

	
20% to 100%

	
60% to 100%

	
10% to 100%

	
40% to 100%




	
0.2

	
80% to 100%

	
10% to 100%

	
30% to 100%




	
0.3

	
20% to 100%




	
0.4

	
100%

	
90% to 100%

	
30% to 100%




	
0.5 (half)




	
0.6

	
80% to 100%

	
10% to 100%




	
0.7

	
90% to 100%




	
0.8 & 0.9 & 1 (full)

	
-

	
100%










In category B, where the WWR is 30% with 0.1 window opening ratio, a minimum of 2137 h of thermal comfort conditions and a mean radiant temperature of 23.04 °C are observed as the annual average. When the WWR is 100% with 0.7 window opening ratio, 2430 h are observed as maximum number of hours for thermal comfort condition with 24.69 °C as yearly averaged mean radiant temperature. It should be noted that March, April, May, June, July, August, September, October, November, and December were partly providing thermal comfort under the conditions stated above. The best thermal comfort conditions were mostly observed in May and October in category B. For Predicted Mean Vote a yearly average of 2162 h were observed as minimum and a yearly average of 2460 h as maximum for thermal comfort conditions in WWR 100% and 0.9 window opening ratio. Draught has a yearly average of 2981 h as minimum for WWR 10% with 0.1 opening ratio and a yearly average of 3413 h as maximum thermal comfort conditions for WWR 100% with 0.9 opening ratio. Cool or warm floor yearly averaged hours observed are 2190 minimum and yearly averaged of 2430 as maximum for thermal comfort conditions. Both vertical air temperature difference and radiant temperature asymmetry provide no thermal comfort conditions hours during the whole year for any WWR and window opening ratio. All details can be observed in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11. Table 6 shows non thermal comfort conditions and Table 7 shows thermal comfort conditions obtained.



Table 6. In category B, when WWR percentages are as follows, no thermal comfort is obtained.



	
Window Opening Ratio

	
January

	
February

	
March

	
August

	
December






	
0.1

	
10% to 50%

	
10% to 30%

	
10%

	
10% to 20%

	
10%




	
0.2

	
10% to 40%

	
10%




	
0.3 to 0.5 (half)

	










Table 7. In category B, when WWR percentages are as follows, thermal comfort is obtained.



	
Window Opening Ratio

	
January

	
February

	
March

	
April & May & June & July

	
August

	
September & October & November

	
December






	
0.1

	
60% to 100%

	
40% to 100%

	
30% to 100%

	
10% to 100%

	
30% to 100%

	
10% to 100%

	
20% to 100%




	
0.2

	
50% to 100%

	
20% to 100%

	
20% to 100%




	
0.3 to 0.7

	
10% to 100%




	
0.8 to 1 (full)

	
70% to 100%










In category C, the WWR is 10% with 0.1 window opening ratio, a minimum 2605 h for thermal comfort conditions and 21.68 °C mean radiant temperature are observed as the annual average. When the WWR is 100% with 0.6 window opening ratio, 2962 h are observed as the maximum number of hours for thermal comfort condition with 24.78 °C as the yearly averaged mean radiant temperature. It should be noted that March, April, May, June, July, August, September, October, and November were partly providing thermal comfort under conditions stated above in category C. For the Predicted Mean Vote a yearly average of 2623 h were observed as a minimum and a yearly average of 2986 h as the maximum thermal comfort conditions for WWR 100% and 0.6 window opening ratio. Draught has yearly averaged of 3720 h as minimum for a WWR 10% with 0.1 opening ratio and 4074 as maximum hours providing thermal comfort conditions for WWR 100% with 1 (fully open window opening ratio). Both vertical air temperature difference and radiant temperature asymmetry have a yearly average of 2190 h for thermal comfort conditions as minimum hours and yearly averaged of 2430 h as maximum hours. Cool or warm floor hours observed were yearly averages of 2605 as minimum and yearly averages of 2962 as maximum. All details can be observed in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11. These numbers of hours above were maximum for category C but minimum (starting points) for fourth category of EN 15251 [4]. Table 8 shows non thermal comfort conditions and Table 9 shows thermal comfort conditions obtained.



Table 8. In category C, when WWR percentages are as follows, no thermal comfort is obtained. (It should be noted that the following values show minimum non-thermal comfort ranges for the fourth category of EN 15251 [4]).



	
Window Opening Ratio

	
January

	
February

	
December






	
0.1

	
10% to 40%

	
10% to 20%

	
10%




	
0.2 to 1 (full)

	
-










Table 9. In category C, when WWR percentages are as follows, thermal comfort is obtained. (It should be noted that the following values show minimum thermal comfort ranges for the fourth category of EN 15251 [4]).



	
Window Opening Ratio

	
January

	
February

	
March to November

	
December






	
0.1

	
50% to 100%

	
30% to 100%

	
10% to 100%

	
20% to 100%




	
0.2 to 1 (full)

	
10% to 100%










In categories A, B, and C, the yearly averaged value of mean radiant temperature (MRT) for WWR 10% with all window opening ratios (0.1 to 1) was 21.39 °C. For WWR 20% with all window opening ratios yearly averaged MRT was 22.08 °C. For WWR 30% with all window opening ratios yearly averaged MRT was 22.71 °C. For WWR 40% with all window opening ratios yearly averaged MRT was 23.24 °C. For WWR 50% with all window opening ratios yearly averaged MRT was 23.69 °C. For WWR 60% with all window opening ratios yearly averaged MRT was 24.05 °C. For WWR 70% with all window opening ratios yearly averaged MRT was 24.34 °C. For WWR 80% with all window opening ratios yearly averaged MRT was 24.49 °C. For WWR 90% with all window opening ratios yearly averaged MRT was 24.65. For WWR 100% with all window opening ratios yearly averaged MRT was 24.76 °C. For all WWR (10% to 100%) and window opening ratios (0.1 to 1) yearly averaged mean radiant temperature was 23.54 °C.





5. Conclusions


When an average of the whole year is taken, it is concluded that, in all ranges of WWR (from 10% to 100%) with 0.1 open window, 11.64% thermal comfort is obtained in category A, 25.77% thermal comfort is obtained in category B and, finally, 31.47% thermal comfort, which is the best, is obtained in category C. It is observed that an increase in the window opening ratio positively affects the thermal comfort. When the window is 0.2 open, thermal comfort in category A becomes 12.14%, while in categories B and C it becomes 26.35% and 32.07%, respectively. With 0.3 of the window open, the thermal comfort obtained is 12.32% in category A, 26.62% in category B, and 32.38% in category C. Thermal comfort percentages are 12.47, 26.73, and 32.52 when the window is 0.4 open while they are 12.54, 26.82, and 32.65 when window is half (0.5) open. Again, according to the same PPD order (<6%,<10%,<15%), 12.57%, 26.81%, and 32.63% thermal comfort is achieved when the window is 0.6 open. 12.67%, 26.94%, and 32.77% are percentages of obtained thermal comfort with 0.7 open window. Achieved thermal comfort percentages when the window was 0.8 open are 12.66, 26.94, and 32.78. 12.69%, 26.97%, and 32.82% are the thermal comfort percentages achieved when 0.9 of the window is open and finally when the window is fully open (1) 12.73, 26.99, and 32.82 percentages of thermal comfort are obtained. It should be noted that, as best performances are obtained in April, May, June, September, October, and November, thermal comfort percentages of the mentioned months will be underlined.



In category A when the WWR is 10%, in May, thermal comfort conditions obtained are a maximum 45% with 0.7 open window ratio and a minimum 43% with 0.2 and 0.5 (half) open windows. On the other hand in October, the thermal comfort conditions obtained are a maximum 43% with 0.2 open window ratio and a minimum 40% 0.7 and 1 (full) open window ratio.



In category B when the WWR is 10% again, in May, thermal comfort conditions obtained are a maximum 93% with 0.2 open window ratio and a minimum 88% with 1 (full) open window ratio. In October, thermal comfort conditions obtained are a maximum 86% with 0.1 open window ratio and a minimum 78% with 1 (full) open window ratio. In September, thermal comfort conditions obtained are a maximum 49% with 1 (full) open window ratio and a minimum 40% with 0.1 open windows. In April, thermal comfort conditions obtained are a maximum 45% when WWR is 80% with 0.1 open window ratio and a minimum 39% with 1 (full) open window ratio. In June, a maximum 43% thermal comfort conditions are observed when WWR is 10% with 0.9 and 1 (full) open window ratio and a minimum 32% with 0.1 open windows. In November, a maximum 42% thermal comfort condition is obtained when WWR is 100% with 0.1 open window ratio and a minimum 39% with 1 (full) open window ratio.



In category C, during May, thermal comfort conditions obtained are a maximum 97% while the WWR is 10% with 0.1 open window ratio and a minimum 95% with 1 (full) open window ratio. In October, thermal comfort conditions obtained are a maximum 92% while WWR is 10% with 0.1 open window ratio and a minimum 87% with 1 (full) open window ratio. In September, 51% thermal comfort conditions are obtained when WWR is 10% with 0.1 open window ratio and a minimum 87% with 1 (full) open window ratio. In June, thermal comfort conditions obtained are a maximum 48% where WWR is 10% with 1 (full) open window ratio and a minimum 41% with 0.1 open windows. In November, a maximum 51% thermal comfort condition is obtained where WWR is 100% with 0.1 open window ratio and a minimum 48% with 1 (full) open window ratio. In April, thermal comfort conditions obtained are a maximum 53% when WWR is 100% with 0.1 open window ratio and a minimum 48% with 1 (full) open window ratio.







Conflicts of Interest


The author declares no conflict of interest.




References


	1. 
EDSL Tas. Software Package for the Thermal Analysis of Buildings. Available online: http://www.edsl.net/main/Support/Documentation.aspx (accessed on 5 January 2016).

	2. 
The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). Handbook of Fundamentals, American Society of Heating, Refrigeration and Air-Conditioning Engineers; ASHRAE: Atlanta, GA, USA, 2001. [Google Scholar]

	3. 
International Organization for Standardization (ISO). Standard 7730. Ergonomics of the Thermal Environment—Analytical Determination and Interpretation of Thermal Comfort Calculations of the PMV and PPD Indices and Local Thermal Comfort Criteria; The International Organization for Standardization (ISO): Geneva, Switzerland, 2005. [Google Scholar]

	4. 
Standard, C.B. EN 15251, indoor environmental input parameters for design and assessment of energy performance of buildings adressing indoor air quality. In Thermal Environment, Lighting and Acoustics; European Committee for Standardization: Brussels, Belgium, 2007. [Google Scholar]

	5. 
Pino, A.; Bustamante, W.; Escobar, R.; Pino, F.E. Thermal and lighting behavior of office buildings in Santiago of Chile. Energy Build. 2012, 47, 441–449. [Google Scholar] [CrossRef]

	6. 
Oral, G.K.; Yilmaz, Z. Building form for cold climatic zones related to building envelope from heating energy conservation point of view. Energy Build. 2003, 35, 383–388. [Google Scholar] [CrossRef]

	7. 
Tsikaloudaki, K.; Laskos, K.; Theodosiou, T.; Bikas, D. Assessing cooling energy performance of windows for office buildings in the Mediterranean zone. Energy Build. 2012, 49, 192–199. [Google Scholar] [CrossRef]

	8. 
Li, N.; Li, J.; Fan, R.; Jia, H. Probability of occupant operation of windows during transition seasons in office buildings. Renew. Energy 2015, 73, 84–91. [Google Scholar] [CrossRef]

	9. 
Rijal, H.B.; Tuohy, P.; Humphreys, M.A.; Nicol, J.F.; Samuel, A.; Clarke, J. Using results from field surveys to predict the effect of open windows on thermal comfort and energy use in buildings. Energy Build. 2007, 39, 823–836. [Google Scholar] [CrossRef]

	10. 
Zhang, Y.; Barrett, P. Factors influencing the occupants’ window opening behaviour in a naturally ventilated office building. Build. Environ. 2012, 50, 125–134. [Google Scholar] [CrossRef]

	11. 
Haldi, F.; Robinson, D. Interactions with window openings by office occupants. Build. Environ. 2009, 44, 2378–2395. [Google Scholar] [CrossRef]

	12. 
Yun, G.Y.; Steemers, K. Time-dependent occupant behaviour models of window control in summer. Build. Environ. 2008, 43, 1471–1482. [Google Scholar] [CrossRef]

	13. 
Herkel, S.; Knapp, U.; Pfafferott, J. Towards a model of user behaviour regarding the manual control of windows in office buildings. Build. Environ. 2008, 43, 588–600. [Google Scholar] [CrossRef]

	14. 
Wang, L.; Greenberg, S. Window operation and impacts on building energy consumption. Energy Build. 2015, 92, 313–321. [Google Scholar] [CrossRef]

	15. 
Schulze, T.; Eicker, U. Controlled natural ventilation for energy efficient buildings. Energy Build. 2013, 56, 221–232. [Google Scholar] [CrossRef]

	16. 
Park, B.; Srubar, W.V., III; Krarti, M. Energy performance analysis of variable thermal resistance envelopes in residential buildings. Energy Build. 2015, 103, 317–325. [Google Scholar] [CrossRef]

	17. 
Fasi, M.A.; Budaiwi, I.M. Energy performance of windows in office buildings considering daylight integration and visual comfort in hot climates. Energy Build. 2015, 108, 307–316. [Google Scholar] [CrossRef]

	18. 
Karlsson, J. Windows-Optical Performance and Energy Efficiency. Ph.D. Thesis, Faculty of Science and Technology, Uppsala University, Uppsala, Sweden, 2001. [Google Scholar]

	19. 
Sherif, A.; el-Zafarany, A.; Arafa, R. External perforated window Solar Screens: The effect of screen depth and perforation ratio on energy performance in extreme desert environments. Energy Build. 2012, 52, 1–10. [Google Scholar] [CrossRef]

	20. 
Ochoa, C.E.; Aries, M.B.C.; van Loenen, E.J.; Hensen, J.L.M. Considerations on design optimization criteria for windows providing low energy consumption and high visual comfort. Appl. Energy 2012, 95, 238–245. [Google Scholar] [CrossRef]

	21. 
Persson, M.-L.; Roos, A.; Wall, M. Influence of window size on the energy balance of low energy houses. Energy Build. 2006, 38, 181–188. [Google Scholar]

	22. 
Hassouneh, K.; Alshboul, A.; Al-Salaymeh, A. Influence of windows on the energy balance of apartment buildings in Amman. Energy Convers. Manag. 2010, 51, 1583–1591. [Google Scholar] [CrossRef]

	23. 
D’Ambrosio Alfano, F.R.; Olesen B, W.; Palella, B.I.; Riccio, G. Thermal comfort: Design and assessment for energy saving. Energy Build. 2014, 81, 326–336. [Google Scholar] [CrossRef]

	24. 
D’Ambrosio Alfano, F.R.; Dell’Isola, M.; Palella, B.I.; Riccio, G.; Russi, A. On the measurement of the mean radiant temperature and its influence on the indoor thermal environment assessment. Build. Environ. 2013, 63, 79–88. [Google Scholar] [CrossRef]

	25. 
Bianchi, F.; Pisello, A.L.; Baldinelli, G.; Asdrubali, F. Infrared thermography assessment of thermal bridges in building envelope: Experimantal validation in a test room setup. Sustainability 2014, 6, 7107–7120. [Google Scholar] [CrossRef]

	26. 
Ahn, B.-L.; Kim, J.-H.; Jang, C.-Y.; Leigh, S.-B.; Jeong, H. Window retrofit strategy for energy saving in existing residences with different thermal characteristics and window sizes. Build. Serv. Eng. Res. Technol. 2016, 37, 18–32. [Google Scholar] [CrossRef]

	27. 
Khamton, N.; Chaiyapinunt, S. Effect of installing a venetian blind to a glass window on human thermal comfort. Build. Environ. 2014, 82, 713–725. [Google Scholar]

	28. 
Mangkuto, R.A.; Wang, S.; Meerbeek, B.W.; Aries, M.B.C.; van Loenen, E.J. Lighting performance and electrical energy consumption of a virtual window prototype. Appl. Energy 2014, 135, 261–273. [Google Scholar] [CrossRef]

	29. 
Mangkuto, R.A.; Rohmah, M.; Asri, A.D. Design optimisation for window size, orientation, and wall reflectance with regard to various daylight metrics and lighting energy demand: A case study of buildings in the tropics. Appl. Energy 2016, 164, 211–219. [Google Scholar] [CrossRef]

	30. 
Dell’Isola, M.; Frattolillo, A.; Palella, B.I.; Riccio, G. Influence of measurement uncertainties on the thermal environment assessment. Int. J. Thermophys. 2012, 33, 1616–1632. [Google Scholar] [CrossRef]

	31. 
Gasparella, A.; Pernigotto, G.; Cappelletti, F.; Romagnoni, P.; Baggio, P. Analysis and modelling of window and glazing systems energy performance for a well insulated residential building. Energy Build. 2011, 43, 1030–1037. [Google Scholar] [CrossRef]

	32. 
Poirazis, H.; Blomsterberg, Å.; Wall, M. Energy simulations for glazed office buildings in Sweden. Energy Build. 2008, 40, 1161–1170. [Google Scholar] [CrossRef]

	33. 
Thalfeldt, M.; Pikas, E.; Kurnitski, J.; Voll, H. Facade design principles for nearly zero energy buildings in a cold climate. Energy Build. 2013, 67, 309–321. [Google Scholar] [CrossRef]

	34. 
Susorova, I.; Tabibzadeh, M.; Rahman, A.; Clack, H.L.; Elnimeiri, M. The effect of geometry factors on fenestration energy performance and energy savings in office buildings. Energy Build. 2013, 57, 6–13. [Google Scholar] [CrossRef]

	35. 
Lee, J.W.; Jung, H.J.; Park, J.Y.; Lee, J.B.; Yoon, Y. Optimization of building window system in Asian regions by analyzing solar heat gain and daylighting elements. Renew. Energy 2013, 50, 522–531. [Google Scholar] [CrossRef]

	36. 
Motuziene, V.; Juodis, E.S. Simulation based complex energy assessment of office building fenestration. J. Civ. Eng. Manag. 2010, 16, 345–351. [Google Scholar] [CrossRef]

	37. 
The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). ANSI/ASHRAE Standard 55-2013. In ASHRAE Standard-Thermal Environmental Conditions for Human Occupancy, American Society of Heating, Refrigeration and Air-Conditioning Engineers; ASHRAE: Atlanta, GA, USA, 2013. [Google Scholar]















































© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
—TPD<6% DMV (—02010020) mmmm PPD<10% (draught) mmm PPD (cocl of warm flocr) <10% MRT(°C)

K =,

g - 2338

SEn B i

z

=

& o1 02 03 o4 05 06 o8 09 1

WWR 40% (category A) ‘Window opening ratios (yearly average)
m—TPD<I0%  mmmPMV (-0S0t0050) s PPD<20% (draught) mmm PPD (cocl f varm flocr) <10% MRT (°C)

2

2

3

2

<

H
2
g

01 02 03 4 05 06 07 ) 1
Window opening ratios (yearly avers
'WWR 40% (category B) el age)
— D <15% — MV (~070t0070) s PPD <30% (draught )
MRT (°C) E

ity
-4BEBERYSE

PMV lours (070t 070

03 o4 05

o1 02 06
WWR 40% (category C) Windos opening ratios (yearly average)






nav.xhtml


  sustainability-08-00187


  
    		
      sustainability-08-00187
    


  




  





media/file11.png





media/file1.png
m—PD <%  mmmPMV (~02010020) s PPD <I0% (draught) mmmm PPD (codl o wamm floa)<10% - MRT(°C)

PMV hous (02010 020

o1 02 03 o4 05

WWR 10% (category A)

—PD<10%  mmmmPMV (—050t0050) e MRT (°C)

PMV hours (-05010 050
PPD houss (<10%)
(yearly houss)
-4BE8EEY

01 02 03 o4 05 06 o7
Window opening ratios (yearly average)

<5% — MV (0700070 — PPD <50% (draught )

s MRT(°C)

PMV hous (07010 0.70
PPD hous (<15 %)
(yearly hous)

WWR 10% (category ©)






media/file2.png
s PPD <10% (draught ) s PPD (cocl f vamm flor) <10% MR (°C)

— MV (-020t0020)

Do LIN
238888
AN NAA

o7

o6

Window opening ratios (yearly average)

000 0) e AN

Jo Mﬁs_ o
s
g -

g
_ 3
¢
i 3
4
v
i .
3
|
4 s
i
] 3
f
_ 3
g
q
T b3
g
| 5
m
s
| "
fRARER"
(smon Areaky
(%01>) smoy (1dd

050910507 M AWd

Window opening ratios (yearly average)

WWR 20% (category B)

s PPD <30% (draught )

— MV (—-0,70t0070)

MR (°C)

fARARER"
(mn ety
(%S1>) smoy (dd

OL0M0L0) Mo AN

o1

£






media/file7.png
m—TPD <% DMV (—0200020) s PPD <10% (draught )

s PPD (coal of vearmn flor) <10% MRT (°C)

PMV houss (02010020
PPD(6%)

N st opening ratios (yuiy average)

—PD<I0% DMV (<05080050)  mmm PPD <20% (drsught) s PPD (cocl o vamm floar) <10% MRT ()

2.
®
gsi
g ey
$izae
[EEES
10
0
H : ]
0, 05 o7
ey s opestng salosrouty asviata)
PPD<15% ‘—PMV (—0,70t0 0,70) —PPDGD%[dl'Nﬁ‘ )
o PP (el st ) <10% 2D (st o v o) <15% it v ssymemey) <i0%
T (°C)

PMV ouas (07010 0.70
PPD hours (<15 %)
(yearly houn)
-4BEEHEE

01 02 0 4 05 06 o
'WWR 70% (category C) Window opening ratios (yearly average)






media/file9.png
m—PD<6%  mmmmPMV(—020t0020) s PPD <10% (draught) s PPD (cool of warm flocr) <10% MRT ()

8
g
2
g
H 0
2
: I
01 02 03 04 05 06 07 09 1
WIWR 90°% (category A Windor opening ratios (yearly average)
m—PDCI0%  mmmPMV (0300050 s PPD Q0% (draught)  mmmPPD (cocl of vamm flocx) <10% MRT(C)

PMV hours (-05010 050

PMV houss (0701 070
PPD hours (<15 %)

o1 02 05 06 7
WWR 90% (category ©) Window opening ratios (yearly average)






media/file10.png
m—PD <% DMV (~02080020) s PPD<10% (draught)  mmmm PPD (cocl of wamm flocr) <10% MRT ()

g

H

g

<

H

k]

z

H

£

01 02 03 ot 05 06 o7 o8 09 1
WIWR 100% (category A)
m—FPD<I0%  mmmmPMV(-0S0t0050) mmmPPD<20% (draught)  mmmPPD (conl of warm floar) <10% MRT (C)

g,

S22 30

R

ER T

e

8275 5w

282 00

ZET

£ o

01 02 03 04 05 06 07 08 08
WWR 100% (category B) i ing rati
—PPD <15% —MV (070t0070) s PPD <30% (draught )
g
=z 2 500
L 280
LA 260 ¢
Hix e
£ 1o
3= (2120
H = |
2350

o1 02
WWR 100% (category C)






media/file5.png
m—TPD <%  mmmmPMV(—020t0020) mmm PPD<I0% (draught)

s PPD (coal of viarmn flor) <10% MRT (°C)

PMV fours (0,20t 020

—FPD<10%  mmmmPMV (~050t0050) mmmmPPD<20% (draught) mmmmPPD (cool of wamm floar) <10% MRT(°C)

PMV houss (0501 050

o1 0z o3 o4 o5 os o7 os 03 1
WWR 50% (category B) Window opening ratios (yearly average)
—PPD <15%

— MYV (—070t0070)

MRT ()

PMV hours (-0.70t0 0.700
PPD houss (<15 %)
ey hous)
2EEEEENEE

03 o4 os 06 o7
Window opening ratios (yearly average)






media/file3.png
—TPD <%  mmmPMV(-020t0020) s PPD <10% (draught)  mmm PPD (cocl of wam flo) <10% MRT(C)
:
8 Il N I e
:
H || | BN |
= 01 02 03 04 05 06 07 08 09
WWR 30% (category A) Window opening ratios (yearly average)
—PD<10% MY (~050t0050) s PPD <20% (draught)

s PPD (cocl of warm flocr) <10%

§

PMV hous (05010 050
PPD houn (<10%)
(yearly houn)

Window opening ratios (yearly average)

— MYV (—070t0070)

PMV houn (07010 0.70
PPD houn (<15%)
(yearly houn)






media/file0.png
5m

15 m?






media/file8.png
—PD <% DMV (—02080020) mmmm PPD<10% (draught)  mmmm PPD (cocl of wamm flocr) <10% MRT (°C)

PMV houn (02010020
PPD (%)

W 50t (category A)

—PD<I0% s PMV (—050t0050) s PPD <20% (draught)  mmm PPD (cool of warm floar) <10% MRT ()

PMV houns (-05010 050
PPD houss (<10%)
(yearly hous)

W 50% categony B

£ =
S
B
27 2
fim
£
E:

2
s
H
H
g
H
g

Window m ratios. 4,..uy average)





media/file6.png
w—TPD<6%  wmmmPMV(—020t0020) mmmm PPD<10% (draught) wemm PPD (cocl of wamn floar) <10%

MRT (C)

020

PMV fours (02010
PPD (%)

o1 02 04 05 06 07 08
WIWR 60% (category A) Windows opening ratios (yearly average)
—PDI0%  mmmPMV(-050t0050)  mmmPPD 0% (draught)  mmmmPPD (cocl o warm flocr) <10% MRT(°C)

PMV houss (-05010 0500
PPD houss (<10%)
Farits

SBEEBEEE

PMV hours(-0.7010 0.70
PPD houss (<15 %)
(yearly hows)
S4BERYLYEE

o1 02 03 04 05 06 o7 08
WIWR 60% (category C)






