







	[image: images]
	Energy Engineering
	[image: images]






DOI: 10.32604/EE.2021.017282

ARTICLE

Investigation of Plans Shape and Glazing Percentage for the Energy Efficiency of Residential Buildings

Tayyebeh Yazarlou* and Mohammad Djavad Saghafi

School of Architecture, College of Fine Arts, University of Tehran, Tehran, Iran
*Corresponding Author: Tayyebeh Yazarlou. Email: t.yazarlou@alumni.ut.ac.ir

Received: 28 April 2021; Accepted: 24 July 2021


Abstract: The room's plan shape, the area of the window, and the impact of the materials are significant parameters in determining the thermal needs of buildings. In traditional houses of the hot and dry climate of Iran, the plan shape of the room, the ratio of the window area to the floor area, and the comparison between traditional and prevalent materials have been less studied. This study investigated the thermal performance of seven different models of the plan shape, five different ratios of window area to plan area, and three material structures in a selected room of Yazd City using EnergyPlus software. Seven models have different plan shapes but the same floor area, whose thermal balance process calculations have been performed by the CTF method. The results show that the best thermal comfort conditions for the residents are at the window area to floor area ratio of 12% for the brick buildings and 15% for the buildings with thermal insulation and proposed materials. The lowest cooling and heating needs are obtained in a room with an east-west extension and a length-to-width ratio of about 1.38, which indicates the proper plan shape of the selected room. This research can be considered as a climatic strategy to improve the energy efficiency of residential buildings in Yazd.
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1  Introduction

Energy consumption is increasing worldwide [1] and buildings account for a large portion of the world's energy consumption [2,3]. Meanwhile, the residential sector has a complex pattern in energy consumption [4]. Numerous researches have been done on the design of buildings and energy, most of which are about facades (e.g., [5]), materials (e.g., [6–8]), envelopes (e.g., [9,10]), atriums (e.g., [11]), shading devices (e.g., [12]), shapes, and the geometry of the buildings (e.g., [13–15]).

Numerous factors such as different forms, orientation, and percentage of the translucent area have a significant impact on the heating loads of a building [16,17]. The building form is one of the crucial factors that can increase/decrease the heating and cooling loads required by the building [18]. The shape of the building is one of the most significant design factors of a building, which is due to its tremendous effect on energy efficiency and construction costs [17]. Variables that are dependent on the shape of the building and affect the heating and cooling needs are shape factor, climate, and the effect of form on the building life cycle [19].

AlAnzi et al. [20] investigated building energy efficiency for several different building forms and shapes, the ratio of window to wall, and glazing types for a prototypical Kuwaiti office building. They reported that for buildings with a low window to wall ratio, the energy demands of a building are inversely proportional to building compactness rather than its form. While energy consumption and the shape of the buildings have a strong correlation [21]. Ferdous [22] carried out a study on minimizing energy consumption and office building geometry for the five different models. The results showed that energy deviation from one shape to another is relatively small. However, the ratio of the window to the wall has a significant impact on the energy use pattern of the building compared to the form.

Hemsath et al. [23] compared the vertical and horizontal geometric proportions with material consideration. Their results showed that both types are equally sensitive to specific material. In addition, the building form is one of the most significant factors to estimate energy performance which can be considered by architects and building engineers to achieve low carbon construction. Generally, the total building energy consumption can be reduced by the energy-efficient design of the building geometry by using advantages of renewable energy resources such as sunlight, wind, etc. [24].

In previous studies, the building form, the orientation, and the area of the window have been discussed. While the relationship between the aspect ratio of the rectangular plan shape and the ratio of the south window area to plan area has been less studied due to the effect of building materials that can reduce the thermal needs of the building and improve the thermal comfort of space users. Also, according to the Fourth National Building Regulations of Iran, the ratio of window to the floor area in the residential spaces is about 1:7 and 1:8 floor area. However, the impact of climate and the estimation of the building thermal need are not considered in this proposed range. Based on this, the research questions were as follows:

–   What is the effect of plan shape on cooling/heating loads of rectangular rooms in Yazd City?

–   What is the ratio of window area to plan area with the thermal need of the building?

–   How much does a material with better thermal performance than the current structure affect the thermal loads of the building?

This study presents a simulation-based approach to assist building engineers in designing and choosing the appropriate rectangular plan shapes and the south window to the floor area ratio in residential buildings in hot and arid regions of Iran. The method can provide a design solution to improve the building's energy performance. Moreover, the results can be used as an architectural strategy in the Central Plateau of Iran.

2  Method

In this study, the thermal performance of the building was simulated by EnergyPlus software version 8.7.0 developed by the US Department of Energy (DOE). Seven isolated models with rectangular plan shapes (with different dimensions, the same area, and three different structures for the walls) and five different window area ratios for each model were investigated, and their effect on the heating and cooling loads required by the building was measured. The proportions of a winter living room with dimensions of 6.57 m × 4.75 m × 3.32 m (length × width × height) in a traditional house in the city of Yazd (Ataian House) has been considered as the selected model (Fig. 1). Then, six different rooms were designed. For nine months of the year, the heating requirement of the models is about zero or negligible. Also, the cooling load is very low or zero for about seven months of the year. Therefore, heating and cooling loads in July as the hottest and January as the coldest months, as the critical time of the year, were studied for all models based on the ratio of south window area to floor area with ratios of 7%, 12%, 15%, 20%, and 30% for three different wall structures. In addition, thermal loads are investigated for each model as a seasonal average throughout the year.
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Figure 1: Plan of ataian yazd house and enlargement of winter living room

2.1 Specifications of the Models

Fig. 2 shows the different modes of the studied models. Model b is related to the available room. The other six models were designed with the same floor area and height as the selected model but with different elongation and length-to-width ratios.

2.2 Specifications of the Walls

Thermal resistance is the reciprocal of thermal conductance. Since the purpose of thermal insulation is to resist heat flow it is convenient to measure a material's performance in terms of its thermal resistance, which is calculated by dividing the thickness expressed in meters by the thermal conductivity. Furthermore, Surface heat transfer coefficient (thermal transmittance) refers to the ability of a part of the outer envelope of a building to transfer heat in stable conditions, which expresses the amount of heat transferred per unit area, time unit, and one-degree temperature difference. This coefficient is obtained from the inverse sum of the thermal resistances of different wall layers and air layers. The efficiency of thermal insulation of the building walls depends on this coefficient [25] which is calculated by Eqs. (1) and (2) [3,25]. The lower this coefficient, the more heat-resistant the wall is.


R=dλ
(1)


U=1Rso+R1+R2…+Rn+Ras+Rsi
(2)


where;
d = thickness
λ = heat conductivity coefficient
Rso
= thermal resistance of outer surface,
R1
= thermal resistance of first material,
R2
= thermal resistance of second material,
Rn
= thermal resistance of nth material,
Ras
= thermal resistance of any air space in the construction,
Rsi
= thermal resistance of inner surface.
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Figure 2: Examined models: (a) square plan shape, (b) available room, (c, d) the plan stretches in an east-west direction, and (e, f, g) the plan stretches in a north-south direction

The available room is made of brick and has a single-glazed window. The thickness of the wall, ceiling, and floor of this room are 100, 80, and 30 cm, respectively, which yield a thermal conductivity of 1.1 W/mK. Their surface heat transfer coefficients are 0.9, 0.7, and 0.27, respectively. The surface heat transfer coefficient of the single-glazed glass is 5.8 W/m2K. Solar transmittance at normal incidence is considered 0.6 and 0.775 for the low emission and ordinary clear glass, respectively. Three different surface structures (brick and single-glazed window, proposed opaque materials in Tab. 1 and single-glazed window, proposed opaque and translucent materials in Tab. 1 with double-glazed window) have been investigated for all 35 models. In all cases, a wooden door with thermal conductivity of 0.14 W/mK has been considered. Tab. 1 shows the specifications of the suggested structures, and Figs. 3a–3c depict a schematic section of them.
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Figure 3: A schematic section of the proposed structures: (a) Walls, (b) Roof, and (c) Floor

2.3 Study Context

The studied models have been simulated based on the climate data of Yazd City, which is located in the center of Iran (northern latitude: 31.880 and eastern longitude: 54.280). The EPW weather data file of Yazd city prepared by DOE has been used for the simulations. The average temperature in Yazd is about 32°C in the hottest month and 5°C in the coldest month. The average temperature is near 18°C, and the average relative humidity is near 25% [26]. Foruzanmehr [27] investigated summer-time thermal comfort in the traditional buildings of Yazd and reported a comfort-temperature range of 25°C to 30°C for the residents of vernacular buildings in Yazd.

2.4 Calculations

In this study, EnergyPlus software has been used due to its accessibility, ease of use, and widespread approval [28]. EnergyPlus has been used as a software to simulate the performance of building energy efficiency in many studies [2,12,28–31]. To simplify the calculation of heat conduction through the structure of multilayer walls of the buildings and improve the efficiency of calculations in heating and cooling loads, using the conduction transfer function is recommended by ASHRAE [32].

In this research, the surface heat balance process with the conduction transfer function method (CTF) has been used to calculate the thermal loads. This method simulates all the thermal equilibria of the inside and outside surfaces as well as the transient thermal conductivity of the building in each time step [31], which has been widely used to calculate the transient thermal conductivity of buildings in many studies [32–34]. Tab. 1 shows the wall specifications. The temperature setpoint is set at 18°C, while the cooling setpoint has been considered at 26°C. Humidity setting points between 30%−60% and fraction radiant of 0.2 have been considered. Furthermore, the design level for the electric equipment is 156 W. Outputs have been reported monthly and results are reported for the hottest and coldest months of the year, besides a seasonal analysis of the average of cooling and heating loads.

3  Results

Figs. 4–12 show the heating and cooling needs of the models in the hottest and coldest months of the year in kWh. Fig. 4 shows the results for Model a. The maximum cooling requirement of the model is at the window to floor area ratio of 30% with brick walls and single glazing glass (627.56 kWh). The lowest cooling need is observed at the window to floor area ratio of 7% with the recommended materials (284.93 kWh) for the opaque and translucent surfaces. The annual heating need of this model is the highest and the lowest at the window to floor area ratio of 7% with brick walls and ordinary glass (374.48 kWh) and 30% with the proposed materials (5.57 kWh), respectively.
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Figure 4: Cooling and heating loads of Model a (in kWh)

In Model b (Fig. 5), the highest need for cooling load is at the ratio of 30% of brick and ordinary glass walls (617.56 kWh), while the lowest demand is at 7% with the proposed materials (281.47 kWh). The heating need is the minimum at the ratio of 30% of the recommended materials (5.45 kWh) and the highest at the window ratio of 7% for brick materials (375 kWh).

Fig. 6 shows the heating and cooling loads required by Model c. The maximum cooling load (627.23 kWh) with a window ratio of 30% for a brick building and its minimum need (288.08 kWh) in a building with proposed materials and a window ratio of 7%. The window to floor ratio of 30% in the building with the recommended materials (6.6 kWh) has the lowest heating need. However, the brick building with a window ratio of 7% (385.45 kWh) provides the highest thermal requirement.
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Figure 5: Cooling and heating loads of Model b (in kWh)
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Figure 6: Cooling and heating loads of Model c (in kWh)

The heating and cooling needs of Model d have been shown in Fig. 7. In all three cases, the maximum cooling demand is at the window ratio of 30% and the lowest at 7%. The highest cooling load is for brick buildings (675.49 kWh), while the lowest is for proposed materials (323.19 kWh). The lowest heating need is observed at the ratio of 30% with the recommended materials (12.29 kWh) and the highest at 7% with the brick structure (425.67 kWh).

For Model e (Fig. 8), the highest cooling load (634.94 kWh) is at the ratio of 30% with brick walls and the lowest at the ratio of 7% with the proposed materials (300.36 kWh). The heating load is the minimum at the ratio of 30% with the recommended materials (6.2 kWh) and the highest at 7% with the brick materials (380.95 kWh).
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Figure 7: Cooling and heating loads of Model d (in kWh)
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Figure 8: Cooling and heating loads of Model e (in kWh)

Fig. 9 shows the energy required by Model f. The maximum cooling load is 30% (666.9 kWh), while the minimum is 7% of the proposed materials (325.65 kWh). The highest heating need of the model is at the ratio of 7% (396.12 kWh) and the lowest at 30% (8.36 kWh).
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Figure 9: Cooling and heating loads of Model f (in kWh)

For model g (Fig. 10), the highest cooling load (754.28 kWh) is associated with the window ratio of 30% with brick walls, while the lowest amount is achieved with the window ratio of 7% and the proposed materials (395.87 kWh). The lowest heating load is observed at 30% with the recommended materials (17.49 kWh) and the highest at 7% with brick materials (443.48 kWh).
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Figure 10: Cooling and heating loads of Model g (in kWh)

Fig. 11 shows the maximum and minimum cooling and heating loads of all seven models based on the structure of the walls and the ratio of window area to plan area. For the proposed and brick materials, the minimum cooling demand is observed in Model b with the window area to plan area ratio of 7% and 30%, while the maximum cooling loads are obtained for the model g with the window ratio of 7% and 30%, respectively. In addition, the maximum and minimum heating loads for brick structure are obtained for Models g and a with the window ratio of 7%, and Models g and b have the maximum and minimum heating requirements with the window ratio of 30% for the proposed material.
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Figure 11: Maximum and minimum cooling and heating loads of seven models (in kWh)

Figs. 12a–12d show the average heating and cooling demands for all models with recommended materials in each season. In spring, the heating demands are zero, while there are cooling loads for all rooms (Fig. 12a). Fig. 12b shows requirements loads in summer, in which all rooms have zero heating needs and the most cooling loads, as predicted. Furthermore, there are cooling requirements in fall that are higher than spring loads for all models and window ratios (Fig. 12c). Winter is the only season in which the rooms need heating loads (Fig. 12d), although there are negligible heating loads in spring. In addition, Model b in the window ratio of 12% jumps and increases the heating/cooling loads in all models and seasons. Moreover, noticeable jumps are observed in Model d in all cases, which can be due to the change in the elongation and the models’ aspect ratio.
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Figure 12: Seasonal average of cooling and heating loads of models in kWh: (a) Spring, (b) Summer, (c) Fall, and (d) winter

4  Discussion

According to the simulation results of heating loads for seven models with brick materials, the lower heating demand is observed for the square plan shape (Model a). For rectangular plans, east-west elongation up to the ratio of length to width of 1.5 (close to the proportions of Model b) is better than north-south elongation. Then north-south direction with a length-width proportion of 0.72 (Model e) and then east-west with an aspect ratio of about 2 (Model c), north-south with a proportion of 0.51 (Model f), east-west with a ratio of 3.47 (Model d), and finally north-south with a ratio of 0.29 (Model g). The result of the studies by AlAnzi et al. [20], Hemsath et al. [23] indicate that the impact of the building orientation on energy performance.

Models (b, e), (c, f), and (d, g) have equal dimensions with different elongations, Models b, c, and d have east-west elongation, and Models e, f, and g have the northern-southern extension. In all cases of the ratio of window area to plan area, the east-west direction is better for heating and cooling loads.

The aspect ratio, which is the proportional relationship between the length and width of the building, affects the energy consumption of the building. The thermal performance of Models a and b is very close to each other, but considering the cooling loads, Model b (length to width ratio of 1.38) is more appropriate, which indicates the appropriate dimensions and direction of the selected room. The ratio of 1:1, which represents the square form, has a favorable performance in reducing heating loads in rectangular plans. These results are in line with Ferdous [22] which reported the most compact form has the least total energy use.

By insulating opaque walls (using the structure of Tab. 1) and maintaining single-glazed glass, the heating-cooling loads in the best case (Model b) have been reduced by about 81.37% and 8.33%, respectively. As a result, opaque glazing insulation has a significant effect on space heating loads. Also, by adding double-glazed glass to the proposed structure, the heating and cooling loads compared to brick and single-glazed buildings have been reduced by about 97.89% and 18.57%, respectively. The use of materials with a low heat transfer coefficient in opaque and translucent walls reduces the need for heating and cooling loads and leads to energy saving.

In all models, at the south window surface to the floor ratio of 7%, we have the maximum heating requirement and the minimum cooling need. This ratio is useful for designing rooms that have only summer use. Although maximum and minimum heating and cooling loads in each model in brick buildings are associated with the ratios of 30% and 7%, the window area to floor area ratio of 12% has the best performance in terms of adjusting the annual weather conditions and providing thermal comfort for residents. While in insulated buildings (with single-glazed or double-glazed windows), the more appropriate south window area to floor area ratio is 15%.

The porosity of the south wall (Window-to-Wall Ratio) in the selected room with window ratios of 12% and 15% is about 17% and 21%, respectively. Therefore, the amount of cooling demands increases, and the heating needs decrease, which in line with the result of the Ourghi et al. [21].

In all models, the windows facing south due to the importance of receiving light from the south. The east-west elongation allows for a larger opening surface and adequate direct sunlight, which is in line with Depecker et al. [13]. In traditional buildings of the hot and dry climate of Iran, the whole building gradually collects and stores radiation energy during the day, and at night when there is no solar radiation, the thermal mass plays a key role in the efficient performance of the building in direct reception. Orientation of the most traditional houses in the Central Plateau of Iran is north-south to reduce solar gain. However, the winter section has an east-west extension to gain maximum sunlight on the cold days of the year.

Walls with thermal insulation reduce heat transfer from the outer envelope of the building, which significantly reduces the energy need of the building. Reducing the need for heating and cooling loads in the case of thermal insulation indicates the superiority of insulation over the time lag of traditional materials in this climate.

According to Fig. 12, there are cooling needs in three seasons of the year. However, the heating need only is in one season. The maximum cooling load in summer compared to spring and autumn has increased by about 287% and 160%, respectively. Almost in all cases, room b requires less cooling load, except at the ratio of 12%, where the cooling requirement is surprisingly high. Except for the window ratio of 12%, model g has the highest cooling/heating demands in all studied rooms, which indicates that the north-south stretch of the plan with an aspect ratio of 0.29 is not favorable for this climate. For each studied model, the window area to floor area ratio of 30% and 7% are the highest and lowest cooling requirements, respectively. While for heating needs these ratios are reversed.

According to the fourth National Building Regulations of Iran, in residential spaces, the suggested ratio of window area to floor area is 1:7 and 1:8, which based on the floor area of the studied rooms is about 14% to 12% of the window area to the floor area ratio. Therefore, a window-to-floor ratio of 1:7 is more appropriate. During the warm days, a window ratio of 7% has the minimum cooling requirements, while in cold days the 30% window ratio is optimum. However, for the whole year, the ratio of window area to the floor of 15% is optimal and has a more stable behavior than the window ratio of 12%.

The lack of variety of winter living rooms in traditional houses of the Central Plateau of Iran is one of the limitations of the research. Due to the lack of access to a comprehensive and valid system for the traditional Iranian houses, data collection has faced difficulties and necessitates the need for fieldwork.

5  Conclusion

This study looked at the impact of the room's plan shape, window area, and the effect of materials on the thermal needs of the building in the hot and arid climate of Iran, Yazd City. This study considered the south-facing rooms as it is the best orientation to receive solar radiation in Iran. The results show that it is more beneficial to have rectangular plans with an aspect ratio of about 1.38 in an east-west direction and a window to floor area ratio close to 15%. The results reveal that using a double-glazed window can significantly improve the thermal loads of the models, with the same materials, compared to the single-glazed window. In plans with east-west elongation, with a ratio of length to width (depth of the room) around 1–2, the heat requirement is less than the elongation of the north-south plans. By reducing the length to width ratio (less than 0.7) in the north-south plans, the cooling/heating load increases significantly. Furthermore, a window-to-floor ratio of 1:7 is more appropriate than a ratio of 1:8 in terms of reducing building thermal demands. The present paper can be considered as an architectural solution to achieve minimum heating/cooling loads in the design of residential buildings in Yazd to improve the building energy performance. The effect of shading devices and more structures can be investigated in future research. The main aspect of any external shading system is the control of solar radiation, which reduces unwanted heat for the users of the space, and the use of advanced building materials may be a solution to improve the thermal comfort of residents and reduce energy demand in the building. The present study is only for the hot and dry climate of Iran and other ratios between window and plan area can be considered in different climates.
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Table 1: Proposed materials tor opaque and translucent structures

Layers Thickness Density Specific Heat con- Resistance
(From d (m) (kg/m?)p  heat cp ductivity R (m*K/W)
outer layer (J/kgK) coefficient
to inside) A (W/mK)
Wall Stone facade 0.03 2800 840 3.5 0.009
Cement mortar 0.02 1200 840 0.55 0.04
Clay block 0.1 2000 630 0.79 0.13
Insulation 0.05 40 1500 0.41 1.2
Clay block 0.1 2000 630 0.79 0.13
Plastered 0.03 1500 109 0.56 0.05
Air layers - - - 0.17
Total resistance. R (mZK/W) 1.729
Thermal transmittance. U-value (W/m?K) 0.58
Roof Mosaic (Stone) 0.03 2800 840 3.5 0.009
Insulation 0.08 80 840 0.038 2.1
Clay block 0.25 2000 630 0.79 0.32
Plastered 0.03 1500 109 0.56 0.05
Air layers - - - 0.14
Total resistance. R (mZK/W) 2.619
Thermal transmittance. U-value (W/m?K) 0.38
Floor  Parquet 0.05 530 1880 0.14 0.36
Concrete 0.2 2300 850 1.6 0.13
Total resistance. R (m?K/W) 0.49
Thermal transmittance. U-value (W/m2K) 2
Window Wooden window frame 0.05 - - - -
Low emission glass 0.006 - - - -
Argon gas 0.006 - - - -
Ordinary clear glass 0.006 - - - -
Total resistance. R (m2K/W) -
Thermal transmittance. U-value (W/m2K) 2.2
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