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Abstract

:

The standard for ergonomics of the thermal environment provides information on the calculation of optimal thermal comfort. Operative temperature (OT) is one of the essential elements of thermal comfort and is a function of air temperature, mean radiant temperature (MRT), and air velocity. This paper investigates the impact of diverse influences on MRT in an office room based on occupant position and posture (seated and standing). A comparative simulation study of the varied thermal transmittance (U-value) of the only external wall with a window in an office room depending on the wide-ranging outdoor temperature is conducted in the MATLAB tool Simulink. The air temperature and air velocity are assumed according to the standards, and the MRT is simulated. The angle factors, U-value of walls/windows, occupant position, occupant posture, and outdoor temperature are the critical parameters that affect MRT. The results show varied responses from MRT for each of the five outdoor temperature scenarios simulated for three types of exterior walls. Seated occupants have equal MRT, whereas standing occupants have minor discrepancies when exposed to a window at the same distance in all outdoor scenarios. When the placement of occupants is not equally exposed to the window, the seated occupants have a higher MRT difference than the standing occupants.
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1. Introduction


The definition of thermal comfort states “the state of mind that expresses satisfaction with the thermal environment” [1]. Six parameters affect thermal comfort and are classified as environmental parameters and personal parameters. The environmental parameters are air temperature (   t a   ), mean radiant temperature (MRT,    t r   ), air velocity, and relative humidity, whereas the personal parameters are metabolic rate and clothing insulation. However, the ergonomic standard in a thermal environment [2] shows that the desired optimum thermal environment of a room can be achieved with a permissible operative temperature range depending on personal parameters. Operative temperature (OT,    t o   ) is the “uniform temperature of an imaginary black enclosure in which an occupant exchanges the same amount of heat by radiation and convection as in the actual non-uniform environment” [2]. In a simplified measure, OT can be calculated as the mean value of    t a    and    t r   , when in an indoor environment, the air velocity is below 0.2 m/s and the difference between    t a    and    t r    is less than 4 °C.




    t o  =    t a  +     t  r     2    



(1)





Equation (1) shows that both    t a    and    t r    contribute equally to indoor thermal comfort. Air temperature is the temperature of the air around the occupant that can be measured by a mercury thermometer, thermocouple, or thermistor [3,4]. MRT is the “uniform temperature of an imaginary enclosure in which radiant heat transfer from the human body equals the radiant heat transfer in the actual non-uniform enclosure” [5]. MRT can be calculated from the surface temperature (   T N   ) of the surrounding surfaces and the angle factor (   F  P - N    ) between a person and the surrounding surfaces as follows:




    T r    4  =  T 1    4   F  P - 1     +     T  2    4   F  P - 2     +   … … ..   +     T  N    4   F  P - N     



(2)





The angle factor for the human body, also known as the view factor, is the radiation of heat exchange between the person and the environment [3]. The ISO 7726 standard [5] provides a simple angle factor calculation method for each surface of a rectangular/square room depending upon the person’s position and posture. The iterative calculation process involves computing twenty-four sections based on six surfaces (walls, floor, and ceiling) that are divided into four sections each. For each section of the surface, surface elements a, b, and c are measured depending upon the location of the person and the room dimension (Figure 1). The angle factor (   F  P - N    ) is obtained from Equations (3) and (4) and Table 1 [5].




    F  P - N     =     F   m a x     1 −  e  −   a / c   / τ       1 −  e  −   b / c   / γ       



(3)






   τ = A + B     a / c                           γ = C + D   b ⁄ c   + E   a / c     



(4)





There have been studies on radiative heat transfer prediction based on the position and posture of the human body [6,7,8,9]. Most of the studies analyze angle factors and room temperature dynamics in rectangular spaces and limit the human position to the center of the room in a seated posture [10,11,12,13]. For calculation of the angle factor, surface elements a, b, c and elements from Equations (3) and (4) that are Fmax, A, B, C, D, and E are required.



All the surface elements a, b and c vary depending upon which section of the wall is taken into consideration for vertical and horizontal surfaces, as shown in Table 1. The surface element b is different for seated and standing posture. For seated posture, the element b for vertical surfaces in the lower sections is 0.6 m, whereas for standing posture, it is 1 m, as shown in Figure 1. There have been subsequent studies on the determination of MRT from the calculation of angle factors [14,15,16,17].



The thermal transmittance (U-value) measures the heat flow through a building component by conduction, convection, and radiation and is determined by the thermal values of the heat conductivity and thickness of the building component.    R  total     represents the total thermal resistance for all the material layers of the wall, including indoor heat transfer coefficient (   h i   ) and outdoor heat transfer coefficient (   h o   ), as shown in Equation (5). The U-value of a wall can be found in Equation (6). The average values of the    h i    and    h o    are 0.13 and 0.04 m2k/W, respectively [18].




    R  total   =  R i  +  R ″  +  R o  =  1   h i  · A   +    1  U ″   +    1   h o  · A   =    1   h i  · A   +    1   U ′  · A       



(5)






     UA =  1   R  total         



(6)






   UA =  1   1   h i  · A   +    1   U ′  · A         



(7)






        U ′  =  1   1 U  −    1   h i          



(8)





The heat loss/gain from a surface is dependent on the temperature difference between two surfaces. Figure 2 shows a simple wall with concrete, insulation, and exterior and interior finishes. The temperature at each material layer is termed T1, T2, T3, T4, and T5 from outdoor to indoor. Equation (9) expresses the heat loss/gain of a wall depending on the temperature variation from indoors to outdoors [19].




   Q = U · A   ·    T i  −  T o      =     U   wall   · A   ·    T 5  −  T 1        =     h  i  · A   ·    T i  −  T 5      =  U ′  · A   ·    T 5  −  T o      



(9)





Based on the heat balances, the temperature on the inner surface can be calculated:




    T 5  =       T i    ·         h  i  − U   +       T  o    ·   U        h i      =  T  si     



(10)





Equation (10) is a simple wall equation with temperature damping, where T5 is equivalent to the indoor surface temperature (Tsi) of the respective walls and windows. The U-value makes a major difference in temperature between indoors and outdoors. In Norway, the Norwegian Building Technical Regulations (TEK) for construction works provide the maximum allowed U-value for buildings (Table 2) and have been updating the U-value since 1987 in accordance with the Planning and Building Act to minimize energy use.



The aim of the study is to investigate the impact of altering outdoor temperatures and the thermal transmittance of the wall on the indoor thermal environment and check whether the optimal MRT/OT according to ergonomic standards is achieved.




2. Materials and Methods


The methodology consists of the calculation of angle factors and heat transfer via a single external wall to analyze and compare the MRT of the room in different case scenarios using the MATLAB-Simulink model. Two case scenarios of an office room with dimensions of 2.4 m × 4.6 m × 2.8 m (Figure 3 and Figure 4) located in Narvik, Norway, with a large window on the exterior wall are simulated. In case I, a 2.4 m × 1.8 m window is located on the shorter wall of the room, whereas in case II, a 4.6 m × 1.8 m window is on the elongated wall of the room. The occupants are located at positions A1 (1.2 m, 1.2 m) and B1 (1.2 m, 3.4 m) in room 1, and A2 (1.2 m, 1.2 m) and B2 (1.2 m, 3.4 m) in room 2 for both seated and standing postures.



The angle factor calculations for seated and standing occupants are based on Equations (3) and (4), Figure 1, and Table 1 [5]. The equations are presented as blocks/subsystems in MATLAB-Simulink for a clear visual representation of the process of the calculation (Figure 4). The surface elements (a, b, and c), the height of the room, and the window dimension are provided at the dimension input. The angle factors are calculated for each section of each surface separately (Figure 3), except for wall 1. Wall 1 is the exterior wall that has windows and is divided into six sections while standing and eight sections while seated. The summation of all the angle factors for the surfaces forming an enclosure must be unity [5,22], and the Simulink simulation results show that the angle factors are acceptable (Table 3). The angle factor between the occupants and the floor is higher compared to other surfaces for seated posture, which agrees with the finding [23].



The graphical editor in Simulink enables a structured view of the model with block libraries and solvers to model and simulate dynamic systems. The model in Simulink follows a set of specific mathematical equations for each task that is time-consuming to build, but when the model is complete, the iterative and tedious calculations are simulated by the model (Figure 5). The input requirements are the dimension of the room, window, and occupant posture and position for all case scenarios. The dimension of the room is denoted by length (L), breadth (B) and height (H) along with the surface elements a, b, c and window height (win H). The elements L-a, B-b and H-c are the surface elements of different sections of the wall for each 6 surfaces of the room. The angle factors, U-values of the exterior wall and window, outdoor temperatures, and surface temperatures contribute to the calculation of MRT and thereafter OT. The surface temperature of all internal surfaces is assumed to be constant at 22 °C except for external wall 1, where the surface temperature calculation is based on Equation (10). The room air temperature is assumed to be constant at 24 °C, and hence OT is influenced by only MRT in the model. The boundary conditions listed in Table 4 were considered for the simulation.



The thermal simulation model of one exterior wall with a large window is analyzed for both rooms 1 and 2. Three types of exterior facades with different U-values of wall and window are modelled at five different temperature conditions. The U-values of walls and windows (Table 2) were taken from Norwegian Building Technical Regulations (TEK) from the year 1987 (TEK87), 1997 (TEK97), and 2017 (TEK17). The walls built with TEK87, TEK97, and TEK17 are termed as low U-value, medium U-value, and standard U-value, respectively, in the model. The impact of the exterior wall and window on the room is measured by MRT at a constant outdoor temperature of 0 °C, −10 °C, and −20 °C and altering outdoor temperature during summer (July) and winter (January) temperatures in Northern Norway. A total of 120 different scenarios are simulated with the combination of three types of walls, five types of outdoor temperatures, four occupant positions, and two postures.




3. Results


This study examines the effects of parameters by solving one-dimensional heat flow in Simulink using a typical exterior facade construction with three different U-values and controlled outdoor boundary conditions during winter and summer conditions. Figure 6 shows window surface temperature (WST) at 0 °C, −10 °C, and −20 °C, as well as altering outdoor temperature. The temperature fluctuation for the altering outdoor temperature is derived from the weather data [24] of a particular warm day in July and a cold day in January. The WST of the warmer days is higher, and the WST of the colder days is lower, as expected. The standard U-value windows provide better insulation that maintains a comfortable indoor air temperature despite the outdoor temperature. The maximum WST is 22.30 °C during the summer day of the standard U-value window, and the minimum WST is 10.30 °C achieved at the low U-value window during the minimum temperature condition of −20 °C.



The temperature difference between the standard, medium, and low U-values decreases in descending order. Figure 6 below shows MRT values of the standard U-value envelope simulated at occupant positions A2 and B2 of room 2 and A1 and B1 of room 1 for seated (Figure 7a) and standing (Figure 7b) postures. Since both occupants are equally exposed to the exterior window and interior walls in room 2, the MRTs for both A2 and B2 are the same in the seated posture for all outdoor temperature scenarios. The highest MRT is 21.70 °C during a real summer day with an altering outdoor temperature, and the lowest MRT is 21.0 °C during a −20 °C outdoor temperature. In standing posture, there is a deviation from the expected equal temperature. During summer, the highest MRT of 17.80 °C is observed at the A2 position within room 2. In addition, the B2 position has a temperature around 0.20 °C lower than A2, which may be due to the fact that the sum of angle factors is not exactly 1.



In room 1, the temperature differences range from 0.60 °C to 1.10 °C between A1 and B1 positions for seated posture and 1.0 °C to 1.80 °C for standing posture. For seated posture, the MRT is lowest at 20.80 °C at a constant outdoor temperature of −20 °C when the occupant is positioned at A1. The highest MRT of 22.10 °C is observed during the summer period at B1, which is near the window. In standing posture, the MRT is lowest at 17.60 °C during a real-weather winter day and a constant outdoor temperature of −20 °C at the B1 occupant position. The MRT is at its highest temperature of 19.10 °C during the summer period at the A1 occupant position.



In the seated posture of room 1, the MRT of B1 is higher during all temperature variations than A1 since B1 is nearer to the window. However, in standing posture, the MRT of B1 is lower than that of A1. This contradicts the previous statement about B1 being near the window. One reason could be that standing posture exposes humans to more radiation. Tanabe [6] states that there is a 5% increase in effective radiation area in radiation exchange between a human body and its surroundings at a standing posture. Another possible explanation is that when seated near a wall with a window, the human body is closer to the wall section than the window section. Contrarily, when standing in the same position, the lower temperature from the window glass panel has a greater impact on the human body than the wall part. As a result, at the B1 position, the MRT difference can go up to 4 °C between seated and standing postures during summer conditions.



The MRT values of the low U-value envelope simulated at occupant positions A1, B1, A2, and B2 (Figure 8) for both rooms have the same temperature gradient as the MRT of the standard U-value envelope. The only difference is that the temperature is lower in the former. For room 2, both occupants at A2 and B2 have equal temperatures while seated, and while standing, there is a difference of 0.2 °C between A2 and B2. The highest MRT is 21.50 °C during a summer day with an altering outdoor temperature, and the lowest MRT is 20.10 °C during a −20 °C outdoor temperature.



For room 1, the MRT difference between A1 and B1 positions for seated posture is from 0.10 °C to 0.90 °C, and for standing posture, it is from 0.40 °C to 0.60 °C for low U-values. For seated posture, the highest MRT is 21.90 °C during summer at the B1 position, and the lowest MRT is 20.60 °C during a −20 °C outdoor temperature at the A1 position. For standing posture, the temperature difference between A1 and B1 is low, despite A1 being far away from the window. The highest MRT is 19.0 °C during summer at the A1 position, and the lowest MRT is 16.90 °C at a −20 °C outdoor temperature at the B1 position. The temperature difference between seated and standing postures is approximately 1.90 °C for A1 for both standard and low building envelopes. The temperature difference between sitting and standing for B1 is around 3.90 °C for both standard and low building envelopes. The B1 occupant located near the window is exposed to heat or cold from the window, and the temperature difference is therefore higher.



There is a small difference of 1.30 °C in the standard U-value walls between the warmest day in Summer and the hypothetical coldest day of −20 °C in room 1. At a constant outdoor temperature of −20 °C, the MRT is lowest at the A1 position near the internal wall, which is not practically viable. As mentioned, a constant 24 °C air temperature is always provided to the room, making a low difference in MRT. The heater is installed under the window, and all the heat gains from clothing, the activity level of the person, and electrical equipment are considered to supplement the internal indoor air temperature of 24 °C. Kalmár et al. [25] state that when the air temperature is chosen properly, rooms with a cold external wall do not lead to discomfort due to wall heating. The modeling results confirm this statement. For instance, even under the extremely cold outdoor temperature of −20 °C, the seated person near the window (B1) experiences a comfortable 21.50 °C MRT.




4. Conclusions


It is a pre-requirement in Norway that OT should be between 20 and 24 °C within an indoor environment to achieve satisfactory thermal comfort for the human body according to ergonomic standards. This paper presents a methodology simulated in MATLAB-Simulink to investigate the impact of single external wall heat transfer on the seated and standing occupant postures and occupant positions located at positions A and B for rooms 1 and 2. The model maintains the MRT temperature range for the walls and windows with a standard U-value for all weather conditions. This approach shows that the latest TEK17 has the potential to reduce heat loss and save energy.



The angle factors are simulated with respect to the occupant posture, position, and outdoor temperature variation that contribute to the measurement of MRT. The angle factors for each surface element are around unity and are considered acceptable. The results show that standing posture is exposed to more radiation and has a lower MRT than seated posture. When occupants are placed equally distanced from the window and the internal walls in room 2, the MRT is equal for seated and almost equal for standing positions, with a 0.20 °C difference between the occupants. Practically, the occupant near the window should experience cooler temperatures during the cold climate in room 1. For standing posture, this statement is correct. However, for seated posture, the occupant (B1) closer to the window in room 1 has a 0.60 °C to 1.10 °C higher MRT for a standard U-value and a 0.10 °C to 0.90 °C higher MRT for a low U-value. The reason for this may be the hypothetical scenario of constant indoor air temperature at 24 °C provided in the model, which has a significant effect on the wall/window surfaces and room temperature. Even in minus outdoor temperatures, the rooms with standard and low U-values maintain MRT from around 16 °C to 24 °C. In practice, the room temperature would drop, requiring enormous energy consumption.
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Figure 1. Visualization for angle factor calculation between a seated/standing person and a section of vertical surface [5]. 
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Figure 2. Simple wall temperature gradient. 
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Figure 3. The room model dimensions and occupant position. 
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Figure 4. Section of room 2 with occupants seated and standing. 
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Figure 5. MATLAB-Simulink room model for angle factor calculation. 
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Figure 6. Window surface temperatures at different outdoor temperatures in both room models 1 and 2. 
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Figure 7. MRT in room 2 (positions A2 and B2) and in room 1 (positions A1 and B1) at (a) seated and (b) standing postures with a standard U-value (TEK17) of the external wall at different outdoor temperatures. 
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Figure 8. MRT in room 2 (positions A2 and B2) and in room 1 (positions A1 and B1) at (a) seated and (b) standing postures with low U-value (TEK87) of the external wall at different outdoor temperatures. 
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Table 1. Constant factors for calculation of angle factors for seated and standing postures and vertical and horizontal surfaces [5].
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	Fmax
	A
	B
	C
	D
	E





	Seated Person, Vertical Surfaces 1
	0.118
	1.216
	0.169
	0.717
	0.087
	0.052



	Seated Person, Horizontal Surfaces 2
	0.116
	1.396
	0.130
	0.951
	0.080
	0.055



	Standing Person, Vertical Surfaces 1
	0.120
	1.242
	0.167
	0.616
	0.082
	0.051



	Standing Person, Horizontal Surfaces 2
	0.116
	1.595
	0.128
	1.226
	0.046
	0.044







1 Wall and window. 2 Floor and ceiling.
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Table 2. Maximum allowed thermal transmittance in the Building Technical Regulations (TEK) in 1987, 1997, 2007, 2010, and 2017 [20,21].
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Maximum Thermal Transmittance (U-Value) [W/m2K]






	
TEK

	
1987

	
1997

	
2007

	
2010

	
2017




	
External Wall

	
0.3

	
0.22

	
0.18

	
0.18

	
0.18




	
Window

	
2.4

	
1.6

	
1.2

	
1.2

	
1.2
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Table 3. Angle factor of the room model for seated and standing occupants at positions A and B of the room.
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Room Surface

	
Angle Factor (FP-N)




	
Position A

Room 1

	
Position B

Room 1

	
Position A

Room 2

	
Position B

Room 2




	
Seated

	
Standing

	
Seated

	
Standing

	
Seated

	
Standing

	
Seated

	
Standing






	
Wall 1

	
0.020

	
0.02

	
0.10

	
0.08

	
0.12

	
0.10

	
0.12

	
0.10




	
Window 1

	
0.028

	
0.03

	
0.10

	
0.10

	
0.12

	
0.13

	
0.12

	
0.13




	
Wall 2

	
0.160

	
0.19

	
0.04

	
0.05

	
0.20

	
0.23

	
0.20

	
0.23




	
Wall 3

	
0.200

	
0.23

	
0.20

	
0.24

	
0.16

	
0.19

	
0.16

	
0.05




	
Wall 4

	
0.200

	
0.23

	
0.20

	
0.23

	
0.04

	
0.05

	
0.04

	
0.18




	
Floor

	
0.290

	
0.18

	
0.29

	
0.18

	
0.29

	
0.17

	
0.29

	
0.17




	
Ceiling

	
0.090

	
0.09

	
0.09

	
0.09

	
0.08

	
0.09

	
0.08

	
0.09




	
Total (FP-N)

	
0.99

	
0.97

	
1.02

	
0.97

	
1.02

	
0.97

	
1.02

	
0.96
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Table 4. Boundary conditions for simulations.






Table 4. Boundary conditions for simulations.





	

	
Standard

	
Medium

	
Low

	

	






	
U-value Wall [m2/K]

	
0.18

	
0.22

	
0.3

	

	




	
U-value Window [m2/K]

	
1.2

	
1.6

	
2.4

	

	




	

	
Constant

	
Altering




	
Summer

	
Winter




	
Outdoor temperature [°C]

	
0

	
−10

	
−20

	
15

	
−10




	
Heat transfer coefficient (hi)

	
1/0.13

	

	

	

	




	
Indoor wall surface temperature [°C]

	
22

	

	

	

	




	
Air temperature [°C]

	
24
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