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Abstract. The possibility of profiting from solar radiation through 
external walls was studied for an experimental, windowless livestock 
building. Temperature measurements on the wall surfaces were taken 
during winter, in two measuring series. On the first day, the average sol-air 
temperature on the outer surface of the east-facing wall was 7.4 oC and was 
even up to 2.2 oC lower than temperature of the outdoor air which was 9.6 
oC. With the averaged temperature of inner surface of the wall reaching 
21.3 oC, heat transfer form the outside into the building was impossible. 
An identical tendency in temperature distribution on surfaces was noticed 
on the west-facing wall. In the second measuring cycle, the sun 
temperature on external wall surfaces increased significantly — 13.3 oC on 
the eastern side, and 14.1 oC on the western side. They were noticeably 
higher than the outdoor air temperature which was 9.1 oC. However, the 
high indoor surface temperatures on the eastern and western walls — 21.2 
oC and 21.0 oC respectively, proved that in this case too, the transfer of 
heat generated by the sun’s radiation into the building was impossible. The 
tests results imply that we should exclude reheating the building with the 
heat from sun heat external walls during winter. However, a similar 
assessment including more measuring series and several objects, could be 
also be performed during interim seasons.  

1  Introduction   
Outdoor sources of heat gains are solar radiation through windows, walls and roofs, 
infiltration of heat through external dividing elements, and the natural infiltration of warmer 
air from the outside [1]. Heat generated by solar exposure and penetrating from the outside 
through the opaque building envelope, is a consequence of the difference between air and 
solar radiation temperature [2]. This sol-air temperature is the hypothetical outside air 
temperature, which would give the same rate of heat flow into the shaded surface of the 
wall as it would at a given outside air temperature if solar radiation was released on this 
surface [1]. It can be calculated from the following formula [3] 

ts = tz + A · I · αz
-1  (1) 
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where: tz – the outside air temperature, oC; A – the absorption coefficient for dark wall 
surfaces; I – the total incident radiation, W · m-2; αz – the outside surface heat penetration 
coefficient, W · (m2 · K) -1. Another form of the sol-air temperature formula — with the 
heat penetration coefficient replaced with heat absorption resistance on the outer surface — 
is presented below [4]  

toe = toa + Rso · a · IG   (2) 

where: toa – the outside air temperature, oC ; Rso – heat absorption resistance on the outer 
surface, m2 · K · W-1; a – the solar radiation absorbency; IG – the solar radiation, W · m-2. 
Thus, the sol-air temperature is higher than the outside air temperature and if the indoor 
temperature is lower than the temperature outside, heat is transferred through the wall and 
brings energy gains inside the building [1]. This process complies with the second law of 
thermodynamics, which according to the Clausius Statement, can be formulated as follows: 
Heat cannot automatically transfer from a lower-temperature body to a higher-temperature 
body [5]. 

Scientific reports in this area allow tlisting the following facts: 
1. The sol-air temperature – formulas (1) and (2) – is higher than the outside air 

temperature (Markus and Morris 1980, Przydróżny 1991). 
2. Heat gains through the wall occur because the indoor temperature is lower than the 

outdoor temperature (Jones 2001). 
3. Heat transfer happens automatically only from a warmer body to a cooler body 

(Szargut 2000). 
Based on the above assumptions, a working hypothesis can be the following: If the sol-

air temperature around the building is higher than the outside air temperature, it is 
possible to obtain heat gains from solar radiation through opaque walls during winter, 
at least in the air in the contact zone with the inner wall surface — given that the 
temperature on the outer surface of these walls is higher at least from the outer 
surface temperature.  

The goal of this paper was to verify this hypothesis by means of instrumental studies of 
temperature distribution in the outer and inner wall surfaces in a windowless livestock 
building.  

2 Materials and methods   

The possibility of profiting from solar radiation through external walls was studied for an 
experimental, windowless livestock building, exhibiting constant bioheat gains throughout 
the whole year. It was located in southern Poland, in the county of Cieszyn. A building 
without windows was purposely selected, to avoid heat gains through glass elements that 
increase indoor air temperature during sunshine, and consequently, the temperature on the 
inner surfaces of the building shell. The supporting structure of the building was made of 
steel frames, and the curtain walls were made of wooden spatial elements, insulated with 
mineral wool. The heat transfer coefficient of these partitions was 0,44 W · (m2 · K)-1. The 
temperature on the inner and outer surface of the wall (in this paper, called the outer surface 
sol-air temperature) was measured by means of EMT-08 thermometer. Three measuring 
positions, equidistant from one another, were set at 1.5 m above floor level. The location of 
the thermometer probe on the outer side coincided with the measurement points on the 
inside of the partition. At each measuring position, the temperature of the wall surfaces was 
measured at five measurement points located on the circumference of a circle with a 0.5 m 
diameter, and in its center — Fig. 1 The outside air temperature was measured with a MM-
01 microclimate meter, located in the shade to avoid solar radiation affecting the 

2

E3S Web of Conferences 45, 00105 (2018) https://doi.org/10.1051/e3sconf/20184500105
INFRAEKO 2018



where: tz – the outside air temperature, oC; A – the absorption coefficient for dark wall 
surfaces; I – the total incident radiation, W · m-2; αz – the outside surface heat penetration 
coefficient, W · (m2 · K) -1. Another form of the sol-air temperature formula — with the 
heat penetration coefficient replaced with heat absorption resistance on the outer surface — 
is presented below [4]  

toe = toa + Rso · a · IG   (2) 

where: toa – the outside air temperature, oC ; Rso – heat absorption resistance on the outer 
surface, m2 · K · W-1; a – the solar radiation absorbency; IG – the solar radiation, W · m-2. 
Thus, the sol-air temperature is higher than the outside air temperature and if the indoor 
temperature is lower than the temperature outside, heat is transferred through the wall and 
brings energy gains inside the building [1]. This process complies with the second law of 
thermodynamics, which according to the Clausius Statement, can be formulated as follows: 
Heat cannot automatically transfer from a lower-temperature body to a higher-temperature 
body [5]. 

Scientific reports in this area allow tlisting the following facts: 
1. The sol-air temperature – formulas (1) and (2) – is higher than the outside air 

temperature (Markus and Morris 1980, Przydróżny 1991). 
2. Heat gains through the wall occur because the indoor temperature is lower than the 

outdoor temperature (Jones 2001). 
3. Heat transfer happens automatically only from a warmer body to a cooler body 

(Szargut 2000). 
Based on the above assumptions, a working hypothesis can be the following: If the sol-

air temperature around the building is higher than the outside air temperature, it is 
possible to obtain heat gains from solar radiation through opaque walls during winter, 
at least in the air in the contact zone with the inner wall surface — given that the 
temperature on the outer surface of these walls is higher at least from the outer 
surface temperature.  

The goal of this paper was to verify this hypothesis by means of instrumental studies of 
temperature distribution in the outer and inner wall surfaces in a windowless livestock 
building.  

2 Materials and methods   

The possibility of profiting from solar radiation through external walls was studied for an 
experimental, windowless livestock building, exhibiting constant bioheat gains throughout 
the whole year. It was located in southern Poland, in the county of Cieszyn. A building 
without windows was purposely selected, to avoid heat gains through glass elements that 
increase indoor air temperature during sunshine, and consequently, the temperature on the 
inner surfaces of the building shell. The supporting structure of the building was made of 
steel frames, and the curtain walls were made of wooden spatial elements, insulated with 
mineral wool. The heat transfer coefficient of these partitions was 0,44 W · (m2 · K)-1. The 
temperature on the inner and outer surface of the wall (in this paper, called the outer surface 
sol-air temperature) was measured by means of EMT-08 thermometer. Three measuring 
positions, equidistant from one another, were set at 1.5 m above floor level. The location of 
the thermometer probe on the outer side coincided with the measurement points on the 
inside of the partition. At each measuring position, the temperature of the wall surfaces was 
measured at five measurement points located on the circumference of a circle with a 0.5 m 
diameter, and in its center — Fig. 1 The outside air temperature was measured with a MM-
01 microclimate meter, located in the shade to avoid solar radiation affecting the 

measurements. The studies were performed in winter, in two measurement series on two 
sunny, cloudless days in February: at 3 pm on the first day and at 9 am the following day. 
The speed of air movement in the room during the tests was in the range from 0,14 to 0,19 
m· s-1, and on the outside it amounted to an average of  0,35 m · s-1. These values were so 
small that they could not have a significant impact on the results of temperature 
measurements on the surfaces of  the walls. 

3 Results and discussion 
The temperature on the inner surface of the east-facing wall, measured in two series, is 
presented in Table 1. On the first day of measuring, the average values in certain measuring 
positions ranged from 21.2 oC to 21.4 oC, and the outside air temperature was only 9.6 oC. 
Similar differences were recorded the following day. The average temperature of the 
external surfaces of this wall ranged from 20.4 oC to 22.1 oC, with the outside air 
temperature of 9.1 oC. In these environmental conditions — given that the temperature field 
is one-dimensional and set — direct heat transfer from the outside into the livestock room 
through the eastern wall was impossible (if we exclude solar radiation and the high 
temperature of the outer wall surface resulting from the heating of the metal sheet cladding 
by the sunlight). 

 
Fig. 1. Location of measurement points at each measuring position. 

The measured and averaged temperature on the inner surface of the western wall on the 
first and second day of measurements are presented in Table 2. Compared to the outside air 
temperature, the values of this parameter were similarly distributed. 

Tables 3 and 4 compare the temperature values measured on two days, at three measuring 
positions on the outer side of the east-facing and west-facing wall, respectively. 
Surprisingly, despite the sunny weather, the values recorded for both walls on the first day 
at 3 pm (range from 7.1 oC to 7.6 oC) did not exceed the outside air temperature which was 
9.6 oC. This cannot be explained by potential shading of the eastern wall in the afternoon 
and the lower temperature of its facade, because at 3 pm, the sun’s exposure of the western 
wall also did not cause an increase in the temperature on its sheet cladding, compared to the 
outside air temperature. Most likely, the cladding might have cooled due to unfavorable 
thermal conditions (heavy clouds) in the period prior to the study. 

Fig. 2 shows changes in the averaged temperature measured on the outer side of the 
eastern wall and the temperature on the inner surface of this wall. At each measuring 
position, the values on the external wall surface were much lower than the values on the 
inside. According to the second law of thermodynamics, energy as heat cannot be 
automatically transferred from cooler to warmer places. Therefore, we can clearly say that, 
given the conditions on the first day of measurement, solar heat gains through this wall 
were impossible to obtain. It is difficult to compare these results to the results of other 
studies. Scientific and technical literature provides analyses of heat gains only through 
modified walls, for example, a Trombe wall (a wall with a layer of air between a glass layer 
and load-bearing walls to obtain a greenhouse effect) in the context of the energy demand 
of buildings [6], or a multicomponent wall made of phase change materials [7]. The author 
is not aware of any reports evaluating the possibility of obtaining heat gains through opaque 
dividing elements. There are many research results published regarding heat transfer 
through windows [8-11]. As for windowless elements, the studies focus more on protecting 
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buildings from superheating, especially through the roof [12-16], rather than on gaining 
solar heat inside. 

Table 1. Temperature on the inner surface of the eastern wall and the averaged values of this 
parameter during the first and second day of measurements. 

Measuring 
position 
number 

Number of 
measuring point 
in the position 

First day of survey (3 pm) Second day of survey (9 pm) 
Surface 

temperature 
[oC] 

Averaged 
surface 

temperature 
[oC] 

Surface 
temperature 

[oC] 

Averaged 
surface 

temperature 
[oC] 

1 

1 21.5 

21.2 

20.2 

20.4 
2 21.3 20.0 
3 20.8 20.6 
4 21.1 20.7 
5 21.3 20.6 

2 

1 21.3 

21.4 

21.4 

21.2 
2 21.5 21.1 
3 21.4 21.0 
4 21.5 21.6 
5 21.2 21.0 

3 

1 21.2 

21.4 

21.8 

22.1 
2 21.3 22.0 
3 21.4 22.1 
4 21.6 22.2 
5 21.5 22.2 

Table 2. Temperature on the inner surface of the western wall and the averaged values of this 
parameter during the first and second day of measurements. 

Measuring 
position 
number 

Number of 
measuring point 
in the position 

First day of survey (3 pm) Second day of survey (9 pm) 
Surface 

temperature 
[oC] 

Averaged 
surface 

temperature 
[oC] 

Surface 
temperature 

[oC] 

Averaged 
surface 

temperature 
[oC] 

1 

1 20.5 

20.9 

20.8 

20.6 
2 20.7 20.6 
3 21.0 20.6 
4 21.1 20.6 
5 21.0 20.4 

2 

1 21.8 

21.8 

21.0 

21.1 
2 21.7 21.4 
3 21.9 21.4 
4 21.9 20.9 
5 21.9 20.8 

3 

1 22.2 

20.0 

21.1 

21.2 
2 22.0 21.2 
3 22.0 21.4 
4 22.0 21.3 
5 22.0 21.2 
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buildings from superheating, especially through the roof [12-16], rather than on gaining 
solar heat inside. 
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Table 2. Temperature on the inner surface of the western wall and the averaged values of this 
parameter during the first and second day of measurements. 

Measuring 
position 
number 

Number of 
measuring point 
in the position 

First day of survey (3 pm) Second day of survey (9 pm) 
Surface 

temperature 
[oC] 

Averaged 
surface 

temperature 
[oC] 

Surface 
temperature 

[oC] 

Averaged 
surface 

temperature 
[oC] 

1 

1 20.5 

20.9 

20.8 

20.6 
2 20.7 20.6 
3 21.0 20.6 
4 21.1 20.6 
5 21.0 20.4 

2 

1 21.8 

21.8 

21.0 

21.1 
2 21.7 21.4 
3 21.9 21.4 
4 21.9 20.9 
5 21.9 20.8 

3 

1 22.2 

20.0 

21.1 

21.2 
2 22.0 21.2 
3 22.0 21.4 
4 22.0 21.3 
5 22.0 21.2 

Table 3. Temperature on the outer surface of the eastern wall and the averaged values of this 
parameter during the first and second day of measurements. 

Measuring 
position 
number 

Number of 
measuring point 
in the position 

First day of survey (3 pm) Second day of survey (9 pm) 
Surface 

temperature 
[oC] 

Averaged 
surface 

temperature 
[oC] 

Surface 
temperature 

[oC] 

Averaged 
surface 

temperature 
[oC] 

1 

1 7.3 

7.3 

13.1 

13.2 
2 7.3 13.2 
3 7.3 13.2 
4 7.3 13.3 
5 7.3 13.4 

2 

1 7.2 

7.4 

13.2 

13.2 
2 7.3 13.1 
3 7.3 13.2 
4 7.5 13.2 
5 7.6 13.4 

3 

1 7.4 

7.4 

13.2 

13.5 
2 7.3 13.3 
3 7.3 13.4 
4 7.4 13.6 
5 7.4 14.0 

Table 4. Temperature on the outer surface of the western wall and the averaged values of this 
parameter during the first and second day of measurements. 

Measuring 
position 
number 

Number of 
measuring point 
in the position 

First day of survey (3 pm) Second day of survey (9 pm) 
Surface 

temperature 
[oC] 

Averaged 
surface 

temperature 
[oC] 

Surface 
temperature 

[oC] 

Averaged 
surface 

temperature 
[oC] 

1 

1 7.4 

7.4 

13.1 

13.5 
2 7.3 13.3 
3 7.4 13.7 
4 7.4 13.8 
5 7.5 13.8 

2 

1 7.4 

7.3 

13.5 

13.5 
2 7.3 13.6 
3 7.2 13.2 
4 7.3 13.5 
5 7.2 13.7 

3 

1 7.1 

7.3 

14.0 

15.2 
2 7.2 13.7 
3 7.4 15.8 
4 7.3 15.7 
5 7.3 16.8 

During the second series of measurements, on the subsequent day in February, the 
average value of the sol-air temperature on the eastern wall cladding increased 
significantly, exceeding 13 oC (Fig. 3). This means it was much higher than the outside air 
temperature which was 9.1 oC, but it did not exceed the temperature of the inner surface. In 
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this case, it was also impossible to gain heat from solar radiation, which could improve the 
building's heat balance during winter, even only to the layer of air adjacent to the inner 
surface of the wall (which had a slightly lower temperature than the outside air 
temperature). 

 
Fig. 2. Averaged temperature of the inner and outer surfaces of the east-facing wall at 3pm on the first 
day of measurement. 

 
Fig. 3. Averaged temperature of the inner and outer surfaces of the east-facing wall at 9 am on the 
first day of measurement. 

Fig. 4 presents the averaged values of the temperature on the inner and outer surfaces of 
the west-facing wall, recorded during first day of tests. The temperature distribution at the 
measuring positions on this wall during the second day of measurements is graphically 
shown in Fig. 5. The tendencies in temperature distribution on both surfaces were identical 
as for the eastern wall. During the first measuring series the inner surface temperature 
significantly exceeded the outer surface temperature (from 12.7 oC to 14.5 oC), whereas on 
the second day, the difference was much smaller (from 6.0 oC to 7.6 oC). 

The presented results of measuring series temperature measurements on the inner and 
outer surfaces of both walls (eastern and western), lead to a clear conclusion that during 
winter, in Poland, one cannot expect additional heat gains from sunlight cast on external 
walls, or full dividing elements, in buildings with regulated and high inside air temperature. 
This additional source of heat cannot be included in the building’s energy balance, even 
though in reports regarding Polish conditions, gains through opaque dividers are always 
included as positive sources [2, 17-19]. In the first measuring series, despite finishing with 
sheet metal cladding that easily heats up, temperatures on the outer surfaces of the vertical 
cladding of livestock building were even lower than the outside air temperature, and the 
temperature of the inner surfaces of these walls was about three times lower than the 

6

E3S Web of Conferences 45, 00105 (2018) https://doi.org/10.1051/e3sconf/20184500105
INFRAEKO 2018



this case, it was also impossible to gain heat from solar radiation, which could improve the 
building's heat balance during winter, even only to the layer of air adjacent to the inner 
surface of the wall (which had a slightly lower temperature than the outside air 
temperature). 

 
Fig. 2. Averaged temperature of the inner and outer surfaces of the east-facing wall at 3pm on the first 
day of measurement. 

 
Fig. 3. Averaged temperature of the inner and outer surfaces of the east-facing wall at 9 am on the 
first day of measurement. 

Fig. 4 presents the averaged values of the temperature on the inner and outer surfaces of 
the west-facing wall, recorded during first day of tests. The temperature distribution at the 
measuring positions on this wall during the second day of measurements is graphically 
shown in Fig. 5. The tendencies in temperature distribution on both surfaces were identical 
as for the eastern wall. During the first measuring series the inner surface temperature 
significantly exceeded the outer surface temperature (from 12.7 oC to 14.5 oC), whereas on 
the second day, the difference was much smaller (from 6.0 oC to 7.6 oC). 

The presented results of measuring series temperature measurements on the inner and 
outer surfaces of both walls (eastern and western), lead to a clear conclusion that during 
winter, in Poland, one cannot expect additional heat gains from sunlight cast on external 
walls, or full dividing elements, in buildings with regulated and high inside air temperature. 
This additional source of heat cannot be included in the building’s energy balance, even 
though in reports regarding Polish conditions, gains through opaque dividers are always 
included as positive sources [2, 17-19]. In the first measuring series, despite finishing with 
sheet metal cladding that easily heats up, temperatures on the outer surfaces of the vertical 
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temperature on their outer surfaces. As for the second day, the sol-air temperature on the 
outer surfaces of the eastern and western wall exceeded the outside air temperature by 
about 4 oC , yet the inner contact area of air and these walls was even warmer (over 20 oC). 
In these conditions too, the heat transfer from the contact surface with the outside air to the 
contact surface with the indoor air, and further heat flow by means of convection and 
radiation was impossible. 

 
Fig. 4. Averaged temperature of the inner and the outer surfaces of the west-facing wall at 3pm on the 
first day of measurement. 

 
Fig. 5. Averaged temperature of the inner and the outer surface of the west-facing wall at 9am on the 
second day of measurement. 

4 Conclusions 
Based on the conducted studies, we can draw the following conclusions: 

1.  The sol-air temperature on the outer surfaces of the eastern and western walls of the 
studied building was lower than the temperature of the inner surfaces, and thus, reheating 
the building with solar heat absorbed through the walls is not possible. 

2.  To obtain more general results from instrumental tests of the possibility to gain heat 
through external walls heated by sunlight during cool days, similar studies would have to be 
conducted, involving more measuring series repeated in at least several objects covered 
with materials with different coefficients of solar radiation absorption. 

3.  An interesting problem is the scale of temperatures of the external wall in the interim 
seasons, when there is more sunlight than during winter. Therefore, studies could be 
continued in this direction in order to determine periods when for certain buildings the sol-
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air temperature on the external surface is higher than the temperature of the inner surface of 
the walls. 
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