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Abstract
Radiant cooling technology is a sustainable technology for improving built environment. The past
research only studied the performance (e.g., radiant heat �ux) based on Kirchhoff’s law while the
accuracy and its reasons were seldom analyzed. In order to study the mechanism deeply, a new model of
radiant heat transfer is derived theoretically which considers emissivity and absorptivity independently.
This model is validated by the experimental data then applied in a reference case for further analysis. The
analyzing methods of sensitivity and relative deviation are performed to investigate the reasons for the
errors. The results of sensitivity analysis show that it is about 20% − 40% more sensitive for the emissivity
to the heat �ux than the absorptivity. Furthermore, the deviation of the heat �ux can reach up to 20%
when the absorptivity is in the range from 0.4 to 0.9. This deviation is close to the estimated error range
of 21.8% in the past studies. Therefore, the discussion based on the theoretical analysis, shows that the
errors in past studies are highly due to the oversimpli�ed preconditions for applying Kirchhoff’s law and
they ignored the impact of surface absorption. Additionally, the validation in the previous experiments
was highly coincidence, since they neglected the key independent tests of the absorptivity and radiant
heat �ux. Comprehensively, the new model is valuable to provide a more reliable solution for analyzing
the radiant heat transfer and for the future design of an independent test of radiant heat �ux.

1. Introduction
Radiant cooling (RC) systems have been widely applied in recent years due to their advantages of energy-
saving and thermal comfort (Rhee et al. 2017; Zhang et al. 2021). While it is still complicated to explain
the deep reasons for better energy-saving and thermal comfort than the conventional convective cooling
systems such as fan coil cooling systems or all air cooling systems during the contrastive studies (Saber
et al. 2016). Radiant heat transfer analysis is the most important method for exploring the reasons for the
energy saving in RC systems. As long as the analysis is performed scienti�cally and rigidly, the reason
will be shown by comparing the differences during the analysis. The radiant heat transfer on a surface is
mainly affected by four factors i.e., temperature, emissivity, absorptivity, and spectrum (Modest 2013).
The emissivity and absorptivity are the vital factors, since the impacts of the other factors (i.e., the
temperature and spectrum) could be relatively controlled in a radiant environment. In addition, they are
also the vital different factors from that in the heat exchange process of convective cooling systems
(Karadağ 2009). Therefore, it is necessary to �gure out the mechanism and the impact of the emissivity
and absorptivity during the thermal analysis of the radiation. Thence, it will be helpful to enhance the
reliability of analytical results and of the validation during the experimental design and engineering
practice for a radiant environment.

The current methods for analyzing the radiant heat transfer could be included as the methods of heat
transfer coe�cient, thermal resistance network, and area-weighted average uncooled surface temperature
(AUST). The heat transfer coe�cient method treats the radiant heat �ux as that is proportional to the
temperature difference between the radiant surface and the air. The proportional coe�cient is
recommended as 5.5 W/(m2K) according to Olesen's study (Olesen et al. 2000). The current international
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standards (e.g., EN 1264-5 and EN 15377-1) have adopted this method as a predicting method for radiant
heat �ux. In addition, AUST method treats the average temperature of uncooled surfaces as the reference
temperature for analyzing the radiant heat �ux. Then, the coe�cient of radiant heat transfer can be
gained by only the temperatures of indoor surfaces. Although this method neglects the impact of the
radiative angle factor, it is still the main method for characterizing the radiant heat transfer. For instance,
Acikgoz (Acikgoz and Kincay 2015) analyzed the coe�cient can be as small as 4.16 W/(m2K) with the
AUST method. Additionally, Koca (Koca et al. 2014) obtained the parameter can be up to 6.25 W/(m2K)
with the same method. While these two methods are too simpli�ed to concern the radiant surface
characters in equations.

Thermal resistance network is a popular method for analyzing a heat transfer process, but it is based on
the inference that the emissivity is equal to its absorptivity for a radiant surface (Lienhard IV et al. 2018;
Wang et al. 2019). This inference is widely adopted in the current studies of RC systems (Su et al. 2015;
Zhao et al. 2015). Nevertheless, this method has to neglect the impact of heat storage in the normal
applications of thermal resistance network. Thereafter, RC-network is applied to concern the impact of the
heat storage that based on the mechanism of thermal resistance network. Because this method consists
of a new module modeling a thermal capacitor to concern the impact of the thermal loss at a speci�c
point. For example, Zhang (Zhang et al. 2016) applied the RC-network in analyzing the radiant heat �ux
across the indoor space. And, the thermal loss process on the indoor surfaces is simpli�ed as a capacitor.
Except, this method could also be successfully applied in studying the heat transfer between the indoor
and the outdoor atmosphere (Bueno et al. 2012). Although this method has been further optimized by
Weber (Weber and Jóhannesson 2005), it is still based on the assumption that the emissivity equals the
absorptivity and it cannot solve the problem due to the impact of heat storage in the radiant surface
layers.

Indeed, these methods have their theoretical obstacles to explain the errors of radiant heat �ux in real
experiments or tests. According to Shinoda's review (Shinoda et al. 2019), the coe�cient of radiant heat
transfer ranges from 4.3–6.25 W/(m2K). Which differs from Olesen's recommended value by that
between − 21.8% and 13.6%. This range of the coe�cient error implies that it will make the total error of
radiant heat �ux be around 10–20% in engineering. But, for theory, this ratio of error is a little large to
explain the reasons. Moreover, the method of thermal analysis in the above studies is by thermal
resistance network, which is indeed derived from Kirchhoff's law. And with Kirchhoff’s law, we can obtain
that the emissivity of a radiant surface is equal to its absorptivity. However, Kirchhoff’s law has necessary
conditions imposed on it (Howell et al. 2015). It requires the radiant surface to be in local thermal
equilibrium with the radiant environment, or the surface condition can be simpli�ed into it. This is very
di�cult in real RC environment. However, the instruments for testing the radiant heat �ux have adopted
Kirchhoff's law and apply it in calculating the radiant heat �ux automatically, such as an infrared imaging
camera (Cholewa et al. 2017). This de�nitely hinders the validation of radiant heat �ux. Therefore, the
current methods that based on Kirchhoff's law are making the self-validation cases by applying such



Page 4/28

instruments in testing. This concerns most of the past testing cases. In this study, some other
preconditions are not discussed, e.g., the assumption of grey body and diffuse surface.

In addition, there is a lack of direct supports of experimental data to validate the engineering coe�cients
for radiant heat �ux. The current data for the validation of radiant heat �ux were always obtained by
abstracting the analytical value of the radiant heat �ux from the experimental value of the total cooling
capacity (Causone et al. 2009; Cholewa et al. 2017; Shinoda et al. 2019), or vice versa for the convective
heat �ux. This is not the validation for the radiant heat �ux, nor the convective. These data of radiant heat
�ux are obtained by self-veri�cation in the thermal analysis and is lack of solid validation with an
independent test of radiant heat �ux. Hence, the abstracted data is still analytical results, and it is not
reasonable to be the support of experimental validation.

Moreover, the absorptivity of building materials is not always equal to its emissivity for a same radiant
surface. For example, Liu (Liu and Geng 2004) applied the spectrophotometer to test the absorptivity of
concrete directly and found that the absorptivity could be as low as 0.4. And then, Carnielo (Carnielo et al.
2014) tested some conventional materials that could be used in buildings with the method of Integrating
sphere. The results showed that the absorptivity would range from 0.5–0.6 for smooth light grey
surfaces. Hence, the real value of absorptivity on a radiant surface may be much smaller than 0.9.
However, the absorptivity is always assumed to be equal to the emissivity of 0.9 (Koca and Çetin 2017;
Zhang et al. 2018; Zhou et al. 2019), though the absorptivity of conventional materials in buildings
indeed varies from 0.4–0.9. Thence, the absorptivity is highly different from the value of 0.9, which is
usually adopted in the past studies. Further, the inference that the emissivity is equal to the absorptivity, is
unavailable in reality.

Comprehensively, the current research is indeed lack of enough support to explain the mechanism for the
errors in thermal radiation. All the above methods for analyzing the radiant heat �ux were based on
oversimpli�ed deduces. Additionally, there was lack of solid experiment validation on real radiant heat
�ux and quantitative analysis on the error reasons. Seldom case could be found about independent
testing on the radiant heat �ux in a radiant room. Besides, the heat �ux of convention was not controlled
rigidly or not validated legimately at the mean time. However, the radiant heat exchange occupies more
than 50% of the whole heating or cooling capacity in the room (Feng et al. 2016). It is crucial of the
thermal radiation analysis for the mechanism research of energy saving and heat transfer. Besides, the
emissivity and absorptivity are most relative to the result of the analysis. While they are lumped based on
Kirchhoff’s law in the most current studies. Therefore, Kirchhoff’s law is highly overestimated to introduce
the errors in the application of actual engineering projects. Thence, the research on the impact of radiant
surface characters is valuable for future research on energy saving potential (in which degree) and
engineering design. This article will try to explain the errors of radiant heat �ux that emerged in past
studies and the in�uence of the independent radiant factors.

In order to investigate the impact of the surface characters (i.e., the emissivity and absorptivity) on RC
systems, this study reviews the mechanism of the analyzing methods for radiant heat �ux that applied in
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past studies. Then, Sect. 2 illustrates the fundamental theories and methodology for studying the surface
characters on radiant heat transfer. A new thermal model is put forward concerning the independence of
emissivity and absorptivity. And, it is applied in a reference case for further analysis regarding the impact
of surface characters. In Sect. 2.4, the new model is validated by experimental data under a typical
condition. Based on the new model, Sect. 4, and gives the quantitative results of the sensitivity and
deviation analysis in terms of radiant heat �ux, cooling capacity, and heat transfer coe�cient.
Spectacularly, important results are discussed to explain the reasons for the potential errors caused by
the errors of emissivity and absorptivity. In the end, Sect. 7 concludes the research method and the main
results in this article.

2. Theory And Methodology
In this section, a new thermal model for analyzing the heat transfer of thermal radiation will be put
forward. The new model is based on the nodal network method, but it further concerns the dynamic
characters of the emissivity and absorptivity on the radiant surfaces. Based on the developed model, an
experimental case is then put forward for validation and for analyzing the impact in a real indoor
environment further. Thereafter, the method of sensitivity analysis is applied to analyze the in�uencing
power of the factors. Besides, the relative deviation analysis is also performed to show the differences
between the past theories and real errors.

2.1. Fundamental theory for developing the thermal model
The comparison between the premises of the current models and the new model for analyzing the
thermal radiation is shown in Fig. 1. Both the models adopt the assumption of graybody and diffuse
surface. With the assumption of graybody and diffuse surface, the emission and absorption could be
regarded irrelevant to the direction and the spectrum of the radiation, separately. In addition, temperature
is also assumed unrelated to the emissivity and absorptivity, since the impact of temperature are mainly
on the emissive power (shown in Eq. (3)) other than the physical properties of the surface material in low
temperature environment of RC. Thence, the emissivity and absorptivity could be simpli�ed as the
follows.

  ϵ = ϵλ = ϵθ = ϵT (1)

  α = αλ = αθ = αT (2)

Nevertheless, the establishment of Kirchhoff’s law in real engineering is indeed based on some premises
which are reviewed in Sect. 1. The premises for applying Kirchhoff’s law are too critical in real indoor
environment, as discussed in Sect. 6.1. Thus, the application of Kirchhoff’s law has to be abandoned
(shown in Fig. 1 (b)) in order to describe the radiant heat exchange more accurately in real environment.
Thence, the inference that the emissivity of a radiant surface is equal to its absorptivity is invalid,
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because the basis of the inference is invalid. Moreover, the radiosity emitted from a surface could be
given by Stefan-Boltzmann law (Modest 2013).

  Eb = σT4 (3)

Additionally, based on the energy conservation law, the heat �ux will be equal to the difference between
the effective heat �ux of radiosity J and the locally incident radiation heat �ux G

  q = J − G (4)

Then, on any two surfaces 1 and 2, we can derive a series of formulas from the angle factor theory and
Eq. (4) as follows:

q1 = ϵ1Eb,1 − α1G1 (5)

Φ1,2 = A1J1X1,2 − A2J2X2,1 (6)

Where, X1,2 is the view factor between two surfaces could be calculated by (Modest 2013)

X1,2 =
1
A1

∫ A1
∫ A2

cosθ1−cosθ2

πS2 dA2dA1
(7)

Further, the radiosity on two surfaces can be obtained by

J1 =
ϵ1
α1

Eb,1 − (
1

α1
− 1)q1,2

(8)

J2 =
ϵ2
α2

Eb,2 − (
1

α2
− 1)q2,1

(9)

Φ1,2 = − Φ2,1 (10)

Introduce Eq. (8), (9), and (10) into (6), we can solve out the radiant heat �ux between any surface 1 and 2
in Eq. (11). In the equation, the emissivity and absorptivity is independent of each other. Thence, this
developed model is more universally applicable in reality.

 

Φ1,2 =

σb
ϵ1
α1

T
1

4
−

ϵ2
α2

T2

4

1−α1
α1A

1
+ 1

A1X
1,2

+
1−α2
α2A2

(11)

2.2. The developed model for analyzing the case

( )
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In order to analyze the impact of surface characters on a radiant environment, Niu’s case (Niu et al. 2014)
has been chosen for applying the model derived in the last part. The detailed information about the
engineering could be referenced in Niu’s article. Only the key information regarding the topics will be given
in the following paragraphs (also in Fig. 2 (a)) in case of wordy. Further, the 3D nodal model of the
reference case is abstracted and shown in Fig. 2 (b). Based on the developed model, the heat �ux from
the surface of the radiant panel to the wall surface 1 can be described as

 

Φr ,p ,1 =

σ
ϵ1
α1

T
1

4
−

ϵp
αp

T
p

4

1−α1
A1α1

+ 1
A1X

1, p
+

1−αp
Apαp

(12)

Similarly, the radiant heat �ux from the panel to any other surface j is

 

Φr ,p , j =

σ
ϵj
αj

T
i

4
−

ϵp
αp

T
p

4

1−αj
Ajαj

+ 1
AjXj , p

+
1−αp
Apαp

(13)

With the previous equations, the independent characters of the emissivity and absorptivity are retained
for the reference case. Further, the emissivity of the inner surfaces of the walls and radiant panels are
simpli�ed as the same, since they are often applied with identical materials. This regulation and result
also applies to the absorptivity. Thereafter, the cooling capacity Φp, i could also be revised as the
following equations based on Niu’s case (Niu et al. 2014):

  Φp = Φr ,p , i + Φr ,p ,1−5 + Φc ,p ,a (14)

 
Φr ,p ,1−5 = ∑5

j=1

σ
ϵj
αj

T j
4−Tp

4

1−αj
Ajαj

+ 1
AjXj , p

+
1−αp
αpAp

(15)

  Φc ,p ,a = hp,aAp(Ta − Tp) (16)

The new model for the thermal resistance of surface 1 can be described as the following equation
which is easy for comparing with the thermal resistance in past studies.

  Rr ,p ,1 =
Φr ,p ,1

σ T1
4−Tp

4

(17)

In addition, the coe�cient of heat transfer could be given by AUST method, and the following
equations illustrate the coe�cient in the reference case:

( )

( )

( )

( )
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  hr =
Φr ,p ,1−5

AUST −TP

(18)

Where AUST could be obtained by the de�nition in ASHRAE (ASHRAE 2016)

  AUST = ∑5
j=1A jTj/ ∑5

j=1A j
(19)

2.3. Sensitivity analysis
Sensitivity analysis is the method for studying the uncertainty of the output in a system. The output
variables of the RC system include the heat �ux between the radiant surfaces, the cooling capacity of the
system, thermal resistance, and radiant heat transfer coe�cient (RHTC). The output variables will be
affected by the errors of the uncertain factors, i.e., the emissivity and the absorptivity. Thence, the impact
of the surface characters can be described in the way of sensitivity analysis (shown in Eq. (20)). In
addition, the reference condition is set to 0.9 separately for emissivity and absorptivity in their single
analysis. Thence, it will be easy for us to compare the impact of the factors on the past studies. The
method for analyzing the sensitivity is displayed with the following equation:

 
Sy,x =

Δy
Y

Δx
X

× 100\%
(20)

In this study, the sensitivity will be displayed with the change rate of uncertain factors, because it is more
intuitively and practicable for showing the difference. The observing range of uncertainty is from 0 to 60
%, which is corresponded to the change range of the emissivity or absorptivity that from 0.9 to 0.4, based
on the previous review of the characters of real building materials. Thence, we could study the impact of
the surfaces characters easily.

2.4. Coe�cient of performance for thermal radiation
Coe�cient of performance (COP) shows the cooling effects of air conditioning systems for energy
utilization. Thermal radiation is a different method from convention for heat exchange of an air
conditioning system. This is the characteristic making the conventional cooling system different from the
RC systems. This character will lead to different impact on the performance of cooling systems. Thence,
the heat transfer analysis by the conventional method has to be different from the new model that
considering the independence of emissivity and absorptivity. Because, the characters of thermal radiation
have been seriously changed. This article use ηCOP to illustrate the improvement rate of COP for thermal
radiation. The improvement rate of COP is compared with the conventional method and it is shown in
Eq. (21) (Peng et al. 2019).

  ηCOP =
Qobs−Qctl

Qctl
× 100\% (21)
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2.5. Exergy method for the improvement of thermal
radiation
Low exergy heating / cooling system is recommended as a sustainable system to utilize the energy with
low value (Babiak et al. 2013). Radiant heating / cooling system is a typical low exergy system to use the
energy with low temperature. The exergy will be lost during the process of the radiant heat transfer and
this part of energy will be converted to other forms of energy. Thence, it is essential to analyze the exergy
change for thermal radiation based on the new model in order to investigate the impact of the
independence of emissivity and absorptivity. The exergy for a constant cooling surface is given by Li (Li
et al. 2020) and it can be seen as the following. Then, the improvement of exergy could refer to Eq. (21)
as well.

  ExQr
= Qr(1 −

Tp
T1

) (22)

2.6. Entransy method for the improvement of thermal
radiation
Entransy was put forward by Guo to show the ability of heat transfer (Guo et al. 2007). And, the entransy
dissipation means the loss of the ability of heat transfer during a thermal process. Because the
independence of emissivity and absorptivity makes it different in the process of thermal radiation from
the conventional method, the entransy dissipation will be then in�uenced for an RC system when
designing the cooling demand or thermal environment. The entransy dissipation of radiative heat transfer
has been given by Wu (Wu and Liang 2008), and it could be seen in Eq. (23). Then, the improvement of
entransy could also refer to Eq. (21).

  Endiss , r = qr(T1 − Tp) (23)

3. Validation Of The New Model
The validation of the new model will be shown in terms of cooling capacity with experimental data, and
the experimental data is referenced from Niu’s study (Niu et al. 2014). In which study, there is an internal
heat source selected for the validation analysis. Because it is a typical condition to apply an RC system
with an internal heat source together. In addition, the original model of heat �ux in Niu’s study is shown
below for comparison with the new model in Eq. (12).

 
φr ,p , i =

σ T i
4−Tp

4

1−
ϵi
ϵi

Ai+
1

Xi , p
Ai+1−

ϵp
ϵp

Ap

(24)( )
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Figure 3 shows the validation of the new model with the experimental data and the previous simulation
data in Niu’s Study is provided for comparison. This is a conventional condition with an internal heat
source and that the emissivity and absorptivity of all surfaces are 0.9. The cooling capacity of an RC
system is selected as the validation target and it is a widely accepted method for the validation of heat
transfer in a radiant room. From Fig. 3, the new simulation data are calculated based on the new model
and its trend is consistent with that of the experimental data with the change of characteristic
temperature difference. Which is de�ned as the difference between the air temperature and the mean
temperature of supply and return temperature. In Fig. 3, the average error of the new data is 2.28 W/m2

and the average relative error is 1.88 %. The highest value of the error bar is 5.11 W/m2 when the
character temperature difference is 9 K. While the lowest value is 0.45 W/m2 when the character
temperature difference is 5 K. Additionally, the average error of the original simulation data is 2.96 W/m2,
0.68 W/m2 higher than the new data. In addition, the correlation of the new and the original data is 0.994.
These results verify that the new model is well validated with the experimental data and is consistent to
the conventional model by the current validation method, although the two models are derived from
different mechanisms. The differences on the mechanism will then show up in the further analysis of the
models. Thereafter, the sensitivity of the emissivity and absorptivity is further valuable in analyzing the
mechanism of the surface characters for RC.

4. Sensitivity Results

4.1. On radiant heat �ux
The heat �ux on the �rst surface (a normal vertical wall) in the reference case is selected as the typical
condition for sensitivity analysis. This analysis reveals a basic relationship between the heat �ux and the
characters of wall surfaces. The result of the sensitivity of uncertain factors is shown in Fig. 4. Which
includes the uncertain factors of absorptivity and emissivity in the developed model. Additionally, the
emissivity that is based on the precondition of Kirchhoff's law is concerned at the meantime for telling
the mechanism differences between the new model and the traditional theory. Then, the continuity of
each analysis is also given to show a quantitative relation in the �gures.

In Fig. 4, the sensitivities for the emissivity and absorptivity show the independent impact on the radiant
heat �ux. Based on the new model, the sensitivity for the emissivity is positive together with that based
on Kirchhoff's law. However, it is negative for the absorptivity in the developed model. Furthermore, the
sensitivities of the heat �ux between two surfaces remains 100% with the different change rates of
emissivity while they are about 21.7% higher than the average sensitivity of that based on Kirchhoff's law.
Moreover, the sensitivity of the absorptivity ranges from − 40% to − 55%. Such in�uence is not re�ected
accordingly under Kirchhoff’s law. Hence, this indicates that Kirchhoff’s law mainly re�ects the in�uence
of the emissivity more than that of the absorptivity. The impact of the absorptivity is almost ignored in
the conventional models.
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In order to study the impact on the error estimation, the relative deviation of the heat �ux is shown in
Fig. 5. The relative deviation by absorptivity can reach up to 20% when the absorptivity changes from 5–
55%. Which is totally within the error range that was discussed in the previous review. Additionally, the
relative deviation for the change of emissivity and that based on Kirchhoff's law that could range around
− 60% when the emissivity is 0.4. Further, the relative deviation will be − 20% when the change rate of
emissivity is about 20%, which is corresponding to the emissivity of about 0.7. In other words, the radiant
deviation of heat �ux will reach about 20% easily due to the errors of absorptivity and emissivity.

4.2. On cooling capacity
The analysis of cooling capacity is shown in Fig. 6 in order to investigate the in�uence of the
independence of emissivity and absorptivity compared with that based on Kirchhoff’s law in real
engineering. Because the cooling capacity in real thermal environment concerns internal heat sources
(e.g., human heat sources or equipment heat sources) and convective heat exchange on walls. Eq. (14)–
(16) can illustrate the quantitative relationships that resulted in Fig. 6. Moreover, the baseline condition of
the results is the same as that for the experimental validation. Thus, we can compare the results
intuitively with the real condition.

In Fig. 6, the sensitivity of emissivity is half more affected due to the in�uence of heat sources and
convective heat exchange, compared to the results in Fig. 4. Based on the new model, the sensitivity
decreases from 100% (in Fig. 4) to 44.5%. And, the average sensitivity based on Kirchhoff’s law decreases
down to 29.8% from 78.3%, by 61.9%. However, the sensitivity of absorptivity is affected slightly and the
average value ranges from − 31.6% to -21.7%.

In addition, the relative deviation of the cooling capacity is displayed in Fig. 7. The similar conclusion
with the previous analysis of sensitivity could be obtained. The relative deviation with the emissivity in
the new model decreases from − 30.6–13.6%, by 55.5%. And, that based on Kirchhoff’s law decreases by
61.5%, which is from − 24.6% − 9.5%. Additionally, the relative deviation of cooling capacity with the
absorptivity only decreases by 30.2%. The highest relative deviation is 13.9% when the absorptivity is 0.4
in Fig. 7, the highest value of the counterpart in Fig. 5 is 19.0%.

4.3. On radiant heat transfer coe�cient
Spectacularly, the RHTC is an important parameter usually applied in the engineering of RC systems.
Thus, the impact on the radiant heat transfer is studied and shown in Fig. 8 and Fig. 9. And, Eq. (18) is the
equation to calculate the radiant heat transfer in this study. The baseline value of the radiant heat
coe�cient in this case is 4.87 W/(m2K). Which is in the same range of the results in the past studies.

The sensitivity of the emissivity to the radiant heat transfer remains the same as that to the radiant heat
�ux, 100%. While the average sensitivity of emissivity based on Kirchhoff’s law is slightly smaller than
that based on the new model. It is 68.4% in the normal range of interest in Fig. 8, and is 9.9% smaller that
of the previous models. This result is a little beyond that from the analysis of the radiant heat �ux. It
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implies that models based on Kirchhoff’s law will be less sensitive on the heat transfer coe�cient further
in mechanism about 10%. Moreover, the sensitivity of the absorptivity is increased to -46.3%. It ranges by
46.6% from the counterpart value of -31.6%, in Fig. 4. For analyzing the coe�cient of radiant heat
transfer, the absorptivity becomes more sensitive. And, the coupling effect of absorptivity could be the
reason for the lower sensitivity that based on Kirchhoff’s law.

The relative deviation of the coe�cient of radiant heat transfer is the key parameter showing the probable
error in real, since the coe�cient is more preferable in comparison among different engineering cases.
The main range of the estimated error is displayed in Fig. 9. This range is concluded from the past
experimental studies (also reviewed in Sect. 1).

The relative deviation of the RHTC for the absorptivity in the new model grows from 2.3–29.3% with the
absorptivity decreasing from 0.85 to 0.4. Its average value rises by 48.9% compared with the counterpart
value of radiant heat �ux, which is only 9.9%. Most importantly, the relative deviation with the absorptivity
is totally in the range of past experimental studies, when the absorptivity ranges from 0.9 to 0.5. While the
emissivity can only be in the range from 0.9 to 0.75 in the analysis that based on Kirchhoff’s law. This
implies that the errors caused by the absorptivity is not easy to be perceived in the traditional studies.
Because the accuracy range of the emissivity error under Kirchhoff’s law is about 70% smaller than the
accuracy range of the absorptivity.

5. Energy Utilization Based On The New Model
An investigation on the energy utilization is performed to show the system improvement in heat transfer.
The RC system is taken as an example for analyzing the thermal radiation, and two types of terminals are
considered, i.e. radiant panels with metal surfaces and capillary mats covered with cement surfaces.
Based on the new model, the improvement of the RC system are discussed in terms of COP, exergy and
entransy. Additionally, the contamination condition is considered as well to simulate real engineering
problems that the absorptivity of indoor surfaces would be affected by contamination, such as by falling
dust or oxidation on surfaces. The emissivity and absorptivity for the real surfaces that before and after
contamination are listed in Table 1. Further analysis could be found in the following sections.

Table 1
Emissivity and absorptivity for different surfaces

Surfaces emissivity absorptivity

Metal surface before contamination 0.95 0.9

Metal surface after contamination 0.9 0.85

Cement surface before contamination 0.85 0.7

Cement surface after contamination 0.8 0.75

5.1. Improvement of COP for thermal radiation
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The improvement rate of COP was shown in Fig. 10 for metal radiant panels, and that shown in Fig. 11 is
for conventional RC terminals with cement surfaces. For metal surfaces, based on the new model, the
improvement rate of COP is higher than 10 % when the surface is not contaminated. And, it increases
slightly from 10.3 % to 11.5 % with the character temperature difference. While the improvement rate for
the contaminated surfaces remains around 5 % and shows little change with the character temperature.
The results indicates that the COP for metal surfaces is enhanced signi�cantly by the new model. Though
the surfaces are contaminated, the improvement rate is still valuable.

For cement surfaces, the improvement rate ranges from 3.3 % to 4.7%, which range is much smaller than
that for metal surfaces. However, the improvement rate of COP for contaminated surfaces is negative
from − 0.2% to -0.8% with the rise of character temperature difference. This result shows that the
improvement of COP for cement surfaces is small, and it could lead to a negative result based on the new
model. Hence, it is more meaningful to control the surface characters of emissivity or absorptivity strictly
in order to enhance the COP, especially for cement surfaces.

5.2. Exergy analysis of thermal radiation
As shown in Fig. 12, the improvement of exergy decreases with character temperature difference before
contaminated for metal surfaces. This is inverse from that of COP. However, the improvement rate of
exergy is from 14.2 to 17.5 % which is slightly higher than that of COP by about 5 %. In addition, the rate
for that after contamination is only about 1.6–1.9 % which is much smaller than that before
contamination. Except, the performance of exergy is much more sensitive than that of COP. The average
decrease of the rate is about 10.5 % when the metal surface is contaminated. This shows the potential of
the work by metal RC panels will be heavily affected during the application.

Figure 13 shows the improvement of exergy for RC with cement surfaces. The improvement rate is much
lower than that of metal surfaces. The average improvement of exergy is 3.42 % and rises only 0.5% with
the character temperature difference rising from 5 K to 10 K. Additionally, the exergy improvement
decreases with the temperature difference after contamination from 0.55 % to -0.06 %. The improvement
of the potential of thermal work for cement surfaces is more limited than that for metal surfaces.

5.3. Entransy dissipation of thermal radiation
The results of entransy dissipation for metal and cement surfaces are separately shown in Fig. 14 and
Fig. 15. The entransy dissipation of heat transfer for metal surfaces is averagely 15.9 % higher by the
new model than that by Kirchhoff’s law. It will decrease from 17.9 % to 14.4 % with the rising difference of
the character temperature. When the metal surfaces are contaminated, the entransy dissipation will be
greatly impacted to an average of 1.7 %. This illustrates that the ability of heat transfer for metal surfaces
is increasingly enhanced. It may be the main reason for the rising improvement rate of COP for thermal
radiation, though the exergy is also enhanced. However, the enhanced exergy only means more potential
for thermal work not the ability of heat transfer.
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In addition, the results for cement surfaces are also limited in entransy dissipation. The average
dissipation is about 3.46 % before contaminated and it is only 0.28 % for that contaminated. The results
show that the ability of heat transfer is remarkably enhanced by the new model. Additionally, the new
model can also be applied for a more detailed analysis by the independence of emissivity and
absorptivity.

6. Discussion

6.1. The inapplicability of Kirchhoff’s law for indoor thermal
radiation
Kirchhoff's law states that a body in thermodynamic equilibrium releases as much energy as it absorbs in
each direction and at each wavelength (Lienhard IV et al. 2018). For a surface, if the energy absorbed is
not equal to that the surface releases, the thermodynamic equilibrium is invalid. The radiative heat will be
absorbed in a very thin depth that the heat penetrates through the surface, as shown in Fig. 16. This
penetration depth indeed exist for thermal radiation between two plates in practice (Basu and Zhang
2009). For metals, the penetration depth is about 1 µm and the depth for the material of indoor surfaces
will not be deeper than 1 mm (Yang and Tao 2006). Together with this depth, the wall surface forms a
radiant surface layer with a volume as shown in Fig. 16. And, the thermophysical properties of the
surface layer, e.g., thermal capacity and conduction, are assigned by the material inside this volume. For
most building materials, e.g., concrete and cement, the speci�c heat are relatively high. The high speci�c
heat will then lead to the high heat storage for the surface layer and then make the thermal equilibrium
invalid in the local layer, due to that the energy absorbed on the surface (Estr + Econ, in Fig. 16) is not equal
to that released (Econ). The rest part of energy (Estr) is stored by the surface itself for enhancing the
surface temperature.

It is neither likely for real materials to be simpli�ed into the conditions that they are applicable for
Kirchhoff's law on radiant surfaces in indoor. There is little research on the precondition of applying
Kirchhoff’s law. Thus, we can de�ne an indice η to show the ratio of energy stored to that released for the
surface layer in a unit time, shown as the following, in order to decide whether Kirchhoff’s law is
appropriate to be applied.

  η =
Estr
Econ

(25)

Where,

  Estr = 1
2cmΔT (26)

  Econ = k ΔT
δ

(27)
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If η of a real surface is larger than 1, it indicates that there is more heat stored than that released. In other
words, the energy is more easily to be stored than to be transferred. Thus, the local thermodynamic
equilibrium is impossible, because the energy absorbed from thermal radiation is not equal to that
released from the surface layer. Thence, Kirchhoff's law is inapplicable for this real surface and vice
versa.

Three common building materials are taken as examples to discuss the applicability of Kirchhoff’s law in
reality. And, the thermophysical data are obtained from (Lienhard IV et al. 2018). As the penetration depth
is very thin, the character length is assumed as 1 mm temporally in Eq. (27) to show the in�uences. The
analyzing results of the building materials for the same depth by thermal radiation can be seen in Table 2
companied with their other thermophysical data.

Table 2
Thermophysical properties of common building materials

Materials Density
(kg/m3)

Speci�c heat
(J/kgK)

Thermal conductivity
(W/mK)

Thermal diffusivity
(m2/s)

η

Concrete 1850 900 0.1 6.00601E-08 8.33

Brick
(common)

2000 720 0.7 4.86111E-07 1.03

Aluminum 2707 905 9.61 3.92271E-06 0.13

From Table 2, the η of concrete and common brick are both larger than 1. Only the η of aluminum is 0.13.
In addition, we can �nd the thermal conductivities of concrete and brick are much smaller than
aluminum. This indicates that real materials with good thermal conductivity are easily to obtain the η
which is smaller than 1. Hence, only such materials are possible to apply Kirchhoff's law by simplifying
the local surface as thermodynamic equilibrium. However, for most building materials, the application of
Kirchhoff’s law is unreasonable due to the low thermal conductivity.

6.2. The bias existing in the past experimental validation
Then results of sensitivity in Sect. 4 show that the sensitivity of the target valuables (i.e., radiant heat �ux,
cooling capacity, and radiant heat transfer coe�cient) to the absorptivity is inversely proportional to the
emissivity. Although the sensitivity of the emissivity is nearly twice that of the absorptivity, the relative
deviation of radiant heat �ux will reach about 20% when the absorptivity changes 55%. The change rate
of the absorptivity is totally in the normal error range according to the previous tests (reviewed in Sect. 1).
Hence, if the error of the absorptivity reaches 55%, the error of the radiant heat �ux in reality will be 20%.
Additionally, this error will be ignored as long as the thermal model for analysis is based on Kirchhoff’s
law.

Furthermore, the results of sensitivity and deviation based on Kirchhoff’s law are highly correlated to the
results of the independent emissivity in the new model by comparison. This implies that Kirchhoff's law
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can re�ect more of the impact of emission, other than that of absorption. Besides, the accuracy range due
to the emissivity error in the analysis based on Kirchhoff’s law is about 70% lower than that by the
absorptivity. Therefore, the real reasons for the heat exchange in RC systems could not be given
accurately by the analyzing method based on Kirchhoff’s law. Hence, this error and its further impact in
engineering has to be neglected.

However, the results of the past models based on Kirchhoff’s law possibly exists a wide survivor’s bias.
For example, in this study, the coe�cient of radiant heat transfer is 4.87 W/ (m2K). Based on Fig. 9, if the
absorptivity changes 28% to 0.65, the coe�cient will be 5.5 W/ (m2K) which is just the recommended
coe�cient that given based on past engineering practice. This shows if the absorptivity error of 28% is
neglected in a real experiment, a considerable error for RHTC that obtained by Kirchhoff’s law will be
generated, but it will not arise any attention by the results of the past experimental studies. However, this
will lead to the error of about 20% in radiant heat �ux, as shown in Fig. 5. Furthermore, there is not
enough solid evidence that can explain the differences of the errors in the past experimental validation
that based on Kirchhoff’s law. Therefore, the validation of the past experimental studies are highly
coincidental in radiant heat �ux without verifying the real value of absorptivity.

Except, the past method for the validation of the radiant heat �ux was indeed self-veri�cation, though
based on the experimental data (which includes the heat �ux of convection as well). For instance, the
past method can only test the total cooling capacity, not the radiant heat �ux or the convective heat �ux
(Shinoda et al. 2019). The radiant heat �ux or convective heat �ux is obtained by abstracting the other
part from the total when the convective part or radiant part is calculated. Hence, such validation of
radiant heat �ux is unreasonable unless it is compared with the experimental data of radiant heat �ux.
Thence, a direct test of radiant heat �ux for testing its coe�cient will be the �nal way to solve the
problem in future.

7. Conclusion
This study is aiming to investigate the reliability of the current models for analyzing the radiant heat
transfer. One developed model is put forward for studying the error mechanism during the process of
radiant heat transfer. The new model concerns the independence of the surface emissivity and
absorptivity. Additionally, the new model has been validated by the experimental data in the study. Finally,
the new model is found more reasonable and adaptable closing to real conditions than the conventional
methods that based on Kirchhoff's law. Main results could be summarized as the follows:

1. The computational reliability of the thermal analysis under radiant environment is theoretically
enhanced by the new model. The independent impact by the absorptivity is concerned. The reason
for the error of 20% can be separately attributed into the two independent factors, according to the
developed model. Additionally, the COP of RC systems can be enhanced by 10% based on the new
model. The improvement of entransy could be the reason for the higher COP.
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2. The results of the validation show that the prediction of the new model is consistent with that of the
reference study under the same conditions. The average error of the cooling capacity for the new
model is 2.28 W/m2, 0.68 W/m2 smaller than that of the reference data. In addition, the relative error
is only 1.88% compared with the experimental data. Thence, the errors could be regarded small
enough as validation for the new model to have a deep study on the mechanism.

3. Based on the new model, this article takes a typical condition for studying the sensitivity and relative
deviation of the uncertain factors (i.e., emissivity and absorptivity). The results show that the
sensitivities of the heat �ux, cooling capacity, and heat transfer coe�cient are positive to the
emissivity, but are negative to the absorptivity. The sensitivities of the above variables are separately
around − 45%, -25% and − 45%. Nevertheless, based on Kirchhoff’s law, the sensitivities of the
variables are about 75%, 30%, and 75%, the results are nearly 15% smaller than the sensitivity of
emissivity. Hence, the Kirchhoff’s law re�ects the impact of emissivity much more than that of
absorptivity.

4. The validation of radiant heat �ux in past studies were highly insu�cient. Under the same condition,
radiant heat �ux can be impacted to increase by 20% when the absorptivity decreases from 0.9 to
0.4. This error range should not be accepted in the analysis of engineering, but this range happens to
be under the observation of past studies. Besides, the RHTC in this study is 4.87 W/ (m2K). And, it
will increase to 5.5 W/ (m2K) when the absorptivity decreases from 0.9 to 0.65. The latter coe�cient
is equal to the recommended value by experience. Hence, the results of current models based on
Kirchhoff’s law were highly coincidence. In addition, the past models were lack of enough
experimental validation for the comparison and deep analysis. Only an independent test of radiant
heat �ux is the most convincing method to validate the theories. Therefore, the independent test of
radiant heat �ux is a key development for the future research of radiant heat exchange in indoor.

Abbreviations
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Symbols    

A the area of a surface (m2) ΔT the temperature difference of the surface
layer from the surface to the inner (K)

c the speci�c heat of the surface layer
(kJ/kg)

Δx the variation of the uncertain factor

E the emission energy by a surface itself
(W)

Δy the variation of the target variable

Econ the energy released by the surface layer
in a unit time (J/s)

ε the emissivity of a surface

En the entransy for a thermal process (JK) η an e�ciency or improvement rate (%)

Estr the energy stored in the surface layer in
a unit time (J/s)

θ the normal angle of thermal radiation on a
surface (º)

Ex the exergy for a thermal process (J) λ the spectrum of thermal radiation (m)

G the locally incident radiation heat �ux
(W)

σ the Stefan-Boltzmann constant

h the heat transfer coe�cient [W/ (m2K)] Φ1,2 the quantity of radiant heat �ux from
surface 1 to 2 (W)

J the total radiosity leaving by combined
emission and re�ection (W)

   

k the thermal conductivity of the thermal
layer (W/mK)

Subscripts

m the mass of the surface layer (kg) 1 any surface 1

Q the amount of heat  �ux (W) 2 any surface 2

q the density of heat �ux (W/m2) 1-5 from the speci�c surface 1 to 5

R the re�ection energy of a air

S the length for radiation between two
surfaces (m)

b blackbody

Sy,x the sensitivity of x to y (%) c convective heat exchange

T the temperature of a radiant surface
(K)

ctl control group

x the uncertain factor in a sensitivity
analysis

diss dissipation

X1,2 the view factor from surface 1 to 2 i internal heat source

y the target variable of a sensitivity
analysis

obs observation group
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α the absorptivity for a surface p cooling panel

δ the penetration depth for thermal
radiation (m)

r radiant heat exchange
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Figures

Figure 1

The comparison between the premises of the current models and the developed model

Figure 2

Key information and its nodal model for the reference case
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Figure 3

Validation of the new model for an RC room

Figure 4
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The sensitivity of uncertain factors between for the heat �ux

Figure 5

The relative deviation of the heat �ux with the change of uncertain factors

Figure 6
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The sensitivity of the uncertain factors for the cooling capacity

Figure 7

The relative deviation of the cooling capacity with the change of uncertain factors

Figure 8
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The sensitivity of the uncertain factors for the heat transfer coe�cient

Figure 9

The relative deviation of the heat transfer coe�cient with the change of uncertain factors
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Figure 10

Improvement of COP for metal RC panels

Figure 11

Improvement of COP for RC with cement surfaces
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Figure 12

Improvement of exergy for metal RC panels

Figure 13

Improvement of exergy for RC with cement surfaces

Figure 14

Improvement of entransy for metal RC panels

Figure 15

Improvement of entransy for RC with cement surfaces

Figure 16

The penetration depth for thermal radiation on a surface


