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Abstract: The increasing application of floor heating technology promotes the development of floor
radiant cooling technology (abbreviated as FRC technology). Many office buildings in northern China
try to use FRC technology to cool in summer, but thermal comfort is the key problem restricting the
promotion of this technology. The thermal comfort problems of an office room with floor radiant
cooling were studied in this paper by the methods of numerical simulation, control variable, and
data fitting, and the experimental results were verified in multiple ways. It was found that, for an
office room using floor radiant cooling, the effect of the floor surface temperature on thermal comfort
was about 16%, while the effect of indoor air temperature was about 84%, and relative humidity had
little effect on thermal comfort. A simplified thermal comfort calculation model was proposed, which
could be used as an indicator to adjust the floor surface and indoor air temperature, or could be used
to calculate the PMV-PPD value. The findings have guiding significance for the design and control of
FRC technology.

Keywords: thermal comfort; PMV-PPD; radiant floor; cooling; office buildings

1. Introduction

Under the background of creating a low-carbon, healthy, and comfortable building
environment [1,2], floor radiant cooling technology (following abbreviation as FRC tech-
nology) has attracted more and more attention all over the world. Compared with typical
all-air conditioning, FRC technology is feasible for high-temperature cooling to achieve
the purpose of energy saving [3], and it can also effectively use natural energy, such as
surface water (groundwater/soil) cold, to realize “free cooling” or zero carbon emissions [4].
Many buildings have combined FRC technology with convective air conditioning, and
proposed a new type of radiation–convection air conditioning, which creates nearly zero-
carbon-emission buildings [5,6]. However, the thermal comfort of the indoor thermal
environment is the key problem, which is also the main factor restricting the development
of FRC technology [7].

The concept of floor radiant cooling comes from floor radiant heating technology
(following abbreviation as FRH technology). People try to use the same coil in the floor
structure of heating in the winter to pass high-temperature chilled water to cool the indoor
thermal environment in the summer [8]. FRH has gradually replaced the traditional cast-
iron radiator and has been widely used in urban residential buildings in the cold areas of
China [9] and other regions [10,11]. More and more practical engineering experience is
feeding back the floor heating technology and forming a virtuous circle, which makes the
FRH technology very developed and mature [12], and also stimulates research interest in
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the thermal comfort of floor heating. Garcia [13] explored the possibilities of using radiant
floor heating systems (RFHS) in removable glazed enclosed patios from the optimal range
of the predicted mean vote (PMV) and predicted percentage of dissatisfaction (PPD). Zhang
et al. [14] proposed an external wall radiant heating technology in passive buildings, that
is, a wall implanted with heat pipes that can improve the utilization of absorbed solar
energy, in this way increasing the PMV value in the transition season and reducing the
dissatisfaction rate of people. Cho et al. [15] evaluated the response time of the intermittent
operation of PB-Model (polybutylene pipe) floor heating and CT-Model (capillary tube)
floor heating with initial water supply temperatures of 55 ◦C and 40 ◦C by measuring the
time taken for the initial indoor air temperature to rise by 4 ◦C, which provided a reference
basis for the start-up time of the indoor thermal environment with a low temperature,
but this theory is not suitable for continuous central heating. Karacavus and Aydin [16]
selected the thermal comfort of an office environment as the research object and evaluated
the compliance of the office’s general and local comfort levels with ISO 7730 [17]. The above
thermal comfort analysis mainly focuses on the advantages of floor radiant heating, but
when FRH technology is coupled with other heating methods, or when the floor receives
solar radiation [18], it may also have the disadvantage of overheating [19], which can
adversely affect thermal comfort. It can be seen that the indoor thermal comfort of rooms
with FRH systems is good, and the advantages far outweigh the disadvantages. The indoor
vertical temperature difference also meets the physiological functional requirements of “feet
like heat and head like cool” [20,21]. This is also an important reason for the popularization
and application of FRH technology.

Different from the heat-transfer process of floor heating, when the floor is used for
cooling in the summer, the floor temperature is lower, and the human body has more
exposed parts in the summer, so the traditional thermal comfort theory of floor heating
is no longer suitable for floor cooling. Whether the vertical distribution of the indoor air
temperature is contrary to the human body’s thermal feeling, whether the asymmetric
radiation temperature will cause discomfort in the exposed part of the human body, and
how the human body can tolerate the FRC system cannot copy the findings related to
“floor heating”, which has stimulated extensive discussion and research. Zhang et al. [22]
discussed the current application cases using FRC technology in China, and discussed the
special characters and in relation to the topic of comfort and energy saving. Gu et al. [23]
studied the thermal comfort of a conventional intermittently operating FRC system in hot
and humid regions, and found that, when the system is subjected to sudden increases in the
heat and moisture loads, a slow thermal response may occur. FRC systems are suitable for
residential homes or offices with non-centralized air conditioning systems to handle tran-
sient heat and moisture load variations. The FRC system needs to be combined with other
cooling or dehumidification systems to adapt to offices with non-centralized air condition-
ing systems to handle transient heat and moisture load variations. Du et al. [19] compared
the thermal comfort of radiant cooling technology and convective air conditioning, and
found that there is little practical difference in human subjective responses between the two
systems in the continuous operating mode. Kwong et al. [24] subjectively and objectively
evaluated the indoor thermal comfort of office buildings using a floor radiation and fresh
air coupled cooling system, and found that the difference between the PMV and Actual
Mean Vote (AMV) was greater than 0.5. Hu et al. [25] analyzed the intermittent operation
of a radiant cooling system, and found that indoor comfort in the occupied period can be
guaranteed with a reasonable pre-start time. Liu et al. [26] conducted a series of numerical
simulations to evaluate the thermal comfort performance of a FRC system when combined
with different ventilation systems, including mixed ventilation (MV), stratum ventilation
(SV), displacement ventilation (DV), and ductless personalized ventilation (DPV). Most of
the above analysis focuses on the deficiency of the thermal comfort of FRC systems and
shows that the thermal comfort of a single FRC system is not up to the standard, which
needs to be combined with other convection cooling ends to form a coupled cooling mode
with complementary disadvantages.
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To sum up, a large case of studies on floor heating have provided valuable practical
experience and new methods for research on the thermal comfort problems of FRH and
FRC systems, but still have several problems restricting the good thermal comfort of FRC
systems to be solved. Existing researches on the thermal comfort of FRC systems were
mainly based on the numerical simulation method [27], the human body sensation method
(questionnaire survey method) [28], and the human body measurement method [29], and a
few used the theoretical analysis method [30]. For the FRC system, the thermal comfort
index is difficult to calculate and the contribution of the floor cooling end to thermal comfort
is difficult to be evaluated for the following three reasons.

• The floor surface cools the indoor thermal environment in two ways coupling convec-
tion and radiation, and the heat transfer process is very complex [31];

• It is very complicated to calculate the radiation angular coefficient and average radia-
tion temperature;

• Lack of practical application feedback and fitting empirical formulas.

How to quantitatively find the influence of indoor environmental factors on thermal
comfort has become the primary problem to be solved. For this research goal, the following
issues will be focused on for research and discussion.

• The effect of the changes of the main factors of the indoor thermal environment on the
thermal comfort indicator in a room with floor cooling;

• Quantitative evaluation of the contribution of the floor cooling end to indoor thermal
environment comfort;

• Finding a simplified calculation model of the thermal comfort indicator for FRC
systems, which can be used to adjust the temperature value of the indoor thermal
environment or calculate the value of the indoor thermal comfort indicator quickly.

The findings based on the thermal comfort evaluation indicator can provide a theoreti-
cal basis for the design of FRC systems and the control of the surface temperature of the
floor cooling end.

2. Methods
2.1. Thermal Comfort Index and Influencing Factors

The Predicted Mean Vote (PMV) of human thermal comfort is a commonly used
thermal comfort evaluation method in office buildings [32]. This method was first proposed
by Fanger [33], and its calculation expression is:

PMV = [0.0303 exp(−0.036M) + 0.0275]· f (M, Icl , ta, γ, va, θmrt) (1)

where M is the metabolic rate of the human body and Icl is the thermal resistance of clothing.
These two variables do not belong to the indoor thermal environment control variables. ta
is the indoor air temperature, γ is the indoor relative humidity, va is the air speed, and θmrt
is the average radiation temperature, which represents the radiation heat transfer of each
inner surface of envelopes to the human body and the asymmetrical radiation. The above
four variables are the indoor thermal environment variables and also the key variables for
the quantitative analysis of PMV.

The PMV index is divided into 7 levels that quantify the human thermal sensation, as
shown in Table 1. The recommended value of PMV is −0.5~+0.5 [34].

Table 1. PMV level and human thermal sensation.

Thermal Sensation Hot Warm Slightly Warm Moderate Slightly Cool Cool Cold

PMV value +3 +2 +1 0 −1 −2 −3

The PMV index also can be used to quantitatively evaluate the indoor thermal envi-
ronment of office buildings in northern China, which use radiant floors for cooling in the
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summer. Considering the usage characteristics of office buildings, in the choice of PMV
independent variable parameters, M takes the energy metabolism rate during sitting and
Icl uniformly takes the thermal resistance of summer clothing, as shown in Table 2.

Table 2. Parameter settings of office staff [35].

Personnel Status Thermal Resistance of Summer Clothing
(Shorts, Long Thin Pants, Short Sleeved Cardigan, Thin Socks, and Shoes) Metabolic Rate

Sitting 0.080 m2·K/W (0.5 CLO) 58.15 W/m2 (1.0 met)

For the independent variable va, different from the traditional convection air condi-
tioner, in a room with a FRC system, fan coil units or displacement ventilation are usually
used to deal with fresh air, and people are in the return air area. At this time, the floor
cooling end bears most of the cooling load [36], and the cooling load provided by the
fresh air is small, so the wind speed around the human body is very small (<0.1 m/s)
and changing the air velocity between 0 and 0.1 m/s has little impact on the indoor air
distribution and PMV [37], so va can be set as a constant close to 0 m/s. For the average
radiation temperature θmrt, this parameter is the key variable affecting the thermal comfort
of a radiant air-conditioned room; it is also the calculation difficulty of using Equation (1)
to calculate PMV [38], and it has a functional relationship with the internal surface temper-
ature of the floor, ceiling, window, and four walls, which can be written in the form of the k
function as Equation (2).

θmrt = k(ts, td, tc, tw1∼4) =
4
√

ts4·Fp−s + td
4·Fp−d + tc4·Fp−c + tw1

4·Fp−w1 + · · ·+ tw4
4·Fp−w4 (2)

where Fp−i is the angle factor between a person and surface i, ts is the surface temperature of
the floor, td is the inner surface temperature of the ceiling, tc is the inner surface temperature
of the inner shading of the window, and tw1∼4 is the inner surface temperature of four walls
(the outer and the inner walls) of a room, respectively.

Different from the large vertical temperature difference in a floor-heated room, there
is no significant vertical temperature gradient in a room using floor cooling [39], which
is because the thermal pressure movement of indoor air and the floor surface with a low
temperature have the opposite effect on the inner surface temperature of the ceiling; the
rising of hot air causes td to increase, while the floor surface is facing the inner surface of the
ceiling and is cooled by radiant heat transfer. These two aspects work together, resulting
in uniform indoor air temperature; the vertical temperature gradient can be ignored. An
office room is not a large-space building, the indoor space is limited, with the disturbance
of personnel and air supply, and the inner surface temperature of each envelope is also
restricted by the floor surface temperature ts and indoor air temperature ta, so the uncooled
internal surface temperature has little difference. Variable ti can be used to represent
td, tc, tw1, tw2, tw3 and tw4 [5]. Equation (2) of variable θmrt can be expressed as follows:

θmrt =
4

√
ts4·Fp−s + ti

4·
(

Fp−d + Fp−c + Fp−w1 + · · ·+ Fp−w4

)
(3)

During the service time of office buildings from 9:00 to 17:00, ti can also be expressed
as a function q related only to the internal disturbance ts and ta [5], as follows:

ti = q(ts, ta) (4)

Combining Equations (3) and (4), θmrt can be considered as the dependent variable of
indoor air temperature ta and floor surface temperature ts, which can be expressed in the
form of the h function, as shown as Equation (5).

θmrt = k(ts, ti) = k(ts, q(ts, ta)) = h(ta, ts) (5)
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Through the above variable analysis and substituting Equation (5) into Equation (1),
the functional expression of PMV can be written in the form of the following g function,
as follows.

PMV = A· f (ta, γ, θmrt) = A· f (ta, γ, h(ta, ts)) = g(ta, ts, γ) (6)

where A is a constant that can be calculated from 0.0303 exp(−0.036M) + 0.0275.
From Equation (6), PMV can be expressed as a dependent variable, with only the air

temperature ta, floor surface temperature ts, and relative humidity γ as the independent
variables. The expression of PMV can be obtained by solving Equation (6).

To solve the function with few independent variables, the controlled variable method
is a commonly used method. This method can keep other parameters unchanged and study
the relationship between a single independent variable and the dependent variable.

2.2. Numerical Simulation Methods

Numerical simulation is a good method for variable control analysis and finding the
relationship between variables due to its flexibility, rapidity, and controllability. In this
study, the TRNSYS (Transient System Simulation Program) [40] is used as the simulation
software to discuss the relationships between three independent variables (ts, ta, and
γ) and PMV in turn, and try to solve function g. The TRNSYS is an extremely flexible,
visualized, and modularized transient process simulation software, which is mainly used
to simulate the energy systems of buildings, especially radiant ceiling cooling systems
and FRC technology, and can also be used to research the thermal comfort problems of
PMV-PPD [3,40].

An original scale model of an office room in northern China was established in
TRNBuild, and two cooling ends of the floor surface and fresh air were established in
TRNSYS, as shown in Figure 1.
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Figure 1. Numerical simulation diagram of the TRNSYS.

Figure 1 is mainly divided into four parts, and the key summary of numerical simula-
tion is described as follows.

• Room model and two cooling ends (Part 1):

A typical office building in Jinan, China, was selected as the actual physical model,
and the room size, buried pipe arrangement form, and floor structure are shown in Figure 2.
Jinan is a cold region with the characteristics of a hot summer and cold winter. The office
room belongs to the public buildings, its envelope structure parameters need to meet
Table 3, and it faces south–north. The heat transfer coefficient of building envelopes is
0.45 W/

(
m2 ·K

)
[41], and they have great thermal inertia. Because the office buildings in

northern areas have winter heating needs, the exterior walls are usually equipped with



Buildings 2022, 12, 483 6 of 15

external insulation. The room has good insulation performance, good internal shading
performance, and the ability to resist climate changes from the outdoor environment.
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(b) Floor structure and materials.

Table 3. Thermal performance limit of a public building’s envelope in cold areas [41].

Envelopes of Public Buildings
Building Shape Coefficient ≤ 0.30 0.30 < Building Shape Coefficient ≤ 0.50

Heat Transfer Coefficient Heat Transfer Coefficient

Roof ≤ 0.45 W/
(
m2·K

)
≤ 0.40 W/

(
m2·K

)
Exterior wall (including non-transparent curtain wall) ≤ 0.50 W/

(
m2·K

)
≤ 0.45 W/

(
m2·K

)
Window to wall ratio 0.4 0.3

The setting of floor structure of floor heating or cooling does not use a certain module
of the TRNSYS, although the TRNSYS is a modular simulation software [42]; the setting
is completed in Part 1 (TRNBuild). Heating/cooling pipes are laid in the floor structure
of a room, as shown in Figure 2. Chilled water is passed through the laying pipes for
floor cooling, and the room also uses fresh air to cool the indoor environment together in
the summer.

• Control of the indoor thermal environment (Part 2 and Part 3):

The cooling system has three PID controls, which respectively control the floor surface
temperature ts, indoor air temperature ta, and indoor relative humidity γ. The floor surface
temperature is controlled by chilled water variable flow regulation, and the indoor tem-
perature is controlled by variable air supply temperature regulation. In practice, variable
flow regulation can also be used to control the indoor air temperature. For the control of
the relative humidity of indoor air, humidification and dehumidification are both allowed.
The accuracy of the floor surface temperature and indoor air temperature can be controlled
within ±0.05 ◦C, and the accuracy of the indoor relative humidity can be controlled within
±0.1%.

• Results output (Part 4):

Part 4 is the results output part, which shows the values of the PMV-PPD indicators
of people in the room and the values of each temperature index of the indoor thermal
environment. It is also necessary to output the PID control signal (0~1) because the PID
control parameters need to be continuously adjusted according to the changes in the PID
signal, and finally determine the PID control capability range in Part 2 and Part 3.

• Outdoor environmental meteorological parameters:

The typical daytime climate parameters of Jinan in the summer are selected as the
outdoor climate changes.
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• Work schedule:

The working schedule of people in office buildings is generally from 9:00 to 17:00.

3. Results and Discussions
3.1. Solution of PMV
3.1.1. Effect of Floor Surface Temperature Changes on PMV

In rooms using radiant floors to cool, people usually set the indoor air temperature
above 26 ◦C, but not higher than 29 ◦C, in the summer [41]. The surface temperature of the
floor varies widely, and it can range from 18 ◦C to 25 ◦C (condensation is not considered in
this paper). The indoor relative humidity is generally about 50% [43].

Using PID control to maintain the indoor relative humidity at 50% and to maintain
the indoor air temperature at 26 ◦C, 27 ◦C, 28 ◦C, and 29 ◦C, the variation law of PMV with
the floor surface temperature can be obtained by changing the floor surface temperature
every 1 ◦C from 18 ◦C to 25 ◦C, as shown in Table 4.

Table 4. PMV values for different indoor air temperatures and floor surface temperatures.

Indoor Air
Temperature/◦C

Floor Surface Temperature Changes/◦C

18 19 20 21 22 23 24 25

26 −0.59 −0.55 −0.50 −0.44 −0.38 −0.32 −0.26 −0.21
27 −0.34 −0.28 −0.23 −0.17 −0.12 −0.06 0.00 0.06
28 −0.07 0.00 0.04 0.09 0.15 0.20 0.26 0.32
29 0.21 0.25 0.32 0.36 0.41 0.47 0.53 0.59

From Table 4, it can be seen that the PMV increases monotonically with the increase in
the floor surface temperature when the indoor air temperature remains constant, which
indicates that people’s warm feeling increases.

When the indoor air temperature was at 26 ◦C, all of the PMVs were negative values,
no matter how the floor surface temperature changed, which meant that the indoor air
temperature was too low. When the indoor air temperature was at 29 ◦C, all of the PMVs
were positive values, no matter how the floor surface temperature changed, which meant
that the indoor air temperature was too high and the single floor radiant cooling end gad
the problem of insufficient cooling capacity; thus, it needs to cooperate with other cooling
ways to reduce the indoor air temperature. When the indoor air temperatures were 27 ◦C
and 28 ◦C, the PMV values changed from negative to positive with the temperature rise of
the floor’s surface.

As described above, the indoor air temperature of the room using FRC technology
should be maintained at 27~28 ◦C. In the design of coupled cooling of floor radiation and
fresh air, the indoor design temperature should be 1~2 ◦C higher than that of traditional
convection air conditioning.

The finding is consistent with the results in [44,45], which proves the reliability and
accuracy of the parameter setting of the numerical calculations.

3.1.2. Simplified Calculation Model of PMV

In order to find the functional relationship between ts and PMV, the least-square
method was used to fit the sample data in Table 4, as shown in Figure 3.

It can be seen from Figure 3 that ts and PMV are linear, and the relationship of each
function is as follows.

When the indoor air temperature is 29 ◦C, the relational formula is

PMV = 0.0543ts − 0.7746 (7)
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When the indoor air temperature is 28 ◦C, the relational formula is

PMV = 0.0544ts − 1.0460 (8)Buildings 2022, 12, x FOR PEER REVIEW 8 of 15 
 

 
Figure 3. Fitting functional relationship between 𝑡௦ and PMV. 

It can be seen from Figure 3 that 𝑡௦ and PMV are linear, and the relationship of each 
function is as follows. 

When the indoor air temperature is 29 °C, the relational formula is 𝑃𝑀𝑉 = 0.0543𝑡௦ − 0.7746 (7)

When the indoor air temperature is 28 °C, the relational formula is 𝑃𝑀𝑉 = 0.0544𝑡௦ − 1.0460 (8)

When the indoor air temperature is 27 °C, the relational formula is 𝑃𝑀𝑉 = 0.0567𝑡௦ − 1.3608 (9)

When the indoor air temperature at 26 °C, the relational formula is 𝑃𝑀𝑉 = 0.0561𝑡௦ − 1.6118 (10)

The coefficient of determination R2 is often used as an index to comprehensively 
measure the goodness of fit of a regression equation to sample observations, and its value 
range is 0 to 1—the closer to 1, the better the fit [46]. The determination coefficients R2 of 
the above Equations (7)–(10) were all above 0.99, and the degree of fitting was very high. 
By observing Figure 3, it can be found that the slope of Equations (7)–(10) is almost equal, 
and the intercept is also linearly related to the indoor air temperature 𝑡௔. Based on this 
law, a function expression of PMV with the floor surface temperature 𝑡௦ and indoor air 
temperature 𝑡௔ can be obtained by combining the above four formulas: 𝑃𝑀𝑉 = 𝑔(𝑡௦, 𝑡௔, 50%) = 0.2826𝑡௔ + 5.5375 × 10ିଶ𝑡௦ − 8.9709 𝑡௔ ∈ [26,29], 𝑡௦ ∈ [18,25] (11)

As can be seen from Equation (11), PMV has a power relation with 𝑡௔ and 𝑡௦. The 
coefficient before 𝑡௦ is 5.5375 × 10ିଶ, while the coefficient before 𝑡௔ is 0.2826. 𝑡௔ and 𝑡௦ are both the parameters characterizing temperature (the unit is °C), and both are posi-
tive. The former coefficients of 𝑡௔ and 𝑡௦ can be used for weighting the calculation to 
represent the effect on the PMV. The coefficient weighted calculation shows that the effect 
of 𝑡௦ on the PMV is only 16%, while the influence of 𝑡௔ on PMV is about 84%. The effect 
of 𝑡௔ on PMV is much greater than that of 𝑡௦. The effect of the floor surface temperature 
on PMV is only about one-fifth of the indoor air temperature. 

The results indicate that the indoor air temperature plays a leading role in PMV. For 
FRC technology, people are less sensitive to changes in the floor surface temperature, but 
more sensitive to indoor air temperature. The PMV changed by only about 0.055 for every 
1 °C change in the floor surface temperature, and about 0.28 for every 1 °C change in the 
indoor air temperature. 

Figure 3. Fitting functional relationship between ts and PMV.

When the indoor air temperature is 27 ◦C, the relational formula is

PMV = 0.0567ts − 1.3608 (9)

When the indoor air temperature at 26 ◦C, the relational formula is

PMV = 0.0561ts − 1.6118 (10)

The coefficient of determination R2 is often used as an index to comprehensively
measure the goodness of fit of a regression equation to sample observations, and its value
range is 0 to 1—the closer to 1, the better the fit [46]. The determination coefficients R2 of
the above Equations (7)–(10) were all above 0.99, and the degree of fitting was very high.
By observing Figure 3, it can be found that the slope of Equations (7)–(10) is almost equal,
and the intercept is also linearly related to the indoor air temperature ta. Based on this
law, a function expression of PMV with the floor surface temperature ts and indoor air
temperature ta can be obtained by combining the above four formulas:

PMV = gts, ta, 50% = 0.2826ta + 5.5375× 10−2ts − 8.9709
ta ∈ [26, 29], ts ∈ [18, 25]

(11)

As can be seen from Equation (11), PMV has a power relation with ta and ts. The
coefficient before ts is 5.5375× 10−2, while the coefficient before ta is 0.2826. ta and ts are
both the parameters characterizing temperature (the unit is ◦C), and both are positive. The
former coefficients of ta and ts can be used for weighting the calculation to represent the
effect on the PMV. The coefficient weighted calculation shows that the effect of ts on the
PMV is only 16%, while the influence of ta on PMV is about 84%. The effect of ta on PMV
is much greater than that of ts. The effect of the floor surface temperature on PMV is only
about one-fifth of the indoor air temperature.

The results indicate that the indoor air temperature plays a leading role in PMV. For
FRC technology, people are less sensitive to changes in the floor surface temperature, but
more sensitive to indoor air temperature. The PMV changed by only about 0.055 for every
1 ◦C change in the floor surface temperature, and about 0.28 for every 1 ◦C change in the
indoor air temperature.

Equation (11) can realize the following two functions:
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(1). In the room using FRC technology, using Equation (11), the current PMV value
can be calculated according to the current floor surface temperature and indoor air
temperature so as to monitor the indoor thermal environment. The PMV value can
also be obtained by referring to Figure 4.

(2). Equation (11) or Figure 4 can be used as a theoretical basis for regulating the floor
surface temperature or indoor air temperature in a room using FRC technology, and
can also be used to control the floor surface temperature and indoor air temperature
to achieve the desired PMV.
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3.2. Solution of PPD and Verification of Numerical Simulation
3.2.1. Solution of PPD

The PMV index represents the feelings of most people in the same environment, but
there are physiological differences between people, so the PMV index does not necessarily
represent the feelings of all people. For this, Fanger [47] proposed the predicted percent
dissatisfied (PPD) index to indicate the dissatisfaction rate of the population with the
thermal environment, and gave the quantitative relationship between PPD and PMV by
the probability analysis method. PPD has the following relationship with PMV [48]:

PPD = 100− 95· exp
[
−0.2179PMV2 − 0.03353PMV4

]
(12)

Bring Equation (11) into Equation (12). The visual relationship between the PPD and
indoor air temperature ta and floor surface temperature ts is shown in Figure 5.
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It can be seen from Figure 5 that the relationship between PPD and two temperature
variables (ta and ts) is also a group of parallel lines. When the floor surface temperature and
indoor air temperature are extremely distributed (both very high or low), the PPD value
is large. When the floor surface temperature and indoor air temperature are extremely
distributed (both high or low), the PPD value is large. Only by maintaining the dynamic
balance between ta and ts can the PPD value be minimized; that is, when the indoor air
temperature is very high, a lower floor surface temperature is required, and when the
indoor air temperature is low, a higher floor surface temperature is required. For an ideal
PPD value (5~5.5%), ta and ts should be distributed in the ideal range of Figure 5, which
satisfies the following inequality Equation (13):

−0.1936·ts + 31.143 < ta < −0.1955·ts + 32.282
ts ∈ [18, 25 ◦C]

(13)

3.2.2. Verification and Error Analysis

According to the usage habits of air conditioning, people generally set the indoor air
temperature as an integer temperature. When the indoor air temperature is 26 ◦C, the PPD
results of the numerical simulation of the present study are compared with a previous
study [49]. The comparison is illustrated in Figure 6.
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A good agreement was achieved between the data of the previous study and present
results, which showed the same trend of changes, and the maximum relative error was
about 8.49%.

The mean absolute percentage error (MAPE) and the root mean square error (RMSE) [50]
are employed to evaluate the accuracy of numerical simulation calculation models and
boundary condition settings. The values of MAPE and RMSE were 6.64% and 0.60 respectively,
which is acceptable.

This fully proves the rationality of the theoretical model and parameter settings used
in the numerical simulations of the present study, and verifies the high reliability of the
numerical results of this study. The numerical calculation model of the TRNSYS is verified.

3.3. Correction Equation of PMV
3.3.1. Effect of Relative Humidity on PMV

Changes in the relative humidity also have an impact on human thermal comfort.
This section discusses the influence of changes in independent variable γ on the PMV
and corrects the calculation expression of PMV to obtain a calculation model containing
independent variable γ.

Using the control variable method, fix the values of the value of ta and ts, and select
the working conditions of ta = 28 ◦C, ts = 23 ◦C as condition I, ta = 28 ◦C, ts = 21 ◦C as
condition II, ta = 27 ◦C, ts = 24 ◦C as condition III, ta = 27 ◦C, ts = 22 ◦C as condition
IV, and ta = 26 ◦C, ts = 25 ◦C as condition V. For working conditions I~V, the indoor air
relative humidity changes from 40% to 60% (in the summer, the relative indoor humidity
of office buildings is generally between 40% and 60%), and a PMV value is output every
5% change in the relative humidity of the indoor air. The changes in the PMV are shown in
Figure 7.
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As can be seen from Figure 7, the PMV value increases with the increase in the relative
humidity, which indicates that an increase in the relative humidity will increase people’s
warm feeling. This conclusion is consistent with the conclusion in [51], which verifies the
reliability of numerical simulation from the side.

For each working condition in Figure 7, the changes in relative humidity had little
impact on the PMV, and the maximum deviation (compared with the relative humidity at
50%) of the PMV under each working condition is less than 0.1.

It can be seen from Equation (12) that the PMV is the independent variable of PPD,
and the change of the PMV is very small, so the change of PPD is also smaller.



Buildings 2022, 12, 483 12 of 15

3.3.2. Complete Calculation Expression of PMV

In Figure 7, it can be found that the sample points of each working condition are
approximately connected in a straight line, and the five straight lines are almost parallel
to each other. This shows that the effect of the change in the relative humidity on each
working condition is almost the same. A straight line or a formula can be used to represent
the deviation of the PMV caused by a change in the relative humidity. When the indoor
relative humidity changes, the offset value ∆ of the PMV under each working condition is
shown in Table 5. When the relative humidity deviation is the same, the average offset ∆ of
PMV is also given in Table 5.

Table 5. PMV deviation with relative humidity deviation (compared to 50%).

Indoor Relative Humidity Relative Humidity Deviation ∆1 ∆2 ∆4 ∆5 ∆

40% −10% −0.0800 −0.0700 −0.0750 −0.0700 −0.0720 −0.0734
45% −5% −0.0400 −0.0370 −0.0400 −0.0340 −0.0400 −0.0382
50% 0% −0.0010 0.0040 0.0000 −0.0007 −0.0020 0.0001
55% +5% 0.0320 0.0280 0.0300 0.0310 0.0300 0.0302
60% +10% 0.0690 0.0700 0.0600 0.0660 0.0650 0.0660

It can be found from Table 5 that, when the indoor relative humidity deviation is the
same, the PMV deviation of each working condition is almost the same, and the average
deviation value can be used to replace the actual deviation value. The average offset ∆ can
be used to correct the PMV when the relative humidity is not 50%. Through data fitting,
the functional relationship between ∆ and γ is found:

∆ = 0.6944·(γ− 50%)− 0.0031 (14)

Equation (14) is the correction formula for PMV, and the complete calculation formula
of PMV is as follows:

It can be found from Table 5 that, when the indoor relative humidity deviation is the
same, the PMV deviation of each working condition is almost the same, and the average
deviation value can be used to replace the actual deviation value. The average offset ∆ can
be used to correct the PMV when the relative humidity is not 50%. Through data fitting,
the functional relationship between ∆ and γ is found:

∆ = 0.6944·(γ− 50%)− 0.0031 (14)

Equation (14) is the correction formula for PMV, and the complete calculation formula
of PMV is as follows:

PMV = g(ts, ta, γ) = g(ts, ta, 50%) + ∆
= 0.2826ta + 5.5375× 10−2ts − 8.9709 + 0.6944
·(γ− 50%)− 0.0031
= 0.2826ta + 5.5375× 10−2ts + 0.6944·γ− 9.3195

ta ∈ [26, 29 ◦C], ts ∈ [18, 25 ◦C], γ ∈ [40%, 60%]

(15)

where ta and ts participate in the calculation with ◦C as the unit.
For Equation (15), because the relative humidity has no unit, the indoor air temperature

and the floor surface temperature are in ◦C, so the coefficient before γ can no longer be
used for weight calculation; however, according to this coefficient, we can know that, for
every 5% change in relative humidity, PMV will change by about 0.0347.

Equation (15) is the complete expression form of g(ts, ta, γ). PMV can be calculated
according to the indoor air temperature ta, floor surface temperature ts, and indoor relative
humidity γ. Among the three variables that affect PMV, air temperature is the main factor
affecting PMV, floor surface temperature is a secondary factor affecting PMV, and relative
humidity has little effect on PMV.
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4. Conclusions

Some office buildings in northern China try to use radiant floors for cooling in the
summer. Indoor thermal comfort is the key problem of a room using FRC technology,
which was explored by the TRNSYS numerical simulation, control variable, and data fitting
methods in this paper. The main conclusions are as follows.

(1). The indoor air temperature is the main factor affecting the PMV value. In rooms with
floor radiant cooling, the indoor air temperature shall not be lower than 26 ◦C or
higher than 29 ◦C. The floor surface temperature is the secondary factor affecting the
PMV. The relative humidity of indoor air has little effect on the PMV;

(2). In the design of air conditioning engineering, the design temperature of the indoor
air of a room using FRC technology should be 1~2 ◦C higher than the indoor design
temperature of convective air conditioning.

A simplified calculation model of PMV for indoor thermal environment using floor
radiant cooling was obtained. This simplified calculation model is suitable for changes in
the indoor relative humidity, which contains three independent variables: the indoor air
temperature ta, floor surface temperature ts, and indoor relative humidity γ. These three
variables are the main factors affecting the indoor thermal environment. People can quickly
calculate the PMV value based on this formula, or adjust one of the three variables with the
PMV as an indicator to achieve the desired PMV value.

Additionally, the limitation of the adjusted temperature range of indoor air and floor
surface caused by condensation on the floor surface has not been considered, which can be
a research topic in the future.
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Abbreviations

M Metabolic rate W/m2 (met)
Icl Thermal resistance of clothing m2·K/W (CLO)
γ Relative humidity
va Air velocity m/s
θmrt Mean radiant temperature ◦C
Fp−i Angle factor between a person and surface i
ta Indoor air temperature ◦C
ts Floor surface temperature ◦C
td Inner surface temperature of ceiling ◦C
tc Inner surface temperature of internal sunshade for the window ◦C
tw1~4 Internal surface temperature of four walls ◦C
ti Average temperature of inner surfaces of other envelopes except floor ◦C
∆ Offset
∆ Average offset
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FRC Floor radiant cooling
FRH Floor radiant heating
PMV Predicted mean vote
PPD Predicted percentage of dissatisfaction
MAPE Mean absolute percentage error
RMSE Root mean square error
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