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ARTICLE INFO ABSTRACT
Keywords: The use of radiant panels in homes has increased recently because they do not cause a drafty
Energy simulation feeling, unlike air conditioners. However, air conditioners are more power-efficient than radiant
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Power consumption

panels and have a higher coefficient of performance (COP). Therefore, combining radiant panels
and air conditioning can provide an optimal solution for thermal control in residences. Energy
simulation (ES) and computational fluid dynamics (CFD) can be used to simulate such environ-
ments. ES is suitable for non-steady state calculations, and combined with appropriate modeling,
enables an accurate estimation of power consumption. Effective dehumidification becomes
necessary, during summer as the relative humidity in a room increases. Both air conditioners and
radiant panels can achieve this. This study developed a simulation tool that incorporates the
effects of dehumidification. Based on a relative evaluation, a case was proposed where both
energy efficiency and comfort were satisfied by jointly using air conditioners and radiant panels.
The study found that a small number of panels could achieve the most balanced operation. The
results of this study can serve as a reference for general housing, and the developed simulation
tool can be applied to product development and building material design.

1. Introduction

The rapid advancement of science and technology has led to a gradual increase in energy demand in recent years. In line with
sustainable development goals [1,2], numerous countries have undertaken active measures to reduce energy consumption [2],
including the promotion and use of renewable energy sources. Economic globalization and the greater adoption of renewable energy
are expected to help mitigate CO, emissions in Gulf Cooperation Council (GCC) economies [3,4]. However, prior research has shown
that high economic growth often reduces the rate of adoption of renewable energy consumption in nondemocratic countries [5].

Radiant panels have emerged as a promising solution for meeting both energy conservation and comfort requirements. Owing to
their low draft and high air conditioning capacity, radiant panels offer efficient and comfortable thermal control in various settings,
such as alcoves in libraries, airports, and small rooms serving as specially enclosed spaces for low-cost lodging in large cities [6].
Notably, radiant panels used in offices, such as ceiling radiant cooling panels, have demonstrated their capacity to save energy [7].

Although the residential use of radiant panels has gained popularity in recent years, their efficiency is not consistent because of the
use of water-cooled heat pumps. To the best of our knowledge, a generic tool that can predict the power consumption (also called
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Nomenclature

a Heat distribution ratio [—]

Gy Specific heat of air [J/kg-K]

Y Specific gravity [kg/m>]

Vi Volume of i-zone [m?]

T; Temperature at zone i [K]

Ts; Reference temperature for zone i [K]

Qlosti Heat loss from the wall surface [W]

Qr Heat input by air conditioner [W]

Qp Convective heat transfer of radiant panel [W]

Qac Sensible heat from air conditioners [W]

gi Amount of heat distributed to zone i [W]

a. Convective heat transfer coefficient of panel surface [W/m3K]
A Panel surface area [m?]

aac Heat diffusion coefficient of air conditioner [—]

ap Heat diffusion coefficient of radiant panel [—]

T;j Temperature at target surface j [K]

7 Apparent heat capacity of the room, including furniture [J/m3K]
Sij Area of target surface j [m?]

hy; Convective heat transfer coefficient of target surface j [W/m3K]
V, Amount of outside air introduced [m>/s]

cy Volume specific heat [J/m3K]

Qwall Wall heat flux [W/m?]

Ps Density of fluid [kg/m3]

Cps Specific heat of fluid [J/kg-K]

¥e Normal distance from the wall [m]

u; Velocity scale based on wall shear stress [m/s]

Tr Dimensionless temperature [—]

yﬁuid Dimensionless distance to turbulent water [—]

hyan Convective heat transfer coefficient of the wall surface [W/m?K]
Qwall Heat flux at the wall [W/m?]

twall Surface temperature at wall [K]

tuid Fluid temperature [K]

F; Morphology coefficient of surface I looking at surface j [—]

& Longwave emissivity of surface j [—]

ELR; Net radiation emitted by surface j [W/m?]

S; Area of surface j [m?]

arjk Radiative heat transfer coefficient from surface j to surface k [W/m?K]
ALR; Absorption capacity of surface j [W/m?]

LI, Longwave radiation components from lights and fixtures [—]
LHy Longwave radiation component from human body [—]

NLR; Net radiation from surface j [W/m?]

energy consumption in this paper) of residential radiant panels is not yet available. Although equipment characteristic models [8] exist
to predict the power consumption of air conditioners, equivalent tools for residential radiant panels are still lacking, despite the
growing demand for radiant panels in residences. Given that air conditioners are energy-efficient, they are expected to be used in
combination with radiant panels.

Energy simulation (ES) is widely used in the field of architecture. Computational fluid dynamics (CFD), a type of computer-aided
engineering tool, is also widely used for analyzing houses and offices [9,10], for studying energy-efficient designs for heat pumps [11],
as well as to perform blood flow analyses in medical fields [12] and aerodynamic analyses of aircraft [13]. ES is an excellent tool for
performing transient calculations for building construction, making it suitable for power consumption estimation. It is possible to
calculate the power consumption of heating, ventilation, and air conditioning (HVAC) systems for office spaces using equipment
models such as the life cycle energy management (LCEM) model [14]. A previous study reported an example of calculating the power
consumption of HVAC in a secondary school [15]. In contrast, CFD is suitable for solving spatial distributions. Many CFD studies have
been reported for both residential and office spaces [16], including studies on radiant air conditioning [17]. However, these analyses
are often limited to steady-state conditions owing to computational constraints.

Coupled ES-CFD analyses were systematized and summarized by Zhai et al. [18,19], and have since been further developed because
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ES and CFD are complementary [20]. Large-space transient analysis methods that enable sophisticated coupled ES-CFD calculations
have been developed [21]. However, while power consumption calculations for residential heat pumps are often simplified, a coupled
ES-CFD analysis for calculating power consumption in offices is still needed [22]. Recently, Yamamoto et al. [23] calculated the power
consumption of air conditioners and demonstrated their potential application to residential buildings. Because heat pumps operate on
similar principles as air conditioners, a similar method can be used to calculate the power consumption of radiant panels.

Using both highly efficient air conditioners and radiant panels in residential buildings would be desirable in the future. Yamamoto
et al. [24] developed another method to accurately predict the thermal environment when jointly using air conditioners and radiant
panels. However, this analysis method did not incorporate equipment models when calculating the power consumption considering
the dehumidification of the air in the space, which can affect the predicted mean vote (PMV). Moreover, the heat distribution method
developed by Yamamoto et al. [24] for the combined use of air conditioners and radiant panels is limited to calculating only the
thermal environment [20] and, therefore, does not support energy calculations. In this study, power consumption of air conditioners
and radiant panels was calculated using the equipment characteristic model developed by the Central Research Institute of the Electric
Power Industry [23]. Additionally, unlike the conventional method, this study considered the contribution rate of heat to each zone in
a macroscopic manner. This major feature differentiates the proposed method from the contribution ratio of the previously proposed
indoor climate (CRI) approach [25]. Furthermore, the proposed method incorporates power consumption prediction or dehumidifi-
cation, which is another advantageous feature over the CRI approach. All values used in the case study analysis were calculated,
whereas some of those used in the accuracy verification were measured. Dehumidification was incorporated into the coupled ES-CFD
analysis of the equipment characteristic model introduced by Yamamoto et al. [23], and its performance was verified. They developed
a tool to calculate the environmental humidity of a target space by incorporating the dehumidification provided by radiant panels and
air conditioners. Yamamoto et al. [20] provides all necessary information (e.g., measured values and analytical models. Although the
follow-up report is based on this previous study [20], its focus on comfort and energy efficiency can be considered novel. Moreover, to
the best of our knowledge, no other studies have considered the dehumidification provided by radiant panels. Therefore, the novelty of
this study lies in the consideration of the effect of dehumidification on energy conservation and comfort from a heat perspective.

The objective of this study was to develop a coupled algorithm that considers dehumidification and can be used to investigate
various scenarios related to energy efficiency and comfort. Furthermore, this study aimed to identify the optimal operation method
through case studies conducted using the proposed algorithm. The accuracy of a power consumption prediction program that considers
dehumidification was investigated through a coupled ES-CFD analysis. After evaluating the accuracy of predicted results, case studies
were conducted on the basis of relative evaluations to optimize an operation strategy that satisfies both comfort and energy efficiency.
The primary objective of this study was to develop a coupled algorithm that can consider dehumidification and can be used to examine
various scenarios related to energy efficiency and comfort. The purpose of these case studies was not to determine the best operation
method, as they focused only on a small portion of the model. Moreover, estimating dehumidification was not the only objective. As
regards the building model and the case study, they are meaningless unless their accuracy has been established in a previous study
[20]. The algorithm’s major advantage is its incorporation of the dehumidification provided by radiant panels, which can lead to more
accurate and efficient energy management. Finally, the current study is novel in that it deals with the coupled analysis when air
conditioning and radiant panels are used jointly. Previous studies have only considered air conditioning or radiant panels, rather than
their combination.

2. Mathematical formulation
2.1. Calculation of the heat quantity diffusion coefficient

The heat distribution ratio, which is the ratio between the sum of the heat losses from the wall surfaces of each zone and the heat
loss from the temperature increase in the space by the overall heat input [24], is expressed in equation (1) as follows:

P

@t

|| @rtqes)

/

Fig. 1. Conceptual diagram of the heat distribution method [24].
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The heat distribution ratio represents the contribution of each zone to the heat input and can be expressed in equation (2) as
follows:

S a=1 (@)
i=1
Fig. 1 shows a conceptual diagram of the heat distribution method [24].
The heat input by the radiant panel is expressed in equation (3) as follows:
Op=a.eAe (1, —1). 3)
The heat input, g;, for each space is expressed in equation (4) as follows:
qi=0xc ®Aaci+ Opeap; “@

The heat balance for the space is given by equation (5):

ar, <
VOIWE: Z Si, jhij (Ti N Ti) +Voer(T, — T;) +qi. 5)
=

2.2. Calculation of the convective heat transfer coefficient

The convective heat transfer coefficient can be determined using equations (6) and (7). In this study, the y + term, which is known
as Prandt]’s wall law, is defined as the dimensionless distance normal to the reference temperature. A velocity scale based on the shear
stress is applied to the heat flow calculations:

P (ve) ® Cpy(ye)ou

(twatt — tpuia) (6)
T+ <Y;uid)

Qwall =

Gwall
oy vt @
(twull - tﬂuid)

2.3. Influence of mutual radiation when using radiant panels

The calculation of the mutual radiative heat transfer of the radiant panels utilizes Gebhart’s absorption coefficient [27]. The ab-
sorption coefficient of longwave radiation from surface i to surface j is expressed using equation (8):

J
By=Fuei+ > Fe (1-&)By; ®©
k=1
The radiation from surface j is determined using equation (9) as follows:
! 4
Z ﬂkjekJTk Sk
ELR;=gioT} —~————. 9)
Sj

The net radiation emitted by surface j is obtained using equations 10-12 as follows:

J
> =1, (10)
k=1
&SPy = €SPy, (11)
J J
ELR;=ei0 > (T = 1) = Y B (T~ Ti). (12)
k=1 k=1
where the radiant heat transfer coefficient is given by equation (13) as follows:
3
T, + T,
Q ji :46/6{@} . (13)

The absorption of surface j (ALR;) is determined using equation (14) as follows:
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The radiance at surface j (NLRj) is calculated using equation (15) as follows:

NLR; = ELR; — ALR; (15)

2.4. Calculation of the heat transfer in radiant panels considering fin efficiency

Fins were introduced between the pipes to prevent an uneven distribution of the surface temperature across the floor surface.
Thermal environment of residential buildings (THERB) reproduced heat transport in hot water floor heating by modeling the piping
section, hot water in the pipes, and fin section in detail.

Fin efficiency is given by equations (16) and (17).

0 1 {Djt(wa)mnh'mD}, 16)

":; mD

G -P
D=,/——D. 1
TN a7

The thermal transmittance from the hot water in the pipe to the surface of the pipe is given by equations 18-20:

K, =2 (18)
LR,
D
R, = R 1
b Ay Nu’ 19)
0.0395 - Re"™ - Pr
M= 0+ (199 -Re 015 (Pr— 1.0))” (20)
Equations 21-23 are the thermal equilibrium equations for the hot water supply.
or
CW P Vw; = rlf : Kl’ . (Tm - Tw) 'Lf + Qs', (21)
o, = qr - C, 'pw(wa - TW)v (22)
or 1 1
—— =K Tmewyzi Ty =T, — (T —Tn . 2
ar Kl ) =&, ‘HR,M( +1) (23)

2.5. Space moisture balance based on air conditioning dehumidification and its effect on power consumption

The heat source model used in this study is based on an equipment characteristics model developed at the Central Research Institute
of the Electric Power Industry [23]. A detailed explanation of the model has been provided in previous studies; however, for reference,
the equations relevant to this study are listed and explained in this subsection.

The parameters of the equipment characteristic model include the coefficient of performance (COP), power consumption, refrig-
erant evaporation temperature, refrigerant condensation temperature, outdoor unit blow-off air temperature, and outdoor unit blow-
off air relative and absolute humidity values. The dehumidification rate, R [—], which indicates the ratio between the actual and
theoretical refrigeration efficiencies, is an input value based on the air conditioner’s specifications. The calculation outputs include the
power consumption and dehumidification rate.

The refrigerant’s evaporation temperature, which is an important parameter used in condensation calculations, is expressed using
equation (24):

9

’ 24
M(’Vp.r o Ca,y,z ( )

Tevp,t =1L —

The refrigerant’s evaporation temperature calculated using equation (24) determines if the condensation will occur when the

saturated absolute humidity at the refrigerant’s evaporation temperature exceeds the absolute humidity of the air in the room at time ¢.
The criterion for condensation is expressed by equation (25):

Xyevps < Xy (25)

Because the temperature of the heat exchanger surface and the refrigerant evaporation temperature were assumed equal, the
saturated absolute humidity, X, ., kg/kg (DA), of the heat exchanger surface and the indoor air absolute humidity were used to
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determine the condensation. The dehumidification rate can be calculated as the difference between the inlet and outlet air humidities,
as expressed in equation (26):

Xrremoves = Xrs = Xrout. (26)
The latent heat load is calculated using equation (27):

1 =2501 X M, ; X Xy remove.s- 27)
The total heat load is calculated using equation (28):

9 =G + G- (28)

The impact of air-conditioner dehumidification is expressed by equation (29), where the fifth term on the right-hand side represents
the dehumidification provided by the air conditioner. The heat load input to the equipment model determines the actual dehumidi-
fication rate. The effect of humidification or moisture absorption is represented by the first term on the right-hand side. Other moisture
inflows attributed to ventilation or outdoor air is assumed. The latent heat load in equation (27) varies depending on the difference in
absolute humidity between blowing and sucking airflows. This is because the relative humidity of the space changes owing to
dehumidification caused by the air conditioning, which in turn affects the power consumption. Thus, considering the dehumidification
of the radiant panel should improve the accuracy of the calculations.

k=1

du, < , X . .
Vi - rwi% = Z Sij Y (ﬂw.:.j - Mw,i)”i + Z Vi (Yw.k e = Vi '//‘i) + Vl)(ywﬂ “Ho = Vi 'ﬂi) + Qg+ Hi — Xrremove M- (29)
=

2.6. Space moisture balance considering radiant panel dehumidification

The moisture balance of the space considering dehumidification by radiant panels is given by equation (30). The fourth term on the
right-hand side indicates the dehumidification by the radiant panels. The radiant panel’s surface temperature is lower because of
cooling by the supplied water, which allows it to reach the dew point temperature. Dehumidification is defined as the moisture po-
tential difference, which is represented based on the laws of thermodynamics and allows the effect of dehumidification to be
considered in more detail than in the engineering model (where the water vapor pressure is the driving force of the wet flow) [26].

du; : . .
Via- rw% =S s — )i D Vi (ke e = Vo ) + Vo (Fao My = Vi H5) + Qe
=1

k=1
J

- Sip .a;l,i.p (:uw‘s,p 7:“»1!,i)”i, (30)

p=1

2.7. Space heat/moisture balance including air conditioner and radiant panel dehumidification

The indoor humidity balance equation considering the dehumidification provided by both the air conditioner and the radiant panel
is given by equation (31) as follows:
du; k N . J ,
Viol - '”w.i?tl = Z Vi (Yw.k M = Vi '.ui) +V, (}’w,o My = Vi '/4;) + Qg — Z Sij i (ﬂwv‘zf B ”W-i)"{' = XrremovesMrs. D

k=1 =1

The dehumidification terms for the radiant panel use the same equation as the first term on the right side. However, because the
surface is cooled and likely to have reached the dew point temperature its effect is considered as subtracting moisture from the space.
The accuracy of the power consumption calculation is expected to improve when the dehumidification rates provided by the air
conditioner and radiant panel are combined because the heat load input to the equipment characteristic model varies with time.
Validating the accuracy of the answer is beyond the scope of this study. The heat balance is given by equation (32):

ar, < k
Viior &= Zsi,/"ac.i,j(Ts,i,j_Ti)"' ka'CV(Tk—ﬂ)‘l‘Vo'C}’(Ta—ﬂ)""Qg,h- (32)
= =1

The first term on the right-hand side indicates that the convective heat transfer coefficient is a crucial factor to consider.

2.8. Calculation of power consumption considering dehumidification

The power consumption is expressed in equation (33) as follows:
P=P,+P,. (33)

The actual performance coefficient can be calculated using equation (34):
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q
M= P 34
The power consumption of the chiller can be obtained by transforming the actual performance coefficient as follows:
Py =—. (35)

The actual performance coefficient can also be expressed as follows:

Ny=Ren, (36)
Substituting equation (36) into equation (35) yields equation (37):
q

v = . 37
Re UM ( )
The theoretical efficiency of the refrigeration cycle is expressed by equation (38):
_ Tewp
0 Tt~ Ty (38)

2.9. Calculation of the power consumption of radiant panels

The power consumption of the heat source equipment can be calculated using various approaches that employ approximate for-
mulas based on statistical data of the actual usage during floor heating. The power consumption of the heat-pump air conditioning
equipment during cooling has not been computed using any method. In this study, the versatility of the equipment characteristic model
allowed us to create and extend the algorithm to calculate the power consumption of the heat pump of the heat source equipment using
a chilled water generation method. The calculation procedure and flow are described in Section 4. However, the method for deriving
the refrigerant evaporation temperature is different. The power consumption of the heat source at maximum and minimum capacities
is unknown.

In the equipment characteristic model for air conditioners, the refrigerant evaporation temperature is assumed equal to the surface
temperature of the indoor heat exchanger. However, in the case of a radiation panel, as shown in equation (39), the equipment model
of the chilled water generator can be obtained by assuming that the refrigerant’s evaporation temperature is equal to the return
temperature of the circulating liquid. If the return temperature of the circulating liquid has a time-varying value, it can be treated as
variable over time in the THERB-side calculation:

Tewp =Tore- (39)

In the equipment characteristic model, the maximum and minimum cooling capacities (or heating capacity) are required during the
calculation. However, using the model when the cooling capacity and power consumption under rated conditions are simply taken
from the specifications can lead to inaccuracies. To address this issue, estimated values based on actual measurements were used. For
the maximum power consumption, the specification heating values were used. For the minimum condition, the cooling capacity at
minimum power consumption according to current measurements was used. Because the cooling capacity of a radiant panel is the
amount of heat processed in cooling a liquid, the cooling capacity is expressed using equation (40):

0= (Toou—Tire) o Lo C, (40)

== latent heat load
=e— sensible heat load

Heat Load [W]

Time [h]
* No Dehumidification

—o— latent heat load
=e— sensible heat load

s

e 0 Time[h] 2
* No Dehumidification Radiantpanel | |~ * Dehumidification + Dehumidification

Heat Load [W]

Fig. 2. Proposed coupled analysis methodology.
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3. Materials and methods
3.1. Incorporation of air-conditioner dehumidification model into THERB

As this study is an extension of a previous study [20], detailed explanations are omitted herein. The analysis in this study used the
THERB tool for heat-air-moisture (HAM) analysis. THERB is a dynamic and highly versatile heat load simulation tool that enables
combined heat and moisture transfer®. It is widely used for various thermal environment simulations and power consumption cal-
culations [23].

The proposed analysis tools can be used to calculate the power consumption and dehumidification of radiation panels. Although
previous studies have focused on the dehumidification and power consumption of air conditioners [23], they did not consider the
coupled convective heat transfer coefficient. Therefore, a novel model that includes both air conditioning and radiant panels was
incorporated into THERB for HAM analysis.

Fig. 2 shows the latent heat load variation with and without dehumidification. It must be noted that Fig. 1 shows only a conceptual
diagram based on the hypothesis that the latent heat load varies and does not imply that dehumidification significantly affects power
consumption. Yamamoto et al. [23] already confirmed the effect of air-conditioner dehumidification on the latent heat load in a
previous study. Dehumidification was incorporated into the generic equipment characteristic model developed by the Central
Research Institute of the Electric Power Industry for air conditioners. The accuracy of the power consumption calculation was found to
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Fig. 3. Plan views of the experimental house and measurement points (Yamamoto et al. [20]).
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be affected when the dehumidification rates were not coupled, compared to the case where the relative humidity was a constant value
[23]. Therefore, in this study, a coupled dehumidification system was implemented to decrease the previously calculated dehumid-
ification amount in subsequent calculations, with the aim of improving accuracy. Such a system was incorporated in the current study.

The power consumption of the air conditioner was expected to be significantly affected by the variation in the latent heat load,
which was derived from the difference between the amount of dehumidification provided by the equipment and the space moisture
balance. To improve accuracy the chilled water piped radiant air conditioning system in THERB was extended to consider fin efficiency
when calculating the dehumidification provided by radiant panels. Based on the moisture potential theory developed by Ozaki et al.
[26], fin efficiency is defined as the ratio between the net heat transferred from the fin surface and the heat transferred assuming the
hot water temperature is equal to the total surface temperature of the fin. The effect of dehumidification is considered when calculating
the space moisture balance. The effect of incorporating the dehumidification provided by the equipment on the accuracy of the
verification results was evaluated and an operation technique that considered the effect of dehumidification and satisfied both energy
efficiency and comfort was developed using case studies.

3.2. Outline of the subject building

The accuracy of the building model was verified using the equipment model, and that of power consumption of the radiant panels
was verified using test data [24] from an experimental house built in an artificial weather chamber. Fig. 3 shows plan views of the
experimental house and measurement points. The kitchen, living room, staircase on the first floor, hallway on the second floor, and
atrium were analyzed (orange portions in Fig. 3; the measured heights differ for each color). Please refer to previous studies for data
not used in this study [20].

The ceiling heights of the first and second floors were 2400 mm from the FL. The height from the FL of the living room to the ceiling
of the atrium space was 5290 mm. Three convection air conditioners (hereafter referred to as “air conditioners”) were installed in the
experimental house: one on the second floor, and the other two on the first floor. Radiant air conditioning (hereafter referred to as
“radiant panels”) was turned off in rooms other than those analyzed during the actual measurements. Three radiant panels were
installed on the first floor of the experimental house. The surface temperature of the panels, as well as the onward and return tem-
peratures and flow rate of the circulating fluid, were measured to determine the heat input (the onward and return temperatures of the
circulating fluid were already published in Yamamoto et al. [24]). These data were measured on three radiation panels. All the
temperatures were measured using T-type thermocouples with a precision of +0.5 °C.

The experimental house was designed to meet the ZEH standard (energy-saving regional category 4-7, UA = 0.6 W/m?K) [20];
therefore, it exhibited sufficient thermal insulation performance. The building was steel-framed with 75-mm-thick lightweight con-
crete exterior walls. Therefore, a case study on the combined use of radiant panels and air conditioners, which have been increasingly
used in buildings with adequate thermal insulation performance, could prove advantageous.

The radiation panels used in this study consisted of cross-linked polyethylene pipes sandwiched between aluminum plates. The
connection was made of resin and the structure was treated to provide high durability against rust and corrosion. A total of 10 or more
aluminum plates were used to create a single panel (W850 x D100 x H2,400 [mm]). The radiant panels used a common water-cooled
heat pump as the heat source.

3.3. Measurements and test conditions

Details of the experimental conditions and the equipment specifications used in the study are provided in Yamamoto et al. [20].
Table 1 provides a summary of the most relevant experimental conditions.

4. Verification of accuracy of dehumidification models and power consumption of radiant panels

The accuracy of the power consumption estimation model that incorporated dehumidification was verified based on the results of
an experiment conducted by Yamamoto et al. [20]. Measured values of the blowout, intake temperature, and humidity were used. In
this section, we examine the extent to which the space relative and absolute humidities are affected when space dehumidification with
air conditioners and radiant panels is considered. Further, the degree of its influence on PMV is also validated.

Table 1
Experimental conditions [20].
Target Item Conditions
Artificial weather chamber Set temperature 35°C
Set chamber humidity 60%
Ventilation frequency 0.7 times/h
Air conditioning Set temperature 28°C
Blowout angle 0° (From a horizontal plane)
Wind speed Weak operation
Radiant panel Set temperature 24 °C
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4.1. Verification of accuracy of radiant panel models

The accuracy of the radiant panel model was validated. Figs. 4(a)-(c) show the results of the verification of the accuracy of the
radiant panel’s surface temperature. The measured outward temperature was used as the input. In addition, the flow rate varied over
time following the actual measured flow rate reported by Yamamoto et al. [20], which was in the range of 1.8-2 L/min. In the case
study, specification values were used as fixed values. The surface temperature of Panel 1 (Fig. 4(a)) was lower than the calculated
value, which could be attributed to local variations in the air temperature near Panel 1 or the connection between the radiant panels
being remarkably complicated. Only Panel 1 was constantly used by the control system. The remote-control units, which served as
sensors, were accurately located. Because Panel 1 was located near the window, the local temperature may have been higher. THERB
used the bulk temperature as the reference temperature, and the error was considered to have occurred within that range. There were
various possible sources for the error in Panel 1, including the measurement device (2.5 °C) or the position of the panel’s sensor. Such
errors could occur because the panel’s sensors were concentrated in one location. Because these errors were within the error ranges of
the measuring instruments, the sensors were considered to provide accurate values. Yamamoto et al. showed that the effect of a
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Fig. 4. Accuracy verification results for the surface temperatures of the radiant panels [20].
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difference in surface temperature was small for the calorimetric diffusion coefficient, and therefore, the error was acceptable [20]. The
effect of the surface temperature on the thermal diffusivity was small because the surface temperature was not used in the thermal
diffusivity formula. In other words, the surface temperature had little influence because the effect of the heat loss was dominant.
Although the surface temperature contributed to the heat loss, it was considered part of the heat loss.

In addition, because this was a relative comparison, the reference temperatures were expected to vary because the air conditioner
was operating on the first floor. Therefore, no adjustment factor was used. Some errors in the radiation calculations were expected
because of differences in various factors such as the form factor. The errors are considered acceptable here because the primary
purpose of this section is to draw relative comparisons based on case studies. The control issue that resulted in only Panel 1 operating
during the accuracy verification process is unresolved. Panels 1 and 3 (Fig. 4(c)) were used in Case 2 but not in Case 3 because Panels 2
(Fig. 4(b)) and 3 were too close for practical simultaneous operations; it was necessary to operate Panels 1 and 3 simultaneously.

4.2. Verification accuracy of power consumption of air conditioners and radiant panels

The accuracy verification was intended to be complementary. Even if there was a quantitative error of some percentage, the actual
measured power consumption followed the same trend, and therefore, considering the purpose of this study, there was no need to issue
an MAPE. The power consumption trend repeated itself in every operation, but its validity could not be determined, especially for
radiant panels. Furthermore, the case study assumed a convective heat transfer coefficient of 4 W/m?K, which was a relative
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comparison. A simple comparison is sufficient for verifying accuracy in relative studies.

The equipment characteristic model used dehumidification when computing the power consumption; therefore, the validity of the
dehumidification coupling was confirmed by verifying the accuracy of the power consumption; this helped verify the actual mea-
surement results. Fig. 5(a) shows the equipment model heat input process. The sensible heat loads are given by equation (41):

QS = (Te[n - Team) L4 Min L4 Ca Ly (41)

where Qg, Tein, and Teoyt represent the actual measured sensible heat load [W], inlet temperature [K], and outlet temperature [K],
respectively.
The latent heat load is given by equation (42):

QL = (Xfin _Xaout) L4 Min L4 Ca e, (42)

The sensible and latent heat appeared to respond in a step-controlled manner because the radiant panels were turned off while the
air conditioner produced no sensible heat. This increased the amount of heat being processed. Fig. 5(b) shows the results of the
verification of the accuracy of the air conditioner’s power consumption. The actual measured values exhibited a step change in the 100
W-180 W range for the load. The case where the bulk temperature and humidity of the second floor were used as input values for the
equipment model was compared with the scenario where the measured intake temperature and humidity of the actual air conditioner
were used. The results showed that the power consumption corresponded to the actual measured values when the actual measured
intake temperature was used as the reference temperature. This could be attributed to the rise in refrigerant evaporation temperature
with the suction temperature. However, the prediction accuracy was validated, even when the bulk temperature and humidity of the
second floor were used as inputs. The suction temperature significantly affected the refrigerant evaporation temperature; therefore,
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caution should be used in flow fields where local temperature stratification occurs. Fig. 5(c) shows the results of the accuracy veri-
fication of the radiant panel power consumption. The calculated values were tracked, and the measured values were consistent during
the operation of the radiant panel. Although the measured outgoing and returning temperatures were used as input conditions, the low
measurement accuracy of £2.5 °C for the measured return temperature affected the accuracy of the power consumption calculation.
However, the calculation accuracy was high when one unit was in operation. Using specification values during heating affected the
calculation accuracy for the maximum power consumed.

4.3. Impact of considering dehumidification on a humid environment

Figs. 6(a)-(c) depict the level of dehumidification in each zone of a humid environment when dehumidification is considered.
During the accuracy verification, dehumidification was considered under the following conditions (Fig. 6(a)). Dehumidification was
considered in Step 5 in the analysis flow. The relative humidity of the outside air, absolute humidity, and relative humidity were
approximately 63%, 21 kg/kg (DA), and 70%-80%, respectively. The maximum dehumidification rate in Room 6, where the radiation
panels were installed, was 240 g/h (Fig. 6(c)). This relatively high dehumidification rate was the cause of the low relative humidity in
Room 5 (Fig. 6(b)). The dehumidification process should be considered because the relative humidity depends on the volume of the
space. ESs often uses customary values for indoor relative humidity. In this study, the indoor humidity was set at 70% (Fig. 6(a)). The
environmental humidity and dehumidification rate, when the customary value of 4 W/m?K is given as the boundary condition for the
THERB wall surface, were discussed. In Room 11 on the second floor both, the relative and absolute humidities were found to be higher
than the room temperature calculated using the convective heat transfer coefficient obtained from CFD. This difference was attributed
to the lower calculated room temperature. In contrast, the relative humidity showed a high value of approximately 80%, indicating a
need for dehumidification in this environment.

4.4. Dehumidification of air conditioners and radiant panels with and without coupled convective heat transfer coefficients

Figs. 7(a) and (b) show the heat values of the processed heat rate and dehumidification of the equipment during the 4 W/m2K
coupling. The high load periods for the air conditioner processed heat rate and the dehumidification of the radiant panel were closely
correlated Fig. 7(a). The accuracy of the proposed method was examined based on the experimental data from the previous study [24].
The convective heat transfer coefficient of the wall surface is important when using the equipment characteristic model. However, this
is not expected to raise significant issues when used for relative comparisons. Because there were no errors in the calculation of the
room temperature, there was no variation in the level of dehumidification provided by the radiant panel. The degree of dehumidi-
fication provided by the radiant panel was caused by condensation as the refrigerant evaporation temperature fell and the heat load
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increased during the day (Fig. 7(b)). The dehumidification provided by the air conditioner occurred during periods of low refrigerant
evaporation temperatures.

4.5. Comparison of results for calculating the frequency of PMV occurrence

Fig. 8 shows the frequency of occurrence of PMV with and without dehumidification. Although there was no considerable dif-
ference in the overall trends (Figs. 8(a) and (b)), the PMV of Room 5 moved closer to the median when dehumidification was not
considered (Fig. 8(b)). This was because the PMV remained at approximately 75% when dehumidification was considered (Fig. 8(a)),
which resulted in a low PMV value. The conditions during the accuracy verification indicated that considering dehumidification
enables safe evaluation. The rate and number of PMV occurrences should be examined when the accuracy of the building model and
power consumption has been verified. It was possible to draw some conclusions regarding the relative evaluation in the case study
because this demonstrated the value of dehumidification coupling.

5. Proposal for optimal operation using both air conditioning and radiant panels
5.1. Purpose of the case study

As described in the previous section, we verified the accuracy of the calculation of power consumption of the air conditioners and
radiant panels and evaluated the effect of dehumidification. The aim of this case study was to propose an operating strategy for air
conditioners and radiant panels that balances comfort and energy efficiency while considering the dehumidification provided by the
air conditioners and radiant panels in the calculations.

To this end, algorithms for the dehumidification provided by the air conditioners and radiant panels were incorporated and
extended to an analytical tool that tracks humidity fluctuations over time. The power consumption of the air conditioners and radiant
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panels was calculated using the equipment characteristic model developed by the Central Research Institute of Electric Power [24].
The contribution of the power consumption of the air conditioners and radiant panels to the PMV (i.e., the comfort index) was also
calculated.

5.2. Case study details

Table 2 lists the details of this case study. The number of panels and the location of the air conditioner were used as variables to
establish representative cases. The water supply temperature was varied between 7 and 15 °C to verify the panels’ sensitivity to the
impact of their capacity. The parameters were varied to determine an optimal operation strategy for air conditioners and radiant panels
operating together in a large area. The calculation of the heat diffusion coefficient based on the on/off status of the radiant panels did
not affect the results. Therefore, in this study, the water supply temperature for Cases 1-4 was set to 7 °C. The analysis used the heat
diffusion coefficients of Cases 1-1, 2-1, and 3-1 at water supply temperatures of 7 °C and 15 °C. In the case studies, the heat input of the
air conditioner was set to a “low” operating condition during the accuracy verification.

Our focus in this study was on achieving both comfort and energy efficiency when supplementing the radiant panels with air
conditioners. The air conditioner was not operated at “high” level to avoid highly irregular temperature distributions. This study was
conducted using a highly insulated house that was equivalent to the ZEH as buildings complying with the revised law are often highly
insulated and in high demand.

A typical analysis workstation would take approximately four days to complete the analysis; therefore, it was not suitable for
investigating numerous cases. The proposed method anticipates future improvements in computing power (the use of supercomputers
and the development of quantum computers). However, this study used an optimal operation scheme with the proposed method.

5.3. Method and assumptions for setting boundary conditions

Yamamoto et al. [24] used measured values to calculate many CFD boundary conditions. Therefore, some analytical errors needed
to be accepted. For a relative evaluation, the convective heat transfer coefficient was set to 4 W/m?K. The measured values were not
tracked despite the building model’s validity being guaranteed within a given range owing to the variations in the convective heat
transfer coefficient’s reference temperature for the locations where some temperature stratification occurred. This may be an
ES-specific problem and is, therefore, beyond the scope of this study. However, it is believed that the determination of the optimal
operation method for air conditioners and radiant panels were not significantly affected because the evaluation was relative and the
calculation results were used as reference values during the accuracy verification process.

The measured air conditioner blowout temperature and airflow rate were used as boundary conditions for the CFD model. The
rated value was used as the air volume with respect to the airspeed. The blowout temperature was derived through a convergence
process based on the THERB heat load calculated using equation (43):

g =v oy (Tyr — Ty) (43)

Fig. 9 shows the flow of the analysis after it was modified based on the accuracy verification process. The wall surface temperature
and heat load were calculated in Step 1 and then used in Step 2. These changes were made after carefully analyzing the computational
load and available time. Therefore, during the accuracy verification process, the measured values were monitored within a specific
range even when the convective heat transfer coefficient was set to a standard value of 4 W/m?K.

5.4. Comfort prediction and discussion of results

Table 3 lists the conditions used for the PMV computations. Light summer clothing was assumed for the calculations. The room

Table 2
Case study details.
Case Radiant panel conditions AC units in operation
Radiant panel Water temperature [°C] Flow rate [L/min]

Number of units in operation

Case 1 Case 1-1 3 units 7 2FAC
Case 1-2 11
Case 1-3 15

Case 2 Case 2-1 2 units 7 2FAC
Case 2-2 (Panels 1 and 3) 11
Case 2-3 15 1.5

Case 3 Case 3-1 1 unit 7 2FAC
Case 3-2 (Panel 3) 11
Case 3-3 15

Case 4 Case 4-1 7 1FAC
Case 4-2 11
Case 4-3 15
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Fig. 9. Analysis flow using only the values calculated for the proposed method.

Item

Condition

Air temperature

Relative humidity

Airflow (wind speed)
Average radiant temperature
Amount of clothing
Metabolic rate

THERB-calculated value
THERB-calculated value
CFD-calculated value
THERB-calculated value
0.5 [clo]

1.0 [met]

temperature and relative humidity are easy-to-understand indicators for evaluating PMV; however, individual preferences can vary.
Therefore, in this study, the comfort evaluation was based on the PMV specified in ISO-7730 [28]. Meteorological data from the
standard year of the extended AMeDAS were used to ensure the generality of the case study. Table 4 shows the analysis conditions for
THERB. Because this is a relative comparison, convective heat transfer coefficient of 4 [W/m?K] was used, which is the customary
value. Table 5 lists the analytical conditions for the CFD used in Step 2 (Fig. 9). A low-Re-type k-e model was used for the turbulence
because it was adapted to the analysis conditions during the accuracy validation. The conditions set here were aligned with those set
during the accuracy verification process. The air conditioner blowout velocities were rounded to the nearest values used during the

Table 4
THERB analysis conditions.
Item Condition
Computation period 7/20-25
Computed time interval 1 min
Building location Tokyo metropolitan area
Building azimuth South
Weather data Tokyo Standard Year Extended AMeDAS (2001-2010)
Ventilation frequency 0.7 [Time/h]
People in the room None
Convective heat transfer coefficient 4.0 [W/m3K]

Relative humidity

Number of days for preliminary calculation
Set temperature for Step 1

By air conditioner

Calculated taking dehumidification into account (There is also a comparison with no dehumidification)

5 [days]
25 [°C]
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Table 5
Analysis conditions for CFD in Step 2.
Item Condition
CFD code STAR-CCM+ 12.04.011
Turbulence model Standard low-Re k—& model
Number of meshes Approx. 5 million (adjusted on a case-by-case basis) y+ > 1

Wall boundary condition Enter the calculated value of THERB in step 1 [°C]
Velocity: no-slip, K|wan: no-slip
K: von Karman’s constant [—]

Air supply port Lac: 0.088 [m]
Lyent: 0.0075 [m] v: wind speed [m/s]
C,: model coefficient [] k: kinetic energy [m?/s%]
I: turbulence intensity [—]
&: turbulence dispersion rate [m?/s°]

Inflow boundary Turbulence Strength Air conditioning 0.05 [-]
Ventilation opening 0.01 [-]
Ventilation opening Inflow temperature All cases 34.18 [°C]
Flow rate 0.018 [kg/s]
Blow-off flow rate 0.105 [kg/s]
Air conditioning Angles 0 [°] (horizontal level)
Blast temperature Case 1 Air conditioner 20.4 [°C] Ventilation opening 35.4 [°C]
Case 2 Air conditioner 20.15 [°C] Ventilation opening 35.4 [°C]
Case 3 Air conditioner 20.32 [°C] Ventilation opening 35.4 [°C]
Case 4 Air conditioner 16.85 [°C] Ventilation opening 35.4 [°C]
Air conditioner: Intake All cases 0.105 [kg/s]
Gas exchange port: export realm 0.018 [kg/s]

accuracy verification to conduct a relative evaluation based on a case study that captured an actual situation rather than using the
rated value, which could cause excessive cooling according to the accuracy verification results. Here, the condition y+ > 1 was
generally satisfied. Further, u+ and y+ were expressed as linear relationships for the near-wall treatment. However, even in the few
scenarios where y+ < 1, 1.5 > y+ was satisfied. Therefore, the accuracy was not significantly impaired and the analysis was considered
acceptable because its purpose was to conduct a relative evaluation. The blowout temperature of the air conditioner in Case 4 was
lower than those in the other cases because of the strong solar radiation load from the window on the first floor.

5.4.1. Typicality of outdoor air temperature
Fig. 10 shows the fluctuations of the relative humidity and temperature of the outdoor air. The hottest days with highs exceeding

35 °C were used. A typical day in summer has a relative humidity ranging from 50% to 80%. The extended AMeDAS weather data were
used from preliminary calculations to ensure the representativeness of the analysis.

5.4.2. Comparison of heat input for integration

Fig. 11 shows the heat input of the air conditioners and radiant panels for each case investigated over two days (July 24-25). There
was no change in heat input with or without dehumidification because the heat load in Step 1 was used, and no dehumidification was
performed. If dehumidification is performed, it is closely related to the calculation method for the air conditioner input, which implies
that boundary conditions are calculated using the equipment characteristic model. Dehumidification was ignored in the heat input
computations used in this study because such estimation was considered esoteric owing to the need for a stepwise preliminary
investigation. The latent heat was not calculated in Step 1 because the sensible heat load should be used as the heat input for the
proposed method. When three panels were used, the radiant panel showed a value of approximately —1290 kJ, which was approxi-
mately 1.74 times higher than that of the air conditioner. In Case 4, the heat input of the air conditioner was a large value, approx-
imately —1095 kJ. Compared to Case 3, which had the same number of panels (one panel) the heat input was higher. This was because
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Fig. 10. Change in relative humidity and temperature of the outside air.
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Fig. 11. Comparison of heat input over two days (July 24-25) for air conditioners and radiant panels.

the amount of heat input for the radiant panels depended on the chilled water supply (water temperature and flow rate). Even if the
input heat did not change significantly, the amount of heat processed on the first floor could be high because of the increased heat from
the solar radiation through the windows. For Cases 1-3, the heat input from the air conditioner was based on the second-floor data; for

Case 4, it was based on the first-floor data. Although these features are debatable, they were not discussed in this study because it was a
relative comparison.

5.4.3. Comparison of calorimetric diffusion coefficients

Fig. 12 shows the heat diffusion coefficients for each investigated case. The air conditioners were mostly confined to the second
floor, with a value of approximately 0.75-0.8 [-] for the two floors. In contrast, the radiant panels distributed approximately 0.75 [-] of
the heat for the first floor combined, which was equivalent to convection. When using a reduced number of panels, the heat diffusion
showed a marginal difference, whereas Case 4 distributed approximately 0.68 [—] of the heat compared to that in Room 6. The panel
surface temperature had little effect on the heat distribution coefficient. Therefore, convection will have a greater effect on the heat
loss than the surface temperature. In this case study, only Case 4 considered the condition where the forced convection field fluctuated.
However, validating the sensitivity of the radiant panel is a priority based on the actual operational conditions. In the future, it is
necessary to investigate its compatibility with the actual operation of air conditioners; however, it should be emphasized that humans
find forced convection fields uncomfortable because of the draft effect.

5.4.4. Comparison of the accumulated dehumidification provided by air conditioners and radiant panels

Fig. 13(a) and (b) shows the dehumidification provided by the air conditioner and the total dehumidification provided by the air
conditioner and radiant panels in two days. The highest dehumidification was observed when three panels were in operation (Fig. 13
(a)). The dehumidification decreased with the number of panels. Further, it decreased with an increase in the temperature of the water
supply. This was because the panel surface temperature increased, and no condensation occurred. The air conditioner dehumidified in
Case 4, but the dehumidification rate was lower at 302.63 kg/h even when the temperature at which the radiant panel was pumped
was the same as that in Case 3-1. In this case, the air conditioner dehumidified at 68.49 kg/h, for a total dehumidification of 371.12kg/
h. In Case 4, the dehumidification rate of the air conditioner increased with the water supply temperature. This was because the air
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Fig. 12. Heat quantity diffusion coefficients for each case.
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Fig. 13. Total and air-conditioner dehumidification over 2 days.

conditioner compensated for the lack of dehumidification by the radiation panel. Dehumidification occurred during daytime hours
(approximately 8:00 to 18:00) according to variations in the air-conditioner dehumidification over time (Fig. 13(b)). This was most
likely caused by the increased heat load from solar radiation transmitted through the window.

5.5. Contribution to indoor temperature and environmental humidity by applying the proposed method for air conditioners and radiant
panels

We assessed the relative PMV and power consumption of each zone when air conditioners and radiant panels were used together.
The latter was assessed using the total power consumption for two days to match the comparison method for the PMV and power
consumption. The ratio of the space volume determined the amount of dehumidification by the radiant panels.

5.5.1. Comparison of representative cases with and without dehumidification provided by air conditioners and radiant panels

Cases 1-1, 2-1, 3-1, and 4-1 were used to compare the air conditioners and radiant panels with and without dehumidification. A
water supply temperature of 7 °C was selected because it was within the acceptable range for the accuracy verification and required
little power. Additionally, it was used to determine the influence of the amount of electricity consumed by the air conditioner.

5.5.1.1. Comparison of representative cases 1 to 4 (water supply temperature 7 °C). Fig. 14 shows the occurrence rate and frequency of
PMV in the case studies. In Case 4, the first floor shows the median value of the PMV; however, the second floor shows a higher value
and is outside the comfort range because no equipment is installed on the second floor. In contrast, the corridor on the second floor may

be used on the first floor, but it is beyond the range of the air conditioning system. However, this study could only present possibilities
because the PMV would depend on actual usage.

5.5.1.2. Sensitivity analysis of water supply temperature for radiant panels in cases 1 to 4. In Case 1, the PMV value approached the
median value with an increase in the water supply temperature; a similar trend was observed in Case 2. In Case 4, an increase in the
water supply temperature did not affect the second floor; however, the first floor showed values of —0.5 [—] to 1.0 [—] when the water
supply temperature was 7 °C. The first floor showed a high frequency of values occurring in stages that were close to the median value
when the water supply temperature was increased to 15 °C.

5.5.1.3. Comparison of the impact of dehumidification in representative Cases 1 to 4 (water supply temperature of 7 °C). Case 1-1 (no
dehumidification) to Case 4-1 (no dehumidification) (Figs. 14 (b),(f),(i),(n))represent the cases with no dehumidification. Compared to
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Case 1(Fig. 14 (a)), with and without dehumidification, there was only a small error (Figs. 14 (a)-(p)). The first floor showed a small
difference, but the second floor showed no variation. This was because of the lack of dehumidification by the air conditioners. Thus,
dehumidification had a minimal impact on the radiant panel. In Case 2, the effect of dehumidification on the PMV on the first floor was
approximately 4% at the maximum, which indicated that dehumidification had a significant effect (Figs. 14 (e),(g),(h)). In addition,
the effect of dehumidification on the second floor was approximately 3% because of the higher impact of the radiant panels on
dehumidification. Dehumidification by the air conditioners was only observed in Case 4 (Figs. 14 (m),(0),(p)). In Case 3, the PMV rate
on the second floor was 7% higher than with no dehumidification (Figs. 14 (i),(k),(1)). The effect of the dehumidification by the radiant
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5.5.2. Power consumption predictions and discussion results for air conditioners and radiant panels
Fig. 15 shows a comparison of the integrated power consumption of the air conditioners for two days. This section compares the
integrated power consumption of convection and radiant air conditioners for two days to identify the predominant difference between

cases.
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5.5.2.1. Comparison of representative Cases 1 to 4 (water supply temperature 7 °C). The overall trend in Cases 1-1 through 4-1 showed
large power consumption levels for the radiant panels. The heat input into the space decreased with the number of panels. The COPs at
the rating were 5.18 [-] for the air conditioners and 2.78 [—] for the radiant panels, which indicated the reason for the higher power
consumption by the radiant panels. There was no difference in the heat input in the cases where the air conditioners on the second floor
were operated. However, this was because the heat load calculated by THERB for the second floor was used as a reference. The heat
quantity diffusion coefficient was concentrated on the second floor; therefore, the heat load on the second floor was considered in this
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Fig. 15. Comparison of two-day total energy consumption of air conditioners.

case. Convergence calculations may be necessary depending on the actual operational conditions. For Case 4, the air conditioner and
radiant panel were mixed on the first floor such that the air conditioner covered a certain load. In the calculation algorithm, the heat
load of the air conditioner was calculated by considering the convection of the radiant panels and multiple reflections attributed to

thermal diffusion and radiation (Gebhart’s absorption coefficient). Therefore, in Case 4, the power consumption of the air conditioner
increased by 2 MJ.

5.5.2.2. Sensitivity analysis of water supply temperature for radiant panels in Cases 1 to 4. A sensitivity analysis was performed when the
water supply temperatures were changed to 11 °C and 15 °C. The power consumption of the radiant panels decreased when the
temperature increased, and that of the air conditioner increased slightly. In Case 4, the power consumption of the air conditioner
increased by approximately 2 MJ. Although the total power consumption trends of Cases 3 and 4 were similar, as shown in Fig. 15, it
was necessary to consider the combination of comfort and power consumption.

5.5.2.3. Comparison of the impact of dehumidification in representative Cases 1 to 4 (water supply temperature 7 °C). The degree of in-
fluence on power consumption with and without dehumidification was evaluated in representative cases. As shown in Fig. 13(a), the
air conditioner dehumidified only in Case 4. This indicated an increase in processed heat, which affected power consumption.
However, the difference between power consumption with and without dehumidification was approximately 0.23 MJ, which was not
considered large. The effect on the power consumption was negligible.

5.5.3. Optimal operation method for air conditioners and radiant panels

In Sections 4.5.1 and 4.5.2, comfort and energy efficiency were investigated using the thermal environment analysis method for the
combined use of air conditioners and radiant panels. In this section, an optimal operation method that satisfies both comfort and
energy efficiency and the case-by-case analysis are discussed.

5.5.3.1. Optimal operation method considering both comfort and energy efficiency. If only comfort was considered, Case 3-2 showed a
relatively high median value, whereas Case 1-3 showed that for the second floor. This was because of the large area of the wall surface
in contact with outside air, which varied from day to night. Case 1-3 showed a relatively low value of 77.06 MJ in the comparison of
the integrated energy consumption, whereas Case 3-2 showed an even lower value of 60.43 MJ. In all cases, except for Case 4, the
median value was higher when the water supply temperature was 11 °C. In Case 4, the difference in PMV in terms of the water supply
temperature was insignificant; however, the median value was lower than that in Case 3-2, which was 15 °C. The median value was
observed on the first floor when the water temperature was 15 °C. In contrast, Case 4-3 saved energy in terms of the integrated power
consumption at 57.4 MJ. Considering the increase in the whole-building air conditioning, Case 3-2 satisfied both comfort and energy

efficiency simultaneously, based on the results of the integrated power consumption. However, the energy efficiency was based on a
relative comparison.

6. Conclusions

After investigating the effect of incorporating dehumidification, the proposed method was applied to a case study to determine the
optimal operation method that satisfies both comfort and energy efficiency. The accuracy of the coupling method was improved by
considering dehumidification, which was particularly important for achieving comfort. Additionally, we examined the contribution of
dehumidification to comfort, noting that no significant difference was observed because of the high insulation performance of houses.
However, the effect of this difference on insulation performance was beyond the scope of this study.

The importance of dehumidification varies depending on the required level of accuracy and could become more prominent if
moisture-absorbing or dehumidifying materials were incorporated into the walls. Nevertheless, the results of this study do not un-
dermine the need for dehumidification measures. The impact on power consumption was limited to Case 4, wherein the air conditioner
provided dehumidification. This was because dehumidification led the air conditioner to bear the total heat load resulting from solar
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radiation. The difference in the power consumption of the air conditioner with and without dehumidification was 0.23 MJ. It was
assumed that the environmental impact on energy efficiency was not significant. However, under different conditions, such as when
only the air conditioner is in operation, the effect on power consumption is expected to increase.

The use of three radiant panels resulted in overcooling in the occupied areas, specifically Rooms 5 and 6. However, the median PMV
value was improved by increasing the water supply temperature. Case 1 exhibited higher power consumption than Cases 2-4.
Although a relative comparison of integrated power consumption was provided, determining the significance of subtle differences was
largely dependent on the energy field, which is beyond the scope of this study. Cases 3 and 4 showed relatively low integrated power
consumption. However, in Case 4, the discomfort caused by the draft produced by the air conditioner could not be ignored and the
comfort level on the second floor was inadequate, making this operating method unsuitable considering the proliferation of whole-
building air conditioning in modern times. Therefore, Case 3 was deemed more appropriate in terms of energy efficiency and com-
fort. The comfort level remained within the 7-point rating owing to the highly insulated design of the house. While the case study holds
some validity for the thermal environment analysis under the combination of radiant panels and air conditioning, which is in line with
the current situation, a more detailed analysis is required to determine whether such a combination is ideal. Further investigation into
the temperature of the supply water is recommended as well.

The proposed method offers a useful approach that can be applied when planning various housing types, ideally during the design
stage. It can be particularly valuable for analyzing large spaces, such as libraries where a certain level of effective dehumidification is
required.

Despite its potential applications, future works should address some issues with the proposed model. The model does not indi-
vidually consider air conditioners or radiant panels, because the focus was on the operational scheme, excluding other operations.
Future studies should compare scenarios involving various equipment and devices. A, it is necessary to explore how boundary con-
ditions are established for air conditioners, using the equipment characteristics model developed by the Central Research Institute of
the Electric Power Industry. Finally, the dehumidification algorithm should be made more relevant when applied to buildings that
employ moisture-absorbing and desorbing materials.
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CFD computational fluid dynamics
CL ceiling

ES energy simulation

FL floor

HAM heat-air-moisture

THERB thermal environment of residential buildings
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