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Abstract

A radiant floor cooling system (RFCS) is a high-comfort and low energy consumption system suitable

for residential buildings. Radiant floor systems usually work with fresh air, and their operating  radiant floor cooling system

performance is affected by climatic conditions. Indoor and outdoor environmental disturbances ~ fesidential building

and the system’s control strategy affect the indoor thermal comfort and energy efficiency of the energy efficiency
. . . . - . . . . climate zones
system. Firstly, a multi-story residential building model was established in this study. Transient

system simulation program was used to study the operation dynamics of three control strategies Article History

of the RFCS based on the calibrated model. Then, the performance of the control strategies in five Received: 05 October 2023

climate zones in China were compared using multi-criteria decision-making in combination. The
results show that control strategy has a negligible effect on condensation risk, but the thermal
comfort and economic performance differ for different control strategies. The adaptability of
different control strategies varies in different climate zones based on the consideration of multiple
factors. The performance of the direct-ground cooling source system is better in Hot summer
and warm winter zone. The variable air volume control strategy scores higher in Serve cold and
Temperate zones, and the hours exceeding thermal comfort account for less than 3% of the total
simulation period. Therefore, it is suggested to choose the RFCS control strategy for residential
buildings according to the climate zone characteristics, to increase the energy savings. Our results
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provide a reliable reference for implementing RFCSs in residential buildings.

1 Introduction

Building energy conservation and emission reduction require
improvements, especially with the increase in the building
area. Building cooling comprises a large proportion in building
energy consumption due to climate warming and increased
energy demands. Higher cooling energy consumption during
summer would strain the grid (Delmastro et al. 2022).
Radiant cooling systems were first used in Europe and have
since developed rapidly (Bean et al. 2010), with numerous
successful applications in residential buildings (Kalz et al.
2010; Hu and Niu 2012), office buildings (Joe et al. 2018),
airports (Zhao et al. 2016), and other structures. Radiant
floor cooling system (RFCS) utilizes radiant heat exchange

E-mail: JXL83@sdjzu.edu.cn (Jiying Liu); tianzhe@tju.edu.cn (Zhe Tian)

between a radiant surface and other surfaces (human body,
furniture, and enclosure structures) for cooling. This system
can create of comfortable indoor conditions and utilize
natural cold sources for cooling while minimizing primary
energy usage (Rhee et al. 2017). The direct-ground cooling
systems using natural cold sources have been widely applied.
They utilize the shallow geothermal energy for cooling
indoor spaces (Hou et al. 2018). However, RFCSs would be
not suitable for short-term load changes, although the storage
capacity of buildings can be used for the load transfer by the
system (Tian and Love 2009; Sui et al. 2020).

Reasonable control of RFCSs can reduce the influence
of internal and external disturbance on the indoor thermal
environment and reduce energy consumption. Numerous
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List of symbols

A building area (m?)
G annual carbon reduction by carbon sink system
of building green space (kgCO,/m?)

Abbreviations

ACH

EF,  carbon emission factor CEs  carbon emissions (kgCO./m’)
E;; annual consumption of building energy (unit/a) CR condensation risk
H.ns condensation risk hour (h) E energy consumption (kWh/m?)
Hae  discomfort hour (h) EH, uncomfortable hours indoors during working hours (h)
he heat exchange coefficient by convection (W/(m?*K)) E total hours with condensation risk of the radiant
h, heat exchange coefficient by radiation floor (h)
(W/(m>K)) HSCW hot summer and cold winter zones
i iteration number HSWW hot summer and warm winter zones
m; calibrated data SC severe cold zones
b average value TC thermal comfortable
PD  percentage dissatisfied (%) WB wet bulb temperature (°C)
5, predicted data Subscripts
Ti¢ew  dew point temperature (°C)
Tin indoor air temperature (°C) a indoor air
T«  indoor air temperature set-point (°C) c convection
Tow  outdoor air temperature (°C) idew indoor dew point
T, radiant temperature (°C) i type of terminal energy consumed by the building
Tt floor surface temperature (°C) iset set-point
T supply air temperature (°C) j type of building energy consumption system
Tow supply water temperature (°C) r radiation
Vo minimum supply airflow (m*/h) f radiant cooling surface
Vi supply airflow (m*/h) sa supply air
¥ design life of the building (a) W supply water

air change rate (h™)

control strategies for RFCS have been investigated. Gwerder
et al. (2009) proposed a pulse width modulated intermittent
operation for a water circulation pump, considering the
uncertainty of load disturbance. The system was in line
with the comfort standard and was energy efficient. Pulse
width modulated intermittent control reduces the power
demand of circulating pumps by more than 50% compared
to continuous operation (Lehmann et al. 2011). Schmelas
et al. (2017) developed an adaptive prediction method
based on multiple linear regression, significantly reducing
pump running time and investment costs (Schmelas et al.
2015). Zakula et al. (2015) used a predictive model for
heuristic feedback control in radiant floor integrated
ventilation system to optimize the control for the next
24 hours based on weather and load prediction. The
study found that RFCS had 50% lower electrical energy
consumption than traditional variable air volume system
and reduced the peak power load by 74%. Despite the
effectiveness of advanced control strategies, conventional
control strategies are also being improved. Intermittent
control based on weather forecasting enables the response

to changes in the indoor thermal environment in advance,
lowering building energy consumption (Liu et al. 2019).
It is crucial to select the appropriate cooling time for
intermittent control. Furthermore, integrating supply water
temperature control can substantially mitigate indoor
temperature fluctuations (Sui et al. 2020). The choice of
control strategy is significant for the operation of RFCSs.
Climatic conditions can affect the performance of RFCS
(Vivek and Balaji 2023), particularly in high-humidity
climate zones with an increased condensation risk on
the radiant system. Condensation can result in higher
dehumidification energy requirements. Srivastava et al. (2018)
analyzed the operational performance of RFCS consisting
of evaporative cooling and a chiller in various climate types
in India. It was found that the energy-saving potential of
the RFCS was limited in warm and humid climate. A suitable
control strategy was required to improve the system’s
efficiency. Salvalai et al. (2013) used transient system
simulation program (TRNSYS) to compare the effects of
radiant cooling system in six European climates. It was
found that the radiant cooling systems provided superior
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thermal comfort compared to air systems. Although the
energy conservation efficiency of RFCSs differs in different
climates, the system is suitable for different climate types
(Li et al. 2018).

The RFCSs in China face various challenges due to the
diverse climate zones (Zhang et al. 2021). The design of
RFCSs is complex, requiring extensive research to understand
the various influencing factors and patterns, especially the
indoor thermal environment impact cost. Although many
studies have focused on innovative control strategies
and unilateral analysis, it remains crucial to conduct the
comparative analyses of the RFCS performance, especially
considering the effects of different climates. This study
focuses on residential building and analyzes the potential
of RFCS in five climate zones in China. Firstly, three
conventional control strategies for RFCS are proposed. The
use of three control strategies in 11 cities in five climate
zones is simulated in TRNSYS. Then, the indoor thermal
comfort and economic efficiency of the control strategies
are evaluated according to the simulation results. Finally,
thermal comfort, condensation risk, energy consumption
and carbon emissions are considered to select the optimal
strategies for different cities.

2 Method

2.1 Building model and selection of climate zone

Due to the diverse climate types in China, significant

XINJIANG UYGUR  ZIZHIQU

temperature differences between northern and southern
areas, and notable variations in humidity between eastern
and western areas, China was divided into five climate zones
based on temperature variations and practical building
design: Serve cold (SC), Cold, Hot summer and cold winter
(HSCW), Hot summer and warm winter (HSWW), and
Temperate zones. Eleven cities in five climate zones were
selected to simulate and explore the operational performance
of an RFCS with three control strategies.

These cities include Shenyang in the SC zone, Xi’an,
Beijing and Jinan in the Cold zone, Chengdu, Wuhan, and
Shanghai in the HSCW zone, Nanning, Guangzhou, and
Fuzhou in the HSWW zone, and Guiyang in the Temperate
zone (Figure 1). The meteorological data source is Chinese
standard weather data. The outdoor air temperature and
relative humidity in the eleven cities from June to August
are shown in Figure 2. The SC and Temperate zones have
lower outdoor air temperature and relative humidity than
other climate zones, requiring fewer cooling days. The HSCW
and HSWW zones have higher temperature and humidity
than other zones. Furthermore, the fluctuations in outdoor
air relative humidity are smaller in the HSCW and HSWW
zones than in the Cold zone.

The study focuses on a residential building, the room
layout and building model are shown in Figure 3. There are
two housing units on each floor, with the same layout across
its 11 floors and each floor height of 3 m. The radiant floor
system transfers cold energy using convective and radiant
heat transfer. The floor consists of floor layer, insulation
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Fig. 2 Outdoor air temperature and relative humidity in eleven cities from June 1 to August 30: (a) outdoor air temperature, and (b) relative

humidity

layer, buried pipe layer, screed layer, and surface layer
(Figure 3). The parameters of the floor are listed in Table 1.
The heat transfer coefficient of the building envelopes
and the indoor heat gains in the five climate zones are set
based on the GB 55015-2021 standard (MOHURD 2021)
(Table 2). Three people were assumed to live in a household
and the household occupancy schedule is shown in
Figure 3(d). When all people were present, each person
generated 61 W of sensible heat and emitted 109 g/h of
moisture. The metabolic rate was 1.2 met, and the clothing
insulation was 0.5 clo of clothing. A room in the middle of
the unit was used in the simulation to minimize the influence
of external factors. The sensible heat, latent heat load and
load proportion of the building in different cities are
shown in Figure 4. Shenyang has the largest building load,
followed by Wuhan, and Guiyang has the smallest building
load. The latent heat load constitutes more than 50% of the
total load in most cities. The latent heat load has a larger
proportion in the HSCW and HSWW zones and the latent
heat load in Wuhan accounts for 66.8% of the total building
load. Buildings in the SC and Temperate zones have lower
proportions of the latent heat load than those in other

zones. The building in Xi’an in the Cold zones has the
smallest proportion of latent heat load, accounting for only
47.4% of the total building load.

2.2 Control strategies and system models

The diagram of the RFCS is shown in Figure 5. The RFCS
includes a radiant floor system and a ventilation system,
which operates continuously. According to the standard
(MOHURD 2012), the lowest temperature of the floor in
a room occupied by people is 19 °C. The heat pumps or
direct-ground cooling sources are usually used to produce
high temperature cooling water as the radiant floor system
requirements. The ventilation system has composed of
humidity control and temperature control systems. The
ground source heat pump generates chilled water (7 °C) to
cool and dehumidify the fresh air, after which the supply
air temperature is adjusted by the temperature control.
According to the standard (MOHURD 2018), the air volume
is designed to be 0.5-1.5 h™', considering auxiliary cooling
and dehumidification requirements. The control module
performs adjustments based on the indoor environmental
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Fig. 3 Description of the residential building model: (a) 3D model of building stereogram, (b) floor plan, (c) radiant floor structure

composition, and (d) household occupancy schedule

Table 1 Parameters of the radiant floor

Category Thickness (mm) Material type Density (kg/m®) Thermal conductivity (W/(m-K))
Surface layer 20 Marble 2800 291
Screed layer 20 Cement mortar 1800 0.93
Buried pipe layer 120 Gravel concrete 2100 1.84
Insulation layer 20 Expanded polystyrene board 35 0.021
Floor layer 200 Concrete 2400 1.28

Table 2 Heat transfer coefficient of building envelopes in five
climate zones

Heat transfer coefficient

Climate (W/(m*K))
zones City Roof Wall
SC Shenyang 0.2 0.35
Cold Xi’an, Beijing, Jinan 0.25 0.45
HSCW Chengdu, Wuhan, Shanghai 0.4 1
HSWwW Nanning, Guangzhou, Fuzhou 0.4 1.5
Temperate ~ Guiyang 0.4 1

parameters and regulates the supply water temperature,
supply water flow rate, air supply temperature, and air
supply volume of the RFCS.

Three strategies were investigated (Figure 6): variable
water temperature control, variable air volume control and

direct-ground source cooling. The parameter for the three
control strategies is presented in Table 3.

Variable water temperature control (Strategy 1):
Strategy 1 controls the water supply temperature, the ON/OFF
operation of the radiant floor system, and the air supply
volume of the ventilation system. Proportional mixing
of the supply and return water is employed to adjust the
water supply temperature. The water supply temperature of
the radiant floor system is adjusted according to the indoor
air temperature. This adjustment includes reducing the
water supply temperature when the air temperature exceeds
Tie: + 1, maintaining the water supply temperature when
the air temperature is in the range of Tie — 1 to Tiet + 1,
and increasing the water supply temperature when the air
temperature is below Ti: — 1. The supply water temperature
of the radiant floor system ranges from 16 to 19 °C and is
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Table 3 Parameters of different control strategies
Control strategy Strategy 1 Strategy 2 Strategy 3
Monitoring variables Tin, Tidews Tt Tow Tin, Tidew Tt Tin, Tidew, Tt
Supply air temperature (°C) 24 24 22/24
Ventilation system Air change rate (h™) 0.5-1.2 0.5-1.5 0.5-1.5
Cold source Ground source heat pump
Supply water temperature (°C) 16-19 18 18.5-20

Radiant floor system
Cold source

Direct-ground

Ground source heat pump li
cooling source

Simulation period

SC and Temperate zones: June 15-Sep. 15; Cold, HSCW and HSWW zones: May 1-Sep. 30

adjusted in increments of 1 °C, accelerating cooling of the
floor in overheated environments. The supply air temperature
of the ventilation system is 24 °C and the supply air volume
is increased when condensation risk of the radiant floor
surface exists. The risk of condensation occurs in the strategy
when Tt — Tigew < 2 °C.

Variable air volume control (Strategy 2): Strategy 2 uses
the ventilation system to adjust the indoor environment,
perform the ON/OFF control of the radiant floor system,
and regulate the supply air volume. The ventilation system
can handle a higher indoor load and respond quickly to
changes in the indoor load. The supply air temperature is
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Fig. 6 Flow-charts of three strategies: (a) Strategy 1, (b) Strategy 2,
and (c) Strategy 3

24 °C. When the air temperature exceeds Tie + 1, Vu=1.5VA.
When the air temperature is in the range of Tiw: to Tiee + 1,
and Vi, = 1.2V,, while for all other cases, Vi, = V. Strategy
2 prevents condensation by controlling the radiant surface
temperature. The radiant floor system is turned off when
the risk of condensation on the radiant floor exists or the
indoor air temperature is lower than Tj. — 1. Otherwise,
the system is turned on. The water supply temperature of
the radiant floor system is 18 °C.

Direct-ground source cooling (Strategy 3): Strategy 3
uses a direct-ground cooling source in conjunction with
ventilation system to regulate the indoor environment.
The cooling provided by the direct-ground cooling source
fluctuates, resulting in variations in the supply water
temperature within the range of 18.5 to 20 °C. Therefore,
the radiant floor system operates throughout the day to
maximize the cooling of the floor. This allows for pre-cooling
the floor when the indoor load is low and cooling the room
when the indoor load is higher. The ventilation system is
adjusted to assist with cooling and dehumidification by
regulating the supply air temperature and supply air flow
rate. The supply air temperature is 22/24 °C and the airflow
rate ranges from 0.5 to 1.5 h™". If T}, > T + 1, the supply
air temperature should be lowered, and the airflow rate
should be increased simultaneously. The supply air volume
is increased for dehumidification when T — Tigew < 2 °C to
mitigate condensation risk on the radiant surface.

The RFCSs are modularized and modeled using TRNSYS
(Figure 7). Type56 is used as the parameter to import
building parameter. Typel55 is used to control the system.
It accepts indoor environmental parameters and transmits
control signals to water and air systems. The ventilation
system consists of Type 508, Type 760, and Type 930. Type
760 in the ventilation system is utilized for energy recovery
to reduce cooling energy consumption. The buffer tank
keeps the water system stable and prevents frequent starting
and stopping of the unit. As shown in Figure 7(a), Type 11
is used to adjust the mixing ratio of the supply and return
water to achieve the desired water supply temperature. The
step size was 0.25 h during the simulation.

2.3 Evaluation of control strategy

2.3.1 Indoor comfort evaluation

The thermal comfort of people is affected by various realistic
conditions. Analyzing various parameters can provide a
deeper understanding of the indoor thermal environment.
This study considers the four aspects of thermal comfort:
operative temperature (T,,), local thermal discomfort
caused by warm and cool floors, predicted mean vote
(PMV), and condensation risk. Indoor air temperature is
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a more intuitive thermal comfort parameter. The range
recommended standards is 24-26 °C (MOHURD 2021).
However, rooms equipped with an RFCS can still achieve
good thermal comfort at temperatures above 26 °C. This
is because the air temperature fails to consider the impact
of radiative heat transfer. Therefore, Ty, is given more
consideration. It is calculated using Equation (1) (ASHRAE
2014).
_ hT, +hT

" bk v

where T, is the indoor air temperature; T, is the indoor
mean radiant temperature; k. is the convective heat transfer
coefficient; A, is the radiation heat exchange coefticient.

The floor surface temperature could remain too cold in
neutral thermal conditions, causing local thermal discomfort.
Therefore, the local thermal discomfort caused by cold floors
is considered by evaluating the indoor thermal comfort
environment. The equation of percentage dissatisfied due to
warm or cold floors is defined using Equation (2). The
maximum value is 10% (ASHRAE 2014).

PD = 100 —94-exp (—1.387+0.118- T, —0.0025- T;*)
)

where PD is the percentage dissatisfied; Tt is the floor
temperature.

The PMV model is widely used as an evaluation index
and a control target. When the PMV is within the range
of —0.5 to 0.5, the indoor environment is neutral. The
duration of time spent outside the thermal comfort range
was calculated to assess the indoor environment during the
cooling cycle. It is given by Equation (3) (ASHRAE 2014).

EH, = Hy, (3)

where EH, is the exceedance hours of the PMV comfort
zone; Hy is a discomfort hour (Has = 1 if [PMV| — 0.5 > 0
and 0 otherwise).

Radiant floor systems installed in the occupied area
are prone to condensation, which adversely affects human
comfort and system performance. Therefore, the condensation
risk of the radiant surface is an important indicator of the
RFCS. The condensation can be effectively prevented by
controlling the surface temperature of the floor and the
indoor air temperature. Condensation risk of the radiant
floor is determined when T; — Tigew < 2 °C (Oxizidis and
Papadopoulos 2013). The number of hours with condensation
risk is evaluated to monitor the long-term operation of
radiant floor. Similar to the evaluation of the PMV, the
number of hours with condensation risk for radiant floor can
be expressed using Equation (4). A high number of hours

with condensation risk indicates ineffective management of
the latent heat load in the room, indicating that the system
has low adaptability in hot and humid climates. Relatively
few hours with condensation risk implies that the latent
heat load of the room can be effectively managed, indicating
that the system has great potential for application in hot
and humid climates.

EH, =% H,, (4)

where EH, is the total hours with condensation risk of the
radiant floor; H.oy is an hour with condensation risk of the
radiant floor (Heons = 1 if T; = Tigew < 2 °C and 0 otherwise).

2.3.2 Economic evaluation

The energy consumption, carbon emissions, and electricity
cost of cooling for RFCS are evaluated. The total energy
consumption of the RFCS is obtained for different control
strategies in the simulation. The operating cost of the system
is an essential metric for assessing the practical feasibility
of implementing the system. The operating costs of the
system are based on the electricity prices of different cities,
which are shown in Table 4. Some cities define peak-valley
electricity prices, such as Xi’an, Jinan, Shanghai, and
Guangzhou, whereas others use constant price, creating
gaps in system operating costs. The environmental impact
of RFCS with different strategies is analyzed by comparing
of carbon emissions, which are calculated by the standard
GB/T51366-2019 (MOHURD 2019). The total carbon
emissions per unit building can be calculated using
Equations (5) and (6), where the carbon emission factor is
determined based on the carbon emission source.

[Z;(E,-EF,. ) -G, })’

A

CEs = (5)

n

E = Z(Ei,j - ER:‘,,‘ ) (6)

j=t

where CEs is the carbon emissions per unit of building
area during the building’s operating stage; E; is the annual
energy consumption of building for Class i; EF; is the
CEs factor of the ith energy type; E;; is the Class i energy
consumption for Class j systems; ER;; is the amount of
Class i energy supplied by a renewable energy system
consumed by the Class j system; i is the type of terminal
energy consumed by the building; j is the type of building
energy consumption system, including heating, ventilation,
and air conditioning (HVAC), and lighting; C, is the annual
carbon reduction attributed to the carbon sink system of
the green space within the building premises; y is the design
life of the building; A is the building floor area.
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Table 4 Electricity prices in different cities

City Electricity prices (yuan/kWh)

0.5000
Peak time (8:00-11:30, 18:30-23:00): 0.5400

Shenyang

Xi'an Valley time (23:00-7:00 ): 0.2900
Remaining time (7:00-8:00, 11:30-18:30): 0.4900
Beijing 0.4773
Jinan Peak time (8: 00-22: 00): 0.5769
Valley time (22: 00-8: 00): 0.3769
Chengdu 0.5464
Wuhan 0.5800
Shanghai Peak time (6: 00-22: 00): 0.617
i Valley time (22: 00-6: 00): 0.307
Nanning 0.5491
Peak time (10: 00-12: 00, 14: 00-19: 00): 0.9863
Guanezhou Valley time (0: 00-8: 00): 0.2205
& Remaining time (8: 00-10: 00, 12: 00-14: 00, 19: 00-00:
00): 0.5802
Fuzhou 0.5330
Guiyang 0.482

2.3.3 Comparison of different strategies

The evaluation that uses multiple indexes provide
comprehensive evaluation of the RFCSs with different
strategies. Thus, multi-criteria decision-making was used
to assess and choose the optimal option. The evaluation
procedure for multi-criteria decision making has been
described in detail by Cui et al. (2023). The decision-
making hierarchy is shown in Figure 8. It consists of three
layers. The four criteria were thermal comfort, condensation
risk, energy consumption and carbon emissions. At the
bottom level are three control strategies. The alternatives
were compared pairwise, and the results were assigned
scores on a 9-point scale (Shahrestani et al. 2012). Then,
the arithmetic mean was used to calculate the weight
of each alternative. A comparison matrix was constructed,
and subjective and objective priority weights were assigned.
The RFCS with the highest overall score was selected after
comparing the simulation results for various strategies.
Table 5 lists the weight assignments for the criteria.

2.4 Simulation validation

Experiments were conducted on an experimental platform
to validate the accuracy of the simulation (Figure 9). The
laboratory comprised a radiant floor system integrated with
a fan coil system. It included a control system, an indoor
and outdoor environmental monitoring system. During
the experiment, the air source heat pump provided chilled
water for the system, which was then stored in a water
tank. The experiment was designed to simulate residential

The optimal case

Criteria
Alternatives

Fig. 8 The decision-making hierarchy (thermal comfort (TC),
condensation risk (CR), energy consumption (EC), and carbon
emissions (CEs))

Strategy 1

Strategy 2

Table 5 Three decision-making scenarios to select a radiant floor
system (Cui et al. 2023; reprinted with permission ©2023 Elsevier)

Scenario TC CR EC CEs
1 0.25 0.25 0.25 0.25
2 0.15 0.15 0.25 0.45
3 0.25 0.45 0.15 0.15

buildings operating from 18:00 to 8:00 with an indoor heat
gain. The RFCS was intermittently controlled and turned
on two hours in advance. The indoor setpoint temperature
was 26 °C.

The temperature of supply water of the radiant system
was 2 °C higher than the indoor dew point temperature
to prevent condensation. A mixed water pump was used
in the system. More details on the experiment has been
described by Zhu et al. (2022). The validation experiment
was based on data August 2023, and calibration was
performed using the data recorded in the operating system
and the measured indoor parameters. The coefficient of
variation of the root mean square error (CV-RMSE) and
the normalized mean bias error (NMBE) were utilized to
assess the accuracy of the simulation model. They were
calculated respectively using Equations (7) and (8) (ASHRAE
2014). The values should meet the standard requirements:
INMBE| < 5%, CV-RMSE < 15% (ASHRAE 2014).

{Z;(m" -5 )2 /(”_P)F

CV-RMSE =

2o (m—4)

NMBE = -
(n—p)ximn

%100 (8)

where m; is the calibrated data; §, denotes the predicted data;
i is the average value ; n is the number of data; p equals 1.

The comparison of the measured and simulated results
is presented in Figure 10. The simulated values of indoor
temperature and relative humidity exhibit similar trends
to the experimental values. The NMBEs for indoor air
temperature and relative humidity are —0.30% and —0.02%,
respectively, and the CV-RMSEs are 2.05% and 2.77%,
respectively. The energy consumption of the system, is in
the range of 11.2-13.2 kWh and 12.15-12.6 kWh in the



Cui et al. / Building Simulation / Vol. 17, No. 4

553

250 mm aerated concrete integrated

composite wall panels J—
> ]

\L Aluminiim framed double-
T glazed exterior window

|
|

|

|

|
\
|

= et |

Control syste

-

"#’ ” /“ g T - / “"0 % >

R

Fig. 9 Laboratory and instrument layout: (a) schematic diagram of laboratory and (b) schematic diagram of the field test in the

laboratory

321 —o— Simulated indoor air temperature
5 31 b —o—Measured indoor air temperagure

100 -

—o— Simulated indoor relative humidity
—o— Measured indoor relative humidity

g
g30 z
£ 29 E
g 2
28 )
£27 T:
826 5
2 =]
=25 g
(a) = . . . = . S ' ) . . S . . . . S .
Q Q B\) Q QO Q Q' Q Q \) Q Q ) -Q Q B\ o\ Q
. Q [\:B DN [\:B ) ) Q [\:B ® Q o D\R Q® D) R Q- ®
0% ) § © by 0%
S S R AR LA R Y R I AR e
Time Time
16 8 Measured energy consumption
g 77 simulated energy consumption
12t
=)
2
B
2 8
=
o
5]
5 4l
Q
=
)
0 Y 5 o a4
(©) L > oY oY

Date

Fig. 10 Comparison of thermal comfortable and energy consumption for measured and simulation: (a) indoor air temperature, (b) relative

humidity, and (c) energy consumption

experiments and simulations, respectively. The errors
between model and experimental results exhibit relatively
small, which can be attributed to factors such as instrument
accuracy and idealized simulation settings. However, the
errors fall within an acceptable range. Therefore, the
validation confirms that the model possesses sufficiently
high accuracy.

3 Results

3.1 Thermal comfort

3.1.1 Thermal comfort analysis

Wuhan (a city with high temperatures and humidity, as

described in Section 2.1) was selected to highlight the
characteristics of indoor parameter response. Figure 11
presents the values of the indoor parameters of three
strategies in Wuhan from July 22 to July 29. The average
Top is 25.5 °C for Strategy 1, and 25.2 °C for Strategy 2, and
24.3 °C for Strategy 3. As the outdoor temperature increases,
the T, of Strategy 3 is gradually higher than that of the
other two strategies after July 25. Among them, T, fluctuation
of Strategy 2 is the least. The PMV trend is similar to that
of Tq, due to indoor and outdoor conditions and exceeds the
range of —0.5 to 0.5 in some periods. The PMV of Strategy 3
can reach 0.7. This result suggests that the cooling capacity
of natural cold sources is limited. The relative humidity and
the risk of condensation of the three strategies are influenced
by the supply air volume and outdoor conditions. The indoor
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Fig. 11 Variations in indoor parameter values for three strategies in Wuhan

relative humidity ranges from 55% to 75%. The temperature
difference is significantly lower at nighttime than during the
daytime. The relative humidity of Strategy 1 is the highest;
however, no condensation occurs on the floor surface. The
control strategies can be effective in responding to changes
in the indoor environmental parameters.

Figure 12 shows that the percentage distribution of
dissatisfaction caused by warm or cold floors is less than
10%, indicating that the local thermal discomfort caused by
cold floors is within the acceptable range. The percentage
dissatisfied is relatively low in Strategy 2 compared to other
strategies, while the difference distribution is relatively
small in Strategy 3 (expect for Chengdu). The percentage
distribution of dissatisfaction caused by warm floor and
cold floor depends more on the strategy than the climate
zone. Strategy 1 and Strategy 2 have the highest average
percentage dissatisfied in the HSCW zone, whereas
Strategy 1 has a higher average percentage dissatisfied in
the HSWW zone.

The PMV of the three strategies in different cities
from June to September is shown in Figure 13. The indoor

thermal environment variations for different strategies
exhibit similar trends in the same city. The indoor
environment is cooler in the SC and Temperate zones and
warmer in the Cold, HSCW and HSWW zones in July and
August. In addition to overheating, a transitional period of
supercooling also occurs. The number of hours exceeding
the PMV comfort range in different cities is presented
in Table 6. Strategy 3 shows significant fluctuations in
the indoor PMV, with larger differences at the beginning,
middle, and end of summer compared to the other
two strategies, resulting in the longest duration of indoor
heat discomfort. Strategy 1 performs slightly better than
Strategy 3, with the hours of indoor thermal discomfort
accounting for 6%-31% of the total simulated period in
eleven cities. In Strategy 2, the indoor environment remains
the most stable throughout the cooling period, with the
fewest hours of thermal discomfort, constituting only 3% of
the simulation period.

3.1.2 Condensation risk analysis

The risk of condensation on the surface of the radiant



Cui et al. / Building Simulation / Vol. 17, No. 4

555

LIILILLE

RO N\
(a) %\\e@l&\% ‘I‘\(b 95'\\\(\% \\‘\% \\60%6 \ﬂ\) ««bﬁ‘?}\

Percentage dissatisfied (%)

)
o «b““ o%”o @ﬁ‘o &‘\

8 -

S

=l

Q -

705 . ;

z ,

%

&

S6f

5

5

o
5

S 2 oD AN SN '\{%Iolol%
(b) %\\@\“5%(\ 2 %6‘5\0 S\(\%C‘\e“%é \ﬂ‘)‘(\%%««z,“é\%$7§\°&d&\g&o Q\)”X\O G\&\“i?’“
€

Percentage dissatisfied (%)

Tadliaat

'65\

b

\“% (\3‘\
N W C“\

7 o
(C) ﬁ”“ «1&‘ \ﬂ" w“o}\ $®“°\0 w%io @i& o

Fig. 12 Boxplots showing the distribution of percentage dissatisfied
caused by warm or cool floors: (a) Strategy 1, (b) Strategy 2, and (c)
Strategy 3

floor can be effectively mitigated by the ventilation system.
The condensation risk of the radiant floor is low in
high-temperature and high-humidity conditions (Table 7).
The risk is the highest in the HSWW zone, and the lowest
in the Temperate zone. In RFCSs, the latent heat load is
handled by the ventilation system. The number of hours
with condensation risk occurs in the five climate zones is
less than 10%. The condensation risk is the highest in the
variable supply temperature control (Strategy 1), surpassing
that of Strategy 3 by 19%. On average, the condensation
risk hours account for 3% of the total simulation time.
Strategy 1 has the highest risk of condensation in Nanning,
and Strategy 3 has the highest condensation risk in Shenyang.
Strategy 2 has the lowest number of condensation risk
hours in the radiant floor system. The results indicate that
it is critical to evaluate the condensation risk of different
control strategies.
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T —— —— ]
-10 -08 -06 -04 -02 00 0.2 0.4 0.6 0.8 1.0

Guiyang [
Fuzhou |-
Guangzhou -
Nanning |-
Shanghai = N I I

Wuhanf |

Chengdu [ IR | | I
Jinan = l .
I I |
| |
[ 0N al I '

6-1 7-1 8-1 9-1 10-1

City

Beijing -l
Xi'an |- .

Shenyang =

(a)

[ 1 1 1 I
-1 -08 -06 -04 -02 0 0.2 0.4 0.6

Guiyang [FRRN

Fuzhou -

Guangzhou -
Nanning -
Shanghai

< Wuhan |-
Chengdu
Jinan
Beijing

Xi'an
Shenyang [ | |
6-1

(b)

Guiyang
Fuzhou
Guangzhou
Nanning
Shanghai -
Wuhan
Chengdu
Jinan

City

Beijing
Xi'an

Shenyang
6-1 7-1 8-1 9-1 10-1
(©) Date

Fig. 13 Distribution of PMV for three control strategies in eleven
cities (the part without simulation is shown in green): (a) Strategy 1,
(b) Strategy 2, and (c) Strategy 3

Table 6 The number of hours exceeding the comfort range of
PMV

Climate zone City Strategy 1~ Strategy 2 Strategy 3

SC Shenyang 360 27 406
Xian 833 37 917
Cold Beijing 891 48 1004
Jinan 630 25 679
Chengdu 934 2 1510

HSCW Wuhan 524 78 635
Shanghai 583 5 624

Nanning 48 12 63

HSWW Guangzhou 23 7 117
Fuzhou 359 11 441

Temperate Guiyang 443 0 476
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Table 7 The number of hours of condensation risk for the radiant
floor system

Climate zone City Strategy 1 ~ Strategy 2 Strategy 3

SC Shenyang 150 48 2255
Xian 68 56.75 118

Cold Beijing 53.25 20 48
Jinan 25.75 26.25 11.5

Chengdu 23.25 0.25 235

HSCW Wuhan 112 72.75 53.75
Shanghai 121.25 71.25 84.25

Nanning 303 63.75 55.5
HSWW Guangzhou 131.75 89.25 210.75
Fuzhou 2.25 4 0.75

Temperate Guiyang 0 0 0

3.2 Economic analysis

The energy consumption, electricity cost and carbon
emissions of RFCS in different climate zones are compared
in Figure 14 and Table 8. The energy consumption is the
highest in the HSWW zone, followed by the HSCW, Cold,
SC and Temperate zones. Strategy 3 uses a natural cooling
source, which reduces most of the cooling energy consumption
of the radiant floor system. The cooling energy consumption
of Strategy 3 is 12.49 to 29.80 kWh/m? and the highest
energy consumption occurs in Guangzhou.

Strategy 1 has a 19%-28% higher energy consumption
than Strategy 3. However, Strategy 2 has a 3% lower energy
consumption than Strategy 3 in the case of Chengdu.
Although the carbon emissions and energy consumption
trends are similar, the electricity costs differ for different
cities due to electricity prices. The energy consumption of
Nanning and Guangzhou is similar for the same strategy.
The electricity cost is about 21% lower in Nanning than in

Guangzhou (Figure 14). The electricity costs of different
strategies in the same city are also influenced by peak-valley
electricity prices.

3.3 Comprehensive comparison of the system

According to the simulation results, pairwise comparisons
of the criteria for different control strategies were conducted.
The arithmetic mean was used to determine the weights of
the strategies (as shown in Table 9). The consistency ratio
ranged from 0 to 0.1, indicating that all pairwise comparison
matrices passed the consistency test. The ranking of the
three control strategies in eleven cities was calculated based
on the weights assigned to the strategies, as shown in Table 10.
Strategy 3 does not consistently rank first in all cities
in three scenarios, likely due to constraints related to
exposure risk and thermal comfort. When it comes to
preference for carbon emissions (Scenario 2), Strategy 3
with a natural cooling source ranks higher than the other
strategies in eight cities, Strategy 2 ranks the highest in most
cities in Scenario 1 and Scenario 3, followed by Strategy 3.
In the comprehensive evaluation, Strategy 1 received the
lowest score, which aligns with the other analysis results.
Strategy 3 has a higher score in the HSWW zone, whereas
Strategy 2 demonstrates advantages in the SC and Temperate
zones.

4 Discussion

The application of RFCSs in residential building must
consider the condensation risk and the response time
(Kang et al. 2017; Ning et al. 2017). The dehumidification
control of RFCSs is usually based on the condensation risk
on the radiant surfaces (Zhu et al. 2022); thus, the indoor
relative humidity may exceeding the specified range of 40%

I strategy 1
B strategy 2
Il strategy 3

Fig. 14 The energy consumption and electricity cost of the RFCS in eleven cities: (a) Strategy 1, (b) Strategy 2, and (c) Strategy 3
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Table 8 Cooling energy consumption and carbon emissions of the RFCS in eleven cities
Strategy 1 Strategy 2 Strategy 3
EC CEs EC CEs EC CEs
City (kWh/m?) (kgCO,/m?) (kWh/m?) (kgCO2/m?) (kWh/m?) (kgCO,/m?)
Shenyang 15.87 9.05 13.03 7.43 12.49 7.12
Xian 24.55 14.00 20.47 11.67 19.18 10.94
Beijing 30.52 17.41 26.30 15.00 25.31 14.43
Jinan 30.59 17.45 26.66 15.20 25.12 14.33
Chengdu 31.28 17.84 27.08 15.44 27.96 15.94
Wuhan 33.78 19.26 30.48 17.38 27.99 15.96
Shanghai 32.87 18.75 2891 16.49 27.54 15.71
Nanning 35.96 20.51 33.00 18.82 29.24 16.68
Guangzhou 36.24 20.67 32.89 18.76 29.80 17.00
Fuzhou 3391 19.34 31.16 17.77 27.56 15.72
Guiyang 18.52 10.56 15.68 8.94 15.57 8.88
Table 9 The weights of the criteria for the three control strategies in different cities
Strategy 1 Strategy 2 Strategy 3
Climate zone City CEs EC TC CR CEs EC TC CR CEs EC TC CR

SC Shenyang 0.099 0.094 0.191 0.206 0.374 0.344 0.692 0.723 0.527 0.562 0.117 0.070

Xian 0.072 0.067 0.105 0.365 0.313 0.316 0.815 0.503 0.615 0.617 0.080 0.132

Cold Beijing 0.072 0.068 0.118 0.250 0.313 0.345 0.808 0.500 0.615 0.587 0.074 0.250

Jinan 0.072 0.067 0.105 0.286 0.313 0.294 0.789 0.286 0.615 0.640 0.105 0.429

Chengdu 0.082 0.082 0.118 0.250 0.575 0.575 0.808 0.500 0.343 0.343 0.074 0.250

HSCW Wuhan 0.072 0.067 0.163 0.155 0.239 0.244 0.740 0.504 0.689 0.689 0.097 0.342

Shanghai 0.072 0.067 0.133 0.153 0.313 0.316 0.768 0.493 0.615 0.617 0.099 0.354

Nanning 0.065 0.063 0.331 0.053 0.199 0.200 0.379 0.474 0.735 0.737 0.290 0.474

HSWW Guangzhou 0.066 0.061 0.400 0.295 0.233 0.216 0.400 0.617 0.701 0.723 0.200 0.088

Fuzhou 0.070 0.063 0.169 0.333 0.206 0.200 0.710 0.333 0.723 0.737 0.121 0.333

Temperate Guiyang 0.111 0.100 0.091 0.333 0.444 0.450 0.818 0.333 0.444 0.450 0.091 0.333

Table 10 Ranking of the four strategies in different scenarios

Climate City Scenariol  Scenario2  Scenario 3
sC Shenyang 2>3>1 2>3>1 2>3>1
Xian 2>3>1 3>2>1 2>3>1
Cold Beijing 2>3>1 3>2>1 2>3>1
Jinan 3>2>1 3>2>1 2>3>1
Chengdu 2>3>1 2>3>1 2>3>1
HSCW Wuhan 3>2>1 3>2>1 2>3>1
Shanghai 2>3>1 3>2>1 2>3>1
Nanning 3>2>1 3>2>1 3>2>1
HSWW Guangzhou 3>2>1 3>2>1 2>3>1
Fuzhou 3>2>1 3>2>1 2>3>1
Temperate Guiyang 2>3>1 2>3>1 2>3>1

to 60% (Zhou et al. 2022). The three control strategies
result in higher indoor relative humidity than all-air systems,
but no condensation occurred on the radiant surfaces. RFCSs
are more tolerant of indoor relative humidity fluctuations,
making it possible to allow some variation within a certain
range. It is recommended to simultaneously control the
temperature and humidity or incorporate dehumidification
equipment to effectively maintain constant indoor
temperature and humidity (Zarrella et al. 2014; Ren et al.
2022a). The average PMV values remain within an acceptable
range during simulated periods of overheating. Among
them, Strategy 2 exhibited the best thermal comfort effect
and the lowest condensation risk, because it mainly regulates
the ventilation system according to indoor and outdoor
disturbances, and the system responds more quickly. More
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hours with thermal discomfort occurred in Strategy 3,
because it utilizes a direct-ground cooling source, reducing
the peak indoor load through cold storage. Therefore, larger
fluctuations in indoor thermal comfort conditions occur,
and the control strategy requires improved control precision
and system responsiveness (Schmelas et al. 2016).

The system that provided better thermal comfort was not
the most energy-efficient system. Therefore, it is necessary
to adjust the RFCS control strategy. In addition, the thermal
comfort and energy consumption of the same strategy
differed significantly in different cities. It is beneficial to
adjust the set parameters or utilize the operative temperature
or PMV as the control target to optimize the system (Ren
et al. 2022b). Dehumidifiers may be more energy efficient
than fresh air units in hot and humid climates. It is worth
noting that intermittent control was more energy efficient
than direct-ground cooling in Chengdu. Figure 15 shows
the daily energy consumption and average PMV of the three
control strategies in Chengdu. The continuous operation
of RFCS can store energy for the building and results in
energy consumption distribution (Abdel-Mawla et al. 2022).
However, transmission energy consumption, an important
aspect of energy saving efficiency, is increased (Lehmann
et al. 2011). Although the natural cold source is conducive
to reducing the energy consumption of the refrigeration
system, in situations with higher indoor loads, the combination
of mechanical cooling sources that improve the stability of
the water supply is necessary (Chandrashekar and Kumar
2022). The indoor environment is the coolest at sometimes
for Strategy 3, which means waste of energy.

The operational characteristics of RFCS with different
strategies are similar in different building types, but
comprehensive comparisons of research findings reveal
significant differences (Li et al. 2018). The energy savings
of radiant floor systems are higher in large buildings with
comparable functions (Li et al. 2018), and natural cooling
sources are more prevalent (Arghand et al. 2021; Cui et al.
2023). The overall building load of residential buildings is
small, the latent load is large, and occupant behavior affects
the load. Although the variable water temperature control did
not exhibit advantages in terms of ranking or quantitative
metrics in this study, it remains competitive in enhancing
thermal comfort (Lim et al. 2006). A ventilation system can
effectively supplement the cooling provided by the radiant
system, but the proportion of its use affects the system’s
energy efficiency (Zhu et al. 2022).

The parameter setting of the conventional control
strategies would affect the evaluation results. This study
focused on the evaluation of control strategies but not on
their optimization. In residential buildings, the dynamic
behavior of occupants introduces uncertainty, affecting the
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Fig. 15 The daily energy demand and average PMV of three
control strategies in Chengdu: (a) Strategy 1, (b) Strategy 2, and
(c) Strategy 3

operation of RFCSs (Gaetani et al. 2016). This study utilized
a fixed personnel schedule, widely used in simulations.
However, static occupancy modeling is not always appropriate
due to the influence of indoor load variations and simulation
errors (Liu et al. 2023). Further study will consider the use
of more realistic occupancy patterns that reflect indoor
disturbances more objectively to simulate a reasonable
control of the system and improve the simulation accuracy.
Furthermore, we used limited comparison parameters, and
future research efforts should consider assigning weights to
multiple parameters in different climate zones.

5 Conclusion

This study conducted a simulation of RFCS in residential
buildings in five climate zones in China. Three conventional
control strategies were assessed: variable water temperature
control, variable air volume control and direct-ground source
cooling. Multi-criteria evaluation was used to rank the three
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control strategies. The strategies’ application potential were
analyzed. The following results are obtained:

The RFCS exhibited superior results in various climate
zones. Strategy 2 provided the most favorable indoor
thermal comfort, and the number of hours exceeding
thermal comfort accounted for 3% of the total simulation
time. In contrast, Strategy 3 had the least favorable indoor
thermal environment. The indoor thermal environment
could be improved by controlling the condensation risk of
the RFCS, making it more suitable for residential buildings.
The outdoor climate and the control strategy affected the
condensation risk of radiant floor system. The condensation
risk is the largest in the HSWW zone, followed by the HSCW
and cold zones. Therefore, integrating floor temperature
control and ventilation system control can effectively
reduce the risk of condensation on radiant floor surfaces.
The energy consumption of Strategy 1 was 19%-27%
higher than that of Strategy 3, which had the lowest energy
consumption. In practical applications, climatic conditions
and regional electricity prices affected the electricity cost
of the RFCSs.

The thermal comfort, condensation risk, energy
consumption and carbon emissions of the control strategies
were comprehensively compared. The performance of
the direct-ground cooling source system was better in the
HSWW zone, whereas the variable air volume strategy is
recommended in the SC and Temperate zones. The variable
water temperature control strategy did not perform as well
as the other strategies and required need to be further
optimization. During the initial stage of building design,
it is crucial to prioritize and allocate suitable indicators during
building design to guide the control strategy selection for
RFCSs.
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