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Abstract: The heat storage effect of the tube-embedded slab cooling system (TESCS) makes the
intermittent operation feasible, a reasonable intermittent strategy can fully realize the energy
saving effect. This paper purposes to optimize the intermittent control schemes for TESCS by
simulation. The response of the thermal environment intermittently cooled by TESCS is firstly studied.
Then, the intermittent control schemes of TESCS are studied. On the basis of the dual-objective
optimization for thermal comfort and energy efficiency, the optimal scheme is established. The results
show that the tube-embedded slab has significant heat storage and release characteristics under
intermittent cooling condition. Its maximum cooling capacity appears about one hour after the stop
of cooling. Reducing the cooling duration can reduce the system energy consumption, but increasing
the cooling duration can reduce the system peak load. Twenty-four-hour cooling can reduce the peak
load by about 70%, 67%, and 41%, respectively, compared with 6-h, 8-h, and 12-h cooling. The effect
of the cooling duration on the thermal comfort and energy efficiency is much greater than the cooling
time distribution. Frequent starts and stops of the pump can increase the cooling capacity obtained
by the room to a certain extent. Daytime cooling provides higher comfort and energy efficiency while
night cooling can reduce the chiller’s peak cooling requirement by about 25%.

Keywords: tube-embedded slab; intermittent cooling; thermal response; optimizing control; thermal
comfort; energy efficiency

1. Introduction

According to statistics from the International Energy Agency in 2017, the global building sector
accounts for over 30% of the total final energy consumption and one-third of global CO, emissions [1].
Consequently, there is a great potential for energy use reduction in the building sector. Significant efforts
are underway to develop sustainable buildings which aim to minimize the negative human impacts
on the natural surroundings, materials, resources, and processes that prevail in nature. The users of
sustainable buildings place higher demands on heating and cooling systems. Indoor comfort and
energy efficiency are two key points of concern for users of sustainable buildings [2,3]. The radiant
cooling system is a promising solution for building cooling systems in energy efficient buildings. The
radiant cooling system uses a heat transfer fluid, normally water, to exchange heat mainly by radiation
and convection within the conditioned space [4-6]. Compared to all-air systems, radiant cooling
systems have the following advantages: (1) reducing the indoor vertical temperature gradient, thereby
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increasing the thermal comfort [7]; (2) reducing the discomfort caused by draft, due to the smaller air
supply volume required [8,9]; (3) reducing system energy consumption because of the reduced sensing
temperature of the human body [5,10]; (4) reducing transport energy consumption because of less air
supply volume [11-14]; (5) reducing energy consumption of cooling transport because water with a
much higher thermal capacity than air is used for energy delivery [5]; (6) a higher supply temperature
of chilled water for radiant cooling systems increases the heat pump or chiller’s efficiency, which leads
to a significant reduction in primary energy consumption [15,16]; (7) higher supply temperature of
chilled water allows the possible use of renewable energy sources such as ground source heat pumps,
free cooling, ground source heat exchangers, and aquifers [17,18]; and (8) the noise caused by high air
velocity is decreased because of the sizes of ducts, due to the reduction of the air supply volume [19].

Depending on the position of the piping in the building, the radiant cooling system is usually
classified into three main types [6,16]: (1) a radiant panel system (Figure 1a), which uses light-weight
panels such as plaster boards or metal panels with integrated pipes mounted on the inner wall or ceiling
of space [6,20]; (2) an embedded surface system (Figure 1b), in which cooling pipes are embedded
in the surface layer of the slab/wall but are insulated from the main building structure [6,21]; (3) a
thermally activated building system (TABS) (Figure 1c), which integrates cooling pipes in the main
building structure (slab/wall) [6,21].
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Figure 1. Types of radiant cooling systems. (a) Radiant panel system; (b) embedded surface system

and (c) thermally activated building system [6,16].

For TABS, the water tubes are commonly used and embedded in the concrete floor or ceiling.
This paper mainly focuses on the tube-embedded slab cooling system (TESCS). The great feature
of this type of radiant system is the thermal coupling of the emitting element (e.g., pipe coil) with
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the main building structure (concrete slab or wall) [22]. The storage and delivery of the cooling
capacity are formed inside the concrete building envelopes and building’s thermal mass realizes the
thermal activation, due to the cooling supply from embedded water tubes. Through the radiation and
convection heat transfer of inner surface of the activated envelope with indoor thermal environment,
the control of indoor thermal environment is achieved.

Compared to the radiant panel system and the embedded surface system, TESCS has the following
unique advantages: (1) the thermal storage effect of a tube-embedded concrete slab can reduce the peak
cooling load of a building, thus reducing installed capacity of chillers [23-25]; (2) the thermal inertness
of a concrete slab and other passive envelopes makes indoor temperature fluctuate less, which greatly
improves the thermal comfort of the human body [26,27]. However, the large thermal inertia of a
concrete slab makes the cooling system respond slowly to operational changes/regulations [16,28].
The regulation of water supply temperature and flow cannot be quickly reflected on the indoor
air temperature. This characteristic of a cooling delay makes the system control complicated and
difficult [29]. Therefore, the operation and control strategy of TESCS is determined by using rational
choice in the application and popularization of this system. To address the challenge of the control of
TESCS with a dynamic nature and large thermal inertia, much research has been conducted to design
and optimize control strategies with different conditions [30-39]. Accordingly, the operation control
mode of the slab radiant cooling system can be grouped into a continuous operation regulation and
an intermittent operation regulation [30]. The continuous operation regulation mainly includes the
supply water temperature control [31], the supply water flow control [31], and the on/off control [30].
These types of control can also be used by the intermittent operation. In practical applications, the
supply water temperature control and the variable water flow control are the most common continuous
operation controls. As reported by J.H. Lim’s team, for a slab radiant system, it is easier to control the
indoor air temperature by regulating the water supply temperature than regulating the water flow
rate [31]. For the water temperature control, the most common controlling parameters are the outdoor
air temperature with or without the indoor air temperature feedback [32,33]. Some other researchers
suggested to use the slab surface temperature as a feedback parameter for higher energy efficiency and
better local thermal comfort [29,34]. The on/off control is a very simple control that does not integrate
information regarding the dynamics of the system. This control usually uses a controlled parameter,
usually indoor air temperature, to set “on” or “off” to pumps [30]. According to the literature available,
the intermittent operation can achieve an improved heat transfer, a shorter operation time, and a more
effective peak load shifting than the continuous operation [35,36]. How and what is the best control
strategy for TESCS has attracted a lot of research interest in recent years [16,30].

The tube-embedded concrete slab can be regarded as a cooling source and also a large cold-storage
facility. Its thermal storage and delay characteristics enable the intermittent operation to enhance
energy savings and thermal comfort. Therefore, the intermittent control is more advantageous than
other control schemes for TESCS. Much of the literature emphasizes the shortened operational time
of the system and the energy savings of the intermittent operation [25,35,37,38]. Rijksen et al. [25]
studied the intermittent operation control for an office building in the Netherlands, by simulation in
TRNSYS. The intermittent control strategy in their research is based on the average room temperature
in combination with switching times. The cooling of the TABS was switched on outside working time
periods from 6 p.m. until 6 a.m. During the weekends, the cooling system was switched off until
Sunday at 3 p.m. During working hours, only the mechanical air supply system for the fresh air supply
and humidity control was operated. The results showed that this intermittent control method, using
nighttime cooling, could reduce the required cooling capacity of a chiller by one half. Olesen et al. [35]
also conducted case studies for office buildings in Wiirzburg, in Germany, by using TRNSYS and a
parametric study of different control strategies including the intermittent operation and the typical
water supply temperature control. They proposed a time period for the intermittent operation, which
can greatly affect the energy efficiency of the system. Gwerder et al. [37] proposed an intermittent
operation control by using pulse width modulation (PWM) based on the first order Resistant and
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Capacitance (RC) model. It can automatically switch the heating and cooling mode according to the
thermal comfort standard in the laboratory. In order to obtain energy consumption/savings, the research
team then used TRNSYS to analyze the energy savings of a building in Zurich, due to this control
method [38]. Their results showed that the intermittent control can save half of the system energy
consumption, compared to the continuous control. However, intermittent operation schemes are
sensitive to climatic characteristics, building load characteristics, and building codes and regulations.
The specific intermittent operation schemes that were concluded by the researchers mentioned above
cannot be blindly applied. Therefore, it is necessary to study the intermittent operation schemes for
different climate characteristics, building load, and building thermal characteristics.

Although there is an increasing awareness of the advantages of intermittent cooling in practice,
there is a lack of guidelines of how and when to use intermittent cooling, especially in China, so that
a few cases of intermittent cooling were implemented. Those cases usually used weather condition
judgment and their own operational experience to implement intermittent control. Therefore, the
methods used for the intermittent cooling control did not fully achieve the potentials of energy savings.

In order to accurately implement the intermittent control strategy and parameter settings, indoor
thermal environment characteristics and its dynamic responsive characteristics must be understood.
The dynamic thermal process of an intermittently cooled space by TESCS involves a complex and
unsteady heat transfer that is disturbed by internal and external disturbances and the intermittent
operation mode. The complexity is reflected by the thermal coupling between the cooling elements and
the building structure. Furthermore, there is also a heat storing/releasing process in the intermittent
operation mode. Therefore, the dynamic thermal behaviors of the cooling system and indoor space
are more complicated than those in the continuous operation mode. The existing literatures mainly
focus on the evaluation of the energy saving and thermal comfort that is due to intermittent control,
the control algorithm, and its application under the specific conditions [25,35,37,38]. There is a lack
of scientific understanding of thermal environmental response characteristics of indoor space and
theoretical guidance for the intermittent operation of TESCS. The research in this paper aims to address
these needs. We first study the thermal response characteristics of the thermal environment by using
intermittently cooled tube-embedded slabs through simulation. On that basis, the intermittent control
schemes of TESCS are modeled and optimized. Finally, the optimal intermittent control scheme is
established by leveraging the two objectives of system energy efficiency and indoor thermal comfort.

2. Methodology

The study of TESCS first analyzed the dynamic thermal response characteristics of a cooled room
under the collective effect of the triple disturbances of internal and external disturbances and the
intermittent operation. The dynamic thermal response characteristics of the indoor environment were
analyzed by evaluating the response of the indoor air temperature and mean radiant temperature.
The dynamic thermal response characteristics of the cooling slab and passive wall were analyzed by
evaluating the response of the surface heat flux density. In addition, the dynamic characteristics of the
indoor thermal environment that responds to night cooling and daytime were also compared.

Additionally, the researchers also studied the optimal intermittent cooling by considering the
change in the duration of cooling and the distribution of time taken for cooling. This research was
based upon a cold zone in China. The most ideal control for intermittent cooling is derived from
dual-objective optimization to maximize thermal comfort and the efficiency of energy. The first step of
the research involved the optimization of the total amount of time taken for cooling. After that, the
optimal total duration for cooling was used to ensure that the distribution of the time used for cooling
was effectively optimized. Finally, combined with the variable water temperature control, the optimal
intermittent operation control scheme was further optimized.

Finally, we extended the optimization study to wider climate zones of China. The optimal
intermittent operation schemes of TESCS were identified by using the same method for other climate
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zones including the severe cold zone, the hot summer and cold winter zone, and the hot summer and
warm winter zone of China.

2.1. Simulation Tool

Simulation is useful and cost-effective for studying dynamical thermal behavior and control
optimization of buildings and building energy systems. The simulation on the TESCS should be able
to integrate the building environment and cooling system simulations. The research in the paper used
Transient System Simulation Program (TRNSYS) [39] as the simulation tool. TRNSYS is a transient
simulation tool, which integrates all the characteristics of a building and its equipment to provide
a detailed study of the thermal behavior of the building. To study TESCS, we used the multi-zone
building (TYPE 56 [39]) model to model the multi-zone building and the built-in active layer model
for TESCS, which is actually an RC model initially developed by Koschenz and Lehman [40]. The
validity and application of the RC model for TESCS can be found in the literatures of Weber et al. [41],
Weber and Johannesson [42], and Sourbron et al. [43].

2.2. Building and System Simulation Model

In this study, a typical office block in Xi’an, a typical city representative of a cold zone in China
was chosen to be the case study [44]. The studied building has three stories and a shape coefficient
smaller than 0.3. All the rooms at the same location on every story were chosen as objects for this
research. The floor plan of the room, studied on each floor, is shown in detail in Figure 2. The total
area of the room studied is 28 m? with a height of 4.5 m. Exterior walls are located to its south and
west, while interior walls are located east and north. The rooms adjacent to the studied rooms are also
air-conditioned. The internal heat gains were considered to include all equipment inside the office,
all lighting, as well as people. The rooms are always occupied during working hours, i.e., Monday,
Tuesday, Wednesday, Thursday, and Friday, from 8 a.m. to 6 p.m.

N
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Figure 2. Floor plan of the room studied on every floor.

The thermal parameters of building envelopes are shown in Table 1. Concrete floors combined
with ceiling radiant cooling were used to increase the cooling surface area. The cooling floor or ceiling
is mainly composed of a load-bearing structure layer, a leveling layer, a surface layer, and embedded
tubes, and a thermal insulation layer is increased in the cooling floor. The structure of the radiant
cooling slab is shown in Figure 3. The cooling capacity of the tube-embedded slab is not only related to
thermal parameters of envelopes but also to the geometric parameters of embedded tubes. The relevant
geometric and thermophysical parameters of embedded-tubes in the concrete slab are shown in Table 2.
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One of the main factors influencing the cooling capacity of the cooling slab is the surface temperature of
the cooling slab. The lower the cooling surface temperature, the greater the cooling capacity. However,
in order to prevent condensation on the cooling surface and ensure the thermal comfort requirements
of the human body, the temperature of the cooling surface should not be too low. The Chinese design
code “Technical Specification for Radiant Heating and Cooling’ (JGJ 142-2012) [45] specifies that the
lower limit of the mean temperature of cooling floor surface which people often occupy is 19 °C, and the
lower limit of the mean temperature of the cooling ceiling surface is 17 °C. Because cooling the surface
temperature depends on the water supply and return temperature, the water supply temperature
should not be too low. In the simulation, the water supply temperature was set at 19 °C.

Table 1. Thermal parameters of building envelopes.

Thickness Thermal C(.’rfdual“ty Heaf Density U-Value
Envelope Structural Layer (mm) Coefficient Capacity (kg/m?) (W/m?K)
(W/m-K) (KJ/kgK)
Cement mortar 20 1.25 0.84 2000
South/west wall Concrete block 200 0.51 1 1400 0.587
Low density 25 0.02 147 35
polyurethane
Cement mortar 20 1.25 0.84 2000
North/east wall Concrete block 250 051 1 1400 1479
Ceramic tile 20 0.83 0.84 1700
Slab Cement mortar 40 1.25 0.84 2000 2.831
Reinforced concrete 280 2.2 0.84 2400
Reinforced concrete 280 2.2 0.84 2400
Roof Polystyrene foam 45 0.03 147 15 0522
Ceramic tile 20 0.83 0.84 1700
A Cement mortar 40 1.25 0.84 2000 0558
oor Reinforced concrete 280 22 0.84 2400 :
Polystyrene foam 40 0.03 1.47 15

Ceramic tile (20mm)

Cement mortar (40mm)

Reinforced concrete (280mm)

4g 2

< 4 g Water tube

~
&N

150mm

Figure 3. Structure of radiant cooling slab.

Table 2. Relevant geometric and thermophysical parameters of tubes embedded (PE-X) in slab.

. . Tubing Wall Thermal Conductivity Water Supply
TubfnS“}:Ia)Cmg T“be(r?;:;‘eter Thickness Coefficient of Tubing Wall Volume
(mm) (W/m-K) (kg/h)
150 20 2 0.35 600

For the purpose of maintaining a supply of fresh air from outside to satisfy occupants’ requests
for better indoor air quality and to remove excess moisture inside the room to prevent condensation



Energies 2020, 13, 1568 7 of 28

build-up on the cooling surface, a dedicated outdoor air system was also intentionally installed to
combine with the system of radiant cooling. Since the primary aim of the outdoor air system is to
provide fresh air and dehumidify, and the office staff is the main indoor moisture source, the running
time was set to coincide with the working time of the staff. Additionally, the volume of air supplied
from outside was 30 m%/h for each person. A cooling dehumidification method was adopted in the
outdoor air system, and the temperature of the air supply, which was provided using the dew point air
supply method, was 14.7 °C.

The meteorological data in the simulation were based on the TRNSYS METEONORM weather
data, where the typical meteorological year (TMY) of Xi’an is available. The data of TMY can represent
the local long-term climate characteristics. The cooling period simulated in the study is from 10 June to
10 September and the time step of calculation is 0.5 h.

2.3. Intermittent Control Analysis and Optimization

The water supply temperature was constant and set at 19 °C. In the section about thermal
environment response characteristics, the intermittent cooling was operated during 12-8 a.m. for 8 h of
the total duration. The thermal environment parameters of the top room on 10 July, a typical summer
day, were studied and analyzed.

In the section about the optimization of intermittent cooling schemes, the change in the time
duration for cooling and the distribution of time taken for cooling were mainly considered in the
setting of the intermittent schemes. Additionally, the effect on indoor thermal comfort and energy
consumption by the system with varying cooling durations and varying distributions of cooling
time was studied through simulation. The optimal intermittent operation control was identified by
achieving the enhanced thermal comfort and energy efficiency.

Regarding the selection of comfort indicators, radiant systems are different from traditional
convective systems. The air temperature alone is not an appropriate thermal indicator for radiant
systems because the room in a building shows a non-uniform radiant field. The air temperature does
not account for the heat loss caused by radiant energy exchange with the walls, windows, or the
radiant heating/cooling system. When much heat exchange occurs by radiant energy, the operative
temperature is a better index for general thermal comfort. The operative temperature can be said to
be the weighted average of the air temperature and the mean radiant temperature. In most practical
applications, the indoor air speed is low (<0.2 m/s) and the operating temperature can be approximately
equal to the average of the air and mean radiant temperature. For the sizing and dimensioning of the
radiant heating and cooling systems, the operative temperature is often chosen as the general thermal
comfort index.

Because the radiant cooling system needs to be supplemented with the outdoor air system (a
convective system), other factors that affect the thermal comfort of the human body, such as air speed
and air humidity, should also be considered. Therefore, another more comprehensive thermal comfort
evaluation index, predicted mean vote (PMV), was also used in this study. The PMV is an index that
predicts the mean value of the thermal sensation votes (self-reported perceptions) of a large group of
persons on a sensation scale expressed from -3 to +3. The PMV index takes into account the effects of
six factors, including the metabolic rate, clothing insulation, air temperature, mean radiant temperature,
air speed, and humidity. In the simulations of this study, the clothing insulation of the human body
was set at 0.5 clo. The activity type of the office staff is very light or light work, and their metabolic rate
in simulation was set at 1.2 met. The TRNSYS software cannot simulate indoor air distribution. With
reference to some field measurement results of the TESCS [46,47], the air speed was set at a fixed value
of 0.1 m/s in the simulation.

As the ISO 7730 standard [48] outlines, the desired thermal environment for any space is divided
into three categories, A, B, and C, where Category A has the highest level of thermal comfort. ISO7730
proposes the level standards of thermal comfort in the comfort range with PMV as an index. Category
A: -0.2 <PMV < +0.2; Category B: —0.5 < PMV < +0.5; Category C: —0.7 < PMV < +0.7. Meanwhile,
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ISO7730 also proposes the operating temperature range under various level standards under typical
conditions of office buildings (based on typical levels of activity, for clothing of 0.5 clo during
summer). For summer conditions, the operative temperature ranges were: Category A: 24.5 + 1.0 °C;
B:24.5+1.5°C; C:24.5 £ 2.5 °C [48]. In this study, the comfort of each intermittent control scheme was
compared mainly by comparing the proportion of the time when the comfort index of each intermittent
control scheme reached the comfort level of Category A in the entire cooling period.

Finally, since the results of the cold zone may not be suitable for other climate zones of China, this
study also optimized the intermittent operation schemes of the TESCS for the other climate zones of
China. Shenyang, Shanghai, and Guangzhou were selected as the representative cities of the severe
cold zone, hot summer and cold winter zone, and hot summer and warm winter zone, respectively.
The same typical office building and system models were used in this part. The thermal parameters of
building envelopes were set within the recommended limit values of the Design Standard for Energy
Efficiency of Public Buildings of China [49]. A similar optimization was carried out to identify the
optimal cooling duration and cooling time distribution.

3. Results and Discussion
3.1. Thermal Environment Responsive Characteristics of Intermittently Cooled Room by Tube-embedded Slab

3.1.1. Dynamic Thermal Response Characteristics of Cooling Slab

Figure 4 shows the variation trends of the cooling surface temperatures and water return
temperatures during a typical day. It can be seen that the cooling surface temperature decreases with
the increase of the cooling time but gradually increases after the stop of cooling, due to the presence
of indoor heat gains. The surface temperatures of the ceiling and floor vary in the range of 22 to
24 °C on 10 July, which meet the requirements of the Chinese standard “Technical Specification for
Radiant Heating and Cooling’ (JGJ 142-2012) [44]. It can also be seen from the figure that the water
return temperatures vary within a small range when the water supply temperature is constant. Their
variation trends are similar to that of the cooling surface temperatures. They gradually decrease with
the increase of cooling time and then gradually rise and are close to the cooling surface temperatures
at the end. This shows that when the TESCS is intermittently operated, the water return temperature
will fluctuate within a small range when the water supply temperature is constant.
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Figure 4. Cooling surface temperature and water return temperature variation trends on 10 July.
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Because concrete has a high thermal mass and a strong ability to store thermal energy,
the tube-embedded cooling slab can be regarded as a cold source and also a large cold storage
unit. The cooling capacity provided by embedded tubes is stored and transmitted inside the concrete
slab. Because there are heat storage and release in the heat transfer process of the concrete radiant slab,
the cooling capacity cannot be immediately reflected to the room. The transient cooling capacity of the
cooling slab can be described by the indictor of the surface heat flux density, which is a flow of energy
per unit of area of the TESCS per unit of time. Figure 5 shows the heat flux density variation trends of
the cooling surface on July 10. It can be seen that due to the cold storage of the cooling slab, the heat
flux densities of the ceiling and floor do not reach the maximum values when the cooling system starts
to run but gradually increase with the increase of the system running time and reach the maximum
values when the system stops cooling about one hour. Then, with the release of the storage capacity
of the cooling slab, the surface heat flux density begins to become smaller gradually. It can be also
seen from the figure that the surface heat flux density of the ceiling is greater than that of the floor,
which indicates that the ceiling cooling has a higher cooling capacity than the floor cooling.
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Figure 5. Heat flux density variation trends of cooling surface on 10 July.

3.1.2. Response of Indoor Air Temperature and Mean Radiant Temperature to Intermittent Operation

As far as TESCS is concerned, the heat transfer between the human body and the indoor
environment includes the convection between the human body and indoor air, and radiation between
human body and building envelopes. The mean radiant temperature is usually used when considering
the effect of the surface temperature of surrounding objects on the thermal radiation intensity emitted
from the human body. In the radiant cooled environment, the mean radiant temperature is an important
thermal environment parameter that affects the thermal comfort of the human body. The mean radiant
temperature is defined as the uniform temperature of an imaginary enclosure in which the radiant heat
transfer from the human body is equal to the radiant heat transfer in the actual non-uniform enclosure.
Figure 6 shows the trends of the indoor air temperature and the mean radiant temperature during a
typical day under the intermittent cooling condition of the TESCS. It can be seen that the indoor air
temperature and mean radiant temperature during the cooling period gradually decrease with the
increase of the cooling time. However, when the cooling system is off, both gradually increase due to
the effect of people, equipment, lighting and other internal heat gains, as well as external factors such
as solar radiation and outdoor air temperature. Then, they gradually decrease with the disappearance
of internal heat gains and the decreases of outdoor temperature and solar radiation. It also can be
seen that since 8 a.m. when the system stops cooling, although the outdoor air temperature increases
significantly, the indoor air temperatures do not increase significantly, due to the release of the heat
storage of the cooling slab. The mean value of the indoor air temperature during office hours is 25.3 °C
with the maximum and minimum values of 25.7 °C and 22.9 °C, respectively. The fluctuation of the
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indoor air temperature is little and the maximum change is 2.8 °C during office hours. The mean
radiant temperature during office hours varies in a range of 23.8 to 25 °C, with a fluctuation range
of 1.2 °C. It can be concluded that the indoor air temperature and mean radiant temperature can be
basically kept stable under the intermittent control scheme.
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Figure 6. Variation trends of indoor and outdoor air temperature and mean radiant temperature on
10 July.

Time (hh:mm)

3.1.3. Dynamic Thermal Response Characteristics of Passive Wall

In the radiant cooled environment, two heat transfer mechanisms occur on the surface of the
passive wall, including the radiant heat transfer between the passive wall and the radiant cooling
surface and the convective heat transfer between the passive wall and indoor air. The presence of the
radiant cooling surface makes the passive wall surface temperature lower than that of the conventional
convective air conditioned room. When the surface temperature of the passive wall is lower than
the indoor air temperature, the passive wall will release the cooling capacity. This section mainly
analyzes the variation trends of the surface heat flux density of the passive wall to check whether there
is a cooling capacity stored in the passive wall and obtain the effect of the passive wall on the indoor
thermal environment. Figure 7 shows the heat flux density variation trends of the internal surface of
the passive walls during a typical day. It can be seen from the figure that the internal surface heat flux
densities of the south and west exterior walls during office hours (8 a.m. to 6 p.m.) are both positive
values, which means heat is transferred from the outside of room to the inside. However, that of the
east and north interior walls are negative values sometimes, which means there are a cooling storage
and release in these two walls. This is mainly because there are heat exchanges between the exterior
wall and the inside as well as the outside of room. Nonetheless, the heat transfer, due to the effect
of outdoor air and solar radiation, is greater, so the internal surface flux density of the exterior wall
is a positive value. However for the interior wall, there is heat exchange only between the interior
wall and the indoor environment. Because there is heat exchange between the interior wall and the
cooling slab, and thus some heat is stored in interior wall, it begins to release a cooling capacity when
the cooling surface temperature is lower than the indoor air temperature. However, relative to the
cooling slab, the cooling capacity released by these two interior walls is very small, almost negligible.
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Figure 7. Heat flux density variation trends of passive walls on 10 July.

3.1.4. Comparison of Dynamic Response Characteristics of Indoor Thermal Environment between
Nighttime Cooling and Daytime Cooling

TESCS has a strong cold storage capacity, so that nighttime cooling could be considered as the
intermittent cooling scheme in order to shift energy use to off-peak hours for economical purposes.
The principle of nighttime cooling is that cooling is active and stored at night, and it stops during
working hours while releasing the stored cooling power to indoor spaces. This section mainly focuses
on the comparative analysis of the thermal environment response characteristics between nighttime
cooling and daytime cooling. The duration of cooling time of these two schemes are all eight hours.
The cooling period of nighttime cooling and daytime cooling are 12 to 8§ a.m., and 8 a.m. to 4 p.m.,
respectively. Figure 8 shows the indoor air temperature variation trends of the top room during a typical
day. As seen, there is no significant difference in the quantity values of the indoor air temperature
between nighttime cooling and daytime cooling, except that the stability of the indoor temperature of
daytime cooling is better than that of the night cooling. Figure 9a shows the cooling capacity variation
trends of the embedded tubes and the outdoor air system during a typical day, respectively. There is no
significant difference between the total cooling capacity of the embedded tubes in the nighttime cooling
condition and that in the daytime cooling condition. However, since the radiant terminal device and
dedicated outdoor air system in daytime cooling have the cooling load all in the daytime, while the
radiant terminal device and dedicated outdoor air system under the nighttime cooling condition have
a cooling load at nighttime and daytime, respectively, so the nighttime cooling scheme can reduce
the required cooling capacity for a chiller. Figure 9b shows the variation trends of the total cooling
capacity of the composite system under the two different cooling modes, it can be concluded that the
required peak cooling capacity of the chiller in the nighttime cooling mode can be reduced by about
25% compared to the daytime cooling mode. In addition, the power supply required by the cooling
system for nighttime cooling is transferred to the nighttime, and only a dedicated outdoor air system is
required during office hours. Under the daytime cooling condition the radiant cooling system and
dedicated outdoor air system are running at the same time, and the power loads required by both
systems are all during the office hours, so the total peak load of a chiller increases. Therefore, using
nighttime cooling can shift the peak load off of peak hours, so that it can achieve the purpose of saving
system operating costs by using low-price electricity at night.
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Figure 8. Indoor air temperature variation trends under daytime cooling and nighttime cooling during
a typical day.

3.2. Optimization of Intermittent Cooling Schemes

3.2.1. Optimization of Cooling Duration

This section aims to find out the optimal duration of the cooling time in order to achieve the best
indoor thermal comfort as well as system energy saving. The functioning time of the radiant cooling
slab system varies with the intermittent control scheme, while the functioning time of the dedicated
outdoor air system coincides with the staff working schedule. It is known from Section 3.1.4 that
nighttime cooling has many advantages including reducing the installed capacity of chiller, realizing a
peak shift of the power consumption, and saving system operating costs. Therefore, nighttime cooling
was primarily chosen as the intermittent operation scheme throughout this section and different cooling
durations were considered. The main operation schemes are outlined: (1) six hours of continuous
cooling: 2 to 8 a.m.; (2) 8 h of continuous cooling: 12 to 8 a.m.; (3) 12 h of continuous cooling: 8 p.m. to
8 a.m.; (4) 24 h of continuous cooling. The thermal environment of the studied room and the energy
consumption of the system during the entire cooling period were simulated.

Figure 10 shows the proportions of time that different operative temperature intervals occur in
the office hours of the entire cooling period under various cooling durations. It can be noted that a
decrease in the operative temperature is associated with the cooling duration increasing. In the case
of a very short cooling duration, relatively high operative temperature leads to the thermal comfort
requirement not being well satisfied. However, it is not ideal for the cooling duration to be too long,
as a long cooling duration tends to cause low operative temperature, which results in the thermal
comfort requirement not being well met. All the rooms on different floors at the same location differ
slightly from each other in terms of their operative temperatures. According to Figure 10, the 8 h
cooling scheme accounts for the largest proportion of the operative temperature interval that meets the
comfort criteria of Category A.

Figure 11 shows the proportions of time that different PMV intervals occur in the office hours of
the whole cooling period under different cooling durations. It can also be seen that too short or too
long cooling duration will cause the PMV to deviate from the optimal range, which will reduce the
thermal comfort level of the human body. The proportion of different PMV intervals in rooms at the
same location on different floors is slightly different. Figure 11 shows that among the four cooling
duration conditions, the proportion of time during which the PMV meets the Category A standard
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during office hours of the cooling period under the eight-hour cooling duration condition is the largest.
Combining the results shown in Figures 10 and 11, it can be concluded that compared with the other
three cooling time periods, the office staff has a longer and more comfortable indoor environment
under the eight-hour cooling duration condition. Thus, in terms of thermal comfort, 8 h is the best

duration for cooling.
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Figure 10. Proportions of time that different operative temperature intervals occur throughout the
entire period of cooling under various cooling durations. (a) Top floor room; (b) second floor room;
and (c) ground floor room.
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Figure 11. Proportions of time that different predicted mean vote interval occurs throughout the entire
period of cooling under various cooling durations. (a) Top floor room; (b) second floor room; and (c)
ground floor room.
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As it is advised that TESCS is combined with the dedicated outdoor air system, the total energy
consumption of this hybrid system consists of consumption of both parts. In this study, the dedicated
outdoor air system maintains a constant level in the air supply volume as well as the temperature
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of the air supply. Since all the different cooling schemes have the same running times for outdoor
air system, the energy consumption at the air side of the various intermittent control schemes is also
identical to each other. As a result, our study primarily looked into the energy consumption of TESCS
under the various control schemes. As high temperature cooling water is used in TESCS to reduce
building envelope temperatures, the energy consumption of TESCS can be partly extracted from what
the embedded tubes can provide for the room in our study, in terms of its total capacity for cooling.
Table 3 exhibits the total cooling capacity that the radiant cooling system provided throughout the
entire cooling period for the three rooms studied in this paper, under various durations for cooling.
From studying the table, a positive relationship can be observed between the total capacity required
for cooling and the duration for cooling. In addition, energy consumed by the pump is also a part of
the total energy consumed by the radiant cooling system. Since the water supply volume of the water
system is constant, a positive relationship between the duration for cooling and energy consumed by
the water-side pump is expected. However, increasing the cooling duration has a significant advantage.
It can reduce a peak load, as shown in Figure 12. Therefore, the total capacity installed of the chiller
can be decreased, which in turn reduces the initial investment for the cooling system. It is shown in
Figure 12 that the embedded tubes change in terms of their capacity for cooling in a typical 24-h day
with various durations for cooling. According to Figure 12, the peak capacity for cooling supplied to
the room from embedded tubes reduces with the increase of the cooling duration. It can be concluded
that 24-h cooling can reduce the peak load about 70%, 67%, and 41%, respectively, compared with 6-h
cooling, 8-h cooling, and 12-h cooling. Similar conclusions have also been made in some previous
papers that all-day cooling with high cooling water temperature decreases the peak load by more than
half, compared to using cooling water with low temperature and short-period cooling [38].

Table 3. Total capacity of the embedded tubes for cooling during the cooling period with various
durations for cooling.

Duration for Cooling 6h 8h 12h 24h
Capacity for cooling (kW-h) 2721 3012 3533 4014
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Figure 12. Pattern of variations in cooling capacity of embedded tubes with various durations for
cooling in a typical 24-h day.

It is recommended that the control scheme is optimized to improve both thermal comfort and
energy savings. The amount of energy consumed in the case with 6-h cooling is smaller than that of the
case cooled with the 8-h duration. However, in terms of indoor thermal comfort, 8-h cooling produces
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a better result. In conclusion, to achieve both energy efficiency and requirement satisfaction of thermal
comfort, 8-h duration for cooling is more effective.

3.2.2. Optimization of Distribution of the Time for Cooling

Section 3.2.1 compared the indoor thermal comfort and system energy consumption of radiant
cooled room with continuous cooling under various durations for cooling. However, the varying
distributions of cooling time throughout the same duration for cooling will also have an impact on
indoor thermal conditions and energy consumption by the system. The primary focus of this section
was the optimization of the distribution of cooling time. The concluded optimal cooling duration of 8
h derived from Section 3.2.1 was used as the total cooling duration. Nighttime cooling was mainly
considered in Section 3.2.1. However, when it comes to cooling during the daytime, as a result of
indoor and solar radiation heat gain on the cooling surface, some of the heat gain can be directly
cancelled out by cooling water, and hence there is a relatively large cooling capacity of the radiant
system [50,51]. Therefore, daytime cooling was also taken into consideration in discussions of this
section. In this section, the primary intermittent operation schemes are: (1) Scheme 1: 8 h of continuous
cooling from 12 to 8 a.m.; (2) Scheme 2: 8 h of continuous cooling from 5 a.m. to 1 p.m.; (3) Scheme 3: 2
h on, 1 h off; (4) Scheme 4: 1 h on and 1 h off; (5) Scheme 5: 30 min on and 30 min off. The detailed
cooling time distributions of each scheme are shown in Figure 13. Cooling activities in Schemes 1, 3, 4,
and 5 all take place at night-time, while there is a small part of the cooling activity in Scheme 2 that
happens at nighttime, it is mostly daytime cooling.

pr— — — — — — — — — SchemGS — — — — — — —
Scheme 4
Scheme 3
Scheme 2
Scheme 1
T T T
C 00 0 00 0000000000000 000000000000000000000D000DODOD
SRS NSNS A S A SRS NSNS adadndandadadadndandadadadandadad
SO —~— ANtttV OO~ —~— AN NN OO0 O —~— Al onoon <t
~~~~~~~~~~~~~~~~~~~~ R RSRSENRIRAERSEY

Time (hh:mm)

Figure 13. Different cooling time distribution schemes.

Figure 14 shows the proportions of time that different operative temperature intervals occur in
working hours throughout the entire period of cooling under different cooling time distributions.
According to the figure, the distribution of cooling time affects the operative temperature of the room.
When all the night-time cooling schemes, i.e., Schemes 1, 3, 4, and 5, under the same duration for
cooling are compared, a negative correlation can be observed between the frequency of the start and
stop of the pump and the indoor operative temperature. In other words, frequent on and off switching
of the pump with the same duration for cooling leads to an increased capacity for cooling received by
the room that is the target for cooling. Figure 15 shows the proportions of time that different PMV
intervals occur throughout the entire period of cooling under different cooling time distributions. It
can be seen that among the five cooling time distribution schemes, the proportion of time during which
the PMV meets the Category A standard during office hours of the cooling period under the Scheme 2
is the largest.
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Figure 14. Proportions of time that different operative temperature intervals occur throughout the
entire period of cooling under different distributions of time for cooling. (a) Top floor room; (b) second
floor room; and (c) ground floor room.
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Figure 15. Proportions of time that different PMV intervals occur throughout the entire period of
cooling under different distributions of time for cooling. (a) Top floor room; (b) second floor room; and

(c) ground floor room.
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Figure 16 depicts the pattern of changes in the operative temperature of different cooling time
distribution schemes on July 10. According to the figure, the temperature fluctuation of Scheme
2 throughout the office hours is the least amongst all, as a result of the particular condition of
Scheme 2. More specifically, most of the running time coincides with office opening-hours, and there is
a lower nighttime capacity for cooling and the reduction in the operative temperature is less marked.
Throughout the part that overlapped with office opening-hours, the heat gains inside the room lead
to an increase in both the difference in temperature between indoor air and the water tube and the
capacity of the radiant slab for cooling, according to Figure 17. However, since most of the running
time under Scheme 2 overlaps with office opening hours, low-cost electricity throughout the nighttime
is not fully utilized under this scheme. Table 4 shows the total capacity for cooling supplied to all the
three rooms through embedded tubes in the entire period for cooling with varying distributions of
cooling time. According to Table 4, the biggest capacity for cooling is observed under Scheme 5, while
the smallest is observed under Scheme 2. Figures 14 and 15 show that the highest level of thermal
comfort is achieved under Scheme 2. In conclusion, when ignoring night-time low-cost electricity and
only considering energy savings and the improvement in thermal comfort, Scheme 2 is the optimal
choice for this section.
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Figure 16. Operative temperature variation trends of different cooling time distribution schemes on 10 July.
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Figure 17. Heat flux densities of the ceiling in the top-floor room with varying distributions of time
for cooling.
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Table 4. Total capacity for cooling of the embedded tubes with varying distributions of the cooling time.

Scheme Categories Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5

Capacity for cooling (kW-h) 3012 2992 3154 3228 3269

By comparing Figures 10 and 11 with Figures 14 and 15, and comparing Table 3 with Table 4,
it also can be concluded that under the nighttime cooling mode, the effect of the cooling duration
on thermal comfort and energy efficiency is much greater than that of the cooling time distribution.
Therefore, in the optimization of the intermittent operation and control strategy, it is very important to
choose the appropriate duration for cooling.

3.2.3. Variable Water Temperature Control Scheme

The cooling period of Xi’an is very long and its outdoor air temperature fluctuates greatly. If
the intermittent cooling scheme with the constant water supply temperature was used, the system
may not function well enough to meet the indoor thermal comfort requirements and achieve the
full energy efficiency potential. Therefore, one can consider further optimizing the intermittent
operation scheme by combining it the with variable water temperature control scheme. In the setting
of control parameters, the water supply temperature varies according to the variation of the outdoor
air temperature. As for the empirical formula of variable water temperature control on the concrete
radiant cooling system, some scholars have studied the buildings of Germany [35]. Olesen proposed
a relationship function between the water supply temperature and outdoor air temperature [35], as
shown in Equation (1).

tSUPPIY = 0‘52(20 - texternal) - 1.6(top - 22) + 20 (1)

where fgpply is the water supply temperature (°C); fexternal 1S the outdoor air temperature (°C); top is
the indoor operative temperature (°C).

This study first used Olesen’s relationship function as the variable water temperature control
scheme in simulation to determine whether it is suitable for the typical office building in Xi’an. In order
to reduce the fluctuation range of the water supply temperature, the mean temperature of each hour was
used for the setting value of outdoor air temperature in Equation (1). The optimal scheme (Scheme 2:
eight hours for cooling duration at 5 a.m. to 1 p.m. for the cooling period), resulting from Section 3.2.2,
was used for the intermittent operation scheme in this section. On this basis, the Equation (1) was used
as the variable water temperature control function. Under this control scheme, the proportions of time
at which different operating temperature and PMV intervals occur in office hours of the whole cooling
period are shown in Table 5.

Table 5. Proportions of time at which different operating temperature and PMV intervals occur during
the whole cooling period under the scheme using Equation (1).

Proportion (%)

Thermal Comfort Index Partition Interval

Top Floor Room Second Floor Room Ground Floor Room
>27°C 0 0 0
26-27°C 0 0 0
25.5-26°C 0 0 0
Operative temperature 23.5-25.5°C 14 13 3
23-23.5°C 43 43 17
22-23°C 43 43 77
<22°C 0 0 0
>0.7 0 0 0
0.5-0.7 0 0 0
0.2-0.5 0 0 0
PMV 0.2to 0.2 4 4 0
-0.2t0-0.5 82 82 46
—0.5t0 0.7 14 14 48
<-0.7 0 0 5
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From Table 5, it can be seen that when using Equation (1) as the control function, the indoor
operative temperature is very low, and the PMV values of part of cooling period are less than —0.5,
which cannot meet the requirement of the standard ISO7730 [48]. In addition, when using Equation (1)
in Xi’an, the calculated water supply temperature is too low, which will cause the risk of condensation
on cooling surface. Figure 18 shows the variation trends of the water supply temperature during a
day when Equation (1) was adopted. It can be seen from the figure that the water supply temperature
changes in the range of 9-15 °C during a typical day. While the indoor air design temperature is
26 °C and the design relative humidity is 50%, which corresponds to a dew point temperature of
14.6 °C. Obviously, this will cause the risk of condensation on the radiant cooling surface. Therefore,
Equation (1) was modified in this paper, so that the water supply temperature is higher than the dew
point temperature, as shown in Equation (2).

tsupply = 0.52(20 — texternal) — 1.6(top —22) 426 )

—=—Equation (1)
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Figure 18. Variation trends of water supply temperature during a typical day.

Table 6 shows the proportions of time that different operating temperature and PMV intervals
occur in office hours of the whole cooling period, when using Equation (2) as the control function.
It can be seen that when using Equation (2) as the control function, the operative temperature of most
time during the cooling period is in the range of 23.5-25.5 °C, and the PMV values are in the range of
0.2-0.2, which can meet the thermal comfort requirements well.

Table 6. Proportions of time that different operating temperature and PMV intervals occur under the
scheme using Equation (2).

Proportion (%)
Thermal Comfort Index Partition Interval

Top Floor Room Second Floor Room Ground Floor Room
>27°C 0 0 0
26-27 °C 0 0 0
25.5-26 °C 3 2 0
Operative temperature 23.5-25.5°C 97 98 100
23-23.5°C 0 0 0
22-23°C 0 0 0
<22°C 0 0 0
>0.7 0 0 0
0.5-0.7 0 0 0
0.2-0.5 12 11 2
PMV 0.2to -0.2 87 87 93
—-0.2 to —-0.5 1 2 6
—0.5t0 0.7 0 0 0
<-0.7 0 0 0
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Table 7 shows the total cooling capacity of embedded tubes under these three control schemes
including variable water supply temperature control using Equation (1) as the control function, variable
water supply temperature control using Equation (2) as the control function, and the constant water
supply temperature control scheme. As seen, the scheme of the intermittent operation combined
with the variable water supply temperature control using Equation (2) can achieve the minimum
energy consumption. This control scheme can achieve the dual goals of high thermal comfort and
energy savings.

Table 7. Total cooling capacities of embedded tubes under various water temperature control schemes.

Control Scheme Equation (1) Equation (2) Constant Water Supply Temperature (19 °C)
Capacity for cooling (kW-h) 3914 2883 2992

3.3. Optimization of Intermittent Cooling Schemes in Other Climate Zones of China

The optimization of the intermittent operation schemes of TESCS was focused on typical office
buildings in a cold zone of China in Section 3.2. The results show that both different cooling durations
and different cooling time distributions have an impact on indoor thermal comfort and system energy
consumption, and that finding a suitable control scheme can achieve the two goals of high thermal
comfort and low energy consumption. The optimal intermittent operation control scheme is given, but
the results may not be suitable for other climate zones of China. Therefore, this section optimized the
intermittent operation schemes of TESCS for the other climate zones of China including the severe cold
zone, hot summer and cold winter zone, and hot summer and warm winter zone. A representative
city in every climate zone was chosen, respectively. The intermittent control schemes considered in
simulation and the optimization results of each other climate zone are shown in Table 8.

The results show that the optimum cooling duration and cooling time distribution are different for
different climate zones under the condition of constant water supply temperature and constant water
supply volume. Under the condition with the water supply temperature of 19 °C, the optimum cooling
duration for typical office buildings with common envelopes in Shenyang, Shanghai, and Guangzhou
are 4, 10, and 14 h respectively. Under the same cooling duration of the system, a high-frequency
start and stop control of the pump can provide more cooling capacity for the room, which means
the cooling capacity of the system is increased. Under the nighttime cooling mode, the effect of the
cooling duration on the thermal comfort and energy efficiency is much greater than the cooling time
distribution. These conclusions apply to any climate zone. The results of all other climate zones also
show that daytime cooling provides higher thermal comfort and lower energy consumption than other
intermittent cooling control schemes.
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Table 8. Intermittent cooling control schemes and optimization results of other climate zones.

Optimization of Cooling Duration Optimization of Cooling Time Distribution
Climate Zone Representative City
Intermittent Control Scheme Optimal Duration Intermittent Control Scheme Optimal Scheme
(1) 4hof cooling: 4:00-8:00;
(1) 3 hof continuous cooling: 5:00-8:00; (2)  4hof cooling: 5:00_9:09; .
. L 0. (3) 2honand1h off. Cooling time: 3:00-5:00, 6:00-8:00;
(2) 4 of continuous cooling: 4:00-8:00; Lo
Severe cold zone Shenyang . . 4h (4) 1honand1h off. Cooling time: 1:00-2:00, 3:00—4:00, 5:00-6:00, Scheme 2
(3) 5 of continuous cooling: 3:00-8:00;
(4) 6 h of continuous cooling: 2:00-8:00. 7:00-8:00;
& < o (5) 30 min on and 30 min off. Cooling time: 0:00-0:30, 1:00-1:30,
2:00-2:30, 3:00-3:30, 4:00—4:30, 5:00-5:30, 6:00-6:30, 7:00-7:30.
(1) 10 h of cooling: 22:00-8:00;
(2) 10 h of cooling: 5:00-15:00;
(3) 2honand1h off. Cooling time: 0:00-2:00, 3:00-5:00, 6:00-8:00,
18:00-20:00, 21:00-23:00;
(1) 9 of continuous cooling: 23:00-8:00; (4) 1honand1h off. Cooling time: 1:00-2:00, 3:00-4:00, 5:00-6:00,
Hot summer and Shanghai (2) 10hof cont%nuous cooh'ng: 22:00-8:00; 10h 7:00-8:00, 9:00-10:00, 11:00-12:00, 17:00-18:00, 19:00-20:00, Scheme 2
cold winter zone (3) 11 h of continuous cooling: 21:00-8:00; 21:00-22:00, 23:00-0:00;
(4) 12 h of continuous cooling: 20:00-8:00. (5) 30 min on and 30 min off. Cooling time: 0:00-0:30, 1:00-1:30,

2:00-2:30, 3:00-3:30, 4:00-4:30, 5:00-5:30, 6:00-6:30, 7:00-7:30,
8:00-8:30, 9:00-9:30, 10:00-10:30, 11:00-11:30, 16:00-16:30,
17:00-17:30, 18:00-18:30, 19:00-19:30, 20:00-20:30, 21:00-21:30,
22:00-22:30, 23:00-23:30.

Hot summer and (1) 13 h of continuous cooling: 19:00-8:00; (1) 14 h of cooling from 18:00 to 8:00;
ot summer a (2) 14 h of continuous cooling: 18:00-8:00; (2) 14 h of cooling from 4:00 to 18:00;
warm winter Guangzhou X i 14h N . Scheme 2
Zone (3) 15 h of continuous cooling: 17:00-8:00; (3) 2honand1h off. Cooling time: 0:00-2:00, 3:00-5:00, 6:00-8:00,

(4) 16 h of continuous cooling: 17:00-9:00. 9:00-11:00, 12:00-14:00, 18:00-20:00, 21:00-23:00.
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4. Conclusions

In this paper, the response characteristics of the thermal environment of intermittently cooled

rooms by tube-embedded slabs were firstly studied and analyzed for a typical office building in the
cold climate zone of China by TRNSYS software, and then the intermittent operation and control
schemes of TESCS were optimized. The main conclusions are drawn as follows:

1.

For TESCS, intermittent cooling will not cause indoor thermal environment parameters to fluctuate
significantly and can keep indoor temperature basically stable.

The tube-embedded slab has significant heat storage and release characteristics under the
intermittent cooling condition, and the maximum value of the heat flux density of the cooling
surface appears about one hour after the stop of cooling. The passive interior wall also has a
certain amount of cooling energy storage and also has heat storage and release characteristics
under the intermittent cooling condition, but its cooling capacity is very small.

The required total cooling capacity increases with the increase of the cooling duration. Reducing
the duration of the cooling can reduce the system energy consumption. However, increasing the
cooling duration can reduce the peak load and the installed capacity of the chiller. The scheme of
24-h cooling can reduce the peak load about 70%, 67%, and 41%, respectively, compared with 6-h
cooling, 8-h cooling, and 12-h cooling. Frequent starts and stops of the pump under the same
duration of cooling can increase the cooling capacity obtained by the room to a certain extent.
Under the nighttime cooling mode, the effect of the cooling duration on the indoor thermal
comfort and system energy efficiency is much greater than the cooling time distribution. It is
very important to choose the appropriate cooling duration in the optimization of the intermittent
control strategy.

Compared with nighttime cooling, daytime cooling can provide a higher thermal comfort level
and lower system energy consumption. However, nighttime cooling can reduce the chiller’s
installed capacity by about 25%. It can also shift the peak load off of peak hours and use low-price
nighttime electricity, which will lead to the savings of the operating cost.

On the basis of the intermittent operation, combining variable water temperature control can
well restrain the fluctuation of indoor air temperature, due to the large change of the outdoor air
temperature in the cooling season, so as to achieve the dual goals of thermal comfort and energy
saving better.

From the perspective of dual-objective optimization for thermal comfort and energy-saving,
four hours, eight hours, ten hours, and fourteen hours are the optimal cooling durations for the
typical office building with a typical envelope structure and embedded tube parameters under
the condition of using a supply water with a temperature of 19 °C in Shenyang, Xi’an, Shanghai
and Guangzhou, respectively.

This study selected a typical office building in Xi’an, a typical, representative city of the cold zone
in China as the case study, and the optimization study was also extended to wider climate zones
of China. For office buildings with similar thermal characteristics, the results are representative.
For other types of buildings with different thermal characteristics, such as houses, apartment, or
hotels, and so forth, the results may be different. Due to the thermal coupling between the cooling
elements of TESCS and the building structure, intermittent operating schemes are sensitive
to climatic characteristics, building thermal characteristics, and building load characteristics.
Therefore, the intermittent operation scheme has certain applicability to climatic characteristics
and building load characteristics. Due to the heat storage characteristics of TESCS, the intermittent
operation is also feasible in other types of buildings. However, the optimal intermittent operation
scheme may take a different form from the results in this study. It requires further research in
the future.
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