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Power demand response is considered as one of the most promising solutions in relieving the power
imbalance of an electrical grid that results a series of critical problems to the gird and end-users. In order
to effectively make use of the demand response potentials of buildings, this paper presents a novel air-

l<€yW0de: conditioning system with proactive demand control for daily load shifting and real time power balance in
Proactive ;emand response the developing smart grid. This system consists of a chilled water storage system (CWS) and a tempera-
Smart gri

ture and humidity independent control (THIC) air-conditioning system, which can significantly reduce
the storage volume of the chilled water tank and effectively enable a building with more flexibility in
changing its electricity usage patterns. The power demand of the proposed air-conditioning system
can be flexibly controlled as desired by implementing two types of demand response strategies: demand
side bidding (DSB) strategy and demand as frequency controlled reserve (DFR) strategy, in respond to the
day-ahead and hour-ahead power change requirements of the grid, respectively. Considerable benefits
(e.g., energy and cost savings) can be achieved for both the electricity utilities and building owners under
incentive pricing or tariffs. A case study is conducted in a simulation platform to demonstrate the appli-
cation of the proposed system in an office building.
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1. Introduction

One of the biggest challenges encountered by electric grids is
the power imbalance between the supply side and demand side,
which may cause a series of problems such as low efficiency, sur-
plus energy waste, high pollutant emission, and voltage sags and
facilities damages. This imbalance has been further exacerbating
with the wide integration of renewable generations (e.g., solar
photovoltaic and wind farm) and the rapid increase in comfort
cooling or air conditioning (A/C) usage in many countries [1].
Smart grid that can help reduce the grid imbalance by jointly con-
trolling both the power production on the supply side and the
power consumption on the demand side is therefore considered
as a promising solution by many researchers [2-4]. The control
of power demand of end-users in response to grid signals (e.g.
dynamic price and reliability information) is known as demand
response (DR) and has become an essential part in the smart grid
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vision [5,6]. Based on the type of signal used to activate the DR
program, DR programs can be categorized as either emergency
(or reliability based) DR programs or economic (price based) DR
programs or demand side ancillary service programs [7].
Buildings, as a primary end-users consuming about 30% of the
total electricity in US [8] and over 90% of the total electricity in Hong
Kong [9], can play an important role in power demand response.
Many demand response measures have been employed in buildings
to reduce or shift power demand during peak demand periods. In
residential buildings, demand response measures are typically
invoked for active shutting down the large consumers (e.g., A/C,
washers and heaters) during peak periods, thereby reducing elec-
tricity consumption as well as minimizing simultaneous power
demands by participating households [10]. In commercial buildings,
building thermal mass (i.e., passive storage) and thermal storage
systems (i.e., active storage) are usually used to shift the heating/
cooling load and consequently the power demand from the peak
periods to the off-peak periods. For instance, Braun [11] evaluated
the performance of different building thermal mass control strate-
gies, which control the building cooling demand by adjusting the
set-points of indoor-air temperature. Sun et al. [12] proposed a
demand limiting strategy by utilizing building thermal mass for
pre-cooling building in early morning hours. The main drawback
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of using thermal mass is that the storage capacity and efficiency are
low and the controllability of cold energy discharge is poor [13]. The
amount and duration of the thermal mass storage vary widely,
depending on various factors including building structure, thermal
time constants, and internal and external heat gains [14]. In addi-
tion, using thermal mass for power demand control has a certain
degree of impact on the thermal comfort of occupants since the
indoor temperature is affected more or less.

By contrast, using the active thermal storage has larger capac-
ity and better controllability in peak load reduction while has less
negative impact on building occupants. It reduces building peak
demand through the production and storage of cold energy during
off-peak periods and the usage of the stored energy for cooling
during peak periods. The cold energy is usually stored in the form
of ice, chilled water, phase change materials (PCMs) or eutectic
solution [15,16]. Among them, chilled water storage (CWS) and
ice storage are the most prevalent techniques that are commonly
used worldwide. Compared with the ice storage system, the
chilled water storage system has many attractive advantages such
as simple system configuration, easy control strategy and low
initial and operating cost [17]. However, the volumetric thermal
storage density of the chilled water storage system is much less
than that of the ice storage system. For storing the same amount
of cold energy, the required volume for a chilled water storage is
about 5-8 times of that of an ice storage system [18]. The require-
ment of large storage tank and consequently high storage
construction cost are the main obstacle to apply the chilled water
storage system in buildings. Fortunately, some measures such as
reducing the amount of cold energy storage and increasing the
storage density through enlarging the water temperature differ-
ence can be used to reduce the required storage volume of a
chilled water storage system.

The temperature difference of a CWS system is mainly deter-
mined by the supply temperature of the chiller and the return
temperature from A/C terminals. In conventional air-conditioning
systems by which air is cooled and dehumidified (i.e., moisture is
removed by condensation) simultaneously, the supply and return
temperatures of chilled water are usually fixed to be 7 °C and
12 °C respectively. If a CWS is adopted in such an air-conditioning
system, the temperature difference of the CWS system is no
more than 5 °C (considering the temperature differential loss due
to heat exchangers). However, in temperature and humidity
independent control (THIC) air-conditioning systems (also called
as “independent control of temperature and humidity system”),
the indoor air temperature and humidity can be regulated inde-
pendently using a separate temperature control subsystem and a
humidity control subsystem respectively [19]. The return water
temperature from the cooling coils of the temperature control
subsystem can be increased significantly (e.g., from 12°C to
21°C) and the storage density of CWS can be increased conse-
quently. In addition, the sensible cooling load can be separated
from the latent load (moisture load). If only the sensible cooling
load (about 50-60% of the total cooling load) is stored, the volume
of the required storage tank can be further reduced when compar-
ing with the conventional chilled water storage systems that need
to store the entire total cooling load.

In order to effectively make use of the demand response poten-
tials of the chilled water system and reduce the required storage
volume, a novel air-conditioning system, which combines a chilled
water storage system (CWS) with a temperature and humidity
independent control (THIC) air-conditioning system, is proposed
in this paper. Through scheduling and optimizing the charge and
discharge of the chilled water system, the building can effectively
control the power demand of the air-conditioning system in
respond to the day-ahead and hour-ahead alteration requirements
of the grid.

2. System configuration and operation modes
2.1. System configuration

Fig. 1 illustrates the schematic of the proposed air-conditioning
system. The cold source of the system consists of chillers and a
chilled water storage tank. Ideally, the chilled water is stored
inside the tank in stratified layers for later use in meeting cooling
needs. During the discharge mode, chilled water is supplied from
the bottom of the tank and is returned to the top of the tank at
low flow rates to minimize mixing of the layers [20]. The cooling
capacity of the system mainly depends on the temperature differ-
ential across the stratified storage tank (i.e., the temperature differ-
ence of the CWS system), as shown in Eq. (1).

Viank o % (1)
where Vg is the required storage volume of the water tank. Qs is
the storage capacity of the tank. AT is the temperature difference
of the CWS system, which equals the difference between the return
water temperature (i.e., Tg) to the tank and the supply water tem-
perature (i.e., Ts) from the tank.

The terminal system consists of two subsystems, i.e., the
humidity control subsystem and the temperature control subsys-
tem which are used to control the humidity and temperature of
indoor air respectively. The humidity control subsystem is a dedi-
cated fresh air system (e.g., AHUs (air handle units)) and the tem-
perature control subsystem is a room terminal system (e.g., dry
FCUs (fan coil units) or radiant ceiling). In the humidity control
subsystem, the outdoor fresh air is dehumidified in the AHU coils
using the low-temperature chilled water from chiller (or from tank
for a short period of time). The dehumidified air (i.e., dry air) is
then supplied to the room for handling the entire indoor latent
(or moisture) load and part of sensible load as the supplied air tem-
perature (e.g., 13 °C) is lower than the indoor air temperature. The
rest sensible load is removed using the FCUs or radiant ceiling
room terminals in the temperature control subsystem. Without
the need for dehumidifying in the room terminals, the required
supply/return chilled water temperature can be increased signifi-
cantly, e.g., from the conventional 7 °C/12 °C to 18 °C/21 °C.

Typically, the high temperature chilled water should be pro-
vided by a high-temperature chiller (with supply/return tempera-
ture of 18 °C/21 °C) rather than by a conventional chiller (with
supply/return temperature of 18 °C/21 °C) since the COP of former
is much higher (e.g., 30%) than the latter one. However, in the pro-
posed system, the chilled water is provided from the storage tank,
in which the chilled water is still produced by conventional chiller
with a relative lower COP. In this way, the energy performance of
the system is not as good as the typical case. The benefit is that
the temperature difference of the CWS system is increased signif-
icantly (e.g., from 5 °C to 14 °C), which helps reduce the required
storage volume correspondingly, as indicated by Eq. (1).

2.2. System operation modes

Four difference modes can be operated in this proposed system:
(1) cold charging mode, (2) cold discharging mode, (3) cold overdraw-
ing mode and, (4) cold repaying mode. The specific operating status
of key equipment and valves under these four modes are shown in
Table 1. During the off-peak periods (e.g., nighttime), the system
operates in cold charging mode: all chillers are switch on to produce
cold energy that is stored in the water tank with a temperature
about 6 °C. During the normal office hours, the system operates
in cold discharging mode: the stored cold energy is extracted from
the tank through heat exchangers (i.e., EX2 in the figure) to handle
the cooling load of FCUs in the temperature control subsystem.
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