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a  b  s  t  r  a  c  t

Demand  response  (DR)  of air-conditioning  systems  is  important  to  shift  or  reduce  the peak  electricity
demand  of commercial  buildings  by  shift  or reduce  the  cooling  load.  Popular  DR  strategies  of  air-
conditioning  systems  include  zonal  temperature  reset  and  direct  control  of  the main  equipment.  Many
DR studies  have  been  conducted  on  the  thermal  inertia  of  buildings  for  temperature  resetting,  but  there
are few  studies  on  the  thermal  inertia  of  air-conditioning  systems,  which  is  relatively  small  but  not  negli-
gible.  In  this  paper,  the  thermal  inertia  of air-conditioning  systems  is  defined  as  the  character  that  causes
the variation  of  the  supply  cooling  capacity  to  zones  lagging  behind  the  variation  of  the  cooling  capacity
from  plants  after  DR  strategies  are  implemented.  This  paper  develops  an  inertia  model  of  chilled-water
systems  with  three  sub-models,  including  chiller  model,  chilled-water  pipe  model  and  cooling  coil model.
The model  describes  the  dynamic  process  from  the  cooling  plant  to terminal  units  when  DR  strategies  on

chillers  are  implemented.  A new  parameter  Q (t) named  the  “refrigerant  cooling  capacity”  is introduced
in  this  study  to simplify  the thermal  inertia  model.  The  Q (t) patterns during  the  dynamic  processes  of
two  series  of common  chiller-side  control  strategies  (On/Off  control  and  resetting  the  chilled-water  tem-
perature)  are  obtained  and  validated  using  experiments  and  field  tests.  In the  end,  the  entire  transient
model  of air-conditioning  systems  is validated  using  experiments.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Global building energy consumption has steadily increased [1].
he building sector represents over 40% of worldwide primary
nergy consumption [2]. The growth in energy use for heating,
entilation and air conditioning (HVAC) systems is particularly sig-
ificant [3]. The energy consumed by electric air-conditioning is
0–50% of the total electric energy consumed during summer in
any cities worldwide. This proportion even exceeds 50% in some

ommercially dense and developed cities [4]. In addition to the
ccumulated energy use, buildings, particularly commercial build-
ngs, tend to simultaneously have high electricity demand under
eat waves, which causes significant peak demand exertion on the
rid [5]. Particularly, in extreme weather, the peak load caused
y air-conditioning systems can jeopardize the grid. Recently, the

emand response (DR), which is a technology that is used to flatten
he peak, has become a popular solution in both the US and Euro-
ean electricity markets [6,7]. The DR can be defined as “changes in

∗ Corresponding author.
E-mail address: xupengwb@gmail.com (P. Xu).

ttp://dx.doi.org/10.1016/j.enbuild.2017.05.078
378-7788/© 2017 Elsevier B.V. All rights reserved.
electric usage by end-use customers from their normal consump-
tion patterns in response to changes in the price of electricity over
time, or to incentive payments designed to induce lower electric-
ity use at times of high wholesale market prices or when system
reliability is jeopardized.”[8]

Feasible DR strategies for heating, ventilation and air-
conditioning (HVAC) systems were summarized by Motegi et al.
[9]. The literature indicates that HVAC-based DR strategies for a
given facility are subjected to the type and condition of the building,
mechanical equipment, and energy management and control sys-
tems (EMCS). Three commonly used DR strategies focus on different
parts of the building and systems. They include zone temperature
control, air distribution control, central-plant control strategies,
and so on. Among these strategies, many researchers [10–18] have
focused on the study of zone control strategies, i.e., temperature
adjustment and passive thermal mass storage. In 2002, Braun et al.
[10] conducted a simple temperature reset control strategy to val-
idate the feasibility of using the thermal inertia of a building to

shift the peak load of the air-conditioning system. Xu [12] studied
the potential of pre-cooling and demand limiting by adjusting the
zone temperature set points in heavy-mass and light-mass build-
ings of California and demonstrated that the strategy significantly

dx.doi.org/10.1016/j.enbuild.2017.05.078
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2017.05.078&domain=pdf
mailto:xupengwb@gmail.com
dx.doi.org/10.1016/j.enbuild.2017.05.078
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Nomenclature

A Heat transfer area, m2

c Specific heat, J/ (kg ·◦ C)
h Enthalpy, J/kg
m Total mass, kg
NTU Number of heat transfer unit
nx Constant
R Heat resistant, ◦C/W
T Temperature, ◦C

 ̨ Coefficient of convention heat transfer, W/
(

m2 ·◦ C
)

˛′ Coefficient of convention heat transfer under dehu-
midification, W/

(
m2 ·◦ C

)
ε Heat transfer effectiveness
� the overall fin efficiency for heat transfer only
�′ the overall fin efficiency for both air-side heat and

mass transfer
� Thermal conductivity, W/

(
m2 ·◦ C

)
Cx Constant
d Hydraulic diameter, m
Ṁ Mass flow rate, kg/s
N Arbitrary number of control volumes for coil
Nu Nusselt number
Q Cooling capacity, W
Re Reynolds number
t  Time, s

Superscript
ch Chiller
co Coil
pi Pipe

Subscript
a Air
c Coil material
e Evaporator material
in Inlet
ins Insulation material
out Outlet
p Pipe
r Refrigerant
s Saturation
tot Total

r
L
t
p

z
o
n
r
u
s
p
[
m
[
t
o
v
o

w Water

educed the cooling load in both light- and heavy-mass buildings.
ee and Braun [14–16] developed a simple approach to estimate
he building zone temperature setpoint variations to minimize the
eak cooling demands.

However, the EMCS is required to support the global reset of
one temperatures to implement demand-shifting strategies based
n zone temperature reset. Therefore, temperature adjustment is
ot a universal strategy. When EMCS does not support the global
eset of zone temperatures, central-plant control strategies can be
sed, such as resetting the supply chilled-water temperature or
hutting down some chillers [13]. The DR controls in previous tem-
erature adjustment studies have inherent and significant delays
19]. Xue et al. [19] proposed a fast DR control strategy for com-

ercial buildings from the chiller plant side. Keeney and Braun
20] developed and tested a control strategy for an office building

o limit the peak cooling load and continue building operation if
ne of the four central chiller units was shut down. Through a sur-
ey of large commercial buildings, Song et al. [21] noted that most
ccupants did not feel the interruption of the cooling supply when
gs 150 (2017) 383–395

the air-conditioning system shut down for 10–20 min per hour. It is
observed that central-plant control strategies can effectively shift
or reduce the peak load of air-conditioning systems.

An air-conditioning system can shift or reduce the peak cooling
load without affecting the thermal comfort of occupants by using
the thermal inertia of the building [22]. Most studies focused on
developing an accuracy model of the building thermal inertia while
simplified or ignored the dynamic character and thermal inertia
of the air-conditioning system. However, plant-side control strate-
gies, such as shut off the chillers, and increase the chilled-water
temperature, which also take advantage of the thermal inertia
character of the air-conditioning system. This inertia delays the
temperature increase of the chilled water and keeps supplying cool-
ing to zones. In this study, this character is called the “thermal
inertia of air-conditioning system”, which is defined as the charac-
ter that causes the variation of the supply cooling capacity to zones
lagging behind the variation of the cooling capacity from plants.

Different from the existing studies on DR of the air condition-
ing system, this paper focuses more on the control strategies of
the chiller side, concerning the thermal inertia of the air condi-
tioning system during DR events. This study is intended to provide
a thermal inertia model of the air conditioning system, combin-
ing the theoretical and experimental methods, so as to predict the
dynamic variation of the cooling capacity after DR control strategies
are implemented.

This paper is organized as follows: Section 2 reviews the related
literatures about dynamic model air-conditioning systems, and
reviews the models of the chilled water side in detail, including
chiller, cooling coil and chilled-water pipe; section 3 develops the
thermal inertia model of the air-conditioning system; and section
4 validates the models using experiments. Discussions and conclu-
sions are provided in sections 5.

2. Dynamic air-conditioning system model review

Dynamic models of air-conditioning systems can be valuable
tools to predict system behavior during the start-up, feedback con-
trol and shutdown [23].

Pengfei Li et al. [24,25] have reviewed the previous work
on HVAC equipment modeling comprehensively, including vapor
compression cycles, air-handling units, major types of chillers, cool-
ing tower, heating systems, and renewable-energy driven systems.
Shengwei Wang [26] presented a traditional component-based
dynamic model to simulate the thermal, hydraulic, environmental
and mechanic characteristics and energy performance of a building
and VAV air-conditioning system. Chen Wu et al. [27] developed
a simplified lumped parameter dynamic model for a triple evap-
orator air conditioner. Bourhan Tashtoush et al. [28] described a
dynamic model of an HVAC system including a zone, heating coil,
cooling and dehumidifying coil, humidifier, ductwork, fan, and mix-
ing box. Mossolly et al. [29] presented a space and equipment
mathematical model consisting of models for air handling unit of
the HVAC system to predict energy consumption of various com-
ponents in response to optimized set points of the selected control
strategy. Glenn Platt [30] developed a mathematical model of the
HVAC system based on physical principles and circuit theory.

The dynamic models appeared in the above literature are formu-
lated from physical fundamentals such as mass continuity, energy
conservation and heat transfer laws by using a lumped-parameter
model and physical relations, which are called physical-based mod-
els or white-box models [31].
The data-based strategy or black-box model, based on math-
ematical rules to obtain the formulation of the system from
experimental data, is also used in the dynamic model of the air
conditioning systems [32–34]. Although the performance param-
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Fig. 1. Sketch of a commercial air-conditioning system.

ters of these systems can easily be determined by mathematical
odel using statistical methods, however they are fully empiri-

al and difficult to be generalized, and perfect training data sets
re needed to ensure the accuracy of the data-based model under
ifferent dynamic conditions [35]. DR strategies are different from
ommon strategies, for DR strategies will be enforced only when DR
vents occur. Thus, the dynamic operating data during DR periods
s difficult to be attained before DR happens to train the data-based

odel.
The first-principle models could reveal the dynamic relation-

hip between the system and various disturbances which are all
aken into consideration to make better control strategies [36]. This
aper aims at exploring the heat transfer principle to predict the
ynamic variation of the cooling capacity after DR control strate-
ies implemented. Therefore, a physical-based dynamic model of
hilled water systems in commercial buildings to describe the ther-
al  inertia of air-conditioning systems was developed in this paper.

In DR study, the dynamic model of air-conditioning systems
ecomes particularly important. It is largely because DR control
trategies use the thermal inertia of the air conditioning system to
lash the power of the air conditioning in a short time and main-
ain the cooling supply at the same time. As mentioned before, the
aper focused on the thermal inertia of chilled-water systems and
ims to describe supply cooling capacity to zones, which can be
sed to predict the indoor temperature during DR. Therefore, the
esearches of the physical-based model of chilled water side are
eviewed further.

A  typical chilled water system of commercial air-conditioning is
hown in Fig. 1. The thermal inertia substance includes the water,
efrigerant and material of each device. Therefore, the major com-
onents that have thermal inertia are the chillers, transmission and
istribution pipes, and cooling coils.

.1. Dynamic chiller model review

The most difficult part of building a dynamic model of chillers is
o find a simple and accurate dynamic heat exchanger (evaporator
nd condenser) model. Wedekind et al. [37] studied the transient
ehavior of two-phase flow dynamics in heat exchangers and noted
hat the complete two-phase region could be treated in adequate
etail even in a lumped form. Deng [38] presented a dynamic
odel of a direct expansion water-cooled air-conditioning plant,

ncluding a compressor, a thermostatic expansion valve, a water
ooled condenser and a direct expansion evaporator. Rasmussen
t al. [39] developed a different modeling approach, the energy
ased approach using lumped parameter approach, shows obvious
reedom in choosing the state variables and is more straightfor-

ard to derive and simpler conceptually for a transcritical vapor

ompression system. Browne and Bansal [40] presented a tran-
ient simulation model to predict the dynamic performance of
apor compression liquid chillers under different operating condi-
ions. The model uses a thermal capacitance approach for specific
gs 150 (2017) 383–395 385

state variables to account for the dynamics of the exchangers
and ancillaries. The model is relatively simple and requires only
few initial conditions. Zhao and Zaheeruddin [41] developed a
lumped-parameter dynamic model of a water chiller refrigera-
tion system based on mass and energy balance principles. The
transient response characteristics show that the thermal system
responses are much slower than the pressure and mass flow rate
responses, which reveal a two  time-scale property of the system.
Llopis et al. [42] presents a mathematical model of a shell-and-
tube condenser based on the mass continuity, energy conservation
and heat transfer physical fundamentals, whose methodology can
be easily adapted to model any type of condenser. Yao et al. [36]
developed a state-space model to investigate the dynamic behav-
iors of refrigeration systems. Ordinary differential equations that
describe the chiller’s dynamic thermal behaviors are transformed
into a representation form of the state space, using the vector-
matrix notation and linearization. Nunes et al. [43] introduced a
dimensionless simplified mathematical model of a vapor compres-
sion refrigeration system to optimize the system dynamic response.

In our study, we develop a dynamic chiller model based on the
integration of mass, energy and momentum balance. A new param-
eter, which is the refrigerant cooling capacity Q (t),  is introduced
to simplify the modeling process, as shown in section 3.

2.2. Dynamic cooling coil model review

Cooling-coil models have been studied for many years and are
commonly divided into steady-state and dynamic models [44]. This
paper focuses on developing a dynamic model to describe the ther-
mal  inertia of an HVAC system during DR. Therefore, only dynamic
models of cooling coils are reviewed.

Yu et al. [44] developed models for the dynamic performance of
dry and wet cooling coils. They established a dry-area model with-
out consideration of condensation with three energy equations and
a wet-area model based on a mass balance equation for moist air
as well as three energy equations for the air, tube/fin, and working
fluid. Lee [45] proposed a simplified explicit model for the chilled-
water cooling coil, which could determine the performance of a
partially wet coil without requiring iterative calculations.

These coil models can well describe the dynamic performance of
cooling coils. However, many parameters, such as the parameters
of the coil construction, working fluid, tube and fin, are required to
establish the models, which are difficult to obtain.

Jin et al. [46] developed a dynamic cooling-coil unit model by
extending the cooling-coil unit engineering model and combining
the model with the mass and energy balance equations. Six model
parameters of the model were estimated using commissioning
information with a nonlinear online identification method. Unlike
the aforementioned dynamic models, this model obtained the non-
linear characteristics over a wide operating range of the cooling-coil
unit without requiring the geometric and physical parameters.

Zhou and Braun [47] developed a distributed model for the
transient behavior of cooling and dehumidifying coils, which used
several steady-state performance indices to simplify the dynamic
modeling. The model was validated to accurately predict the coil
transient performance for four- and eight-row coils by comparisons
with detailed experimental measurements [48].

The doctoral thesis of Zhou [49] detailed the process of sim-
plification and verified the reasonability of these simplifications.
For example, the effect of the heat capacitance of water conden-
sate could be considered to be negligible, and a model based on a
pure counter-flow arrangement was  used to simplify the counter

cross-flow model.

The detailed model of cooling coils was simplified by Zhou
[49], and the necessary coefficients of the model equations were
obtained using the operational parameters of a short period to
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void a detailed description of coil. In this study, the coil model
efers to the model that Zhou developed. The model is trained using
perational parameters of the cooling coil in this study.

.3. Dynamic water pipe model review

The thermal inertia of transmission and distribution pipes and
he chilled water in the pipes are non-negligible. In the building
nergy simulation software EnergyPlus [50] and energy system
imulation software TRNSYS [51], the models of the chiller and coil
o not describe the thermal inertia of the materials and the coolant.
owever, the pipe models of the software are dynamic models that

onsider the heat capacity of the pipe material and chilled water.
The dynamic simulation of the duct and pipe behavior has been

tudied less intensively than that of most HVAC components [52].
anby et al. [52] developed a method to dynamically model a fluid

onduit based on discretization into a sequence of well mixed flow
odes, which could calculate the response to changes in the flow
ate and fluid inlet temperature.

In our study, we develop the thermal inertia model of the pipe
ased on the dynamic heat transfer principles.

. Dynamic air-conditioning system model

The main difference of the proposed model in this study is the
mphasis of the thermal inertia, whereas previous studies focused
n the overall performance of air-conditioning systems, which are
ore complicated and not focus on DR strategies. In the DR event,

he accurate modeling of the air-conditioning system is as impor-
ant as the behavior of the 15–30 min  after the plant is shut off or
eset. Therefore, in this study, a detailed model of every device is
nnecessary, while the model must accurately describe the change
f the chilled-water temperature and supply air temperature dur-

ng the DR period. The accurate prediction of the change is pivotal
o maintain the indoor temperature in the comfort zone when DR
ccurs.

The characters of the proposed model are as follows:

The chiller model should be able to describe the change in the
chilled-water temperature after DR control strategies are imple-
mented;
The cooling-coil model should be able to describe the change in
the supply air temperature;
The pipe model should be able to calculate the temperature of the
outlet water when the temperature of the inlet water changes.

.1. Chiller model

Some universal assumptions and simplifications are adopted
efore chiller modeling to avoid some unnecessary complication
23,36,37,40,41,53].

The temperature of the chilled water is reset by compressor
unloading. Comparing to the thermal delay, the delay of the com-
pressor adjustment is negligible;
The flow rate of the refrigerant during the entire circle is constant,
and the refrigerant masses in the evaporator and condenser are
constant;
The relative flow between the water (coolant) and refrigerant is
simplified as a pure counter flow;
The temperature variation of the chilled water is linear along the

evaporator, and the shell temperature is described as an average
value;
The dynamic storage of the mass and energy in the superheated
vapor region is negligible.
Fig. 2. Simplification of the chilled thermal inertia model.

• The two-phase flow can be represented by a single-phase flow
with average properties.

Based on these assumptions, the emphasis of the dynamic model
of the chiller is to describe the cooling capacity variation of chilled
water when DR strategies happened. The detailed descriptions of
compressor, condenser, and expansion valve are unnecessary for
this purpose. Therefore, the boundary conditions of the chiller
model are moved inward and a new parameter, called “refrigerant
cooling capacity”, is introduced to describe the influence of com-
pressor, condenser, and expansion valve on the refrigerant cooling
capacity of evaporator (Fig. 2) Thus, the chiller model is simplified to
a considerable degree and is not restricted by the form of the cool-
ing side. The simplified dynamic model of the chiller is developed
according to the principle of energy conservation.

3.1.1. Equations
The common DR control strategies used in cooling plants include

shutting down chillers, intermittently cycling chillers, shutting
down the chiller while maintaining the pump operation, and
increasing the chilled-water setpoint. These control strategies
reduce the electricity demand of the air-conditioning system by
unloading chillers. Thus, the cooling capacity generated by the plant
reduces from Q (t)t=0 to Q (t) until it reaches a new steady state.

The dynamic heat balance equation of the refrigerant is:

crmr
dTr
dt

= Q (t) +  ˛r−eAr−e (Te − Tr) (1)

The dynamic heat balance relationship of the evaporator is:

ceme
dTe
dt

= ˛w−eAw−e

(
Tch
w,in

+ Tchw,out
2

− Te

)
+ ˛r−eAr−e (Tr − Te)

(2)

The dynamic heat balance of chilled water is:

cwmw
dTw
dt

= ˛w−eAw−e

(
Te −

Tch
w,in

+ Tchw,out
2

)

+cwṀw
(
Tchw,in − Tchw,out

)
(3)

Eqs. (1)–(3) are the transient model of chillers, which describes
the dynamic process of the chiller to a new steady state after DR
strategies are implemented.

3.1.2. Parameter specification
3.1.2.1. Displaced cooling capacity Q (t).  In the dynamic model of
chillers, Q (t) is the “refrigerant cooling capacity”, which presents

the cooling capacity transferred to the refrigerant of the evaporator
(Eq. (1) and Figure). Thus, the detailed dynamic variations of the
compressor, condenser and expansion valve are replaced by a single
variable, and the chiller dynamic model is significantly simplified.
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.1.2.2. Steady stage. In the steady stage, before the DR strategy is
mplemented or a new steady state is reached, all of dTr/dt, dTe/dt,
nd dTw/dt are equal to 0. The cooling capacity of the chiller can be
xpressed as:

(t)t=0 = cwṀw
(
Tchw,in − Tchw,out

)
(4)

In practical buildings, the temperatures of the return and supply
hilled water Tch

w,in
and Tchw,out and the flow rate of chilled water

˙ w are easily available parameters, which can be measured from
emperature sensors and flow meters. Thus, the cooling capacity of
he steady state is calculated using Eq. (4).

.1.2.3. Dynamic stage. During the dynamic stage after the DR
trategy is implemented, Q (t) denotes the refrigerant cooling
apacity of the dynamic process. Under the DR strategy of tem-
orarily shutting down the chiller, Q (t) is surmised to be zero. The
ariation pattern of Q (t) is difficult to confirm by experience for
esetting the temperature setpoint of chilled water. In this paper,

(t)of different DR control strategies were obtained and validated
sing experiments.

.1.2.4. Heat transfer coefficient ˛r−e and ˛w−e. The heat transfer
oefficient between the refrigerant and evaporator �r−e and the
eat transfer coefficient between water and the evaporator �w−e

re empirically calculated [36]:

r−e = C1(Te − Tr)n1 (5)

uw−e = C2Re
n2
w (6)

w−e = Nuw−e · �w/de (7)

.2. Coil model

An accurate and computationally fast coil model developed by
hou [47–49] is used in this paper to described the thermal internal
f the cooling coil. The important assumptions and simplifications

n the model development are as follows:

The energy stored in air is negligible;
When dehumidification occurs, the effect of the water conden-
sate on the fin and tube is negligible;
The temperature profile in the fins in the fin-height direction
follows the steady-state profile, which enables the use of heat
transfer and combined heat and mass transfer fin efficiencies;
A simplified model based on a pure counter-flow arrangement is
used to avoid a detailed description of coil circuiting.

.2.1. Equations
In this simplified model, for each discrete time interval, each

ow of the coil is treated as either all wet or all dry.

.2.1.1. Dry row. The energy balance equation of the chilled water
n the coil is:

wmw
dTcow
dt

= cwṀw
(
Tcow,in − Tcow,out

)
+ 1
Rw

(
Tc −

Tco
w,in

+ Tcow,out
2

)
(8)

The energy balance equation of the coil materials is:

cmc
dTc
dt

= 1
Ra

(
Ta,in − Tc

)
+ 1
Rw

(
Tco
w,in

+ Tcow,out
2

− Tc

)
(9)

.2.1.2. Wet  row. For a wet row, the energy balance equation of the

oil materials, i.e., Eq. (9), is replaced by Eq. (10):

cmc
dTc
dt

= 1
R

′
a

(
ha,in − hs,c

)
+ 1
Rw

(
Tco
w,in

+ Tcow,out
2

− Tc

)
(10)
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where hs,c is the saturation air enthalpy at the mean coil tempera-
ture Tc.

3.2.2. Parameter specification
3.2.2.1. Water-side heat resistance for each row Rw. In the simplified
model, a pure counter-flow arrangement Rw can be calculated by:

Rw = N

˛w−cAw−c,tot
(11)

where Aw−c,tot is the water-side total surface area of heat transfer.

3.2.2.2. Air-side heat resistance for each row Ra.

Ra = 1

εacaṀa
(12)

where εa is the water-side heat transfer effectiveness for the
row, which can be calculated by:

εa = 1 − e−NTUa (12)

NTUa = �a˛a−cAa−c,tot
caṀaN

(13)

3.2.2.3. Air-side total resistance for heat and mass transfer between
the coil material and air R

′
a.

R
′
a = 1

ε
′
aṀa

(14)

where ε
′
a is the air-side heat and mass transfer effectiveness,

which can be calculated by:

ε
′
a = 1 − e−NTU

′
a (15)

and NTU
′
a = �

′
a˛

′
a−cAa−c,tot
caṀaN

(16)

3.2.2.4. Basic parameters. Three groups of parameters must be
confirmed for further calculation, �w−cAw−c, �a�a−cAa−c,tot and
�

′
a˛

′
a−cAa−c,tot . The empirical equations used to calculate these

parameters are [47]:

˛w−cAw−c,tot = C3
(
Ṁw

)n3 (17)

�a˛a−cAa−c,tot = C4
(
Ṁa

)n4 (18)

�
′
a˛

′
a−cAa−c,tot = C5

(
Ṁa

)n5 (19)

whereC5 = C4,n5 = n4, C3, C4, C5 and n3, n4, n5,are determined by the
regression of the coil operation data, which can be obtained using
a short-term measurement.

3.3. Pipe model

The pipe dynamic model is developed according to the heat
transfer principle and energy conversion. The pipe consists of three
parts: the chilled water, pipe material and insulation material.
Although the specific heat of the insulation material is high, its
density (about 65 kg/m3) is two orders of magnitude less than that
of the chilled water and pipe material. Therefore, in the model,
the total heat capacity of the insulation material is assumed to be

negligible. The insulation around the pipe is modeled as a steady
state.

The pipe heat transfer is simulated by discretizing the pipe
length into several nodes. The control volumes are shown in Fig. 3.
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.3.1. Equations
The energy balance equation of the chilled water in control vol-

me  i is:

mwcw
dTpiw
dt

= cwṀw

(
Tpi
w,in

− Tpiw,out

)

+˛w−pAw−p

(
Tp −

Tpi
w,in

+ Tpiw,out
2

)
(20)

The energy balance equation of the pipe material is:

mpcp
dTp
dt

= ˛w−pAw−p

(
Tpi
w,in

+ Tpiw,out
2

− Tp

)

+˛a−insAa−ins (Ta − Tins) (21)

.3.2. Parameter specification
The heat transfer coefficient between water and pipe �w−p and

he heat transfer coefficient between the insulation material and
mbient air are determined as follows [53]:

uw−p = C6Re
n6
w Pr

n7
f (22)

ua−ins = C7(Gr · Pr)n8 (23)

w−p = Nuw−p · �w/dp (24)

w−ins = Nua−ins · �a/dins (25)

here C6, C7, and n6, n7, n8 are constants, and the values under
ifferent situations are recommended in [53].

. Experimental study

The entire thermal inertia model of the chilled-water system
onsists of the chiller model (1)-(3), cooling-coil model (8)-(10) and
ipe model (20)-(21). The chiller model only considers the dynamic
roperty of the evaporator and attributes all effects to the variation
f Q (t) which considerably simplifies the model. Therefore, during
he model validation process, the first step is to verify the patterns
f the Q (t) of different DR control strategies. Then, new experi-
ents were used to validate the Q (t) and entire thermal inertia
odel. Finally, Q (t) of different DR control strategies were fur-

her validated using a commercial chiller of a practical building.
n summary, the validation process consists of three steps:

Discretize and calculate the differential Eq. (1)–(3), (8)–(10) and
(20), (21);
Experimentally collect the operational parameters of different DR
strategies;

Collect the operational parameters of the commercial chiller
under different DR strategies.

The detailed model validation process is shown in Fig. 4.
gs 150 (2017) 383–395

4.1. Control strategies selected

As mentioned in section 1, current researches on DR control
strategies of the air conditioning system mostly focused on termi-
nal control, requiring the support of the EMCS system [9,13]. On the
one hand, most of EMCS system of existing commercial buildings
cannot realize this kind of control such as global temperature reset
in China, and on the other hand, traditional terminal DR strategies
would be some response delay presented by scholars [19]. So the
established model in this paper is concentrated on the chiller side
strategies.

Motegi et al. [9] summarized the common strategies for chiller
side, which are not too many and make it possible to attain the sys-
tem operation variations of different DR strategies by experiments.
The chiller side strategies consist of “chilled water temperature
increase”, “chiller quantity Reduction” and “cycling the chillers”.
According to American commercial building investigation [9], the
“chilled water temperature increase” control strategy is highest fre-
quently used, and except the strategies mentioned above others are
seldom used.

The three control strategies mentioned above can further be
divided into two types:

• On/Off control: Shut off chillers (part or all) while keeping chilled
water pumps and terminals running to maintain the cooling
supply to building and to decrease energy consumption of the
chillers, which includes “Chiller quantity Reduction” and “cycling
the chillers”.

• Chilled water temperature control: Increase chilled water tem-
perature to improve chiller efficiency and reduce cooling load.

Therefore, two  series of DR strategies were tested in this paper:
shutting down the chiller (while maintaining the chilled water
pump and the terminal operation) and increasing chilled water
temperature.

4.2. Test validation

4.2.1. Experimental setup
The experimental platform is the HVAC system of the “Building

Energy Efficiency Laboratory” in Shanghai, China.
The whole test platform is composed of two  identical room and

an environment control chamber (Fig. 5 (a)). The chamber and the
rooms are equipped with two independent air conditioning sys-
tems to control the air temperature inside and outside the rooms.
During the experiment, turning on the air conditioning system
of the chamber could keep the external environment outside the
room stable, namely constant external disturbance. The two rooms
are vacant without internal disturbance, which ensures the sta-
ble operation of the air conditioning system before the strategies
implemented.

During the experiment, only the terminal of one room is turned
on and the other keeps closed. The schematic diagram of the system
and placements of temperature sensors are shown in Fig. 5(b). The
list and detailed information of all of the sensors in the experiments
is shown in Table 1. Detailed information of these devices is shown
in Table 2. The chiller is an air-cooled heat pump. The type of heat
extraction side does not affect the model, for the thermal inertia
model of the chiller in this paper only considers the thermal iner-
tia of the chilled-water side. The temperature of the return chilled
water can be reset using the control panel of the HVAC system.

The terminal of the HVAC system is a fan-coil unit (FCU), and the
air velocity of the FCU has three levels: High (680 m3/h), Medium
(510 m3/h) and Low (357 m3/h). The fan running at 510 m3/h during
the experiment.
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Fig. 4. Flow chart of the model validation.

am  

Roo m1 Room2 AC
Environ ment

Con troller

S7-M
S8-T

S6-TH

S4-T

S3-T S2-M

S5-T S1-T

Pump

Coil

Evapo rator

est pl

p
i
t
t
o
c
e
i
c
m

(a) Profile of test platform (b) S chematic diagr 

Fig. 5. T

The required sensors for the model calibration of the chiller,
ipes and coil are shown in Table 2. Due to the experimental lim-

tations, the measurement accuracy of the sensor S5-T measuring
he return chilled water temperature is a little larger. S5-T is one of
he necessary sensors for chiller model validation, so the accuracy
f the sensor may  produce error for solving Q (t) and verifying the
hiller model. Therefore, the chiller model and Q (t) under differ-
nt control strategies are validated again through an actual chiller

n a commercial building. In addition, the calibration of the whole
hilled water system can also illustrate the precision of the chiller
odel.
for the ex peri menta l s etup

atform.

The values of the constant parameters Cx and nx of this HVAC
system are obtained using the regression method of the opera-
tion parameters under different steady states or the recommended
parameters from [54], as shown in Table 3.

As mentioned above, the experiments validate the two series of
chilled water side control strategy. Every condition is repeated for
three times to ensure the accuracy of the experimental results. And
before the implement of every control strategy, the air conditioning

system has to be kept continuous stable operation more than 0.5 h.
The specific information of different conditions is summarized as
shown in Table 4 in detail.



390 W.  Li et al. / Energy and Buildings 150 (2017) 383–395

Table 1
List of sensors.

Sensor Significance Measurement precision

S1-T outlet (i.e. supply) temperature of the chiller AND inlet temperature of the
chilled water supply pipe

±0.1 ◦C

S2-M  flow rate of the chilled water ±1L/h
S3-T  inlet temperature of the cooling coil AND outlet temperature of the chilled

water supply pipe
±0.1 ◦C

S4-T  outlet temperature of the cooling coil AND inlet temperature of the chilled
water return pipe

±0.1 ◦C

S5-T  inlet (i.e. return) temperature of the chiller AND outlet temperature of the
chilled water return pipe

±1 ◦C

S6-TH indoor air temperature and relative humidity, i.e. status of the return air ±0.01 ◦C, ±0.01%
S7-M  flow rate of the air ±10m3/h
S8-T  temperature of the supply air ±0.1 ◦C

Table 2
Detailed information of the chiller, pipe and cooling coil.

Chiller Model validation sensors: S1-T, S2-M
and S5-T

Refrigerant type R22
Rated cooling capacity 8.2 kW
Rated chilled water flow rate 1410 L/h
Mass of the evaporator 1.9 kg
Heat transfer area on the
refrigerant side

2.86 m2

Heat transfer area on the
chilled water side

1.83 m2

Chilled water mass in the
evaporator

0.9 kg

Refrigerant mass in the
evaporator

0.6 kg

Pipe Model validation sensors: S1-T, S2-M
and S3-T OR S2-M, S4-T and S5-T

Nominal diameter (Length) DN40 (10m)
Nominal diameter (Length) DN20 (1m)
Thickness of the insulation 40 mm

Cooling coil Model validation sensors: S3-T, S4-T,
S6-TH, S7-M and S8-T

Rated flow rate (maximum
flow rate)

680 m3/h

Rated cooling capacity 3.74 kW

Table 3
Empirical constants in the thermal inertia model of the HVAC system.

Constant Value Constant Value Constant Value

C1 2896 C6 0.023 n4 0.85
C2 3942 C7 0.1 n5 n4

C3 8.6 n1 −0.2 n6 0.8
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as inputs to obtain the result of time step 2, and so on.

T
D

C4 4.2 n2 0.2 n7 0.3
C5 C4 n3 0.90 n8 0.33

.2.2. Refrigerant cooling capacity
In the experiments, two series of DR control strategies were

mplemented in this system to validate the accuracy of the ther-

al  inertia model of the chilled-water side: shut down the chiller

nd increase the setpoint of the return chilled-water temperature.
oth DR control strategies were divided into two groups: one group

able 4
etailed information of the control strategies.

Control strategy Description E

On/Off control Shutting down the chiller (maintaining the
chilled water pump operation)

T
T

Temperature increase Temperature reset of
the return chilled water

R
R

Fig. 6. Validation results of shutting down the chiller while maintaining the pump
operation.

was used to evaluate the pattern of Q (t) under different strategies
and the other was used to validate the results of Q (t).

4.2.2.1. Shut down the chiller. In the experiments performed to
evaluate this strategy, the chiller was turned off while the chilled-
water pump and FCU continued working.

In practical buildings, this strategy is commonly used around the
off work time when the number of occupants gradually decreases.
It is an energy conservation control strategy because the cool-
ing capacity of the chilled water and materials can maintain the
indoor air temperature for a time period. When a DR event occurs,
this strategy can decrease the peak electricity demand of air-
conditioning systems and maintain the indoor air temperature in
the comfort zone.

The cooling capacity that plants generate is zero after shutting
down the chiller; hence, the refrigerant cooling capacity Q (t) of
the chilled model should be 0. Before time step 0, the chiller is in
the steady state, and the operation parameters of this state are the
initial parameters of the model. The operation parameters of time
step 1 were obtained by discretizing and calculating the differential
Eq. (1)–(3). Then, the operation parameters of time step 1 were used
The model results when Q (t) is set to 0 are shown in Fig. 6.
The temperature of the return water increases after shutting down
the chiller. The model results are consistent with the experiment

xperimental condition

he return chilled water temperature is stable at 14 ◦C, then shut down the chiller
he return chilled water temperature is stable at 12 ◦C, then shut down the chiller
esetting the return chilled water from 12 ◦C to 14 ◦C
esetting the return chilled water from 10 ◦C to 14 ◦C
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ig. 7. Comparison of the experimental results of chilled-water temperature reset
nd  chiller shutdown.

esults, which indicates that the assumption that Q (t) is 0 is rea-
onable and that the chiller model can be used to describe the
emperature variation of the return water after shutting down the
hiller.

The temperature of the return water is used as the model val-
dation parameter because the chiller of the experiment platform
an reset the return water temperature. It is helpful to obtain the
ariation pattern of Q (t) for the temperature reset strategy by com-
aring the return water temperatures of these two  strategies.

.2.2.2. Reset temperature of the return chilled water. During the
xperiments used for this strategy, the setpoint of the return chilled
ater was increased. In the first group, the setpoint was reset from

2 ◦C to 14 ◦C.
Increasing the temperature setpoint of chilled water is another

ommon DR strategy of the chiller side [8]. The cooling water sys-
em of this platform can only increase the temperature setpoint
f the return water. The thermal inertia model of the chiller was
sed to describe the dynamic variation of the chilled-water tem-
erature after the DR strategy was implemented, until a new steady
tate was reached.Q (t) is unknown in the dynamic Eq. (1)–(3).

The unknown parameter in the model is commonly obtained by
sing the experiment results as the input parameter and the reverse
alculation of the model. However, the experiments of return water
emperature reset find that the increased velocity of the return
ater temperature for this strategy is more similar to the increased

elocity of shutting down the chiller, which is shown in Fig. 7. Before
ime step 0, the chiller operates at a return water temperature of
2 ◦C. At time step 0, the return water temperature is reset to 14 ◦C.
he experimental results of shutting down the chiller, as shown in
ig. 7, are identical to those shown in Figure. Before a new steady
tate is reached, the Q (t) of the dynamic process is assumed to be 0
o increase the temperature setpoint of chilled water because this
trategy appears similar to shutting down the chiller.

The calculation results of the model in Fig. 8 are consistent with
he experimental results. Therefore, it is reasonable to assume that

(t) is 0 during a dynamic process.

.2.3. Thermal inertia model validation

.2.3.1. Validation of the single model. The dynamic models of the
hiller, pipe and coil in this study can be validated by the experi-
ents on the platform. The sensors used to validate each device are

hown in Table 2. Two control strategies were conducted to vali-
ate the model: shutting down the chiller and resetting the return

◦
ater temperature from 10 to 14 C.
4.2.3.1.1. Chiller model. The validation results of the chiller

odel are shown in Fig. 9(a), (b). The results verify the accuracy of
q. (1)–(3) and the cooling capacity variationsQ (t) in  section 4.1.2.
Time (min)

Fig. 8. Validation results of increasing the temperature setpoint of the return water.

The inputs of the chiller model are the initial operation parameters
of the chiller, supply temperature and chilled-water flow rate at
each time step (60 s), which were obtained from S1-T and S2-M.
The temperatures of return water (S3-T) were used to validate the
accuracy of the model.

The variation trend of return water temperatures of the chiller
model is consistent with the trend of the test results. To assess the
effectiveness of the model, the calculated results of the model were
evaluated using the root mean square error (RMS), which is defined
in Eq. (26) [46].

RMS =

√∑n
i=1

(
Tmod el,i − Ttest,i

)2

n
(26)

The RMS  of return chilled water temperature between chiller
model prediction and experimental results under the two control
strategies are 0.49 ◦C and 0.43 ◦C (Fig. 9(a), (b)) respectively, which
indicates that the assumptions of the chiller model are reason-
able, the thermal inertia model is accurate to some degree, and
the cooling capacity variation Q (t) in this paper is reasonable.

4.2.3.1.2. Coil model. The validation results of the cooling-coil
model are shown in Fig. 9(c) (d), which demonstrates the accuracy
of the thermal inertia Eq. (8)–(10) under dynamic conditions. The
operation parameters of the steady state were used as the initial
conditions. During the model computational process, the inputs of
the coil model are the inlet temperature, flow rate of water, tem-
perature, relative humidity and flow rate of return air per time step
(60 s), which were obtained from S3-T, S2-M S6-TH and S7-M. The
state parameters of indoor air were used as the parameters of the
return air. The temperatures of the supply air (S8-T) were used to
validate the accuracy of the coil model.

The supply air temperatures calculated by the coil model are
consistent with the test results except for some points. The RMS
of return chilled water temperature between coil model predic-
tion and experimental results under the two  control strategies are
0.31 ◦C and 0.28 ◦C (Fig. 9(c) (d)) respectively, which indicates that
the model in this paper is applicable to describe the thermal inertia
of the coil.

4.2.3.1.3. Pipe model. The validation results of the pipe model
are shown in Fig. 9(e) (f), which verifies the accuracy of the thermal
inertia Eq. (20)–(21) under dynamic conditions. The initial condi-
tions are the operation parameters of the steady state. During the
computational process of the pipe model, the inputs of the pipe
model are the inlet temperature of water obtained by S1-T per time
step (60 s). The outlet temperatures of water were used to validate

the accuracy of the pipe model.

The outlet water temperatures obtained by the pipe model are
consistent with the test results. The RMS  of return chilled water
temperature between pipe model prediction and experimental
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Table  5
Detailed information of the commercial chiller.

Description Value Description Value

Rated chilled water flow rate 603m3/h Mass of the evaporator 800 kg
Heat  transfer area on the refrigerant side 765m2 Heat transfer area on the chilled water side 545m2

Chilled water mass in the evaporator 350 kg Refrigerant mass in the evaporator 240 kg
C1 3132 n1 1.8
C2 4028 n2 −1.8
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Fig. 11. Validation resu

esults under the two control strategies are 0.27 ◦C and 0.34 ◦C
Fig. 9(e) (f)) respectively, which indicate that the thermal inertia

odel of pipes in this study is reasonably accurate.

.2.3.2. Validation of the entire model. To apply the models in actual
R events, the accuracy of the entire system model is pivotal for the

esults. To validate the single model, the inputs of the models are
he experimental values of each time step. When three models are
ombined as a single model, a complete loop is built, as shown in
igure. The input parameter of a model is the output parameter
f the former model. For example, for the supply pipe, during the
ynamic process after the DR strategy is implemented, the inlet
ater temperature of the pipe is the outlet water temperature of

he chiller and the outlet water temperature of the pipe is the inlet
emperature of the cooling coil. During the model validation, the
nitial conditions are the steady operation parameters before the
R strategy is implemented. During all experiments, the flow rate
f chilled water was not adjusted, so the flow rate of chilled water

s approximately a constant.
The purpose of the dynamic model in this study is to accurately

escribe the thermal inertia of the chilled water in DR events, i.e., to
ccurately estimate the cooling capacity supplied to terminals. In
he experimental platform, the supply air temperature represents
he cooling capacity because the flow is constant. Thus, the sup-
ly air temperature was  selected as the parameter to evaluate the

ccuracy of the entire model.

The model was validated with two DR control strategies: shut-
ing down the chiller and increasing the temperature setpoint of the
eturned chilled water. The results of the model coincide with the
in)

the commercial chiller.

experimental results well except several points, as shown in Fig. 10.
The RMSs are 0.53 ◦C and 0.36 ◦C for the two control strategies.

4.3. Field validation of the chiller model

One chiller in a commercial building was used to further vali-
date the thermal inertia model of the chillers and the patterns of
Q (t) under different DR control strategies of the plant side because
the chiller model was  simplified and Q (t) is a newly introduced
parameter in this study.

The operation parameters of the commercial chiller can be mon-
itored and controlled by the control system, which can reset the
temperature of the supply chilled water. The detailed information
of the chiller is introduced in Table 5. Two  series of experiments
were conducted on the chiller: shutting down the chiller while
maintaining the chilled-water pump operation; increasing the set-
point of the supply chilled-water temperature. When the second
strategy was implemented, the temperature setpoint of the supply
chilled water was reset from 10 ◦C to 12 ◦C. Eq. (1)–(3) of the chiller
thermal inertia model were validated by comparing the modeling
and experimental results (Fig. 11).

The results of the model coincide with the experimental results,
which indicate that:
• The simplified model of chillers in this study is reasonable;
• The recommended Q (t) in the paper for the two types of DR

strategies is generalized.
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. Conclusions and discussions

A dynamic model of chilled water systems in commercial build-
ngs was developed in this paper to describe the thermal inertia
f air-condoning systems. Three individual sub-level models were
eveloped: the chiller model, cooling-coil model and pipe model.
he purpose of the model is to describe the variation of supply
ooling capacity to zones after DR strategies are implemented. The
efrigerant cooling capacity Q (t) was introduced in this study to
implify the chiller model. The variation patterns of Q (t) for two
ypes of DR strategies (shutting down the chiller and increasing the
emperature setpoint of chilled water) were obtained and exper-
mentally validated. The sub-level models and the entire model

ere experimentally validated.
The conclusions of this study are as follows:

The refrigerant cooling capacity Q (t) is equal to 0 for the dynamic
processes after shutting down the chiller and increasing the tem-
perature setpoint of the chilled water; Q (t) is calculated based on
the temperature difference between the supply and return water
and the flow rate of chilled water during the steady state;
The sub-level models are reasonably accurate. The results of the
chiller model, cooling-coil model and pipe model coincide with
the experimental results;
The calculated variation tendency of the supply air temperatures
using the entire thermal inertia model is similar to the tendency
of the experimental results. The RMS  is 0.43 ◦C and 0.16 ◦C for the
two control strategies.

The chiller model and value of the refrigerant cooling capacity
(t) are further validated by a commercial chiller in a building.
In summary, the thermal inertia model of the chilled water sys-

ems in this paper can accurately describe the dynamic heat transfer
f chilled water side. In the DR-related study, the model can com-
ine with the thermal inertia model of buildings to evaluate the
ariation of zone temperatures during DR.

The thermal inertia model of a chilled-water system in this paper
ims to accurately describe the dynamic variation of the cooling
apacity that is supplied to the zones after DR strategies are imple-
ented. However, because of the limitation of the experimental

onditions, the study only verified the model for two common DR
trategies. Thus, the applicability of the model for other DR con-
rol strategies requires further validation. More experiments will
e conducted to test other control strategies in the future.
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