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a  b  s  t  r  a  c  t

Real-time  optimization  (RTO)  has  been  developed  to improve  the  cost  and/or  energy  efficiency  of  com-
plex  heating,  ventilation  and  air-conditioning  (HVAC)  systems.  In  current  literature,  almost  all  of  the
developed  real-time  optimization  methods  belong  to the  type  of  time-driven  optimization,  in  which  the
action  of optimization  is  triggered  by “time”.  As optimization  should  be  done  when  the  system  operating
conditions  experience  a change  that  is  large  enough  to cause  current  operational  setting  not  optimal
any  more,  optimization  strategies  should  recognize  ‘significant’  changes  and  perform  optimization  when
necessary.  Since  the  time-driven  optimization  is  a periodic  mechanism  in nature  while  those  ‘significant’
changes  may  not  be periodic,  the  time-driven  optimization  cannot  capture  ‘significant’  changes  and  do
the  optimization  promptly.  Therefore,  this  paper  proposes  an  event-driven  optimization  (EDO)  for  com-

 

 

nergy efficiency
omputational efficiency

plex  HVAC  systems,  the  key  idea  of which  is  to  use  “event”  rather  than  “time”  to trigger  the  action  of
optimization.  A systematic  event-driven  optimization  method  is  illustrated,  where  its  main  tasks,  includ-
ing  event  definition  and  event  identification,  will  be  discussed.  The  proposed  method  will  be  compared
with  a conventional  time-driven  method  using  case  studies,  through  which  the  main  advantages  of  the
proposed  method  will  be identified.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Heating, ventilation and air-conditioning (HVAC) systems
ontribute the significant part (20–50%) of building energy con-
umption [1]. It is worthwhile to consider real-time optimization
RTO) in HVAC systems since large energy savings could be obtained
rom a small improvement in operating efficiency [2]. Real-time
ptimization is a type of optimization that optimizes control set-
ings or variables (or decision variables) to minimize or maximize

 predefined cost function [3]. It has been used in HVAC sys-
ems since the 1980s [4]. In the 1990s, most studies focused
n the real-time optimization of the local loops or subsystems
f HVAC systems using classic linear/quadratic programming, or
radient-based iterative methods [5,6]. Recently, to address the
omplexity of large-scale HVAC systems, advanced optimization
lgorithms have been developed, such as evolutionary algorithms
7], branch and bound [8], simulated annealing [9], and so on.

SHRAE handbook surveyed the publications since 1980s [10]; and
ew developments till 2008 were reviewed by Wang and Ma  [11].

∗ Corresponding author.
E-mail address: gongsheng.huang@cityu.edu.hk (G. Huang).

ttp://dx.doi.org/10.1016/j.enbuild.2016.09.049
378-7788/© 2016 Elsevier B.V. All rights reserved.
In the real-time optimization of HVAC systems, the majority of
the developed methods belong to the type of time-driven methods,
in which the actions of optimization are triggered by “time” period-
ically whether using a fixed optimization frequency or a scheduled
timetable, i.e. the optimization will be done at predefined time
instants according to current available information. For example,
Kusiak et al. [12] investigated the real-time optimization of air han-
dling unit (AHU), in which the supply air pressure and temperature
were optimized every hour. They showed that 7.66% of the total
energy consumption can be reduced. Mossolly et al. [13] tested the
hourly optimization of the fresh air flow rate and the supply air
temperature in a VAV system and demonstrated that 30.4% of the
energy consumption can be reduced over the summer season (4
months). Yoon et al. [14] developed a real-time optimization strat-
egy for a double-skin faç ade system, in which the blind slat angel,
airflow regime and opening ratio were optimized every 15 min  to
achieve the minimal energy consumption. In the work of Zaheer-
uddin and Zheng [15], 24-h operation was divided into three modes
based on time: night set-back mode (5:00 P.M.–7:00 A.M.), start-
up mode (7:00 A.M.–8:00 A.M.), and normal mode (8:00 A.M.–5:00

P.M.). The optimization actions were only performed when the
operation mode was  changed.

In a time-driven method, a suitable optimization frequency is
important for the performance of optimization [16]. Basically, a
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igher frequency will lead to a better performance because the
esponse to the variation of operating conditions is faster [17].
owever, it is known that optimization should be done when

ystem operating conditions experience a significant change that
auses current operational settings not optimal any more [10].
herefore, an optimization strategy should recognize ‘significant’
hanges and performance the optimization accordingly only when
ecessary. As the time-driven optimization is a periodic mecha-
ism in nature while those ‘significant’ changes may  not be periodic
actually they are stochastic and difficult to predict), the time-
riven optimization may  not capture ‘significant’ changes and do
he optimization promptly. Although one can choose an extremely
igh optimization frequency such that the random change can
e captured with minor delay, a higher frequency will increase
he computation burden, which will be critical when the system
omputational resource is limited, especially for a large-scale sys-
em where a number of decision variables are taken into account
18,19]. Besides, a higher frequency may  waste the computational
esource when operating conditions are stable and optimization
s not necessary (but still be performed) [20,21]. Therefore, a new
ontrol optimization mechanism is needed, which should recog-
ize ‘significant’ changes and perform the optimization only when
ecessary.

In this paper, an event-driven optimization (EDO) method is
roposed. The key idea of the event-driven optimization is to use
event” rather than “time” to trigger the action of optimization.
t should be noted that the event-driven method (also known as
event-based” or “event-triggered”) is not a new concept. It origi-
ates from the study of discrete event systems [22]. A nice feature
f the event-driven paradigm is that it is able to follow the stochas-
ic behavior of system operation, and thus increasing the flexibility
f control, communication and optimization [23]. Previous studies
ave already shown that event-driven mechanism can reduce the
omputation load effectively while simultaneously ensure the con-
rol or optimization performance. For example, without sacrificing
he performance, 50% reduction of computation load was  achieved
n [24] and 70–80% of computation reduction was achieved in [25].
hese studies have demonstrated the potential of event-driven con-
rol.

It is noticed that until now there is very few studies on this
pecific topic on the feasibility of applying event-driven optimiza-
ion to HVAC systems. As the operation of HVAC systems usually
onfronts many stochastic and unpredicted ‘state transmission’,
uch as weather condition changes, load changes and occupancy
hanges, “time” may  not be a good driver for the real-time opti-
ization. Given the potential of event-driven optimization, this

aper develops a framework of event-driven optimization for HVAC
pplications and evaluates its performance by comparing with the
onventional time-driven optimization. Firstly, the event-driven
ptimization is illustrated in a systematic way, where its main tasks,

ncluding event definition and event identification, are discussed.
hen, case studies are conducted to demonstrate the application
otential of the event-driven optimization in HVAC systems. The
erformances of the event-driven and time-driven optimization
re compared, based on which the main advantages of the proposed
ethod will be discussed.

. Event-driven optimization

.1. Basic framework
The framework of the event-driven optimization is illustrated
n Fig. 1. The event space is a collection of events that will be
sed to trigger the action of optimization, which should be defined
efore the implementation. The occurrence of an event is identified
Fig. 1. The framework of event-driven optimization.

through analyzing real-time operational data or monitoring data.
If an event is identified, control optimization will be executed to
find optimal values of decision variables with respect to concerned
objectives. Otherwise, no action will be taken. Note that optimiza-
tion algorithms that are developed for time-driven method can also
be used to optimize decision variables in this framework.

2.2. Event definition

To achieve the real-time optimization in an event-driven man-
ner, defining events is vital since it decides when to take the action
and will significantly affect the system performance. Basically,
an “event” should be defined as something physically happening
which can reflect the system state transition [22]. For example, a
chiller being switched on can be considered as an ‘event’; and the
cooling load increased by 10% can be considered as an event as well.
Hence, ‘event’ can be defined naturally from a digital state (e.g. the
status on/off of chiller), or a continuous state (e.g. the cooling load):

e:=
{
�
(
xt0 → xt1

)
> �e for continuous state transition

�t1 /= �t0 for digital state transition
(1)

where � is the state corresponding to the event; x is a set of vari-
ables that can be used to reflect the event state; �e is a predefined
threshold; t1 indicates the current decision time; and t0 indicates
the last decision time.

In daily operation of a complex HVAC system, events may come
from environment (such as weather changes and solar radiation
changes), system itself (such as equipment on/off, equipment faults
and operation mode changes) and occupants (such as occupancy
changes and occupants’ adjustment of thermal comfort related
variables), which can be regarded as different sources of events.
As not all of ‘state transition’ should be used as ‘events’ to trig-
ger optimization, only those ‘state transitions’ which could cause a
significant influence on concerned objectives (such as energy effi-
ciency) will be defined as events. The collection of all the events
forms an event space as below:

Espace:=
{
e1,· · ·,  eN

}
(2)

Prior knowledge, computer simulation and/or operational data
analysis (e.g., data mining) should be resorted to find the impor-

tance of ‘state transition’ with respect to concerned optimization
objectives (such as energy use). It should be noted that for events
with continuous states, thresholds are necessary for the definition.
A suitable threshold may  depend on the particular system that is 
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nder consideration. Once again, computer simulation and opera-
ion data analysis are powerful tools to find the suitable threshold.

.3. Event identification

After events have been defined, the event space is established
nd can be used to trigger the optimization. Meanwhile, in real
pplications, a mechanism of identifying the occurrence of an event
hould also be established. As an event is in nature a state transition
hether in a digital form or continuous form, a simple identification
echanism is developed as

For continuous state:

 =
{

0, �
(
xt0 → xt1

)
≤ �e

1, �
(
xt0 → xt1

)
> �e

(3)

For digital state:

 =
{

0, �t1 = �t0

1, �t1 /= �t0
(4)

here ‘e = 1’ indicates the occurrence of an event; while ‘e = 0’
ndicates no event was detected.

For example, when the part-load ratio (PLR) of a chiller plant has
hanged by 10% compared with the last optimization, it is defined as
n event. x is defined as x =

(
mw, Tchw,rtn, Tchw,sup

)
since the cooling

oad Q is calculated by

 = cpmw
(
Tchw,rtn − Tchw,sup

)
(5)

here cp is the specific thermal capacity of chilled water; mw is
he mass flow rate of chilled water; Tchw,rtn is the chilled water
eturn (CHWR) temperature and Tchw,sup is the chilled water supply
CHWS) temperature. Then the state transition � becomes(
xt0 → xt1

)
= |Qt1 − Qt0

Qrated
| (6)

here Qrated is the rated cooling capacity of the operating chillers.
s the threshold �e is 10%, this event will be detected when �is

arger than 10%.
In a digital state example, suppose ‘0′ indicates off, ‘1’ indicates

n and the initial state �t0 is ‘0’. If a chiller being switched on or off
s defined as an event, this event will be detected if �t1 becomes ‘1’.

.4. Real-time optimization algorithm

In the real-time optimization of HVAC systems, an objective
unction and decision variables should be firstly defined. The objec-
ive function will be maximized or minimized by finding optimal
alues of decision variables with respect to current operational con-
ition. In practice, operational or other type of constraints should be
aken into account [10]. In this study, an HVAC system of all-electric
ooling without thermal storage (with primary and secondary
hilled water loops) is considered, which is a commonly used com-
ercial system. Please note that minimizing power requirement at

ach point in time is equivalent to minimizing energy costs [10],
nd thus the objective function becomes the minimization of the
ystem power which is formulated in Eqs. (7) and (8):

Psys,tot = Pch,tot + Pct,tot + Ppump,tot + Pfan,tot = Psys,tot(
Tcw, Tchw,prm, Tchw,sec, Tsa, U

)
(7)

∗ ∗ ∗ ∗ )

Tcw, Tchw,prm, Tchw,sec, Tsa = arg minPsys,tot

Tcw,Tchw,prm,Tchw,sec,Tsa

(8)

here P is the power and T is the temperature; subscripts sys, tot,
t, pump and fan represent system, total, cooling tower, pump, and
dings 133 (2016) 79–87 81

fan; subscripts cw, chw, prm, sec and sa represent cooling water,
chilled water, primary, secondary and supply air; the superscript
‘*’ represents the corresponding optimal values of decision vari-
ables; and U is the vector of uncontrolled variables (e.g., ambient
air temperature).

Here four decision variables are considered, including the
set-points of cooling water supply (CWS) temperature, CHWS
temperature from chiller(s), CHWS temperature from heat
exchanger(s) and supply air (SA) temperature, because these four
variables have been found very important for the energy perfor-
mance of HVAC systems and their optimal values vary with the
operation conditions by many studies [10,18,26]. The system total
power requirement can be written as a function of these four deci-
sion variables based on the performance models of chiller, cooling
tower, AHU, heat exchanger, pump and fans. Details of the per-
formance models are shown in the reference [26]. The constraints
are shown in Eqs. (7)–(12), where the Eqs. (7)–(10) indicates lower
and upper bounds for four temperature set-points. Two  additional
constraints are adopted as shown in (11) and (12). Constraint (11)
sets the maximal temperature difference cannot be larger than a
threshold value (e.g., 0.5 ◦ C) and is used to prevent the system
instability caused by large set-point changes [26]. Constraint (12)
is to ensure a minimal temperature difference between the primary
and secondary sides of the chilled water loops.

Tcw,low ≤ Tcw,e ≤ Tcw,up (7)

Tchw,prm,low ≤ Tchw,prm,e ≤ Tchw,prm,up (8)

Tchw,sec,low ≤ Tchw,sec,e ≤ Tchw,sec,up (9)

Tsa,low ≤ Tsa,e ≤ Tsa,up (10)

|Te(k+1) − Tek| ≤ �TThres (11)

Tchw,prm,e + �Tmin ≤ Tchw,sec,e (12)

3. Case study

The proposed EDO was  illustrated through a case study. In this
section, the case HVAC system and the simulation platform were
introduced. Load profiles and operational constraints were also pre-
sented.

3.1. Description of the case AC system

The AC system contains an air distribution system, a loop of cool-
ing water, and two loops of chilled water. The system schematic is
shown in Fig. 2. Heat exchangers are used to guarantee a proper
water pressure in the primary and secondary water loops respec-
tively. The cooling towers are used to dissipate the heat collected
from indoor space; while the AHUs are used to cool down supply
air and deliver the conditioned supply air to each zone. To guar-
antee a proper system operation, several fundamental controls are
necessary and are briefly explained as follows [26].

3.1.1. Sequencing control of chillers
This is to stage on or off chillers based on a given load condi-

tion. Here, a total-cooling-load-based sequencing control method
is adopted. This method estimates the cooling load Qch by Eq. (13)
and compares Qch with predefined thresholds Qon/off z to decide
the on or off switch of chillers. Normally, a dead band should be
adopted to avoid frequent switch triggering when the load fluc-

 

 

tuates within a narrow interval [27]. The switch-on/off thresholds
are calculated by Eqs. (14) and (15); a chiller and its corresponding
pump(s) will be staged on when the instantaneous cooling load is
greater than the threshold value for a certain time period; a chiller 
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Fig. 2. Schematic of th

nd its corresponding pump(s) will be staged off when the instan-
aneous cooling load is lower than the threshold value for a certain
ime period [28].

ch = cpmw
(
Tchw,rtn − Tchw,sup

)
(13)

on
z = z × Qrated × (1 + dead band) (14)

off
z = (z  − 1) × Qrated × (1 − dead band) (15)

here cp is the water specify heat; mw is the mass flow rate of
ater; Tchw,rtn and Tchw,sup are the CHWR temperature and CHWS

emperature; Qonz is the switch-on threshold; Qoffz is the switch-
ff threshold; z is the number of chillers in operation; Qrated is the
ominal cooling capacity of one chiller (here, each chiller has the
ame rated cooling capacity); and dead band is the dead band which
s a user-defined value between 0 and 1.

.1.2. Sequencing control of cooling towers
This is to determine the on or off switch of towers according to

he heat amount that needs to be rejected. In practice, the operating
ooling towers number Nct is always coupled with the operating
hillers as shown in Eq. (16), where k is a coefficient that normally
epends on the chiller plant configuration.

ct = kNch (16)

.1.3. Controls of critical temperatures
Four critical temperatures are always under feedback control,

ncluding CWS  temperature, CHWS from chillers, CHWS from heat
xchangers and SA temperature. The SA temperature is maintained
hrough modulating the water flow rate inside AHUs. The CWS  tem-
erature is controlled by changing the cooling tower fan frequency;
he CHWS temperature from chiller(s) is maintained by chang-
ng the refrigerant flow rate; the CHWS temperature from heat
xchanger(s) is controlled through modulating the water pump
peed.

.2. Simulation platform

The simulation platform was constructed by using the co-
imulation between TRNSYS [29] and MATLAB (see Fig. 3.). The
irtual AC system was established in TRNSYS, which was used to
roduce the online operation data. The optimization algorithm,

ntroduced in Section 2.4, was realized in a separate MATLAB mod-

le. During every optimization process, the optimizer optimized
he decision variables through minimizing the system total power
equirement. Identified optimal values of the decision variables
ere sent to the virtual AC system to supervise its operation.
Fig. 3. Structure of co-simulation between TRNSYS and MATLAB.

The TRNSYS model was built based on a supertall building in
Hong Kong. Six water-cooled centrifugal chillers were employed in
the chiller plant, each of which has the capacity of 7230 kW.  The
rated water flow rates of the pumps for chilled water and cooling
water circulation are 345 l/s and 410 l/s. Eleven cooling towers were
used and the rated water flow is 250 l/s. The validated models of
cooling towers, chillers and pumps established in [30] were used
in this case study.

In local control loops, several PI/PID controllers were used to
track the set-points. The PI controller with the parameters P = −0.95
and I = 35 s was  used to control the fan speed of cooling towers so
as to track the CWS  temperature set-points. For the CHWS temper-
ature from heat exchangers, the PID controller with the parameters
P = −0.9, I = 10 s and D = 5 s was  adopted to control the pump speed.
An additional PI controller with the parameters P = −0.3 and I = 2 s

was employed to track SA temperature. Controller parameters were
kept constant under different optimization mechanisms and the
trial-and-error method was  used in controller tuning. The screen-
shot of the established TRNSYS model is shown in Fig. 4. A 24-h 
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Fig. 4. TRNSYS model (screenshot).

Table 1
Major TRNSYS settings in “control cards”.

Item Value Unit

Simulation start time 0 min
Simulation stop time 1440 min
Simulation time step 30 s
Solution method Successive /
The  minimum relaxation factor 1 /
The  maximum relaxation factor 1 /
Equation solver 0 /
Equation trace False /
Debug mode False /
Tolerance integration 0.001 dimensionless
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Table 2
Threshold and boundary values used in the constraints Eqs. (7)–(12).

Parameter name Value (◦C)

spring summer autumn

[Tcw,low, Tcw,up] [20,28] [28,35] [24,30]
[Tchw,prm,low, Tchw,prm,up] [5,8]
[Tchw,sec,low, Tchw,sec,up] [6.5, 11.5]
[Tsa,low, Tsa,up] [12,18]

 

 

Tolerance convergence 0.001 dimensionless
Tolerance value Absolute /

imulation time period was used with a time step of 30 s. Other
ettings are shown in Table 1.

.3. Load profiles and operational constraints

The cooling load profiles of three days in 2013 were used, includ-
ng a typical spring day (April 2013), a summer day (August 2013)
nd an autumn day (October 2013). These profiles were measured
n a supertall building in Hong Kong. The peak value of the cool-
ng load in the spring day was 6160 kW,  occurred at 14:26; the
eak value in the summer day was 23,706 kW,  occurred at 9:14
during precooling period); and the peak value in the autumn day
as 15,360 kW,  occurred at 16:01. The mean of the cooling load
as 4598 kW for the spring day, 14,959 kW for the summer day

nd 10,038 kW for the autumn case. Figs. 5–7 give the cooling load

rofiles of the three days respectively. The corresponding daily
eather profiles of the three days from Hong Kong Observatory
ere also plotted in Figs. 5–7 respectively. Basically, regarding the

eak load and the mean air temperature, the spring case had the
�TThres 0.5
�Tmin 0.8

lowest cooling load; the autumn case was  at the middle; while the
summer case had the highest values.

The threshold and boundaries used in the constraints (Eqs.
(7)–(12)) are listed in Table 2, where all the three cases have the
same setting except the set-point range for the cooling water. The
optimization problem (Eqs. (5) and (6)) with the constraints (Eqs.
(7)–(12)) was solved by using an exhaustive search method. A tem-
perature step change of 0.1 ◦C was  adopted according to a previous
study [31].

3.4. Two critical events

According to the chapter 42, “supervisory control strategies and
optimization”, of ASHRAE handbook [10] and the reference [32], the
variation of the load condition has a significant effect on the optimal
operation of chiller plants. Therefore, events should be defined to
capture critical changes in the load condition. Following this logic,
two events were defined. Event (1) (denoted as “PLR Change”):
when the PLR changes by a significant amount since the last opti-

mization, an action will be taken to optimize the control settings
since previous settings may  not be optimal; Event (2) (denoted as
“Chiller On/Off”): when a chiller is switched on or off, the load dis- 
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Fig. 5. The load profile of a spring day (the mean of the dry bulb temperature is 20.1 ◦C and the mean of the wet bulb temperature is18.4 ◦C).

Fig. 6. The load profile of a summer day (the mean of the dry bulb temperature is 28.83 ◦C and the mean of the wet bulb temperature is 26.36 ◦C).
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Fig. 7. The load profile of an autumn day (the mean of the dry bulb tem
ribution among chillers will have a sudden change, and thus an
ptimization is needed.

To validate the importance of the two events, computer simu-
ation was carried out to access the importance of the events on
ture is 24.83 ◦C and the mean of the wet bulb temperature 21.33 ◦CC).
the energy performance. The energy saving percentages (shown
in Tables 4 and 6) were calculated based on the corresponding
benchmark case, in which no optimization was conducted (details
of benchmark settings are given in Section 4.3). In order to bench-
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Table  3
Energy savings of event-based optimization using a single event “Chiller On/Off”.

Op. methods Energy saving Ratio to time-driven optimization

spring case
15 min 5.25% /
Chiller On/Off 0.00%
summer case
15 min  11.27% 8.82%

11.27% = 78.23%
Chiller On/Off 8.82%
autumn case
15 min  8.10% 7.09%

8.10% = 87.50%
Chiller On/Off 7.09%

Table 4
Energy savings of event-driven optimization using a single event “PLR Change by
7%”.

Op. methods Energy saving Ratio to time-driven
optimization

spring case
15 min  5.25% 4.76%

5.25% = 90.67%
PLR  Change (threshold = 7%) 4.76%
summer case
15 min  11.27% 10.55%

11.27% = 93.61%
PLR Change (threshold = 7%) 10.55%
autumn case
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Fig. 8. Energy saving vs PLR threshold (spring case).

Fig. 9. Energy saving vs PLR threshold (summer case).

Fig. 10. Energy saving vs PLR threshold (autumn case).

 

 

15 min  8.10% 9.29%
8.10% = 114.69%

PLR Change (threshold = 7%) 9.29%

ark the energy performance of single event, the energy saving
ercentages were compared with the conventional time-driven
ethod (shown in Tables 4 and 6). Please note that the optimiza-

ion frequency “every 15 min” (denoted as “15mins”) was used for
valuation since it is a high optimization frequency in practice and
nough for comparison.

Table 3 shows the importance of event ‘Chiller On/Off’ on energy
onsumption. The summer and autumn cases achieve 8.82% and
.09% of the energy saving respectively, which are 78.23% and 87.5%
f the corresponding energy saving achieved by the time-driven
ptimization. In the spring case, the operating chiller number did
ot change in 24-h operation because the load is relatively low,
hich results in a zero energy saving (no ‘Chiller On/Off’ event
as triggered). Thus, in terms of energy saving, “Chiller On/Off”

hould be considered as a critical event. Please note that the “Chiller
n/Off” is in the form of digital state and easy to identify.

The “PLR Change” is in the form of continuous state and needs
 threshold in the event definition to reflect the state transition.
ifferent values of the“PLR Change” threshold were tested, based
n which a suitable threshold value was selected. Here the thresh-
ld values ranging from 5% to 15% were studied. Such range was
et according to ASHRAE Handbook, which recommends 10% for
he threshold of chilled-water load change (in Section 3.2 of Chap-
er 42). The results of the energy saving (in percentage) were also
lotted in Figs. 8–10. It can be seen that energy saving percentage
as not linear with the PLR threshold. The reason may  be due to

he nonlinear relationship between PLR and COP. It can be seen that
he choice of the threshold is quite important in terms of the energy
erformance. As the event “PLR change by 7%” guaranteed a rela-
ively good result in all the three cases, it was used as an event in
he following study.

To benchmark the energy performance of this event, the energy
aving percentage of the event-driven optimization using “PLR
hange by 7%” was compared with the time-driven optimization.
he results are listed in Table 4. The energy saving ratios of the

vent-driven optimization are 90.67%, 93.61% and 114.69% of the
hree cases respectively.

The above analysis demonstrated that both ‘chiller on/off’ and
PLR change by 7%’ had a significant influence on the performance
of real-time optimization and therefore they were used as ‘events’
in the event-driven optimization in the following case studies. 
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Table  5
Energy performance of the time-driven and event-driven optimization methods.

Optimization methods Power
consumption
(kWh)

Saving Remark

spring case
Benchmark 44486 0.00%
2 h 42511 4.44%
1 h 42398 4.89%
30 min  42310 5.17%
15 min 42185 5.25%
Chiller On/Off & PLR Change 42146 5.26% PLR threshold = 7%

summer case
Benchmark 180356 0.00%
2 h 165883 8.02%
1 h 163784 9.19%
30 min 161000 10.73%
15 min  160026 11.27%
Chiller On/Off & PLR Change 159033 11.82% PLR threshold = 7%

autumn case
Benchmark 110938 0.00%
2 h 103852 6.39%
1 h 102761 7.37%
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Table 6
Computation loads of the time-driven and event-driven methods.

Optimization methods Op. times Computation
time (s)

Computation
saving

spring case
15 min  (benchmark) 96 63.61 0.00%
Chiller On/Off & PLR Change 13 10.51 83.48%*

summer case
15 min  (benchmark) 96 189.50 0.00%
Chiller On/Off & PLR Change 45 76.51 59.63%

autumn case
15 min  (benchmark) 96 122.00 0.00%

 

 

30 min  102418 7.68%
15 min  101949 8.10%
Chiller On/Off & PLR Change 100399 9.50% PLR threshold = 7%

. Results and analysis

The performance of the proposed event-driven optimization
ith the above two identified events was evaluated in simulations

y two indices, namely, daily energy saving and computational
oad. The first one was used to indicate the energy performance,

hile the second one was to access the computational complexity
f the optimization methods.

.1. Energy performance comparison

The energy performance of the event-driven optimization
as compared with the benchmark case, in which the decision

ariables, including the set-points of CWS  temperature, CHWS tem-
erature from chillers, CHWS temperature from heat exchangers
nd SA temperature, were fixed as constants. Benchmark settings
ere:

the spring case, Tcw = 26 ◦C, Tchw,prm = 7.5 ◦C, Tchw,sec
= 9 ◦C, Tsa = 14 ◦C;
the summer case, Tcw = 30 ◦C, Tchw,prm = 6 ◦C, Tchw,sec
=7.5 ◦C, Tsa = 15 ◦C;
the autumn case, Tcw = 28 ◦C, Tchw,prm = 7 ◦C, Tchw,sec
= 8.5 ◦C, Tsa = 14.5 ◦C.

For the event-driven optimization, the threshold for the “PLR
hange” was set to 7% in all these three cases. For the time-driven
ptimization, four different optimization frequencies were tested,

every 2 h’, ‘every 1 h’, ‘every half hour’ and “every 15 min”. The
nergy consumption and energy saving percentage of all the cases
ere listed in Table 5.

It was observed that the energy consumption saving increases
s the optimization frequency increases in the time-driven opti-
ization, which agrees well with the perception that higher

ptimization frequency leads to higher energy consumption saving
17]. The event-driven method achieved the best energy sav-
ng among all the optimization methods. Compared with the

enchmark, the energy savings were 5.26%, 11.82% and 9.50% in
pring, summer and autumn cases. The main reason for these
mprovements is that the event-driven mechanism performed the
ptimizations at a more right time.
Chiller On/Off & PLR Change 30 37.26 69.46%

* The computation saving is calculated by
(

1 − 10.51
63.61

)
× 100%.

4.2. Computation load comparison

The computation loads of the time-driven and event-driven
optimization were compared in Table 6, which were measured by
the time required by the optimization method in searching the
optimal settings. As the case “every 15 min” had the highest com-
putational load, it was used as the benchmark for computation load
comparison. It can be seen that, compared with the benchmark, the
event-driven optimization reduced the computation load signifi-
cantly, saved by 83.48%, 59.63% and 69.46% in the spring, summer
and autumn cases respectively. It should be noted that this achieve-
ment was  obtained without sacrificing the energy performance.
Actually, the energy performance of the event-driven optimization
was superior to the benchmark (See Table 5).

4.3. Discussion and application issues

The above case studies showed that event-driven optimiza-
tion may  be a good alternative for the real-time optimization of
HVAC systems (compared with the conventional time-driven opti-
mization) as the operation conditions of HVAC systems experience
stochastic changes. It should be noted that the validation was  lim-
ited to a simulation study, focused only on the water side system of
an HVAC system. To demonstrate the applicability of event-driven
optimization in HVAC systems, case studies on other subsystems
of HVAC systems and experiments are needed, which will be part
of our future work.

The case studies also showed that a key factor to the success of
the event-driven optimization is the definition of events. Defining
proper “events” requires more sophisticated techniques compared
to simply reacting to “time”. Therefore, a systematic way of defining
events will be another part of our future work, in which different
ways, like prior knowledge, computer simulation or operational
data analysis, will be investigated.

With the widely use of building automation system (BAS),
the realization of event-driven optimization is not difficult when
events are well defined and can be properly identified. This is
because the optimization algorithm of the event-driven opti-
mization is the same with that of the conventional time-driven
optimization strategies.

5. Conclusions

An event-driven optimization for HVAC systems has been inves-
tigated in this study. Compared with a conventional time-driven
optimization, the new method triggers the action of optimization

using predefined events. As the event-driven optimization is able to
capture the unpredictable changes in the system operating condi-
tions, the optimization can be done in the ‘right’ time and therefore
the energy performance can be guaranteed when compared with 
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he conventional time-driven optimization. In the case study, two
vents, “chiller on/off” and “PLR change”, were defined from prior
nowledge and used in a typical HVAC system; and the results
howed that the event-driven optimization can reduce the com-
utational load effectively (60–84%) without sacrificing the energy
erformance. Future work includes systematic studies of event def-

nition of HVAC systems and tests of event-driven optimization
umerically and experimentally on a comprehensive air- condi-
ioning system.
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