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h i g h l i g h t s

� Simplified building linear thermal model obtained from building simulation model.
� Linear model used for the determination of required cooling power.
� Use of cooling power exchange as the basis for problem formulation.
� Focus on the optimal distribution of chiller/TES to supply cooling requirements.
� Significant cost reductions (5–30%) with respect to benchmark control strategies.
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a b s t r a c t

This paper describes an approach to the formulation of a model-based predictive control (MPC) algorithm
for the cooling plant of a building under a time-dependent electricity price profile. The mechanical sys-
tem includes a three-stage chiller and an ice bank used for thermal energy storage (TES). Cooling can be
provided to the indoor space either by directly using the chiller or by discharging the ice bank when elec-
tricity prices are high. The chiller is also used to charge the ice bank at night. By applying system iden-
tification techniques, a simplified linear thermal model for the building was derived from a detailed
building simulation previously developed in EnergyPlus. The use of a simplified linear model – along with
weather and internal gains forecasts – allows to readily calculate the required cooling power for a given
temperature setpoint trajectory. By making use of simple parametric models for the chiller and the ice
bank, an optimization algorithm is applied to decide on the optimal combination of chiller and ice bank
cooling power contributions at discrete hourly intervals over the prediction horizon. The length of the
prediction horizon alternates between 24 and 30 h in order to coincide with the beginning or end of
charge/discharge periods. The formulation of the optimization problem is considerably facilitated by
using cooling power as the main working variable and then writing the equations accordingly. The pro-
posed MPC strategy is compared with two rule-based control strategies: a modified storage-priority algo-
rithm (similar to the one currently used in the case study building) and a chiller-priority algorithm. With
the considered pricing structure and mechanical system, the MPC algorithm results in typical savings of
about 5–20% with respect to the modified storage-priority strategy and about 20–30% with respect to the
chiller-priority strategy.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Background and motivation

This paper investigates an optimal control strategy for a cooling
system in a small commercial building. The cooling system in-
cludes a chiller and an ice bank, which is used as a thermal energy
storage (TES) device. With such a system, ice can be made (i.e., the

ice bank is charged) when the cost of electricity is lower; the ice
bank can supply cooling to the building (i.e., the ice bank is dis-
charged) during peak hours, when the cost of electricity is higher
[1].

The strategy proposed in this study, a model-based predictive
control (MPC) algorithm, is aimed at finding the optimal combina-
tion of chiller and ice bank contributions that will provide the re-
quired cooling power at minimum cost within a time-dependent
electricity profile. As its name indicates, MPC uses a model of the
system, along with a forecast of the inputs, to select an optimal
set of actions within a set of constraints (e.g., equipment capacity
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or operational constraints). As a subject of study in control engi-
neering, MPC emerged in the late 1970s in chemical processing
[2]. In heating, ventilation and air-conditioning (HVAC) systems,
control techniques based on modelling, prediction and optimiza-
tion have been investigated since the late 1980s [3–5]. Although
the specific wording ‘‘model predictive control’’ has only been used
in the context of HVAC applications in recent years [6–9], it is rap-
idly becoming more widely known [8,10,11].

Conventional building energy management usually relies on
feedback and rule-based control [12]. With this approach, correc-
tive adjustments are applied as a function of the ‘‘error signal’’,
i.e., the difference between the current output and the desired va-
lue (Fig. 1a). When the mechanical system includes a TES device, a
set of heuristic rules is used to decide whether the cooling/heating
needs will be provided by the primary system or by the energy
storage device.

In contrast with conventional control, MPC techniques (Fig. 1b)
use a model of the system to predict the effect of disturbances
(such as outdoor temperature and internal gains) and controllable
inputs (such as heating or cooling rates). This information can be
used to closely follow the setpoint, a difficult task in slow-respond-
ing, thermally massive buildings. Furthermore, MPC is consider-
ably more beneficial when a TES device is used, since it allows
optimizing its charge and discharge as a function of the expected
cooling power load and energy cost profiles.

Today, MPC can be used to reduce operational costs in the pres-
ence of time-dependent electricity price profiles and demand
charges. In the near future, buildings are expected to have a more
dynamic interaction with the grid. Buildings will also face the chal-
lenge of incorporating new technologies, such as on-site renewable
energy generation systems, new energy storage technologies and
maybe even electric vehicles. In this context, advanced control
strategies for managing the collection, storage and delivery of en-
ergy in buildings will play an increasingly significant role.

1.2. Objectives

The main objective of this study is to describe an innovative ap-
proach to the formulation of MPC in a building cooling system with
a TES device. This study is intended as a step towards a systemati-
zation that will contribute to promote the use of MPC in buildings.

This paper focuses on finding the optimal mix chiller/ice bank
for every time step over the prediction horizon. In other words, this
study deals with the control of the charge and discharge of an
active TES device (ice bank) for a given setpoint trajectory. The

control of the passive TES (i.e., building thermal mass) by means
of setpoint variation, while undoubtedly relevant, is beyond the
scope of this paper.

The objectives of this paper are as follows:

� Discuss the development and application of a simplified linear
thermal model derived from a building simulation model.
� Apply this simplified model to determine the required cooling

power.
� Illustrate the use of the cooling power as the main working var-

iable for the formulation of the MPC problem, while using sim-
ple models for the chiller and ice bank.

This paper presents the result of a simulation based on this
method, and compares the performance of MPC with that of a more
conventional rule-based approach.

1.3. Previous studies

1.3.1. Control strategies for cooling systems with ice storage
Ice storage systems have been used in buildings to shift peak

loads and reduce costs for decades. Chapter 41 of the HVAC Hand-
book of Applications gives an overview of strategies used in the
supervisory control of building cooling systems [13].

In existing cooling systems with ice storage, control strategies
are often quite simple. For example, in the strategy called ‘‘chiller
priority’’, the cooling load of the building is provided by a down-
sized chiller at all times as long as a given electric load limit is
not exceeded; the rest of the time, the cooling load is provided
by the ice bank [14]. Another strategy is the one denominated
‘‘storage priority’’. In a ‘‘storage priority’’ strategy, the chiller is
used to make as much ice as possible during off-peak hours. The
ice bank is used as the first priority to satisfy the cooling load.
The chiller only provides cooling directly to the space when the
capacity of the TES is exceeded.

It has often been pointed out that ice storage systems could sig-
nificantly benefit from better control strategies [14,15]. The use of
predictive control, and other optimal or near-optimal control tech-
niques applied to the management of ice storage has been investi-
gated [15–17]. Strategies coordinating the management of the
building thermal mass and ice storage devices have also been stud-
ied [16,18,19]. For instance, Kintner-Meyer and Emery published
one of the first studies on optimal control of a cooling system con-
sidering both the building thermal mass and a TES device [16].
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Fig. 1. Conventional control compared to MPC.
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