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Abstract:

This short review is based on an overview of the most recent works of the literature related to
climatization in buildings. A total number of 40 relevant papers that have been published in the
last years in prestigious international journals have been reviewed with the aim of showing the
current state of the art in this field. It is very important as the new European regulations that will
be applied in the next years in the construction of buildings, aiming to achieve nearly-Zero Energy
Buildings (nZEBs), will require a multidisciplinary work in the different areas that affect the
design of buildings. For this reason, it is relevant the envelope, the user behavior, the Heating,
Ventilation and Air Conditioning applied (HVAC) and the influence of the meteorological
conditions, among others. But apart from this, it would be very interesting any other alternative
which helped to reach these targets. This article proposes the possibility of using Model Predictive
Control (MPC) besides to Renewable Energies in order to optimize the energy management of
air-conditioning in public and office buildings through a radiant floor by solar system and highperformance heat pump systems for their heating / cooling. In this paper, a short review is initially
exposed where the different "Input data and information" are analyzed, to end up proposing an
Operative for a Predictive Control using these Renewable Energies.
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Nomenclature
nZEBs
HVAC
MPC
GHG
WSN
BAS
GIS
WWR
PCM

nearly-Zero Energy Buildings
Heating, Ventilation and Air Conditioning
Model Predictive Control
Greenhouse Gas emissions
Wireless Sensor Network
Building Automation System
Geographic Information Systems
Wall-Window Ratio
Phase Change Materials
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1. INTRODUCTION

The energy consumption required to air-condition any building is very high. According to several
institutional reports, it accounts for 40% of the total energy generated in the world and therefore it would
be causing one third of the total Greenhouse Gas emissions (GHG) [1,2,3]. Obviously, these data justify
the importance of improving in this area to achieve sustainability. On the other hand, a number of studies
developed in the last years as well as the technological advances in applications of buildings modelling
and the databases existing at the present time allow us to be optimistic with the launch of new strategies
to improve the efficiency at technical and economic level in the management of the climatization in
buildings: Ruparathna et al. [4] summarize different energy efficiency improvement initiatives and
define a road map for improving the energy performance of operating commercial and institutional
buildings, Harish et al. [5] review modeling and control of building energy systems, Roberts [6] analyzes
passive and active measures in existing buildings, Chandel et al. [7] show codes, standards, regulations
and energy efficiency alternatives, Santos et al. [8] identify the factors which have influence on any
building energy systems and Kneifel [9] estimates life-cycle energy savings of energy efficiency actions
in new commercial buildings. For feasibility to carry out a project to air-conditioning public and office
buildings will be analyzed: Firstly, we review several researches which have been published in the recent
state of the art with the objective of showing the current situation in this field and the different existing
focus. Secondly, with the tools revised and determining the ones considered more appropriate, it will be
proposed a first working hypothesis. For that, we will have to consider the historical data of the
climatological conditions and the Geospatial information of the location of a building, as well as the
expected occupancy data and the comfort conditions required by the current legislation. Also, we must
assess several HVAC systems with renewables energies, in order to reach the required comfort levels.
Finally, it will be presented an approach of modeling through an energy performance simulation
software for a public building with offices. It arises how minimize the energy demanded, through the
definition of a series of "recipes" based on previous calculations made. These "recipes" could be applied
according to the weather and occupancy forecast. This would allow to predefine a pattern of use in
advance so that the predicted conditions of the building will conform to a predictable theory. For this
purpose, several investigations have been reviewed, as shown in Table 1.

2. LITERATURE REVIEW

Through the articles and researches reviewed (a summary of all these works have been shown in the
Table 1), one can observe the evolution of MPC for buildings in the last years. Starting from late 80s till
nowadays, there are many researches which study the best way to develop a MPC and also multiple
trials and implementations have been carried out.
García et al. [10] substantiated that MPC is an excellent control option because it takes into account the
weather and occupancy forecast to find an optimal management of the energy. Cho et al. [11] probed
strategies as a means of improving the energy efficiency of intermittently heated radiant floor heating
systems. The results show that using the predictive control strategy could save between 10% and 12%
energy. Oldewurtel et al. [12,13,14] performed climate controls using Stochastic model predictive
control. Široký et al. [15] developed an experimental analysis of model predictive control. Cigler et al.
[16,17] made a MPC implementation in building. Fabietti et al. [18] controlled HVAC Systems via
Explicit and Implicit MPC. Xiwang et al. [19] reviewed building energy modeling for control and
operation. De Coninck et al. [20,21] developed a toolbox making validated grey-box building models
and did practical implementation of MPC.
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Table 1. Overview of the literature about Predictive Control
Type of building Occupancy

Ref. Focus of the article

HVAC System Weather data Energy Control

Dwelling Public Conduct Demand Sources Device

Real Forecast Sensor Predictive

[10]

Model predictive control: Theory
and practice

-

No

No

No

No

No Yes

No

Yes

[11]

Predictive control operated by
radiant floor heating systems

-

No

Yes

No

Yes

No Yes

No

Yes

[12]

Climate control using stochastic
model predictive control

-

No

No

No

No

No Yes

No

Yes

[13]

Stochastic
Control

-

-

No

Yes

No

No

No Yes

No

Yes

[14]

Use of model predictive control
and weather forecasts

-

Yes

Yes

No

No

Yes Yes

Yes

Yes

[15]

Experimental analysis of model
Yes
predictive control

No

No

Yes

No

No

Yes Yes

Yes

Yes

[16]

Implementing Model Predictive
No
Control in building

Yes

No

No

No

Yes

Yes Yes

Yes

Yes

[17]

Model Predictive
Buildings

for
No

Yes

No

No

No

No

No Yes

No

Yes

[18]

Control of HVAC Systems via
No
Explicit and Implicit MPC

Yes

Yes

Yes

No

No

Yes Yes

No

Yes

[19]

Review of building
modeling for control

energy
-

-

No

No

No

No

No Yes

No

Yes

[20]

Toolbox for development and
validation of grey-box models

-

No

No

No

No

No Yes

No

Yes

[21]

Practical implementation of model
No
predictive control

Yes

No

Yes

Yes

Yes

Yes Yes

Yes

Yes

[22]

Heating System use in aged
Yes
buildings via MPC

No

No

Yes

No

No

No Yes

No

Yes
20h.)

[23]

Simulation-based model predictive
Yes
control

No

Yes

Yes

No

No

Yes Yes

No

Yes (24h.)

[24]

Building Model Identiﬁcation
No
during Regular Operation

Yes

No

Yes

No

No

Yes Yes

Yes

Yes (24h.)

[25]

Model Predictive Climate Control
No
of an Office Building

Yes

No

Yes

Yes

Yes

No Yes

Yes

Yes (58h.)

[26]

MPC
of
ventilation
underground stations

for
No

Yes

Yes

Yes

No

No

Yes Yes

Yes

Yes (1h.)

[27]

Coupling a neural network
No
predictor and a fuzzy logic

Yes

Yes

Yes

No

No

Yes Yes

No

Yes

[28]

A Dynamic Fuzzy Controller to
Meet Thermal Comfort

-

Yes

Yes

No

No

Yes Yes

No

Yes

[29]

Adaptive Neuro-Fuzzy Inference
Systems as a Strategy

-

Yes

Yes

Yes

No

No No

No

Yes

[30]

Development of advanced fuzzy
No
logic controllers in BAS

Yes

Yes

Yes

No

No

No No

No

Yes

Model

Predictive

Control

(8-

During the year 2016, some implementations of MPC in different locations and types of building were
realized: Carrascal et al. [22] a dwelling building in the Basque Country (Spain), Ascione et al. [23] a
residential building in Naples (Italy), Hu et al. [24] a public building in California (USA), Sturzenegger
et al. [25] a office building in Allschwil (Switzerland) and Vaccarini et al. [26] in a underground station
in Barcelona (Spain). In this last implementation, a Wireless Sensor Network (WSN) was used to know
real data of occupancy, temperature, humidity, etc, because nowadays, there are many possibilities that
would allow do it. Other example with a WSN is shown by Reena et al. [31] in their paper where the
real occupancy was obtained by means of sensors and used to control indoor climate in a Building
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Automation System (BAS). A WSN could be considered the best way to avoid disturbances related with
any alteration of temperature or occupancy information, because as indicated by Oldewurtel et al. [32],
the occupancy information is a very important factor to reach a correct building climate control.
Furthermore, nowadays these detectors could be harvesters because they would be more easily installed
and maintained. Having a wireless network, it could transmit real data to a control system to make small
adjustments in real time on the HVAC system. This would improve the efficiency because it could give
a more appropriate response to the required comfort requirements and also, it would minimize the energy
consumption of the building.
Finally, several papers have been reviewed which study different ways to manage the information and
control the HVAC system, in order to have a nice comfort conditions but optimizing the energy
consumption in the building: Marvuglia et al. [27] combined neuro-fuzzy model for indoor temperature
dynamic and automatic regulation, Collotta et al. [28] proposed an artificial neural network to perform
indoor temperatures forecast which were used to feed a fuzzy logic control unit, Dragomir et al. [29]
identified the most used criteria, related to each modeling step, to define an optimal neural network
forecasting tool and Ghadi et al. [30] developed an advanced fuzzy logic controllers in a smart building.

3. INPUT DATA AND INFORMATION

3.1. Meteorological Data (Associated with a location)
In developed countries it is easy to access to the databases available from governmental organizations
and National Meteorological Institutes [14,15] or even from meteorological stations located at airports
or cities [24,28]. It is also possible to use applications which allow to calculate the incident solar
radiation on flat surfaces arbitrarily oriented in any geographic location, for instance, Energyplus
(http://www.eere.energy.gov/buildings/energyplus/) [16,23] or others site webs [18]. This information
is possible complemented it with other climatic parameters such as temperature, cloudiness, infrared
radiation, luminance, atmospheric pressure, wind speed and direction, etc.

3.2. Usage Data and Occupancy of the Building
The number of people or occupancy density, the duration of the occupancy, the nature of the activity
carried out in a building, the type and power of the lighting and other electrical elements (for example,
computers) or ventilation requirements as well as the infiltrations, are determinant to perform a correct
simulation [6,13].
It is also important to define its operation mode: continuous or intermittent, as well as a timetable of use
at different seasons of the year.
It is complex to have a full certainty of this information. However, some standards can be defined
according to the degree of occupancy forecast and the level of comfort required [32] with the possibility
of making adjustments based on the actual data acquisition by field sensors [31]. This detector let us to
know the real conditions and manage the HVAC system according to an optimal real demand.
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3.3. HVAC System Design Data
The type and operation of HVAC systems are fundamental, as well as their performance and their ability
to achieve the required comfort values optimizing the energy required for it.
Furthermore, if the target is to minimize the economic cost, the electricity rates or fuels required in the
HVAC system, they must be taken into account.
Firstly, considering the different existing HVAC systems, a radiant floor could be an efficient system as
justified in [33,34]. It would allow for air-conditioning different areas of a building at a set point
temperature pre-set in function of the weather forecast and occupancy. Moreover, it could take
advantage of the thermal inertia of the building envelope to minimize the energy cost depending on the
applicable energy rate in function of its schedule.
And finally, to improve the real requirements at different times, it would be possible to use a WSN that
permits to know data of real temperature and occupancy online. For this last application of work Online,
it is proposed to use high-performance heat pumps to adjust the comfort conditions demanded on a faster
way and thereby avoid any disturbances in the system. These heat pumps can correct mismatches due
to unexpected changes in the comfort and / or occupancy conditions. Nowadays, high performance heat
pumps have a high efficiency and an excellent behavior as indicated in [35,36]. Both systems, radiant
floor and high-performance heat pumps, have the capacity to heat or cool the space where they are
installed. It is possible to adjust the air conditioning of the building during all the periods of the year,
both in summer and winter.

3.4. Building Modelling Data
Each building is unique, not only due to its location but also for its orientation, geometry, dimensions
and distribution of the zones, its characterization according to its construction type, the building
materials used in its envelope, its surrounding conditions or the use of each one of its spaces.
It is obvious that the building envelope is one of the most important factors because it includes
fenestration properties, Wall-Window Ratio (WWR), wall and roof material properties, air leakage or
envelope sealing, natural ventilation, orientation, building configuration, day lit area, shape and height
of the building [37,38]. For this reason, a correct modelling of the building is necessary to develop an
outstanding investigation.
Obviously, the replacement of windows [39] or using Phase Change Materials (PCM) in the roof [40]
to enhance its thermal performance, or any other improvement over the thermal insulation of the opaque
envelopes of a building, it is very interesting, because they can reduce thermal losses of the building.
But in many situations, a MPC could be more effective, easier, cheaper and with better energy savings.

4. OPERATIVE FOR A PREDICTIVE CONTROL USING RENEWABLE ENERGIES

Two levels are proposed for the control of the HVAC system: the first one is managed by means of a
MPC. It is possible to anticipate the temperature / humidity conditions of the building according to the
forecast of weather, occupancy and comfort requirements established. For this, the forecast of the
meteorological data from a National Meteorological Institute or another source of confidence obtained
by Internet with 24 hours in advance can be used [23,24]. Moreover, the schedule and timetable of the
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building would be taken into account in order to create several recipes. These recipes will be generated
thanks to the modelling and subsequent simulations by means of building energy performance
simulation program, to optimize the energy consumption considering the building thermal inertia as well
as the energy cost. For example, in a working day in winter, when the activity in the building begins at
8:00 am, it could take advantage of the thermal storage capacity of the building [12,19], to run the
heating through the radiant floor with some hours in advance, based on a work pattern defined in a recipe
considered the most adequate depending on the weather and occupancy forecasts defined. Even
considering the energy cost, because we cannot forget that in some countries, it has a variable cost
according to a time range. And above all, the operation of the HVAC system would be running in a
controlled way to avoid energy peaks and achieve important energy savings [15,21]. The main target
would be for the building to reach the comfort conditions required in the occupancy hours expected.
Within the temperature range of these comfort conditions, the temperature set point of each building
space would be adjusted according to incident solar radiation, its albedo, WWR, wall and roof material
properties, air leakage or envelope sealing, natural ventilation, orientation, building configuration, day
lit area, shape and height of the building.
The obtained data could be managed in a control system using a family of controllers without expert
intervention for a long time [10]. Nowadays, Grey-Box is considered the most adequate model [20]. For
instance, Stochastic Model Predictive Control (SMPC) strategies have been successfully applied in
different studies [14,16,18] for energy efficient building climate control. Specifically, a Fuzzy Logic
Controller (FLC) could be a nice way [27,28,29,30] to manage the different recipes generated by
TRNSYS application in function of the input signals available (forecasts and in real time). The objective
would be optimize the control over the HVAC system, composed of radiant floor and high efficiency
heat pumps, whose sources are renewable energies, to reduce energy consumption adjusting the heating
or cooling depending on occupancy profile and comfort requirement defined.
With a second work mode, let's call it Online Mode, it would be used the high performance heat pumps
because they can cool or heat the spaces of the building achieving a more flexible system. This would
allow a faster response to sudden variations of conditions or simply any user could have a certain control
over range temperature which it would improve its own sensation of comfort [6]. Online Mode would
work with a WSN which would capture temperature and occupancy data in real-time of the different
spaces of the building, it would make it possible to correct misalignments through the control of the
high efficiency heat pumps. This approach with both indicated modes is shown in Figure 1:

Figure 1. Scheme of the two working modes: Predictive and on-line.
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5. CONCLUSIONS and FUTURE WORKS

As it has been justified through the mentioned references, it is currently possible to improve the energy
efficiency of any building with the available technologies and tools. But specifically in public and office
buildings, the possibilities are huge with a predictive control system. It could be possible to manage a
HVAC system with source from renewable energies, in an effective way, achieving considerable energy
savings, and therefore, reducing CO2 emissions. It will be possible to reach the goal of ZERO
EMISSIONS and in the not too distant future to have buildings that can supply themselves without
external energy resources.
Our next work will be a review of the application of renewable energy in buildings, especially solar
collectors used with a radiant floor and high efficiency heat pumps. Furthermore, we will consider
developing a modeling of an office building in the Basque Country (Spain) by a building energy
performance simulation program, for instance the TRNSYS application.
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