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h i g h l i g h t s

• Energy consumption predictions based on data mining and supported by external data.
• Heterogeneous data are combined through DW and Information Extraction (IE).
• Multidimensional model integrates information extracted from Social Networks and IE.
• The scenario: consumption prediction is modified with external unstructured data.
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a b s t r a c t

Irresponsible and negligent use of natural resources in the last five decades has made it an important
priority to adopt more intelligent ways of managing existing resources, especially the ones related to
energy. The main objective of this paper is to explore the opportunities of integrating internal data
already stored in Data Warehouses together with external Big Data to improve energy consumption
predictions. This paper presents a study in which we propose an architecture that makes use of already
stored energy data and external unstructured information to improve knowledge acquisition and allow
managers to make better decisions. This external knowledge is represented by a torrent of information
that, inmany cases, is hidden across heterogeneous and unstructured data sources, which are recuperated
by an Information Extraction system. Alternatively, it is present in social networks expressed as user
opinions. Furthermore, our approach applies data mining techniques to exploit the already integrated
data. Our approach has been applied to a real case study and shows promising results. The experiments
carried out in this work are twofold: (i) using and comparing diverse Artificial Intelligence methods, and
(ii) validating our approach with data sources integration.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Energy resources have been used irresponsibly and negligently
in the past five decades. Therefore, the European Union [1–4] and
other international organizations [5,6]are promoting initiatives to
foster responsible and efficient actions to ensure the sustainability
of cities.

Several initiatives have highlighted how Information and Com-
munication Technologies (ICTs) can be used to achieve cities’ cli-
mate targets by lowering energy use and greenhouse gas (GHG)
emissions from other sectors [7,8]. Some of these initiatives in-
clude proposals such as dematerialization and demobilization, as
well as comprehensive concepts for smart logistics and smart cities
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[9]. Hilty [10] describes how ICT can be seen as an enabling tech-
nology for improving or substituting processes in other sectors.
According to the report 2020 [11] of the Climate Group andMcKin-
sey which focused on the potential for reducing GHG emissions in
six different sectors: power, transportation, agriculture, building,
manufacturing and consumer and services), ICT is a key player in
the battle against climate change and offers the possibility of 7.8 Gt
reduction of CO2 emission in 2020. In addition, the European Com-
mission is stressing the importance of ICT for energy reduction and
sustainability, and invests in research in this area [12]. Therefore, a
number of research programmes combining ICT with energy have
been developed.

According to the Climate Group, a smart city is a city that uses
data, information and communication technologies strategically to
provide efficient services to citizens, monitors policy outcomes,
manages and optimizes existing infrastructure, employs cross-
sector collaboration and enables new business models [11].
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Smart cities generate increasingly huge amounts of data which
traditional data processing applications are incapable of dealing
with. This is the reason why Big Data appears associated to smart
cities, and represents a hot research topic [13,14]. The overall aim
of this paper is to explore the opportunities of using ICT as an
enabling technology to predict energy consumption in cities.

A more efficient use of energy is to minimize the energy loss
caused by inaccuracies in energy prediction. Energy prediction
already makes use of large volumes of data in order to make
more accurate estimations. However, improving energy prediction
further requires introducing streaming and highly heterogeneous
information into the estimation process. While the technologies
for processing this kind of information already exist, they have not
yet been adapted for improving energy consumption. Therefore,
more specifically, the main aim of this paper is to explore a
novel architecture for predicting energy consumption in cities,
based on the combination of internal data already stored in Data
Warehouses with external data gathered from Big Data sources.

This paper presents a study in which we propose a hybrid ar-
chitecture that is able to integrate on the fly highly heteroge-
neous data sources, enabling the use of current energy information
combined with contextual data which are integrated with a vari-
ety of information sources or Big Data. The benefit is to improve
knowledge acquisition for better decisionmaking. The objective of
this paper is to make some predictions about energy consumption
based on energy data mining and supported by knowledge that
provides a torrent of information in many cases hidden across het-
erogeneous and unstructured data sources.

The remainder of this paper is structured as follows: in the
next section, the related work is reviewed; thereafter, we design,
create and implement an architecturewhich includes an integrated
model and uses datamining to access Big Data in combinationwith
other data sources. An explanation of the architecture follows in
the next section with a case scenario. Subsequently, the analysis
of the results section evaluates our proposal. Finally, we include
a discussion of the advantages of the model and the difficulties
related to its implementation as well as the further areas of
research in this field.

2. Related work

In the following subsection, the main ICT solutions for smart
cities are overviewed. In the second one, the previous work on
energy consumption prediction is summarized. In the third one,
given that our approach uses ontologies, the main ontologies in
the domain of energy are outlined. Finally, the contributions of our
proposal are enumerated.

2.1. ICT solutions for smart cities

Although very often there is no explicit connection between
smart and sustainable cities, it is obvious that ICT plays an
essential role for supporting the transition to more sustainable
cities, not only regarding the management of urban systems
but also offering more support for sustainable urban lifestyles.
Mitchell [9] has defined five main opportunities for how ICT
can contribute to the reduction of energy use in cities. Four
of these have direct effects and one has indirect effects on
the reduction of energy use. For this purpose he makes use of
opportunities. The first one is labeled as dematerialization. Here,
physical products or services are converted to digital ones (we
can imagine how the CDs are now streamed music and the bank
offices are online banking services mainly). According to Hilty
[10] software represents the immaterial resources and the services
provided represent the value that could become the pattern for a
discontinued economy. The second opportunity is demobilization,

where everything that has been digitalized can be transported via
the telecom network instead of being physically transported. We
are now aware how transport and travel are totally or partially
replaced by telecommunications. The third opportunity is mass
customization where less resource use is accomplished through
intelligent adaptation, personalization and demand management.
The fourth opportunity, intelligent operation, involves more
resource-efficient operations of, for instance, water, energy and
transport systems. The fifth and indirect opportunity is soft
transformation where the existing physical infrastructure is
transformed because of new opportunities presented by the
information paradigm. These principles can be applied to product
design, architecture, urban design and planning at regional,
national and global levels [9]. The Smart 2020 report [15]
identifies ICT solutions by combining the abatement potential
of ICT (called change levers) with economic end-use sectors.
Somewhat similar to the opportunities put forward by Mitchell,
the change levers are (1) digitalization and de-materialization,
(2) data collection and communication, (3) systems integration
and (4) process, activity and functional optimization. With the
aim of mapping out ICT solutions which have the potential to
offer beneficial environmental effects, [10] used a combination
of economic sectors and environmental indicators to compile
a list of ICT solutions for sustainable development: e-business,
virtual mobility (teleworking, teleshopping, virtual meetings),
virtual goods (services partially replacing material goods), ICT
in waste management, intelligent transportation systems, ICT in
energy supply, ICT in facilities management and ICT in production
process management. In addition to this, The Climate Group [11]
proposes a comprehensive list of possible ICT solutions that can be
implemented, as well as setting out metrics in order to understand
which solutions could be implemented to reach a specific city’s
goals.

2.2. Antecedents on energy consumption prediction

Within these ICT solutions, we are focusing on energy supply,
specifically on the prediction of energy consumption in cities. In
[16], a brief overview of over 100 years of energy forecasting
practices is reported, which concludes that the electric power
industry needs forecasts of supply, demand and price, so called
energy forecasts, to plan and operate the grid. While many
other industries have some form of inventory to store and buffer
their products and services, those of the electric power industry,
electricity, cannot be massively stored using today’s technologies.
As a result, electricity has to be generated and delivered as soon
as it is produced. In other words, the utilities have to balance the
supply and demand every moment.

The storage limitation and societal necessity of electricity
lead to several interesting features of energy forecasting, such
as the complex seasonal patterns, 24/7 data collection across
the grid, and the need to be extremely accurate. In [17], a
review and categorization of electric load forecasting techniques
is presented. These techniques are classified there into nine
categories: (1) multiple regression, (2) exponential smoothing, (3)
iterative reweighted least-squares, (4) adaptive load forecasting,
(5) stochastic time series, (6) ARMAX models based on genetic
algorithms, (7) fuzzy logic, (8) neural networks and (9) expert
systems. The state-of-the-art on energy consumption prediction
techniques depends on the type of consumption at hand. Ideally,
having all the information about the system would yield highly
accurate results. However, it is the case that most often all
information is not available, and thus, approximate models must
be built.

The research line about Energy Informatics (EI) is related to
this issue, which means to increase the efficiency of energy
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