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Abstract Despite an extensive energy efficiency
potential, measures are sometimes not adopted due to
barriers, such as lack of information. An integrated
database of available energy efficiency measures,
which has not existed previously, is one step towards
overcoming such barriers. To address this, we present
a dataset (i.e., data-base) integrating energy efficiency
data from Sweden (from the Swedish Energy Agency)
and the USA (from the Department of Energy’s Indus-
trial Assessment Centers), and publishing the data on
the Web, using standardized Web languages and fol-
lowing the principles and best practices of so-called
linked data. Additionally, several demonstration inter-
faces to access the data are provided, in order to
show the potential of the result. These are entirely
novel results, since this is the first dataset we are
aware of that publishes this type of data using linked
data principles and standards, thus integrating data
from entirely different sources making them jointly
searchable and reusable. Our results show that such
data integration is possible, and that the integrated
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dataset has several benefits for different categories
of users, e.g., supporting industry and energy effi-
ciency auditors in overcoming the information barrier
for investment in energy efficiency measures, and
supporting application developers to more easily inte-
grate such data into support tools for energy efficiency
assessment.
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Linked data

Introduction

Improving energy efficiency in industry is one of
the most important means of reducing the threat
of increased global warming. Despite an extensive
energy efficiency potential, measures are sometimes
not adopted due to various barriers, e.g., informa-
tion imperfections and asymmetries. Overcoming the
barriers needs new approaches to be deployed, one
such being a database of available energy efficiency
measures.

Increased global anthropogenic negative impact on
our planet may be displayed by population growth,
and number and impact of the used technologies
(Ehrlich and Holdren 1971). The three major energy-
using sectors are the residential and service sector,
the industrial sector, and transportation. In the world,
the residential and service sectors are the largest
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energy user, while in developed countries like Swe-
den, the industrial sector is also in parity with the
residential and service sector accounting for 35–40 %
of primary energy use, depending on the economic
situation (Swedish Energy Agency 2010). The indus-
trial sector is thus of great importance to study in
terms of improved energy efficiency, not only in Swe-
den but also world-wide. Improved industrial energy
efficiency is according to IPCC, one of the world’s
most important means of reducing the global warming
(IPCC 2007).

The energy use in the industrial sector is in gen-
eral complex Waide and Brunner (2011). The single
energy user, e.g., an electric motor, is in turn affected
by the transmission, and the motor’s energy use with
transmission in turn affected by the whole electric
motor system, be it pumping, compressed air, ven-
tilation, etc. Waide and Brunner (2011). The single
electric motor system is in turn affected by other
processes in the company, e.g., the production pro-
cesses. Summing up, industrial energy systems are
to a large degree of great technical complexity and
investments are often heavily capital intensive and
thus more difficult to perform without thorough evalu-
ation of the investment. Moreover, investments related
to production processes often face higher degrees
of risk, and thus need a thorough evaluation of the
investment. Sharing already undertaken investments,
their savings and investment costs may thus greatly
help improve energy efficiency in industry through
letting others validate their own planned invest-
ments, and inspire completely new investments and
improvements.

Motivation

Barriers to improved energy efficiency are often
sprung from information-related barriers such as
information imperfections and asymmetries, e.g.,
imperfect information, split-incentives, principal-
agent relationship, etc. Sorrell et al. (2004) and
Enrico and Trianni (2014). Also, large parts of so
called hidden costs, e.g., search cost for the invest-
ment, are often mentioned as severe barriers to
improved energy efficiency (Ostertag 1999; Bleyl
and Eikmeier 2009). Other cited barriers are risks,
lack of access to capital, and bounded rationality
(Sorrell et al. 2004; Thollander and Palm 2013). Over-
coming these barriers are of utmost importance in

improving energy efficiency in industrial energy sys-
tems. In summary, improving energy efficiency in
industrial energy systems are of great importance
in reducing negative environmental impact, but is
challenging due to greater technical complexity than
energy systems in the residential and service sec-
tors (Thollander and Palm 2013). Moreover, it has
for more strategic measures often extensive invest-
ment costs, many times associated with large risks,
such as the risk for production disruptions etc. (Sorrell
et al. 2004; Anderson and Newell 2004; Thollander
and Ottosson 2008; Thollander et al. 2010). Further-
more, these strategic technology investments often
face information-related barriers, and moreover exten-
sive hidden costs or transaction costs (Ostertag 1999;
Bleyl and Eikmeier 2009).

These challenges together call for new methods
and approaches to promote energy efficiency in indus-
try. One means that has emerged in the past three
decades is various forms of online tools on the
Web, e.g., the MURE database (Odyssee-Mure 2014),
the US Department of Energy’s Industrial Assess-
ment Centers’ (hereafter denoted IAC) database
(IAC 2014), and various forms of energy audit pro-
tocols (e.g., Spice 3 (2014)), and energy management
tools (Swerea Swecast 2014). One such online tool, a
database1 of previous improvements and their results,
has been proposed as a tailored tool to help overcome
information-related barriers, and reduce transaction
costs and risks, leading to improved energy efficiency
in industry (Cagno et al. 2010).

The idea of linked data (LD) has opened up a brand
new way of structuring data and creating extremely
advanced databases that are inherently Web-enabled
through their graph-based link structure and the use
of globally unique identifiers (URI:s) for data ele-
ments2 (Berners-Lee 2009). In particular, the concept
of linked open data (LOD), i.e., data that is published

1Throughout this paper, we will use the term “dataset” to refer
to such a database. The reason for avoiding the term “database”
is that it has historically been used to refer primarily to a
specific database technology, i.e., relational databases, while
in this paper, we deal with another kind of database, i.e., a
graph database, which is commonly denoted a “dataset” when
published on the Web.
2The technical principles behind linked data were presented by
Berners-Lee (2009). For an updated view of the current linked
open data cloud, see illustrations at http://lod-cloud.net/ or the
list of datasets tagged with LOD available from http://datahub.
io/dataset?tags=lod

http://lod-cloud.net/
http://datahub.io/dataset?tags=lod
http://datahub.io/dataset?tags=lod
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on the Web according to linked data principles, but
which is additionally open, i.e., freely available to
the public without charge, has become an enabler for
a new “Web of data” (Bizer 2009). This means that
the Web is more and more being used as a form of
global data store, or database if you want, consisting of
machine readable data instead of only web pages for
human consumption. LOD thereby enables develop-
ers all over the world to develop software applications
based on open data worldwide, without having to care
about proprietary formats—instead, data is available
through the standardised representation languages for
linked data (Bizer 2009).

The aim of this paper is to present the moti-
vation, structure, and logics behind a linked open
dataset of real industrial energy efficiency improve-
ment measures built on the basis of linked data
principles. The solution presented in the paper is to
the authors’ awareness unique, both since no dataset
(i.e., database) of real industrial improvement mea-
sures has so far been published using linked data
principles, but also since no database has previously
attempted to integrate data from several countries, and
even two continents. The results of the paper may
be used to facilitate the construction of future indus-
trial energy-related datasets, hence, our focus has also
been on recording lessons learned and ideas on future
work.

Novelty and benefits of the result

The published dataset will be useful to mainly three
categories of users:

– Industries and energy auditing specialists
– Researchers and decision-makers
– Application developers

As mentioned above, the primary purpose of the
dataset is to support industries, and auditing profes-
sionals working with those industries, to overcome the
information-related barriers to energy efficiency that
currently exist. For these users, being able to find and
search the data in a simple but integrated fashion is
an essential requirement. So far, most datasets that
exist are (i) isolated “islands” of data, e.g., originat-
ing from one specific project, making them restricted
in both time, focus area, and geographical cover-
age, (ii) presented in their own specific format, e.g.,
using proprietary formats such as Excel or PDF, and

implicit data models that are not semantically well-
specified, which makes them hard to both search and
integrate. We remedy this by showing how linked data
principles can be used for data integration, and sub-
sequently meet the requirements of this user group
by providing a dataset that is freely available on the
Web, including a demonstration search interface. This
shows how easily one can build both general pur-
pose and tailored search interfaces over the data, as
soon as data is available on the Web in a standardized
format.

However, not only the industries themselves may
be interested in the data, but having easy access to an
integrated dataset may also give new research opportu-
nities, and new opportunities for decision-makers and
policy-makers in various organizations to access and
analyse that data more easily, to make better informed
decisions. For instance, integrating (linking) data from
Sweden and the USA, and making it available through
a joint search interface, allows decision-makers to
directly compare Swedish and US findings and rec-
ommendations, without first spending a lot of effort
on “manually” integrating this data, e.g., in an Excel
sheet. Finally, by providing the data through a Web
service, we are enabling the direct use of data in other
Web applications. Hence, application developers can
call our service to retrieve data, taking advantage of
our effort, for easy access to the integrated dataset.
Potential applications envisioned to emerge could, for
instance, be new support tools for energy auditing that
rely on the data for recommending measures to be
taken.

Energy-related datasets

To the best of our knowledge, the dataset that has been
created in our project is unique in several ways, e.g.,
both in the technology used and in the way that it
integrates and combines several different data sources
from two different countries. However, there do exist
related efforts that collect data about energy-related
topics, and more specifically about energy efficiency,
and make data available on the Web. In this section,
we first present an overview of existing linked open
data related to the energy domain, and then we discuss
data particularly targeted on energy efficiency, includ-
ing the data sources that were used to produce our
results.
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Energy-related linked data

Numerous large datasets in various fields (e.g.,
biomedicine, cultural heritage, etc.) have been made
freely available using the same linked data tech-
nologies as we propose in this paper, i.e., as LOD
(Bizer 2009). Currently, we are aware of the follow-
ing main efforts that have produced datasets that are
part of the LOD cloud, which are concerned with the
energy domain, although none are directly focused on
energy efficiency audits:

– Enipedia
– Reegle
– Open EI
– EUROSTAT
– The World Bank
– The EnAKTing project

Enipedia3 is a wiki website that collects data about
energy-related issues, and in particular helps users to
integrate, visualise, and analyze data (Davis 2012).
Through the wiki templates, data is collected and
expressed in linked data formats, and then displayed in
different visualizations. For instance, the site contains
information about energy infrastructures, such as natu-
ral gas supplies and global visualizations of electricity
production using interactive maps.

Reegle4 is a portal for publishing information about
clean energy and energy efficiency projects. Data
is displayed on a website for human browsing and
consumption, but is also available through an API,
structured according to the reegle ontology (i.e., a
linked data vocabulary). The dataset contains, for
instance, information about the energy consumption
of various countries and their energy policies, as well
as about energy efficiency improvement projects and
their outcomes.

Open EI5 is a US portal for collecting and dis-
playing data about energy-related issues. Data mainly
focuses on energy production, on a global and national
scale, but also includes some data about energy con-
sumption, by linking to survey data about smart meters
and smart grid, energy consumption in buildings, as
well as linking to the IAC database (IAC 2014).

3http://enipedia.tudelft.nl/
4http://data.reegle.info/
5http://en.openei.org/

A more general effort is publishing data from
EUROSTAT as linked data6, which also contains
energy-related statistics on a high level of aggrega-
tion (e.g., national energy consumption). Similarly,
the World Bank7 has started to publish some datasets,
including data on climate change and energy.

Finally, two slightly older sets of data (from 2007)
originates from a research project called EnAKTing,
which was a pioneering project for producing LOD in
the UK. The data concerns mostly road traffic energy
consumption in the UK until 20078, and greenhouse
gas emission in UK regions until 2007.9

In summary, there are several general efforts for
collecting linked datasets and other sources, e.g., mak-
ing them available through various online portals on
a global, European, and national level. However, most
of the data is highly aggregated, e.g., on regional or
national levels, rather than dealing with single organi-
zations and energy efficiency improvement in those.
To the best of our knowledge, there is no linked dataset
present that publishes individual energy efficiency
measures, implemented by companies and other orga-
nizations, their estimated costs and resulting energy
savings, as LOD. The closest approach to ours is the
Reegle portal, which, however, contains more aggre-
gated data, focusing on energy-related projects and
policies on a general level, without going into detail on
their actual results in terms of measures coupled with
their results in terms of saved energy.

It will be of essence to, in the long term, adver-
tise our data in some of the abovementioned portals,
but at the moment, the only related dataset that we
were able to reuse and link to our Swedish data is the
one from IAC, which is, however, not yet available as
LOD. In order to be compatible with other datasets, we
have nevertheless also looked into reusing the exist-
ing vocabularies (ontologies) that are used to express
some of the data in the portals and projects mentioned
above. We have therefore aligned our data model to
Reegle, in order to make our data compatible with
what exists in that portal. We will discuss this further
in the “Publishing linked data” section of the paper.

6http://eurostat.linked-statistics.org/
7http://worldbank.270a.info/.html
8http://energy.psi.enakting.org/
9http://co2emission.psi.enakting.org/

http://enipedia.tudelft.nl/
http://data.reegle.info/
http://en.openei.org/
http://eurostat.linked-statistics.org/
http://worldbank.270a.info/.html
http://energy.psi.enakting.org/
http://co2emission.psi.enakting.org/
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Energy efficiency data

As was noted in the last section, there is currently no
linked open dataset that we are aware of, which covers
energy efficiency measures and their energy savings.
However, if one looks a bit broader, to other kinds
of data collections, i.e., not only LOD, such data is
available on the Web, but in various proprietary and
non-machine-processable formats.

The IAC has the world’s largest industrial energy-
related database consisting of more than 116,000
measures (as of 2012 when this project was initiated)
from real cases (IAC 2014). The IAC database is cur-
rently available through an online search interface, as
well as downloadable Excel-files, i.e., it is primarily
intended for human consumption through a graphical
Web interface, and only available for download and
reuse in the proprietary MS Excel format.

The idea of a large database has also been presented
in a Swedish report by Söderström et al. (1994). How-
ever, to the authors awareness, no industrial energy
efficiency-related database concerned with the end-
use of energy still exist in the Nordic countries.
Nevertheless, the Swedish Energy Agency is produc-
ing lots of data concerned with energy efficiency, but
currently it is not published in a joint database or
a linked dataset, but rather as a collection of docu-
ments downloadable from the website of the agency
(in proprietary formats, such as PDF and MS Excel).
Although this is in fact open data, it is not as easy to
integrate, analyze, and reuse as it could be, without
manually processing it in some way, due to the way it
is made available.

Table 1 shows an overview of the datasets used as
source data for our effort. PFE is a national energy
auditing program in Sweden, and this dataset is the
result of the first project period during 2004 and 2005.
EKC is a financial incentive provided by the Swedish
Energy Agency, where organizations may apply for
co-financing of their energy audits, but in return have
to report their findings and measures to the agency. For
more explicit information about the PFE, please see
Stenqvist and Nilsson (2012). For more information
about the EKC, please see Thollander and Dotzauer
(2010) and Karlsson and Thollander (2012). The IAC
database is described in detail by IAC on their website
(IAC 2014).

An overview of the content of the IAC, PFE, and
EKC data sources is given in Table 2. The names

of organizations are codified in the IAC database,
and for location we settle for the country in the
US case. The assessed Swedish industries are clas-
sified into the Swedish industry classification sys-
tem called SNI, which is the national version of the
NACE Rev. 2 standard prescribed by the European
Union. The IAC data instead uses the SIC system
for industry classification. PFE only contains infor-
mation of which year the assessment program was
started, EKC only contains this information implicitly
through the year when the co-financing was granted
and the report was supplied, while the IAC recorded
the actual assessment year. The type of measure is in
the IAC dataset classified in a US-specific taxonomy
called the Assessment Recommendation Code (ARC)
(Muller and Kasten 2007), while the Swedish PFE
uses its own (non-hierarchical) list of categories. EKC
assessments are not pre-categorised at all. However,
both PFE and EKC contain free text descriptions of
the measures, while IAC settles for the textual titles of
the respective ARC as a description. Pay-off time in
PFE is calculated as straight payback without interest
rate10, which is the same in the IAC data. Imple-
mentation details are in the Swedish datasets given
through the year of actual or planned implementation,
while the IAC instead have a categorisation of imple-
mentation status (into the categories of implemented,
pending, not implemented, or data not available).
Only the PFE data contains information on the method
used for verifying the energy savings. In addition to
what is listed in the table, each dataset also contains
some project-specific data, such as who performed the
assessment, etc., but this data was not considered rel-
evant for our effort and is not discussed further in the
paper.

In summary, we note that there exist several
national data sources from different countries (e.g.,
Sweden and the US), which are freely available as
open data. Additionally, we notice that datasets from
Sweden and the US respectively have considerable
overlap (see Table 2), although there are some differ-
ences in the use of taxonomies, units of measure, and
formatting. However, none of these datasets have so
far been published using linked data principles, hence,
they are difficult to reuse and combine, due to that they
mainly use proprietary file formats (e.g., PDF and MS

10In our data sources, pay-off time and payback time are both
used, hence in this paper, we use them as synonyms.



1130 Energy Efficiency (2015) 8:1125–1147

Table 1 Data sources used in our project (when downloaded in late 2012)

PFE EKC IAC

Number of audited organizations 93 225 15 570

Number of measures in the dataset 1 256 1 438 116 960

Number of planned or implemented measures 1 216 968 54 474

Data collected during time period 2004–2005 2011–2012 1981–2012

Measures implemented during 2004–2011 2011–2014 (Unknown)

Excel) and target human consumption through graphi-
cal user interfaces. For making data truly valuable, and
reusable, this data should be available in standardised
open formats, and published on the Web in a man-
ner that makes them not only consumable by humans
but also directly accessible by software systems, e.g.,
external Web applications built by a third party. To
the best of our knowledge, our dataset is the first to
address this challenge, for detailed energy efficiency
data. In the next section, we describe in detail the
technologies used, and how our dataset was produced,
so that others may follow a similar methodology and
publish and link more data from other countries, in the
end creating an energy efficiency LOD sub-cloud.

Methodology

In this section, we first briefly introduce the tech-
nologies behind linked data (LD), in order to further
clarify why this method for data publication was cho-
sen, and what are its advantages. Next, we describe
the methodology we have applied in the publica-
tion process, and then we describe some additional
efforts that have given the dataset added value, includ-
ing manually classifying the measures according to
a uniform taxonomy, and linking the data to other
datasets.

Linked data—what is it?

The idea behind LD is that data is published in
a standardized format, i.e., the resource description
framework (RDF) (The RDF Core Working Group
2004), that provides a (globally) unique identifier for
each data item, i.e., a so-called URI which is unique
over the whole Web. This allows individual data ele-
ments to be uniquely identified, even over the entire

Web, and referenced, to express relationships between
data, thus creating links between data. The links can
relate data within a dataset, just as we can link ele-
ments in a traditional relational database, but now we
can also link between multiple data sets, since the
identifiers are (globally) unique over the entire Web.
This allows us to place individual data, or datasets,
in a context—we can link our data to other datasets
that have overlapping information, or have already
described the concepts that we are reusing, i.e., we can
reuse other people’s data in a straight forward way.
Linked data that is published openly on the Web, i.e.,
under a license that makes it free to reuse, is usually
called linked open data, i.e., LOD.11

The principles of linked data were first summarized
by the founder of the Semantic Web, (Berners-Lee
2009). He summarizes the principles in four bullet
points that we quote here (Berners-Lee 2009):

1. “Use URIs as names for thing”
2. “Use HTTP URIs so that people can look up those

names.”
3. “When someone looks up a URI, provide

useful information, using the standards (RDF,
SPARQL)”

4. “Include links to other URIs so that they can
discover more things.”

To illustrate the linking property of LD, two exam-
ples that come from our published dataset are (i)
information about places, such as cities and coun-
ties, and (ii) the industry classification codes used
in Sweden (called SNI-2007, which is the national

11LOD applies the principles of LD, while additionally making
the data open, i.e., freely available on the Web. In this section,
we discuss the underlying principles of LD, which apply even if
the data is not openly available.
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Table 2 Details of the content of the IAC, PFE, and EKC datasets (X indicating that the information is present in the dataset, and (X)
that it can be derived or is partly available)

Content IAC PFE EKC

Name of assessed organization (X) X X

Location of assessed facility (X) – X

Size of assessed facility X – X

Industry classification of organization (SNI-2002) – X –

Industry classification of organization (SNI-2007) – – X

Industry classification of organization (SIC) X – –

Program start year – X –

Assessment year X – (X)

Type of measure/recommendation X X –

Free text description of measure/recommendation (X) X X

Reduction of electricity usage X X X

Reduction of other energy sources X – X

Investment cost X – X

Pay-off/pay back time X X –

Planned implementation year – – X

Actual implementation year – X –

Implementation status X – –

Method of verification of savings – X –

Note that the IAC data includes a lot more information than what is included here, but in this project, we have focused on informa-
tion that overlaps with information recorded in the Swedish datasets, or at least which is somehow transferrable or related to such
information.

implementation of the EU standard NACE Rev. 2). On
the Web, there is already data (in the standard RDF
format) about Sweden’s municipalities and counties,
as well as about the industry classification codes in
the SNI-2007 standard. Both datasets are published
by Statistics Sweden (SCB), as a result of a previ-
ous research project around linked data. By referring
to URIs in these datasets, instead of creating our
own identifiers for counties, municipalities, and SNI-
codes, a user of the published data can, if desired,
directly access additional information from Statistics
Sweden about these data elements, such as the actual
location of a municipality, or the description of the
SNI-code. For example, suppose we publish data on
energy savings in a company in the municipality of
Uppsala. In our data, there is no information about the
location of Uppsala, how many people live there, or
the climate of the region. However, if this information
is needed, e.g., for research purposes, or for building
an application on top of our data, the links allow to
directly retrieve such information from Statistics Swe-
den over the HTTP-protocol, i.e., without having to

first download and reformat the information to suit our
needs.

A prerequisite for the above scenario to work on
a Web scale, however, is that those who publish data
use a standardized language12 to express these data,
and their global identifiers. Luckily, this standardiza-
tion is already in place, through the W3C standards
for using URIs to identify resources on the Web, RDF
(The RDF Core Working Group 2004) to describe how
these resources relate to each other, and the SPARQL
query language (The W3C SPARQL Working Group
2013) to retrieve information from the data sets.

Finally, to make data more interoperable, it is addi-
tionally a best practice to publish your data model,
along with the data itself. This allows anyone who

12Note that this applies to the technology to publish data—
we still cannot necessarily guarantee that we “speak the same
language” when it comes to what we mean by different con-
cepts and data elements. The latter is of course also important,
but is solve at a later stage, by publishing the data model, i.e.,
ontology, also using a standardized language.
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finds the dataset to also explore its model, since it
is explicitly defined and stored on the Web along
with the data. Such data models are usually called
“vocabularies” when used as simple data models for
LD, but another common name (which sometimes
indicates a more elaborate logical structure of the
model) is “ontology.” To allow for the data mod-
els to be machine interpretable, e.g., usable by Web
applications, they should be expressed using another
standardized language, namely the Web Ontology
Language (OWL) (The OWL Working Group 2009).
For instance, in our case, we are publishing data about
energy efficiency measures, their effects, and costs.
If we simply publish the RDF data, without speci-
fying the vocabulary, we will have a bunch of URIs
(the identifiers of measures) and numbers (effects and
costs) linked to them; however, there will be noth-
ing to tell us what these numbers signify or what the
links mean. It would be like publishing a table of data
without column headings, and without a description
of what the table signifies. Hence, the data model,
i.e., vocabulary/ontology, tells us what each data item
signifies, and what each relation linking the data ele-
ments mean. Furthermore, when publishing LD, such
a vocabulary is not simply a text document containing
a human readable description, or a term in a column
heading, instead the model is described using a formal
language (i.e., OWL) so that also systems and Web
applications can interpret it directly.

Publishing linked data

In order to publish our data as LOD on the Web, we
had to go through three main steps:

1. Finding, or creating, the vocabularies (ontologies)
to be used as the data model for the new LOD

2. Harmonizing and cleaning the source datasets
3. Transforming the source data into RDF and

uploading it to a triple store

The first step can be seen as the process of creat-
ing the data model for the LOD. However, in contrast
to when creating a data model for, for instance, a tra-
ditional relational database, when developing LOD,
the best practice is to reuse as much as possible
of already existing data models (existing vocabu-
laries/ontologies) available on the Web. A common
practice is to reuse parts (i.e., even single concepts

and relations) from existing authoritative vocabular-
ies, even if the rest of that vocabulary may not fit
our purpose. Hence, we started by listing the potential
vocabularies for reuse, and picked relevant concepts
and relations from each one that we intended to reuse.
This process resulted in the decision to reuse concepts
and relations from all the vocabularies in Table 3.

However, it turned out that after reviewing all avail-
able vocabularies (e.g., from the efforts mentioned in
the “Energy-related linked data” section), there were
still parts of the data, in particular the parts specific to
the energy efficiency domain, that we were not able to
represent. Based on this observation, we additionally
created our own vocabulary13, specifically targeted at
expressing information about energy efficiency mea-
sures, their costs, and effects. For instance, we had
to add concepts representing the investment cost of
a measure, and the effect (in terms of energy saved)
of a measure, since these aspects were not found in
existing vocabularies. An illustration of the vocabu-
lary, including the reused concepts and relations from
existing vocabularies, can be seen in Fig. 1.

Although the data from the original sources could
be directly transferred to RDF at this point, without
additional manual effort, we chose to partly harmo-
nize and clean (by identifying and correcting errors)
the data prior to publication, in order to make the
dataset easier to reuse and to access in the future. With
harmonization we mean, for instance, to as far as pos-
sible use the same metric prefixes for our basic units
of measure, instead of mixing them as in the original
data, e.g., to always use kWh instead of sometimes
using kWh and sometimes MWh. Another harmoniza-
tion is to always use the same format to represent
certain types of literals, e.g., a date, in the data, etc.

Additionally, as can be seen in Table 2, even the
two Swedish datasets are not using the same industry
classification scheme (SNI-2002 is an older standard,
while SNI-2007 is the current one), and the IAC data
additionally uses the SIC standard. While translating
from SNI-2002 to 2007 is quite straightforward, SIC
and SNI are not equally compatible, i.e., lacking a
one-to-one mapping even between some of their top
categories. Producing a full translation of SIC into SNI

13The current version of the vocabulary is available here (in
OWL-format): http://www.ida.liu.se/projects/semtech/schemas/
energy/2013/09/efficiency.owl

http://www.ida.liu.se/projects/ semtech/schemas/energy/2013/09/efficiency.owl
http://www.ida.liu.se/projects/ semtech/schemas/energy/2013/09/efficiency.owl
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Table 3 Vocabularies from which we have reused concepts or relations

Name (prefix) URI Reused elements

Dublin Core (dc:) http://purl.org/dc/elements/1.1/ dc:description

FOAF (foaf:) http://xmlns.com/foaf/0.1/ foaf:Organization

Geo (geo:) http://www.w3.org/2003/01/geo/wgs84 pos# geo:location

Geonames (gn:) http://www.geonames.org/ontology# gn:Feature

gn:parentFeature

Org (org:) http://www.w3.org/ns/org# org:classification

org:hasSite

Provenance (prov:) http://www.w3.org/ns/prov# prov:wasDerivedFrom

prov:Entity

prov:wasGeneratedBy

prov:Activity

RDFS (rdfs:) http://www.w3.org/2000/01/rdf-schema# rdfs:label

Reegle (reegle:) http://reegle.info/schema# reegle:ProjectOutput

SKOS (skos:) http://www.w3.org/2004/02/skos/core# skos:Concept

skos:inScheme

skos:ConceptScheme

skos:prefLabel

Unit (unit:) http://www.w3.org/2007/ont/unit# unit:Unit

would be a project in itself, i.e., one could go down
to more detailed levels of classification (rather than
the top categories) and try to find mappings between
these. Potentially, the problem may arise that there
is no one-to-one mapping for some categories even
at the most detailed level. In that case, it would be
impossible to create an automatic translation script
between the two classification systems, rather one
would either have to re-classify individual organiza-
tions manually, using the other classification scheme,
or settle for something less crisp than a strict one-to-
one mapping. For instance, the linked data vocabulary
simple knowledge organization system (SKOS) (W3C
Semantic Web Deployment Working Group 2012) is
a vocabulary expressing relations between knowledge
organization systems, such as taxonomies, hence rela-
tions such as skos:relatedMatch could be used
to instead link those categories in the respective tax-
onomies that are somewhat related, although not com-
pletely overlapping.14 However, this would still take
a substantial bit of effort. Considering these difficul-
ties, we decided not to include such an in-depth study

14We are already using relations from the SKOS vocabulary for
other purposes in this project (see Table 3), hence, this would be
a natural step to take in future work.

of the industry classification systems in our project.
However, one quite common use case (also a use case
requested by our funding body, the Swedish Energy
Agency) was to be able to search for “measures imple-
mented in similar organizations to the one at hand,”
which requires some way of specifying the type of
organization. Therefore, despite the presented prob-
lems, we tried to find a way to at least accommodate
this use case for parts of the data, if not all of it. Hence,
we resorted to only providing SNI classifications for
the top SIC categories that do have an obvious one-to-
one mapping with SNI, and leaving the rest without a
mapping, i.e., simply leaving those organizations we
cannot automatically and accurately re-classify with-
out any SNI classification, in order not to introduce
any errors.

It should be noted that this harmonization is not
a necessary prerequisite to transforming the data, we
also carefully designed the vocabulary (in step 1) so
that we preserve information such as units of mea-
sure, etc. This means that most of the data would
be semantically well-specified even without this har-
monization, however, for human consumption, e.g.,
entering search queries and showing data in search
results, it is more intuitive to view data that is some-
what harmonized. Additionally, for the IAC data, we

http://purl.org/dc/elements/1.1/
http://xmlns.com/foaf/0.1/
http://www.w3.org/2003/01/geo/wgs84_pos#
http://www.geonames.org/ontology#
http://www.w3.org/ns/org#
http://www.w3.org/ns/prov#
http://www.w3.org/2000/01/rdf-schema#
http://reegle.info/schema#
http://www.w3.org/2004/02/skos/core#
http://www.w3.org/2007/ont/unit#
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Fig. 1 An illustration of the overall vocabulary (ontology,
or data model) used for our dataset. Rounded boxes repre-
sent concepts in our vocabulary, and arrows represent relations
to other concepts or literals. Relations to literal values, i.e.,
numbers, text, etc., are represented as arrows ending in an

empty box. Namespace prefixes (i.e., what is written before
the colon) indicate the provenance of the concept or rela-
tion, i.e., what existing vocabulary it comes from. Concepts
and relations without a prefix are locally defined in our own
vocabulary

have resolved a number of the codes that were used in
the dataset, in order to get a representation that more
closely resembles the one of our Swedish datasets.
For instance, IAC uses alphabetical codes to express
the energy source, e.g., electricity or natural gas, and
each such source then is implicitly associated with a
unit of measure. We have replaced those codes with
explicit references to concepts (with human readable
labels), representing the types of energy sources, and
additionally included an explicit mention of the unit
of measure related to each data value. This in order
to reduce the memory load on a casual data user, not
having to remember the meaning of the codes and
which unit of measure is associated to what energy
source.

In addition to the harmonization, we also took the
opportunity to clean our Swedish datasets by check-
ing samples of the data in particular for systematic
errors. In some cases, systematic errors were discov-
ered, and in these cases, we had to decide either to

correct the mistake (if possible) or to leave the erro-
neous data out of our dataset. One such example was
the exact dates of implementation in the Swedish
datasets, which seemed to contain many unrealistic
dates, e.g., months and days that do not exist. This
was due to the numerous different date formats that
had been erroneously imported during data collection.
In this case, we understood the problem, however, we
did not find a suitable way to repair it, without going
through all the records one by one and checking them
against their written reports. This, together with the
fact that this information is not absolutely essential
to the dataset, i.e., we could still keep the year of
implementation while discarding the exact date, led
to the decision to discard the date information alto-
gether, while keeping just the year. In other cases,
there seemed not to be a systematic error behind the
erroneous data items found, but rather simply a mis-
take in a manual calculation, or similar. In such cases,
we decided to include or discard the data based on
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mainly how valuable the information was considered
to be. Thus, highly valuable categories of information,
such as saved energy, or investment cost, was included
even though we suspected that in a few specific cases
(i.e., some individual data entries in this category fo
data) there may be errors. The data from IAC was used
as it is, without any attempt to discover and correct
errors.

Finally, the datasets were transformed into RDF by
using the RDF plugin15 of the Google/Open Refine
data transformation tool. This involves first express-
ing a transformation scheme in terms of how the data
is mapped to the vocabulary created in step 1, and then
the tool creates the RDF file automatically using an
export functionality. In order to make the data acces-
sible on the Web, we installed a so-called triple store
(c.f. a database management system, but specific for
LD16) on a research server at Linköping University,
and uploaded our data onto this server. The server pro-
vides a SPARQL endpoint, which is a Web service that
can be called via the HTTP protocol, to retrieve data
in response to SPARQL queries. This service is freely
available on the Web, but is intended for application
access (machine access) and is therefore not intuitive
to human users. To let interested parties access and
explore our data, we therefore also created two Web
interfaces for human users, one for LD experts, where
they can write their own SPARQL queries and visual-
ize the results, and one for non-expert users, where one
can search the dataset by expressing a query through
menu choices and checkboxes, developed as a simple
Javascript application.

Categorization and linking

Apart from the general error correction and harmo-
nization mentioned above, we have made two major
additions to the data:

– Classifying the measures (recommendations) into
a shared taxonomy of measure types

– Linking the data to external data sources to make
it part of the LOD cloud

The first addition, i.e., using a shared taxonomy
of measure types, is important from an information

15Tool can be downloaded here: http://refine.deri.ie/
16In our case we used the open source Sesame RDF store that
can be found here: http://www.openrdf.org/

retrieval perspective, i.e., for end-users when trying to
find information within the dataset. It allows a user
to find all the measures of a certain type, without
resorting to full-text search inside textual descrip-
tions formulated by individual energy auditors (who
would probably use very different terminology, mak-
ing it hard to find a complete set of relevant answers
to a user’s search query). The latter, i.e., linking, is
mainly important for supporting system developers
and researchers when reusing the dataset for their
applications or for performing research, i.e., it allows
to automatically retrieve related information, which
forms the context of our dataset.

Introducing a shared taxonomy, however, is not
straightforward. The IAC data uses an extensive clas-
sification of measures (the ARC), describing on a
detailed level the type of measure that was recom-
mended. ARC is a hierarchical classification scheme
(taxonomy) of measures that ranges from general
areas down to specific measures, such as replacing
a specific part of a machine or facility (Muller
and Kasten 2007). Although this extensive taxon-
omy would be possible to use also for the Swedish
data sources, we chose not to do so for a number
of reasons. First and foremost, structuring the data
using 900 pre-defined measures after the measures
have been reported, would be a very thorough job,
taken the extensive amount of data. Moreover, the
IAC data is related to small- and medium-sized enter-
prises (SMEs) while the Swedish PFE is related to
majorly large energy-intensive companies. This moti-
vated the choice of a more general taxonomy, i.e.,
the one developed by Söderström et al. (1994), as
it is general and more applicable to datasets coming
from various industrial sectors. In order to translate
the ARC-categorization to our taxonomy, a complete
mapping from ARC categories to the (Söderström
et al. 1994) taxonomy was developed, and each IAC
recommendation was thereby given an additional cat-
egory also from this taxonomy. The ARC textual
descriptions were kept as descriptions of each measure
in the IAC dataset, since that data otherwise lacked
free text descriptions of the recommendations. The
EKC data lacked any kind of classification in its raw
form, hence, these measures had to be classified man-
ually. Finally, the PFE data used a related but slightly
different classification, compared to the (Söderström
et al. 1994) one, but here we could apply a semi-
automatic translation since we were able to first find

http://refine.deri.ie/
http://www.openrdf.org/
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a one-to-one mapping between categories (although
some problematic entries in the original classification
had to be corrected manually). Without this joint tax-
onomy, the user would have had to be aware of ARC
to find results from the IAC dataset, to be aware of
the PFE taxonomy (specific only to that project) for
finding results also from this dataset, and finally per-
form a full-text search using a set of terms in order
to find measures based on their textual description
within the EKC dataset. It should thereby be quite
obvious to the reader how such a joint taxonomy can
improve the findability of measures. It is now enough
to choose one of the categories in the joint taxonomy
as search query, and one will be certain to receive all
the related measures, both from the IAC, PFE, and
EKC datasets, related to that category of measures,
e.g., related to production processes, administration,
or facility heating, for instance.

The second addition to the data, the linking, is made
possible by the way we are publishing the data, i.e., as
LD. As mentioned in the “Linked data—what is it?”
section, one of the main features of LD is the (glob-
ally) unique identifiers given to data elements, which
in turn makes it possible to refer to data from any-
where on the Web. On the one hand, this facilitates
others to reuse and refer to our data in an efficient
manner, but also allows us to reuse, i.e., link to, exist-
ing data on the Web, rather than replicating that data in
our own dataset or simply not caring about mention-
ing the relations. We have used such links in two cases
in our dataset, i.e., when referring to:

– The SNI-2007 codes
– Geographical locations

The SNI standard for industry classification is pro-
vided by Statistics Sweden (SCB), who are also pro-
viding these codes as LOD on their website. This
means that each SNI code has its own URI, under
the SCB domain, where SCB is providing additional
information about that particular code, such as its tex-
tual description, its parent codes, and sub-codes in
the taxonomy. Due to the reuse of those URI:s in our
dataset, anyone who needs more information about
a SNI-code can directly follow its URI and retrieve
accurate and up-to-date information about it directly
from SCB, rather than some (potentially outdated)
information replicated in our dataset. Similarly, it
would be easy to, for instance, replace all the detailed
classification codes with their top-level category, e.g.,

in a user interface with a drop-down list letting the
user select an industry category to look at, even though
that information is not actually present in the data, but
it can be looked up with a simple request to the SCB
online data site. In fact, we are using this in our own
Web search interface, for letting the user first select
the main industry category, before having to specify
the detailed classification code, although the top-level
classification codes are actually not present in the data.

Similarly, we are linking to several data sources
concerning geographical locations. In addition to the
SNI-codes, SCB also provides an authoritative dataset
listing all the municipalities and regions of Sweden,
with unique URI:s, and providing additional informa-
tion and links for all of them, such as their names,
location in Sweden, official website, etc. Whenever
information about the location of an assessed facility
is available in our data, we therefore reuse (link to)
those URI:s to identify the location, e.g., the munic-
ipality and region. Additionally, for more general
geographical concepts, such as countries, we link to
one of the most important data sets in the LOD cloud,
namely DBpedia. DBpedia is a cross-domain dataset,
based on the Wikipedia website, which provides URI:s
for, and information about, anything that is mentioned
in (at least the English) Wikipedia. DBpedia is also
a “hub” at the centre of the LOD cloud that links
together most of the available datasets, which makes it
an important dataset to relate to. Hence, by linking to
the DBpedia URI of Sweden (and the US), one could
retrieve any information needed about these countries
that is present in DBpedia, or other datasets linked to
DBpedia, based on resolving that URI.

Similarly to the inclusion of SCB URI:s for SNI
codes, these links do not have an immediate value
within the dataset, instead the value emerges when
someone wants to reuse our dataset for research pur-
poses, or for building a software application on top of
it. For instance, consider the use case of researching
energy efficiency measures implemented by indus-
tries residing in small towns, and comparing these to
what is done in bigger cities. The size of the city
where the industry resides is not part of our dataset,
nor should it be—it is clearly out of scope for us.
However, by including the link to another authori-
tative dataset about municipalities, this information
can immediately be retrieved, just by following this
link and retrieving the additional information that
resides on the SCB servers. The resulting data would
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effortlessly be a combination of part of our dataset,
and parts of the SCB data on municipalities, includ-
ing the size of their towns, i.e., this is what we mean
by putting our data into context, whenever necessary.
Another use case would be to plot the data in a map
interface, for users to explore. In this case, location
coordinates can be directly retrieved through the links
to SCB.

It should be noted that this linking is not strictly
necessary for publishing our data, but it is part of the
best practices for publishing LD (as mentioned in the
“Linked data—what is it?)” section, and additionally
it is an easy step towards making our dataset more
usable, and reusable by others, since the links puts our
data into a context on the Web, and would allow oth-
ers to use the links when creating applications on top
of our data.

Results

Being a novel project for publishing linked energy
data in Sweden, this project has resulted both in
the published dataset itself as well as a number of
lessons learned, including known issues of the cur-
rent dataset, that leads to a number of future work
opportunities.

Dataset and demonstration interfaces

The resulting data has been published on the Web, and
is available through a Web service, i.e., a so-called
SPARQL endpoint. It can be accessed directly through
the endpoint (mainly for machine access) or through
either of our two demonstration user interfaces. The
first user interface is targeted towards LD experts17,
and application developers, who can explore the com-
plete dataset and its associated data model through
formulating and issuing SPARQL queries against the
data. The second demonstration interface18 is a simple
Javascript application, which provides a guided way
to formulate queries against the data, using menus and
checkboxes.

17Available here:
https://www.ida.liu.se/projects/semtech/energy/snorql/ We have
reused and modified the open source SNORQL interface avail-
able here: https://github.com/kurtjx/SNORQL
18English version available here: http://www.ida.liu.se/projects/
semtech/energy/demo/index.en.html

An illustration of the latter interface can be seen in
Fig. 2. The set of checkboxes at the top represent the
different data elements, i.e., information about a mea-
sure (recommendation), that a user could be interested
in viewing. By selecting a set of these checkboxes,
the user expresses what columns should be included
in the result table. Below the checkboxes, a set of
menus are available that represent ways to restrict the
query, e.g., by viewing data for a specific industry
category (SNI-code), a specific type of measure, a spe-
cific geographical location, or restricting the query to
give a maximum number of results. The button entitled
“Submit search” initiates the search (alternatively, the
user can show the SPARQL query generated by their
selection through the button “Show SPARQL” and, for
instance, copy it to the expert user interface where it
can be modified and re-issued against the data). An
example search result can be seen in Fig. 3.

It should be noted that this is a general demon-
stration interface, i.e., it is not targeted towards any
specific task, or user group, but serves mainly the
purpose of allowing us to demonstrate the project
results to domain experts in the energy field. Finally,
the data is available for download, as an RDF
dump19, to enable developers to set up their own
triple store, or import the data into their tool of
choice.

Looking at the data in more detail, one can see
how the data model is reflected in the LD. Figure 4
illustrates how one measure (recommendation) is rep-
resented within the dataset, using the general model
that was illustrated previously in Fig. 1. Following the
LD principles, each instance of a concept is identi-
fied by a URI, i.e., a globally unique identifier over
the Web. In the figure, the URI:s referring to the local
namespace of our dataset have been abbreviated (using
“...”) for readability reasons, while the links to exter-
nal datasets are shown with full URI:s. The figure
also illustrates how using LD standards and princi-
ples renders a graph of links between data elements,
rather than the usual relational data model (e.g. usu-
ally illustrated as a table). While this is a data model
that suits the Web, when visualizing data, e.g., as a
result of a query, one can of course visualize it in
a table format (as shown in Fig. 3) if desired. In
Table 4, we also summarize the data that is included

19Current release available here: http://www.ida.liu.se/projects/
semtech/energy/Energy 201309.zip

https://www.ida.liu.se/projects/semtech/energy/snorql/
https://github.com/kurtjx/SNORQL
http://www.ida.liu.se/ projects/semtech/energy/demo/index.en.html
http://www.ida.liu.se/ projects/semtech/energy/demo/index.en.html
http://www.ida.liu.se/ projects/semtech/energy/Energy_201309.zip
http://www.ida.liu.se/ projects/semtech/energy/Energy_201309.zip
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Fig. 2 An illustration of the simplified search interface built for the dataset

in the final (linked) dataset and briefly summarize
how the source data from each data source was trans-
formed (if needed) before included in our new dataset.

Some parts of the dataset have been omitted from
the table due to space reasons, e.g., the provenance
information stating from which original data source

Fig. 3 An illustration of how results are presented in the sim-
plified search interface, in this case data originating from the
IAC database. The first two columns represent the industry
classification of the assessed organization. The fourth col-
umn represents the classification of the recommendation in

terms of our Swedish taxonomy of measure types, while the
fifth one shows the original description in terms of the ARC
taxonomy. The columns further to the right then show the reduc-
tion of different energy sources, pay-off time, and investment
cost
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Fig. 4 An example of how the data model is used to express the data, for one specific measure (recommendation) in the dataset. The
example measure comes from one of the Swedish sources, hence labels are unfortunately in Swedish

the data came; in the table, we focus only on the
most essential, and domain relevant, features in the
data.

Lessons learned

A major focus area of this project was to explore
the possibility of publishing energy efficiency assess-
ments and recommended measures as LOD on the
Web, and in particular to explore the combination
of several datasets, both nationally and internation-
ally. To this end, we have learned that this is actually
possible, with a reasonable amount of manual effort.
The manual effort was mainly needed in the steps
for harmonizing and cleaning the data sources, as
well as creating the mappings between standards (e.g.,
different industry classifications and different tax-
onomies of measures); however, we actually used
slightly less effort for these tasks than expected, which
is a positive experience. On the other hand, we have
avoided the most difficult parts of the mappings, e.g.,
only creating a mapping between SIC and SNI where
obvious one-to-one mappings exist, and leaving the
rest of the categories unmapped, rather than going

into detail and judging the data case by case or mod-
elling the relations through SKOS. Nevertheless, even
with this conservative strategy, the mapping scheme
covers about 73 % of the overall SIC scheme (on
the two-digit level), meaning that 64 % of the IAC
data (amounting to well over 75,000 recommenda-
tions) has received an additional SNI classification.
Hence, if this is an acceptable level of coverage,
our method can easily be applied again on new data
automatically, without having to modify the mapping
scheme.

Despite our efforts to harmonize and clean the
Swedish datasets, we have noted that the data is still
not completely correct in all cases. For instance, the
following kinds of errors have been discovered:

– Wrong industry classifications
– Wrong or missing geographical location
– Unrealistic and missing data values (e.g., saved

energy or investment cost)

Since the industry classifications is a commonly
used search criteria, e.g., for an industry to find mea-
sures implemented by “similar” organizations, it is
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important that these classifications are correct and up-
to-date, which does not seem to be the case for all
reported data (in particular in the self-reported data
of the EKC data source). A better method, rather
than simply trusting the self-reported classification
code, would be to directly retrieve this classification
from the national Swedish register of organizations,
maintained by the Swedish tax authority.

Geographical location is another important search
criteria, but today, the locations are sometimes wrong
or inconsistent. For instance, it may be that the orga-
nization has reported the location as the region of
the facility that was assessed, but at the same time
as the city where the head office is located, resulting
in inconsistent data when the given city is not actu-
ally located in the same region as the assessed facility.
However, with some additional effort, the locations
of facilities could many times be verified against the
national register of organizations.

Finally, in some cases, even important data values
such as the amount of energy saved, or the invest-
ment cost, or pay-off time, may also be missing or
contain errors. Some of these errors, in our Swedish
data sources, have been introduced through human
error when transferring the data from the original (tex-
tual) reports written by the assessed organizations to
our data source (an Excel-sheet which was then trans-
formed into RDF). Others are already present in the
original reports. For these types of errors, one have
to resort to manual effort for error checking, e.g., by
reading the reports, recalculating values, and assessing
their reliability. Recognizing the importance of data
quality, addressing these three types of errors is the
current topic of a follow-up project that was recently
started and will be carried out throughout 2014. How-
ever, due to that this is a manual process, and errors
are discovered and corrected manually, we are not able
to alert users on potentially erroneous values before
they have actually been manually checked (and once
they are checked they are also manually corrected, or
removed in case no correct solution can be found).

Notably, in this follow-up project, we have primar-
ily found data quality problems in the dataset from
the Swedish energy audit program (EKC). As a conse-
quence, the research group now carefully goes through
all energy audit reports of the Swedish energy audit
program, i.e., the original source of data, in order
to strengthen reliability of the data, and improve the

validity of the database. Without making an under-
statement, this is an extremely costly way of qual-
ity checking the data. If a company, government,
researcher, or sector organization would initiate a data
collection, with the primary aim of creating a har-
monized database, this research paper provides some
findings which are of general nature and can be used to
improve such a data collection process. First, prior to
the data collection, a harmonized taxonomy, express-
ing how to categorize data, should be decided upon
(preferably an existing one should be reused, such
as ARC or the one by Söderström et al. (1994)).
In addition to this, harmonized data collection tem-
plates should be created, giving the auditors (data
collectors) clear guidelines on what data that must be
collected, and in what format it should be input. This
template should preferably be accompanied by crite-
ria for auditors, and an educational course on how
the data should be collected, e.g., through metering,
company sub-metering system, etc.. Finally, the cre-
ated database should explicitly state from where data
has been gained, e.g., through metering, sub-metering
system, calculations, in order to display for the
database user, the variety in reliability which the data
displays.

While the problem of complementarity and com-
parability between different datasets from different
energy programs is a national and international chal-
lenge facing not the least researchers in the field of
industrial energy efficiency policy program evalua-
tion (e.g., lack of harmonized calculation standards
makes evaluators use different lifetime of the same
equipment etc. leading to incomparable results when
calculating net present value and cost-effectiveness),
as regards complementarity of the collected data
from the three different programs, a few words of
caution must still be explicitly addressed. First, the
American IAC and the Swedish EKC primarily tar-
gets small- and medium-sized companies, and the
data originates from conducted energy audits. Previ-
ous research from Europe found that the American
database from the IAC was transferable to European
SME conditions (Cagno et al. 2010). With the devel-
oped transformation key, the two types of datasets
may be seen to hold high complementarity. The third
type of dataset, the Swedish PFE primarily address
energy-intensive companies, mostly large, from which
the top management often have dedicated staff solely
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for energy management, energy monitoring systems
in place, etc. The data from PFE originates from
both the conducted energy audit within the program
and activities emanating from the certified energy
management system the companies need to install.
Moreover, incorrectly reported data from the compa-
nies could results in them losing the tax exemption the
program provides, and even juridical consequences.
This makes the reliability of this data higher. How-
ever, thanks to the developed transformation key, the
dataset may still have high complementarity to the
other two datasets. In future national and international
programs, it is strongly suggested to work on develop-
ing an international industrial energy efficiency data
standard, where also a classification scheme for the
collected data is created. Such standard and classifi-
cations would enable even higher comparability and
various datasets could complement each other even
further.

Multilinguality of the data is another issue that
we have not completely resolved. Obviously, Swedish
data will be expressed in Swedish and data from the
IAC in English. At the moment, our graphical demon-
stration user interface does not distinguish between
the two languages, hence search results may be mix-
ing between the languages, in terms of descriptions
and comments in either language being presented in
the same result table (as can be seen in Fig. 3). In
the dataset, we are able to express the information
of what data is expressed in what language, through
so-called language tags, and it is easily possible to
include several translations of a term or a textual
description. By applying LD principles, and providing
URI:s for important concepts, we are thereby reduc-
ing the effects of multilinguality in data. For instance,
we are able to determine that “electricity” (in English)
is the same as “el” (in Swedish) since these are sim-
ply two different labels of the same individual in
the data, identified by a URI rather than a term in
either language. Still, for increasing the reusability of
Swedish data in an international setting, such as the
Web, one would like to also provide translations of the
labels and descriptions of measures that occur in the
data, which would again require some manual effort.
Hence, for now, we have decided to show all the data,
no matter what language it is in, through our user inter-
face, but data translation is certainly an issue for future
work.

An even more interesting issue when publish-
ing and using data internationally, is its applicabil-
ity to local conditions. As mentioned before, exist-
ing research results have shown that in general the
database from the IAC was transferable to Euro-
pean SME conditions (Cagno et al. 2010). However,
this may or may not be the case when the direction
is the opposite, i.e., transferring data from Swedish
conditions and using it to aid energy auditing in,
for instance, the USA. Although, our experience in
this field, and the relative compatibility of the data
itself, as discussed above, leads us to believe that
data would be applicable, it has not yet been shown
empirically through some case study. Simple tailoring
of data, such as transforming figures and present-
ing data in the unit of measure most prominently
used in the country in question, could easily be han-
dled. Either through storing such alternative values
and their units of measures in the dataset, or handling
the transformation online in an application interface.
However, more subtle adaptations and tailoring may
be harder to perform. For instance, it may be interest-
ing to put investment costs and savings into context.
At the moment, investment costs are presented in the
local currency (with the currency clearly marked);
however, that does not really tell a user from another
part of the world much about how expensive it would
be for his organization to do the same today, or what
they could actually save, in terms of payback time and
saved energy. Hence, in the long term, putting this
dataset into context, when it comes to exchange rates
and energy prices, of the countries where data origi-
nated, and at the time the assessment was performed,
would also be a valuable means of internationalising
the data.

Potential of the dataset

The potential and use of the created dataset differs
from a conventional (relational) database in a num-
ber of ways. Firstly, it does not confine the data
to reside within a specific company, trade organiza-
tion, or national energy agency, but since the data
resides on the open Web, this opens up for a brand
new energy service segment, where, e.g., software
for energy audits and energy management can utilize
the dataset and create software applications directly
linked to the database. Moreover, the creation of a
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similar dataset for developing and small countries may
be too optimistic. By sharing, openly, the dataset on
the Web, measures are easily spread and data can
be utilized even by auditors and authorities in coun-
tries that have no data collected on their own, and no
resources to do so. Perhaps the most important advan-
tage of the dataset, however, may be that it will help
improve future energy audit programs by allowing
for developing tailor-made protocols for auditors, and
provide the possibility for energy program evaluators
to compare their findings to other programs in other
countries.

As mentioned at the beginning of this paper, the
published dataset is targeted mainly at three categories
of users, i.e., (i) industries and energy auditing spe-
cialists, (ii) researchers and decision-makers, and (iii)
application developers. As a result of integrating three
different datasets, which were previously only acces-
sible separately, and in proprietary formats (such as
PDF and MS Excel), we have shown how data integra-
tion can help increase the coverage of datasets, both
in terms of time, geographical coverage, and types of
industries that are in focus, as increasing the useful-
ness and reusability of the data. By integrating the IAC
data with our Swedish data, one can now search for
data as far back as the 1980s, and for industry cate-
gories where no Swedish data currently exists, since
the IAC data is much more extensive that the current
Swedish data. For instance, SNI 14 is the top category
signifying industry that manufacture clothes, and for
this complete category of industries, there is no data at
all in the Swedish data sources, while there is plenty of
assessments done on industries in this category in the
IAC data, which can now be utilized as inspiration for
similar companies in Sweden. On the other hand, we
still find it valuable to include local data, which may
be more tailored to Swedish conditions, and invest-
ment costs that are realistic under local conditions,
etc.

However, in addition to simply increasing the cov-
erage of data, over several dimensions, the way we
have amended data, by adding mappings and new clas-
sifications, and the way we have published it also
provide some benefits. It is now possible to retrieve
(a large part of) the IAC data using the Swedish
SNI-2007 classifications as a search query, and it is
possible to query the complete dataset using one sin-
gle taxonomy of measure categories, neither of which
was possible before. Du to the publication as linked

data, it is also now possible to query all this data
jointly, through one single query, and since we are
querying the linked dataset, we can use all the param-
eters included to specify our query. Hence, we could,
for instance, ask for the average energy saved through
measures in production processes in the USA vs. in
Sweden, just with one single query, and no prepro-
cessing of the data. Of course, this would have been
possible also before, but only by downloading all the
IAC data to a local Excel sheet, selecting all the ARC-
codes that represent production processes (based on a
screening of the codes), calculating the average energy
saved through those measures by writing a formula
in the Excel sheet, and then doing the same thing
(download, select the appropriate measures from a
diverse set of categories, and making the calculation)
for the Swedish PFE data, before finally comparing
the resulting numbers. EKC data was not even present
as a downloadable Excel-sheet prior to this project.
Additionally, we could now even start exploiting the
links in the linked data for asking queries. If we allow
for federated querying, including also the datasets that
we link to from our data, one could ask queries such as
what measures are most frequent at facilities in large
cities, compared to in rural areas? Or, what are the
measures industries of my category, located in adja-
cent cities to mine, have performed, and what did
those investments cost them?

Again, returning to the three groups of users, future
work for further supporting the first user group would
be to improve the online search interface, to tar-
get more specific users, e.g., separating the needs of
industries looking for general inspiration from sim-
ilar organizations, from the needs of highly skilled
energy auditors, for instance. It should also be noted
that the current user interfaces are only demonstra-
tions, i.e., they are not optimized for a high search load
and we cannot guarantee the uptime of the service.
Transferring the service to a production environment,
dimensioned for a realistic estimated load, would be
necessary before such a service can be used as a reli-
able source of information for all of our Swedish
industry.20

20We would like to point out that these performance issues are
not due to the linked data technologies or systems used, but are
simply an effect of this being a demonstration application where
performance was not in focus, running on servers in the uni-
versity’s research environment, intended only for demonstration
projects, not deployed services although open to the public.
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For providing researchers and policy-makers with
information for analysis an decision support, the ser-
vice is most likely reliable and fast enough already;
however, here the quality of the data may become a
problem instead. When considering individual mea-
sures (recommendations), we expect industries and
auditors to be able to use the data merely as
examples and inspiration, rather than as “ground
truth,” while researchers may rather use the data
to create aggregations and statistics over data, mak-
ing it harder to discover potential errors in indi-
vidual data elements that may very well affect
the overall results. This makes quality checking
of the data a high priority, which led to our on-
going follow-up project dealing with this issue
(mentioned in the previous section).

Finally, for the third user category, i.e., applica-
tion developers, the technology by which we have
published the data provides the greatest potential.
Two main advantages can be observed by applica-
tion developers, i.e., that the data is (i) represented
using standardized formats, such as RDF and OWL,
making it directly accessible and usable by develop-
ment tools and libraries, without additional effort on
the part of the developer, and (ii) available through
a Web service, allowing for direct access and query-
ing over the Web. The latter means that an appli-
cation built on top of this data does not necessarily
have to contain a local copy of the data, but can
instead issue queries against the Web service, in order
to retrieve the data needed by a certain user. This
comes with several benefits, such as that the appli-
cation does not have to maintain its own large data
storage facility, it only has to manage the small
amount of data relevant in each case, and the data
will always be up-to-date, since it is retrieved “on-
demand” from the service.21 As mentioned already
when discussing the first user group, this would,
however, require a migration to a production server
environment, rather than our current demonstration
one.

21Note that this does not mean the dataset residing on our
servers would only contain the latest additions to the data, it
will always contain the complete set of data, incrementally built
through additions of the latest data as it is loaded into the
dataset. However, when a query is sent, the latest data, in addi-
tion to older data, is always available for retrieval, which may
not be the case for a local copy that was downloaded some time
ago.

The applications for the presented dataset was men-
tioned to be be threefold. The Swedish part of the
dataset has so far been used in a governmental ex-ante
study on the effect of a future Swedish Technology
procurement policy program for industry (Franck et al.
2014), in ongoing research, national and international
(Thollander et al. 2014), e.g., in an IEA-project, ex-
post evaluation of the Swedish energy audit program,
and studies on district heating potential in Swedish
industry (Djuric Ilic and Trygg 2014). It should be
noted that the cited works used the Swedish data,
thus primarily showing the usefulness of a dataset
as such, and also the usefulness in having a uni-
form taxonomy, or standard, in categorizing data, that
enabled program comparison (Franck et al. 2014).
However, in, e.g., energy program evaluation, imple-
mented measures could now, with our created dataset,
be compared on a bottom-up level, something which
up until now has not been possible in policy program
evaluation.

Conclusions and future work

In this paper, we have presented a dataset (i.e.,
database) integrating energy efficiency data from
Sweden and the USA, and we have described how it
has been published as linked open data on the Web, as
well as being made available through several demon-
stration interfaces for accessing the data. This is the
first dataset we are aware of that publishes this type
of data, using linked data principles and standards.
Our results show that such data integration is possible,
and indicate that the integrated dataset will provide
several benefits for different categories of users, e.g.,
supporting industry and energy efficiency auditors in
overcoming the information barrier for investment in
energy efficiency measures that has been shown to
exist, and supporting application developers to more
easily integrate such data into support tools for energy
efficiency assessment.

One of the strongest contributions of this paper
however, may not lie in the actual creation of
the database but in the applications of such.
For example, the centuries much debated size of
the energy-efficiency gap may be partly resolved
by displaying openly the results from conducted
energy audit programs from various countries and
regions. As for today, the magnitude of the energy
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efficiency gap is not modeled bottom-up but top-
down, mostly by energy efficiency experts. More-
over, as the used technology is open, the trans-
ferability to regions with lower amount of data,
e.g., developing countries where the creation of a
database may be more problematic, may lead to
improved energy efficiency far beyond the actual
energy audit program. Finally, the use and applica-
tion of databases for the building sector and for policy
measures (e.g., the MURE) is currently already in
place; it is of utmost importance for the scientific com-
munity to support the creation of such databases also
for the industrial sector of the economy. This paper
presents one small step for research in this direction.

Future work opportunities, in addition to the ongo-
ing efforts mentioned in the last section (e.g., improv-
ing the technical facilities for data access, and improv-
ing data quality) include to more comprehensively
address the mapping problem, e.g., by creating a
complete mapping between different industry classi-
fications and to address the multilinguality problem.
Furthermore, to introduce a more detailed provenance
trace for our data would be a useful addition, for
instance, to be able to explicitly record inside the
dataset itself when a value was corrected (e.g., due to
an error that was found), what was the previous value,
etc. On a broader note, for the future, we envision a
network of linked datasets, similar to our current re
sult, where a multitude of countries contribute their
own energy efficiency assessment data and link them
to each other. However, this requires some coordinated
efforts on the level of, for instance, the European
Union.

As regards the created dataset of real industrial
energy efficiency improvement measures, its poten-
tial for overcoming barriers, and improving energy
efficiency in industry, further research is suggested.
However, a not too optimistic ex-ante evaluation of
integrating the dataset with, e.g., current industrial
energy audit programs, would be that up to 1 % fur-
ther improved energy efficiency, directly or indirectly,
would be reached. Supported by previous evaluations
of energy audit programs and voluntary agreements
(VAs), showing that measures are often found among
the the support processes, the dataset would help
reduce the risk for auditors and companies to sug-
gest and implement measures that have already been
implemented before (Fleiter et al. 2012; Stenqvist
and Nilsson 2012). Case study research has already

been conducted by Cagno et al. (2010) using the IAC
database in European conditions. We suggest future
research to be conducted on the quantitative and qual-
itative gains of using a database within a national
industrial energy efficiency program. A future case
study should explicitly calculate how many more mea-
sures that are proposed and implemented thanks to
the database in an industrial energy efficiency pol-
icy program, compared with “business as usual,” i.e.,
a program without a database, and also how much
energy that could be further saved.
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