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Abstract: Sustainability assessment has received more and more attention from researchers and it
offers a large number of opportunities to measure and evaluate the level of its accomplishment.
However, proper selection of a particular sustainability assessment approach, reflecting problem
properties and the evaluator’s preferences, is a complex and important issue. Due to an existing
number of different approaches dedicated to assessing, supporting, or measuring the level of
sustainability and their structure oriented on the particular domain usage, problems with accurate
matching frequently occur. On the other hand, the efficiency of sustainability assessment depends
on the available knowledge of the ongoing capabilities. Additionally, actual research trends confirm
that knowledge engineering gives a method to handle domain knowledge practically and effectively.
Unfortunately, literature studies confirm that there is a lack of knowledge systematization in
the sustainability assessment domain, however. The practical application of knowledge-based
mechanisms may cover this gap. In this paper, we provide formal, practical and technological
guidance to a knowledge management-based approach to sustainability assessment. We propose
ontology as a form of knowledge conceptualization and using knowledge engineering, we make
gathered knowledge publicly available and reusable, especially in terms of interoperability of
collected knowledge.

Keywords: sustainability; ontology; sustainability assessment; knowledge systematization; knowledge
representation

1. Introduction

The term “sustainability” increasingly refers to an integration of social, environmental and
economic responsibilities [1] to ensure prosperity, environmental protection and social cohesion [2].
Clearly, the goal of achieving sustainability has a multidisciplinary character and cannot be
achieved only with the use of technology [3]. Further, supporting decision-making and policy in
a broad environmental, economic and social context is conducted by sustainability assessment (SA),
transcending a purely technical and scientific evaluation [3,4]. The aim is to pursue plans and activities
that make a suitable contribution to sustainable development (SD) [5]. Research on sustainable
development aims to improve our understanding of interactions between natural and social systems [6]
and to guide these interactions toward more sustainable trajectories [7,8]. The concept of sustainable
development has been an important focal point for decision-makers in business [9]. To advance
sustainable development, obviously an adequate approach is needed. Notwithstanding the used
approach, achieving effects should be measurable. According to [1,10] to ensure an appropriate
level of sustainability new challenges are required by adapting an appropriate solution to a given
decision situation. The existing number of the various approaches and their narrow areas of practical
applicability [3,9], show that proper matching is not a trivial task and that the selection process is
complex and difficult, however [8]. It should be pointed that appraising the selected approaches
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purveys the information of particular forms for measuring sustainability [11] and simultaneously
emphasizes shortages of the existing approaches [3,9,10] and the lack of comprehensive knowledge
systematization in this domain [12–14]. In this context, a multi-dimensional knowledge-based model
of sustainability assessment approaches may cover this gap.

An analysis of the literature allows identifying a set of different approaches for sustainable
measurement. Mostly, they consign three dimensions of sustainability: social, environmental and
economic. They can be categorized to several groups, i.e., frameworks [1,8,15], indicators [12,16] and
measures [11,14]. Due to a wide range of applications of the approaches for sustainability development,
these solutions differentiate between each other [9,16], although some similarity in features exist [1].
Depending on which approaches are used, the results of impact assessments can vary considerably in
either sustainability dimension. For example, frameworks provide the guidelines for a given domain
of interest or considered problem in reference to the sustainability dimensions [17], while metrics
and indicators are used to assess the sustainability performance of a process [12] or a system [11],
to evaluate the process toward enhancing sustainability [7] and to assist decision-makers in evaluating
alternatives [18].

The selection of a given approach depends on many factors [9]. A number of available solutions,
distinguishing itself from each other, may cause essential problems with proper selection [1,14]. An analysis
of literature shows a wide range of the domains and fields to which they are applied [19,20]. According
to [21–23] there is a clear need to understand issues related to the compliance level and standards
offered by the given approaches, including the monitoring processes and effects. Furthermore, the
inconveniences related to the limitations of the analysed approaches, the offered level of reliability and
their consistency and objectivity cannot be omitted [9]. Additional problems concern the partial [14],
or dedicated, character of most of them [10,24].

Consequently, there is a lack of guidelines in how to select a particular approach and how to use
it in a particular decision situation. Another inconvenience may concern a shortage of standardization,
systematization and orderliness of terms for assessing particular form of sustainability [9,14,21].
It seems that this problem should considered the multi-dimensional issues. Thus, the crucial question
is to find a reasonable approach and cut-off point between comprehensiveness and manageable
multi-dimensional taxonomy. This issue highlights specific gaps in the research, at least from an
empirical standpoint. It reflects not only the overall lack of a sustainability-based multi-dimensional
taxonomy but also the restricted scope of most studies [9,11]. Therefore, there is a need for a knowledge
base of comprehensive methods and tools to be developed for sustainability performance evaluation
and communication [3,8,9,14]. That solution needs an inherent coherence so as to be able to link
between available approaches with different levels towards sustainable development.

Based on the literature analysis, we can identify research gaps of knowledge systematization
in the sustainability assessment domain. The aim of this research is to propose a knowledge-based
model of sustainability assessment approaches. The authors answer the paper’s research questions
by conducting a large-scale (systematic) literature review and, subsequently, using conceptual theory,
build a taxonomy, along with related research propositions. The in-depth analysis of miscellaneous
types of approaches allows constructing a knowledge model in the form of a taxonomy and,
afterwards, ontology. The aim is not only compartmentalizing particular forms of solutions of
assessing sustainability but to ensure formal, practical and methodological guidelines of how to
find the comprehensive knowledge of them.

Formally, the rest of the paper is organized as follows: Section 2 offers a concise literature review of
approaches oriented on development and identifying actual challenges in the sustainability assessment
domain. In Section 3, the knowledge systematization in the form of analysis available approaches
is provided. It is a foundation to elaborating the authors’ taxonomy. Thus, knowledge engineering
conceptualization is yielded in the form of a taxonomy in the aftermath of the ontology. The concluding
section provides the main outcomes of the paper and proposes some points for further discussion.
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2. Literature Review

Over the years, there have been consistent efforts at local, regional, national and international
levels to identify appropriate sustainability approaches as per the sustainability context and
coverage [9]. Nowadays, maintaining an adequate level of sustainability is a crucial element for
most businesses and organizations [25]. The meaning of this endeavour has increased significantly
recent years. Consequently, it has a direct impact on a number of actions related to preserve
sustainability [16,20]. Some global [1], international [19], national and regional [10] strategies include
this important aspect towards sustainable development in terms of the objectives and targets defined
in the strategy. Thus, the proper identification and actions development allow to achieve a continuous
long-term improvement of sustainability [9] and the progress of these processes should be monitored
continuously to ensure an adequate level of quality [19]. For this purpose, assessment using dedicated
approaches for sustainability development may help in achieving success.

An analysis of the literature allows distinguishing various types of approaches for sustainability
assessment. They refer to the three basic dimensions of sustainability especially including social [9],
environmental [26] and economic [12] aspects, or other dimensions, such as ecological [27], cultural [1]
and institutional [17]. As there are a number of available initiatives that exist with respect to indicators,
measures and frameworks for sustainable development, the comprehensive, multi-dimensional
overview of various sustainability assessment approaches should be provided. Each of the analysed
groups has specified, distinguished features. These approaches are committed to assess [18],
support [7,17], or measure [1] the level of sustainability. Moreover, the need for sustainable
development have forced researchers to create comprehensive solutions consolidating the metrics [28],
measures [9], frameworks [17,29] and indicators [12,17,30]. These selected groups of approaches are
presented below in detail.

2.1. Frameworks

Frameworks are the most numerous group dedicated to assessing sustainable development.
In most studies, frameworks are treated as basic tools to sustainability evaluation [3,9]. They
offer guidelines in achieving sustainable development. Mostly, they concentrate on providing a
methodological base for sustainability development [15], assisting the overall processes [12] and
offering a holistic approach that identifies key relationships between three main dimensions of
sustainability [26]. For measuring sustainability with a focus on integration of environmental,
economic and social aspects [31] the frameworks enable evaluating the level of sustainability [32]
by describing the progress along all three dimensions pointed out above. For example, Cuthil [33]
explained a conceptual framework for social sustainability that includes two factors which describe
an interdependent and self-reinforcing relationship between four key components: (1) social capital;
(2) social infrastructure; (3) social justice and equity; and (4) engaged governance. Additionally,
Spohn [34] explained the LCSP framework, which focuses primarily on the environmental, health
and safety aspects of sustainable production. The United Nations Environment Programme (UNEP)
launched the Global Reporting Initiative (GRI) in 1997 for improving the quality, structure and
coverage of sustainability reporting [1,9]. Hofstede [35] introduced the cultural framework to
compare cultures, by assigning scores for each of six dimensions. Furthermore, the necessity of
an integrative framework from an interdisciplinary perspective promotes the authors [8] to elaborate
a three-dimensional cube model of sustainable consumption behaviour (SCB-cube) extended by a
fourth impact dimension. Additionally, the United Nations Commission on Sustainable Development
(CSD) established a framework of monitoring the variety of sustainability indicators for evaluating
the performance of government towards sustainable development goals [1]. The Wuppertal Institute
devised an entrepreneurship-dedicated framework of sustainability by addressing the four dimensions
of sustainable development, as defined by the United Nations CSD [12]. It contains indicators for
the four dimensions of sustainable development together with interlinkage indicators between these
dimensions [1].
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2.2. Indicators

The frameworks contain series of indicators designed to determine the evaluation of sustainability.
The analysis of the literature allows identifying a wide range of solutions significantly differing in
praxis, focused on different domains, i.e., supply chain, purchasing [31], food, management [25],
material use, industrial ecology [1], waste production disposal, toxics [36] and greenhouse
gas emission [11]. Indicators are increasingly recognized as a useful tool for assessing and
evaluating the performance [37] in fields such as environment, economy, society, or technological
development [38]. They are often integrated in some way to give a means of measuring progress
towards sustainability [12]. Mostly, they offer both information to decision-makers to formulate
strategies and communicate the achievements to the stakeholders [39] and afford trends on
improvement, as well as warning information on declining trends for the various dimensions
of sustainability, i.e., economic, environmental and social aspects [34]. Sustainability indicators
differ from traditional development indicators because of the interrelationships between natural
and cultural resources and stakeholders [9,40,41]. On the basis of the available researches it is
possible to point at various types of indicators, both for entrepreneurship [12] and for sustainable
development [42,43]. Predominantly, the indicators cover some aspects of sustainability dimensions,
providing specific functionalities (descriptive, performance, efficiency, sustainable reference values,
production, regulatory, accounting, economic, quality and ecological indicators) referring to the three
sustainability dimensions [12,25]. Furthermore, the indicators can also be divided into partial [16] and
synthetic indicators [12]. Synthetic indicators have a more general character than partial ones. They
describe and measure the whole processes constituting the quality of life of the population [25] and
the total effect of mutual impact of the economic sphere [16] and the environment [18]. The synthetic
indicators can contain, among others: The Sustainable Society Index (SSI) [32], the Environmental
Performance Index (EPI) [44], the Index of Economic Well-being [45] and the Environmental
Sustainability Index (ESI) [46].

2.3. Measures and Metrics

The level of sustainability can be also assessed using measures and metrics. The terms “metrics”
and “indicators” are often used interchangeably [1]. They provide both quantitative and qualitative
measures of sustainability. The main difference concerns the fact that a metric gives a quantitative
characterization [9] or an index value, whereas indicators provide a narrative description in addition to
the qualitative characterization [47] and may include one or more metrics [12]. Similar to frameworks
and indicators, the process of measurement selected sustainability aspects is considered in terms
of three groups of metrics corresponding to the three main aspects of sustainability: environmental
metrics, economic metrics and sociological metrics [11]. Urgent and complex problems are challenging
measures to adapt to a given situation in sustainability assessment domain. A growing amount of the
measures are applied in different domains, i.e., purchasing, supply management, energy, pollutant
dispersion and material utilization. The general aim of it is to provide a complete evaluation of the
various aspects of businesses, processes and services. For example, the measures in relation to the
main purchasing processes [14] may refer to the following issues: make or buy, supply market
analysis [48], spend analysis [49,50], sourcing strategy [51,52], specs definition [53,54], supplier
selection and contracting [52,55], supplier development [51,56], management of the order cycle [52],
supplier involvement in NPD (new product development) [55,57], supplier integration in order
fulfilment, supplier evaluation [52,53,56] and collaboration processes [58,59].

One of the previous significant studies on sustainability metrics, named AIChE and IChemE [43,60],
considered the evaluation of alternatives. However, an analysis of literature allows to identify a large
number of indicators that have been suggested for use in determining improvements made to chemical
processes, a manufacturing site, or a manufacturing enterprise [43,60]. Generally, these metrics or
indicators refer to different aspects (e.g., material utilization, energy use, water use, toxics dispersion,
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pollutant dispersion and greenhouse gas emission) [61,62]. These studies emphasized the opportunities
for much discussion on sustainability and sustainability metrics [11].

Apart from single approaches, the more complex solutions including a set of indicators or
measures exist. Additionally, an analysis of literature provides the information of indicator systems
applied for sustainable dimensions [25]. Some examples of conventional sustainability performance
indicators are shown in [63]. Additionally, existence of core indicators for sustainable development
cannot be omitted [1]. Further, the sustainable development indicators (SDIs) are used to monitor
the EU Sustainable Development Strategy (EU SDS) in a report published by Eurostat every two
years [64]. They contain more than 100 indicators. The aim is to provide an overall picture of whether
the European Union has achieved progress towards sustainable development in terms of the objectives
and targets defined in the strategy [64].

2.4. Discussion

A number of existing approaches for measurement and assessment of the level of sustained
development emphasizes its role but the main problem may concern the consistency and range of them.
Some of them reflect to the entrepreneurship sustainability domain but a major part refers to selected
sustainability dimensions. An analysis of the literature shows a wide range of domains and fields in
which they are applied (e.g., the field of transport infrastructure [65], systems for public rental housing
communities [66], SMEs [67], sustainability in purchasing and supply management [14,48–52,59],
cultural factors of sustainable energy [35], sustainable consumption [8], societal progress and others.
There are only exemplary domains and fields that should, in fact, be exclusively aimed at showing the
diversity of applied applications. The refinement of appropriate methods may ensure the relevance of
performance indicators and their reflection of different stakeholder perspectives, including vulnerable
stakeholder groups [12]. Furthermore, the current indicator frameworks that are available to measure
overall business sustainability do not effectively address all aspects of sustainability at an operational
level [1].

Depending on which indicators, measures, or metrics are used, the results of impact assessments
can vary considerably in either sustainability dimension [8]. Thus, an important challenge is weighing
the relevance of different indicators measures or metrics for an overall balance [68]. Moreover, it seems
that an integrative solution from an interdisciplinary perspective is needed. Furthermore, there is
generally a need for research to adopt a wider view in terms of levels of analysis. However, we have to
remember that, due to unique criteria or features, it is quite difficult to apply a given approach for a
given decision situation.

When analysing particular approaches, it should be pointed that they typically do not reflect the
focus throughout the field of sustainability. Furthermore, companies claim to address sustainability
across different tiers but research has failed to develop appropriate approaches to verify whether this
is truly the case [14]. According to Sikdar [11] no consensus existed on a reasonable taxonomy of
metrics [9] and, similarly, for indicators and frameworks [3]. The need of finding ways of consolidating
the approaches in one main aggregate solution might provide overall means of the progress towards
sustainability, although such consolidation of the approaches is difficult. Moreover, the need for
sustainable development has forced researchers to create comprehensive solutions consolidating both
the metrics, measures, frameworks and indicators. In response to the above-mentioned shortcomings,
domain knowledge should be collected.

2.5. Attempts to Knowledge Systematisation in the SA Domain

An increasing trend of promoting sustainability may be seized by applying knowledge-based
approaches, especially including knowledge-based models and the elements of knowledge
management [65]. Reviewing the literature and existing approaches, there were narrow attempts
to adapt knowledge engineering mechanisms to enhance obtaining information of sustainability
assessment solutions. Existing single knowledge-based approaches, like frameworks [65], knowledge
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management factors [24,69] and sets of gathered measures and taxonomies [14], emphasize both
the taken activities and necessity of implementation of that type of solution [70]. For example,
the importance and key issues of promoting sustainability through knowledge management were
proposed by [65], introducing a conceptual framework for managing sustainability knowledge.
An attempt to construct a taxonomy of sustainable purchasing and supply measures was elaborated
by [14]. It synthesized selected measures of sustainability at different levels (dyadic, supply chain
and network, with reference to social and environmental dimensions) and organized these into
the taxonomy. The proposed solution should be treated as an empirical, rather than a normative,
taxonomy [14], suggesting that the future development is needed. In a study by Wang [24], it was
highlighted that knowledge management factors enabling green supply chain collaboration underlines
the requirement of adapting knowledge engineering mechanisms in this field [24]. This refers to
the consequent dimensions, like strategic, managerial, organizational, technological, environmental,
financial, human-socio and operational ones. There is a need to conceptualize the construct of
knowledge models more clearly, thereby facilitating future practitioners, researchers and funding
bodies in developing a consistent body of knowledge [4]. Thus, the focus on knowledge management
should not be missed.

In general, the scarcity of these studies highlights many opportunities for future development,
despite the methodological challenges. The proper identification of the issues to elaborate compliance
and standards for further taxonomy stresses the need to its application across the sustainability
assessment domain [28]. Mostly, the end-users do not ask how to correctly use any of the analysed
approaches, or how to involve other parties in selected activities, i.e., in setting specifications, managing
the stakeholders, or evaluating suppliers [24]. Given the number of studies in sustainability assessment
domain, the field of taxonomy elaboration appears relatively mature on the surface [71]. Reviewing the
existing approaches and knowledge-based solutions reveals there is still a great deal of heterogeneity
in their application [3]. Yet, there is even greater variability across levels of analysis, with a distinct lack
of research on the taxonomy elaboration and further development. The analysed knowledge-based
approaches have not adapted enough to sustainability assessment domain requirements. Analysing
proposed attempts to deal with this problem concentrates only on the finite and restricted fields and
sets of sustainability assessment approaches.

Many papers [9,11,14,72] claim that there is the need of a complex, multi-dimensional
knowledge-based solution, whereas, in reality, the proposals only focus on specified issues [1,3] or
selected groups [8,23]. Although there are various efforts on assessing sustainability, only few of them
have an integral approach taking into account one set of solutions (i.e., metrics, indicators) focusing on
environmental, economic and social aspects [9]. In most cases the focus is on one of the three aspects.
Surprisingly, our review confirms a lack of knowledge systematization of the existing comprehensive
taxonomy dedicated to various aspects of the sustainability assessment domain. Highlighting the gap
of the overall lack of comprehensive knowledge-based approaches for promoting the sustainability
assessment pathway offers new perspectives for knowledge engineering mechanism’s development in
the form of taxonomy and ontology.

3. Knowledge Model for Sustainability Assessment Domain

A well-defined construction of the knowledge base, especially in the form of an ontology, requires
adapting a proper methodology. There is a wide range of research guidelines and frameworks to
ontology construction, development and maintenance, i.e., Noy and McGuiness [73], Uschold and
King’s [74], Grüninger and Fox’s [75], METHONTOLOGY [76] and On-To-Knowledge [77]. Generally,
it is impossible to indicate the optimal method for ontology construction and development. Moreover,
it is rather difficult to recommend a proper method to model a given domain. Indeed, it is achievable
to find common assumptions for a proper ontology design and construction, regardless of selected
methodology. Predominantly, most of the analysed methodologies based on competency questions to
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verify the coherence and correctness of constructed ontology. This validation process refers to activities
of knowledge structuralization and checks the correctness of the implemented knowledge base.

The proposed ontology is developed with an operational perspective based on a literature review
and a specified analysis of key factors of the sustainability assessment domain. A general procedure of
an ontology construction is adapted from Noy and McGuiness [73] and it consists of the following
phases: (1) defining a set of criteria; (2) taxonomy construction; (3) ontology construction; (4) formal
description; (5) defined classes creation; (6) reasoning process; (7) consistency verification; and
(8) a set of results. Each step requires specific activities. The first step in building the ontology is
defining its domain and range. To perform this process deep domain analysis is required. This
process allows remoulding the unstructured data, gathered from a wide range of scientific papers,
into semi-structured form. Based on it, the set of criteria and sub-criteria is defined. This process is
followed by extraction concepts, relations and the properties from the scattered sources to a taxonomy
form. Expanding the taxonomy and implementing it using Ontology Web Language (OWL), provides
a formal and structured method to gather, organize and share data from the sustainability assessment
domain. To ensure a full formal description of the proposed ontology, the Description Logic (DL)
standard is used. To understand whether the ontology is coherent, the defined classes are constructed.
The reasoning process allows verifying the correctness both of the constructed defined classes and the
whole ontology. Consequently, at the end of this, the set of results is provided (Figure 1).
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Performing the deep domain analysis is the first step of the ontology construction process. It is
conducted by selecting the set of sustainability assessment approaches (see Section 3.1). To determine
the final set of properties and sub-properties, the class hierarchy is built. This is a general foundation
for a taxonomy construction for the sustainability assessment domain (see Section 3.2). Further, the
taxonomy is a backbone for the ontology construction as a next step (see Section 3.3).

Further, to validate the ontology, its consistency, quality and correctness was checked. This
process was investigated using some validation queries (see Section 3.3.4). The applied case studies
checked the practical choices of the considered areas of sustainability assessment. The obtained results
service finds satisfaction from maintenance experts who validate the technical choices taken during the
design process and, consequently, demonstrate the efficiency of the proposed ontology. These phases
are precisely described in this section.

3.1. Domain Analysis

Dynamic development of the sustainability assessment domain offers new perspectives to
impact assessment geared towards planning and decision-making on sustainable development [78].
These perspectives require discrimination and evaluation in a solid and reliable manner, whether
new developments meet the needs of the present without compromising the ability of future
generations to meet their own needs [79]. Performing a sustainability assessment involves integrating
sustainability principles, thresholds and targets in the evaluation, as well as the available approaches
and functionalities offered by them. Focusing on the sustainability assessment domain should aim
at the impact on the development ensuring comprehensiveness and robustness of the evaluation
supporting the decision-making process [10,24,61]. The complexity and the multidimensional facets
of sustainable development are pushing to deep analysis of this domain to find new models and
paradigms, leading to the new options of further development of this domain [7].
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The main aim of sustainability assessment is both to ensure an optimal contribution to sustainable
development and to pursue the understanding of the key issues regarding the existing approaches,
their differences and dependencies [1,3,9,12]. This process was propped up by the extensive analysis of
available approaches dedicated to this domain. As a result of the comprehensive literature studies, the
analysis contains the set of measures, metrics, frameworks, factors, indicators and methods dedicated
to the sustainability domain. They are characterized by different fields of application. The aim of the
analysis is to identify attributes, criteria and indicate the various domains of its application, especially
including: purchasing, supply management, resource usage, production and consumption, among
others. Following the conceptual model of the domain analysis (see the supplementary material,
conceptual_model.xls), the matrix intends to depict the general purpose of the comparison schema
arrangement. Meaning the rows contain the set of properties and sub-properties, which is consistent
for each group of analysed approaches, whereas the set of approaches is shown in the columns. These
columns show the group of different types of sustainability assessment solutions, especially including
measures and metrics, methods and tools, taxonomies, indicators and frameworks. The detailed
description is provided in supplementary materials (see comparison_analysis.xls and taxonomy.xls).

Predominantly, apart from the domain and the field of application, these solutions distinguish
between each other by the type of gathering data/knowledge, exploitation of other solutions and
applicability. Mostly, the process of data gathering is based on surveys and questionnaires [12],
expert knowledge [33] and literature review [14]. This process is restricted by data availability and
contingency. Oftentimes, the offered sustainable approaches are developed or adapted on the basis
of existing solutions [11,80]. Furthermore, it is worth mentioning the limitations of the analysed
approaches, offering a level of reliability and their consistency and objectivity.

The deep literature analysis allows identifying sets of various approaches: measures, metrics,
frameworks, factors, indicators and methods. Each set of approaches contains the established set of
properties. The level of accuracy depends directly on the available and gathered information of a
particular solution. The constructed set of properties is a final result of this analysis. The comparative
analysis provides the set of 44 approaches. Elaborating the set of criteria requires a profound review
of a wide range of papers. There are a number of principles to be taken into consideration in the
comparative analysis: domain of usage, aim, type of gathering knowledge/data, exploitation of other
solution, additional information, divisions/subcategories/levels/key components, types, dimensions,
limitations, level of reliability/lack of the approach, dedicated group of users and challenges. Below,
they are presented in detail.

• The leading domain of usage is shown in the majority of analysed approaches [1,3,9,14]. Often,
the measures, frameworks and indicators are described and affixed by case studies [10,21] that
serve as an indication to establish the fields of application. Moreover, possible areas of usage
are also provided [49,62]. To provide a basic knowledge of approach destiny may help the
end-users or business entities with the selection of a particular form of the solution. Various
existing domains distinguish the practical application of analysed approaches. Commonly,
they cover purchasing [49], production [81], supply management [14,82], or different forms
of resources usage [11,43,83]. There are few solutions without identification a specified
domain [12,27,80]. Continuously, new areas are added depending on market demands. The
remaining domains refer to the tourism sector [40], SMEs sector [84] and food and housing [81].
The extended examples are provided in the comparative analysis placed in supplementary
materials (see comparison_analysis.xls and taxonomy.xls). Limiting only to identified domains
or the lack of given ones does not cross through the usage but informs of the verified areas of
practical application.

• The aim of the approach conveys the short description of the main features, objectives and
assumptions. It was conceived on the basis of the analysis of the paper’s content. This property
provides the key knowledge of each of the selected solutions. To characterize a given set
of approaches the main features are included, especially distinguishing a given set. The set
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of indicators points out of the activities referring to evaluation of a degree of products [85],
operations [43], whereas the set of measures emphasizes the basic background of measurements,
including production [49] or processes [62]. Generally, the framework’s aim is to ensure the
guideline of how to integrate different sustainability aspects [86], assisting selected processes [12],
or supplying sets of specified indicators for a given purpose [1].

• The type of gathering knowledge/data describes the possible methods of gathering the
information mentioned in [20,80]. For example, [11,48,49] indicated a literature review as a
basis for data collection. In the same context, an analysis is used in [87–89]. Exploitation
of multiple datasets and benchmarks was mentioned in [11,61]. Similar to measures, these
properties are covered by methods [15,80], frameworks [43,78] and indicators [12,29]. The
additional properties were derived from [8,67] using questionnaires [90], desk-analysis and
semi-structured interviews [84] and surveys [12]. Using experts to gather data was explained
in [66,86]. Elaborating this property allowed to distinguish the main attributes characterizing
this process.

• Exploitation of other solutions provides the information of used or developed approaches. For the
set of metrics, the exploitation of the hierarchical metrics system takes place [11]. ISO standards are
used for selected methods [15,80]. More complex approaches contain the collections of indicators,
frameworks, or measures [14]. In indicator groups, using the AHP-entropy weight method created
a new hybrid evaluation method [66]. Similarly, in factors, a conceptual formwork of the study
was adopted from [91]. Then, in frameworks, the exploitation encompasses the holistic knowledge
management approach [33]. Some of the solutions (i.e., frameworks) enhances the existing tools
and methods [15].

• Additional information offers extra knowledge about the analysed approaches. This property adds
a more detailed description of the solutions, i.e., offered features [66] and expected outcomes [14,24],
as well as the particulars of the suggested applications [15], preferred aspects of assessment [12,43],
or general destination [11]. This property’s aim is to complement the previous section (see the
aim, above).

• Divisions/subcategories/levels/key components refer to the existing divisions of the available
solutions. This part contains the detailed information of the fragmentation of a given approach. It
depends on the destiny of a given form and is linked with the property called the domain of usage.
The particular sets differentiate with respect to the destination and applicability. For instance, the
generic internal process, material, waste, recycling, pollution, cost [48,49], life cycle assessments,
social life cycle assessments [27], consumer behaviours [87–89], material intensity, energy intensity,
water consumption and toxic emissions [62] are common for most measures. Furthermore, the
indicators cover some aspects of sustainability dimensions, providing specific subcategories
(descriptive, performance, efficiency, sustainable reference values, production, regulatory,
accounting, economic, quality and ecological indicators) [12,25]. Instead, the frameworks serve the
following divisions: performance management, strategic thinking, corporate level strategy [92],
risk management, energy use, power plants, industry [93], resource use, resource efficiency and
environmental impacts [26]. It seems that some of the framework’s divisions and subcategories
may cover the chosen one from the measures.

• Types can be treated as extended version of the previous property: divisions/subcategories/
levels/key components, providing more details about the attributes. This property provides
specified information of the attributes. Some attributes refer to supplier aspects [48,49] and
assumptive strategies and management [55], whereas the methods yield the particulars of input
and output attributes [15]. Some environmental attributes (i.e., resource usage, emissions waste
and effluents) are considered by indicators [43,66]. This set also reveals the details of the form
of description (i.e., qualitative and quantitative indicators) [12] and purpose (i.e., fundamental,
general and leading indicators) [85]. The framework’s types encompass the knowledge about
more specified attributes, directly referred to the applied field, i.e., material stage, manufacturing
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stage, use stage [15], transport, energy use [93], or supply chain management [86]. Similar to
divisions/subcategories/levels/key components property, some of the framework’s divisions and
subcategories may cover the chosen one from the measures. Due to a number of detailed attributes,
more information can be found in the supplementary material (see comparison_analysis.xls).

• Dimensions are generally based on the three basic dimensions of sustainability: social, environmental
and economic. Other existing forms, such as institutional [66] or cultural [35], broaden this
property. The aim of this property is to provide the information of the destination of the particular
form. Mostly, more than one dimension is identified in all of the analysed sets, i.e., [8,33,35].
Assigning the dimensions took place on the basis of the indicated attributes in the analysed papers
and the information provided by the other authors.

• Limitations were drawn from the described shortcomings in the reviewed papers. Additional
knowledge was derived from the comparative analyses presented as an example in [1,3,9]. This
property informs of the possible constrains, especially including limitations of the method focusing
on definitions and measures [48,49], a number of judged metrics [11], or ignorance both of systemic
ecological services [90] and timing of processes and their release or consumption flows [15].
Furthermore, some methods are not useful for a given situation, i.e., budget allocation [82],
whereas other approaches need further development [40]. Another inconvenience may concern
the difficulties related to a not fully completed review excluding the analysis of some elements [14],
a restricted area of application [33,67] and a low level of complexity [43]. Thus, the lack of a
scientific basis for the attribution of different weights to the indicators [42] and the lack of
integration of the approaches with sustainability strategy [12] concurs to mark other restrictions.

• The level of reliability/lack of the approaches contain the information of trustworthiness of the
analysed solutions. Some metrics pointed to the lack of analysis focusing on selected fields, i.e.,
logistics or transportation [48,49], purchasing and supply [14] and sustainable consumption [8].
Furthermore, the chosen approaches may strongly favour environmental aspects, as well as
quantifiable indicators that may not be practical in all operational practices [43] or are neglected.
Moreover, in some cases, the resolution and level of detail of the studies can vary depending
on the resources and time available, depending on the potential application of the research
results [90]. This property also contains the information of the lack of empirical tests of the
given approaches, including the development of appropriate social monitoring and reporting
processes [33]. Considering only single metrics providing potentially false conclusions [80] is
another identified shortcoming. Furthermore, some evaluation results are relatively intuitive and
rational, at least to some degree [66]. The deep analysis of this property emphasizes its validity in
the context of the practical application of a given approach. Often enough the knowledge of the
level of reliability, or the lack of the particular form of approach, conditions the final result of the
successful sustainability assessment.

• A dedicated group of users. Identifying the acceptable groups of users was elaborated on
the basis of the information drawn from the description and the purpose of a given approach.
Finally, the identified groups of users encompass both the people acting, i.e., suppliers [49],
customers [48], stakeholders [15] and business entities, i.e., companies [81], organizations [87],
institutions [93] and industries [67]. From the purpose of stakeholders, distinguishing public,
private and community stakeholders [33]. Grouping the public sector contains government [26]
and local authorities [12]. Groups of users were joined together on the basis of their existing
similarities. Recognizing the various groups of users defines the target set of attributes.

• Challenges were elaborated on the basis of the recommended future research directions or
suggested development provided in the reviewed papers. Predominantly, the suggestions of
improvements of methods, metrics and frameworks are recommended. For instance, supporting
the new applications and adaptation of a given methodology is suggested by [90]. Further, the
challenge of optimizing for a larger number of objectives is shown in [11]. Some approaches
imply the construction of supported tools, i.e., construction of social life cycle assessment (SLCA)
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tools [15], or integration of tools for improving competitiveness in the marketplace by identifying
risks and opportunities early [80].

The set of properties presented above has the essential properties which have the fundamental
meaning for the sustainability assessment processes. Identifying the following eleven properties:
domain/dedicated to, aim, type of gathering knowledge/data, exploitation of other solution, additional
information, divisions/subcategories/levels/key components/types, dimensions, limitations, level of
reliability (lacks the approach), dedicated group of users and challenges enables the comprehensive,
multi-dimensional analysis of the sets of selected approaches. The provided analysis comprises the set of
measures, metrics, frameworks, factors, tools, indicators and methods. The particular information of the
given set was gathered in the supplementary materials (see comparison_analysis.xls and taxonomy.xls).
When analysing the set of frameworks, it is remarkable that they are applied in the manufacturing sector,
transport and resource management, whereas the measures mostly are used in purchasing, supply
management, material utilization. Instead, indicators, for the most part, are employed in production,
supply chain management, energy and material use, financial, or production areas. The complete
comparison containing the full set of analysed approaches is provided in the supplementary material
(see comparison_analysis.xls).

Overall, 44 approaches were selected and analysed. The comparison analysis contains a short
description of the selected approaches, providing the details of the aim, complemented by the
additional information, exploitation of other solutions and key components. In some cases, the
analysis provides the information of the type of gathering knowledge and data. It also offers the
information of dedicated groups of users. Moreover, the details of occurred limitations, level of
reliability, shortages and challenges are provided. The whole comparison analysis is included in the
supplementary material (see comparison_analysis.xls).

3.2. Main Assumptions of Knowledge Systematization for the Sustainability Assessment Domain

The process of collection and further categorization, of the information of the sustainability
assessment approaches transformed the knowledge from the unstructured form into the
semi-structured form. This was a basis to provide a formal description of the domain knowledge.
In order to achieve this, set theory was used to ensure the detailed mathematical depiction. For this
purpose, on the basis of the specific characteristics of the sets of properties presented above (see
Section 3.1), the mathematical background of set theory is shown below.

In the domain and range of a relation, if R is a relation from set Tp and P, then the set of all taxons
(all of the first components of the ordered pairs) belonging to R is called the domain of R. Thus, Dom is
defined as follows:

(R) = {tp ∈ Tp: (tp, p) ∈ R for some p ∈ P} (1)

The set of all second components of the ordered pairs (the set of all taxons) belonging to R is
called the range of R. Thus, the range of R is defined as follows:

R = {p ∈ P: (tx, p) ∈ R for some tx ∈ T}. (2)

If type Tp and properties P are two non-empty sets, then the Cartesian product T of Tp and P,
denoted Tp × P, is the set of all ordered pairs (tp, p) such that tp ∈ Tp and p ∈ P:

Tp × P = {(tp, p): tp ∈ Tp, p ∈ P}, (3)

Properties P contain the finite set of taxons, defined as follows:

P = {Cx, D, DoU, G, S, DF, Is, U}, (4)
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where Cx is the complexity, D is the dimension, DoU is the domain of usage, G refers to the gathering
data, DF are the development factors, Is are the issues and U refers to dedicated group of users.

Type Tp contains the finite set of taxons, which are subsets:

Tp: {M, F, I, Me, Tx, Mo, In, Fa}, (5)

where M are measures, Me are methods, In are indices, Mo is a model, Fa are factors, Tx is a taxonomy,
I are indicators and F are frameworks.

Measures M are the subset of Tp, containing the finite set of taxons:

M: {MPS1, MPS2, MI1, MI2, MI3, MCH, MO}, (6)

The set of taxons is given as follows: MPS1, MPS2 refer to purchasing and supply management
sustainability measures; MI1, MI2, MI3 are impact/intent-based measurement; MCH are metrics
assessing chemical processes; and MO are overall assessing metrics.

Methods Me contain the finite set of taxons, which is given as follows:

Me: {MeO, MePC, MeLC1, MeLC2}, (7)

where MeO are overall assessing methods; MePC are production and consumption assessing methods;
and MeLC1, MeLC2 are life cycle assessing methods.

Let indices In be a finite set of objects, which is given as follows:

In: {InGSF}, (8)

where InGSF is the gross social feel-good index.
Model Mo is a finite set of objects, which includes the following taxons:

Mo: {MoT}, (9)

where MoT is a model dedicated to the tourism sector.
Factors Fa contain a finite set of objects, where:

Fa: {FaSME}, (10)

where FaSME refers to the factors assessing SE in SME.
Let taxonomies Tx be a finite set of objects. A taxonomy Tx consisting of a system of taxons, which

are subsets Tx, is given as follows:
Tx = {TxSME, TxPS}, (11)

where TxSME contains taxonomy-assessing SME strategies and TxPS is a taxonomy assessing purchasing
and supply measures.

Indicators I contain a finite set of taxons:

I: {ICH, IS, IC, IGP, IO}, (12)

where ICH are indicators assessing chemical processes and production, IS are indicators assessing
society, IC refers to indicators assessing community sustainability, IGP are indicators assessing the
green degree of products and IO contains indicators assessing the overall aspects.

Let frameworks F be a finite set of taxons:

F: {FSE, FS, FC, FSC, FHE, FI1, FI2, FR, FP, FUD1, FUD2, FLC, FO1, FO2, FO3, FO4, FO5, FO6, FO7, FO8, FO9, FO10, FO11}, (13)
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where FSE is a framework assessing SE; FS is a framework assessing social aspects; FC is a framework
assessing cultural aspects; FSC contains a framework assessing supply chain management; FHE encloses
a framework assessing human and environmental relationships; FI1 and FI2 are frameworks assessing
industry processes; FR is a framework assessing resources consumption; FP refers to a framework
assessing performance; and FUD1 and FUD2 reflect the undefined domain. Next, FLC is a framework
assessing the life cycle and FO1–FO11 are overall assessing frameworks.

3.3. Knowledge Engineering for the Sustainability Assessment Domain

The main role of the exploitation of a knowledge base is to support the finding and reusing
of relevant knowledge [94]. Further, the generally-accepted approach for structuring the domain
knowledge is constructing domain ontologies to model concepts and relationships [95,96]. Ontologies
offer a wide spectrum of opportunities, in particular, providing a common understanding of specific
domains that can be communicated between people and application systems. The best-known
definition of ontology was proposed by Gruber [97], who defines ontology as an explicit specification
of a conceptualization. Ontology is usually expressed as a formal representation of knowledge by a set
of concepts within a domain and the relationship between these concepts. Relatively, ontology-based
modelling is a well-known approach to support both knowledge integration and interoperability
between information technology systems during collaborative business processes [96,98]. Moreover, to
cope with the complexity of engineering knowledge [96,99] in the sustainability assessment domain,
ontology design is proposed as a promising approach. Modular ontology development implies that
rather than having an enormous ontology to cover a given domain, it is necessary to abstract and
generalize concepts into separate ontologies. This will be helpful to ensure better reusability, flexibility
and maintainability [96] in the sustainability assessment domain.

3.3.1. Taxonomy Construction Process

The first step of knowledge engineering is the taxonomy construction stage. The foundation for a
taxonomy construction was an in-depth analysis of selected approaches for sustainable assessment and
measurement. The literature review allowed identifying the sets of properties. They were organized
in a hierarchical form, including the main criteria and sub-criteria, distinctive for a given group. The
approaches were organized into groups referring to the offered features. Nonetheless, in several
papers, authors indicated the group a given approach belongs to. The process of gathering knowledge
has the aim to verify this classification but oftentimes for a given group it was unfeasible to match the
information to a proposed set of features.

The core premises of the taxonomy construction encompass the necessity of providing a
comprehensive approach as a response to the lack of a manageable multi-dimensional approach.
The shortcoming of guidelines and information of requirements related to given approaches for
sustainability assessment concurs to elaborate the principles of classification. Furthermore, the various
types of approaches for sustainability assessment will not always be suitable for all businesses. Thus,
gathering knowledge in a holistic approach may support the adaptation of a company strategy to
this process.

The proposed taxonomy is dedicated to the sustainability assessment domain. It contains the
sets of measures, metrics, frameworks, tools, indicators and methods. The overall set of criteria was
designed as a result of comprehensive analysis of the collected information about approaches which
are presented in detail in Section 3.1. Selecting the best approach is a significant step to ensure the
efficiency of the sustainability assessment process. Indeed, considering the variety of approaches and
their features and performance, a formal classification of an approach for sustainability assessment
domain knowledge is essential. From a formal point of view, the taxonomy can be described using
set theory.

The taxonomy contains 44 approaches. The taxonomy includes the set of eight properties and
98 sub-properties. The number of properties is constructed as follows: type, complexity, dimensions
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of sustainability, domain of usage, gathering data, scope, identification of sustainable development
factors, issues and receivers. Each set of properties comprises the sub-sets, according to the following
frequency: types: measure/metric, indicator, framework, taxonomy, other, method, factors and tools;
complexity: single solution and dedicated to one group; dimensions of sustainability: basic dimensions:
social, environmental and economic; and other dimensions: ecological, institutional, cultural; domain
of usage: supply chain, purchasing, unspecified products, unspecified domain, all consumption areas,
food, housing (energy and water), energy resources, chemical processes, manufacturing sector, tourism
sector, industrial ecology, SME, transport, green degree evaluation, material use, air quality, cultural
factors, real estate, production, management, waste production disposal, services, petrochemical sector,
toxics, pollutant dispersion, greenhouse gas emission, ecological/ecosystem health, infrastructure,
mobility, clothing, none of the above and social aspects; gathering data: literature review, expert
participation/knowledge, questionnaires/interview, discourse analysis, multiple datasets and survey;
scope: evaluation, classification/categorization, knowledge systematization, analysis, comparative
analysis, waste production reduction/disposal, assessment, quantitative assessment, qualitative
assessment, measurement of sustainability development, management performance, financial
performance efficiency, research model and support in evaluation; issues: supplier performance,
policies, organization and management systems, stakeholder relationships, organization context,
employee performance, supplier and customer relations, social impact, employment practices,
community relations, competitive advantage, quality of service, flexibility, resource utilization,
innovation, sustainable consumption, consumer behaviour, natural resources, economic impact,
environmental impact, improvements, company strategies, stimulating and assisting societies and
green policy; and receivers: company, government, institution, customers/consumers, suppliers,
organization, stakeholder and industry. The taxonomy is provided in supplementary materials
(see taxonomy.xls).

The taxonomy includes multi-dimensional aspects of sustainability assessment. It provides both
knowledge systematization for sustainability assessment approaches and offers a multi-dimensional
view of them. The taxonomy is a basis for the ontology construction, which is presented in detail below.

3.3.2. Ontology Construction Process

Building the ontology is based on an incremental process starting by the identification of the
main concepts from the identified approaches dedicated to the sustainability assessment domain. This
process is followed by the extraction of all concepts, properties and relationships from the common
meta-model to form the backbone of the ontology. Finally, expanding the extracted concepts to a set of
criteria prosecutes to a taxonomy construction. The ontology was built using the Protégé (Stanford
University, Stanford, USA) [100] application. The applied technology standard is OWL (Ontology
Web Language). The source code (OWL/XML) is provided in the supplementary materials (see
ontology_source_code.owl and ontology_source_code.txt)

The main structure of the proposed ontology is modelled in Protégé [100] software. The class
Criteria takes a central place in the ontology (Figure 2). This class is detailed to define different
sub-classes in detail: Issues, Dimensions of sustainability, Type of approach, Type of gathering
knowledge data, Receivers, Complexity, Scope and Domain of usage.

The class Scope has the following set: comparative analysis, classification/categorization,
knowledge systematization, measurement of sustainability development, assessment (qualitative
assessment, quantitative assessment), waste production reduction/disposal, efficiency, management
performance, support in evaluation, financial performance, research model, evaluation and analysis.
The class Complexity includes two sub-classes: dedicated to one group and single solution. Then, the
class Receivers contains the set of the dedicated group of users: company, organization, suppliers,
customers/consumers, government, industry, institution and stakeholder. The class Type of gathering
knowledge/data informs of the possible ways of collecting information such as: survey, report,
expert participation/knowledge, multiple datasets, literature review, questionnaires/interview and
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discourse analysis. Further, the class Issues contains the specified sub-classes: improvements,
community relations, innovation, policies organization and management systems, natural resources,
organization context, competitive advantage, environmental impact, economic impact, stakeholder
relationships, supplier and customer relations, company strategies, employee performance, green
policy, resource utilization, social impact, sustainable consumption, employment practices, quality of
service, supplier performance, consumer behaviour, stimulating and assisting societies and flexibility.
Moreover, the class Domain of usage presents the aspects of applied areas, such as: housing/energy
and water, clothing, air quality, services, SME, industrial ecology, transport, material use, cultural
factors, pollutant dispersion, toxics, supply chain, waste production disposal, production, tourism
sector, mobility, social aspects, ecological ecosystem health, petrochemical sector, greenhouse gas
emission, management, manufacturing sector, infrastructure, purchasing, energy resources, chemical
processes, all consumption areas, real estate, none of above and food. The sub-class called Type of
approaches distinguishes the considered types of analysed solutions: Measure, Taxonomy, Method,
Other, Framework, Indicator and Tool (Figure 3).
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Consequently, this sub-class contains the detailed information of the belonging of an approach to
a given group. For example, the sub-class Indicator describes the approaches categorized to this group
(Figures A1 and A2, see Appendix A).

The class Approaches has a sub-class Name of Approach, which contains the set of various
solutions dedicated to sustainability domain assessment: in-house, best performance value indicators,
environmental sustainability measures, sustainable entrepreneurship knowledge based model,
impact-based assessment instruments, a taxonomy of sustainable purchasing and supply measures,
DPSIR framework, metrics assessing chemical processes, taxonomy of some strategies, integrated



Sustainability 2018, 10, 300 16 of 27

sustainability assessment indicator system, Sustainable Society Index (SSI), intent-based measurement
instruments from environmental psychology, a framework determining governmental progress in
SD, Hofstede’s cultural framework, an integrative framework for the selection of relevant behaviours,
ecological footprint method, factors influencing sustainable entrepreneurship in SMEs, a framework
of sustainable SCM, Global Reporting Initiative (GRI) framework, US Interagency Working Party
on Sustainability, methodological framework for sustainability assessment, social sustainability
framework, operational sustainability framework, UNCSD framework, a proposed research model of
SE, Comprehensive sustainability index GSF, hierarchical metrics system, social sustainability measures,
input-output-outcome-impact, sustainability performance management system, European Conceptual
Framework for Social Indicators, life cycle costing (LCC), a framework for social life cycle impact
assessment, framework assessing the social sustainability of engineering projects and technologies,
intent-based measurement instruments from consumer behaviour research, life cycle assessment
(LCA), Wuppertal Sustainability Indicators, DESIRE’s conceptual framework, Sustainability Metrics
of the Institution of Chemical Engineers, a set of different types of indicators, eco-efficiency analysis
(EEA), quality of life, the Sustainability Reporting Guidelines, fundamentals and general and leading
indicators (Figure 4).
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3.3.3. Ontology for Sustainability Assessment: Formal Description

The proposed ontology is implemented using OWL. It provides a formal and structured method to
handling the SA domain knowledge. Referring to Figure 1, the formal description is the step enabling
further activities of the created ontology.

Knowledge representation focuses on the design on formalism that are both epistemologically and
computationally adequate for expressing knowledge [101] about the sustainability assessment domain.
The usage of Description Logics (DL) is applied to encode syntactic, semantic and pragmatic elements
needed to drive semantic interpretation [101]. Consequently, the formal description of presented
knowledge representation allows for machine-readable processing, sharing, reuse and, finally,
populating new knowledge. OWL, as well as DL, are machine-readable languages dedicated to extract
meaningful, relevant and applicable information. The aim of the formal representation languages is to
simplify the process of extracting and expressing the domain-specific knowledge in user-friendly and
machine-readable forms. The formal representation captures domain knowledge about sustainability
assessment and offers a wide spectrum to capitalize on the effects. The knowledge representation
presented in this paper is publicly available (https://webprotege.stanford.edu/#projects/99888f55-
c97d-471b-b992-bed90718b422). The formal description (ontology_source_code.owl) is attached in the
Supplementary Material.

https://webprotege.stanford.edu/#projects/99888f55-c97d-471b-b992-bed90718b422
https://webprotege.stanford.edu/#projects/99888f55-c97d-471b-b992-bed90718b422
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3.3.4. Ontology for Sustainability Assessment: Validation Stage Using Competence Questions

Following the presented ontology construction methodology on the Figure 1, validation of the
proposed ontology checks its formal structure and coherence with the domain knowledge. In order
to use the ontology from the knowledge repository, query algorithms are used to provide useful
information at the end of the reasoning process. To investigate the correctness of the proposed
ontology, the competence questions are constructed and implemented using a Description Logic query
mechanism. This section describes the exemplary competence questions and verifies their utility in
retrieving information with response to the user’s needs. Correctness of the obtained results confirms
the validation process and, consequently, provides the set of results.

The sustainability assessment ontology is based on the related set of presented criteria and the
approaches, including the specified relations between them. The proposed classification supports
the rapid identification of the main attributes according to the sustainability assessment domain.
Further, the approach specifications give the main characteristics of the selected solution. From the
technological point of view, each approach has distinguished features, implemented in the ontology.
Supporting ontology designers or engineers to correctly introduce new solutions in the knowledge
repository ensures the proper quality of the proposed model and helps in more easily identifying the
best sustainability assessment approaches to the user’s needs.

It is a principle of the solution to provide the requested features by the sustainability assessment
approach. In practice, this will help in the detection of the preferred solution, including constraints to
be respected. The process of providing the preferred solutions starts with defining the approaches’
specifications. Further, it requires the following activities to be completed: implementing the
definitions, reflecting the necessary and sufficient conditions, enables providing the exemplary case
studies dedicated to solving a given selection problem of sustainability assessment approach. In this
context, some case studies were proposed to test the practical application of the ontology.

Validating the ontology allows to check both the consistency and correctness of the proposed
ontology. To understand whether the ontology is coherent with the domain knowledge, some
validation queries were posed to check its reliability. To investigate whether the ontology is capable
to complete information retrieval and interoperability needs, the results have been compared to the
knowledge included in the comparison analysis.

The case study focuses on the choosing the most efficient approaches including the set of
features essential for the production company. Thus, following the proposed ontology, the definition
containing the set of criteria was constructed as follows (Figure 5). The specification includes the
criteria and sub-criteria: domain of usage: production, domain of usage: manufacturing sector,
issues: environmental impact, scope: assessment, receivers: company, sustainability dimension:
environmental dimension. Each of the criteria and sub-criteria should be fulfilled to belong to the
final ranking.

The result is obtained from a number of implemented instances of approaches and by queries
on capabilities offered by a Description Logic Query, implemented in Protégé software. The query
was added manually by the engineers based on their expertise. Visualizing the final ranking of the
solutions is presented in Figure 6.

Additional experimental queries have been posed to find the relevant approaches for the chemistry
field, including the set of basic features important for a chemical company. This case study was
conducted on the basis of the identification of the features influencing the environment in this area. It
was found that the following criteria should be included: sustainability dimension: social dimension;
sustainability dimension: environmental dimension; sustainability dimension: economic dimension;
domain of usage: chemical processes; domain of usage: production; domain of usage: pollutant
dispersion; domain of usage: petrochemical sector; domain of usage: industrial ecology; issues:
environmental impact; issues: green policy; scope: assessment; and receivers: organization (Figure 7).
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Defining the necessary and sufficient conditions and afterwards implementing them into the
Protégé software, allows the reasoning process to be started. Based on the experimentation results,
the final set of the approaches is obtained. In accordance with the constructed definition, only one
solution matches these requirements (Figure A3, see Appendix A).

In this case study, it is possible to find relevant sustainability assessment approach with regard to
its specification defined by a user (Figure A4, see Appendix A). Assuming that a user is looking for
the solution that fulfils a set of pre-defined requirements—sustainability dimensions: environmental
dimension, receivers: company, receivers: stakeholder, domain of usage: housing, energy and water,
type of gathering data: multiple datasets, issues: environmental impact—the application of the
reasoning mechanism provides a set of results with regard to these pre-defined requirements. In this
case two approaches for sustainability assessment fulfil this defined set of criteria (Figure A5, see
Appendix A).

4. Conclusions

The paper addressed compound problem the selection of a sustainability assessment approach.
The choice of an approach depends on multiple diversified factors. Depending on which indicators,
measures or metrics are used, the results of impact assessments can vary considerably in each of the
sustainability dimensions. Furthermore, there is a clear demand to provide a set of comprehensive
criteria characterizing the available approaches. Moreover, the process of gathering knowledge in a
single place had to support both the process of selection of sustainability assessment approach and
supplying a guidance how to use it. With regard to these issues, a domain knowledge conceptualization
and formal foundations of a knowledge base for selection of a sustainability assessment approach
were presented.

The analysis of the literature confirmed the lack of knowledge systematization in this field.
In response to the presented shortcomings, the author developed an approach based on knowledge
management, tailored for the sustainability assessment domain. Considering the specified
characteristics of SA domain, a dedicated ontology has been developed for maintenance of the
knowledge systematization, sharing and reuse. In this context, the challenge was to identify and verify
the existing SA approaches, and, thereafter, implement them (on the basis of the prepared taxonomy)
into the domain ontology.

The main intention of ontologies’ creation is to capture and formalize a domain of knowledge.
The ontology reported here attempts to do this within the domain of sustainability assessment (SA).
In practical terms, the author proposes a reusable domain model of selected approaches to multi-usage,
reusing and knowledge sharing and dissemination. The author’s ontology is designed in a manner
to be useful for the researchers, i.e., allow them to rapidly and intuitively find, any SA approaches
in any of the major or minor model properties and, having found it, learn a considerable to a large
extent about the SA and its relationships to other approaches. Additionally, the presented ontology
also attempts to incorporate a great amount of information about these SA approaches and, therefore,
is far more comprehensive in its detail than the source resources.

Additionally, the presented ontology provides independent knowledge and SA’s unique features
that can be incorporated into any database, knowledge base or information system holding knowledge
associated to SA. The formalized structure of the ontology, along with the set of SA approaches,
allows the users to incorporate the data oriented on sustainability measurement into their databases,
integrate the data with the knowledge encapsulated in the ontology and use it to interoperate with
other databases. Furthermore, the formal representation of knowledge was also provided. Offering a
machine-readable access and handling semantic data is an interesting step to enhance the searching
capacity and knowledge sharing of the proposed ontology. This form of problem solving ensures
semantic interoperability for knowledge and data collected and may support the processes related to
prediction, computation, meaningfulness across knowledge sources developed independently to meet
diverse needs.
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While summarizing the research presented, it should be noted that the main contributions include
the following highlights:

• We carefully and systematically analysed the available sustainability assessment approaches
and we gathered unstructured, semi-structured and structured knowledge about sustainability
assessment approaches.

• We provide complete domain knowledge of SA solutions, both on unstructured and
semi-structured knowledge forms, which can be directly applied by the experts in the process of
SA evaluation.

• Based on aforementioned findings and using the knowledge engineering mechanisms, we also
propose a structured, ontology-based knowledge model for sustainability assessment domain,
at the same time providing a reusable and publicly available SA formal model and its complete
logical description.

• We verify consistency of the obtained knowledge model using competency questions.

During the research, some possible areas of improvement of the presented knowledge model and
future work directions were identified. It seems to be interesting to extend the presented knowledge
base using the formal background of particular sustainability assessment approaches. Moreover,
the presented knowledge model could be bridged with references’ use cases model, at the same
time providing detailed practical description of all of the analysed approaches. Another interesting
future work may concern the attempt of effectiveness evaluation of particular SA approaches, both in
context of application areas and use cases. Technically, a semantic integration with external reference
knowledge sources using semantic annotations mechanisms could be a challenging task.

Last but not least, it should be noted that, similar to other available resources, although this
ontology contains all the common SA types, it is not complete. As with other research community
resources and initiatives, the community input is essential for the development and maintenance of
the SA ontology and therefore the readers are welcome to contribute to the ontology, by using the
provided link.

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/10/2/300/s1;
OWL code of the ontology: ontology_source_code.owl, ontology_source_code.txt; conceptual_model.xls;
comparison_analysis.xls; taxonomy.xls (see [102–111]).

Conflicts of Interest: The authors declare no conflict of interest.
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