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This study explores the role of Energy Retrofit (ER) in Low Carbon Transition (LCT). The literature
recognises the need to move towards a transdisciplinary approach in ER, which encompasses
multidisciplinarity and interdisciplinarity. However, the fragmentation between different disciplines remains
a significant problem, mainly due to challenges associated with knowledge exchange across the allied
disciplines that play a role in ER. The authors posit that ER projects has been conceptualised and implemented
using a Systems perspective so that an integrated approach that is akin to transdisciplinarity could become
commonplace. Against this background, the aim of this paper is to establish to what extent ER has been
conceptualised as a System in the literature so that complexities can effectively be managed through
a transdisciplinary approach. This work is based on a literature review of 136 peer-reviewed journal
papers. The content analysis demonstrates that current research on transdisciplinarity in ER can be
conceptualised in five categories and 15 lines of research. They are presented as a Conceptual Framework,
which is this paper’s main contribution to existing knowledge. It reveals the direction of innovation in ER
for LCT, and is illustrated as a cognitive map. This map exposes the current fragmentation implicit in
the literature, and proposes critical connections that need to be established for a transdisciplinary approach.
It also shows that the discourse on LCT changed by moving beyond the building scale; and recognising the
need to embrace disruptive and local technologies, and integrating the social and technical aspects of ER.
Innovative technical solutions and robust information modelling approaches emerge as key vehicles towards
making decisions that pay regard to the economic, social and technical factors and that empower the prosumers
to play an active role in LCT.
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1. Introduction

Energy Retrofit (ER) is widely recognised as a relevant strategy for delivering Low Carbon
Transition (LCT) in European countries (Kerr et al., 2017) for two main reasons. First, buildings
contribute 38% to the CO2 emissions in Europe (Basbagill et al., 2013). Second, up to 80% of
this stock that will be occupied until 2050 in these countries have already been built (Martinez-
Molina et al., 2016; King, 2010). Hence, the European Strategic Energy Technology (SET) Plan
seeks to retrofit at least 50% of existing public buildings and 50% of all existing buildings in
order to achieve sustainability in the built environment (Kylili et al., 2016; Martinez-Molina et
al., 2016).

Traditionally, ER is defined as the modification of existing equipment, systems, or
buildings to improve their energy performance (ASHRAE TC 1.6, 2016). Webb, (2017)
suggests that the typical retrofit actions are concerned with the interactions between the building
components. While these actions are relevant, they mainly focus on the technical aspects, often
neglecting the social and environmental ones. Systems Theory describes this approach as a
reduction of complexity (Delattre, 1984). At a glance, the system appears easier to manage, but
it inherits numerous levels of uncertainty. These uncertainties often result in the selection of
inappropriate retrofit technologies, and thus in unsuccessful projects (Ma et al., 2012).

One example of failure is the performance gap, which is defined as the difference
between predicted energy performance of buildings and actual measured energy use once
buildings are operational (De Wilde et al., 2014). This gap can be 2.5 times the predicted energy
use (Menezes et al, 2012) and emanates from the uncertainties within the System (De Wilde,
2014; Menezes et al., 2012; Mohareb et al., 2017). It erodes the credibility of the design and
engineering sectors of the building industry (Menezes et al., 2012), and leads to general public
scepticism of new High Performance Building concepts (Mohareb et al., 2017).

The fragmentation of the building industry also has a role to play in the performance
gap. In addition, the diversity of backgrounds, professions, roles, knowledge, experience,



objectives and interests means that those involved often have differing perspectives on the goals
that need to be achieved and how to achieve them (De Wilde, 2014). Some studies have
investigated how these diversities are key influences on construction innovation (Imam et al.,
2016; Pinder et al., 2013; Tuohy and Murphy, 2015). Others have explored the need for a
progressive integration among technical and non-technical issues as driving factors in reducing
the uncertainties of ER actions (Butera, 2013; Cole and Fedoruk, 2015; Salter and Gann, 2003;
Whyte et al., 2003). Recent studies (Lu et al., 2017; Soares et al., 2017; Webb, 2017) have
demonstrated that an integrated approach to ER across the different disciplines and professions,
is a key project success factor.

It is also necessary to integrate the societal and the technical aspects of sustainability
(Robertson, 2016). Such integration should bring about the profound alterations to the current
social system that the transition towards a low carbon society calls for Geels, (2011). It should
take place at the local level, which provides a context in which innovation comes to the fore
(Young and Brans, 2017). Focusing on the local level, firstly, means that designing clean and
sustainable energy solutions for cities , including ER, cannot be done without engaging local
actors (Suzuki et al., 2010). Secondly, it requires new knowledge concerning advanced
technologies that drive the transition (Child et al., 2018).

Knowledge exchange lies at the heart of these processes because it facilitates the
tackling of problems from a transdisciplinary perspective as advocated by Kirby, (2019) and
Sakao and Brambila-Macias, (2018).This perspective requires operational research methods to
be combined in a multi-methodological framework that is adapted to the cognitive skills and
habits of the stakeholders and experts involved in mutual and joint learning processes (Sibilla,
2017; Wiek and Walter, 2009). It contrasts with the current common practice, which can at best
be described as multidisciplinary. Here, the subject matter is considered from individual
disciplinary angles, with each discipline providing their input from their own perspective
(Koutsikouri et al., 2008). By contrast, interdisciplinary practice refers to situations where the
team as a whole solves the problems. Members are willing, and are encouraged, to contribute in
areas beyond their own professions.

A common ER language is critical for knowledge exchange but specific tools to
establish it do not exist. As a result, the common practice is to focus on technical and
technological solutions for ER, predominantly from a mono-disciplinary perspective. The
ambitious goal of reducing building GHG emissions by 80% by 2050 (European Commission,
2011), thus remains challenging. Retrofit projects should be conceptualised and implemented as
a System for an integrated approach that is akin to transdisciplinarity to become commonplace
(Kaatz et al., 2005; Loftness et al., 2009) so that these challenges can be addressed.

Against this background, this study presents a novel Conceptual Framework to facilitate
the management of complexity inherent in Energy Retrofit (ER), which is one of the pillars of
action in the 2050 Transition to Sustainable Buildings (International Energy Agency, 2013).
The research question is: to what extent has ER been conceptualised as a System in the
literature so that complexities can effectively be managed through a transdisciplinary approach,
which encompasses multidisciplinarity and interdisciplinarity? In response to this question, we
pursue the following objectives:

e (lassify the current categories and lines of research on the role of the ER towards
delivering a mature low carbon society in order to integrate the dominant themes in the
spheres of social and physical sciences

e Explore the levels of fragmentation both in research and in practice to establish and
improve the strategic role of ER in LCT.

e Represent the emergent and proposed categories and lines of research as a cognitive
map, which is a step towards conceptualising ER as a complex system and developing
an innovative learning platform for Knowledge Integration.

The next section establishes the current extent of transdisciplinarity in ER through a
state-of-the art literature review. Section 3 describes the methodological approach. The key
findings of the literature review are discussed in Section 4. The main categories and lines of



research on transdisciplinarity in ER are analysed, and new lines of future research are
proposed. They are visualised as a cognitive map, which focuses on the strategic role of ER in
LCT, in Section 5. The need to deal with the high levels of fragmentation both in research and
in practice in ER is argued. Recommendations on how this framework can be put into practice
as a specific tool to improve knowledge exchange in ER, are made.

2. Pertinent literature.

Several authors have focussed on promoting energy conservation and sustainability through ER.
Ma et al.,, (2012) have emphasized that a wide range of retrofit technologies are readily
available, but identifying the most cost-effective retrofit measures for particular projects
remains a major challenge. Yushchenko and Patel, (2017) have evaluated the different methods
to assess the energy and environmental performance of buildings (e.g., life-cycle assessment
methodologies, generative design methods and retrofitting tools). Jagarajan et al., (2017) have
analysed the new role of facilities management as a tool to sustainably manage space. In the
main, the unit of analysis is in these studies is individual buildings.

Lund (2012) advocates moving away from this approach and taking into account a
whole urban energy system, given the systemic benefits this alternative approach would bring.
The challenge is to manage the vast amount of information and the vast array of specialised
language that emerges as a result (Volk, Stengel and Schultmann, 2014; Yushchenko and Patel,
2017; Allegrini et al., 2015. Consequently, it becomes increasingly difficult to recognise and
prioritise relevant information. Hosseini et al., (2017) have explored innovative applications,
including ICT, for generating insights for better decision-making and optimization of processes.
These innovations may be linked to ER strategies. Others are in pursuit of developing an
integrated approach to ER, particularly with the support of energy modelling. For example,
Volk, Stengel and Schultmann, (2014) have promoted the use of Building Information
Modelling (BIM) as a tool to manage the complex energy issues in existing buildings, as well as
new buildings. They specifically investigated the uncertainties associated with data, which is
one of the most important problems in energy modelling of existing buildings. Lu et al., (2017)
and Oti et al., (2016) have examined BIM processes as a solution to facilitate the integration
and management of information throughout the building life cycle.

Other researchers have focused on new technologies, which are fundamentally changing
the approach to urban transformation. For example, Allegrini et al., (2015) reviewed modelling
approaches and tools for the simulation of district-scale energy systems, where the recent
advances in information and communications technology gain significance. Lawrence et al.,
(2016) considered a range of complex issues associated with using emerging technologies to
integrate energy systems in buildings with a smart grid. Theodosiou et al., (2019) have recently
pointed out unconventional thermal bridging problems related to the implementation of PV
facades. Parra et al., (2017) point to a new area of interest in energy storage systems located
very close to consumers, which opens up an interdisciplinary avenue of research on the role of
community energy storage as a key element within the wider renewable energy system. Several
authors focus on social aspects of ER. Sovacool and Watts, (2009) argue that a broad spectrum
of social, cultural and institutional barriers need to be overcome to acceleration the transition to
a low carbon society. For example, Camprubi et al., (2016) has investigated the relationship
between the technical aspects of fagade insulation; and the political and social contexts. The
scope of this study is to explain the variations across different social groups in implementing
facade retrofits for energy performance and in their impact on occupants’ health. Martinez-
Molina et al., (2016) have conducted a literature review on methods and strategies used in order
to maintain heritage values of historic buildings, while achieving significant improvements in
their energy efficiency. Webb, (2017) have established how the need to improve energy
efficiency in historic buildings informed local policies. Olubunmi, Xia and Skitmore, (2016)
have explored the role of the financial and non-financial incentives in developing local ER
strategies and how these tools are perceived by different local actors (e.g. owners, tenants,
government).

Lastly, other authors have focused on the different phases of LCT. Bhowmik et al.,
(2017) have investigated the relationships between territories and renewable energy systems.



Wang et al., (2017), have proposed a new framework to guide the possible evolution of the
building stock in the next century, based on greenhouse gas emissions as the common thread to
investigate the potential implications of new design paradigms, innovative operational
strategies, and disruptive technologies. This framework emphasizes integration of
multidisciplinary knowledge, and proactive approaches considering constraints and unknowns.

Thus, the state-of-the-art review illustrates that the complex dynamic between the
different dimensions of ER has not been fully explored. The literature reviewed relates, at best,
to a pair of these dimensions, e.g. innovation technology and social change, or energy modelling
and life cycle assessment, or ER solution and cultural heritage. Consequently, a framework to
conceptualise ER as a complex system is needed. This framework would pave the way towards:
1) establishing future transdisciplinary lines of research in ER with specific reference to
Distributed and Renewable Energy Infrastructures evolution; 2) improving the ability to
consistently exploiting external knowledge with particular emphasis on Citizen-centred energy
systems; and 3) designing socio-technological solutions for deep ER in order to close the
(energy) performance gap.

3. Research methods.
This work is based on a literature review, which is a pertinent approach to identifying the
research gap in the existing body of knowledge (Tranfield et al., 2003). The literature review is
used as the first step of a broader investigation, which seeks to build an innovative cognitive
learning platform to facilitate transdisciplinary collaboration in ER. There are three fundamental
steps in this investigation: 1) a state-of-the-art literature review, which visualises and
conceptualises ER as a complex system and which is the focus of this paper; 2) development of
a cognitive learning platform based on step 1; and 3) testing of this platform through the
learning experiences of practitioners, researchers and students.

Mayring’s, (2000, 2008) phases for content analysis were adapted for the purposes of
this study:

e Phase 1: Determining the research domain and selection of related literature. The
research domain is Energy Retrofit (ER). It is explored using a set of filters for the
database search, which are illustrated in Figure 1. The first filter is ER, which on its
own yielded 17.789 papers. The second filter defines the type of the data source, i.e.
prominent scientific collections such as Emerald-insight, Sage, Scopus, Springer,
Taylor & Francis. Only journal papers published in English were reviewed in order to
allow for a comparative analysis. The next step was a Boolean keyword search, where
“multidisciplinary” and “interdisciplinary” were used as additional keywords. 585
papers remained after this filtering. Then, the following criteria were used in order to
identify the papers which were directly relevant to the research question: 1) Research
papers where the ER concept was applied in the field of building and urban
transformation. For example, papers that focus on ER in chemical processing were
excluded; and 2) research papers where a Multidisciplinary or Interdisciplinary
approach was confirmed through a preliminary assessment of the title, keywords and
abstract. Additionally, one exclusion criteria was adopted: research papers discussed in
Section 2, which were used to identify the gap this literature review closes. Using the
criteria explained above, 136 relevant papers on transdisciplinarity in ER were selected
to underpin this review.
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Figure 1. Search process.

e Phase 2: Definition of unit of analysis. Two recording units were used: simple unit and
context unit (Table 1). The former includes concepts (i.e words) and patterns (i.e.
sentences or paragraphs) used for descriptive analyses; the latter refers to the contextual
evaluation of the concepts and patterns. Content analysis was conducted using coding in
Nvivo in these units of analysis.

Simple recording unit Context Unit
Concepts (i.e words) Patterns (sentences or paragraphs) Source
Environment, Planning, Scale, Vision,  the complex urban transitions under (Eames et al., 2013)
Innovation, Institutions, Changes, multiple socio-technical ‘regimes’, scales
Community, Regeneration, Urban and domains within a participatory
process.

Table 1. Example of recording units.

e Phase 3: Coding and definition of categories. The categories were established using the
inductive method. Here, the inductive method was considered more appropriate than the
deductive methods, because the scope of the research was to identify the emerging
issues (May et al, 2017) related to ER. As expected, numerous overlaps among the
papers were observed during the coding process. In order to reduce the frequency of
overlaps, each paper was categorised according to its particular point of view or focus
in the field (i.e. Pattern). By doing so, each paper has contributed to the identification
and development of a specific theme. After data saturation was achieved on a specific
theme, it was defined as a category. There is not a specific rule on how much
information is required for the identification and development of a specific topic.
Nevertheless, it was deemed reasonable to integrate at least three different points of
view on the same theme, in order to define a transdisciplinary category. In this sense,
each journal paper was considered to represent a specific point of view in terms of
discourse, method or tool. The categories were organized according to the prioritized
recording units. The significant relationships within the reviewed body of literature
were thus established, while allowing for the introduction of new connections or
hierarchical orders. Within a category, the wealth of information on a specific theme
has determined the definition of sub-categories. Here, the sub-categories were called
lines of research because they point out a current relevant topic about transdisciplinary
ER investigation.

e Phase 4: Word-frequency count & identifying the key concepts and their distribution
between the different themes as nodes of further interaction levels. In this phase, a set of
main concepts were associated with the categories and the lines of research. The main



concepts were identified using word frequency analysis in Nvivo. This analysis was
applied on both the categories and the lines of research. The concepts were identified
following the procedure, which is illustrated in Figure 2. Firstly, the word frequency
criteria were defined. The analysis considers the 10 most frequent words, with a
minimum length of 3 letters. All tangential words, date, total, results, however, were
discounted from the frequency analysis. Secondly, each concept was associated to a
single category (or line of research). The word frequency analysis supports the
hierarchical order of each theme within a category. In some cases a concept was the
same in two or more different categories. In these cases, a qualitative assessment
through content analysis was necessary. The contexts, in which there were references to
a theme, were represented as trees through a cluster analysis. So, the most relevant
pattern detected for the concepts analysed has determined its category or line of
research.

Word frequency

Analysis Patterna
* Pattern a2 €====-
- l |

Pattern b1
Pattern b2

A Pattern b3

Feedback: concept is associated to one line of research

Figure 2. Concepts emerging from categories (C) and lines of research (L).

e Phase 5: Mapping the concepts. Discussion on the themes (and sub-themes), paving the
way to a clear future perspective. The emerging themes and patterns and their novel
integration with the relevant concepts were presented as a novel cognitive map (Novak
and Cafias, 2004) of transdisciplinary in ER. This map reveals the novelty of this
investigation, where the role of transdisciplinarity in ER with regard the LCT was
highlighted. This map forms the basis for developing a transdisciplinary ER Learning
Platform in the next step of this work.

4. Results.

One of the outputs of the literature review is the hierarchical organisation of the
categories and lines of research, which are shown in Figure 3. It is composed of 5 categories,
e.g. Low Carbon City Transition; 15 lines of research, e.g. Technical & Social Integration; and
50 relevant concepts. It summarises what constitutes current research on transdisciplinarity in
ER, as well as relevant, future research themes.
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Urban
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Climate, Resilience, Planning
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Environment, Innovation, Culture

iii-Disruptive and Sustainable Local Technologies
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Optimization
vii-Multi-Attribute Information

Financial, Cost, Mechanism

P

viii-Bottom-Up Methodology

Criteria, Incentive, Inhabitant

ix-Economic & Socio-Technical Factors
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Energy & Environmental Awareness
Knowledge
xiii-Integrated Community Energy System
Local, Entrepreneurship, Decentralised
xiv-Comfort and Quality of Life

Secial, Policy, Instruments

xv-Socio-Technological Learning Process

Education, Experiments, Networks

Figure 3. The Conceptual Framework

4.1 Descriptive analysis.

Information Modelling Process
Simulation

iv-Energy Modelling Process

Calibration, Consumption, Options

v-Occupant Behaviour Modelling

Occupant, Data, Behaviour

vi-Life Cycle Analysis Modelling

Assessment, Forecast, Performance

Innovative Technical Solutions

Thermal heat

x-Innovative Building Materials
Properties, Inertia, Insulation

xi-Passive, Active & Smart Technologies

Bioclimatic, Control, Integrated

xii-Shifting the Industry
Prefabricated, Industry, Research

Transdisciplinary
Energy Retrofit
Conceptual Framework

The descriptive analysis illustrated the broad spectrum of the discourse. Table 2 shows the
distribution of the papers across different journals, the broad spectrum of specialisms in which
ER has been studied, and the hike in interest in transdisciplinary approaches to ER in the five

year period from 2013 to September 2017 (Figure 4).

4+ papers 1 to 4 papers (39 papers in total):

Energy and 39  Automation in Construction,1 Journal of Cultural Heritage,1
Buildings Advances in Building Energy Research,1 Journal of Industrial Ecology, 1
Energy policy 11  Applied Thermal Engineering, 1 Journal of Urban Technology, |

Building Research 10
and Information

Renewable and 8
Sustainable

Energy Reviews
Energy 7
Applied Energy 6
Building and 6
Environment

Journal of Cleaner 5
Production

Sustainable Cities 5
and Society

Architectural Science Review, 1

Building Research and Information Buildings,2
Canadian Journal of Civil Engineering, |
Computers in Industry, 1

Construction and Building Materials, 1
Construction Innovation, 1

Energies,2

Energy Conversion and Management,2
Environment and Planning D: Society and
Space,1

Environmental Science and Policy,1
Expert Systems With Applications, 1
Geoforum, 1

Indoor and Built Environment, 1

Journal of Building Physics,3

Journal of Planning Education and Research, 1
Land Use Policy, 1

Management of Environmental Quality, 1
Philosophical transactions. Series A
Mathematical, 1

Progress in Human Geography, 1

Renewable Energy,1

Research Policy, 1

Solar Energy,2

Structural Survey,1

Technological Forecasting & Social Change,1
The Historic Environment: Policy & Practice, 1
Urban Design International, 1

Urban Research and Practice, 1

Table 2. Distribution across main journals
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Figure 4. Publication by Year

Table 3 shows the results obtained from the word frequency analysis with regard one specific
category (please refer to Annex 1for the complete list). Trivial words were eliminated from the
list (e.g. date, number, nouns and others). The words, which were frequently used in all lines of
research, were associated to the main categories. The triad of words used to characterise each
line of research was determined both using the frequency count and the context in which they
were used. Words that were used to elaborate the critical description of the categories and the
lines of research proposed were identified to be keywords.

World Count Weighted Percentage (%) Source Line of Category:
Research
local 470 1.47
community 391 1.22 (Siisser et al., 2017),
integrated 77 0.24 (Koirala et al., 2016),
decentralised 61 0.19 (Koirala et al., 2016),
consumers 56 0.17 (Peck and Parker, 2016), Icnéerirr?;?ﬁty
changes 53 0.17 (Rydin et al., 2015), Energy System
financial 51 0.16 (Gough, 2015), (Van Der
municipality 51 0.16 Schoor ar}d Scholtens,
knowledge 50 0.16 2015), (Simpson et al.,
entrepreneurs 30 0.09 2014), (Sauter and
Watson, 2007)
community 112 1.17 (Santangelo and Tondelli,
consumption 65 0.68 2017), (Berry et al., 2014),
local 51 0.53 (Jenkins, 2010), (Walker, ER
social 45 0.47 2008) and
income 29 0.30 Comfort and Energy and
comfortable 25 0.26 Quality of Life  Environmental
environment 25 0.26 Awareness
policy 25 0.26
instruments 22 0.23
knowledge 21 0.22
planning 59 0.26 (Voytenko et al., 2016),
local 53 0.24 (Kersten et al., 2015),
innovation 51 0.23 (Petri et al., 2014), (Joss
participatory 44 0.20 et al., 2013), (KlemeS et Socio-
integration 43 0.19 al., 2013), (Glad, 2012) Technological
education 29 0.13 Learning
network 28 0.12 Process
experiments 16 0.07
universities 14 0.06

knowledge 12 0.05




Table 3. Extract of the word frequency analysis

Table 4 provides an overview of the recording unit detected and used to elaborate the
Conceptual Framework (please refer to Annex 2 for the complete list). The results were useful to
identify the specific contribution each source to the discourse. This analysis provides evidence
that the ER concept is mainly characterised by its social and technical aspects in the literature.

Line of References Recording Unit — Pattern: scope detected
Research

(Siisser et al., 2017)  the multifaceted interplay between place, local entrepreneurship and ‘community
renewable energy’.

(Koirala et al., 2016)  a model-based framework to assess the distributed energy resources-consumer adoption

model.
iy (Peck and Parker, how organisations may implement renewable energies and improve energy efficiency.
g 2016)
El
E Ea (Rydin et al., 2015) local energy initiatives identifying barriers, drivers and incentives to explain their
1
S > emergence (or not).
g ) (Gough, 2015) the complementarity of liveability and sustainability at a theoretical level but recognizes
5 that linkage in practice is complex
= 2
S g (Van Der Schoor the transition towards renewable and sustainable energy focusing on what is happening at
*E and Scholtens, the local community level.
= 2015)
(Simpson et al., the variation in operational performance due to the intervention sequence.
2014)
(Sauter and Watson,  social acceptance of renewable energy innovation
2007)
- % (Santangelo and the existing energy policy instruments and the current analysis methods in relation to
:§ = 2o Tondelli, 2017) occupant behaviour.
g S5 E (Berry et al., 2014) the level of householders’ knowledge on smart technologies.
&} 5 (Jenkins, 2010) the problem of installing non-cost effective measure.
(Walker, 2008) the meaning of “community-owned production and use”
(Voytenko et al., how the Urban Living Lab concept is being operationalised in contemporary urban
2016) governance for sustainability and low carbon cities.
E - (Kersten et al., methods to transfer technological knowledge among residents
S 2015)
% § (Petri et al., 2014) a web-based platform solution that provides integrated access to sustainability resources in
£ & . . . .
= o the form of interactive, user-oriented services
§ E (Joss et al., 2013) the ‘ubiquitous eco-city’ paradigm with strong local contextualisation and social
s = sustainability measures
25
é = (KlemesS et al., the development of methods and tools, multimedia internet-based teaching and learning
2013) programs for future practitioners.
Glad, 2012) a socio-technical approach, based on social learning theory in order to examine the energy

system transition.

Table 4. Extract of recording units detected.

4.2 Content analysis.
The content analysis and the resultant Conceptual Framework are discussed in this section. It is
structured around the categories and the lines of research.

4.2.1 ER and low carbon city transition.

The references in this category are listed in Table 5. The key consideration is the relationships
between ER actions and low carbon transition. The frequency analysis yields ‘urban’ as the key
concept. Therefore, the content analysis provides three relevant lines of research, where the
deep renovations discussed in this context are concerned with both technical and non-technical
strategies, which relate to the large-scale retrofit of buildings to improve their energy efficiency.

References Concepts detected Key Concept Line of Research  Category:
(Cajot et al., 2017), (Gregorio and Seixas,
2017), (Becchio et al., 2016) , (Wu et al., Climate F Buildi
2016), (Magrini and Franco, 2016), (Gupta Resilience rom buriding
. Retrofit to Urban
etal., 2015), (Mazzarella, 2015), Planning R
: : etrofit ER and
(Jennings et al., 2014), (Dixon and Eames, Urb Low Carbon Cit
2013), (Mehaffy, 2013), (Bai, 2007) roan ow farbon ity
- _— Transition
(Gianfrate et al., 2017), (van Krugten et al., Envi ¢ Technical and
2016), (Broto, 2015), (Cosmi et al., 2015), ;:gggg‘:;‘ ec sléfiil an
(Dall’O’ et al., 2013), (Head, 2010), (Kelly, Culture Integration.

2010), (Smith et al., 2010), (Moffatt and




Kohler, 2008)

(Fonseca et al., 2016), (Glackin and Change Disruptive and
Dionisio, 2016), (Dixon et al., 2014), Community Sustainable Local
(Eames et al., 2013),(Mills, 2003) Regeneration Technologies

Table 5. Low carbon city transition category and lines of research

4.2.1.1 From Building Retrofit to Urban Retrofit.

The documents categorized in this line of research support a fundamental step in ER, from
improving building performance towards Urban Retrofit, as a set of strategies to improve the
resilience of the local settlements to address global concerns associated with Climate Change.
This approach seeks to reduce the risks, which are often considered at individual building level,
that fragmentation yields. The need for a much more coordinated and strategic approach to
improving energy performance at-scale, and at city and neighbourhood levels is acknowledged.
Urban planning is called to provide strategic approaches which will facilitate economies of scale
for energy saving and funding.

4.2.1.2 Technical and Social Integration.

This line of research classifies several papers in which the interactions between technical and
social innovations in the ER sector emerge. The discussion focuses on disseminating
environmental awareness among all the actors (i.e. public, private, communities, industries). It
is argued that each actor could play a specific role in low carbon transition but the difficulty of
achieving integration between these actors is acknowledged. Consequently, economic
considerations take precedence. But, in the last decade, increased uptake of information and
communication technologies seems to have supported a better alignment between the actors,
promoting an innovative culture. This innovation is becoming the main tool to improve both
environmental qualities and the quality of life.

4.2.1.3 Disruptive and Sustainable local technologies.

The title of this line of research is borrowed from Dixon, Eames, Britnell, Watson, & Hunt
(2014). It expresses the need to work across the disciplinary boundaries of ER rather than
strengthening disciplinary silos. The reviewed papers demonstrate that the diffusion of smart
technological solutions is facilitating information diffusion. However, the effective use and
integration of this vast array of information represents a clear challenge. Consequently, the need
to identify relevant information and appropriate sustainable local technologies remains. Glackin
and Dionisio, (2016) suggest deep engagement of local communities in order to bring about the
change towards the low carbon society through processes of regeneration.

4.2.2 Information modelling process.

This category comprises the studies which have developed methods and tools in order to
optimize processes and products related to ER actions. Simulation, which centres around
reducing the level of uncertainties, is the key concept. It is widely accepted that these
uncertainties undermine not only the environmental qualities, but also the investment
opportunities and urban energy policies. So, in order to reduce the level of uncertainties three
transdisciplinary lines of research have been underlined. The references are organized in Table
6.

References Concepts detected Key Concept Line of Research  Category:

(Cao et al., 2017), (Heidarinejad et al.,
2017), (Wu et al., 2017), (Alwan, 2016),
(Garcia Kerdan et al., 2016), (Marasco and

Kontokosta, 2016), (Munarim and Ghisi, Calibration ER and
2016), (Bomberg et al., 2015), (De Lieto Consumption Energy Modelling Inf anf
Vollaro et al., 2015), (Dineen et al., 2015), Options Simulation Process niormation
Modelling
(Hsu, 2015), Process

(Fawcett and Killip, 2014), (Wang et al.,
2014), (de Wilde and Tian, 2012), (Heo et
al., 2012), (Lawrence et al., 2012)

(Mohareb et al., 2017), (Roberti et al., Occupant Occupant
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2017), (Parker et al., 2017), (Gupta and Data Behaviour
Gregg, 2016), (Hong et al., 2016), (Terés- Behaviour Modelling
Zubiaga et al., 2016), (Yan et al., 2015),

(Rhodes et al., 2015), (Tianzhen Hong et

al., 2014), (Chuah et al., 2013), (Neto and

Fiorelli, 2008), (Yalcintas, 2008), (Bazjanac,

2004)

(Fedoruk et al., 2015), (Beccali et al., A]s:sessmetnt Life Cycle
2013), (Peuportier et al., 2013), (Ardente Per?or:r(r:lzsnce Analysis
etal.,, 2011), (Dong et al., 2005) Modelling

Table 6. Building information modelling process category and lines of research

4.2.2.1 Energy modelling process.

This line of research includes papers which have investigated the methods and tools for energy
modelling processes. There is a specific reference to calibrating the modelling to reflect actual
consumption as closely as possible. Hence, developing a framework for simulating energy
consumption is one of the key concerns. Traditionally, the energy modelling has been focused
on the building scale, analysing mainly the building envelope and its interactions with the M&E
systems. In contrast, the most advanced experiences in ER seek to assess the available options,
taking into account the influence of the internal and external factors of the building, the
environmental impact of technological solutions in the long term and the potentialities for large
scale investments in energy retrofit of buildings. Nevertheless, these variables are often
interpreted differently among disciplines, datasets and contexts. The improvement of these tools
is ongoing.

4.2.2.2 Occupant behaviour modelling

This line of research focuses on the role of occupant behaviour within the modelling process
and so, the use of representative data. Traditionally, in ER, energy efficiency issues are
overemphasized, while other key issues, e.g. health and comfort of occupants associated with
indoor air quality and noise levels, received less attention. Moreover, traditional energy models
rely on predictive indicators and assumptions that are usually made at the design stage, without
acknowledging behavioural patterns of actual users. Recently, occupant behaviour has been
recognised as an important element of a transdisciplinary approach. Here the aim is to provide a
detailed understanding of user behaviour in a specific local context.

4.2.2.3 Life cycle analysis.

This line of research highlights the interaction between the life cycle approach and the ER
actions. The key concept is the assessment of performance over the life cycle of buildings. The
importance of appropriate building energy monitoring capabilities, of the understanding of
energy system boundaries in design and analysis, of closing the gaps between different the
stages of a building’s life cycle, and of feedback loops throughout design and operation, have
been acknowledged. The research reveals the complexity of assessing the impact of embodied
energy in retrofit actions. This assessment involves: construction materials and components
used during ER, the main components of conventional and renewable energy systems, the
impact of the building technology used in the different elements of a building, and as a whole.

4.2.3 Decision-making process

Under this category there are papers which are focused on systematic methodologies and
corresponding tools to support innovative decision-making in ER. The integration of various
improvement options, including new technologies, urban infrastructure, as well as, energy and
market policies are discussed. Multi-Optimization is the main concept, which refers to
integrated process analysis in ER. The content analysis yields three relevant lines of research.
The references are organized in Table 7.

References Concepts detected Key Concept Line of Research  Category:

(Ascione et al., 2017a), (Ascione et al., Financial Optimization Multi-Attribute ER and




2017b), (Broderick et al., 2017), (Tadeu et Cost Information Decision-Making
al., 2016), (Tariku et al., 2015), (Shao et al., Mechanism Process
2014), (Taehoon Hong et al., 2014), (Xu et

al., 2014), (Kumbaroglu and Madlener,

2012), (Kanapeckiene et al., 2011),

(Diakaki et al., 2010), (Diakaki et al., 2008)

(Yushchenko and Patel, 2017), (Vilches et
al., 2017), (Delmastro et al., 2016),
(Kontokosta, 2016), (Shen et al., 2016),
(Trencher et al., 2016), (Senel Solmaz et
al., 2016), (Mauro et al., 2015), (Yang et
al., 2015), (Vlasova and Gram-Hanssen,
2014), (Asadi et al., 2011), (Kolokotsa et
al., 2009)

Criteria Bottom-up
Incentive Methodology
Inhabitant

(Ahmed et al., 2015), (Shakouri et al.,
2015), (Asadi et al., 2014), (Ballarini,
Corgnati and Corrado, 2014), (Eriksson et
al., 2014)

Economics
Integration
Investments

Economic and
Socio-Technical
Factors

Table 7. Decision-making process category and lines of research

4.2.3.1 Multi-attribute information.

This line of research includes the optimization of methods and tools for gathering multi-attribute
information. Traditionally, the multi-attribute information in the ER field was applied in order
to determine the optimal solution in terms of the cost of investment. Recently, new multi-
attribute decision-making methods have been developed in order to prioritize the alternatives of
comparative projects quite accurately. Currently the multi-attribute information in ER seeks to
define the local mechanisms, which help to optimize the solution.

4.2.3.2 Bottom-up methodology.

This line of research underlines the importance of the bottom-up methodology to aid decision-
makers in the energy planning process. New bottom-up methodologies seek to improve
voluntary and regulatory approaches and develop new planning processes for urban resilience.
In such a scenario, the policies are called: to identify the local criteria for successful renovation
packages; to consider the local incentives for policy implementation; and, to identify local
renovation packages that need to be prioritized from the point of view of the locals.

4.2.3.3 Economic and socio-technical factors

This line of research seeks to place emphasis on the economic and socio-technical factors which
are associated with ER actions. An example is represented by the integration of renewable
energy systems, e.g. PVs, at scale. In this context, the economic and socio-technical factors are
strongly related to each other. Consequently, neglecting this relationship can influence the
investment capacity and consequently reduce the success of retrofit actions.

4.2.4 ER and innovative technical solutions

The papers in this category describe several technical innovations concerning the building
envelope, the M&E systems, users and their interactions. Insulation is the main concept and this
category explains how technical solutions for insultation involve transdisciplinary goals. Such
transdisciplinarity is here presented by the following lines of research. The references are
organized in Table 8.

References Concepts detected Key Concept Line of Research  Category:
(Tovarovi¢ and Ivanovié-Sekularac, Jelena
Sekularac, 2017), (Berardi, 2016), (Pérez- . .
. . o Properties Innovative
Urrestarazu, Luis Fernandez-Cafiero, Rafael . e
Inertia Building
Franco-Salas and Egea, 2016), (Aste et al., .
i Thermal heat Materials ER and
2015), (Saber et al., 2015), (Ascione et al., .
. Innovative
2014) Insulation Technical
(Carlos, 2017), (Eliopoulou and Mantziou, N Passive, Active Soluti
. Bioclimatic ’ olutions
2017), (Biyanto et al., 2016), (Cuce, 2016), Control and
(Evola and Margani, 2016), (Hengstberger Inteerated Smart
et al.,, 2016), (Si et al., 2016), (Giovanardi & Technologies

et al.,, 2015), (Monetti et al., 2015), (Smith




and Svendsen, 2015), (Capeluto and
Ochoa, 2014), (Moran et al., 2014),
(Hakkinen, 2012), (Halawa, 2009),
(Hestnes and Kofoed, 2002), (Santamouris
and Dascalaki, 2002)

(Carbonaro et al., 2016), (Thomsen et al.,

2016), (Li et al., 2013), (Ochoa and Prefabricated Shifting the
Capeluto, 2015), (Rovers, 2014), (Silva et Facade Industry
al., 2013), (Xing et al., 2011), (Aouad et al., Research

2010)

Table 8. Innovative technical solutions category and lines of research

4.2.4.1 Innovative building materials.

Traditionally, the energy performance of building materials is discussed with regards to their
thermal properties, e.g. transmittance, inertia and specific heat. These properties are used to
analyse the steady-state or dynamic state in order to reveal the building energy behaviour under
determined conditions. This line of research extends the interaction to a transdisciplinary
investigation, which include environmental and ecological issues. These interactions concern
the embodied energy inherent in retrofit choices, e.g. natural insulation, as well as, construction
systems, e.g. green roofs and vertical greening systems. In particular, these systems are
recognised as optimal retrofit solutions in order to mitigate the urban heat island affect.
Consequently, this line of research reinforces, again, the importance of economies of scale,
starting from a confined technical solution.

4.2.4.2 Passive, active and smart technologies.

This line of research focuses on the integrated strategies among passive, active and smart energy
technologies in order to improve buildings’ energy efficiency and the quality of life.
Traditionally, the indoor air comfort and energy performance are considered to be strongly
related, but only recently the user‘s understanding of available technologies has started to play a
central role. Smart devices have allowed the customization of both the passive and active energy
systems, as well as remote controlling of the engineering devices which can govern bioclimatic
parameters, i.e. solar and ventilation, for optimisation.

4.2.4.3 Shifting the Industry.

It is commonly accepted that the building industry could play an important role in reducing
buildings’ environmental impact. The importance of social, economic and environmental
measures in reducing this impact is highlighted. The experiences reveal that the competitiveness
of the industry relies on the development of: Systems to, for example, capture CO2 from the
polluting industrial processes, e.g. cement manufacture; Low cost technical solutions for
interventions on existing buildings e.g. prefabricated modules for energy retrofit; A more
consistent dialogue between the industry and research centres, adopting an integrated multi-
objective design process.

4.2.5 Energy and environmental awareness.

This category collects works which have focused their investigation on methods and tools to
improve energy and environmental awareness among the actors who are involved in the urban
regeneration process. The main concept in this category is Knowledge. A distinction between
the knowledge of communities and of users is made. In addition the roles of practitioners,
researchers and the industry have been examined. Three lines of research have emerged as
representative of transdisciplinarity in ER. The references are organized in Table 9.

References Concepts detected Key Concept Line of Research _ Category:
(Susser et al., 2017), (Koirala et al., 2016),

(Peck and Parker, 2016), (Rydin et al., Local Clgirefrﬁittl ER
2015), (Gough, 2015), (Van Der Schoor and Entrepreneurship Eneray Systc}:]m and
Scholtens, 2015), (Simpson et al., 2014), Decentralised Knowledge Energy and
(Sauter and Watson, 2007) Environmental
(Santangelo and Tondelli, 2017), (Berry et Social Comfort and Awareness

al., 2014), (Jenkins, 2010), (Walker, 2008) Policy Quality of Life




Instruments

(Voytenko et al., 2016), (Kersten et al., EEducgtlont, Socio-
2015), (Petri et al., 2014), (Joss et al., ;iiggiz s Technological
2013), (KlemeS et al., 2013), (Glad, 2012) Learning Process

Table 9. Energy and environmental awareness category and lines of research

4.2.5.1 Integrated Community energy system

Recently, the importance of socio-geographic places of energy transition is emerging as a key
factor in developing efficient retrofit actions. In particular, one of the emerging topics is the
multifaceted interplay between place, local entrepreneurship and community. Integrated
community energy systems, are emerging as a modern economic and social development to re-
organize local, renewable and decentralized energy systems. The new energy scenario allows
the simultaneous integration of distributed energy resources through the engagement and
acceptance of local communities.

4.2.5.2 Comfort and Quality of life.

Strategies to promote behaviour change are investigated. The results point out that the relation
between comfort and quality of life can be interpreted in several ways. On the one hand, some
smart technologies have been successfully applied and integrated in ER actions in order to
improve the energy performance of buildings. On the other hand, fuel poverty exists and renders
reduced consumption a secondary issue. In the first case, the behaviour of end-users is
particularly important in terms of the reliability and user-friendliness of the energy technologies.
The level of satisfaction of the end-users and their confidence in using smart devices are the
main topics investigated. In the second case, the need to move from behaviour change to
systemic change in order to develop energy policies to eradicate fuel poverty is highlighted.
Therefore, the environmental considerations go hand in hand with the social need to reduce
inequalities.

4.2.5.3 Socio-technological learning process

A new set of complex urban issues, e.g. urban energy transition, have emerged, resulting in the
need for knowledge transfer. Citizen-centred energy systems are likely to attract more interest in
the near future. Citizens will need to be better educated on technological aspects of reducing
energy consumption. Both experts and non-experts are called to expand their ability to transfer
and acquire information. At the same time, the future practitioners will be called to manage
material and immaterial processes in an inter-disciplinary manner. New forms of technology
education are emerging through experiments which are focused on improving the technological
knowledge of local communities, e.g. Urban Living Labs. Nevertheless, there is a need to
clarify what makes these new approaches attractive and novel for this socio-technological
transition. Their role in this transition also needs to be defined.

5. Discussion.

Transdisciplinarity has been a concern for academics in the field of Cleaner Production
and Sustainability (see for example Sakao and Brambila-Macias, (2018) and Kirby, (2019). The
purpose of this paper is to explore transdisciplinarity inherent in ER. Here, ER is envisaged as
an approach to ‘cleaner production’ which could play a significant role in LCT. Our framework:

a) facilitates going beyond the obsolete technical concept of ER, and promoting it as a
socio-technical system to achieve a low carbon society;

b) becomes a starting point, to build up an innovative learning platform for knowledge
integration in ER in order to deal with fragmentation that affects ER actions.

This discussion evaluates the main features introduced by the Conceptual Framework,
and how these features may be relevant in the design-for-sustainability context.

5.1 Novelties of our Conceptual Framework.

This is one of the first studies to explore the transdisciplinarity inherent in ER. Our study



underscores the importance of facilitating knowledge exchange in ER, to further elucidate the
interconnections between the new dimensions of ER, e.g. Distributed and Renewable Energy
Infrastructures and Citizen-centred energy systems. Our findings seek to conceptualize ER such
that the level of uncertainties associated with it can be reduced. How this can be achieved is
discussed under the different categories of the Conceptual Framework.

The first category, i.e. Low carbon city transition, clarifies what is changing. ER at
scale is offered as a way of addressing global climate concerns, which brings global issues to
the local level. In particular, the lines of research show that an innovative dimension of ER
actions should consider the built environment as a socio-ecological system, in which ER is a
strategy to develop the adaptation capacity of the local community, promoting social, cultural
and technical innovation. In this context, the disruptive and sustainable local technologies
encourage regeneration of the settlements, emphasizing the need for more proactively seeking
external knowledge and coordination among diverse actors and industry groups. Therefore, the
most significant change, underlined by the transdisciplinary perspective, lies in the connections
between the ability to involve consistent parts of cities, which need to improve their energy and
carbon emissions profiles with creative strategies to stimulate the participation of local actors
(Mat et al., 2016; Suzuki et al., 2010; Young and Brans, 2017).

The second category, i.e. Information modelling process, suggests what we need to deal
with the vast amounts of data that accumulate as a result of tackling the issues from a whole
urban energy system perspective. Recognising and prioritising relevant information requires
innovative ICT applications (Lund, 2012). While tools for gathering vast amounts of
information have been developed (e.g. Volk, Stengel and Schultmann, 2014; Yushchenko and
Patel, 2017; Allegrini et al., 2015), the managerial skills to exploit this data in ER are often
neglected.

The third category, i.e., Decision-making process, explains how we manage. The
Conceptual Framework pointed out how the multi-attribute information approach seeks a
network synergy effect, to take financial, human, local and technical resources into account. The
results showed that the new approaches aim to improve the skills of the local community to
understand the value of the local resources, the investment opportunities and the benefit of ER
actions. Thus, the Conceptual Framework contributes to promoting the integration of smart
products and e-services in order to satisfy the needs of individual consumers, reduce the
environmental impact of the construction industry, and closing the (energy) performance gap.

The fourth category, i.e., Innovative Technical Solutions, expresses what we implement.
The emergent lines of research point to the convergence of efforts to improve energy
performance and to retain ecological and historic qualities of the buildings and settlements
through the integration of smart devices and systems (i.e. micro-grids, smart buildings, see for
example Theodosiou et al. (2019), Lawrence et al., (2016) and Parra et al., (2017).

The fifth category, i.e. Energy and environmental awareness, emphasizes the outputs
and closes the loop. In other words, this category deals with the level of fragmentation between
the different domains of knowledge, which involves technicians, lay people and institutions
(e.g. Sovacool and Watts, (2009). This type of fragmentation emanates from the barriers to
transferring the outputs of experimental actions into common practice. This transfer can be
impracticable due to community resistance, the inappropriateness of policies and the lack of
dialogue between disciplines and sectors. As a consequence, the development of tools to
stimulate this dialogue becomes a priority.

In the near future, these lines of research are expected to be integrated. Accordingly, a
new frontier of ER actions, which involves a new set of organizational rules and new
knowledge for the actors engage in LTC, will emerge. This innovative collaboration will require
a Technology Support Network (Zeleny, 2012, 1986). This network consists of work rules, task
rules, requisite skills, work content, standards and measures, styles, culture and organizational
patterns (Zeleny, 2012). It will have to be developed in situ, and Knowledge will have to be
produced within the specific local context (Zeleny, 2009). Thus, this contribution provides a
new insight into improving the ability to consistently exploit external knowledge, promoting
socio-technological solutions for deep ER in order to close the (energy) performance gap. This
Conceptual Framework illustrates that ER research mainly requires a new -dimension of



Knowledge Exchange, which in this study refers to a new dimension of the relationships
associated with ER actions that are illustrated in Figure 5. Our Conceptual Framework offers an
organized and systemic view of the relationships between ER actions, exploring the components
involved and clarifying the key elements of the process for further implementation.
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As pointed out in the introduction, the transition towards a low carbon society requires
profound alterations to the current social system as a whole (Child et al., 2018; Geels, 2011;
Robertson, 2016). Therefore, a new trend which takes into account ER as a socio-technical
system, may have an important influence on the decentralized and renewable energy system.
Under this circumstance, the role of Built Environment Professionals, as main intermediaries,
who act at the local level to involve technicians, lay people and institutions in the
implementation of Technology Support Networks may be identified as a new trend. Kivimaa et

(2019) define ‘transition intermediaries’ as those that mediate a sector towards a
systemically new and more sustainable socio-technical configuration. Hence, importance of
providing a Transdisciplinary ER Conceptual Framework, which can support a better
understanding of the context-specific factors affecting the ER as a tool for low carbon transition,
comes to light again. The next phase of our study will move from a Transdisciplinary ER
Conceptual Framework to a Cognitive Learning Platform. This platform is designed to develop
new skills for the future Built Environment Professionals for achieving sustainable

development.



5.2 Future research

Knowledge Exchange in ER is undoubtedly related to a new energy infrastructure
paradigm, as a more resilient and ecologic system to support the LCT. This point of view
inherits the opportunity to apply the Conceptual Framework in practice. We move from a desk-
based exploration and evaluation, towards a process which seeks to support knowledge transfer
within networks through which ER is undertaken. Thus, the Conceptual Framework has the
potential to stimulate an inclusive debate. It can be used to enable the network of actors in ER
access interdisciplinary knowledge. Although this access is necessary, it does not, on its own,
result in knowledge transfer. New cognitive abilities should be developed to facilitate
knowledge transfer within ER networks.

Cohen and Levinthal, (1990) define these abilities as absorptive capacity. Absorptive
capacity implies the ability to recognize the value of new, external information, assimilate it,
and apply it in a particular context. The ability to exploit external knowledge is thus a critical
component of innovative capabilities (Cohen and Levinthal, 1990). The papers analysed in this
study strongly stress the role of absorptive capacity in facilitating cross-disciplinary
interactions. Nevertheless, studies that examine an organization's ability to acquire new,
external knowledge and to transfer it through its network of actors are limited. Hence, the new
conceptualisation should facilitate the move from a hierarchical organization of complex topics
towards a knowledge transfer network (Figure 6).

Figure 6. From a hierarchy model of the knowledge towards a network of knowledge transfer.

So, what is the challenge in the near future? Ismail, Keumala and Dabdoob, (2017)
argue that future professionals need to be better equipped with advanced technical skills in order
to deliver sustainability. Moreover, a better understanding of the integration issues with regards
to sustainability need to be developed in higher education (Adams et al., 2018). Higher
education is called to develop a new generation of practitioners, who will become the actors in
the knowledge transfer networks. These future actors should be able to manage the complex
layers of technical and social issues that relate to sustainability. In addition, future researchers
and practitioners interested in LCT could play an important role in organizing a technology
support network for sustainability (Sibilla and Kurul, 2018).

The next step for the authors is to identify and test an approach to transform this
Conceptual Framework to a tool to facilitate effective knowledge exchange through such
networks. While the methodological approach adopted herein may be considered in continuous
evolution through a sequence of saturation process (Strauss and Corbin, 1990), a new key
question emerges: how can the absorptive capacity of future researchers and practitioners be
improved? The combined use of the cognitive approach and meaningful learning activities to
transform the Conceptual Framework to a cognitive interdisciplinary learning platform is a
possible solution. This aspect will be explored in the next phase of this research.

6. Conclusions
Although the literature recognises the need to move towards a more collaborative approach in



ER, the fragmentation between different disciplines remains a significant problem. A critical
analysis of 136 journal papers was used as the basis of a Conceptual Framework on the extent of
multidisciplinary and interdisciplinary approaches currently adopted in ER at both the urban and
building levels. Thus, 5 categories, 15 lines of research and 50 main concepts have been
identified and discussed in order to better understand the role of the ER towards delivering a
mature low carbon society. The Conceptual Framework clearly identified the components that
are relevant to the transition towards a decentralized sustainable energy system.

Here, knowledge exchange in ER research has been underlined as an emerging topic,
which can facilitate transdisciplinarity in ER. Following this view, the actors involved in the ER
actions will be called to improve their ability to transfer knowledge across disciplinary domains.
Hence, bridging the Knowledge gap among the actors emerged as a key issue in establishing
and sustaining a Technology Support Network to improve the retrofit actions at scale in pursuit
of LCT.

Specifically, the results of the literature review have emphasized the interactions among
ER actions and the emerging technologies, such as the decentralized sustainable energy
systems. They clearly show that this new energy paradigm can successfully be disseminated at
local level if, and only if, a new organized system, which involves researchers, practitioners,
industries, governance and citizens as parts of a Technology Support Network, is developed.
This approach is in contrast with the current approach to viewing the issues as sectorial
engineering problems. The focus on improving the energy performance of individual buildings
in order to reduce the carbon emissions from the building sectors across the Globe, is outdated.
The new vision should encompass a complex set of strategies to achieve a mature low carbon
society.

This study into transdisciplinarity in ER has pointed out that several typologies of the
performance gap exist as obstacles for a mature low carbon society. A new perspective which
conceptualises the performance gap as a knowledge gap is proposed to deal with fragmentation
at different levels. While the performance gap illustrates the inconsistencies between building
performance at different stages of its life, the knowledge gap refers to the local actors’ ability to
manage ER within a wider and complex LCT agenda. In other words, the knowledge gap relates
to the local capacity to organize a technology support network.

Finally, the paper has proposed a new direction of investigation, which moves from the
Conceptual Framework towards an innovative learning platform in order to provide a new tool
to train the next generation of researchers and practitioners, who will become members of the
Technology Support Network. The focus of this learning is to develop a better understanding of
collaboration in a complex built environment.
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(Cajot et al.,
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planning.
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Seixas, 2017)

holistic approach at a neighbourhood scale, instead of the traditional

individual building scale

(Becchio et al.,

2016)

new emerging concept of “Post-Carbon City” and its main influencing factors
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(Wu, Wang and

Xia, 2016)

large-scale Building energy efficiency retrofit analysis

(Magrini and
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(Gupta et al.,

2015)

retrofit programmes in order to reduce the gap between intent and outcome.

(Mazzarella,

2015)
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(Jennings, Fisk

and Shah, 2014)

retrofit problems at urban scale providing solutions for the selection and

operation of complex energy systems.

(Dixon and

Eames, 2013)

mitigation and adaptation responses to climate change along with the allied
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(Mehaffy, 2013)
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(Bai, 2007)
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(Gianfrate et al.,

2017)

relationship between technological advancements and knowledge in energy
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(van Krugten et
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(Broto, 2015)

an analysis of contradictions in urban low carbon transitions as engines of

change.

(Cosmietal.,
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a holistic approach in order to enhance the energy systems in terms of policy
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(Dall’'O’ et al.,

a methodology that integrates multi-criteria analysis in order to support Public




2013)

Administration/Local Authorities in programming Action Plans

(Head, 2010)

the role of Adaptation as a core concept of twentieth-century cultural ecology.

(Kelly, 2010)

the engineering challenge associated with energy security, climate change and

sustainable consumption of existing buildings.

(Smith, VoB and

Grin, 2010)

the multi-level perspective of socio-technical transitions.

(Moffatt and

Kohler, 2008)

a unified theory of the built environment as a complex social-ecological

system, where multiple-related metabolisms interact at different scales
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(Fonseca et al.,

2016)

a computational framework for the analysis and optimization of energy

systems in neighbourhoods and city districts.

(Glackin and

Dionisio, 2016)

a new methodology for community engagement in the urban regeneration

process introducing the so called: ‘deep engagement’.

(Dixon et al.,

2014)

the importance to identify ‘disruptive’ and ‘sustaining’ technologies which may

contribute to city-based sustainability transitions

(Eames et al.,

2013)

the complex urban transitions under a multiple socio-technical ‘regimes’, scales

and domains within a participatory process.

(Mills, 2003)

an integration of sustainable energy considerations with risk-management

objectives, underlining a more proactive coordination among groups.

Low carbon city transition category and lines of research

Line of References Recording Unit — Pattern: scope detected
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h
(Caoetal., an automatic geometry modelling procedure of existing building facades in order
2017) to recover their semantic structure for reuse in the BEM process.

Energy modelling process

(Heidarinejad

etal., 2017)

a procedure to rapidly create urban scale reduced order building energy models

(Wuetal.,

2017)

a method for a multi-objective and simultaneous optimisation of building energy

systems and retrofit

(Alwan, 2016)

a systematic framework for maintenance and refurbishment in domestic housing

sector for utilising BIM processes.

(Garcia Kerdan

etal., 2016)

a systematic framework that uses exergoeconomic theory integrated into

‘building energy retrofit’ (BER) design.

(Marasco and
Kontokosta,

2016)

the ways to utilize available data to target ECMs across a city’s entire building

stock




(Munarim and

a prospect of environmental indicators to evaluate the feasibility of architectural

Ghisi, 2016) rehabilitation

(Bomberg, the need for an active role for building physics in the development of near-zero
Gibson and energy buildings.

Zhang, 2015)

(De Lieto computerized procedures to calculate in an accurate way the annual energy
Vollaro et al., demand taking in consideration the inertial properties of the structure

2015)

(Dineen, a novel bottom up approach to modelling the energy savings potential of energy
Rogan and O efficiency improvement measures.

Gallachair,

2015)

(Hsu, 2015)

interactions between technical and non-technical parameters for further analysis,
policy development and targeting Data

(Fawcett and

an alternative model of low carbon retrofit whereby improvements happen step

Killip, 2014) by step over several years.

(Wangetal., the building integrated energy efficiency taking into account the economic and

2014) energy efficiency of building envelope and cooling and heating resource

(de Wilde and the use of building performance simulation to quantify the risks that climate

Tian, 2012) change poses to the thermal performance of buildings, and to their critical
functions.

(Heo, a scalable, probabilistic methodology that can support large scale investments in

Choudhary energy retrofit of buildings while accounting for uncertainty.

and

Augenbroe,

2012)

(Lawrence et

the concept of Facilities Management and Modeling as a new form of

Occupant behaviour modelling

al., 2012) information systems to apply the principles of Energy Informatics to increasing
energy efficiency in building operations.

(Mohareb et retrofit measures taking into account how to balance energy and comfort needs.

al., 2017)

(Roberti et al.,

2017)

a methodology that permits finding and comparing optimal retrofits for historic

buildings in a trans-disciplinary and quantitative way.

(Parker et al.,

2017)

a protocol for extracting and using freely available metadata to create occupancy

schedules that are used as inputs for dynamic simulation models.




(Gupta and

Gregg, 2016)

a socio-technical building performance evaluation approach to assess the pre-

and post- actual performance of two discrete deep low energy retrofits.

(Hong et al.,

2016)

the most recent advances and current obstacles in modelling occupant behaviour

and quantifying its impact on building energy use.

(Terés-Zubiaga

et al., 2016)

the occupants’ behaviour and the rebound effect, which show significant

differences on energy consumption values.

(Yanetal., the obstacles and future needs and directions of occupant behaviour modelling.
2015)

(Rhodes etal.,  how energy efficiency retrofits and operational changes can influence a building’s
2015) total and temporal energy use.

(Tianzhen a new holistic approach powered by building performance data and analytics.
Hongetal.,

2014)

(Chuah, retrofit modules with which the user can quickly and easily generate building
Raghunathan models to perform retrofit comparison simulations.

and Jha, 2013)

Life Cycle Analysis Modelling

(Neto and a comparison between a simple model based on artificial neural network and a
Fiorelli, 2008) model that is based on physical principles.

(Yalcintas, a model that estimates energy savings from retrofit projects. A comparison
2008) between before and after the retrofits was used to develop the method.
(Bazjanac, to increase the quality of building energy simulation through simultaneous
2004) interaction of multiple design and simulation tools.

(Fedoruk et the ‘performance gap’ between designed and actual energy performance of
al., 2015) buildings taking into account different stages of a building life cycle.

(Beccali et al.,

2013)

the strong interplay among all the phases of a building life-cycle.

(Peuportier,
Thiers and
Guiavarch,

2013)

the implications of life cycle assessment in thermal analysis.

(Ardente et

al., 2011)

the role of the life cycle approach for selecting the most effective options during

the design and implementation of retrofit actions.

(Dong,
Kennedy and

Pressnail,

to compare demolishing and rebuilding action from the life cycle environmental

and economic analyses point of view.




2005)

Building information modelling process category and lines of research

Line of References Recording Unit — Pattern: scope detected
Research
(Ascione, a multi-objective approach to find robust cost-optimal energy retrofit
Bianco, De Masi,  solutions and to assess their resilience to global warming.
etal., 2017)
(Ascione, how to predict building energy performance with low computational times
Bianco, De and good reliability.
Stasio, et al.,
2017)
§ (Broderick et al.,  the importance of characterising indoor air quality post energy retrofits within
g 2017) the overall building energy performance.
5 (Tadeu et al., a multi-objective optimization approach to identify the minimum global cost
€ 2016) and primary energy needs
E] (Tariku, a whole-building hygro-thermal model, which is used for evaluation of various
_.E Kumaran and retrofit design parameters
£ Fazio, 2015)
.:L: (Shao, Geyer a model-based method to support design teams in making informed multi-
S and Lang, 2014)  criteria decisions for energy-efficiency solutions
2 (Taehoon Hong to develop a decision support model for establishing the optimal energy retrofit
etal,2014) strategy.
(Xu, Taylor and energy saving potential as results of a network synergy effect.
Pisello, 2014)
(Kumbaroglu a techno-economic evaluation method for the energy retrofit of buildings.
and Madlener,
2012)
(Kanapeckiene a Multi-Attribute Decision-Making methods in order to prioritize the
etal,2011) alternatives of comparative projects quite accurately
(Diakaki et al., a methodology to define a optimal solution taking into account multiple and
2010) usually competitive objectives
(Diakaki, the feasibility of multi-objective optimization techniques to the problem of the
Grigoroudis and ~ improvement of the energy efficiency in buildings.
Kolokotsa,
2008)
(Yushchenko the existing practices of cost-effectiveness analysis and propose a modified
and Patel, 2017)  methodology that allows considering perspectives of different stakeholders
(Vilches, Barrios  a methodology to choose the most appropriate retrofit measure in a context of
Padura and fuel poverty.
Molina Huelva,
2017)
(Delmastro, a new bottom-up methodology to aid decision-makers in the energy planning
- Mutani and process
) Corgnati, 2016)
-§ (Kontokosta, the effects of ownership type, tenant demand, and real estate market location
§ 2016) on building energy retrofit decisions in the commercial office sector.
;- (Shen et al., policy instrument as key to drive improving energy-efficiency in building
£ 2016) sectors.
£ (Trencher et al., programmes to advance energy efficiency and retrofitting of existing.
2 2016)

(Senel Solmaz,
Halicioglu and
Gunhan, 2016)

an optimization-based decision support approach to determine the optimal
energy efficiency retrofit options in existing buildings.

(Mauro et al.,
2015)

a novel methodology aimed at supporting robust cost-optimal energy retrofit
solutions for building categories.

(Yang, Ergan
and Knox, 2015)

integrated design teams when evaluating retrofit options in immersive virtual
environments.

(Vlasova and

the success of energy-focused retrofit projects is conditioned by their




Gram-Hanssen,

compatibility with the everyday practices of the families living

2014)

(Asadi et al., a multi-objective optimization model to assist stakeholders in the definition of
2011) ER intervention measures

(Kolokotsa et the decision support processes towards energy efficiency and improvement of
al., 2009) the environmental quality in buildings.

Economic and socio-technical factors

(Ahmed et al.,

2015)

systematic methodology to support the decision-making process for the
integration of various improvement options

(Shakouri, Lee
and Choi, 2015)

a quantitative decision-support model for Community-based PV Investment
Model

(Asadi et al., a multi-objective optimization model using genetic algorithm and artificial
2014) neural network to quantitatively assess technology choices
(Ballarini, a methodology for the identification of reference buildings aimed at creating a

Corgnati and
Corrado, 2014)

harmonised structure for “European Building Typologies”

(Eriksson et al.,

2014)

a heritage impact assessment methodology to enable such a balancing process
in a well-structured and systematic way

Decision-making process category and lines of research

Line of References Recording Unit — Pattern: scope detected
Research
(Tovarovic¢ and Special attention was paid to the implementation of media technologies and
Ivanovi¢- final effects on energy balance of glass fagade.
Sekularac, Jelena
Sekularac, 2017)
(Berardi, 2016) the benefits on the local microclimate and the building energy saving
resulting from green roof retrofits.
(Pérez- vertical greening systems as structures that allow vegetation to spread over
_T‘E Urrestarazu, Luis a building facade or interior wall.
23
= g Fernandez-
2 o
] N
=B Cafiero, Rafael
E
Franco-Salas and
Egea, 2016)
(Aste et al., 2015)  the importance of the dynamic thermal properties as one of the design
parameters.
(Saber etal., the steady-state and transient thermal performance of three wall
2015) assemblies.
(Ascione et al., a phase change materials integrated in the building exterior envelope.
2014)
5 E = E = -:—’D (Carlos, 2017) how passive air heating system can be improved in order to collect more
1E )
o= EZ=
< »n - O

solar heat.




(Eliopoulou and

Mantziou, 2017)

the relationships between basic architectural features and energy

performance.

(Biyanto et al.,

2016)

the performance of heat exchanger.

(Cuce, 2016)

news PV glazing products.

(Evola and

Margani, 2016)

the energy and economic profitability of renovating residential buildings

through the integration of PV panels on facades.

(Hengstberger et

al., 2016)

the thermal comfort in buildings with facade integrated solar thermal

collectors.

(Sietal., 2016)

a selection of green technologies where multiple criteria exist and

interrelate.

(Giovanardi et

the concept and design of a modular unglazed solar thermal fagade

al., 2015) component for facilitating the installation of active solar fagade
(Monetti, the application of space heating control devices such as thermostatic
Fabrizio and radiators valves on an old existing multi-family building.

Filippi, 2015)

(Smith and an experiment application of a short plastic rotary heat exchanger.

Svendsen, 2015)

(Capeluto and

Ochoa, 2014)

a simplified methodology to identify preferred strategies and combinations

for the early design stages of such system

(Moran et al.,

2014)

the use of the Passive House Planning Package modelling tool to assess the

potential for retrofit adaptation measures.

(H&kkinen, 2012)

the method for the analysis of refurbishment concepts.

(Halawa, 2009)

bioclimatic concepts, principles and strategies for large-scale buildings for

the purposes of advanced renovation.

(Hestnes and

Kofoed, 2002)

passive solar and energy efficient retrofitting measures in office buildings.

(Santamouris and

Dascalaki, 2002)

global retrofitting strategies in order to promote successful and cost-

effective implementation of passive solar measures.

Renovation of

building sector

(Carbonaro et al.,

2016)

a joint research project involving manufacturers and research centers,

adopting an integrated multi-objective design process

(Thomsen et al.,

2016)

the tenants’ overall satisfaction with the retrofitting process and the results

of the retrofitting.

(Lietal., 2013)

the economic and financial issues in deploying CO2 capture in the cement




industry.

(Ochoa and

Capeluto, 2015)

a methodology with integrative approach between energy and economic

aspects.

(Rovers, 2014)

an application of standardized process in order to improve ER actions.

(Silva et al.,

2013)

a new prefabricated retrofit module solution for the facades of existing

buildings.

(Xing, Hewitt and

Griffiths, 2011)

a range of technologies for building refurbishment in a sequential manner.

(Aouad, Ozorhon
and Abbott,

2010)

the role of universities in working with industry to promote innovation

Innovative technical solutions category and lines of research

Line of References Recording Unit — Pattern: scope detected
Research
(Siisser, Doring and ~ the multifaceted interplay between place, local entrepreneurship and
Ratter, 2017) ‘community renewable energy’.
(Koirala et al., a model-based framework to assess the distributed energy resources-
2016) consumer adoption model.
£ (Peck and Parker, how organisations may implement renewable energies and improve energy
E} 2016) efficiency.
E Ea (Rydin et al., 2015) local energy initiatives identifying barriers, drivers and incentives to explain
) % their emergence (or not).
g & (Gough, 2015) the complementarity of liveability and sustainability at a theoretical level but
f‘-; 5 recognizes that linkage in practice is complex
58 (Van Der Schoor the transition towards renewable and sustainable energy focusing on what is
*qé and Scholtens, happening at the local community level.
= 2015)
(Simpson et al., the variation in operational performance due to the intervention sequence.
2014)

(Sauter and Watson,
2007)

social acceptance of renewable energy innovation

Comfort
and
Quality of

life

(Santangelo and
Tondelli, 2017)

the existing energy policy instruments and the current analysis methods in
relation to occupant behaviour.

(Berry et al., 2014)

the level of householders’ knowledge on smart technologies.

(Jenkins, 2010)

the problem of installing non-cost effective measure.

(Walker, 2008)

the meaning of “community-owned production and use*

Socio-technological
learning process

(Voytenko et al., how the Urban Living Lab concept is being operationalised in contemporary
2016) urban governance for sustainability and low carbon cities.

(Kersten et al., methods to transfer technological knowledge among residents

2015)

(Petri et al., 2014)

a web-based platform solution that provides integrated access to
sustainability resources in the form of interactive, user-oriented services

(Joss, Cowley and
Tomozeiu, 2013)

the ‘ubiquitous eco-city’ paradigm with strong local contextualisation and
social sustainability measures

(Klemes et al., the development of methods and tools, multimedia internet-based teaching
2013) and learning programs for future practitioners.
Glad, 2012) a socio-technical approach, based on social learning theory in order to

examine the energy system transition.

Energy and environmental awareness category and lines of research
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