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ENGLISH SUMMARY

Around 35% of the buildings in Europe are more than 50 years old, and if not
appropriately maintained these buildings will deteriorate and become less attractive.
Meanwhile, buildings account for more than 40% of the total energy use worldwide
and are responsible for one-third of the total CO, emissions. This substantiates the
increasing focus on building renovation in many European countries, not only in
terms of saving energy but also improving environmental, social, and economic
qualities of the existing buildings. The increasing demands for sustainable solutions
add complexity to the renovation projects and to the decisions faced by professional
building owners. Also, renovation projects often involve multiple decision makers
and stakeholders, bringing multiple, often conflicting, interests to the table. One way
to support the professional building owners in the pre-design stage of renovation
projects is by introducing innovative decision support tools, which can add structure
and transparency to the decision process. While several decision support tools for
building renovation already exist, none of these tools support the professional building
owner sufficiently in choosing which buildings to renovate within a building portfolio,
which has been the main motivation within this project.

This Ph.D. thesis presents a novel decision support tool, REDIS, which can support the
professional building owner in choosing which buildings to renovate within a building
portfolio or which renovation actions to initiate across multiple buildings. The REDIS
tool is a value-based group decision support tool, which provides a framework for
choosing and weighting renovation criteria based on the preferences of the involved
decision makers, registering the conditions of the buildings within the portfolio, and
entering estimated renovation costs. Based on this information, REDIS calculates
the Renovation Value Factor, reflecting which buildings or renovation actions give
the building owner the most value for the money invested, and it presents essential
information that can serve as a foundation for the decision of which buildings to
renovate. REDIS seeks to improve the dialogue among the decision makers in the pre-
design stage of renovation projects and add structure and transparency to the decision-
making process.

This thesis presents the background, design and development, demonstration, and
evaluation of the REDIS tool, from early sketches to the latest prototype. The latest tool
prototype, which is divided into the REDIS Dialogue tool and the REDIS Prioritization
tool, is available at www.redis-tool.com.



DANSK RESUME

Omkring 35% af alle bygninger i Europa er mere end 50 ar gamle, og hvis ikke disse
bygninger vedligeholdes i tilstrekkelig grad bliver de med tiden mindre attraktive.
Samtidig er bygningsmassen ansvarlig for mere end 40% af det samlede energiforbrug
og for mere end en tredjedel af den samlede CO,-udledning pé verdensplan. Dette har
bidraget til et oget fokus pa bygningsrenovering i mange europaiske lande, ikke kun
med fokus pa at reducere energiforbruget, men ogsa i forhold til at forbedre andre
miljemeessige, sociale og ekonomiske aspekter i den cksisterende bygningsmasse.
Den stigende eftersporgsel pa baredygtige losninger oger kompleksiteten i
renoveringsprojekter, og i de beslutninger den professionelle bygherre star overfor.
Renoveringsprojekter involverer ofte mange forskellige beslutningstagere og
interessenter, der hver isar bringer deres forskellige, ofte modstridende, interesser ind i
projektet. Innovative beslutningsstetteverktejer, der kan tilfoje struktur og transparens
til beslutningsprocessen, er én losning til at stotte bygherren i de tidlige faser af
renoveringsprojekter. Selvom der i dag eksisterer flere varktojer, der kan bruges i
renoveringsprojekter, stotter ingen af dem 1 tilstraekkelig grad bygherren i at treffe
valget om hvilke bygninger der skal renoveres inden for en sterre bygningsportefolje,
hvilket har veeret den primare motivation for dette projekt.

Denne ph.d.-athandling preesenterer et nyt beslutningsstettevaerktej, REDIS, der kan
stotte den professionelle bygherre i at veelge hvilke bygninger der skal renoveres inden
for et bygningsportefolje, eller hvilke renoveringsaktiviteter der ber initieres pa tvaers af
flere bygninger. REDIS-varktojet er et veerdibaseret gruppebeslutningsstetteverktej,
der kan hjelpe med at vaelge og vaegte renoveringskriterier baseret pa de involverede
beslutningstageres praferencer, registrering af tilstanden af de eksisterende bygninger
og indtastningen af estimerede renoveringsomkostninger. Baseret pa de informationer
beregner REDIS en Renoverings Veardi Faktor, der afspejler hvilke bygninger eller
renoveringsaktiviteter der giver bygherren mest verdi for pengene, og prasenterer
relevante informationer, der kan fungere som et fundament for beslutningen om
hvilke bygninger der skal renoveres. REDIS har til formal at forbedre og oge dialogen
imellem de involverede beslutningstagere i de tidlige stadier af renoveringsprojekter,
og samtidig tilfeje struktur og transparens til beslutningsprocessen.

Athandlingen prasenterer bagrunden for, design og udvikling af, samt demonstration
og evaluering af REDIS varktgjet, fra tidlige skitser til den seneste prototype. Den
seneste version af varktgjet er inddelt i to dele: REDIS Dialogvaerktejet og REDIS
Prioriteringsvaerktajet, og er tilgeengeligt online pd www.redis-tool.com.



PREFACE

The work presented in this thesis is a part of a Ph.D. project funded by University
College of Northern Denmark (UCN) and Aalborg University. The work has been
carried out by Anne Norkjeer Gade (née Nielsen) at UCN and Aalborg University in
the period from February 2015 to February 2018. The author greatly appreciates that
these organizations have made the Ph.D. possible.

PAPER OVERVIEW

The core of this thesis is the following collection of papers:

Paper A “Early stage decision support for sustainable building renovation
— A review”
Nielsen, A.N.; Jensen, R.L.; Larsen, T.S.; Nissen, S.B.
Building and Environment 2016

Paper B “Decision-making in the Pre-design Stage of Sustainable Building
Renovation Projects”
Nielsen, A.N.; Jensen, R.L.; Larsen, T.S.; Nissen, S.B.
Proceedings of World Sustainable Built Environment 2017

Paper C "Goal Setting in Sustainable Building Renovation - Early
Prototype Design and Testing of a New Decision Support Tool"
Gade, ANN_; Jensen, R.L.; Larsen, T.S.; Nissen, S.B.
The International Design Conference 2018, accepted February 2018

Paper D “Exploring Two Methods for Weighting Criteria in the Pre-design
Stage of Building Renovation Projects”
Gade, ANN_; Jensen, R.L.; Larsen, T.S.; Nissen, S.B.; Andresen, 1.
International Journal of Construction Management,
submitted February 2018

Paper E "REDIS: A Value Based Decision Support Tool for Sustainable
Building Renovation”
Gade, ANN_; Jensen, R.L.; Larsen, T.S.; Nissen, S.B.
Building and Environment, submitted February 2018

This thesis is paper-based, and the papers A—E have been integrated directly into the
main body of text to give the reader a more chronological reading experience, and to
avoid going back and forth between the main text and the appendices to find the papers.
All figures and images are the author's own illustrations unless otherwise stated.



Apart from the papers A—E, the author has participated in the writing of two additional
articles and two short papers during the Ph.D. period. These papers are not a part of
this thesis and should therefore not be evaluated, but they are mentioned to show which
other activites related to the thesis topic the author has been involved with. Both articles
were initially written as short papers for an international workshop held at UCN called
"When Social Science meets LEAN and BIM," and were subsequently developed into
journal articles. These papers revolve around aspects of the building design process
including collaboration between stakeholders and the role of BIM in the design process.

Paper F

Paper G

Paper H

Paper |

“A Knotworking Guideline for Building Projects: Bridging the
Gap between Participants”

Rasmussen, M.; Gade, A.N.; Jensen, R.L.

Int. Journal of Engineering Research and Application, 2017

"The Explorative Building Design Process mediated with Building
Information Modelling: A Case Study using an Activity Theory
approach”

Gade, P.N.; Gade, A.N.; Otrel-Cass, K.; Svidt, K.

Construction Management and Economics, Accepted 2017

“Bridging the Gap between Actors and Digital tools in a
Furnishing Design Process”

Rasmussen, M.; Gade, A.N.; Jensen, R.L.

Conference proceedings of When Social Science meets Lean and
BIM, Aalborg, 2017

“Contradictions of Designing with Building Information
Modelling - A Case Study with an Activity Theory Perspective”
Gade, P.N.; Gade, A.N.; Otrel-Cass, K.; Svidt, K.

Conference proceedings of When Social Science meets Lean and
BIM, Aalborg, 2017
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CHAPTER 1. INTRODUCTION

1 INTRODUCTION

This thesis is a part of a Ph.D. project made in collaboration between University
College of Northern Denmark and Aalborg University. The motivation for the project
was inspired through a close dialogue with AaK Bygninger, the building department of
the municipality of Aalborg, who in 2015 went through the process of choosing which
school buildings to renovate within a building portfolio of 56 schools. The municipality
had set aside 67 million Euro to renovate the school buildings, and based on registrations
of the condition of the 56 buildings, a Development and Investment plan was created
by AaK Bygninger, suggesting ten schools to be renovated first [1]. The Development
and Investment plan was subsequently presented to the local politicians, who had to
make the final decision on which schools to renovate. This decision-making problem
inspired the author with the idea of developing a new decision support tool that can
support professional building owners when making similar decisions in the future.

Renovation of the existing building stock is currently getting increased attention in
many European countries. The primary reason is that around 35% of the European
buildings are more than 50 years old [2], and these buildings hold a great potential for
improving environmental, social, and economic aspects. One of the early decisions
that the professional building owners face is the choice of which buildings to renovate
within a building portfolio, similar to the decision the municipality of Aalborg went
through. This is a complex decision, as it involves multiple parameters and multiple
decision makers and stakeholders, who are bringing multiple, often conflicting interests
to the table. Decision support tools are one way to support the professional building
owners through this decision process.

During the past decades, multiple decision support tools for building renovation have
emerged, both in academic literature and in the construction industry. These tools can
be applied at different stages of the renovation projects, and a majority of these tools
focus on performance estimation of design alternatives in the late design process, e.g.
energy simulations, cost calculations, etc. [3]. Only a few tools include the aspect of
setting goals at an early stage and even fewer are flexible with regard to the choice
of criteria [3]. This Ph.D. project seeks to fill this gap by suggesting a value-based
decision support tool that can support the professional building owner in the pre-design
stage of renovation projects.

This study aims to develop a new decision support tool that can support professional
building owners in choosing which buildings to renovate within a building portfolio.
The tool should provide a framework for supporting the building owners in facilitating
a group decision process of 1) setting strategic objectives in renovation projects based
on the preferences of the involved decision makers, 2) registering the condition of
the existing buildings, 3) entering estimated renovation costs, and 4) based on the
objectives, registrations, and costs, calculate which buildings — or renovation actions
across multiple buildings — will give the building owner the most renovation value
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for the money. The tool provides a ranking of the buildings based on a calculated
Renovation Value Factor (elaborated in paper E), along with visual feedback
highlighting the relevant aspects of the decision results. The output can then serve as
a decision foundation for politicians or other decision makers.

Design Science Research has been applied as the main methodological framework
within this project. This thesis presents the background, design and development,
demonstration, and evaluation of the REDIS tool, from early sketches to the latest
prototype. The latest version of the prototype is available at www.redis-tool.com. The
following section presents an outline of the thesis, providing an overview of the topics
presented throughout the thesis along with the papers A—E.

1.1 THESIS OUTLINE

Chapter 1 presents the introduction, including the motivation and background of the
study.

Chapter 2 introduces the research design, including research questions, the methods
used in the project, the overall methodology, and limitations of the study.

Chapter 3 provides a state-of-the-art literature review of existing decision support
tools for sustainable renovation, based on paper A.

Chapther 4 presents interviews with potential users of the new decision support tool
as a starting point for the design process, based on paper B.

Chapter 5 presents the design, development and evaluation of the REDIS tool.
This includes design iterations, investigation of two methods for weighting criteria,
formative testing of an early prototype, and evaluation of the latest prototype, based
on the papers C, D, and E.

Chapter 6 presents a discussion of the results of the thesis, considerations on future
research, and conclusions drawn from the study.

Appendix A-E contains diagrams and sketches from the design process, screenshots
of the five prototype versions, interview questions, and surveys.



CHAPTER 2. RESEARCH DESIGN

2 RESEARCH DESIGN

This chapter introduces the research design of the Ph.D. project, including the research
questions and methods used in the project, the overall methodology, and the limitations
of the study.

2.1 RESEARCH QUESTIONS AND METHODS

As mentioned in the introduction, the project idea evolved from conversations with
the municipality of Aalborg and their decision problem of choosing which school
buildings to renovate. An initial discussion within the project was how to measure
“value” in renovation projects as a foundation for deciding which buildings to renovate.
This led to the following questions: what is value, and how is it measured? In school
renovation projects, is it how much the pupils are learning, how happy they are, or
their physical well-being? Is it the overall value for the society that improved school
buildings potentially entail? Value can be defined in many different ways, depending
on the context and the people describing it. Ralph Keeney defines the term “value
focused thinking” as the concept of looking at values in decision-making instead of
choosing between the available alternatives [4]. He argues that values should be the
driving force of decision-making, since values are more fundamental to a decision
problem than the alternatives, and that the interest in any decision problem is the desire
to avoid undesirable consequences and to achieve desirable ones [4]. In the context
of building renovation, value focused thinking involves looking at the values for the
renovation projects as a point of departure for the decision-making process, and not
the alternatives available, as this can limit the space of possible solutions. Focusing
early and deeply on values when facing difficult problems can potentially lead to
more desirable decision consequences, according to Keeney [4]. The concept of value
focused thinking has been a driving factor in this project, as the author aligns with the
point of view that values are the logical point of departure for a fruitful decision-making
process, in this case, in building renovation projects. After initially reviewing the
literature and the initial dialogue with the municipality of Aalborg, the author decided
to focus on decision support, as this was a way to directly support the decision-making
process in practice. This motivated the formulation of the main research question of
this Ph.D. project:

How can a new decision support tool be designed, which can help the professional
building owner choose which buildings to renovate within a building portfolio, based
on the preferences of the involved decision makers, the existing state of the buildings,
and cost estimates?

In order to answer the research question, five sub-questions have been formulated to
break down the overall task. Table 1 presents the sub-questions, along with the methods
used to answer them, and the articles within the thesis where the related results are
presented. The methods are elaborated in the individual articles.
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Research question

Which decision support tools for building
renovation currently exist, and which gaps can
be identified in the literature?

How do professional building owners currently
set goals for sustainability in renovation
projects, register existing buildings and choose
which buildings to renovate within a building
portfolio?

How can the professional building owner be
supported in setting goals in sustainable
building renovation projects?

How can the weighting methods Analytical
Hierarchy Process and Welghting, Rating ond
Calculating support decision making in the pre-
design stage of renovation projects?

How can a new decision support tool be
designed to support the process of choosing
which buildings to renovate within a building
portfolio?

Methods used

Literature review

Semi-structured
interviews

Open coding
Sketching

Scenarios
Think-aloud testing
Open coding
Workshop incl. focus

group interview

Surveys

Interaction design

Experimental simulation

Answered in

Paper A:

Early Stage Decision Support for
Sustainable Building Renovation — A Review
Paper B:

Decision-making in the Pre-design Stage of
Sustainable Building Renovation Projects

Paper C:

Goal Setting in Sustainable Building
Renovation - Early Prototype Design and
Testing of @ New Decision Support Tool

Paper D:

Value-Based Decision-Making in the Pre-
design Stoge of Sustainable Building
Renovation - Exploring Two Methods for
Criteria Weighting

Paper E:

REDIS: A Value-Based Decision Support Toal
for Sustainable Building Renovation

Table 1. Research questions, the methods used to answer the questions, and how they are rela-

ted to the articles.

2.1.1 LIMITATIONS OF THE STUDY

The areas that have been given the most attention in this Ph.D. project are the aspects
of weighting criteria, including illustrating the prioritizations of the decision makers
to improve the dialogue of what is important in the particular project, along with the
design of the user interface. Less emphasis was put on developing a new method for
registering the condition of existing buildings, because there are tools and methods
with that focus already, and so it was considered sufficient in the context of this study.
Also, the study does not focus on the judgment of which criteria should be included
in renovation projects or whether or not the combination of criteria is considered

sustainable.
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2.2 METHODOLOGY

The overall methodology applied in the project has been the Design Science Research
Methodology (DSRM). DSRM incorporates principles, practices, and procedures
in the discipline of designing successful artifacts, and this methodology has been
widely applied in information systems research [5]. Hevner et al. define artifacts as
instantiations, constructs, frameworks, models, or methods applied in the development
and use of information systems [6]. In addition, artifacts constructed in design science
research are rarely full-grown information systems used in practice, but instead the
artifacts are “innovations that define the ideas, practices, technical capabilities, and
products through which the analysis, design, implementation, and use of information
systems can be effectively and efficiently accomplished” [6].

In this context, the artifact is the REDIS tool. The level of artifact representation in
this project has taken different forms throughout the design process (Figure 1). At the
beginning of the design process, the system was described as a construct, which was
on the level of presenting a vocabulary and symbols describing the artifact. Later, the
artifact developed into a model, at the stage where early sketches of the system were
made, which are defined as abstractions and representations. At the latest stage of
the design process, the artifact was developed into an instantiation, where different
iterations of a prototype system were developed. Figure 1 shows the levels of artifact
representation throughout the design process.

Levels of artifact representation
Process iterations

- 3 I
Construct Model Instantiation
In the early stage of the project, the Early sketches of the system were made, The artifact developed into a system
artifact was described using vocabulary including sketches of the user interface instantiation with the development of inter-
and symbols (e.g. requirement formula- and diagrams illustrating the functional- active prototypes, demonstrating feasa-
tion, scenario descriptions etc. ) itites of the system and how the users bility of both the design process and the
were intended to interact with the system. designed product.

Figure 1. Levels of artifact representation throughout the project.

Peffers et al. [5] have described the overall steps within DSRM as problem identification,
defining objectives for a solution to the problem, design, and development of the
artifact, demonstration of the artifact, followed by evaluation and communication of
the results. The steps are iterative, but the design and development take its point of
departure in the problem definition. The research process within this Ph.D. project has
followed the overall phases described by Peffers et al. [5]. Figure 2 shows these phases
in relation to the activities carried out in the project.
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Overall phases Process iterations

Identify Define Design and Demonstra- Evaluation Communica-

problem objectives development tion tion

of a solution

Define problem Observe use of Scholary publica-

) What would a Design and devel- Use artifact to the artifact tions

Show importance better artifact op artifact solve problem
accomplish? Iterate back to Professional publi-
design cations

Related activities

| Literature review | | Requirements for | Scenarios . | Prototype testing | | Evaluation of | | Scholary publica- |
. | | anew decision 1 | | | 1 1 design and | | tions |
i Interviews with i i support tool for i i Storyboards i i Comparing i E demonstration i i i
| potential users | | renovation . . , | weighting ' ' \ | Thesis .
' i " ' y Design sketches i | methods H | Prototype i i y
E E E E i E E E E development E E Website i
' , ' . | Prototype } | Prototype | ' } , .
E E E E i development E E development E E E E User manual in E
! I ! ! 1 i I ' ' | I

Figure 2. The activities carried out in this project in relation to the overall phases of Design
Science Research Methodology as described by Peffers et al. [5].

In the problem identification phase of the problem, a literature review was conducted
to provide a state-of-the-art overview of existing decision support tools and to
identify gaps in the existing research (paper A). Based on the theoretical foundation
of the literature review, interviews were made with professional building owners to
investigate their current practices when working with building renovation projects, in
order to ensure a practical foundation of the project (paper B). Based on the results of
the literature review and the interviews, an initial set of requirements for the REDIS
tool were formulated during the “define objectives of a solution” phase. This activity
initiated the design and development phase, where the design and development
activities took place, including scenario descriptions, storyboards, design sketches,
and development of several prototype iterations (paper C). During the “demonstration”
and “evaluation” phases, the prototype versions were tested and evaluated (papers C
and E). The prototypes were further developed based on the evaluation results, and
two methods for weighting criteria were investigated as a part of the development
process (paper D). The process has been iterative in practice, and the results have been
communicated through the papers, the REDIS website, user manuals integrated into the
tool prototypes, and finally through this present thesis, as a part of the communication
phase.
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2.2.1 DESIGN SCIENCE RESEARCH GUIDELINES

Apart from the overall steps shown in Figure 2, table 2 shows seven guidelines for
Design Science in Information Systems Research as described by Hevner et al. [7].
The seven guidelines have been applied to this project throughout the design process to
ensure that the project met the criteria for a successful design science research project.

Guideline Description

Guideline 1: Design as an Artifact Design science research must produce a viable artifact in the form of a construct, a model, a
method, or an instantiation

Guideline 2: Problem relevance The objective of design science research is to develop technology-based solutions to important
and relevant business problems

Guideline 3: Design Evaluation The utility, quality, and efficacy of a design artifact must be rigorously demonstrated via well-
executed evaluation methods

Guideline 4: Research Contributions Effective design science research must provide clear and verifiable contributions in the areas of the
design artifact, design foundations, and/or design methodologies

Guideline 5: Research rigor Guideline Design science research relies upon the application of rigorous methods in both the construction
and evaluation of the design artifact

Guideline 6: Design as a search process The search for an effective artifact requires utilizing available means to reach desired ends while
satisfying laws in the problem environment

Guideline 7: Communication of research Design science research must be presented effectively to both technology-oriented and

management-oriented audiences

Table 2. Design Science Research Guidelines by Hevner et al. [5].

The first guideline is that design science research requires the creation of an innovative,
purposeful artifact. The second is that it should be designed for a specified problem
domain. Both the artifact and problem domain must be described effectively, enabling
implementation and application of the artifact [6]. The third guideline is the design
evaluation, which is a crucial component of the process, as this is where design
science research distinguishes itself from the development of information systems
artifacts in a non-research environment, along with the communication of research
results. Since design is an iterative activity, the evaluation phase provides essential
feedback during the development of the design. A design artifact is complete and
effective when it satisfies the requirements and constraints of the problem it is meant
to solve. Different evaluation methods are suggested by Hevner et al. as observational,
analytical, experimental, testing, or descriptive [6]. Furthermore, they suggest that
the evaluation should include an assessment of the style of the artifact, as aesthetic is
an important aspect both to the designer and user, even though this can be difficult to
define and measure. The result or outcome of design science research in information
systems research is by definition a purposeful IT artifact created to address an important
organizational problem, and which is described effectively to enable its implementation
and application [6]. Design science research must provide clear contributions in the
areas of the design artifact. In this project, the main contribution is the proposed artifact
itself in the form of the REDIS tool. It must enable the solution of so far unsolved
problems and extend the knowledge base or apply existing knowledge in new and
innovative ways. Design science research requires the application of rigorous methods
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in both the construction and evaluation of the designed artifact, by effective use of
theoretical foundations and research methodologies [6]. Chapter 6 provides reflections
on how the results of this Ph.D. project meet the design science research guidelines.

2.2.2 METHODOLOGICAL CONSIDERATIONS

The reasons for applying the DSRM within this project are that the main objective
has been to develop a new decision support tool for sustainable building renovation,
and the methodology provides a useful framework for achieving this goal. The phases
presented in Figure 2 and the guidelines shown in Table 2 provide a structured approach
to ensuring that all aspects of the process are carefully considered, and this approach
has been useful in the planning and carrying out of the project activities. Furthermore,
the methodology was chosen because it represents a close connection between practice
and theory, and it encourages contributions in both academic and professional contexts.
This aligns with the intentions of this project, which are to improve current practices
within the construction industry by providing a novel decision support tool and, at
the same time, to contribute to existing knowledge within the construction literature
through scholarly publications.

Hevner et al. [6] describe two distinct paradigms within design science research:
behavioral science research, which can be described as a problem understanding
paradigms, and design science research that can be described as a problem-solving
paradigm. However, in the design science research methodology [5] these two
paradigms are represented in two distinct phases of the problem-oriented process,
both understanding and solving it. In this project, the author has sought a balance
between the problem understanding and the problem-solving activities. The initial
activities of the project have been of an explorative character, seeking to understand
the field of study in depth and gain a sufficient level of knowledge on the subject to
initiate the problem-solving activities of deveoping the REDIS tool. This was achieved
by reviewing the literature (paper A), interviewing potential users of the REDIS tool
(paper B) to understand the process of decision-making in the specific situation and
context [8], and testing the REDIS prototype at different stages to get feedback from
users. Qualitative research approaches have been undertaken in order to gain in-depth
insights into the current practices of the users, through interaction with the users.

The problem understanding activities have mainly been undertaken during the
“Identify problem” and “Define objectives of a solution” phases illustrated in Figure
2. However, as mentioned earlier, the process has been iterative, and the author has
worked across the different phases in practice, e.g. to ensure that the state-of-the-art
knowledge regarding decision support tools for renovation has been up to date, and
to update the tool requirements along the way as the design process progressed and
new knowledge was achieved e.g. through prototype testing. The problem-solving
activities of the project was initiated during the “define objectives of a solution” phase,
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in which the initial tool requirements were formulated and early sketches and diagrams
were made, and these activities continued through the “design and development,”
“demonstration” and “evaluation” phases. The problem-solving activities involved
the development of the REDIS tool prototype versions (papers C and E), the testing
with potential users (paper C), investigating weighting methods (paper D), and the
application example presented in paper E. The author believes that both the problem
understanding and problem-solving activities have been valuable within this research
project. Understanding the problem is highly important to ensure relevance of the
research and that the developed artifact is applicable in practice. The problem solving
has been the actual development of the REDIS tool, providing a product of the research
project in the form of an artifact instantiation. The tool can be directly applied within
the construction industry, and therefore potentially provide direct value in practice.

The underlying epistemological assumptions in the project are in the direction of
interpretivism, which is described in the Oxford dictionary as:

“An umbrella term for a range of academic perspectives on the interpretation of social
reality and meaning-making, distinguished from scientific positivism by a focus on
understanding rather than prediction and explanation, on contingency rather than
universal laws, and on reflexivity rather than objectivism. It includes phenomenological
and hermeneutic approaches, ethnomethodology, symbolic interactionism, social
constructionism, and social semiotics.” [14]

Approaching the development of the IT artifact from a positivist perspective would
have been with the assumption that objective knowledge exists, and the focus would
be on what can be measured quantitatively. This could lead to developing an artifact
that does not take the user into account, or the expectation that introducing new
technology will automatically change the users’ behavior. On the other hand, having
an interpretivistic approach recognizes the human actor as important and analyzes the
human behavior in the interaction with the technology as an important factor. In this
project, this has primarily been done through qualitative methods such as interviews
and observations. Within the interpretivistic perspective, reality is socially constructed,
and the researcher is a social actor interacting with the world and the field of research.
The researcher is therefore seen as subjective, contrary the positivist perspective where
the research ideally is objective. In this Ph.D. project, the author has investigated
the problem domain through interviews and observation, and has also analyzed and
interpreted the results and carried out the design and development of the artifact. The
subjective involvement of the researcher aligns with the interpretivist viewpoint.

Both observational, experimental, and descriptive research approaches have been
included in the evaluation of the artifact at different stages of the design process. An
early prototype was tested through “think aloud” experiments (paper C), where the
users were asked to click through the interactive prototype and speak their thoughts
along the way. This allowed for explorative testing; the researcher gained valuable
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insights into the user’s thoughts and reactions on the interaction with the prototype.
This investigation formed the ground for the subsequent testing of the prototype,
hereunder the final demonstration and evaluation (paper E). The descriptive approach
was undertaken through writing and illustrating scenario descriptions for the use of
the artifact. This was used as a tool for reflection and communication with users and

Supervisors.
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3 STATE-OF-THE-ART

During the problem identification phase, a literature review was conducted to
investigate existing decision support tools applicable in the pre-design and design
phase of building renovation projects. The tools were analyzed and divided into where
and how in the renovation project they could support the decision makers. The review
provides a state-of-the-art overview of the existing tools, in order to identify how
and where the development of a new decision support tool can contribute to existing
research. Also, an initial conceptual framework for the tool is presented in the review
article, describing the different modules composing the system architecture. Updates
to the review including new tools that have emerged since the article was published
are introduced in extension to the article.

3.1 PAPER A
The following article denoted Paper A, is titled “Early Stage Decision Support for
Sustainable Building Renovation — a Review.” The article has been published in the

journal Building and Environment, volume 103, pages 165-181, 2016.

DOI: 10.1016/j.buildenv.2016.04.009
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Decision support tools for building renovation are important as assistance to professional building
owners when setting goals for sustainability, and for making sure that the objectives are met throughout
the design process, both when renovating a single building or choosing renovation actions within a
building portfolio. Existing literature on decision support tools applicable in the pre-design and design
phase of renovation projects have been reviewed, with the aim of providing a state-of-the-art overview.
The paper categorizes the tools into six areas in which they can support the decision makers in the
renovation process: in setting sustainability goals, weighting criteria, building diagnosis, generation of
design alternatives, estimation of performance, and in the evaluation of design alternatives. These six
areas are unfolded throughout the paper, along with examples and discussion of the applicability of the
tools in the corresponding areas of the renovation process. The study presents perspectives on the future
development of decision support tools in renovation projects, including the aspect of renovating multiple
buildings. Areas for future research are suggested, such as emphasizing the aspect of choosing and
weighting sustainability criteria, providing explicit guidelines for screening the existing building(s), and
prioritizing renovation actions within a building portfolio.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The assessment of the sustainability of buildings has emerged as
one of the major issues in the building industry [7]. In 1990, the

Buildings are responsible for more than 40% of the energy use Building Research Establishment Environmental Assessment
worldwide and for one-third of global greenhouse gas emissions Method (BREEAM, UK) was developed as the first comprehensive
[1], which entails increasing attention on sustainable development building performance assessment method [7], followed by other
within the construction industry. In Europe, actions have been first generation methods such as LEED (USA), CASBEE (Japan),
made to reduce energy consumption and carbon dioxide emissions GreenStar (Australia) and HQE (France). Common for these is that

in the building sector and the built environment [2—4]. In Denmark, the main focus is on the building's influence on the environment
the government has a long-term objective of being free of fossil and the use of energy [8]. Second generation assessment tools such
fuels by 2050, and an important element in this is improving en- as DGNB (Germany) and LEnSE (EU) also include economic, socio-

ergy efficiency [5]. In 2014, the Danish government presented a cultural, and technical aspects, and deal with the entire lifecycle
strategy for energy renovation of the existing building stock in of the building [8]. The different assessment methods have been
Denmark towards 2050, emphasizing the potential for building adapted to local climatic conditions, rules, and regulations [9], as
renovation regarding reducing energy consumption and CO; well as vary in their weighting of categories, ratings, flexibility and
emissions, without compromising environmental, social and eco- assessed building typologies [10]. Several assessment tools have

nomic quality [6].

* Corresponding author.

been adapted for renovation purposes (e.g. BREEAM, LEED, CASBEE,
and DGNB) [11], along with assessment tools specifically developed
for renovation, such as reSBToolCZ [12]. The comprehensive nature
of the assessment methods makes it challenging to integrate all of

E-mail addresses: anni@ucn.dk (A.N. Nielsen), rlj@civil.aau.dk (R.L. Jensen), tsl@ the assessment criteria in the early design phase, as it is both time

civilaau.dk (T.S. Larsen), sbn@ucn.dk (S.B. Nissen).

consuming and the level of information needed to make proper

http://dx.doi.org/10.1016/j.buildenv.2016.04.009
0360-1323/© 2016 Elsevier Ltd. All rights reserved.
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3.2 LITERATURE REVIEW UPDATE

After the literature review was made, several new decision support tools applicable in
renovation projects have emerged in the academic literature. The author searched the
literature from 2016 and 2017, and the primary method was to search the literature
using the Scopus database, relevant journals such as Building and Environment and
Energy and Buildings, and relevant conference proceedings, using search terms such

ERINT3

as “renovation”, “retrofit”, “decision support”, “decision making”.

Table 3 shows the eight tools identified during the new search made at the end of 2017.
The tools are divided into six categories reflecting in which areas of the renovation
process they can support the decision makers, following the approach taken in paper A.

Name of Tool Year  Authors/developers Goal Criteria Building Design Performance  Design
Setting Weighting Diagnosis Alternatives Estimation Alternatives
) o Generation Evaluation

2016  Seddiki et al. [9] X X X
ARD-FOURMI 2016  Taillandier et al. [10] X X X X
BECEREN Tool 2016  Olsson et al. [11] X X
DREEAM Tool 2017  Naegelietal. [2] X X
Gamification 2017  Hansen et al. [12] X
dialogue tool

2017  Jafarietal. [13] X

2017  Kamari et al. [14] X X
SWAHO 2017 Li et al. [15] X X X

Total: 5 2 0 2 5 4

Table 3. Decision support tools applicable in renovation project found in the literature from
2016 and 2017.

3.2.1 GOAL SETTING, WEIGHTING OF CRITERIA, AND BUILDING
DIAGNOSIS

Out of the eight decision support tools applicable in building renovation projects
identified in the literature from 2016 and 2017 (Table 3), five include the aspect of
goal setting. Two of the tools include the aspect of weighting criteria, and none of
the reviewed tools explicitly include the aspect of assessing the state of the existing
building(s).

Seddiki et al. [10] proposed a new multi-criteria group decision-making method for
thermal renovation of masonry buildings, focusing on improving energy efficiency of
the existing buildings. The method is a process and management tool that is intended
to be used for documentation, calculation, decisions, and communication. The method
is flexible with regard to applying sustainability assessment methods and is intended
to be open to the digital tools in the building industry, e.g. BIM, energy and indoor
environment software, and other calculation software. Taillandier et al. [11] developed
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amethod for decision support regarding the choice of case-relevant renovation solutions
focusing on improving thermal performances of houses built around 1970. The method
explicitly incorporates the preferences of the house owners and proposes a renovation
approach and result that the owner can easily understand. The method applies a
set of criteria identified according to the three pillars of sustainable development:
environmental, economic, and social sustainability. The criteria included in the tool
were identified based on interviews with the homeowners, reviewing the literature,
and feedback from building experts. Hansen et al. [13] developed a new dialogue and
prioritization tool aimed towards non-professional homeowners in housing associations.
The tool is based on gamification and seeks to make the complex and academic issue
of sustainability available to the decision makers in housing associations, which are
the occupants. The tool uses the DGNB system to turn sustainability into measurable
parameters and seeks to quantify and visualize the results of qualitative decisions as a
driver for better dialogue. Kamari et al. [15] proposed a Value Map — a sustainability
framework to audit, develop and assess building renovation performance, and support
decision-making during the project lifecycle. The framework can be applied during
different project stages and support decision-making and communication with relevant
stakeholders. The framework can be used to identify key performance criteria, and later
to evaluate renovation solutions during the design phase or upon project completion.
Sustainability categories, criteria, and indicators are proposed as a part of the framework,
seeking a holistic approach to sustainable renovation. Li et al. proposed the SWAHO
(Sustainability Weighting Assessment for Homeowners) tool [16], aimed at helping
non-professional homeowners choose sustainable renovation actions. The conceptual
model of SWAHO integrates the tasks of sustainable renovation, from decisions
on renovation actions to ordering products. The tool proposes a list of renovation
actions, including their estimated costs, and the users can choose the actions they
want to include in their analysis. A list of criteria is provided as a part of the SWAHO
framework based on a review of sustainability assessment methods, where the criteria
relevant to the homeowners have been identified.

Two of the reviewed decision support tools include the aspect of weighting criteria. In
the framework proposed by Seddiki et al. [10], the Swing method is used to facilitate
the process of determining criteria weights. The Swing method uses a reference state
where all criteria are at their worst level, and it asks the decision -maker to assign points
to states in which one criterion at a time moves to the best state. The weights are then
proportional to these points [10]. The group decision support system PROMETHEE
GDSS was applied to reach a global ranking of the renovation solutions following the
group decision preferences. In the SWAHO framework proposed by Li et al. [16],
the Weighted Sum Method is used for the decision makers to assign weights to the
renovation criteria. The decision-making problem is treated as a knapsack problem,
where the weight and value of an item determine which items to include in a knapsack
to maximize the total value while making the total weight less than or equal to a given
limit [16].
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3.2.2 GENERATE DESIGN ALTERNATIVES, PERFORMANCE
ESTIMATION, AND EVALUATION OF ALTERNATIVES

Two of the reviewed tools include the aspect of generating design alternatives. The
ARD-FOURMI tool [11] proposes 27 different renovation solutions, from which the
homeowners can choose, such as “roof insulation from outside” and “replacement of
the windows and doors”. The DREEAM tool suggests different renovation concepts
based on national construction cost catalogs linked to data of embodied environmental
impact of the materials [2]. Five of the reviewed tools include the aspect of performance
estimation, and four of the tools support the decision maker in the evaluation of
renovation alternatives.

In the group decision support tool for thermal renovation of masonry buildings proposed
by Seddiki et al. [10], the generation of renovation alternatives is performed with an
open discussion among the decision makers. Each alternative should be evaluated in
terms of all the criteria, and the evaluations can be quantitative and qualitative. In the
ARD-FOURMI tool, Taillandier et al. [11] make simulations and compare solutions
in order to reduce house energy consumption. Furthermore, simulations are made
regarding the thermal comfort, and the annual energy savings and the house value
gain are calculated initially. Subsequently, the additional cost of the different solutions
with respect to a reference solution is considered, along with considerations of the lost
surface when extra insulation is applied, of fire protection rating and of the durability
of the material. The BECEREN tool [12] is designed to evaluate different improvement
options for a specific building regarding energy use, contribution to climate change,
and life cycle cost. Furthermore, it is designed to elaborate relevant environmental
targets for operational energy use and contributions to climate change in renovation
projects. The BECEREN tool provides a list of potential improvements and calculates
both LCC and LCA for the renovation alternatives [12]. The DREEAM tool [2] consists
of an energy module, an indicator assessment module, an optimization module, and
connected databases that serve as a basis for the calculations. The energy module
calculates the energy performance, and the output is used to generate different economic
and environmental indicators. Lastly, the optimization module evaluates and optimizes
the different renovation concepts. In the DREEAM tool [2], the different renovation
solutions are assessed against economic and environmental indicators, generated by
the assessment module. The economic assessment is made based on LCC assessment,
calculating the overall life-cycle costs as well as the return on investment or the net-
present-value. The environmental assessment applies a simplified lifecycle assessment
(LCA), calculating the environmental impact of the current status of the renovation
approach. The evolutionary optimization algorithm NSGAII (Non-dominated Sorting
Genetic Algorithm) is used to generate and evaluate different renovation options.

In the optimization framework for building energy renovation decision-making

presented by Jafari et al. [14], the energy consumption is calculated using an energy
simulation program. Then, potential renovation measures can be implemented to the
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specific building based on opinions of the homeowner, decision maker, or experts.
The energy consumption and LCC of the building are then calculated to determine
the economic benefits for the homeowner. An optimization methodology is then
applied to select the optimal energy renovation strategy among selected potential
measures according to the maximum benefits to the homeowner [14]. The decision-
making support framework proposed by Kamari et al. [15] can be used to evaluate if
one renovation solution is more preferable than the other, by discussing the different
solutions in relation to the Value Map. The SWAHO tool [16] provides three renovation
solutions to the homeowner. A solution includes a set of suggested actions, the total
cost, and a total sustainability score. To compare the three solutions in terms of total
cost, total score, and sustainability benefit score per dollar, a bar chart is presented for
evaluation.

3.3 SUB-CONCLUSION

The update to the literature review article was made to contribute to the state-of-the-art
of the development of decision support tools applicable in the pre-design and design
phase of renovation projects by providing an overview of the existing tools. The review
has supported the author in identifying the knowledge gaps within the literature in
order to position the REDIS tool in relation to existing research, which is discussed in
paper E. Furthermore, the continuous development of new tools indicates that there is
aneed for new and improved decision support tools for renovation, thus substantiating
the relevance of the REDIS tool.

Out of the reviewed tools five included the aspect of setting goals in renovation
project, two included the weighting of criteria, none explicitly provided a framework
for building diagnosis, two of the tools generate or suggest renovation alternatives,
five tools estimate performance, and four support the decision maker in evaluating
renovation alternatives. Out of the five tools supporting the decision maker in setting
goals, all provide a set of fixed criteria as a point of departure for the goal-setting
process. The Value Map by Kamari et al. [15] explicitly apply value-focused thinking
and can support the decision makers in discussing the specific values for the project,
and thereby provides a flexible approach to the elicitation of renovation criteria. The
two tools which encompass criteria weighting apply respectively the Swing weighting
method [10] and the Weighted Sum Method. Both of these methods are relatively easy
to understand and apply, which is an important aspect to ensure practical applicability
of the tools. With the tools generating or suggesting design alternatives, different
renovation scenarios and renovation actions were provided in the two tools. However,
none of the tools support the decision maker by actually generating the renovation
alternatives, but provided the scenarios and actions to the decision maker from which
to choose. The five tools which encompass the aspect of performance estimation apply
energy calculations, thermal comfort simulations, LCC, and LCA respectively. The
four tools encompassing the aspect of evaluating renovation alternatives do so by
presenting the results or solutions to the decision makers, so they can evaluate the
renovation alternatives in relation to the criteria, or, as in the Value Map framework,
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by providing a framework for discussing the alternatives.

Based on the results and suggestions for further research in paper B, the initial
conceptual model of the REDIS tool consisted of four modules: 1) a goal setting
module emphasizing choosing and weighting renovation criteria, 2) a registration
module providing a framework for registering existing buildings, 3) a ranking module
ranking the buildings according to their need for renovation, and 4) an evaluation
module that can support the decision makers in evaluating different renovation
alternatives in relation to the goals (Figure 3). As shown in Figure 3, the renovation
criteria can be from relevant sustainability assessment methods, or they can be made
for the specific project.

i The building owner wishes to renovate multiple
i buildings

:L ________________________________________ B Building sustainability
assessment methods
.---] (e.g. BREEAM, LEED or
DGNB)

AND/OR

. Goal Setting Module

Sustainability objectives, criteria and weights are : Project lspecific criteria
defined and weights

Existing building data

+ Perform on-site regi-
stration of building(s)

+ Conduct user
suvey(s)

Registration Module
Information on existing building(s) is collected

+ Choose criteria
and measures

« Determine
weights

Ranking Module
Buildings are ranked according to their need for
renovation based on sustainability goals and
registration data

Choose order of
renovation actions
within building portfolio,

Evaluation Module
The buildings are assessed in relation to the
sustainability goals during the design process
and/or as an assessment of the finished
buildings

Figure 3. The initial conceptual model of the REDIS tool.
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4 INTERVIEWS WITH BUILDING
OWNERS

Based on the theoretical foundation of the literature review (paper A) and the initial
conceptual model of the REDIS tool (Figure 3), interviews with professional buildings
owners were undertaken to gain a deeper understanding of the current practices in
relation to prioritizing renovation activities within larger building portfolios.

The interviews were undertaken to investigate how professional building owners
currently set goals in renovation projects, register existing buildings, and prioritize
which buildings to renovate within a building portfolio. Five Danish building owners
(three municipalities and two housing associations) were interviewed for the paper.
The interviews were made as a part of the Problem Definition phase of the project to
investigate the practical needs of the building owners and to ensure that the proposed
tool would meet those needs and potentially improve current practices.

4.1 PAPER B

Paper B refers to the conference paper entitled “Decision-making in the Pre-design
Stage of Sustainable Building Renovation Projects.” The paper has been published in
the Proceedings of World Sustainable Built Environment, Hong Kong, 2017.

Link to proceedings: http://www.wsbel7hongkong.hk/download/WSBE17%20
Hong%20Kong%?20-%20Conference%20Proceedings.pdf
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ABSTRACT

There is a great potential in renovating our existing building stock, in terms of improving environmental, economic
and social qualities. Meeting the increasing performance requirements for sustainable construction entails an
increasing level of complexity in the design process of both new buildings and renovation projects. Decision support
tools are one solution that can help the building owner manage this complexity. This study investigates the current
decision-making processes among Danish professional building owners, in order to propose a conceptual
framework for future decision support tools for sustainable renovation. Design Science Research Methodology has
been used as the main methodological framework. Current practices for setting goals for sustainability, determining
the current state of the buildings and prioritizing which buildings to renovate within a building portfolio, have been
explored through semi-structured interviews with five professional building owners. The study showed that there is
a need for tools to support the professional building owner in setting goals for sustainability at an early stage. Tools
to support the registration of existing buildings and prioritization among buildings to renovate were not seen as a
direct need among this specific user group. This work proposes a conceptual framework for future decision support
tools based on the findings, focusing on setting goals for sustainability within renovation projects, either within a
sustainability assessment scheme (e.g. DGNB-DK), or project specific sustainability criteria. The results presented
in this paper are a part of an ongoing research project focusing on developing a new decision support tool for
sustainable renovation.

Keywords: decision support, DGNB, deep building renovation

1. INTRODUCTION

Buildings are responsible for more than 40% of energy use worldwide, and one third of global greenhouse gas
emissions, causing increasing attention on sustainable development within the construction industry. Along with
tightening the regulations for energy efficiency in new buildings, the Danish government sees great potential in
improving the energy efficiency in the existing building stock (Danish Ministry of Energy Utilities and Climate 2014).
Broadening the perspective from the narrow focus on energy efficiency to a more holistic approach to sustainability,
the Danish building industry has chosen DGNB-DK as a common ground for assessing sustainability in buildings,
encompassing social, economic, environmental, technical, process and site quality. The increasing demand for
sustainable solutions entails an increasing level of complexity in renovation projects. Multiple decisions have to be
made throughout the design process; sustainability criteria are numerous and often conflicting, and on top of that,
sustainability goals are not always clarified at an early stage, which makes it even harder for the professional
building owner to operate and manage decisions in a systematic and efficient way. Decision support tools are one
solution that can help the building owner manage this complexity.

Prior to this study, a literature review has been undertaken (Nielsen et al. 2016). In the review, 43 existing decision
support tools for building renovation were analysed and categorised in relation to where in the renovation process
they can support the decision maker, along with a proposed road map for designing future decision support tools
for renovation projects. This study builds on the findings from the literature review by investigating the needs in
practice for Danish professional building owners, within the specific areas of setting goals for sustainability,
registration of existing buildings and prioritization among buildings to renovate.

(Reduced version)
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4.2 HOW THE INTERVIEWS AFFECTED THE DESIGN
PROCESS

Based on the results of the interviews, the initial requirements were refined, and the
ideas were conceptualized using mind maps and affinity diagramming (see appendix
A). Five building owners were interviewed for paper B, which was sufficient to give the
author an idea of how the professional building owners currently work with building
renovation in a Danish context and inform the design process, which was the main
purpose in this case. However, a larger number of interviewees would increase the
generalizability of the study and improve the validity of making general conclusions
on building owners’ current practices.
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5 DESIGN, DEVELOPMENT, AND
EVALUATION OF THE REDIS TOOL

This chapter presents the design, development, and evaluation process of the REDIS
tool, including the papers C, D, and E. The design and development of the prototype has
been iterative, and the tool requirements have been refined along the way (see appendix
A and paper E). Figure 4 shows an illustration of the design process, including several
design cycles, which have been informed by formative evaluations through internal
evaluations by the author and the supervisors through discussing the design, and by
evaluation with potential users (paper C). As a part of the design process, two methods
for weighting criteria — Analytical Hierarchy Process (AHP) and Weighting, Rating,
and Calculating (WRC) — were investigated (paper D). A summative evaluation was
made in the form of an application example during the final part of the design process,
to evaluate the latest prototype (paper E).

Design cycles

Requirements
summative evaluation

formative evaluation

Figure 4. lllustration showing the iterative design process, including the requirements, several
design cycles, and evaluations.

The early part of the design process included affinity diagrams, sketches, process
models, and conceptual ideas for the interface, with sketches and descriptions of how
the users were intended to interact with the system. These can be found in Appendix
A, along with the initial requirements for the tool, and scenario descriptions made at
different stages of the design process. The activities of the early design process were
necessary to explore the design space, make the ideas more tangible, and to narrow
down the scope of the tool. These activities have formed the base for the subsequent
prototype iterations. Overall, five main design cycles took place, resulting in five
prototype versions. In the following section, the two first iterations are presented in
paper C. The first version emphasized both the aspects of goal setting, registration of
existing buildings, and ranking of these buildings based on the goals and the actual
state of the buildings. The second version explored primarily the goal setting aspect,
including the functionalities of choosing and weighting sustainability criteria. After the
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presentation of the two initial prototypes in paper C, the short presentation of the third
prototype version is presented. Then, paper D elaborates the exploration of methods
for weighting criteria, followed by a brief presentation of the fourth prototype version.
Lastly, the fifth and latest version of the REDIS prototype is presented and evaluated
in paper E. Complete mock-ups of all prototypes can be found in Appendix B.

5.1 PAPER C

The following paper, denoted paper C, is entitled "Goal Setting in Sustainable Building
Renovation - Early Prototype Design and Testing of a New Decision Support Tool"
and has been accepted for The International Design Conference in Croatia 2018 in
February 2018.

Authors: Gade, Anne N.; Jensen, Rasmus, L.; Larsen, Tine S.; Nissen, Seren B.
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GOAL SETTING IN SUSTAINABLE BUILDING
RENOVATION - EARLY PROTOTYPE DESIGN
AND TESTING OF A NEW DECISION SUPPORT
TOOL

[Authors will be inserted automatically]

1. Abstract

This paper presents an early prototype of a new value-based decision support tool that can support
building owners in setting goals for sustainability in renovation projects. The prototype includes the
main functionalities of choosing and weighting criteria. Five users tested the prototype using think-aloud
testing. The results showed that providing a pre-defined set of criteria for the goal setting made the users
feel locked in their choices, and challenged in weighting criteria using the analytical hierarchy process.
The results have informed the further design iterations of the prototype.

[Keywords will be inserted automatically]

[~

2. Introduction

Multiple decisions have to be made throughout building renovation projects involving multiple decision
makers. One of the early decisions professional building owners have to make is to set goals for the
single renovation project or for multiple projects within a larger building portfolio. Research has shown
that this goal setting is often implicit and is not done in a systematic way (Nielsen et al. 2017), even
though this strategic area can be viewed as the rational heart of the entire process (Ferreira et al. 2013).
Decision support tools are one solution to assist professional building owners during the early stages of
renovation projects.

Various decision support tools for renovation already exist. In a review made by the authors, 43 decision
support tools for renovation were found in the literature and analyzed with regard to where in the
renovation they could support the decision makers (Nielsen et al. 2016). Nine of the tools included the
aspect of setting goals in the pre-design phase of renovation projects. Two of these tools were value-
based, in the sense that the renovation objectives were chosen based on the preferences of the decision
makers and stakeholders. The rest of the tools were based on a fixed set of criteria but left the weighting
of the criteria open to being assigned by the decision makers. One of the value-based methods found in
the review was RENO-EVALUE (Jensen & Maslesa 2015), designed as a basis for dialogue among
building professionals and building users. The other one is the Total Value Model (Blinkilde et al. 2011),
which is a process tool aimed to support the building owner in setting strategic objectives for renovation
projects. In addition to the tools found in the literature review, several new tools have emerged in the
literature and the construction industry. Frame (BDB-metoden Aps 2016) is a tool designed to support
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5.2 FROM PROTOTYPE TESTING TO EXPLORING WEIGHTING
METHODS

In paper C, an early prototype was presented and tested, emphasizing the aspects of
choosing and weighting renovation criteria. The design of the REDIS tool concept has
evolved throughout the design process, and the second prototype, which was tested
in paper C, only included the functionalities of choosing and weighting renovation
criteria. The reason for this was that the author wished to explore these aspects further,
as the early dialogue among the decision makers was viewed as the core area of the tool
at this stage. Also, splitting the design process into smaller parts and focusing on each
module seemed logical at this point. Based on the results of paper C, it was chosen to
challenge the use of AHP in the REDIS tool and to explore other methods for weighting
criteria. Furthermore, emphasis should be put on making it clear to the user that the
choice of criteria is flexible, and not fixed even though pre-defined criteria might be
available to the user as a point of departure for the decision process.

In the following, the third prototype version is presented, along with a short introduction
to paper D.

5.3 THE THIRD PROTOTYPE ITERATION

The third prototype iteration was made in Microsoft Excel, and different methods for
weighting criteria and navigating through the prototype was explored. As in the second
version of the prototype, the emphasis was on the goal setting aspects of choosing and
weighting criteria. The criteria from DGNB-DK were used as an example. Figure 5
shows an example of the interface design, where the user can tick criteria on an off
depending on whether they should be a part of the project or not. Next to the box is a
drop-down menu where the user can assign a priority to the criteria on a 4-10 scale.
This scale was used based on the work of Inger Andresen [17], who argues that the
4-10 scale is useful, as the lowest numbers do not affect the outcome of the weights
remarkably. This weighting method shares similarities to the WRC weighting method.
In the column to the right, a weight is calculated for each criterion based on the priority.
This version was evaluated internally by the author and the supervisors, and it was
decided to place the navigation bar at the top of the page to clear the space below for
the workspace. Usability has been an essential factor in the design and development
of the REDIS tool to ensure the applicability of the tool in practice. One of the main
results of the user tests in paper C was that the use of AHP as a weighting method in
the tool should be challenged. After exploring several different methods for weighting
criteria, the choice of further exploring the use of AHP and WRC was made. This leads
to the motivation of paper D, which investigates AHP and WRC.
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. Malsatningsvaerktgj
for baeredygtig renovering

Forside
Kriterier valgt
Sa(ial Check de brtierier af du gnsker skal indga i projektets malsartning. Vet derefter de valgte kriterier
. fra 4-10 ; ) o N 100%
Miljg 10 gives fest tl det eller de kriterier der anses som mest vigtige for projebte
avrige kriterier p en skala fra 4-10, hvor 4 er mindst vigtigt i forhold til det v
@konomi
(Laes mere om skalaen her
Teknik .
Proces # Social beeredygtighed - kriterier hec!
1 Termisk komfort ) 12,7%
Omréde 2 Indendgrs luftkvalitet 12,7%
o 3 Akustisk komfort 4 5,1%
ARG 4 Visuel komfort 7 8,9%
5 Arkitektonisk kvalitet 4 [+ 5,1%
Se resultater 6 Plandisponering 5 [ 6,3%
7 Bygningsintegreret kunst 7 8,9%
8 Tryghed og sikkerhed 4 5,1%
9 Tilgzngelighed 4 5,1%
10 Offentlig adgang 7 8,9%
11 Kvalitet af udearealer 5 6,3%
12 Brugernes muligheder for styring af indeklimaet 4 51%
13 Forhold for cyklister 8 10,1%

Figure 5. The third prototype iteration made in Microsoft Excel.

5.4 PAPER D

The following paper, denoted paper D, is entitled "Exploring Two Methods for
Weighting Criteria in the Pre-design Stage of Building Renovation Projects” and has
been submitted to the International Journal of Construction Management in February
2018.
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Abstract:

This study explores two value-based decision-making methods, the Analytic Hierarchy Process (AHP) and
Weighting, Rating and Calculating (WRC), in how they support decision makers in weighting criteria in the pre-
design stage of building renovation projects. Participants from a Danish municipality were given the task of
applying AHP and WRC to prioritize a set of criteria that the municipality had previously used in the selection of
which schools to renovate within a building portfolio of 56 schools. The participants first weighted the criteria
individually using each method, and subsequently in groups. Four themes were analyzed: 1) practical applicability
and decision transparency, 2) reflection and learning, 3) satisfaction with the final decision and 4) comparison to
the original decision process. The results indicate that applying a formal weighting method in the pre-design
stage of renovation projects increases the reflection, learning, transparency, and satisfaction with the group
decision outcome among the participants.
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5.5 FURTHER DESIGN AND DEVELOPMENT AFTER THE
INVESTIGATION OF WEIGHTING METHODS

Based on the results presented in paper D, it was chosen to apply AHP as a weighting
method in the REDIS tool. Even though only five people participated in the workshop,
the results indicated that the participants preferred AHP to WRC. The author is aware
that in order to make general conclusions regarding the applicability of the two methods
in renovation projects, the experiment should involve a larger group of test persons.
However, as the author chose to use the case of the municipality of Aalborg for the
workshop, there was a natural limitation of the number of participants. Still, the results
were valuable for the project as it was concluded that introducing a formal weighting
method in the pre-design stage of renovation projects added value to the process, and
increased the level of discussion and learning among the participants.

In the following, the fourth prototype iteration is introduced, followed by a presentation
of the latest prototype and an application example in paper E.

5.6 THE FOURTH PROTOTYPE VERSION

The fourth version of the REDIS prototype was also made in Excel and as a mock-up to
show the main functionalities of the tool and communicate the concept. The prototype
is made as a “click-through” prototype, where the menus are interactive but the screens
are only mock-ups, and no calculations are made. The navigation bar has been moved to
the top of the user interface to make navigation easier for the user. The functionalities
have now been expanded to include the full set of functionalities for the tool. The
first page shown in the menu bar is the “project setup” where the user can enter basic
information about the project, including information on the existing buildings within
the building portfolio, the renovation criteria, and the decision makers included in the
project. On the “Select Criteria” page (Figure 6), the user can select which criteria to
include in the project. The criteria set used in the prototype are based on the school
renovation case from the municipality of Aalborg as an example of applying project
specific criteria. The idea is that different sets of criteria can be entered into the system
and saved for later use, depending on the type of project. Therefore, it is also an option
to check the box on and off to indicate whether or not to include the criteria in the
specific project (Figure 6), ensuring further flexibility of the tool.

The next page in the menu is the “prioritize criteria” page (Figure 7). Here, the decision
makers can enter their preferences regarding the importance of the renovation criteria,
based on the use of the AHP method. The number of decision makers depends on
the number entered on the “project setup” page by the user. In the example shown
in Figure 7, four decision makers are a part of the project, and four input pages are
provided, along with a page for entering group weighting results. The idea is that
the individual decision makers should first enter their prioritizations into the tool,
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and then they should weight the criteria together as a group, having a dialogue of
the different points of view and rationale behind their prioritizations. The process
reflects the process applied in the workshop presented in paper D. On the “register
buildings” page, a framework is provided for entering registration data of the existing
buildings, reflecting their current state. The registration framework is based on the
1-4 scale applied by the municipality in their registration of the school buildings. On
the “specify costs” page, the user can enter cost estimates of renovating the existing
building in relation to the renovation criteria. After entering the project information,
criteria, criteria weights, registration data, and renovation costs, the user can press the
“show results” button in the navigation bar to view the results. On the results page, the
user gets a graphical overview of the conditions of the buildings, the renovation costs,
and the criteria weights. Also, a Renovation Value Factor for the individual buildings
is calculated, reflecting which buildings will give the building owner most value for
money to renovate. The Renovation Value Factor and the refinement of the different
functionalities are described and further elaborated in paper E.

Help | Background g

Project Setup | Select Cnteria| Prioritise Criteria | Register Buildings | Specify Costs | View Results

Select Renovation Criteria

Select which criteria you wish toinclude in the project and which criteria group they belong to. You can enter Number of Criteria
| your own criteria or use a predefined set of criteria. 23

| Project specific criteria E]

# Criterion Criteria Group Included?
1 Outdoor lightning Outdoor Renovation
2 Outdoor covering Outdoor Renovation
3 Automatic fire alarm Indoor Renovation
4 Security alarm and access control Indoor Renovation
5 Outdoor learning environment Outdoor Renovation
6 Accessibility Indoor Learning Environment
7 Roof Outdoor Renovation
8 Facade Outdoor Renovation
9 Windows Outdoor Renovation
10 Outdoor solar screening Indoor Learning Environment
11 Drain Indoor Renovation
12 Sanitation Indoor Renovation
13 Water Indoor Renovation
14 Heating Indoor Renovation
15 Technical insulation Indoor Renovation
16 Electricitv Indoor Renovation vl

Figure 6. Mock-up of the fourth version of the REDIS prototype. The mock-up shows the navi-
gation bar at the top of the screen and the workspace below. The active workspace shows the
framework for choosing which criteria to include in the project, with the school renovation
criteria used by the municipality of Aalborg as an example.
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Help | Background 5

Project Setup | Select Criteria | Prioritise Criteria | Register Buildings | Specify Costs | View Results

Prioritise Criteria

Pricritise the critera groups and criteria according to the preferences of the decision makers. Each decision maker places the
slider representing the importance of the criteria. If the slider is placed in the middle at "1", it indicates that the two criteria
are equally important. Read more about the weighting method

Step 1: The decision makers weigh the criteria individually

Decision maker #1 Decision maker #2 Decision maker #3 Group result

Roof Facade
9 7 5 3 1 3 5 7 9
Windows Sewer
9 7 5 3 1 3 5 7 9
Facade Drain
9 7 5 3 1 3 5 7 9

Figure 7. Mock-up of the fourth version of the REDIS prototype. The active workspace shows
the framework for weighting criteria using the AHP method.

Paper E presents the fifth and latest version of the REDIS prototype. At this stage,
the functionalities were fully incorporated in the prototype, which went from being
an interactive mock-up to a functioning tool. In the development of the prototype,
the author experienced limitations of developing the prototype in Microsoft Excel
regarding the data amount slowing down the calculation process. Therefore, it was
chosen to divide the prototype in two: the REDIS Dialogue prototype emphasizes the
entering and weighting of criteria and the REDIS Prioritization prototype, including
the registration framework, emphasizes renovation costs and the calculation of the
Renovation Value Factor. Apart from meeting the practical limitations, dividing the
tool into two also has the advantage that the REDIS Dialogue framework can be used
separately, not only in the context of setting goals in renovation projects but also in
e.g. new construction projects.

5.7 PAPER E
The following article denoted Paper E is titled “REDIS: A Value-Based Decision

Support Tool for Sustainable Building Renovation.” The article has been submitted to
the journal Building and Environment in February 2018.
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Abstract:

Renovation of the existing building stock is getting increased attention in many European countries. One decision
to be made by the professional building owner is the prioritization of which buildings to renovate within a
building portfolio. This article proposes a new, value-based decision support tool; REDIS, which can support the
professional building owner in this process. REDIS calculates a Renovation Value Factor for each building, based
on criteria weights, registration data and renovation costs, indicating which buildings gives the building owner
most value for money to renovate. The REDIS tool is demonstrated through an application example using real
data from a case of selecting which school buildings to renovate within a portfolio of 56 schools. Representatives
from the municipality who owns the 56 schools compared the results of the REDIS tool to the results of their
original decision process, where ten out of the 56 schools were chosen for renovation. The evaluation results
indicated that the REDIS tool solves the problem of supporting the building owner in choosing which buildings to
renovate within a building portfolio. The contributions of this study are the proposed decision support
framework and the tool prototype.

Keywords: Decision support, Decision-Making, Existing Buildings, Design Science Research, pre-design, AHP

1 INTRODUCTION

In Europe, around 35% of the buildings are more than 50 years old. During their lifetime these buildings
deteriorate and become less attractive if not maintained properly. At the same time, the building stock accounts
for 40% of the total energy use worldwide and is responsible for one-third of the total CO, emissions. This
substantiates the increasing focus on building renovation in many European countries, not only in terms of saving
energy but also improving environmental, social and economic qualities of the buildings. Even though the
potential of building renovation is widely recognized, the number of actual renovation activities is limited in most
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5.8 CHANGES TO THE RENOVATION VALUE FACTOR

Based on the results of paper E, the conclusion was that the Renovation Value Factor
needed to be normalized with regard to both the areas of the buildings within the
portfolio and the number of occupants or users, to provide a better foundation for
decisions. In the following, the revised calculations for the Renovation Value factor
are presented, along with an example of calculating it for the school buildings owned
by the municipality of Aalborg.

RVF = Renovation Value Factor

RAF = Renovation Area Factor (RVF divided by the total area of the property)

ROF = Renovation Occupant Factor (RVF divided by the number of occupants or
users)

R, = Registration data for single criterion

C = Criterion weight for single criterion

R, = Renovation need

Costs = Total renovation costs for one property

n = Number of occupants (in this case pupils)

A = Total area of property

To calculate the Renovation Value Factor for one property in relation to both the total

area and the number of occupants, the registration data and criteria weights are first
multiplied, then summed, and the average is calculated, as shown in paper E:

T
1
Rycea = ; Z Cw,i b Rd,i
=1

The renovation need is then divided by the total renovation costs for the property, to
calculate the Renovation Value Factor, as in paper E:

RVF — [neea
Costs
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Then, to calculate the RAF and ROF, the RVF is divided by either the total area of the
property or the number of occupants/users:

RAF = % or ROF=%%

n

The author has gone through the Development and Investment plans for the individual
schools [1] and found the number of total areas of the schools and the number of pupils
at the time the plans were made, in 2014. Data were available for 54 out of 56 schools,
so the two schools with no data available are left out of the list (Table 4).

In Table 4, the schools are ranked according to the calculated Renovation Area Factor
and the Renovation Occupant Factor, from the lowest to the highest factor. The ten
schools that were originally chosen for renovation by the municipality is highlighted
in bold with a grey background. The schools that appear on both lists in the table are
marked with a star. The calculations show that three schools chosen for renovation
by the municipality appear on the top ten list of the Renovation Area Factor, and four
schools appear on the top ten of the Renovation Occupant Factor list. Five schools
appear on both lists in the table. Only one school, school #2, appeas on all three
lists. As presented in paper E, the schools originally chosen by the municipality was
primarily based on one criterion, the indoor learning environment, and did not take a
holistic approach. The results shown in Table 4 indicate that the outcome of the original
decision process might have been different if the REDIS tool had been applied. The
calculated Renovation Area Factor and Renovation Occupant Factor reflects which
schools give the building owner most value for the money to renovate in relation to
the property areas and the number of pupils. As concluded in paper E, the process
of applying the REDIS tool could potentially have provided a more structured and
transparent decision process for the municipality, allowing them to take the preferences
of the decision makers into account, along with the registration data and renovation
costs. However, as concluded in paper E, further testing, potentially a field test, of the
REDIS tool and process is necessary to develop the tool further and make more sound
conclusions about the applicability of the tool.
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# Renovation Area Renovation Occupant Factor (ROF)
Factor (RAF) for the 54 schools | For the 54 schools
1 *School #53 *School #28
2 School #13 *School #56
3 *School #28 *School #2
4 School #17 School #4
5 *School #56 School #8
6 School #35 School #20
7 *School #2 *School #53
8 School #26 School #44
9 *School #12 *School #12
10  School #42 School #1
11  School #54 School #17
12 School #18 School #42
13 School #4 School #40
14 School #45 School #54
15  School #20 School #26
16  School #44 School #30
17  School #11 School #33
18  School #1 School #39
19 School #30 School #11
20  School #40 School #5
21 School #5 School #35
22 School #31 School #13
23 School #43 School #18
24 School #39 School #31
25  School #22 School #27
26  School #41 School #9
27  School #33 School #43
28 School #8 School #22
29 School #9 School 41
30  School #55 School #45
31  School #29 School #55
32 School #27 School #38
33 School #38 School #29
34 School #7 School #7
35  School #14 School #15
36 School #15 School #14
37  School #19 School #19
38  School #32 School #32
39 School #34 School #36
40  School #6 School #34
41  School #36 School #21
42 School #46 School #37
43 School #47 School #6
44 School #37 School #23
45  School #24 School #46
46  School #23 School #25
47 School #21 School #47
48 School #25 School #10
49  School #16 School #16
50  School #10 School #24
51 School #3 School #3
52 School #49 School #48
53  School #51 School #51
54  School #48 School #49
55  School#50 School#50
56  SechoeoHi52 Sehool#52

Table 4 Ranking of 54 schools owned by the municipality of Aalborg, both in relation to Re-
novation Area Factor and the Renovation Occupant Factor. The schools originally chosen for
renovation by the municipality of Aalborg are highlighted in bold and with a grey background.
The schools that appear on both the RAF and the ROF lists are marked with a star.
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Calculating the renovation value factor in relation to the total areas and the number
of occupants provides a proportional ranking of the buildings within the portfolio
and has been implemented in the latest version of the REDIS Prioritization prototype
(version 5). The changes have entailed that two additional sheets have been added,
allowing the user to view respectively the Renovation Area Factor and the Renovation
Occupant Factor. In this case, the example was made with the school buildings of the
municipality, and a ranking of the school buildings were made. To be applied in other
renovation projects, the number of pupils can be replaced by the number of occupants,
employees, etc., relevant for the specific building typology.

5.7.1 THE RENOVATION VALUE FACTOR FOR SINGLE CRITERIA
WITHIN ONE PROPERTY

Apart from the changes made to the calculation of the Renovation Value Factor on a
property level, changes have been made to the calculation of the Renovation Value
Factor for the single criteria within one property as well. The total area or the number
of occupants should also be included in the calculation of the Renovation Value Factor
for the criteria within one property to normalize the result. These results can be used to
view which renovation actions will give the building owner most value for money to
renovate across multiple buildings, or can be used to prioritize the renovation actions
for a single building.

The Renovation Value Factor for single criteria within one property, denoted RVFS,
has been calculated similarly to the Renovation Value Factor for the total property:

RVFS= Renovation Value Factor for single criteria

RAFS = Renovation Area Factor for single criteria (RVFS divided by the total area
of the property)

ROFS = Renovation Occupant Factor for single criteria (RVFS divided by the number
of occupants or users)

R, = Registration data for single criterion
C = Criterion weight for single criterion

RS

need

= Renovation need for single criterion

Costs = Costs for renovating the property in relation to a single criterion

criterion

n = Number of occupants (in this case pupils)

A = Total area of property

48



CHAPTER 5. DESIGN, DEVELOPMENT AND EVALUATION OF THE REDIS TOOL

First, the renovation need is calculated by first multiplying the registration data and
criteria weights:

RSpeed = Cw * Rg

Then, to calculate the RVFS, the renovation need is divided by the costs of renovating
the property in relation to the single criterion:

Rsn gad

RVFS = —m8M8M8M8
Costserirerion

The result is divided by either the total area to calculate the RAFS or the number of
occupants/users to calculate the ROFS:

RVFE b ROFS = RVFE

RAFS =

As an example, the RAFS and ROFS have been calculated for school #48 (Figure 8
and Figure 9). Based on the calculation methods, the results in figure 8 and 9 show
that the building owner will get most renovation value for the money by renovating the
criteria with the lowest factors. Some criteria have “0” as a result of the calculation,
reflecting that either no registration data is available or the renovation costs have
not been calculated. The results shown in figure 8 and 9 are very similar. As the
calculations only differ by dividing by either the area or the number of pupils, the
proportional differences of the individual criteria remain the same. The revised method
for calculating the Renovation Value Factor for the single criteria within a property
has also been implemented in the latest version of the REDIS Prioritization prototype
(version 5).
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6. DISCUSSION AND CONCLUSIONS

6.1 DISCUSSION AND PERSPECTIVES ON FUTURE
RESEARCH

The REDIS tool provides a framework for entering renovation criteria, weighting
criteria for multiple decision makers, and entering registration data and renovation
costs, in order to improve the communication and discussion among the decision makers
involved in the pre-design stage of renovation projects. Based on this information,
the REDIS tool calculates the Renovation Value Factor for each property within the
portfolio, and for the single criterion for each property.

In relation to the areas where decision support tools can support the decision makers
in renovation projects identified in the literature review (paper A), the REDIS tool
primarily encompasses the aspect of goal setting, weighting of criteria, and building
diagnosis (Table 5). In the development of the tool, emphasis has been put on the goal
setting and criteria weighting, as the author viewed these areas as an essential starting
point for the renovation process. This focus is reflected in the papers and the thesis,
where much attention has been given to the goal setting and criteria weighting during
the design process of the REDIS tool. These areas are the only parts that have been
tested with potential users, as seen in both paper C, where the second prototype version
was tested, and in paper D, presenting the results of the experiment where two methods
for weighting criteria were tested.

Name of Tool Year  Authors/developers Goal Criteria Building Design Performance  Design
Setting Weighting Diagnosis Alternatives Estimation Alternatives
Generation Evaluation
REDIS 2018 Gadeetal X X X

Table 5. The phases of the renovation process where the REDIS tool can support the decision
makers.

The framework for entering registration and cost data was integrated into the tool to
calculate the Renovation Value Factor and provide useful results that can support the
building owner in choosing which buildings to renovate or which renovation actions
to initiate across multiple buildings. The registration and cost framework has not been
given the same careful attention and considerations during the design process as the
goal setting and criteria weighting. Based on the findings of the literature review (paper
A) and the interviews with building owners (paper B), the author concluded that there
was no explicit need for new registration or cost calculation tools, and therefore decided
to leave the “free choice of method” to the building owner regarding registration and
cost calculations. As an example, the municipality of Aalborg used a registration
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framework developed by one of their advising companies. The framework was based
on an online framework and was accessible through iPads, making it easy to register
the buildings on the go. The registration data were then automatically collected in
an Excel spreadsheet. The economic department of the municipality then calculated
the estimated costs of renovating the buildings in relation to the criteria, based on
experience data from previous renovation projects. Several of the building owners
interviewed in paper B expressed that they recently started implementing new facility
management systems in their organizations. The author, therefore, concluded that
there was no need to challenge these existing systems by developing a new tool with
the same functionalities, for several reasons. First of all, the author is not a facility
management expert. Second, the existing tools are well designed for their specific
purpose, and, third, trying to encompass too many functionalities into one single tool
could potentially mean that no areas would be developed to a satisfactory level within
the time frame of the Ph.D. project. So the author is aware that the registration and
cost framework is not ideal in its current form, but it is sufficient to calculate the
Renovation Value Factor and thereby provide useful results. Also, the registration
and cost entering framework in the latest prototype version (the REDIS Prioritization
tool) is comprehensive, and it would be both time-consuming and complex to use the
framework for making registrations and entering the costs in practice. These areas
would, therefore, need further development in future design iterations, or, as mentioned
in paper E, future versions of the REDIS tool could be connected to existing systems
and extracting the necessary data.

The areas of entering and weighting criteria have been a primary focus from the
beginning of the design process. Based on the literature review the conclusion was that
only a few of the existing decision support tools for renovation included this aspect, as
most of the tools provided support for performance estimations of design alternatives.
The reason for this might be that the pre-design stage can be perceived as abstract, as
not much information regarding the renovation projects is known at this stage (e.g.
no renovation alternatives have yet been generated). However, the author argues that
supporting the building owner by adding structure and transparency to the decision-
making process can be a help at all stages of the renovation process, especially during
the pre-design stage due to its abstract nature.

It was a requirement from the beginning that the REDIS tool should be flexible regarding
the choice of renovation criteria and their relative importance. This requirement was
based on the findings of the literature review (paper A) and the interviews (paper B).
Also, it is the author’s belief that even though sustainability assessment schemes such
as DGNB-DK provide useful frameworks for assessing sustainability in construction
projects, the assessment schemes are designed to assess finished buildings and not as
design tools where they become too heavy. Also, even though several of the schemes
have been adapted to the context of renovation projects, it might be too comprehensive
to apply the assessment schemes at the early stages of renovation projects, and,
therefore, the flexibility and freedom of criteria choice are an important aspect in the
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development of the REDIS tool. The intention has been to detach the REDIS tool
from the sustainability assessment methods, leaving the choice of whether to assess
the finished buildings or not open to the building owner. In that regard, it could be
useful to provide different options for pre-defined criteria sets in the REDIS tool, e.g.
the DGNB-DK criteria, or different criteria sets made by the individual building owner
focusing on different building typologies.

Regarding the choice of weighting method in the REDIS tool, AHP was chosen based
on its successful implementation in similar tools and on the results of investigating the
two weighting methods in paper D. There are multiple methods for weighting criteria,
and the background for choosing a weighting method was that it should be relatively
easy to apply for the users of the tool and that it provided a solid output. AHP met
these requirements. Even though the choice of AHP was challenged in paper D, the
author could have tested and compared several other weighting methods to further
substantiate the choice. However, this was not found necessary by the author, as the
use of AHP was well documented within the construction literature, and the choice of
implementing AHP as a weighting method in the REDIS tool was backed up by the
findings from the workshop presented in paper D. The author is aware that general
conclusions can not be made based on the results of paper D as the data set is based
on only five participants, and therefore a larger study investigating the application of
AHP and WRC in the pre-design stage of renovation projects could provide useful
insights. However, the results of the paper indicate that applying a formal weighting
method was valuable, and the participants found AHP to provide a better foundation
for the group decision-making process than WRC. As concluded in paper E, further
testing of the latest version of the REDIS tool with potential users would be useful
to develop the tool further and ensure adaptability within the construction industry.
Usability testing and field testing would be the next logical steps within the project. A
future field test could provide valuable feedback from a real renovation case and would
be the logical next step of the project. Also, it should be investigated if the tool saves
time for the building owner and if it provides the intended transparency and structure
in the decision-making process.

The REDIS tool is designed to support the building owner in renovation projects, but
the REDIS Dialogue tool could be applicable during new construction projects as
well. The Dialogue tool would also be interesting to apply for discussing priorities
among occupants and other stakeholders, as mentioned in paper E. To broaden the
perspective further, the REDIS Dialogue tool could potentially be applied in similar
group decision processes where a dialogue on priorities are needed among the involved
decision makers.

REDIS does currently not include the aspect of evaluating renovation alternatives,
as the intended use of the tool is in the pre-design stage where the decision of which
building to renovate has not yet been made. However, an evaluation function could
be implemented in the tool in the future. The REDIS tool should then provide an
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evaluation framework where different renovation alternatives could be assessed in
relation to the renovation criteria. The tool could then provide visual feedback on the
performance of the building and show in which areas the building has improved in
relation to the registration data.

6.2 HOW THE PROJECT MEETS THE DESIGN SCIENCE
RESEARCH GUIDELINES

In the following, it is argued how the REDIS meets the seven design science guidelines
presented by Hevner et al. [5]. The first guideline is “design as an artifact” and refers
to the fact that a design science research project must produce a viable artifact. In
this project, an artifact instantiation was presented in the form of the REDIS tool
prototype. The proof-of-concept example showed that the artifact is viable, but further
design iterations and field testing are needed to develop the prototype into a full-
grown system ready for implementation in practice. The second guideline is “problem
relevance,” covering that the objective of a design science research project is to
develop technology-based solutions to important and relevant business problems. The
requirements for the REDIS tool have evolved based on existing literature on decision
support for sustainable renovation, along with empirical interviews and testing with
potential users. The REDIS tool solves an important and relevant business problem by
helping professional building owners choose which buildings to renovate.

The third guideline is “design evaluation” and refers to the fact that the artifact must
be rigorously demonstrated via well-executed evaluation methods. Hevner et al.
described five different evaluation methods [5]. This project has undertaken several
different evaluation methods. Paper E presented a proof-of-concept demonstration of
the REDIS tool, which is a combination of the “experimental” and the “descriptive”
evaluation methods. The experimental evaluation refers to a controlled experiment
or simulation, where the artifact is executed with artificial data [5]. In the example
presented in paper E, the artifact was executed with real data from real renovation
projects, and with real criteria weights. The descriptive evaluation method refers to
building a convincing argument for the artifact’s utility using information from e.g.
relevant research, or constructing detailed scenarios around the artifact to demonstrate
its utility. An informed argument for the utility of the tool was presented in paper E
including a presentation of the application process of the REDIS tool. As mentioned
earlier, next step will naturally be to evaluate the tool through observational evaluation
methods, e.g. studying the tool in depth in a business environment through a case study,
or monitoring the use of the tool in multiple projects through a field study.

The fourth guideline is “research contributions” referring to the fact that a design
science research project must provide clear contributions in the areas of the design
artifact. The author argues that this project provides contributions in the area of
building design, through the presentation of the REDIS tool prototype, and the design
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foundations for developing the artifact (the claims of contributions are elaborated
in the “conclusions” section). The fifth principle, “research rigor,” refers to that a
design science research project relies upon the application of rigorous methods in both
construction and evaluation of the artifact. This research project has employed rigorous
methods in both the construction and the evaluation of the design artifact, elaborated
in the individual papers within the thesis. The sixth principle is “design as a search
process” and refers to the fact that design is essentially a search process to discover an
effective solution to a problem, through an iterative design process [5]. In this project,
several design iterations were made and tested internally by the author and externally
with potential users. Knowledge of how professional building owners currently work
with sustainable building renovation, along with theoretical knowledge of previously
constructed similar artifacts, supported the search process for a solution that satisfied
the problem. The seventh and last principle is “communication of research.” This
principle refers to the fact that a design science research project must present its results
effectively to both technology-oriented as well as management-oriented audiences.
The research results of this project have been presented in academic journals and at
conferences, attended both by building professionals and academics. Furthermore,
the results have been presented to the municipality of Aalborg, through the REDIS
website and this thesis.

6.3 CONCLUSIONS

This section sums up the main conclusions of the project in relation to the research
questions and states the contributions of the thesis in relation to each paper.

The work carried out in this Ph.D. project was motivated by improving the renovation
process for professional building owners, by adding structure and transparency to the
decision process. The research problem was initially inspired by conversations with
AaK Bygninger, the building department within the municipality of Aalborg. The
main objective of the Ph.D. project was to design a new decision support tool that
can support the professional building owner in choosing which buildings to renovate
within a building portfolio, or which renovation actions to initiate across multiple
buildings, based on the preferences of the involved decision makers, the existing state
of the buildings, and cost estimates. This goal was achieved, the author argues, and an
innovative decision support tool for building renovation, REDIS, was proposed and
demonstrated. The thesis has provided valuable insights into the design process of
the REDIS tool, which in itself is a documentation of the rationale behind the design
choices and the development process. These insights can serve as a foundation for
researchers and building professionals in the design of future decision support tools.
Apart from the main objective, the project set out to answer five sub-research questions.
The following section sums up the main points presented in the thesis and presents the
claims of knowledge contributions of the thesis in relation to each paper.
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The literature review treated the question of which decision support tools applicable for
building renovation projects already existed within the academic literature (paper A).
The paper provided a state-of-the-art overview of the development of decision support
tools relevant in the pre-design and design phase of renovation projects. 43 decision
support tools were identified in the literature, showing that there has been a continuous
development of decision support tools for renovation since the mid-1990s, varying in
methodological approach, complexity, and objectives. Six areas where decision support
tools can substantiate the renovation process were identified, and the tools were divided
into these six categories: goal setting, criteria weighting, building diagnosis, design
alternatives generation, performance estimations, and design alternatives evaluation.
The paper suggested eight areas for future research. The recommendations included
emphasizing the aspect of goal setting in the development of future decision support
tools, providing guidelines or models for building diagnosis (registration) in new tools,
designing flexible tools regarding the choosing and weighting of criteria, challenging
the use of AHP as a preferred weighting method, making tools freely available online,
connecting new tools to existing databases, and, lastly, focusing on developing new
tools to support the management of larger building portfolios. After the publication
of paper A, eight new tools were identified in the construction literature from 2016
to 2017. The continuous development of new tools emerging stresses the need for
innovative tools which can support the decision makers in increasingly complex
renovation projects.

After the literature review, interviews were made with five professional building owners
to investigate how they set goals in renovation projects, registered existing buildings,
and chose which buildings to renovate within a building portfolio (paper B). Three
municipalities and two housing associations participated in the interviews. The study
elaborated the current processes with regard to the areas mentioned above within the
interviewed organizations and concluded that the need for new tools varied depending
on the type of organization, even though they both manage larger building portfolios.
There was a need for new decision support tools that support the building owners in
setting goals for sustainability within renovation projects. The interviewees did not
express the need for new tools to register existing buildings and added that the final
prioritization of which buildings to renovate was made by either the local politicians
in the municipalities or the occupants within the housing associations. Based on the
results of the interviews, it was decided not to make registration a primary part of the
REDIS tool. However, a framework for entering registration data was still needed to
perform the necessary calculations within the tool. The contribution of paper B lies in
the insights of the current practices of the five professional building owners interviewed
for the article. While the interviews contributed to the author’s understanding of the
practical needs of the building owners and informed about the design process, the
author recognizes that the generalizability of the study could be improved by increasing
the number of interviewees.

Based on the literature review and the interviews, initial requirements for the REDIS
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tool were formulated. Early sketches, diagrams, etc. were made to kick off the design
process, and an early prototype was designed. The first prototype was designed as
a mobile application and included the aspects of setting goals for sustainability in
renovation projects and registering the condition of the existing buildings within a
portfolio in relation to the criteria. Based on the goals and the conditions, a ranking
of the buildings was generated. The first prototype was evaluated internally by the
author and supervisors, and a second prototype iteration was designed. The second
prototype explored the aspects of setting goals, including the weighting of criteria
and was designed for a PC. The prototype was tested with five potential users, and the
results indicated that providing a set of renovation criteria as a point of departure for the
decision process (in this case criteria from DGNB-DK), made the users feel “locked”
and they did not experience the intended flexibility of the tool (paper C). However,
while this was the feedback from the test persons, the author believes that providing
pre-defined criteria for the users to choose from will strengthen the applicability of
the REDIS tool and make the decision process faster for the user in practice. The pre-
defined criteria sets should be included in such a way that the users do not feel “forced”
to use them, and it should be clear that the criteria are only suggestions.

After analyzing the test results from the second prototype, a third prototype iteration
was designed. Furthermore, the test results from the early prototype design showed
that the users were confused by the weighting process, which was based on AHP.
Therefore, it was decided to challenge AHP, which led to the decision of comparing it
to WRC (paper D). This was done through a workshop held with participants from the
municipality of Aalborg, who had been a part of the original decision of providing the
decision foundation for the local politicians of which ten schools to renovate within a
building portfolio of 56 schools. In the original decision, no formal decision-making
methods were applied. In the workshop, the participants were asked to apply both AHP
and WRC to the criteria used in the original decision, first individually and then in
groups. The participants were subsequently asked to fill out surveys evaluating the two
methods in terms of decision transparency, reflection and learning, satisfaction with
the final decision, and comparison to the original decision process where no formal
method was applied. Furthermore, a focus group interview was held to evaluate and
discuss the process. The overall results were that the weighting process in itself was
valuable because it encouraged the participants to reflect on their values, prioritize the
criteria, and discuss these prioritizations. Also, it was concluded that AHP provided a
solid foundation for discussing priorities and that the participants were more likely to
apply AHP in future projects, even though AHP was more time-consuming than WRC.

Based on the results of investigating the two weighting methods, it was decided to
apply AHP as a weighting method within the REDIS framework. The fourth prototype
iteration was designed, and upgrades were made to the design of the user interface
as a result of the ongoing design process. This prototype provided a framework for a
group decision process and included the aspects of selecting which criteria to include,
weighting of the criteria, a framework for registering existing buildings, and cost
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estimations. Based on the inputs and the cost estimates, the REDIS prototype calculates
which buildings have the highest Renovation Value Factor, meaning where the building
owner can get the most value for money by renovating. The fourth prototype was
interactive as the previous versions. However, the prototype was still a mock-up, and
to implement actual calculations in the tool, a fifth iteration was developed. The fifth
and latest prototype iteration was divided into two separate tools: the REDIS Dialogue
tool and the REDIS Prioritization tool. The reasons for dividing the tool into two parts
were primarily to give the user the option of using the REDIS Dialogue tool separately,
and secondarily because of the limitations of combining all the functionalities in one
tool within Microsoft Excel. Excel was chosen as the platform for the development of
the prototypes as this is both cost-effective to develop and it is relatively easy to share
an Excel file as most of the users within the construction industry are already familiar
with Excel and can run an Excel file.

To demonstrate the utility of the REDIS tool, a proof-of-concept application example
was made using the data from the case of the municipality of Aalborg, including their
registration data, experience cost data, and the prioritizations of the criteria from the
workshop held by the author (paper E). The results were presented to the municipality
and compared to the original decision process. The conclusions were that the REDIS
tool (consisting of the REDIS Dialogue tool and the REDIS Prioritization tool) met the
tool requirements and that it can support the building owner in choosing which buildings
to renovate within a building portfolio. Based on the feedback from the municipality
presented in paper E, changes were made to the calculation of the Renovation Value
Factor. The initial calculation of the Renovation Value Factor did not take the areas or
number of pupils into account, and the initial ranking of the schools buildings, which
were presented to the municipality, had the smallest schools (regarding both the area
and number of pupils) on the top of the list, as the total costs for renovating these were
lower than for the larger schools. In the new calculations of the Renovation Area Factor
and the Renovation Occupant Factor, the areas and number of pupils were taken into
account. This allows the building owner to view different results, and view the results
that are relevant for the specific project.

DSRM was applied as the main methodological framework within the project. Applying
DSRM was relevant in this case as design science research concerns the development
of innovative artifacts that solve relevant business problems, and how the development
process founded in the practical and theoretical knowledge base can be justified as
research contributions. Furthermore, using DSRM provided an overall structure to the
research process, and the design science research guidelines provided a framework for
assuring both relevance and research rigor within the project.
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APPENDIX A

Appendix A includes selected steps from the REDIS design process, including sketches,
affinity diagram, requirements iterations, scenario descriptions, user journey mapping,

and a process model.

AFFINITY DIAGRAM

In the early design process an affinity diagram was created in order to start putting
ideas into words and drawings. The concept of affinity diagramming was developed by
a Japanese anthropologist, Kawakita Jiro, in the 1960s [18]. The method consists of a
brainstorm followed by an organization of ideas into different categories.

A brainstorm was performed, and after that the words were categorized into different
overall concepts (Table 6). The ideas formed the basis of an initial description of the

artifact, its requirements, and users.

Overall description

Simple but comprehensive

Easy to use

Accessible online

Connected to existing databases

Switch between “simple” and “advanced” platform

Dialogue tool - enhance dialogue among stakeholders at an early
stage

DGME (schaool criteria, renowvation, simplified?)

Decision Support

Functionalities

Weighting criteria

Goal Setting

Ewvaluate design [rencvation scenarios)

Choose between buildings

Choose which buildings need rencvation

Suggest renovation steps

Suggest renovation actions

Choose in which order to renovate a specific building type
Connected to existing databases

Instant feedback

Suggest renovation scenarios

Simulation/estimate performance (economy, energy,
social)irough estimates

The user can choose level of rencvation (from repair to
reconstruction)

Building diagnesis module (2.g. guick and comprehensive)
Registration

Provide visual examples of scenario

Deterioration state [visual and textual)

Residual life of building elements

User

Professional building owner and advisors (engineers and
architects)

Housing assaciations

Municipalities

Real estate management

Application area

Sustainable building renovation
School Buildings

Municipalities

Design
Intuitive user interface

Other

BIM

European Retrofit Advisor for multiple buildings, scheol
buildings, Danish context

Check-list?

Table 6. Affinity diagram - categorization of ideas and concepts for the artifact.
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USERS

The tool will be developed to the professional building owner as the primary user.
Secondary users are advisors and involved stakeholders (Figure 10).
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Figure 10 Sketch showing primary and secondary users.

FIRST ITERATION OF ARTIFACT REQUIREMENTS

The first iteration of the artifact requirements is based on findings from the literature
review and interviews with AaK Bygninger.

Artifact requirements:

. The tool should make it easier for the professional building owner to make
decisions when dealing with a larger building portfolio (e.g. more than ten
buildings).

. The tool should be easy to use and have an intuitive user interface.

. The tool should be connected to relevant existing databases, such as BBR

(building and residence register), energy labelling, and maybe facility
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management systems.

. The tool can be used on different levels: for managing registrations within
multiple buildings, or using only the goal setting module (choosing and
weighting criteria). The functionality of creating individual criteria makes it
possible to use this function very early, as the goals can be wide-ranging.
The group prioritization functionality makes the tool handy, as it is easy to
invite colleagues or collaborators to submit their weightings.

. The tool should be available on different platforms. Since a lot of data has
to be typed into the system, it would be a good idea to make it web-based.
However, making the tool available on tablets and smartphones is useful
for registration and documentation of decisions, since most people always
carry their smartphones with them.

. The primary user of the tool is the professional public building owner;
secondary users are advisors and involved stakeholders.

. The tool should be flexible in the sense that its usage is independent of
the level of information available. However, the more information, the
more useful the results become. There should, however, be a lower limit
of information needed to enable ranking of the buildings.

. The key functionality of the tool is the option of getting a prioritized list
of buildings, the ranking based on the level of renovation needed. Here
it is important to recognize that there are expenses related to general up-
keeping, and, therefore, it could be an idea to distinguish between the level
of renovation needed. This has been done in e.g. the European Retrofit
Advisor. (To enable the option of prioritization, a certain level of detail needs
to be provided in the goal setting module.)

. The tool will include an educational aspect by including detailed
descriptions of different aspects related to sustainable renovation, e.g. by

providing short videos explaining the concepts, or textual information.

The tool will include the following three modules:

. Goal-setting module: defining objectives and criteria, including weighting
of criteria

. Registration module: Registration of the existing building

. Ranking module: Ranking of buildings in relation to the chosen

sustainability goals and level of renovation
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INITIAL SCENARIO DESCRIPTION

The building owner meets with the involved advisors and stakeholders, and the goals
and values are discussed, as a point of departure for the decision process. They decide
what the ambitions and intentions of the renovations are, and if they are going to
follow DGNB or other certification schemes. A rough indication of the goals are made,
using the goal setting module of the tool, and a pie chart shows the division of social,
economic, and environmental aspects based on the intentions of the involved parties.
Furthermore, it is important to discuss the intended level of renovation, if it is minor
repairs, deep renovation, or complete reconstruction. This of course also depends on
the actual state of the buildings. Budget and other relevant information known at
this state are discussed and typed into the tool. In this scenario the platform used
for typing in the values is a PC, this could also be a smartphone or a tablet, which
could make the process easier for group decision-making as most people will carry a
smartphone with them, and it would be easy to type directly into an app. The initial
goal setting is intended to be a tool for dialogue among the building owner, advisors,
and stakeholders, to ensure a common ground of departure. The reason for placing this
step before the actual registration of the buildings is to make the registration process
more targeted. However, it could come after the registration as new aspects might be
revealed when assessing the current state of the buildings. Next step is the registration
of the buildings on site. This is done through an app interface either on a tablet or a
smartphone, as this is easy to bring to the site. The app is connected to a database
where the registration data is stored. A user survey may be carried out. The level of
data entered in the tool needs to be sufficient to enable better estimations and thus a
better foundation for decision-making. The interface will inform the user if the level
of information is sufficient or if something is missing.

After the data is entered, rough estimates are made for each building, depending on the
sustainability goals and level of renovation. Here it is possible for the user to look into
different scenarios, such as comparing the costs of renovating the building to expected
maintenance costs. Also, it is possible to “tick” boxes on an off to compare scenarios,
such as only looking at one building element type, e.g. windows. This makes it possible
to compare specific aspects across the buildings and estimate economic consequences
of the scenario.

A prioritized list of the buildings will be generated, based on the goals typed into the
tool. The ranking of the building will change if the goals are changed, and in that way,
it will be possible to explore different options. It will also be possible to exclude some
aspects and look at only one parameter, such as windows or upgrading of a specific
room type (e.g. “craftsmanship and design”). The list will then be generated showing
how the prioritization will look like with the chosen scenario. This functionality makes
it possible to explore different options and can serve as a basis for making more
informed and systematic decisions, and for dialogue, as the results or ideas easily can
be shared among the involved decision makers.
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Storyboard

A storyboard was created to visualize a scenario showing the functionalities of the
artifact and how it is used in a specific scenario where a building owner has to decide
in which order to renovate a portfolio of school buildings (Figure 11). The storyboard
serves the purpose of communicating the basic ideas and intentions of the artifact in

the first design cycle.
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REFINED SCENARIO DESCRIPTION

Step 1 - Project startup: In the case where the building owner is a municipality,
representatives from the relevant departments, such as the building department,
economic department, politicians, etc. meet and discuss the overall objectives for the
renovation projects. This includes the following topics: which buildings are considered
for renovation? What is the budget? Are external advisors needed? What are the
potential constraints? This initial information is entered into the system.

Step 2 — Select sustainability criteria: The decision makers discuss the overall goals
for the renovation projects and enter the chosen criteria into the system. The decision
makers agree upon the indicators of the individual criteria (how they are measured),
the desired level of renovation, and the minimum acceptable level.

Step 3 — Weight criteria: When the criteria and indicators are chosen and entered
into the system, the next step is to determine the weight of each criterion, based on the
preferences of the decision makers. The decision makers first go through the weighting
process individually and assign weights to all criteria (and sub-criteria).

Step 4 — Discuss and agree on weights: Next step is to discuss the weights of the
involved decision makers. The system highlights areas where the decision makers’
preferences deviate. The decision makers agree on a set of consolidated weights.

Step 5 — State of existing buildings: Collect data on existing buildings. Enough
information to assess all criteria is needed. Data collection can take place in the form of
building registrations, existing drawing material, energy usage, occupant surveys, etc.
Enter the data into the system. At this stage, it will be clear how the existing buildings
perform in relation to the ideal and minimum acceptable levels defined in step 2.

Step 6 - Ranking of existing buildings: Based on the criteria weights and the actual
weights of the buildings, the system suggests a ranking of the existing buildings,
regarding their need for renovation. Rough estimates of the costs of reaching the desired
level after renovation within the different criteria are made by expert advisors. The
decision makers can now make an informed decision on which buildings to renovate. .
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USER JOURNEY MAPPING

APPENDIX A - DIAGRAMS, SKETCHES ETC. FROM THE DESIGN PROCESS

The diagram shows a mapping of the process of renovating a single building in the
municipality of Hjerring. The process is mapped based on an interview with Susanne
Smed from the building department of the municipality. The mapping helped the author
gain a deeper understanding of the renovation process.

Proces for renovering af enkelt bygning hos Hjerring Kommune
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forvaltning (fx
skoleforvaltningen) om at
der skal bygges en ny
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pa prisen, maske forskellige
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Politikerne (byradet) tager
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Seetter budget for fx 3
budgetar.

....... O
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Figure 12. User journey map for the decision process of renovation projects in Hjorring Kommune.
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PROCESS MODEL

Figure 13 shows a proposed process model of the use of the goal setting (dialogue)
part of the tool. The figure illustrates tree “swim lanes”, representing the process of the
facilitator, the decision makers and the system. First, the facilitator initiates the decision
process and sets up the initial project data. Then, the facilitator invites the decision
makers to collaborate in the system. The decision makers choose which renovation
criteria they wish to include from a pre-defined checklist. The decision makers have
the option to add their own criteria if the pre-defined list is insufficient. The pre-defined
criteria are in this case from the DGNB-DK sustainability assessment framework. The
decision makers can choose whether or not they wish to use the weights of the criteria
and criteria groups from DGNB-DK. If not, they proceed to weighting the criteria
individually, and then discuss and evaluate the results of the weights.

Process 1

Facilitator

Choose criteria

Initiate process of

setting sustainatiity Set up initial

Decision makers

Invite decision
makers to
goals in specific project data callabarate
renovation project
Choose writeria Add criteria
from checklist Yes

Add own
criteria?

Information

o

Sustainability
criteria

r:1 ...............................................

System users Project database

Figure 13. Process model showing the process of the REDIS decision-making process
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APPENDIX B - PROTOTYPE VERSIONS 1-5

APPENDIX B

Appendix B includes selected screenshots from the prototype versions 1-5.

PROTOTYPE VERSION 1

Renovation
Decision

Manaser

Renovalion
Decision

Manaeel'

|
[ Sign in \
OR

Continve wathovk ;“_‘)-\JO {9

Welcome \

W"\ﬂx‘t do DOV \VMJC
to do?

(S[(cw pertdoos ,

[Make registrations )
[set sustainability o]

[ View rankings l

Shools . Al o
d

1 bislev Skol €

Z Byelomvcdev\s Skole
2 Elliddag ‘skole

Y Farstrup skole

5 Filstedweiens Skole
b Fesslev kol

T Frejlev skole

% LGandrp Skole

q Gistrup skol€
|0 &1. Hasserls skol€
[ L6 Lvdholm Skole
[Z 6rindsted Skole
(3 6vdymdm gholo
(4 6ug skole

15 Hals skole

lo. Herninaweiens Skole
|3 Hov 54:9\:6

13 Hgjvanaskolen

14 K¥rvpfskole

20 Kocaecelai clola

Frc‘llev Sole

Make near reab#\w :

(windows T

Qegi stradion  leve]
é07%

o lolff\o dato

6oal &%ihﬁ o

LARK stoler \w]

Defermne wegts:
[ Weint crdena |

wite colllporteds

DCC;.S;QV\ weJwers -
s Nawal cotact "‘W"\)
anA  pre\ect ro\g
=)
- el T
Cnawe 3




EARLY STAGE DECISION SUPPORT FOR SUSTAINABLE BUILDING RENOVATION

Qustainabi it Y
Goal Setti )

(noose criteria sek:

i DENR - DK, i
[ereEAM -nor ]
,r+ Create. new j

[earn wore

Ceate news set
ot criteco

Noawme. ceitena set:

AAK skeler

. P\adbbd/\o\/

. ev\erS.

* Faglokaler

. vd\skal‘mgsml\qu

. 6?reo\ni/51 Remaune
=+ add news

| SZ S

New coteren

Covterion mame -

L [

Level:

Oprective o
wwdacator
(learn w\ore)

Documentatien:

(2N

(_&ioc;‘a\ V k’

[ sAve j

Determme velative
wpertovet. of eritere
(lew’w were)

egual lw\M“‘"‘

T \

w2

(=

e

Z\ (63

——

a «“

e

€L 149

Qustainab i+ Y
Goa| Setti s

Cnoose- cr(‘tgf.‘-\vsdx:

L penerox |
[ereEAM -Nor ]

B Create new . |

[earn wore

AAK skoler
éina\e Crifenion
Ran K

cWeose erteron:
|Hadedc L oesion (e
S only ertied D
o) k@rbﬂsko(%

@\ Langhe it stole
) Gistrup Stele

A \/eb-‘\:/?'o( Pslre skede
/@ Mev sko\f

£ Nz skele

B Prej ey
A Perdon skef
= 3

APP 72




APPENDIX B - PROTOTYPE VERSIONS 1-5

AAK Skoler
sive)e clement ke

crhooae element

[ windows (:{

Show 04\3 cettical &

£ Nive skele

@‘ Hals skele

A L_¢vvo\V\35\¢oL€v\
e l@f\ojswtﬂ”\
B Mev skeln

Goal &H‘Mﬁ |
LAAk sl [v]

Determine wephs:
[ Weignt creria |

wite collkborters

Dtc{j(ew weJers »

L Naw contect "‘*""lﬁ
. aat ffz')ect ro\g

- el T
s name 3

AAK skoler

overall ranki N

Based gn: [OENB-DK

Leved of cewo, [E___ v
7@ L.tb\/vf?\v\t)sko\o’\

£ Sofiendalskolen
A\ Vooskev skole
A karbyskolen

A Frelerv skt
@ Gistrep skale
B Hals sole

£ Nibe skel®

ARK sholer
Porb{lolio owerview
OUSV\‘V\«W}W apals |

[Registrafion stxtvs |

Porf‘go(\\o_s .

Atk Bomelaver |

(AR Kultorbgmming

A pleem ]

APP 73

Pot e

Awe N Niesea| @
S 126310l A
ami @, ven dk

Role : advisor

Ccvv\Fvw\Y : VN

istcations

T

~ 14

Tasles:




EARLY STAGE DECISION SUPPORT FOR SUSTAINABLE BUILDING RENOVATION

PROTOTYPE VERSION 2

Beslutningsvaerktgj til
Baeredygtig Renovering

Beslutningsvaerktej til Basredygtig Renovering
Beslutningsvaerktsjet hjelper dig og din organisation med at saette baredygtighedsmal

for renoveringsprojekter.

Veerktojet kan hjzlpe med at:

Satte strategiske mdl for baeredyatighed indenfor et bygningsportefelie (fx for
en specifik bygningstype)

Saette mdl for et specifikt renoveringsprojekt (fx som grundlag for byggeprogram)
I veerktejet veelges ferst baeredygtighedskriterier baseret pd certificeringsordningen

DGNB, med mulighed for at tilfaje egne kriterier Herefter vaegtes kriterierne for at
klarlz=gge hvor stor betydning de hver iser till=gges

Neste >

Beslutningsvaerktaj til
Baeredygtig Renovering

Saet mdl for beseredygtighed

At sette konkrete mél for baeredygtighed tidligt i renoveringsprojekter kan bidrage til en
bedre dialog imellem de involverede parter, da man far taget stilling til hvad der vigtigt,
og fér det dokumenteret pd et tidligt tidspunkt. Beredygtighedsmadlene kan bruges
som en rettesnor gennem processen

Resultaterne kan bruges til at opnd en fzelles retning i arbejdet med beeredygtig
renovering imellem bygningskonstrukteren, arkitekten eller ingeniaren, der arbejder
med byggeri til dagligt, og beslutningstagere som fx politikere eller brugere, der skal
prioritere renoverir ktiviter men ikke nedvendigvis har erfaring med baeredygtigt
byggeri

P4 den made kan veerkisjet fungere som et styringsveerkigj, der tidligt i processen
hjzelper de involverede parter med ot tage stilling til baeredy gtighedsaspekter.

£ Forrige Nzaste >
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Beslutningsvaerktgj til
Baeredygtig Renovering

Projektdata

Indtast projektdata

Projektnavn:

———
——

Organisation

evonngstpe: [z 1]

< Forrige Naeste >

Opret projekt Velg kriterier Vagt kriterier

Resultot

Beslutningsvaerktaj til
Baeredygtig Renovering

Kriteriegrupper

Baredygtig udvikiing er i Brundtlandrapporten fra 1987 blevet defineret som

“..uavikiing, som opfylder de nuvarende behov uden at bringe fremtidige generationers
muligheder for at opfylde deres behov i fare”.

Baseret pd den definition taler man om social, ekenomisk og miljemeaessig
baredygtighed. | 2012 blev man | den danske byggebranche enige om at bruge den
tyske baeredygtighedscertificeringsordning DGNB, og tilpasse den til danske forheld. [
DGNB har man seks dnede kriteriegrupper; miljokvalitet, akonomisk kwvalitet, social
kvalitet, teknisk kvalitet, proceskvalitet og omrddets kvalitet

Beslutningsveerkigjet til Baeredygtig Renovering bygger pd principperne fra DGNB, og
bruger derfor baredygtighedskriterierne derfra som udgangspunkt for valg af kriterier.
Derudover dbner vaertajet op for muligheden for at tilfaje egne kriterier

£ Forrige Nzaste >

Opret projekt Vielg kriterier Vgt kriterier

ﬂ Miljok valitet

£& Okonomisk kvalitet
ﬂ Social kvalitet
£ Teknisk kvalitet
f& Proces kvalitet
ﬂ Omrddets kvalitet

,a Egen kriteriegruppe

Resultat
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&

Beslutningsvaerkiaj til
Baeredygtig Renovering

Social Kvalitet

A Termisk komfort A Tilgeengelighed (knock-out | DGNB)

[ Indenders luftkvalitet (knock-out | DGNB) 4 Offentlig adgang

4 Akustisk komfort [ Forhold for cyklister

[] Visuel kemfort A Arkitektonisk kvalitet

[ Brugernes muligheder for styring of indeklmaet [] Bygningsiniegreret kunst
M Kvalitet of udearealer [ Plandisponering

A Tryghed og sikkerhed O L ) kriterie

Tilfgj flere

<€ Forrige Naeste >

Opret projekt Vielg kriterier Vagt kriterier

£ Social kwalitet

Resultat

1)

Beslutningsvaerktaj til
Baeredygtig Renovering

Teknisk Kvalitet

4 Brandsikring

A Lydforhold

M Klimask=ermens kvalitet

[[] De tekniske systemers tilpasningsevne
4 Bygningens
] Egnethed med henblik pd nedtagning og genanvendelse
O [iewere ]

Tilfej flere

og rengering

£ Forrige Nzaste >

Opret projekt Vilg kriterier Vgt kriterier

£ Teknisk kvalitet

Resultat

1)
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Beslutningsveerkiej til
Bzeredygtig Renovering

Egne kriterier

Omdeb overskrift

O [arerene
o
o[
O [Fotai rrerc
oo

Tilfej flere
£@ Egen kriteriegruppe
<€ Forrige Naeste >
Opret projekt Vielg kriterier Vagt kriterier Resultat
[ ]
Beslutningsvaerktaj til =

Baeredygtig Renovering

Valgte bzeredygtighedskriterier

Miljgkvalitet Teknisk kvalitet
A Livscyklusvurdering (LCA) - Miljspdvirkninger [ Brandsikring
] Miljgrisici relateret til byggevarer Social kalitet o Lydforhold

4 Termisk komfort
[ Indenders luftkvalitet (knock-out | DGNB)
i Akustisk komfort

[ Visuel komfort

] Miljgpavirkning ved indvinding af materialer [/ Klimaskaermens kvalitet
] De tekniske systemers tilpasningsevne
7B diigehold og rer liahed

] Egnethed med henblik pd nedtagning og genanvendelse

A Livseyklusvurdering (LCA) primeerenergi

] Drikkevandsforbrug og spildevandsudiedning

A Effektiv arealanvendelse
[] Brugernes muligheder for styring af indeklimaet

Gkonomisk kvalitet [ Kvalitet af udearealer Proces kvalitet
[ Byaningsrelaterede levetidsomkostninger K Tryghed og sikkerhed b Kvalitet i forberedelsen af projektet
[ Fleksibilitet og tilpasningsevne K Tilgangelighed (knock-out | DGNB) [ Integreret design proces
[ Robusthed 4 Offentlig adgang ] Vurdering og optimering af kompleksitet i planlzegningen
] Forhold for cyklister Beeredy Kter i iale og or
Omrédets kvalitet B Arkitektonisk kvalitet 4 Vejledning om vedligehold og brug af bygningen
4 Mikroomrade ) Bygningsintegreret kunst i Byggeplads/byggeproces
[ Plandisponering ] Dokumentation af kvalitet i udforelsen

] Omrdadets og kvarterets image og tilstand
[ Trafikforbindelser ] Commissioning
4 Adganag til faciliteter i naromrddet

<€ Forrige Vagtning af kriterier »
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Beslutningsveerkiej til
Bzeredygtig Renovering

Veegtning af kriterier

Vaegtning af de valgte baeredygtighedskriterier sker ved brug af vaegtningsmetoden
Analytic Hierarchy Process (AHP), hvor kriteriernes vigtighed vurderes i forhold til hinanden
Nedenfor ses et eksempel Markeres cirklen | midten tilkendegives at de to kriterier er lige
vigtige. Markeres cirklen lengst mod kriterie 2, tilkendegives at kriterie 2 er meget
vigtigere en kriterie 1, osv

Kriterie 1 o] o] ® o] o] Kriterie 2

Meget vigtigtere  Lidt vigtigtere  Lige vigtig=  Lidt vigtigtere  Meget vigtigers

£ Forrige Veegtning af kriterier »

Beslutningsvaerktaj til
Baeredygtig Renovering

Vegtning af kriteriegrupper

De overordnede kriteriegrupper vagtes farst, for ot bestemme hvor stor betydning de hver
iszer skal have i projektet Det er muligt at lave sin egen vaegtning, eller benytte DGNBs
vagtning, hvor social, miliemaessig, skonomisk og teknisk kvalitet vaegtes ligeligt med

22 5%, proceskvalitet med 10% og omrddets kvalitet med 0%.

Har du selv oprettet kriteriegrupper, vaegtes disse ogsd.

<€ Forrige Vagtning af kriterier »
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Beslutningsveerkiej til
Bzeredygtig Renovering

Veegtning af kriteriegrupper 1/4

Milig kvalitet o] ® (o] o] o] Social kvalitet

Meget mere vigigt  Lidt vigtigtere  Lige vigtige  Lidt vigligtere Meget mere vigligt

@konomisk kvalitet e} [e] [e] ® e} Miljg kvalitet
Meget mere vighgt Lidt vigtigiers  Lige vigtige  Lidt vigtigtere Meget mere vighigt

Miljo kvalitet le) ® le) o) le) Teknisk kvaitet

Meget mere vighigt  Lidt vigtigtere  Lige vigtige  Lidt vigtigtere Meget mere vigtigt

Proceskvalitet Q (o] [e] ® le) Miljg kvalitet

Meget mere vigigt  Lidt vigtigtere  Lige vigtige  Lidt vigligtere Meget mere vigligt

< Forrige Vegtning aof kriterier >

Beslutningsvaerktaj til
Baeredygtig Renovering

Vegtning af kriteriegrupper 2/4

Miljo kvalitet o @® O o o) Omrddets kvalitet

Magat mers vighigt  Lidt vigtigtere  Ligs vigtige  Lidt vigtigters Maget mare vigtigt

@konomisk kvalitet Q [e] [0} le) Social kvalitet
Meget mere vigtigt tee  Ligevigtige  Lidt vigtigters Meget mere vigtigt
Social kvalitet ) ® [e) O fe) Teknisk kvaitet

Meget mee vigtigt  Lidt vigtigtere  Lige viglige  Lidt vigligtare Meget mare vigtigt

Proceskvalitet o] o o @® o) Social kvalitet

Meget mere vigigt  Lidt vigtigtere  Lige vigtige  Lidt vigtigters  Meget mere vigtigt

<€ Forrige Vagtning af kriterier »
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Beslutningsveerktaj til
Baeredygtig Renovering

Resultat af va=gtning af kritieriegrupper

Du har nu valgt hvor meget de overordnede kriteriegrupper hver iseer skal veegte
Nzeste skridt er nu ot bestemme hver meget de enkelte kriterier skal vaegtes.

Lees mere om vagtning af kriterier

Din vagtning Vagtning i DGNB

£ Forrige Veegtning of kriterier >

Beslutningsvaerktoj til
Baredygtig Renovering

Miljakvalitet

Livscyklusvurdering (LCA)
- Miljepavirkninger

® 9} 9} o] o] Effektiv arealanvendelse
Meget meve vighigt  Lidt vigtigtere  Lige viglige  Lidt vigligiere Meget mere vighigt

Livscyklusvurdering (LCA) le) o] ® o le) Livscyklusvurdering (LCA)
- primserenergi Meget mere vigigt  Lidt vigtigters  Lige vigtige  Lidt vigtigtere Meget mere vigtigt - Mil jop&virkninger

Livseyklusvurdering (LCA)
Effektiv arealanvendelse o} o o ] ®

- primserenergi
Meget mere vigiigt Lidt vigtigtere  Lige vigtige  Lidh vigtigters Meget mere vigtigt P 8

< Forrige Neeste »
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&

Beslutningsveerktaj til
Baeredygtig Renovering

@konomisk kvalitet

Bygningsrelaterede @® (e} (o] o] o]
levetidsomkostninger ~Megetmersvigigt Lidi vigiigiens  Lige vigige  Lidt vigtigters  Meget mere vigtigt

Robusthed o o o @ ©
Meget mere vigigt  Lidt vigtigtere  Lige vigtige  Lidt vigligtere  Meget mere vigtigt
Fleksibilitet og Q o] ® o] o]

UIPASNINGSEVNE  ogut e vt Litvigigrs Lo vgtioe Lt ipiptere Meget more vt

Fleksibilitet og
tilpasningsevne

Bygningsrelaterede

levetidsomkostninger

Robusthed

£ Forrige Neste »
Beslutningsvaerktoj til
Baredygtig Renovering
Social kvalitet (1/7)
Termisk komfort Q (o] ® (o] Q Indenders luftkvalitet

Meget mere vigigt  Lidt vigtigtere  Lige vigtige  Lidt vigligtere Meget mere vigligt

Akustisk komfort (o] (o] (o] ® o]

Meget mere vighigt  Lidt vigtigtere  Lige vigtige  Lidt vigtigtere Meget mere vigtigt

Termisk komfort ® (o] (o] o] o}

Meget mee vigtigt  Lidt vigtigtere  Lige viglige  Lidt vigligtare Meget mare vigtigt

Tryghed og sikkerhed Q (o] (o] Q ®

Meget mere vigigt  Lidt vigtigtere  Lige vigtige  Lidt vigligtere Meget mere vigligt

< Forrige Neeste »

Termisk komfort

Kwalitet of udearealer

Termisk komfort
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PROTOTYPE VERSION 3

Malsa=tningsveerktgj
for baeredygtig renovering

Forside |
5zt basredygtighedsmal | Veegtning af kriterier for social beeredygtighed
Kriterier valst
SIS :r:e.:lg-e krtizrier af du gnsker skal indgd i projekters milsmming, Vgt derefter de valgte kriterier 100%
Miljp 10 gives farst £ det eller d kritarier der anses som mest vigtige for projektes, derefter vagres de
gvrige kriterier p:'. =n skala fra 4-10, hvord er mindst vigtist i forhold til dee vigtigste kriterie.
@konomi
{La=s mere om skalzen her}
Teknik
Proces # Social beeredygtighed - kriterier
1 Termisk komfort 5 6,8%
Omrade 2 Indenders luftkvalitet 10 13,5%
o 3 Akustisk komfort 4 5,4%
E5r2 iRy 4 Visuel komfort 7 95%
5 Arkitektonisk kvalitet 4 5,4%
Se resultater & Plandisponering 5 6,8%
7 Byeningsintegreret kunst 7 8 .5%
B Tryshed og sikkerhed 4 5,4%
9 Tilgengelighed 4 5,4%
10 Offentlig adgang 7 9,5%
11 Kvalitet af udearealer 5 6,8%
12 Brugernes muligheder for styring af indeklimaet 4 54%
13 Forhold for cyklister B 10,8%

Vaegtning af kriterier for social beeredygtighed
Brugemes muligheder for
styring af indeklimast Termisk komfort
6% %

Kvalit=t af udearealer
%

Indendgrs huftkvalitet

15%
Offentiig adgang /|
11% y
Akustisk komfort
Tilgngelighed 5%
6%
d ikkerhed
ThEne ?;I =rne Visuel komfort
) 11%

Bygningsintegreret kunst
1%

Arkitektonisk kalitet
6%

Plandisponering
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Sammenlignet med DGNB

Kontorbygninger

Termisk komfort
45%
4,0%
35%

Forhold for oyklister Ind endigrs huftiovalitat

Brugemes mufighedar for styring

af indelimaet Abustisk komio i

Kvalitet of udearaalar visual komfort

Offentligadgang Arkit ektonisk kalitet

Tilgzngelighed Plandispanering

Tryghed og skkerhed Bygningsintegreret kunst

—=—EgenvaEgtning —*— DENBS VEEMINg

Beslutningstager 1 og 2

Termisk komfort
3,5%
Forhold for oyklister Indendgrs luftkwalitat

Brugernes muligheder for styring

af indeklimaet Alustisk komfort

Kuzlitet sf udesresler Wisued komfort

Offentdig adgang Arkitektonisk kvalitet

Tilg=ngelighed Plandisponering

Tryghed ogsikkerhed Bygningsintegreret kunst

i B Utningstager 2 == Beslutningstager 2
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PROTOTYPE VERSION 4

Help | Background ¥

Project Setup | Select Criteria | Prioritise Criteria | Register Buildings | Specify Costs | View Results

Project Setup

Here you can enter general data about the project, including deicion makers, criteria and buildings within the portfolio.

Desired level of renovation: | Deep renovation =]
# Decision Makers Organisation
1 Decision maker #1 Enter role Aak Bygninger Enter e-mail Phone #
2 Decision maker #2 Enter role AaK Bygninger Enter e-mail Phone #
3 Decision maker #3 Enter role Aak Bygninger Enter e-mail Phone #
4 Decision maker #4 Enter role AaK Bygninger Enter e-mail Phone #
+ Add more
1 Indoor Renovation Add notes
2 Qutdoor Renovation Add notes
3 Indoor Learning Environment Add notes
+ Add more
# Properties Buildings  Address Notes
1 Bislev skole 3 Halkaerve] 42, 9240 Nibe Add notes
2 Byplanvejens Skole 8 Byplanvej 2, 9210 Aalborg 5@ Add notes
3 Ellidshgj Skole 10 Ny Skolevej 2, 9230 Svenstrup J Add notes
4 Farstrup Skole 6 Varvej 9A, 9240 Nibe Add notes
5 Ferslev Skole 4 Enter address Add notes
6 Filstedvejens Skole 4 Enter address Add notes
7 Frejlev skole 11 Enter address Add notes
8 Gandrup Skole il | Enter address Add notes
9 Gistrup Skole 17 Enter address Add notes
10 Gl. Hasseris Skole 9 Enter address Add notes
11 Gl. Lindholm Skole 8 Enter address Add notes
12 Grindsted Skole 11 Enter address Add notes
13 Gudumholm Skole 7 Enter address Add notes
14 Gug Skole 16 Enter address Add notes
15 Hals Skole 11 Enter address Add notes
16 Herningvejens Skole 4 Enter address Add notes
17 Hou Skole 7 Enter address Add notes
18 Hdjvangskalen 11 Enter address Add notes
19 Klarup Skole 19 Enter address Add notes
20 Kongerslev Skole 3 Enter address Add notes
21 Keerbyskolen 6 Enter address Add notes
22 Langholt Skole 4 Enter address Add notes
23 Lgvvangskolen 3 Enter address Add notes
24 Mellervaneskolen 14 Enter address Add notes
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Help | Background F=p

Project Setup | Select Criteria | Prioritise Criteria | Register Buildings | Specify Costs | View Results

Select Renovation Criteria

Select which criteria you wish to include in the project and which criteria group they belong to. You can enter Number of Criteria
your own criteria or use a predefined set of criteria. 13

Project specific criteria E]

# Criterion Criteria Group Included?
1 Outdoor lightning Outdoor Renovation
2 Outdoor covering COutdoor Renovation O
3 Automatic fire alarm Indoor Renovation
4 Security alarm and access control Indoor Renovation O
5 CQutdoor learning environment Outdoor Renovation O
6 Accessibility Indoor Learning Environment
7 Roof Outdoor Renovation O
8 Facade Outdoor Renovation
9 Windows Outdoor Renovation
10 OQutdoor solar screening Indoor Learning Environment
11 Drain Indoor Renovation
12 Sanitation Indoor Renovation O
132 Water Indoor Renovation O
14 Heating Indoor Renovation O
15 Technical insulation Indoor Renovation O
16 Electricity Indoor Renovation O
17 Sewer COutdoor Renovation O
18 Indoor learning environment Indoor Learning Environment
19 Indvendige overflader Indoor Learning Environment
20 Fixed inventory in subject specificrooms Indoor Learning Environment
21 Indoor lightning Indoor Learning Environment
22 ventilation Indoor Learning Environment
23 Building Management System Indoor Learning Environment

Save
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Help | Backeround 3

Project Setup | Select Criteria | Prioritize Criteria | Register Buildings | Specify Costs | View Results I ‘

Prioritize Criteria

Prioritize the critera groups and criteria according to the preferences of the dedision makers. Each decision maker places the
slider representing the importance of the criteria. If the slider is placed in the middle at "1”, it indicates that the two criteria
are equally important. Bead more about the weighting method.

Step 1: The decision makers weigh the criteria individually

Roof Facade
9 7 5 3 1 3 5 7 9
Windows Sewer
9 7 5 3 1 3 5 7 5
Facade Drain
9 i 5 3 1 3 5 T 9
Windows Roof
9 7 5 3 1 3 5 T 9
Outdoor
| . Facade
earning
environment § 7 5 3 3 5 7 2
Previous Next
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Help | Background =9

Project Setup | Select Criteria | Prioritize Criteria | Register Buildings | Specify Costs | View Results

Register Existing Buildings

Here you can enter the registration data on the buildings within the portfolio. Choose "enter data" to enter the data for
each building according to the criteria. A 1 to 4 scale is used, where "1" refers to "no or light renovation needed"” and "4"
refers to "extensive renovation needed". Learn more about the scale.

# Property Buildings Registration data  Registered?
1 Bislev Skole 2 Enter data
2 Byplanvejens Skole 8 Enter data
3 Ellidshoj Skole 6 Enter data |
4 Farstrup Skole @ Enter data O
5 Ferslev skole 4 Enter data |
6 Filstedvejens Skole 4 Enter data O
7 Frejlev Skole 11 Enter data |
8 Gandrup Skole 1 Enter data O
9 Gistrup Skole 17 Enter data O

10 Gl. Hasseris Skole 9 Enter data O

11 Gl. Lindholm Skole 8 Enter data |

12 Grindsted Skole 11 Enter data O

13 Gudumholm Skole 7 Enter data |

14 Gug Skole 16 Enter data O

15 Hals Skole 11 Enter data |

16 Herningvejens Skole 4 Enter data O

17 Hou Skole 7 Enter data |

1B Hgjvangskolen 11 Enter data O

19 Klarup Skole 13 Enter data |

20 Kongerslev Skole 3 Enter data O

21 Keerbyskolen 6 Enter data O

22 Langholt Skole 4 Enter data O

23 Levvangskolen 3 Enter data |

24 Mellervangskolen 14 Enter data O

25 Mou Skole 5 Enter data O

26 Nibe Skole 11 Enter data O

27 Nerholm Skole 4 Enter data |

28 Ngrre Uttrup Skole 7 Enter data O

29 Nevling Skole g Enter data O

30 Sebber Skole 6 Enter data O

31 Seminarieskolen 10 Enter data |

32 Skansevejens Skole 6 Enter data O

33 Sofiendalskolen 23 Enter data O

34 Stolpedalskolen 1% Enter data O

35 Sulsted Skole 6 Enter data M
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Help | Background €9

Project Setup | Select Criteria | Prioritise Criteria | Register Buildings | Specify Costs | View Results | |

Results - Criteria Weights

Here, you can view the results of the weighting process, both the individual weights of each decision maker and the results of the group
weighting process. The group results are used for further calculation within the REDIS software.

Criteria Weights Conditions of Existing Buildings Renovation Value Factor

Group weights of criteria groups

View results for:

Group Results

60%
[] Decision maker #1
[] Decision maker #2
26%
. ! [ Decision maker #3
13%
I . i s [] Decision maker #4

Indoor Qurdoor Indoor
environment renovation renovation

Group criteria weights

i

Roof NN S
Facade W 3
Windows B %
Sewer NEEEE
Drzin HEEE
Water HE
Heating N %

Sanitation W %
Electricity W 37

Indoor lightning I 5
WVentilation NI 2
Accessibility I

Indoor surfaces Il 3

Outdoor solar screening I &
Outdoor lightning W 5%
Outdoor covering Il %

Technical insulation W 3
Automatic fire alarm 1

Indoor learning environment I

Building Management System Bl 3

= Fixed inventory in subject specific. I 7
Qutdoor learning environment T %

©  Security alarm and access control 1§

or envirorsent O 0

=
[=]

OutBoor renovition 0 0 o 0 Indbor renovafion 0 o 0 0 o
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Help | Background Q

Project Setup | Select Criteria | Prioritise Criteria | Register Buildings | Specify Costs View Results | l

Results - Criteria Weights

Here, you can view the results of the weighting process, both the individual weights of each decision maker and the results of the group
weighting process. The group results are used for further calculation within the REDIS software.

Criteria Weights Conditions of Existing Buildings Cost Estimates Renovation Walue Factor

Weights of criteria groups: View results for:

[ Groups weights

Decision maker #1
[] Dedision maker #2
Decision maker #3

[] Decision maker #4

Decision maker #1 Decision maker #3

Decision maker #1 og #3's weighting of the criteria belonging to "indoor leaming

30%
25%
20%
15%
10% {
5% I
o (] = |
Outdoor solar  Indoor Indoor Ventilation Building  Accessibility Fixed Indoor
screening surfaces lightning Management inventory in learning
System subject environment
spedfic
rooms
Indoor 1] 0 ] 0 W] o 0

environment

HDM#10 DM #3 0
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Help | Background ?

Project Setup | Select Criteria | Prioritize Criteria | Register Buildings | Specify Costs View Results | |

Results - Conditions of Existing Buildings

Here, you can view the existing conditions of the buildings within the portfolio in relstion to each criterion on the 1 to 4 scale.

Criteria Weights Conditions of Exiting Buildings Cost Estimates Rencvation Value Factor

Choose Property:
|;asneruttrup§:nle E]
Security alarm and
acees eontrol Outdonr solar screening
At
fre glarm indoor werfsces
Elecireity Indaor kghtning
Technical
imrdstion Verdristion
Heating Buikding Maragement Syries,
Wader Accessitaley
Fned imventary in subect
Sanfatan saecific recrmy
Drein Ingonr learing EmAranmEnt
Dwtdionr karning envirenment S
Sewer Dwadoar covering
Facade
3500000,00
3000000,00
2500000,00
Z000000,00
A1S00000,00
1000000,00
500000, 00 I | I
E.GGI I I - m _-IIII-..
SESEEREE RS R SEREEEESE NS
sEEx RS i X B2 E S
SRR KRR N 2 £ £y
L ] : = = =
- E < & § § .& ] i 1"-; g
2EE B L PEg o i E 3
§ = E, £ g ‘E L] £ 5
g o m = a =
H z 7 & o E
= -] § £
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Help | Background 3

Project Setup | Select Criteria | Prioritise Criteria | Register Buildings | Specify Costs | View Results | ‘

Results - Cost Estimates

Here, you can view the cost estimates of renovating the buildings within the portfolio. You can view the total costs and the costsin
relation to each criterion.

Conditions of Existing Buildings Cost Estimates Renovation Value Factor

Choose Property:

| @ster Uttrup Skole E]

Choose pricing data:

| Experience costs E]

Total costs: 12.450.000 DKR

Security alarm and

: aceess control Outdooe solar screening
Automatic 3 million KR
millios
fire alarm Indoor surfaces
Electricity Indoar lightning
2 million DKR
Technical
insulation Ventilation
Heatin
B 1 millian DKR Building Management System
Wate: Accessibiity
2 Fixed inventary in subject
Sanitation specific rooms
Drain indoor learning emviranment
Outdear learning enviranment Curom evIn
Sewer Dutdoor covening
Windows Reaf

Facade

kr.3.500.000,00

kr.3.000.000,00
kr.2.500.000,00
kr_2.000.000,00
B

kr.1.500.000,00
kr_1.000.000,00

bn
m =

kr.500.000,00 I I I
w000 B n e e M
¥ P = LU & > §u E R g » E > E @
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Help | Background @

Project Setup | Select Criteria | Prioritize Criteria | Register Buildings | Specify Costs | View Results | ‘

Results - Renovation Value Factor

Here, you can view the Renovation Value Factor, which is calculated by first multiplying the criteria weights and the registration datz, and then divided with
the total costs for renovating the property. The Renovation Value Factor indicated which buildings, or which criteria in refation to one building, gives the
building owner most "value for money" when planning to renovate. Leam more about the Renovation Value Factor.

Conditions of Existing Buildings Renovation Value Factor

Choose Property:

| Egebakken Agernhuset [=] view an buildi View for single criterion

Renovation Walue Factor for Egebakken Agernhuset Specialskole in relation to all critera:

Ventilation N .
Facade I
Sanitation MR +-
Heating I <

Windows B~
Sewer
Electricity Wl

Accessibility

Indoor surfaces
Indoor lightning I
Outdoor lightning
Qutdoor covering
Technical insulation B +~

Outdoor solar screening I+~

=
(=}
Indoor learning environment IEIEEEEEEEEEG—G—G—_——— '
[=1
[=1
Roof MR w
[=]
[ =}
Drain IEE—
Water HEEEE o
Automatic fire alarm I

Building Management System N &

Outdoor learning environment
Security alarm and access control N w

Fixed inventory in subject specific rooms

or environfhentd 0 o o O0Outdoor renovtiond | 0 | O 0 Inddor renovalion 0 | O o o 1] a

(The criteria with the value "0 indicates that either registration or cost data are missing, or the Renovation Value Factor is "0")
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Help | Background 9

Project Setup | Select Criteria | Prioritize Criteria | Register Buildings | Specify Costs | View Results | |

Results - Renovation Value Factor

Here, you can view the Renovation Value Factor, which is calculated by first multiplying the oriteria weights and the registration data, and then divided with
the total costs for renovating the property. The Renovation Value Factor indicated which buildings, or which criteria in relation to one building, gives the
building cwmer most "value for money™ when planning to renovate. Learn more about the Renovation Value Factor.

Conditions of Existing Buildings Renovation Value Factor

Sort by:
[ Tenhighestandlowest [+ | Viewsingle buildings View for single criterion
The ten buildings with the higest Renovation Value Factor: View on map
18
11 11
10
9
2 8
I & 5 &
7} @ o v ] u & LY = u
o u
] s 3 3T T E g ¥ 2 3
£, % 3z 3z % & @ 3 4
g2 B ] b % 2 2 2 S
25 0?3 & = g & 3
gy = 2 ] = §
¥ O = = -
w 8 = &
?n ] T )
s ] 20
=
The ten buildings with the lowest Renovation Value Factor:
1.3 13 1.3
1,2 1,2 1,2
11
1
0,3 0,9 |
c [ o o L] c u L a o
3 5 5 g - 3 2 3 g g
2 2 # o n 2 & & i &#
u o = A a o] o v
3 g 5 3B g g 3 &8 2 g
5 2 a ] @ £ ] S T
£ 8 (] & 2 k3 i = £
o - = = = 8
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Help| Background 9

View Results |

Project Setup | Select Criteria | Prioritise Criteria | Register Buildings | Specify Costs

Results - Renovation Value Factor

Here, you can view the Renovation Value Factor, which is calculated by first multiplying the criteria weights and the registration data, and then divided with
the total costs for renovating the property. The Renovation Value Factor indicated which buildings, or which criteria in relation to one building, gives the
building owner most "value for money” when planning to renovate. Learn more about the Renovation Yalue Factor.

Criteria Weights Conditions of Existing Buildings Cost Estimates Renovation Value Factor

Location of the ten buildings with the higest Renovation Value Factor:
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PROTOTYPE VERSION 5

REDIS DIALOGUE

Seois

Dialogue

Enter project data

Enter project name

Project name Main objective

Enter decision makers Mumber of decision makers: III

Decision Makers

Decision maker #1
Decision maker #2
Decision maker #3

Decision maker #4

L9 I T R R

Decision maker #5

Enter name of criteria groups Mumber of criteria groups: III

Criteria Groups

Indoor Renovation

Outdoor Renowvation

Indoor Learning Environment
s

Un b= P

Criteria group: Mumber of sub-criteria: III

|Indoor Renovation |

# Sub-criteria MNotes

1 Automatic fire alarm
Security alarm and access control

2

3 Drain
4 Sanitation

5 e

£ =EEs—z

2 icali ;
2 E e
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Dialogue

Name:

|Deci5ion maker #1

Weight criteria groups

Which criteria group is most important when compared pairwise? Place the slider.

Indoor Renovation

Indoor Renovation

Indoor Renovation

Indoor Renovation

Outdoor Renovation
Outdoor Renovation
QOutdoor Renovation

Indoor Learning Environment
Indoor Learning Environment

Criteria group #4

v
Extremely i

strong!
more e

more

important
S important

Very
strangly
mare
important

Strongly  Moderately Moderately
Equal

more more. more.
importance
important

Strongly
more

Extremely
more

important  important important important

Outdoor Renovation

Indoor Learning Environment

Criteria group #4
Critaria group #5
[ | v lindoor Learning Environment

Criteria group #4

Criteria group #5

Criteria group #4
[ v |criteria group 5

Criteria group 45

Weight sub-criteria

Consitency:

Which criterion is most important when compared pal

Criteria group:

Automatic fire alarm
Automatic fire alarm
fire alarm

Automati

Automatic fire alarm

Project data

DM#1

Indoor Renovation

v
Baremely = ‘
more A

important
it important

DME2 D3

ise? Place the slider.

Very
strongly
are
important

Strongly
more

Moderately
more

Moderately
more

Strongly
more

Extramely

Equal
: mare
importance

important  important important  important important

Security alarm and access control

Drain

[P

[l

Divid DMES Group DM
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Results of individual weighting process
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DM#1 DM#2 DMi#3
Criteria group weights Criteria group weights Criteria group weights
Criteria Weight Criteria Weight Criteria Weight
Indoor Renovation 19% Indoor Renovation 22% Indoor Renovation 22%
Outdoor Renovation 22% Outdoor Renovation 9% Outdoor Renovation 9%
Indoor Learning Environment 6% Indoor Learning Environment 15% Indoor Learning Environmer| 15%
Criteria group #4 24% Criteria group #4 23% Criteria group #4 23%
Criteria group #5 29% Criteria group #5 32% Criteria group #5 32%
Consistency Ratio 0,10 Consistency Ratio 0,09 Consistency Ratio 0,09
Indoor Renovation Weight Indoor Renovation Weight Indoor Renovation Weight
Automatic fire alarm 21% Automatic fire alarm 19% Automatic fire alarm 19%
Security alarm and access contrg 11% Security alarm and access cont] 12% Security alarm and access cq 12%
Drain 12% Drain 12% Drain 12%
Sanitation 12% Sanitation 10% Sanitation 10%
Water 11% Water 12% Water 12%
Heating 9% Heating 10% Heating 10%
Technical insulation 16% Technical insulation 17% Technical insulation 17%
Electricity 8% Electricity 9% Electricity 9%
Consistency Ratio - Consistency Ratio 0,06 Consistency Ratio 0,06
Outdoor Renovation Weight Outdoor Renovation Weight Outdoor Renovation Weight
Cutdoor lightning 19% Cutdoor lightning 19% Outdoor lightning 19%
Outdoor covering 20% Cutdoor covering 20% Outdoor covering 20%
Outdoor learning environment 15% Outdoor learning environmen 15% Outdoor learning environmg 15%
Roof 14% Roof 14% Roof 14%
Facade T Facade T Facade 7%
Windows 16% Windows 16% Windows 16%
Sewer 10% Sewer 10% Sewer 10%
0 0% 0 0 o 0%
Consistency Ratio - Consistency Ratio - Consistency Ratio _
Indoor Learning Environment  |Weight Indoor Learning Environment |Weight Indoor Learning Environmer Weight
Accessibility 20% Accessibility 20% Accessibility 20%
Outdoor solar screening 9% Qutdoor solar screening 9% Outdoor solar screening 9%
Indoor learning environment 14% Indoor learning environment 14% Indoor learning environmen 14%
Indoor surfaces 10% Indoor surfaces 10% Indoor surfaces 10%
Fixed inventory in subject speci 10% Fixed inventory in subject spe 10% Fixed inventory in subject s 10%
Indoor lightning 15% Indoor lightning 15% Indoor lightning 15%
Ventilation 12% Ventilation 12% Ventilation 12%
Building Management System 10% Building Management System 10% Building Management Syste 10%
Consistency Ratio 0,05 Consistency Ratio 0,05 Consistency Ratio 0,05
|Criteria group #4 Weight | |Criteria group #4 Weight | |Crite ria group #4 Weight
| P | anel | P | one]  lala_ s | anel
Project data | DM#1 | DM#2 | DM#3 | DM#4 | DM#5 | GroupDM | Results @



APPENDIX B - PROTOTYPE VERSIONS 1-5

REDIS PRIORITIZATION

&DIS

Prioritization

Enter project data

Enter project name

Project name

Number of properties in the portfolio: 56

Enter properties information

5 2 Number of Number of
# Properties Address Total m*® e Max floors

buildings occupants
1 Property #1 Property address 16247 1 2 296
2 Property #2 Property address 14296 1 3 129
3 Property #3 Property address 6512 1 3 333
4 Property #4 Property address 14527 1 3 438
5 Property #35 Property address 8323 1 3 130
6 Property #6 Property address 16342 1 3 219
7 Property #7 Property address 4922 1 2 438
& Property #8 Property address 15773 1 3 581
9 Property #39 Property address 11177 1 3 544
10 Property #10 Property address 4058 1 3 190
11 Property #11 Property address 5736 1 3 294
12 Property #12 Property address 7654 1 3 503
13 Property #13 Property address 6823 1 2 511
14 Property #14 Property address 11943 1 3 624
15 Property #15 Property address 16116 1 3 600
16 Property #16 Property address 10693 1 3 631

17 Property #17 Property address 6553 1 3 75
18 Property #18 Property address 2658 1 3 292
19 Property #19 Property address 9748 1 3 587
20 Property #20 Property address 12695 1 3 512
21 Property #21 Property address 16084 1 3 568
22 Property #22 Property address 3229 1 3 212
23 Property #23 Property address 6280 1 2 503
24 Property #24 Property address 11100 1 3 398
25 Property #25 Property address 45812 1 3 165
26 Property #26 Property address 4505 1 3 514
27 Property #27 Property address 10447 1 3 179
28 Property #28 Property address 12235 1 3 462
Branerh address A904 Wb 2 hARS

Project data Registration data Costs Results (RVF areas) Results (RVF occupants) Results (reg. data ar
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Prioritization

Enter registration data

Update sheet ]

Property Building Criteria #1 Criteria #2 Criteria #3

1 Property #1 ! Basement 2 2L 3
i Property #1 % Ground floor 2 5] 4
1 Property #1 A 1st floor 4 4 1
1 Property #1 7 2nd floor 4 2 1
2 "Property #2 1 Basement 3 2 a
2 'Pruper‘tv #2 1 Ground floor 4 3 2
2 Property #2 1 15t floor 1 2 1
2 Property #2 1 2nd floor 2 1 4
3 Property #3 1 Basement 2 3 2
3 'Pruper‘tv #3 % Ground floor o 3 1
3 "Property #3 1 1st floor 2 0 a
3 "Property #3 1 2nd floor 3 0 1
a "Property #2 1 Basement 1 0 a
4 'Pruper‘tv #4 1 Ground floor 3 3 1
3 Property #4 1 15t floor a 2 4
4 Property #4 1 2nd floor 2 1 4
5 Property #5 1 Basement 2 o 2
5 'Proper'tv #5 it Ground floor o 4 2
5 "Property #5 1 1st floor 2 3 1
5 "Property #5 1 2nd floor a a 2
6 "Property #6 1 Basement a 3 3
6 'Pruper‘tv #6 1 Ground floor 3 3 2
6 Property #6 1 15t floor 3 2 4
6 Property #6 1 2nd floor a 3 3
7 Property #7 1 Basement 2 o 4
7 'Proper'tv H7 it Ground floor 3 1 2
7 "Property #7 1 1st floor 1 3 0
7 "Property #7 1 2nd floor a 3 4
8 "Property #8 1 Basement 1 3 a
a 'Pruper‘tv #3 1 Ground floor o 0 2
g Property #8 1 15t floor 2 o 4
) Property #8 1 2nd floor 3 1 1
9 Property #9 1 Basement a 4 4
9 'Proper'tv #9 it Ground floor ¥ o 3
9 "Property #9 1 1st floor 2 a 1
9 "Property #9 1 2nd floor 0 1 2
10 "Property #10 1 Basement 2 2 1
10 ‘Property #10 1 Ground floor 1 4 0
10 Property #10 1 15t floor 2 a 2
10 Property #10 1 2nd floor o 2 4
11 Property #11 1 Basement o 4 2
11 Property #11 1 Ground floor 2 3 2
11 "Property #11 1 1st floor 3 3 a

Project data Registration data Costs Results (RVF areas) Results (RVF occupants)

Results (reg. data and costs)
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Enter costs

pdate sheet

Property Building Criteria #1 Criteria #2 Criteria #3

1 Property #1 1 Basement kr. 46.277,00 kr. 105.241,00 kr. 10.226,00 kr.
1 Property #1 1 Ground floor kr. 18.483,00 kr. 116.641,00 kr. 17.526,00 kr.
1 Property #1 1 1st floor kr. 27.514,00 kr. 96.276,00 kr. 29.399,00 kr.
1 Property #1 1 2nd floor kr. 153.969,00 kr. 66.752,00 kr. 164.096,00 kr.
2 ’Propertyﬂz 1 Basement kr. 1.627,00 kr. 70.851,00 kr. 174.327,00 kr.
2 'Propertyﬁz 1 Ground floor kr. 80.739,00 kr. 126.317,00 kr. 151.029,00 kr.
2 ’Property#Z 1 1st floor kr. 196.683,00 kr. 150.640,00 kr. 27.394,00 kr.
ik 'Propert\mz 1 2nd floor kr. 28.769,00 kr. 67.860,00 kr. 102.886,00 kr.
3 'Property#ﬂ 1 Basement kr. 51.517,00 kr. 194.590,00 kr. 67.265,00 kr.
3 'Propertyaﬂ 1 Ground floor kr. 73.906,00 kr. 81.845,00 kr. 93.242,00 kr.
3 'Propertyiﬂ 1 1st floor kr. 30.971,00 kr. 74.644,00 kr. 24.502,00 kr.
3 ’Propert\ms 1 2nd floor kr. 21.030,00 kr. 32.407,00 kr. 33.087,00 kr.
4 'Propertyﬁd 1 Basement kr. 27.011,00 kr. 25.996,00 kr. 132.702,00 kr.
.S ’Property#d 1 Ground floor kr. 103.270,00 kr. 168.742,00 kr. 150.862,00 kr.
a4 'Propertyﬁd 1 1st floor kr. 171.197,00 kr. 51.664,00 kr. 147.160,00 kr.
a4 'Propertyﬁd 1 2nd floor kr. 126.320,00 kr. 47.317,00 kr. 175.221,00 kr.
5 'Propertyﬂs 1 Basement kr. 96.590,00 kr. 199.776,00 kr. 135.936,00 kr.
5 'Propertyﬁs 1 Ground floor kr. 38.512,00 kr. 52.098,00 kr. 139.464,00 kr.
5 ’Propertyﬂs 1 1st floor kr. 60.787,00 kr. 189.183,00 kr. 83.028,00 kr.
5 'Propertyﬁs 1 2nd floor kr. 24.119,00 kr. 184.123,00 kr. 4.893,00 kr.
6 ’Property#ﬁ 1 Basement kr. 121.952,00 kr. 79.398,00 kr. 28.817,00 kr.
6 'Propertyﬂﬁ 1 Ground floor kr. 165.004,00 kr. 191.077,00 kr. 6.633,00 kr.
6 'Propertyﬁﬁ 1 1st floor kr. 111.287,00 kr. 8.237,00 kr. 117.698,00 kr.
6 'Propertyﬂﬁ 1 2nd floor kr. 20.198,00 kr. 152.988,00 kr. 107.327,00 kr.
7 'Propertyﬂ? 1 Basement kr. 141.959,00 kr. 47.475,00 kr. 173.999,00 kr.
7 ’Propertyﬂ? 1 Ground floor kr. 16.498,00 kr. 127.948,00 kr. 8.192,00 kr.
7 'Propertyﬁ? 1 1st floor kr. 3.428,00 kr. 127.153,00 kr. 115.105,00 kr.
7 ’Property#? 1 2nd floor kr. 25.289,00 kr. 91.304,00 kr. 185.090,00 kr.
8 'Propertym} 1 Basement kr. 83.162,00 kr. 108.474,00 kr. 55.057,00 kr.
g 'Propertyﬁﬂ 1 Ground floor kr. 153.479,00 kr. 70.962,00 kr. 116.747,00 kr.
8 'Propertyﬂﬁ 1 1st floor kr. 102.599,00 kr. 82.897,00 kr. 35.058,00 kr.
8 'Propertyﬁﬂ 1 2nd floor kr. 165.888,00 kr. 120.310,00 kr. 73.378,00 kr.
g ’Propertyﬁs 1 Basement kr. 128.424,00 kr. 146.464,00 kr. 293100 kr.
9 'Propertyﬁs 1 Ground floor kr. 94.628,00 kr. 141.643,00 kr. 72.413,00 kr.
9 ’Property#S 1 1st floor kr. 32.046,00 kr. 133.769,00 kr. 104.599,00 kr.
e 'Propertyﬁﬁ 1 2nd floor kr. 99.571,00 kr. 43.791,00 kr. 127.001,00 kr.
10 :Propertyﬁlo 1 Basement kr. 44.352,00 kr. 37.479,00 kr. 129.501,00 kr.

ructions Project data Registration data Costs Results (RVF areas) Results (RVF occupants) Results (reg. data

APP 103



EARLY STAGE DECISION SUPPORT FOR SUSTAINABLE BUILDING RENOVATION

954 ALHIJOHL
S54 ALHIOH
L RSCEEL-LE]

OFE VI¥ILIND

BER WI¥ILIND

EG¥ ALY3dOud BER VINALIED
54 ALudONd 6N ¥I¥ILIND
TS# ALY3adOnd

058 ALHAdONd S50 VI¥ILIND
574 ALYIdOHd SER WI¥ILID

Bv# AL¥3dDEd
Lod ALHIJOHS
Svd ALHIJOHd
STl AluadoEd
Pré ALEIJOH
ET# ALHIAOH
Zré ALUIIOH
Tril ALYddOnd
OT# Aluddodd
BE# AL¥3dDEd
BEH ALHILOHd
LEW ALHIdOHd
9Ed ALYIdOKd
SE# ALHIOH
PEH ALEIAOHS
60 ALUIdOHd
CE¥ ALHIOH
TE# ALEIdOBD
0F# ALHIAOHY

FER VIHILIED

EER VI¥3LIED

ZER VIHILIND

TER VIHILIED

DER VIHILIED

6T VIHILIED

BERr VitaLiud

YaLIiEe
BTN VIYELIED

SZR VIYALIED

PIR VIHILIND

€2 WIYALIED

ZEZR WIHILIND

BTH ALEddDEd RIS A
G24 ALHIJOHL OZ® WIY3LIED
LT# ALYIJOHA —

9TH ALHIOH

STH ALHIAOH BER WI¥3LIED

FepAL¥a<004 LEN VI¥ALIED
£2¥ hLHIJOHY

ZT# ALHIAOHL SN VIEELIED
TT# ALEIAOHS STE VI¥ILIED

OTW ALEAdOHd
GT# ALE3dOHd
BT4 AL¥IJDH
LTH ALHIOH
ST ALEIJOHS
STd ALuddOHd
PI# ALUIAOH
ET# ALHIIOH

FER YIBILIED

EER VIRILIED

ZE8 VIYILIED

TER VIHILIND

OFR ¥I4ILIED

RENOVATION VALUE FACTOR FOR ALL PROPERTIES

@
]

7]

1=

o

o

=

e

2 64 ¥INILIND
E TN ALEAdOHS

T TE# ALBIdOHS 28 WINILIED
b OT# ALYIdDHS B N VINILIED
= 8¢ ALHIdDHd s [ s
- CRTENT
H 24 ALEIAOBE 8

1] LH ALETdOMd b <8 WINILIED
1] o

' W hhapaRA -4 TE WIAILIED
a S# ALEIAOEE "

5 ré ALEIJOBd 2 €8 VIYILIND
W S ALY dOUS .m 28 VIHILIED
& 24 AL¥IdOHE

o T# ALEIdDHE m LB LR
E=] £

] a a @ c g a

> g 0 8 g g & s |2 m m m m m A

o w2

& m H

a AT L ATYA ML EVACHE M 5 g HOLIVA ATTVA NOLLYAONIY

o i

APP 104



APPENDIX B - PROTOTYPE VERSIONS 1-5

ftization

Priol

:
*

Renovation Value Factor in relation to occupants

RENOVATION VALUE FACTOR FOR ALL PROPERTIES

a00

700

500

g &

HOLIVS IMTIVA NOLLYAONIY

300

100

a

95# Al¥3d0¥d
S5¥ ALHIdOHd
FEN ALHIdOHd
EG¥ AL¥IdOHd
ZEH ALHIJDHS
TE¥ ALEIDEY
OSH ALERdOE
EbM ALHIdDEd
BU¥ ALBIdDED
LH ALEIMOHA
M ALEIOHd
St¥ ALEIdOEd
Fr¥ ALHIDNS
EF¥ ALHIJDHD
Zr¥ AL¥3dOHd
Tl ALEIdOKd
OF¥ ALEIdOHd
BE# ALEIdO¥d
2EH ALHIJDNS
LW ALEIdOHd
BEX ALEIHOEd
SEH ALMIJDH
PE# ALHIJOHd
EEN ALEIdOHd
TEM ALBIdOH
TE# AL¥3d0¥d
DEX ALHIJON
BTN ALEIdORd
BI¥ AL¥IdOHd
LZ¥ ALHIJDHL
9T¥ ALEIJOE
ST# ALHIdOHd
FIN ALHILOH
ETH ALEIHONd
ZT# AL¥3d0¥d
TZH ALBIOH
OTH ALERADE
BTN ALMIdOHd
ET# ALBIdDHd
LT¥ ALHIdOHd
STH ALHIdOHd
ST¥ ALE3dOHd
FPI# ALHIdOHd
ETH ALHIJOYS
ZTH ALEIAOE
TIH ALHIdOH
OT¥ ALBIJOHD

ALHIdOHd
AL¥3doHd
ALHIdOEd
ALHIdOHd
ALEIdOBd
AL¥IdOHd
ALEdOEd
ALH3doEd
ALH3IdOHd

Renovation value factor for single property:

| Fropery #24

g

HOLOVS IMTVA NOLLYAONZY

500

00

200

o

OF# Vid3Ll1Ed
GER VIHALIED
BER VIALIED
LEN VIdELIEY
S50 VIdaliEd
SEH VIdALIEY
PER VINILIED
EER WIHILIED
TER VIH3ILIED
TER Vid3LIED
DER VIHILIED
BI8 Vidalied
BIR VIdALIED
LTN VIdALIED
9TH VIHALIEY
STR VIYILIED
PZR VIYILIED
STR VIYALIED
778 VIHILIHD
TZ# VIH3LiEd
Ok ¥id3liEd
TR Vid3LllEd
BTE Vid3liEd
LTA VIYLIED
I8 Vil
STR VIY3LIED
FIR VINILIED
ETR WIY3LIED
ZTR VId3LIED
TE# VId3LIEY
OFR Vidalied
68 YI4ELIED
BE VIY3LIED
LW VI¥ALIED
ELRLFISLE)
58 YI¥ILIED
TR YIUILIED
€8 YI¥ILIED
ZH VINILIED

TE VIY3LIND

APP 105



EARLY STAGE DECISION SUPPORT FOR SUSTAINABLE BUILDING RENOVATION

TOTAL RENOVATION COSTS FOR ALL PROPERTIES
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APPENDIX C - INTERVIEW GUIDE

APPENDIX C

In appendix C the interview guide for the interviews with professional building owners
are presented (paper B), including the interview questions.

INTERVIEW GUIDE FOR SEMI STRUCTURED INTERVIEWS

Undersggelsesspgrgsmal

Interviewspgrgsmal

Fokusomrade/tema

1. Hvad er din rolle I jeres renoveringsprojekter?

Indledningsspgrgsmal

Hvordan seetter kommuner 2. Hvad prioriterer [ i jeres renoveringsprojekter? Maélsaetning
og boligforeninger i dag mal 3. Huvilke specifikke mal har I?
for baeredygtighed i 4. Hvordan setter I pd nuvaerende tidspunkt mal for
forbindf?lse meq baeredygtighed for jeres renoveringsprojekter?
renoveringsprojekter? a. BrugerIIT- eller procesveerktgjer til at
saette beeredygtighedsmal?
//How do municipalities b. Mener du, at processen kan forbedres?
and housing associations
currently set goals for
sustainability when
renovating buildings?
Hvordan registrerer 5. Hvordan registrerer [ bygningernes nuvaerende Registrering

kommuner og
boligforeninger i dag deres
bygningers aktuelle
tilstand?

//How do municipalities
and housing associations
currently register the actual
state of their buildings?

tilstand?
a. BrugerIIT- eller procesverktgjer til
registrering af bygningernes tilstand?

b. Mener du, at processen kan forbedres?

Hvordan prioriterer
kommuner og
boligforeninger i dag
imellem deres bygninger i
forbindelse med
renovering?

//How do municipalities
and housing associations
currently prioritize among
buildings to renovate?

6. Hvordan prioriterer I mellem bygninger der skal
renoveres?
a. BrugerIIT- eller procesverktgijer til at
prioritere imellem bygninger der skal
renoveres?

b. Mener du, at processen kan forbedres?

Prioritering

Hvilke informationer har de
brug for for at kunne treeffe
bedre beslutninger?

//What information do
municipalities and housing
need to make better/more
informed decisions?

7. Fgler du I spilder tid eller laver gentagende
arbejde?

8. Erder nogle svar eller information I har svert ved
at fa nar I skal treeffe beslutninger?

9. Hvad mangler I for at kunne treeffe bedre
beslutninger?

10. Har du ellers noget at tilfgje?

@vrigt/afslutning
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APPENDIX D - WEIGHTING SCHEMES AND SURVEYS FROM WORKSHOP

APPENDIX D

In the following, the schemes for weighting criteria using respectively AHP and WRC
is included, from the workshop held with participants from AaK Bygninger. Also, the
surveys made for evaluating the two weighting methods are shown, and a survey the
participants were asked to fill out after the plenary discussion, and the questions asked
to evaluate the workshop.

Evalueringsskema - WRC

1. Hvad var din rolle i udarbejdelsen af udviklings- og investeringsplanen for skolerne?

Evaluering af metoden Weighting, Rating and Calculating

2.1 1 hvilken grad oplevede du udfordringer ved at forsta metoden?

[ Slet ikke I I mindre grad I 1 nogen grad I 1 hgj grad [ 1 meget hgj grad

Hvilke udfordringer oplevede du?
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2.2 | hvilken grad oplevede du udfordringer ved at bruge metoden?

[ Slet ikke [ I mindre grad [ I nogen grad [ 1 hgj grad I I meget hgj grad

Hvilke udfordringer oplevede du?
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Evalueringsskema - WRC

2.3 1 hvilken grad kan du se vardi i at bruge metoden i lignende beslutningsprocesser i relation til
byggeprojekter?

I Slet ikke [ 1 mindre grad [ 1 nogen grad [ I hgj grad [ I meget hgj grad

2.4 Hvilke fordele og ulemper ser du ved metoden?

Fordele: Ulemper:
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Evalueringsskema - AHP

Evaluering af metoden Analytic Hierarchy Process

3.1 1 hvilken grad oplevede du udfordringer ved at forsta metoden?

[~ Slet ikke [~ 1 mindre grad I 1 nogen grad I I hgj grad I I meget hgj grad

Hvilke udfordringer oplevede du?

3.2 | hvilken grad oplevede du udfordringer ved at bruge metoden?

[~ Slet ikke [~ 1 mindre grad I 1 nogen grad I I hgj grad I I meget hgj grad

Hvilke udfordringer oplevede du?

3.3 1 hvor hgj grad kan du se veaerdi i at bruge metoden i lignende beslutningsprocesser i relation til
byggeprojekter?

[ Slet ikke I I mindre grad I I nogen grad [ 1 hgj grad I I meget hgj grad
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Evalueringsskema - AHP

3.4 Hvilke fordele og ulemper ser du ved metoden?

Fordele: Ulemper:
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Evalueringsskema — falles diskussion

Evaluering af den feelles diskussion

4.1 | hvilken grad fik du sterre indsigt i de andre beslutningstageres synspunkter, perspektiver og
veardier under diskussionen?

[ Slet ikke [~ I mindre grad [~ I nogen grad I I hej grad I | meget hegj grad

4.2 | hvilken grad oplevede du forskelle imellem jeres individuelle vaegtninger i gruppen?

[ Slet ikke I I mindre grad I 1 nogen grad I 1 hgj grad I 1 meget hgj grad

4.3 | hvilken grad oplevede du at du lzerte noget nyt ved at diskutere forskellige synspunkter?
[ Slet ikke I I mindre grad I 1 nogen grad [ 1 hgj grad I 1 meget hgj grad

Hvordan/hvad?

4.4 1 hvilken grad oplevede du fordele ved at bruge vaegtningsmetoderne, i forhold til den oprindelige
proces, hvor kriterierne ikke blev vaegtet?

[ Slet ikke I I mindre grad I 1 nogen grad I 1 hgj grad I 1 meget hgj grad

4.5 | hvilken grad oplevede du at vaeegtningsmetoderne dannede grundlag for en god debat, der kan
tilfore vaerdi til en byggeproces?

[ Slet ikke [ I mindre grad I 1 nogen grad [ 1 hgj grad I 1 meget hgj grad
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Evalueringsskema — faelles diskussion

4.6 | hvilken grad oplevede du at dine praeferencer blev afspejlet i gruppens vagtning?

[ Slet ikke [ I mindre grad I 1 nogen grad [ I hgj grad [ I meget hgj grad

4.7 Hvor tilfreds var du med den endelige beslutning — jeres samlede vagtning i gruppen?
[ Slet ikke I I mindre grad I 1 nogen grad [ I hgj grad I I meget hgj grad

Hvorfor/hvorfor ikke?

4.8 | hvilken grad kan du se en fordel i at bruge en eller begge vaegtningsmetoder i en lignende
situation fremover?

[ Slet ikke [ 1 mindre grad [ 1 nogen grad [ 1 hgj grad I I meget hej grad

Hvorfor/hvorfor ikke?
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Evalueringsskema — faelles diskussion

4.9 | hvilken grad blev du mere bevidst om dine egne praeferencer og vardier i processen?

[ Slet ikke I 1 mindre grad I 1 nogen grad [ I hgj grad I I meget hgj grad

4.10 Har du ellers noget at tilfaje?
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SUMMARY

This thesis presents a novel decision support tool, REDIS, which can be
applied in the pre-design stage of sustainable building renovation projects.
REDIS can support the professional building owner in choosing which build-
ings to renovate within a building portfolio, or which renovation activities to
initiate across multiple buildings. The thesis presents a state-of-the-art over-
view of existing decision support tools for building renovation, the design,
and development process of the REDIS tool, along with its demonstration
and evaluation. The REDIS tool has been tested with potential users through-
out the design process, and finally demonstrated through a proof-of-concept
application example using data from a real case of choosing ten school build-
ings to renovate out of 56 schools, owned by a Danish municipality.
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