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Abstract

Sustainability contests represent a fundamental challenge to traditional urban
development practices and concepts. Reducing energy consumption and
greenhouse gas emissions from urban infrastructure and building stock, towards
low-carbon cities requires a supportive planning process. In this regard, the use of
appropriate tools and methods for addressing complex interactions of Urban Energy
Planning (UEP) processes is needed. In particular, the problem of building stock
energy consumption in the urban environment is crucial. The primary aim of this
research is to model energy consumption patterns based on bottom-up statistical-
engineering combination methods. These methods evaluate the current status of
energy consumption and different future energy saving scenarios to promote
sustainable urban planning. However, the choice among urban energy planning
scenarios is extensively based on multi-actors and multi-criteria aspects. Therefore,
to anchor such a sustainable urban planning, a wider societal consensus building
with an earnest and active engagement of relevant stakeholders in the city is
essential. For this purpose, stakeholder-oriented approach plays a key role in
implementing the effective strategies for urban and regional adaptation. The
research, therefore, is also dealing with the integration of participative decisional
processes of urban energy planning by organizing different focus groups involving
real stakeholders. This fact can help to assess, over a short/long term period, the
mix of measures by analyzing meaningful scenarios focused on energy
consumptions, environmental impacts, economic and social aspects. The result is
the development of a new Multi-Criteria Spatial Decision Support System (MC-
SDSS), which is an interactive energetic plug-in in GIS environment using
CommunityViz. This tool has been applied to a demonstrator case-study, related to
a medium-sized city of the metropolitan area of Turin. However, the methodology
used for delivering the tool can be applied to other contexts due to its flexibility.
The new MC-SDSS is intended to facilitate the decisional process for stakeholders
who can ask “what-if” questions and visualize “if-then” scenarios in a real-time.
Moreover, it can explore a range of possible futures for assisting urban planners,
policymakers and built environment stakeholders in their efforts to plan, design and
manage low-carbon cities. This thesis is part of a national Smart City &



Communities project, named “EEB-Zero Energy Buildings in Smart Urban
Districts” (www.smartcommunitiestech.it).


http://www.smartcommunitiestech.it/
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Chapter 1

Introduction

1.1 Background and the problem statements

Cities are the main energy consumers in the world, contributing to carbon dioxide
(CO») emissions and the leading cause of climate change. More than half of the
world population settle in urban areas and expecting to have this number increased
to 64-69%, or 5.6-7.1 billion by 2050 (IPCC, 2014). Moreover, urban sprawl and
the way that cities are growing and operating have a substantial detrimental impact
on the environment and its energy demand (Jaeger et al., 2010). Interestingly, urban
areas account for about two-thirds of the world energy (United Nations, 2015).
Almost always, the most notable source of greenhouse gas (GHG) emissions comes
from either energy use in transportation or building sector (IPCC, 2014).

Although built environment sector is very challenging, it provides cities with
low-cost and short-term opportunities for emissions reductions first and foremost
through the energy performance improvement. In this regard, the European
Commission emphasizes that emissions in this area could be reduced by about 90%
by 2050 (European Commission, 2011). This fact highlights the significance of
attaining the objective of the recast Directive on energy performance of buildings
that new buildings built from 2021 onwards will have to be nearly zero-energy
buildings (EPBD, 2010). This approach stresses the importance of accelerating
renovation development and defining different retrofitting scenarios in the built
environment area. An actual reduction of emissions can be realized only by acting
on the existing building stock since, the most of the European context is
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characterized by low energy performance existing building stocks (BPIE, 2011);
(Dall’O’ et al.,, 2013). In the literature, many studies deal with the energy
consumption modelling for existing building stock (Swan and Ugursal, 2009).
Particularly, the focus of these studies is made on the residential stock since this
sector is a substantial consumer of energy for any nation (Saidur et al., 2007).

As the GHG emitters and energy consumption reduction targets are to be met,
it is required that Decision Makers (DMs) tackle emissions from the building sector.
The problem is that, traditionally, the scenarios for energy and environmental
planning have considered a single measurement criterion, costs benefit
maximization, to make their decisions (Greening and Bernow, 2004). However, the
complexity, conflicting and multidimensionality concept of long/medium-term
sustainable development of urban energy planning matters cannot rely upon just
single criterion alternatives. Moreover, an urban and regional planning should be
sustained by earnest collaborative and inclusive processes since cities are dynamic
living and continuously evolving organisms (Lombardi and Ferretti, 2015). In this
regard, the use of the appropriate tools and methods for addressing complex
interactions of energy planning problems including a high level of uncertainty, a
different type of data, multi-interests and conflicting objectives is needed.

Moreover, the transition toward a sustainable urban development requires the
definition of a set of strategies considering national priorities. Since the late '50s,
an Integrated Energy Planning (IEP) has been recognized to support the strategic
planning process of urban areas. During these years, various energy supply
companies had to make appropriate decisions to solve the massive growth of the
energy demand (Herbst et al., 2012). Currently, Urban Integrated Energy Planning
(UIEP) has been developed as the new generation of IEP (Mirakyan et al., 2009).
UIEP asks for a comprehensive vision of urban sustainable energy policies and a
strong co-operation between local and national governments. It involves many
aspects (e.g. economic, societal, and environmental), different energy sources (e.g.
electricity, gas, and oil), multiple actors (e.g. citizens, experts, and public entities)
and different sectors (e.g. residential, commercial, and transportation), which leads
to be considered as a very complex problem (Albeverio et al., 2008). Setting up an
effective UIEP requires appropriate approaches to support DMs in defining a policy
development strategy. These approaches help DMs to choose the “best” alternative
among different alternatives (Leken, 2007a). However, from the systematic
literature review conducted by Torabi Moghadam et al. (2017a) during the
development of current research, emerged that there is still not a well-recognized
procedure and an integrated framework to support the UIEP. In this study over the
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146 articles, 80 papers on the UIEP application have been identified and analysed.
These papers then have been classified based on three criteria for the purpose of
presenting results effectively: the year of publication, the level of integration of
UIEP phases and the types of combination of methodology. Chapter 2 is dedicated
to illustrate this study and its results. One can say that although there are several
examples of urban energy planning approaches there is still not a well-recognized
procedure and an integrated method to face the UIEP. This fact leads to neglect
some important aspects of current urban energy planning practices (Lombardi and
Trossero, 2013).

Considering that energy planning is complex and multi-disciplinary (Torabi
Moghadam et al., 2017a), the main challenge for research is to integrate the existing
different methodologies in an agreed structure in order to enhance the quality and
robustness of the planning results. In fact, although the research field of energy
planning has become progressively important at urban and regional scales,
performing the entire energy planning process by integrating different approaches
is still not a common practice. An IUEP is an opportunity through which it is
possible to contribute towards a greater sustainability. Indeed, UIEP has to take into
consideration an integrated approach. To achieve such a sustainable, integrate urban
planning, a wider societal consensus building with an earnest and active
engagement of all relevant actors and interest stakeholders in the city is essential.
For this purpose, a stakeholder-oriented approach plays a key role in implementing
the effective strategies for urban and regional adaptation.

The whole process is essential to guarantee a future sustainable urban
transformation by investing responsibly in alternative consumption patterns and
greener strategies; speeding the decision-making process through participation and
intuitive visualization; strengthening the collaboration and relationship between
research and private and public local authorities; leading to various new commercial
consequences for the environment, economy and society at the national level down
to the city level; offering the opportunities of engaging stakeholders in the planning
process by establishing a shared framework between them. According to the given
background, the lack of well-recognized of integrated approaches in UIEP need to
be further studied.

1.2 Research objectives and questions

The primary goal of this study is to develop a new interactive urban energy building
retrofitting system, which can strongly support the participative spatial decision
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process for relevant stakeholders. More specifically, the research first aims at
performing energy consumption patterns modelling based on bottom-up statistical-
engineering methods. These methods evaluate the current situation of building
stock energy consumption and they are able to predict also different future energy
saving scenarios to promote sustainable development. However, the choice among
urban energy planning scenarios is extensively based on multi-actors and multi-
criteria aspects. The core objectives of this research are listed below:

a.

Conduct a review of the literature regarding different phases of UIEP, which
consist in (a) the spatial modelling approaches that can be applied to the
energy use of building stock (b) Multi-Criteria Spatial Decision Support
System (MC-SDSS) tools for energy planning;

Create a supportive Geographic Information System (GIS) database
including a broad number of data and information regarding the building
stock that helps to identify and locate hot-spots area;

Develop a geospatial statistical model of the building stock that is able to
give a representative picture of the current energy consumption
performances and locate on maps the targeted areas that need to be
energetically improved;

Explore how to reduce the energy demand of building stock in the future by
developing simulations models that save the computations time;

Develop a new MC-SDSS integrated into the GIS considering the socio-
economic, technical and environmental aspects;

Identify the opportunities and challenges of creating different interactive
energy consumption retrofitting scenarios side-by-side with stakeholders;
Explore and test an interactive energy visualization tool forming different
workshops with real stakeholders and using questionnaires and structured
discussions.

Concerning the current field of research limitations, this Ph.D. study has
identified three main questions that need to be addressed in order to create a
comprehensive framework for UIEP.

1.

Are current research studies able to support the challenges provided by
Urban Integrated Energy Planning (UIEP) taking into account the variety of
all the sustainable planning aspects? What are current challenges and
barriers in this research field?

How to model the energy consumption at urban scale in a spatial way for
the current and future scenarios? Which kinds of data are needed? How to
connect different data type from different and scattered sources?
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3. How useful are interactive MC-SDSS tools in supporting the stakeholders
in urban energy planning decisions? How their usability can be improved?

These questions will be answered through methodological approaches and
procedural steps as illustrated in section 1.3 below.

1.3 Methodological approach and expected result

This Ph.D. work assembles research outcomes aiming to illuminate innovative
solutions bridging the limitations of the current field of research of UIEP, which
consists in four main phases of planning according to Mirakyan and Guio (2013):

e Phase I: Preparation and preliminary analysis;

e Phase II: Detailed urban buildings energy modelling;
e Phase III: Prioritization and decisional process

e Phase IV: Implementation and monitoring.

The methodological framework of this study responds to the first three main
phases of UIEP presented above, wherein each phase several steps, tools and
methodologies are involved (Mirakyan and De Guio, 2013); (Cajot et al., 2017).
The Ph.D. research offers a specific methodology for each phase of planning as
shown in Figure 1.

PLANNING PHASE METHODOLOGICAL SOLUTION

SPATIAL Database Creation

I Preparation and Preliminary Analysis

Detailed Urban Building Energy
Modelling

g o 0

i SPATIAL Building Energy Modeling

111 Prioritization and Decisional Process |:> SPATIAL Decision Support System

r | [+ ===
09 B, @

Figure 1: Summary of methodological framework solution for each phase of
planning through this thesis.

In the first Phase, a GIS-data collection procedure and preliminary analysis is
done in order to have a supportive basis for the analysis. The second Phase consists
in a methodology, which is developed to assess the energy consumption for the
current and future city performances. Finally, in the third Phase, stakeholder-
oriented scenarios are promoted for urban energy saving in the built environment.
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The expected result of this thesis is a new Multi Criteria Spatial Decision
Support System (MC-SDSS) that is able to aid and support the stakeholders in
defining urban energy scenarios and strategies for the building sector.

It is notable to say that the concept of Spatial Decision Support System (SDSS)
is strictly related to Planning Support System (PSS) (Li and Jiao, 2013). In 2004,
Geertman and Stillwell stated that similar specifications of PSS and SDSS help
decision makers (DMs) and planners to gain more efficient and accurate planning
and decision-making outcomes. This understanding relates these two concepts, PSS
and SDSS, which are able to analyze the variety of alternatives on future
development strategies, in order to compare, interactively discuss and communicate
(Geertman and Stillwell, 2004). According to Geertman et al. (2015), “PSS are also
related to so-called spatial decision support systems (SDSS), which are also
designed to aid particular decision tasks. These two types of systems differ in that
PSS generally pay particular attention to long-range problems and strategic issues
whereas SDSS are generally designed to support shorter-term policy making by
independent individuals or business organizations”. Given this definition, in this
study the terminology of SDSS is interconnected with PSS, however, the author
used SDSS rather than PSS because: (1) the focus is specifically on the urban energy
planning rather than generally, spatial planning; (ii) this research takes into account
the built environment and not only of urban planning purposes; (iii) the scenarios
are valid for short/mid-term decisions rather than long-term ones since they are
based on current data and stakeholder preferences.

The proposed MC-SDSS increases the data readability and robustness by using
a GIS plugin and combining of several visualization approaches. The MC-SDSS is
created to visualize the results of each scenario and to effectively make the
comparison among them (Aydin, 2014). Table 1 summarizes the research
objectives, questions, UIEP phases, relevant chapters and published papers in line
with the conducted fieldwork.
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Table 1: Research objectives, questions and related data collection methodologies,
relevant chapters and corresponding papers.

Research Research UIEP Relevant  Corresponding Adopted

objective questions phase chapters papers methods

a - Chapter 2 Paper 1 -systematic review
-SWOT analysis
-meta-analysis

b Phase | Chapter4  Paper 2 -data collection

c Phase I Chapter 5  Paper 3 (quantitative)

d Paper 10 -data analysis

Paper 13 -data geo-referencing

-statistical model
-engineering model

e Phase Il Chapter 6  Paper 4 -impact assessment

f Chapter 7 Paper 5 (qua.ntit.ative and

g qualitative)
-MCA

-semi-structured focus
groups with real
stakeholders

-playing card game
-questionnaire

The complete list of the author’s papers is attached in Appendix C, which are
organized based on the investigated research objectives and questions. Table 2
shows the lists the selected publications used in this dissertation.

Table 2: List of research papers relevant to the Ph.D. dissertation.

Paper

Title

Paper 1

S. Torabi Moghadam, C. Delmastro, S.P. Corgnati, P. Lombardi. (2017). Urban
energy planning procedure for sustainable development in the built environment:
areview of available spatial approaches. Journal of Cleaner Production, vol. 165,
pp. 811-827.

Paper 2

S. Torabi Moghadam, G. Mutani, P. Lombardi. (2017). A mixed methodology for
defining a new spatial decision analysis towards low carbon cities. Procedia
Engineering, vol. 198, pp. 375-385.

Paper 3

S. Torabi Moghadam, J. Toniolo, G. Mutani, P. Lombardi. (2018). A GIS-
Statistical Approach for Assessing Built Environment Energy Use at Urban Scale.
Journal of Sustainable Cities and Society, vol. 37, pp. 70-84.

Paper 4

P. Lombardi, F. Abastante, S. Torabi Moghadam, J. Toniolo. (2017).
Multicriteria Spatial Decision Support Systems for Future Urban Energy
Retrofitting Scenarios. Sustainability, vol. 9, n. 7. pp. 1-13.

Paper 5

S. Torabi Moghadam, C. Delmastro; P. Lombardi; S.P. Corgnati. (2016).
Towards a New Integrated Spatial Decision Support System in Urban Context.
Procedia Social & Behavioural Sciences, vol. 223, pp. 974-981. ISSN 1877-0428.

Paper 10

S. Torabi Moghadam, G. Mutani, P. Lombardi. (2016). GIS-Based Energy
Consumption Model at the Urban Scale for the Building Stock. JRC Conference
and Workshop Report, Paolo Bertoldi. European Union, Luxembourg, pp. 56-63.
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Paper 13 S. Torabi Moghadam, S. Coccolo, G. Mutani, P. Lombardi, J.L. Scartezzini, D.
Mauree. A new clustering and visualization method to evaluate urban energy
planning scenarios. Submitted, Under revision.

1.4 Thesis structure

This Ph.D. dissertation is a monograph that presents in structured form the Ph.D.
candidate researchers around the development of a new MC-SDSS for energy
retrofitting of existing residential buildings. However, most of the Ph.D. research
results were also published in international scientific journals, that follow the same
research path. In both monograph and the publications, the contents are organized
to answer to each of the three research questions listed in section 1.2. This
dissertation consists of eight chapters including the research work performed, the
results and the conclusions (Figure 2).

Chapter 2 is devoted to systematically review a literature related to UIEP
approaches. The review specifically emphasizes the importance of the integration
of GIS with the bottom-up statistical-engineering energy consumption modelling
approaches at the urban scale. Moreover, the importance of the MCA and Spatial
Decision Support System (SDSS) in helping in the visualization and decision-
making processes in the urban energy planning procedure is presented. This chapter
shows the lack of a well-organized UIEP framework in the current study field,
which includes all phases of spatial planning.

Chapter 3 describes in detail, an integrated methodological framework of this
thesis and all its phases and steps to fulfil the objectives of the research. This chapter
attempts to summarize the complex interdisciplinary methodology proposed for this
thesis, illustrating all the software used and methodological approaches for each
phase of work. The study area is also represented in this chapter. The application of
the proposed methodology on the case study and the relative results will be present
in the further chapters.

Chapters 4 and 5 illustrate the result of Phase I and Phase II (see Figure 1) and
their applications. First, the procedure of geospatial data collection is illustrated,
which belongs to the Phase I. This Phase is the basis of all further Phases. Next,
two different modelling approaches were followed during the research activities:

a) The modelling approach of the current status by the geospatial “statistical”
method over the entire city, which is shown in chapter 4. This chapter
illustrates the integration of GIS and a robust Multiple Linear Regression
(MLR).
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b) The future energy consumption scenarios assessments are based on the

“engineering” method by defining an archetype of the city, which is
illustrated in chapter 5. This chapter attempts to investigate the potentials
of reducing the energy demand using mainly GIS and CitySim tools to
explore two (standard and advanced) possible retrofitting future scenarios.

Chapters 6 and 7 demonstrate the outcomes of Phase III of the planning
procedure (see Figure 1). These two chapters embrace the development of a new
MC-SDSS using the basis created in the previous chapters:

a)

b)

The definition of evaluation criteria is first introduced in chapter 6 through
organizing the first workshop. This chapter demonstrates the importance of
participative and collaborative approaches in defining evaluation criteria
from an early phase of planning. After defining the definitive version of
evaluation criteria, this chapter assesses the impact of each multiple criteria,
including technical, economic, social and political issues.

The next step after defining evaluation criteria is how the new MC-SDSS is
developed. A new MC-SDSS is able to define different stakeholders-
oriented scenarios in UIEP as reported in chapter 7. A new MC-SDSS tool
is based on adapting, coding and modelling an existing interactive plug-in
in ArcGIS environment, named CommunityViz. The developed MC-SDSS
tool is tested and evaluated through the second organized workshop
consisting of two semi-structured focus groups and distributed
questionnaires. The main goal was to improve the usability of a new
developed MC-SDSS tool and its functionality for the future developments.

Chapter 8 is the last chapter of this dissertation and discusses the conclusive
summary as well as suggestions for future research developments.

In the appendices are added the envelope physical properties considered for
simulations of Chapter 5 (Appendix A) and material used in the application of the
second workshop during the Ph.D. research (Appendix B). Furthermore, the full list
of the papers that have been written during this research project is attached in
Appendix C. Additionally, each chapter is introduced by a schematic summary table
in order to guide the readers through the text. Each schematic table illustrates the
related phases (I, IT and I1I) of UIEP and it introduces the research limitation which
led to formulate the research question, research question and summarizes the Ph.D.
proposals to address the problem. In the scheme, reference is made to the published
papers proposing the corresponding contents.
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Chapter 2

Toward an Integrated Urban
Energy Planning (IUEP)

2.1 Introduction

This chapter overviews the three main phases of a UIEP for the built
environment sector according to Mirakyan et al. (2009)". It provides an extensive
revision of existing UIEP applications toward sustainable built environment for
each phase of the UIEP, highlighting the most relevant spatial approaches (Torabi
Moghadam et al., 2017a). Accordingly, section 2.2 illustrates some important
concepts that are needed for better understanding the present research work. Section
2.3 presents the proposed methodology to review an existing review of UIEP. First
Phase, entitled “Preparation and Preliminary Analysis” is described in section 2.4.
The preliminary UIEP phase consists of creating a supportive GIS database
involving stakeholders. This Phase should be well-defined to proceed with phases
IT and III. Section 2.5 builds the principal part of the literature review of the UIEP,
and it illustrates different approaches regarding the “Detailed Urban Energy
Modelling”. Finally, section 2.6, entitled “Decisional and Prioritization Process”

! This Ph.D. Research does not consider the Phase IV “ex-post analysis and monitoring”, because it is
not functional to the strategy definition.
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presents the last and complementary phase of the UIEP, illustrating some of t