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A retrofit decision support approach for improving energy efficiency and

indoor environmental quality in buildings

Ehsan Asadi, Ph.D.

University of Coimbra, MIT-Portugal Program, 2013

Retrofitting of existing buildings offers significant opportunities for reducing
global energy consumption and greenhouse gas emissions. This is being considered as
one of the main approaches to achieve sustainability in the built environment at relatively
low cost and high uptake rates. Although there are a wide range of retrofit technologies
readily available, methods to identify the most suitable set of retrofit actions for particular
projects are still a major technical challenge. Such methods can be categorized into two
main approaches; models in which alternative retrofit actions are explicitly know a priori
and models in which alternative retrofit actions are implicitly defined in the setting of an
optimization model.

This thesis focuses on using modeling and optimization techniques to assess
technology choices in the built environment. Firstly two multi-objective optimization
models using a classical optimization technique, namely Tchebycheff technique are
developed. The functionality of the proposed models is discussed through the application
on a residential building. The results verify the practicability of the approaches and

highlight potential problems that may arise. Afterward a multi-objective optimization
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model based on the Genetic Algorithm Integrating Neural Network (GAINN) approach is
developed. The benefits of this approach with respect to the classical optimization models
are its rapidity and computational efficiency. This model is used for the optimization of
the energy consumption, retrofit cost and thermal comfort in a school building. The
results from the optimization show the impact of each objective function on the
building’s overall performance after retrofit and more importantly illustrate the trade-off
between different objectives. Finally, the proposed methodology highlights the
improvements added to the GAINN methodology by use of a multi-objective genetic

algorithm.
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Uma metodologia de apoio a decisdo na requalificacdo de edificios para melhorar a

eficiéncia energética e a qualidade ambiental interior

Ehsan Asadi, Ph.D.

Universidade de Coimbra, Programa MIT-Portugal, 2013

A requalifica¢do de edificios existentes representa uma importante oportunidade
de redugdo do consume energético e das emissdes de gases de efeito de estudo. E
qualificada como uma das abordagens com mais capacidade para alcancar a
sustentabilidade do ambiente construido com custos controlados e boas probabilidades de
sucesso.

Embora haja disponivel uma vasta gama de tecnologias de requalificagdo de
edificios, a escolha doss métodos para seleccionar o conjunto mais adequado de medidas
de requalificacdo a aplicar a um edificio ¢ ainda um grande desafio.

Os métodos devem ser categorizados em duas classes; modelos nos quais as
medidas a implementar sdo explicitamente conhecidas a priori € modelo em que as
medidas vao ser implicitamente definidas em conjunto num processo de optimizagao.

Esta tese foca-se na utilizagdo de modelos e de técnicas de optimizagdo para
avaliar as escolhas de tecnologias para proporcionar um ambiente mais sustentavel nos
edificios. Primeiro sdo desenvolvidos dois modelos, usando uma técnica classica de

optimizacao (Tchebycheff). A funcionalidade dos modelos propostos ¢ avaliada através

XV



da sua aplicagdo ao caso de um edificio residencial. Os resultados obtidos permitem
verificar a aplicabilidade da abordagem utilizada e identificar potenciais problemas que
resultam da sua aplicagdo.Seguidamente foi desenvolvido um modelo de optimizagao
multi-objectivo baseado em Algoritmos Genéticos integrados com Redes Neuronais
Artificiais (GAINN). Os beneficios desta abordagem relativamente as técnicas cldssicas
de optimizagdo, sdo a sua rapidez e eficiéncia computacional. Este modelo foi usado para
a optimizacdo do consumo energético, dos custos de requalifica¢do e do conforto térmico
de um edificio escolar. Os resultados do processo de optimizagdo mostram o impacto de
cada fun¢do objectivo no desempenho global do edificio e, mais importante, ilustram as
situacdes de compromisso entre os diferentes objectivos. Finalmente a metodologia usada

permite realcar as melhorias conseguidas, relativamente a metodologia GAINN, pela

introducao de um algoritmo genético multi-objectivo.
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CHAPTER 1
INTRODUCTION

Summary:
What is the current situation of energy consumption in the building sector?
What are the motivations behind this research?

What are the research goals?

27
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1.1 Context

Chapter 1: Introduction

1.1 CONTEXT

The energy sector faces significant challenges that everyday become more acute.
The current energy trends raise great concerns about the ‘‘three Es’’ that are the
environment, the energy security and the economic prosperity, as defined by the
International Energy Agency (IEA-ISO 2007). The building sector is among the greatest
energy consumers, using large amounts of energy and releasing considerable amounts of
CO;. In the United States in 2010, buildings accounted for 41% of the total primary
energy consumption (Figure 1-1) and 74% of the electricity consumption (DOE 2012).
About 40% of CO, emissions, 54% of SO,, and 17% of NOx are produced in the U.S.

because of building-related energy consumption.

Primary Energy Consumption by sectorinU.S. in 2010

Residential
22%

Figure 1-1 Primary energy consumption by sector in U.S. in 2010 (DOE 2012)

A similar situation is also observed in the European Union (EU), where the
building sector uses 40% of the total final energy consumed (Figure 1-2) and releases

about 40% of the total CO, emissions. In the last ten years (1999-2009), EU-27
29



Chapter 1 Introduction

dependency on imported energy has grown, reaching 53.9% in 2009. This represents an
increase of 9 percentage points from 1999 (EUROSTAT 2011). As a consequence, the
cornerstone of the European energy policy has an explicit orientation towards the
conservation and rational use of energy in buildings as the Energy Performance of

Buildings Directive (EPBD) 2002/91/EC (EC 2002) and its recast (EC 2010) indicate.

Final Energy Consumption by sectorin EU-27 in 2009

Other
3%

Household
21%

Figure 1-2 Final energy consumption by sector in EU-27 in 2009 (EUROSTAT 2011)

However, this is not a concern of only the EU, since other organizations
worldwide put significant efforts towards the same direction. The International
Organization for Standardization (ISO) provides another sound example through the
related standards that it has published based on the work of its Technical Committee (TC)
163 for the thermal performance and energy use in the built environment (e.g. ISO 7730
2005). Moreover, the Centre Européen de Normalisation (CEN) recently introduced

several new CEN standards in relation to the EPBD (e.g. prEN 15271).
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1.1 Context

Most European countries have succeeded in reducing energy consumption of new
dwellings by more than 50% without increasing their building cost, and therefore energy
efficiency has achieved great acceptance among building owners (Kaklauskas et al.
2006). These buildings represent about 20% of the building stock but consume only 5%
of the energy. Therefore, it is essential to pay even more attention to existing buildings.

Today, it is practically feasible to reduce the energy needs in many existing
buildings and, consequently, total energy demands at a national level. Therefore,
concentration on improving the energetically poor building stock has great potential.
Besides, the cyclical nature of the construction industry, the fact that the built
environment is aging at a fast rate, the overall reduction in new building construction and
the increasing awareness for sustainability, open new opportunities for expanding the
retrofit and reconstruction of buildings (Shaurette 2008).

A recent report by the Construction Management Association of America
(CMAA) and FMI Corporation (consulting and investment banking Co.) outlined a set of
challenges that may cause construction markets to change direction in the near future.
The first challenge indicated that aging infrastructure in nearly every market segment is
at or beyond its current useful life. It represents trillions of dollars that are necessary to
spend over the next 10 to 20 years to upgrade and replace these assets (Agostino, Mikulis
& Bridgers 2007). These asset upgrades include change in use, upgrade of mechanical or
electrical systems, restoration of deteriorated building envelopes, repair of structural
damage, renovations to reduce serviceability problems, changes to satisfy government
mandates, repair of original construction and corrections to previous renovation errors.

All these actions would contribute to rationalize the energy consumption in buildings.

31



Chapter 1 Introduction

1.2 PROBLEM STATEMENT

Even if all future buildings were to be built so that their electrical energy and heat
energy demands were very low, it would still only mean that the increase in energy
demands would be reduced. It would not reduce the present demands. For many years to
come, only measures taken in existing buildings will have a significant effect on the total
energy demands in the building stock.

When designing new buildings, only relatively limited additional investments are
often needed to make them very energy-efficient. On the other hand, it is more difficult
and costly to bring about substantial energy savings in existing buildings, though it is
nearly always possible to identify a number of measures that are both energy-saving and
cost-effective. However, both in designing new buildings and carrying out measures in
existing buildings, it is extremely important that the solution applied and the measures
taken are well founded and correctly chosen (Abel & Elmorth 2007). In other words,
when buildings are subject to retrofit, it is very important to select the optimal strategy at
that very moment, since if other solutions are chosen and implemented it will just be
possible to change the building at a later occasion at a much higher cost.

The works involved in retrofit are usually of complex and heterogeneous nature
that require various specialties to be integrated in highly wvariable conditions.
Furthermore, a thorough building's retrofit evaluation is quite difficult to undertake,
because a building and its environment are complex systems regarding technical,
technological, ecological, social, comfort, esthetical, and other aspects, where every sub-
system influences the total efficiency performance and the interdependence between sub-

systems plays a critical role (Kaklauskas, Zavadskas & Raslanas 2005).
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1.3 Research goals

There are a number of models and methods developed to assess conditions and
support decisions pertaining to building retrofit. These methodologies can be categorized
into two main approaches, the models in which alternative retrofit actions are explicitly
known a priori and the models in which alternative retrofit actions are implicitly defined
in the setting of an optimization model. The most common a priori approach is one in
which the decision maker (DM) assigns weights to each criterion, the weighted sum of
the criteria then forming a single design criterion. It is then possible to find the single
design solution that optimizes the weighted sum of the criteria. However, this does not
provide the designer with information about how sensitive each criterion is to changes of
the other criteria.

The second approach solves this problem and enables to grasp the trade-offs
between the objective functions helping to reach a satisfactory compromise solution.
However, so far, relatively little attention has been paid to tackling building retrofit
decision support with multiple objective analysis (Juan et al. 2009a). Therefore, this
research focuses on using multiple objective optimization models and methods to assess
technology choices in the built environment.

Accordingly, the problems addressed by this research can be stated as:

e A problem of society in terms of rational energy consumption;

e A problem of different organizations facing retrofit of buildings;

e A problem of designing effective decision support approaches for building
retrofit;

e A problem of integrating new regulations for buildings with retrofit strategies.
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Chapter 1 Introduction

1.3 RESEARCH GOALS

The general objective of this thesis is to develop a decision support approach

based on multi-objective optimization techniques to assist stakeholders involved in

building retrofit activities, providing the basis for a well-informed decision process taking

into account all the feasible alternatives and objectives at stake without being confined to

a small set of predefined scenarios. The specific goals are the following:

Identify a set of retrofit actions and renewable energy solutions suitable for
retrofitting existing buildings;

Investigate the adequacy of the application of multi-objective optimization
techniques to the problem of the improvement of energy efficiency and Indoor
Environmental Quality (IEQ) in existing buildings;

Develop an innovative multi-objective optimization methodology(s) to tackle this
problem;

Develop fully operational decision support approach(s) based on multi-objective
optimization techniques;

Quantitatively assess the application of innovative retrofit actions and renewable
energy solutions for building retrofit scenarios as well as the trade-offs between
the objectives;

Explore the potential of the methodology(s) and the decision support approach(s)

through the application to representative Portuguese buildings as case studies.

1.4 METHODOLOGY

This thesis focuses on using multi-objective modeling and optimization

techniques to assess technology choices in the built environment. First, the research

identifies a set of retrofitting actions and renewable energy solutions suitable for
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1.5 Thesis structure

retrofitting existing buildings in Portugal. This sets of alternatives will then be used as an
input to multi-objective optimization models to quantitatively compare the performances
of different options according to multiple evaluation axes and categories of constraints,
namely energy savings, retrofit cost, and thermal comfort. A representative set of
Portuguese buildings including a residential and a school building are used to explore the
possibilities offered by the decision support approach in a practical setting and highlight

the practicability and potential problems that may arise in each proposed model.

1.5 THESIS STRUCTURE

The core of the thesis is divided into 3 chapters besides Introduction and
Conclusion chapters, which correspond to the 6 publications that have come out of this
research: 4 published and 2 in the process of being published (Asadi et al. 2013a; 2013b;
2013; 2012a; 2012b; 2011).

Chapter 2 provides an overview of recent research and development in the field of
building retrofit as well as the application of retrofit technologies to the existing
buildings. The systematic approaches to building condition assessment and proper
selection of effective retrofit measures are also discussed in this chapter. In particular,
this chapter provides an overview on the state-of-the-art on existing building retrofit
decision support approaches.

Chapter 3 is devoted to the development of two multi-objective optimization
models using classical optimization methodologies, namely a Tchebycheff programming
technique. The first approach uses a thermal model of the building, based on the
methodology of the Portuguese building thermal code (RCCTE 2006), to assess existing
building thermal performance. The second approach uses TRNSYS simulation software

for energy and comfort assessment. In this chapter, both models are used to find different
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Chapter 1 Introduction

trade-offs between energy savings and retrofit costs in the first approach, and thermal
comfort besides the already mentioned objectives in the second approach, for retrofitting
a residential building in Coimbra, Portugal.

Chapter 4 presents a multi-objective optimization model based on the GAINN
approach to assess technology choices in a building retrofit project. This approach
combines the rapidity of evaluation of Artificial Neural Network (ANN) with the
optimization power of Genetic Algorithms (GAs) in combinatorial problems. The
benefits of this approach with respect to the classical optimization models are its rapidity
and computational efficiency. A school building in Coimbra is used as a case study to
demonstrate the practicability of the proposed approach and highlight potential problems
that may arise.

Finally, Chapter 5 provides a summary of conclusions, comments on the

limitations of the models, and outlines the prospects for future work.
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CHAPTER 2
STATE-OF-THE-ART ON EXISTING BUILDING RETROFIT

Summary:

What are the key phases in building retrofit?

Is there any systematic approach toward building retrofit?
What are the main objectives of building retrofit?

What are the different methodologies for the assessment of building retrofit actions?
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2.1 Introduction

Chapter 2: State-of-the-art on existing building retrofit

2.1 INTRODUCTION

The retrofit of existing buildings offers many challenges and opportunities. The
main challenge is that many uncertainties are at stake, such as climate change, services
change, human behavior change, government policy change, etc., all of which directly
affect the selection of retrofit technologies and hence the success of a retrofit project. The
sub-systems in buildings are highly interdependent. Different retrofit measures may have
different impacts on distinct building sub-systems due to these interdependencies, which
make the selection of retrofit technologies very complex. Dealing with these uncertainties
and system interactions is a considerable technical challenge in any building retrofit
project. Other challenges may include financial limitations and barriers, perceived long
payback periods, and interruptions to operations of buildings. The willingness of building
owners to pay for retrofits is another challenge if there is no financial support from the
government, particularly since the issue of “split incentives” is often a key factor because
the retrofit cost generally falls to the building owner whereas the benefit often flows
primarily to the tenants. On the other hand, building retrofit offers great opportunities for
improved energy efficiency, increased staff productivity, reduced maintenance costs and
better indoor comfort. It may also help to improve a nation’s energy security and
corporate social responsibility, reduce exposure to energy price volatility, create job
opportunities and make buildings more livable (Ma et al. 2012).

According to Ma et al. (2012) the overall process of a building retrofit can be
divided into five major steps (Figure 2-1). The first phase is the project setup and pre-
retrofit survey. In this phase the building owners, or their agents, first need to define the

scope of the work and set project targets. The available resources to frame the budget and
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Chapter 2 State-of-the-art on existing building retrofit

program of work can then be determined. A pre-retrofit survey may also be required in

order to better understand the building operational problems and the main concerns of

occupants.

(Phase | ) (Phase 1 ) (Phase 1 ) (Phase v \ (Phase \Y )
Project Setup Energy Identification of Site Validation and
and pre-retrofit Auditing and Retrofit actions Implementation Verification
Survey Zerfornance «Energy saving &Commissioning «Post
« Define scope ssessment and other *Site measurment

of the work; *Energy objective implementation; and

«Set project auditing; functions «Test and verification
targets; «Select estimation; commisioning. (M&V);

« Determine performance «Economic *Post
available indicators; analysis; occupancy
resources; *Building *Risk Survey.

« Pre-retrofit performance assessment;
survey. assessment & *Prioritize/Asse

diagnostics. ss retrofit
actions.
\. /L /L J L /L J

Figure 2-1 Key phases in a sustainable building retrofit program

The second phase comprises an energy audit and performance assessment (and

diagnostics). Energy auditing is used to analyze building energy data, understand

building energy use, identify areas with energy waste, and propose no cost and low cost

energy conservation measures (ECMs). Performance assessment is employed to

benchmark the building energy use by means of selected key performance indicators or
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2.2 Building retrofit — methodologies and strategies

green building rating systems. Diagnostics can be used to identify inefficient equipment,
improper control schemes and any malfunctions in the building operation.

The third phase is the identification of Retrofit Actions (RAs). By using
appropriate energy models, economic analysis tools and risk assessment methods, the
performance of a range of retrofit alternatives can be assessed quantitatively. The retrofit
actions can then be evaluated in terms of the selected energy-related and non-energy-
related objectives such as the increase in retrofitted building market value.

The fourth phase is site implementation and commissioning. The selected retrofit
measures will be implemented on-site. Test and commissioning is then employed to tune
the retrofit measures to ensure the building and its service systems operate in an optimal
manner. It is worth noting that the implementation of some retrofit measures may
necessitate significant interruptions to the building and occupants operations.

The final phase is validation and verification of energy savings. Once the retrofit
measures are implemented and well-tuned, standard measurement and verification
methods can be used to verify energy savings. A post occupancy survey is also needed to
understand whether the building occupants and building owners are satisfied with the
overall retrofit result.

This chapter aims at providing an overview of recent research and development in
the field of building retrofit as well as the application of retrofit technologies to existing
buildings. The systematic approaches to building condition assessment and proper

selection of effective retrofit measures are also presented herein.

2.2 BUILDING RETROFIT — METHODOLOGIES AND STRATEGIES

A systematic approach for the improvement of building energy efficiency in its

operational phase follows five general steps:
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Chapter 2 State-of-the-art on existing building retrofit

e Identification of existing building condition (Building condition assessment),
e Identification of the objective functions for building retrofit (Objectives in
building retrofit),
e Identification of retrofit actions (Building retrofit technologies),
e Assessment of each option and/or strategy performance against defined objectives
(Assessment methodologies),
e Measurement and verification of energy savings.
Figure 2-2 illustrates this systematic approach for identifying, determining and
implementing the best retrofit measures for existing buildings based on the above

mentioned steps.

2.2.1 Building condition assessment

Existing buildings tend to undergo performance degradations, change in use, and
unexpected faults or malfunctions over time (Heo, Choudhary & Augenbroe 2012).
These events often result in significant deterioration of the overall system performance,
inefficient operation and unacceptable thermal comfort conditions. In a building retrofit
project, building condition assessment is used to benchmark building energy use, identify
system operational problems, assess IEQ, and identify no cost or low cost energy

conservation measures.
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Figure 2-2 A systematic approach for the building retrofit process

43
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In the last two decades, the development of building performance assessment
tools has been very active. This is reflected in that a set of building rating tools are in the
public domain, such as LEED, BREEAM, CASBEE, HKBEAM, GBTool, Green Star,
NABERS, etc. These rating tools provide a framework on how to evaluate and improve
building energy and environmental performance. Although these rating tools vary in
scope, criteria, structure and format, the rating process is usually conducted via
benchmarking the assessed building against a set of prescribed quantitative and
qualitative performance indicators (PIs) of diverse objectives (Chau, Burnett & Lee
2000).

Through examination of the difference between Pls, the performance of the
building can be quantified. A detailed comparison of a variety of building rating tools can
be found in Haapio et al. (2008) and Reed et. al. (2009).

There is a wide range of research specifically focused on the development and
application of appropriate models and strategies for building performance assessment and
diagnostics. Conti et al. (1994) summarized three approaches to evaluate building energy
performance, including a computational-based approach relying on input data from
energy audits, a performance based approach through analysis of building utility bills,
and a measurement-based approach with in situ measurement procedures. Most largely
used approaches in practice are the two first ones because they are less expensive than
those based on measurements. On the contrary, reliability is the main advantage of
measurement-based approaches: they rely on the observation of the real behavior of the
building (not on design) and allow detecting the influence of building design, operation,
comfort conditions and climate on the building energy performance (Mejri, Barrio &

Ghrab-Morcos 2011).
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Poel et al.(2007) provided an overview of the methods and softwares that can be
used to perform building energy audits and assess buildings in a uniform way, perform
demands and savings calculations, provide owners with specific advice for measures to
improve energy performance, and issue an energy performance certificate for existing
buildings. Mejri et al. (2011) presented the application of model identification techniques
for energy performance assessment of occupied buildings. Dascalaki et al. (2011) stated
that building typology can be adopted as a tool for estimating the energy performance of
residential buildings. It can be employed for initial energy advice activities to give
building owners a quick overview of building energy performance. Song et al. (2008)
developed an easy-to-use tool for fault detection and diagnosis of building air-
conditioning systems. In the decision-aiding tool presented by Caccavelli and Gugerli
(2002) a diagnosis package was used to evaluate the general state of office buildings with
respect to deterioration, functional obsolescence, energy consumption and indoor
environmental quality.

For a particular project, the appropriate performance assessment method and
diagnostics tool should be selected by taking into account the client requirements,
experience of energy services companies, major retrofit focus, etc.

Therefore, for the sake of this thesis, the author developed a systematic approach
for indoor air quality assessment of buildings (2011; 2013). Details of the mentioned
method are presented in Appendices C and D. In terms of energy assessment, specifically
for the first proposed multi-objective approach which uses a thermal model to assess
building and retrofit actions, the author developed a MATLAB function based on

RCCTE - Portuguese Regulation for the characteristics of thermal behavior of buildings.
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2.2.2 Objectives in building retrofit

The objectives for building retrofit can be either quantitative or qualitative and

can be divided into four main categories depicted in Figure 2-3. (Kolokotsa et al. 2009).

MMain Objectives

Global
Environment

Environment

Figure 2-3 The main objectives for building retrofit (Kolokotsa et al. 2009)

More specifically, regarding energy use (primary or final), the following objectives have
been utilized:
e Heating and cooling load for conditioned buildings (D’Cruz & Radford 1987;
Bouchlaghem 2000);
e Normalized annual energy consumption and energy use for heating in kWh/m*
(Rey 2004; Zhu 2006);
e Annual electricity use in kWh/m? (Rey 2004);
e Embodied energy (Chen et al. 2006);
e Energy and time consumption index (ETI) (Chen et al. 2006);
e Energy savings due to building retrofit in kWh/year (Gholap & Khan 2007; Asadi
et al. 2012a)

Regarding costs, the following objectives have been used:
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Direct costs and initial investment costs (Rosenfeld & Shohet 1999);

Cost of retrofit (Asadi et al. 2012a);

Economic life span (Rosenfeld & Shohet 1999);

Annual on-going maintenance charges(Rosenfeld & Shohet 1999; Rey 2004);
Annual on-going charges (Rey 2004);

Net present value (NPV) of the energy investment (Martinaitis, Kazakevicius &
Vitkauskas 2007);

Internal rate of return (IRR) of the energy investment (Martinaitis, Rogoza &
Bikmaniene 2004);

Cost of conserved energy (CCE) (Martinaitis, Rogoza & Bikmaniene 2004);

Life cycle cost (LCC) (Wang, Zmeureanu & Rivard 2005);

As far as global environment is concerned, the objectives usually set are:

Annual emissions GWP (global warming potential in kgeqCO,/m?) (Rey 2004);
Reduction potential of global warming emissions (Alanne 2004);

Life cycle environmental impact (Wang, Zmeureanu & Rivard 2005);
Acidification potential in kgepSO»/m* (Alanne 2004; Rey 2004)

Water use (Alanne et al. 2007).

Indoor environmental quality and comfort have been subcategorized for the evaluation of

thermal sensation, visual comfort, indoor air quality and acoustic comfort. More

specifically, regarding thermal comfort, the following objectives and indicators have been

used:

PMV-PPD thermal comfort indices based on ISO-7730 standard (ISO 7730:
2005);
Dry resultant temperature for unconditioned buildings (Bouchlaghem 2000);

Indoor temperature and humidity (Jaggs & Palmer 2000);
47



Chapter 2 State-of-the-art on existing building retrofit

e Discomfort hours during summer or winter (Roulet et al. 2002);

e Daily overheating (Rey 2004);

e Effective draught temperature index (Rutman et al. 2005);

e Summer thermal discomfort severity index, which indicates the severity of
excessive mean radiant temperature during summer (Becker, Goldberger &
Paciuk 2007);

e Total percentage of cumulative time with discomfort (Asadi et al. 2012b).

For visual comfort, the assessment objectives can be:

Daylight availability (Radford & Gero 1980b);

Lighting and visual comfort (e.g. EPIQR method, see (Bluyssen & Cox 2002; Rey
2004));

Daylight factor (Rey 2004);

Discomfort glare severity indicator, which indicates the annual severity of
excessive discomfort glare (Becker, Goldberger & Paciuk 2007).
Indoor air quality is generally assessed via:
e (CO; concentration index (Doukas et al. 2007);
e Maximum ratio between the mean concentration of a contaminant over the
occupancy period and the contaminant’s threshold limit value for short-term or
long term exposure (Blondeau, Sperandio & Allard 2002);
e Ventilation rates (Blondeau, Sperandio & Allard 2002).
Acoustic comfort objectives include:
e Noise level at workplace in db (Rey 2004);
e Noise rating index (Rutman et al. 2005).
Some other descriptors not included in the previous list, but suitable for the assessment of

quality of indoor environment are:
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Operative temperature (T,) and Equivalent Temperature (Tequi), for thermal
comfort. The percentage of permanence of indoor thermal conditions inside the
comfort band defined in an adaptive comfort chart (ISO 15251: 2007), where T, is
depicted versus the outdoor mean running temperature. It is a suitable indicator of
the performance of buildings without mechanical systems to provide comfortable
conditions for occupants;

Average illuminance level in the working/activity plan (ISO 8995: 2002), as
regards visual comfort;

Percentage of people dissatisfied (PD) with indoor air quality (IAQ). It can be
calculated from the concentration of CO, using the expressions presented in (CEN
1998);

Noise equivalent level Lacq during the working period, in db(A);

Reverberation T of the room along the frequency spectrum of noise;

Sound transmission index (STI).

These objectives are, in general, competing, in the sense that it is impossible to

find a global solution to optimize all of them simultaneously. For this reason, several

decision aid approaches have been developed for addressing the mentioned problem,

namely based on multi-criteria and multi-objective models. An overview of these

approaches is presented in section 2.2.4.

2.2.3 Building retrofit technologies

According to Ma et al. (2012) the retrofit technologies can be categorized into

three groups: supply side management, demand side management, and change of energy

consumption patterns, i.e. human factors. Figure 2-4 illustrates major possible retrofit

technology types that can be used in building applications.
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Figure 2-4 Main categories of building retrofit technologies (Ma et al. 2012)

The retrofit technologies for supply side management include electrical system
retrofits and the use of renewable energy, such as solar hot water, solar photovoltaic
(PV), wind energy, geothermal energy, etc., as alternative energy supply systems to
provide electricity and/or thermal energy for buildings. In the last years, there has been an
increasing interest in the use of renewable energy technologies as building retrofit

solutions due to the increased awareness of environmental issues.
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The retrofit technologies for demand side management consist of strategies to
reduce building heating and cooling demand, and the use of energy efficient equipment
and low energy technologies. The heating and cooling demand of a building can be
reduced through retrofitting the building envelope (addition or improvement of
insulation, change of color, placement of heat-insulating door and window frames,
increase of thermal mass, building shaping, super insulated building envelopes, etc.) and
the use of other advanced technologies such as air tightness.

Low energy technologies may include advanced control schemes, natural

ventilation, heat recovery, thermal storage systems, etc.

2.2.4 Assessment methodologies

In the building retrofit, the assessment phase involves the evaluation of retrofit
actions versus the selected objective functions mentioned in section 2.2.2 with respect to
logical, physical and technical constraints concerning building retrofit strategies.

Therefore, the assessment procedure is an iterative procedure influenced by the
objectives, the alternative actions, and set of constraints. This iterative procedure is
illustrated in Figure 2-5.

The methodologies for assisting decision making in the appraisal of retrofit actions
according to multiple, generally conflicting and incommensurate, evaluation aspects may
be distinguished into two main approaches (Figure 2-6), according to the distinction
made above of models in which alternatives are explicitly known a priori and alternatives
are implicitly defined in the setting of an optimization model. These approaches are

subcategorized and analyzed in the following sections.
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Figure 2-5 The iterative decision support process (Alanne 2004)

2.2.4.1 Alternatives explicitly known a priori

In this category there is a relatively small list of alternatives to choose from. In
general an impact matrix is developed in close cooperation between the problem owners
and experts, who express in a given scale the performance of each alternative for each
evaluation criterion. Several methodological approaches may then be used to combine
this information with the decision maker’s preferences in order to reach a final
recommendation that establishes a good compromise between the evaluation criteria.
Multi-criteria Decision Analysis Approaches

Traditionally, the selection of energy alternatives and retrofit actions was based
only on cost optimization. The need to incorporate the environmental and social impacts
of different alternatives and viewpoints of different actors in the analysis promoted the
use of Multi-Criteria Decision Analysis (MCDA) methods. A wide range of MCDA
methods have been applied in the energy planning area (Diakoulaki, Antunes & Martins

2005).
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Figure 2-6 Categorization of methodological approaches for building retrofit

In an MCDA approach, it is necessary to define the problem clearly, identify the
actors involved in the decision making process and their values, develop a coherent set of
evaluation criteria and establish realistic alternatives. An MCDA method is selected to
aggregate the performance of each alternative according to the set of criteria using the
preferences elicited from the DM through technical parameters. Most MCDA methods
require weighting of the criteria, although the meaning of weights may be very different
from method to method. The application of MCDA methods may provide a selection of
the best alternative, a ranking of the alternatives or a sorting of the alternatives in pre-
defined ordered categories of merit. The most representative MCDA methods may be
included into the broad classifications of methods developing an overall synthesis value
(e.g., multi-attribute value/utility function approaches, AHP) and outranking based

approaches (e.g., ELECTRE, PROMETHEE).
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Blondeau et al. (2002) used a combination of multiple attribute utility theory
(MAUT) and outranking methods to determine the most suitable ventilation strategy for a
university building, i.e. to ensure the best possible indoor air quality and thermal comfort
of the occupants, and the lower energy consumption in case of increased diurnal or
nocturnal ventilation and/or air conditioning. It was shown that the results of the analysis
were strongly dependent on the definition of the overall utility function. On the other
hand, outranking methods allow to best fit the DM’s way of thinking but their results are
not always as clear as the ones obtained with MAUT approaches.

Roulet et al. (2002) used principal component analysis, as well as a multi-criteria
ranking method based on ELECTRE III and IV algorithms, to develop a method for
ranking office buildings (ORME: office rating methodology) according to an extended
list of parameters, including energy use for heating, cooling and other appliances, impact
on external environment, indoor environment quality, and cost.

Outranking methods are also used by Rey (2004). The ELECTRE III method is
used to rank office building retrofitting strategies.

EPIQR (Energy Performance Indoor Environmental Quality Retrofit Methods for
Apartment Building Refurbishment) (Jaggs & Palmer 2000) and TOBUS (Tool for
Selecting Office Building Upgrading Solutions) (Caccavelli & Gugerli 2002) are other
tools using MCDA techniques for aiding the selection of building retrofit actions. The
TOBUS method aimed at offering a tool for selecting office building’s retrofit solutions
with respect to multiple criteria. One of the key elements to reach this goal was an
assessment of the degree of physical degradation, extent of any degradation, extent of the
necessary work to retrofit the building and costs.

Kaklauskas et al (2005) used multi-variant design and MCDA to prioritize and

rank the alternative solutions for the retrofit of a building envelope. The alternatives’
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significance, utility degree and priority were extracted using this methodology and, as a
consequence, the strongest and weakest points of the retrofit were revealed. Zavadskas et
al. (2008) considered some of the problems associated with assessing the retrofit
effectiveness of apartment buildings in urban areas. They offered a new approach based
on multiple criteria complex proportional assessment (CORPAS) to determine the retrofit
effectiveness of houses considering both expected energy savings and the increase in the
market value of the renovated buildings.

Alanne (2004) combined MCDA and a multi-objective knapsack model to support
building retrofit. MCDA was used to extract the utilities of the retrofit actions proposed,
as well as the total utility versus the selected criteria. The utility scores obtained are then
used as weights in a knapsack optimization model to identify the actions that should be
undertaken, through the maximization of the objective function (that is utility score
achieved by selecting the retrofit action, specified by environmental value and
functionality) subject to budget constraints.

Simulation-based Approaches

Simulation-based approaches are either simplified (analytical methods) or detailed
(numerical methods) using powerful simulation programs. The simplified methods are
the degree-day method, the variable-base degree-day method, the bin method and the
modified bin method (Al Homoud 2001).

In the simulation-based process, a basic model of the building is developed using
simulation tools. Then, through an iterative procedure, a series of recommendations are
defined using the best construction practice (Horsley, France & Quatermass 2003). These
recommendations may include increase of insulation, change of glazing, etc.

There are a number of detailed building energy simulation packages, such as

EnergyPlus, eQuest, DOE-2, ESP-r, BLAST, HVAC-SIM+, TRNSYS, etc. A detailed
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comparison of the capabilities of 20 building energy simulation packages can be found in
(Crawley et al. 2008).

For example, TRNSYS was used by Santamouris et al. (2007) to investigate the
energy saving potential of green roofs in a nursery school in Greece. EnergyPlus was
used by Becker et al (2007) to assess specific factors of building design elements
(window orientation, glazing type, thermal resistance of walls, etc.) and 20 ventilation
strategies for schools’ energy consumption and efficiency. Zmeureanu (1999) employed
DOE-2 to develop an energy rating system for existing houses and estimate the energy
savings potential that could be obtained by retrofitting the studied houses.

Although many sophisticated energy simulation programs are valuable to study
the impacts of different ECMs on building performance, the iterative trial-and-error
process of searching for a better solution is time-consuming and ineffective because of
the inherent difficulty in exploring a large design space.

The main problem when employing MCDA techniques is that they are applied
upon a set of predefined alternative courses of action. In case that a limited number of
such alternatives have been defined, there is no guarantee that the solution finally reached
is the optimal one. Also, the selection of a representative set of alternatives is usually a
difficult problem, while the final solution is heavily affected by these predefined
alternatives. On the opposite case, i.e. when numerous alternatives are defined, the
required evaluation and selection process may become extremely difficult to handle. In
any case, however, the MCDA approach limits the study to a potentially large but
certainly finite number of alternatives, when the real opportunities are enormous
considering all the available retrofit actions that may be employed (Diakaki, Grigoroudis

& Kolokotsa 2008).
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2.2.4.2 Alternatives implicitly defined in a mathematical model

Decision support for improving energy efficiency in buildings problems are also
tackled using multi-objective optimization models stated as mathematical programming
models with multiple competing objective functions to be optimized. In these models the
set of feasible solutions is implicitly defined by a set of constraints.

Multi-objective Programming Approaches

The modeling of real-world problems generally requires the consideration of
distinct axes of evaluation of the merits of potential solutions. Namely in engineering
problems, aspects of operational, economic, environmental and quality of service nature
are at stake. Therefore, mathematical models must explicitly address these multiple,
incommensurate and often conflicting aspects of evaluation as objective functions to be
optimized. In addition, multi-objective programming (MOP) models enlarge the variety
of potential solutions to be considered and enable to grasp the trade-offs between the
objective functions helping to reach a satisfactory compromise solution. The essential
concept in multi-objective optimization is the one of non-dominated (efficient, Pareto
optimal) solutions, that are feasible solutions for which no improvement in all objective
functions is simultaneously possible; in order to improve an objective function it is
necessary to accept worsening at least another objective function value. In real-world
problems, a high number of non-dominated solutions are likely to exist. (Figure 2-7)
illustrates this concept for a maximization problem for two objectives fl (e.g. energy
savings) and f2 (e.g. investment cost savings). Solution B is better than solution C as it
provides higher energy savings and higher investment cost savings. Solution C performs
better than solution D, as despite equal investment cost savings C achieves higher energy
savings than D. However, when comparing B and E, neither can be said superior.

Although solution E saves more money, it provides lower energy savings than solution B.
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Solution B dominates solutions C and D, whereas a non-dominance relation cannot be
established between solutions E and B. Solution A, on the other hand, is not dominated

by any other solution and thus is called non-dominated or Pareto-optimal. All solutions

on the dashed frontier are non-dominated.
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Figure 2-7 Illustrative example of Pareto optimality in the objective space

Although it is the essential concept in MOP, the concept of non-dominated
solution is a “poor” one, in the sense that it lacks discriminative power for decision
recommendation purposes. Non-dominated solutions are not comparable between them,
so no solution naturally arises as the “final” one. The fact that multi-objective
optimization enables the characterization of the non-dominated front and the trade-offs at
stake between the objective functions is one of its main advantages. However, it is then
necessary to reach a final compromise solution, from the set of non-dominated solutions,
for practical implementation or a reduced set of non-dominated solutions for further
screening. For this purpose, methods generally combine techniques to compute non-
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dominated solutions with mechanisms to incorporate the DM’s preferences into the
decision aid process.

Pareto optimization was introduced in the building area in the 1980s by Radford,
Gero and D’Cruz (1980b; 1980a; 1983; 1987), and it is now widely used in building
design and less in retrofit optimization.

Diakaki et al. (2008) developed a MOP model to find alternative measures for
improving energy efficiency in buildings. Following this work, (Diakaki et al. 2010)
extended the model to the building design phase, which allows obtaining global optimal
solutions. This has been accomplished through weight coefficients that are set to define
the relative importance of the objectives according to the DM’s preferences.

The complexity of the decision problem resulting from the consideration of its
combinatorial nature and multiple objectives has led researchers to use genetic
algorithms, usually coupled with simulation tools. Wright et al. (2002) used a multi-
objective genetic algorithm to find the trade-off between the energy cost and occupant
thermal comfort for the design of a single zone HVAC system. Hamdy et al. (2011)
proposed a MOP approach based on GA to tackle the problem of designing low-emission
cost-effective dwellings, minimizing the carbon dioxide emissions and the investment
cost for a two-story house and its HVAC system. Juan et al.(2009b) developed a GA
based decision support system to help DMs conduct housing condition assessment and
identify optimal retrofit actions considering the trade-off between cost and quality.
Chantrelle et al. (2011) used a genetic algorithm coupled to TRNSY'S to develop a multi-
objective tool for the optimization of renovation operations, with an emphasis on building
envelopes, heating and cooling loads and control strategies.

A main drawback of GA is the high burden whenever it is necessary to make a

large number of calls to an evaluation function involving a high computational cost. In
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building applications, these evaluations are generally estimated by an external simulation
program such as Computational Fluids Dynamics (CFD) or other simulation packages. If
accurate results are required, each evaluation can be time consuming, and thus the
complete computational process becomes extremely unattractive (Magnier 2008).

Genetic Algorithm Integrating Neural Network (GAINN) is one of the solutions
to the above mentioned problem. The main idea of GAINN is to benefit from the rapidity
of evaluation provided by ANN as well as the optimization power of the GA. The
procedure is to first use an ANN to approximate the system being studied, and then use
this ANN within the GA as the objective function. The outcome is a drastic reduction of
the simulation time, while keeping an acceptable quality and reliability in the solution
process.

GAINN was first used in building engineering for the optimization of chillers
control (Chow et al. 2002). This study introduced the methodology to the building field,
and proved its efficiency in terms of accuracy and reduction of the total optimization
time. Later, GAINN has been successfully applied in other studies, such as Zhou (2007),
combined with CFD, and Conraud (2008), combined with ESP-r.

Recently this approach was used by Magnier et al.(2010) using a simulation-based
ANN to characterize building behavior, and then the ANN model was combined with a
multi-objective GA to optimize thermal comfort and energy consumption in designing a
residential building. The considered variables were divided into HVAC system-related
variables and building envelope-related variables. HVAC related variables were heating
and cooling temperature set points, relative humidity set points, supply air flow rate, and
thermostat delays. Regarding building envelope, windows size, and building thermal

mass were considered for optimization. Although this combined approach can be utilized
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for building retrofit actions selection, no usage of GAINN approach has been founded in
the literature.

Summary of key developments from previous studies are presented in Table 2—1.
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Table 2—1 Summary of key findings

sayonosddy vaIW

Reference Assessment methodology Criteria / objectives Major retrofit actions/
improvements
Gustafsson (2001) mixed integer linear programming- Life cycle cost (LCC) Fenestration retrofits

Blondeau et al. (2002)

Roulet et al. (2002) (ORME)

Caccavelli et al. (2002)
(TOBUS)

Rey et al. (2004)

Kaklauskas et. al. (2005)

Zavadskas et al. (2008)

Zhao et al. (2009)

MILP
combinatorial & outranking methods
multi-criteria ELECTRE

MCDA (N/A)

ELECTRE III

MCDA and multi-variant design

multiple criteria complex
proportional assessment -COPRAS

multi index comprehensive
evaluation, AHP, post-evaluation
thought and successful degree
evaluation method

Comfort index, TAQ index,
economic index

energy use, discomfort
hours,

Thermal comfort, IAQ,
lighting, noise.

Environmental,
Sociocultural & economic
criteria

Price, mechanical strength,
reliability, thermal
transmission, air leakage,
longevity, duration of works,
waterproof-ness, pay-back
period, guarantee period
Energy savings, increase in
market value

Energy savings, heat
comfort, heat cost reduction,
degree of satisfaction

Ventilation strategy (ventilation
only actions, air conditioning
actions)

N/A

Envelope protection, passive &
hybrid cooling techniques, heating
system, controls in AHU, energy
recovery system, low energy office
equipment, water saving
Stabilization strategy, substitution
strategy, double-skin fagade
strategy

Window options

Envelope, Heating system,
Replacing sewage pipes, electrical
equipment.

Heat metering and temperature
regulation, building envelope, heat
source and network
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sayonosddy

Pasnq uonvinulg

sayonoddy

dONW

Zmeureanu et al. (1999)

Florides et al. (2002)

Zurigat et al. (2003)

Diakaki et al. (2008)

Chantrelle et al. (2011)

Simulation based (DOE-2)

Simulation based (TRNSYS)

Simulation based (TRNSYS)

MOP (compromise programming,
global criterion method, goal
programming)

MOP (GA coupled with TRNSYS)

Energy savings

Energy consumption, life-
cycle savings.

Peak cooling load

Building load coefficient,
material cost

Energy consumption, cost,
thermal comfort, life-cycle
environmental impact

Envelope, air infiltration.

Natural & controlled ventilation,
solar shading, glazing, orientation,
thermal mass, building shape
Envelope insulation, space
ventilation, shading, glazing,
artificial lighting, evaporative
cooling

Window, wall insulation material
and thickness

Building envelope, control strategy
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2.3 CONCLUSION

In this chapter an overview of recent research and development related to

improvement of energy efficiency and evaluation of different retrofit technologies for

building applications is provided. The major findings from previous studies are:

A large number of innovative technologies and energy efficiency measures for
building retrofit exist. The main issue is to identify those that will prove to be the
more effective and reliable in the long term.

The building retrofit assessment procedure is an iterative procedure influenced by
the objectives, the alternative retrofit actions, and the sets of constraints.

The methodologies involving multiple evaluation aspects of potential solutions
for decision support in the assessment of retrofit action may be distinguished into
two main approaches: approaches in which alternatives are explicitly known a
priori and approaches in which alternatives are implicitly defined within an
optimization model.

Appropriate problem structuring methods, selection of evaluation criteria,
definition of representative alternative courses of action and preference elicitation
techniques are essential in MCDA approaches to select the most effective retrofit
strategies.

MCDA approaches consider that a list of predefined intervention solutions is
given for which the performance in multiple (quantitative or qualitative) criteria is
known at the outset. In case a small number of such solutions have been defined,
there is no guarantee that the solution finally reached is the best one (from the

DM’s perspective). On the other hand, when a large number of solutions are
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defined the required evaluation and selection process may become extremely
difficult to handle.

Recently more attention has been paid to the use of MOP techniques for the
problem of improving energy efficiency in buildings. These approaches based on
comprehensive mathematical models aim at providing a thorough characterization
of the trade-offs between different objectives.

The use of GA to deal with MOP models for building retrofit decision support has
gained an increasing relevance due to its ability to deal with complex
mathematical models and avoid being trapped in local non-dominated solutions.
A major drawback of the application of GA in building efficiency improvement is
the high number of calls to the evaluation function associated with physical
parameters, which is generally estimated by an external simulation program such
as CFD or other simulation software. If accurate results are required, each
evaluation can be time consuming and thus the complete computational process
becomes extremely unattractive.

GAINN is one of the techniques to deal with this problem by approximating the

system under study by an ANN whose results are then used within the GA.

Based on this extensive literature review, the thesis therefore focuses on using

multi-objective optimization models to quantitatively assess technology choices in a

building retrofit project. The proposed models take into account all feasible combinations

of choices without being confined to a small set of predefined scenarios in building

retrofit.

The thesis uses classical optimization methodologies, namely Tchebycheff

programming coupled with a thermal model at the first step and then a simulation
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program to assess passive retrofit actions for a residential building in use. Then the thesis
focuses on the use of a multi-objective optimization model based on GAINN approach.
This model not only improves the optimization efficiency but also makes the

methodology closer to real-world scenarios.
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CHAPTER 3
MULTI-OBJECTIVE OPTIMIZATION OF A RESIDENTIAL
BUILDING USING A TCHEBYCHEFF OPTIMIZATION
TECHNIQUE

Summary:

What are the different components of a multi objective optimization model for buildings
retrofit?

What are the retrofit actions considered in this study?

What are the approaches considered for building and retrofit actions assessment?

What is the optimization approach used to tackle the problem in this study?

What are the results from the application of the methods to a real world case study?
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3.1 Thermal model-based multi-objective optimization

Chapter 3: Multi-objective Optimization of a residential building
using a Tchebycheff optimization technique

This chapter presents two multi-objective optimization models to assess
technology choices in a building retrofit project: thermal-model based and simulation-
based approaches. Both models are tackled using a Tchebycheff optimization technique.
These models are able to take into account all feasible combinations of choices, without
being confined to a small set of predefined scenarios in building retrofit. To this end, an
actual residential building is used to illustrate the feasibility of the proposed approaches
and highlight potential problems that may arise in each one. A wide decision space is
considered, including alternative materials for the external walls insulation, roof
insulation, different window types, and installation of a solar collector in the existing
building. The DM is offered solutions corresponding to different trade-offs between
energy savings and retrofit costs in the first model, and thermal comfort besides the
already mentioned objectives in the second model. A solution to obtain a desired

efficiency label at minimum cost can also be identified.

3.1 THERMAL MODEL-BASED MULTI-OBJECTIVE OPTIMIZATION

In this section a multi-objective model is presented to obtain satisfactory
compromise retrofit actions according to the DM’s preferences. This model is applied to

a real-world case study and the results are discussed.

3.1.1 Multi-objective optimization problem

The development of a multi-objective optimization model for buildings retrofit
strategies requires the definition of appropriate decision variables, objective functions
and constraints, and finally the selection of appropriate solution techniques. The decision
variables reflect the total set of alternative measures that are available for retrofitting of a
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building (e.g. windows, insulation material, etc., see §2.2.3). The objectives to be
achieved (e.g. minimum retrofit cost, maximum energy savings, etc., see §2.2.2) are
defined using the appropriate linear or non-linear mathematical formulation. Moreover,
the set of feasible solutions is delimitated with respect to logical, physical and technical
constraints concerning the decision variables. Constraints can also be added to enforce

acceptability thresholds for the objective functions of the problem.
3.1.2 Decision variables

The set of retrofit actions in this step concerns combinations of choices regarding
external wall insulation materials, roof insulation materials, windows, and installation of
solar collector to the existing building. Therefore, four types of decision variables are
defined concerning the alternative choices regarding:

e the external wall insulation materials;

e the roof insulation materials;

e the windows type;

e the solar collector type.
For simplicity, it is assumed that only one retrofit action from each four set of actions
may be selected for the building retrofit.

Assuming availability of 7 alternative types of external wall insulation material, J
alternative types of roof insulation material, K alternative types of window, and L

alternative types of solar collector, binary variables xF"V4% with i = 1,...,1; x]ROF with j =

L...J; x/™Nwith k = 1,....K; and x¢with [ = 1,...,L are defined as follows:

EWAL _ {1, if insulation material type i is selected (3.1
0, otherwise
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(ROF _ {1, if insulation material type j is selected (3.2)
7 0, otherwise

Y WIN _ {1, if window type k is selected (3.3
k 0, otherwise

£5€ = {1, if solar collector type lis selected (3.4)
L 0, otherwise

3.1.3 Objective functions

3.1.3.1 Energy savings

The general procedure for estimating the energy savings, ES, from a retrofit
project is based on the calculation of the difference between the pre-retrofit energy
consumption predicted from a model and the post-retrofit energy consumption (Krarti

2000):

ES = Epre = Epost (3.5)

where
* Epre - the energy use predicted from a pre-retrofit model of the facility
[kWh/year];
® Epost - the energy used in the facility after implementing the retrofit actions
[kWh/year].
Therefore, it is important to develop a model for the building before estimating the
retrofit energy savings. To limit the computational time, a simple thermal model of the
building is developed based on current methodology of the Portuguese building thermal

code (RCCTE), which is based on ISO-13790 (2007).
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In general, the energy sources in a building are used for space heating, cooling
and domestic hot water (DHW) systems and for electric lighting (in this specific model
electric lighting is not considered). The building energy needs (E) are calculated using

equation (3.6):

E = Qic + Quc t Qac (3.6)

where

e (Q;. - Annual energy need for space heating [kWh/year];

e (,.— Annual energy need for space cooling [kWh/year];

e (.- — Annual energy need for domestic hot water [k Wh/year].
A steady-state yearly-based calculation methodology is used here to estimate the heating
and cooling needs of residential buildings, as well as the domestic hot water needs. The
heating needs are obtained applying a degree-days method and the envelope heat balance
for the heating season. The cooling needs are obtained from the average difference
between the indoor-outdoor temperature and the envelope heat balance during the cooling
period. The DHW needs are obtained applying the average daily reference consumption
and the annual number of days of DHW consumption.
Energy need for heating

The annual building energy need for space heating, Q;.(x) (x denotes the vector of

the decision variables defined in §3.1.2), for conditions of continuous heating, is

calculated according to equations (3.7 — 3.14):

Qic(x) = Q¢(x) + Qy — qu(x) (3.7)
Qe(®) = Qext (%) + Qepu + Qpt (3.8)
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where

Qext(.x) ES 0.024‘. DDH. BLCext(x)

AEWAL AROF
BLCoyt(x) = +
ext §=1 xlEWALdi/),i Z§=1 x]ROFdj/;{j

K
+ Ayin Z Up. x/ ™V
k=1
Qeny = 0.024.DDy. Uppyy- Aenu
th = 0.024‘. DDH.z lIIm. Bm
m
Q, = 0.024. (0.34.ACH.AP.Pd).DDH

(0.720.4,.M.q;)

+ <M.Gsouth.ZX0.Ae_k.x,KV’N )]
o

qu(x) = Naq

Coefficients:

T — Losses to non-heated spaces reduction coefficient [kWh/year];
Y — Linear heat flux transmission coefficient [W/(m.°C)];

X, —Orientation coefficient for the different facade orientations;

Parameters:

Q¢(x) — Total heat loss by the building envelope [kWh/year];
Q, — Total heat loss by air renovation [kWh/year];

Qgu(x) — Total heat gains (internal + solar heat gains through

[kWh/year];

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

glazing)

Qext (x) — Total heat loss through zones in contact with outdoor (walls, glazing,

roofs and pavements) [kWh/year];
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® (Q.nu — Total heat loss through zones in contact with non-heated spaces (walls,
glazing, roofs and pavements) [kWh/year];

e (Qp — Total heat loss through linear thermal bridges [kWh/year];

e DDy — Heating degree-days [°C.day];

e BLC,y:(x) — Building load coefficient [W/ °C];

o Agwas — Exterior wall surface area [m’];

e d; — Thickness of the external wall insulation type i [m];

e A; - Thermal conductivity of the external wall insulation material type i
[W/(m.*C)];

e Apor - Roof surface area [m?];

e d; - Thickness of the roof insulation type j [m];

e J; - Thermal conductivity of the roof insulation material type j [W/(m.°C)];

e Ayn — Windows surface area [m?];

e U, — Window type k thermal transmission coefficient [W/(m?.°C)];

e A,y — Area of building envelope elements in contact with non-heated spaces
[m];

e Ugyy, — Thermal transmission coefficient of elements in contact with non-heated
spaces [W/(m>.°C)];

e B — Floor or wall interior linear perimeter for envelope in contact with the soil or
interior length of thermal bridge [m];

e ACH — Air changes per hour [h™'];

e Ap— Net floor area [m?];

e Py—Floor to ceiling height [m];

® 144 — Heat gains utilization factor for heating season;

e M — Heating season duration [Months];
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e ;i — Internal heat gains [W/m®];
¢ Ggyun — Average monthly solar energy that reaches a south oriented vertical
surface [kWh/(m”.month)];
e A.- Effective glazing area for the different windows orientations [m?].
Energy need for cooling

The annual cooling needs are obtained applying the following equation:

Que(*) = (1= Narrer)-(Q1() + Q2 + Q3+ Qu(x)) (3.15)
01 (%) = 2.928. BLC s (¥). (8, — 25) + BLCyyy (%). [(cr. IT) /1] (3.16)
Q; = 2.928.(0.34. ACH. A,. Py) (6, — 25) (3.17)
Q3 = 2.928.4,,.q; (3.18)
Q4(0) = ) I Ay FsFy iy gy verct!™ (3.19)
where:
Coefficient

e [ — Shading factor;

e F; — Glazing factor;

e [y, — Correction factor for movable shading devices for cooling calculation;
® g,.er — Effective total solar energy transmittance of glazing;

e Ir— Total average solar radiation intensity for each orientation [kWh/m?];

e «a — Exterior envelope solar radiation absorption coefficient;

Parameters:

e 0,,— Average outdoor temperature in the cooling season ["C];
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® Tarres — Heat gain utilization factor for cooling season;
e h, — Thermal conductivity of external building envelope, that is equal to 25
[W/m?°C];
e (Q; — Total heat gains through building envelope [kWh/year];
e Q,' — Total heat transfer due to air infiltration [kWh/year];
e Qs — Total internal heat gains [kWh/year];
e Q4 — Total heat gains through glazing [kWh/year].
Energy needs for water heating

The DHW needs are obtained applying the following equations:

Q
QaC(x) = (r]_a - Esolar(x) - Eren) (3.20)
a
B Myos X 4187 X nd X AT
Ca= 3600000 (3.21)
L
Esolar(x) = Z Elwl.xfc (3.22)
1
where:
Coefficient:

e 1, — DHW system efficiency;
Parameters:
e M,ys — Average daily consumption of DHW [L/day];
e nd- Total number of days with DHW consumption;
e AT — Difference of temperature to heat the water [°C];

e ES°!(x)- Total energy contribution from solar collector type 1 [kWh/year];

1 This term is a negative heat gain, as the average outdoor temperature is always less than indoor air set-
point temperature in cooling season (Annex I, RCCTE).
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e FE,., — Total energy contribution from other renewable sources [kWh/year];
e (Q,4c — Annual DHW heating needs [kWh/year];

e (.- Total energy supplied with conventional systems for DHW [kWh/year].

3.1.3.2 Retrofit cost

The investment cost for the retrofit of building is simply calculated by adding the

cost terms corresponding to retrofit actions as follows:

I J
ReCost(x) = Apyas z CEWAL yEWAL | AROFZ CROF oF (3.23)
L 4

=1
K L
N R LT
k=1 =1

where:

CEWAL _cost in [€/m” ] for external wall insulation material type i;

C]-ROF - cost in [€/m* ] for roof insulation material type j;

CY¥™_ cost in [€/m? ] for window type k;

e (;C- cost for solar collector type L.

3.1.4 Model and solution techniques

Using the decision variables, objective functions and constraints developed above,

the multi-objective programming model is formulated:
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Min Z,(x) = ReCost(x)
Max Z,(x) = ES(x)

S.t.
I
leﬁWAL -1
i=1
]
Zx]ROF =1
=
K
WIN _
X =1 (3.24)
k=1
L
lesc =1
=1

xEWAL € (0,1} Vi€ {1,2,..,1}
x°F e {01} Vv je {1,2,...]}
x¢™ e {01} V ke {1,2,..,K}

x;¢ € {01} Vvie {1,2,..,L}

A Tchebycheff programming technique has been developed in MATLAB
(Mathworks 2010) to tackle this multi-objective optimization model. To apply
Tchebycheff programming, the decision model is rearranged to aggregate the two
objective functions. In this method weighting vectors p are used to define different
weighted Tchebycheff metrics (Steur 1986). As a first step, the ideal solution Z* should

be computed (in the following equation, S denotes the feasible solutions set):

Z; = max {Z;(x)|x € S} if Z; to be maximized
(3.25)
Z; = min{Z;(x)|x € S} if Z; to be minimized
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The problem is then formulated in a way to compute the solutions closest to Z*,

according to the Tchebycheff metric:

Min {a}

S.t.

@ (2,00~ 7)) (Z—)

1

a> (23— 2,(0) <§—2>

]
ROF _
Z Xjo = (3.26)

=1
xE"A e (0,1} Vi€Ee {1,2,..,1}
xF e {01} Vje (12,..,]}
x¥/™ e {0,1} V ke {1,2,..,K}

x;¢ € {01} Vie {1,2,..,L}

In this formulation, p; and p, are two constants representing the weight of each
objective. These weights can be changed to obtain different compromise solutions. For
strictly positive weight values this formulation yields solutions that are non-dominated
(efficient, Pareto optimal): for each of these solutions there is no other solution able to

improve one of the objectives without worsening the other objective.
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3.1.5 Model application on a residential building

This section is aimed at illustrating how this approach can be used to provide
decision support for selecting a satisfactory compromise solution based on the MOP
model. The building under study is a semi-detached house (one family) building, situated
in central region of Portugal (Figure 3-1 and Figure 3-2), for which the number of degree
days, the heating season duration, the average temperatures and the corresponding solar
radiations were extracted from the national regulation RCCTE. The building has one
ground floor and a basement. Its total pavement area and average height are equal to 96.6

m? and 2.47 m, respectively.

Figure 3-1 The case study: view of the single-family house
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Figure 3-2 Schematic plan of basement and ground floor of case study

The building has a concrete structure. The walls are in concrete with no thermal
insulation; the window frames are wooden with single glass. Its main fagade is oriented
toward south-east. The construction characteristics of the building under study are

presented in Table 3—1 to Table 3—3.

Table 3—1 Glazing characteristics

Orjentation Area [m?] U [W/m’K] g(%)

Northwest ~ 0.89 3.40 0.88
Northwest ~ 0.89 3.40 0.88
Southeast  0.89 3.40 0.88
Southeast 1.60 4.60 0.88
Southeast  0.59 6 0.88
Southwest  0.89 3.40 0.88
Northwest ~ 0.89 3.40 0.88
Southwest ~ 1.27 3.90 0.88
Southwest  1.27 3.90 0.88
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Table 3—2 External wall characteristics

Orientation Area [m’] U [W/m>K] Exterior color

Southeast 15.38 2.13 Light color
Southwest  11.11 2.13 Light color
Northwest ~ 5.76 2.13 Light color
Northeast ~ 23.70 1.70 Light color
Southwest ~ 16.22 1.70 Light color
Northwest ~ 10.50 1.70 Light color
Southeast 12.10 2.37 Light color
Southwest ~ 13.72 2.37 Light color
Northwest  14.14 2.37 Light color
Northeast 1.32 2.37 Light color

Table 3—3 Internal wall characteristics

Description Area [m’] U [W/m’K]
Internal wall 4.05 1.79
Internal wall 2.18 2.15
Internal wall 4.35 1.47
Neighboring house 11.52 2.00
Neighboring house  10.25 2.00
Internal pavement ~ 58.73 1.71

According to the Portuguese regulations, internal temperatures for heating and

cooling periods have been set to 8;; = 20°C and 8;; = 25°C, respectively. Temperature
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rise for heating water has been set to 45°C. In addition, the internal heat gain per unit of
floor area is set to 4 (W/m?).

For heating, cooling and hot water supply, electricity is taken into account as the
source, while solar energy is only considered for hot water supply.

After introducing the required data into an excel spreadsheet, the developed
program imports the data into MATLAB automatically for further analysis, including
prediction of the building energy use before retrofit.

The summary of results from energy analysis of the building before retrofit is

reported in Table 3—4.

Table 3—4 Building energy analysis before retrofit

Building performance indicators

Estimated global annual primary energy need for heating, cooling and 12.89 [kgoe/(myear)]

water heating

Existing building total energy need 31641.58 [kWh/year]
Existing building Energetic Classification C
Existing building CO, emission 1.4945 [TCO,lyear]

The decisions regarding the building retrofit are related to the alternative choices
regarding:

e the external wall insulation materials (56 different types);

e the roof insulation materials (16 different types);

e the windows type (21 different types);

e the solar collector type (10 different types).

Different retrofit actions and their related characteristics are extracted from CYPE

rehabilitation price generator (CYPEingenieros 2010) and presented in Appendix B.1.
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After the energy analysis of the building, the non-dominated solutions to the MOP
problem that optimize each objective function individually are computed (solutions S1
and S2 in Table 3—5) using the function bintprog in MATLAB’s optimization toolbox.
The components of the ideal solution, which is the initial reference point, are displayed in
bold italic. Besides, the row numbers of corresponding retrofit actions leading to the S1
and S2 solution, as well as the building energy classification after implementing the

related retrofit action package, are reported in Table 3—35.

Table 3—35 Non-dominated solutions that optimize individually each objective function
(Refer to Appendix B.1 for RAs characteristics)

Solution ReCost ES EWAL ROF WIN Solar Energy

© (kWh/year) insulation  insulation  type collector  classification
S1 1791 15263 46 1 1 6 C
S2 5901 25539 56 17 15 8 B

The non-dominated solution that minimizes the Tchebycheff distance (that is,
minimizes the largest deviation) to the ideal solution is then computed for different
combinations of objective function weight coefficients, which makes the construction of
an efficient frontier possible. Table 3—6 shows the objective functions values for the
scenarios at an equally spaced number of p values. As the weight coefficient of the
energy saving objective increases, the solution to problem (3.26) approaches and finally
reaches (when p; = 0, p, = 1) its optimal solution. On the other hand, as the weight
coefficient of the retrofit cost objective function increases, the solution approaches its

optimal solution.
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Table 3—6 Solutions obtained applying Tchebycheff programming with different
weights (Refer to Appendix B.1 for RAs characteristics)

ReCost ES EWAL ROF  Window  Solar Energy
Pi P2 (€) (kWh/yr) insulation insulation Type Collector Classification
1.00 0.00 1791 15263 46 1 1 6 C
095 0.05 1814 19316 48 6 1 6 B-
090 0.10 1834 20229 35 6 | 6 B-
085 0.15 1848 20766 36 6 | 6 B-
0.80 0.20 1865 21165 37 6 1 6 B-
0.75 025 1884 21473 26 6 | 6 B-
0.70 030 1902 21765 26 8 1 6 B-
0.65 035 1922 22010 27 8 | 6 B-
0.60 0.40 1941 22306 26 7 2 6 B-
0.55 045 1961 22551 27 7 2 6 B-
0.50 0.50 1983 22769 27 9 2 6 B-
0.45 0.55 2005 22876 27 10 8 6 B-
0.40 0.60 2057 23025 33 10 8 6 B-
035 0.65 2108 23126 53 10 2 6 B-
030 0.70 2117 23158 53 10 8 6 B-
025 0.75 2245 23339 53 9 15 6 B-
020 0.80 2361 23511 54 8 2 6 B-
0.15 0.85 2395 23712 54 10 8 6 B-
0.10 090 2729 24047 54 17 15 6 B-
0.05 095 3043 24564 54 10 8 7 B
0.00 1.00 5901 25539 56 17 15 8 B

The values from Table 3—6 were used to construct the plot shown in Figure 3-3,
displaying some of the points that lie on the non-dominated solution frontier. Choosing
each solution from this frontier will lead to different energy classification of the building
according to RCCTE. In terms of retrofit actions, we can note that in the left hand side of
the curve a small increase of retrofit cost can lead to improvement of energy

classification of the building from C to B- On the right hand side, the situation is more

85



Chapter 3 Multi-objective Optimization of a residential building using a Tchebycheff
optimization technique

difficult, and to improve energy classification of the building from B- to B, a large
amount of investment is required. This case highlights the major advantage of a multi-
objective formulation, which is to provide a thorough understanding of the trade-offs
between the competing objectives, and bring the potential of each investment into focus.
In the current case the building owner could be easily convinced to slightly increase the
amount of investment from €1791 to €1814 in order to improve energy classification of
the building by one level.

Figure 3—4 demonstrates how the objective values change in relation with the
specific value of the weights. This figure clearly shows the competitive nature of the
objective functions. As the weight on energy saving (p,) increases, the set of actions

leading to higher energy savings and at the same time higher cost have been selected.
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Figure 3-3 Results of multi-objective optimization of retrofit cost and energy savings
(Refer to Appendix B.1 for RAs characteristics)
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Figure 3-4 Objective functions variation with the corresponding weights.
3.1.6 Discussion

This section presented a thermal-based multi-objective mathematical model to
provide decision support in the evaluation of technology choices for the building retrofit
strategies. The model allows explicitly for simultaneous consideration of all available
combinations of alternative retrofit actions. It also allows for the consideration of logical,
physical and technical constraints. The result of the application of Tchebycheff
programming technique, employed for the solution of model under study, shows the
feasibility of this methodology to find well balanced strategies for retrofitting of
buildings to be presented to a DM in the context of a decision support process.

However, since retrofit action assessment is based on the developed thermal
model of the building which is based on the current methodology of RCCTE, the model
is not able to perform a detailed analysis of building. Therefore, it does not allow for
consideration of all desired objective functions such as thermal comfort. Moreover, this
thermal code is developed for residential buildings, so application of the model for other

types of building is not adequate.
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3.2 SIMULATION-BASED MULTI-OBJECTIVE OPTIMIZATION

Following the previous thermal-based multi-objective optimization model, this
section aims to extend that initial modelling approach. The extended approach
incorporates also thermal comfort as an additional objective function. Moreover, the
model is not constrained to buildings of a particular type, since the simulation program is
used for building and its retrofit actions assessment.

This section is organized as follows. The problem formulation and the
optimization approach are presented in section 3.2.1. The application of the model to the
previous case study is described in section 3.2.2, which is followed by a discussion of the

results.

3.2.1 Optimization approach

The scheme of the proposed simulation-based optimization approach is illustrated
in Figure 3-5. The scheme is a combination of TRNSYS 16, GenOpt 3.0.3 and optimizer
under MATLAB environment. TRNSYS (2009) is a transient system simulation program
with a modular program structure that was designed to solve complex energy systems
problems. GenOpt is an optimization program for the minimisation of a cost function that
is evaluated by an external simulation program (Wetter 2009). In this work the capability
of GenOpt for parametric runs is used only to perform automatic simulation of the
building.

In this scheme a model of the building before retrofit is firstly created in
TRNSYS. Then, using this model and GenOpt results are obtained for the
implementation of each retrofit action.

Finally, an optimizer developed in MATLAB was run to evaluate potential
solutions. A Tchebycheff programming procedure developed in the previous section is

used to tackle the multi-objective optimization problem.
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Figure 3-5 Optimization framework

3.2.2 Formulation of the optimization problem

Definition of the multi-objective optimization (MOO) problem for buildings
retrofit strategies requires the definition of appropriate decision variables, objective
functions and constraints, and finally the selection of appropriate solution computation

techniques.

3.2.2.1 Decision variables

The set of retrofit actions in this section is the same as the previous case study,
namely decision variables concerning combinations of choices regarding external walls
insulation material, roof insulation material, window types and installation of solar
collector in the existing building. For further information regarding the decision variables

refer to section 3.1.2.
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3.2.2.2 Objective functions

The objectives of this optimization model are to minimize Retrofit Cost and Total
Percentage of discomfort hours, and maximize Energy Savings due to the implementation
of retrofit actions.

Retrofit Cost (ReCost)

As it is mentioned in section 3.1.3.2, the overall investment cost for the building
retrofit, ReCost(x) (x denotes the vector of all decision variables defined in Section 3.1.2)
is calculated by adding individual retrofit action costs (Expression 3.23)

Energy Savings (ES)

As in section 3-1-3-1, the general procedure for estimating the energy savings,
ES, from a retrofit project is based on the calculation of the difference between the pre-
retrofit energy demand predicted using a model and the post-retrofit energy demand.
However, in this section E,,.. (the building energy demand before retrofit) and E, . (the
building energy demand after implementing the retrofit actions) are derived from

building simulation with TRNSYS.

E = Epeat + Ecoot + Epnw (3.27)
in which Ej.,; is the annual energy demand for space heating [kWh/year], E.,,; IS the
annual energy demand for space cooling [KWh/year], and Epyy, is the annual energy
demand for domestic hot water system [kWh/year].

The computation of Epes is made using the individual effects computed for space

heating, space cooling and domestic hot water (3.28-3.30).
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— EWAL EWAL ROF
Eheat(x) - Z Eheat,l Z Eheat}

X (3.28)

where Epre2% represents total energy demand [kWh/year] for space heating after

implementation of external wall insulation material type i, Ejiqy; ; represents total energy
demand [kWh/year] for space heating after implementation of roof insulation material
type j and E,‘fgg{_k represents total energy demand [kKWh/year] for space heating after
implementation of window type k. All the mentioned energy demands are predicted by

the simulation model.

cool(x) Z Efggff' Frab + Z EfoooI;]
(3.29)
WIN WIN
+ z Ecoolk Xk

where EEWAL is total energy demand [kWh/year] for space cooling after implementation

cool,i

of external wall insulation material type i, Ex; ; is total energy demand [kWh/year] for

space cooling after implementation of roof insulation material type j and Egggyk

[kWh/year] is total energy demand for space cooling after implementation of window

type k. All the mentioned energy demands are predicted by the simulation model.

Eppw (x) = Z Epfw,- % ¢ (3.30)

where ng,w,l represents total energy demand [kKWh/year] for domestic hot water system

after implementation of solar collector type | and is predicted by the simulation model.
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Thermal Comfort (TPMVD)

The metric used to assess thermal comfort is the predicted mean vote (PMV),
based on Fanger’s model (Fanger 1970). PMV is representative of what a large
population would think of a thermal environment, and is used to assess thermal comfort
in standards such as ISO7730 (2005) and ASHRAE 55 (2004). It ranges from -3 (too
cold) to +3 (too warm), and a PMV value of zero is expected to provide the lowest
percentage of dissatisfied people (PPD) among a population (Figure 3-6). In this study,
an absolute value of 0.7 for PMV, the upper limit of the less exigent comfort category in
ISO 7730, is considered as the borderline of the comfort zone. So, in order to maximize
thermal comfort, the total percentage of cumulative time with discomfort ([PMV| >0.7)
over the whole year, that from now on will be mentioned as “total percentage of

discomfort hours (TPMVD(X))”, should be minimized. The TPMVD(X) is also predicted

by TRNSYS.
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Figure 3-6 Thermal comfort of the human body as a whole (ISO 7730 2005)
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3.2.3 Multi-objective optimization approach

The decision variables, objective functions and constraints developed above, lead

to the formulation of the multi-objective programming problem (3.31):

Min Z;(x) = ReCost(x)
Max Z,(x) = ES(x)
Min Z;(x) = TPMVD(x)

S.T.
I

Z xEWAL = 1

K
Z i _ 1 (3.31)

=
xEAl e (01} V i€ {1,2,..,1}
xF e (0,1} v je{12../}

[

x/™Ne {01}V ke {1,2,..,K}
x;¢€ {01} vIeE{12,..,L}

Problem (3.31) is a combinatorial multi-objective problem, in which the objective
functions including retrofit cost, energy savings and total percentage of discomfort hours
are conflicting.

The model has been implemented in MATLAB and a Tchebycheff programming
procedure has been developed to tackle the multi-objective optimization.

To apply Tchebycheff programming, the decision model is rearranged to

€C_ 9

aggregate the three objective functions. In this method weighting vectors “p” are used to
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define different weighted Tchebycheff metrics. As a first step, the ideal solution A
should be computed, as follows:

Z; =max{Z;(X)| X € §} if Z; to be maximized (3.32)

Z; =min{Z;(X)| X € S} if Z; to be minimized (3.33)

The problem is then formulated in a way to compute the solutions closest to Z*

according to weighted metrics. The (weighted) Tchebycheff metric minimizes the largest

(weighted) deviation to the ideal solution. Therefore, the problem for three objective

functions is formulated as follows:

Min (a)
S.T.
~ (P
@« 2 (Zx) = Z) |
1

a > (23 — Z,(x) (Z—i)

a« = (Z;(x) — Z3) (Z—Z)

foWAL _ 1 (3.34)
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xEWAl e (0,1} vV i€ {1,2,..,1}
xF e {01} Vv je{12,..,]}
x¢™e {01}V ke{1,2,..,K}
x;¢€e {01} vIeE{12,..,L}

In this formulation, ((p1, p2, P3) € A are constants representing the weight of each

objective, where:

3
A= {(p1,p2p3) € R®|p; 2 O:z:pi = 1} (3.35)
i=1

For strictly positive weight values this formulation yields solutions that are non-
dominated (efficient, Pareto optimal): for each of these solutions there is no other feasible
solution able to improve one of the objectives without worsening, at least, one of the
other objectives. These weights can be changed to obtain different compromise solutions.
In this work weights have been used to sample the entire decision space and provide the
DM a sub-set of non-dominated solutions that is representative of different trade-offs at
stake in different regions of the decision space, thus avoiding an exhaustive computation.
For this purpose, weights have been changed with a given step, while
respecting p,, P2, p3 € A. The aim is to offer the DM usable information for actual
decision purposes; for instance, grasping that in a certain region of the decision space it is
necessary to sacrifice cost a significant amount to gain just a small amount in the energy

savings objective function.

3.2.4 Model application on a residential building

The same building as described in section 3.1.5 was selected to apply the
developed model. To reduce the execution time of simulation, a simplified model is used
to represent the house as a single zone. A one year simulation was run in TRNSYS to

determine the heating, cooling, domestic hot water demands as well as PMV values. Type
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109 and Type 56 were used for the weather condition and building definition in
TRNSYS. Some of the parameters (besides the building characteristics) introduced in
Type 56 of TRNSYS were: 2 occupants with the activity level of 1 met (1 met = 58.15
W/mz) in the room; total internal heat gain due to equipment and lighting equal to 4
W/m?; infiltration rate of 0.9 air changes/hour.

In this work, PMV values are also calculated by TRNSYS, using a constant
metabolic rate 1 met, a constant air velocity of 0.1 m/s, and a clothing factor equal to 0.5
clo in summer, 0.9 clo in winter, and 0.8 during the rest of the year. A summary of the

results from the energy analysis of the building before retrofit is reported in Table 3—7.

Table 3—7 Building performance before retrofit

Building performance indicators

Total annual heating demand 216.35 [kWh/(mzyear)]
Total annual cooling demand 4.95 [kWh/(m’year)]
Total annual DHW demand 52.33 [kWh/(m®year)]
Total annual energy consumption 273.63 [kWh/(m’year)]

A list of alternative retrofit actions is presented in Appendix B.2. Typical retrofit
actions including different external wall insulation materials, roof insulation materials,
window types and solar collectors have been introduced in the list aiming at improving
the building energy savings and thermal comfort in a cost effective manner.

After energy analysis of the building, the non-dominated solutions to the MOO
problem that individually optimize each objective function are computed (solutions S1,
S2 and S3 in Table 3—38) using the modified function bintprog in MATLAB’s
optimization toolbox. The components of the ideal solution (the individual optima to each
objective function), which is the initial reference point, are displayed in bold italics. That

is, the reference point in the objective function space consists in the individual optima to
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the multiple objective functions, which cannot be attained simultaneously since the
functions are conflicting. Table 3—38 also indicates the solution configuration that is the
identification of the corresponding retrofit actions leading to each solution.

When retrofit cost is optimized independently of the other objective functions,
the external wall and roof insulation material, window and solar collector with minimum

cost are selected; however, this results in minimum energy savings.

Table 3—8 Non-dominated solutions that optimize each objective (Refer to Appendix
B.2 for RAs characteristics)

Solution  Type of ReCost(€)  ES(kWh/year) TPMVD EWAL ROF WIN SC
solution

S1 [min] ReCost 2843.15 9065.06 83.79 1 7 1 1

S2 [max] ES 7245.52 12792.15 93.07 24 18 3 4

S3 [min] TPMVD  4374.83 12284.48 82.69 16 1 2 1

On the other hand, when the energy savings objective is individually optimized,
the external wall and roof insulation material and window with the minimum thermal
transmittance are selected. Furthermore, a solar collector with the highest area and energy
efficiency is selected. However, the retrofit actions combination results in a significant
increase of the retrofit cost. Surprisingly, the total percentage of discomfort hours (total
percentage of time with [PMV| >0.7) has also increased, even comparing with the
building before retrofit, which can be justified through the selection of the roof insulation
and a window with minimum thermal transmittance (maximum thermal resistance), so
higher indoor temperatures lead to a high percentage of discomfort hours.

Finally, when the “total percentage of discomfort hours” over the whole year is
optimized, another solution configuration is obtained, which leads to an energy savings

objective function not far from its optimal value but at a significantly lower cost.
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As stated earlier, a Tchebycheff programming approach has been used to compute
compromise non-dominated solutions displaying different trade-offs between the
objective functions, thus sampling the non-dominated frontier. The non-dominated
solution that minimizes the Tchebycheff distance to the ideal solution (taken as the
unreachable reference point) is then computed for different combinations of objective
function weight coefficients using a modified version of the bintprog function in
MATLAB, which makes the construction of the non-dominated frontier possible. As the
first step, the first two objective functions (retrofit cost and energy savings) are
considered simultaneously, and then the third objective (total percentage of discomfort
hours) is added. This stepwise procedure intends to make a better constructive use of the
2D and 3D graphical representation of non-dominated frontier in order to unveil and
further discuss the corresponding solutions and trade-offs at stake between the competing
objectives.

Figure 3-7 shows the non-dominated solutions for the first two objectives. Figure
3-8 demonstrates how the objective values change in relation with the specific value of
the weights (each point depicts the compromise obtained for a different combination of
weight values). This figure clearly shows the competitive nature of objective functions
energy savings and retrofit costs. As the weight on energy savings (p,) increases, the set

of actions leading to higher energy savings and at the same time higher cost are selected.
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Figure 3-7 Multi-objective solutions for the building retrofit strategies (two objective
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formulation.
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After adding the third objective function (TPMVD), the compromises
corresponding to different weight coefficient values are illustrated in Figure 3-9 and
Table 3—9. For intermediary values of the weight coefficients, several solutions are
obtained that favour each objective function at a higher or lower level depending on the
specific values that have been selected. From Figure 3-9 it is seen that solutions leading
to more energy savings or higher retrofit cost do not necessarily lead to a lower
percentage of discomfort hours, and accordingly better thermal comfort. This case
highlights the advantage of a true multi-objective optimization model, which is able to
provide the DM a thorough understanding of the decision situation, namely concerning

the trade-offs at stake and shedding light on the potential of each investment option.

3.2.5 Discussion

This section described an optimization methodology based on a combination of
TRNSYS, GenOpt and a multi-objective optimization approach developed in MATLAB.
The proposed approach was applied to a real world case study, and the results
demonstrate its practicability to provide decision support in an actual setting. This allows
explicitly for the simultaneous consideration of all available combinations of alternative
retrofit actions. Besides, as TRNSYS is used for building condition assessment and
retrofit actions evaluation, the consideration of different objective functions became

possible.
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Figure 3-9 Compromise solutions for different weights: retrofit cost vs energy saving (al)
and discomfort hours(a2), Energy saving vs retrofit cost (b1), and discomfort hours (b2),
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Table 3—9 Sample of non-dominated solutions obtained using Tchebycheff
programming (Refer to Appendix B.2 for RAs characteristics)

pl p2 p3 ReCost(€) ES(kWh/year) TPMVD(%) EWAL ROF WIN

(@)

S
1 0 0 2843 9065 83.79 1 7 1 1
09 0.1 0 2843 9065 83.79 1 7 1 1
09 0 0.1 2843 9065 83.79 1 7 1 1
08 02 0 2843 9065 83.79 1 7 1 1
0.8 0.1 0.1 2843 9065 83.79 1 7 1 1
08 0 02 2843 9065 83.79 1 7 1 1
07 03 0 3163 11017 83.77 10 7 1 1
07 02 0.1 2843 9065 83.79 1 7 1 1
0.7 0.1 02 2843 9065 83.79 1 7 1 1
07 0 03 2843 9065 83.79 1 7 1 1
06 04 O 3163 11017 83.77 10 7 1 1
06 03 0.1 3163 11017 83.77 10 7 1 1
06 02 02 2843 9065 83.79 1 7 1 1
0.6 0.1 03 2843 9065 83.79 1 7 1 1
06 O 04 2843 9065 83.79 1 7 1 1
0.5 0.5 0 3163 11017 83.77 10 7 1 1
0.5 04 0.1 3163 11017 83.77 10 7 1 1
0.5 0.3 02 3163 11017 83.77 10 7 1 1
0.5 02 03 3163 11017 83.77 10 7 1 1
0.5 0.1 04 2843 9065 83.79 1 7 1 1
0.5 0 0.5 2843 9065 83.79 1 7 1 1
04 06 O 3243 11363 83.72 11 7 1 1
04 05 0.1 3163 11017 83.77 10 7 1 1
04 04 02 3163 11017 83.77 10 7 1 1
04 03 0.3 3163 11017 83.77 10 7 1 1
04 02 04 3163 11017 83.77 10 7 1 1
04 0.1 0.5 2843 9065 83.79 1 7 1 1
04 0 0.6 2843 9065 83.79 1 7 1 1
0.3 07 0 3324 11611 83.71 12 7 1 1
0.3 06 0.1 3243 11363 83.72 11 7 1 1
0.3 0.5 02 3243 11363 83.72 11 7 1 1
0.3 04 03 3163 11017 83.77 10 7 1 1
0.3 0.3 04 3163 11017 83.77 10 7 1 1
0.3 02 05 3163 11017 83.77 10 7 1 1
0.3 0.1 0.6 2843 9065 83.79 1 7 1 1
0.3 0 0.7 2843 9065 83.79 1 7 1 1
02 08 0 3404 11801 83.69 13 7 1 1
02 07 0.1 3404 11801 83.69 13 7 1 1
02 06 02 3324 11611 83.71 12 7 1 1
02 05 0.3 3324 11611 83.71 12 7 1 1
02 04 04 3243 11363 83.72 11 7 1 1
02 03 0.5 3243 11363 83.72 11 7 1 1
02 02 06 3163 11017 83.77 10 7 1 1
02 0.1 0.7 3163 11017 83.77 10 7 1 1
02 0 0.8 2843 9065 83.79 1 7 1 1
0.1 09 0 3707 12185 83.68 15 7 2 1
0.1 0.8 0.1 3707 12185 83.68 15 7 2 1
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0.1 0.7 02 3570 12065 83.71 14 7 2 1
0.1 06 03 3570 12065 83.71 14 7 2 1
0.1 0.5 04 3486 11949 83.69 14 7 1 1
0.1 04 05 3404 11801 83.69 13 7 1 1
0.1 0.3 0.6 3324 11611 83.71 12 7 1 1
0.1 02 07 3243 11363 83.72 11 7 1 1
0.1 0.1 0.8 3163 11017 83.77 10 7 1 1
0.1 0 09 2843 9065 83.79 1 7 1 1
0 1 0 7246 12792 93.07 24 18 3 4
0 09 0.1 6754 12770 91.64 24 16 2 4
0 0.8 02 6754 12770 91.64 24 16 2 4
0 0.7 03 6690 12709 89.06 24 3 2 4
0 0.6 04 6690 12709 89.06 24 3 2 4
0 0.5 0.5 6690 12709 89.06 24 3 2 4
0 04 0.6 6421 12647 86.82 24 2 2 4
0 0.3 0.7 6421 12647 86.82 24 2 2 4
0 02 08 6421 12647 86.82 24 2 2 4
0 0.1 09 6228 12522 83.69 24 1 2 4
0 0 1 4375 12284 82.68 16 1 2 1

3.3 CONCLUSION

Both the thermal-based and simulation-based multi-objective mathematical
models presented above allow explicitly for simultaneous consideration of all available
combinations of alternative retrofit actions. They also allow for the consideration of
logical, physical and technical constraints. Like any other multi-objective optimization
problem, the search space, and therefore the set of non-dominated solutions, depends on
the alternative retrofit actions considered and the constraints that may be imposed to
allow their combination.

The result of the application of Tchebycheff programming, which has been
employed for the analysis of the models under study, shows the feasibility of this
methodology to find well balanced strategies for retrofitting of buildings to be presented
to a DM in the framework of a decision support process.

However, the thermal-based model is not able to perform a detailed analysis of
the building. Therefore, it does not allow for consideration of all desired objective

functions such as thermal comfort. Moreover, this thermal code is developed for
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residential buildings, so application of the model for other types of building is not
adequate.

Simulation-based model solved the above mentioned problems by using TRNSY'S
as building simulation and retrofit assessment engine.

However, the further consideration of all the possibilities that the DM has
available for building retrofit (e.g., HVAC systems and renewable energy sources), as
well as all the objectives that he/she may wish to optimize (CO, emission, social
objective, etc.) may lead to a combinatorial explosion of the decision space, thus making
the solving procedure extremely difficult and time-consuming.

In this case, other optimization techniques, namely evolutionary multi-objective
algorithms may become necessary for tackling the problem. Besides, using
approximation methodologies like neural network modelling of the building in the

optimization part would be of interest.
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CHAPTER 4
MULTI-OBJECTIVE OPTIMIZATION OF A SCHOOL BUILDING
USING THE GAINN APPROACH

Summary:

What are the main advantages of the GAINN approach in comparison with previous

methodologies?

What is the main framework for the proposed approach based on the GAINN

methodology?

What are the main results from the implementation of the proposed approach on the case

study?
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Chapter 4: Multi-objective Optimization of a school building
using the GAINN approach

This chapter presents a multi-objective optimization model based on the GAINN
(Genetic Algorithm Integrating Neural Network) to quantitatively assess technology
choices in a building retrofit project. This model combines the rapidity of evaluation of
Artificial Neural Network (ANN) with the optimization power of GA. The benefits of
this combined approach with respect to the classical optimization models previously
presented (Chapter 3) are its rapidity and computational efficiency.

This model is able to take into account all feasible combinations of choices,
without being confined to a small set of predefined scenarios in building retrofit. A
school building is used as a case study to demonstrate the practicability of the proposed
approach and highlight potential problems that may arise. A wide decision space is
considered, including alternative materials for the external walls insulation, roof
insulation, different window types, and solar collectors, as in previous chapter, but also
HVAC system. The study starts with the single objective optimization of energy
consumption, retrofit cost, and thermal discomfort hours. It then moves to multi-objective
optimization. The single objective analysis focusses on the building’s characteristics and
performance; whereas the multi-objective analyses are concerned with the interaction

between different objectives, and assessing their trade-offs.

4.1 DESCRIPTION OF THE OPTIMIZATION APPROACH

The optimization framework of this step is summarized in Figure 4-1. It is divided
in three sequential steps. First, a model of the existing building is created in TRNSYS
and validated using utility bills. Then, using this model, a database of simulation cases is

created and used to train and validate the ANN. After training and validation, the ANN is
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able to perform fast evaluations of the building performance, with a good accuracy and
without oversimplifying the problem. Finally, a multi-objective genetic algorithm

(MOGA) is run using the ANN to evaluate potential solutions.

TRNSYS (Building Artificial Neural

Datab: .
Simulation) atabase Network to be trained
and validated
4
L
i G i

Artificial Neural Genetic Optimal
Network (Validated) Algorithm B

Figure 4-1 Optimization framework (Magnier & Haghighat 2010)

Although not much exploited specially in building retrofit, the integration of an
ANN within a genetic algorithm is not a new idea. GAINN was first used in building
engineering for the optimization of chillers control (Chow et al. 2002). This study
introduced the methodology to the building field, and proved its efficiency in terms of
accuracy and reduction of the total optimization time. Later, GAINN has been
successfully applied in other studies, such as Zhou (2007), combined with computational
fluids dynamics to aid ventilation system design and operation in an office apace, with
the goal of achieving satisfactory thermal comfort and IAQ with minimum energy cost.
Conraud (2008) used GAINN combined with the simulation program ESP-r to assess the
optimal configuration for a building in terms of energy and indoor environment
performance. These studies confirmed that numerical optimization using a combination
of an ANN and a GA can be efficient for building applications, which can save a

significant amount of computation time. However, all of these studies were based on an
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aggregative handling of multiple objectives (i.e., the objectives are aggregated into a
single function to be optimized) and did not fully exploit the GAINN methodology
(Magnier 2008).

Recently GAINN was used by Magnier et al. (2010) using a simulation-based
ANN to characterize building behavior, and then the ANN model was combined with a
multi-objective GA to optimize thermal comfort and energy consumption in a residential
building design.

In this phase of the thesis, the GAINN methodology is used to quantitatively
assess technology choices in a building retrofit project. This approach is used to explore
the trade-offs between energy consumption, retrofit cost and thermal discomfort hours for
a typical school building in Portugal.

The remainder of this chapter is organized as follows. The modules in the
proposed approach are discussed in detail in this section. The application of the model to
the retrofit of a school building is described in section 4.2. Finally, section 4.3

summarizes conclusions and limitations of this approach.

4.1.1 Building simulation

The building is simulated using TRNSYS (version 16) software. The “Multi-zone
Building” Type 56 of TRNSYS is used to simulate the thermal behavior of the building.
Due to the complexity of a multi-zone building the parameters of Type 56 are not defined
directly in TRNSYS input file. Instead, a so-called building file (*.bui) is assigned

containing the required information (TRNSY'S 2009).

4.1.2 Parametric runs

In order to create a database for ANN training, parametric runs have to be
executed. In order to automate TRNSYS runs, GenOpt (version 3.0.3) (2009) is used.
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GenOpt is an optimization program for the minimization of a cost function that is
evaluated by an external simulation program. When associated with TRNSYS, GenOpt
can automatically generate building (.bui) and deck (.dck) files based on the chosen
templates, run TRNSYS with those files, save results and restart again.

By using GenOpt, there is no need to write all deck and building files by hand,
and therefore a significant amount of time is saved. More importantly, the risk of

mistakes while writing the files is significantly lowered.

4.1.3 Design of experiments

In order to reduce the size of the training database while keeping the sample
representative, Latin Hypercube Sampling (LHS) is used. LHS is one of the most
common methods used to generate a small and representative sample of a population, for
specified numbers and ranges of variables. Studies have shown that using LHS, a number
of cases greater than twice the number of parameters is sufficient to correctly sample the
search space (McKay 1988).

The principle of LHS is simple and can be illustrated as in Figure 4-2. For a 2-
variable problem with a search space conceptualized as a square, the LHS method takes
one and only one point per each column and per each row. The complete sample is
therefore relatively small but remains representative of the whole search space. In this
study, LHS is computed in MATLAB, using the Model-Based Calibration Toolbox
(version 4.1). The Space-filling design style with LHS sampling designs from MATLAB

Design Editor in the Model-Based calibration toolbox is used to create the experiment.
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Variable A

Variable B

Figure 4-2 Illustration of LHS for a 2-variable problem
4.1.4 Artificial neural network

ANNSs are information processing systems that are non-algorithmic, non-digital,
and intensely parallel (Caudill & Butler 1993). They learn the relationship between the
input and output variables by studying previously recorded data. An ANN resembles the
biological neural system, composed by layers of parallel elemental units, called neurons.
The neurons are connected by a large number of weighted links, over which signals or
information can pass. Basically, a neuron receives inputs over its incoming connections,
combines the inputs, performs generally a non-linear operation, and then outputs the final
results. The most known, simple and used network arrangement is the feed-forward
model. In this model, the neurons are placed in several layers. The first one is the input
layer, which receives inputs from outside. The last layer, called output layer, supplies the
result evaluated by the network. Between these two layers, a network can have none, one
or more intermediate layers called hidden layers.

Figure 4-3 shows a three-layer feed-forward neural network with input, hidden,

and output layers, which is the model used in this thesis. Each node in the input layer
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represents the value of one independent variable while the output nodes indicate the

dependent variables.

EWAL

ROF

HVAC

Input layer Hidden layer Output layer

Figure 4-3 ANN architecture

MATLAB computing environment is chosen to generate the neural network
model from the data using the neural network toolbox (version 7.0). It will be trained
using a first sample from LHS, and checked for validation using a second and smaller

sample.

4.1.5 Multi-objective optimization

Simultaneous optimization of energy consumption, retrofit cost and thermal
discomfort hours falls in the ambit of multi-objective optimization. There is no unique
solution to this multi-objective optimization problem, but a set of non-dominated solution

or Pareto optimal solutions. This multi-objective problem is of combinatorial nature
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because of its structure and decisions to be made, and it is nonlinear due to the building
energy and comfort calculations. Therefore, a multi-objective genetic algorithm (MOGA)
is selected to characterize the Pareto optimal (non-dominated) front in this thesis.

Once trained and validated, the ANN will be used as the evaluation function for
energy consumption and thermal discomfort estimation within the MOGA. The GA
toolbox (version 5.1) in MATLAB 1is used for optimization using the ‘gamultiobj’
function to identify the set of non-dominated solutions.

MATLAB’s ‘gamultiobj’ function uses a controlled elitist GA (a variant of
NSGA-II (Deb 2001)). Like any other GA, this is based on the evolution of a population
of individuals, each of which is a solution to the optimization problem. In this work, an
individual represents the result of a retrofit project carried out on a building. To use a
genetic analogy, each individual is represented by a chromosome whose genes
correspond to a number of the individual’s characteristics, as in Figure 4-4.

An elitist GA always favours individuals with better fitness value (rank). A
controlled elitist GA also favours individuals that can help increase the diversity of the
population even if they have a lower fitness value. It assigns a fitness level and ranks
individuals in the objective function space on the basis of the degree of non-dominance or
dominance depth. The elitist selection mechanism emphasizes current best solutions in
subsequent generations without applying any operators to them. Controlled elitism
therefore maintains a balance between exploitation and exploration of the objective

function space (Srinivas & Deb 1994).
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An Individual A Chromosome
EWAL, ROF|. . WIN|,.HVA L5C
= a solution ‘1 ﬂl ‘I\L ‘1 1 * ‘
= a retrofitted building
A gene: WIN,
Represented by window option

A gene: EWAL,
external wall
insulation option

Figure 4-4 A solution to an optimization problem, as presented by a chromosome

4.1.6 Decision variables

The decision variables reflect the total set of alternative measures that are
available for retrofitting of a building (e.g. windows, insulation materials, etc.). The set of
retrofit actions in this step concerns combinations of choices regarding external wall
insulation material, roof insulation material, windows, installation of solar collector and
different HVAC systems to the existing building. Therefore, five types of decision
variables are defined concerning the alternative choices regarding:

e the external wall insulation materials;

e the roof insulation materials;

e the windows type;

e the solar collectors type;

e the HVAC systems.

For simplicity, it is assumed that only one retrofit action from each five sets of
actions may be selected for the building retrofit.

Assuming availability of / alternative types of external wall insulation material, J

alternative types of roof insulation material, K alternative types of windows, L alternative
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types of solar collector, and M alternative types of HVAC system, integer decision

variables xEWAL  xROF yWIN 5SC and xHVAC are defined as follows:
xEWAL: external wall insulation material type identifier 4.1)
xROF: roof insulation material type identifier 4.2)
xWIN: window type identifier (4.3)
x5¢: solar collector type identifier (4.4)
xHVAC: HVAC system type identifier 4.5)

A list of alternative retrofit actions applied in this study is based on a CYPE
rehabilitation price generator database (CYPEingenieros 2010) and presented in
Appendix B.3. This list includes 24 different external wall insulation materials, 18 roof

insulation materials, 3 windows types, 4 solar collector and 4 HVAC systems.
4.1.7 Objective functions

4.1.7.1 Energy consumption

The energy consumption of the building will be directly assessed by TRNSYS.
The total energy consumption, EC, consists in energy consumption for space heating
(QHEAT), space cooling (QCOOL) and sanitary hot water (QSHW) systems. SHW
production by solar collector (QSC) is subtracted from the total energy consumption.
Moreover, energy consumption for lighting is not included because this is not expected to
significantly change as a result of the implementation of the considered retrofit actions.
After training the neural network model, the MOGA uses the ANN model to calculate

energy consumption.
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4.1.7.2 Retrofit cost

The overall investment cost for the building retrofit ReCost(X) (X denotes the
vector of all decision variables defined in section 4.1.6) is calculated by adding individual

retrofit action costs as follows:

ReCost(X) = Agwa. CEWAL(X) + Agor. CROF(X)
+ Awin-CYIN(X) + CSC(X) + CHVAC(X) (30

Where:
AgwaL — exterior wall surface area [m’];
CEWAL _ cost in [€/m?] for selected external wall insulation material;
Agor - roof surface area [m*];
CROF_ cost in [€/m?] for selected roof insulation material;
Ayy - windows surface area [m’];
CWIN_ cost in [€/m?] for selected window;

C5¢- cost for selected solar collector [€];

CHVAC_ cost for selected HVAC system [€].

The RAs corresponding costs (CEWAL, CROF CWIN ¢SC CHVACY are extracted
from RAs characteristics tables presented in Appendix B.3. A MATLAB function using

expression 4.6 is written and incorporated in MOGA to estimate retrofit cost objective

function.

4.1.7.3 Total percentage of discomfort hours (TPMVD)

As mentioned in chapter 3, an absolute value of 0.7 for PMV, the upper limit of
the less exigent comfort category in ISO 7730, is considered as the borderline of the
comfort zone. Therefore, in order to maximize the thermal comfort, the total percentage

of cumulative time with discomfort ([PMV| >0.7) over the whole year during the
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occupancy period, TPMVD(X), should be minimized. The total percentage of discomfort
hours is also predicted by TRNSYS. After training the neural network model, the MOGA

uses the ANN model to estimate TPMVD.

4.2 MODEL APPLICATION ON A SCHOOL BUILDING

The case study was chosen on the basis of four criteria:

e Potential to influence energy savings on a national level;

e Geographical accessibility (proximity to Coimbra, Portugal);

e Cooperative building managers;

e Availability of building drawings and documentation.

Regarding the first criterion, it should be noted that commercial buildings are
most suitable for achieving the market’s penetration of innovative and effective retrofit
solutions to improve energy efficiency and implement renewables, with moderate
additional costs. With their help it will be easier to reach groups of differing age and
social origin. Commercial buildings can also be used as drivers to heighten awareness
and sensitize society on energy conservation. Furthermore, there is an on-going national
modernization program for the public network of secondary school buildings in Portugal
that aims to retrofit and modernize these buildings, open the schools to the communities,
and establish a new management model for school premises. All these items make school
buildings a unique case study in this project.

The public secondary school network in Portugal as it is today consists of 502
schools, the construction of which began in the late 19th century. Based on the time of
construction and architectural quality, one can divide the schools into three periods or
phases: 1) up to 1935 (2%); 2) from 1935 to 1968 (21%); and 3) from 1968 until the
present (77%) (ParqueEscolar 2009).
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The Quinta das Flores secondary school (ESQF) building is selected as a case
study to assess the practicability of the proposed approach and highlight potential
problems that may arise. The ESQF building was constructed in 1983, that is in the third
period of school building construction in Portugal, which represent 77% of the public
Portuguese secondary school buildings. Therefore, this building represents a large
number of Portuguese school buildings and the proposed model could be easily adopted

by other similar cases.

4.2.1 General building description

The ESQF building is located in Coimbra, Portugal (Latitude: 40° 20" N;
Longitude: 8°, 41" W) and serves some 800 students and 117 staff. The building consists
of 6 blocks, the main block designed for administration purposes. 4 blocks (A, B, C and
D), include classrooms and laboratories (Figure 4-5to Figure 4-9). These four blocks have
similar architecture, with different number of storeys. Blocks A and D have three storeys
and blocks B and C have 2 storeys. The last block is the sport pavilion. Besides this
pavilion for sport activities, there are 3 uncovered spaces for this purpose. Total occupied
space floor area is 9,850 m” and is divided between the 6 mentioned blocks.

In this project we study block A, one of the four identical blocks (Class rooms).
The central zone in this block is a big atrium with visibility to all other sections in the

building. This central zone uses natural lighting.
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Figure 4-5 Building identification

Data was collected to describe the pre-retrofit energy use and thermal comfort in
the building prior to assessing retrofits for the ESQF School. Information was gathered
on heating, cooling, ventilation, lighting, and sanitary hot water use. Utility bills were
also collected. The resources for collecting this information included as-built documents,
Parque Escolar documents, site visits, monthly utility billing, and typical practice. Due to
the on-going major retrofit on the building detailed measurements were not possible to

perform.
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Figure 4-6 Block A Figure 4-7 Block B

Figure 4-8 Block C Figure 4-9 Block D

Figure 4-10 illustrates the ground floor for Block A. six class rooms (A1-A6) are
located in this floor, besides bathroom and three storage rooms. There are nine class
rooms in the first floor of Block A, as well as one bathroom and one laboratory (Figure
4-11). In the second floor, there are eight more class rooms and two storage rooms

(Figure 4-12).
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Figure 4-11 Block A first floor plant
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4 4O0LS
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Figure 4-12 Block A second floor plant

Heating is supplied locally in each room by electric resistance radiators; the
building has no cooling system. Monthly data on electricity consumption was available
from the electricity supplier company from 2008 through 2010.

The school is three stories high. As-built documents indicate floor heights
between 2.85m and 3.20m in the building. The utility floor area is the total floor area
confined by the walls of the building and is equal to 1,886 m”. The conditioned floor area
is the total floor area that is heated and is equal to 1,622m".

As-built documents indicate that the density of windows is equal on three fagades;
65% of the building’s North, West and East facade. For the South facade it is 59%. All
the windows are single glazed and 2.7m high by 2.0m wide (area of 5.4 m?) with

aluminium framing. Windows distribution on each wall is presented in Table 4—1.
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Table 4—1Windows distribution between North, East, South, and West fagades on the
ground, 1st and 2nd floors

Building Floor Number of Area per Window Area Window-

Fagade Windows Window [m”*]  per Fagade [m”]  Wall Ratio
per Floor [%0]

North Wall  Ground Floor, 1%,2™ 10 5.4 54 65

South Wall  Ground Floor, 1%,2™ 9 5.4 49 59

East Wall Ground Floor, 1%, 2™ 3 5.4 17 65

West Wall Ground Floor, 1%, 2™ 4 54 22 65

Total glazed area 26 54 140.4 -

The interior of the building is partitioned into different zones, based on the room

use, occupancy pattern and orientation. This result in five building zones: North zone,

East zone, South zone, West zone, and Atrium zone. A brief description of each zone is

provided in Table 4—2.

Table 4—2 Building zone description

Building Zone Description and Utility Floor Area  Conditioned Floor =~ Zone Volume
Use [m?] Area [m’] [m’]

North zone Class room 204.82 204.82 1894.59

East zone Class room 58.25 58.25 538.8

South zone Class room 202.16 202.16 1869.98

West zone Class room 75.54 75.54 698.76

Atrium Not occupied, no 264.1 - 24429

heating

The structural materials in the ESQF School are brick and concrete. There is no

insulation. Additional materials are used in wall, roof, ground, and window constructions.
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A summary of the materials and properties used in the walls, roofs, and floors in the

ESQF School is given in Table 4—3.

Table 4—3 Material properties of walls, roof, and floors of the ESQF School

Conductivity (k) Density (1)
[k)/hr.m.K] [kg/m’]
Structural  Brick 3.2 1,800
Concrete 7.56 2,400
Other Gypsum 0.756 1,200
Bitumen 0.61 1,100
Plaster 5 2,000
Cement 5.04 2,000
Ceramic tile  4.32 2,000

Resistance, R [m’K/W]
Wall Air 0.132

Space

Combinations of materials listed in Table 4—3 were used to define wall, roof, and
floor constructions in the ESQF School.

The basic design is the same for all exterior wall constructions: plaster exterior
with brick, air gap, brick and plaster interior. The wall construction is described in Table
4—4, including the materials, U-Value, and location of each construction. Constructions
are defined from the interior building surface to the exterior building surface.

The roof construction is described in Table 4—S5. The roof construction in atrium
is different from all other zones. The atrium is covered by translucent polycarbonate,

while the other zones roof is composed of plaster, concrete, bitumen, and cement.
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Table 4—4 External wall structure

Exterior Wall Constructions

All walls

Interior Surface Layer
Layer #2
Layer #3
Layer #4
Exterior Surface Layer

U-Value [W/m’K]

2 cm Plaster
11 cm Brick
4 cm Air Space
11 cm Brick
2 cm Plaster

1.737

Table 4—5 Roof structure

Roof Constructions

Interior Surface Layer
Layer #2

Layer #3

Layer #4

U-Value [W/m’K]

2 cm Plaster

22 cm Concrete
1 cm Bitumen
4 cm Cement

2.654

4.2.2 Building simulation

Table 4—6 presents summary of the set-up for the existing building according to

the information discussed in the previous section. Based on this table, a building model is

developed in TRNSYS. A schematic view of the model is shown in Figure 4-13.

The type-56 multi-zone building is a reproduction of the reference building

(Figure 4-14). The building model is divided into 5 zones: North zone, East zone, South

zone, West zone, and Atrium zone. Heating is supplied locally in each room by electric

resistance radiators; the buildings have no cooling system. The atrium is not heated or

cooled.
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Figure 4-13 TRNSYS model view

In order to validate the TRNSYS model, simulation results have been compared
with utility bills data. The TRNSYS model was run using the existing building
parameters described earlier, with one hour time step, using DOE typical meteorological

year version 2 (TMY?2) weather data.
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Table 4—6 Brief description of the base building parameters for simulation

Location Coimbra, Portugal
Building type School building
Floor areas utility floor area 1,886 [m?]
conditioned floor area 1,622 [m?]
Dimension and Heights Average floor height 3.02 [m]
Window height 2.7 [m]
Window-to-wall ratio 65% , except South fagade 59%
Construction of building External walls 2cm plaster + 11 cm Brick + 4cm air space + 11
envelope cm brick + 2 cm plaster (U-value = 1.737
W/m’K)
Roof 2cm plaster + 22cm concrete + 1cm bitumen +

4 cm cement (U-value = 2.654 W/m?’K)
Windows Single-pane simple glass (U-value = 5.68

W/m’K, g-value = 0.855)

Operating hours Monday to Friday 8:00 —20:00
Weekend Closed
HVAC parameters Total number of persons 200

Lighting + Equipment Lighting 10 W/m®, Equipment 12 W/m’

Infiltration rate 0.9 ACH

Cooling system None

Heating System electric resistance radiators
Thermal set points 20°C — No max.
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Figure 4-14 Screenshot of the type-56

Figure 4-15 displays the cumulative monthly energy consumption for the whole
year. The total energy consumption of the ESQF school building is 44.2 [kWh/m’year]
from utility bill analysis and 47.2 [kWh/m?year] based on the simulation result. The
simulated results are reasonably close to utility bills data. The mean absolute deviation
between simulated and utility bill energy consumption is 10%. The major sources of
uncertainties in the detailed model predictions are related to proper consideration of
lighting, equipment, occupancy schedules and weather data.

In Figure 4-15, there is a black line representing the simulation result including
cooling needs, besides heating and SHW consumptions. As it was mentioned earlier,
there is no cooling system in the existing building. However, some of the retrofit actions
considered regarding the HVAC system will also include cooling systems. Therefore, an

estimation of cooling needs is required. This has been taken into account by estimating
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cooling needs considering the recommended set point for cooling according to

Portuguese national regulation RSECE which is equal to 25°C (RSECE 2006).

120

§ 100 |

g

= |

=]

= 80

= [

=

=

7]

=

=}

@] 60

s

—

-—

-

s

=]

= 20 |

@

>

o=

N

]

—

E

= 20

@)

0 - |
Jan Feb March April May June July August Sep Oct Nov Dec

—+—Simulation (Heating+Cooling+DHW)| 18.25 31.70 40.68 46.00 48.89 53.30 62.26 71.35 7810 | 82.21 92.28 109.56:
—#—Simulation (Heating+DHW) 18.06 31.27 39.75 44.82 47.07 47.42 47.77 48.12 48.46 49.83 59.46 76.65
=i Utility bill 2008 | 17.12 30.23 38.08 | 4213 4190 | 46.23 42.95 47.26 46.91 47.09 58.69 7167 |

Figure 4-15 Simulated and measured cumulative monthly energy consumption
4.2.3 Artificial neural network approach

As mentioned before, MATLAB Neural Network toolbox is used to train and
develop the neural network model for simulating the building energy consumption and
thermal discomfort.

In General designing an ANN model follows three steps:
e Design of experiments including collecting and pre-processing the data;

¢ Building the network, and train the ANN model;
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e Validate the model and test the model performance.

4.2.3.1 Parametric runs

A sample of 950 cases was used for ANN training. This sample was created by
LHS, based on the decision variables (retrofit actions). All the cases have been simulated
with TRNSY'S, using GenOpt capability for automatic parametric runs.

Simulations were performed with 1 hour time step. The total simulation time of
the 950 cases took around 3 days (5.19 minutes for each simulation) using an Intel Core2

Duo CPU workstation at 2.66 GHz speed.

4.2.3.2 Artificial neural network training

A three-layer neural network (including Input, Hidden and Output layers) using
sigmoid transfer functions for the first layer and linear functions for the second layer is
generally able to approximate any function having a finite number of discontinuities,
given sufficient neurons in the hidden layer (Mathworks 2010). The ANN model adopted
in this study was composed of one input layer representing the 5 decision variables
(different retrofit action types, i.e. EWAL, ROF, WIN, SC, and HVAC), one hidden layer
composed of 15 neurons, and one output layer composed of the four energy consumption
and one thermal comfort variables (QHEAT, QCOOL, QSHW, Ep, and TPMVD) (Figure
4-3). Selection of the optimal number of hidden layer neurons in the ANN architecture
falls in the rubric of bias-variance dilemma. Bias indicates the degree of agreement
between the model and the training data whereas variance represents the complexity of
the approximating model. The number of hidden neurons determines the model
complexity of an ANN. Increasing the number of hidden layer neurons compromises the
generalization ability of the ANN at the cost of minimizing the training data set error.
The number of neurons in the hidden layer, in this study, was found by trial-and-error. A
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schematic diagram of the basic architecture is shown in Figure 4-16. Transfer functions
used are hyperbolic tangent sigmoid functions in the initial and hidden layers, and linear
functions in the output layer. The method used for the ANN training is back-propagation,
associated with Levenberg-Marquardt and Bayesian regularization algorithms. All inputs
and outputs were scaled to the [-1,1] range prior to training to enable a better efficiency

as recommended in MATLAB (Mathworks 2010).

Hidden Output

Input (i (o (i Output

15 5

Figure 4-16 Construction of the ANN model

The ANN was trained with 950 cases. The training was considered to have
reached convergence if the root mean square errors (RMSE) stabilized over a certain
number of iterations (as shown in Figure 4-17). It is worth noting that the RMSE is a
measure of how close the ANN predicted profile is to the one based on simulation results.
The ANN training reached this goal after 150 epochs?2, with a final RMSE of 0.0240.
Regression correlation coefficients between the network outputs and the corresponding
TRNSYS simulation outputs were found very close to 1 for the five outputs studied,
demonstrating a very good correlation between outputs and target values. Figure 4-18
illustrates the regression for primary energy consumption and thermal discomfort

indicator, TPMVD.

2 Epochs: number of iterations applied for training
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Root mean square errors = 0.0240
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Figure 4-17 Convergence history of ANN training

4.2.3.3 Artificial neural network validation

A sample of 95 cases, different from the previous ones, was used for ANN
validation. Figure 4-19 illustrates the relative error between ANN and TRNSYS outputs
for primary energy and TPMVD outputs. Besides, the distribution of the relative errors
for the five outputs is summarized in Table 4—7. The average relative errors regarding
energy consumption outputs are good, with 1.4% for heating, 0.5% for cooling, 0.4% for
sanitary hot water, and 0.9% for primary energy. Regarding the thermal discomfort
output TPMVD, the average error is a bit higher but still acceptable, with 2.5% for
TPMVD.
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TPMVD : R=0.99632 Ep: R=0.99813

Output ~= 0.99*Target + 0.01
Output ~= 0.99*Target + -0.0031

1 1 L 1 1 1 L L |
08 -06 04 -02 0 0.2 04 0.6 0.8
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Figure 4-18 Linear regression of ANN predicted outputs (TPMVD, primary energy) on
targets

Table 4—7 Statistical repartition of relative errors in ANN validation

Relative error <1% <2.5% <5% <10% <25% Average
relative
Error (%)

Percentage of QHEAT 47% 70% 89% 99% 100% 1.4

cases when error  QCOOL 92% 100% 100% 100% 100% 0.5

falls into the QSHW 93% 100% 100% 100% 100% 0.4

range Ep 59% 95% 100% 100% 100% 0.9

TPMVD 33% 60% 89% 98% 100% 2.5
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TPMVD: R=0.99586 Ep: R=0.99748

Output ~= 0.97*Target + 0.016
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Figure 4-19 Linear regression of ANN predicting TPMVD and primary energy on targets

Reaching an acceptable ANN accuracy was a difficult task for the current case
study. The number of neurons to set in hidden layers was one of the challenges of the
model. Increasing the number of neurons in the hidden layers could on average improve
ANN predictions, but it also increases the maximal error. This is caused by a
phenomenon called over fitting, in which the ANN uses a high number of parameters to
have a very high accuracy regarding the training data, at the cost of great variations
between each training point. This behavior is dangerous in the current study since great
variations could lead to false non-dominated solutions in the subsequent MOO. Based on
the general idea that it is less risky for optimization to have small and frequent errors
rather than rare but important ones the author decided to keep 15 neurons in the hidden
layer.

On the whole, the author considers the ANN accuracy is acceptable, since the
relative errors for energy consumptions are low and the relative error of 2.5% for

TPMVD results in a very small variation in the TPMVD value.
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4.2.4 GAINN optimization

The final goal of the optimization problem in this phase is the simultaneous
optimization of energy consumption, retrofit cost, and total percentage of discomfort
hours. GA is used to tackle this multi-objective optimization problem to identify the set
of non-dominated solutions. A modified version of MATLAB’s ‘gamultiobj’ function is

used. The MOO problem can be summarized as follows, using integer decision variables

stated in (4.1) — (4.5):

Min Z,(X) = EC(X)
Min Z,(X) = ReCost(X)
Min Z3(X) = TPMVD(X)

S.t.
1<xEWAL <[, (1 = 24)
1<xRF <J,(J=18)
1<x"IN <K, (K =23)

1<x5¢ <L, (L=4)
1< xVAC <M, (M =4)

(4.7)

EC and TPMVD are calculated by the neural network, whereas ReCost is
calculated by a MATLAB function written using expression (4.6). Moreover, a
MATLAB function using an ANN model as the input was written for creating a fitness
function for the MOGA. The upper bounds for the five decision variables are the
maximum number of retrofit actions of each category. The algorithm options were set

according to Table 4—8 using MATLAB’s “gaoptimset” function:
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Table 4—8 MOGA options values that are set using “gaoptimset” function (Mathworks
2010)

Option Value

SelectionFcn @selectionstochunif

MutationFcn (@mutationadaptfeasible

MigrationDirection [‘forward’] with migration fraction set to 0.2

DistanceMeasureFen  @distancecrowding

PopulationSize 200

After setting up the optimization variables and parameters, according to the above
mentioned data, the results from the optimization are illustrated in Figure 4-20 to Figure
4-26. Three sets of optimizations were carried out. The first set focussed on single-
objective optimization, the aim being to minimize the values of three objectives
separately: energy consumption, retrofit cost, and thermal discomfort. The second set
involved the multi-objective optimization of pairs of objectives, with the aim of
understanding the interactions between objectives, and how much each could affect the
building’s characteristics and performance. The third set involved the multi-objective
optimization of all three objectives. The general aim was to find out how the results
varied between the first two sets of optimizations and the last one, and to produce the

visualization of the results that would be best suited to their analysis.

4.2.4.1 First set of optimization (single-objective)

The objective of these optimizations was to minimize the values of three

objectives: energy consumption, retrofit cost, and total percentage of discomfort hours.
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Single-objective minimization of Energy Consumption

Here, the goal was to minimize energy consumption for heating, cooling and
SHW purposes. The results are given in Table 4—9 and Figure 4-20.

In the EC optimized building, the insulation level was high with thick layers of
insulating material with lowest U-values for external wall and roof. In addition, window
type 3, which has the lowest thermal transmittance, is selected. Regarding the HVAC
system, an oil-based boiler without cooling option is recommended. Furthermore, the flat
solar collector with highest area among all the systems considered is recommended.
However, this set of retrofit actions resulted in a significant increase of the retrofit cost

with respect to the ReCost optimized building.

Table 4—9 Results of single-objective optimization (Refer to Appendix B.3 for RAs
characteristics)

Type of EC ReCost ~TPMVD EWAL ROF WIN HVAC SC
solution [kWh/m’year] [k€] [%]

[min] EC 14.58 100.840  27.61 16 18 3 1 2
[min] ReCost  37.82 36.859  60.24 1 7 1 1 3
[min] TPMVD 3237 108.69  16.70 16 11 3 2 3

Single-objective minimization of retrofit cost

The results from this optimization are given in Table 4—9 and Figure 4-20.
Minimizing retrofit cost resulted to low insulation level and single glazed window.
Besides, the cheapest HVAC system (oil-based boiler without cooling system) and the
cheapest solar collector have been recommended. However, this resulted in a significant
increase of the energy consumption and thermal discomfort hours compared to the EC

and TPMVD optimized buildings.
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Single-objective minimization of total percentage of discomfort hours

Here the aim was to minimize the total percentage of thermal discomfort hours in
the building. There is no cooling system in the existing building, either active or passive.
The results from optimization are given in Table 4—9 and Figure 4-20.

Minimizing TPMVD resulted in high insulation level and double glazed windows,
similarly to minimization of energy consumption. Regarding HVAC system, HVAC type
2 with natural gas boiler for heating and chiller for cooling was selected that led to
significantly better indoor comfort compared to the existing building.

The results produced by this first set of optimization runs are given in Figure
4-20. Those for minimization of retrofit cost diverged significantly from the others. The
solution that minimizes energy consumption and thermal discomfort were comparable,
which is due to the nature of retrofit actions considered and objective functions. This
figure can be used to shape the expectation of the DMs and help them to elicit appropriate

constraints to objective function values for further considerations.
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Energy Consumption (KkWh/m?year)
TPMVD [%] 27.61
ReCost [k€] 100.84
EC[kWh/m2year] 14.58
0 20 40 60 80 100 120
EC[kWh/m2year] ReCost [k€] TPMVD [%]
mEC 14.58 100.84 27.61
Retrofit Cost (k€)
TPMVD [%] 60.24
ReCost [k€] 36.859
EC [kWh/m2year] 37.82
0 20 40 60 80 100 120
EC [kWh/m2year] ReCost [k€] TPMVD [%]
m ReCost 37.82 36.859 60.24
Total percentage of discomfort hours (%)
TPMVD [%]
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EC [kWh/m2year] 37
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EC [kWh/m2year] ReCost [k€] TPMVD [%]
II'I'PMVD 32.37 108.69 16.7

Figure 4-20 Results of single-objective optimization

In summary, the results produced by single-objective optimization unveiled some
of the interaction between the different objectives. The second set of optimizations

produced further information about these interactions.
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4.2.4.2 Second set of optimization (two-objective)

In each of these multi-objective optimizations, two objectives were chosen from

among energy consumption, retrofit cost, and total percentage of discomfort hours.

Multi-objective optimization of energy consumption and total percentage of
discomfort hours

Here, the aim was to simultaneously minimize EC and TMPVD. The results are
given in Figure 4-21. Each point on the Pareto front is associated with a set of decision
variables that are retrofit actions.

The optimization process generated three solutions, which formed the Pareto
front. The single-objective optimization results for EC and TPMVD were similar with
one major difference which was the HVAC system. There were the same external wall
insulation material and window type. The roof insulation material characteristic is also
similar. And in the multi-objective optimization trials, there was a minimization of the
energy consumption by changing HVAC system type from the system with cooling
(HVAC =2) to the system without cooling option (HVAC = 1).

The similarities between the single-objective results meant that there was little
variation among the multi-objective results. It is worthwhile also to mention that the
small number of non-dominated solutions is due to the fact that the lower EC values are
mainly achieved with the HVAC system type 1 without cooling option (HVAC = 1) that
lead to high TPMVD values. Therefore, a large number of potential solutions are
dominated by the EC optimal solution. Moreover, since the optimization solver switched
from Air Source Heat Pump (HVAC = 3) to the Oil-based boiler with no cooling option,
a significant decrease in energy consumption resulted, explaining the large step at EC

equal 28.52 [kWh/m?year] in the Pareto front as exhibited in Figure 4-21.
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Figure 4-21 Multi-objective solutions for the building retrofit strategies (EC — TPMVD)
(Refer to Appendix B.3 for RAs characteristics)

Multi-objective optimization of energy consumption and retrofit cost

The single-objective optimization would suggest that these objectives were
mutually opposed. The results are given in Figure 4-22. There is a larger number of non-
dominated solutions than in the case of EC and TPMVD.

Regarding the HVAC system the solutions are all similar, consisting of oil-based
boiler without cooling option. None of the HVAC systems with cooling option is selected
since this requires additional investment cost and energy consumption compared to the
non-dominated solutions. This can be explained through the fact that there is no
constraint on summer overheating (or TPMVD), therefore there is no reason for

additional investment in a cooling option.

141



Chapter 4 Multi-objective Optimization of a school building using the GAINN approach

110 _ _ _ :
o i % Opt. EC & ReCost
e M= m S .| © Opt SingleEC I
100 Ve N3 : O opt. Single ReCost

ReCost (k€)

EC (kthmzyear)

Figure 4-22 Multi-objective solutions for the building retrofit strategies (EC - ReCost)
(Refer to Appendix B.3 for RAs characteristics)

Wall and roof insulation material as well as windows and solar collector systems
vary in different non-dominated solutions. Also, it is worthwhile to mention that the
obtained solutions on the Pareto front are found to be grouped according to the window
types. This reveals that the window has a stronger influence on the low EC cost-effective
solutions than the other decision variables.

To obtain minimum solutions of ReCost, single glazed window (WIN=1), the
lowest price window, and the cheapest solar collector (SC=3), is found to be optimal with
incrementally additional insulation compare to the exisitng building to lower the energy
consumption. However, since the thickest insulation with lowest U-values for external
wall and roof (EWAL= 16, ROF = 18), as well as the largest solar collector (SC=2) are

selected, the optimization led to the double-glazed window (WIN=2). This leads to a
142



4.2 Model application on a school building

significant reduction in the EC, explaining the dicontinuty (EC step) in the Pareto front at
34.24 kWh/m?year of EC as illustrated in Figure 4-22. The same phenomena happen at
the second step in the EC (EC = 24.38) in the Pareto front, where the optimization led to

window type 3 with lowest U-value resulting to a significant reduction in the EC.

Multi-objective optimization of total percentage of discomfort hours and retrofit
cost

The results of this optimization are given in Figure 4-23. The different non-
dominated solution all fall between two single-objective optima.

Regarding the solar collector, all the recommended solutions are equal: the
cheapest solar collector is recommended. All the other retrofit actions vary in different
non-dominated solutions.

The optimization solver tried to minimize the TPMVD using optimal
combinations between the building envelope parameters (including external wall and roof
insulation materials, and window type) and the HVAC system type.

Double glazed window with lowest thermal transmittance, thick layer of
insulation with low U-values for external wall insulation and roof, and the HVAC system
type 2 with cooling option are selected giving the lowest TPMVD value. A cheaper
HVAC system (HVAC = 3) is utilized to obtain a set of solutions which produce smaller
amounts of ReCost without too much sacrificing thermal comfort. For more reduction in
ReCost, HVAC system type 1 is used. Moreover, window type 2 then type 1 is selected
to reduce the ReCost. There is a large discontinuity in the Pareto front at 38.62% of
TPMVD. This can be explained by changing the HVAC type 3 to 1 with no cooling
option. As can be seen, a relatively small amount of reduction in ReCost leads to a large

reduction in thermal comfort. Therefore, in the current case, the DM could be convinced
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to slightly increase the amount of investment from 42 k€ to 50 k€ to improve the thermal

comfort in the building by 20 percentage points.
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Figure 4-23 Multi-objective solutions for the building retrofit strategies (TPMVD -

ReCost) (Refer to Appendix B.3 for RAs characteristics)

The three sets of optimization presented above resulted in the following conclusions:

e The number of non-dominated solutions generated seems to depend on the chosen
objectives, and the number of non-dominated solutions for objectives with similar
characteristics is lower than for those with dissimilar characteristics.

e The analysis of the results shows the physical characteristics of solutions and helps to
understand the simultaneous influence of the decision variables on the EC, ReCost,

and TPMVD.
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e Without considering a constraint on summer overheating, the influence of the window
type on the results is more significant than the influence of the other decision
variables.

e There are often discontinuities in the Pareto front where it is possible to gain a lot in

one objective sacrificing only a little in the other objective.

4.2.4.3 Third set of optimization (three-objectives)

The three objectives dealt with in this set of optimization were energy
consumption, retrofit cost, and total percentage of discomfort hours. They were treated
simultaneously, and the optimized solutions formed a Pareto surface in three dimensions.
The results are given in 3D in Figure 4-24, and in 2D projections in Figure 4-25 and
Figure 4-26. In this visualization, which gives the results for all three objectives, the

Pareto surface synthesizes the different solutions.
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Figure 4-24 Results of multi-objective optimization - 3D visualization
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Figure 4-25 illustrates a 2D projection for energy consumption and retrofit cost,
including the corresponding TPMVD color map. Figure 4-26 presents a 2D projection for
energy consumption and TPMVD, including corresponding ReCost color map. This color
map is not a surface and is used as a visual aid to help determining the values of the third
objective function (not in the horizontal and vertical axes). It is worthwhile to mention
that the obtained non-dominated solutions on the Pareto front are found to be classified
according to the window type and HVAC or solar collector type in each set.

From Figure 4-25 and Figure 4-26, it can be seen that, achieving EC values lower
than 20 [kWh/m®year] is possible with thick wall and roof insulation material and double
glazed window type 3. Besides, an HVAC system with no cooling option should
necessarily be selected to obtain the lowest EC values. This set of non-dominated
solution lead to TPMVD values not greater than 30%. Except this set of non-dominated
solutions, the other solutions with the HVAC type 1 resulted to high thermal discomfort
hours (more than 45%).

The HVAC system and window type played a big role in changing the TPMVD
values of the set of non-dominated solutions. For example, to attain TPMVD values
lower than 20%, the HVAC type 2 or 4, with cooling option and window type 3 with
lowest thermal transmittance value are selected to minimize the thermal discomfort hours
in the building, as depicted in Figure 4-25.

To obtain non-dominated solutions of minimum ReCost, the HVAC system type 1
with no cooling option, and the window type 1 that is a single glazed window, both with
lowest price among the set of HVAC and window retrofit actions, is found to be optimal.
However this set of non-dominated solutions resulted in the highest number of thermal
discomfort hours in the building. Therefore the optimization led to HVAC option 2 and

3, with the same window, to achieve better thermal comfort in the building (Figure 4-25).
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Nevertheless, this set of non-dominated solution resulted in higher energy consumption

(EC more than 42 [kWh/m’year]).
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Figure 4-25 Results of multi-objective optimization of EC, ReCost and TPMVD - 2D
projection (EC — ReCost) (Refer to Appendix B.3 for RAs characteristics)

Figure 4-26 shows that at the value of EC 28 [kWh/m’year], reaching TPMVD
values less than 25% or more than 45% is possible. This can be shown by points (A) and
(B). Point (A) has TPMVD of 51.92% which is higher than that for point (B), which is
18.19%. For the latter, a double glazed window with lowest thermal transmittance (WIN
= 3) among all the windows considered, and HVAC system type 4 with cooling option
were implemented to lower summer overheating and consequently decrease the TPMVD
value. To keep the same level of EC, the optimization solver selected HVAC system type

1 without cooling option and window type 2 which has lower cost. This led to sacrificing
147



Chapter 4 Multi-objective Optimization of a school building using the GAINN approach

thermal comfort (TPMVD value reached to 51.92% from 18.19%). However, moving

from point (A) to point (B), required an additional investment of 60 k€.
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Figure 4-26 Results of multi-objective optimization of EC, ReCost and TPMVD - 2D
projection (EC — TPMVD) (Refer to Appendix B.3 for RAs characteristics)
The most important conclusions from the optimization presented above are:
e Regarding the characteristics of the envelope, the simultaneous optimization of
three objectives gave a large diversity of retrofit actions.
e The obtained non-dominated solutions found to be classified according to the
window type and HVAC or solar collector type in each set. The influence of the
window type and HVAC system on the results is more significant than the

influence of the other decision variables.
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e For achieving the best indoor thermal comfort (lowest TPMVD values), investing
in high price HVAC system could be a better solution than investing in additional
insulation and other low-energy measures.

e TPMVD values in the range of 20 to 30% are achievable even with a HVAC type
without cooling option. In case this range of TPMVD value is acceptable by the
DM, the set of non-dominated solution with HVAC system type 1, window type 3
and thick layer of external wall and roof insulation would be the cheapest means
to attain low EC and ReCost values. However, were the DM to be slightly more
ambitious at the investment stage (retrofit cost), coupling HVAC system type 2
would provide very low TPMVD values.

e The large number of solutions might be considered either as an advantage or a
disadvantage: on the one hand, there is a large variety of interesting retrofit
actions recommendation; on the other hand, it may be difficult to choose between
them.

In sum, these set of optimizations were successfully accomplished. The spreading
of the solutions was satisfactory. The selected retrofit actions in the optimal solutions
appear to be relevant, and most of them effectively vary along the optimal front.

This set of optimizations highlights the major advantage of a multi-objective
formulation, which is to provide a thorough understanding of the trade-offs between the

competitive objectives, and bring the potential of each investment into focus.

4.3 CONCLUSION

A multi-objective optimization model based on GAINN approach was applied to
a school building case study. Although it required a significant amount of training data,

the ANN was able to accurately approximate the existing building simulation software
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Chapter 4 Multi-objective Optimization of a school building using the GAINN approach

results. Thanks to this ANN, each multi-objective optimization was undertaken with a
computational time as low as 9 minutes. The total computational time associated with the
whole optimization (i.e. including ANN training and validation) is approximately 3 days.
In case an exhaustive-computation search method is implemented, then
24x18x3x4%x4=20,736 simulation runs are needed to obtain all possible candidate
solutions. The execution time of one simulation run is about 5.19 min. This means that 75
days would be required to get the exhaustive search results for the predefined problem. In
other words, this optimization would have never been practical without using the
proposed approach.

Regarding the optimization results, the single-objective optimization provided an
understanding of the impact of each set of retrofit actions and objective function on the
building’s overall performance after retrofit. Following that, the proposed multi-objective
algorithm produced a wide range of non-dominated solutions. The model assessed their
overall performance, while at the same time quantifying the impact of their individual
components. Furthermore, 2D and 3D graphical representation of non-dominated frontier
unveils the trade-offs between the competitive objectives.

Moreover, using the graphs, one can ascertain the impact on thermal comfort and
retrofit cost of any reduction or increase in the energy consumption. The final decision
can therefore be based on a real understanding of the situation, and of the impact of
energy consumption on thermal comfort and retrofit cost. It is worthwhile to mention that
the search space, and therefore the set of non-dominated solutions, depends on the
alternative retrofit actions considered and the constraints that may be imposed to allow
their combination.

The proposed approach shows a great potential for the solution of multi-objective

building retrofit problems, and can be used as an aid to decision-making in the context of
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4.3 Conclusion

a retrofit project. Knowing what can be feasibly achieved and what trade-offs are at stake,
the DMs can progress towards the choice of the best compromise solutions by inserting
constraints of the levels of the objective functions, for instance, or look for the solution

that is closer to their aspiration levels.
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CHAPTER 5
CONCLUSION, LIMITATION AND FUTURE WORK

Summary:
What are the main conclusions of this thesis?
What are the main limitations of the proposed models?

What are the future works to complement this study?
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5.1 State-of-the-art on existing building retrofit

Chapter 5: Conclusion, Limitation and Future work

This thesis presents a set of multi-objective optimization models to support the
decision process for improving energy efficiency and indoor environmental quality in the
course of a building retrofit project. Chapter 2 presents a comprehensive review of the
existing approaches towards improvement of energy efficiency in buildings. Chapter 3 is
devoted to the development of two models using a Tchebycheff optimization technique to
tackle the multi-objective optimization problem of building retrofit. Chapter 4 focuses on
the development of an optimization model based on the GAINN approach.

The observations and conclusions of each chapter can be summarized as follows.

5.1 STATE-OF-THE-ART ON EXISTING BUILDING RETROFIT

This chapter aimed at providing an overview of the recent research and
development in the field of building retrofit. This review provided an understanding of
methodologies used in previous studies and how their limitations could be overcome.
Different methodologies for assisting decision making in the appraisal of retrofit actions
have been categorized into two main approaches: approaches in which alternatives are
explicitly known a priori (MCDA approaches) and approaches in which alternatives are
implicitly defined in the setting of an optimization model (MOP approaches).
Furthermore these approaches were subcategorized and analyzed in detail.

It has been concluded that the main problem when employing MCDA techniques
is that they are applied upon a set of predefined alternative courses of action. In case that
a limited number of such alternatives have been defined, there is no guarantee that the
solution finally reached is the optimal one. Also, the selection of a representative set of
alternatives is usually a difficult problem, while the final solution is heavily affected by

these predefined alternatives. On the opposite case, when numerous alternatives are
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defined, the required evaluation and selection process may become extremely difficult to
handle. Moreover, the MCDA approaches reviewed did not provide the DMs with
information about the trade-offs between the objective functions.

MOP approaches tackle building retrofit problems not requiring to enumerate the
set of actions to be considered. Furthermore, the fact that MOP enables the
characterization of the non-dominated front and the trade-offs at stake between the
objective functions is one of its main advantages. Multi-objective models enable the DMs
to grasp the conflicting nature of the objectives and the trade-off to be made in order to
identify satisfactory compromise solutions by providing a basis to rationalize the
comparison between non-dominated solutions. However, it was then discussed that the
concept of non-dominated solution is a poor one, in the sense that it lacks discriminative

power for decision recommendation purposes.

5.2 MULTI-OBJECTIVE OPTIMIZATION OF A RESIDENTIAL BUILDING USING A
TCHEBYCHEFF OPTIMIZATION TECHNIQUE

Two multi-objective optimization models using a Tchebycheff technique were
presented in Chapter 3. The first approach uses a thermal model of the building based on
the current methodology of the Portuguese building thermal code (RCCTE) to assess
existing building condition and retrofit actions. The second approach benefits from
TRNSYS simulation software for energy and comfort assessment. Chapter 3 also
presented an example of application of the proposed models in a residential building.
These models took into account all considered combinations of choices concerning
different insulation materials for roof and wall, windows and solar collectors. The DM
was offered solutions corresponding to different trade-offs between energy savings and
retrofit costs in the first model, and thermal comfort besides the already mentioned

objectives in the second model.
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Both models allowed explicitly for the consideration of all available combinations
of alternative retrofit actions. The result of the application of the Tchebycheff
programming technique showed the feasibility of this methodology to find well balanced
strategies for retrofitting of a building, to be presented to a DM in the context of a
decision support process.

However, since retrofit action assessment in the thermal-model based approach
relies on RCCTE, the model does not allow for consideration of all desired objective
functions such as thermal comfort. Besides, this thermal code was developed for
residential buildings, so application of the model to other types of building is not
adequate.

The simulation-based model solved the above mentioned problems by using
TRNSYS as a building simulation and retrofit assessment engine. However, the further
consideration of all possibilities that the DM has available for building retrofit, as well as
all the objectives that he/she may wish to optimize, led to a combinatorial explosion of
the decision space, thus making the solving procedure extremely difficult and time-

consuming.

5.3 MULTI-OBJECTIVE OPTIMIZATION OF A RESIDENTIAL BUILDING USING THE GAINN
APPROACH

Chapter 4 presented a multi-objective optimization model based on the GAINN
approach to assess technology choices in a building retrofit project. The benefits of this
approach with respect to the classical optimization models previously presented are its
rapidity and computational efficiency.

The proposed methodology was used for the optimization of the energy
consumption, retrofit cost and thermal comfort in a school building. According to the

validation results, the ANN was able to accurately predict the studied objective functions,
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although it required a significant amount of training data. Using ANN, the multi-
objective optimization was undertaken with a very low computational time.

It can be concluded that the proposed methodology based on the GAINN
approach shows great potential for the solution of the multi-objective building retrofit
problems, and can be used as an aid to decision-making in the context of a retrofit

project.
5.4 FUTURE WORK

The proposed methodology based on the GAINN approach still has several
limitations that should be dealt with in order to lead to a robust method to assess
technology choices in a building retrofit project. The following limitations of the model
should be addressed in future research:

e Selecting the optimal solution: It is necessary to combine the proposed model
with mechanisms to incorporate the DM’s preferences into the decision aid
process. The current model reports the identification of the set of non-dominated
solutions. It is then necessary to reach a final compromise solution for practical
implementation or a reduced set of non-dominated solution for further screening.
For this purpose, the proposed multi-objective optimization methodology should
be combined with MCDA approaches for the selection of the best compromise
solution(s).

e ANN training and validation: In the case study, the rule of thumb stating that
using LHS a number of cases greater than twice the number of parameters is
sufficient for ANN training did not apply. The additional need for training data
multiplies the computational time and therefore it should be taken into account in

future work. While the approach remains valuable in terms of time saving, further
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5.4 Future work

studies should be performed regarding the number of cases to be used for ANN
training in order to make sure that the ANN would be accurate in all situations.
The opportunity of using other sampling methods rather than LHS and other
training methods should be studied. The ANN construction and specially the
number of neurons in the hidden layer is not obvious either. The number of
hidden neurons and number of cases for training should be more carefully studied
for building applications, and guidelines should be proposed.

Accounting for different climatic zones: The current neural network model has
been developed for the ESQF school building that is located in Coimbra. This
model must be trained with different weather files to account for the climatic
zones in Portugal in order to assess similar school buildings.

Performing uncertainty assessment: A building retrofit is subject to many
uncertainty factors, such as in savings estimation, energy use measurements,
weather forecast, retrofit actions cost data, etc. These factors result that
investment in building retrofit is highly uncertain. Uncertainty assessment is
therefore essential to provide the DMs with a sufficient level of confidence to
select and determine the best retrofit solutions. While there are many uncertainty
assessment and uncertainty management methods available, probability-based risk
assessment methods are probably the most commonly used methods. Probability-
based risk assessment methods include expected value analysis, mean-variance
criterion and coefficient of variation, risk adjusted discount rate technique,
certainty equivalent technique, Monte Carlo simulation, decision analysis, real
options and sensitivity analysis.

Application of the proposed model for on-line optimization: A promising

application of the proposed methodology based on GAINN would be to use it for
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Chapter 5 Conclusion, Limitation and Future work

on-line systems. This enables to obtain the best combination of retrofit actions in
a very short time in the course of a retrofit project. One of the main problems of
building retrofit is the computational time dealing with building simulation and
energy assessment. The proposed methodology could overcome this drawback by
using the ANN to provide fast predictions of building behavior, and then find the
best set of retrofit actions in the context of a retrofit project. The need for training
the data for the ANN would not be an issue in this case, since on-line optimization
generally involves continuous monitoring of the building. Data could therefore be
continuously stored, so the ANN training could become more efficient each day,

making the proposed methodology more accurate.
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APPENDIX A NOMENCLATURE

Table A.1 Nomenclature (Abbreviations)

Symbol  Designation Unit
ANN Artificial Neural Network -
BREEAM BRE Environmental Assessment Method -
CASBEE Comprehensive Assessment for Built Environment Efficiency -
CEN Centre Européen de Normalisation -
CFD Computational Fluids Dynamics -
CMAA Construction Management Association of America -
DHW Domestic Hot Water -
DM Decision Maker -
ECM Energy Conservation Measure -
EPBD Energy Performance of Buildings Directive -
ESQF The Quinta das Flores secondary school -
EU European Union -
EWAL External Wall insulation material -
GA Genetic Algorithm -
GAINN  Genetic Algorithm Integrating Neural Network -
HKBEAM Green Building Design and Building Environmental Assessment -
HVAC Heating, Ventilation, and Air-Conditioning -
1AQ Indoor Air Quality -
IEQ Indoor Environmental Quality -
IRR Internal Rate of Return -
ISO International Organization for Standardization -
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Appendix A Nomenclature

LCC

LEED

LHS

M &V

MAUT

MCDA

MOGA

MOO

MOP

NN

NPV

NSGA

PMV

PPD

PV

RA

RCCTE

RMSE

ROF

SC

SHW

TRNSYS

WIN

Life Cycle Cost

Leadership in Energy and Environmental Design
Latin Hypercube Sampling

Measurement and Verification

Multiple Attribute Utility Theory
Multi-Criteria Decision Analysis
Multi-Objective Genetic Algorithm
Multi-Objective Optimization
Multi-Objective Programming

Neural Network

Net Present Value

Non-dominated Sorting Genetic Algorithm
Predicted Mean Vote

Percentage of People Dissatisfied
Photovoltaic

Retrofit Action

Portuguese residential building thermal code
root mean square €rrors

Roof insulation material

Solar Collector

Sanitary Hot Water

Transient Energy System Simulation Tool

Window

164



Table A.2 Nomenclature

Symbol Designation Unit
xEwWAL Wall insulation material type i -

x]ROF Roof insulation material type j -

x N Window type k -

x¢ Solar Collector type 1 -

xEWAL External wall insulation material type identifier -

xROF Roof insulation material type identifier -

xWIN Window type identifier -

x5¢ Solar collector type identifier -

xHVAC HVAC system type identifier -

Epre energy use predicted from a pre-retrofit model of the facility [kWh/year]
Epost energy used in the facility after implementing the retrofit actions [kWh/year]
ES Energy Savings [kWh/year]
Qi. Annual energy need for space heating [kWh/year]
Que Annual energy need for space cooling [kWh/year]
Qac Annual energy need for domestic hot water [kWh/year]
X, Orientation coefficient for the different fagade orientations -

Q:(x) Total heat loss by the building envelope [kWh/year]
Q, Total heat loss by air renovation [kWh/year]
Qgu(x) Total heat gains (internal + solar heat gains through glazing) [kWh/year]
Qext (%) Total heat loss through zones in contact with outdoor (walls, glazing, [kWh/year]

roofs and pavements)
Qenu Total heat loss through zones in contact with non-heated spaces (walls,  [kWh/year]
glazing, roofs and pavements)
Qpt Total heat loss through linear thermal bridges [kWh/year]
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DDy

BLCext (x)

AEWAL

ACH
Ap

Py

qi

Gsouth

Heating degree-days

Building load coefficient

Exterior wall surface area

Thickness of the external wall insulation type i

Roof surface area

Thickness of the roof insulation type j

Windows surface area

Window type k thermal transmission coefficient

Area of building envelope elements in contact with non-heated spaces

Thermal transmission coefficient of elements in contact with non-
heated spaces

Floor or wall interior linear perimeter for envelope in contact with the
soil or interior length of thermal bridge

Air changes per hour
Net floor area

Floor to ceiling height
Heating season duration
Internal heat gains

Average monthly solar energy that reaches a south oriented vertical
surface

Effective glazing area for the different windows orientations

Shading factor

Glazing factor

Correction factor for movable shading devices for cooling calculation
Effective total solar energy transmittance of glazing

Total average solar radiation intensity for each orientation

Thermal conductivity of external building envelope, that is equal to 25

[°C.day]
[W/°C]
[m’]
[m]

[m” ]

[m’]
[W/m’.°C]
[m’]

[W/m’.°C]

[m]
[Months]
[W/m’]

[kWh/m?.mont
h]

[m’]

[kwh/m?]

[W/m’.°C]
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Qi

Q.

Qs

Q4
Myqs
nd
EF°H(x)
Eren
Qac
Qq
Eneat
Ecoor
EDHW

EWAL
Eheat,i

ROF
Eheat,j

WIN
Eheat,k

EWAL
Ecool,i

ROF
Ecool,j

WIN
Ecool,k

N
EDHW,l

TPMVD

Total heat gains through building envelope

Total heat transfer due to air infiltration

Total internal heat gains

Total heat gains through glazing

Average daily consumption of DHW

Total number of days with DHW consumption

Total energy contribution from solar collector type 1
Total energy contribution from other renewable sources
Annual DHW heating needs

Total energy supplied with conventional systems for DHW
annual energy demand for space heating [kWh/year]
annual energy demand for space cooling

annual energy demand for DHW

total energy demand for space heating after implementation of external
wall insulation material type i

total energy demand for space heating after implementation of roof
insulation material type j

total energy demand for space heating after implementation of window
type k

total energy demand for space cooling after implementation of external
wall insulation material type i

total energy demand for space cooling after implementation of roof
insulation material type j

total energy demand for space cooling after implementation of window
type k

total energy demand for domestic hot water system after
implementation of solar collector type /

total percentage of discomfort hours

[kwh/year]
[kwh/year]
[kwh/year]
[kwh/year]

[L/day]

[kWh/year]
[kWh/year]
[kWh/year]
[kWh/year]
[kWh/year]
[kWh/year]
[kWh/year]

[kWh/year]

[kWh/year]

[kWh/year]

[kWh/year]

[kWh/year]

[kWh/year]

[kWh/year]

%

167



Appendix A Nomenclature

EC
QHEAT
QCOOL
QSC

QSHW

CHVAC

EWAL
C;

ROF
Gj

WIN
Cy

sc
G

ReCost

Conductivity

Tchebycheff programming weighting vector
Resistance

Energy Consumption

energy consumption for space heating

energy consumption for space cooling

Heating production by Solar Collector

Energy consumption for sanitary hot water
Primary Energy

cost for selected HVAC system

cost in [€/m* ] for external wall insulation material type i
cost in [€/m? ] for roof insulation material type j
cost in [€/m” ] for window type k

cost for solar collector type /

Retrofit Cost

[kJ/hr.m.K]
[m’K/W]
[kWh/mzyear]
[kWh/m’year]
[kWh/m’year]
[kWh/mZyear]
[kWh/mZyear]
[kWh/year]
[€]

[€/m” ]

[€/m” ]

[€/m’® ]
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Table A.3 Nomenclature (Greek Symbols)

Symbol Designation Unit

AT Difference of temperature to heat the water [°C]

a Exterior envelope solar radiation absorption coefficient -

O Average outdoor temperature in the cooling season [°C]
Narref Heat gain utilization factor for cooling season -

Na DHW system efficiency -

r Density [kg/m’]
G, Specific Heat [k)/kg.K]
T Losses to non-heated spaces reduction coefficient [kWh/year]
Y Linear heat flux transmission coefficient [W/m.°C]
A Thermal conductivity of the external wall insulation material type i [W/m.°C]
A Thermal conductivity of the roof insulation material type j [W/m.°C]
Nagq Heat gains utilization factor for heating season -

Oin Internal heating set point °C

Oic Internal cooling set point °C
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APPENDIX B RETROFIT ACTIONS CHARACTERISTICS

This Appendix presents the tables regarding to different considered retrofit
actions in Chapters 3 and 4. The different associated retrofit action costs are derived from
the CYPE rehabilitation price generator, which is a tool that enables users to get prices

with cost estimates adjusted to reality as much as possible.

B.1 List of retrofit actions in Chapter 3-1

In this section alternative retrofit actions considered in Chapter 3-1 are presented.
Alternative RAs related to different external wall and roof insulation materials are
displayed in Tables B.1 and B.2. Different alternative choices regarding windows are
displayed in Table B.3. Finally different solutions for solar collectors are presented in

Table B.4.

Table B.1 Characteristics of alternative external wall insulation materials

No. Insulation types Thickness Thermal conductivity Cost (€/m®)
(m) (W/m °C)

1 MW (mineral wool) 0.03 0.034 11.25
2 0.04 0.034 13.21
3 0.05 0.034 15.51
4 0.06 0.034 17.65
5 0.08 0.034 21.95
6 0.04 0.037 14.05
7 0.03 0.035 10.5
8 0.04 0.035 12.4
9 0.05 0.035 14.27
10 0.05 0.034 15.53
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11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

25

27

28

29

30

31

32

33

34

35

Glass Wool

EPS (expanded polystyrene)

0.06

0.03

0.04

0.05

0.06

0.08

0.05

0.04

0.05

0.06

0.08

0.03

0.04

0.05

0.06

0.07

0.08

0.03

0.04

0.05

0.06

0.07

0.08

0.03

0.04

0.034

0.034

0.034

0.034

0.034

0.034

0.038

0.036

0.036

0.036

0.036

0.036

0.036

0.036

0.036

0.036

0.036

0.033

0.033

0.033

0.033

0.033

0.033

0.036

0.036

17.73

11.45

13.47

15.84

18.04

22.48

12.67

10.99

12.29

12.95

15.45

7.64

8.34

9.03

9.74

10.44

11.15

9.59

10.96

12.31

13.66

15.03

16.38

7.39

8.1
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36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Sprayed Polyurethane

Cork

0.05

0.06

0.03

0.04

0.05

0.06

0.02

0.03

0.04

0.05

0.01

0.02

0.03

0.04

0.05

0.06

0.08

0.10

0.15

0.20

0.30

0.036

0.036

0.033

0.033

0.033

0.033

0.042

0.042

0.042

0.042

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.04

8.83

9.56

8.64

9.75

10.68

11.99

6.39

8.34

10.98

13.4

3.05

3.95

5.55

7.18

8.98

10.77

14.36

17.95

26.93

35.90

53.85
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Table B.2 Characteristics of alternative roof insulation materials

No. Insulation types Thickness (m) Thermal conductivity Cost (€/m?)
(W/m °C)
1 Sprayed Polyurethane 0.02 0.042 6.39
2 0.03 0.042 8.34
3 0.04 0.042 10.98
4 0.05 0.042 13.4
5 EPS (expanded polystyrene) 0.03 0.033 4.32
6 0.04 0.033 5.6
7 0.05 0.033 6.87
8 0.06 0.033 8.14
9 0.07 0.033 9.43
10 0.08 0.033 10.7
11 XPS (extruded polystyrene) 0.04 0.034 11.64
12 0.05 0.034 14.43
13 0.06 0.034 17.22
14 0.08 0.034 22.78
15  Stone wool 0.065 0.037 24.67
16 0.085 0.037 313
17 0.105 0.037 34.8
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Table B.3 Characteristics of alternative windows

No. Type Thermal transmittance Effective solar energy Cost (€/m?)
(W/m?® °C) transmittance (%)

1 Single glazing Typical glazing 5.10 85.00 34.08

2 2bl glazing Without thermal break 2.80 75.00 39.42
Uncoated air -filled metallic frame
4-12-4

3 2bl glazing Without thermal break 2.80 72.00 46.24
Uncoated air -filled metallic frame
6-12-4

4  2bl glazing Without thermal break 2.80 72.00 53.06
Uncoated air -filled metallic frame
6-12-6

5  2bl glazing Without thermal break 2.80 69.00 56.78
Uncoated air -filled metallic frame
8-12-4

6  2bl glazing Without thermal break 2.80 69.00 63.59
Uncoated air -filled metallic frame
8-12-6

7  2bl glazing Without thermal break 2.70 67.00 74.13
Uncoated air -filled metallic frame
8-12-8

8  2bl glazing Without thermal break 2.70 75.00 40.31
Uncoated air -filled metallic frame
4-16-4

9  2bl glazing Without thermal break 2.70 72.00 47.14
Uncoated air -filled metallic frame
6-16-4

10 2bl glazing Without thermal break 2.60 72.00 53.96
Uncoated air -filled metallic frame
6-16-6

11 2bl glazing Without thermal break 2.60 69.00 57.68
Uncoated air -filled metallic frame
8-16-4
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12

13

14

15

16

17

18

19

20

21

2bl glazing Without thermal break
Uncoated air -filled metallic frame
8-16-6

2bl glazing Without thermal break
Uncoated air -filled metallic frame
8-16-8

2bl glazing Low-e window
(with thermal break) coated air-filled
metallic frame 4-12-4 ISOLAR Glass

2bl glazing Low-e window
(with thermal break) coated air-filled
metallic frame 4-12-4 NEUTRALUX

2bl glazing Low-e window

(with thermal break) coated air-filled
metallic frame 4-12-4
NEUTRLALUX*-S

2bl glazing window air-filled metallic
frame 6-12-4 SOLARLUX Neutro 62
Temprado

2bl glazing window air-filled metallic
frame 6-12-4 SOLARLUX Natural
60/40 Temprado

2bl glazing window air-filled metallic
frame 6-12-4 SOLARLUX
Supernatural 68 Temprado

2bl glazing window air-filled metallic
frame 6-12-4 SOLARLUX
Supernatural 52/25 Temprado

2bl glazing window air-filled metallic
frame 6-12-4 SOLARLUX
Supernatural 70/40 Temprado

2.60

2.60

2.80

1.60

1.60

2.10

1.60

1.60

1.60

1.60

69.00

67.00

75.00

62.00

53.00

50.00

42.00

38.00

28.00

44.00

64.50

75.04

46.92

55.72

57.93

118.60

143.42

180.77

192.20

135.53
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Table B.4 Characteristics of alternative solar collector systems

No. Type

E Solar (kWh)

Cost (€/m?)

1

AZIMUT115P1 (1plain collector with
Thermosyphon)

AZIMUT145P1 (1plain collector with
Thermosyphon)

AZIMUT192P2 (2plain collector with
Thermosyphon)

JUNKERS (1plain collector with
Thermosyphon) A1/TS150/FKB

JUNKERS (2plain collector with
Thermosyphon) A1/TS150/FKB

DANOSA SOLAR TDS150/CIS (1plain
collector with Thermosyphon)

DANOSA SOLAR TDS200/CIS (2plain
collector with Thermosyphon)

JUNKERS (2plain collector with
Thermosyphon) A1/TS150/FKB
Inclination39

AZIMUT192P2 (2plain collector with
Thermosyphon) Inclination35

724

1061

1865

1048

1900

1048

1900

1920

1882

1551.61

1645.1

2402.27

1900.9

3135.54

1465.47

21135

3135.54

2402.27

Note - E Solar(kWh) that is the energy production from solar collector has been

calculated by SOLTERM software that is developed by the Portuguese National

Laboratory for Energy and Geology (LNEG).
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B.2 List of retrofit actions in Chapter 3-2

Table B.5 Characteristics of alternative external wall insulation materials

In this section alternative retrofit actions considered in Chapter 3-2 are presented.

N Insulation Name t U-value c
types Thickness (m) (W/m°K) Cost (€/m?)

1 Cork OUTWALL CORKHIGH3  0.03 1.408 5.55
2 OUTWALL CORKHIGH4  0.04 1.124 7.18
3 OUTWALL_CORKHIGH5  0.05 0.935 8.98
4 OUTWALL CORKHIGH6  0.06 0.800 10.77
5 OUTWALL_CORKHIGH7  0.07 0.699 12.23
6 OUTWALL CORKHIGH8  0.08 0.621 14.36
7 OUTWALL _CORKHIGH9  0.09 0.559 16.78
8 OUTWALL_CORKHIGH10 0.1 0.508 17.95
9 EPS OUTWALL_EPSLOW3 0.03 0.800 7.64
10 OUTWALL_EPSLOW4 0.04 0.621 8.34
11 OUTWALL_EPSLOWS5 0.05 0.508 9.03
12 OUTWALL EPSLOW6 0.06 0.429 9.74
13 OUTWALL_EPSLOW?7 0.07 0.372 10.44
14 OUTWALL_EPSLOWS 0.08 0.328 11.15
15 OUTWALL_EPSLOW9 0.09 0.293 12.35
16 OUTWALL_EPSLOW10 0.1 0.265 13.68
17 XPS OUTWALL_XPSLOWS3 0.03 0.800 9.65
18 OUTWALL XPSLOW4 0.04 0.621 11.64
19 OUTWALL_XPSLOW5 0.05 0.508 14.43
20 OUTWALL_XPSLOW6 0.06 0.429 17.22
21 OUTWALL_XPSLOW?7 0.07 0.372 19.34
22 OUTWALL_XPSLOWS 0.08 0.328 22.78
23 OUTWALL_XPSLOW9 0.09 0.293 24.43
24 OUTWALL_XPSLOW10 0.1 0.265 26.78
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Table B.10 Characteristics of alternative roof insulation materials

N Insulation types ~ Name t U-value c
Thickness (m)  (W/m’K) Cost (€/m?)

1 XPS (extruded ROOF_XPS3 0.03 0.800 9.65
2 polystyrene ROOF_XPS4 0.04 0.621 11.64
3 stone wool) ROOF_XPS5 0.05 0.508 14.43
4 ROOF XPS6 0.06 0.429 17.22
5 ROOF XPS7 0.07 0.372 19.34
6 ROOF XPS8 0.08 0.328 22.78
7 EPS (expanded ROOF _EPS3 0.03 0.800 4.32
8 polystyrene) ROOF_EPS4 0.04 0.621 5.60
9 ROOF _EPSS5 0.05 0.508 6.87
10 ROOF EPS6 0.06 0.429 8.14
11 ROOF EPS7 0.07 0.372 9.43
12 ROOF EPS8 0.08 0.328 10.70
13 Polyurethane ROOF PU3 0.03 0.658 8.34
14 ROOF_PU4 0.04 0.508 10.98
15 ROOF_PUS5 0.05 0.413 13.40
16 ROOF_PU6 0.06 0.348 15.30
17 ROOF_PU7 0.07 0.301 17.86
18 ROOF PUS 0.08 0.265 20.18

Table B.11 Characteristics of alternative windows

N Name Thermal Effective solar energy  Cost (€/m”)
transmittance transmittance (%)
(W/m?'C)

1 SGSILVER 1.05 28.80 58.70

2 SGPLANISOLGREEN  1.16 26.50 67.82

3 SGCLIMATOP 0.52 58.50 102.25
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Table B.12 Characteristics of alternative solar collector systems

N Type Name Generation Collector area Cost(€/m”)
efficiency (%)  (m?)

1 Flat collector FC702 70 2 700

2 FC802 80 2 800

3 FC704 70 4 1250

4 FC804 80 4 1600
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B.3 List of retrofit actions in Chapter 4

In this section alternative retrofit actions considered in Chapter 4 are presented.
Alternative RAs related to different external wall and roof insulation materials are
displayed in Tables B.9 and B.10. Different alternative choices regarding windows are
displayed in Table B.11. Finally different solutions for solar collectors and HVAC

systems are presented in Tables B.12 and B.13.

Table B.13 Characteristics of alternative external wall insulation materials

No. Insulation type Name t U-value c
Thickness (W/m’K) Cost
(m) (€/m?)
1 Cork OUTWALL CORKHIGH3 0.03 1.408 5.55
2 OUTWALL CORKHIGH4 0.04 1.124 7.18
3 OUTWALL CORKHIGHS 0.05 0.935 8.98
4 OUTWALL CORKHIGH6 0.06 0.8 10.77
5 OUTWALL CORKHIGH7 0.07 0.699 12.23
6 OUTWALL CORKHIGH8 0.08 0.621 14.36
7 OUTWALL CORKHIGH9 0.09 0.559 16.78
8 OUTWALL CORKHIGH10 0.1 0.508 17.95
9 EPS OUTWALL EPSLOW3 0.03 0.8 7.64
10 OUTWALL EPSLOW4 0.04 0.621 8.34
11 OUTWALL EPSLOWS 0.05 0.508 9.03
12 OUTWALL EPSLOW6 0.06 0.429 9.74
13 OUTWALL EPSLOW?7 0.07 0.372 10.44
14 OUTWALL EPSLOWS 0.08 0.328 11.15
15 OUTWALL EPSLOW9 0.09 0.293 12.35
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16 OUTWALL EPSLOWI10 0.1 0.265 13.68
17 XPS OUTWALL XPSLOW3 0.03 0.8 9.65
18 OUTWALL XPSLOW4 0.04 0.621 11.64
19 OUTWALL XPSLOWS5 0.05 0.508 14.43
20 OUTWALL XPSLOWG6 0.06 0.429 17.22
21 OUTWALL XPSLOW?7 0.07 0.372 19.34
22 OUTWALL XPSLOWS 0.08 0.328 22.78
23 OUTWALL XPSLOW9 0.09 0.293 24.43
24 OUTWALL XPSLOWI10 0.1 0.265 26.78
Table B.14 Characteristics of alternative roof insulation materials
No. Insulation types Name t U-value c
Thickness (m) (W/m’K) Cost
(€/m?)
1 XPS (extruded ROOF_XPS3  0.03 0.8 9.65
2 polystyrene stone wool)  ROOF XPS4  0.04 0.621 11.64
3 ROOF_XPS5  0.05 0.508 14.43
4 ROOF_XPS6 0.06 0.429 17.22
5 ROOF_XPS7  0.07 0.372 19.34
6 ROOF_XPS8 0.08 0.328 22.78
7 EPS (expanded ROOF EPS3  0.03 0.8 4.32
8 polystyrene) ROOF EPS4  0.04 0.621 5.6
9 ROOF_EPSS5 0.05 0.508 6.87
10 ROOF_EPS6 0.06 0.429 8.14
11 ROOF_EPS7 0.07 0.372 9.43
12 ROOF_EPS8 0.08 0.328 10.7
13 Polyurethane ROOF _PU3 0.03 0.658 8.34
14 ROOF_PU4 0.04 0.508 10.98
15 ROOF_PUS5 0.05 0.413 134
16 ROOF_PU6 0.06 0.348 153
17 ROOF_PU7 0.07 0.301 17.86
18 ROOF_PU8 0.08 0.265 20.18
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Table B.15 Characteristics of alternative windows

No. Name Thermal Effective solar energy ~ Cost (€/m?) Total cost
transmittance transmittance (%) ©
(W/m*C)

1 Single glazing 5.16 68.20 34.08 4,785
Typical glazing

2 2bl glazing 2.54 58.90 100.05 14,047
Luxguard
SunGuard clear
Argon 6/16/4

3 2bl glazing 1.4 44.00 145.53 20,432
window Argon-
filled 4/16/4

Table B.16 Characteristics of alternative HVAC systems
N Type Name Brand Generation efficiency  Cost(€)
(%) or
COP(summer/Winter)

1 Heating Oil-based Boiler CR Remeha P320/4 88 6911.52
System 90KW
only

2 Heating Natural Gas boiler CR Remeha P320/4  88/3 24189.84
and (16368.37€) + 90KW + York
Cooling  Chiller(7821.47€) YCSA-80TP 80kW
systems

3 Air Source Heat MITSUISHI 2.5/3 19518.15

Pump(6506.05€) FDC250 VS/25 kW
(3 units)
4 Ground Source Kensa Compact 4.6/15 39000

Heat Pump

Plantroom 80kW
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Table B.17 Characteristics of alternative solar collector systems

N Type Name Brand Module #  Collector ~ Cost(€/m?)  Total
area (m’) Cost(€)
1 Flat collector FSD10 Saunier 10 20.1 643 12918
Duval
2 FSD15 Saunier 15 30.1 643 19377
Duval
3 CPC AS10 Ao Sol 10 19.9 500 9950
(Compound
Parabolic
4 Concentrating) AS15 Ao Sol 15 29.85 500 14925
Collector
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the mansgement of resownces 23 & major role that inevitshly laads
to housekespings greater emphaiis on those txls with viswsl
aatisfaction. Mevenheles, hotels are public pla e sccommodasting
& vast variety of international travellers; therefbore the demand for
good 1A may be higher than for other types of buildings 6]

Teeters et al_|G6) claime d that Bdlity mansgers in the lospi tality
aector have only rescted to those 1AQ problems that have camed
immedia te inftation to guests or employess. However, inadequate
sir quality x5 well a3 the Lack of sir circuls tion is another frequent
compl sint. In sddition, the 1AQ of hotel buildings slfects the heslth
of guests especislly in terms of bacterial @ntamination. For
example, Legionnaire's disease broke out in ome USA lotel (152
people illnes and 29 desths in 1976) and maore than 60 outhreaks
worklwide in hotel, hmpitals and offices were reported [7—9)
Furthemmore, the severe acife respirstory syndrome (SARS) broke
ot in “M” hotel in Hong Kong has inorested the public sware ness
o indoor sir quality of hotels 8]

On the other hand, the Buropean Parlisment and Cowndl
approved in December 2002 a di rective on the energy performance
of buildings 2002/91/EC (EFED) | 10]. which introduced the obliga-
tion of energy certification of budldings. Ewropesn Stamdsrdization
Oiganization (CEN) has drafted seversl standards to help the
member countries impleme nting the directive. One of these is the
“tndoor envi ronmental inpuwt parameters for design and xsssament
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of energy peformance of buildings™, addresing 1AQ, thermal
eniromment, lighting and scoustics [11]. The standard specifies
dedgn vahwes lbr indoor environment, values to be wied in energy
caloulstions, and methods to verify the specified indoor environ-
ment in the buildings [12] However it does not establish a meth-
odology For LA sudits of bui kings. Portugsl, 25 ome of the Bunopean
Uian member states, approved a series of national |aws toimple-
iment the EFED | 13—15 ), stating simul taneous by that 10 muomd boring
of the existing non reddential baildings is mandastory, wnder the
rules of RSECE [14]. However, it is not the cse for moat of the
membeer countries.

In this soope, a comprehengve AQ mudit methodology slong
wiith energy audit of buildings should be established in order to
identify the indoor sir problema Altlowgh, Some LAQ moomd boring
methods have been developed in different cmentries, most of them
ane applied to offbce snd hospiitsl buildings [e.g. Rel_ | 16]] Ho

Table 1
Pistribesr of St ey POEnTs in Sac b 2me of thee hote] budlding
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the 1AQ mond toring approsch that i suitable for the hotel bl ding
Tt s it et been developed [1]

Hence. the punpose of this study is to develop and demonsatrate
a comprehengdve 1AQ audit methodalogy for hotel buildings. The
data milected from this approsch can be used to msess the air
auealiity iim hrbel basi idings and to identify the indoor air probllems.
Consequently, the 1AD sudit spprosch propoed here may be
e ipdfiud fior the e | mansgers to reduce the heslth sk from hotel
bauildings and incresse the comfort ibr guests. Funthermone, the
st from LA sudit sh ows the necessity of having 1AQ awlit slong
wiith ene rgy sudit of bl dinga In Caot, if just energy parameters e
condidered & in the last decades, people’s @mibnt and heaith can
e signifbcantly sscrificed.

2. Indoor air quality sudit
21, 1AG audit method alogy

The proposed WG audit follows a systematic approsch with
portable equipment. invalving the messurement of physical
parameters [temperstune (dry bulb)l relstive humidity smd the
concentration of the suspendsd particulste matter (Phg))L the
monitoring of the concentrations of seleaed chemical indicsiors
(carbon dimdide (0D;)L carbon monosdde (COL Formaldehyds
(HOHD), and totsl volstile organic compownds | TWICa))L amd the
measurements of biological indicstors (bacteria, fungl, Legionella)
i ithee reponed caie, sirexchange rates | AERS ) were mesxiuned by the
concentra tion-decsy method using metabalic 0, & the tracer gas.
Thoe 1AQ sudit commences with the milection and snabysis of the
s ail sble ardhivectural, mechsndcl and electrical deswings follows
by the wallthrough inspection in onder to verily amd wpdate the
indfor mation provided by the building owner orrespondible sgent. x5
well x5 abservation for any spparent or pabentisl polhstant souroes,
OCCUpanS Adivities and complaints_ swilt verification of O kevels
in the bailding, pre-evalustion of the hygienic and mai ntensnce
conditions of the HVAC systems, and collection of sdditi onal i nfiar-
mati on which is deemed necessany for an sdequate sudit pla nning.

All colleaed information on the buil ding and its HYAC systems,
incheding during the walkthrough inspection. s considered to
determine the quantity amd locations of the required ampling
pointds, & onecial txk for the suitable planning of the measuring
carmpaign The next stage of the sudit involves the mesurement of
the spedified indicators, followed by the evahution phase In this
phase, the measured data will be snslyped snd compared with
atandardsfregulations specified lmits and the sowrces of LAQ
prablems will be identified. with the help of an integral correlastion
e tween all indicators messwred snd informati on soquined. Finally
& set of corrective adions will be recommended to the bl ding
WHDET T T
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2.2 Building chanocienilic

Tobetter illustrate the proposed 1AQ sudit methodaol ogy of hotel
basiddings, & d4-atar hotel building in a city st the central region of
Pomugasl was seleaed a3 8 cade study. This internationsl hovel was
it i 1990 and it inten or space has been decorated in 1992 1tis
& twelve-goney bailding, including fbur endergrownd levels The
wide rgroumd levels are mainly the car parking sreas, with the
exception of -1 level in which 2 restmerant, lechen and 2
conferemne rmoms are situsted_ Lobby, reception desk amd budiness
centre are situsted in ground level The hotel has 120 rooms and 13
auites distribited by 7 foors with a similar ardvitecture, from 15
level to Th level

The HVALC system lor the wiole bailding is based in & central-
ized hotjichilled water production system, with a two-pipe distri-
bution and & Bn cpil umit (FOU) in esch guest room. The guet
rooms are naturally ventilsted: the sole mechanical ventilstion
element in each one i the exhawst fan st the respedive adjscent
bathroom. By this way, the Fesh sir supplied to the rooms and
auited comes in by infilration through the window Fames and
liroimn the corridor through the door dits, strongly promaoted by the
bathroom mechanicsl exhaest G The grownd level (lobly,
reception, etc) i served by a specific sir handli ng umi ¢ (AHL) with
a lraction of sir recircul stion. The sir renewsl and thermal condi-
tioning for conference and mesting rooms, & well 23 for the
redtaurant is provided by sll-fresh AHLIS.

2.3 Preliminarny wWsil and measiremens

211 Preliminary vist

A wal kthrough inspe ction amd checklist was completed for the
hotel to docwment HVAL system operstion and Ingiene, sir inta ke
loction, sowrces of oontaminants, building drasinage. roof amd
interor inspection, maintenance, combustion appliances, room
area and valwme, carpets, special Facilitied, space usage and other
[aotors. Photos of each visived points were taken Floor pland aimd
other information regarding the hotel were obtai ned_

232, Numberand lbabion of sampling points

Alter the collection of sl the mentioned data, an integrated
anahyss of the hotel bulding was done to determine the quantity
&l locations of the S ampling poi nts_ All spaces of the bailding with
hman ocoupand were grouped by romes. Accordingly, the hotel
i bingg wans dlivided inbo 7 different zoes based on the venti Lt on
syatem supplying each rone, the type of activity in the zone,
thermal loads, snd source of emissons.

Brief overview ofthe zomes and number of mexsuring points, &
well i their cornespomding HVAC system are predented in Table 1
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The minimum nember of asmpling points to be considered in
eachzome wal estimated i aeggeated in the nationsl 10 g deline
{technical note NT-5CE-02, 2008 [ 17]):

N.-ﬂ.'l_rrxy'{_, )

where N; s the minimum number of sampling points in zone i
{(Niz 1) and A ig the ares of zone iin m®.

Therelore, for this project the mentioned indicstors were
messwred in 7 zones which encompass 27 paints in total Mever-
e e thee mrsiinanes of comncern for this 1AQ sudit is the et of guest
rooims, &8 they are natwrally ventilsted and leck of good L1AQ was
much probable_Moreover one of the most impontant arexs ol hotels
is the guest room wie e maodmem comliortis critical to the swecess
of the hiotel [18). Therelore, we will just provde the result from
zone (F) which is the specified zone for guest rooms incheding
suited_ Fig. 1 shinws the locations of the sampling points for dxth
level Spatisl position of ampling points are specified in aoor-
dance to the internationsl giddeline EN 150 16000-1 [19): at least
1 im sway from walls in the room, and sbowt 1m sbaove the floor,
ainee this is the approsdmate height of the sversge bresthing Bome.

233, Physical indicarors

The thermal comfort level of the indoor environment is
messined using anindoor climate snalyzer DirectSense Q[ Maodel
10610, Graywoll), which sllowed memuring the room ambient
temperastire (dry bulb) and relsive humidity, besides the

Table T
Dt range amd acosracy of D i eavering o quigere L

concentration of several chemical polhstants referred in the next
section The ancentrstion of s fborne panti culste matter (P for
particles of size < 10 pm) was mexured using an sirborne pantide
cotnter [Model Handhelkd 3016 143, UGHTHOUSE]L
Simoeit was fownd very probable during pre limina ry visitthat the
wentil stion rate in the guest rooms was insulficient, AER measwre-
ment became inevitable_ The AER in the room was measured wsng
the concentration-decsy method, in which metabolic 00y was
aelected & the tracer gas |20—24). The 1AQ mondtor (Model PS32,
SENSOTRON) was uwsed for three days O0g messwrements_

234 Chemical indicators

Continuowus resl-time chemical monitoring of carbon dimide
(00y), carbon monoxide (O0L emaldehyde (HOHO)L and totsl
vialatile organic compounds (TWOCS) wad carried it st the pre-
determined indoor sampling poi nts ofeach spe diied 2one or group
of spaces, st shout 1m shove Mloor level and an mutdoor paint in
choae prosdimity to the reshairintake point of the AHLL for 2 period
of 15 min st each point All the above chemical indicstors were
mexswred with DirectSende 1AQ (Model 10610, Graywoll) with the
exception of formaldelyde (HOHD) wihich was mexswred with
Formakielyde Gas Detector (Model FP-30, RIKEN KEIKI Ca. Ltd)

2,35, Biological indicators

A portable sir ampler (SAS Super LAY pb i nternational O0) for
semi-olid medivm (Agar plates) with a @nmatant sir flow rate of
100 Limin was used b0 canry out the biologicsl ssmpling for

;‘F . r—— Rasge e—
Fivical Toe e Corap'oll Direm S ece K-610 —00°C o TOC Brdg +0.3°C
Rl Bismradany 0= 100% 2% <H0%rk, 3%k - 300
Foem aldebyrde | HIOHO} Eiie s B, HOHO Daecor FP-300 O ppen 8 pper
e e al Carlbn diooside (00 ] Sesonama PR32 D= 5000 prgera 104 3K of e cverad valbes}
Carlen sromoide (C0) Crag Wl e Se s 1-610 O 000000 s Ty 50 ppem
=500 pigem 42 pipem <50 ppem, +3 %y =50 ppen
Total wolaile orga s com prassds (TWOCs) 5o 0 DA il -
Edadogical Bameria 5A5 SUFER [ e -
Rty LA ool SOSRG Al rane of 100 Livén -
Legaselh (Colecsiom of | Lwazer in te - -
snerilined VT hoals
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e termining the concentration of ha deria snd fungiin the sir. The
medium used for the collection and funther lsborstosial culture of
Iracte ria was tryptic soy agar (TSA )L wihi be the collection of Rengi was
made on malt extract xgar(MEA) Esch of these mexiunements wis
taken over a perod of 25 min to get an air sample of 250 L After
imcubation in uwnder specific temperature conditions,
ench plateis analyred and the results of counting are expressed in
colony-frming wnits per cubie meter of sir (OFUfmY). legionelais
amither bialogical i ndicstor which should be monitored. An effec-
tive sampling of Legionela depends upon 4 correct water sampling.
condidering relevant Baors such & the dhoice of sampling loca-
tion, presence of water treatment products or the need to didniea
the sampling point The sampling criteria are defined in the
na tional 1AQ guideline (technicsl note NT-30E-02 | 7|1 regarding
namely the minimum nember of samples amd the typically rec-
ommended collection points in the hot-water ductwarlk

In order bo ensere the sutability of the me xuring equi pment,
the ranges and scouracy of the mesurement instroments used in
this study sre summarized in Table 2.

3. Resulis amnd discusion
3.1, Physical indicators

BI.1 Assesmment of the air exchange rake

Since the rooms have no dedicsted supply of owtdoor air. it was
decided to perform 2 monionng campaign of Oy meXsuremeants
o asess the sdequacy of the AERby infiltr stion and, ifit is the mse,
find an appropd ste remedistion action. The 1AQ monitor PS32,
configured to a sampling interval of 1 min, was left during thres
days in suite #6520

Tihee fresh air fhow rate throwgh & room is uswslly evalwsted using
oive of the three trser-gas methods: comcentration decsy, constant
i aion of oonstant concentr ation me thod [23] In this project. the
tracer gad concentration-decsy method was selected This is the
modt basic method for mesuring AER snd it is used to obtsin
discrete AER over short periods of time. In this method a certsin
amownt of tracer gad i introduced tothe room amd teen it is mixed
wiith the indoor sir to get its unifonm comcentration in the wiole
room. Then the gradelly decraming concentration of bracer g in
the air is recorded. In the simplest case the tracer g may be carbon
dimide introduced in the room in & natursl way, through the air
esthaled by people staying in that room — metabolic carbon dimide
|20—24) This was the cxein the present study.

Tihee AER (") in this method i determined through the anslyiis
of the decay of 00 comncent ration in the room, alter the source of
awch gas hus been stopped. ie. sfter the ocoupants have left the
room. 5o, lbr 2 decxy period ([ ) stanting from an asomed
unilbrm C0; concentration G in the room, the integration of an
overall mass bals noe lasds to

Clt) = Cour = (L = Cone)-2Xp| = AER(L — 3] 2

wihere L) is the observed 00y @ncentr ation at time L amd Cgis
the 00 momcentr stion in the outdoor sir Al the ODg @uoentr stions
are expressed in ppm.

Equation (2) can be made explicit for AER (h~"):

1

AER = - ]n{%) (3

The direct estimation of the AER throughequation (3) isexmy when
conditions are stable regarding the Fesh sir fow rate, the 00
concentration in owdoor sir snd the ilow pattern inside the room.
Hiowever edquations (2) and (3) apply tothe cse of 2 wni-zone room
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having sir exchanges only with owdoor emvironment. In the
predent case, xa the room door i very tight and the corridor is most
of the time umocowpied, it was concheded thet the studied rosm
could be considered & uni-zone companment Regarding the
wnifrmity of the distribution of the 0Dy @ncentrstion inside the
room, itwas nit paeaible to put in practice. previoes to the decxy
phase, the recommended procedwre of wsng & fan during 2 shon
period to promate & good diletion, on sccownt of the hobel guests
[periva o iasines. Ne verthelass it was |stter dhecked that in 2 dimilsr
room whene an equilibrivm conce ntration of 100 ppm had been
achieved after the seeping period, the spatial varisbility of 0Oy
concentration was in the order of +15 ppm. I foams wiene there is
not & strong ventilstion flow, spatisl non-unilbrmities of OOy
concentrations tend to be lower.

A previous smoothing procedure may be recommended to
mindimize the distwrbing influence of imprecition due to the he-
tuating lfesture of the reconded Off dasta, & it is the case of gas
anahyzers. with i mpreciion higher than + 30 ppm_Parameters were
estimated by fitting the logarithm of the comcentrations agsinst
time_ Fig. 2 shinws the first day evolution of 0Dy comce ntration in
auite #620, before any remedistion sction. A curve fitting, with
& linear law for 8 dvosen concentration-decsy perod is shown in
Fig_3, indicating sn AER of 0,420 h™" The vahse of AFR eitimsted by
this method was robust. Le. regresion achieved a correlstion
coefficient R= 09978, which means that comnditions were quite
atable. The represented decay period corfesponds to a calm day
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wilth low wind wvelocity (v < 2 mja)L thus it represents the waorst
case regarding AER conditions in the studied room_

It is seen from Table 3 that by the 0.429 b~ AER, the amount of
fresh &ir (comdng into the room by infilration) provided to suive
#E20 in the considered deay period was 20 mfhjjperson, which is
loweer than the minimem requirement stated by nationsl 1A
regulation (RSECE |14]) for design project of hotel rooms in new
Mdmnﬂdus]nm’”ompm

Consequent by, it wis suggested to the hotel tedwicsl mansge-
ment to keep the bathroom mechanical exhoest Binworking durning
the night period. In Fig. 4 the time evalution of O0; conce ntration
during a day sfer prescribing the new contral polior lfor bathroom
mechund cal exhast fan is presented Accordingly, the fresh sir flow
rate raised enough to keep the OO0y @ncentration within an
srcceptable level diring the whale period with the total ocoupancy
of the room, regarding the second compliance crterion for 00, in
existing building, based on national 1A) guideline [17). which
indicates an sverage 0D, value |ower than 1500 ppm. during the
whaole ocoupandy period (see Section 3221 for fwrther de tails).

312 Evaluation of thermal comlert

The measwred thenmal @mibnt parameters during 2 days
mexsifement campaign (28— 23 March 2009) are listed in Table 4
The sverzge sir temperature recorded in each guest room rangsd
from 23 to 240°C This & within the recommended range
scconding to ASHRAE design criteria 18] The tenmperstune in the
ookl sexion (winter) should vary between 23 °C and 24°C, in the
ot sexson (swmimer ) betwesn 23 °C and 26 °C. relstive humidity
alvmuild be between 30% and 35% in winter, 0% amd G0% during
awmmer and sir velocity should not exceed D2 mis in the guest
room Too @bl tempersture will not only make gueds wncom-
fortable, it will also result in more energy in sir-
conditioning The serzge relstive humidity of esch room ranged

m:_‘_f_:___::_\&:

00 1 1 1 1

00y concentration (ppm)
g

from 315% to 35%, which is within the recommended range
(30—35%) The mesn air velocity in the ooms was not messwned
becare it was clearly foumd wnnecessary.

313 Evaluaiion of particulate poll union

The recommended threshold level for the concentration of
suspended partioulste matter (PMy,) in indoor sir is 150 pgim?® in
Portugal [14] Table 5 shows the messured vahees of indoor
concentration of Py, which cvercome the threshold level in two
of the monitored rooms of the Gth floor. It should be mentiomed
thst these mexsurements were oomdunted shortly after the o eaning
operation of the rooms Further tests proved an increse of the
Pl coneentration afver vigorows walking in the rooms, which
auggeted that the detected suspended particulste matter origi-
nated from the foor canpet, where it was somehow deposited. A
recommendation for implementing an improved technique amd
mare frequent cleaning was given i the hotel mansgement.

3.2 Cherianl indioofors

321, Carben daide (C0n)

The concentration of carbon dimcide in the spedfied sample
points varied between locations, and resched values a5 high as
1710 ppm. Daming night howrs, the concentration level of CDg
imrexed due to the constant metabalic emission by the guests in
the rooms and the AFR revesled to be insulficient. Reganding the
00 concentration, the verifiction of compliance with the nati onal
regull stion limit vale (W00 ppm) mist take into socount the sotusl
oorupancy of the room. For this purpose. the techni cal note NT-50E-
02, 2009 [17] suggeits the Bollowing o ter omn:

(IC0:luar - 00c) ¢ S22 COzs KO (4

where |00 s is reference limit valee of ODg comoentration,
1810 | ot ress puyuchingg o NOKKD e &t standard pressure and
25 o | 10]L [C0q)g is the OOy comcentration in the owtdoor sir
(4N ppm for this case), |00 Juedr 8 time-sveraged oomos ntrstion
of 00y in each sampling point in ppm. Nyupe, B maimum
sllowed number of occupants in the room or space, Nyog i3 the
sctusl nember of ooowpants duding the messurements

For the caxse of existing buildings, if this first criterion s not
Tuliflled, & second one i recommended that sllows an inoaxse of
S0%of the threshold level, but implies messwring smd 2 veraging the

FEFILEL LIPS
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Fig. 4. O oo vy et it Tl Baronoms o chamiinl v sr G wodling during
e pgh peiod.
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00 aver the Rull period of ocoupancy. This second critefion may be
expresied x5

(100~ [COs]p) <R (005 KOs 15 (5)

wihere |00 |uedr 5 now the time-sveraged C0p concentration lor
the extended period.

The time-sverzged @ncentration of 003 is calculsted by the
ol i ey, expression:

[ €0 ] ngar = €7 = w (6]

wihere Oy in ppm is the pollutant concentration st time (L A is the
sampling mexurement period, and T is the totsl messirement
period

Fig 2 shiows the time evalution of the mexured ODg concen-
tration in suite #620 ocaipied by only one guest B may be
conchuded that the guwest entered the suite st 22:15 amd left st sbows
O07: 10 Ths, taking Af; — 1 min and spphing expredsion (&) in this
oorupancy period, we obtsin 00 e = 1128 ppm. Considering
Ny g e, = 2 l0r saites, the lek hand side of expressions (4) and (5)
will become:

(100 002y ) % 52 (C Oy = 1856 ppm,

which exceeds by 86% and 24% the limits for the first and the
secomd compliane criteris, respectively (le. 1000ppm and
1500 ppim )

Allter implementing the presaibed @ntral policy lor bathroom
mechanical exhawst fn, & shown in Fig 4, the sverage concen-
tration is |00 juedr = 927 ppm during the ocoupancy period fiom
21 30 to 7:30. Thus the | efthand side of expre sion (5) will beoome :

(1COz] e~ [COzle) xR COs]ec= 1454 ppm.

Therefore the comective action led B complisnce of the CDy
concentration with the second critefion

222, Garbon monodde (00)
T a4 e reference vahie 0D concentratian i 12,5 mg/ird,
o 10 ppmn somirding to national 1A regulstion | 14)_In
this study (| guest rooms with mo smolking adivity) the meaxired OO
i nir ation ra nged Bom 00 bo 006 ppam, values that sne wel | below
the recommended thredholds

3,23, Fermakiehyde (HCHO)

The mncentrations o hormaldehyde messwred in this sudy
were below 0001 ppm, thenefore in compliance with the nations
regulstion (threshold level of 008 ppm) Generslly, the high
concentrations of formakdelyde ane sttributed to the materisls
wsed for interior demration, & well x5 the emission Fom the
detergents and clesning sgents.

324, Todal volatile arganic compounds (TVWOCs)

The threshold vahee for total volatile organic compownds in the
indoor environment in Porugsl B 006 mgjm® comesponding to
026 ppm (refermed o Bobutylene) or 016ppm (refermed to
toluens)|14) It is observed that the maimum concentrations of
TVOC i the selected rooms are 0.2, 07 snd 018 mg)/m. and these
are below the threshold valuwe Gemerally, the high @mpoentr stions of
TWOCs in the hotel rooms are stiributed to the emisson from the
detergents and cleaning sgents uied by the hnsskespers wien
cleaning the roam.
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Table®

remales for the chiesmical nd [0y, O, HICHID and TWCs)
Locason 00y ) Formaldelpde  TVOGD
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Suie W20 =] 0 001 [F]
Room #E13 425 o <001 o7
Roomm #E03 433 [ - [EH]
Outiide air 396 o <001 032
Foamegal e oo W [ 08

ma ol LG mgm® 1300 @5 1] 05

ek B

The data obtsimed from the memurements of the chemical
imdicators comnentrations in the selected rooms are shown in Table
& It showld be remarked that these messurements were o mied o
with no effective oooupants in the rooms; therelne the 00, valiwes
aire it valid lor complisnce veriflcstion plrpoes.

1.3 Biological indicatars

The recommended threshold value for total conentration of
bacteris snd feng in the indoos sir i 500 OFUJm? in Portugsl [14)
As for Legionella, the maimum limit value is 100 0FU/L of water,
thee aampiling criteri 2 being defined inthe technical nte NT-S0E-02
117 regarding namely the mindmem nmmmber of amples and the
typically recommended collection points in the hot-water duct-
wark. In the present awlit. besides the purge of the hot-water
storage tank amd the retwmn collector, 1L samples wene callected
liroim ten showers (inrooms sel ected randomly), phus omne st each of
the stall male snd the female vashrooms. The measured data for
selected rooms are shmwen in Table 7 amd thoese results indi cate that
the indoor sir micrabial pollution in guest foomd is well below the
limit values However, & generalized contamination by Legionella
wiad detededin the hot-water i rowit, sl though with mo presence of
e pathogenic species | Legionella preumaphila). This impera tive by
determined an immediste overall thermal decontaminstion
procedure, of which the elfectivensss was checked out by further
woa ber aampling and analysis two weeks later.

34 Discussion

I the comerse of this awdit, some problems or s twstions with sk
for good 1AQ in the hotel budlding were identified. sudh 25 (1)
exceddive O0; concentration in the guest rooms during the period
of ooupancy (insufficient ventilstion): (2) wo high panticle
concentration in some rooms (after the housekeeping operation),
e b dispersion of dust de podited on carpets; (3) contaminst on
by non-pathogenic legionella of the sanitary hot-water dirouit; (4)
signd of fung growing on the inner surfsce of 2 vall (due to infil-
wrations); (5) degradation of the inmer wall insulstion, of the
condensate tray and of the filter cxssettes of the main AHU
(serving the lobby, the reception and other spaces st the level 0)
and poor hygienic @aditions due to inefficient filration of the
outdoor sir: (6) Poor filtration effe ctiveness in sll AHLUS; (7) Dete-
riourati an & md dint ness inthe condensste trays of the rooms Fan coil
i, dise bo bad drsinege snd difficult soces lbr maintensnos.

TabdeT
A " af

Location Tosal baceda Toal fengi Legianeda
[ R} ] (P wa ner}
St #3200 131 65 5T
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E Azl o al, | Baiieg and Everenme 48 (2001 ) 18 7= a3

Thede findings led to 2 st of recommendstions. for improe-
meent of 1A conditions, namely:

L keep the mechanical exhaust fan of the bathrooms warking
during the night perod (to gustantes 3 minimum level of
mutdoar sir intake by indilr stion):

1knpm.le the methodology and inrese the Fequency of

e FO0M CaRpets;

3. mutﬁl: of the sanit ary hot-water network with stainles sesl
ducts;

4. retrafit some pans of the basilding envelap, to prevent water
infil tration snd condendation on the inner surfsoes;

5. install an efficient fil oration section st the fresh sirintake of the
amaller AHILE;

6. replace the AHU1 by 2 new one, with energy recovery, effident
filtration, & plug fan and the possibility of varisble, demamnd
controlled sir flow rate;

7. replacement of the comdenaste trays of FOUS.

It is mecessary to state that scoording tothe energy certification
of building program in Portugal, the snalyeed hovel badlding is
categorized 2 A" clxs However, 5 it was dommented shove,
there are some problems relsted to the indoor sir quality in the
il ding. Fortwnastely in Portugalitis mands tory o have 1D sudit
sy wwiith the ener gy o ntifbes tion ol | arge b kdings. Thies the hotel
wﬂmmﬂmdmsﬂu&umdlﬂlptﬂm“l}l_
thoe il W i d for the imponance of
guumﬂgmmmﬂumiﬂns.%dmyuﬂym
the sdequate operstion smd planmed maintensnce of the HVAC
syatems

The result fom 140 awlit shows the necessity and the conve-
nience of performing an 1A sudit slong with the energy sudit of
il dings.

4. Conclusion

Hotel basildings are expected to R fil 2 varety n‘rqumm
applicabile codes snd =t sndands, snd i il arued

B33

& weful method to heve a better knowledgs of the AER in the
atudied space and to check the effectivenss of the implemented
e dive Mmexsines.

In particulac the application of the procedure i 2 selected hotel
il ch gy bl el by Smrvey thee IAD) perfior mance of the hote ] bl ding.

The machsion i that such & methodology is suitable for shont
period xsessment on hotel building sick, being very useful for
finding the asppropriate remedistion sctions to sohe the 1AQ
probdems in such buildings Maoreover, the results demondst rated
thoe fea sibility of the: approach, thus encorsg ing Funthe e extens ons.
sl for improve ments snd sppdicst on to other bail ding types, such
a5 offbce buildings and schoals
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are hased on industryconsenaus standands. Yet 1AQ affed s ocoupant
e aith, comfiort, amd productivity, and in some cases even basilding
usability, 2l of which can have significant economic impaas e
sl g nveree s fmanagers and OCOWPANLS eI

While hotel mansgerjowner and building professionals may
recognize the imponance of 1AQ, they ofiten do mot scknowledge
o diesign, constrist ion deckions amd control routines can result
im 1AQ problema In sddition, they may ssume that schieving
& high level of 180 i saocisted with premium -t snd novel or
even rdky technical salutions In other cxes, they may employ
it elisl messanres thought to provide good LAQ, swch i i nonesxsed
outdoor sir ventilation rates or specification of lower emitting
materials, without a sownd understanding of the project-specific
impacts of thee messwres or & systematic maesment of 1A
i oities. O the other hand little resasrdh has been concemead to
thoe 1AQ of ot el busildings wp o now.

This atwly presented practicsl information snd guideline on
how to estsblish amd conduct the comprelensive 1AQ sudit
approach for lotel buildings, based on Portugal national Liws. The
procedure presented fbe 10 sudit of hotel buildings proved to be
simple and comprehensive. Beyond the preliminary st the
aystematic approadh involves the mesurement of plodcal
parameters, the monitoring of the concentrations of selected
imloor air wmmﬁwﬁlmmw.ﬂﬂ
bacteris. Conti af bolic C0o revesled to be
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Abstract Good indoer air guality (LAQ) in buildings
provides a comfortable and healty environment for
the cocupants & work, leam, study, ete. Therefore, it is
important i ascertain the LAG) stams in the buildings.
This sudy i simed & establish and demonstrate fhe
conprehensive LAQ audit spproach for public build-
ings, based on Postugal nationsl laws. Four public
buildings in Porugal are used to demonstrate the
TAQ audit application. The systematic approach
involves the measurement of physical parameters
(emperature, relative humidity, and concentration of
the suspended particulate matter), monitoring of e
concentrations of selected chemical indicators [carbon
dipwide (C0s), carbon monoxide, formaldehyde,
ozone, and total volatile organic compounds], and
the measurements of biological indicators (bacteria
and fungi). In addition, air exchange rates are
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measured by the concentration decay method using
metabolic OO as the iracer gas. The comprehensive
andits indicated zome situations of common IAQ
poblems in buildings, namely: (1) insfficient venti-
lation rate, {2) too high particle concentration; and (3)
poor filtration effectiveness and hygienic conditions in
moat of e air handling wnits Accordingly, & set of
recommendations for the improvement of LTAQ condi-
tions were advised to fe huoilding owner inans gers.

Keywords Indoor air quality (LA Q) - Air exchange rate
(AER) - Indoor air polluwtantz - Membolic COa

T troed e thom

Indoor air pollution is currently a major public health
problem given the fact that most of the urban populs-
tions spend more than 80 % of their time indoors amd
that varipus airbome pollutants can canse serious
health problems. Fanger (2006) clhimed that e inci-
dence of allergic snd ssthmatic dizesses has doubled
i developed countries over the past two decades.
Bomehag et al. (2005) beliewed that the womening of
ndoor air quality (TAQ) iz & primary resson for the
increment in fwese diseases, TAQ) has declined bocause
of conprehensive energy conservation carmpeigns smwd
becawse high-energy prices have motivated people to
tighten their buildings snd reduce fe raie of ventila-
tion, so that he air renewal in many premises is at
historically low lewvel.
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On the ofher hand, the Buopesn Parlisment and
Council approved a directive on the energy perfor-
mance of buildings 2002/91/EC (EPBD) {European
Union 2002), which introduced the obligation of
energy certification of buidings. However, it does
not mandate LAQ asmessment of buildings. Poriugal,
az one of fw Ewopean Union member states has
adopied & series of measures to inglanent the EPBD
inte the national law (SCE 2006, RSECE 2004
RCCTE 200) and in the nonmesidential regulations
(RSECE 2004}, IAQ) periodic sndits of existing build-
ings became mandairy. Nevertheless, it is not fhe
caie for most of the member countries.

In this scope, a comprehensive TAQ andit method-
ology along with energy audit of buildings should be
estahlished to identify the indoor air problems.
Although some 1AL monitoring meduods have boen
developed in different countries, most of fem invobre
alarge amount of resources and manpower in terms of
conduction of the measrements, interpretation of e
data, one-site operation of fe equipment, sophisticaied
specifications of the application, as well & calibration
and regular maintenance of e nstroments,

Hence, e purpoae of this study is to develop amd
demonstrate 3 comprehensive LAQ audit methodalogy
for public buildings that does ot demand & lage
amount of resounces and manpower. The data collected
from this approach can be wsed to asess the air quality
in buildings and & identify the ndoor air problems and
consequently reduce fhe health risks

Apart from the introduction, the paper is strctured
in three more sections. The second section is devoied
to the proposed LA Q) sudit methodology and its appli-
cation on four public buildings It & followed by fe
digeussion on the results of methodology application
on cane studies. Finally, fe “Discission™ section sum-
marizes the main conclusions dawn up from this

paper.
Methods

T1AQ andit medhodology

The proposed IAQ audit follows a systematic

approach (shown in Fig. 1) with postable aquipment,
involving the messurement of physical parameters

[dry bulb temperaiure, relative humidity (RH), and
the concentration of the suspended particulate matter

£} Syt

(PMI10)], the monitoring of the concentrations of
slected chemical indicators [carbon dioxide (O0),
carbon monoxide (C0), formal dehyde (HCHO),
ozone (0y), and total volatile organic compoumds
(TWOCs)], and the messurement of biological indica-
tors (bacteria and fungi). In addition, sir exchange
rates (AER:) were messured by the concentration
decay method vsing metsholic OO0y as the tracer gas
where it Was necessarny,

The [AQ sdit commences with the collection and
analysis of the available architectoral, mechanical, and
electrical drawings followed by fhe preliminary visit in
order o verify and update the information provided by
the building owner or responsible agent, as well a
observation for sy spparent or potential pollutant
spunces, oocupants activities and complaints, swift
verification of OOz levels in the building, pre-
evaluation of fve hygienic and maintensnce conditions
of the heating, ventilating, and sir conditioning
(HVAC) systems, and collection of additional nfor-
mation which is deemed necessary for an adequate
audit planning. All collected information on the build-
ing and its HVAC sysens is considered i determine
the quentity and locations of fw required sampling
points, a crucial task for fw suitsble planning of the
T ST B .

The mext smge of the audit involves the mea-
surement of the specified ndicators, followed by
the evalustion phase In thiz phase, the measured
data will be analyzed and compared with limits
specified by standsrdsiregulations, and the sounces
of IAQ problems will be identified, with fe help
of an integral cosrelation between all indicamrs
mesured and information acquired. Finally, a set
of comective actions will be recommended to the
bl diineg  owme fmnsna ger.

Building ¢haracteristics

Four huildings in Porugal, of four different uses
{office, hotel, achool, and library), were selected as
case studies (Table 1) The selecied budldings were
diverse, ranging from 11 to 70 years of age. The main
areas of interest for this TAQ audit were the adminis-
tration roeoms of the of fice budlding, hotel guest rooms,
achool classroms, and library reading rooms. All
buildings were equipped with mechanical ventilation
with the exception of hotel guest moms which were
maturally ventil sbed.
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Iz clation, Femoval, Dilution.

Preliminary visit snd measirements
Preliminary visit

A walkthrough inspection and checklist was com-
pleted for the four buildings to document HVAC
system operation and hygiens, air intke location,
sources of contaminsnts, building drainage, roof
and interior inspection, maintenamce, combustion
appliances, roon area and volume, campets, spe-
cial facilities, space usage, and other factors
Photos of each visited places were mken. Addi-
tional information regarding the buildings was
obtzimed.

.

Migmber and location of swmpling podn

All spaces of the buildings with human occupancy
were grouped by zones. A measuring Tone & here
understond as a set of spaces with similar character-
istics, in complisnce with the following criteria: they
should (a) all be ventilated with fhe same air di flasion
stemiegry (e, miking of displacement vent lation) smd
he served by the same air handling wnit (AHLUY; (b)
have zimilar activities, thermal loads snd pollutant
emizsions, and similar layout; and (c) spaces with
complaint reconds or hosting more requiring occupants
(2.g., children or elderly people) should form a specific

TS ST, F0dbE,

o) Spinger
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Tahle | Summary of the bailding chancteristics
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The minimum number of sampling points &, i be
considered in each zone { with area A4, (in square
meter) was estimsted as suggested in the nationasl
1A guideline (Technical Mote NT-SCE-02 2049):
Ny =015 x4, (N, = 1). (1

Spatial position of sampling points & specified in
accordance to the intermational guideline EN 150
160001 (2004); at least | m away from walls in e
room and shout 1 m above the floor, since this is e
approximate height of the average breathing zone.
Locations of sanpling peints in each case study are
marked with red stars in Table 1.

Physical indicators

The thermal comfort level of the indoor environ-
ment is messured using an indoor climate analyz-
er DirectSense I1AQ (model 10610, GrayWolf),
which allowed messuring the room ambient tem-
perature (dry bulk) and relative humidity, besides
the concentration of several chemical pollutants
refermed in the mext section. The concentration of
airbome particulate matter (PM10: for particles of
gize =10 pm) was measured using an aithome
particle counter (model Handheld 3016 IAQ,
Lighthouse).

Air exchange rafes

The fresh sir flow mate theough a room is ususlly
evalusted using one of the three fracer gas methods:
conceniration decay, constant emission, or constant
concentration method (Charesworth 1988). In this
project, the racer gas concentration decay method
was selocied. This is the most basic medod for mea-
suring AER and it is used to obtain discrete AER over
short periods of time. In this method, a cermin amoeunt
of tracer gas is introduced o fe room snd fen it iz
mixed with the indoor air to get its uniform concen-
tration in the whole mom. Then, the gradually
decreasing concentration of tracer gas in the air iz
recorded. In the simplest case, the tracer gas (002)
may be introdwced in the room in 2 netursl way,
theough the air exhaled by people staying in that
room—meisholic carbon dioxide (Charlesworth 1988;
Persily 1997; Roulet and Foradind 2004; Godwin amd
Baterman 2007, Coley and Bersteiner 2000; Naydenov
et al. 2004; Corgnati et al. 2011).

The AER (in hours) in fhis method is determined
through the snabysis of the decay of COy concentration
in fwe roeom, afier fe source of such gas has been
stopped, ie, afier the cocupants have left fe room
So, for a decay peviod {1—1y) starting from an assumed
umi form COy concentration Cp in de room, the inte-
gration of an overall mass balance leads o

Clf) = C = (G — Co) - mmp| —AER{e — 1)}, (2

where C{f) iz fve observed COy concentration &t time &,
and Oy is the OO concentration in e outdoor air
All the (0, concentrations are expressed in milli-
gramz per cubic meter Equation (2) can be made
explicit for AER. Finally, AER may be estimated by
fittin g the kogaritm of the concentrations against time
(Assdi et al. 2011)

Chemical indicators

Continuous resl-time chemical monitoring of 00,
0, HCHO, O3, snd TVOC: was carried out st
the predetermined indoor sampling poins of each
specified zone or group of spaces, at shout 1 m
ahove floor level and at an cutdoor point in close
proximity to the fresh air intake of te AHL, for &
period of 15 min at each point. All the above
chemical indicators wene measured with Direct-
Sense TAQ (model 10610, GayWolf semsing solu-
ipn), with the exception of HCHO which was
messurad with a formaldehyde gas deector (model
FP-30, Riken Eeiki Co, Lu)

Biological indicators

A portable air samgpler (SAS Super [AQ, PE Interna-
fional Co)) for semizolid medivm (agsr plates) with &
constant sirflow rate of 100 Limin was used & carry
out the biclogical ssmpling for determining e con-
centration of bacteria and fungi in fe air. The mediom
wed for the collection and further |shoratory culture of
bacteria was trypticase soy agsr, while the collection
of fungi was made onmalt extract agsr. Esch of tese
meaurements was taken over a pericd of 2.5 min to
et an air sample of 250 L. Afier incubation in kabo-
mtory under specific tempermture conditions, each
plate & analyzed and the results of counting are
expressed in colony-forming units per cubic meter of
air (CFINm®). Lagfonaily is snother biological indica-
tor which should be monitored, taking 1 L ssmples of

o) Spinger
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hot water (HW) circuik or reservois poatislly gen-
erating sprays: from the purge valve of each storage
tank and of fhe retumn collector and from supply ter-
minak. With particular use for buildings having a
great numbser of showers (e.g., hotels, hospitals, eic.),
the Technical Noe NT-SCE-02 (2009) recommends a
minimum number of water-sampling points © be
eatimated as

Ny =075 % T, (3)

where M, is the number of water terminals in each zone
i. The selection of the sampling points should inchede
primarily showes that (5) sre not operated daily and
(b)) are moat distant from the hot waker sorage tank or
heating equipment.

In order t0 ensure fhe suitmbility of the measuring
equipments, the ranges and accuracy of the measure-
ment instruments usad in this sndy sre summarized in
Table 2.

Results and discussion
Physical indicators
Evaburtion of termal ¢omgfon

The thermal comfort parameters are presented in
Table 3. The air dry bulb empeature recorded in
specified meazuring points anged between 24 and
26°C amnd the RH ranged betwesn 32 and 60 %
and all—except building “3" (school}—achieved
the comfort mnge (20 to 26°C and 20 © 60 %
RH) a per the recommendations of ASHRAE
(1993).

Evaburtion of particdate polbation

The recommended threshold level for the concentra-
tien of PM10 in indoor sir in Poringal i 0.15 mgin®
({RSECE 2006). Table | shows fe measured values of
indoor concentration of FM10, which overcome e
threshold level in all buildings except building “4"
(library). In the case of building “1" (office), the
pollution source was the smoking activity (allegedly
sporadic) in the directos's office. The excessive indoor
air particle concentration in some of the hokel rooms
was due to accumulafion i the fleor carpet asociaied
with enhamced dispersion by people walking. The
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vaouum clesner used for daily clesning was & top
mosdel equipped with a HEPA filter; therefore, more
frequent washing of the carpets was recommended
{once every 3 months). As for the school building, it
was concluded that the current wiping process of the
classroom floors should be avoided because it
leaves a significant amount of particulate mater
deposited, which iz later disseminated by the
sndents’ natural activity, mainly on entrance and
leaving the rom. Vecuom cleaning method was
recormimended.

(hemical indicabors
Carbon dioxdde

O, levels mnged widely and ecceeded 1,800 mgin®
(comresponding to 1,000 ppm at stendard pressue smd
25%(C) in some measuring poini (Table 1). Pesk levels
reached 1,785, 2,005, 3,390, and 2,677 m,g"ms in
buildings 1" o “94", respectively. Accordingly, high
O levels were found in all buildings except buoikding
“1" (office]), which led us i further investigate for the
spurces of higher values.

Regarding the 0y concentration, the verification of
compliance with the national regulation limit value
{1,800 mg/m’) must take int account fhe achml ocou-
pancy of the space. For fhis purpose, the techmical mote
(NT-SCE-02 200%) suggests the following criterim:

(0: ke [C0s ) X SHEEE 4 007, 5100
(4)
where [COy Ly is maximom reference value of OOy
concentration, 1,000 mgm®, [COy]g, is the COy con-
centration in the ouvidoor air, snd [COWhy ey is time-
averaged cancentration of OOy in each ssmpling podnt,
Mocmp w15 the maximum allowed number of ocou-
pants in the mom or space; ad Nocmp is the aciual
mumbsr of cocupants during the meaamwements.

For fve case of existing buildings, if the first crie-
rion iz not fulfilled, 2 second one i reconmended that
allows an increase of 50 % of fhe hreshold level, but
mplies messuring and averaging e OO, over the full
daily period of cocupancy, Since the first criterion was
not fulfillad in buildings “2" to *4,” the scond crite-
rion was evaluated. The result is presented in Table 1.
There is 0o case with more than 2, 700 mg/m® of CO:
average concentration during the whole cocupancy
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period in building “4"; therefore, the library reading
room i in compliance with the second criterion. How -
ever, C0, concentrations in buwildings “2" and “3
exceeded fhe limit vahe by 24 and 30 %, respectively.
Themefore, AER measurements were carried out. It iz
seen that the AER in the hotel mumisﬂ.-ﬂﬂh",
comesponding to 20 mYh of infilrated fresh asir per
person, which is lower than fhe minimom requirement
stated by the national TAQ regulation (REECE 2006)
for design project of hokel moms in new buddings
{30 mgh'umw}. Consequently, it was suggesied
to the hotel echnical management to keep the bath-
ronm e hanical exchanst S working during the i ght
period, which led to compliance of 00 ; concentration
according to second criterion for existing il dings.

Carbon monadde

The C0 concentration should not exceed 12.5 mgim®
(10.5 ppm) according to national LA regulation
(RSECE 2005). In fhiz study (buildings with no smok-
ing activity), the messured 00 concentration ranged
from 144 to 3.10 mgim®—values that are well below
the recommended thresholds,

Formaldehyde

The concentrations of formaldehyde messured in this
study were below 001 ppm—in compliance with the
national regulation (hreshold level of 0.08 ppm). Gener-
ally, the high concentrations of formal dehyde are attrib.-
uted to the materials used fir interior decoration, a5 well
as fhe emission from e detergents snd cleaning agents

Toval volatile organic compounds

The threshald value for total volatile organic compoumds
in the indoor environment in Portugal & 06 mgim®
(0.26 ppm, if referred 0 wobutylene; 0.16 ppm, when
refermed o ioluene) (REECE 2006). The maximuom con-
centratimns of TV wene below the limit vale at each
building, except building “1™ (office) which is mainly
reaulting froam emissions by fe consume s prodocts wsad,
the furnishing, and office equipment

Dane

In thiz study, the concentrations of ozone were helow
007 mg'm®, in accordance with the national TAQ

regulation which mandstes the 0, concentration mot
o excoed 02 mgin' (0.1 ppo) (RSECE 2006).

Biological indicators

The recommended threshold value for total con-
cenfration of bacteria snd fungi in indoor air iz
500 CFUim? in Portugal. The resulis for this mea-
surement (Table 1) indicawe that the indoor air
microhial pollution at each building are all below
fhe limit vales. In the present work, Legionalla
sp. was not detecied in the buildings, except in the
hotel where a high concentration (3,800 CFU/L)
was found in the water sample from a shower of
fhe staff locker room (at level —1). Although the
pathogenic species was not present, a thesmal
decontamination of the whele HW ductwork of
the hotel was immedistely determined and ingle-
mented. Repeated water sanplings just after the
decontamination process and 2 weeks laier allowed
concluding that the problem had been solved
However, 3 mome detailed search was conducied
i find the ressons for that event and the conclu-
siong pointed out several concomitant critical fac-
inrs for bacierial contsmination: (a) the showers of
fhe staff locker rooms were seldom used and (b)
they were the most distant from the HW tanks {(on
e roof). Forhermore, (c) the hot water supply
from the HW recirculation circuit to these spaces
wa made by a 20-m section of pipe that was
found to be degraded (intemnal oxidation noticeable
by the color of the sampling water). This section
of degraded pipe provided a volume of stagnemt
warm water, thus meeting all the conditions for the
bacterial proliferation. Renovation of this section
of pipe md the planing of monthly disinfection
of all shower terminals were the practical results
a5 dictated in the respective 1AQ audit report. A
fourth critical factor was {d) the insufficiently high
storage temperatre in the hot water tanks (36°C],
which was sftriboted to technical difficulties that
were further identified in the simoltsneous energy
audit (global inspection of the HVAC systems) and
related with the inadequate installation of the plate
heat exchanger for HW production, that was found
v be operating in co-cwrent mode. The comection
of the heat exchanger connections was a simple
corrective action that effectively zolved the
referred tochnical limitations,
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Driscussion

An assessment of indoor sir quality in four public
buildings in Portegsl was conducted. The mesuls of
these IAQ audits show that most of the messured
indicators are within fe fweshold limis, although
some problems or situations with risk for the good
TAQ in some buildings were identified, such as: (1)
excesgive C0, concentration in hotel and school
buildings during e period of cocupancy (insufficient
ventilation); (2) too high perticle concentrations; {3)
lack of regular hygiene snd maintenance of HVAC
systems, (4) poor filration effectiveness in all AHUs,
and (5) bacterial contamination of the hot water duct-
work (Teotel).

These findings led to a set of recommendstions for
improvement of LAQ conditions in buildings, namely:
1. Improve the methodologies and increase the

frequency of indoor cleaning
2. Regular cleaning of all AHUs and is components
3. Replacement (hokl) and refishishment of AHIs,
o install a prefilter and more efficient final filers
4. Provizion of higher fresh air ratios or increase of
ventilation rate during occupancy period
Absoluiely forbid smoking indoors (office building)
Replacement of degraded and critical section of
hot water piping
7. Cosection of HW heat exchanger installation and
seta mininmm of 60°C for HW storage tenperature

B b

In addition to the shove common recommends-
tions, some specific guidelines were alo suggesied
to the facility managers according to each building-
specific IAQ situstion. Finally, the building mansgers
were sensitized for the importance of guarsntesing
gond TAQ in the buildings.

Conclusion

Indoor sir quality assessment of buildings is a process
that includes different types of procedures. A qualified
building survey, comect sampling procedures, and a
good evahation and anslysis of the information that is
gathered from sampling procedures iz crocial in order
to obtain a satikfactory result. It is important for fhe
investigator to be able to evaluate the results from
measurements and comrelate them with in sitln obser-
vations, in order to create hypotheses reganding
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possible canses for the JAQ moblems to be solved
andfor actions to be taken. The financial budget in
mioat building TAQ evalation i limited This makes
it imgortmnt that the periodic LAQ amassment method
cam be performed in a practical manner and represen-
tmtive enowgh without being expensive.

This study presented practical information and guide-
lines on how to establish and conduct the comprehen-
sive LAQ audit approach for public buildings, based on
Portugal national laws and previous experience of the
lic buildings proved i be simple and comgrehensive.
The conclusion is that such a methodology is suitable
for short-period assessment on public boildings, being
usefil for finding the appropriate remediation actions to
solve the LAQ) problems in swch buildings.
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Duae to growing limitatiors on land use and awareness of sustainability concerns, the building retrofit
market has faced increasing opportunities worldwide, Several technologicallconstructive options are
available to improve energy efficiency and indoor environmental quality in buildings, The identification
of the most appropriate retrofitting options is a topic of outstanding importance given the potential costs
and impacts imnolved,

:m:‘mm This paper presents a multi-objective optimization mode] to assist stakeholders in the definition of
M ctective ppmiticn il A8 g theoeeapank eds s g ements A cxisting house nesding reFubishment s hcn
Energy sasing satisfying theoccupantnee requirements, An existing house needing refurbishment is
as a case study to demonstrate the feasibility of the proposed multi-chjective model in a real-world
situation, The results coroborate the practicability of this approach and highlight potential problems
that may arise,
© 2011 Elszvier BV, All rights reserved,
1. Introdec tion building and its environment are complex systems (since eco-

The building sector i the largest user of energy and C0z emit-
ter inthe European Union (ELY) and is responsible for about 40% of
the ELr's total final energy consumption and CO0g emissions, Even if
all future buildings were to be built so that their energy demands
were very low, this would still only means that the increase in
energy demands would be reduced and it would not reduce the
present demands, For many years to come, only measures taken
in existing buildings will have a significant effect on the total
energy demands in the building stock. As a consaquence, the cor-
nerstone of the Eurapean energy policy has an explicit orientation
to the conservation and rational use of energy in buildings as the
energy performance of building directive (EPBD) 200291 EC and
its recast (EPBD) 2010/31) ELN indicate [1,2]. The EFED's main objec-
tive is to promote the cost-effective improvement of the overall
energy performance of buildings. One of the best opportunities to
dosowould be during building retrofit. Althougha thorough build-
ing's retrofit evaluation is quite difficult to undertake, because a

® Corresponding author at: Dep. Engenharia BMecinica, Universidade de Coimbra
— Péio 11, 3030201 Coimbra, Fortugal. Tel.: +351 230 7RO T2
Fam:: +351 230 700 771,
E-mall adirvss: etsanasad demioe pi (E. Asadi)

D3TETTEEE - =2& front matter @ 2011 Elsewier B.Y. All rights nesarved.
doi:10.1016!j2nbuild 201 1. 10016
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nomical, technical, technological, ecological, sodal, comfort, and
esthetical aspects, among others must be taken into account), in
which all sub-syste ms influence the overall efficiency performance
and the interdepend ence between sub-systems plays a significant
role [3].

Furthermore, as innovative technologies and energy efficiency
measures for buildings are well known, the main issue is to identify
those that will prove tobe the more effiective and reliable in thelong
term. When choosing among a variety of proposed measures, the
Decision Maker (DM) (the comesponding building expert) has to
reconcile emvironmental, energy related, financial, legal regulation
and social factors to reach the best possible compromise to satisfy
the final occupant needs and requirements,

Several decisionald approaches (cost-benefit analysis [ 4], multi-
criteria analysis [5-11]. multi-objective optimization [12,13],
energy rating systems [14,15], etc.) hawe been used for addressing
the mentioned and other related problems,

Goodae et al, [4] used a cost-benefit analysis framework to
assess the potential scale of some of the benefits from upgrad-
ing heating and hot water energy efficiency in the English building
stock,

Gero et al, [5] were among the first to propose a mulki-
criteria (MC) model to be used at the process of building design
in order to explore the trade-offs between the building thermal
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performance and other criteria such as capital cost and usable
area of the building. More recently, other researchers have also
employad MC techniques to similar problems, Jaggs and Palmar
[6], Flourentzou and Roulet [7], and Rey [8] proposed MC-based
approaches for the evaluation of retrofitting scenarios. Blondeau
et al. [7] used MC analysis to determine the most suitable ventila-
tion strategy in a university building among a set of actions, Their
aim was to ensure the best possible indoor air quality and ther-
mal comfort of the socupants and the lowest energy consumption,
Kaklauskas et al, [3] deweloped a multivariate design method and
MC analysis for building refurbishment, by determining the sig-
nificance, priorities and wutilicy degree of building refurbishment
alternatives and selecting the most recommended variant. Allane
[10] used a MC kmapsack model to select the most feasible actions
in the conceptual phase of a renovation project. Kim et al, [11]
developed a genetic algorithm-based decision support systern for
housing condition assessment that suggests optimal refurbishment
actions considering the trade-offbetween cost and quality, Diakaki
et al. [12] investigated the feasibility of applying multi object e
optimization techniques to the problem of improving energy effi-
ciency in buildings,

These lines of research have allowed addressing many problems
as far as buildings retrofit is concerned. Howewver, most of them
consider that a list of predefined and pre-evaluated intervention
options/solutions is given. In case a small number of such solu-
tions have been defined, there is no guarantee that the solution
finally reached is the best one (from the DMs perspective) Om the
opposite, when a large number of solutions is defined the required
evaluation and selection process may become extremely difficult
to handle.

The problem faced by the DM is in fact a multi-objective opti-
mization problem, characterized by the existence of multiple and
competing objectives for assessing the merits of the pobential
solutions according to different evaluation axes, a set of feasible
solutions that are not predefined but are implicitly defined by a set
of parameters and constraints that should be taken into account
to reach the best possible solution [12]. Accordingly, this paper
presents 3 multi-objective optimization model to quantitatively
assess technology choices in a building retrofit project, This mode]
takes into account all fieasible combinations of choloes (concemn-
ing windows, insulation materials for roofs and walls, and solar
collectors ), without being confined toa small set of predefined sce-
narios in building retrofit. To this end, an illustrative real residential
building is used to demonstrate the feasibility of the proposed
approach and highlight pote ntial problem that may arise, The DM is
provided solutions corresponding to different trade-offs bebween
energy savings and retrofit costs, A solution to obtain a desired
efficiency label at minimum cost can also be identified,

The remainder of this paper is organized as follows, The pro-
posed multi-objective optimization model is presented in the next
section, It is followed by the application of the proposed model to
areal-worl case study, Finally Section 4 summarises conclusions
and discusses issues for future works,

2 Theory and methodology
Z1. Mult-objective optimization problem

This study considers the multi-objective optimization (MO0) of
buildings retrofit strategies. Therefore, it requires the definition of
appropriate decision variables, objective functions and constraints,
and fimally the selection of appropriate solution technigues, The
decision variables reflect the whole set of alternative measures
that are available for the retrofitting of the building (e.g. windows,
insulation material, etc. ). The objectives to be achieved [ minimum
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retrofit cost and maximum energy sawings) are defined using the
appropriate linear or non-linear mathematical formulations. More-
owver, the set of feasible solutions is delimitated with respect to
logical, physical and technical constraints concerning the decision
wariables and their intermediary relations,

22, Decision varables

The set of retrofit actions in this study concerns combinations of
choices regarding windows, external wall insulation material, roof
insulation material, and installation of solar collector to the exist-
ing building. Thenefore, four types of decision variables are defined
concerning the alternative choices regarding:

» the windows type;

» the meternal wall insulation materials;
# the roof insulation materials;

« the solar collector type,

For simplicity, it is assumed that only one retrofit action from
each four set of actions may be selected for the building retrofit.

Assuming availbility of I albemative types of windows, J alter-
native types of external wall insulation material, K alternative types
of roofinsulation material, and L alvernative types of solar colledtor,
binaryvariablesx}'" withi= 1, .. L™ with j=1, ... [x)* with
k=1,...K and ¥° with I=1,.. . L are defined as follows:

ifwrind ow type { is selected

X - { :; othenaise 21
ijm _ ;: ;l;:mmmmmlw;ummmemm (2.3)
X _ { ; J-:-Etlshilra\?f_rla: material type kis selected otherwise | o,
- { ; mﬁﬂ]ednrwﬂsse]ecteﬂ (2.4]

23, Objective function mindadon procedures

2.3.1. Energy savings

The general procedure for estimating the energy savings, ES,
from a retrofit project is based on the calculation of the differ-
ence betwesn the pre-retrofit energy consumption predicted from
a model and the post-retrofit energy consumption [15]:

E5 =Epre — Epoxt
where

(25)

# Eprg - the energy use predicted from a pre-retrofit model of the
facility,

# Epest — the energy used in the facility after implementing the
retrofit actions predicted from a model,

Therefore, it is important to develop a model for the building
before estimating the retrofit energy savings. To limit the compu-
tational time, a simple thermal model of the building is developed
based on the current method ology of the Portuguese building ther-
mal code (ROCTE) [16], which is based on 150-13790 [17].

Generally the energy sources in a building are used for space
heating, cooling and domestic hot water (DHW) systems and for
electric lighting (in this specific model electric lighting is not con-
sidered), The building enengy needs (E = Epre 0 Eppsr ) are caloulated
using Eq, (2,6);

E = + Qe + Qe (2.6
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where

» (y— energy needed for space heating [kwhjyear]:
» Qe — energy neaded for space cooling [kwhi year];
* (o — energy needed for water heating [kwhj year],

Asteady-state yearlybased caloulation methodology is used here to
estimate the heating and cooling needs of residential buildings, as
wellas the DHW needs, The heating needs are obtained applying a
degree-days method and the emvelope heat balance for the heating
season, The cooling needs are obtained from the average difference
between the indoor-outdoor temperature and the envelope heat
balance during the cooling period, The DHW needs are obtained
applying the average daily reference consumption and the annual
number of days of DHW consumption,

231.1. Energy need for feating For each building zone and each
season, the bullding energy need for space heating, Qudx) (xdenctes
the vector of all decision variables defined in Section 2,2), for
conditions of continuous heating, is calculated as given by Egs,
(27-(2.14);

Q) = Qel) + Qp — Qguix) [kwhyear] (27)
Q) = Q%) + Qi — O [EWhyear] (2.8)
Quoee (6] = 0,024 . DD . BLC e [KWhiyear] (2.8
i
BLCa = Awin U|.x“‘+%
20 Tha§edyy
Asor
+ (2.10)
Ehl@rdlﬂut
(i = 0.024. DD. I/ . A2 [kWh/year] (2.11)
(g = 0024 . DD .Zmlﬂ'ﬂ . By [kWhjyear] (2.13)
(Qp = 0.024 .(0.34. ACH . Ap . Py). DD [kWh year] (2.13)
Qpuix) = g[(0720.4p M . q) + (M - Gegpen
-Ele <Ay g - 8] [ewhyear] (2.14)
where
Coefficients;

» 7 - losses to non-heated spaces reduction coefficient [kwhj year];
» ¥ - linear heat flux transmission coefficient [wim=cC]:
* X; - orientation coefficient for the different facade orientations;

Parameters;

# Ly — window type  thermal transmission coefficient [w/m?2 *C];

Awin — windows surface area [m?]:

Ay - thermal conductivity of external wall insulation material

m=C];

» d; - thickness of the external wall insulation [m];

. — exteriorwall surface area [m2];

® Ay — thermal conductivicy of the mof insulation material
[wfm=c];

w d; - thickness of the roof insulation [m];

# Agne— roofsurface area [m2):

* ACH - air changes per hour [h-1];

= D0 — Degree-Days [*C'day]:

* gy — internal gains [Wim? [;

211

= &1 - heating season duration [months];

® Gy — average monthly solar energy that reaches a south ori-
ented vertical surface [kwhj m? month];

= 1j— heat gains utilzation factor;

o x(x) - conduction heat loss through building emeelope
[kwh/ year];

# (Jp — heat loss due to fresh air flow [kwhjyear]:

* (guix)— usefulheat gains(internal +solar heat gains through glaz-
ing] [kwrhfyear];

* Q) — heat loss through zones in contact with outdoor (walls,
glazing, roofs and pavements) [kwhjyear];

® amyfx) — heat loss through zones in contact with non-useful
spaces (walls, glazing, roofs and pavements ) [ Ewh jyear]:

# (el x) — heat loss through linear thermal bridges [kwhfyear];

# BLCey — building load coefficient [wWyC):

» A2 - building enwelope in contact with non-heated spaces [m?];

+ B floor orwall interior linear perimeter for envelope in contact
with the soil or thermal bridge interior length [m]:

# Ap - net floor area [m?];

#» Py - floor to ceiling height [m];

* A - effective glazing solar radiation collector area for the differ-
ent windows orientations,

231.2 Energy need for cooling. The cooling needs are obtained
applying the following equation;

Q) = (1 — ). (Qa ) + Qgulie) + Q2 + 03] [kwhyyear] (2.15)
Qa[x] = 2.02B . BL Cpxs - [ — 25] + BlCo - [ -br/25)] W h)year] [z.18)
(pix) = 2.028 . (0.34 . ACH . Ap - Py)(fm — 251 [kWhiyear] (217)
(s = 2.028 . Ap . g; [kwhyear] [2.18)

whene

# fm —awverage outdocor temperature in the cooling season;

» of— exterior envelope solar radiation absorption coefficient;
# Ir — solar radiation intensity for each orientation [wWim?];

= [y — heat gain through emvelope [lwhiyear]:

* (1 - heat transfer due to infiltration [kwhjyear]:

# 3 — internal heat gains [kwhjyear].

2313 Energy needs for water heating The DHW needs are
obtained applying the following equations:

Qcl) = [% — Bl _q,,,.) [kwhjyear] {2.19]
Q= 0.0B1 .Mugs - ny [Ewhjyear] (220)
L
Eoaig) -EE,“" - ¢ [kWhjyear] [z21)
]
wherne
Coefficient;

* 1o — DHW system efficiency;

Parameters:

1 Thisterm isa negative heat gain, a5 the average cubdcor temperature is ahaays
less than indoor air set-point temperature in cooling season [ Annex [, ROCTEL
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* Myqe — average daily reference consumprion;

» Ny - annual number of days with DHW consumption;

. .I:‘I‘“[x]— energy contribution from salar collector type 1

# Frm — energy contribution from other renewable sources;

» p - energy supplied with conventional systems for DHW

[kwhjyear].

232, Retrofit cost

The overall investment cost for the retrofic of the building is
caloulated by adding the retrofit costs correspond ing to each action
as follows;

! J
MW“I]—ANHEC?H'-I'M‘+MZCEW ..flm
=]

(2.22)

K i
+Amwa O A LN G e
=1 I=1
where

- ﬁ— cost in [ m2] for window type i;
i b cost in [#fm?] for external wall insulation material grpe

I8
» P _ cost in [&m? ] for reof insulation material type k;
* f* - cost for solar collector type

24, Solrtlon technd ques

The decision variables, objective functions and constraints
developed abowe, lead to the formulation of the mult-objective

programming problem:
MinZ,(x) = ReCost{x)

MaxZz(x)=ES(x]
5k
Ao, 1) Wie(1.2, ..., n
=0, 1) Ws(1,2, ..., I
xt“:[u.nvk:u,z ..... K}
e, 1) a2, .., L}
]

L

o

=1
bR ol
3 -

Problem (2.23) is a combinatorial bi-objective problem, in which
the objective functions oost and energy savings are conflicting,

The model has beenimplemented in MATLAE [ 18] and a Tcheby-
cheff programming technique has been developed to tackle the
multi-objective optimization,

To apply Tchebycheff programming, the decision model is rear-
ranged to aggregate the two objective functions, In this method
weighting vectors & are used to define different weighted Tcheby-
cheffmetrics [19]. Asa first step, the ideal objective function vector
Z* should be computed,

Zp = max(Zi(x) < 5)  ifZyto be mazimized
Zr = miniZi{x)x<5)  fZ tobeminimized

(2.23)

(2.24)
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The problem is then formulated in a way to compute the solutions
closest to2*, according to those metrics, Therefore, the problem is
formulated as fiollows:

Minjar}
S

az (B -Z{) | F
1
a2 (2 - Zalx)) ’z"—!
@z
s 1) Wial, 2., n
S0, 1} Wia{l, 2., n
<0, 1) wks(1,2,... . K)

Hoeio 1 W12, L)
)

ZII"‘“ -1

(225)

In this formulation, Ay and Az are two constants representing the
weight of each objective. These weights can be changed to obtain
different compromise solutions, For srictly posivive weight values
this formulation yields solutions that are non-dominated (eficient,
Pareto optimal); for each of these solutions there is no other solu-
tion able to improve cne of the objectives without worsening the
other objective,

3. An illustrative example

This section is aimed at illustrating how the approach described
in Section 2 can be used to provide decision support for select-
ing a satisfactory compromise solution based on the MOO model,
The building under study is a semi-detached house {one family)
constructed in 1845, situated in central region of Portugal (Fig. 11
The number of degree-days, heating season duration, the average
temperatures and the corresponding solar radiations have been
extracted from the national regulation (RCCTEL The building has
a ground floor and a basement, The two stories are connected by
a staircase (Fig. 1) The gross floor area of the house is 7 m? and
its awverage hedght is 2.47 m, The glazing area represents 10% ofthe
floor area,

The building has a concrete structure, The walls are built in con-
crete with no thermal insulation (U =237 W/m? K), The house has
standard single glaz ing (U= 3.4 W/m?* K) and window frames are in
wond, Its main facade is toward south-east, The house is heated
with electrical heaters, using a natural gas standard bodler for both
space heating and sandtary hot water production,

According to the Portuguese regulations, internal temperatures
for heating and cooling periods have been set to fg =20°C and
By =25°C, respectively. Temperature for heating water has been
set to 45°C, In addition, the internal heat gain per unit of floor area
is set to 4 (Wim2),

For heating, cooling and hot water supply, electricity is talen
into account as the main source, while solar energy is only consid-
ered for hot water supply.

After introducing the reguired data into an excel spread-
sheet, the program developed imports the data into MATLAB
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automatically for further analysis, including prediction of the build-
ing energy use before retrofit,

The summary of results from the energy analysis of the building
befare retrofit is reported in Table 1,

A list of altermative retrofic actions applied in this study is based
on a CYPE rehabilitation price generator database [20] extracted
by the authors, Typical retrofit actions including different window
types, external wall insulation materials, roof insulation materi-
als, and solar collectors hawe been introduced on the list aiming at
improving the building energy sawing by decreasing energy con-
sumption and retrofit cost, Tables 2-5 present the retrofit actions
that will b referred to in the results (these are a subset of the 101
retrofit actions considered),

After the energy amalysis of the building, the non-dominated
solutions to the MOO problem that individually optimize each
objective function are computed (solutions 51 and 52 in Table &)
using the function bintprog in MATLAR's optimization toolbox, The
components of the ideal solution, which is the initial reference
point, are displayed in bold italic. Table 6 also indicates the row
numbers of corresponding retrofit actions leading to the 51 and 52

APPLICATION
E. sl of af { Enr gy and Bulidings 44 (2012) 81-87 ES
Basement Jreund Lo
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Fig. 1. Schematic plan of basement and ground Aoor ofcas: study.
Tahle 1 =
Building £ nergy analysis hefore retoodE. s I HrETel AT Tinngrasn g
Building perfonmance indicators = L. e
Estimated giobal annual primary energy for heating, 12,69 [kgosi o year] p2 T e T "‘v
cooling and water heating , 3 W
Exkting building botal energy consamption 31541.58 [KWh/year| i i
Existing building Energetic Classiflcation [ @y S
Existing building C0; emission 14045 [T year] o 03 |
0% : !

u'gﬁ <

[Fig. 2. Mormalized multi ohject ive solutions for the building refrofit strabegies.
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Fig. %. Dbijective functions change whe n the cormespanding welghts in the Theby-
«chefl fanmulation change.

Tahle 2
Characteristics of albernative windres.
.| Type Thermal fransmittance Effective solar energy Cost (g me)
(WWim3-C) trarsmittance (%)
1 Single glazing 5.10 E5.00 .08
Typical glazing
2 2bd glazing 230 FEOD .42
Withouk Ehenmal break
Uncoated air-flled metallic frame
4-12-4
3 2bd glazing 270 FEOD 40,31
Withouk Ehenmal break
Uncoated air-flled metallic frame
4-15-4
4 2bd glazing (911 EZOD 5572
Lo window (with thermal break)
coarted air-Alled metallic frame-4-12-4
MELTRALLX
5 2bd glazing (911 44.00 13553

Window air-Alled metallic fame
6-12-4 SOLAFLLIY Supernabaral 7040
Temprada
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Table 3 Takle 5
Characteristics of albe rnative extemal wall insulation materials. Characteristics of akemative solar collector Systemrs.
M Imsulaticn Thickness{m]  Thermal Cost{&tm?] N Type ESolr[kwh]  Cost(sm’)
types ?D"::fglm-'" I AZIMUTI4SFL[1pkin collecior 161 15451
b wih Thermesyphon)
1 Stome wool 0. oo 1125 2 AZIMUT152F2 [ 2plain collechor 1365 402,27
2 Glass woaol 0os O.03E 1267 with Thermosyphon)
3 EFS[expanded 003 ooss TE4 3 JUKKERS ( 1plain collector with 1048 =]
pailystyTen] Thermosyphon) A1) T5150) FEB
4 0a7 ooss 10,44 4 DANDSA SOLAR TDS 150/ CE 1048 45547
5 0 0oss 1115 {1plain collecor with
B 0 FTEE] 1633 Thermosyphon)
7 0 o0ss Bl 5 DANDSA SOLAR TDS200/ CE 1000 2113.5
3 03 ooss 056 (2plain collector with
0 Sprayed [1¥: ] o4z 630 Thermosyphon)
polyurethane B JUKKERS (| 2plain collector with 1020 33554
m Conk o1 o4 205 Thermosyphon) A1) T51 500 FEB
11 0.10 o4 1785 Indlination3a
E g: gg: :::: MWare: ESolar [kWWh] that is the energy production from solar oollector has been
: calculated by SOLTERM software [21] which is deweloped by the Portuguese Mational
Laboratary for Energy and Geology [LMEG].
Table 4
Characteristics of albe rnative Toof inmilation materiaks.
L] Insulatizn Thicknesz{m] T";;f_':llj | Cost&mT] coefficient of the energy saving objective increases, the solution to
types ?3., o ty problem (2,25) approaches the optimum solution when only the
second objective is optimized and finally reaches it (when &y =0,
! ﬁmm“ ooz .04z 638 kz=1) Asthe weight coefficient of the retrofit cost objective func-
2 EPS[expamded 0.3 o3z 4332 tionincreases, the solutionapproaches the optimum solution when
polystyren) the first objective is optimized individually, The values in Table 7
3 004 L EE] 58 were used to construct the graph shown inFig. 2, displaying some of
: gﬁ gg:: :‘I’: the points that lie on the non-dominated solution frontier, Choos-
H a7 o033 043 ing each solution from this frontier will lead to different retrofit
7 00d o3 07 costfenergy saving trad e-offs, possibly leading to distinct energy
3 XFSiextruded 004 0.034 1154 classification of the building according to Portuguese code (RCCTEL
palystyren] The location of the ideal solution is alse shown (red star) In terms
13 oo wioal Eﬁﬁ ggg g:g‘r of retrofit actions, we can note that in the right hand side of the

solutions, as well as the building energy classification after imple-
menting the associabed retrofit action package.

The non-dominated solution that minimizes the Tchebycheff
distance (that is, minimizes the largest deviation) to the ideal
solution is then computed for different combinations of objectie
functionweight coefficients usinga modifiedversionofrhebintprog
function in MATLAB, which makes the construction of the non-
dominated frontier possible, Table 7 shows the objective function
walues at an equally spaced finite number of & values, As the weight

curve a small increase of retrofit cost can lead to an improvement
of the energy classification of the building from C to B-. In the left
hand side, the situation is more difficult, and a large amount of
inwestment is required to improve the energy classification of the
building from B~ to B, This case highlights the major advantage
of a multi-objective formulation, which is to provide a thorough
understanding of the trade-offs between the competing objectives,
and bring the potentiality of each imvestment into focus, Inthe cur-
rent case the building cwner could be easily convinced to slighthy
increase the amount of investment from 1781 to 1814 in order
to improve energy classification of the building by cne level.

Table &
Mon-dominated soubions,
Sohfion BeCost (&) E5(kWh]year] Window iype EWAd immalation BOF insulation Solar collechor Energy dassification
51 e 15253 1 12 1 4 C
52 =201 25539 4 13 10 -] B
Table7
Froblem sobxion applying TohebychedT programming.
F3 A A3 Bl 4] S [h%hy year) Window typ= EWaL insulation BOF irsulaticn Solar collechor Energy dasification
el ) 100 oo woLaz 15263 .06 1 e} 1 4 C
ooz [1K=1] o 1334.12 202046 1 T 3 4 :
a3 oao ] 136505 2116540 1 E 3 4 :
g {1e1] .30 1m0z.73 I7E5.73 1 4 5 4 :
aas [IE=1) .40 104131 30633 2 4 4 4 :
ans o.=0 asn 103353 ITeDA3 rl 5 -1 4 B-
oS 040 [ :11] 2057 00 {02545 3 -] ¥ 4 :
aoF 03o a7To 217.15 15630 3 11 ¥ 4 :
oS [11] .30 236130 [51142 2 12 5 4 :
= 1o 1] 0.1a oo T4 24047 54 4 1z jL=] 4 -
el ) 000 100 E001.16 2553048 4 13 12 L3 B
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Fig. 3 d emonstrates how the objective values change in relation
with the specific value of the weights. This figure clearly shows the
competitive nature of objective functions, As the weight on energy
saving ( &z) increases, the set of actions leading to higher energy
savings and at the same time higher cost hawve been selected.

4. Conclusions and fature work

Technological advances and new construction methods and
rechnigues mean that in the very near future all new buildings can
benearlyzero energy buildings. The big challenge is therefore exdist-
ing buildings as these represent such a high proportion of world
energy consumption and they will be with us for many decades to
come, One of the best opportunities to improve energy efficiency of
the buildingswould be during building retrofit, Ome of the key steps
in building retrofit is the selection of retrofit actions amonga large
number of possibilities, The problem is in fact a multi-objedive
optimization problem, characterized by the existence of multiple
and competing objectives, a set of fieasible solutions that are not
predefined but are implicithy defined by a set of parameters and
a set of constraints that should be taken into account to reach the
best possible solution. How ever, the problem is usually approached
through simulation that focuses on particular aspects of the prob-
lem rather than a global confrontation. Accordingly, the aim of this
paper was to developa multi-objective mathematical model to pro-
vide decision support in the evaluation of technology choices for
the building retrofit strategies, The model allows explicitly for the
simultaneous consideration of all available combinations of alter-
native retrofit actions, It also allows for the consideration of logical,
physical and technical constraints, The result of the application of
a Tchebycheff programming technigue to compute solutions to the
model shows the feasibility of this methodology to find well bal-
anced strategies for retrofitting of buildings to be presented to a
DM in the framework of a decision support process,

Asstated earlier, to limit the computational time, a simple ther-
mal model of the building has been developed basad on the current
methodology of the Portuguese building thermal code (ROCTE] It
would be interesting to include more objective functions related
to the building behaviour such as an indoor thermal comfort or
indoor air quality [22] that need a monthhy or even hourly sim-
ulation, Unfortunately, this model is not able to perform such a
detailed analysis of buildings. Therefore it remains to incorporate in
the future more detailed thermal simulation such as an equivalent
resistance-capacitance (R—C) model, which uses an hourly time
step, The mentioned model makes a distinction beoween the inter-
nal air temperatune and mean temperature of the internal surfaces
{mean radiant temperature) that enables its use for thermal com-
fort considerations and increases the accuracy of building thermal
muodel.
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Ardicle Promoting the oost effective improvement of the overall energy performanice of nildings s among the
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Eeceived in miised B even emphasized in s recent recast Oneof the best app jties o achieve thataim is dur ing building
& Mlarch 2042 redrafit.
AccApted 2 pell T2 In faoe of the multiple cholees for fitting a build ing, the main issue is to identify those that prove
- mh:ﬂtrnﬂ':d’mrﬂr:ld:l:mﬂmhgmhﬂuwutamlm-hmﬂnﬂ--dgﬂu
Mgt cheme (a ¢ ation of TRMSYS, Ceniipt and a Tehebycheff optimization sechnique
Miski chjective cpmization mdlnmﬂmuﬂwmmmﬂtrﬂ:ﬂtmﬂ,mﬂg ings and ith 1 fiort of

extemal walls &
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1. Introsdhsct jon

Exproge sima ot makd ng its existing badlding stod: more energy-
elfident & & part of its plan to & low carbon-energy emnomm. The
main legilstive instrument in the Ewnopesn Umion (EU) for
improving the energy peformance of buildings is the Feropesn
Directive 202 {91 EC (EFED) [1] and its recast (Directive 200031/
EU) [2] The EPBD recxst strengthens the energy performance
requirements, danifbes and streamlines some of its provisions to
redwee the large differences between Member States” practiced it
predoribes an ambitious target that all new buildings must be
e arly zeno energy bidldings by 31 December 2020, while Member
Siates dhould st intermeadiste targets for 2005, Howeve revenilall
Fuptiere basil dings were o be built 2o that their ener gy demands were
very low, this would still only mean that the increse in energy
demand woild be reduced snd it would not reduce the present

"G ey e, D, Exggeniasia M dnica, i Coiribera =
Pl B, 3030-201 Codmbm, Pamsgal Tel -+ 351 139 780 T25: Gix: +351 239790771

E- il iy em e ateian i S e i B (E A, i fase] g snesradeisn i B0
(MG da SEha, chalidine cimc pr [ CHL Anturess], Bevacoliend S megpe (L D)

03E0-131H = e froat mamer O 200 Eluevier Lrd AN rights seseraed
o 110 00 & Beachasyw VIR 0w, On0:

219

demand Forunately, sceording to the new EPBED recast 2] EU
Members. Stated should slso tske mexsures and set targets, to
atimulate building retrofits into nearly Tero energy buildings.
Hinwever, & thorough bidlding retrofiteval wstion i quite difficult to
e ke, becmise a balding and its environment are 3 complex
syatem in which all sub-systems influence the overall «ifidency
performane snd the interdepends ne between dub-sae ms plays
& significant role.

In zce of a large set of choices for retrofitting 2 bulding, the
muin isame is o identily thode that prove © be the mot e fective in
the long term. When choding among 2 variety of proposed
messures, the Dedsdon Maker [ 0M) (the bailding expen) has to
recondle environmentsl, energy, finsncisl legal regulstion and
aocisl factors to resch the best pmsible compromise solution to
satiafy the final ocoupant needs_ In practice. seeking swch a solution
is maindy atempbed via two main approades 3]

T the first & pprosch, sn ene rgy ansbyds of the bl ding is carted
out and several alternstive scenaros predefined by a bl ding
expert are developed amd evahisted masindy thoegh s nmsl stion 4]
Although many sophisticated energy simulstion programs (eg.
TRNSYS, Energy Plus) are valusble tools to study the impact of
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alternative scenafio on bulding performance, the iterative trisl-
amd-error process of seanching for the best retrofit sction is time-
consuming and inelective due to the inherent difficulty in
exploring a large decision space (due to it combinstonial natwre )

The second approsch indudes. decision sid vechniques sudy a3
cost-benefit anabyss [S). multi-criteria anslysis [5—12) maulti-
objective optimization [131417), energy rating systems |15
uesieally combimned with simulstion o s resching o i nal decision
among 2 set of stemnative sctions predefined by the building

et

Gero et sl |6) were among the firat to propose a mul ti-criteria
(MC) model i be used ot the process of building design in order
o explore the trade-offs between the building thermal perior-
mance and other criteria such 5 capital cost and usable area More
recently, other researchers have sko employed multi-criteria
techni ques to similar problema. Jaggs snd Palmar |7). Flownentom
anil Roulet [8). and Rey [9) propased MC-hased approsches lor the
evahua tiom of petrofiit ng sce nan o Kaklnsbas et sl | 16] developed
a multivaniste design method snd multi-criteria snalysis lor
basil ding retrofit. determining the significance, prionties 2nd utility
degree of building retofit sl ternastives and selecting the mot rec-
ommended vaiant Allane [11)] used a multi-criteria knapisck
muodel to select the mot feadble retrofit actions in the conceptisl
phase of a retrofit project. Kim et al [12] developed & genetic
slgorithm-hased deckion suppornt ystem for housing comdition
mdesament that suggests aptimal retrofit sctions. considering the
trade-ofl between omt and quality.

Thede lined of redesrch have allowed sddresing mamy problems
s far a3 buildings retrofit s conemed. However, the problem
wihen wing MC techniques is that they are applied wpon a2 set of
predefined snd pre-evalusted sltermative solutions [3] In cxe
a small number of such solutions have been defined, there is no
gusrantee that the ol wtion finally reached is the best one (from the
DM perspective]l. On the oppamite, wihen a large number of sohs-
i, are dhefived the required eval wtion amd seleot on prooess may
become extremely difficult to handie.

The problem fsced by the DM i in Ga a multi-objective opti-
mizsti on problem, charagenzed by the existence of multipe amd
competing ohjectives, the decision space consisting in & set of
leaditvl e sl wtions tha t sre not predefimed bt are implicidy defined
by & set of parameters snd onstrsints that should be waken into
asccownt |14 ) Therelone, it is not neoessry © eneme e the set of
actions to be oonddensd.

Diakaki et al |3] investigated the feasibility of applying multi-
objective optimization techndques to the problem of improving
energy elficiency in buildings, considering 2 simplified model lbr
basilding thermal dmmilston. Assdi et al. [17] propoded 2 rmalti-

MATLAR Environment

objective optimizstion model that suppons the definition of
retrofit actions simed st minimizing energy use in 2 @t efective
maner. However, the thermal model did mot allow the eva huation
of indoor air quality related objective fumnotions.

I the cwrrent study & il ti-obdective optimization approach is
used and combined with TRNSYS (&n energy simulstion program)
sl GenDpt (an optimization program) The combinstion of these
ol s i 5 used For the optimi zation of retralit cost, energy wvings and
thermal comfort of a residentisl building. in the framework of
a multi-objective model Decikion varisbles represent a wide
aelection of alternative materials for the externasl walls insulstion,
ool inswlstion, diferent window types, and instsllstion of 4 solar
collector to the existing building that are prescribed by a et of
jparameters and constraints. A case study is used to demonstrate the
Tunctionality of the proposed approsch in a real-workd setting.

The remainder of this paper is organized x fbllows. The
problem fonmml stion and the optimizstion 2 pprosch are presented
imthe et section. The application toa resl-word cae is desoribed
in seaion 3 Finally, section 4 semmanses condusions and
discusses  ismues G Ature  considerstion, research  and

devel opment.

2. Multi-objective model and e thodology

2.1, Opiirred s tion. gpgroach

In the current study, a simulation-based optimizstion scheme
(Fig 1) is developed to optimize multiple objective Runctions. The
acheme i & combinstion of TRNSYS 16, GenOpt 30,3 2 md Opti i zer
winder MATLAB environment. TRNSYS [18] & a trangent system
simulstion program with a modular program structure that was
designed © solve complex energy fystems problems. The modular
atiuctiene gives the program fesxibility to be applied with different
configurations in different settings. GenOpt is an optimizstion
program for the minimization of 2 @st Renction that is evahusted by
an externsl simulstion program [19) However, GenDpt is not
capabile of handling malti-obj ective optimization.

In this scheme a computer model of the building is first crested
in TRNSYS. The “Multi-2one Building™ Type 56 is used o @ mulate
the thermal beha viowr of 2 budlding. Then it is necessary to obtain
the results (including thermal loads, snd Predicted Mean Vote
(PMV) value) of implementing eadh retrofit sction, regandies of the
other sctions. In order to mitomate TRNSYS runs, GenOpt is wsed.
Wihen xidocisted with TRNSYS, GenOpt can sutomatical by gene rate
basilcling [ i) and deck (dok) files, men TRNSYS with those files,
aave results, amd restant sgain

Wirite Teput Bead | TRMSYS
* files { Transient
Crptimuizer Syslem
Engime Simulation
(Mo dified Program)
MATLAB Retrofit Cost cilenlaioe +
bintprag) Read Cutpat Write GenOpt
ud Enesigy Sarving ciculaior Files:
Themal Comfor calculakr

Fiig 1. Optissization fasmewod.
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Finally, an aptimizer developed in MATLAE |20] is mn to eval-
wate patentisl sohstions. A Tohelychel programming procedine
has been developed in MATLAE to tackle the multi-objective opti-
imiiz stion probilem_

2.2 Formulation of the ophimd stion. probilem

This study comiders the mubi-objedive optimizstion (MOO) of
basildings. retroft strategies. Therefore it requires the definition of
appropriste decid on varisbles, objective Rendi ons and @nstraints, amd
Thirally thve sebection of appropriste solhution computstion techd ques_

221 Decigion wariahles

Tive set of retrofit sctions in this sudy concernd combxina tions of
clvnices negarding extennal walls insul stion matenia L roof insulstion
materisl, window types and installstion of solar collector in the
exigting building Therefore, fowr types of dedsion vansbles are
e fived comoerning the sltenmative choices. regarding:

» the external walls insulstion materials.;
» the roof insulstion mater sls;

» the windows type;

» the 2ol ar collector type.

For simplicity, it is ssemed that only one retrofit sction from
each fowr set of sctions may be selected for the bui kding retrofic
Mevertheles, this methodal ogy can amily waork with pantitions of
decision varsbles pensining to the ssme type of charaoteristics
(&g distinot exte rmal v il insuwl stion mater sk for the Nonth facade
aimd the Souwth Facade |

Asdwming the svailsbility of I slbe mative types of extenmal walls
il ation masterisl, | sl venmastive types of roofinswl stion material, K
alternative types of window, and [ sibemative types of solsr
collector. binary varisbles xP¥AL (5 — 1, 1L ofF (j= 1) W
k= 1. K and a§S (] = 1. L) are defined as foliows:

KEWAL _ {1, if insulation material type { is selected {21)
) a, otherwise
LFF _ [ 1, if insulation material type j is selected i22)
| i} otherwise
W 1, if window type k i selected
xp = {a, othenwise 23)
x;g: - {5: if solar collector type | is selected (24

atherwise

222, 0Objective inctions

2221 Retrafit cost (ReCost), The overall investment st for the
bailding retrofit Reoat(X) (X denctes the veotor of all dedsion
varri ables. defined inSection 2.2.1) i s cal ol sted by sdding imdividusl
retrofit sction costs a3 Follows:

ReCot{X) = Apyar Y (F¥4 1R +h?;qw..;cr

T LR Y @5)
w e

Asysy  exterior vall surface ares [m]:
CPYA coatin [€fm?] for external vall insulstion materisl typei;

221

AsaE ool sunfsce anes [mij:
cfoF cost in |[€im?) for roof insulstion materal type §
Awn windows surfsce sres [m?);

O ot in [€/m?] for window type k:
[ cost for salar callector type L

22322 Energy savings (E5] The general procedire for egtimating
the energy soings, ES from a retrofit project s based on the
caboulstion of the dilferene between the pre-retrofit energy
demand predicted from 2 model snd the post-retrofit energy
demandd |4

ES{X) = Epe — Eppar(X) (28)

wivere

* Eg, the energy demand dedived from a pre-retrofit simulstion
of the bailding

* i the building energy demand after implementing the
retrofit aions, predicted by i mmula tion

The snmisl energy demand of the building, caloulsted by
TRMNSYS, cond s in energy demand for space he ating._ 3 pace coaling
and domeitic hot waber (DHW) systers. Energy demand for
liighting is mot inchuled becsre thisisnot expected to 5 gnifl cnthy
change a result of the impleme ntation of retrofit sctiond. There lbre_
the building energy demands. (E = Fre sl Bpo) are caloulsied
using equation [2.7):

Em &.1'5:“1'5“ (1?:'

in which B, i the energy demand for space heating KW hj
year] Exql i the energy demand for space cooling [kW hyfyear]
i Epgyy is the emergy demand for domestic ot water system
[kW hjyear].

The computation of Epe 8 made wing the individusl effects

compited lbr space hesting, space cooling snd domestic ot waber
[2.8—210)0

EpeaiX) = gﬂ:‘fwg +1§ e EIIE“I-:'J Xy
(28)

wihere, A pepresents energy demand [kW hjyear] for space
e ating after implementation of external wall indulation material
type i, represents energy demand [kW hjyesr] for space
hesting after implementation of roof insulation materisl type j
and "'u represents energy demand [kW hiyear] for space
heating after implementstion of window type k All the
mentioned energy demands are predicted by the sinmilstion
madel_

EopealX) = E.E“"“" af“""+EE“ f’+im Xy

=1 k=1
(29)

wihere, ESUA is energy demand [kW hfyear | for space eooling after
implementstion of external wall insulstion materisl type i E%E g
energy demand (W hyfyasr | for mmdmahrwuﬂm
of rool insul stion materisl type j and E¥S, [KW hiyesr] is energy
demand for space coaling after nphmmnurmmqpek
Al the mentioned energy demands are predicted by simulstion
madel
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L
EreowiX) = 3 Efner®- (210
i=1
hhmiﬁwuptummy demand | KWW hjyear] for domestic
ot water ystem after implementation of Solar collector type | amd
is prediced by the simulation model

2223 Thermal combrl (TPMVD) The metric wed to msess
thermal oomfort is the predicted mean vote (PMV) based on
Fangers model [21]. PMY is representative of what a large pop-
ulationwould think of 2 thermal environment. and is used to xsess
thermal comilort in standands such x5 150 7730 |22] and ASHRAE 55
[23] it ranges fom -3 (too cokd) to +3 (too warm) and a PMV
valee of zero is expected to provide the lmwest percentage of
dissatisfied people (PPD) among a population. In this study, an
abaaliute value of 0.7 for PMV, the upper limit of the less sxigent
comfon categary in 150 7730, i considered & the borderline of the
oomfon zone. So, in order to matimize thermal comibre. the totsl
percentage of cwml stive time with discomfort (|PMV] = 07) over
thee whole year, that from now on will be menti oned 23~ parcentage
of discomfort hours (TPMVINX))", should be minimized The

percentage of disoomfon hors (TPMVINX)) i also predicted by
TRNSYS.

2.3 Mulii-ohjeciive optimdration approach

The deciion varisbles, objedive fundions and constrsints
developed above, lesd to the lormelstion of muli-objective
programiming problem (211):

Min 2, (X} =
Max Z3(X) =
Min 2 (X} =
ST

WL (0 1} v ke{1,2,....0}
e {0, 1} ¥ je{l,2, ... 0}
{01} ¥ ke{l,2,....K}
¥ {0,1} ¥ ke{1,2,..,L}

£
lélx:‘-

)oY L

ReCost(X)
ES{X)
TAMVDX)

(21)

Problem (2.11) i & combinstoriasl multi-objective problem, in
weili il thee objecti ve i ond incl wdi ng ret rofit cost, energy wavings
anil percentage of discomibn hows are conflicting.

The model has been implemented in MATLAE [20) and 2 Tehe-
ychell programiming proedune has been devel oped to tackie the
mushti- objective optimiza tion

To apply Towebychell programming the dedsion model is
resifanged © sggregate the three objective functions. ln this
method weighting vectors "~ are used todefine different weighted
Tehebyche I metrics [24]. As a first step, the idesl objective Rimetion
vectar 7 should be @mputed, & follows (i = 1,2, 3);

Z = man{Z{X)XeS5} i Z to be maimized (21

Z = min{Z(X)|Xe5} if & to be minimized (213

222

The probdem is then fbemulsted in 2 way to compute the salu-
tions closest to Z*, aoording to weighted metrics. The (weighted )
Tehebychell metric mindmizes the largeat (weighted) deviation to
the idesl solution. Therefore, the problem for three objective

Tenctions is formulsted s lollows:
MMl ez}

5T

oz (2iX)-Z)

PEI
ez (5 - 5x) %
a2 (B -3) (%)

ﬂzﬂ
AL (0, 1} W leq1,2, .., I}
{0, 1}% je {1,2...J}
{0, 1} ¥ ka{1,2, ..., K}
{0, 1} v le{1,2, .., L}
[) o i

(214)

E"t

lrl
E-
e

In this formulstion, [(pg,p2, e T are CONGLAns Fepresenting
the weight of & ach objective, wihere:

3
A= {ﬂ:-.m.m:-ﬂm 20,3 = 1}
=1

For atrictly positive weight vahees this emulstion yields
aolutions that are {efficient, Pareto optimal): e
each of thede solutions there is no other feasible solution able o
improve one of the objectives without worsening, st least, one of
the other objectives. These weights can be changed to obtsin
different compromide sohmtions. In this work weights have been
used to sample the entire deckion space and provide the D
& dub-set of non-dominsted solutions that i representative of
different trade-offs at stake in different regions of the decision
apace, this svwoiding an exhastive @mputstion. For this purpaxe,
wmmmm&m:yﬂmnnmhmmm
pea T The sim is to offer the DM usable inlbemation lor sotusl
decison purposes; lor instance. grasping that in & certsin region of
the decision space it B necessary to sacrifice cost a significant
amount © gain just 2 small smoment in the enpergy sodngs. objec-
tive fenction

3. Example case shudy
1.1, Building deseription

The building studied & 2 semi-detached hmse (one family)
congtruded in 1945, situsted in central region of Portugasl (Fig 2)
Tihee badding has & grownd loor and a basement. The two stories are
commected by o staircase (Fig-2) The gross floor area of the house is
97 mt sl it average eight is 2,487 m. The glaring ares represents
10% af the floor area
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Leving Tt

P 2 Schesmatic pas of b mear and grend foor of tue case saedy

Tihe building has 2 conorete structure The walls are built in
concrete with no thermal insulstion (F = 237 Wim® KL The house
has standard single glesing (IF = 34 Wim? K) and window frames
are in wood_ 1t main facade i ofented tovards south-east The
howuse i hested with electrical heaters, wming sko a standard
natirsl gas boiler for both space hesting and sanitary hit water
production.

Taredhsce the execution time of 4l stion, 23implified model is
el b0 e prestent the howse &3 8 single Dome_ A ome year simulstion
wiad run in TRMSYS to determine the heating. cooling, domestic hot
water (W) demands o well 23 PMV values. Type 109 amd Type
56 were used lor the weather comdition and basikding definition in
TRNSYS Some of the parameters (besides the bl ding characber-
istics mentioned sbove) introdwced in Type 56 of TRNSYS were: 2
oocupants with the sctivity level of 1met (1 met = 5815 Wim®) in
the room; total intemmasl hest gain due to equipment and ighting
equalto 4 Wjm® infiltration rate of 09 air changes/hour.

I this work, PRV values sre abo caloulsted by TRNSYS, using
& constant metsbolic rate 1 met, a constant sir velocity of 01 mjs,
amnd & clothing factor equal to 05 clo in summer, 09 cho in winter,
ol 0.8 during the rest of the year. A summany of the results from
the energy analyss of the building belbre retrofit is reported in
Table 1

A list of shternative retrofit sctions appdied in this study is based
o & OYPE rehabilitstion price generstor database |25 ] extracted by
the muthors. Typical retrofit actions incheding different exennsl
weall insuwla tion materials, rool insulstion materals, window types
and solar colledors have been introdued in the list siming s
improving the building energy wwvings and thermal comfon in
& omt effective manner. Tables 2—5 present the charscten stics of
materials oo be used in those retrofit sotions.

Alter energy anahysis of the building, the non-dominated solu-
ions bo tive MO problem thatindividuslly optimize each objeaive
Tunction sne ampaed | sohutions 51, 52 amnd 53 in Tabde 6) wsing the
madified Rmnction bintprog in MATLARs optimization toalbos. The
companents of the idesl solution (the individusl optima to each
objective function), which is the initisl relerence point, are dis-
played in bold itslic. That i, the reference point in the objeaive

Table1

Ensilifingg, psriivema moe e e meoralfis.
Erusilding ey Soesma sucit Enadicane
Total el bt amit disra sl TIE3S W Wil
Tl sl cooling desvand 4.55 [ |
Total ansmal IHW dermand 5233 kW l,-;'
Total ansemal ITIEIEW e

Ty
X off v wrih |PAR > 07

lunction space consas in the individusl optima to the mmoltiple
objective Renctions, which cannot be sttsined simul taneowsly since
the Rnotions are condlicting. Table & sko indicstes the sohstion
configuration, that i the ident fication of the oornes paorndi ng re trofit
actions leading to each solution

Wihen retrofit cost (ReCost) i optized inde pendently of the
other objective functions, the externsl wall and rool insulstion
material window amd solar collector with minimum @at are
aelected; however, this results in mininmem energy avings.

On the other hand, when the ensrgy svings objedive is indi-
widually optimized, the extemal wall and roof indul stion material
amd window with the minimwm thermal transmittance are
aelected. Furthermare, a solar collector with the highest area 2ind
energy efficiency i selected. However, the retralit sctions combi-
nation results in & significant incresse of the retrofit @st Surpris-
ingly. the percentage of discomfon howrs (total percentege of time
with [PMV] = Q7] is 50 incressed, even ommparng to the bail ding
belore retrofit, which can be justified through the seleoion of the
roof insulation and & window with minimum thermal trans-
mittance | maximum thermal resstance)l so higher indoor
e mperatunes lead to 2 high percentage of discomfon howrs.

Table2
= of al v all Ercslact Rl

N Ircalar s e ¢ Thicioness  Lwalee [u'

TP fm} gt K e’}
1 T UTWALL COREHICHI [FTRE] 1408 555
z CUTWALL COESHICHS ol 1124 7.8
3 UTWALL COOREHICHS s 0535 398
4 UTWALL COREHICHE s [k te ] 1077
5 UTWALL COREHICHT [eler) DESS 1283
-] UTWALL OOREHICHS [ele-] mEZ] 1435
T UTWALL COREHICHS [e1e ] D555 1E8
3 UTWALL COREHICHND O D508 17.56
9 s UTWALL FPSLONAT a3 [k te ] 7.5
1o WAL FPSLONAYL ol mEZ] au
11 UTWALL FPSLONA'S s D508 5.8
12 UTWALL FPSLONAS s [ el o
13 UTWALL FPSLONAT [eler) 037 10
14 UTWALL FFSLONS [ele-] o333 1.5
15 UTWALL FPSLOAWS [e1e ] 0253 123
18 UTWALL FPSLON' D ol [l Y 13.88
17 XFs UTWALL X FSLOAWT a3 [k te ] 885
-3 OHUTWALL BFSLOWY il BET L=
153 UTWALL X FSLOAN'S: s D508 1448
rin) UTWALL X FSLOANS s [ el 7.2
i | OHUTWALL EFSLOWT [eTerd @372 1534
rir UTWALL X FSLOAWSE [ele-] o333 ey
i 3 UTWALL X FSLOANS [e1e ] 0253 2443
23 CHUTWALL XS LOA D 4] el Y i
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Leving Tt

Sra.md lens

Fg. I Schesware plim of B as and geoed Soor of e case soedy

The building has 2 conorete structure. The walls are built in
concrete with no thermal inslstion (IF = 237 Wim? KL The house
has standard single gloing (U = 34 Wim? K) and window irames
are in wood_ 15 main fscade i ofented tovards south-east The
howuse i hested with electrical heaters, wming sko a standard
matwral gas boiler for both space hesting and sanitary bt water
production.

Toreduce the exeoution time of 4 mul stion, asimplified model is
el b0 e prestent the howse &3 8 single Dome_ A ome year simulstion
Wl P in TRNSYS to determne the e sting. cooling, domestic hot
water (DHW) demands & well 23 PMV values. Type 109 and Type
56 were uwsed lor the weather comdition and basilding definition in
TRNSYS. Some of the parameters (besdes the building character-
istics mentioned sbove) introdwced in Type 56 of TRNSYS were: 2
oocupants with the sctivity level of 1 met (1 met = 5815 Wjnee) in
the room; total intemnal hest gain due to equipment and |ighting
equal to 4 Wim® infiltration rate of 09 sir changes/hour.

In this work, PMV values are abo caloulsted by TRNSYS, using
& constant metsbolic rate 1 met, a constant sir velocity of 01 mjs,
il & clothing factor equal to 05 clo in swmmer, 09 cho in winter,
aimd 08 duwring the rest of the year. A summary of the results from
the energy anshyss of the bullding belbre retrofit is repomed in
Table L

A list of shternative retrofit sctions appdied in this study is based
o & CYPE rehabilitation price generstor database |25 ] extracted by
the suthors. Typical retrofit actions inchuding different esdenmal
wall inswls tion materials, roofl insul stion matenisls, window types
amd solar colledors have been introdwed in the list siming st
improving the building energy wwvings and thermal comfon in
& oot elfective manner. Tables 2—5 present the charsoben stics of
materials o be used in those retrofit sotions.

Afver energy anahsis of the building the non-dominated sobu-
tions to the MO0 problem tha tindividusily optimize each objedive
Tunction sne ampaed | sohutions 51, 52 amnd 53 in Tabde 6) wsing the
modified Renction bintprog in MATLAB S aptimizs tion toalbose. The
companents of the idesl solution (the individusl optima to aach
objective funotion), wihich i the initial relerence point, ane dis-
played in bold italic. That i, the reference point in the objedive

Table1

Eilifing periinemna moe Before reorafi,
Escillifingy pesrfivstioa fuce ErafaCamne
Total anmeal bt aming deia sl 1635 U I
Total asmal cooling desrand 4,95 W |
Total ansesal IHW demand 5233 W il
Total ansemal ITIEI[EW B ]

X o i wich PR = 07 151

lunction space consists in the individusl optima to the mult ple
objective Renotions, which canmot be sttsined dimul taneously simee
the Rmmctions are conflicting. Table 6 abo indicates the solution
configuration, that i the i dent fication of the oornes paorndi ng re trofit
actions leading to each solution

Wihen retrofit cost (ReCost) i optized inde pendently of the
other objective functions, the externsl wall and rool insulstion
material, window and solar collector with minimum @st are
aelected; however, this results in mininmem energy avings.

On the other hand, wihen the energy wvings objed ive i3 indi-
vidually optimized. the etemal wall and roof insul stion materi sl
amd window with the minimwm thermal tranamittance are
selected. Funthermaore, a solar collector with the highest area amd
energy efficiency i selected. However, the retralit sctions combi-
nation results in a significant incresxse of the retrofit @t Surpris-
ingly. the percentage of discomfont howrs (totsl percentage of time
with [PMV] = 07 is &l 50 incrested, even oompaning to the bail ding
belore retrofit. which can be justified through the seledion of the
roof insulation and & window with minimum thermal trans-
mittance [ maximem thermal resistance)l so higher indoor
temperatunes lead to a high percentage of discomdon howrs.

¢ Thachness U vales
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:_“3 R —— 03 an 'nhd:y‘r&hn"prng—*ﬁrrrrl:'.g
N bcmslaSon fpes Mt ¢ Th s vt ¢ Cosx —
(e} [ K] e} 2 sl ~ ]
T 3PS | ebneded polysprens  BOOF_XFA3 003 0L300 (=3 F »
I mosewod) BOOF_ PS4 004 ouER 1154 =3 a
3 ROOF_XFS5 005 0L508 1443 P
4 ROOF_XPSE 0106 oo 1722 Ful *
5 ROOF_XFST 007 [k 5] 1934 = «
[ ROOF_XFSE 008 0oE 17 i
T ES[epanded paysymne) BOOF_ES3 003 0LE00 432 s
8 ROOF_EFS4 04 =5 550 in #
9 ROOF_EFSS 005 0508 [ :
0 ROOF_EFSE 006 oLas 814 0o - : :
n RBOOF_EFST 007 ik r 943 20m oLy Al L Gl gt i)
12 ROOF_EFSE 00 k- 070 R il 2o [
13 Fodyore thane ROOF_FB 003 OLEEE 834
4 ROOF_FLM 004 0508 1058
14 oo o e Fig 3. nrmq-m- aofution fir the buldieg mooft SEregies (Two objecive
15 ROOF_FUE 006 Pk TE] 1530
7 ROOF_FUF 007 0.301 1735
13 ROOF_FE 008 0.5 018
- energy wvings) are considered sl taneowsly, and then the thind
objective (percentage of dismmibrt howrd) is added. This stepwise
procadure intends to make 2 betie roonstructive use of the 2-D and
e s of s 340 graphical representation of the non-dominsted frantier in
ofder touwnveil and ferther disouss the e pamndi ng ol utions amd
L Thermnial Effawive solaresengy  Coan trade-ofE at stake between the compe ting oljectives.
';‘;:“'mm i’} Fig 3 shows the non-dominsted solutions for the first two
- = ';Ili - - objectives_ Fig 4 demonstrates how the objective valwes changs in
s e iy relation with the specific valwe of the weights (each point depics
3 SCOUMATOR o= SE50 10235 the compromise obtained for & different @mbinstion of weight

Finally, when the *percentage of discomion howrs™ over the
wilole year i optimized, snother solution configuera tionis obtained,
wihiich leads to an energy avings objedive Renction not Br fromits
optimal valwe but st a significantly |ower cost

Asstated earlier, 2 Tohebyche f progra mming 2 pproady has been
e b0 Compite comMpromise mon-dominsted solusionds displ nding
diifferent trade-offs between the objective Rinotions, thus ssmpling
the non-dominsted fontier. The non-dominsted solution that
i i zes. the TehebychelT distance to the idesl solution (taken as
the wnreschable reference point) is then omputed for different
combinations of objective Renction weight coefficients using
a maodified version of the binfprog function in MATLAB, which
makes the construction of the non-domi nated frontier possible As
the firat step the first two objective functions (retrofit cost amd

vahies) This figure clearly shows the competithve nature of objec-
tive functions emergy soings and retrofit @t As the weight on
emergy saving (po) inmames, the set of sctions leading to higher
e rgy savings and st the wame time higher cmt are selected

ARker sdding the third objective function (TPMVDL the
compromises conredponding to differsnt weight coelficient vahies
areillustrated in Fig. 5 and Table 7. For intermediary values of the
weight melficients, several solutions sre obtsined that Bwor esch
objective function st a higher or lower level depending on the
apecific vahes that have been selected. From this figure it is seen
that the solutions lesding to maore energy soings or higher retrofit
coat do not necesaarily lesd to 2 lower percentage of discomibn
hirs, and sccordingly better thermal comifort. This case highlights
the advantage of a true multi -objective optimization model, which
isable to provide the DM a thorough under standing of the decidon
Aitition, namely comncerning the trade-offs at stake snd shedding
light on the potentislity of each investment aption.

Tabie 5
s of solar coll ¥
Dxecies Furclio: charge: wher sppliicg Towebyched progemmirg 34
M T Mame  Gesewaion efficency Colbans area  Cost .
Ll i} gy e : . - 1.
1 Far =TT z 70 = —DaCazl
2 colleww FCROZ 80 2 300 B ——ES -
3 T4 TO 4 1250 = e
4 FiEO4 80 4 1600 Efrnn T .-'””
Takile & o L L w,; I
oo el sodetions That of e et e (50 opsma o each = -~ . ——
olsjereie Naamhon bn hodd i) i) "
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Wy}
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Fig. 5. Comg dusons fx wiights: Bearofit cost vs emergy saving (a1 ) and discomoet hours (a2), energy saving vs resofit cox (b1} and discomfrt howrs (b2)

discomie hours vs resrafit ook (cT), and emergy saving (2)

The results of the proposed approach demonstrate the practi- Fh.i!y the teuhs of the application of a Tchebychell
cability as well as its strength to provide decision support in the to ipite solutions to the case study
prablem of seleating building retrafit actions This approach allows shows!he Edb‘tyoﬂhb methodology to reveal the trade-offs at
for the simultaneous consideration of all available combination of  stake and find well balanced strategies for retrofitting of buildings
retrofit actions, as well a5 the consideration of any logical physical,  to be presented to 2 DM in the framework of 2 decision support
and technical constraints process.
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Sasmple of s domina el sobemions olrained wing Tebe by chel ! paog s Maring

' pl B2 P ROt (&) ES (I Byear) TRAND (X} EWAL BOF W s
024 1 o o 1843 SOE5.06 EE] 1 7 1 1
022 ] o1 o 843 SOE5.06 % 1 7 1 1
023 L] o a1 2843 SOE506 .7 1 7 1 1
g ng 0z o 2843 SOE506 .7 1 7 1 1
s LT o1 a1 2843 SOE506 2% 1 7 1 1
g 0g o oz 2843 SOE506 .7 1 7 1 1
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023 0e 04 o 363 1101758 337785 10 7 1 1
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o4 0e 0z oz 1843 SOE506 2% 1 7 1 1
o4 0e o1 03 1843 SOE506 3.7 1 7 1 1
o4 0e o o4 2843 SOE506 2.7 1 7 1 1
s o5 05 o 363 1101758 337785 10 7 1 1
s 0s o4 a1 163 1101758 537785 10 7 1 1
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oz o5 o1 o4 2843 SOE506 2% 1 7 1 1
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s o4 04 oz 3163 1101758 337785 10 7 1 1
s o4 03 o3 63 1101758 337785 10 7 1 1
s o4 0z o4 3163 1101758 337785 10 7 1 1
ol o4 o1 as 1843 SOE5.06 % 1 7 1 1
ol o4 o 0s 1843 SOE506 3.7 1 7 1 1
o3 03 o7 o 3324 HEIET EER] 12 7 1 1
oz 03 05 a1 3743 1136303 E3.THS " 7 1 1
oz 03 05 oz 3243 1136303 2375 1" 7 1 1
ot 03 o4 ] 163 1101758 517785 10 7 1 1
2] 03 03 o4 3163 1101758 337785 10 7 1 1
ot 03 0z os 363 1101758 337785 10 7 1 1
o7 03 o1 0s 2843 SOE506 3.7 1 7 1 1
o7 03 o a7 1843 SOE506 3.7 1 7 1 1
ol 0z [ o 404 1130179 53685 12 7 1 1
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oo 0z 05 oz 3324 HEIET FEE 12 7 1 1
oo 0z 05 ] 3324 ST EER] 12 7 1 1
oo 0z 04 o4 3243 1136303 E31THS " 7 1 1
ond 0z 03 as 43 1136303 Exkedts n 7 1 1
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4. Conclusions purposes and displeying different charscteristics. This problem is

Ome of the best apportunities to improve energy elficiency of
il dinggs i 5 duwring retrofit One of the key steps in bl ding retrofit
is the seledion of retrofit sctions among a large number of poss-
bilities, which are derived from a large set of mater sl for diflferent
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a mubli-objective optimization problem, charscterized by the
exiitence of multiple and competing objedives to appraise the
mert of disting solmions, which are not predefined but are
implicitly defined by a set of parameters and condtraings that
alvinsld bee taken into socment to resch the best posible one
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This paper described an optimizstion methodology based on
& combination of TRNSYS, GenOpt and & ol ti- objective optimi-
zation slgorithm developed in MATLAE. The proposed approadh
wand appdied toa mi-mmdnic.ue atundy, amd the results demonstrate

its icability to provid swthanmﬂ seitting.
m.lmuﬂddyﬁrdu direnel ion of 2l
v il able combinations of sl i it sctions.

Tihe fusrther condide ration of all the poss ibilities. that the DM has
anvail able Gor basil ding retrofit (eg HWAC systems and renewable
energy somerces), x5 well xi sl the abj ective that hefshe may wish to
optimize (00, emision, socisl objective. etr) may lesd o
a combinstosial explosion of the dedson space. thus malking the
solving procedure extremely difficult snd time-conswming. n this
case, other optimizstion technd ques, namehy evolutionsry mmlt-
objective algorithms may become neesary for tackling the
prablem  Besides, using approximation methodologies like
regression rmuode iling of the bl ding in the optimizs tion pan vwould
be of interest
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Chapter 11
State-of-the-art om retrofit strategies selectiom
using multi-objective optimization and gemnetic
algorithms

Ehsan Asadi’, M. Gameiro da Silva, C. Henggeler Antunes , Luis Dias.

Abstract The retrofit of a building inwolves mot just the folfillment of functional
requirements, but also considerations such as investment costs, energy consunip-
tion, eovironmental impact and ococupant wellbeing. Careful long-term decisions
i the retrofit and operston of buildings can significantly improve theit thermal
performance and thus reduce their consumption of energy. Moreower, they can
moprove indoor envirommental guality in buildings. Alternative building energy
conservation measares, standards complisnce and economic optimization can be
evalusted nsing available enerzy anslysis and decision aid techmiques. These may
range from simplified energy analysis methods for approcdmate energy nse est-
mates fo detsiled computerized hourly sinmlation coupled with decision aid tech-
niques. This chapter reviews the research and development in the decision support
processes in building retrofit. Special attention is devoted to the methodologies ns-
g multi-objective optimization and genetic algorithms. Accordingly the decision
methndologies are broadly separated into two main caegores: approaches in
which alternatives are explicitly known 3 prion and approaches in which alterna-
tives are implicitly defined by an optimizaton model. The advantages and draw-
backs of the varions methods in each category are also discnssed.

11.1 Introdwction

The tuilding sector is the largest nser of energy and OOy emitter in Europe and the
TS, Besides it is responsible for abont 40% of the ELl's and TS total final energy
consumption. Even if all fionare buildings were to be built so that their energy de-
mand was very low, this would still only mean that the ncrease in ensrgy demand
wounld be reduced and it would mot reduce the present demsamds (Asadi et al,
2012a). For many years to come, only measures taken in existing buildings will
have a sigmificant effect on the fotal energy demand in the building stock. There-

VE. Asadi (=1)
MITPortagal Program, University of Coimbra, Polo IL 3030-788 Codmibra, Portugal.
e-mail: ehzan asadigdem nc pt
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fore, rapid enhancement of enerzy efficiency in existing buildings is essenfial for a
timely reduction in globsl energy nse and promotion of environmental sostainabdl-
ity

Dring the last decade, mawy governments and mternational crganisanons have
put sipmificant effort towards energy efficiency improvement in existing buildings
as evidenced by the EUJ Energy Efficiency Action Plan and Presidenr Obama’s
Better Buildings Ininative, among others (WhiteHouse, 2011). In ETJ, the comer-
stone of the Buropesn energy policy has an explicit orientation to the conservation
and rarional nse of energy in buildings as the energy performance of building di-
rective (EPBLY) 2002/9LEC and its recast (EPBD) 2010v31L/EU  indicate (EC,
2002, EC, 2010). The EPBI¥s main objective is to promote the cost-affective im-
provement of the overall energy performance of buildings. One of the best oppor-
tomirses o do 50 would be during building retrofic.
ch allenge iz that many uncertainties are ¢ stake. such as climame change services
change. lnuman bebhaviour chanze, government policy change, etc., all of which di-
rectly affect the selection of retrofit technologies and hence the snccess of 8 retro-
fit project. The sub-systems in buildings are highly interdependent. Different res-
rofit measares may have different mmpacts on distinct boilding sob-systems doe to
these interdependencies, which make the selection of refrofit technologies wery
complex. Dealing with these uncertainties and system imteractions is a considera-

emment, particularly since the issue of “split incentives™ is often a key factor be-
canse the remrofit cost zenerally falls to the building cwmer whereas the benafit of-
ten flows pri ily to the Om the other hand, tuilding retrofit offers great
opporiumities for improved energy efficiency, increased staff prodoctivity, reduced
myintenance costs nd bemer indoor comfort. It may also belp to improve 3 na-
tion's energy security and corporate social responsibility, reduce exposure to en-
ergy prce volatlity, creste job oppornmities snd make Bmildings more
livesble(Ma Z. eral , 20012}

According to Ma et al (2012), the overall process of a building retrofit can be
divided into five major steps (Fig. 1). The first phase is the project setup and pre-
remofit survey. In this phasze the building owners, or their agenrs, first need to de-
fine the scope of the work and set project targets. The avallable resources to frame
the budget and program of work can then be determined. A pre-retvofit survey
may also be required in order 1o beter umdersrand building operational problems
and the main concerns of oCoupanis.

‘The second phase comprises an energy andit and performance assessment (and
disgnostics). Energy andidng is used o analyze building energy dara, undersrand
building energy use, identify areas with energy waste, and propose no cost and
low cost enerzy conservation measures (ECMs) Performance assessment is em-
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ployed to benchmark building enerzy wse by means of salected key performance
mdicators or green building rating systems. DMagnostics can be used to identify in-
efficient equipment improper control schemes and any malfonctions in the build-

g operation
[Phaser Y [Phasem Y [Phaserm Y fPhmserv Y fPhasev
Project Setup Enargy Tdentification Hire Falidazian
and pra- Awditing and aff Retrafit mcrERansn ane
retrafir Swrvey Parfornance actions g Farification
= Duefine acope ol Ascesrment = Encagy surving Bl N * Pesl
+mﬂ Delect fimcticn o islaring. (WA,
oD . pe eatimtion, * Pl pecupaney
m‘ . ﬁ:" = Feomomie MTVEY.
+ Fre-etrelil L . H m-cmﬂ
sureey. r——— - Priceitee
\ F L SN i F N F Y y

Figure 1 Key phases in a smstainable building retrofit program (Ada Z. et sl 2012).

The third phase is the identification of retrofit actions. By using sppropriate en-
erEy maedels, econoouc analysis tools and risk assessment methods, the perfor-
mance of a range of retrofit alternatives can be assessed guantitatively. The remofit
alternatives can then be prioritized based on the relevant energy-related and non-
energy-related objectives such as the increase in retrofitted building market value.

The fourth phase is site implementation and commizsioning. The selected rero-
fit measures will be implemented on-site. Test and commissioning is then em-
ployed to tune the retrofit measures to ensure the building and its services systems
operate in am optimal manmer. Tt is worth noting that the implementation of some
retrofit messures may necessitate significant intermuption to the building and ocou-

pants operations.
The final phase 15 validstion and verificstion of ensrgy savings. Once the retro-
it my are impl ted and well-tuned, standard measurement and verifica-

tion methods can be wsad to verify enerzy savings. A post oCoupancy survey is al-

233



4 E Asads

=0 needed o understand whether the building occupants and building owners are
=afisfied with the overall retrofit result

‘This chapter aims at providing an overview of recent research and development
in the third phase that is identification of retrofit actions by paying special atten-
tion to the methodelogies using multi-ohjective optimization snd genstic alzo-
rithms.

11.2 Building Retrofit- methodologies and strategies

Mowadsys, a great mamber of innowative technologies and energy efficiency
measures for building retrofit exist The main issue is to identify those that will
prove to be the more effective amd reliable in the lomz term When choosing
among 3 varety of proposed measures, the Decision Maker (D) has to reconcile
environmental, energy related, financial legal regulation and social factors o
reach the best possible compromise to satisfy the final oconpant needs. In practice,
seeking such a sohation is mainly sttempted via oo main approaches (Diskaki et
al., 2008).

In the first approach, an energy analysis of the building is cammied out and sev-
eral alternative scenarios predefined by a bullding expert are developed and evalu-
ated mainky through sinmlation (Erartd, 20000, Although mamy sophisticated ener-
Ey sinmlation programs (e g, TEMNSYS, Enerzy Plus) are valuable to study the
impact of alternative scenarios on building performance, the iterative irial-and-
emor process of searching for a bhetter retrofit action is dme-consuming and inef-
fective due to inherent difficnlty in exploring a large decision space.

The second approach, which is the focus of this paper, includes decision aid
techniques that are nsually combined with sinmlation to assist reaching a final de-
cision among a set of alternative actions. In this chapter a concepiual distinction is
made betwesn nmlti-criteria and mult-objective models, according to the scien-
tific iterature. In 3 pmbt-criteria model, the finite set of alternatives (e g three dif-
ferent types of windows) is explicitly known a prion, in general predefined by the
building expert, to be evaluated according to multiple (gquantitative and'or qualita-
tive) criteria that may be expressed in different types of scales. In manlti-objective
optimization (mathematical programming) models, the set of feasible solutons
(e.g. the thickness of the wall) is implicity defined by the decision variables and
the constraints, and the evaliation aspects of the merit of those solutions are oper-
ationalized through ebjective fimctions to be optimized.

Jaggs and Palmar (2000), Flourentzou and Foulet (2002, snd Rey (2004) pro-
posed MC-based approaches for the evaluation of retrofiting scenarios. Eaklaus-
kas et al (2005) developed a mmltivariate desizn method and mmlti-criteria amaly-
of building retrofit alternatives and selecting the most recommended wariant. Fuan
et al. (2009 developed a genetic alporithm-based decision support system for
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housing condition assessment that suzgests optimal retrofit actions considering the
trade-off between cost and quality.

These lines of research have allowed addressing many problems as far as budld-
mgs retrofit is concerned. However, most of them consider that a list of predefined
and pre-evaleated alternative variants of the building refrofit options is given. In
case 8 small number of such solutions have been defined, there is no guarantes
thar the solution finally reached is the best one (from the DM s perspective). On
the opposite, when 3 large maumber of sohutions are definad the required evalnation
and selection process may become extremely difficnlt to handle.

The problem faced by the DM may also be framed as a plti-objective optimi-
zation model, in which multiple and competing objective functions are foromlated
o assess feasible altermatives, which are not predefined but are intplicitly defined
by a set of constraings.

Based on an extensive literamre review and Fig. 1, it could be stated that most
methodologies for decision support in enerpy management and sustamability in
building sactor follow three major steps:

1. Definition of main objectives/criteria of the project;

2. Definition of alternative retrofit actions, either by stating them explicitly
or defining a comprehensive mathematical model;

3. Selection of assessment methodologies adequate to the modal.

Accordingly, the remainder of this chapter overviews the main objectives in the
course of building retrofit. Different building retrofit technologies are reviewed in
section 1.2 2. Furthermore, retrofit action selection methodologies are discussed in
chapter 1.2.3. Finally, section 1.2.4 and 1.3 summarizes conchisions and discusses
izswes for firmre research and development.

11 2.1 Objectives in Building Retrofir

The objectives for bunilding retrofit can be either guantitative or gualitstive and can
be divided into four main categores depicted in Fig 2. (Folokotsa et al., 20087,

Ohjectves

Energy Use Cost

IGlubalIlndm

Figure 2 The main abjectives for building retrofit (Eololootsa et al | 20007
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More specifically, regarding energy use (primary or final), the following objec-

tives have been utlized (Kolokotsa et al , 20080

bheating and cooling load for conditoned buildmgs (D°Cruz and Fadford,

1987, Bowchlaghem  20007;

normalized annusl energy consumption and energy use for heating in kWh'm®
(Fey, 2004, Fim, 2008);

am:lmaleliy:tl:il:i‘lji'IJ_r-lai1:ll'|ii.fh-'|112 (Rey, 20047,

embodied energy (Chen et al | 2006);

energy and time consumption index (ETI) (Chen et al | 2006);

energy savings due to building retrofit in kWhiyear (Gholap snd Ehan 2007,

Asadi er al., 2012a)

Fegardmg costs, the following objectives hawe been nsed:
direct costs and inifial mvesiment costs (Flosenfeld and Shohet, 19067
cost of retrofit (Asadi et al., 20012a);
o ic life span (R fald and Shoher, 1000);
ammal cngosing mamdenance charges (Fosenfeld and Shober, 1999, Bey,
2004);
anmal emgring charges (Rey, 2004);
net present valhe (MPW) of the energy investment (Aartinaitis et al., 2007);
inferpal rate of refum (IFE) of the enerzy investment (Mhdartnaitis ef al,
2004);
cost of conserved energy (CCE) (Martinaitis et al | 2004
life cyrle cost (LOC) (Wang et al, 2005);

As far as global environment is concemed, the objectives nsually sef ara:
ammal emissions GWP (global warming potentizl in kgeqCOuwm®) (Rev,
2004);
reduction potential of global warming emissions (Alanne 2004
life cycle environmentsl impact (Wang et al_ | 2005);
acidification potential in kgeqS0./m® (Rey, 2004, Alamme ot al , 2007);
water use (Alanme et al., 2007,

Indoor environmental guality and comfort have subcategories for the evaliation

of thermal sensation, visual comfort, mdoor sir quality and acoustic comfont
(Eolokotsa et al, 2008). More specifically, regarding thermal comfort, the follow—
ing objectves and mdicators have been used:

BAV-PPD thermal comfort indices based on ISO-7730 standard (IS0, 2005)
dry resultant femperamre for incondiioned oildings (Bonchlagheny 20000;
indioor temperamre and bunudity (Jages and Palmer, 20000;
discoondfort hours during summer or winter (Foulet et al., 2002);

daily overbeating in E (Ray, 2004);

effective draught temperamre index (Fatman et al., 2005);
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»  ummer thermal discomfort severity index which indicates the severity of ex-
cessive mean radiant tempersture during summer (Becker et al., 2007)
»  total percentage of conmlative time with discomfort (Asadi et sl 20120

For wvisual comfort, the assessment objectives can ba:
*  daylight availsbility (Fadford and Gero, 19800);
# lighting and wisusl comfore (e.z EPIQE method, see (Bloyssen amd Comx,
2002, By, 20040
»  daylight facror (Rey, 2004);
=  discomfort glare severity indicator, which indicates the sameal severity of ex-
cessive discomfort glare (Becker et 2l 2007).

Indoor air quality is generally assessed via-
» 00y concentration index (Doukas et al., 2007);
* maxirmm rato berwveen the mesn concentragon of a conmminant over the
occupancy period and the contamiment’s threshold lmmit valee for short-term
or long term exposure {Blondesan et al | 2002);
=  ventilation rates (Blondesn ex al., 2002).

Acoustic comfort objectives include:
= noise level st workplace in dB (Rey, 20042);
*  noise rating index (Fatmen et al., 2005).

These ohjectives are, in general, compefitive, in the sense that it is impossible
to find a global solution to optimize all of them simultansonsly. For this reasom,
saveral decision zid approaches have been developed for addressing the mentioned
probrlem namely based on mnlti-criteria and mnlti-objective models. A review of
descriptors usually used to assess the mdoor environmental quality of confimed
compartments is presented m (Gameiro da  Silva, 2002). Some other descriptors
not mchided in the previcuas list, but snitable for the assessment of guality of in-
door environment are:

# Operative Temperamra (T,) snd Equivalent Temperature (1), for ther-

mal comfort. The percentage of permanence of indoor thermal conditdons
inside the comfort band defined in an adaptive comfort chart (IS0, 2007),
where T, is depicted versus the outdoor mesn mnoning temperafure, is a
suitable indicator of the performance of buildings without mechanical sys-
tems to provide comformable conditions to oCoupants.

& Average illominance level in the working'activity plan (IS0, 2002}, as re-

gards visuwal comfort.

# Percentage of Dissarisfied with TAQ. It may be calculated from the concen-

tration of OO, using the expressions presented in (CER, 1998)

* MNoise equivalent level L, during the working period, in dB(A)

= Reverberstion T of the room along the frequency spectrum of noise

& Spund Transmission Index {STI)
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11.2 2 Building Retrafif Technologies

According to Ma et al. (2012) the retrofit technologies can be categorized into
three groups: supply side management, demend side management and change of
BNETEY CONSUmpiion patterns, ie oman factors. Fig 3 illusirates major possible
retrofit technology types that can be nsed n building applications.

‘The remofit technologies for supply side manapement inclnde electrical system
retrofits amd the use of renewable energy, such as solar hot water, solar photovol-
taic (P, wind energy, grothermal energy, etr_ as aliemative energy supply sys-
tems to provide elecmcity and/or thermal energy for buildings. In the last years,
there has been an increasing interest in the use of renewable enerzy technologies
as building retrofit solutons due o the increased awarensess of environmentsl is-
SRS,

‘The retrofit technologies for demand side meEmagerment consist of soategies o
reduce building heating and cooling dememd, snd the use of energy efficient
equipment and low enerzy technologies. The hesting and cooling demand of a
building can be reduced through retrofitting the building envelope and the use of
other advanced technologies such as air tightness, windows shading, etc

Low ensrzy technologies may mchade advanced control schemes, natral venti-
lation, heat recowvery, thermal storage systems, etc. (Ma Z. et &l 2012}
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Figure 3 Main catesories of building retrofit technologies (Ma Z. et al, 2012).

11.2 3 Assessment Mefhodologies

In the building retrofit, the assessment phase inwvolves the evaluation of ECM or
retrofit actions wversns the selected objective fimctions mentioned in section 1.2.1
with respect to logical, physical and technical constraints concerning building ret-
rofit sirategies.

Therefore, the assessment procedure is an iterative procedure inflnenced by the
objectives, the alternative actions, and set of constraimts. This iterative procedure
15 ustrated in Fig 4.
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'ﬂ'alua'ne peffm
Stop

(Proposal)

specify EEneTate

objectives E altermatives

Fipure 4 The iterative decision support process (Alanne, 2004)

The methodologies for assisting decisicn making in the sppraisal of retrofit ac-
tions according to nmltiple, generally conflicting and inconumensurate, evalnaton
aspects may be distinguished into two main approaches (Fig. 5), according to the
distinct made above of models in which alternatives are explicitly known a priori
and alternatives are impiliciiy defined in the setting of an optimiration model.

Building rewrofit
approaches

Figure 5 Categorization of methodolozical appreaches for building refrofit

These spproaches are subcaterorized and analyzed in the following sectomns.
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11.2.31 MCDA approaches (altermatives explicitly lcnown a priers)

In this category thers is a relatively small list of alternatives to choose from In
general an impact marrix is developed in close cooperation betwesan the problem
owmers and experts, which expresses in 2 given scale the performance of each al-
temative for each evalnation criterion. Several methodological spproaches may
then be used to combine this information with the DM's preferences in order to
reach a final recommendation that establishes a good compromize betwesn the
evaluation criteria_

Multi-eriteria Decizsion Analysis Approaches

Traditionally, the selection of enerzy alternatives and retrofit actions was based
only on cost optimization. The need to incorporate the environmental and social
mnpacts of different alternatives and viewpoints of different actors in the anslysis
promoted the use of pmlbti-criteria decision analysis methods. A wide range of
MCDA methods have been applied in the enerzy planning area (DHakoulaki et al.,
2005). In sam MCDA approach, it is necessary to define the problem clearly, identi-
fyr the actors inwolved in the decision making process and their values, develop a
coherent set of evaluation criteria and establish realistic alternatives. An MCDA
meethod is selected to apsregate the performance of each altermative according to
the set of criteria nsing the preferences elicited from the DM throngh technical pa-
rameters. blost MCDA methods require weighting of the criteria, although the
meaning of weights may be very different from method to method. The applica-
ton of MCDA methods may provide a selection of the best altemative, 4 ranking
of the alternatives or a soring of the alternatives in pre-defined ordered categories
of merit. The most representative MDA methods may be inchaded into the broad
classifications of methods developinz an overall symthesis value (eg., mmlt-
atiribute walue atility function approaches, AHP) and ouiranking based approaches
(e.z . ELECTEE, FROMETHEE).

Blondezu et al. (2002) nsed both combinatorial method based on the omitiple
atmibute nility theory (MAUT) mnd owmanking methods to determine the most
suitable ventilation strategy of 8 nniversity tuilding, that is to ensure the best pos-
sible indoor air guality and thermal comfort of the occupants, and the lower ener-
v consumption in case of accelerated divmal or nocmrnal ventilation snd'or sic
conditioning It was shown that the resuls of the analysis by combinatorial meth-
od smongly depend on the defimition of the total ntility foncton and the pernicions
effects may affect irs validity. On the other hand, ontranking method most proba-
bly allow to best fir the DMM's way of thinking but their result is not always as
clear as the one obtained with combinatorial method.

Roubet et al. {(2002) nsed principal component analysis, a5 well as molt-criteria
ranking method, based on ELECTRE IT and VI algorithms to develop 8 method
for ranking office buildings (OFME: office rating methodology) according to an
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extended list of parameters, including energy use for heating, cooling and other
appliances, impact on external environment, indoor environment quality, and cost.
Charanking methods are also nsed by Fey . The ELECTEE III method is used to
rank office building retrofitting strategies.

EFIQFE. (Energy Performance Indoor Envirommental Quality Bemofit Methods
for Aparment Building Fefuorbishment) (Jages and Pahmer, 2000) and TOBUS
(Tool for Selecting Office Buildmg Upgrading Solutions) {(Caccavell and H,
2002) are other tools using MCDA techmiques for building retrofit actions selec-
tion The TOBUS method aims at offering a tool for selecting office building’s
rewofit solutions with respect to nmltiple criteria. One of the key elements to reach
this goal was an assessment of the degres of physical degradation, extent of amy
degradation, extent of the necessary work to retrofit the building and the costs.
Eaklauskas et al (2005) used multivariant design and MCDA to prioritize and rank
the alternative solutons for the refirbishrment of a8 building envelope. The alterma-
tves® significance, uhility degree and proority are extracted nsing fhis methodology
and, as a comsequence, the strongest and weaskest points of the refirhishment are
revealed.

Alanne (2004} combines MCDA znd 3 knapsack (onalt-objectve) model to
support building retrofit. MCDA iz used to exiract the nilities of the retvofit sc-
tions proposed, s well as the total wsility wersns the selected criteria. The ulity
srores obtained are then used as weights in a knapsack optimization model to
objective function (that is whlity score schieved by selecting the retrofit action,
specified by environmental value and fonctonality) subject to badzet constraints.

Simuianon-based dpproaches

Simulation-based approaches are either simplified (analytical methods) or detailed

In the sinmlation-based process, a basic model of the building is developed ws-
ing sinmlation teols. Then through sm erative procedure, 3 seres of recommen-
darions are defined wusing the best construction practce (Horsley et al, 2003
[ =51l

There are 3 mumber of detailed building energy simmlation packages, such as
EnergyPlus, eQuest, DOE-2, ESP-r, BLAST, HVAC-5IM+, TRNSYS, etc. A de-
tailed comparison of the capabilities of 20 building emergy sinmlation packages
can be found in Ref (Crawley et al | 2008).

For example, TRMSYS is nsed by Santamouris et al. (Santamouris et al | 2007)
to investizate the enerzy saving potentizl of green roofs in 3 marsery school in
Greece. EnergyPlus is used by Becker et al (Becker et al., 2007T) to assess specific
factors of building desizn elements (window orientstion, glazing type, thermal Te-
sistance of walls, etc.) and 20 ventilation strategies for schools’ energy consump-
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tion and efficiency. Emeureann (Emeureann et al., 1999} employed DOE-2 to es-
timate the enerzy savings due to building remofits.

Although many sophisticated enerzy simmlation programs are valusble to smdy
the impacts of different ECM on building performance, the iterative trial-and-error
process of searching for a better sohition is time-consuming and ineffective be-
canse of the mherent difficulty n exploring a large desizn space.

The main problem when emploving MCDA technigues is that they are applied
upon a set of predefined alternative cowrses of action. In case that 3 lmited oom-
ber of such alternatives have been defined, thete is no gusrantees that the solution
finally reached is the optimal one Also, the selection of a representstive set of al-
tematives is wsually a difficult problem, while the final selution is heavily affected
by these predefined altematives. On the opposite case, i.e. when mumerons alterna-
tives are defined, the reguired evalustion and selection process mey become ex-
tremely difficult to handle. In any case, however, the MCDA spproach lmits the
study to & potentially large but certainly finite number of alternatives, when the re-
al opportunites are enormons considering all the available ECH that may be em-
ployed (Diakaki et al., 2008).

11.2.3.2 MOF approaches (alternatives implicitly in a mathematical model)

Decision support for improving energy efficiency i buildings problems are also
tackled nsing mmlti-ohjective optimizztion models stated as mathematical pro-
gramming models with multiple competing objective functions to be optimized
being the set of feasible sohafons implicithy defined by a set of constraings.

Multi-abjective Programening (MOP) Approgches

The modeling of real-world problems generally requires the consideration of dis-
tinct axes of evalustion of the merits of potential solutions. MNamely in enginsering
problems, aspects of operational, econormical, enmwvironmental and gquality of ser-
wvice natore are st stake. Therefore, mathematical models mmst explicitly address
these mnltiple, incommensurate and ofien conflicting aspects of evalustion as ob-
jective finctions to be optimized. Besides MOP models enlarge the variety of po-
tential solutions to be considered and ensble to grasp the oade-offs between the
objective functons belping to reach a satisfactory compromise solatfon The es-
sential concept in pmlti-objective optimizston is the one of non-dominated (eff-
cient, Pareto optimal} solutions, that iz feasible solutions for which no improtve-
ment i all objective fimctions is possible sinmltanecnsly; in order to improve an
ohjective funciion it is necessary to accept worsening st least another objective
fiunction value. In real-world problems, 3 hizh munber of non-dominated solatons
is likely o exist. Fig. § illusirates this concept for a problem with two objective
fanctions to be minimized. Although it is the essential concept in MOP, the con-
cept of non-dominated solution is a poor one, in the sense that it lacks discrimina-
tive power for decision recommendation purposes. MNon-dominated solutions are
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mot congparable between them so no solution namrally arises as the “fnal™ one.
The fact that nmlti-ohjective optimization enables the characterizaton of the non-
dominasted front and the tade-offc at stake betwean the objective functions is one
of its advantages. However, it is then necessary to reach a final compromise soha-
tion for practical implementstion of a reduced sot of non-dominated solutions for

ALCEY A -]

[ P—

@ Fagl-onieadl Sikn s
2 Cominates Sol fena

Figure § Example of a Pareto set

Pareto optimization was infroduced in this area in the 1980: by Badford, Gero
and D'Craz  (1980b, 1980a, 1083, 1987), and it is now widely used in building
-mElgnandlessmmtmﬁrmmItwasused,ﬁmmlahyAﬂﬂlet
al{2012a, 2012}, to optimize the refrofit cost and energy savings of a residential
building. Diakaki et al. (2008) developed a MOP model to find altemative
measures for improving energy efficiency in buildings. Hamdy et al. (2011) pro-
po&ed:MﬂPthmdem:Algunﬂm{Gﬁ)lieﬂnpmhhnnf

= low-emission cost-effective dwellings. The proposed spproach used to
mmmrhecmhmd:mﬂemmnsanﬂﬁammmstﬁnammy
house and its HVAC system. Magnier et al {20107 used a simmlation-bazed Arifi-
cial Meural Metwork (AMNN) to characterize building behavior, snd then combined
ANM with nnlti-objective GA for optimization of thermal comfort and energy
consumption in 8 residential honse.

Multi-pijective Programming (MOFP) Approaches uring (4

The use of GA to deal with MOP models has gaimed an increasing relevance due
to thedr ability to work with a population of indmidnals (solutions) that expectedly
comverges to the tie non-dormminated front (Dek, 2001). (A are partcularly suits-
hle for tackling hard combinatorial and‘or non-linear models, as they are less sus-
ceptible to the shape or contimirty of the non-dominated fromt than the classical
(mathematical programming) optimiration methods. The ratiomale is that GA deal
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with a populaton of solutions and the aim is generally the characterization of a
non-domimated front In this sefing G4 ncorporating technigues to preserve the
diversity of solutions (for a comprebensive depiction of that front fhms wnveiling
the trade-offs in different regions of the search space) possess advantages Com-
pared with the use of “scalarizing™ functions, in which a surrogate scalar function
aggrezating the multipls objectives is optimized, as in maditional mathematical
programming approaches. However, it must be noticed that, in real-world prob-
lems, this is, in general “just” 3 potentizl non-domimated fromt (also known 35 pa-
rete fromt), classified as such becanse no other sohitions dominating it conld be
found but no theoretical tools exist, which puarantee their ttue Parsto optimality.
GAs have been extensively used as search and optimization tools in several re-
al-world problems, such as building enerzy efficiency problems, due to their flex-
ihility and good performance in exploring the search space. Regarding building
applications, G4 are frequently nsed for the optimizstion of buildmg thermal sys-
tem desien (Wright et al., 2002), HVAC confrols (Huang and Lam, 1997, Lu et
al | 200%), and chiller enerzy costs (Chow et al., 2002).
The psendo algorithm of GA is displayed in Fig. 7, and can be described with
the following steps:
» First, a random population is created, where each individual represents a sola-
tlon nsing some encoding scheme (for instance, binary).
» At each peneration, couples of individuals (parents) produce new individuals by
gene-crossover and motaton (offspong]).
» At the end of each generation, the candidste solutions to be inchaded in the next
generation are evahiated using 3 fmess evalustion foncton
» The last two steps operate umtil the termination condition is met (generally
based on the oumber of generations or on the stagnancy of population fimess).

[Bee
TINTTTALIZFE population with random candidate solntons;
EVALUATE each candidate;
FEPEAT
1 EELECT parents;
1 RECOMEINE parents;
3 MUTATE the resulting offspring;
4 EVAILUJATE new candidates;
5 EELECT individuals for the next generation
UNTIL (TEFMINATION CONDITION is satisfied)

JERD

Figure 7 Basic Genetic Alporithm psendo-code

As a pradient-free method, GA is able to desl with nonlinear fonctions and to
find global optima without being rapped i local ones. Furthenmore, it can handle
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real, discrete, or even discontimaons warizbles, and be applied to noisy objective
functions (Wright et al., 2002, Huang and Lam, 1997).

A muain drawback of GA is the high burden whenever it is necessary to make a
high mumober of calls to an evaluation foncdon inwelving a high computational
cost. In building spplications, these evaluations are generally estimated by &n ex-
termal simmlation proeram such as CFD or other sinmlation packages If accorste
resnlis are required. each evaluation can be time consmming, and thns the complets
compuatationsl process becomes exmemely unarmactve (MMapnier, 2008). For in-
stance, for the two-objective optimization of building floor shape, Wang et al.
(2006) used an evaluation tool where each evalustion took 24 secomds (CPUI-
time). In that case, the total optimization time, which is mainky due to evaluatons,
was 58 bours. Using simnlation software where each evaluation would take sever-
al minntes, a similar optimization wounld result in 3 total optimization time of sew-
eral months. This shortcoming should be dealt with before being able to take full
advantage of G4 in building energy efficiency problems.

Genetic Alzorithm Integrating Meural Metwork (GAINI) is one of the solo-
tions to the sbove mentioned problem The main idea of GAINT is to benefit from
the rapidity of evalnation provided by AN as well as the optimization power of
the A, The procedure is to first use an ANM to approccimate the system being
smdied, and then wse thiz AN within the GA as the objective finction. The out-
come is 3 drastic reduction of the simulston time while keeping an acceptable
quality and relisbility in the solofion process. The complete workflow of GATRNI
is illnstrated in Fig. 8, and is divided in three steps. First, a base software or exper-
imental set-up is used o generate a datsbase of cases. Once the datsbase is creat-
ed, it can be used to rain and validate the ANMN. The AN is then inteprated into
the GA as the objectve functon, so the GA can nm with almost instantaneous
evalnztion of individuals. The GA optimization fimally provides the non-
dominated solafion set (MMagnier and Haghighat, 20100

Simmiation Antificial Meural Mat-
sofiware (or ex- Database [ M work to be trained and
peTiments’) validated

Fignre 8 GAINN framework (Magnier and Haghighat, 2010)
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GATHN was first nsed in building engineering for the optimization of chillers
conirol (Chow et al, 2002). This smdy introduced the methodology o the building
field, and proved its efficiency in terms of accuracy and reduction of the total op-
timization time Later, GATNIY has been successfully applied in other studies, such
as Zhou(2007), combined with Computational Fluids Drynamics, and Conrand
(2008), combined with ESP-r.

Recently this spproach was nsed by Magmnier et 2l (2010) using a simulation-
bazed AMNN to characterize building behawior, and then the AWM model was com-
bined with 3 nmlt-phjective GA fo optinize thermal comfort snd ensrgy comn-
sumption in a residential building.

According to the previons smdies, the GATNEN methodolory can be very effi-
cient for building application. Due to the AWM evaluation inside the GA, a signifi-
cant amount of ime can be saved, while keeping the optimization reliable. One
main limitation of GATNMN is that the optimization results rely on the AWM acou-
racy. If the AT is mot 100% accurate, results could be affected and optimal sola-
tons conld be missed.

Another major drawback regarding bow GATNN methodology has been applied
so far is the handling of pmltiple objectives. In the great majority of previous stud-
1es, multiple objectives were handled by nsmg an aggregate welghted-sum scalar
function This method suffers from many Hmitstions, such as being dependent on
stated assumptons and on the inital simaton It also provides oo goarantes to
reach the best compromise solution according to the underlying preferences asso-
cizted with the specification of weighis.

11.2.4 Discussion

In thiz chapter an overview of recent research and development related to evalna-
tion of different retrofit technologies for building applications is provided.
The major findings from previows stndies are as follows:

# A large mumber of innovative technologies and enerpy efficiency
measures for building remofit ecdst. The main jssue is to identify those
that will prowe to be the more effective and relizble in the long term.

» The building refrofit assessment procedure is an iterative procedure in-
fluenced by the objectives, the alternative actions, and the sets of con-
straints.

» The methodologies involving mmltiple evalnation aspects of potential so-
hrdons fior decision support in the assessment of retrofit action may be
distingmizhed into two main spproaches: approaches in which alternatives
are explicitly known a priod (MCDA) and approaches in which alterna-
tives are mnplicitly defined within an optimization model (MOF).

» Appropriste problem strucnming methods, selection of evalnstion criteria,
definition of representative alternative courses of action and preference
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elicitation techmiques asre essential in MCDA approaches to select the
mast effective retrofit strategies.

= MCDA spproaches consider that a list of predefined intervention solu-
tions is given for which the performence in mmltiple (quantitative or gual-
itative) criteria is known at the outset. In case a small munber of such so-
Iutions have been defined, there is no guarantes that the solution fnally
reached is the best one (from the DM"s perspective). On the other hand,
Wwhen a large mumber of solumons are defined the required evaluation and
selection process may become extremely difficult to kandle

- Raceﬂlymmveamamunhasbeenpndmﬂ!usenﬂ'mmquusﬁr
the problem of improving energy efficiency in buildings. These ap-
prozches based on comprehensive mathematical models sim at providing
a thorough characterization of the frade—offs berween different objectives.

» The use of GA to deal with MOP models for building remrofit decision
support has gained an incressing relevance due to its ability to deal with
complex mathematical modsls and avoid being trapped i local non-
dominated solations.

= A major drawback of the application of GA in building efficiency im-
provement is the high munmber of calls to evalustien fonction associated
with physical parameters that is generally estimated by an external simm-
lation program such as CFD or other simmlation softeare. If accurate re-
sults are required. each evahsation can be time consuming and thus the
Complete computational process becomes exmemely unatTacive.

= (FATINN is one of the technigues to deal with this problem by approximat-
ing the system under study by an AMNN whose results are then nsed with-
in the G&_

11.3 Conclusion

In face of a large set of choices for rewofining a building, the main issne is o
identify those that prove to be the most effective in the long term. When choosing
among 3 varety of proposed measures, the DR (the building expert) has to recon-
cile emvitonmental, energy, financial, legal regnlation and social factors to reach
the best possible compromise sohaton to satisfy the final ocoupant needs. There-
fiore, MCDA and MOP models are essential tools to assist the DM in rationalizing
the comparison between non-dominated solotions and assess the trade-offs at stake
betwesn those distinct evalustions aspects.

Thus, there is 3 need for further development of decision zid systems based on
MCDA and MOP to support building experts in the spplication of their expertise,
mmm—wmmmmmammcum-
wous devel it of technological advances in energy efficient sohitions.
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