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ABSTRACT 

 With current increasing climate change concerns, enhancing infrastructure 

sustainability is essential to the help mitigate greenhouse gas emissions. Today, 45% 

of Canada’s greenhouse gas emissions can be attributed to the production of heat 

and electricity for buildings. Green building energy retrofits are useful to help 

decrease the energy consumption of a building and resulting emissions from a 

building. Before applying energy retrofits, evaluating their sustainability is 

important but can be challenging without the proper tools due to the many factors 

that need to be taken into consideration. Furthermore, life cycle thinking is crucial 

when making decisions on building retrofits implementation, and life cycle 

assessments are a valuable tool to help conduct sustainability evaluations. This 

research project aims to create a comprehensive methodology that will assess and 

compare building retrofits through life cycle thinking and the evaluation of 

environmental, economic, social and technical criteria. Appropriate key 

performance indicators are chosen for each criterion along with the development of 

a life cycle impact database. Overall, this research creates a comprehensive 

Microsoft Excel-based tool which may be used by building managers or 

stakeholders to determine the optimal energy retrofit.  
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CHAPTER 1  

INTRODUCTION 

1.1 Background and Problem Statement  

The Intergovernmental Panel on Climate Change (IPCC 2018) revealed that we 

have 12 years to limit climate change catastrophe. Climate change poses a serious global 

threat, with today’s existing outdated infrastructure contributing to the overconsumption 

of depleting resources [1]. Climate change has been attributed to anthropogenic greenhouse 

gas emissions (GHG) primarily generated from fossil fuel use [2]. Buildings alone are 

estimated to contribute to 50% of the annual energy consumption and GHG emissions [1]. 

Thus, the greatest potential to reduce the environmental impact of energy consumption 

within the next 20-30 years lies within the building stock [3]. In order to address the 

growing concerns on climate change and environmental sustainability, the Canadian 

Government has invested $22 billion in the 2017 budget towards building green 

infrastructure, forming resilient communities and assisting with disaster mitigation and 

adaptation [4]. It is unrealistic and too costly to simply replace all existing building 

infrastructure; at the same time, inaction and accepting the status quo will lead to more 

financial and performance burdens, as well as increasing the risk to resident populations 

[5]. There is a global movement towards developing “environmental-friendly and 

sustainable, “green” and carbon reducing buildings” [6]. There is a clear need for the 

implementation of energy efficient building solutions for existing buildings as a climate 

change mitigation strategy [4].  

The potential for sustainable development in the construction sector of developed 

nations lies “in the realm of building maintenance, repair, renewal, retrofit, adaptive re-use 
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and recycling” [7]. Green retrofitting is an effective strategy to reduce energy consumption 

and improve the sustainability of a building [8]. Retrofitting can be defined as “a process 

that reaps the benefits of the embodied energy and quality of the original building in a 

dynamic and sustainable manner” [9]. Green retrofitting also presents many environmental, 

social and economic benefits when compared against replacing an existing building with a 

new one [1].  However, selecting the optimal energy retrofit for an existing building 

remains a dilemma.   

Thus, evaluation of building retrofits can be challenging because of the complex 

relationship between buildings and their environment since many factors need to be 

considered including the economic, technical, social and ecological aspects [10]. 

Moreover, determining the embodied environmental impacts of retrofit alternatives 

remains uninvestigated. Building retrofit evaluation is a multi-criteria decision making 

problem. Previous researchers have used multi-criteria decision making (MCDM) such as 

multi-objective optimization (MOO), Analytical Hierarchy Process (AHP) and MAUT 

(Multi-Attribute Utility Theory) [11]. Software such as the Building for Environmental 

and Economic Sustainability (BEES) aid in economic and environmental evaluation of 

building products [12]. A comprehensive literature review of the existing building retrofit 

evaluation research revealed two critical knowledge gaps:  

1) Existing decision aid methods are not complete and comprehensive: More 

sustainability criteria should be considered in order to properly evaluate retrofit selection. 

Despite the substantial research up to date, the technical, economic and environmental 

implications of green retrofitting have been studied by very few researchers. There is found 

to be a lack of established benchmarks and criteria for the assessment of environmental 
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significance of building retrofits [1]. Additionally, Si et al. (2016) revealed that much of 

the existing building retrofit evaluation decision-making processes focus on a single 

economic criterion, such as cost-benefit ratios [11]. Building energy retrofit evaluation 

criteria should consider economic, environmental, social and technical performance in the 

decision making process [11].  

2) Life cycle impacts for varying sustainability criteria have been ignored: Life 

cycle thinking is crucial to develop superior and sustainable buildings and should be 

incorporated into the evaluation of building energy retrofit [13]. Therefore, incorporating 

life cycle thinking in the evaluation of building retrofits is critical. As Ingrao et al. (2018) 

discussed, the LCA decision-making “promotes stewardship by considering global, 

national, regional and local impacts on social and environmental problems such as human 

health, resource depletion, and ecosystem quality” [13]. Subsequently, conducting a social-

LCA (S-LCA), environmental LCA, and life cycle costing (LCC) can all help in the 

determination of sustainability factors that are associated with building retrofit 

implementations throughout its life cycle.  

The existing literature presents various decision-making methods however they do 

not address the two research gaps above. From the reviewed literature, Si et al. (2016) have 

developed a wholistic framework and criteria for the evaluation of green technology, 

however they do not consider life cycle thinking in their process. As a result, there remains 

the need for a retrofit evaluation method which incorporates life cycle thinking into its 

sustainability development measures. A comprehensive framework is developed to create 

a more holistic evaluation methodology which is useful to building managers as they select 

the appropriate retrofits for their buildings.  
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1.2 Objectives  

This research tests the hypothesis that a user-friendly decision support framework 

should be able to assist building managers in determining the optimal retrofit alternative 

by considering a life cycle thinking lens. The main purpose of this research project is to 

develop a life cycle thinking based evaluation framework to compare building energy 

retrofits. A proposed methodological framework is developed as an easy-to-use decision 

support tool. The following are the specific objectives for this research to achieve the 

overall objective:  

1. Determine key performance indicators (KPI) to evaluate the social, economic, 

environmental, and technical performance of building energy retrofits.  

2. Develop a life cycle thinking based evaluation framework to compare building 

energy retrofits. 

3. Develop a life cycle impact database of innovative and proven energy retrofits by 

conducting life cycle assessment (LCA), life cycle costing (LCC) and social life 

cycle assessment (S-LCA). 

4. Develop an Excel-based energy retrofit evaluation tool by utilizing the developed 

evaluation framework and the database. 

5. Conduct a case study to outline how the results from objectives 1 through 4 above 

will be implemented.  

6. Propose implementation guidelines and best management practices (BMPs) for the 

developed evaluation method. 



 

5 

 

1.3 Literature Review 

 Infrastructure sustainability has become a crucial part of the development towards 

global sustainability. This research utilizes a life cycle thinking based approach for the 

development of an evaluation framework that will consider varying social, economic, 

environmental and technical criteria of building retrofit implementation.  

 The following literature review will:  

1. Discuss the need for action against climate change.  

2. Discuss sustainable buildings along with commonly installed building retrofits.  

3. Review the various decision-making methods available to evaluate building 

retrofits. 

4. Discuss the significance of life cycle assessments in building sustainability. 

 1.3.1 Climate Change 

 Today climate change is cause for major concern as it is responsible for significant 

changes in global temperatures, leading to threatening natural disasters. There are ongoing 

global discussions on ways to reduce the harmful greenhouse gas (GHG) emissions that 

are causing climate change which require serious and immediate action [14]. In 2015, 

countries in the United Nations Framework Convention on Climate Change (UNFCC) 

signed the Paris Agreement, which aims to deter the effects of GHG and keep global 

temperatures at a safe level. This includes putting in place efforts to ensure that the global 

increase in temperature is limited to less than 1.5 degrees Celsius [15]. This is crucial as a 

global temperature increase of one single degree of heat could make the difference between 

life-or-death for organisms on the planet [16]. Furthermore, the IPCC have released a 
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Special Report in 2018 detailing the drastic changes that would take place if the 

temperatures continue to rise at the current rate in the hopes that the global response to the 

threat of climate change will strengthen. These changes include the “risks to health, 

livelihoods, food security, water supply, human security, and economic growth” [2]. 

Canada is one of 196 parties at the UNFCC to participate in the Paris Agreement, with 

1.95% of world greenhouse gases but has yet to ratify the agreement [15]. 

 However, with the move towards a more sustainable future there are still some 

challenges to overcome as the United States, the world’s second largest emitter of carbon, 

plans to pull out of the Paris Accord under the Trump administration. This is primarily due 

to the economic setbacks that the President believes the agreement will have on the United 

States [17]. Furthermore, Ontario’s current Premier Doug Ford has eliminated the carbon 

tax and cap-and-trade, which many believe are the best ways towards a sustainable future 

[18]. There are clear challenges in relation to the mitigation of climate change effects 

however, there are still many productive initiatives that are helping counter the rise in 

GHGs. A very important component of this global climate change adaptation and 

mitigation movement includes improving infrastructure and building energy performance. 

 1.3.2 Buildings and their Sustainability Impacts 

 Buildings present a wide range of varying impacts throughout their lifespan. These 

impacts can be global or local and affect many different types of people [11, 19]. Existing 

literature has discussed a variety of impacts and their implications. Table 1-1 summarizes 

some of these various impacts presented by buildings for their triple bottom line categories 
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of environmental, economic and social as listed by Si et al (2016) and Sev (2009) for 

building energy use and construction respectively. 

Table 1-1: Building Sustainability Impacts 

Impact Environmental Social Economic 

Raw material extraction and 

consumption, related resource 

depletion  
*  * 

Land use change, including clearing of 

existing flora  
* * * 

Energy use and associated emissions 

of greenhouse gas (GHG)  
*  * 

Other indoor and outdoor emissions  *  * 
Aesthetic degradation   *  
Water use and wastewater 

generation  
*  * 

Increased transport needs, depending 

on the site  
* * * 

Waste generation  *  * 
Opportunities for corruption   * * 
Disruption of communities, through 

inappropriate design and materials  
 * * 

Health risks on worksheets and for 

building occupants  
*  * 

Occupant wellbeing and comfort   *  
Job creations  * * 
Community engagement   * 

 

 1.3.3 Towards Sustainable Built Environment 

The built environment is essential as it is “a spatial material and cultural product of 

human activities that combines physical elements and energy to support living, working 
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and playing” [13]. Furthermore, buildings are a very important part of human daily life as 

people spend on average 90% of their lives indoors [20]. According to Industry Canada 

(2011), buildings consume 50% of extracted natural resources and 33% of the country’s 

energy use. In addition, buildings produce 25% of the landfill waste, 10% of airborne 

particles, and 35% of GHG emissions [21]. However, of the varying factors contributing 

to the climate change phenomenon, building energy consumption is one of the largest. 

Buildings are responsible for 40% of global energy use and 30% of GHG emissions [22]. 

Because of this significantly large contribution, there is a search for more efficient and 

innovative ways to improve the energy consumption of buildings. The current challenge 

also lies in improving the sustainability of entire building stocks as opposed to a narrow 

group of already sustainable buildings [1]. Implementing green technologies and 

sustainable measures can improve building performance and in turn help a building operate 

with less energy usage. Reducing building energy consumption is crucial in tackling 

climate change, as the operation of a building is accountable for a major percentage of its 

overall environmental impact [23]. There are worldwide efforts towards the betterment of 

infrastructure sustainability through implementation of green technologies. Moreover, 

Canada aims to develop a nationwide “net-zero energy ready” model building code by the 

year 2030 [24]. The US Department of Energy defines net-zero energy buildings as 

buildings that produce enough renewable energy to meet their  energy consumption, which 

in turn reduces the consumption of fossil fuels [25]. Net-zero energy ready buildings are 

those which are prepared to be net zero ready in the future but may not have the means to 

produce on site energy for the time being [26].  



 

9 

 

The sustainable building actions taken by the government will “save Canadian 

money and help make homes, businesses and other buildings more comfortable, healthy 

and environmentally friendly” [24]. All building stakeholders should be looking at 

reducing GHG emissions within the building stock to mitigate climate change and global 

warming [27]. A significant reduction in global energy consumption and GHGs can be 

achieved using green retrofitting [1]. 

 1.3.4 Importance of Green Retrofitting 

The United State Green Building Council (USGBC) defines green retrofits as “any 

type of upgrade at an existing building that is wholly or partially occupied to improve 

energy and environmental performance, reduce water use, improve comfort and quality of 

space in terms of natural lighting, air quality and noise, all done in a way that it is 

financially beneficial to the owner” [28]. Thus, the implementation of green retrofitting 

can result in a wide variety of benefits. Hence, benefits of retrofitting may be economic 

(e.g., lower operating costs), environmental (e.g., reducing GHGs) or social (e.g. increase 

in comfort). This is why, according to Si et al., it is important to consider sustainability 

criteria when evaluating different retrofits through the assessment of the environmental, 

economic and social performance [11]. Retrofitting is also found to be more favorable than 

the demolition and reconstruction of buildings [29]. The rate of replacement of existing 

buildings is significantly low, and so retrofitting has been identified as “having a greater 

potential to improve energy efficiency and reduce GHG emissions than improving 

standards of new buildings” [11]. Retrofitting as opposed to reconstruction also results in 

a decreased pressure created on landfills as well as the decrease in construction waste and 

materials [1]. Furthermore, the cost of refurbishment is often found to be less than that of 
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re-construction [3]. Consequently, the use of green building retrofits must be amplified or 

“building design and construction will have little responsibility in tackling global 

warming” as existing buildings are remaining in operation for 50-100 years because of 

their long lifespans [30]. Canada has invested over one billion dollars in 2018-2019 for the 

increase in energy efficiency of residential, commercial and institutional buildings. This 

includes the implementation of a variety of deep, major and minor retrofits. Collaboration 

on Community Climate Action has also invested $350 million that will go to municipalities 

for the green retrofitting of large and small community buildings [31]. With green retrofits 

being a vital component to sustainable development it’s important to explore the different 

types and methods, to make an informative decision on the appropriate selection.  

 1.3.5 Green Retrofitting Types 

There are a wide variety of green retrofits available to meet the needs of different 

infrastructure systems. Ma et al. outlines the major possible retrofit technology types with 

some of the most common ones including changes in thermal insulation, lighting, heating 

and cooling controls and solar panels [32]. Furthermore, these varieties of building retrofits 

may be installed in differing building categories such as office buildings, schools and multi 

or single-family homes [32]. The type of retrofits used in a building is dependent on many 

factors as multiple criteria exist and interrelate [11]. Ma et al. also discusses that retrofit 

technologies may be categorized into three groups: “supply side management, demand side 

management and change of energy consumption patterns”. The supply side management 

focuses on retrofits which can provide energy to building (e.g., solar voltaic cells) while 

demand side management focuses on reducing the energy consumption (e.g., thermal 

insulation) [32].  
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Furthermore, there are three retrofitting categories as outlined by the Government 

of Canada; minor, major and deep retrofitting. These retrofitting types are outlined in Table 

1-2 below. This table is adapted from data provided by the Government of Canada on 

Retrofitting [33].  

Table 1-2: Minor, Major and Deep Energy Retrofits Descriptions - Adapted from the 

Government of Canada 

Type of 

Retrofit 
Description Examples 

Minor 

Minor retrofits are modifications 
that are low-cost, easy to 

implement and that offer good 
value for the money and effort 

invested. 

• Sealing with caulking or spray 
foam 

• Adding insulation 

• Upgrading lighting systems 

Major 

With major retrofitting a more 
holistic approach is taken, which 

is minimally disruptive to building 
occupants. 

• Replacing window glazing and 
doors 

• Updating inefficient heating and 
cooling systems 

• Installing low-flow faucets with 
sensors and automatic shut-offs 

• Installing sub-metering 

Deep 

Deep retrofits require an 
extensive overhaul of your 

building’s systems that can save 
you up to 60 percent in your 
energy costs. These types of 

retrofits can be disruptive to your 
building’s occupants. 

• Significantly reconfiguring the 
interior 

• Replacing the roof 

• Adding or rearranging windows 
for increased daylight 

• Replacing the heating, ventilation 
and air-conditioning system with 
a renewable technology like a 
ground-source heat pump 

 

 With a wide variety of green retrofits available it is important to evaluate their 

different benefits and impacts to decide on which ones to implement.  
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 1.3.6 Retrofit Decision-Making Methods 

 A range of existing research touches on methods for energy retrofit selection of 

existing buildings [1]. Gore et al. have described a general procedure for decision making 

with the involvement of the following steps: setting objectives, defining the problem, 

searching for alternatives, evaluating the alternatives, making a choice and implementing 

[34]. This general method appears to be the basis for the various decision-making 

techniques available for the evaluation of building retrofits. Jafari et al. created an 

“optimization framework for building energy retrofits” focusing primarily on optimization 

of cost savings [29]. Ma et al. provided “a systematic approach” to cost-effective retrofit 

selection [32]. Furthermore, Si et al. uses the Analytical Hierarchy Process (AHP) as a 

MCDM method for the selection of technologies to retrofit existing buildings, taking in a 

variety of sustainability criteria [11]. Antipova et al. used a “mixed-integer linear program” 

for retrofitting by means of environmental LCA principles [23]. In addition, Menassa 

presents a “quantitative approach to determining the value of investment in sustainable 

buildings” focusing on life cycle costs and perceived benefits of investment [35]. Collier 

et al., utilized the Multi-Attribute Value Theory for roofing retrofit selection and the 

development of more comprehensive criteria [36].  

 The National Institute for Environmental and Economic Sustainability has also 

developed BEES, a software which aims to help with the selection of environmentally-

preferred, cost-effective building products [12].  Athena Impact Estimator for Buildings is 

also useful for the evaluation of primarily environmental impacts presented by building 

assemblies. Athena Impact Estimator is created by the Athena Sustainable Materials 

Institute [37]. Facility Energy Decision System (FEDS) is another tool, developed in 



 

13 

 

partnership with the US Department of Energy, that is used to determine optimal retrofits 

to install based solely on life cycle costing results. The FEDS tool is also able to provide 

emission data for six pollutant types as they relate to the energy decrease from retrofit 

installation [38]. Most developed decision-making methods to date do not include all three 

pillars of sustainability in their criteria consideration. Much of the decision-making process 

surrounding building retrofitting is based on a single economic or environmental criterion 

[11]. Additional decision-making models should be developed to maximize the energy 

retrofit benefits, including economic, environmental and social [29]. Furthermore, a critical 

consideration in the development of retrofit decision-making models includes life cycle 

thinking [13]. From all existing decision-making methods, life cycle assessments are not 

always used and if so, they are often limited to evaluation of criteria related to 

environmental or costing. Table 1-3 shows the criteria and life cycle thinking (LCT) 

considerations in existing literature pertaining to building energy retrofit selection. 

Table 1-3: Retrofit Selection Literature Criteria Considerations 

Authors Economical Environmental Technical Social LCT 

Miller et Buys (2008) 
   

✓ 
 

S.E. Chidiac (2010) ✓ 
   

✓LCC 

 Asadia et al. (2011)  ✓ ✓ ✓ 
  

 C. Menassa (2011) ✓ 
   

✓LCC 

Ma et al. (2012)  ✓ 
    

Antipova et al. (2014) ✓ ✓ 
  

✓LCA 

Si et al. (2016)  ✓ ✓ ✓ ✓ 
 

Jafari et al. (2017) ✓ 
   

✓LCC 
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 Dirutigliano et al. (2018)  ✓ 
  

✓ 
 

 Liu et al. (2018) ✓ ✓ 
  

✓LCC 

Wang et al. (2018)  ✓ ✓ ✓ ✓ 
 

Bragolusi (2019) ✓ ✓ ✓ ✓ 
 

 

 1.3.7 Life Cycle Thinking and Retrofit Evaluation 

Life cycle assessments allow for the testing and improvement of innovations in 

terms of their environmental, economic and social contributions. LCAs are considered to 

be valuable tools for the development of sustainable solutions, in which the solutions 

should involve a good cost to benefit ratio, result in social benefits, and minimize negative 

environmental effects [13]. There is currently not enough reliable data and methodology to 

undertake life cycle economic, energy and environmental analysis for sustainable building 

elements, such as retrofits, for the refurbishment of existing buildings [3]. Some research 

has focused on the life cycle assessment of specific types of criteria areas, i.e. on either 

environmental, economic or social criterion. Antipova et al., conducts an environmental 

LCA along with multi-objective optimization to present a systemic tool that considers 

economic and environmental criteria [23]. Menassa uses life cycle costing to evaluate 

sustainable building retrofits, focusing on the value of investment in sustainable retrofits 

[35]. Thomas et al., focus heavily on life cycle energy analysis in their study to evaluate 

net zero energy building efforts [39]. With all the incorporations of life cycle thinking into 

retrofit evaluation, there appears to be a lack of combination of environmental, economic, 

technical and social criteria. It is important to consider all of these criteria when comparing 

retrofits as the environmental, economic and social impacts occur throughout the life cycle 
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of buildings; from raw material acquisition, construction, operation, demolition and 

disposal [40]. In general, social and economic impacts aspects are not generally considered 

in the literature concerning life cycle assessments of building refurbishments, and more 

studies are needed in this area [41]. 

 1.3.8 Life Cycle Sustainability Assessment 

In order to balance the triple bottom line of sustainability, life cycle thinking with 

regards to the built environment should encompass the three following stages; life cycle 

assessment (LCA) (environmental and social) and life cycle costing (LCC) [15]. A 

combination of these three assessments and sustainability pillars results in the Life Cycle 

Sustainability Assessment (LCSA). The United Nations Environmental Programme 

(UNEP) introduces this concept while acknowledging and combining the life cycle 

initiatives and methodologies of other organizations [42]. The International Standards 

Organization (ISO) can be referred to when conducting retrofit LCAs as it has two 

standards, ISO 14040 and 14044, that fit into building refurbishment scenarios [41]. These 

standards focus on life cycle assessments concerning environmental performance, however 

this established life cycle methodology and approach presented by ISO 14044 can be 

extended to economic or social aspects of a product [43]. Therefore, sustainable life cycle 

assessments in the built environment can evaluate multiple criteria using an LCA (for 

environmental and social aspects) and an LCC (for economic aspects). According to the 

ISO 14044 standard, “LCA studies shall include the goal and scope definition, inventory 

analysis, impact assessment and interpretation of results” [44].  
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The goal and scope definition include identifying the preliminary assumptions and 

purpose of the study, along with the boundaries of the system. Some of the options 

available to select the system boundaries include; cradle-to-cradle, cradle-to-grave, cradle-

to-gate and gate-to-cradle. The life cycle inventory (LCI), is concerned with the 

quantification of the mass and energy flows. The life cycle impact assessment (LCIA) is 

where the indicators are used for assessing the environmental impact or modified to social 

or economic impact. Finally, the life cycle interpretation is completed to establish ways 

which can reduce the impacts presented by the system [43]. For LCAs, quantitative or 

qualitative information on emissions, material, and energy used in all phases is useful as it 

helps conduct a complete impact assessment. 

1.4 Research Methodology  

 The aforementioned objectives are achieved using a simulation-based 

methodology. Four interrelated phases form the methodology for this project. These phases 

are outlined in the diagram in Figure 1-1 and further detailed in this section below. The 

chapters in which each phase work is covered are also indicated in the figure. This results 

in the thesis being six chapters long with one introduction chapter, four body chapters (one 

for each phase) and a final discussion and conclusions chapter.  
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Figure 1-1: Research Methodology Overview 
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 1.4.1 Phase 1 – Framework for Building Retrofit Evaluation  

Phase 1 focuses on the determination of the key performance indicators (KPI). In 

order to develop the retrofit evaluation framework, the first step is to determine and develop 

a set of environmental, economic, social and technical key performance indicators. These 

KPIs are developed through an extensive literature review to incorporate the key aspects 

for each category. The Building for Economic and Environmental Sustainability (BEES) 

is useful towards the collection of the KPIs as it is developed by the National Institute of 

Standards and Technology (NIST) [12]. Although the BEES criteria are only related to 

economic and environmental aspects, they are developed using International Organization 

for Standardization (ISO) Life Cycle Costing and Life Cycle Impact Assessments [12].  

Further software exists which assesses building sustainability such as Athena Sustainable 

Materials Institute, which focuses on building design evaluation using environmental LCA, 

and the Green Building Tool which is an environmental assessment tool [45]. Therefore, 

some of the environmental and economic KPIs can be collected through existing credible 

software assessments. The social and technical criteria will rely heavily on literature 

reviews and life cycle thinking. Existing research concerning the social life cycle of 

building elements will be taken into consideration for the development of the KPIs. The 

details of Phase 1 are explained and discussed in detail in Chapter 2.  

 1.4.2 Phase 2 – Life Cycle Impact Database 

In Phase 2 a life cycle impact database is developed to help evaluate varying 

retrofits. This database is programmed on Excel to help define the assignable values for 

the KPIs while incorporating life cycle thinking. This database is created using existing life 
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cycle sustainability assessment (LCSA) methodology. The LCSA is conducted according 

to the ISO 14044 standard [44]. The systems boundary for the assessments includes from 

the cradle-to-grave of the retrofit. This boundary encompasses the material and energy 

production chain and all processes from the raw material extraction through the production, 

transportation and use phase up to the product’s end of life treatment [44]. Furthermore, 

data is collected from a variety of sources such as the RS Means for life cycle costing and 

the ecoinvent database for the collection of environmental values. This life cycle impact 

database is comprehensive enough to be modified for a variety of building retrofits that 

may need to be considered for a particular project.  

These are evaluated and based on the following major criteria: 

• Environmental: uses life cycle impact assessment (LCA) through software 

such as BEES and Athena 

• Economic: uses life cycle costing (LCC) – using data from RS Means and 

the LCC formula 

• Social: uses social life cycle assessment (S-LCA) – using Norris’s SLCA 

methodology, calculating the difference between the year gain from 

economic growth and years lost from pollution to provide a result on health 

impacts. 

 Combining these three life cycle assessments will bring a more holistic evaluation 

to the selection of building retrofits. The development of the life cycle impact database will 

help bridge the methodology onto Phase 3 to develop the retrofit evaluation tool. Details 

of this methodology are outlined and detailed in Chapter 3.  
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 1.4.3 Phase 3 – Retrofit Evaluation Tool 

Once the KPIs from Phase 1 and the life cycle impact database from Phase 2 are 

complete, they are combined in Phase 3 to develop an Excel-based energy retrofit 

evaluation tool. The evaluation framework is structured with the information and 

definitions gathered for the KPIs in Phase 1. Firstly, this framework has the four major 

categories of: social, economic, environmental and technical. Then under these categories 

there are the associated subcategories as determined by the KPIs. This developed 

framework is shown and discussed in Chapters 1 and 4. 

This framework utilizes a weighted sum method (WSM), with the breakdown and 

description of categories and subcategories. The weighted sum method is used for its 

comprehensibility, straightforwardness and simplicity [46]. This method follows an 

additive unity assumption to make the “best” decision. Although the WSM is one of the 

most basic and commonly used methods, it provides similar results when compared to other 

methods with accurate data [47]. A normalization scheme must be applied for the variables 

in the framework to apply the WSM. The following general formula is used for the 

weighted sum method: 

𝐴𝑊𝑆𝑀−𝑠𝑐𝑜𝑟𝑒 = 𝑚𝑎𝑥 ∑ 𝑎𝑖𝑗𝑤𝑗

𝑛

𝑗=𝑖

 

Equation 1-1 

where 𝐴𝑊𝑆𝑀−𝑠𝑐𝑜𝑟𝑒 is the WSM score of the preferred alternative, n is the number 

of decision criteria, 𝑎𝑖𝑗𝑤𝑗  is the actual value of the i-th alternative in terms of the j-th 
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criterion and 𝑤𝑗  is the weight if the importance of the j-th criterion [48]. This framework 

will help create a scoring chart for the retrofits that will be evaluated.  

Next, the life cycle impact database from Phase 2 is connected into the evaluation 

framework. LCA, LCC and SLCA data stored in the database will assist the life cycle 

thinking based evaluation. When using the tool, the weights for each of the four categories 

will be assigned based on the stakeholder’s preference and valuation of the criteria for their 

needs. This will result in a value analysis of the retrofits using indicator scores multiplied 

by value weights [49]. This subjective weighting scheme is used as there is a lack of 

widespread agreement for weighting criteria [50].  

 1.4.4 Phase 4 – Case Study 

 Finally, in Phase 4 a case study will be used to demonstrate the frameworks abilities 

with select retrofits from the database. A chosen building will be modelled using HOT2000 

software. This model will demonstrate the energy consumption changes that can be applied 

to the tool and help in the selection of the most appropriate retrofit.  

 The basis of this simulation case study will be to serve as a detailed example of the 

way the comprehensive Excel-based evaluation tool can be applied. Furthermore, 

implementation guidelines and best management practices can be determined and 

discussed with regards to the use of the tool, along with its limitations. 
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