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Abstract: Climate change poses a serious global threat, with existing outdated infrastructure as a major
contributor. Today, 45% of Canada’s greenhouse gas emissions can be attributed to producing heat and
electricity for buildings. Green building energy retrofits can help decrease the energy consumption and
resulting emissions from a building. Green retrofitting also presents many environmental, social and
economic benefits (sustainability) when compared against replacing an existing building with a new one.
However, before applying energy retrofits, their potential benefits to sustainability must be evaluated. Much
of the previous research focuses on economic or environmental criterion for retrofit evaluation and do not
consider all three pillars of sustainability. Moreover, the published literature has overlooked life cycle
environmental, economic and social analysis for building retrofits. This paper aims to develop a
methodological framework for evaluating energy retrofits to address these literature gaps. The proposed
framework incorporates both multi criteria decision making (MCDM) and life cycle thinking to develop a
novel retrofit evaluation method. A total of 20 key performance indicators (KPI) for retrofit evaluation are
identified through content analysis. These determined KPIs are normalized and aggregated using the
weighted sum method (WSM) to create a more complete set of evaluation criteria with respect to
environmental, economic, social and technical aspects of building energy retrofits. An illustrative case study
is done to demonstrate the use of the framework. This developed methodology is comprehensive,
simulation-based and adaptable to a variety of different retrofits and building types.

1 INTRODUCTION

Much of today’s existing occupied infrastructure is outdated and inefficient with regards to energy
consumption. Buildings in particular account for 45% of global GHG emissions, by providing important
necessities such as lighting, heating and electricity to occupants (Jagarajan et al. 2017). Even though it is
unrealistic to replace all outdated buildings, accepting the status quo and their current conditions negatively
impacts the environment, economy and society. Thus, the greatest potential to reduce the environmental
impact of energy consumption over the next several decades lies within the building stock (Ding 2013).
Dong, Kennedy, and Pressnail (2005) highlighted the importance of “building maintenance, repair, renewal,
retrofit, adaptive re-use and recycling” as a key driver for sustainable development in the construction
sector. Sustainable building solutions has been a popular research stream, with building energy retrofits as
a key contributor to the development of more energy efficient buildings.
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Energy retrofitting is an effective strategy which helps to reduce the energy consumption which in turn
reduces GHG emission and operational cost. Energy 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” (Latham 2000). These retrofitting technologies contribute to a critical global movement towards a
more sustainable future by presenting many environmental, economic and social benefits when compared
against deconstruction and replacing an existing building (Jagarajan et al. 2017). Although energy retrofits
are beneficial, it may not be feasible to fully retrofit a building because of the cost. Thus, a thorough analysis
is needed when selecting the appropriate retrofit for a building because this selection will be challenging
without the proper resources.

Building retrofits have a complex relationship with their environment and many factors should be taken into
account, including the economical, technical, social and ecological aspects (Asadi et al. 2012). There are
a variety of existing decision-making methods available to aid in selecting building retrofits. These methods
include multi-criteria decision making (MCDM), multi-objective optimization (MOQO), Analytical Hierarchy
Process (AHP) and Multi-Attribute Decision Making (MAUT) (Si et al. 2016). Further, there are different
software available to help evaluate sustainable building products such as Building for Environmental and
Economic Sustainability (BEES) which focuses solely on environmental and economic criteria (Lippiatt
2007). A comprehensive literature review highlighted two key knowledge gaps on energy retrofit evaluation.
First, the existing decision aid tools available are not complete and comprehensive as they do not consider
all sustainability criteria. Despite the amount of research to date on retrofit selection tools, there is a lack of
established benchmarks and criteria for environmental significance. The technical, economic and
environmental implications of green retrofitting has not been studied enough (Jagarajan et al. 2017). A
significant amount of the research in the field focusses only on the evaluation of a single economic criteria
(Sietal. 2016). Second, life cycle impacts related to sustainability criteria have not always been considered.
Life cycle thinking is essential to develop superior and sustainable buildings, with life cycle assessments
as valid tools to incorporate life cycle thinking (Ingrao et al. 2018).

In order to address the knowledge gaps discussed, this research paper’s main objective is to develop a life
cycle thinking based methodological framework for building energy retrofit selection. The methodology
incorporates holistic evaluation criteria by developing a set of environmental, economic, social and technical
key performance indicators. The resulting framework can be employed by building managers in their energy
retrofit selection and decision making.

2 METHODOLOGY

The methodology for this framework is conducted in two parts. The first part deals with determining a set
of KPIs for the categories of environmental, economic, social and technical. These KPIs were determined
through existing software, literature and content analysis.

The “Compendex Engineering Village” database was used to obtain journal articles. Key word searches
were used to obtain relevant publications related to the research. The combination of key works in this
project included: “green”, “building”, “retrofit”, “sustainability”, “indicator”, “decision making” and “energy”.
From the output articles, the list was narrowed down by analyzing the abstracts and if found to be potentially
relevant, it was followed by reviewing the content of the articles. Furthermore, the KPIs were developed

through the evaluation of existing building materials selection and evaluation tools.

The second part of the methodology develops the framework to compare and evaluate the energy retrofits.
Existing MCDM methodologies which deal with building materials selection and retrofits are reviewed and
discussed. These methods are evaluated based on existing literature to determine which is deemed most
appropriate for the purposes of this research project. After selecting the MCDM method for this framework,
the determined list of KPIs is established and normalized. Finally, a set of equations is developed to apply
the framework.
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3 KEY PERFORMANCE INDICATORS

The content analysis methodology discussed in the previous section was used in order to choose the key
performance indicators for four criteria categories: environmental, economic, social and technical. Many
studies suggest that these four criteria should be considered when selecting green technologies, such as
in energy retrofits (Si et al. 2016; Kumar et al. 2017; Akadiri and Olomolaiye 2012). Sustainability criteria
(environmental, economic and social) are essential in “green technology” decision making (Si et al. 2016).
Furthermore, technical criteria are important in building material selection decision making as many studies
focus heavily on them to meet functional requirements (Akadiri and Olomolaiye 2012). A hierarchical
framework (Figure 1) outlines the KPIs chosen for each criterion and their formula notations. There are 20
KPIs in total; eleven in environmental, one in economic, one in social and seven in technical. The selection
of these varying criteria is detailed in the respective sections below.

Global Warming Potential ‘ KPlgyq

Acidification ‘ KPlgnz

Eutrophication ‘ KPlgns

Fossil Fuel Depletion ‘ KPlgnq ‘

Environmental Indoor Air Quality ‘ KPlgys
Score - EN Habitat Alteration ‘ KPlgng
Water Intake ‘ KPlgnz

Criteria Air Pollutants KPlgys

SI’T'IOQ KP'ENg
Ecological Toxicity ‘ KPlen1o ‘
Ozone Depletion ‘ KPlgp1 ‘
Overall Economic
Score Score - EC \-< Total Cost ‘ KPlgcq ‘
Saocial ’__’/‘{ Human Health Impact ‘ KPlg; ‘
Score - S
Performance ‘ KPly ‘
Maturity ‘ KPlr ‘
Technical Reliability ‘ KPlrs ‘
Score - T Compatibility ‘ KPlr4 ‘
Lifespan ‘ KPls ‘
Durability KPlg
Flexibility KPl;

Figure 1: Hierarchical Framework
3.1 Environmental

Environmental impacts are one of the most widely discussed topics in green building energy retrofitting.
This research focusses on developing key performance indicators that incorporate life cycle thinking. Two
research life cycle assessment tools are popularly used to select building materials: 1) Building for
Environmental and Economic Sustainability (BEES), and; 2) Athena Impact Estimator for Buildings (Athena
Sustainable Materials Institute 2014; Lippiatt 2007). BEES has indicators for environmental and economic
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criteria, while Athena focusses on only environmental impacts through life cycle assessments (LCA). BEES
was developed by the National Institute of Standards and Technology (NIST) while ATHENA was
developed through Athena Sustainable Institute. Both utilize the Tool for Reduction and Assessment of
Chemicals and Other Environmental Impacts (TRACI) metrics to develop their environmental indicators,
and therefore present many similarities.

Athena and BEES both account for: global warming potential, acidification, human health, ozone depletion,
smog potential, fossil fuel depletion and eutrophication. One difference is that Athena accounts for primary
and non-renewable energy consumption while BEES does not. Energy consumption will later be discussed
as a technical indicator in section 3.4 and thus removed from the environmental category. Furthermore,
BEES examines indoor air quality, habitat alteration, water intake, criteria air pollutant and ecological
toxicity. Athena explains that water use and habitat alteration are highly site specific and therefore is not be
used in their LCA analysis. Thus, the more complete set of indicators from BEES will be adapted for the
environmental KPls in the framework because they cover a wider range of criteria. Human health is however
removed from the environmental category and used as a social criterion as discussed in section 3.3.

3.2 Economic

The economic criteria for this framework were based on the requirements of a life cycle costing (LCC)
evaluation which is covered in BEES. BEES has two economic criteria which are calculated in order to
provide an economic analysis for a building product, being first cost and future costs. The BEES software
follows the American Society for Testing and Materials (ASTM) method for LCC, starting at product
purchasing and ending at some end date of product ownership (Lippiatt 2007). These can be combined
into one KPI of total cost, which can be determined using the LCC approach.

3.3 Social

There are various social life cycle assessment methodologies available such as the most popular methods
by Dreyer, Norris, Hunkeler and Weidema. Human well-being is found to be the basis for all social life cycle
assessments (SLCAs). SLCA is more complex than environmental LCAs or LCC as it is “based on the way
business affects human well-being” (Subramanian 2015). Dreyer et al. have developed a method for which
corporate social responsibility is key, focusing on a company’s management of social issues. Norris has
developed a method to quantitatively model the social impacts of a product across its lifecycle through one
end point indicator, being human health impact. Hunkeler’s involves the calculation of labour hours, giving
a focus on the employees at a production company and the benefits created by the industry. Weidema
developed a method which relates human life-years lost during a products life cycle to social impacts, taking
a damage-oriented approach to the SLCA (Subramanian 2015). Of all these popular SLCA methods that
were reviewed Norris’s SLCA is adopted to determine the end point social KPI within the framework. The
focus of the framework is to analyze a particular retrofit involving its product materials and processes. This
contrasts with other SLCA approaches that examine company involvement in product manufacturing in
conjunction with a company’s ability to manage social issues, such in Dreyer’'s SLCA. Hunkeler's SLCA
focuses on the labour hours and employment. Weidema’s SLCA requires identifying social issues and
damage categories which are highly variable. Norris was influenced by Weidema’s SLCA, and integrates
social and economic impacts together (Subramanian 2015).

The health impact endpoint indicator in Norris’s SLCA is developed by analyzing the economic life cycle
and the human life expectancies in the countries where the products are produced and supplied (Norris
2006). Thus, the KPI for the social category becomes human health impact which is determined through
socio-economic pathways.

3.4 Technical

The technical KPIs for this framework are determined through the review of journal publications and content
analysis using Engineering Index (Compendex) and focusing on resources related to the terms “green
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building” and “technical criteria”, in order to find technical criteria which considered product selection and
sustainability. One article published in 2016 by Si et al. specifically dealt with retrofit decision-making
selection considering criteria which are categorized as environmental, economic, social and technical (Si
et al. 2016). Interestingly, this research article did not consider life cycle thinking for the development of
their framework, as is considered throughout this project for environmental, social and economic KPIs. The
technical criteria used by Si et al. (2016) are compatibility, reliability, efficiency, durability and flexibility.
These criteria are pertinent to the framework for this project and are therefore included. Other technical
criteria, beyond those found in Si et al.’s research, are also deemed to be important and added to the
framework. These criteria were found through a literature review of articles which dealt with renewable
energy technologies.

Although there was not much literature pertaining directly to selecting technical indicators for building
energy retrofits, there is a substantial amount of research geared towards selecting indicators for renewable
energy and storage technologies as well as improving sustainability of industrial systems. Much of this
existing research to date varies in terms of the types of technical indicators and categories. Some of the
developed indicators however are repetitive and commonly found throughout literature. Karunathilake et al.
(2019) determines a set of technical indicators that relates to renewable energy assessment criteria by
extracting the key findings from other published sources. These technical criteria include feasibility, risk,
reliability, maturity, safety, performance and capacity. Wimmler et al. (2015) has also discussed the varying
technical indicators that can be found throughout literature for multi-criteria decision-making methods that
are applied to technology selection. Furthermore, lbafez-Forés, Bovea, and Pérez-Belis (2014) put
together a table that outlines the technical criteria indicators selected by researchers dealing with improving
the sustainability of industrial systems. The five most commonly mentioned indicators mentioned in these
articles (in over 15% of them) includes performance/efficiency, maturity, reliability, compatibility and
lifespan, which present some overlap with the indicators presented by Si et al. (2016).

These additional indicators (maturity and lifespan) are thus added to the technical KPI list for the framework.
Maturity is mentioned in the research by Si et al. (2016) to be important but not included in their proposed
framework. Both maturity and lifespan are deemed to be important to consider as they play a role in the life
cycle of an energy retrofit.

4 FRAMEWORK

In order to apply the 20 KPIs determined and discussed above a multi criteria decision making method is
chosen to structure the framework. The weighted sum method is chosen and discussed in detail in the
following section along with an illustrative case study to demonstrate the use of the framework.

4.1 Multi Criteria Decision Making

There is substantial research to date on methods relating to retrofit selection of existing buildings (Jagarajan
etal. 2017). Gore, Murray, and Richardson (1992) have described a general procedure for decision making
with the following steps: setting objectives; defining the problem; searching for alternatives; evaluating the
alternatives; making a choice; and implementing. This general method appears to be the basis for the
various decision-making techniques available for the evaluation of building retrofits and is applicable to the
framework in this research. Thus, MCDM methods have been successfully implemented in research for
green technology selection (Si and Marjanovic-Halburd 2018). Jafari and Valentin (2017) created an
“optimization framework for building energy retrofits” focusing primarily on optimization of cost savings. Ma
et al. (2012) provided “a systematic approach” to cost-effective retrofit selection. Furthermore, Si et al.
2016) 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. In addition, Menassa (2011) presents
a “quantitative approach to determining the value of investment in sustainable buildings” focusing on life
cycle costs and perceived benefits of investment. Collier et al. (2013) utilized the Multi-Attribute Value
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Theory for roofing retrofit selection and the development of more comprehensive criteria. There are also
other researchers which have developed methods or tools to aid in retrofit selection methods.

There are several commonly used models that are used for MCDM including; weighted sum method,
analytical hierarchy process, Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) and
Elimination et Choice Translating Reality (ELECTRE) (Si et al. 2016). The analytical hierarchy process
creates a pairwise comparison based on assigned importance from a decision maker. This technique is
useful when designing an alternative rather than for selection. TOPSIS works by choosing the alternative
that has the shortest distance from the ideal solution and the farthest distance from the negative-ideal
solution. This method is rated below average in terms of understanding by decision makers. ELECTRE
uses the concept of an outranking relationship and consists of an elaborate and length procedure (Chen,
Hwang, and Hwang 1991).

The framework for this research utilizes a weighted sum method (WSM), with the breakdown and
description of categories and subcategories. The weighted sum method will be used for its
comprehensibility, straightforwardness and simplicity (Tscheikner-Gratl et al. 2017). This method follows
an additive unity assumption to select the preferred alternative. Although the WSM is one of the most basic
and commonly used method, it provides similar results when compared to other methods with accurate
data (Kabir, Sadiq, and Tesfamariam 2014). To apply the WSM, a normalization scheme must be applied
for the variables in the matrix. Normalization ensures all values in the framework are on the same scale so
that weights can be applied. The reference values that will be used for the normalization includes the inputs
for a given alternative retrofit that has the highest beneficial value or the lowest non-beneficial (cost) value
for each KPI (International Standards Organization 2006). Steps and formulas for this application are
detailed in section 4.2.

4.2 Weighting and Normalization

In order to score and compare each of the retrofits, values will be acquired and normalized for each of the
established KPIs. Data will be collected through a variety of sources such as other tools and frameworks
or literature to calculate the values of each KPI. For the environmental, economic and social criteria this will
be done by conducting life cycle assessments (LCA, LCC, SLCA). Technical criteria, however, can be
determined by using content analysis or manuals for a particular product or company which provides the
retrofit materials. Because many of the technical criteria are qualitative, the decision makers will need to
make defensible and reasonable assumptions to choose and justify the values of the criteria.

The WSM determines the overall score of each energy retrofit relative to all the alternatives. Each of the
four major criteria categories (environmental, economic, social and technical) has their own weights which
will be selected by the user. This subjective weighting scheme will be used for these four categories as
there is a lack of widespread agreement for weighting criteria (Ibafiez-Forés, Bovea, and Pérez-Belis 2014).
A decision maker in this framework can emphasize a select aspect by changing the values of those weights
in the overall scheme. There will be a predetermined category weight set for the KPIs. It is lengthy to have
a user determine the weights for each individual KPIs because there is a relatively large total of 20 KPIs.
Furthermore, the weight of each KPIs is not meant to be changeable as the user may lack the appropriate
knowledge or full in depth understanding of the impact from each KPI in its category.

The weights for the environmental category were determined through BEES, which has a set of relative
importance weights based on an Environmental Protection Agency Science Advisory Board Study (Lippiatt
2007). As discussed above, human health was not considered as it fell into the social criteria, therefore its
weight in BEES was equally distributed amongst the other environmental categories. The economic and
social criteria stand alone as total cost and human health impact respectively and are therefore each
weighted as 100%. Not many weighting schemes are found through literature pertaining to technical KPlIs.
Therefore, all technical KPIs were assigned equal weights. This method of assigning equal weights is the
most popular in sustainable energy decision making and has been found to produce results that are nearly
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as defensible as those optimal weighting methods (Wang et al. 2009). All KPI category weights for along
with the KPI units can be seen in Table 1 below.

Table 1: Weights for Key Performance Indicators

Category
Category Notation KPI Units Weight
(%)
KPlen1 Global Warming Potential g CO:2 equiv. 18
KPlenz Acidification millimoles H* 5.6
KPlIens Eutrophication gN 5.6
KPlena Fossil Fuel Depletion MJ surplus energy 5.6
) KPlens Indoor Air Quality TVOCs 12.4
EnV|roEn’£|nentaI KPIene Habitat Alteration T&E count 18
(EN) KPlen7 Water Intake L of water 3.4
KPIens Criteria Air Pollutants microDALYs 6.7
KPleng Smog NOXx 6.7
KPlenio Ecological Toxicity g24-D 12.4
KPIen11 Ozone Depletion g CFC-11 5.6
Economic (EC)  KPlec: Total Cost CAD $ 100
Social (S) KPIs1 Human Health Years 100
KPlt1 Performance Energy savings 14.3
KPIr2 Maturity Years in the market 14.3
KPIts Reliability Score out of 10 14.3
Technical (T) KPlr4 Compatibility Score out of 10 14.3
KPIts Lifespan Years 14.3
KPlIte Durability Score out of 10 14.3
KPlt7 Flexibility Score out of 10 14.3

The formulas for normalizing the KPI values are shown in equations [1] and [2] (Jahan and Edwards 2015).
If a high value of KPI is desired, each alternative KPI unit value r,; will be normalized by dividing it by the
highest alternative unit value r* to calculate the normalized value KPI,y;. If a low value of KPI is desired,
the smallest unit value amongst all alternatives ri™ will be divided by the unit values for each of the
alternatives r,);; to calculate the normalized value KPI,;;. Equation [3] shows the formula that is used to
determine the total category score, Scorecarecory. Dased on the KPIs in each criteria category
(environmental, economic, social, technical) of each alternative retrofit, where KPI,;; is the normalized
value of the i-th KPI in terms of the alternatives normalization, n is the number of decision criteria in the
respective criteria category and w; is the weight if the importance of the i-th KPI. Equation [4] is used to
calculate the overall score for each alternative energy retrofit, Retrofit Score, where Wcarggory iS the weight
of the major categories. The retrofit with the largest overall score will determine which alternative is best.
An illustrative case study is shown in section 4.3 to demonstrate the normalization process and use of the
framework.

max
alt

[1] KPLyg; = s

[2] KPI; = -2t
’ Talt,i

[3] Scorecarrory = Ziz1 KPlyei * w;

[4] Retrofit Score = Scoregy * Wiy + Scoregc * Wi, + Scoreg * W + Scorer * Wi
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4.3 Illustrative Example

The following illustrative example is used in order to demonstrate how the framework can be applied. Table
2 demonstrates collected values for each of the KPIs for two types of insulations: expanded polystyrene
(EPS) and extruded polystyrene (XPS) with environmental data collected from Independently Certified
Product Declarations (EPS Industry Alliance 2017; Owens Corning 2013) .Values for the economic costs
were estimated using RS Means Green Building Costs 2019 (Gordian 2019). Other information regarding
technical data was determined from an article by Bozsaky (2011) concerning the history of insulation. No
data was available for the Human Health costs. Data that was not available is assigned a value of NA. A
weight was also selected and assigned to each major category, totalling to 100%.

Table 2: Case Study Values

Category and Category

overall Weight %) K Weight (%) Sl B AP
KPlen1 18 g CO2 equiv. 2790 60800
KPlen2 5.6 millimoles H* 460 1780
KPlen3 5.6 gN 0.36 0.985
KPlena 5.6 MJ surplus energy  71.4 80.7
KPlens 12.4 TVOCs NA NA
EN =30 KPlene 18 T&E count NA NA
KPlen? 3.4 L of water 9.94 37.9
KPIens 6.7 microDALYs NA NA
KPleng 6.7 NOXx 200 208
KPlenzo 12.4 g24-D NA NA
KPlen11 5.6 g CFC-11 1.6x 10° 0.363
EC =35 KPlec1 100 CAD $ 60.4 78.3
S=10 KPls1 100 Years NA NA
KPIt1 14.3 Energy savings NA NA
KPIt2 14.3 Years in the market 69 78
KPIts3 14.3 Score out of 10 NA NA
T=25 KPIt4 14.3 Score out of 10 NA NA
KPlIts 14.3 Years 60 60
KPlIs 14.3 Score out of 10 NA NA
KPIr7 14.3 Score out of 10 NA NA

* All values are determined for 1m2 of material wit a thickness providing an average thermal resistance of
Rsi = 1 m2-K/W [R-Value of 5.678 hr-ft2-°F/BTU] and with a building service life of 60 years.

By following the calculation method in section 4.1. The overall score for EPS is 0.568 while the overall score
for XPS will be 0.39, making the EPS more favorable in terms of the chosen category weights. Thus, the
best energy retrofit alternative would be to implement the EPS insulation instead of the XPS insulation.

5 DISCUSSION AND CONCLUSIONS

Buildings, one of the largest contributors of green house gas emissions, can benefit from energy retrofit
implementation. Existing retrofit selection decision aid tools need to be more holistic and consider the life
cycle aspects of the products. The framework in this research is developed with a comprehensive life cycle
perspective and considers comprehensively the environmental, economic, social and technical impacts of
a retrofit. Key performance indicators are selected through literature, databases and content analysis which
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fall into the four impact categories. This framework consists of 20 indicators total. Furthermore, the weighted
sum method is used in order to calculate a total score for each retrofit with respect to all alternatives. Each
KPI has its own pre-determined weight value, however the weights for the environmental, economic, social
and technical categories are by the decision maker to suit their needs. Furthermore, values for the KPIs
are normalized in order to apply the framework. This research presents limitations with respect to the data
collection and uncertainties. There are a wide variety of indicators available in literature and tools for the
categories that a building manager may want to include but may not be considered for the purposes of this
decision aid framework. Furthermore, the framework may generate different results depending on the
sources for which the values for the KPIs are collected. The illustrative example in this research did not
include all the values for the varying criterion due to limited available data. Thus, further resources such as
databases and literature are needed to source KPI values. This can help conduct a more complete analysis
that is more representative of the frameworks’ output.

In order to address some of these drawbacks and for future work, a life cycle impact database is underway
to generate the values for the KPIs belonging to the environmental, economic and social categories. This
life cycle impact database will generate values for the varying KPIs through an environmental LCA,
economic LCC and social SLCA. An excel based retrofit selection tool is also underway which will combine
a life cycle impact database with the framework to aid with decision making.
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