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Abstract

Climate change is a major challenge in today’s world. Energy use is directly correlated to
greenhouse gas emissions, resulting in climate change. As the residential sector is a major energy
consumer, improving the energy performance of the residential building stock is imperative in
mitigating this issue. Evaluation of building energy performance, life cycle impacts, and economic
burdens of building energy use can facilitate improved decision making in operations of existing
building stock. Hence, as the primary objective of this study, a life cycle thinking-based energy

assessment tool was developed for multi-unit residential buildings (MURBS).

A comprehensive review of popular building energy rating systems revealed the need to
incorporate life cycle thinking in evaluating building energy performance. Further, based on a
comprehensive review it was identified that current rating systems do not consider the uncertainty
and vagueness associated with data used for performance assessments. Most of the existing energy
rating systems focus only on energy consumption when assigning the rating. Energy rating systems
rarely consider the factors affecting energy use and the impacts of energy use in assigning their
score/rating for the building. An assessment tool with indicators representing the impacts of energy
use and factors affecting operational energy use of buildings was developed to address the
identified issues.

A questionnaire survey was conducted to obtain expert views on the proposed assessment tool
from professionals associated with MURBs. MURB owners, managers, designers, engineers,
researchers, and government and other external stakeholders were the target audience of this
survey. Feedback from this survey was used to refine the proposed tool and determine weights for

indicators.

In the proposed method, fuzzy set theory was used to consider the uncertainties and vagueness
associated with qualitative and quantitative assessments of the identified indicator data. Fuzzy
synthetic evaluation was used to aggregate the indicator value. The proposed approach extends the
current body of knowledge on building energy ratings by integrating asset performance and
operational performance through lifecycle thinking. A case study was conducted to demonstrate
the application of the energy assessment tool. A java-based web tool was developed to assist the

proposed assessment process.



Preface

A paper titled “Development of a life cycle thinking based energy assessment tool for existing
multi-unit residential buildings” is in development, to be published in the Journal of Clean
Technologies and Environmental Policy under the supervision of Dr. Kasun Hewage. That paper

incorporates the contents of chapters 2, 3, and 4 of this thesis.
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Chapter 1: Introduction

1.1 Background

The Paris Agreement (COP21) where 194 countries committed to actions and investments for a
low carbon and sustainable future is a significant achievement in addressing climate change
(European Commission, 2016; United Nations Framework Convention on Climate Change, 2016).
Canada is committed to a 17% reduction of Greenhouse Gas (GHG) emissions by 2020 and a 30%
reduction by 2030, from the 2005 emission levels (Canada's Action on Climate Change, 2013;
Environment and Climate Change Canada, 2016a). Figure 1:1 shows past GHG emissions and
GHG projections for Canada. Based on all the scenarios in Figure 1:1, GHG emissions are
expected to rise over the next few years. From these projections, it is evident that more aggressive

approaches are needed for Canada to achieve its GHG targets.

Energy use is a main contributor of GHG emissions and negative environmental impacts (Chung,
Tohno, & Shim, 2009; El-Fadel, Chedid, Zeinati, & Hmaidan, 2003; Hillman & Ramaswami,
2010; Liu et al.,, 2012). Therefore, energy consumption should be considered in addressing
environmental challenges such as climate change. The residential sector accounts for 17% of
domestic energy use and 14% of the GHG emissions in Canada (Natural Resources Canada,
2016h). Energy efficient improvements in homes have saved $12 billion in energy costs and 27.9
Mt of GHG emissions between 1990 and 2013 (Natural Resources Canada, 2016h).

900
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Figure 1:1: GHG Emission Projections Canada (Environment and Climate Change Canada, 2016b)



However, the residential sector is expected to have a 6% increase in GHG emissions from 2012 to
2020 (Environment Canada, 2014). This increase in GHG emissions will be a hurdle in achieving
Canada’s GHG emission targets. Therefore, energy consumption in the residential sector must be
closely scrutinized in assessing possible avenues of reducing GHG emissions.

Between 1990 and 2010 Canada saw a 6% increase in residential energy use despite the
improvement of energy efficient technologies, mainly because of the 35% increase in the number
of households during this period (Natural Resources Canada, 2013). The increase in the number
of households was due to population growth (23%), and fewer occupants per household: 2.8 in
1986 and 2.5in 2011 (Natural Resources Canada, 2013; Statistics Canada, 1994, 2013). In Canada,
the urban population grew from 69% to 82% of the total population between 1960 and 2015 (The
World Bank, 2016). Further, in Canada the urban population growth (7%) was higher than the
overall population growth (5.8%) from 2006 to 2011 (Statistics Canada, 2011). This urban
population growth has led to urban densification, creating a great demand for housing in urban

areas.

High demand for housing in urban areas has made Multi-Unit Residential Buildings (MURBS)
popular due to limited land availability and increasing housing prices (Statistics Canada, 2016). In
2012, MURB construction exceeded the number of single family detached houses, based on the
number of building permits issued (Statistics Canada, 2016). More than 50% of the total residential
construction planned in Canada’s three largest metropolitan areas are MURB (Statistics Canada,
2016). This growth in MURBSs highlights the importance of assessing and improving the overall
energy performance of MURBS, as energy and building codes focus only on energy efficiency and
not on the environmental impacts of energy use. Further, performance monitoring is critical to

ensure that the building is performing as expected (Grussing, 2013).

Different approaches such as new technologies, energy performance standards, and energy
certification/ratings have been used to enhance the energy performance of buildings (Natural
Resources Canada, 2016g). The use of energy rating systems has been voluntary in North America,

though mandatory energy performance standards exist for new buildings.

The main purpose of an energy rating system is to provide necessary information to building
owners to improve the building energy performance of a building (Natural Resources Canada,
2016g). Canada has well-established energy rating systems, such as EnerGuide, R-2000, and

2



Energy Star. These rating systems have helped to increase energy performance of the residential
sector by introducing improvements such as retrofits, resulting in significant energy savings

(Natural Resources Canada, 2016g).

1.2 Problem Statement

A critical review of popular building energy rating systems such as Energy Star and EnerGuide,
and sustainable building rating systems such LEED and BOMA BEST was conducted to identify
the limitations of existing practises. Major criticisms of ratings systems are their complexity, high
cost, and time taken for assessment (Indian Green Building Council, 2015; Namini, Preece,
Tahmasebi, & Shakouri, 2014).

Energy rating systems focus mainly on energy consumption (e.g. Energy Star, R2000, HERS,
NatHERS). These rating systems do not assess the wide range of impacts caused by residential
energy use. Even though the amount of energy used is directly correlated, it is not the only factor
affecting the environmental burden caused by energy use (Mosteiro-Romero et al., 2014). Some
energy rating systems (e.g. EnerGuide) assess GHG emissions but are not used to determine the
rating. Emissions are given as additional information in these rating systems. Therefore, the rating

does not reflect the impacts of energy use.

Several rating systems focus on energy consumption based on standard operation assumptions,
such as number of occupants and thermostat settings for existing buildings (e.g. HERS, NatHERS,
and EnerGuide). Evaluating performance based on standard conditions is ideal for comparing
different buildings and to assess the performance of new buildings. However, total building energy
consumption depends on user behaviour, deterioration of assets, use of appliances, etc., and these

factors should be noted for a better evaluation, especially in the case of existing buildings.

Climatic conditions should be considered in developing benchmarks as they have a significant
effect on heating and cooling energy demand (Eto, 1988; Li, Yang, & Lam, 2012; Pérez-Lombard,
Ortiz, & Pout, 2008; Sarak & Satman, 2003). Some rating systems, such as BOMA BEST, use
total energy use to compare with pre-defined benchmark levels. However, this rating system adopts
the same benchmarks for every location in Canada. Therefore, the impact of climate (which

depends on location) on energy consumption is not properly assessed in this energy rating system.



Most of the rating systems focus only on either operational rating or asset rating and neglect
information that could be generated from the other method. Since operational ratings focus on the
overall energy consumption and asset ratings focus on the performance of energy related assets,
both can be used to generate different information that is useful to make recommendations to
improve the energy performance. Further, the review of energy rating systems revealed that energy

rating systems overlook the condition of individual assets in the rating.

Energy assessments are associated with uncertainties in the data used for assessment (Corrado &
Mechri, 2009; de Wit & Augenbroe, 2002); however, none of the popular rating systems consider
these uncertainties in their assessment. Further, rating systems overlook important qualitative data
that could help generate recommendations to improve energy performance, and instead focus

mainly on quantitative data. The issues identified above raised the following research questions:

e What performance indicators should be considered to determine the building energy
performance?

e What are the ways to make the energy performance assessment process more efficient?

e How can the uncertainty associated with energy performance assessments be incorporated

in the assessment process?

1.3 Definitions and Scope of the Study

Terminology related to building energy certifications have been used with vague and inconstant
meaning (Perez-Lombard, Ortiz, Gonzelez, & Maestre, 2009). In this study building energy
performance assessment refers to assessing the performance against the benchmarks for

performance indicators.

This study focuses only on energy consumption of the operational phase of a MURB. Therefore,
all the performance indicators used in the study including life cycle impact indicators are assessed
based on the operational energy. Performance indicators on asset rating focus on their impact to

operational energy consumption.



1.4 Research Objectives

The overall objective of this research is to develop a life cycle thinking based energy performance
assessment method for MURBS. This tool assesses the energy performance of a building based on
energy consumption, environmental impacts, economic impacts, and asset condition. The
approach proposed in this study is expected to support MURB owners and managers in operational
decision making with regards to maintenance, repair, and renovation planning. Following are the

sub-objectives of this research.

1. Identify limitations and challenges in popular energy rating systems.

2. Develop a life cycle thinking based framework to assess energy performance of existing
MURBs.

3. Develop a web-based tool to facilitate the assessment process of the proposed assessment
method.

4. Demonstrate the proposed energy performance assessment method through a case study.

The proposed framework and web-based tool are the main outcomes of this study. A
comprehensive energy assessment tool focusing on energy, environmental, and economic
performance will help in assessing the overall impact of building energy use. Hence, this will help

building owners and managers to make informed decisions to improve energy performance.

1.5 Research Methodology Overview

This section gives an overview of the methodologies adopted to achieve the research objectives.
Detailed methodology of each section is discussed within the relevant chapter. Figure 1:2 shows

the four-phase methodology adopted to achieve the objectives of this research.

An extensive literature review was carried out as the first phase of the study. Popular energy rating
systems such as Energy Star, EnerGuide, and HERS were reviewed to identify the current practise
in energy ratings. Sustainable building rating systems were reviewed to identify their focus on
energy consumption and the scope of energy performance assessment in building rating systems.
A comprehensive literature review was carried out to identify other research that has been done in

this research area. The Compendex Engineering Village database was used for this literature



review. Based on this review, the first sub-objective of identifying limitations of existing rating

systems and challenges was achieved.

As the second phase, a framework for the new tool was developed. This framework was developed
to overcome the limitations and challenges identified in the first phase. The proposed method
incorporates an operational energy rating and assets management approach, to have a complete

understanding of the energy performance of a building.

As the initial step of the second phase, performance indicators for the new assessment tool were
identified and refined. The indicators selected to assess operational energy ratings focus on energy
consumption, economic impacts, and operational and maintenance practices. Performance of the
individual asset is focused in asset rating. The new approach to incorporate both operational rating
and asset management allows the assessment tool user to identify different interventions (retrofits

and operational changes) to enhance the energy performance of a building.

Methodologies to analyse and aggregate data were also selected during the second phase. Fuzzy
set theory was used to incorporate data uncertainty and vagueness in qualitative assessments of
building energy performance. Fuzzy membership functions were developed to categorise
performance into very good, good, average, poor, and very poor. Fuzzy synthetic evaluation was
used to aggregate indicators and different criteria. Fuzzy rules were developed to combine
operational and asset ratings. The scope of the LCA for the proposed tool was defined to
recommend more environmentally conscious improvements to existing buildings. LCA software

(Gabi and Athena) was selected to assess life cycle impacts of energy use and retrofits.

In the second phase, stakeholders related to MURBs were consulted through a questionnaire
survey and interviews. MURB owners and managers, designers, engineers, researchers, and
government and other stakeholders were the target audience of this survey. Residents were not
included in this consultation as the tool focuses on building-level energy use rather than individual
apartments. These stakeholder consultations focused on the information they expect from an
energy assessment tool and their views on the identified performance indicators. The questionnaire
was designed to obtain weights for the indicators and categories that were used in the proposed
tool. Modified digital logic (MDL) method was used to determine the weights based on stakeholder

responses.



The third phase of the study focused on developing the energy performance assessment tool. In
this phase, data collection was carried out to define benchmarks for the identified performance
indicators. Data to develop the benchmarks for energy consumption focused on location
parameters. BC specific energy consumption data were collected with the support of Natural
Resources Canada, BC Housing, and FRESCo - Building Efficiency. Published literature and
energy codes were used to define the benchmarks for other performance indicators. Further, in this

phase a java based web tool was developed to assist the assessment process.

As the fourth phase, a case study was conducted to demonstrate the process of the proposed energy
assessment tool. The Purcell residence of the UBC Okanagan campus was selected for this case
study, and data for the study were collected with the support of campus Facilities Management.

Results were discussed with the Energy Systems Manager of the campus to demonstrate the results.

Detailed methodologies are presented in Chapters 3,4 and 5.
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1.6 Thesis Organization

This thesis consists of six chapters, the contents of which are shown in Figure 1:3. Chapter 1
provides the introduction to the research. This chapter focuses on identifying the research gaps in
energy assessment tools and the importance of focusing on MURBs. Based on the identified
research gaps, the objectives of this research are formulated and discussed in this chapter. An
overview of the research methodology to achieve these objectives is discussed as the last section

of the chapter with the thesis organization.

Chapter 2 provides a comprehensive literature review, which was conducted to identify limitations
and challenges of the energy assessment tool. This chapter discusses the existing energy rating
systems and sustainable building rating systems to evaluate the current practices and limitations.
Challenges of energy performance assessments are discussed in this chapter by reviewing the other

research carried out in this area.

Chapter 3 discusses the indicator identification and prioritization. It then discusses the identified
performance indicators and consultation conducted to obtain expert opinions. Questionnaire
design, sample size determination, and results of the questionnaire survey and interviews are also
discussed in this chapter. Inputs from this consultation were used to identify stakeholder concerns
and define weights for the selected performance indicators.

Chapter 4 discuss the proposed framework. This includes the scope of the proposed tool and
analysis techniques used for the rating system. Data flow of the proposed rating systems is also
discussed in this section. Further, benchmarks for performance indicators are discussed in this

chapter.

Chapter 5 discusses the development of the web-based tool for the proposed energy assessment
tool and case study, including the technology used and the outlook of the rating web pages. The
case study discussed in this chapter is based on the Purcell Residence of the UBC Okanagan, which

was used to demonstrate the proposed building energy performance assessment methodology.

Chapter 6 discuss the conclusions, contribution, and limitations of the proposed tool, and future

research.



Chapter 1: Introduction
Background, Problem statement
Research objectives, Methodology overview

l

Chapter 2: Literature Review
Identify limitations of existing energy rating systems
Identify challenges of energy performance assessments
Identify analysis methods

l

Chapter 3: Indicator Identification and Prioritization
Identify indicators, Questionnaire survey
Analysis of responses

l

Chapter 4: Building Energy Performance Assessment
Framework
Scope of assessment, Assessment methodology,
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Chapter 5: Web Based Tool and Case Study
Develop a web based tool to facilitate the assessment
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LCA analysis, Energy Performance assessment

l

Chapter 6: Conclusion
Conclusion, Contribution and Limitations

~
N

(52
N

2
/

(D
Y

()
N

~
\_/

Figure 1:3: Thesis Organization

10



Chapter 2: Literature Review

2.1 Overview

Building energy rating/certifications were introduced as a result of increased oil prices in the early
1990s, as buildings were consuming 40% of all energy used (Berardi, 2015; Pérez-Lombard, Ortiz,
Gonzélez, & Maestre, 2009; Pérez-Lombard et al., 2008). Since then, energy certifications have
become a successful tool for promoting energy efficient products and comparing competitive
products (Casals, 2006). Energy rating/certification schemes provide information to buyers,
occupants, and property managers to improve the energy performance of buildings (International
Energy Agency, 2010; Sustainable Energy Authority of Ireland, 2014). Further, these rating
systems help in achieving emission reduction targets and making policy decisions related to

building management (International Energy Agency, 2010).

EN 15603 (British Standards Institution, 2008) identifies two types of energy rating systems based
on the method of data collection: measured/operational rating and calculated rating. The measured
or operational rating is based on metered data, which represents actual energy use, while the
calculated rating is based on energy simulations. The British Standards Institution (2008) identifies

two types of calculated energy rating systems: asset rating and operational rating.

Energy related assets of a residential building, such as the building envelope, HVAC system
components, and lighting system, have a significant impact on the operational energy efficiency
and performance of a building (U.S. Department of Energy, 2016). The asset rating focuses on
those assets’ impact on energy demand for major functions, such as heating and cooling, based on
standardized indoor and occupancy conditions (Hernandez & Kenny, 2011a; Perez-Lombard et
al., 2009). In asset rating, energy demand is assessed using energy simulations based on the
structure and assets such as the HVAC and lighting systems of the building (Hernandez & Kenny,
2011a; International Energy Agency, 2010; Perez-Lombard et al., 2009; US Department of
Energy, 2016). Hence, the asset rating helps to identify the changes needed to improve the energy
performance of a building based on the condition of assets, such as the condition of building

components and the efficiency of installed equipment.

Further, since the asset rating is based on standard conditions, it is useful for comparing

performance of buildings. However, this may not be representative of the actual operational energy
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due to the assumptions made in energy simulations, such as user behaviour and degradation of

assets.

The operational rating is based on the total operational energy, which is affected by factors such
as occupant behaviour, operating schedule, electric appliances, and HVAC system performance
(Hernandez & Kenny, 2011a; Perez-Lombard et al., 2009). Unlike the asset rating, the operational
rating of a building captures the energy based on actual performance (International Energy
Agency, 2010). The operational rating takes into account the total energy use affected by
occupancy patterns of the residents, maintenance procedures, etc. (Lewry et al., 2013). This
approach delivers a comprehensive view of energy use and can be used to assess impacts of a
MURB’s energy use in the operational phase. However, a rating based on total operational energy
is not the ideal rating to compare relative performances of buildings, as occupant behaviour and

maintenance procedures can be different from building to building.
2.2 Building Energy Rating Systems

Building energy rating systems focus only on the energy performance of a building. These rating
systems have different purposes for their rating and adopt different methodologies to evaluate the
performance of a building. Hence popular rating systems were reviewed to identify their scope of
assessment and adopted methodologies. Building energy rating systems have different
specifications for different types of buildings. Since the focus of this study is existing MURBS,
specifications for MURBS, homes, and existing buildings were given priority.

2.2.1 Energy ratings in Canada

EnerGuide for Homes is the official rating for energy efficiency in Canada (Natural Resources
Canada, 2016a). This energy rating system is available to both new and existing buildings.
EnerGuide uses the HOT 2000 software package for energy simulations. HOT 2000 compares the
actual design of a house with a house of minimum requirements of the energy code under standard
operating conditions. The main purpose of EnerGuide is to compare houses rather than to assess
total energy use. Though EnerGuide is a useful tool for comparing a building’s performance, actual
energy use can be significantly different due to behavioural and other unaccounted-for factors. In
addition to energy performance, EnerGuide estimates GHG emissions generated by energy use;

however, it is not used to rate a building. This rating system can be used to evaluate different types
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of housing—single family housing, multi-family housing etc.—but it is limited to low-rise
buildings, mainly due to software limitations. Currently the rating system is being updated to a

Gigajoules per year scale from 0-100 scale (Natural Resources Canada, 2016b).

Energy Star, operated by Natural Resources Canada, is a home energy evaluation system. It
focuses solely on new homes. A label can be achieved either by energy simulation or by meeting
the requirements in the prescribed method. This rating system only issues a label stating that the
house satisfies the requirements of the Energy Star label; it does not rate on a scale as in EnerGuide.
Energy Star portfolio manager is another program that is being operated by Natural Resources
Canada as a benchmarking program (Natural Resources Canada, 2015). Even though portfolio
manager estimates GHG emissions, it does not currently have established energy use intensities

for multi-family housing or single family homes (Natural Resources Canada, 2016d).

R-2000 home is another Canadian label that focuses on energy use as well as clean air and
environmental features (Natural Resources Canada, 2016i). In addition to meeting energy
efficiency requirements, the house should be built by a licensed builder to obtain the R-2000 label.
This is to ensure that construction of the house meets the specified standards. Further, R-2000

homeowners receive an EnerGuide rating for their homes.

2.2.2 Energy ratings in US

Energy Star for Multifamily Housing in the United States is significantly different than the
Energy Star label in Canada. It gives an overall score on a 0-100 scale and uses the total measured
energy for analysis. Instead of using energy simulation models as in many rating systems, Energy
Star US uses a regression equation. This regression equation was developed with measured data
in residential buildings. The key factors considered in the regression analysis are number of
bedrooms per unit, high-rise/low-rise building types, number of units per 1000 square feet, total
heating degree days, and total cooling degree days. Further, this assessment considers the source
energy use rather than the site energy use. Source energy accounts for losses that occur during
transmission of energy to the site. The score for the building is assigned based on the cumulative
distribution of performance of the existing housing stock (Energy Star, 2014a, 2014b). The main
criticism of using total energy use is that it cannot be used to compare buildings, as total energy is

affected by human behaviour. However, in assigning the score this rating system considers the
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performance of the existing building stock. This is a preferable rating system to assess the impact
on natural resources and environment, as it accounts for total measured energy use. At present,
this rating system only focuses on energy use and does not assess other impacts of energy use such
as GHG emissions.

Home Energy Rating System (HERS) and ASHRAE Building Energy Quotient are two popular
building energy-rating systems in North America. These energy-rating systems are used in various
green building rating systems to assess the energy performance. HERS compares the actual design
performance with a default building, which is built according to the 2004 International Energy
Conservation Code using energy simulation (The Residential Energy Services Network, 2013).
Therefore, this rating system also has limitations inherent to calculated ratings. ASHRAE Building
Energy Quotient uses simulated energy for new designs and measured energy for buildings in
operation (ASHRE, 2015). This rating system uses the benchmarks used by Energy Star USA.

2.2.3 Energy ratings in Australia

Nationwide House Energy Rating Scheme (NatHERS) is a rating system that focuses mainly on
energy performance of residential buildings in Australia. It also uses the technique of comparing
the design with a building that meets minimum building code requirements by modeling the
building using accredited software. NatHERS focuses only on the asset rating of the building, as
the main purpose of this rating system is to compare buildings based on energy performance
(Department of Industry Innovation and Science, 2016).

2.2.4 Energy ratings in Europe

In the European Union (EU), the energy performance certificate (EPC) is a mandatory requirement
for designated building types. Even though European countries have their own methodology of
assessment, they are commonly governed by directive 2010/31/EU and directive 2012/27/EU of
the European parliament and council. These directives outline the basic methodology to be adopted
by each member state, such as basic framework, use of asset rating or measured energy, buildings
types to be excluded from mandatory requirement of EPC and maximum validity period of an
EPC, metering requirements, details of the distribution requirements, etc. (EU, 2010, 2012). Based

on these directives, member states try to adopt the A-G (seven colour) rating scale in their EPCs.
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Following the directives of the EU, England and Wales follow an EPC based on energy simulation
where a building is operated on standard operating conditions. This simulation mainly focuses on
heating, lighting, and hot water. This EPC rates the building on a scale of A to G. Though it is not
used for the rating of the building, EPC provides information on the GHG emissions generated by
energy use (Department for Communities and Local Government, 2014). In England and Wales
EPCs are valid for a maximum of ten years, provided that there has been no significant change in
the building within this period, and EPCs should be produced when selling or renting the home
(Department for Communities and Local Government, 2014).

Table 2:1 summarizes the building energy rating systems reviewed in this study. This table
highlights the focus and scope of the rating system, methods used to estimate the energy use,

impacts considered, and rating/labelling method used.
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Table 2:1: Review of Energy Rating Systems

Review of Energy Rating Systems

Country Rating system Focus areas Energy use and its impacts Rating/ labeling Other
method
Operational Energy Embodied  Emissions
Focus Estimation energy
method
Canada EnerGuide (for Energy Use Building envelope, Simulated energy No Greenhouse Gigajoules per year If on site
homes) (Natural heating and cooling gas emission scale, compares the renewable energy
Resources Canada, systems and is calculated design to a house of is created, it is
2016b, 2016c, equipment and but rating is existing standard. deducted from the
2016f) renewable energy are based on annual energy
considered energy consumption
consumption 0.-100 scale compares
only the design to a house
of existing standard.
ENERGY STAR Energy use Heating and cooling Simulated energy No No Certify that the
for new homes systems, windows, for performance building is meeting
(Natural Resources patio doors and approach and energy star labelling
Canada, 2016e) skylights, walls and meeting the stated requirements
ceilings, airtightness, requirements for
electrical savings prescriptive
approach
R 2000 (Natural Building envelope Space heating and Simulated energy No No Certify that the
Resources Canada, requirements, mechanical ~ domestic hot water building is meeting
2012) systems, energy R2000 standard

performance targets,
indoor air quality, water
conservation and

environmental features
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Review of Energy Rating Systems

USA

Australia

ENERGY STAR
for Multifamily
Housing (Energy
Star, 20144, 2014b)

HERS (The
Residential Energy
Services Network,
2013)

ASHRAE Building

Energy Quotient (In
operation) (ASHRE,
2015)

NatHERS
(Department of
Industry Innovation
and Science, 2016)

Energy Use

Energy Use

Energy use

Energy Use

Total energy use

Exterior walls, floors,

ceilings and roofs

attics, foundations and

crawlspaces,
Windows and doors,
vents and ductwork,
HVAC system, water
heating system,
thermostat.

air leakages,

leakage in the heating
and cooling
distribution system
Total energy use

Heating and cooling
based on standard
occupancy

assumptions

Measured energy

Simulated energy

Based on metered
energy (simulated
energy for as
designed)

Simulated energy

No

No

No

No

Not
considered

No

No

Assigning the score
based on the
cumulative
distribution of the
performance of
existing houses
Assign score based on
the percentage
deviation from the
reference building

Rate based on the
energy intensities
from Energy Star
Portfolio Manager

Rated on a 0-10star
scale (stars are
assigned based on the
energy demand of the
building)
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England
and Wales

Energy performance  Energy Use
certificate

(Department for

Communities and

Local Government,

2014)

Review of Energy Rating Systems

Lighting heating and Simulated energy
hot water based on
standard occupancy

assumptions

No

Co2 Rated on A-G scale
emissions are

estimated and

rated in anther

A-G scale
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2.3 Sustainable Building Rating Systems

Unlike building energy rating systems focusing only on energy performance, sustainable building
rating systems focus on different aspects of built environment, such as water use, indoor air quality,
and energy use. Sustainable building rating systems were reviewed to study the scope of energy
rating in these assessments and the methods they have adopted. A summary of the review of

sustainable building rating systems is provided in Table 2:2.

2.3.1 Sustainable building rating systems in Canada

Leadership in Energy and Environmental Design (LEED) Canada for homes is a green building
rating system that focuses on energy use, while also taking into consideration many other aspects
as shown in Table 2:2. In LEED rating, either EnerGuide, HERS, or a prescriptive path can be
used to achieve credits assigned for energy (Canada Green Building Council, 2012). Additional
clauses are given to consider air conditioning refrigerant management, which has not been
considered in these rating systems. Refrigerants management is considered to minimize
contribution to ozone depletion and global warming (Canada Green Building Council, 2012).

However, LEED doesn’t assess the environmental impacts caused by energy use.

Building Owners and Managers Association Building Environmental Standards (BOMA
BEST) is an environmental certification that is developed for existing buildings. This certification
uses metred energy instead of simulated energy (BOMA BEST, 2016). Unlike in many other rating
systems, BOMA BEST uses total building area for energy intensity calculations, instead of heated
floor area. This rating system uses one set of benchmarks for Canada to assign the scores
irrespective of climate of the location (BOMA BEST, 2016). This approach could be unfair for
buildings located in unfavourable climatic conditions. Most of the other rating systems account for
location in their assessment. For MURBs, BOMA BEST’s weight on energy demand is 35%.
Therefore, use of a common benchmark might not have a significant impact on the overall score.
On the positive side, BOMA BEST represents the impact of total energy use by considering all
factors, such as building properties and behavioural factors. BOMA BEST is identified by Green
Globes as the standard for evaluating the performance of existing buildings.
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2.3.2 Sustainable building rating systems in US

Green Globes is a green building assessment tool with different paths to assess energy use.
Different paths in Green Globes describe the use of different energy rating systems, such as Energy
Star, ASHRAE, ANSI/GBI, and ASHRAE Building Energy Quotient to achieve scores assigned
for energy performance. One path described in Green Globes for new construction Version 1.4
assess the GHG emissions, and have a score for emission criteria (Green Building Initiative, 2015).
This path uses benchmark data based on the US Energy Star portfolio manager, and hence it can
only be applied to building types that are covered by Energy Star. Estimating the operational
energy separately and giving additional points to some features affecting energy use, such as

building envelop and HVAC system, will lead to double counting effects from those features.

2.3.3 Sustainable building rating systems in Australia

National Australian Built Environment Rating System (NABERS) is an Australian Green
Building rating system that focuses on energy efficiency, water usage, waste management, and
indoor environment quality of a building, and compares them with peers and rates on a six-star
rating scale (Office of Environment and Heritage, n.d.). For energy efficacy, NABERS focuses on
total energy and hence uses measured energy for existing buildings. In addition to energy

efficiency assessment, this rating system assesses GHG emissions.

Green Star, developed by the Green Building Council of Australia, is another widely used green
building rating system. Green Star doesn’t use operational energy consumption to assess energy
performance, but it does determine the impacts of energy use such as GHG emissions. Further,
peak electricity demand, which has significant impact on the electricity supply system, is assessed
in this rating system (GBCA, 2011).

2.3.4 Sustainable building rating systems in Europe and Asia

Building Research Establishment Environmental Assessment Method (BREEAM) is a green
building rating system developed by the Building Research Establishment (BRE) UK. It pays
attention to various aspects such as health and wellbeing, transport, water, and materials in addition
to energy use, as shown in Table 2:2. The BREEAM rating system allocates credits based on

measured energy use and analyses GHG emissions from energy use (BRE, 2016).
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German Sustainable Building Council (DGNB) System considers 50 sustainability criteria in its
assessment, focusing on quality, ecology, economy, socio-cultural aspects, technology, process
work flows, and site (German Sustainable Building Council, 2016). The DGNB System uses non-
renewable primary energy demand, total primary energy demand, and proportion of renewable
primary energy to assess life cycle assessment of primary energy use. Further, this rating system

uses comprehensive LCA to assess environmental impacts of building.

Building Environmental Assessment Method (BEAM) Plus for existing buildings in Hong Kong
analyses the energy use for buildings based on the measured energy for rating sustainable buildings
(HKGBC, 2016). Even though emissions from energy use are not analysed, credits are given based
on the peak energy demand, use of renewable energy, and for self-improvement, considering the
previous years’ energy consumption. Environmental quality of the building and Environmental
load reduction of the building are the main criteria of Comprehensive Assessment System for Built
Environment Efficiency (CASBEE) for new buildings in Japan (JSBC & IBEC, 2014). CASBEE
analyses the energy use based on simulated energy, and assesses the GHG potential by comparing
with a standard building and assigning credits for energy use. In addition to energy simulations,
operating conditions are considered in the assessment of CASBEE.

Table 2:2 summarizes the sustainable building energy rating systems reviewed in this study. This
table highlights the focus and scope of the rating system, methods used to estimate the energy use,

impacts considered, and rating/labelling method used.
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Sustainable Building Rating Systems

Table 2:2: Sustainable Building Rating Systems

Country  Rating system Focus areas Energy use and its impacts Rating/ labeling Other
Operational Energy Embodied Emissions method
Focus Estimation energy
method
Canada LEED Canada for  Innovation and design Building envelope, Based on Material Not Assign credits based  Refrigerant is
homes 2009 process, heating and cooling EnerGuide, HERS  types are Considered on meeting the considered under
(Canada Green Location and linkages, systems and equipment  or prescriptive specified in stated targets energy and
Building Council,  Sustainable sites, and renewable energy path material and atmosphere.
2012) Water efficiency, are considered resources Various other
Energy and atmosphere, green buildings
Material and resources, features are
Indoor environmental considered under
quality, the other sections
Awareness and mentioned in
education focus areas
BOMA BEST Energy, Water, Waste Total energy use Measured energy ~ No Ozone Assigning scores Ozone depletion
(Multi-Unit & Site, Emissions & depletion based meeting the from substances is
Residential Effluents, Indoor from stated targets assed based on
Buildings) Environment, and substances qualitative
(BOMA BEST, Environmental (not energy) questions
2016) Management System
USA Green globes for Energy, Water, Energy Performance, Based on Analysis CO2 included  Assigning scores
new construction ~ Resources, Emissions, Energy Demand, ENERGY STAR, usinga in path C, as based meeting the
Version 1.4 Indoor Environment, Metering, Measurement ~ ASHRAE, LCAtool or anadditionto  stated targets
(Green Building Environmental and Verification, ANSI/GBI, prescriptive  ANSI/GBI
Initiative, 2015) Management Building Envelope, ASHRAE materials 01-2010
Lighting, HVAC can be used.
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Australia

UK

Sustainable Building Rating Systems

NABERS (Office
of Environment
and Heritage,
n.d.)

Green Star
(GBCA, 2011)

BREEAM in use
(BRE, 2016)

Energy efficiency,
water usage, waste
management and indoor
environment quality

Energy Use,
Management, Indoor
environment quality,
Energy, Transport,
Water, Materials, Land
use and ecology,
emissions, innovations
Asset Performance,
Building Management,
Occupier Management
are considered under
following sections;
Health and Wellbeing,
Energy,

Transport,

Water, Materials,
Waste, Land Use and
Ecology, Pollution,

Systems and Controls, Building Energy

Energy Efficient Quotient
Equipment and

Measures, Renewable

Sources of Energy,

Transportation

Total energy use Measured energy

Impacts of the Measured energy
operational energy is

considered but not the

total energy consumed

(GHG emission, Peak

electricity demand)

Total Energy Measured Energy

No GHG
No (when GHG
rating the
performance

)

Yes COo2

emissions are

estimated

Based on the
compared
benchmark building
and final rating on a
six-star scale

Credits are awarded
by comparing the
total CO2 produced
from energy

consumption.
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Sustainable Building Rating Systems

Germany DGNB System
(German
Sustainable
Building Council,
2016)

Hong BEAM Plus

Kong Existing Building

(HKGBC, 2016)

CASBEE for
Building (New

Japan

Construction)
(JSBC & IBEC,
2014)

Environmental Quality,
Economic Quality,
Sociocultural and
Functional Quality,
Technical Quality,
Process Quality, Site
Quality

Management, Site
Aspects, Materials and
Waste Aspects, Energy
Use, Water Use, Indoor
Environmental Quality,
Innovations and
Additions
Environmental quality
of the building,
Environmental load
reduction of the
building

Non-renewable primary
energy demand

Total primary energy
demand

Proportion of renewable
primary energy

Total energy Measured energy

Total Energy Simulated energy

Credits are
granted for
specified

materials

Levels are
assigned
based on the
materials

used

No

Same ratio
used to
estimate
energy
efficiency is
considered to
estimate GHG
at efficiency
of operation

stage

Labeled Bronze,
Silver, Gold
Platinum according

to the performance

Credit grated based
on the position of
the cumulative
distribution of
similar type of
buildings

Levels are assigned

based on the ratio of

the designed
building and
standard building

Credits are given
for benchmarking,
self-improvement
and peak energy.
Bonus credits
given for using

renewable energy

24



2.4 Challenges and Limitations of Existing Rating Systems

Based on the above review, it is evident that in many energy rating systems, the main focus is on
comparing the energy performance of buildings (Department for Communities and Local
Government, 2014; Department of Industry Innovation and Science, 2016; Natural Resources
Canada, 2016b; The Residential Energy Services Network, 2013). Asset rating, which focuses on
energy demand based on standard operational and occupancy conditions, is useful in comparing
different buildings. Further, asset rating is the only method available to assess energy performance

of new construction where operational data is not obtainable.

Measured energy is the most reliable estimate of actual energy use and accounts for all factors
affecting energy use. However, energy rating systems such as EnerGuide use energy simulations
to rate existing houses, while Energy Star for multifamily housing in USA and the ASHRAE
building energy quotient use measured energy. Measured energy incorporates factors such as
human behaviour, which has a significant impact on energy use but is difficult to model accurately
in energy simulations. Hence, measured energy is more useful to assess the energy performance
and impacts of total energy use. Using measured energy for existing buildings reduces
discrepancies in simulations, which enhances the reliability of the rating tool. Further, measured
energy is important if more comprehensive approaches, such as operational changes, are to be

considered for reducing energy use, not limiting to energy efficient technologies.

2.4.1 Monitoring energy performance

The building and its components related to thermal performance are highly vulnerable to
degradation, due to continuous use and external factors such as environment. Therefore,
continuous monitoring is essential to maintain performance levels (Li, Han, & Xu, 2014).
Attention should be paid to asset degradation in determining the validity period of a building rating,

even when significant changes have not been made in a building.

If continuous monitoring is to be practised, measured energy use should be used. Total annual
measured energy could be easily compared with benchmark energy performances, rather than
performing energy simulations. Using regression models to estimate the reference/benchmark

energy consumption or to have established benchmarks for different conditions will facilitate the
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continuous monitoring process. Unlike energy simulation, using regression models/established
benchmarks is less resource intensive once they are established. However, extensive resources are

needed to develop benchmarks/regression models.

2.4.2 Benchmarks

Heating and cooling energy is the most significant contributor for energy use in a building (Balaras
et al., 2007; Balaras, Droutsa, Dascalaki, & Kontoyiannidis, 2005; Pérez-Lombard et al., 2008).
Energy demand for cooling and heating is linked to the climate condition of the location of the
building. Therefore, in a rating system the reference/benchmarking energy consumption should
consider the climate condition to fairly assess the energy consumption of a building. Most of the
reviewed rating systems, irrespective of their focus areas, pay attention to the climatic condition
of the region. If simulation software is used, it should be developed for a specific location while
regression equations can have variables such as cooling and heating degree days to account for
climate condition. If pre-established benchmarks are to be used, they should be developed for each
climatic zone/location rather than having a single benchmark for a wide range of climatic
conditions, as in BOMA BEST.

2.4.3 Life cycle perspective

From the review of popular energy rating systems, it is evident that energy-rating systems tend to
focus only on energy performance to rate a building. However, the literature identifies different
impacts of energy use, such as environmental and economic, which should be considered for a
more comprehensive evaluation (Al-Ghamdi & Bilec, 2014, 2015; Lutzkendorf, Foliente,
Balouktsi, & Houlihan Wiberg, 2014; Mosteiro-Romero et al., 2014; Thiers & Peuportier, 2012;
Zmeureanu, Fazio, DePani, & Calla, 1999). The review indicates that sustainable building rating
systems should try to incorporate some of these impacts in their assessment. Factors that should
be used for a comprehensive energy performance assessment are discussed in detail under indicator

identification of chapter 3.

It is observed that energy rating systems do not consider the life cycle impacts of energy use. To
assess the impacts of energy use, and to meet sustainable targets, life cycle thinking can be

extremely helpful. Therefore, this is an important aspect that should be covered in the energy
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performance assessment of buildings (Balaras et al., 2005; Hernandez & Kenny, 2011b; Rossi,
Marique, Glaumann, & Reiter, 2012).

Most of the detailed LCA that have been carried out for buildings focus on low energy buildings.
LCA are rarely conducted for traditional buildings, which constitute a vast majority of the building
stock (Cabeza, Rincon, Vilarifio, Pérez, & Castell, 2014). One reason for this limited use of LCA
is that it is a complicated process. However, if simplifications such as considering renewable
energy resources as zero emissions technologies, and not considering significantly small energy
demands are adopted in LCA analysis, reasonably accurate results can be achieved with less effort
(Kellenberger & Althaus, 2009; Malmqvist et al., 2011; Zabalza Bribian, Aranda Usén, &
Scarpellini, 2009). For energy rating systems, reasonably accurate results can be obtained by
focusing on the operational energy and identifying the sources of energy (Mosteiro-Romero et al.,
2014).

Studies show that embodied energy is comparatively less than the operational energy usage in a
building (Ramesh, Prakash, & Shukla, 2010). However, embodied energy is an important part of
buildings’ life cycle energy use and cannot be ignored, especially with nearly zero energy buildings
where operational energy use is significantly less (Litzkendorf et al., 2014; Ramesh et al., 2010;
Verbeeck & Hens, 2010). Therefore, several studies show that embodied energy should be given
more attention in rating systems. Otherwise, zero-energy buildings will have an unfair advantage
despite low-energy buildings having less impact on the environment from a life cycle perspective
(Giordano, Serra, Tortalla, Valentini, & Aghemo, 2015; Ramesh et al., 2010). Energy rating
systems are used as a tool to identify potential improvements to a building. Hence, use of embodied
energy in a rating system for existing buildings can be questioned, as the embodied energy of a

building cannot be reduced after construction.

2.5 Life Cycle Assessment (LCA)

From construction to demolition, buildings consume a large amount of resources including
construction material, energy, and water (Crawford, 2011). Use of these resources results in
various discharges such as GHG, heavy metal, dust, and radioactive waste from the built
environment. Having a life cycle perspective of a product/process is important to have a better
understanding of its impacts (de Bruijn, van Duin, & Huijbregts, 2002; Klopffer, 1997) and LCA
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is an important tool to have a understanding of impacts of energy use (Mosteiro-Romero et al.,
2014; Spath, Mann, & Kerr, 1999).

Life cycle assessment is a methodology used to analyse inputs and outputs from the system and
their potential impacts during life cycle stages of a product/process (USEPA, 2014). Life cycle
stages of a product include stages from material extraction to demolition of the product. However,
which life cycle stages to be considered in an assessment will vary based on the scope of the

assessment.

LCA has gained popularity over the last several decades due to its ability to analyse environmental
impacts of products and processes (AL-Nassar et al., 2016; 1ISO 14040, 2006). The International
Standards Organisation (ISO) has published a guideline to standardised LCA as it is commonly
used with different scopes and objectives (ISO 14040, 2006). ISO Standard 14040 defines the four
basic steps of a LCA study: goal and scope definition, life cycle inventory (LCI), life cycle impact
assessment (LCIA), and interpretation.

Figure 2:1: Life Cycle Assessment (ISO 14040, 2006)

The first step, goal and scope definition, focuses on identifying the objectives of the study and the
scope that determines the life cycle stages to be included in the assessment. Based on the scope of
an LCA, it can be a cradle to grave, cradle to cradle, or gate to gate study (ISO 14040, 2006).
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During the LCI step, data related to inputs and outputs of the product/process, such as materials
energy, are collected. Based on the data collected during LCI, environmental impact indicators are
quantified in the LCIA. These indictors include global warming potential, human health impacts,
and resource depletion. Different LCA software (Athena, SimaPro, etc.) and databases (GaBi,
Ecoinvent, etc.) are now commonly used to facilitate LCIA (Frischknecht & Rebitzer, 2005; Gong,
Nie, Wang, & Zuo, 2006; Gu, Wennersten, & Assefa, 2006; Mosteiro-Romero et al., 2014; Narita,
Nakahara, Morimoto, Aoki, & Suda, 2004). Interpretation is the step where experts make
necessary recommendations about the needed improvements/changes to the product/process based

on its environmental performance.

For the proposed tool, a cradle to gate LCA boundary is established for energy retrofits and
operational energy. Therefore, impacts from generation of energy to its delivery to the building

site are considered.

2.6 Fuzzy Sets

Fuzzy sets are one of the most used methods to handle uncertainty and vagueness associated with
data (Reza, Sadig, & Hewage, 2013; Sadig & Rodriguez, 2004; Zimmermann, 2010). This theory
is used in many fields, ranging from artificial intelligence, medicine, and robotics to management
and civil and environmental engineering (Blockley, 1979; Brown & Yao, 1983; Reza et al., 2013;
Sadig & Rodriguez, 2004; Zimmermann, 2010).

Fuzzy sets were introduced by Zadeh (1965), who described fuzzy sets as “a class of objects with
a continuum of grades of membership.” Membership value can be a value from 0 to 1. The fuzzy
set concept facilitates the use of linguistic terms with uncertainties. Partial membership can be

used to assign linguistic terms partially, where the boundary of such terms are not crisp.

According to Pedrycz, Ekel, & Parreiras (2010) this can be explained with the following situation:
A temperature of 20°C can be identified as comfortable, whereas 30°C and 10°C can be identified
as warm and cold, respectively. In this situation, how can a temperature of 12°C, 15°C, or 17°C
be categorised as cold or comfortable? Similarly, how can we categorise temperatures of 22°C,
25°C, or 27°C? In these cases, we can use the fuzzy partial membership concept to associate each

temperature with a category.
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Equation 2:1 presents the general definition of the fuzzy sets. The fuzzy set A is denoted as a set

of ordered pairs in a universe of X, where x denotes the objects of X. The membership

function,uz (x) maps x values to 4 in the interval 0 to 1.

A={0uz ()| x €X)}
Equation 2: 1: Fuzzy Set (Zadeh, 1965)

Fuzzy numbers are named based on the shape of the function. Triangular fuzzy number (TFN),
trapezoidal fuzzy number, S- fuzzy number, Gaussian fuzzy number, and exponential-like fuzzy
number are some examples for fuzzy numbers. A TFN, which is the simplest form of a fuzzy
number, is explained by Figure 2.2 and the function below. The TFN shown in Figure 2.2 has a
membership (p) of 0, if X < X1 or X > X3. Membership equals one when X > X,. Membership

between X1- Xz, and Xz - X2 has linear functions as shown in Figure 2:2.

[

Membership

X1 K2 K3

Variahle

Figure 2:2: Triangular Fuzzy Number

r 0if x < X1 N
1 X1 o exi<x<x2
_Jx2=x1" Xz —x1/Xl<x= >
g v B irxo<x<x3
B_x2  Tx3—x2/ x
\ 0if x > X3 )

The ability to transform qualitative information to quantitative information using fuzzy sets allows
categorical information such as poor, satisfactory, good, and average performance of assets to be
used in the rating system (Pedrycz et al., 2010). However, sometimes it is not possible to assign
the evaluation of performance directly into one category, as it could fall between two categories.
The partial membership concept in fuzzy set theory helps in such cases (Pedrycz et al., 2010;
Zadeh, 1965).
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2.7 Fuzzy Synthetic Evaluation (FSE)

Assessments are vague and ambiguous, especially when linguistic terms are used in assessment as
described in Section 2.6.1. Hence evaluation of these objects and processes is uncertain and fuzzy
sets are used to incorporate these ambiguities in assessment. This concept of fuzzy sets is used in
fuzzy synthetic evaluation (FSE) to analyse data where multiple objectives are involved (Lu, Lo,
& Hu, 1999; Mu, Cheng, Chohr, & Peng, 2014; Sadig & Rodriguez, 2004; Zhao, Hwang, & Gao,
2016).

For the proposed assessment tool, indicators are assessed based on linguistic terms or numerical
values based on the nature of the indicator. Linguistic assessment is more effective where some
indicators are too complex to assess numerically (Ross, 2005). Since the proposed assessment tool
has multiple objectives, FSE was selected to aggregate the performance indicators of the proposed

energy assessment tool.

FSE involves four main steps: defining fuzzy membership functions, defining weights for
indicators and criteria, aggregation, and defuzzification (Lu et al., 1999; Sadig & Rodriguez, 2004;
Y. Wang, Kuckelkorn, Zhao, Mu, & Li, 2016).

As the first step, fuzzy membership functions can be defined as discussed in Section 2.6. Then the
weights are defined for the indicators used in the assessment. For this proposed tool, weights are

defined based on the survey carried out among the stakeholders of MURBS.

Next step is the aggregation of indicators. This is explained below by considering the three main
criteria (energy performance, environmental performance, and economic performance) identified
under the operational rating of the proposed assessment tool. The performance level of the building
is measured using a linguistic scale (i.e. excellent, good, fair, poor). After data collection, fuzzy
numbers can be calculated for each identifying indicator. “R” represents the fuzzy relationship

between performance factors and level.

Energy Performane Very Good Good Average Poor Very Poor

R = Environmental Per formance 0.8 0.2 0.0 0.0 0.0
Economic Performance 0.0 0.3 0.7 0.0 0.0
0.4 0.6 0.0 0.0 0.0
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Matrix “w” represents the weight matrix for the three criteria.
w= [W1 Wy Wws]
Fuzzy vector (e) is defined as the cross product of matrix “w” and matrix “R”.
e = wXR

Equation 2: 2: Fuzzy Vector
In a hierarchical process, calculation starts at the lowest level. As for Figure 2:3, calculations start
at level 4. Performance indicators (PIs) corresponding to a subcategory of level 3 are aggregated
using the process described above. This is done to all Pls to aggregate them to their corresponding
sub-category. Then Equation 2: 2 is repeated to aggregate sub-categories (Figure 2.3 level 3) to
their respective category (Figure 2.3 level 2). Similarly, this process is repeated to aggregate

categories of level 2 to obtain the overall performance indicated in level 1 of Figure 2.3.

Level 1 Level 2 Level 3 Level 4

Performance
Indicator 1.1.1
Subcategory
11
Performance
Category 1 Indlcator 1.1.2
Subcategory Performance
1.2 Indicator 1.2.1
Overall
Performance
Subcategory Performance
Indicator 2.1.1
Category 2 Performance
Indicator 2.2.1
Subcategory
2.1
Performance

Indrcator 2.2.2

Figure 2:3: Hierarchical Process
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Once the overall fuzzy vector is obtained, several methods can be used for defuzzification. The
simplest method is to select the highest value in the overall vector as the overall rating, and
designate that as the overall performance level. For example, consider the overall vector shown in
Equation 2:3. In this case the outcome will be considered as “Average”.

o = Very Good Good Average Poor VeryPoor]
0.1 0.4 0.7 0.2 0.0

Equation 2:3: Defuzzification

Another method used for defuzzification is to assign numerical values to linguistic terms, such as
very good=4, good=3, average=2, poor=1 and very poor=0. Then each numerical value is
multiplied by the respective score in the overall fuzzy vector and they are added to get the overall
score. Then based on this value and the numerical value assigned for linguistic rating, the overall

rating is selected.

Weights of the indicators are a significant factor affecting the result of the analysis. In this study,
weights for indicators were calculated based on a survey carried out among stakeholders of
MURBs. Modified Digital Logic (MDL) proposed by Dehghan-Manshadi et al. (2007) was used

for the analysis of survey responses to determine weights.
2.8 Modified Digital Logic (MDL)

There are a wide range of operational research methods to assist in determining weights in multi-
criteria decision making. These include Analytical Hierarchy Process (AHP), Technique for Order
of Preference by Similarity to Ideal Solution (TOPSIS), Elimination and Choice Expressing
Reality (ELECTRE), and Digital Logic (Dehghan-Manshadi et al., 2007; Hwang & Yoon, 1981;
R. W. Saaty, 1987; Song & Kang, 2016).

The digital logic (DL) method was selected for this study as it uses a simple method compared to
other techniques such as analytical hierarchical process (AHP). In DL, the only decision the
responder has to make is a binary decision: which indicator is relatively important compared to
the other in a pairwise comparison. In AHP this comparison is made on a scale large (R. W. Saaty,
1987; T. L. Saaty, 2008; Song & Kang, 2016). Even though using such a scale gives more accurate
weight, it reduces the precision of the survey as each responder will indicate a different score in

the scale. Therefore, DL is selected to determine the weights from survey responses.
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In traditional DL, the only decision to be made is whether criterion 1 is more important or criterion
2 is more important compared to the other (Dehghan-Manshadi et al., 2007; Findik & Turan, 2012).
MDL provides another option where the responder can indicate both criterion are equally
important (Dehghan-Manshadi et al., 2007). Therefore, MDL is helpful for having a better

understanding of the relative importance of these criteria and determining weights.

As the first step in MDL, a pairwise comparison of all indicators is performed as shown in Table
2.3. In this pairwise comparison, the preferred indicator is assigned a value of 3 while the other
indictor is assigned a value of 1 (e.g. in comparison between indicator 1 and 2, indicator 2 is
preferred over indicator 1). If both indicators are of equal preference, a value of 2 is assigned for
both indicators (e.g. comparison of indicator 2 and indicator 3). After all comparisons are made
row-wise, addition is performed to calculate the number of positive decisions for each indicator.
Then, the number of positive decisions for each indicator is divided by the total number of positive

decisions, to determine the weight of the indicator.

Table 2:3: Modified Digital Logic

Indicator Indicator Comparison Positive  Weight
Number 1- 1- 1- 1- 2- 2- 2- 3- 3- 4- Decisions
2 3 4 5 3 4 5 4 5 5
1 Remaining service life 1 1 2 2 6 0.15
2 Condition of the thermal 3 2 2 3 10 0.25
characteristics of the building
including the air permeability
3 Efficiency of heating installation 3 2 3 3 11 0.275
and hot water supply, including
their insulation method
4 Efficiency of the air- 2 2 1 3 8 0.2
conditioning
installation where installed
5 Efficiency of artificial built-in 2 1 1 1 5 0.125
lighting
40 1
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Chapter 3: Performance Indicator Identification and Prioritization

3.1 Overview

A framework for an energy assessment tool was developed to address the limitations and
challenges identified during the comprehensive review of popular rating systems and other
published literature. Based on the review of existing energy rating systems, it was identified that
most of them pay attention only to energy consumption. To overcome this issue and consider a
wide range of energy-use related aspects, an indicator-based assessment tool was proposed in this
study. This indicator-based approach is used in sustainable building rating systems to consider

different aspects of building management and their impacts.

Figure 3: 1 shows the overview of the proposed energy assessment tool. Building energy
performance is assessed by considering the condition of main energy components (asset rating)
and operational performance (operational rating) of a building. The combined outcome of the asset

rating and operational rating is used to define the building’s energy performance.

Building Energy

Performance Assesment
[
[ I .
Operational .
Rating Asset Rating
[
I \
Operational Energy Environmental Economic Asset
Performance Performance Performance Performance

Figure 3: 1: Overview of the energy rating method
The asset rating focuses on the operational condition individual energy performance. Hence
indicators used for asset rating will help to identify if any improvements are needed. The

operational rating focuses on energy performance, environmental performance, and economic
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performance. Indicators identified (Section 3.2) in the sub-categories of the operational rating
focus on operational energy use, operational and maintenance practices, ecological and human

health impacts, and economic impacts of energy use.

A combination of both the asset rating and the operational rating enables the building
owners/managers to adopt different approaches to improve the energy performance of the building.
A poor asset rating indicates that retrofits should be considered to improve the energy performance.
A building with a poor operational rating but a good asset rating indicates that operational changes

are the most important factor to improve energy performance.

It is important to have expert opinions and feedback on the proposed framework to make necessary
adjustments. Therefore, as the next step experts in the field were consulted to prioritise the

indicators identified during the literature review.

A questionnaire survey was conducted to obtain expert opinion, as survey research is a commonly
used systematic method to help decision making (Lavrakas, 2008). Surveys have been widely used
to identify people’s opinion for several decades (Clifford, Cope, Gillespie, & French, 2016;
Trochim, William, M & Donnelly, James, 2008). Perception of risk, environmental concerns,
energy use, and access to employment are some of the areas in which survey research has been
used (Andersen, Toftum, Andersen, & Olesen, 2009; Clifford et al., 2016).

3.2 Methodology

This section discusses the methodology used to identify indicators and determine their weights

for the assessment.

3.2.1 Performance indicator identification

A comprehensive literature review was conducted to identify the performance indicators (PI) for
assessing energy performance and impacts of energy use. The purpose of the review was to identify
limitations and challenges of existing rating systems, identify Pls, identify assessment processes,

and identify suitable benchmarks. The literature contained three components:

I.  Review popular energy rating systems
ii.  Review sustainable building rating systems

iii.  Review published literature on building energy rating
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Assessment procedures, challenges, and limitations of existing energy rating systems are discussed

in Chapter 2. This chapter focuses on the Pls used to assess energy performance.

3.2.2 Expert consultation

Advances in the internet have encouraged its use for contacting survey respondents over traditional
methods, such as postal mail surveys (Couper, Traugott, & Lamias, 2001; Hoonakker & Carayon,
2009; Kaplowitz, Hadlock, & Levine, 2004; Wright, 2006). Access to distant responders, low cost,
speed, ease of administration, higher flexibility, and higher response quality are advantages of
internet-based surveys (Hoonakker & Carayon, 2009; Wright, 2006). However, disadvantages of
internet-based surveys include sampling issues, low response rates, computer security issues, and
lack of anonymity (Hoonakker & Carayon, 2009; Wright, 2006).

Considering the merits of internet-based surveys, email was selected as the primary method to
contact potential respondents. Email addresses of potential respondents were found via web search
of relevant institutions, contacts of researchers and professionals, and contact information of
publications. The email indicated that respondents had three options for responding if they chose

to:

i.  Complete the web-based survey
ii.  Complete the editable portable document format (PDF) of the questionnaire

iili.  Be interviewed by the researchers

All three methods used the same questions in different platforms. The web survey was developed
using the UBC hosted version of FluidSurveys to ensure the security of data. The web platform is
a user-friendly, easily accessible platform and respondents could respond anonymously. More than

85% percent of respondents used the web survey to respond to the questionnaire.

Another option was to complete the PDF of the questionnaire and email it to the researchers. This
option was given as some responders feel more comfortable working in an offline environment.
This was the second most preferred method responders used. The interview option was offered if
any responders preferred discussion with the researchers. This was the least selected option by the

respondents. Only respondents in the Okanagan were contacted for interviews.
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3.2.2.1 Target audience

The survey targeted four main groups: building owners and managers, building and energy system
designers/engineers, researchers, and government and external stakeholders. The potential
respondents for this survey were selected based on a web search of relevant institutes and company
web sites. Building owners/managers, designers/engineers, and government and external
stakeholders were selected from BC only. However, due to the limited number of researchers in

this area, potential respondents to the survey for academia were selected from across Canada.

3.2.2.2 Sample size determination

Sample size plays a vital role in survey research as results from the survey are usually generalised
for the population (Bartlett, Kotrlik, & Higgins, 2001; Welkowitz, Cohen, & Lea, 2012).
Appropriate sample size is important to reduce bias in responses (Aday & Cornelius, 2006; Bartlett
et al., 2001; Welkowitz et al., 2012).

Aday & Cornelius (2006) discuss two methods for determining sample size, based on the design
of the survey: descriptive design based on sample distribution, and analytical or experimental
design based on power analysis. For this study, the method (Equation 3:1) based on sample

distribution was selected to determine the sample size.

Z% o % P(1—P)
15
d?

n =

Equation 3: 1: Sample Size Determination

n= Sample size

Z

,_a=Z score of confidence level of a
2

P= Estimated portion
d= Desired precision

For a 95% confidence level with 0.2 desired precision and equal chance for each response (P=0.5),

determined sample (based on Equation 3:1) size is 25.
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The response rate for questionnaires varies based on the subject and method of communication:
postal mail or e-mail (Hoonakker & Carayon, 2009). Review of response rates reveals that
response rate for email surveys can vary from 5 %-70% (Hoonakker & Carayon, 2009; Kaplowitz
et al., 2004). However, the response rate generally lies between 10-15% for external surveys

(Fryrear, 2015). Therefore, 250 emails were sent assuming a response rate of 10%.

3.2.2.3 Questionnaire design

Questionnaire design is one of the most important parts of the survey process as it plays a vital
role in getting accurate responses and increasing response rates (Leung, 2001; Pew Research
Center, 2017). The wording of the questions, the length of the questionnaire, and the arrangement

of questions play a vital role in this regard (Leung, 2001; Pew Research Center, 2017).

The objective of the study determines the structure of the questionnaire (Brace, 2004). The survey
in this study focused on understanding the current practice of energy rating in MURBS, stakeholder
expectations of a rating tool, and obtaining comments on the proposed rating tool. Further,
questions were designed to obtain the weights for the indicators of the proposed tool. Appendix B
shows the questionnaire used for this survey. This is a six-page questionnaire in print format and
a five-page questionnaire on the web platform. This questionnaire adopted the question
arrangement suggested by Leung (2001) to start from simple, closed questions to difficult, open

questions.

e Section 1: Responder experience, expected information and current practices
e Section 2: Rating the performance indicators and relative importance of indicators and
indicator categories

e Section 3: Open ended questions on suggestions for energy rating systems
The type of questions asked determine the possible themes that can be discussed in the
questionnaire, as well as the time needed to answer the questionnaire and analysis of the results
(Brace, 2004; Leung, 2001; Pew Research Center, 2017). As shown in Appendix B this
guestionnaire uses a wide range of question types to obtain responders’ opinions. Closed questions
(choice of options, differential scales, checklists) and open questions (open-ended question) were

used to obtain the information needed.
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Piloting the questionnaire is needed as questioners are rarely in their best format at the beginning
(Brace, 2004; Leung, 2001; Pew Research Center, 2017). The initial questionnaire was sent to
several external people from technical and non-technical backgrounds to test face validity. Based
on their comments the questionnaire was modified so to make it easy to comprehend. Changes

included change of wording, adding descriptions, and changing the order of questions.

Researchers have a responsibility to protect research subjects from potential threats (Jong, Hibben,
& Pennell, 2016). Therefore, ethics guidelines are developed to ensure that participants are treated
with respect and consideration (Jong et al., 2016; UBC Office of Research Ethics, 2015). The
tested questionnaire was submitted for approval to the UBC Okanagan behavioural research ethics
board to ensure conformity with ethical standards. (See Appendix C)

After obtaining ethics approval the questionnaire was sent to potential respondents via email with
the recruitment letter. If they wished to participate, respondents had the option to answer the
questionnaire directly via the UBC-hosted Fluid Survey web tool, the editable pdf document, or
via an interview. Responses received via the editable pdf and interviews were entered as web

entries for data handling purposes.

3.3 Performance Indicator Identification

The proposed energy assessment tool focuses only on the operational phase as it targets existing
MURBs. The proposed tool has two major components: an operational rating and an asset rating
(Figure 3.1). The indicator based approach was selected for this new energy assessment tool as it
takes into account multiple criteria. Table 3:1 lists the key performance indicators (P1) identified
from a comprehensive review of popular energy rating and sustainable building rating systems and

white literature.
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Performance Indicators

Table 3:1: Performance Indicators

Category

Performance Indicator

Reference

Operational Rating

Energy EN-1

performance

Annual energy consumption

(BRE Global, 2012; El shenawy &
Zmeureanu, 2013; Energy star, 2015;
Green Building Council Denmark, n.d.;
HKGBC, 2010; Institute for Building
2013;
Ingwersen, Trucco, Ries, & Campbell,
2014; & Kumar, 2005;
Afgan, &

Efficiency, Srinivasan,
Vijayan
Jovanovic,

Turanjanin, 2014)

Vucicevic,

EN-2

Renewable energy consumption

(Canada Green Building Council, 2009;
Green Building Council Denmark, n.d.;
Green 2014;
HKGBC, 2010; Institute for Building
Efficiency, 2013; Namini et al., 2014)

Building Initiative,

EN-3

Peak demand

(Green Building Council of Australia,
2015; HKGBC, 2010)

EN-4

Availability of sub-metering

(Fischer, 2008; Green

Initiative, 2014; Namini et al., 2014)

Building

EN-5

Energy recovery ventilation system

(Green Building Initiative, 2014)

EN-6

Availability of combined heat and ventilation

(Green Building Initiative, 2014)

EN-7

Energy-efficient operating procedures

(Canada Green Building Council, 2009)

EN-8

Awvailability of energy monitoring

(Green Building Initiative, 2014)

EN-9

Trained staff for building management

(Green Building Initiative, 2014)

EN-10

Awvailability of maintenance schedules

(Green Building Initiative, 2014)

Environmental EV-1

Water depletion

(Al-Ghamdi & Bilec, 2015)

Performance EV-2

Global warming potential

(Al-Ghamdi & Bilec, 2014, 2015;
German Sustainable Building Council,
2016; Hossaini, Reza, Akhtar, Sadiq, &
Hewage, 2015; Hu, Shiue, Chuang, &
Xu, 2013; Kim & Todorovic, 2013;
Mosteiro-Romero et al., 2014; Mwasha,
Williams, & lwaro, 2011)

EV-3

Ozone depletion potential

(Al-Ghamdi & Bilec, 2014; German
Sustainable Building Council, 2016;
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Performance Indicators

Hossaini et al., 2015; Hu et al., 2013;

Mosteiro-Romero et al., 2014)

EV-4 Nutrification/ eutrophication potential (Al-Ghamdi & Bilec, 2014; German
Sustainable Building Council, 2016;
Hossaini et al., 2015; Hu et al., 2013;
Mosteiro-Romero et al., 2014)
EV-5 Heavy metal (Hu et al., 2013)
EV-6 Smog potential (Al-Ghamdi & Bilec, 2014; German
Sustainable Building Council, 2016;
Hossaini et al., 2015; Hu et al., 2013)
EV-7 Acidification potential (Al-Ghamdi & Bilec, 2014; German
Sustainable Building Council, 2016;
Hossaini et al., 2015; Hu et al., 2013;
Mosteiro-Romero et al., 2014)
EV-8 Radioactive waste/Eco-toxicity (Al-Ghamdi & Bilec, 2014; Hossaini et
al., 2015)
EV-9 Habitat Alteration (Hossaini et al., 2015)
EV-10  Human health respiratory effects potential (Al-Ghamdi & Bilec, 2015; Hossaini et
al., 2015)
EV-11  Carcinogens (Al-Ghamdi & Bilec, 2014; Reza,
Sadig, & Hewage, 2014)
Economic EC-1 Operational costs (Borchers, Duke, & Parsons, 2007,
performance Fischer, 2008; Kamali & Hewage,
2015)
EC-2 Maintenance costs of energy system and retrofits (Kamali & Hewage, 2015)
EC-3 Savings generated from retrofits (Kamali & Hewage, 2015)(Gram-
Hanssen, 2014)
Asset Rating
Asset AS-1 Remaining service life of HVAC system (Canada Green Building Council, 2012;
Performance CIBSE Certification, 2016; Green
Building Initiative, 2015)
AS-2 Condition of the thermal characteristics of the (Canada Green Building Council, 2012;
building including the air permeability. CIBSE Certification, 2016; German
Sustainable Building Council, 2016;
Green Building Initiative, 2015)
AS-3 Efficiency of the heating installation and hot (Canada Green Building Council, 2012;

water supply, including their insulation method.

CIBSE Certification, 2016)
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Performance Indicators

AS-4 Efficiency of the air-conditioning installation (Canada Green Building Council, 2012;

where installed. CIBSE Certification, 2016; Green
Building Initiative, 2015)
AS-5 Efficiency of the artificial built-in lighting (Canada Green Building Council, 2012;

CIBSE Certification, 2016; Green
Building Initiative, 2015)

3.3.2 Operational rating

Energy performance, environmental performance, and economic performance are the sub-
categories under operational rating. These sub-categories are assessed based on operational
conditions, and hence are categorised as operational rating.

3.3.2.1 Energy performance

The energy performance category focuses on annual energy consumption, renewable energy
consumption, etc., as shown in Table 3:1. These are based on measured energy use in MURBS. In
this rating system, total energy consumption is considered to determine energy intensity, to assess
annual energy consumption (EN-1). EnerGuide reduces the renewable energy consumption from
the total energy consumption in assessing annual energy performance (Natural Resources Canada,
2016b). This overlooks potential impacts caused by renewable energy sources. Further, deducting
the energy from the renewable energy sources may give an unfair advantage to renewable energy
users over low energy consuming buildings. Therefore, two separate indicators were proposed to

assess these aspects separately (EN-1 and EN-2).

EN-3 focuses on the time of day with the highest demand for energy, and the demand at that time.
This becomes an important factor in high energy demanding environments, as the distrusting the
energy demand throughout the day aids in the effective use of the energy supply infrastructure,
such as the electricity grid. Several sustainable rating systems uses this indicator for this reason
(Green Building Council of Australia, 2015; HKGBC, 2010).

EN4, EN-7, EN-8, EN-9, and EN-10 assess the operational and maintenance practices of the
building. These Pls were selected as operational and maintenance practices as they have an effect
on how energy is consumed and awareness of the energy use of the building (Green Building

Initiative, 2014). EN5 and EN6 focus on the availability of energy efficient, state of the art
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technology in the building. These energy efficient technologies will help to minimize the energy

use of the building without compromising indoor environmental quality.

3.3.2.2 Environmental performance

The environmental performance indicators identify the potential environmental burden of energy
use. Environmental impacts are assessed based on the life cycle environmental impacts of the
building’s operational energy use and energy retrofits that are implemented to improve energy
performance. Table 3:1 recognises eleven environmental performance indicators such as global
warming potential, release of emissions and effluents, and resource depletion (EV-1 — EV-11).
Identified indicators are directly associated with operational energy use and are dependent on the
amount of energy used by the building and the energy source (Mosteiro-Romero et al., 2014). Even
though global warming is the most discussed environmental impact, it is not the only
environmental impact associated with energy use (Al-Ghamdi & Bilec, 2015). Therefore, it is
important to recognise all the environmental impacts associated with energy use. The proposed
energy assessment tool tries to incorporate a wide range of environmental impacts and they are

listed under environmental performance in Table 3:1.

3.3.2.3 Economic performance

Economic performance indicators reflect the financial impacts of the building’s energy system.
These indicators were selected to evaluate the economic burden of the choice of different energy
sources and retrofit options. Life cycle costs (LCC) of retrofits and operational energy are assessed

by the proposed economic performance indicators (EC-1- EC-3).

Operational cost (EC-1) depends on the source of energy as utility bills are the primary operational
cost. This is an important factor as energy bills are a major concern of residents (Borchers et al.,
2007). EC-2 pays attention to the maintenance cost of the energy system and energy retrofits.
However, studies show that it is not only the cost of energy retrofits but also what happens after
the retrofits are installed that are important to consumers (Gram-Hanssen, 2014). Therefore, EC-3
was selected to assess the savings generated from retrofits. The combination of these economic

Pls gives a life cycle perspective of the energy related retrofits.
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3.3.3 Asset rating

The indicators related to the asset rating assess the performance of energy related assets. Assessing
these indicators helps to identify whether any improvements are needed in energy related assets.
Improving the performance of energy related assets will ensure efficient use of the assets and will
improve energy performance. Table 3:1 represents the five indicators selected under this category
(AS-1-AS-5).

Heating and cooling are the predominant energy consumers in residential buildings, especially in
cold climates (Balaras et al., 2007, 2005; Pérez-Lombard et al., 2008). Therefore, heating and
cooling should be given attention to improve energy performance. AS-1, AS-2, AS-3, and AS-4
assess the condition of the HVAC system and other assets, such as the building envelop and the
water heating system, which affect the heating and cooling energy demand of the building. AS-5
assesses the efficiency of the lighting as the lighting technology has improved rapidly to increase

its efficiency.

3.4 Performance Indicator Prioritization

A total of 32 completed surveys were received from all three modes that were available for
participating the survey: the Fluid Survey tool, the editable pdf, and interviews. Twelve of these
completed surveys are from designers and engineers, eight are from researchers, six are from
government and other stakeholders, and six are from building owners and managers. At the initial
stage, the lowest response was from the building owners and managers. Hence, more interviews
were organised targeting building owners and managers. Experts with considerable experience
have participated in this questionnaire survey. Figure 3:2 shows the distribution of expertise of the

respondents.
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Respondents' Experience
1-3 years
7%

4-5 years
19%

10+ years
45%

6-10 years
29%

Figure 3: 2: Respondents’ Experience

3.4.1 Importance of identified performance indicators

The questionnaire survey was designed to obtain responders’ opinions on the importance of
indicators. Table 3:2 shows the rating criteria used to assess indicators. Table 3:3 summarises the
results of the survey based on stakeholder groups. The overall indicator assessment is calculated

based on the average of different stakeholder groups.

Table 3:2: Rating Criteria for Indicators

Rating Description

Very high (5) Must be included, indicator is highly relevant and highly important for energy consumption or

impacts of energy use

High (4) Highly relevant and of average importance for energy consumption or impacts of energy use

Average (3) Average relevance and average importance for energy consumption or impacts of energy use

Low (2) Indicator has low relevance and importance for energy consumption or impacts of energy use

Very low (1) seems to be irrelevant for energy consumption or impacts of energy use

Table 3:3 shows that the importance of each indicator differs with the stakeholder group. However,
for a stakeholder group the importance tends to lie closely in the rating criteria. For example, EN-

1 (annual energy consumption) is recognised as an indicator with very high importance by 100%
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of designers and government and external stakeholders. Of MURB owners and managers, 67%
state that it is an indictor with very high importance, 17% state it is an indicator with high
importance, and another 17% state it is an indicator with average importance. However, none of
the owners or managers state that EN-1 is an indictor with low importance. Therefore, the results

of the survey are reliable.

Based on the results (Table 3:3), annual energy consumption (EN-1) is the most important
indicator for energy performance, followed by energy-efficient operating procedures (EN-7).
Global warming potential (EV-2), human health respiratory effects potential (EV-10), and
carcinogens (EV-11) are the most important environmental performance indicators. All economic

and asset performance indicators have equal importance based on the overall assessment.
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Table 3:3: Prioritizing Indicators

Prioritizing Indicators

Category Indicator Rating of Indicators* (% of responses)
Researchers Designer/ Engineer MURB Government / External Overall Final
Owner/Manager stakeholder
Operational Rating 5 4 2 1 5 1 5 4 3 2 1 5 4 3 2 5 4 2 1
Energy EN-1 38 50 13 0 100 0 0 67 17 17 0O 0 100 O 0 0 0 76 17 3 0 5
performance EN-2 63 38 0 40 40 20 0 17 33 33 17 0 25 25 25 0 25 36 24 25 9 6 4
EN-3 25 50 25 0 60 20 20 0 O 17 67 17 0 25 50 25 O 28 34 34 4 0 4
EN-4 38 50 13 0 10 40 20 30 O 17 67 17 O 0 75 25 O 12 45 31 12 0 4
EN-5 0 25 63 13 O 30 50 10 10 O 50 17 O 33 O 50 50 o0 O 33 35 18 14 0 4
EN-6 50 38 13 0 O 0 60 20 10 10 O 17 17 67 O 0 50 25 25 O 13 41 19 25 3 3
EN-7 50 50 0 O O 20 50 20 10 O O 67 33 0O 0 100 O 0 0O 0 43 42 13 3 0 4
EN-8 38 25 38 O 40 30 30 0 0 67 33 0 75 25 38 37 25 0
EN-9 38 13 38 13 40 20 30 10 17 50 17 17 50 50 36 33 21 10
EN-10 0 63 25 13 O 10 30 40 10 10 0O 50 50 0 O 50 50 0 0 0 15 48 29 6 3 4
Environmental EV-1 25 25 50 O 20 10 50 20 0 83 17 0O 0 75 0 25 30 30 35 4
Performance EV-2 13 0 75 13 30 20 30 20 33 50 0 17 75 25 0 38 24 26 4
EV-3 13 63 13 13 0 20 40 40 83 0 17 50 0 25 25 13 29 32 19 3
EV-4 0 63 25 13 0 0 20 60 20 O 67 17 0 17 50 25 0 0 25 13 23 25 21 19 3
EV-5 0 38 38 13 13 0O 0 20 50 30 O 67 17 0 17 25 50 0 25 6 39 19 22 15 3
EV-6 13 50 25 13 0O O 30 60 10 O 67 17 17 50 25 25 16 23 30 21 10 3
EV-7 63 25 13 0 0 30 60 10 O 67 17 17 25 0 50 25 17 40 21 16 3
EV-8 63 25 13 0O 0 30 60 10 0 67 17 17 25 25 25 25 23 23 32 16 3
EV-9 25 25 38 0 13 0 0 30 60 10 0 67 17 17 25 25 25 25 13 29 17 25 16 3
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Prioritizing Indicators

10 50 20 20

60 30 10

60 30 10

Asset rating

40 5 10 0 0 17 67 17

38 38 13 0 13

* Refer Table 3.2 to rating criteria
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3.4.2 Weights for performance indicator categories

The weights for indicators were calculated based on the modified digital logic (MDL) proposed
by Dehghan-Manshadi et al. (2007). The digital logic (DL) method was selected for this study as
it uses a simple method, compared to other techniques such as analytical hierarchical process
(AHP). In DL, the only decision the responder has to make is which indicator is relatively
important compared to another in a pairwise comparison. In AHP this comparison is made on a
scale of 1-9, 1-7 etc. (T. L. Saaty, 2008; Song & Kang, 2016). Using such a scale would reduce
the precision of the survey as each responder will indicate a different score in the scale. Therefore,

DL is more appropriate for this study.

In traditional DL the only decision to be made is whether criterion 1 is more important or criterion
two is more important compared to the other (Dehghan-Manshadi et al., 2007; Findik & Turan,
2012). MDL provides another option where the responder can indicate both criterion are equally
important (Dehghan-Manshadi et al., 2007). Therefore, MDL is helpful for having a better
understanding of the relative importance of these criteria.

The questionnaire did not focus on determining weights for operational rating indicators, as the
experts consulted in this survey did not have expert knowledge to determine the relative
importance of those indicators. However, a question was provided to identify the importance of

indicators, which helped respondents have an idea of each category.

In this study, each responder was analysed individually to determine the weights they gave for
each category. Then weights were calculated within each stakeholder group, treating every
responder equally. Overall weights were determined giving all stakeholder groups the same

weight.

Table 3:4 shows the weight for the two major categories of the performance assessment: the
operational rating and the asset rating. All stakeholder groups in the survey identify operational
rating as more important compared to asset rating. Researchers, MURB owners, and government
and external stakeholders gave a 3:1 importance to operational rating over asset rating. Designers
and engineers gave less importance to operational rating compared to other stakeholders.

Indicators identified under operational rating the proposed rating system covered energy
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performance, environmental performance and economic performance. Since operational rating

covers a wide range of issues a higher weight can be expected from the stakeholders.

Table 3:4: Weights Operational and Asset Rating

Researchers Designer/ MURB  Government Overall
Engineer Owner/ /External
Manager stakeholder

Operational 0.719 0.583 0.708 0.750 0.690
rating
Asset rating 0.281 0.417 0.292 0.250 0.310

Table 3:5 discuss weights for the main categories considered under operational rating. All
stakeholder groups except designers and engineers identify energy performance as the most
important performance category under operational rating. Economic performance is the most
important category for designers and engineers. However, environmental performance has the least

weight among all stakeholder groups.

Table 3:5: Weights for Categories of Operational Rating

Researchers Designer/ MURB  Government Overall
Engineer Owner/ /External
Manager stakeholder

Energy performance 0.449 0.371 0.438 0.500 0.439
Environmental 0.269 0.207 0.281 0.222 0.245
Performance

Economic performance 0.282 0.422 0.281 0.278 0.316

Indicators under energy performance covers aspects from annual energy consumption to
operational practices. Since annual energy consumption is the main concern and affect wide rage
of issues stakeholders have given a higher weight to the energy performance. Every energy
consumption related decision has financial implications. This has led to the second highest weight
to economic performance. However, since designers are worried about the financial implications
of their design, they have given a higher weight to economic performance over other two
categories. Even though all the environmental performance received the lowest weight, it can be
noted that weight for environmental performance is not negligible compared to other to categories.

That implies stakeholders are aware of possible environmental implications.
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Table 3:6 shows that all indicators considered under asset rating received relatively equal
importance from all stakeholder groups. However, remaining service life received the lowest
weight from all stakeholder groups. The relative importance of the other indicators differs from
each stakeholder group.

Table 3:6: Weights for Categories of Asset Rating

Researchers Designer/ MURB  Government Overall

Engineer Owner/ /External
Manager stakeholder

Remaining service life 0.147 0.163 0.196 0.117 0.155

Condition of the thermal 0.225 0.225 0.238 0.200 0.222

characteristics of the building
including the air permeability

Efficiency of heating installation and 0.238 0.233 0.225 0.242 0.234

hot water supply, including their
insulation method

Efficiency of the air-conditioning 0.219 0.198 0.133 0.175 0.181

installation where installed

Efficiency of artificial built-in lighting 0.172 0.183 0.208 0.267 0.207

3.5 Discussion

The literature review indicated that there are a wide range of factors affecting energy use and the
different impacts of energy use. Performance indicators identified in Table 3:1 summarise a wide

range of concerns related to energy performance.

The survey revealed that the relative importance given to each factor varies depending on the
stakeholder group. However, all stakeholder groups identified annual energy consumption as an
important performance indicator (Table 3:3). Further, the use of this indicator in many energy
rating and sustainable building rating systems emphasizes the importance of the indicator. Even
though other indictors identified under energy performance have lesser importance than annual
energy consumption, more than 50% of the survey respondents identified those indicators as very

high or high importance.

Water depletion, global warming potential, human health respiratory effects potential, and

carcinogens have the highest overall importance among environmental performance indicators.
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All the other environmental performance indicators had less than 50% of survey respondents
identifying them as indicators with very high or high importance. However, none of the indicators
had more than 50% of survey respondents identifying them as indicators with low or very low

importance.

The majority of survey respondents identified all economic performance indicators and asset
performance indicators as having very high or high importance. More than 90% of all stakeholder

groups identified all asset performance indicators as having very high or high importance.

In regards to the two main criteria of the performance assessment, operational rating and asset
rating, operational rating obtained an overall weight of 0.69 and asset rating got 0.31 based on
survey responses (Table 3:4). Two criteria were identified based on the information that can be
generated to improve the energy performance of a building. However, since asset condition has an

effect on the operational performance, having a relatively low weight on asset rating is justifiable.

Energy performance obtained the highest weight (0.439) under operational rating (Table 3.5),
followed by economic performance (0.316) and environmental performance (0.245). Even though
the survey didn’t try to estimate the weight for each indictor under these sub-categories to avoid
complexity in the questionnaire, the importance of indicators (table 3.3) by the survey respondents

and literature was used to determine a relative importance of indicators.

AS-3 (efficiency of heating installation and hot water supply, including their insulation method)
obtained the highest weight among asset performance indicators (0.324). However, all asset

performance obtained relatively equal weight based on the survey responses (Table 3.6).

3.6 Summary

Based on the literature review, two criteria were identified to assess the energy performance of a
building: operational rating and asset rating. Energy performance, environmental performance,
and economic performance were identified as sub-categories of the operational rating to consider

a wide range of impacts of energy use. Asset condition was assessed under asset rating.

A questionnaire survey was conducted among different stakeholder groups to prioritise these
indicators. Based on the survey results, operational rating obtained an overall weight of 0.69, while
asset rating attained 0.31. Sub-categories under operational rating—energy performance,
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environmental performance, and economic performance—got weights of 0.439, 0.245, and 0.245
respectively. Each asset performance indicator achieved relatively equal weight based on the
survey: AS-1 (0.155), AS-2 (0.222), AS-3 (0.234), AS-4 (0.181), and AS-5 (0.207). The stated
preferences by stakeholders and weights calculated using the relative importance of different
indicators and indicator categories were used to aggregate indicators and assess the overall

building energy performance and is discussed in Section 4.7.

54



Chapter 4: Building Energy Performance Assessment Framework

4.1 Background

Energy rating systems are a popular tool used to promote energy efficient buildings and increase
awareness of energy efficiency (Natural Resources Canada, 20169, 2016h; Pérez-Lombard et al.,
2009). The questionnaire survey targeting the experts in MURBs (discussed in Section 3.2.2.) tried
to identify the current use of different rating systems and expected information from a rating

system.

Based on the results of the survey, Energy Star was the most popular energy rating system among
the stakeholders, followed by EnerGuide and R-2000 (Table 4.1). A total of 32.5% of the survey
respondents indicated using “other” rating systems, however that doesn’t necessarily mean that
they use different rating systems. Rather respondents describe the tools they use to assess energy
performance. Designers and engineers use in-house developed tools to assess energy performance
based on National Energy Code of Canada for Buildings and ASHRAE 90.1. Further, they use
tools such as eQUEST, IESVE, energy plus, and Passive House Planning Package for energy
simulations. In addition to energy rating systems, green building rating systems such as LEED,
Built Green, and Residential Environmental Assessment Program (REAP) are used to assess

building performance.

Table 4:1:Use of Energy Rating

Energy Rating % use/ recommend to use

of rating system*

EnerGuide 15.5
R2000 12.5
Energy Star 31.5
Other 315
None 15.5
Don’t know 3

* Addition of % is greater than 100% as some responders use more than one rating system
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4.1.1 Expected information from an energy rating tool

Table 4:2 summarises the results of the expected information from an energy rating tool. These
results are summarised according to stakeholder category. Based on the responses, comparing
energy performance with other buildings is the most important factor across all stakeholder groups
except MURB owners and managers. MURB owners and managers are more interested in the cost
savings that can be generated from improvements. A full 100% of MURB owners identify cost

saving criteria as very important or important.

More than 85% of researchers and government stakeholders agree that environmental impacts are
very important or important. Even though this is less for designers and building owners, more than
65% state that environmental impacts are very important or important.

Table 4:2:Expected Information from an Energy Rating Tool

Very Important Not

Important Important
Researchers
Energy performance compared to similar buildings 88% 13% 0%
Environmental impacts from energy use 50% 50% 0%
Total energy consumed to construct the building 13% 50% 38%
Potential energy saving strategies (operational phase) 63% 38% 0%
Cost savings that can be generated from energy savings 38% 63% 0%
Designer/ Engineer
Energy performance compared to similar buildings 100% 0% 0%
Environmental impacts from energy use 25% 42% 33%
Total energy consumed to construct the building 8% 67% 25%
Potential energy saving strategies (operational phase) 42% 58% 0%
Cost savings that can be generated from energy savings 67% 25% 8%
MURB Owner/Manager
Energy performance compared to similar buildings 50% 33% 17%
Environmental impacts from energy use 50% 17% 33%
Total energy consumed to construct the building 0% 50% 50%
Potential energy saving strategies (operational phase) 67% 17% 17%
Cost savings that can be generated from energy savings 83% 17% 0%
Government / External stakeholder
Energy performance compared to similar buildings 83% 17% 0%
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Environmental impacts from energy use 50% 33% 17%

Total energy consumed to construct the building 17% 83% 0%
Potential energy saving strategies (operational phase) 100% 0% 0%
Cost savings that can be generated from energy savings 83% 17% 0%

Total energy consumed to construct a building is the least important information expected from a
rating tool by all stakeholder groups. MURB owners/managers showed the least interest in this
criterion and none indicted this as very important. More than 80% of all stakeholder groups stated
than energy saving strategies are important, while 100% of government/external stakeholders

indicated that it is very important.

Operational cost (non-energy), detailed energy use breakdown, and capital cost for improvements
are other pieces of information that responders stated they expect from an energy rating tool. In
addition to the above information, researchers are also interested in the detailed methodology used
by the rating system and the adjustability of the rating system for different conditions such as

weather.

4.1.2 Need for a new tool

Review of the existing energy rating systems revealed that they do not fully satisfy the needs of
the stakeholder groups discussed in Section 4.1.1. Therefore, a new tool is needed to address the
identified needs of stakeholders. The literature review identified that they do not incorporate life
cycle thinking or uncertainties of data associated with assessment. Furthermore, resource

intensiveness and complicated evaluations are major shortcomings of existing rating systems.

A new energy assessment tool was developed to address the above gaps in existing practise. The
literature review and the results from the survey were used to determine the scope of the assessment
and methodologies for the assessment process. The rest of this chapter discusses the proposed

energy performance assessment tool.
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4.2 Overview of the Proposed Assessment Tool

Based on the comprehensive literature review it was identified that existing energy rating systems
do not provide a comprehensive assessment of energy use and its related impacts. A new
assessment tool was proposed to address stakeholder concerns and assess energy related impacts

identified from literature review and the expert consultation.

Most of the energy rating systems provide a single indicator-based assessment (Section 2.4).
However, studies show that performance assessment should move towards a more comprehensive
approach rather than a single indicator assessment (Binder, Feola, & Steinberger, 2010;
Gasparatos, El-Haram, & Horner, 2008; Kaufmann & Cleveland, 1995). Therefore, a multi-
indicator based approach was selected for this new energy assessment tool. Indicator-based
assessment tools are increasingly being used as they take into account multiple criteria (Binder et
al., 2010; Gasparatos et al., 2008; Hemphill, Berry, & McGreal, 2004; Juwana, Muttil, & Perera,
2012). This is mainly because an indicator based approach helps to aggregate different concerns
and allows further analysis (where necessary) of concerns by introducing sub-categories (Juwana
etal., 2012).

Table 3:1 lists the key performance indicators (P1) identified based on the literature review. These
indicators are categorised into operational rating and asset rating (Figure 3.1). Operational rating
is sub-categorised into energy performance and environmental performance, while asset rating

focuses solely on asset performance (Figure 3.1).

A combination of both asset rating and operational rating enables the building owners/managers
to adopt different approaches to improving the energy performance of the building. Poor asset
rating indicates that retrofits should be considered to improve energy performance. A building with
a poor operational rating and a good asset rating indicates that operational changes are the most

important factor to improving energy performance.

4.3 Scope of the Proposed Energy Performance Assessment Tool

This framework is defined to assess energy performance of MURBSs at the building level. The
building was selected as the unit of assessment because of the nature of energy consumption in

MURBSs. Energy consumption of common spaces such as corridors, laundry, elevators, etc. will
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be ignored if the individual apartment’s energy consumption is considered. Hence it will not reflect
the total energy consumption. Further, there exists a wide range of energy metering in these
buildings. Some MURBSs have energy meters for both electricity and natural gas at the individual
apartment level, while some have electricity meters at the apartment level and natural gas meters

at the building level. Some buildings have both meters at the apartment level.

This assessment tool focuses only on energy consumption during operation of the building as it
targets existing MURBSs. Energy consumption during initial stages of the building life cycle, such
as at construction, were not considered in the assessment as they cannot be changed during the
operational stage. Further, energy consumption related to the demolition stage of the building is
not considered in this assessment as it depends on the method of initial construction and cannot be
changed during the operational stage. However, when developing an assessment tool for new
construction these life cycle stages should be considered. If they are not, net-zero and low-energy
buildings will have an unfair advantage over traditional buildings, as net-zero and low-energy
buildings consume less energy during operational stages but consume more energy for
construction, and advanced materials consume more energy in manufacturing (Giordano et al.,
2015; Lutzkendorf et al., 2014; Ramesh et al., 2010; Verbeeck & Hens, 2010).

Following are the unique features of the proposed energy assessment tool.

e Current energy rating systems fall into the categories of either asset rating or operational rating.
The proposed approach combined both these approaches.

e Current energy rating systems overlook the life cycle impacts of energy use. The proposed
approach provides a more comprehensive review of the building energy performance by
incorporating lifecycle thinking.

e Use of fuzzy set theory will allow the use of qualitative data and incorporate uncertainties
associated with data, in the assessment process. In the existing energy ratings systems, only
quantitative data can be considered. This approach will allow a more wide-ranging framework
for assessing energy performance and its impacts.

e Inclusion of cost criteria will assist decision will help to address stakeholder concerns and have
a more inclusive assessment.

e Indictor based approach used in the proposed tool will facilitate the modification of this tool to
be used for other building types.
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4.4 Energy Performance Assessment Methodology

The methodology of the energy assessment tool proposed in this study is shown in Error! R
eference source not found.. Data for operational rating will be obtained from utility bills,
estimates, contracts, and BOQs by consulting the building owners/managers. For asset rating, the
condition of key building components will be assessed by direct observation and through expert

consultation.

Pls for operational rating and asset rating will be calculated by comparing the observed values
against benchmarks. These benchmarks were determined by literature review and collecting data
from different organisations such as Natural Resources Canada and BC Housing. Pls are
aggregated using fuzzy synthetic evaluation (FSE) as discussed in Section 2.6.2 to determine the
performance of each category (i.e. environmental, economic, and energy performance). These
categories will be aggregated again using FSE to determine the overall operational rating.
Operational and asset ratings are combined using fuzzy rules to determine the overall energy
performance of the building (Section 4.7). An unsatisfactory score in the energy rating system will
flag the need for retrofits or operational changes. If the asset rating score is unsatisfactory while
the operational rating is adequate, investing in energy related assets is needed to improve the
energy performance. On the other hand, an unsatisfactory operational score with adequate asset

conditions may reflect the need for better management policies and improved occupancy patterns.

Acceptable benchmarks were defined through expert consultation, literature review, and
secondary data from Natural Resources Canada to the local conditions in the region and building
characteristics. Benchmarks for Pls were defined for five performance categories (i.e. very good,

good, average, poor, very poor). Developed benchmarks are discussed in Section 4.6.
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Monitor operational energy

Record energy efficiency

Record condition of key

Figure 4: 1: Methodology of the energy rating system framework

4.5 Life Cycle Assessment in the Proposed Assessment Tool

The goal of this LCA is to assess the environmental impacts of energy use during the operation of
the building. Construction and demolition stages of the building are not considered in this
assessment tool as the focus in this study is on existing buildings. Construction and demolition
stages are not assessed because assessing the construction stage will not help in making
recommendations to enhance the energy performance of existing buildings. Moreover, it is
difficult to collect accurate data for the construction stage as many of the related documents are
not available. Since the demolition stage directly depends on the construction materials, it is not

useful to evaluate that stage in the LCA.

61

o
=
g
1 demand from various sources and improvements building components o
]
[ costs =
i ility bi i i Contract BOQ Consultations Direct Expart 3; i‘-
i Utility bills Estimation I observation apinien 2
i El
i i
| . - S L L O P A S S A S, L S A S S A O O S A S S S S S O L O A 1
A Lifeeyce "~~~ TTTTTTTTTTTTTYYTYOR Social lifecyde ]
i assessment Lif I assessment o i
! software t:-s:i\: € {Social hotspots g-. !
E [E.g. SimaPro, 2 database) = i
\ Gabi, Athena) % !
] —
| 5
1 W
; ]
__________________________________________________________________________________________________________________________ ]
e —
i !
! i
: 1
i ]
1 Environmental Economic Performance Energy Performance Asset Performance E
]
[ Performance indicators indicators indicators indicators i
] 1
H 1
’ 39 '
| = = |
i ]
! Benchmark performance levels '
]
i - ]
H m
i : = £ £ I
! Aggregation using fuzzy synthetic evaluation S
i = |
; g
: / 3
HEN [ Operational Rating J VY Asset Rating Joa
i h - '\_._ ' S \Lg‘:" !
H — — — — L i
I g ! =
E Fuzzy Rules 2 =
I 1 Q
H 1 =
: ! =
; ] =
E Mot ] R
]
i Satisfactory!
i !
e -
Satisfactory
Operational Management and Continuous Monitoring




Figure 4:2 illustrates the LCA system boundary of the proposed assessment methodology. Impacts
from operational energy use and energy retrofits are considered in determining impacts. Energy
retrofits are introduced to reduce energy consumption. Reduction in energy consumption will
reduce impacts, but life cycle burdens of retrofits may exceed the apparent benefit achieved by
reducing energy consumption. Hence it is important to consider both energy use and introduced
retrofits in assessing the total environmental burden. Life cycle impacts of energy sources such as
electricity and natural gas are considered from their point of generation to the arrival on site
(building). Impacts of energy retrofits are considered from material extraction to transport to the
site in this LCA.

/ . %
/ Generation at source t M

/ transmission /
/£ TN / Emissions
Energy
» consumption
Retrofits in MURE

| Material extraction, A
/’ manufacturing, '
/installation, operation am’f
! maintanace !

Discharges >

Figure 4: 2: LCA system boundary

Impacts of operational energy sources are not limited to energy consumed within the building, but
also due to energy loss during transmission from point of generation. Therefore, to assess these
impacts, source energy consumption is considered rather than site energy consumption. Site energy
is the energy measured at the location of the end user (building) and source energy is the energy
produced at the point of generation. Published source energy conversion factors were used to

calculate source energy consumption to consider the losses in transmission.

Source energy factors for this study were found from the following sources: The Energy
Consumption and Conservation in Mid and High Rise Residential Buildings in British Columbia
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(RDHBuilding Engineering Ltd, 2012) and Energy Star Portfolio Manager (Energy Star, 2013).

Table 4:3 below shows the source energy factors used in this study.

Similarly, the material extraction, manufacturing and assembly processes, installation, operation,
and disposal of energy retrofits lead to life cycle impacts. These life cycle stages are considered in
the assessment tool to have a comprehensive understanding of the environmental burden caused
by the retrofits of a building.

Table 4:3: Energy Conversion Factors

Source Site to source conversion factors
Electricity 1.11

Natural gas 1.03

Oil 1.03

Wood and wood 1

pellets

Propane 1

Solar 1

Geothermal 1

Bio Mass 1

4.6 Benchmarks

Energy consumption data were collected via communications with Natural Resources Canada
Energy Star Portfolio, BC Housing, and Fisher Resource Efficiency Solutions Company to
establish energy consumption benchmarks. Table 4:4 shows the benchmark data used for energy
intensity. Table 5:5 shows the percentage of energy consumption based on the energy sources.

Table 4:4: Average Energy Consumption

City Mean Electricity Use (GJ/m2)
Burnaby 0.77
Vancouver 0.88
Victoria 0.54
All British-Columbia 0.77
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Table 4:5:Percentage Energy Consumption

City Electricity Usage Natural Gas Usage
% %

Burnaby 37 63

Vancouver 34.5 65.5

Victoria 60 40

All British-Columbia 41.5 58.5

For environmental Pls observed values were determined using the actual energy sources and the
amount of energy from those sources. Provincial/city distribution (Table 4:5) was used to estimate
the benchmark values for environmental Pls. Total actual energy consumed by the building was
assumed to have the same distribution as provincial/city averages. The calculated energy from
different sources based on provincial/city distributions was used to assess environmental Pls

benchmark for the building under consideration.

Based on the above benchmark values, the performance ratio for each quantitative indicator is

calculated.

Obsrvered per formance for the building

Performance ratio; = —
' Bechmark for the performance indicator;

Equation 4:1: Performance Ratio

Scores for each indicator were assigned based on the ratio of the actual building’s performance
and benchmark (Equation 4:1). Table 4:6 shows the performance score based on the performance

ratio. These scores were then used for the calculation process discussed in Section 4.7.

Table 4:6: Performance Ratio and Performance Score

Performance  Score Linguistic
Ratio Term

>=2 0 Very poor
1.9 5 Very poor
1.8 10 Very poor
1.7 15 Very poor-Poor
1.6 20 Very poor-Poor
15 25 Very poor-Poor
1.4 30 Poor
1.3 35 Poor-Average
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0.9
0.8
0.7
0.6

0.5
0.4

0.3
0.2
0.1

40
45
50
55
60
65
70

75
80

85
90
95

100

Poor-Average
Poor-Average
Average
Average-Good
Average-Good
Average-Good
Good

Good-Very good
Good-Very good

Good-Very good
Very good
Very good
Very good

Asset rating benchmarks (for AS-1 to AS-5) were established based on the National Energy Code

of Canada for Buildings: 2011 (Canadian Commission on Building and Fire Codes., 2011). Table

4:7 contains the main tables used as benchmarks to assess the condition of assets. The values

stipulated in the energy code are compared with what the building used, and a performance score

is assigned. If the observed value is equal to the value stipulated in the code, a score of 50 is

assigned, while if the observed value performed better than the stipulated value, a score greater

than 50 is assigned, and vice versa (Table 4:8).

Table 4:7:Reference Tables from Energy Code 2011

Subject Energy Code Table
Division

Lighting power allowances for general building exterior applications B Part 4 4.2.3.1.D

Unitary and packaged HVAC equipment performance requirements B Part 5 52121

Service water heating equipment performance standard B Part 4 6.2.2.1

Qualitative indicators such as availability of sub meters, availability of maintenance procedures,

and trained staff were categorised as very good, good, average, poor, or very poor based on the

expert knowledge (Table 4:8). Performance under quantitative indicators was also converted to

these categories based on the defined fuzzy membership functions (Section 4.7.1).
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Table 4:8: Benchmarks

Category Indicator ~ Very Good Good Average Poor Very Poor
Performance Performance Performance Performance Performance
Energy EN-1 100-70 90-50 70-30 50-10 30-0
performance o 100-70 90-50 70-30 50-10 30-0
EN-3 Low Moderate High
EN-4 Yes No
EN-5 Yes No
EN-6 Yes No
EN-7 Yes No
EN-8 Yes No
EN-9 In house and In house In-house Only No
contracted maintenance technician building
maintenance team manager
crew
EN-10 Yes No
Environmental EV-1 100-70 90-50 70-30 50-10 30-0
performance — —, 100-70 90-50 70-30 50-10 30-0
EV-3 100-70 90-50 70-30 50-10 30-0
EV-4 100-70 90-50 70-30 50-10 30-0
EV-5 100-70 90-50 70-30 50-10 30-0
EV-6 100-70 90-50 70-30 50-10 30-0
EV-7 100-70 90-50 70-30 50-10 30-0
EV-8 100-70 90-50 70-30 50-10 30-0
EV-9 100-70 90-50 70-30 50-10 30-0
EV-10 100-70 90-50 70-30 50-10 30-0
EV-11 100-70 90-50 70-30 50-10 30-0
Economic EC-1 Very low Low Medium High Very high
performance EC-2 Very low Low Medium High Very high
EC-3 Very high High Medium Low Very low
Asset rating AS-1 Based on the % remaining life compared to design life (Figure 4:3 to convert % linguistic
terms)
AS-2 Insulation Insulation Building Moderate air High air permeability
and air and air code defined  permeability and heat loss
permeability  permeability insulation and heat loss
is 50% better  is 20% better and air
than the than the permeability
building code  building code
AS-3 Efficiency Efficiency Energy code Efficiency Low efficiency and
and and defined and insulation
insulation is insulation is efficiency insulation is
50% better 20% better and moderate but
than the than the insulation lower than
energy code energy code energy code
definition
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AS-4 Efficiency is  Efficiencyis  Energy code  Efficiency is Low efficiency

50% better 20% better defined moderate but
than the than the efficiency lower than
energy code energy code energy code
definition
AS-5 Efficiency is  Efficiency is  Energy code  Efficiency is Low efficiency
50% better 20% better defined moderate but
than the than the efficiency lower than
energy code energy code energy code
definition

4.7 Aggregate Indicators

4.7.1 Indicator assessment

As discussed in Section 2.6.1, fuzzy sets were used in determining the value for each indicator.
Five categories (very good, good, average, poor, very poor) were used in the performance
assessment of each indicator (Bates & Young, 2003; Kawamura & Miyamoto, 2003; L.-X. Wang
& Mendel, 1992). Fuzzy membership functions were developed for each category to be used in
the assessment. These membership functions are shown in Figure 4: 3 and Equations 4:2-4:6.

1 p—
0.9 :
0.8 /
0.7 s
0.6 /
0.5 \

0.4 /

0.3 :

02 /

0.1

Membership Value

0 20 40 60 80 100

Performance Rating

Very Poor Poor Average Good = - - Very Good

Figure 4:3:Fuzzy Membership Functions
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For very poor performance

lif x <10
Very Poor =<5 —0.05x + 1.5if 10 < x < 30
0if x > X3

Equation 4:2:Fuzzy Membership Function Very Poor
For poor performance
0if x <10
0.05x —05if 10 <x <30

—0.05x +2.5if 30 < x < 50
0if x =50

Poor =

Equation 4: 3: Fuzzy Membership Function Poor

For average performance

0if x <30
0.05x —1.5if 30 <x <50
—0.05x +3.5if 50<x <70
0if x>70

Average =

Equation 4:4:Fuzzy Membership Function Average

For good performance

0if x <50
0.05x —2.5if 50 < x <70
—0.05x +4.5if 70 < x <90
0if x =90

Good =

Equation 4: 5: Fuzzy Membership Function Good
For very good performance
0if x <70
Very Good =<{0.05x —3.5if 70 < x <90
1if x =90
Equation 4: 6: Fuzzy Membership Function Very Good

Three scenarios (neutral, environmental, and stakeholder view) were considered in aggregating
sub-categories of energy rating, as discussed in Section 4.7.2. Weights for individual Pls remained

constant in all three scenarios. Based on the literature review and expert consultation (Section 3.4)
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it was identified that annual energy consumption (EN-1) is the most important Pl in energy
performance. Therefore, it was assigned a weight of 50% within the energy performance category

while all other Pls in the energy performance category were treated equally (See Table 4:9).

Further, it was identified from expert consultation (Section 3.4) and literature review that global
warming potential (EV-2) is significantly important compared to other Pls. Therefore, EV-2 was
assigned a weight of 50% while others were assigned equal weights (See Table 4:9). Weights of

the indicators for Pls in asset rating were determined based on expert consultation (See Table 4:9).

Table 4:9: Weights of Performance Indicators

Indicator Weight
Energy performance
EN-1 50.00%
EN-2 5.56%
EN-3 5.56%
EN-4 5.56%
EN-5 5.56%
EN-6 5.56%
EN-7 5.56%
EN-8 5.56%
EN-9 5.56%
EN-10 5.56%
Environmental performance
EV-1 5.00%
EV-2 50.00%
EV-3 5.00%
EV-4 5.00%
EV-5 5.00%
EV-6 5.00%
EV-7 5.00%
EV-8 5.00%
EV-9 5.00%
EV-10 5.00%
EV-11 5.00%
Economic performance
EC-1 33.33%
EC-2 33.33%
EC-3 33.33%
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Asset Rating

AS-1 16%
AS-2 22%
AS-3 23%
AS-4 18%
AS-5 21%

4.7.2 Category weights

Fuzzy synthetic evaluation adopts a weighted aggregation method. This study adopts three

scenario-based weighting schemes through published literature and weights determined through

expert consultation. The eco-centric scenario gives more emphasis to the environmental

performance compared to the neutral scenario, while the neutral scenario gives equal importance

to all three performance categories (Table 4:10). The weights of the third scenario are based on the

expert consultation discussed in 3.4.3. Overall energy performance was determined by aggregating

operational rating and asset rating using the fuzzy rules described in Section 4.7.3.

Table 4:10:Scenario based weighting for operational performance

Eco-centric

scenario

Stakeholder

view scenario

Neutral
scenario
Environmental performance 33.33%
Energy performance 33.33%
Economic performance 33.33%

4.7.3 Fuzzy rules

Fuzzy rules developed through literature and expert opinion are presented in Table 4:11. These

rules are used to determine the overall rating based on the asset rating and operational rating.

Expert opinion was used in developing the fuzzy rules for the rating system.
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Table 4:11: Fuzzy rules for building energy rating

Operational Rating

Asset Rating

Building Energy rating

Very Good Very Good Very Good
Very Good Good Good
Very Good Average Good
Very Good Poor Poor
Very Good Very Poor Poor
Good Very Good Good
Good Good Good
Good Average Average
Good Poor Poor
Good Very Poor Very Poor
Average Very Good Good
Average Good Average
Average Average Average
Average Poor Poor
Average Very Poor Very Poor
Poor Very Good Poor

Poor Good Poor

Poor Average Poor

Poor Poor Poor

Poor Very Poor Very Poor
Very Poor Very Good Poor
Very Poor Good Very Poor
Very Poor Average Very Poor
Very Poor Poor Very Poor
Very Poor Very Poor Very Poor

4.8 Summary

The literature review identified the need for a comprehensive energy rating system that
incorporates life cycle thinking and is not limited to energy performance. The questionnaire survey
highlighted that stakeholders are interested in economic and environmental impacts. Further,

stakeholders recognised the importance of asset performance.

Based on the energy consumption patterns and availability of metering in MURBS, the proposed
tool assesses energy performance at the building level rather than at the individual apartment level.
Since the focus of this study is existing buildings, this tool pays attention only to the operational

stage of the building.
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The indicator based assessment tool proposed in this study includes a comprehensive energy
performance evaluation that covers energy performance, environmental performance, economic
performance, and asset performance. Fuzzy sets were used to assess performance under each
indicator proposed in the new tool. Use of fuzzy sets allows incorporation of uncertainties
associated with the performance assessment. Fuzzy synthetic evaluation was used to aggregate
indicators and sub-categories under the main performance categories: operational rating and asset
rating. The main performance categories were aggregated using fuzzy rules to determine the
overall building energy performance.

Benchmarks for the performance indicators were developed based on the data collected from
Natural Resources Canada, BC Housing, Fisher Resource Efficiency Solutions Company, and the
National Energy Code of Canada for Buildings: 2011. In this study, attention was primarily paid

to conditions in British Columbia when developing indicators.
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Chapter 5: Web Tool and Case Study

5.1 Web Tool

Internet has played a significant role in making effective tools to help in data collection,
processing, and analysing (Ho et al., 2004). Further , web based tools have provided a user friendly
and easy access, platforms which is helpful in promoting different concepts (Russell, Torralba,
Murphy, & Freeman, 2008).

The assessment process of the proposed building energy performance assessment includes several
steps: determining the performance rating for indicators, fuzzifying the performance rating, and
using FSE to aggregate indicators and determine the final rating. A web-based tool was developed,
using Java, to facilitate this building energy performance assessment process. Standard LCA
databases such as Athena, and Ecoinvent were used to determine the LCA database of the web
tool. This web tool will make the building energy performance assessment process more user-
friendly and efficient. This tool was developed as a flexible tool allowing the user to adjust weights
for performance indicators, as the main purpose of the tool is to promote the methodology. The

tool is expected to be hosted on either UBC or PICS servers.

5.1.1 Web tool development

Java programming language was used to develop the web tool for the proposed building energy
performance assessment. Java Development Kit 8 (JDK 8) was used in this study to support the
use of the Java platform. NetBeans (Version 8.0.2) was used as an Integrated Development
Environment (IDE), which helped in coding the software programming to develop the web tool.
MySQL (version 5.6.17) was used as the database to store user data and benchmarks, and to
perform necessary calculations to determine the overall building energy performance. Hibernate
4.3.1 framework was used to communicate with databases and the web tool. The developed tool
was tested on Apache Tomcat 8,9 and Glassfish 4.1 to ensure the server compatibility. Therefore,
this web tool can be hosted on servers compatible with Apache Tomcat or Glassfish. Bootstrap
(version 3.3.1) framework was used for responsive design of the web tool, which facilitates the

use of both desktop and mobile devices.
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5.1.2 Web tool implementation

Figure 5:1 shows the welcome screen of the tool. This will provide the tool user the option of
rating a building after signing up, or continuing directly without signing up. Signing up will allow
the user to save the data and access it later. Direct assessment without signing up will not have this

advantage.

ENERGY RATING ASSESSMENT TODL

- ENERGY

Figure 5:1: Welcome Screen

Detailed information of the rating tool can be seen when scrolling down this page (Figure 5:2).
This will allow the user to understand the evaluation methodology used in this tool. Figure 5:3

shows the sign up/sign in screen that will be available if the user selects the option.

Once the user selects to proceed with the assessment (either by sign-up or without sign-up), he/she
will be prompted to enter the building information as shown in Figure 5:4. The next steps will
guide the user to enter information needed to assess the Pls for the building as shown in Figure
5:5. The top of Figure 5:5 shows where they are in the assessment process and how many steps
are left to complete the assessment. The final tab of Figure 5:5 will display the result of the rating.
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ENERGY ASSESSMENT TOOL

CONTACT US

Figure 5:2: Additional information
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@Opﬁu-myl(/\ HOME  RATING ASSESSMENT  CONTACT US  SIGN UP/SIGN IN
===

MY ACCOUNT

SECURE ACCES ) YOUR ACCOUNT

LOGIN REGISTRATION

EMAIL

PASSWORD

Forgor Password? LOGIN

Figure 5:3: Sign up/ Sign in

ENERGY ASSESSMENT TOOL

FIND ¥YOU'R RFORMANCE RATING

Building Details

Building Name

EMTER BUILDING MAME

Address

EMTER 5TREET

EMTER CITY

EMTER PROYINCE

EMTER POSTAL CODE

Total Heated Flaor Area (m?)

| EMTER TOTAL HEATED FLOOR AREA |

Percentage Occupied

| EMTER PERCEMTAGE OCCUPIED |

Figure 5:4: Building Information
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ENERGY ASSESSMENT TOOL

FIND YOU'RE PERFORMANCE RATING

G’) T il v

Energy Consumption & Cost Data

Energy Saurce 12 Menth Cansumption(G)
Clectricity | B |
Malural Gas | B |
o E |
Wood and wood pellets | . |
Progans | B |
Salar Cnergy | . |
Geothermal | B |
Dies Mags | . |
FREVIOUS | | MEXT |

Figure 5:5: Assessment Data
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5.2 Case Study

5.2.1 Project information

The proposed assessment tool was demonstrated through a case study to assess the Purcell building
at UBC Okanagan. This is a student residence at UBC Okanagan. The Purcell building (Figure
5:6) is a five-storey, wooden frame building that was completed in August 2011. It is a 68,213 sq.
ft. residence with 212 beds. In addition to using different energy efficiency technologies to reduce
energy use, this building also uses geothermal heating/cooling. However, if the geothermal heating
system is not adequate to maintain the indoor temperature levels, natural gas is used to meet the

additional energy requirement.

Figure 5:6: Purcell Residence UBC Okanagan

The case study was conducted based on two different energy simulations: one for the actual design
and another for the building using BC Building Code of 2012 for minimum requirements for
energy performance. Though the actual electricity and natural gas consumption data was available,
data was not available for the geothermal energy used. Since geothermal energy is the main source
for heating and cooling, analysis based on the actual energy use could not be performed. Therefore,
the case study was performed by assuming the Purcell building as a new construction. Two energy
simulations (for actual design and design based on BC building code 2012 minimum requirements)

were conducted to predict the total energy demand of the building.
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5.2.2 Energy consumption and LCA simulation

Figure 5:7: Design Builder Model of the Purcell Building

DesignBuilder software was used to perform the energy simulation for the actual design of the
building and the building with minimum requirements of BC Building Code 2012. In this study
the model initially developed for Purcell Residence by Feng (2013) was adjusted and two models
were developed to reflect the actual design and energy code 2011 requirements. As per the
simulation, the reference building consumed 555241.42 kBtu of electricity, 62758.56 kBtu for
district cooling and 11782031.31 KBtu for district heating as site energy. The respective values
for the actual design were 555241.42 kBtu, 64375.10 kBtu, and 11738454.44 KBtu. Summary
tables of the energy consumption from the model are provided in Appendix E. Total energy use of
the two buildings is approximately close. This could be because the building was designed based
on the building code used prior to 2012. Therefore, even though the actual design performs slightly
better than the 2012 building code, it would have performed significantly better than the previous

building code requirements in 2006.

The provincial average use of different sources was obtained from the Energy Star Portfolio of
Natural Resources Canada. The unit costs for different sources were obtained from BC Hydro,
Natural Resources Canada, and UBC Okanagan’s Facilities Management. LCA analysis was
conducted using Athena IE. Appendix F provides the results of the Athena LCA simulation.
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5.2.3 Energy performance assessment

Table 5:1 details the performance level for each indicator of the proposed energy performance

assessment tool.

Table 5:1:Energy Performance Assessment of the Purcell Residence*

Monitored

el AEthl in\?;ﬁf;:r Sl P\gffrgrg:ﬂge Perfc;?r?wince Peﬁ\cl)?'ﬁgﬁce Perfzn?r?wrance PXI:‘:));ggcr)];e
Energy performance
EN-1 50.00% 2.21 GJ/m2/year 0 0 0 0 1
EN-2 5.56% 50% % 0 0 1 0 0
EN-3 5.56% Moderate KVA 0 0 1 0 0
EN-4 5.56% No Qualitative 0 0 0 0.6 0.4
EN-5 5.56% Yes Qualitative 1 0 0 0 0
EN-6 5.56% Yes Qualitative 1 0 0 0 0
EN-7 5.56% Yes Qualitative 0.2 0.8 0 0 0
EN-8 5.56% Yes Qualitative 0 0.8 0.2 0 0
In house
EN-9 5.56% mfg;‘;’f’;f{‘jce Qualitative 0 0.6 0.4 0 0
contracted
EN-10 5.56% Yes Qualitative 1 0 0 0 0
Environmental performance
EV-1 10% 1.40E+02 kg 0 0 0 0 1
EV-2 50.00% 6.36E+02 kg CO2eq 0 0.3 0.7 0 0
EV-3 10% 6.47E-09 kgl<1:§qc- 0.2 0.8 0 0 0
EV-4 10% 1.79E-02 kg PO4-eq 1 0 0 0 0
EV-5 10% azE0r MO 2; N 0.8 02 0 0 0
EV-6 10% 3.37E-02 kg PM2eq 0 0 0 0 1
Economic performance
EC-1 33.30% Low Qualitative 0.6 0.4 0 0 0
EC-2 33.30% Low Qualitative 0.8 0.2 0 0 0
EC-3 33.30% No retrofits Qualitative 1 0 0 0 0
Asset Rating
AS-1 20% 90% % 1 0 0 0 0
Compared to
AS-2 20% enerz%yl <1:ode Qualitative 1 0 0 0 0
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Compared to

AS-3 20% energy code  Qualitative 0 1 0 0 0

2011

Compared to

AS-4 20% energy code  Qualitative 0.6 0.4 0 0 0

2011

Compared to

AS-5 20% energy code  Qualitative 0 0.5 0.5 0 0

2011

*Weights used for individual indicators were assigned based on the emphasis for these performance indicators in existing rating
systems

Based on equation 2:2 (Section 2.6.2) fuzzy vectors were calculated for each sub-category level.
Table 5:2 shows the results for each category.

Table 5:2: Fuzzy Vector for Sub Category

Very Good Good Average Poor Very Poor
Performance Performance Performance Performance Performance
Energy 0.18 0.12 0.14 0.03 0.52
performance
Environmental 0.25 0.23 0.35 0.00 0.17
performance
Economic 0.80 0.20 0.00 0.00 0.00
performance
Asset Performance 0.49 0.41 0.11 0.00 0.00

Equation 2:2 was applied again to assess the three scenarios discussed in Section 4.7.2. Table

5:3 summarises the results.

Table 5:3:Scenario Analysis (Fuzzy Vector for Operational Rating)

Very Good Good Average Poor Very Poor

Performance Performance Performance Performance Performance
Operational Rating 041 0.18 0.16 0.01 0.23
(Neutral Scenario)
Operational Rating 0.37 0.20 0.21 0.01 0.21
(Eco-centric
Scenario)
Operational Rating 0.39 0.17 0.15 0.01 0.27

(Stakeholder View)

Following numerical values (Table 5:4) were assigned to linguistic assessment levels for

defuzzification.
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Table 5:4:Defuzzification

Very Good Good Average Poor Very Poor
Performance Performance Performance Performance Performance
Numerical value 1 0.75 0.5 0.25 0

Using these values and fuzzy rules defined in Table 4:8, the following overall ratings (Table 5:5)

were obtained.

Table 5:5:Purcell Residence Ratings

Scenario Operational Rating Asset Rating Overall Rating
Neutral 0.63 Good Good
Scenario

Eco-cer_ltrlc 0.62 Good 0.64 Good Good
Scenario

Stakeholder 0.60 Good Good
View

5.2.4 Discussion

Purcell Residence is a building constructed in 2001 with energy efficient and green features, and
this the main reason for its good/very good performance for most of the performance indicators
(Table 5:1). The Purcell building has good performance in indicators related to its assets and use
of renewable energy; however, the energy performance of this building is poor. This may be
because this is a university residence, and student residents are not worried about their energy bill
as it is included in the rent. Since the building uses renewable energy sources, it was able to

perform well in environmental performance despite the poor energy performance.

Even though individual assets of the Purcell building perform well, there is significant
improvement needed with respect to metering. Currently there are no energy meters available to
measure the geothermal energy used or the electricity generated by solar panels. As result, energy

simulations are used in this case study in place of metered data.

In all three scenarios the operational rating was good, however the building performs slightly better

in the neutral scenario. Even though the overall performance level is good when analysing each
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sub-category of the proposed assessment tool (Table 5:2), it can be seen that this building is weak
in energy performance and environmental performance compared to its economic performance
and asset rating. Hence attention should be paid to improving the performance in these criteria.
Since the asset rating is good compared to the lagging section, attention should be paid to
behavioural changes to reduce energy consumption, establish best management practices, and use

more renewable sources to reduce environmental impacts.

5.3 Summary

A web based tool was developed to increase the user-friendliness of the proposed method and to
reduce the expertise needed to perform the assessment. The Java platform was used to develop this
web based tool. A user can create an account or directly perform the assessment for a building.
Creating an account will allow the user to save data, access it again at a later time, and make
changes where necessary. Building properties and the performance level for Pls are the inputs for
this web tool. The tool will generate the final assessment using the fuzzy sets and FSE as described
in Chapter 4.

The case study of the Purcell Building was performed to demonstrate how the assessment is
performed using the indicators and methodologies discussed in Chapters 3 and 4. Purcell
Residence is constructed in 2001 and has used latest energy efficient technologies. The case study
assessment was performed under three scenarios to assess the sensitivity of the results, based on
weights determined by the literature and expert opinion. In all three scenarios, Purcell building
received the same results indicating the weights used and the methodology used is robust and give
consistent assessment for the building.
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Chapter 6: Conclusions and Recommendations

This chapter presents the conclusion and contributions of this study. Further, originality and
limitations of the proposed building energy performance assessment and future research in this

topic are discussed.

6.1 Conclusions

Building energy ratings have been successfully implemented to promote energy efficiency in the
building sector. With the increased attention to climate change and other environmental impacts,
it is important to address these impacts in the rating systems not limiting to energy performance.
Incorporating environmental impacts in rating systems will help to raise awareness of how energy
use contributes to potential environmental impacts. This awareness will help to explain the benefits
of renewable energy sources. The objective of this study is to develop a life cycle thinking based
energy performance assessment method for MURBS to help to achieve above mentioned goals.
Four sub-objectives were identified to achieve this broad objective; a comprehensive review to
identify limitations and challenges in popular energy rating systems, develop a life cycle thinking
based framework to assess energy performance of existing MURBS, develop a web-based tool
based on the proposed methodology and demonstrate the proposed energy performance assessment
methodology through a case study.

Based on the literature review and the survey conducted in this study, it was identified that energy
consumption and environmental impacts are not the only concerns of the stakeholders. They are
interested in the economic impacts of energy use. Therefore, paying attention to economic impacts
will help to make energy ratings more relevant to stakeholders. Based on the survey it was
identified that building owners and managers, building designers, and government stakeholders
pay more attention to economic aspects than to environmental impacts. However, all stakeholder

groups give priority to energy consumption.

Even though energy performance is the main focus in existing rating systems, they pay attention
only to total energy used or energy consumption or asset rating. Total energy consumption is used
in energy rating systems where the main purpose of the rating system is to improve the actual

energy performance. Asset rating is used when the focus is to compare different buildings without
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the effect of operational practices. Considering only one aspect overlooks the benefits of a
combined approach.

The proposed method is developed as an internal management tool to facilitate building owners
and managers to make inform decision to improve the energy performance of a MURB. The
proposed building energy performance assessment method combine both operational rating and
asset rating approaches to have a comprehensive assessment by considering energy use,
environmental impacts, and economic impacts The combination of operational rating and asset
rating concept will facilitate the building mangers and owners to consider both operational changes
and retrofits in enhancing building energy performance. Further the use of the fuzzy concept in the

proposed method will help to addresses the data uncertainty in assessing performance indicators.

Developed web based tool will be an interface to increase the user-friendliness of the proposed
method and to reduce the expertise needed to perform the assessment. Hence the web tool will
help to promote the proposed assessment tool among building owners/mangers. The case study
conducted based on the Purcell Residence showed that the proposed energy performance method
is easy to apply once the basic building data and energy consumption data is available. Further,
under the three scenarios considered in the case study building achieved the same overall

performance ensuring the robustness of the proposed assessment tool.

6.2 Originality and Contributions

Current energy rating systems fall into the categories of either asset rating or operational rating.
The proposed approach combines both these aspects in the same ratings system. Moreover, current
energy rating systems focus mainly on energy consumption alone and overlook the life cycle
impacts of energy use. The proposed approach provides a more comprehensive review of building
energy performance by considering both the asset rating and the operational rating. This combined
approach facilitates the consideration of both operational changes and retrofit options to improve

the energy performance of a building.

The incorporation of the triple bottom line sustainability concept into building energy rating and
improvement will deliver long-term benefits at the multi-stakeholder level. The inclusion of
economic concerns will assist decision makers in developing affordable MURBSs by optimising

the economic factors while improving the energy performance. This will help decision makers
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such as building managers in selecting the most cost-effective performance enhancement

strategies.

By considering the life cycle environmental and economic costs and benefits of energy use in
MURBES, it is possible to obtain a more accurate view of the impacts, some of which may be hidden
in traditional non-life cycle based analysis. Disregarding the life cycle impacts and focusing only
on the directly perceived energy use related outcomes can accumulate hidden adverse impacts in
the building’s energy life cycle. The proposed rating system applies this thinking in assessing both
the operational energy use and the retrofits used for mitigating energy performance issues.
Therefore, the proposed approach will be more suitable in achieving the climate action targets than

conventional strategies.

Existing rating systems mainly focus on quantitative data. Even though quantitative data is useful
to reduce the subjective judgment in assessment processes, using qualitative data for some
indicators is useful to simplify the assessment process, especially where large numbers of
indicators are used in the assessment. The proposed method incorporates both quantitative and
qualitative data through the use of fuzzy set theory. Further, the use of fuzzy set theory allows the
evaluators to reflect the ambiguity of available data in the assessment, rather than making a forceful
judgment of these data.

The developed web-based tool is a flexible tool based on the proposed methodology to facilitate
the assessment process by providing access at location and reducing the technical expertise needed
to perform an assessment. Hence, this web tool will be extremely useful in promoting this new

assessment framework.

6.3 Limitations

Following are the main limitations of this study:
Model Limitations

e This framework is designed to assess energy performance of MURBs at the building level
and does not focus on the energy performance of individual apartments.
e This assessment tool focuses only on the energy consumption during operation of the

building as it targets existing MURBSs.
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e Impacts of energy use are calculated based on production only. End use of energy is not

considered in this assessment.

Data Limitations

e The sample size for the expert consultations was determined based on assumptions about
expected responses. As a result, the statistical significance of the results can vary.

e Most of the building owners and managers participating in this study were from Kelowna.
An assumption is made that this is generalizable to all of British Columbia.

e Data for the building energy performance benchmarking were mainly based on the lower
mainland and Victoria. Data for other areas of the province were not readily available.

e LCA analysis was conducted based on the available databases. More location specific

LCA data will enhance the accuracy of the assessment.

6.4 Future Research

The developed building energy performance assessment tool is an initial step to promote energy
efficiency in the built environment. This tool will help to identify the existing condition of
buildings. However, further research is needed to identify potential interventions and best

management practices needed to improve a building’s performance from the existing level.

Further, effectiveness of those interventions in enhancing the energy performance of a building
need to be explored, as stakeholders are interested in payback of their investments. Combining
knowledge of those intervention and best management practices will help the tool user have a
better idea of potential improvements and will help to attract more users to this tool. Further, since
this is an indicator-based rating system, further studies may allow modification of this tool to assess
the energy performance of building types other than MURB:s.

Based on the survey, 53% of respondents indicated that they like to see mandatory energy rating
tools, while 31% indicated that they prefer voluntary rating tools and 16% had no opinion.
However, responders indicated that more incentives are needed to attract building owners to spend
time and money on energy performance assessments. Further studies are needed to identify

effective incentives that will attract more building owners and managers to energy performance
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assessments. More building owners and managers interested in energy performance assessments
will ultimately help in the goal of reducing environmental impacts such as greenhouse gas

emissions and achieving the environmental targets set out by governments.
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Table A 1: Sample Energy Consumption Data

BEPI Comparison (ekWh/ft?)

Sum of BEPI

(ekWh/ft2) Reporting Year

_G19 0
101 51 6 20 61% 232%

_AKQ0, _Qo
103 35 20 18 48% 9%

_A0° _20
105 30 18 18 40% 3%

_20N° _199
107 75 20 17 30% 12%

790, 0
109 29 2 23 22% 1%

_AK0, _149
111 32 19 16 48% 14%

790, _AO
113 2% 20 19 28% 4%

_770, _10
115 20 5 5 77% 1%

117 -24% -16%
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Appendix B: Questionnaire
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Energy Assessment Tool for Multi-Unit Residential Buildings in British Columbia

Thank you for agreeing to participate in this survey. The purpose of the survey is to study the use
of energy assessment tools and rating systems for Multi-Unit Residential Buildings (MURBS). The
survey should take approximately 20 minutes to complete. All information received will be

treated in strictest confidence and in accordance with the UBCO code of conduct.

The terms energy assessment tool and energy rating system mentioned here refers to tools and
rating systems used only to evaluate or assess the energy performance of a building. We are not

focusing on construction, site condition, and water use of a building.

Please select the most appropriate category applicable to you.

MURB Owner/Manager

Designer/ Engineer (Building/ Energy System)

Government / External stakeholder

Researcher/ Academia

Years of experience in building/ energy sector: .........................

Section 1

... Years

1.1 Please rate the importance of different information you expect from an energy assessment tool.

(Please tick the appropriate rating)

Criteria

Very
Important

Important

Not

Important

Energy performance compared to similar buildings

Environmental impacts from energy use

Total energy consumed to construct the building

Potential energy saving strategies (operational phase)

Cost savings that can be generated from energy savings

Other (Specify)

Other (Specify)

1.2 What energy rating systems you/your organization use/recommend to rate the energy

performance of MURBs? (Please select all that are applicable)
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EnerGuide
R2000

Energy Star (Canada)

Other (Specify)

None

Don’t know

Section 2

Table 1 (for reference only) shows the criteria to be used to rate the indicators in Table 2 [very
high (5), high (4), average (3), low (2), very low (1)].

Table 0:1: Rating Criteria for Indicators (for reference only)

Rating Description

Very high Must be included, indicator is highly relevant and highly important for energy

(5) consumption or impacts of energy use

High (4) Highly relevant and of average importance for energy consumption or impacts of
energy use

Average (3) Average relevance and average importance for energy consumption or impacts of

energy use

Low (2) Indicator has low relevance and importance for energy consumption or impacts

of energy use

Very low Seems to be irrelevant for energy consumption or impacts of energy use

(1)

2.1 Table 2 shows the proposed indicators for an energy assessment tool for Multi-Unit Residential
Buildings. Based on the ratings provided in Table 1, please rate the indicators in Table 2. Please
tick the applicable rating for each indicator in Table 2 [very high (5), high (4), average (3), low
(2), very low (1)].
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Table 0:2: Indicators of the rating system

Category

Indicator

Description

Operational Rating

Rating

Annual energy

consumption

Total energy consumption of the

building per annum

Renewable energy

consumption

Amount of energy used from

renewable sources

Peak demand

Time of the day which has the highest

demand for energy and the demand

Availability of sub-

metering

Meters available to measure energy
use of each apartment and from

different sources

Energy

performance

Availability of
energy recovery

ventilation system

Availability of a system that reclaim
waste energy from the exhaust air
stream and use it to treat the incoming

air

Availability of
combined heat and

power

Availability of a system which
simultaneously produce heat and
electrical or mechanical power by
capturing the rejected heat from an
electricity generation process in the
building
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Category

Indicator

Description

Operational Rating

Rating

Energy

performance

Energy-efficient

operating procedures

Availability of procedures to guide
users for more energy efficient

practices

Availability of

energy monitoring

Availability of a system to review the
current energy use and take necessary

actions

Trained staff for

Availability of trained staff to manage

building the building functions and equipment
management
Availability of Availability of a regular mechanical

maintenance

schedules

and electrical systems maintenance

schedule

Environment
al

Performance

Water depletion

Measure the impact on water sources

Global warming

potential

Measures the impact on global
warming through greenhouse gas

emissions

Ozone depletion
potential

Measures the impact on the depletion
of ozone layer

Nutrification/
eutrophication
potential

Measures the contribution to excessive
nutrition in water which leads to dense
plant growth, leading to death of fauna
due to lack of oxygen

Heavy metal

Measures the contribution to generate
heavy metal as a waste

Smog potential

Measures the contribution to generate

smog
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Acidification

potential

Measures the contribution to generate

acidic gasses

Radioactive

waste/Eco-toxicity

Measures the potential to generate

radioactive waste

Habitat Alteration

Measures the impact on changing the

habitat of different species

Human health
respiratory effects

potential

Measures the contribution to generate

pollutants causing respiratory issues

Carcinogens

Measures the contribution to generate

pollutants that could cause cancer

Operational costs

Operational cost of the energy system

including purchasing power

Maintenance costs of

Maintenance cost of energy systems

Economic
energy system
performance : : :
Return on Savings generated in operation and
investment (ROI) maintenance costs due to energy
from retrofits retrofits
Category Indicator Description Rating
Asset Rating
4 | 3| 2

Asset

Performance

Remaining service
life

Expected remaining life of assets

Condition of the
thermal
characteristics of the

building

This include characteristics that affect
the heat exchange between indoor and

outdoor environment

Efficiency of the
heating installation

Efficiency of the heating systems
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and hot
supply,

method

their insulation

water

including

Efficiency of the air-
conditioning
installation where

installed

Efficiency of the air conditioning

system

Efficiency of the
artificial built-in

lighting

Efficiency of the lighting system
operated with external power

2.2 Indicators in the above table (Question 2.1) are categorised into two main criteria: operational
rating, and asset rating. Please indicate the relative importance of these two criteria. (Please
indicate the relative importance by ticking the appropriate column)

Criterion 1

Criterion 1 is

more important

Criterion 1 and 2
are equally

important

Criterion 2 is more o
] Criterion 2
important

Operational rating

Asset rating

2.3 Indicators under operational rating (Table 2 of question 2.1) are categorised into energy
performance, environmental performance, and economic performance. Please indicate the
relative importance of these three criteria. (Please indicate the relative importance by ticking
the appropriate column)

Criterion 1 is | Criterion 1 and | Criterion 2 is
Criterion 1 more 2 are equally more Criterion 2
important important important
Energy performance Environmental

performance

Energy performance

Economic performance
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Environmental

performance

Economic performance

2.4 Following are the indicators for asset rating (Table 2 of question 2.1). Please indicate the
relative importance of these indicators. (Please indicate the relative importance by ticking the

appropriate column)

Criterion 1

Criterion 1
is more

important

Criterion 1
& 2 are
equally

important

Criterion 2
is more

important

Criterion 2

Remaining service life

Condition of the thermal
characteristics of the building

including the air permeability

Remaining service life

Efficiency of heating installation
and hot water supply, including
their insulation method

Remaining service life

Efficiency of the air-conditioning

installation where installed

Remaining service life

Efficiency of artificial built-in

lighting

Condition of the thermal
characteristics of the
building including the air

permeability

Efficiency of the heating
installation and hot water
supply, including their insulation

method

Condition of the thermal
characteristics of the
building including the air

permeability

Efficiency of the air-conditioning

installation where installed
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Condition of the thermal
characteristics of the
building including the air

permeability

Efficiency of the artificial built-
in lighting

Efficiency of the heating
installation and hot water
supply, including their

insulation method

Efficiency of the air-conditioning
installation where installed

Efficiency of the heating
installation and hot water
supply, including their

insulation method

Efficiency of the artificial built-
in lighting

Efficiency of the air-
conditioning installation

where installed

Efficiency of the artificial built-
in lighting

Section 3

3.1 What are the potential barriers in implementing the proposed energy assessment tool? (If you

have any suggestions to overcome those barriers, please indicate)

(E.g. Lack of intensives for energy efficient enhancements)
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3.2 Please provide any other comments on the proposed energy assessment tool.

(E.g. Include additional indicators to measure ...... )

3.3 Do you think the energy rating systems (e.g. EnerGuide, Energy Star) or energy assessment
tools should be mandatory to assess the energy performance of residential buildings? (Please
select the applicable response)

Yes

No, it should be voluntary

3.4 Please provide any
other comments, if any.

Thank you for participating in this study and providing your valuable inputs.
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Modified Digital Logic to Determine Weights Based on Survey Responses
Operational Rating

Table D1: MDL analysis for operational rating

Researcher
Energy-Env  Ener-Econ Env-Econ
Energy performance 15 20 35 0.448718
Environmental 5 16 21 0.269231
Performance
Economic performance 12 10 22 0.282051
78 1
Designer
Energy-Env  Ener-Econ Env-Econ
Energy performance 26 17 43  0.37069
Environmental 10 14 24 0.206897
Performance
Economic performance 23 26 49 0.422414
116 1
Owner
Energy-Env  Ener-Econ Env-Econ
Energy performance 17 11 28 0.4375
Environmental 7 11 18 0.28125
Performance
Economic performance 9 9 18 0.28125
64 1
Government
Energy-Env  Ener-Econ Env-Econ
Energy performance 9 9 18 0.5
Environmental 3 5 8 0.222222
Performance
Economic performance 3 7 10 0.277778
36 1
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Asset Rating

Table D2: MDL analysis for asset rating

Researchers
1-2 1-3 14 15 23 24 25 34 35 45

1 Remaining service life 13 11 11 12 47 0.146875
Condition of the thermal 19 16 16 21 72 0.225
characteristics of the building
including the air permeability

3 Efficiency of heating installation 21 16 18 21 76 0.2375
and hot water supply, including
their insulation method

4 Efficiency of the air-conditioning 21 16 14 19 70 0.21875
installation where installed

5 Efficiency of artificial built-in 20 11 11 13 55 0.171875
lighting

320 1
Designers
1-2 1-3 14 15 23 24 25 3-4 35 45

1 Remaining service life 17 14 16 18 65 0.1625

2 Condition of the thermal 23 22 21 24 90 0.225
characteristics of the building
including the air permeability

3 Efficiency of heating installation 26 18 23 26 93 0.2325

and hot water supply, including
their insulation method
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5 Efficiency of artificial built-in 22 16 14 21 73 0.1825
lighting

Owners

[ER
N
=
=
[ER
(o))
(o]

1 Remaining service life 47 0.195833

[EEY
w
o
[EEY
~N
[EEY
Ul

54 0.225

3 Efficiency of heating installation
and hot water supply, including
their insulation method

5 Efficiency of artificial built-in 16 10 9 15 50 0.208333
lighting

Government

1 Remaining service life 4 3 4 3 14 0.116667
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3 Efficiency of heating installation 9 8 7 5 29 0.241667
and hot water supply, including
their insulation method

5 Efficiency of artificial built-in 9 7 7 9 32 0.266667
lighting
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Table E1: Results for the building according to actual design

Electricity [kBtu] | Natural Gas [kBtu] | Additional Fuel [kBtu] | District Cooling [kBtu] | District Heating [kBtu] | Water [gal]

Heating 0.00 0.00 0.00 0.00 3847504 40 0.00

Cooling 0.00 0.00 0.00 6437510 0.00 0.00

Interior Lighting 376720.16 0.00 0.00 0.00 0.00 0.00
Exterior Lighting 0.00 0.00 0.00 0.00 0.00 0.00
Interior Equipment 17852125 0.00 0.00 0.00 0.00 0.00
Exterior Equipment 0.00 0.00 0.00 0.00 0.00 0.00
Fans 0.00 0.00 0.00 0.00 0.00 0.00

Pumps 0.00 0.00 0.00 0.00 0.00 0.00

Heat Rejection 0.00 0.00 0.00 0.00 0.00 0.00
Humudification 0.00 0.00 0.00 0.00 0.00 0.00
Heat Recovery 0.00 0.00 0.00 0.00 0.00 0.00
Water Systems 0.00 0.00 0.00 0.00 7890950.04 [ 9560102.52
Refrigeration 0.00 0.00 0.00 0.00 0.00 0.00
Generators 0.00 0.00 0.00 0.00 0.00 0.00

Total End Uses 55524142 0.00 0.00 6437510 11738454 44| 36188.93

Note: District heat appears to be the principal heating source based on energy usage.
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Appendix F: LCA Analysis
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Table F1: Summary of LCA results for the case study

1.226+03]

0.006+00| 441504  a.416-04|

Smog Potential kg 03 eq 0.00e+00| 0.00£+00| 0.00e+00|  0.00£+00| 0.00€+00 0.00e+00|  3.726+05| 3726408
Total Primary Energy W 0.00E+00| 0.00£+00| 0.00e400|  0.00e+00| 0.00e+00| 0.00e400]  0.00e-00|  o0.00e+00|  s.31-08) 8316408
Non-Renewable Energy W 0.006+00| 0.006+00| 0.00£+00|  0.00£+00| 0.006+00| 0.006400{  0.00£-00]  0.00E+00|  1.85€~0s 1.85E+08|
Fossil Fuel Consumption 0 0.006+00 0.00E+00| 0.006400|  0.00E-00| 0.00E+00| 0.006+400]  0.00E-00|  0.00E+00|  1.84E-08| 1.84e+08|
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