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Abstract

The Diffusion of Residential Energy Efficient (EE) Technologies has been studied for
many years. Finding ways to bridge the energy efficiency gap and increase the diffusion of
these technologies have been of much interest to researchers and practitioners alike.
However, in most studies, diffusion is equated to adoption of EE technologies by
consumers. The present study tries to break this mindset and develops a model to assess
the diffusion of residential EE technologies from the market’s perspective. The model
assesses diffusion of an EE technology based on the market’s ability to provide benefits to
customers that are identified to be most important. A Hierarchical Decision Model (HDM)
has been developed with market attributes as the criteria, and sub criteria being the key
components or product/service values that help to develop market attributes. The model
has been validated by experts from different parts of the country with a background in clean
energy, sustainability, energy conservation and energy efficiency. The relative weights of
market attributes and key components are derived from experts’ judgment quantification.
The Economic Market attribute is found to be the most important aspect for increasing
diffusion of residential EE technologies followed by Consumers’ Benefit and Legal &
Institutional Market attributes. Codes and Standards are identified as the most significant
key component that contributes to the development of Legal and Institutional Market
attribute. The model is applied to compare the Market Diffusion Potential (MDP) of three
competitive water heating technology cases with diverse fuel source, namely, Ductless
Heat Pump (DHP) Water Heater, Solar Water Heater (SWH) and Tankless Gas Water
i

Heater (TGWH). DHP shows the highest MDP followed by SWH and TGWH. Low rating
key elements in the model for each of the technology cases are recognized and ways to
improve the rating by probable interventions has been identified for better MDP. With
appropriate measures it is possible to improve the MDP of DHP by 9% while that of SWH
and TGWH can be improved by 20% and 11% respectively. A scenario analysis provides
an analysis of the effect of hypothetical market approach that helps to elicit
nonconsequential market approach, focus on specific market approach to increase MDP of
a candidate technology as well as formulate appropriate actions to improve MDP of EE
technologies.
The research contributes in several ways to the existing knowledge bank of residential
EE technology diffusion. It provides an elaborate literature review on market attributes
with associated components that help to develop the market attributes. The model allows
to identify low rating attributes and helps to improve MDP by taking appropriate actions.
Also, scenario analysis provides a snapshot of hypothetical situations that help decision
makers to realize what to expect in case of extreme market situations and improve MDP of
residential EE technologies by selecting appropriate business inclination strategy for
excelling. The model can have several practical applications. The results of MDP
assessment would aid in market transformation, utility program selection, as well as feed
in information for R & D on prospective EE technologies and a wide array of other
organizations with diversified interests in energy savings, climate change and
sustainability.
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CHAPTER 1: INTRODUCTION
The introductory chapter of the dissertation presents the research and provides impetus
to subsequent chapters. The research scope discusses the importance of the research effort,
sheds light on the terminologies in the research title, outlines the length and breadth of the
study as well as describes the theoretical and conceptual framework of the research. A
Market Diffusion Potential (MDP) Assessment Model has been developed with a view to
help make decisions and take apposite actions for increasing the diffusion of residential
energy efficient technologies.
Chapter 1 concludes with a brief summary of contents in the following chapters and
provides a sketch of the research design, research methodology and how the outcome of
this research helps in practice.

1.1 Research Scope
Background and Definition of Energy efficiency: The concept of ‘Energy Efficiency'
stemmed from the energy crisis of the 1970's [1][2][3]. However, the term waxed and
waned along with other energy terminologies like "conservation" and "renewable energy"
through the years. But at the beginning of the 1980s, global warming issues became
prominent with many states passing ‘least cost planning’ regulations, and energy efficiency
programs were recharged anew to combat climate change [4][5][6]. ‘Conservation'
advocates the use of less energy and tries to tame consumers' energy consumption habit
while the variability of ‘Renewable Energy' impacts the power system. But energy
efficiency allows us to save energy without compromising the habitual comfort and splurge
that we relish [7]. Energy efficiency allows to achieve the same, or better, level of service
1

with less energy expenditure [8]. The technical definition of ‘Energy Efficiency’ is the ratio
of energy output to input and is stated as a percentage [9]. An operational definition of
“Energy Efficiency” is achieving the same or better output at optimal cost. According to
the EPDB (Energy Performance of Building Directives), optimal cost can be defined as the
minimum cost at a certain performance level of an energy efficient device within the
timespan of economic lifecycle [10]. However, each new efficient device outperforms its
predecessor in efficiency standards and paves the path for greater savings in electricity in
the long run [11]. Energy efficient technologies have unveiled new hope to the powerhungry modern civilization. Energy efficiency rescues us from being energy stricken even
without building new power plants and helps to manage climate calamity, lower energy
bills, cut carbon emissions, lower wear-and-tear of the energy grid and mostly, makes us
less dependent on the higher-cost power plants [12][13]. However, despite the enormous
potential of energy efficient technologies in tackling energy crisis, adoption of these
technologies is yet to become widespread due to the "Energy Efficiency Gap" or slow
diffusion of energy efficient technologies [14] [15].

1.2 Terminology
This part of the report tries to clarify the terms used in the title of the dissertation with
relevant explanations.
Residential Energy Efficient Technologies: Buildings account for about 40% of the total
energy consumption in the U.S. Residential homes are responsible for more than half of
the total energy consumption in buildings (Appendix A), which is equivalent to about 21.5

2

quadrillion BTU. The percentage of energy consumed by different sectors in the U.S. is
shown in Figure 1[16].
Transportation
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Figure 1: Energy Consumption by Sector in the U.S. in 2018
The most common energy consuming appliances in a residential building are space
heating, water heating, air conditioning, lighting, refrigeration, cooking, and other
appliances. Figure 2 shows the electricity consumption by major end-use. Heating,
ventilation, and air conditioning (HVAC) and water heating are responsible for about 45%
of the total energy use in residential buildings [17].
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Figure 2: Residential Sector Electricity Consumption by Major End Uses in 2019
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A study was carried out by Laitner et al. to analyze the prospect of energy savings by
EE technologies. Laitner et al. compared two probable economic scenarios, Advanced and
Phoenix, to the business-as-usual, or reference, to clarify the scope for energy savings by
2050. Advanced scenario assumes diffusion of advanced technologies, while Phoenix
scenario predicts better infrastructure, greater demand of EE equipment when inefficient
technologies are displaced, better man-made environment with least energy need for
movement, along with diffusion of cutting-edge technologies. The findings from the study
is captured in Figure 3.
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Figure 3: Energy Efficiency Scenario in the U.S. Residential in 2050

The study predicts that it is possible to reduce residential energy use by about 42% in
Advanced case and almost over 50% in case of Phoenix case scenario [18][19]. Hence,
diffusion of residential EE technologies is important for saving energy in buildings.
As reported by ACEEE (American Council for Energy Efficient Economy), the energy
intensity declined 50% during the period of 1980 – 2014. Energy Intensity is, energy use
divided by real dollar of GDP. Based on data, energy efficiency is found to be the major
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means for about 60% of the improvement in energy intensity during this period. Besides
energy intensity, carbon dioxide gas emissions in the year 2014 reduced by 10% from 2005
level. Energy efficiency is recognized as a crucial weapon in reducing harmful greenhouse
gas emission in the coming years [19].
Residential sector CO2 emission was 7.4% higher in the year 2018 compared to the
previous year [20]. While the overall greenhouse gas emission has decreased by 2.1% in
the year 2019, contribution from residential sector shows an upward trend by an increase
in direct emission of 2.2% from 2018 as the electricity use has increased (Appendix B). To
meet the Paris Agreement target, the annual Greenhouse gas emission needs to be
decreased at a rate of 2.8 – 3.2% [21].
The average cost for energy savings made a downslide in 2018 from the previous year
as reported by EIA (Energy Information Administration). However, the cost of energy
savings for residential sector was higher, keeping the trend of increase since 2013. The
average cost of energy savings was 3.4 cents per kilowatt hour in 2018. The incremental
annual electricity savings from energy efficiency decreased by 5% from the year 2017 [11].
Many studies have recognized the fact that diffusion of EE technologies can reduce
energy use up to 40 – 60% by the year 2050 [22][19][23]. Taking advantage of the market
attributes, and ensuring a change in the way the market functions by adoption of
appropriate interventions have proved to be effective measures for increasing the diffusion
of EE technologies [24] [25] [19] (Nelson and Smith 2018).
Adoption vs. Diffusion: In most literatures, “Market Adoption” “Market Diffusion”,
“Technology Diffusion” or “Technology Adoption” have been used with similar
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connotation [27] [28][29][30] [31]. However, there are different dynamics behind the
process of adoption when compared to diffusion. Adoption studies take the stand of
adopters while diffusion studies see through the lens of market and society. Adoption relies
on individual or collective decision on accepting or rejecting an innovation while diffusion
is the propagation of an innovation through different avenues to adopters [32].
“Technology Diffusion” is a process which starts with individual use or adoption and
ends with reach of the technology to potential users in the social system [33][34][35].
Several energy efficient technologies at different stages of maturity have proven to follow
the S-curve as different categories of consumers adopt technology until the market
saturates [33][36][37].
Energy Efficient Technology Market: ‘Marketplace’ is a physical location where
products or services are bought and sold. However, ‘Market’ is a system that consists of
different actors who are involved not only in production, delivery and trade of tangible
goods and services but also engage in facilitation of the adoption of the product or service
through rules, regulations, institutions and structures [38]. The different actors in the EE
technology market system is shown in Figure 4 [39][38].
An energy efficient technology market is composed of supply side actors represented
by manufacturers, supplier of components, enabling technology and technical assistance,
EE standards, incentive programs, training and necessary services to successfully deliver
the product to the adopters. The demand side actors are consumers who could be
individuals, businesses or government [40] [41]. Besides, there are other market
participants whose actions are catalytic in diffusion of EE technology [42]. The ultimate
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diffusion is contingent upon and preceded by the market’s ability to provide physical and
abstract benefits to satisfy the expectations and experiences of the different players in the
market. For this research, ‘Market Attributes’ are broad categories of product and service
benefits that the market should be able to deliver in order to increase the diffusion of
residential EE technologies [43] .

Figure 4: Market System for Energy Efficient Technology
Assessment vs. Other Data Collection Methods: There are many ways of finding the
actual data. Assessment, measurement, research, and evaluation are some of the processes
used for identifying reality. Assessment is used to get a better insight into a problem.
'Assessment' is the evaluation or estimation of objects that cannot be enumerated. Appraisal
of interdisciplinary and interfacing knowledge pertaining to science and society helps
decision makers to identify options and take appropriate actions. Expert judgment is a
widely used tool for assessment [44]. Measurement is enumerating the data gathered by
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evaluation. Research allows the use of data for comprehending a situation to conclude.
'Evaluation' establishes the value of data by comparing it to a recognized standard [45].
Primary data collected through surveys, interviews, focus groups, direct observation, fieldtesting and any other method is chosen when it is necessary to understand the human
attitude, values, and behavior. The information is used for making decisions regarding new
or existing technology products [46]. A survey is carried out when it is needed to collect
data from a representative sample to understand the nature of the population [47]. The
objective of the research is not to find out customers’ views but to assess the market’s
capability in offering a technology product to adopters. The adopters would embrace the
product based on the advantages offered and derive benefits in using that product and
thereby help to accelerate the diffusion.
Definition of Market Diffusion Potential: ‘Market Diffusion Potential’ can be defined
as a metric that identifies the status quo of a technology in terms of its diffusion proclivity
compared to one or more technologies based on the relative strengths of market attributes
and relevant key components that constitute market attributes.

1.3 Theoretical Framework
The research is built upon existing theories and concepts in literature. The relevant
principles and constructs clarify the boundary of this research, origin of the terminologies
as well as the logical path for solving the problem of diffusion of energy efficient
technologies.
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Benefit is the Most Important Determinant: The time and rate of diffusion of different
technologies vary. Among the many different factors that affect adoption decision, benefit
is the most important aspect in making buying decision by adopters [48]. Many times,
technologies that apparently seemed to be more superior than others took longer time to
diffuse than others. Factors that affect diffusion, for example, product features, government
incentives, experience, to mention a few, should be decoded as valuable by consumers,
and the perceived value is what drives diffusion [49].
Benefit and Customer Value: Feature Advantage Benefit (FAB) is a widely used rubric
to understand what an innovation renders, how it works and what makes the user want it.
Interestingly, ‘Feature’ is what innovators design, ‘Advantage’ is what marketers offer and
‘Benefit’ is what consumers feel while using the technology [50][51][52]. Figure 5 shows
the different elements of the FAB model that corresponds to different levels of advantage
perceived by different actors as we move from producers, suppliers and entities who affects
business environment to deliver the product to ultimate adopters [50] [53]. The FAB model
helped to identify the market attributes for the this research.
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Figure 5: FAB Model and Different Levels of Advantage
Kotler et al. suggests five levels of product benefits. Each level provides increased
value. The five levels together are known as customer- value hierarchy. ‘Value’ is the
difference between perceived benefit and sustained cost. Monetary as well as nonmonetary investments could be considered as incurred cost [54][55]. A core product
performs the intended functions by a product. The second level of benefit is basic product
or generic product benefit that associates attributes that are absolutely crucial for
functioning. Expected product benefits are those that are expected from a product and
completes the product offering. Augmented features differentiate the product from its
competitors. Advantages are derived from the product’s performance due to specific
elements [56]. For example, a water heater can be connected to mobile devices for remote
adjustments and alerts. Core products provide the advantage of solving a particular
consumer problem and motivates adopters to buy. However, actual product holds a lot more
attributes than just the functionality. Goods and service mix, distribution mix, and
10

communication mix are some of the offerings that support the core product. Augmented
features of the product provide additional options that exceed customer’s expectations in
the form of delivery and installation, credit and discount, after-sales service, warranty,
spare parts availability, lend alternate device while actual equipment is being revamped or
other value-added services. Potential product includes any combination of augmented
benefits or bundled product and service offerings [57][58][59][60][55] [43]. The different
levels of product benefits are shown in Figure 6.

Figure 6: Customer Value Hierarchy
1.4 Conceptual Framework
The conceptual framework is the researcher’s own understanding of the relations
among different components in the study. It shows how the researcher views the problem
and intends to solve it [61]. Figure 7 captures the research concept schematically using a
‘fishbone’ diagram, and ‘cogwheel gear concept. The cause and effect diagram show what
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impacts the rate of diffusion. Also, the cogwheel symbolizes how the different causes are
interlocked and lead to the end effect of the diffusion rate.

Figure 7: Schematic of Research Concept (Fishbone Cogwheel Diagram)
Consumer adoption impacts the rate of diffusion: A tunnel vision to diffusion considers
consumers to be the ultimate decision-maker in adopting an EE technology. Diffusion rate
depends on how fast people with different levels of inclination towards the new technology
accept it. Market offers features, advantages, and benefits in products and/or services and
influences the decisions of consumers in acquiring the product [62][63][64] .
Experience and expectation in use of the EE technologies impact adoption:
Accelerating the rate of diffusion at any stage of technology life cycle till saturation
depends on to what extent consumers are delighted [65]. Numerous studies have been
carried out to understand how to increase the interest of consumers towards energy efficient
12

technologies to drive diffusion of the technology. Adoption is triggered with positive
experience and fulfilled expectations when consumers’ needs, wants and desires are not
only met but delivered prodigiously [66].
Customer value from EE technology products/services affect expectation and
experience: 'Utility' is a measure of consumer satisfaction derived from product/service
usage. It is the perceived value from the use of a technology product and associated
services. Fulfillment from an EE technology product varies with perceived utility [67].
Perception of the consumer concerning the 'Utility' of a product/service depends on the
worth of it. It is the difference between perceived benefits and perceived cost [68]. Benefits
offered by a product/service provides customer value when it saves time and money, helps
to earn more money, become happier, healthier, more relaxed, or more productive
[69][63][70].
Creating customer value from market attributes: Combination of product and/or
service characteristics or bundle of attributes provide utility. Customers derive intrinsic and
extrinsic prompts from the product and/or service package and process the information to
evaluate value of the product [54]
Market Diffusion Potential: MDP is the market’s ability to deliver those product/
service attributes or benefits that are deemed to be important for the diffusion of the energyefficient technologies.
In the present research, ‘Market Diffusion Potential’ clarifies if the market has the potential
to meet and exceed consumers’ expectations and experience by creating customer value
and thereby accelerate diffusion.
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1.5 Organization of the Dissertation
The introductory chapter sets the stage of the research with background and objective
of the research. The synopsis of the subsequent chapters are as follows:
Chapter 2 elaborates on the reason behind choosing the research and how one single step
of adopting EE technology in a residence can help to take a giant leap in mitigating
greenhouse gas emission and global climate change. Also, the chapter recognizes the issues
in increasing diffusion of EE technologies in residential buildings.
Chapter 3 paraphrases the excerpts from literature relevant to the problems identified in
chapter 2. This chapter also discusses the different EE technologies. The specific EE
technology diffusion issues in different states with high scorecard, and identifies the gaps
in literature that are addressed later in the study.
Chapter 4 describes the research objective, subobjectives and research questions. It also
illustrates the research methodology, models and the tools that are used in the research.
This chapter also clarifies how the validity, reliability, bias, inconsistency and
disagreement can affect the quality of the research and how to mitigate.
Chapter 5 elaborates the steps for identifying and selecting experts for the study. It consists
of a brief description of the different components in the Hierarchical Decision Model. The
tasks of panels and allocation of experts in different panels are listed in this chapter.
Chapter 6 discusses the validation of the elements in the model. The major part of this
chapter is the desirability curves and pairwise comparison results. For each desirability
curve a tentative guideline of metrics is included for measuring the key components in the
model.
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Chapter 7 shows the application of the model to three technology cases. The chapter starts
with a brief description of the water heaters. The MDP for the three technology cases are
calculated. The high and low rating attributes are listed. Appropriate actions are described
to improve the low rating attributes and increase MDP. The percentage increase in MDP
after improving low rating MDP are calculated. Scenario analysis shows the ranking of
technology cases in different scenarios.
Chapter 8 explains how the research gap is bridged through the research. It describes the
theoretical and practical contribution of the research by explaining how the research has
added knowledge to the assessment of diffusion potential for EE technologies as well as
the application of the model in practice.
Chapter 9 identifies the different issues that were not considered as part of this research
effort. These topics can be developed in future research activities.
Chapter 10 concludes the dissertation report with direction for future research
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CHAPTER 2: RESEARCH MOTIVATION AND RESEARCH PROBLEMS
The chapter answers the seemingly succinct but leading question of motivation and,
what major issues encompass the diffusion of residential energy-efficient technologies.
The genesis of the research idea is from the unique diffusion pattern of energy efficient
technologies compared to other technologies. This led to the natural curiosity of identifying
problems and adopting a systematic approach to search for solutions through the research.

2.1 Research Motivation
2.1.1 Energy Efficient Technology is Unique
Technology diffusion is the eventual outcome of adoption by probable users in the
society [62]. The success of innovation lies in how the technology spreads to different
categories of the adopter. While initial penetration of technology is encouraging, the spread
of technology to different segments in the community is compelling and repeat purchases
by customers is an overwhelming manifestation of a growing technology [71][72]. A
sigmoidal curve is the natural path of diffusion for most innovations. The pace of
technology adoption changes with time during its life cycle until it plunges into oblivion
and makes way for new technology innovation to take off [73]. The members in a system
who adopt the technology has been categorized as innovators, early adopters, early
majority, late majority and laggards based on chronological acceptance of the innovation
and percentage of the total potential customers. A bell-shaped curve captures the frequency
of adoption by each genre of adopters while the S-curve traces the cumulative data (Figure
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8). Each technology has its unique S-curve as the slope of the curve at different time periods
are modulated by stimulants and environmental aspects [33].

Figure 8: Diffusion of Innovation Model
However, Geoffrey Moore identified cracks in the bell-shaped diffusion curve in the
late 20th century, taking the distinctive psychographic characteristics of the customers in
consideration at different stages of the bell curve. The most apparent crack known as
"Chasm" (Figure 9) is in between early adopters and the early majority as it needs
considerable effort in driving the innovation from chosen few to mass buyers [74].

Figure 9:Technology Adoption Cycle
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Energy Efficient (EE) technology is a unique technology product as it needs to
surmount two ‘chasms' in its technology life cycle (Figure 10). Unlike other technologies,
besides having to cross the initial ‘chasm' for the transition from characterization to
deployment phase, EE technologies need to bridge the gap between its commercial
introduction and large-scale utility program adoption [75].

Figure 10: Chasm Model of EE Technology Diffusion
Utility companies have changed their business model in the wake of stringent
environmental regulation and technological advancement [76]. Investment in energy
efficiency programs cost a third than building new generation, transmission and
distribution plants. It also saves time and cost of infrastructure renovation [77]. Based on
predicted energy saving potential by EE technologies, utility companies optimize their
investments. Due to higher upfront or overall cost of EE technologies, consumers are
reluctant to adopt efficient devices in residences. Hence, an intervention by incentives at
the early stage of technology life cycle helps to cross the chasm created by perceived risk
or lack of rewards and thereby, creates a win-win situation for both utility and its customers
[78].
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The diffusion of adopted, as well as forecasted EE technologies, have proven to trace
S-curve [71] [72] [79]. Energy efficient lighting fixtures, heating-ventilating-airconditioning (HVAC), windows, insulation, building controls, appliances, building design,
and construction offer an enormous prospect of energy saving in residential buildings [80].
Nevertheless, most residential EE technologies are still in the early adoption phase of their
life cycles [1]. For buildings, some of the factors for successful diffusion of a residential
EE technology are, perceived cost, ease in installation and operation, compatibility with
codes and practices, and an opportunity to try out the product without considerable
expenditure [81].
2.1.2 Overarching Impact of EE Technology
Diffusion of EE technologies at micro-level ( at the lowest or individual level) has a
far-reaching impact on meso – economy (at the intermediate or sectoral or organizational
level), and macroeconomy (at the highest or market and society level) [82] (Figure 11).
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Figure 11: Ripple Effect of EE Technology
Individual Comforts
Individuals, households, and firms enjoy benefit from the adoption of EE technologies.
Improved physical and mental health: Building EE technologies have long been proven to
reduce the mortality rate by reducing CO2 emission [83]. Integrated daylighting and energy
efficiency in the building is considered to affect the psychological health of residents [84].
Reduction of electricity consumption by using EE heating, cooling, refrigeration,
insulation or light bulbs leads to less coal to be fired for electricity generation or less
probability of creating heat islands. Improved air quality and less heat ensure a better
indoor environment in buildings. The by-product of such an arrangement is improved
respiratory, heart and mental health. Also, it reduces health hazards due to heat [85].
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Access to affordable modern energy: Energy-related expenses consumed almost 15% of
the total income in low-income families in 1998 while during the year 2016, energy related
expenses were recorded as 22% by the households in the very lowest income quintile.
Energy efficient technologies can cut 40% of the energy cost, i.e., helps to reduce the
burden on income to 9%. The savings can be used to pay for more basic needs [86][87].
Moreover, saving energy would enable the utility to serve more people in different
buildings [88].
Higher disposable income: As EE eases the burden of the utility bill, disposable income
increases [89][90][91]. Research has found that almost 25% of the income from saved
energy is spent on more goods and services [92].
Self-fulfillment: A study was conducted in 2009 by Yale Project on Climate Change and
the George Mason University Center for Climate Change Communication. The research
found more than third of the respondents to be motivated in saving energy in an attempt to
protect the environment for greater wellbeing of humanity and enjoy self-satisfaction[93].
Sectoral Profits
EE technology adoption helps business prosperity of economic, industrial, transport,
residential, commercial sectors, and the like.
Increased productivity and competitiveness of firms: Firms gain a competitive advantage
by adopting EE through labor and capital as well as multifactor productivity. For example,
in green buildings, improved ventilation and lighting boost labor productivity that equates
to increased productivity of organizations. The increased asset value of green buildings
through greater price premiums ensures capital yield. Water and energy usage are less in
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these buildings. In energy efficient hospitals, patients' recovery rate is found to be higher
due to natural lighting, ventilation, indoor air quality and panoramic views of nature [94].
Energy provider benefits: Energy service providers can tap both direct and indirect benefits
by embracing EE technologies. EE allows the reduced capacity of generation and
transmission which in turn reduces maintenance cost and line losses. Less usage of fuels
and water, financial risk, maintenance cost, credit and collection cost and greater readiness
to comply with environmental regulations are some of the associated benefits of lesser
energy production by energy providers. Apart from monetary gains, EE also creates an
improved corporate image for utility service firms [89].
National Advantage
Macro-economy of the country gets lifted by EE technology.
More employment: EE investment creates direct, indirect and induced jobs [89]. Investment
in EE technologies need people of relevant skills and generate immediate employment
opportunities. Workers use EE products and services and thus creating indirect jobs in
supplier firms. Employees in both direct and indirect employment may use their disposable
income to buy products and services in their respective state or countries and thereby, help
induced jobs [95][96].
The lower government budget for energy subsidies: The public budgetary position can be
improved through lower expenditures on energy in the public sector (government agencies
on energy consumption and state‐owned utilities on fuel purchases). In countries where
fuels are imported, there is a positive impact on currency reserves. Similarly, in energy‐
exporting countries, domestic energy efficiency can free up more fuels for export. Besides,
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for countries with energy consumption subsidies, reduced consumption means lower
government budgetary outlays to finance these subsidies [96].
Energy self-sufficiency: EE helps countries who export, import as well as countries that
subsidize energy consumption. EE allows energy exporting countries to attain greater
supply stock. Energy-importing countries can minimize their use of fossil fuels and save
currency reserves. The government needs to spend less on subsidizing energy consumption
while EE technologies are in place and thus, eases stress on the federal budget. Moreover,
EE prepares for the short-term and long-term energy crisis. The daily energy need during
peak demand can be handled by EE whereas, investment in EE, in the long run, derails
climate change, tackles energy demand in case of rapid urbanization and ensures green
building future [96][97].
Macroeconomic effects: EE is instrumental in increasing the total value of goods and
services produced in a country, i.e., GDP. Investment in EE creates more avenues for
manufacturing products and services. The output of related industries increases. There is
more chance that savings in individual and government expenditure would be spent on
domestic products [98][96].
International Benefits
Reduced CO2 emissions: EE is the cheapest way to comply with ‘The Paris Agreement'
adopted at COP21 in December 2015. The global problem of climate change due to Green
House Gas (GHG) emission could be reduced by EE measures as laid out in Nationally
Determined Contributions (NDCs) by participating countries in Paris Agreement. The cost
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of reducing GHG emission by the year 2030 has been proved to be at least $2.3 trillion less
compared to other mitigation alternatives [99].
Lower energy prices: Individual energy saving by EE options could create a commendable
impact when it becomes to be a norm of the users in the market. The lower demand for
energy pushes the demand curve downward that eventually reduces the wholesale price of
electricity[100].
Less impact on scarce resources: EE initiatives have helped many countries to reduce
dependence on non-renewable resources. Japan, Germany and the United Kingdom have
been able to lower oil and gas imports by adopting EE [97].
Benefits for developed and developing countries: A large percentage of the population in
the developing countries do not have access to energy. Countries experiencing rapid
urbanization find it hard to cope with the higher demand for energy. EE allows providing
energy facility to more people. Developed and developing countries need to collaborate in
attaining climate goal. Financial and technical assistance from developed countries would
enable developing countries to minimize GHG hazards and energy sustenance [101].
Developed and developing countries may tap social and economic benefits from
collaborative research in energy efficiency [102].

2.2 Problem Statement
This section highlights some of the widely pronounced issues in diffusion of residential
EE technologies.
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2.2.1Gap Between Predicted and Actual Potential of EE Technologies
The adoption of EE technology is not yet widespread. ‘How to accelerate the diffusion
of EE technologies in the residential sector' is the genesis of many research projects that
try to solve the problem of "Energy Efficiency Gap" or "Energy Paradox" or "Rebound
Effect."
Due to "Energy Efficiency Gap" or "Energy Paradox" or "Rebound Effect," it is not
possible to tap the full potential of energy efficient technologies [103] [104]. Authors have
coined a plethora of definitions and explanations for a clear understanding of these
phenomena. In simple terms, adoption of energy efficient technologies has been proven to
be beneficial to adopters, but in many cases, these technologies are not preferred by users.
The term Paradox" appropriately brands this event as it is contrary to a logical decision
regarding EE technology choices. Moreover, the number of adopters is less than what is
predicted or expected. Therefore, there is a "Gap" between projected and actual EE
technology users [103]. "Energy Efficiency Gap" has also been clarified as the difference
between the current and anticipated rate of diffusion. Adopters of EE technology in
residential buildings are motivated only if their investment ensures profound benefit. An
estimate found that 70% of the total EE technology potential projected by engineers has
been realized in OECD (Organization for Economic Co-operation and Development)
countries. There is an EE gap of 30% [105]. The prospect of an energy efficient technology
depends on different sets of barriers and drivers [106].
The expectation of saving energy by using energy efficient technologies could be a
mirage in many instances as people may tend to spend more energy [107]. Air conditioners
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were identified as a significant electricity consuming unit in Arizona during peak demand
times. However, energy efficient AC units were not considered as an option to deal with
the odd as consumers may change their behavior and use AC for more hours – a natural
outcome of rebound effect [108].
2.2.2 Lack of Appropriate ‘Measures’ for Improving Diffusion
‘Measures’ are deliberate actions that are quantifiable and is intended to improve
diffusion of energy efficient technologies in residences [109]. As stated by William
Thompson, also known as Lord Kelvin, "If you cannot measure it, you cannot improve
it"[110]. Successful diffusion of EE technology needs identifying the relative impacts of
market ability that would bolster the spread of these technologies in buildings [111].
Without assessing the status quo of EE technology diffusion regarding market capability,
solutions and actions to accelerate EE diffusion may end in fiasco [112]. Measuring market
diffusion potential would enable to identify market abilities that have the most significant
impact on diffusion, which capability needs to be enhanced, and a subjective metric to
measure how different actions would impact capability [113]. The federal Weatherization
Assistance Program (WAP) in the state of Michigan failed to attain the desired outcome.
Despite in-person communication with potential users regarding the process and benefits
of the program, only 6% participated in the program. Experts opined that EE programs
could not be generalized; implementation depends on the nature of customers and state of
diffusion [114].
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2.2.3 Contrasting Factors Impact Diffusion
Two different sets of elements impact the diffusion of EE technologies. Barriers are
factors that obstruct the adoption of EE technology while factors that facilitate the
dissemination of the technology are drivers. Barriers dissuade whereas, drivers initiate
investment in energy-saving technologies [82][115]. The impact of barriers and/or drivers
on feasibility and profitability of an energy efficient technology depends on relevant
characteristics of technology, social, economic, sectoral (commercial, residential,
manufacturing or service enterprises) [116], category (single, multifamily, new home,
retrofit, etc.) [104] as well as geospatial (country, state etc.) [117][118][119] features.
Perceptual-behavioral, financial-economic, institutional-structural and market-oriented
barriers can be broadly classified as micro, meso, and macro while drivers are activated
through financial, policy, institutional, regulation, and information manipulation [82].
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CHAPTER 3: LITERATURE REVIEW
The chapter reviews literatures from published sources relevant to the issues identified
in the problem statement. Three broad categories of literature are studied, for example,
measuring diffusion, actions adopted for increasing diffusion and impact of different
factors on diffusion of residential EE technologies.

3.1 Measuring EE Technology Diffusion

3.1.1 Rate of Technology Diffusion
Diffusion or market penetration rate of EE technologies could be slow, moderate or
fast (Figure 12). Diffusion rate of a technology is considered to be slow or gradual
irrespective of whether the product is in Traction (time from consumer availability to 10%
penetration), Maturity (10% to 40% penetration) or Saturation (40% to 75% penetration)
stage, if the time for reaching the targeted consumers is more than 15 years. Similarly,
market penetration is accounted as moderate if the time needed for the technology to spread
out is more than five years but less than 15 years. However, for specific technologies, it is
found that a moderate rate of diffusion takes more time during traction and saturation
compared to the maturity stage of the life cycle. For most technologies, faster rate of
diffusion occurs when the targeted customers are reached within five years or less
[120][121].
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Figure 12: Diffusion Rate During Different Stages in Life Cycle
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3.1.2 Models for Measuring Diffusion
Many studies have been carried out to measure the diffusion of EE technologies not
only in residential sectors but also in other industries. Traditionally, technology diffusion
is measured by the number of actual adopters out of the total potential consumers and is
expressed in percentage. The extensive unit-level data needed to quantify the extent of
diffusion is not always easy to gather for many impactive technologies [122]. Label (e.g.,
Energy Star and LEED certification) and patents are two other indirect approaches to
measure diffusion. However, there is always the chance of efficient buildings being left out
of labeling or innovations getting strayed without being patented [123].
Different models have been used to understand the adoption of residential energy efficient
technologies. Agent-Based Model (ABM) is used to capture the adoption of EE
technologies by households based on users’ behavior and preference. Mostly, survey and
empirical data are used to understand the process of adoption [124]. The diffusion has also
been explained by an analogous equation to Darcy’s Law of hydraulic flow and considers
drivers and barriers in the diffusion of EE technologies [125]. A Micro-level household
data from Pacific Gas and Electric (PG&E) Company in California has been used to find
consumers fuel choice for the short-term period and selection of EE technology in the long
run to determine the adoption pattern of users [6]. Hence, the diffusion of EE technologies
is mostly analyzed from the users’ perspective.
Among Multi-criteria Decision Models (MCDM), Analytical Hierarchical Process
(AHP) has been the most widely used model to rank barriers of energy efficiency
technology in different sectors [126] [127]. Focus group discussion forum has been
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employed to identify managerial- organizational barriers to energy efficiency improvement
[128]. Best worst method is also an MCDM tool that has been invented lately and used to
rank barriers in energy efficiency technology for buildings [129]. Survey method has been
used to prioritize barriers, incentives and benefits of energy technology diffusion by
managers and employees of buildings [130] [131][132][104]. Positive and negative criteria
(barrier and driver) are synthesized by pairwise comparison with respect to benefit, cost,
opportunities and risks [133] [134]. Different categories of qualitative methods are used to
rank barriers [135].Cross country case study analysis with field survey of decision makers
and stakeholders are carried out to identify barriers and drivers to increase diffusion of EE
technologies for retrofit [136]. Attitudinal research is adopted by combining qualitative and
quantitative tool to understand attitudes of different actors in building sector to increase
diffusion by appropriate actions[130]. The HERS (Home Energy Rating System) index is
a metric developed by the Residential Energy Services Network (RESNET) to check the
energy efficiency status of a house [137].

3.2 Actions to Increase EE Technology Diffusion

3.2.1 Remove Barriers and Reinforce Drivers
This section describes the different actions that are suggested in different literatures to
reduce barriers and leverage drivers to increase the diffusion of residential EE technologies.
In most cases, policy, planning design, and development are formulated based on
expert suggestions to overcome barriers and facilitate diffusion [129][138]. Financial
reward, administrative orders and political rewards, improvement of the work environment
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and intrinsic reward are some of the options proposed to overcome barriers to energy
efficiency. EE policies are suggested to remove perceived risk for adoption
[139][140][141][142]. Fund creation, employing professionals, implementation of the law,
encouragement from public institution and transparency are some proactive approaches to
accelerate energy efficient technology adoption [143]. Cost benefit analysis is performed
to analyze the impact of actions to improve energy savings by diffusion of EE technologies.
The policies and programs need to be country and sector specific for removing barriers to
energy efficiency. Micro and macro policy interventions are not only need to be in harmony
to systematically address barriers but also ensure that they are cost-effective
[144][145][82][31][146][147][148]. Energy consumption labeling scheme increases
energy efficient technology adoption [31][30][149][150]. The adoption of EE technologies
also depends on the strictness of policy [151].
Consumers’ expectations and experience alter as the product moves along its product
lifecycle. There are many studies which focus on clarifying consumers’ interaction with
EE technologies and what they expect from such appliances. Experience is formed by using
an EE technology in a way that enables to accumulate knowledge about the product. When
positive experiences are created through various stimuli, it extends the product value to
customers. Several studies found the ambiance of a service center, quality level, the way
of service delivery, reliable brands and supportive relationship to be strong inducements
that enunciate positive experience [152].
Residential and commercial consumers are attracted to EE technologies when they have
access to information, get personalized service, contribute to reducing environmental
32

hazard and can avail rebates in buying the appliances[153]. However, energy labels and
performance-based standards have more positive impact on consumers’ buying preferences
than financial incentives in the form of income tax credits or rebates. Increase in real
electricity and gas prices have been found to impact users’ inclination towards searching
for energy efficient products [154][6]. Small sized appliances that are easy to operate and
are reasonably priced are sure to capture consumers’ preference. Besides, contractors play
an important part by stepping up their knowledge and skill in making EE technologies
available for new or retrofit applications as well as providing accessories and enabling
technologies with installation flexibility and ease [155].
People having a positive experience with EE technology in the past is found to be more
inclined to acquire EE appliances in the future. In some instances, imposing a tax on nonefficient technologies are thought to be an option to dissuade users from buying non-energy
efficient products with favorable experience [156]. Study on automation with technical
energy saving potential identified several potential benefits that have significance for
consumers. Improved control, usability, thermal comfort, convenience, security and safety,
precise room-level thermal control, visual comfort, privacy and ease of operation are some
of the examples of individual gain that users prefer [157].
If consumers believe that they are gaining more value in comfort than the cost of the
device, they are expected to prefer EE equipment. 'Utility' is the level of satisfaction
perceived by a consumer [158]. Studies have proved that the variables that control thermal
comfort in a house rely on climate, type of residence and personal relationship of
occupants. The extent of satisfaction from an EE device installed indoor is contingent on
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the difference between consumer’s perceived and actual benefit that they derive and is
mostly dependent on individual characteristics [159]. Thirty percent of the LEED-certified
buildings are found to perform beyond expectation while 25% are considered to
underperform. Excess anticipation, faulty technicalities or inapt maneuvering, maintenance
and use are responsible for such diversified outcomes [160]. In many cases, users need to
have the knowledge or learn how to operate EE equipment. But user-friendly control and
proper assistance and feedback can eliminate most of these odds [161]. Consumers’
perceptual constancy regarding benefit from a particular EE technology product could be
enhanced by building codes, mandatory disclosure regulations and green rating labels
[162].
Adoption of EE technologies needs the diffusion of associated physical and intangible
resources. Classification of resources for a firm’s profitability and market performance by
Kamasak is shown in Figure 13 [163].

Figure 13: Classification of Resources
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Financial resources and physical goods are categories of tangible resources. Examples
of physical assets are land, buildings, machines and tools, equipment, labor, and raw
materials. Intangible resources are abstract. Intangible resources could be an employee’s
knowledge, creativity, organizational culture, brand, design, experiences, and skills
[163][164]. Diffusion of technology needs dissemination of processes, knowledge, skilled
human resource, availability and transfer of complementary technologies and a highperforming supply chain system. Enabling the adoption of technology requires training
installers, maintenance personnel, constructors, troubleshooters by suppliers. Knowledge
disseminates through the successive level of organizations and staffs. Funds are
channelized from the government, local or industrial entities [165].
Different actors play their parts in the diffusion of technology to ultimate adopters.
Innovators are responsible for developing new technology for the market. Opinion leader,
facilitator, champion, linking and change agents are intermediate actors who contribute to
various capacity for innovation diffusion. Opinion leaders act as catalysts which do not
actively participate in the transfer of the innovation but aid in distribution across different
firms[166].
3.2.2 Energy Efficiency Activities
Energy efficiency initiatives could be in small or large scale. Energy efficiency
activities are deliberate endeavors to increase the adoption of EE technologies. However,
market potential in the dissemination of an EE technology is essential irrespective of the
proportion of activity or the way (deliberate or spontaneous) the product is installed for
residential use. Figure 14 shows the different levels of energy efficiency activities based
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on scope and extent. EE measures are confined to improving EE performance by installing
an EE equipment or system or adopting an alternative practice that saves energy. EE
projects are a collection of initiatives in an individual establishment or location. A program
is an assortment of projects with standard features and applications. A program must
consider technology and its specific use [167]. A program could be implemented by a
single entity or a group of organizations; Program needs careful detail on measures,
approach and market segments. A portfolio is a set of similar programs serving one market
segment and sometimes supervised by a single organization, e.g., utility [168].

Portfolio

Programs

Projects

Measures

Figure 14: Different Levels of Energy Efficiency Activities
The total savings from EE technology adoption can be extracted either by
programmatic savings, market transformation or non-programmatic savings (Figure 15).
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Total savings from EE

Programmatic
Saving

Market
Transformation

Nonprogrammatic
Saving

Figure 15: Energy Saving Approaches
Capital funding is employed for Programmatic savings, whereas expense funding is
used for Market Transformation and Non-Programmatic savings [169].
Programmatic savings are achieved by programs funded by utilities, regional
organizations or the collaboration of different organizations [170]. Market transformation
addresses barriers and leverage drivers to achieve the sustained adoption of EE
technologies [171]. Non-programmatic savings depend on the actions not supervised by
utility or Northwest Energy efficiency Alliance (NEEA). Three ways to realize nonprogrammatic savings are shown in Figure 16.
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Non-programmatic
Savings Approaches

Figure 16: Non-programmatic Energy Conserving Approaches
Baseline Shifts affect the energy saving calculation due to energy efficiency initiatives.
A baseline is the reference point for comparing energy savings. The baseline metric could
be frequently used or consumed state, “business-as-usual” or non-energy measure [172].
Codes and Standards are the legal requirements of percentage saving for buildings or
specific appliance. Market-induced savings are achieved when efficient technologies are
adopted by consumers not part of the utility-initiated energy efficiency programs [173].
Consumers may get reimbursement for expenditure on energy efficient devices through tax
credits or government spending or spending from the American Recovery and
Reinvestment Act (ARRA). Induced market transformation is other than the market
transformation implemented by NEEA. Due to utility programs, there could be a positive
change in the market that is conducive to energy efficiency adoption. Environmental
consciousness of users drives the onslaught of the green movement that saves energy.
Energy savings can also happen due to the influence of an energy efficiency program. A
participant could continue to adopt EE even after the end of the program; Non-participants
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could become interested in saving energy once being exposed or acquainted to such
programs without being an actual participant of the program [174] [175].
Different stakeholders are involved in the diffusion of EE technologies by developing
codes, standards, incentives, roadmaps, build capability, enhance consumers awareness as
well as making information available at all levels of the supply chain (K.-H. Lee 2015)
(IEADSM 2018). The classification of stakeholders in promoting residential EE
technology is captured in Figure 17.
▪
▪
▪
▪
▪
▪
▪
▪
▪

Regional
Federal
State
Local

Consumers
Public building owner
Commercial building owner
Industry
Real estate company
▪
▪
▪

End-users
Regulator

Government
Organizations

Lobbying bodies
Local society
Environmental
organization

Non-government
Organizations

Stakeholders

Policy
maker
▪
▪
▪
▪

Regional
Federal
State
Local

Services

▪
▪
▪
▪
▪
▪

Transmission & distribution system
operator
Energy services
Facility management
Security
Retailer
Energy provider (Utilities)

Figure 17: Energy Business and Services Stakeholders
The different objective and roles of Stakeholders in EE technology initiatives are listed
in Table 1.
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Table 1: Stakeholders Activity, Objective and Instrument
Stakeholders

Activity

Objective

Instrument

Government

Owner/investor, facilitator,

Public

Owns structure to demonstrate value

regulator.

welfare

of EE by leading example; Helps and

authorities

facilitates EE initiatives by private
sectors; Formulates regulations and
policies

through

directives

and

within

the

incentives.
Non-

Implement policies, helps

Public

Plans

government

building capacity, awareness

welfare

confinement of jurisdiction.

Business

Providing energy, goods and services.

organizations

and

knowledge

activities

diffusion

projects.
Services

Provides primary energy,
ancillary services.

Users

Consumes energy and uses
other associated services.

(profit)

Get better

Change in perception and behavior.

service

3.3 Determinants of Residential EE Technology Diffusion

Determinants are factors that impact the diffusion of EE technologies and affect the
potential of diffusion. Barriers hinder optimal adoption while drivers accelerate the spread
of EE technologies [82][129][176]. Different factors are categorized under a few broad
legends. Depending on the positive or negative impact on diffusion, the same element could
be a barrier or driver. In most instances, a factor could either facilitate or impede spread
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based on planning, decision making, implementation and adoption for EE technologies
[106]. The following section discusses the different determinant factors in literature:
3.3.1 Market
Market structure: There are different interest groups in the market. Diffusion depends on
the extent of conflict and consensus [104][1].
Split incentives: Different stakeholders need to be incentivized to drive an EE project [104].
Lack of incentives may divest while appropriate motivation flourish EE projects.
Project time: Building design and construction need less time when compared to EE
building plan and projects [104].
Cost of conventional products: Cost of traditional products impacts EE products
penetration in the market [129].
Perception about the market: Adoption of the EE technology depends on insight about
market demand, size, energy pricing and image [129] [1].
The certainty of Demand: EE projects become compelling when demand for EE products
can be predicted with confidence [129][144].
3.3.2 Behavioral
Sharing objectives: Successful adoption of EE technology needs compliance with goals
and energy measures [104].
Other priorities: Energy saving is not the only consideration; adoption of EE technology
also leads to the decision on initial cost and payback period [104].
Inertia: Extent of resistance to change by those involved in the building eco-system affects
adoption [104] [139][140] [1].
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Aggregation bias: Cost-effectiveness of an EE technology depends on a particular segment
of consumers usage pattern [1].
Bounded rationality: In most instances, decisions are made based on limited or imperfect
information and out of instinct or listening to heart rather than logically using rational
deductions [104].
Perceived risk: Adoption of EE technologies entails certain uncertainties. Energy price,
consumption pattern and useful life of the technology are unpredictable. People have
different perception towards these probable outcomes. Adoption of the technologies,
therefore, depends on intensity on perceived risk [140].
3.3.3 Knowledge and Learning
Sharing objectives: Successful adoption of EE technology needs compliance with goals
and energy measures [104].
Other priorities: Energy saving is not the only consideration; adoption of EE technology
also leads to the decision on initial cost and payback period [104].
Inertia: Extent of resistance to change by those involved in the building eco-system affects
adoption [104] [139][140] [1].
Aggregation bias: Cost-effectiveness of an EE technology depends on a particular segment
of consumers usage pattern [1].
Bounded rationality: In most instances, decisions are made based on limited or imperfect
information and out of instinct or listening to heart rather than logically using rational
deductions [104].
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Perceived risk: Adoption of EE technologies entails certain uncertainties. Energy price,
consumption pattern and useful life of the technology are unpredictable. People have
different perception towards these probable outcomes. Adoption of the technologies,
therefore, depends on intensity on perceived risk [140].
3.3.3 Knowledge and Learning
Awareness: Education and promotion help to reduce communication gap and enlighten
adopters about cost and benefits of EE technologies [129] [149] [140].
Experts & professionals: Promotion, installation, maintenance, repair or replacement of EE
technology needs skilled and trained people. Proper training and knowledge are required
to facilitate the adoption of the technology [129] [139] [149][143].
Information: The quality of knowledge about EE technology benefits and opportunities
(Palm and Reindl 2017) affects its use. Users are manipulated by information which guides
EE technology use [129] [139] [144][149] [1].
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3.3.4 Organizational and Social
Decision-making approach: EE decisions in an organization hinges on intrapreneurship,
convergence in managerial opinions and decision- making process [129] [1].
Authority: EE technology initiatives need legitimate power and decision- making authority
[129].
Vision: EE technology diffusion needs future-oriented and clear stance from top level
management. In the absence of a far-sighted approach, managements’ time and effort,
policy implementation and convergence of interests become disarrayed [129].
Slow working process: Work structure in implementing EE projects should be simple and
faster [129].
3.3.5 Economic/Financial
Perceived benefits of investment: In building design and construction, the short-term view
regarding initial investment overshadows long-term energy saving [104][177]. EE
technologies are considered expensive due to substantial initial investment and also
unreliable profitability calculation. In most cases widely accepted models like LCC,
Payback Period: Payback Period or NPV or profitability Index (PI) are ignored. Incorrect
calculation of costs of planning, implementation, and certification of EE technologies
sometimes leads to a higher expense in actual use than perceived [129][1].
High initial investment and of Life Cycle Cost consideration: Benefits are calculated based
on initial investment. Life cycle cost or incentives is a part of EE adoption decision [104].
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External risk: Energy price is unpredictable and affects energy saving EE technologies
[104]. Proper assessment of the risk of financial investment in EE projects leads to
appropriate investment [129] [149] [1] [139].
High initial investment and long payback period: EE technology needs high initial
investment but the time to get a return is very long which discourages allocating fund for
the project [140] [149][139].
Lack of finances: EE projects need investment for planning and execution. The absence of
fund impedes EE technology diffusion [129][149] [1][143].
Financial planning: Many a time financial decision regarding EE technology programs are
short-term and short-sighted [129].
Selector, purchaser, user, and bill payer dilemma: Not all members of the building chain
and construction earn benefit from EE equipment. A person who pays the bill gets the profit
from energy efficient technology. Hence, other members are more enthusiastic about
installing low-cost standard equipment to save investment. Moreover, even if the investor
is the user, for massive buildings savings due to the replacement of conventional equipment
by EE or installation of EE technology is insignificant compared to the overall cost of
maintenance and operation. Therefore, EE technology adoption is of less importance.
[1][140] [139].
3.3.6 Governmental
Planned incentives: Proper planning for disbursing incentives in EE technology promotion
is required; otherwise the success of the initiative fades [129]. It is hard for developers to
get a subsidy when government funding becomes scarce [139] [149] [1]. Financial
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incentives traditionally in the form of investment subsidies (grants) are among the most
common policy instruments to promote EE [178].
Regulated time-invariant electricity price: Electricity rate set months or years ahead in
regulated electricity (instead of time-of-use pricing) market and fails to make customers
use energy efficiently[149][1].
Politics: Interest and support from leaders at different levels in EE project initiatives,
bureaucracy, the interest of various organizations and streamlined structure are some
political issues in EE technology adoption [129][179]. Nevertheless, political ideology
leads to the different attitude towards energy issues [180][181].
Different perspectives towards energy and environment: Energy efficiency and
environment should be considered as two sides of the coin. Integration of these two
entwined issues in policy invention, implementation, and future planning are critical to EE
technology penetration [129].
Priority of EE initiatives: While allocating government resources and finances among
different projects, EE programs get less priority due to lack of interest from the government
and derails EE endeavors [129] [149][143].
Federal and State standards: Energy standards are the technical basis for developing
energy codes or how a building should perform as enforced by state or local government.
Federal EE standard compels and promotes usage of EE technology. However, in the
absence of Federal or State Standards for EE products there is less enthusiasm from
manufacturers [129] [139][144][149] [143][182].
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Implementation of codes and standards: Federal and State standards may not encourage
EE if the codes and standards are not implemented, checked and evaluated. Lack of strong
leadership at different levels of hierarchy acts as a barrier to EE adoption [129] [149].
Initiatives to promote EE: Creating awareness of EE technology benefits through effective
communication boosts adoption [139].
3.3.7 Technical
Appeal: Resonating with Rogers diffusion theory, visual appeal of EE technology products
due to design and aesthetics influence diffusion [82][30].
Energy saving potential (ESP): The reduction of residential energy consumption depends
on the energy saving potential of EE technologies [183]. Also, investment decision on EE
technologies is based on lifetime cost and savings [76]. Besides, certified buildings, as well
as federal standards, consistently aspire more significant energy savings by EE amenities
[71].
Useful Life: The time span during which the EE product performs reliably affects lifecycle
cost as well as the contribution towards environmental protection. The hassle of frequent
replacement of a device can be avoided with an EE technology that has greater longevity
[30].
Technology compatibility: New EE technologies are sometimes not usable in existing
building setups due to different standards, size or shape as well as in specific climate zone
[129] [139][184].
Development of associated EE components: Development of EE products depend on the
development of cost-effective EE equipment, components, and materials. The pace of
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innovation of related products or enabling technology help to accelerate EE technology
diffusion [129] [139] [149].
Measure development and field study: Appropriate measure development and field
research make documentation of energy saving potential of EE technologies possible and
aid in the adoption of these technologies [129] [149].
Replacement of old technology: Adoption of EE technology is contingent on the rate of
replacement of conventional technology [129][140].
Safety and reliability of EE technology: Without complete testing, new technology always
run the risk of being unsafe for operation and maintenance [139][149].
Model of EE Technology installation: Many projects with EE technology and proven
energy saving installations create cases that convince potential users [139].
Others: Human behavior could positively or negatively affect the uptake of EE technology
in residences. In many instances, fund availability and political awareness propel technical
capability of EE technology [143]. Barriers and drivers are country and sector-specific
[145][117][151]. The advent and relative importance of barriers and drivers to energy
efficiency vary with context and consumer perception [82] [141][30][146][135][185].

3.4 Residential EE Technologies

Energy Efficiency in buildings can offer the most significant energy savings in the U.S
[186]. Energy efficiency of buildings depends on the positioning and shape of the house,
shade and trees, building materials, walls, windows, lighting, insulation, ventilation, and
air conditioning as well as heating and cooling system [187][188] [189]. International
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Energy Agency (IEA) foresees a substantial reduction in carbon emission in Blue Map
Scenario. Blue Map Scenario enforces strict policy initiatives in contrast to Base Line
Scenario which is business-as-usual. In the event of a Blue Map Scenario, the building
sector has the prospect of saving one-third of the energy by the year 2050 compared to
Base Line Scenario. Residential HVAC, water heating, and lighting would provide the
opportunity to save 50% energy in the whole building sector (residential and commercial).
Figure 18 shows the energy savings by sector and end-use considering a total energy
savings of 1509 Millions of tonnes of oil equivalent (Mtoe) in residential and commercial
buildings combined. Residential sector is expected to save 2/3rd of the total energy savings
in buildings [190]. The pareto chart shows the energy savings by sectors in descending
order of frequency with a cumulative line on a secondary axis as a percentage of the total
energy savings.

Figure 18: Buildings Sector Energy Savings by End-Use
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Heating, Ventilation, and Air Conditioning (HVAC) Technologies
HVAC systems provide comfort to dwellers in residential buildings by heating,
cooling, ventilation, and humidity control in harmony with seasonality and weather
condition [191]. Ventilation ensures the building gets required outside air, purification of
recirculated air, driving out unwanted polluted air from a toilet, kitchen, etc., and
circulation of air inside the dwellings. Pressure control monitors access of air and also,
compensating the air exhausted from the house. Airconditioning equipment can be
classified based on refrigerant and intricacy in the process of operation of the device
[192][193].
Refrigerant based air-conditioning: Refrigeration cycle transfers heat from indoors to
outdoors or vice versa.
Non-refrigerant based air-conditioning: Cooling involves evaporation.
Simple system: The refrigerant is used directly to heat or cool. Usually, the simple system
is used for one zone.
Complex system: A secondary unit is used for heating and cooling. A complex system is
used for heating or cooling more than one zone[194] [195].
The energy efficiency of an HVAC system improves with energy efficient components as
classified in Figure 19 [196].
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Figure 19: Different Ways to Improve the HVAC Efficiency
Some of the emerging HVAC appliances have a commendable energy conserving
capability.
Ducted Heat Pumps: These categories of heat pumps are almost 50% to 200% more
efficient than conventional electric energy devices [197]. Ducted heat Pumps consist of all
components in a single unit. A duct channels the hot air from the condenser to the outside
environment [198]. Ducted heat pumps are used when a single ductless heat pump is not
sufficient to serve a multifamily home or for aesthetic consideration of the owner or
installer [195].
Ductless Heat Pumps (DHP): This type of heat pump consists of an interior unit with a fan,
and evaporator while the outside unit comprises condenser and the compressor. A pipe
connects the units [198]. Ductless heat pumps are 25% to 60% more efficient than
conventional devices that use fossil fuel [199].
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Geothermal Heat Pump (GHP): This kind of heat pump uses heat from the ground. The
temperature at a certain depth in the ground is constant, and that is why Geothermal heat
pumps are more efficient than air heat pumps that extract heat from the environment where
temperature variates [198].
Radiant Heating Ceiling Panels: Radiant Ceiling System is an efficient heating and cooling
option for different abodes. It uses a hydronic system for comfortable temperature as well
as optimal ventilation and humidity inside the living space [200]. Table 2 shows the relative
savings by different HVAC devices.
Table 2: Energy Efficient HVAC Cost and Performance
HVAC

Net COP (Energy
output to input
after losses)
1.81

Installation
Cost ($)

Expected
Lifetime (yrs.)

33,000

16

Ductless Mini Split Heat Pump (DMSHP)

1.89

9,000

16

Heat Pump Ducted

1.26

18,000

16

Radiant Heating Ceiling Panels

1.20

8.000

40

Geothermal Heat Pump (GHP)

Lighting
An energy efficient light has the least life-cycle cost compared to other energy efficient
appliances in the residential buildings. Light Emitting Diodes (LEDs) are the highly
efficient lightings. Compared to conventional incandescent and fluorescent lights, they
have many advantages regarding cost, longevity, reliability, and flexibility. LED is
considered to be a disruptive technology [201]. It has the potential to save almost five
billion dollars each year if every home in the U.S replaces their five mostly used light bulbs
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by Energy Star certified LED bulbs [202]. Three major lighting options in the year 2017
are listed in Table 3.
Table 3: Energy Efficient Light Options for Consumers
Light Bulbs

Efficiency

Energy Use

Energy Cost

Typical Life

43 Watt

$5.18/year

1 – 3 years

13 Watt

$1.57/year

6 – 10 years

9 Watt

$1.08/year

16 – 20 years

30% more than traditional
Incandescent Halogen
incandescent bulbs
75% more efficient than
Compact Fluorescent
traditional light bulbs
90% more efficient than
LED
traditional light bulbs

Water Heating Technologies
Chapter 7 consists of a brief outline on the three different water heating technologies
as technology cases. Table 4 describes in brief the different types of water heaters available.
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Table 4:Types of Water Heater (WH) Technologies
Type of WH
Conventional gas

Description
This type of water heater has a storage

Characteristics
Storage water heaters are by far the

storage

Tank. The temperature is controlled by a

easiest for consumers to obtain,

burner or electric element fire [203].

particularly when an immediate
replacement is needed [203].

Oil-fired free-

This type of water heaters use burner

This type of WH need considerable

standing

operated by oil and some part of fuel

maintenance for safety, efficiency

consumption is from electricity [204].

and cost effectiveness [205].

Conventional

It consists of a tank with insulation. A

This type of heater is more flexible

electric storage

thermostat controls electrical element that

than other type of water heaters.

heats the water [206].

They do not need fuel line, exhaust
flue or pilot lights [206].

Demand Water

These are also known as tankless water

The advantage of this type of WH is

Heaters

heaters, A heating element or igniter heats

that it does not need a storage tank.

water when water is drawn through a

Different types of fuels)

faucet [207].

electric, propane) can be used [207].

Use electricity as the fuel. It draws heat

Highly

from ambient environment and transfers it

[208][209].

Electric Heat Pump

efficient

water

Gas,

heater

to alter in a storage tank [208].
Indirect water heater

Consists of heat exchangers. Two separate

The efficiency of this type of water

with efficient gas or

components, for example one inside coil

heater depends on the design and

oil boiler

and one outside HX plate [208].

features [208].

Solar with electric

Water is heated by heat from sunlight

These are the most energy efficient

back-up

gathered by collectors [208].

water heaters, They cause less
pollution but is dependent on sun
light [208].
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3.5 Cases of Energy Efficient (EE) Technology Diffusion in Different States

Energy efficiency programs have gained momentum in many states in 2019.
Massachusetts, California, and New York led the energy efficiency initiatives. A new
group of states joined the crowd with aspiring energy efficiency targets. Nevada, New
Mexico, Washington, Maine, Virginia, New Jersey, Colorado, Washington, and Hawaii
each has set their own efficiency target and strategy for achieving greater energy savings.
State Scorecards show the position of different states in terms of six policy areas: Utility
and public benefits programs and policies, Transportation policies, Building energy
efficiency policies, Combined heat and power (CHP) policies, State government–led
initiatives around energy efficiency, and Appliance and equipment standards (Appendix
C)[210]. The next section describes the success and failure of initiatives adopted in
different states.
Massachusetts is leading the EE drive with the highest score in State Scorecard.
However, due to barriers in securing credit, and also, ‘split incentive problem’, residents
are yet to enjoy the full benefit of energy efficiency. Home heating causes a large financial
burden for residents in buildings. Codes and standards have effects on new building
constructions but for residents, it is a voluntary choice to adopt EE appliances and it has
impacted the states ambition in embracing EE technologies in residential and commercial
buildings [211].
California has been in the forefront in implementing energy efficiency projects. Energy
efficiency projects in Southern California are aided by investor owned utilities. The Energy
Network Public Agency Program was intended for better energy management since 2013.
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The program identified many energy efficiency opportunities but funding and experience
of project members have been identified as major obstacles in energy efficiency projects
[212].
NEEA (Northwest Energy efficiency Alliance) initiated a pilot project in 2008 to
replace electric water heaters by Ductless Heat Pump (DHP) water heaters in the Northwest
and made commendable progress in diffusion of the technology. However, a report
prepared by Cadmus in 2019 identified areas where actions need to be taken to continue
diffusion of the technology when direct support from NEEA recedes. Some of the key
issues identified in the report are, lack of awareness by suppliers about cold climate water
heaters, high initial cost, lack of trained installers, and unwillingness from the part of
distributors to promote the technology [213].
According to New York State’s Energy Research and Development Authority
(NYSERDA), lack of consumers’ confidence in new technologies has led to low diffusion
of energy efficient space heating technology in the region. Also, the diffusion depends on
the location of the states in different climatic zones. Heat pumps have not been very popular
in colder climates but have proved to be appropriate for southern climates due to fewer
heating degree days [214].
Based on the literature review, the following gaps are identified in the literature as
shown in Table 5.
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Table 5: Gap Analysis
GAPS
GAP 1: Residential EE technology adoption has

Description
What are the different market attributes and key

been analyzed from users’ viewpoint but not from

components in terms of providing customer values

the perspective of market that affects the potential of

that affect the Market Diffusion Potential (MDP)

diffusion.

of EE technologies in the residential buildings?

GAP 2: Different models analyze the effect of

What is the relative impact of market attributes and

drivers and barriers on adoption but do not quantify

key components that affect Market Diffusion

the impact in the diffusion of residential EE

Potential (MDP) of an EE technology in the

technologies.

residential buildings?

GAP 3: Possible incentives, policy interventions,

How different actions to improve diffusion impact

and behavioral modifications are mostly based on the

the Market Diffusion Potential (MDP) of

subjective judgment of existing barriers and drivers

residential EE technologies?

rather than objectively measuring the impact of these
actions on increasing diffusion.
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CHAPTER 4: RESEARCH OBJECTIVES, QUESTIONS, AND METHODOLOGY
This section of the report sets out the objective or the goal that the research has
accomplished. The research questions elaborate how the gaps are addressed through this
research effort. The methodology describes the methods, procedure and techniques in
different phases of the research as well as justifies the model to best quantify Market
Diffusion Potential [215][216].

4.1 Objective
Consumer needs are more specific than before, and demands are hinged on gaining
personal benefits rather than only performance or what the product or service is intended
for [53]. Market Diffusion Potential (MDP) is a tool that is able to measure how capable
the market is in delivering the privileges to the customers through marketing mix and
quality dimensions for diffusion of technology at any point in time during its life cycle. EE
technologies at different stages in their life cycle may struggle in diffusing to probable
adopters. Market Diffusion Potential would be able to identify the status quo of the market
concerning the prospect of offering social, economic, legal, technological and industrial
advantages to consumers that drive adoption and lead to diffusion.
Based on the issues identified in the problem statement, the following objective,
subobjectives and research questions are generated.
Main Objective
To develop a Market Diffusion Potential (MDP) Assessment Model for Residential
Energy Efficient (EE) Technologies in the U.S.
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Subobjectives:
-

To determine the market attributes that drive diffusion of EE technologies

-

To find out the components or product and service characteristics that constitute market
attributes

-

To find the relative strength of the attributes and components towards MDP

-

To use the model to find the MDP of competing residential EE technology cases

Through the rigor of the research design and methodology and the case study application,
the study answers the following questions:
-

What are the most important market attributes needed for diffusion of EE
technologies?

-

What are the key components that are needed to attain specific market attribute?

-

What are the relative strengths of the market attributes and key components that
impact the MDP?

-

What data collection method is appropriate for the study?

-

How to find the relative MDP for competing case technologies and what do they
mean?

-

How the model can help in practice?

4.2 Review of Multicriteria Decision Models (MCDM)

Multicriteria Decision Making (MCDM) is a useful tool in making a decision when
there are many objectives, players, and issues that need to be considered simultaneously
and is dependent on the experts’ judgment [217][218]. Hence, MCDM is an appropriate
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tool for the present study as it allows making a practical, efficient, flexible, adaptable and
acceptable decision that is backed up by collective opinion of experts. Three broad
classifications of MCDM are Multi-Attribute Decision Making (MADM), Multi-Objective
Decision Making (MODM) and Hybrid Multicriteria Decision Making (HMCDM).
HMCDM has four different options based on the objective of research [217] [219] as
shown in Figure 20.

Multicriteria Decision Making (MCDM)

MADM

MODM

Hybrid Process

Used when there are

Used

when

multiple alternatives

there

are

with

multiple

produce

conflicting

results. It helps to

objectives with

clarify final decision,

subjective

different

satisfy

information can be

standard

used.

measurement.

subjective

Helps to decide

objective weighting,

desirable alternative

an

remove uncertainties

by ranking through

solution

to

and

assessment

and

maximize

or

outcome by including

analysis (Ding et al.

minimize

2016). Simple and

objectives

subjective method is

et al. 2007).

different

characteristics.
Uncertain

decide

Helps
on

and

to
most

of

optimal

Used when different
types

of

different

stakeholders

by incorporating both

qualitative

(Lu

MCDM

MCDM
coupled
with other
method for
finding
important
criteria.

and

generalize

and

quantitative methods
[219].

More than
one
MCDM
Method.

MCDM
applied
with fuzzy
and/or grey
sets.
MCDM is
used with
any other
methods.

used [229].
Figure 20: Classification of Multicriteria Decision Making (MCDM)
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MCDM can be carried out by choosing various methods as outlined above. However,
there are different models under each of these methods. Models are meant to understand a
problem area applying different ways [220]. Based on the research carried out by Mardani
et al., Figure 21 shows the widely used MCDM from the year 2000 – 2014 in percentage.
However, a new vector based MCDM model known as Best Worst Method (BWM) which
is developed by Dr. Jafar Rezai in the year 2015 has gained wide acceptance in the research
community.

Figure 21: Decision Making Models Used in Research
Table 6, Table 7, and Table 8 show the different widely used models with associated
pros

and

cons

in

their

application

[217][221][222][223][224][225][226]

[227][228][229][230][231] [232][233][234][235] [236][237][238].
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Table 6: Outranking Models
MCDM Models
Elimination and Choice

Steps
1. Developing matrix based on

Strength
1. ELECTRE methods can

Weakness
1. Determine sets of

criteria and alternatives.

be used for solving

alternatives but does

Translating Reality is

2. Normalizing matrix values.

selection problems,

not rank from best to

developed by Benayoun et al.

3. Calculating weighted matrix.

assignment problems, and

in 1966. The method is

4. Concordance index and

for ranking problems.

mostly used in energy
planning. The model has been

Discordance index.
5. Ranking alternatives.

2. Both qualitative and

worst.
2. It is not easy to find
an appropriate

quantitative criteria can

threshold function so

used in Energy management,

be assessed by this

that the final result is

Financial management,

method.

insensitive to the

Business management and

3. Used with limited

Information technology &

information, uncertainties

communication and in other

and incomparable

fields.

alternatives.

PROMETHEE

pairwise comparison of alternatives.

This method is based on making a binary relation S such that aSb means “ a is at least as good as b” . The relationship is derived from

Outranking Model

ELECTRE

1. Pairwise comparison between

1. Doesn’t need normalizing

function.
3. Time consuming and
complex.
1. Depends in experts’

Preference Ranking

two criteria is expressed by a

of elements in decision

capability of

Organization Method for

preference function.

matrix which saves time.

identifying the

Enrichment Evaluations

2. Set of alternatives are

2. The model can be used

significance of the

was proposed by Brans and

compared using the

even when information is

criterion and

Vincke in 1985.

preference function.

missing.

determining interval

Environmental management,
hydrology and water
management, business and

3. A matrix is created using the

3. Applicable even when

comparisons’ results and each

there is information

alternative’s criterion value.

missing.

financial management are

4. Devising partial ranking.

some of the fields where this

5. Determining final ranking.

scale.

model has been used
successfully.
VIKOR
Vise Kriterijumska
Optimizacija I
Kompromisno Resenje was
proposed by Opricovic in
1998 and improved by Tzeng
in 2002). Some applications

1. Identifying criteria and
alternatives.
2. Alternatives are rated with
respect to different criteria

5. For each alternative finding
best and worst values of
criteria.
6. Computing regret measure

service quality of airports,

and utility measure.

selected the best renewable

7. Ranking alternative by

energy alternative.

issues.

clarified.

are grouped.

supply management, evaluate

been used in evaluating

there are conflicting

ideal solutions are

using extracting tool.

4. Normalizing the values.

environment. The model has

1. Nor suitable when

both positive and negative

3. For each alternative, criteria

are evaluation of green

suppliers in sustainable

1. More robust outcome as

compromising three list of
ranked alternatives.
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Table 7: Utility Based Model
MCDM Models

Steps
1.

Strength

Determining objective and
hierarchy of the model

quantitative

was

with elements.

can be used.

developed

by

Saaty

during 1970's. It is a decision-

2. Calculating relative weight

making model that relies on

of criteria from experts’

making

expert judgment by pairwise

judgment.

rechecking

3.

Calculating score

different levels of a decision

alternative

hierarchy using a scale of

criteria.

relating

1. Too many experts

criteria

lead to complexity in
assigning weights.

2. Systematic decision-

2. Complex and time-

helps

for

process.

to

3. consistency

consuming.

the

indices

ensure quality of the

absolute judgment. AHP is a

4. Determining the final score

widely used model. Some

for each alternative to find

applications are analysis of the

relative ranking.

health-safety

Weakness

1. Both qualitative and

Analytic Hierarchy Process

comparisons of elements at

decision making.

and

environmental risk assessment
determining location for power
plant, finding important risk
factors such as health-safety
risk, technology risk, etc.

TOPSIS

uncertainty and risk.

Utility theory is based on people’ s preference. Utility based models uses desirability metrics of elements that impacts decision that is made under

Utility Based Model

AHP

Technique

for

1. A
Order

Preference by Similarity to
Ideal Solutions was developed
by Hwang and Yoon 1981. An
optimal solution is derived
when it is closest to positive
ideal solution and furthest from

decision

matrix

is

developed.
2. The

2. Less

decision

matrix

is

normalized.
3. A

weighted

negative ideal solution is
calculated.

water projects.

6. Relative

the

correlation

elements in the model

contributors

process steps.

of
in

closeness

the

model.
2. Less reliable as it is
not

easy

to

consistent

electricity supply strategies.
for

consider

increasing number of

solution is derived.

used for assessment of optional

appropriate

1. Does not allow to
as

4. Positive and negative ideal

5. Distance from positive and

management of energy and

complex

doesn’t change the

normalized

decision matrix is deduced.

negative ideal solution. Mostly

Also,

1. Simple to develop

be
in

judgment.
.

from

ideal solution is calculated.
7. Alternatives

are

ranked

based on higher index of
closeness.
ANP
Analytic Network Process
was also developed by Saaty in
1996. The network version of
AHP is ANP. The model has

1. Identify goal, criteria and

arc.
3. Pairwise
node.

product planning, management

4. Pairwise

optimizing of
Scheduling.

Used for solving
complex problems.

2. Identifying dependency with

been used for selecting project,

of green supply chain and

1.

alternatives.

comparison

on

comparison

in

2.

It allows to rank

cluster level.

considerable

time.
2. Like AHP it becomes

groups or clusters of

complex

elements.

increasing number of

3. It is better than AHP

5. Calculating limit matrix

1. Takes

in

managing

with

experts.
3. Fails to consider the

dependence

correlation

subjective criteria

interdependence

or

among clusters.
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Table 7: Utility Based Model (Continued)
Steps

MAUT

Strength

1. Identifying decision, goals

Multi Attribute Utility
Theory was proposed by

impacts decision that is made under uncertainty and risk.

Utility theory is based on people’ s preference. Utility based models uses desirability metrics of elements that

Utility Based Model

MCDM Models

and objectives.
2. Clarifying

elements

alternatives related to the

1982.

objective.

model

Weakness

Can be used with

2.

Individual
preference is valued.

3.

3. Determine utility for each

calculation

individual element as well

preference

best alternative is based on

as comparing each set of

eliminates difference

highest utility. Used mostly

elements. Normalizing the

in criteria.

in policy formulation in

values

or

precise value of preference.

Simultaneous

for every outcome. The

development

lead to uncertain outcome.
2. Hard for experts to provide

Calculates expected utility

government or economic

1. Individual preference may

uncertain situations.
and

Edwards and Newman in
The

1.

of

4. Considering the preference

broad

of different elements and

planning projects e, g., city

weighting with respect to

planning.

each

alternative,

the

alternatives are ranked in
order of preference.

DEMATEL

1. Developing a direct-relation

Decision Making Trial

matrix by pairwise

and

comparison.

Evaluation

Laboratory was initiated

2. Normalizing the values.

by Science and Human

3. Acquiring the total relation

Affairs Program of the
Battelle Memorial Institute
of Geneva between 1972
and 1976. The model has
been used for assessing
performance of supplier

matrix.
4. Generating a causal
diagram
5. Identifying inner
dependence matrix
6. Tanking elements

1. The process of ranking

1. Alternatives are ranked on

is simple.

relationships

and

hence,

2. Eliminates impact of

those criteria which do not

experts’ subjectivity.

have relationship do not

3. Clarifies relation and
dependence

of

contribute in final decision.
2. Individual assessment by

attributes.

experts are not used for

4. Visual representation
helps decision making.

group judgment.
3.

DEMATEL

is

more

effective when applied with
other MCDMs than alone.

quality, criteria for design
of

restaurant

business

space,
process

management and in many
other problems.
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Table 8: Vector Based Model
MCDM Models

Steps

Vector Based Method
The model uses two vectors of
pairwise comparisons to calculate
the weights of criteria.

BMW

Strength

Weakness

1. Identify criteria

1. Less comparisons

was

2. Identify best and worst criteria

2. More reliable

discontinuous scale

developed by Dr. Rezai in

3. Comparing the best driver with

3. Only integers are used for

fails to capture the

Best

Worst

method

2015. Since its inception it has
been implemented in many
different

fields

decision making.

for

respect to other drivers

comparison

4. Comparing all other drivers

robust

1. Use

granularity

of

in

priorities.

with respect to worst driver
5. Calculating the optimal
weights

4.3 Research Models and Tools

The purpose of the study is to develop an "Assessment Model for Market Diffusion
Potential for Residential EE Technology" at a certain point in time. Hence, the problem
involves:
− An objective of determining MDP of residential EE technology
− The goal is dependent on several criteria
− Factors can be structured into several hierarchies
− The decision depends on a group of experts’ preferences
− There is no unique optimal solution as the criteria, and experts’ opinion cannot be
universal
A multi-criteria decision model (MCDM) is appropriate for dealing with complex
problems with many criteria and sub-criteria and decision problems that can be classified
into several hierarchies. MCDM is a generic term which includes all the models and
methods that helps to take a decision when the final decision depends on criteria, many of
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which could be at odds [239]. The tools that are used at different phases of the research are
explained below:
STEEPLE:

STEEPLE (socio-cultural, technological, environmental (or ecological),

economic, political, legal, ethical) analysis is used as a guide as it helps to analyze
technology from different perspectives [240].
Weighting: Ranking the criteria and identifying the relative impact of sub-criteria towards
criteria by HDM proposed by Dr. Kocaoglu has been used for pairwise comparison[241].
Desirability Curve: Desirability functions is used to determine how different factors
associated with each criterion affects percent diffusion [242][243][167][244][245].
Amalgamation: The total score for each alternative (three EE technologies are used as case
alternatives) is calculated to find out the relative diffusion status concerning all the
elements in the model [246].
Developing Measures: The low rating attributes in the model for each alternative are
identified and appropriate actions are formulated. The corresponding impact of action is
measured and analyzed [247].
Scenario analysis: Scenario analysis is carried out to identify how the diffusion potential
changes as the scores or weights of factors that affect the level of diffusion of alternatives
change [246][247].
The research plans to address research questions and achieve the objective of the research
as captured in Figure 22.
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Formulate objective and initial
model and choose MCDM

Phase - 1
Weighting &
Validation

Identify criteria, sub criteria,
technology cases, and select experts

Determine relative weights of
criteria and sub criteria from
experts’ pairwise comparison

Determine scales or metrics
and develop desirability curves
from experts’ assessment

Phase - 2

Amalgamation

Record percentage diffusion of
technology cases from desirability
curves based on experts’ judgment

Calculate Market Diffusion
Potential (MDP) of technology
cases by aggregating all scores

What are the
determinants of
market diffusion
potential (MDP)
for
EE
technologies in the
residential
buildings?

What are the
relative impacts of
market attributes and
relevant
key
components
on

market diffusion
potential (MDP)
of residential EE
technologies?

Identify low rating
attributes of technology cases

Phase - 3
Measures & Scenario
Analysis

Clarify actions needed to improve
Market Diffusion Potential (MDP)

Analyze change in
Market Diffusion Potential (MDP)
in different scenarios

How to identify
actions needed to
improve market
diffusion potential
(MDP)
of
residential
EE
technologies?

Figure 22: Research Plan
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4.3.1 Hierarchical Decision Model
The Hierarchical Decision Model (HDM) is used for the research and it was developed
by Dr. Kocaoglu as a PhD dissertation and has since been applied to numerous decision
problems. The software for the model was developed by Dr. J. Abara [241]. Hierarchical
Decision Model (HDM) is similar to Analytical Hierarchical Process (AHP) developed by
Thomas L Saaty as they both help to simplify complex relationship among elements by
allowing them to be partitioned into different levels or hierarchy. However, these two
methods adopt different mathematical algorithm. Saaty uses the ‘Eigen Value’ method
while Dr. Kocaoglu’s HDM adopts Constant Sum Method [248]. The different levels of
the HDM are categorized by the acronym MOGSA (Mission, Objective, Goal, Strategy,
Actions). Each successive level from top towards bottom dissociates into more detail
elements that defines the contents linked to the elements above [249]. Figure 23 shows a
schematic of the Hierarchical Decision Model.
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Figure 23: Schematic of HDM
The following section illustrates the ‘Constant Sum Method’ by an example.
Step 1: The first step is to develop a hierarchical decision model and record pairwise
comparison values from experts. Experts distribute 100 points between a pair of comparing
elements in the HDM. A matrix table is created based on the pairwise comparison. The
number of pairwise comparison depends on number of elements, n. The number of
elements to compare in pairs is n(n -1)/ 2. The Pairwise Comparison Matrix (Table 9) is
based on the following actual pairwise comparison by expert for the research (Figure 24).
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Figure 24: Actual Pairwise Comparison by Experts
Table 9: Pairwise Comparison Matrix

Step 2: The second step is to develop the Ratio Matrix Table (Table 10) by dividing
comparisons of two elements. For R1C2 (first row second column), B/A would be 15/85
while for R2C1 (second row first column), A/B would be 85/15.
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Table 10: Ratio Matrix

Step 3: In this step, the value of elements in each column is divided by the value of elements
in the next column. For example, the value 1.00 in R1C1(first row first column) would be
divided by 0.17 which is in R1C2 (row 1 column 2). Relative Weight Matrix Table is shown
in Table 11.
Table 11: Relative Weight Matrix

Step 4: In this step, the mean and standard deviation of data in each column is calculated
(Table 12).
Table 12: Mean and Standard Deviation of Relative Weight
A/B (Standards/ Energy Price

B/C (Energy Price/ Incentives)

5.52
0.67

0.29
0.043

C/D (Incentives/ Labelling)

5.53
0.72
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Step 5: The value of D is considered 1 and the corresponding values of A, B, and C are
calculated (Table 13).
Table 13: Relative Values of Elements in Pairwise Comparison
C/D = 5.53
D=1
C = 5.53

C = 5.53

D=1
B/C = 0.29
B = 5.53 * 0.29 = 1.60

A/B = 5.52
B = 1.60 A = 5.52*1.60 = 8.83

Step 6: The values from Table 11 are normalized to get the final weight of each element
(Table 14).
Table 14: Final Weight of Elements
Elements
Values
Normalized
Value
(Weights)

A
8.83
0.52
(8.83/16.96)

B
1.60
0.10
(1.60/16.96)

C
5.53
0.32
(5.53/16.96)

D
1
0.06
(1/16.96)

Total
16.96
1.00

The actual output from the HDM software confirms the process of calculation in Constant
Sum Method as shown in Table 15.
Table 15: Sub-criteria Weights from HDM Software Output

4.3.2 Validation of Research
Validity is the accuracy of measurement. The objective of the present study is to
measure the market’s potential in facilitating the diffusion of residential EE technologies.
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The research is valid if it gauges the market potential [250]. Validity also confirms that the
data collected is appropriate to measure the intended element in perspective [251]. The
different validity measures with reference to the present study is elaborated below.
Construct Validity: The research instrument used in the study needs to be appropriate for
measuring what is intended [250][252]. A hierarchical decision model has been developed
with objective, criteria, sub-criteria and alternatives. The initial model is based on extensive
literature review. Different technology assessment and strategic planning tools are used to
filter large numbers of market attributes and key components (product and service benefits)
that help to create market attributes.
A small-scale Delphi survey is conducted with known experts to gather feedback on
the model. Based on their advice and feedback the initial model is edited and improved.
Content Validity: The elements in the model are appropriate for assessment. For example,
the Market Attributes and Key Elements are relevant for measuring MDP. Experts familiar
with the subject matter validates the elements to be included in the research [253]. Twentyfour experts from different organizations with diverse background, expertise and
experience participated in validating the different components of the model. The consensus
of 2/3rd majority of the experts on a certain construct is considered as the acceptance
criterion. Any comments provided by the experts are carefully decoded and incorporated
in the model. The initial improved model is finalized based on experts’ validation.
Criteria Validity: The elements in a model or the model itself can be verified from existing
literatures. Research findings are cross checked with other available instruments [254]. To
ensure criteria validity for the relative MDP of technology alternatives, published papers
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and articles on technology alternatives and their performance are reviewed to reinforce the
findings from the research [253]. Also, experts are collaborated with the ranking of the
alternatives and the related weights of comparative factors for analyzing the diffusion
potential of the technology cases. Experts in the relevant field confirms the result to be
representation of reality.
Face Validity: This is a method of checking validity by cursory glance by experts at the
scales, contents or instruments used in a research. This does not involve any statistical
analysis. It is a subjective judgment that helps throughout the research study, but it is not
always accepted as a reliable validity check option [252]. For the present research, experts
are collaborated at different stages of the process by email, in-person, over the phone as
well through zoom and skype.
4.3.3 Reliability of Research
Reliability is a measure of getting the same output each time an experiment is carried
out in different conditions by different individuals. The reliability aspect of a research study
depends on stability, dependability, and repeatability [254] [251]. Consistency is a measure
of data reliability when estimates are obtained from consensus of experts [255]. For the
research, both consistency of individual expert as well as among experts are calculated to
test the reliability of the study. Moreover, reliability depends on selected experts as in
judgment quantification method, expert’s perception decides the relative weights of
elements in the model. A systematic expert selection process has been adopted to ensure
experts with the relevant credential are participating in the study [256].
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4.3.4 Bias in Research
Multicriteria Decision Analysis (MCDA) is susceptible to bias at different stages of the
process. Bias is an intentional or unintentional manipulation of data. Bias can negatively
impact the creditability and reliability of a research [257]. The three stages in MCDA that
are vulnerable to bias are, selecting or validating alternatives and objectives, attributes,
developing desirability curves and allocating weights to attributes [258]. The different
sources of bias are, selection bias (research methodology), investigator bias (researcher’s
perspective), reactive bias (response from experts or participants), response bias (data
collection technique) and confirmation bias (analysis, conclusion, inference)[257] . As
human cognitive skill is not perfect, bias is an inevitable consequence of research study
involving human judgment. Debiasing is an attempt to reduce the impact of bias. The
different remedies for minimizing biases can be trichotomized into prevention (making
sure sources of bias are lessened by adopting the correct instrument, data collection tool,
and selecting the right experts), cure (when bias is detected during the process of data
collection in spite of careful prevention strategies, vacillation and consensus can help
identify and reduce bias), and observation (careful analysis, interpretation and elimination
of bias where possible to impact of creditability in the final output of the study)[258].
4.3.5 Inconsistency and Disagreement of Expert Judgment
4.3.5.1 Inconsistency in Expert Judgment
What is Inconsistency: Inconsistency occurs in the event of the ranking set of alternatives
by pair-wise comparison. Inconsistency surfaces when experts’ judgment lacks logical
reasoning or conflicting views on the preference of other options. Inconsistency may occur
75

due to the intricacy of the decision problem or the constraints on the part of the experts due
to lack of skill, ability, time, intention or preference [259].
There are two different types of inconsistency, Triad Inconsistency, ‘Cyclic
Inconsistency’ and ‘Ordinal Inconsistency’ [260]. Table 16 explains the different
categories of inconsistency with example.
Table 16: Types of Inconsistency in Pairwise Comparison
Inconsistency
Triad Inconsistency

Example
Three letters A, B and C have different values such that,
A > B;

B > C and

C>A

A logical deduction would be, A > C. A disparity to this logic (C
> A) leads to inconsistency or illogical decision and conclusion.
Cyclic Inconsistency

In a game of four groups A, B, C and D
A, wins against B and C;

B, wins against C and D;

D, wins against A
This event is contrary to the logical reasoning that A would win
against D and would lead to ordinally inconsistent comparison.
Cardinal

This type of inconsistency occurs when decision maker fails to

Inconsistency

consider the strength of alternatives in pairwise comparison.
If A = 2B and B = 2C then, A= 4C (aij = aik.akj for all i,j and k
would lead to cardinally consistent comparison) [259]. Contrary
to this fact is when A≠ 4C and leads to cardinal inconsistency.
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How to measure Inconsistency: Inconsistency is measured by mean standard deviation.
The steps in calculation for finding inconsistency is shown in Table 17.
Table 17: Steps in Inconsistency Calculation
Steps
Step 1

Description
Mean of the normalized relative
value of the variable i for the n!

Equation
1

𝑟̅𝑖𝑗 = 𝑛! ∑𝑛!
𝑗=1 𝑟𝑖𝑗 [𝑟𝑖𝑗 = relative value of ith
variable at jth orientation]

orientation.
Step 2

Variance of the normalized
relative value of ith decision

1

2

1

2

i2 = 𝑛! ∑𝑛!
𝑖𝑗 )
𝑗=1( 𝑟𝑖𝑗− 𝑟̅

element.
Step 3

Standard

Deviation

of

the

normalized relative value of ith

i = √𝑛! ∑𝑛!
𝑖𝑗 )
𝑗=1( 𝑟𝑖𝑗− 𝑟̅

decision element.
Step 4

Mean standard deviation of all
the elements in the study gives

1

1

 = 𝑛 ∑𝑛𝑖=1 √𝑛! ∑𝑛!
𝑖𝑗 )
𝑗=1( 𝑟𝑖𝑗− 𝑟̅

2

the inconsistency measure.

What is the effect of Inconsistency: The quality of the research is affected by inconsistency.
Inconsistent judgment would produce different weights of the decision variables by
different ranking methods. This leads to wrong decision and concern about the credibility
of the research method [261] [262].

77

What is the acceptable limit of Inconsistency: According to Dr. Kocaoglu, the acceptable
value of inconsistency should be 0.10 or less irrespective of the number of elements in the
study [263]. Moreover, an inconsistency threshold limit developed by Dr. Abbas, allows
to check the quality of expert judgment when the number of decision variables vary from
3 – 12 within a certain alpha () level.
How to manage Inconsistency: In case of inconsistency beyond the acceptable limit, there
are three probable options to manage.
− Expert is approached to rework on the pairwise comparison to make it more consistent
[264].
− Facilitate consistent judgment by identifying the inconsistent element and asking the
expert to provide best estimate.
− Repeated inconsistency may lead to excluding data provided by an individual expert
[259].
4.3.5.2 Disagreement in Expert Judgment
What is Disagreement: Inconsistency is a discrepancy in logical judgment by an individual
expert, while disagreement is disparity of judgment among experts. Disagreement is
inevitable whenever an expert panel is formed with people from different backgrounds and
skill sets. Disagreement measures the level of consensus and similarity of expert judgment
[265].
How to measure Disagreement: Disagreement Index [263] is a measure to identify
agreement among different experts. Table 18 describes the different steps in calculation of
‘Disagreement’.
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Table 18: Steps in Disagreement Calculation
Steps
Step 1

Description
Mean relative value of the ith

̅𝑟̅𝑖𝑘
̅̅ =

Equation
[ i (no. of elements) =

1

∑𝑛! 𝑟
𝑛! 𝑗=1 𝑖𝑗

element for the kth expert

1, …….., n]
[𝑟𝑖𝑗 = relative value of ith variable at jth
orientation]

Step 2

Mean of the mean relative value of

1

R i = 𝑚 ∑𝑚
𝑟̅𝑖𝑘
̅̅ [k (no of experts) = 1,
𝑘=1 ̅

the ith variable for ‘m’ experts
Step 3

Variance of the mean value for ‘m’

….., m]
1

2 = 𝑚 ∑𝑚
𝑟̅𝑖𝑘
̅̅)2
𝑘=1( 𝑅𝑖− ̅

experts
Step 4

Standard Deviation of the mean of

1

 = √𝑚 ∑𝑚
𝑟̅𝑖𝑘
̅̅)2
𝑘=1( 𝑅𝑖− ̅

the ith decision variable for ‘m’
experts
Step 5

Mean standard deviation for ‘m’

1

1

m = 𝑛 ∑𝑛𝑖=1 √𝑚 ∑𝑚
𝑟̅𝑖𝑘
̅̅)2
𝑘=1( 𝑅𝑖− ̅

experts or “Disagreement”

What is the effect of Disagreement: Disagreement affects the ultimate goal of reaching a
final decision and puts the decision maker in a dilemma [266]. The difference in experts’
opinion gives rise to uncertainty [265]. The disagreement could arise due to vulnerability
at different stages of the research process. Disagreement allows checking if the difference
is a natural outcome of expert diversity or ambiguity in questions or representation in data
[267].
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What is the acceptable limit of Disagreement: The acceptable limit of disagreement
(Standard Deviation of ‘m’ experts) is 0.10 or less [263].
How to Manage Disagreement: Disagreement could be within a panel group or across
different panels. There are several ways to manage disagreement.
− Eliminating the judgment of expert (s) which is in discord to popular views i.e., if 2/3
of the panel members agree on a certain issue.
− Attempt to transform opinion of those who disagree with majority by providing
information and/or clarifying understanding of questions and data by the individual
expert member.
− Accepting the disagreement and including it in the final report with notes on specific
perspective and consideration for such dissension [261].
− In case of a panel that consists of few experts, elimination of judgment of
nonconformist would lead to reasonable decision outcome [265].
Disagreement is a probable derivative in pairwise comparison. There are many
sources of disagreement. Disagreement may occur due to disparity in personality (expert’s
ethics, skill and expertise), judgment (insufficient information), structure (expert’s views
due to position or the organization he/she represents) or semantic (difference in
understanding problems due to terminology and words used in questions). While
disagreement may pose as a weakness in pairwise comparison, analyzing the source of
disagreement may provide useful insight in why the same data has been interpreted
differently, the level of difference in opinion as well as the impact of such divergence on
the outcome of the research [268]. When disagreement is caused due to more than 30% of
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the experts in a panel, a cluster analysis is conducted. Disagreement in different clusters is
accepted when background of experts in a different cluster is distinct. However, when
experts coming from diverge backgrounds have diverging views, a Delphi method is
adopted to understand and reach to a verified consensus [269] [75].
Hierarchical clustering is preferred for small data sets. It helps to identify the different
groups and also, interpretation of disparity among groups. Dendrogram is a widely used
analysis tool that represents the different clusters through a tree diagram. Permutation test
can further confirm the validity of number of clusters [270]. There are many different
algorithms for finding the number of clusters. To run a cluster analysis in XLSTAT, the
dataset is analyzed by Agglomerative Hierarchical Clustering with dissimilarity based on
Euclidean distance. The Dendrogram is read from left to right. Figure 25 shows like
clusters are grouped the earliest. The vertical lines indicate the grouping and the distance
between the clusters [271]. A linkage function uses the dissimilarity to find pairs of
clusters. Both dissimilarity and linkage function determine cluster [272].

Dendrogram
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Figure 25: Dendrogram for Cluster Analysis
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To find if there is a significant disagreement among expert panels, a hypotheses testing
can be conducted. Intra-class Correlation Coefficient (ICCC) is a measure of correlation
within group data set [273]. A null hypotheses H0: ICC = 0 is tested to check disagreement.
If there is no correlation, that would conclude that there is complete disagreement between
experts. On the contrary, rejection of H0 would lead to the acceptance of alternate
hypotheses, H1: not H0, which lead to the conclusion that there is no statistically significant
disagreement between experts. The steps in testing hypotheses are as follows [274]:

1) Finding F ratio from 𝐹 =

𝑀𝑆𝑅
𝑀𝑠𝐸

, where MSR is the predicted mean-squared-anomaly and

MSE is the mean-squared-error.
2) The calculated F ratio is compared to F critical at a certain degree of freedom and
confidence.
Degree of freedom df1 = dfr and df2 = dfe
For the numerator, df1 is related to mean square regression while for the denominator, df2
is the means square residual. Confidence interval is considered to be 95% and above.
3) There is no disagreement if the calculated F value is greater than F critical as we can
reject H0: ICC = 0.
4.3.6 Desirability Curves
Desirability curves or functions are utility or preference curves that helps to evaluate
alternatives against different gradation of factors that affect the ultimate objective. It is the
process of elicitation to gather experts’ view on the of utility or value at different level of
the attributes.
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The research study has twenty key elements that impact the five Market Diffusion
Potential (MDP) of residential EE technologies in various capacity. Metrics are developed
for each of these key elements that would correspond to different levels of MDP or scale
of desirability. For example, one of the key elements in the model is safety. The level of
safety can be expressed by ordinal scale. The desirability curve for safety is intended to see
how increasing level of safety affects MDP. The desirability value of MDP ranges from 0
to 100. The MDP would be 0 or close to 0 when there is no safety while MDP would be
close to 100 with very high safety features of EE technologies [75][269][275][276].
Different types of ordinal and interval scales are used for each of the key elements to create
desirability curves from expert’s judgment. An example of desirability curve is shown in
Figure 26.

Desirability Curve for Consumers' Benefit Market Attribute: Safety

Percentage Diffusion

100.00
80.00
60.00
40.00
20.00
0.00
Not at all Safe

Not very Safe

Somewhat Safe

Quite Safe

Very Safe

Level of Safety

Figure 26: Desirability Curve
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4.3.7 Evaluating Market Diffusion Potential (MDP)
The following steps and calculations are used for evaluating MDP of technology cases:
1) Objective: Compare the Market Diffusion Potential (MDP) of EE technology
alternatives.
2) Criteria: Market Attributes, An that impact the MDP of an EE technology. AnMDP =
Relative importance of nth Market Attribute (Criteria) towards MDP for n = Number of
Market Attributes (1, ---------, N).
3) Sub-criteria: Key Element, Kjn that contributes in developing Market Attribute.
Kn jnMDP = Relative contribution of jnth Key Element towards nth Market Attribute,
jn = Number of Key Elements in respective Market Attribute (jn = 1n,-------, jn)
(n = 1, ---------, N).
th
Relative Value of jnth Key Element, 𝑽𝑲𝑴𝑫𝑷
𝒏 𝒋 𝒏 under the n Market Attribute with respect

to MDP.
𝑁
𝑗
𝑴𝑫𝑷 )
𝑽𝑲𝑴𝑫𝑷
(𝑲𝑴𝑫𝑷
𝒏 𝒋 𝒏 = ∑ ∑(𝑨𝒏
𝒏 𝒋𝒏 )
𝑗=1
𝑛=1

Alternatives: Residential Energy Efficient Technology Alternatives, Ti.
DTi = Desirability Value for the product/service feature corresponding to jnth Key
Element contributing to nth Market Attribute.
The Market Diffusion Potential for a Technology Alternative, Ti,
𝑵

MDPTi = ∑
𝒏=𝟏

𝒋

∑
𝒋=𝟏

(𝑽𝑲𝑴𝑫𝑷
𝒏 𝒋 𝒏 ) (𝑫𝑻𝒊𝒏𝒋𝒏 )
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CHAPTER 5: DEVELOPMENT OF RESEARCH MODEL
This chapter elaborates the different steps in developing the hierarchical decision model
starting from expert panel formulation to finally developing the model before assessing
relative weights of different elements and application of the model. The section describes
the different criteria (Market Attribute), sub criteria (Key Elements) and alternatives
(Technology Cases), background of experts, number of panels, assignment of tasks to each
panel, and process of data collection.

5.1 Expert Panel Formulation

5.1.1 Sampling for Expert Identification
As the purpose of the study is to understand the potential of the market for EE
technologies, qualitative research is adopted. Qualitative research has been successfully
used for assessing policy [277], understanding social impact of community renewable
energy projects [278], evaluating energy practices [279], assessment of wave energy
potential [280] and an assessment of many other alternative technologies. Qualitative
research is a method of delving into an issue of concern. Hence, in qualitative research
sample is selected deliberately to gather most data from “knowledge rich” participants, i.e.,
experts in this study. Mostly, experts in this sort of ‘Purposeful Sampling’ are selected
based on their education, expertise, and experience on the topic of investigation. Also,
experts should be accessible, eager and communicative [281]. There are many kinds of
non-probability sampling. In volunteer sampling, researchers let everyone know about their
research interest and participants respond. Convenient sampling uses respondents who are
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easy to find. In purposeful sampling, participants are selected depending on their
resourcefulness that fits specific objective. Quota sampling selects representative
respondents from each of the different groups of participants. Snowball sampling finds
respondents when one refers others. Matched sampling is used mostly in experiments
where pair samples are required, and Genealogy Based Sampling selects family members
wherever they reside [282]. For the present research, a mixed approach of sampling is used
as shown in Figure 27:

Quota Sampling

Convenient Sampling

Purposeful Sampling

• The research needs
experts with different
skill sets to assess the
potential
from
various perspective.
Several experts from
each quota
(skill
group) are selected
representatively.

• The experts are from
organizations that are
nearby, experts are
known or works in
known organzation
and
willing
to
particpate.

• Among the known
experts, those people
are selected who are
considered to be
'information rich'.

• Personal contact from
project work

• LinkedIn

Snowball Sampling
• Reaching to potential
experts
through
reference from known
experts.

• Judgment

• SNA

Figure 27: Sampling for Expert Identification
5.1.2 Identifying Subject Matter Experts
An abstract for the sequence of steps in finding Subject Matter Experts (SMEs) for the
research is shown in Figure 28. The systematic framework is developed based on the
literature on a study done by US National Research Council. This is very useful for the
research as it guides to the relevant organizations and Subject Matter Experts (SMEs) with
the appropriate positions and background methodically based on the criteria identified at
the top of the HDM [283].
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Customers' Benefit
Technological
Economic
Delivery & Infrastructure
Legal & Institutional

Perspective

Skills needed

Understand consumers' perspective
Sound technical knowledge
Proficient in economic concepts, theories, principles
Industry knowledge and awareness,
Comprehends the Institutional process for the EE industry,
Familiar with legal issues in EE technology diffusion
Users, Utility Representative, Builder, Technical expert,
Academician, Researcher, Manager, Economists, Expert in
other fields with economic insight, CTO, R & D, Product
Development Manager, Policy Analyst, Policy Makers, Policy
Strategist

Positions

Sectors

Professional, Scientific, and Technical Services,
Utility, University, Other Services (except Public
Administration), Public Administration (Federal, State
and Local Gov., Construction, Non-profit organization
promoting EE, Lab, Manufacturing
Energy Trust of Oregon, ODOE, Pacific Power, LBNL,
NWPCC, PGE, PNNL, EPR, NEEA, Bonneville Power
Administration (BPA), CSI, Idaho Power, Construction,
NW Natural, Washington State University, CleaResult,
Vertue lab, PGE (Portland General Electric)

Organizations

Individuals in different organizations
SME

Figure 28: Steps in Identifying Subject Matter Experts (SMEs)
5.1.3 Bibliometrics and Social Networking Analysis
What is Bibliometric Analysis: Bibliometrics is also known as “Scientometrics.”
Bibliometrics is a tool for analyzing publications that include journal articles, proceedings
papers, reviews, book chapters, editorial materials, and others. The analysis uses
quantitative analysis and statistics [284]. Alfred Lotka and Samuel Bradford are considered
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to be the father of the bibliometric method who set the stage by developing techniques to
analyze scholarly publications. Eugene Garfield is credited for further modernizing the tool
by citation analysis and systematic processing.
Application of Bibliometrics: The three areas of bibliometric analysis are methodology
research, scientific disciplines, and science policy [285].
Methodology research: Intended to improve the bibliometric analysis.
Scientific Disciplines: The primary objective is to analyze scientific publication through
different metrics.
Science Policy: The goal is to evaluate productivity. The aim is to make decisions on
resource allocation.
Social Networking Analysis (SNA): SNA was invented more than half a century back to
reinforce the applicability of bibliometric analysis. SNA identifies the relationship
structure of people in communities. SNA uses the data collected through the bibliometric
analysis. The outcomes of the study are articles, citations, co-citation networks,
collaborating authors or institutions [286]. The key metrics are Size (number of people on
the network identified through nodes, their relationships), Cohesiveness (links between
nodes, size of network and distance between network) and Centrality (degree shows the
importance of a node identified by the number of connections and betweenness identifies
the number of unique paths).
Three categories of software are used for SNA [287]:
1.

Data collection – e.g., Spreadsheet software (Excel, UCINet)

2.

Data analysis – e.g., Social network analysis software (Patek, R)
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3.

Data visualization – e.g., Network visualization software (Gephi, Palladio, Cytospace,
NodeXL, Social Network Visualizer)
Some widely used scholarly database are Web of Science, Scopus (Basic Research),

Compendex (Applied Research), and Sumobrain (Patents).
5.1.4 Steps and Issues in Expert Panel Formation
An expert panel is a team of professionals having a different point of view and skill
sets [288]. Subject matter experts are an essential component for building models,
validation, verification, and quantification. Evaluation by experts is a kind of qualitative
research which in many cases prove to be the only option to save the time of lengthy
quantitative research or getting an insight of events or issues or generalization confined to
limited scope [261]. But there are several critical issues (WHO, WHERE, WHICH,
WHAT, HOW) to be considered at different stages of the panel formation process.
Who should be included in the Panel: In many cases, experts are selected based on criteria
laid out by superior authority depending on the objective and nature of the research. In
academic research, mostly, a panel is chosen by the researcher autonomously with a
discussion with supervisor, advisor or through group consensus for the research team.
Whoever selects the experts, a panel needs to comprise of people with know-how
(Expertise),

know-why

(Approach),

know-what

(Experience)

and

know-where

(geography-specific knowledge). Mostly, experts are recognized in the academic or
scientific community [289] [290]. It is crucial that there is a balance of experts with broad
skill sets depending on the various perspectives identified in the research [291] [149].
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Where to find experts for panel: Even if the initial search should be from organization
whose focus and mission fits the area of research and also those which are widely known
and accepted to be at the forefront of EE initiatives, in order to blend different views and
experience, expert should be drawn from different pertinent sectors [291].
Which professional role experts should have: People at different levels of the organization
practice different skills to achieve organization goal. Top-level executives need to exercise
more administrative skill than managers at other levels of the hierarchy. Lower level
management or first line supervisors are assumed to possess technical skills, while middle
management mostly practices human skills [292]. However, depending on the type of
organization, people at different positions may have specific roles and responsibilities
[293]. Professional role of experts can be identified based on the issues to be assessed in
the research and the related skills required.
The research assumes that the Market Diffusion Potential (MDP) of the Energy
Efficient (EE) technologies depend on Consumers’ Benefit, Technological, Economic,
Delivery and Infrastructure, and Legal and Institutional Market Attribute. Hence, multiple
SMEs are needed for validating and quantifying the model. SME are considered to be
people who have in-depth knowledge of the subject matter required for certain research
and known in the respective community[288] [294]. Expert evaluation is vital for
measuring elements that are difficult to quantify in practice. Experts should possess
different sets of skill, experience, expertise, and views. They should be willing to employ
time and effort and have specialized skill as well as recognized official rank or status [295]
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[296][297]. Knowledge of the state-specific system, codes, climate, and recognition as
scientific or professional authority in the respected field is a requirement [298][296].
Moreover, experts should have experience in the assessment process in different projects
[299]. Based on the model, the research needs SMEs in Consumers’ Benefit,
Technological, Economic, Delivery and Infrastructure, and Legal and Institutional Market
Attributes. The probable positions, organizations and required capabilities of SMEs are
illustrated below:
Consumers’ Benefit SMEs: To capture the customers’ perception of EE technology, actual
user, builder or utility representative are considered as SMEs [300] [149].
Technical SMEs: “Domain-specific knowledge.” implies a thorough understanding of a
specific field of knowledge. Manufacturers are aware of the advancement and use of
technologies and drivers and barriers in the market [297]. Technical experts may be people
from industry, academic institutions or national laboratory. Experts from academia can
identify enabling technologies needed for emerging or advancement of contemporary
technologies (Validation) [149]. Industry and faculty experts each provide invaluable
insights with one having specific emphasis while the other has a wider angle of vision.
Managers in industries are found to have a broader array of knowledge that people with
technical and engineering background [297]. Technical experts may possess very specific
technical skill and experience, or a single expert could have expertise in a wide array of
technology [301]. Multi-skilled experts may be able to infuse practical, analytical as well
as process aspects in the assessment.
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Economic SMEs: An economist or expert who is conversant with economic aspects or
assessment process of EE technologies would be able to evaluate the economic feasibility
of the technology [300] [149].
Delivery and Infrastructure SMEs: For Delivery and Infrastructure market assessment, a
Chief Technology Officer, R & D Manager, product development manager or experts
having industry knowledge and awareness and is familiar with the innovation process of
an EE technology would be a much sought after SME [302][300] [149]. Experts should be
knowledgeable about industry structure, Key Performance Indicators (KPI), procedure and
industry policies [303].
Policy SMEs: Legal and institutional market attribute evaluation needs competent policy
analyst, specialists who work in a state, regional or federal organizations with relevant
knowledge and contribute in energy, environment, and economic program, policies,
regulations, and codes [300].
What would be the size of the expert panel and how many panels should be formed: Usually,
the panel formation starts with a long list of potential SMEs [304]. The number of SMEs
in a panel mostly depends on the extent of the project complexity. The panel should be well
poised concerning experts’ skill, experience and expertise considering the different
perspectives in this research. However, in the case of multiskilled experts with a broad
spectrum of knowledge, the number of experts could be compromised. In most projects,
the number of experts in each panel ranges from six to eight [149]. Also, the number of
experts in the panel is contingent on the objective and scope of the research, the
methodology used, information that may be gathered from each SME and the availability
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and use of secondary data [305]. The number of experts in panels from different Ph.D.
dissertation is attached as Appendix D. Expert panels validate and quantify elements in a
decision model.
How to avoid bias in selecting experts for a panel: An incorrect inference from research
due to intentional or unintentional unfairness in collection, organization, and clarification
of data and publication is known as bias [306]. Bias can interfere due to organizational,
panel or individual level expert selection. Some common ways to avoid bias are: Selecting
more than one expert in a particular field, ensuring a certain level of consensus among
experts and choosing an expert with multi-perspective or skill set [307].
A list of expert panels based on SNA is attached as Appendix E.
Moreover, even after finding and selecting the experts with the required skill and
experience, it is necessary to ensure that they’re willing to participate in the research and
also their preferred area of interest in the research.

5.2 Construction of Hierarchical Decision Model (HDM)

The HDM for the research consists of four layers. Based on the conceptual and
theoretical framework, the key elements are identified from extensive literature review
keeping the Customer Value Hierarchy (Figure 6) in perspective. Different key elements
are grouped with the help of the strategic planning tool, STEEPLE (Social, Technological,
Environmental, Economic, Political, Legal, and Economic) as well as the FAB model. The
initial model went through few series of directed evolution. The preliminary model was
sent to a small group of selected experts with the recursive process as in Delphi method.
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Several rounds of circulation led to an improved version of initial model with more relevant
and contemporary customer value components and market attributes as well as better
semantics, improved clarity of terms and most of all a model backed up by practitioners in
the field of study. Also, the experts selected the three EE technology cases to test the model.
The improved model was validated by expert panels. The final model is framed in Figure
29.

Figure 29: Validated Final HDM
5.2.1 Objective
The objective of the research is based on the research motivation and the issues
described in Chapter 2. ‘Market Diffusion Potential’ helps to identify the status quo of a
market regarding its capability to satisfy expectations and experiences of customers
regarding a technology at a certain point in time. The research project has been initiated to

94

develop “A Model to Assess Market Diffusion Potential (MDP) of Residential Energy
Efficient (EE) Technologies in the U.S.”.
5.2.2

Criteria

The criteria level of the model consists of Market Attributes that are considered to be
the most important that the market should be able to concoct for increased diffusion. The
Market Diffusion Potential is assumed to depend on Consumers’ Benefit, Technological,
Economic, Delivery and Infrastructure, and Legal and Institutional attributes. Table 19
describes the attributes in brief.
Table 19: Market Attributes Definition
Market Attributes
Consumers’ Benefit

Definition
The aspects that affects personal gain, satisfy consumers and make users
prefer EE technology [308][309][310].

Technological

Technological Market Attribute encompasses specific technological factors
pertaining to hardware and software that determine the adoption decision of
EE technologies [30].

Economic

Economic Market Attribute implies the economic viability considering total
expenditure during the life span of an EE technology and depends on initial
investment, operation and maintenance as well as disposal cost [311].

Delivery and

Physical and informational facilities and activities for processing and

Infrastructure

distribution of an EE product [312].

Legal and Institutional

Legal potential clarifies legislative measures that have overriding influence
in adoption of EE technologies [313][314].
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5.2.3

Sub-criteria

The sub-criteria in the model are the key components that consist of product/ service
benefits and help to build the respective capability known as market attribute. The key
components in the model are illustrated below in Table 20.
Table 20: Key Component Definition
Consumers’ Benefit Market Attribute
Comfort: Improved physical and mental health inside the building [83] [84][315] using options for
regulating temperature, humidity, lighting or space conditioning [316].
Safety: Safe for people and property during installation, operation and maintenance. No fire hazard, less
CO poisoning [139][149]
Non-energy Benefits (NEBs):

The NEBs include societal benefits and consist of greater image,

contribution in environmental protection, direct and indirect job creation, transmission and distribution
savings, greater value of buildings, etc. are part of utility consumers’ [317][318].
Awareness: Distributors, retailers, designers, electrical contractors and end-users are aware of the energy
efficient technology [129] [149] [140] [319].
Technological Market Attribute
Energy Saving Potential (ESP): Annual energy savings compared to conventional technology [320] [183].
Ease of Installation: "Plug and Play" or in other words it can be installed without customized engineering
and setup is straight forward. Attaching the fixtures, equipment or retrofit is easy [129][139].
Ease of Use: How simply a device can be operated and how easy it is to learn determines ease of use.
Advanced technologies offer greater ease of use for consumers [321][322][323].
Compatibility: The selection of equipment depends on the climate where the building operates. The
performance and value of any component technology depends on the system in which it is embedded [324]
[214].
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Economic Market Attribute
Profitability Index (PI): PI calculates a value for each dollar invested (PI = B/C) [ Where “B” and “C” are
discounted summaries of benefits and costs [325][326].
Levelized Cost of Electricity (LCOE): LCOE is a standardized way of expressing and comparing the
economics of energy efficiency measures. LCOE assumes a certain performance level and economic life.
LCOE is expressed by dollars per kilowatt-hour [327][328].
Payback Period: Payback for an EE technology is the time at which the cumulative savings equal the
cumulative cost[329][330].
Substitutes: Cost of conventional products impacts EE products' diffusion in the market [331]. Cost,
quality and performance of conventional products impacts EE products penetration in the market.
According to Porter’s 5 forces model, the intention to adopt a technology is diminished by availability of
substitutes [332].
Delivery and Infrastructure Market Attribute
Competition: Competition in both between EE equipment as well EE and conventional appliance ensure
price competitiveness and supply[138].
Trade Allies: Independent contractors, equipment manufacturers or distributors as trade allies help to
deliver energy efficiency products and expertise directly to residents and businesses. Sales and
marketing training can enhance sales of EE technologies [333][334].
Accessibility: To make the EE technology available, there needs to be easy access to technology
throughout the distribution channel. Accessibility allows the flow of products, technologies, and
information to all participants [335][336].
Supply Chain: There are many players in the market who participate in manufacturing, delivery and
installation of an EE technology. Diffusion of EE technologies depends on shortening supply chain
dealings for cost-effective management of the product supply chain [337].

97

Legal and Institutional Market Attribute
Codes and Standards: Energy-efficiency standards are a set of procedures and regulations that prescribe
the energy performance of manufactured products, sometimes prohibiting the sale of products that are less
efficient than a minimum level [338].
Incentives: Different forms of inducements help in the uptake of EE technologies. Incentives are devised
to ensure sustainable adoption [78][339].
Energy Price: There are many state policies that regulate the energy price through utilities.
The rates change depending on the program and may affect the diffusion of EE technologies [340] [214].
Labelling: Energy labels enable consumers to make an informed choice at the point of purchase, either
by showing the comparative performance of all appliances (rating labels) or by identifying the best-inclass [341] [277].

5.2.4

Alternatives

Three technology cases are considered for comparing MDP. The three reasons for
choosing these technologies are, preference by experts in different organizations working
in market transformation projects, purpose of use (water heating is the second largest
energy consuming appliance in residence), high energy efficiency and diverse fuel source.
Ductless Heat Pump (DHP) Water Heater: The DHP is a split system water heater that has
two units. The outside unit consists of compressor and condenser. The indoor unit is
comprised of air handler with coils that is usually wall mounted. Some of the common
brands are, Mayekawa, Panasonic, SanCo [342].
Solar Water Heater with Electricity Backup: The solar water heater absorbs light by means
of a collector placed on the roof and converts it into heat. It passes this heat to a water tank
98

by means of a circulating pump. A O Smith, and V Guard are two of the popular brands
[343].
Tankless Gas Water Heater: The heating element in a gas water heater is a gas fired burner.
Water is heated as it flows through the unit. This minimalizes standby heat loss as it does
not store water. Some of the common brands are, Rheem, Rinnai[344].
A sample of the HDM developed by software for quantification is attached as Appendix F.

5.3 Data Collection

5.3.1 Steps in Panel Formation
Experts are identified based on their affiliation, position, knowledge, experience,
understanding and willingness to participate. For experts in academia, publication in peer
reviewed journal is checked to confirm exceptional domain knowledge required for the
study [345]. Working in a particular field gives experts the required testimony for being an
expert. Experts are chosen confirming their years of employment in a certain position or in
an organization. The information is easily available from websites, google search or
LinkedIn profiles. Participation in research in similar field is also an important criterion
and the information is collected by searching in web of science (WoS), Compendex, and/or
Sumobrain.

However, even after choosing and having consent from experts for

participating in the research, the experts needed to comply with the time commitment
communicate clearly [346]. Also, in case of HDM, occasionally, experts were approached
for checking, revision or clarifying their responses to ensure consistency and agreement as
inconsistency and disagreement compromise the quality of the research [297]. Due to
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software availability, it was possible to record and analyze expert views through software.
The record of the SME who completed a survey was updated immediately for reference as
expert were contacted later for purposes mentioned above or for explaining disagreement
among experts taking individual expert’s background, positional and organization into
consideration. Telephone interview, survey through emails as well as through face to face
communication using google hangout and zoom made it easier to explain research
objective, methodology, process and collect useful insight from experts [261]. A map for
expertise and characteristics of experts is shown in Figure 30.

Structure

Knowledge in
Relevant Field

Process

Proof of Knowledge

Outcome

Providing information for the
research

Availability

Able to participate in the research
when needed

Trust

Understanding of Trustworthiness

Independence

Not influenced by others

Figure 30: A Map of Expertise and Characteristics for Experts
Different steps in panel formation are illustrated below in the light of Dr Estep’s
dissertation [275]:
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1) Identifying need of experts (Following steps in Identifying Subject Matter Experts
(SMEs) in Chapter 4) according to research model.
2) Finding experts using quantitative (SNA, bibliometric analysis) and qualitative (using
nonprobability sampling) tools.
3) Sorting experts based on background, position, experience, publications, contributions,
affiliations, award, and other recognitions (as described in Chapter 4).
4) Assigning experts to different panels based on expertise, experience needed for the
criteria and sub-criteria and also depending on experts’ willingness to participate in
specific or all panels.
5) Inviting experts informally.
6) formal invitation and letter of consent after acceptance of informal invitation.
7) Sending survey after receiving consent from experts.
8) Using appropriate communication tool in the form of either email, Qualtrics survey,
HDM software survey, phone, and/or face to face interview.
9) After receiving the completed survey, the response is checked for any discrepancy. In
case of incomplete survey response, unvalidated data or an element in the model having
less than 2/3 majority and/or inconsistency and/or disagreement, the expert is
approached for checking and revision.
10) Delivering thank you note to respective experts upon successful recording of data.
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5.3.2 Expert Panels
Expert panels are formed for model validation, pairwise quantification, desirability
curve formulation, and technology case comparison. A total of 50 (fifty) experts are
distributed in 10 (ten) panels who participated in different tasks at different phases of the
study as listed in Table 21.
Table 21: Expert Panels for Different Tasks
Experts
Panel 1

Delphi Survey ()

Panel 2

Validation ()

Panel 3

Criteria Level Quantification (Market Attributes) ()

Panel 4

Sub-Criteria Level Quantification (Consumers’ Benefit) ()

Panel 5

Sub-Criteria Level Quantification (Technological) (◆)

Panel 6

Sub-Criteria Level Quantification (Economic) (●)

Panel 7

Sub-Criteria Level Quantification (Delivery & Infrastructure) (⧫)

Panel 8

Sub-Criteria Level Quantification (Legal & Institutional) ()

Panel 9

Desirability Curve Validation and Quantification ()

Panel 10

Comparison of Technology Alternatives ()

Tasks

Table 22 shows the allocation of experts to different panels. Experts are assigned to
different panels based on the guideline for choosing experts as laid out in chapter 5,
background, position, experience, organization, and willingness to participate within the
timeline that is needed to complete the survey on time.
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Table 22: Distribution of Experts in Different Panels
Experts

Background

SME 1

Director of Planning & Evaluation

SME 2

SME 7

President
Management & Program Analyst,
Technology Innovation
Deputy Director & Director of Impact
Strategy
CEO
Market Transformation Manager,
Consumer Products
Senior Energy Analyst

SME 8

Energy Engineer

SME 9

SME 11

Former Power Division Director
Energy & Sustainability Program
Manager
Oregon Department of Energy

SME 12

Residential Sector Manager

SME 13
SME 14

President
Evaluation Manager

SME 15

Principal

SME 16

Senior Analyst

SME 17

Building Technology Office, EERE

SME 18

Program Manager

SME 19

Sustainability Specialist

SME 20

Senior Energy Analyst

SME 21

SME 23

Market Policy & Analytics Manager
Manager, Regulatory and Policy
Strategy
Manager, Energy Efficiency

SME 24

Senior Director

SME 25

Senior Technical Energy Manager

SME 26

Senior Vice President Operations

SME 27

Director of Program Services

SME 28

Senior Program Manager

SME 29

Director of Sales
Global Director of Energy Efficiency
and Renewable Energy
Former CTIO
Director Retail Technology Strategy/
Development
Sr. Scientific/Engineering Associate,
Energy Efficiency Standards Group

SME 3
SME 4
SME 5
SME 6

SME 10

SME 22

SME 30
SME 31
SME32
SME 33
SME 34
SME 35
SME 36
SME 37

Economist
Director
Senior Research Engineer, Energy
Efficiency Engineering Team
Operations Manager
Senior Vice President of Research and
Development

SME 41
SME 42
SME 43
SME 44
SME 45
SME 46
SME 47
SME 48
SME 49
SME 50

Program Manager
Senior Manager, Emerging
Technology & Product Management
Product Portfolio Manager, Buildings
Leader, Grids and Renewable Energy
Integration
Program Manager, Energy Efficiency
Emerging Technologies E3T
Principal, Testifying Expert and
Energy Economist
Professor & Energy Studies Building
Lab (ESBL) Director
Principal

P3

P4

P5

P6

P7

P8



◆

●

⧫



⧫














◆

●







◆

●










●




◆
◆
◆




⧫

P9

P10






●
◆

⧫
⧫


◆
⧫






●








●
●

⧫
⧫





































Senior Energy Analyst
Policy Strategist & Industry Foresight
Lead, Enterprise Risk Management

SME 39

P2



Product Strategy Lead
Program Manager

SME 38

SME 40

P1
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A Venn diagram is created to show the participation of experts in different tasks as in
Figure 31.

Figure 31: Venn Diagram showing Participation of Experts in Different Tasks
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CHAPTER 6: RESULTS OF MODEL VALIDATION AND QUANTIFICATION
This chapter shares the results from experts’ validation and pairwise comparison of
market attributes and key components of market attributes and validation and
quantification of desirability curves. All the market attributes and key elements are retained
in the final model from the preliminary model as all the elements were accepted by at least
2/3rd majority of the experts.

6.1 Model Validation

Twenty-four experts from different organizations participated in the validation part of
the study. Sustainability experts and strategists not only from leading energy related
organizations but also from non-energy related establishments validated elements in the
model. Participation of experts from different organizations give greater confidence to
generalize the applicability of the model in different settings for assessing market diffusion
potential of energy efficient technologies.
6.1.1 Criteria: Validation of Market Attributes
The market attributes are accepted by majority of the experts as modeled in Figure 32.
However, experts are cynical about the relative importance of the market attributes and
how they interrelate in actual uptake. For example, economic may be less important if
technical and customers’ benefit are prominent. In fact, the MCDA senses the relative
importance of elements from experts’ judgmental quantification for individual technology
case.
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Validation of Market Attributes
9.09%

Number of Experts

0.00%
18
16
14
12
10
8
6
4
2
0

9.09%

18.18%

9.09%

100%

90.91%

90.91%

90.91%

81.82%

Consumers' Benefit

Technological

Economic

Delivery & Infrastructure

Legal & Institutional

Market Attributes
Yes

No

Figure 32: Validation of Market Attributes
6.1.2 Sub criteria: Validation of Key Components of Market Attributes
6.1.2.1 Validation of Key Components in Consumers’ Benefit Market Attribute
In this key element validation as shown in Figure 33, experts have advised cultural
behavioral aspect to be included as a factor in place of NEBs. As the model is based on
customer value hierarchy, factors that are the most important in creating value to customers
are considered as an element in the model. Also, experts identified safety and comfort to
be non-energy benefits. As explained in chapter 5, there are three categories of non-energy
benefits. Safety and comfort are utility participant benefits while the non-energy benefit is
the societal benefit. Awareness is identified as a key element for delivery and
infrastructure. However, value to customers does not only imply the cost but also the time
required to obtain the product/service. Awareness provides value to consumers by reducing
the time to obtain the technology.
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Number of Experts

Validation of Market Attributes: Consumers' Benefit
25%

25%

5%
17
15
13
11
9
7
5
3
1
-1

20%

100%

Comfort

80%

75%

75%

Safety

Non-energy Benefits

Awareness

Key Components of Market Attribute: Consumer's Benefit
Yes

No

Figure 33: Validation of Key Components of Market Attributes: Consumer’s
Benefit
6.1.2.2 Validation of Key Components in Technological Market Attribute
Most of the experts are in consensus about energy saving potential as a key component
of technology market attribute as represented in Figure 34. However, some of the experts
have expressed concern about the term compatibility and are in favor of replacing to
climate compatibility as compatibility is understood as working well with other
technologies (e.g. controls that cause interference with other systems). The term
‘compatibility’ is further clarified as tentative guideline for metrics to measure
compatibility is included for developing desirability curve for compatibility.
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Validation of Market Attributes: Technological

Number of Experts

25

4.77%

9.53%

9.53%

23.81%

20
15
10

90.47%

95.23%

90.47

Energy Saving Potential

Ease of Installation

76.19%

5
0
Ease of Use

Compatability

Key Components of Market Attribute: Technological
Yes

No

Figure 34: Validation of Key Components of Market Attributes: Technological
6.1.2.3 Validation of Key Components in Economic Market Attribute
In economic market attribute validation as displayed in Figure 35, experts are skeptical
about Profitability Index (PI) and Levelized Cost of Electricity (LCOE). The model is from
the market’s perspective. Hence, to increase the diffusion of residential EE technologies it
is not only the ultimate end users who should derive value from the technology. As
explained in the theoretical framework, market system for EE technology consists of
different actors. The diffusion of the technology is successful when the different market
actors at the supply side also gain benefit from adoption of the technology by customers at
the demand side. As described in Chapter 1, the success of diffusion of EE technology
depend to a large extent on utility adoption of EE programs. Hence, PI and LCOE are
important criteria for diffusion of EE technologies as they ensure utility participation as
well as investment by other stakeholders in the endeavor.

108

Validation of Key Components: Economic

Number of Experts

33.34%
20
18
16
14
12
10
8
6
4
2
0

4.76%

33.34%

14.28%

95.23%
66.67%

Profitability Index

85.71%

66.67%

Levelized Cost

Payback Period

Substitutes

Key Components of Market Attribute: Economic
Yes

No

Figure 35: Validation of Key Components of Market Attributes: Economic
6.1.2.4 Validation of Key Components in Delivery and Infrastructure Market Attribute
Validation of this key component as shown in Figure 36, led to clarification of
accessibility and supply chain. Accessibility is the ultimate outlet from where the product
can be bought. Supply chain involves actors who manufacture, deliver and install EE
technologies and the interaction among them. Competition is not only limited between EE
technologies, but it has a wider market context that includes competition between EE and
non-EE technologies as well.
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Validation of Key Components: Delivery & Infrastructure

Number of Experts

17.65%
17
15
13
11
9
7
5
3
1
-1

82.35%

Competition

5,88%

11.76%

5.88%

94.11%

94.11%

88.23%

Trade Allies

Accessibility

Supply Chain

Key Components of Market Attribute: Delivery & Infrastructure
Yes

No

Figure 36: Validation of Key Components of Market Attributes: Delivery and
Infrastructure
6.1.2.5 Validation of Key Components in Legal and Institutional Market Attribute
In legal and institutional market attribute as represented in Figure 37, experts are
divided not on if energy price should be included as a key component but rather if it should
be a part of economic or legal and institutional market attribute. Domestic natural gas
market is regulated by Federal Energy Regulatory commission. Similarly, there are many
state policies that regulate the electricity price through utilities, for example, Real
Time Pricing, Time-of-use rates, Critical peak pricing, Flat Energy Rate or Tiered Rates.
Those factors are considered as key components under legal and institutional market
attribute that need oversight of some regulatory body or institution. Most experts have
considered labelling to be an integral part of EE technologies and do not consider it to be
an important component of legal and institutional factor. There are many different
categories of labels and the labelling needs to be appropriate to convey the correct message
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to the buyers in order to increase the diffusion.

Number of Experts

Validation of Key Components: Legal and Institutional
30

33.34%

4.17%

29.17%

0.00%

20
10

95.83%

100%

66.67%

70.83%

0
Standards

Energy Price

Incentives

Labelling

Key Components of Market Attribute:Legal and Institutional

Yes

No

Figure 37: Validation of Key Components of Market Attributes: Legal and
Institutional
6.2 Model Quantification

6.2.1 Pairwise Comparison of Market Attributes
Eight experts consisting of planners, entrepreneurs, program analyst, and impact
strategist and market transformation managers are in this panel. Table 23 shows the ranking
of different market attributes after pairwise comparison by experts.
Table 23: Pairwise Comparison of Market Attributes
(MDP)

Consumers’
Benefit

Technological

Economic

Delivery
& Infrastructure

Legal &
Institutional

Inconsistency

SME1
SME2
SME3
SME4
SME5
SME6
SME7
SME9
Mean

0.33
0.11
0.36
0.17
0.23
0.27
0.13
0.04
0.21
0.04
0.36
0.1

0.18
0.35
0.12
0.17
0.21
0.09
0.05
0.25
0.18
0.05
0.35
0.09

0.17
0.27
0.26
0.29
0.28
0.2
0.33
0.17
0.25
0.17
0.33
0.06

0.22
0.09
0.17
0.13
0.16
0.12
0.05
0.34
0.16
0.05
0.34
0.08

0.09
0.18
0.09
0.25
0.12
0.32
0.43
0.19
0.21
0.09
0.43
0.11

0.01
0.02
0.04
0.04
0.01
0.08
0.04
0.01

Minimum
Maximum
Std. Deviation
Disagreement

0.085

111

The inconsistency for each expert and the disagreement among experts are within the
acceptable limit (< 0.10). Economic market attribute has been ranked as the most important
market attribute followed by Consumers’ Benefit and Legal and Institutional Market
Attribute.
6.2.2 Pairwise Comparison of Key Components of Market Attributes
Five different panels with experts from different organizations and different
backgrounds participated in pairwise comparison of key components for each of the five
market attributes.
6.2.2.1 Pairwise Comparison of Key Components in Consumers’ Benefit Market Attribute
Eight experts consisting of program analyst, impact strategist and evaluation managers
participated in comparing the four key components of Consumers’ Benefit market attribute.
Table 24 shows the results from pairwise comparison of key elements in Consumers’
Benefit market attribute.
Table 24: Pairwise Comparison of Key Components in Consumers’ Benefit Market
Attribute
Consumers’
Benefit
SME1
SME8
SME4
SME5
SME6
SME14
SME15
SME7
Mean
Minimum
Maximum
Std. Deviation
Disagreement

Comfort

Safety

0.48
0.31
0.24
0.19
0.34
0.2
0.25
0.34
0.29
0.19
0.48
0.09

0.17
0.42
0.09
0.29
0.19
0.54
0.56
0.08
0.29
0.08
0.56
0.18

Non-energy
benefit
0.31
0.14
0.33
0.22
0.25
0.2
0.06
0.25
0.22
0.06
0.33
0.08

Awareness

Inconsistency

0.04
0.14
0.35
0.31
0.22
0.07
0.14
0.33
0.2
0.04
0.35
0.11

0.02
0.03
0
0.01
0.04
0.04
0
0

0.117
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The inconsistency for each expert is within acceptable limit (< 0.10). However, the
disagreement among experts is 0.117 which is above the acceptable limit. Comfort and
safety are ranked equally important key components for Consumers’ Benefit market
attribute.
Hierarchical cluster analysis is used to find the different groups with dissimilar views.
The dendrogram in Figure 38 shows clusters in P4 (Panel four).

Dendrogram
0.35

Observation
SME1
SME8
SME4
SME5
SME6
SME14
SME15
SME7

Dissimilarity

0.3
0.25
0.2
0.15
0.1
0.05

Class
1
2
3
3
3
2
2
3

C3

C1

C2

0

Figure 38: Dendrogram for Consumers’ Benefit Market Attribute
The three clusters are analyzed based on experts in each group. Cluster 3 has the most
experts and a background check shows that they all come from different organizations but
hold senior positions for a long time and mostly energy analysts and strategists. Cluster 2
has experts who also come from different organizations but have years of experience in EE
projects. In cluster 1 the only expert has 15 years of experience in energy efficiency
program planning and evaluation consulting while another 18 years of experience in
planning and evaluation of energy efficiency programs. The disagreement is acceptable as
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in each cluster there is a consensus of opinion and experts are of similar background which
is a criterion of acceptance for disagreement as discussed in chapter 4 [269].
6.2.2.2 Pairwise Comparison of Key Components in Technological Market Attribute
Eight experts consisting of analysts, strategists, engineers and sustainability program
managers participated in comparing the four key components of Technological market
attribute. Table 25 shows the result from pairwise comparison of key elements in
Technological market attribute.
Table 25: Pairwise Comparison of Key Components in Technological Market
Attribute
Technological

SME10
SME1
SME8
SME4
SME5
SME12
SME6
SME7
Mean
Minimum
Maximum
Std. Deviation
Disagreement

Energy
Saving
Potential
0.15
0.32
0.27
0.31
0.25
0.31
0.06
0.24
0.24
0.06
0.32
0.08

Ease of
Installation

Ease of
Use

Compatibility

Inconsistency

0.08
0.19
0.25
0.24
0.23
0.16
0.17
0.26
0.2
0.08
0.26
0.06

0.33
0.22
0.3
0.14
0.35
0.36
0.11
0.15
0.25
0.11
0.36
0.1

0.44
0.27
0.18
0.31
0.17
0.17
0.65
0.35
0.32
0.17
0.65
0.15

0.05
0.01
0
0
0.03
0.05
0.03
0

0.094

The inconsistency for each expert and the disagreement among experts are within the
acceptable limit (< 0.10). Compatibility in different climate zone is considered to be the
most important component in Technological market attribute followed ease of use and
energy saving potential.
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6.2.2.3 Pairwise Comparison of Key Components in Economic Market Attribute
Seven experts consisting of few of the experts in other panels as well as expert in power
division and building technology office participated in comparing the four key components
of Economic market attribute. Table 26 shows the result from pairwise comparison of key
elements in Economic market attribute.
Table 26: Pairwise Comparison of Key Components in Economic Market Attribute
Economic
SME1
SME4
SME16
SME5
SME6
SME14
SME9
Mean
Minimum
Maximum
Std. Deviation
Disagreement

Profitability
Index
0.21
0.25
0.13
0.16
0.08
0.32
0.44
0.23
0.08
0.44
0.11

Levelized
Cost
0.14
0.39
0.47
0.29
0.15
0.04
0.11
0.23
0.04
0.47
0.15

Payback
Period
0.32
0.25
0.23
0.35
0.19
0.32
0.25
0.27
0.19
0.35
0.05

Substitutes

Inconsistency

0.32
0.1
0.17
0.2
0.58
0.32
0.2
0.27
0.1
0.58
0.15

0
0
0
0.01
0.01
0
0.05

0.115

The inconsistency for each expert is within acceptable limit (< 0.10). However, the
disagreement among experts is 0.115 which is above the acceptable limit. Payback period
and substitutes are ranked equally important key components for Economic market
attribute.
Hierarchical cluster analysis is used to find the different groups with dissimilar views.
The dendrogram in Figure 39 shows the clusters in P6 (Panel six).
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Figure 39: Dendrogram for Economic Market Attribute
There are four clusters in the panel. There are three experts in cluster 1. Experts in
cluster 1 are from different organizations but have similar expertise. All of the experts are
involved in planning, evaluation and management of EE programs and projects. The two
experts in Cluster 2 are analysts who come from different organizations. Cluster 3 and
cluster 4 each has only one expert who work in different organizations, different expertise,
experience and backgrounds. The disagreement is accepted as experts in each cluster has
similar backgrounds [269].
6.2.2.4 Pairwise Comparison of Key Components in Delivery and Infrastructure Market
Attribute
Eight experts consisting of few of the experts in other panels and mostly in
entrepreneurial position participated in comparing the four key components of delivery and
infrastructure market attribute. Table 27 shows the results of pairwise comparison of key
elements in Delivery and Infrastructure market attribute.

116

Table 27: Pairwise Comparison of Key Components in Delivery & Infrastructure
Market Attribute
Delivery &
Infrastructure
SME13
SME10
SME1
SME18
SME4
SME16
SME6
SME9
Mean
Minimum
Maximum
Std. Deviation
Disagreement

Competition
0.19
0.24
0.14
0.14
0.15
0.34
0.29
0.09
0.2
0.09
0.34
0.08

Trade
Allies
0.46
0.07
0.21
0.39
0.18
0.38
0.13
0.38
0.28
0.07
0.46
0.14

Accessibility
0.19
0.61
0.36
0.19
0.52
0.11
0.28
0.2
0.31
0.11
0.61
0.17

Supply
Chain
0.16
0.08
0.29
0.28
0.15
0.16
0.29
0.34
0.22
0.08
0.34
0.09

Inconsistency
0.02
0.05
0
0.02
0.01
0
0
0.01

0.116

The inconsistency for each expert is within acceptable limit (< 0.10). However, the
disagreement among experts is 0.116 which is above the acceptable limit. Accessibility
and Trade Allies are assessed to be most important key components for Delivery and
Infrastructure market attribute.
Hierarchical cluster analysis is used to find the different groups with dissimilar views.
The dendrogram in Figure 40 shows the clusters in P7 (Panel seven).
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Figure 40: Dendrogram for Delivery & Infrastructure Market Attribute
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There are three clusters in the panel. There are two experts in each of cluster 1 and 2. While
4 experts in cluster 3. Experts in cluster 3 have almost same backgrounds while two of the
experts are from the same organization. Experts in cluster 1 are from similar organizations
that work on market transformation. Experts in cluster 2 are both entrepreneurs. Hence,
based on criteria discussed in chapter 4 the disagreement is accepted [269].
6.2.2.5 Pairwise Comparison of Key Components in Legal and Institutional Market
Attribute
Seven experts consisting of few of the experts in other panels as well as expert in
residential sector energy management as well as energy modelling participated in
comparing the four key components of legal and institutional market attribute. Table 28
shows the result from pairwise comparison of key elements in Legal and Institutional
market attribute.
Table 28: Pairwise Comparison of Key Components in Legal & Institutional Market
Attribute
Legal &
Institutional
SME13
SME1
SME4
SME5
SME12
SME6
SME11
Mean
Minimum
1Maximum
Std. Deviation
Disagreement

Standards
0.5
0.27
0.52
0.18
0.29
0.42
0.54
0.39
0.18
0.54
0.13

Energy
Price
0.14
0.06
0.1
0.27
0.21
0.17
0.28
0.18
0.06
0.28
0.08

Incentives

Labelling

Inconsistency

0.31
0.16
0.32
0.36
0.36
0.28
0.06
0.26
0.06
0.36
0.1

0.05
0.51
0.06
0.19
0.15
0.13
0.13
0.17
0.05
0.51
0.14

0.02
0.01
0
0.01
0.07
0.02
0.04

0.106

118

The inconsistency for each expert and the disagreement among experts are within the
acceptable limit (< 0.10). Codes and Standards and Incentives are considered to be the most
important component in Delivery and Infrastructure market attribute.

6.3 Weights of Elements in HDM Model

The final relative weights of market attributes and global relative value of key
components are shown in Table 29 while Figure 41 captures the final HDM with relative
weights. Economic market attribute is considered to be the most important criteria for
diffusion of residential EE technologies. Consumers’ Benefit and Legal and Institutional
are next two attributes that are assessed to be equally important for EE technology diffusion
in residential buildings. Codes and Standards have been identified as the most important
contributor for diffusion followed by payback period and substitutes. When individual
market attributes are analyzed, it shows that Comfort and Safety are the most important
key components for Consumers’ Benefit market attribute, Compatibility and Ease of Use
are the main contributors for Technological Market Attribute,

Payback Period and

Substitutes are the leading factors for Economic Market Attribute, Accessibility and Trade
Allies are the top elements for Delivery and Infrastructure Market Attribute and Codes &
Standards and Incentives are the foremost components of Legal and Institutional Market
Attribute.
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Table 29: Final Weights in HDM
Market
Attributes

Relative
Value

Consumer's
Benefit

0.21

Technological

0.18

Economic

0.25

Delivery &
Infrastructure

0.16

Legal &
Institutional

0.21

Key Components of
Market Attributes
Comfort
Safety
Non-energy Benefits
Awareness
Energy Saving Potential
Ease of Installation
Ease of Use
Compatibility
Profitability Index (PI)
Levelized Cost
Payback Period
Substitutes
Competition
Trade Allies
Accessibility
Supply Chain
Codes & Standards
Energy Price
Incentive
Labelling

Local Value of
Key Components
0.29
0.29
0.22
0.20
0.24
0.20
0.25
0.32
0.23
0.23
0.27
0.27
0.20
0.28
0.31
0.22
0.39
0.18
0.26
0.17

Global Value of
Key Components
0.061
0.061
0.046
0.042
0.043
0.036
0.045
0.058
0.058
0.058
0.068
0.068
0.032
0.045
0.050
0.035
0.082
0.038
0.055
0.036

Figure 41: Final Weights in HDM
Triangulation method is used to confirm the results from the study. The method is used
to increase confidence in the findings through the confirmation of the result from two
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or more independent sources [347]. As part of the triangulation method, the final result has
been shared with experts who find it to be a reflection of reality with economic aspect being
the greatest deterrent in diffusion as well as they completely agree that the model correctly
captures the influence of Codes and Standards in diffusion of EE technologies.
The result has also been cross checked with findings in different literatures which is
consistent.

6.4 Desirability Curves

Desirability value for a technology alternative is derived from desirability curves based
on expert’s judgment of percentage diffusion over the range of units specified for each key
element pertaining to a certain market attribute. Desirability values are used to calculate
and compare Market Diffusion Potential (MDP) of candidate technologies. Likert scale is
used for each key element. Moreover, a guideline on metrics for each key element is
provided for applicability and generalizability of the model.
6.4.1 Desirability Curves for Key Components of Consumers’ Benefit Market Attribute
Consumers’ Benefit market attribute ensures intangible product/service benefits for
customers. Four components of Consumer's’ Benefit Market Attribute are, Comfort,
Safety, Non-energy Benefits (NEBs) and Awareness.
6.4.1.1 Desirability Curve for Comfort
Comfort is an essential element for living as people spend a considerable amount of
time inside buildings. Some of the parameters for Indoor Environment Quality (IEA) are
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thermal comfort, visual comfort, indoor air quality and acoustical quality. The level of
comfort can be classified based on the physical parameters and human physiology. A
tentative guideline on metrics for measuring level of comfort is listed in Table 30 [159].
Figure 42 shows how the level of comfort affects the diffusion of residential EE
technologies.
Table 30: A Tentative Guideline on Metrics for Measuring Level of Comfort
Not at all
comfortable
Aesthetic

Not very
comfortable
Aesthetic +
Visual

Somewhat
comfortable
Aesthetic + Visual
+ Acoustical

Quite
comfortable
Aesthetic +
Visual +
Acoustical Air +
Quality

Aesthetic
Interior design
(Size, layout,
color, greenery)

Visual
Aspects such as
view, illuminance,
and reflection

Acoustical
Control of
unwanted noise,
vibrations, and
reverberations

Air Quality
Smells, irritants,
outdoor air, and
ventilation

Very
comfortable
Aesthetic +
Visual +
Acoustical + Air
Quality +
Temperature
Temperature
Air velocity,
humidity, and
temperature

Desirability Curve for Consumers' Benefit Market Attribute: Comfort

Percentage Diffusion

100.00
80.00
60.00
40.00
20.00
0.00

Not at all Comfortable

Not very Comfortable

Somewhat Comfortable

Quite Comfortable

Very Comfortable

Level of Comfort

Figure 42: Desirability Curve for Comfort
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6.4.1.2 Desirability Curve for Safety
Safety hazard is an important aspect while choosing household appliances. HUD’s
Healthy Homes Rating System (HHRS) uses scoring values developed in England. The
HHRS is categorized in accordance with the American Academy of Public Health’s 1938
publication entitled, “Healthful Principles of a Home.” Table 31 provides A tentative
guideline on metrics for measuring level of safety using the different categories of health
hazards and the levels of safety derived from appliances [348][349]. Figure 43 shows how
the level of safety affects the diffusion of residential EE technologies.
Table 31: A Tentative Guideline on Metrics for Measuring Level of Safety
Not at all Safe
Not very Safe
Somewhat Safe
Quite Safe
Very Safe
Cannot prevent
Prevents
Prevents
Prevents
Prevents
Physiological,
Physiological
Physiological and
Physiological,
Physiological,
Psychological,
hazards
Psychological
Psychological and
Psychological,
Infection and
hazards
Infection hazards
Infection and
Safety hazards
Safety hazards
Physiological
Psychological
Infection
Safety
1. Dampness & Mold
11 Crowding and
15. Domestic
19. Falls in baths etc.
Growth
Space
Hygiene,
12. Entry by
Pests, and Refuse 20. Falls on the level
2. Excess Cold
21. Falls on stairs etc.
Intruders
16. Food Safety
3. Excess Heat
22. Falls from
13. Lighting
17. Personal
4. Asbestos and manmade fibers
windows etc.
Hygiene
14. Noise
5. Biocides
18. Water Supply 23. Electrical hazards
6. Carbon Monoxide
24. Fire hazards
7. Lead-based paint

25. Hot surfaces etc.

8. Radiation

26. Collision/Entrapment

9. Un-combusted fuel

27. Ergonomics

10. Volatile organic compounds

28. Explosions
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100.00
80.00
60.00
40.00
20.00
0.00
Not at all Safe

Not very Safe

Somewhat Safe

Quite Safe

Very Safe

Level of Safety

Figure 43: Desirability Curve for Safety
6.4.1.3 Desirability Curve for Non-energy Benefits (NEBs)
There are three categories of NEBs, utility, participant and societal NEBs. Benefits
derived by utilities due to diffusion of EE technologies are known as utility NEBs.
Participant NEBs are enjoyed by utility customers. Safety and comfort are part of
participant NEBs. However, the NEBs in this section consider societal benefit from EE
technologies. A tentative guideline on metrics for measuring level of NEBs is described in
Table 32. Figure 44 shows how the level of NEBs affect the diffusion of residential EE
technologies.
Table 32: A Tentative Guideline on Metrics for Measuring Level of NEBs
No Benefits

No benefits in
Greater image,
increased Property
Values, cost
savings in
Operations and
maintenance or
benefits to low
income customers.

Barely
Detectable
Benefits
Greater Image

Moderately
Detectable
Benefits
Greater Image +
Increased Property
Value

Strongly
Detectable
Benefits
Greater Image +
Increased Property
Value + Savings
in Operations and
maintenance

Very Strongly
Detectable
Benefits
Greater Image +
Increased Property
Value + Savings
in Operations and
maintenance +
Benefits for low
income people
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100.00
80.00
60.00
40.00
20.00
0.00

No Benefits

Barely Detectable
Benefits

Moderately Detectable
Benefits

Strongly Detectable
Benefits

Very Strongly
Detectable Benefits

Level of Non-energy Benefits

Figure 44: Desirability Curve for Non-energy Benefits
6.4.1.4 Desirability Curve for Awareness
The market players need to be aware about EE technologies. Identifying the level of
awareness among different members of the supply chain helps to recognize barriers and
take necessary actions. Table 33 highlights a tentative guideline on metrics for measuring
level of awareness [336]. Figure 45 shows how the level of awareness affects diffusion of
residential EE technologies.
Table 33: A Tentative Guideline on Metrics for Measuring Level of Awareness
No Awareness
Only Material and
Equipment
Supplier are aware
about EE
Technology

Very Low
Awareness
Material and
Equipment
Supplier + Capital
Providers are
aware about EE
Technology

Low Awareness

High Awareness

Material and
Equipment
Supplier + Capital
Providers + Local
Authorities are
aware about EE
Technology

Material and
Equipment
Supplier + Capital
Providers + Local
Authorities +
Developers
(Contractors+
Engineers+
Designers)

Very High
Awareness
Material and
Equipment
Supplier + Capital
Providers + Local
Authorities +
Developers
(Contractors +
Engineers+
Designers) are
aware + Owner
and Users are
aware about EE
Technology
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100.00
80.00
60.00
40.00
20.00
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No Awareness

Very Low
Awareness

Low Awareness

High Awareness

Very High
Awareness

Level of Awareness

Figure 45: Desirability Curve for Awareness
6.4.2 Desirability Curves for Key Components of Technological Market Attribute
Technological market attribute considers hardware and software of the technology and
is delivered through the EE technology’s Energy Saving Potential, Ease of Installation,
Ease of Use and Compatibility.
6.4.2.1 Desirability Curve for Energy Saving Potential (ESP)
Residential EE technologies have different levels of energy saving potential. According
to Navigant study, by the year 2033 lighting and water heating have the prospect of saving
58% electric energy while heating and appliance measures can save 8% and 9% energy,
cost-effectively. Table 34 lists the technical energy saving potential by different appliances
as a tentative guideline on metrics for measuring levels of energy saving potential in
quad/yr. (Appendix G) [350] while Figure 46 shows how the energy saving potential
affects the diffusion of residential EE technologies.
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Table 34: A Tentative Guideline on Metrics for Measuring Level of Energy Saving
Potential
Very Low
Energy Saving
Potential
0.1 < ESP <0.2

Low Energy
Saving Potential
0.2 < ESP <0.3

Moderate
Energy Saving
Potential
0.3 < ESP <0.4

High Energy
Saving Potential
0.4 < ESP <0.5

Very High
Energy Saving
Potential
ESP >0.5

Percentage Diffusion

Desirability Curve for Technological Market Attribute: Energy Saving Potential
100.00
80.00
60.00
40.00
20.00
0.00
Very Low Energy Low Energy Saving Moderate Energy High Energy Saving Very High Energy
Saving Potential
Potential
saving Potential
Potential
Saving Potential

Level of Energy Saving Potential

Figure 46: Desirability Curve for Energy Saving Potential
6.4.2.2 Desirability Curve for Ease of Installation
Ease of installation is a compelling factor for the adoption of EE technologies by users.
The ease of installation is based on the complexity of work while adapting to different
standards, size or shape and time needed [351]. Table 35 provides a tentative guideline on
metrics for measuring levels of ease in installation work while Figure 47 shows how the
ease of installation affects the diffusion of residential EE technologies.
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Table 35: A Tentative Guideline on Metrics for Measuring Level of Ease of
Installation
Major work by
Installers
Moderate to
extensive
assembly;
Extensive
Installation that
requires technical
expertise.

Moderate work
by installers
Minor to
moderate
assembly.
Installation
requires technical
expertise.

Minor work by
installers
Moderate
Difficulty Moderate
assembly and
installation.
Extensive
instructions, and
extensive
installation to
existing shelving
or other existing
equipment.

Minimum work
by installers
Minor assembly
and minor
installation;
Installations
typically bolt into
existing shelving
or equipment.

Installed by
DIYers
Easy to minor
assembly; no
installation
required.

Percentage Diffusion

Desirability Curve for Technological Market Attribute: Ease of Installation
100.00
80.00
60.00
40.00
20.00
0.00
Major work by
installers

Moderate work by
installers

Minor work by
installers

Minimum work by Installed by DIYers
installers

Level of Ease of Installation

Figure 47: Desirability Curve for Ease of Installation
6.4.2.3 Desirability Curve for Ease of Use
How merely a device can be operated and how easy is to learn determines ease of use
[321][322]. A tentative guideline on metrics for measuring level of ease of use based on
increasing distance from the device and less use of motor skills is described in Table 36
[352]. Figure 48 shows how the level of ease of use affects the diffusion of residential EE
technologies.
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Table 36: A Tentative Guideline on Metrics for Measuring Level of Ease of Use
Not at all Easy to
Use
Button switch

Somewhat Easy
to Use
Remote control

option

Quite Easy to
Use
Automation via

Very Easy to Use
Devices controlled

Extremely Easy
to Use
Voice
activated

Bluetooth 4.0

by smartphone

device

enabled iPhone,
iPad, iPad mini or
iPod
Devices are

Remotes are used

Bluetooth can

The smartphone is

The GSM network

operated manually

that

operates

communicate with

used as a remote

can be used to

by pressing or

devices

from

devices from a

control

control

pushing buttons.

distance of up to

distance of

devices

All the available

30 feet and uses

roughly 10 meters.

turned off or on

Voice command is

options need to be

Infrared

A Smartphone,

from

outdoor.

given through a

controlled by

LEDs

tablet or a

Devices

can

mobile

moving close to

2014).

personal computer

controlled

the keys near or in

can be

the consumer is

command

the device

manipulated to

outside

home.

translated into text

(Fernandes and

control EE

While in the office

and moves it to the

Padma 2014).

appliances in

or on the way by

GSM

residential

car using mobile

This

buildings without

cellular networks

requires minimum

the Internet

such as 3G or 4G,

motor skill, cheap,

controllability

the device can be

suitable for seniors

(José

controlled

and

2015)(Rajeev

(Nichols

Piyare 2013).

Myers

required

2006)(Rajeev

Beg, and Fahad

Piyare 2013).

Khan 2012).

a

with
(Nejakar

and
can

be

be

when

and

from

devices
far

away.

application.

The
is

network.
option

no

wired

communications
(Baig,

129

Percentage of Diffusion

Desirability Curve for Technological Market Attribute: Ease of Installation
120.00
100.00
80.00
60.00
40.00
20.00
0.00
Not at all easy to Somewhat easy to Quite easy to use
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Very easy to use

Extremely easy to
use
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Figure 48: Desirability Curve for Ease of Use
6.4.2.4 Desirability Curve for Compatibility
Climate affects the performance of EE technologies [353]. ASHRAE (American
Society of Heating, Refrigerating and Air-Conditioning Engineers) has divided the states
into different climate zones based on temperature and moisture. A tentative guideline on
metrics for measuring compatibility is highlighted in Table 37 [354] while Figure 49 shows
how compatibility affects the diffusion of residential EE technologies.
Table 37: A Tentative Guideline on Metrics for Measuring Level of Compatibility
Compatibility in one
climate zone
Zone 1
Climate Zone 1
Very Hot

Hot

Compatibility in few
climate zones
Zone 1, 2
Climate Zone 2
Warm

Mixed

Compatibility in some
climate zones
Zone 1,2,3
Climate Zone 3
Cool

Cold

Compatibility in all
climate zones
Zone 1,2,3,4
Climate Zone 4
Very Cold

Subarctic
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100.00
80.00
60.00
40.00
20.00
0.00
Compatible in one
climate zones

Compatible in few
climate zones

Compatible in some
climate zones

Compatible in all
climate zones

Level of Compatibility

Figure 49: Desirability Curve for Compatibility
6.4.3 Desirability Curves for Key Components of Economic Market Attribute
Economic market attribute is determined by Profitability Index (PI), Levelized Cost of
Electricity (LCOE), Payback Period and Substitutes.
6.4.3.1 Desirability Curve for Profitability Index (PI)
Profitability Index (PI) helps to decide investment on attractive residential EE
programs. Based on data from literature on energy efficiency projects with Profitability
Indices, Table 38 provides a tentative guideline on metrics for measuring level of PI for
residential EE projects based on a study (Appendix H) and Figure 50 shows how the values
of PI affect the diffusion of residential EE technologies [355].
Table 38: A Tentative Guideline on Metrics for Measuring Level of Profitability
Index (PI)
Very Low or negative
Profitability Index
PI< 0

Low Profitability
Index
0 < PI < 1

High Profitability
Index
1< PI < 2

Very High
Profitability Index
PI > 2
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Desirability Curve for Economic Market Attribute: Profitability Index (PI)

Percentage Diffusion

100.00
80.00
60.00
40.00
20.00
0.00
Very Low or Negative PI

Low PI

High PI

Very High PI

Value of Profitability Index

Figure 50: Desirability Curve for Profitability Index (PI)
6.4.3.2 Desirability Curve for Levelized Cost of Electricity (LCOE)
Lazard has confirmed that EE is the lowest cost investment based on levelized costs
of electricity (Appendix I)[356]. Table 39 describes a tentative guideline on metrics for
measuring LCOE and Figure 51 shows how LCOE affects the diffusion of residential EE
technologies.
Table 39: A Tentative Guideline on Metrics for Measuring Level of LCOE
Very Low LCOE
0 ȼ / kwhr < LCOE <
1ȼ/kwhr

Low LCOE
1 ȼ / kwhr < LCOE <
2ȼ/kwhr

High LCOE
2 ȼ / kwhr < LCOE <
3ȼ/kwhr

Very High LCOE
3ȼ / kwhr < LCOE <
4ȼ/kwhr
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100.00
80.00
60.00
40.00
20.00
0.00
Very High LCOE

High LCOE

Low LCOE

Very Low LCOE

Value of LCOE

Figure 51: Desirability Curve for Levelized Cost of Electricity (LCOE)
6.4.3.3 Desirability Curve for Payback Period
Payback period of energy efficient technologies ranges from 0.9 years to 55 years
(Appendix J) [357]. A tentative guideline on metrics for measuring payback period is listed
in Table 40 and Figure 52 shows how payback period affects the diffusion of residential
EE technologies.
Table 40: A Tentative Guideline on Metrics for Measuring Level of Payback Period
Very High Payback
Period
Payback Period > 12

High Payback Period

Low Payback Period

8 < PI < 12

4 < PI < 8

Very Low Payback
Period
1 < Payback Period < 4
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80.00
60.00
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20.00
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High

Low

Very Low

Time of Payback Period

Figure 52: Desirability Curve for Payback Period
6.4.3.4 Desirability Curve for Substitutes
Substitute is recognized as a powerful barrier in Porter’s five forces for adoption of
technologies [358][359]. Table 41 highlights a tentative guideline on metrics for measuring
the impact of substitutes and Figure 53 shows how impact of substitutes affects the
diffusion of residential EE technologies.
Table 41: A Tentative Guideline on Metrics for Measuring Level of Impact of
Substitutes
Very Low Impact of
Substitute
High Cost and Low

Low Impact of
Substitute
High Cost and High

High Impact of
Substitute
Low Cost and Low

Very High Impact of
Substitute
Low Cost and High

Quality of Substitute

Quality of Substitute

Quality of Substitute

Quality of Substitute

immensely facilitates EE

somewhat facilitates EE

somewhat hinders

immensely hinders

technology diffusion

technology diffusion

diffusion of EE

diffusion of EE

technologies

technologies
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Figure 53: Desirability Curve for Substitutes
6.4.4 Desirability Curves for Key Components of Delivery and Infrastructure Market
Attribute
Components of the Delivery and Infrastructure market attribute are Competition, Trade
Allies, Accessibility and Supply Chain.
6.4.4.1 Desirability Curve for Competition
Competition in the market ensures supply and product variety and keeps cost in check.
Based on the number of sellers and respective power on regulating price there could be
several structures [360][361]. Table 42 categorizes the level of competition as a tentative
guideline on metrics for measuring level of competition while Figure 54 shows how the
level of competition affects the diffusion of residential EE.
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Table 42: A Tentative Guideline on Metrics for Measuring Level of Competition
No Competition
Pure Monopoly
(one seller)

Low
Competition
Duopoly (two
sellers)

Moderate
Competition
Oligopoly (few
sellers)

High
Competition
Monopolistic
competition
(many sellers)

Very High
Competition
Perfect
Competition
(Numerous
sellers)

Percentage Diffusion

Desirability Curve for Delivery and Infrastructure Market Attribute: Competition
100
80
60
40
20
0
No Competition

Low Competition

Moderate
Competition

High Competition

Very High
Competition

Level of Competition

Figure 54: Desirability Curve for Competition
6.4.4.3 Desirability Curve for Trade Allies
Being at the frontline in delivering EE technologies to customers, the diffusion of EE
technologies depends to a large extent on the effectiveness of trade allies. Table 43
describes the various factors that are important in deriving trade ally support for increasing
the diffusion of EE technologies as a tentative guideline on metrics for measuring impact
of trade allies [333] while Figure 55 shows how the impact of trade allies affects diffusion
of residential EE technologies.
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Table 43: A Tentative Guideline on Metrics for Measuring Level of Impact of Trade
Allies
Very Low Impact
of Trade Allies

Low Impact of
Trade Allies

Moderate Impact
of Trade Allies

High Impact of
Trade Allies

Unengaged +
Unaware +
Unequipped +
Without
Incentives
Unengaged
Trade Allies who
have not signed up
for a particular
Utility Program

Engaged +
Unaware +
Unequipped +
Without
Incentives
Engaged
Trade Allies who
sign up for a
particular Utility
Program

Engaged +
Aware +
Unequipped +
Without
Incentives
Aware
Thrade
Ally
knows about the
objective oof the
utility program

Engaged +
Aware +
Equipped +
Without
Incentives
Equipped
Providing program
support,
sales
coaching,
and
technical coaching
through
regular
contact with an
outreach
professional can
give trade allies
the tools to be
effective
ambassadors for
DSM programs. in
terms of business
skills, sales skills,
and
technical
content.

Very High
Impact of Trade
Allies
Engaged +
Aware +
Equipped + Get
Incentives
Incentives
Recognized and
Rewarding
for
actions by Trade
Allies
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Figure 55: Desirability Curve for Trade Allies
6.4.4.3 Desirability Curve for Accessibility
Distribution channel is a strategic decision as easy availability of an EE technology
product affects its diffusion. Table 44 lists the intermediaries with increasing accessibility
as a tentative guideline on metrics for measuring level of accessibility and Figure 56 shows
the how increased accessibility affect the diffusion of residential EE technologies [362].
Table 44: A Tentative Guideline on Metrics for Measuring Level of Accessibility
Very Low
Accessibility
Highly selective,
or direct sale to
customers (only
one wholesaler,
retailer or
distributor)

Low Accessibility
Considerable
selectivity (more
than only one
wholesaler,
retailer or
distributor)

Moderate
Accessibility
Some selectivity
(products sold few
number of outlets)

High
Accessibility
Moderately
intensive
(products are sold
in different
outlets, within
certain categories)

Very High
Accessibility
Intensive
(consumers
encounter the
product
everywhere)
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Figure 56: Desirability Curve for Accessibility
6.4.4.4 Desirability Curve for Supply Chain
Supply Chain for EE technologies depends on diffusion of tangible and intangible
resources in the form of information, finance and materials. Managing the supply chain for
diffusion of EE technology depends on reducing the cost. Table 45 shows the range of
supply chain cost effectiveness based on total cost as a percentage of annual sales as a
tentative guideline on metrics for measuring level of supply chain effectiveness [363] [364]
[365] and Figure 57 shows how the impact of supply chain affects the diffusion of
residential EE technologies.
Table 45: A Tentative Guideline on Metrics for Measuring Level of Supply Chain
Effectiveness
Supply Chain is not
at all Cost Effective

Low Accessibility

Moderate Accessibility

Supply Chain Very
Cost Effective

Cost of SC > 20%

15% < Cost of SC <
20%

10% < Cost of SC < 15%

5% < Cost of SC < 10%
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Figure 57: Desirability Curve for Supply Chain
6.4.5 Desirability Curves for Key Components of Legal and Institutional Market Attribute
Legal and Institutional market attribute is composed of Standards, Energy Price,
Incentives and Labelling.
6.4.5.1 Desirability Curve for Standards and Codes
There are many different standards in various states to encourage the use of EE
technologies. The impact of standards depends on if it is binding or non-binding or a
standalone or combination of standards. Table 46 lists the different standards adopted in
different states for increasing diffusion of EE technology as a tentative guideline on metrics
for measuring level of impact of codes and standards and Figure 58 shows how different
codes and standards affect the diffusion of residential EE technologies [313].
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Table 46: A Tentative Guideline on Metrics for Measuring Level of Impact of Codes
and Standards
Very Low Impact
of Codes and
Standards
Efficiency does
not comply with
Codes and
Standards at all

Low Impact of
Codes and
Standards
Efficiency is
somewhat close to
Compliance with
Codes and
Standards

Moderate Impact
of Codes and
Standards
Efficiency close to
Complies with
Codes and
Standards

High Impact of
Codes and
Standards
Efficiency
Complies with
Codes and
Standards

Very High
Impact of Codes
and Standards
Efficiency
Exceeds Codes
and Standards

Percentage Diffusion

Desirability Curve for Legal and Institutional Market Attribute: Codes &
Standards
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Figure 58: Desirability Curve for Codes and Standard
6.4.5.2 Desirability Curve for Energy Price
The impact of energy price depends on type of fuel used for residential EE
technologies. Fuel prices impact in different ways. Cost of electricity generation or the
energy cost in households may increase due to increase in real energy prices for consumers
[19]. Hence, if real energy price for an EE technology is low, that would likely make it
more preferable to customers and would be considered to have high impact on diffusion of
EE technologies. Table 47 shows the different fuel types as a tentative guideline on metrics
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for measuring level of impact of energy price and Figure 59 shows how energy price affects
the diffusion of residential EE technologies.
Table 47: A Tentative Guideline on Metrics for Measuring Level of Impact of Energy
Price
Very High
Impact of Energy
Price
Electricity

High Impact of
Energy Price

Moderate Impact
of Energy Price

Low Impact of
Energy Price

Very Low Impact
of Energy Price

Propane

Oil

Natural Gas

Solar
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Energy Price
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Figure 59: Desirability Curve for Energy Price
6.4.5.3 Desirability Curve for Incentives
Incentives are offered to different supply chain members at different times during the
life cycle of an EE technology [366]. Table 48 provides a tentative guideline on metrics for
measuring level of impact of incentives and Figure 60 shows how the impact of incentives
affects the diffusion of residential EE technologies.
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Table 48: A Tentative Guideline on Metrics for Measuring Level of Impact of
Incentives
Very Low Impact of
Incentives
Neither the program
nor the supply chain
members are
appropriate

Percentage Diffusion

70

Low Impact of
Incentives
Right Supply Chain
member but not the
Appropriate program

Moderate Impact of
Incentives

High Impact of
Incentives

Appropriate program
but not the right Supply
Chain member

Appropriate program for
the correct Supply Chain
member

Desirability Curve for Legal and Institutional Market Attribute: Incentives

60
50
40
30
20
10
0
Very Low Impact of
Incentives

Low Impact of
Incentives

High Impact of
Incentives

Very High Impact of
Incentives

Level of Impact of Incentives

Figure 60: Desirability Curve for Incentives
6.4.5.4 Desirability Curve for Labelling
There are different types of labelling that provide different categories of information
and also how they are presented. Table 49 provides a tentative guideline of metrics for
measuring impact of labelling on residential EE technologies and Figure 61 shows the
impact of labelling on diffusion [341].
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Table 49: A Tentative Guideline on Metrics for Measuring Level of Impact of
Labelling
Very Low Impact of
Low Impact of
High Impact of
Very High Impact of
Labelling
Labelling
Labelling
Labelling
Labelling not
Labelling appropriate to Labelling appropriate to Labelling appropriate to
appropriate to product
product not adopters
adopters but not to
product and adopters.
or adopters
products
Intended Information
Appropriate Product
Relevant Adopter Category
Energy efficiency, operating cost, Each refrigerator Does not provide Endorsement labels while
Annual electricity consumption, the exact same performance in the establishing new
key performance attributes relevant home as in the laboratory
technologies in the market.
to their location
Comparative labels for
spreading good practice,
reduce barriers

Percentage Diffusion

Desirability Curve for Legal and Institutional Market Attribute: Incentives
100
80
60
40
20
0
Very Low Impact of
Labelling

Low Impact of Labelling High Impact of Labelling

Very High Impact of
Labelling

Level of Impact of Labelling

Figure 61: Desirability Curve for Labelling
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CHAPTER 7: MARKET DIFFUSION POTENTIAL OF TECHNOLOGY CASES
AND ANALYSIS
This chapter analyzes the results from application of the MDP model for comparing
the relative diffusion potential of the three technology cases. The low rating attributes for
each technology case are identified and different actions are discussed for improving the
MDP by refining the ratings of different key components in the model. A scenario analysis
captures the importance of different market attributes in MDP model relevant to the
different technology cases.

7.1 Technology Cases

The Market Diffusion Potential is applied to three technology cases to compare their
relative diffusion potential.
Water heaters are the second most energy-consuming appliance in U.S. homes. Like
the HVACs, there are several options to make the residential water heaters more energy
efficient. Most of the design considerations focus on insulation, electronic ignition, and
power vent (Lekov et al. 2011). Some of the highly efficient WHs are tankless water
heaters, condensing storage water heaters, heat pump water heaters (HPWHs), and solar
water heaters [367]
Tankless Water Heaters: Condensing tankless water heaters use two heat exchangers that
make it more energy efficient than conventional non-condensing tankless water heaters.
The residual heat from the flue gases is extracted in this technology that enables to preheat
the groundwater and allows to use less energy to heat the water to its desired temperature
[344].
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Condensing Storage Water Heaters: These are storage tank heaters. Condensing storage
tank heaters are more efficient than tankless heaters. A fan directs air and fuel to a
combustion unit. The exhaust gas is channeled to another heat exchanger that helps to
recirculate the waste heat from the combustion to heat the water, and achieve higher
efficiency, thereby (ACEEE 2012)
Solar Water Heaters: Solar water heaters save the most energy as the heating source is
solar energy. The operating cost is low, and the only cost involved is the initial purchasing
cost [368].
Heat Pump Water Heaters: Heat pump water heaters use heat extracted from air from
inside or outside the house and transforms it to a higher temperature to heat the storage
tank water. A compressor is used to transfer heat from lower temperature air or ground
source to the water. The efficiency is derived from the heat source which is environment
rather than from any fuel source [368]. Table 50 shows the comparative advantages of
different energy efficient water heaters.
Table 50: Technology Cases
Water Heaters
High Efficiency Storage
Tank WH (Oil, Gas,
Electric)
Demand Tankless WH
(Gas or electric)
Ductless Heat Pump
(DHP) WH
Solar WH with electric
backup

Energy Savings Compared to
Minimum Standard
10% - 20%

Appropriate
Climate
Any

Expected Lifetime
(yrs.)
8 – 10

45% – 60%

Any

20

65% compared to electric
resistance WH

Mid-Hot

10

70% - 90%

Mid-Hot

20

146

7.2 Application of the MDP Assessment Model to Technology Cases

The three technologies are used as test cases to achieve the following objectives:
-

Which technology has the highest MDP

-

How to improve the low rating components to increase the MDP of the technologies

-

Scenario analysis to create a future based scenario for the technologies and check what

might facilitate higher diffusion of the candidate technologies
7.2.1 MDP of Technology Cases
The MDP of the technology cases are calculated using the following steps:
-

Links were sent to experts for completing the comparison through qualtrics survey.

-

Expert grouped the different technologies using the metrics in desirability curves for

each key component.
-

The desirability value for each key component is multiplied by the global weight for

the key component and the relative weight of the corresponding market attribute.
-

Summation of all the values gives the MDP for a certain technology case.
The results are shown in Table 51.
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Table 51: Market Diffusion Potential (MDP) of Technology Cases
Market
Attributes

Value

Consumer's
Benefit

0.21

Key
Components
of Market
Attributes

Local
Value

Ductless
Heat Pump
(DHP)

Global
Value for
DHP

Solar
Water
Heater
(SWH)

Global
Value
for
SWH

Tankless
Gas Water
Heater
(TGWH)

Global
Value for
TGWH

Comfort

0.061

96.67

1.24

63.33

0.81

63.33

0.81

Safety

0.061

98.33

1.26

36.67

0.47

36.67

0.47

Non-energy
Benefits

0.046

98.33

0.95

60.00

0.58

33.33

0.32

Awareness

0.042

100

0.88

17.33

0.15

100

0.88

Total for Consumers’ Benefit

Technological

4.33
0.043

52.67

0.41

93.33

0.72

23.67

0.18

Ease of
Installation

0.036

75

0.49

30

0.19

30

0.19

Ease of Use

0.045

96.67

0.78

96.67

0.78

96.67

0.78

Compatibility

0.058

90

0.94

41.33

0.44

90

0.94

0.18

2.62

2.10

0.058

83

1.20

12

0.17

12

0.17

Levelized Cost

0.058

30

0.44

92

1.34

83

1.20

Payback
Period

0.068

90

1.53

67

1.14

41

0.70

Substitutes

0.068

41

0.70

32

0.54

41

0.70

Total for Economic

3.87

3.19

2.77

Competition

0.032

59

0.30

47

0.24

59

0.30

Trade Allies

0.045

73

0.53

88

0.63

48

0.35

Accessibility

0.050

50

0.40

23

0.18

50

0.40

Supply Chain

0.035

70.5

0.39

6.5

0.05

21

0.12

0.16

Total for Delivery & Infrastructure

Legal &
Institutional

2.13

Profitability
Index (PI)

0.25

Delivery &
Infrastructure

2.48

Energy Saving
Potential

Total for Technological

Economic

2.02

1.62

1.10

1.17

Codes &
Standards

0.082

52.5

0.90

80

1.38

32.5

0.56

Energy Pricing

0.038

21.50

0.17

67

0.53

67

0.53

Incentive

0.055

60

0.69

60

0.69

60

0.69

Labelling

0.036

90

0.68

90

0.25

20

0.15

0.21

Total for Legal & Institutional

2.45

2.85

1.94

Market Diffusion Potential (MDP)

14.88

11.28

10.46

Rank

1

2

3

148

The result shows that Ductless Heat Pump (DHP) Water Heater has the highest Market
Diffusion Potential (MDP) followed by Solar Water Heater (SWH) with Electric Backup
and Tankless Gas Water Heater (TGWH).
Table 29 lists the highest and lowest rating key components of the three technology
cases with corresponding desirability values.
7.2.2 Improving MDP of Technology Cases
From the calculation of MDP of the technology cases it is possible to identify the
Highest Rating and Lowest Rating key components for each of the technology cases as
listed in Table 52. This helps to identify areas for improvement in order to increase the
MDP of the specific technology case.
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Table 52: Highest and Lowest Rating Key Components for Technology Cases
Ratings of Key
Components
Highest Rating

Lowest Rating

Highest Rating

Lowest Rating

Highest Rating

Lowest Rating

Key Components

Desirability Value Metrics

Ductless Heat Pump (DHP) Water Heater
Awareness
Very High Awareness
Ease of Use
Extremely Easy to Use
Payback Period
Very Low Payback Period
Supply Chain
Supply Chain Very Cost Effective
Labelling
Very High Impact of Labelling
Levelized Cost of Electricity
LCOE greater than 3ȼ
Accessibility
Moderate Accessibility
Energy Price
High impact of Energy Price
Solar Water Heater (SWH) with Electric Backup
Energy saving Potential
Very High Energy Saving
Potential
Ease of Use
Extremely Easy to Use
Levelized Cost of Electricity
LCOE greater than 1ȼ or less
(LCOE)
Trade Allies
Very High Impact of Trade Allies
Labelling
Very High Impact Labelling
Awareness
Very Low Awareness
Profitability Index (PI)
PI < 1
Compatibility
Low Compatibility
Accessibility
Low Accessibility
Supply Chain
Supply Chain is not at all Cost
Effective
Ease of Installation
Moderate Work by Installers
Tankless Gas Water Heater (TGWH)
Awareness
Very High Awareness
Ease of Use
Extremely Easy to Use
Compatibility
Very High Compatibility
Incentives
Very High Impact of Incentives
Non-energy Benefits (NEBs)
Moderate Detectable Non-energy
Benefits
Payback Period
High Payback Period
Labelling
Low Impact of Labelling
Energy Saving Potential
Moderate Energy Saving
Potential
Ease of Installation
Moderate Work by Installers

Desirability
Value
100
96.67
90
82
90
30
50
21.50
93.33
96.67
92
88
90
17.33
12
41,33
23
6.5
30
100
96.67
90
60
33.33
41
20
23.67
30

The next section analyzes the low rating components in the model for each of the
technology cases and prescribes probable actions to increase Market Diffusion Potential
(MDP).
7.2.2.1 Improving MDP of Ductless Heat Pump (DHP) Water Heater
The Levelized Cost of Electricity (LCOE) depends on electric rates and Coefficient of
Performance (COP). The LCOE increases with increase in electricity rates and also with
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decreasing COP [369]. COP is a performance measure for Heat Pump Water Heater
(HPWH) which is expressed as a ratio of energy content in delivered hot water divided by
electrical energy spent in driving the system [370]. To increase the diffusion of DHP, the
utility’s decoupling strategy can satisfy the interest of both the utility and the customers
and encourage the diffusion of DHP water heater. Decoupling of utility rates mean
disentangling profit of utilities from sales. Rather than selling more power, utilities increase
their customer base by promoting EE technologies [371].
The COP of HPWH can be improved by Isolated System Energy Charging (ISEC)
which is based on the philosophy of reinvention of a technology. In ISEC system a couple
of heat pumps are used in series to increase the COP. ISEC has proved to be an effective
method of increasing the COP of a heat pump by 25% [372]. Also, a review of different
water heater technologies found that hybrid water system consisting of several heating
technologies can increase COP and reduce cost of using DHP WH for both water and space
heating [373].
The next low rating attribute is accessibility. The distribution of DHP mostly depends
on availability of rebates to downstream members according to Northwest Heat Pump
Water Heater Initiative Market Progress Evaluation Report #1[342]. Several studies have
proved midstream programs to be an effective approach in enticing different outlets in
piling and selling DHPs [374]. The midstream program is devised in a way so that
contractors get rebates from distributors once they sell the product and provide proof of
installation. Market Intelligence is developing the correct strategy that adapts to the market
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in perspective based on market information is important for successful midstream program
to increase accessibility of DHP[375]. Most midstream programs involve utility,
implementers, manufacturers, distributors, contractors and customers as shown in Figure
62 [374].Utility may form strategic alliance with manufacturer and contractors to reduce
the link of actors and increase diffusion more effective and efficiently.
Manufacturer
s
Utility

Implementer
s

Distributor

Contractor
s

Customer

Strategic Alliance
Figure 62: Actors in Midstream Programs
The third low rating attribute for DHP is energy price. Natural Gas Heat Pump Water
Heater (NGHPWH) can reduce the reliance on electricity and increase the efficiency of
HPWH. NEEA has recently initiated a program on market transformation for GHPWH

[376]. Geothermal HPWH can be another option when some of the disadvantages like
space, installation and cost of installation are competitive [377].
7.2.2.2 Improving MDP of Solar Water Heater with Electricity Backup
Among all the water heaters, solar water heater has the least awareness despite being
the most energy efficient technology for water heating. The high initial cost discourages
distributors and contractors to promote solar water heater. For increasing awareness of
solar water heater, utility can capitalize the existing distributor-contractor-customer
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channel for residential solar panels and promote SWH similar to Tesla’ battery technology
and EV car business [378].
PI of SWH is low. In order to make the investment in SWH programs more attractive
careful program planning is needed that should ensure how to minimize the payback period
and also reliability of the technology [379].
Solar water heater cannot be used in all climates as in freezing temperature the collector
may get damaged. Also, larger tanks are required to store water because of possible
fluctuation in sunlight. Therefore, an electric back up is used to get uninterrupted service.
However, this increases the cost. One way to reduce the effect of climate is to use cost
effective battery storage [380].
SWH is distributed in two steps as shown in Figure 63.
Plumbing
Wholesaler
Manufacturer
Specialty Solar
Wholesaler

Builder
Solar
Installer

Homeowner

Figure 63: Distribution Channel for SWH
For availability of SWH, direct selling is found to be an effective strategy rather than
several intermediaries to reach to ultimate customers. Building network with homeowners
and builders create more opportunity for diffusion of SWH.
There are many barriers in the supply chain for SWH which leads to increased cost of
the supply chain. As explained by Soni and Shrivastava, supply chain cost can be reduced
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in various ways. Some of the strategies are, minimizing the cost of raw material by
effective sourcing, appropriate make or buy decision for component manufacturing and
integration, finding ways to reduce transportation and distribution cost by direct sales,
increased reliability in onsite integration and installation through highly trained
professionals to avoid cost of rework, maintenance for greater longevity, and finally,
careful disposal and recovery [381].
Installation of solar water heater needs considerable installation work. However, DIY
solar water heaters are available but with sacrifice in efficiency. With increased efficiency
in component parts and enabling technology as well as system architecture it is possible to
achieve high efficiency solar water heater with less complex installation work [382].
7.2.2.3 Improving MDP of Tankless Gas Water Heater (TGWH)
Tankless Gas Water Heaters (TGWH) have large payback periods, however, due to the
high efficiency and low initial investment cost, TGWH are the most widely used water
heaters. In most cases, utility rebates or incentives depend on a minimum efficiency of the
TGWH. Increased efficiency of TGWH can be derived when it serves the purpose of water
heating as well as space heating [383].

High flow rates of tankless gas water heater can lead to heat loss and reduce its energy
saving potential. Innovation in advanced Intermittent Ignition Device (IID) or standing
pilot light can help to minimize heat loss and increase energy saving potential. Increased
energy saving potential can also be achieved by remote bathrooms or hot tubs, booster for
appliances, such as dishwashers or clothes washers, booster for a solar water heater [384].
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Installing TGWH by DIY needs advanced skill. Without proper training and expertise
DIY always runs the risk of safety hazards. However, manufacturers and distributors can
organize workshops to train owners in installing TGWHs with minimum support from
contractors.
A few TGWH are Energy Star certified. However, TGWH should have zonal energy
rating label that would ensure its adaptability in all climate zone and help customers in
their buying decisions.
Findings from the above analysis are:

-

MDP of Ductless Heat Pump (DHP) Water Heaters can be increased by using alternate
fuel source instead of electricity, increasing COP by technology improvement or dual
use of the devise and finally, to create increased awareness about DHP, middle stream
programs can be implemented.

-

MDP of Solar Water Heater (SWH) can also be increased by greater awareness through
capitalizing solar panel distributors and marketing channels. PI ensures investment in
energy efficiency projects and utility participation. To make the SWH program feasible
the payback period needs to be reduced through careful program planning. Supply
chain cost effectiveness depends on appropriate action at each stage of the supply chain
tasks.

-

MDP of TGWH can be increased by compensating the long payback period by dual
application. For labelling, TGWH should have zoned energy rating label to promote its
compatibility in all climate zones.
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Table 53 shows the percentage increase in MDP value of Technology Cases with
increase in desirability values due to appropriate actions adopted to increase the desirability
values of low rating components.
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Table 53: Increased MDP of Technology Cases with Change in Desirability Values

Ductless Heat
Pump (DHP)
Water Heater

Technology
Cases

Key
Components

Original
Metric of Key
Components

Original
Desirability
Value

Improved
Metric of Key
Components

Improved
Desirability
Values

Levelized Cost
of Electricity
(LCOE)

LCOE > 3ȼ

30

83

Accessibility

Moderate
Accessibility

50

Energy Price

High impact of
Energy Price

21.50

1ȼ < LCOE
<2ȼ / kwhr
High
Accessibility
Moderate
Impact of
Energy Price

69
67

Original MDP of Ductless Heat Pump (DHP) Water Heater

14.88

Improved MDP of Ductless Heat Pump (DHP) Water Heater
Percentage Increase in MDP of Ductless Heat Pump (DHP) Water Heater

16.17
8.7%

Key
Components

Original
Metric of Key
Components

Original
Desirability
Value

Improved
Metrics of Key
Components

Improved
Desirability
Values

Profitability
Index (PI)

PI < 1

12

PI > 2

83

Solar Water Heater (SWH)
with Electric Backup

Technology
Cases

Compatibility
Accessibility
Supply Chain
Ease of
Installation

Low
Compatibility
Low
Accessibility
Supply Chain is
not at all Cost
Effective
Moderate Work
by Installers

41.33
23
6.5
30

High
Compatibility
High
Accessibility
Supply Chain
Moderately
Cost Effective
Minimum Work
by Installers

Original MDP of Solar Water Heater (SWH) with Electric Backup
Improved MDP of Solar Water Heater (SWH) with Electric Backup
Percentage Increase in MDP of Solar Water Heater (SWH) with Electric Backup

Tankless Gas Water
Heater (TGWH)

Technology
Cases

Key
Components
Payback
Period
Labelling
Energy Saving
Potential
Ease of
Installation

Original
Metric of Key
Components
Very High
Payback Period
Low Impact of
Labelling
Moderate
Energy Saving
Potential
Moderate Ease
of Installation

Original
Desirability
Value

Improved
Metric of key
Components
High Payback
Period
High Impact of
Labelling

41
20

65
69
70.5
75
11.28
13.58
20.39%
Improved
Desirability
Values
67
70

23.67

High energy
saving Potential

52.67

30

Minor Work by
Installers

50.67

Original MDP of Tankless Gas Water Heater (TGWH)

10.46

Improved MDP of Tankless Gas Water Heater (TGWH)

11.6

Percentage Increase in MDP of Tankless Gas Water Heater (TGWH)

10.89%
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7.2.3 Scenario Analysis
The scenario analysis is performed to visualize how change in relative strength of the
market attributes created by product/service values offered through key components can
impact the ranking of Technology Cases. Five different scenarios are developed by
assigning maximum weight to a certain market attribute and assigning a weight of 0.1 to
the other market attributes.
The next section shows the choice of technology cases based on different scenarios.
DHP has the most MDP based on experts’ judgment as shown in Figure 64.

Figure 64: Ranking of Technology Cases with the Base Weights of Market
Attributes
In a Customers’ Benefit centric market approach, the MDP of DHP increases by 36%
while the MDP of SWH decreases by 14.4.5% and the MDP for TGWH increases by 11.8%
as shown in Figure 65. This proves the importance of Customers’ Benefit Market Attribute
for DHP and TGWH, however, for SWH, it is not the most important attribute to prefer.
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Figure 65: Ranking of Technology Cases with the Consumers’ Benefit Centric
Market Approach
As expected, Technological Excellence centric market approach does not increase the
MDP for all three technology cases commendably as it is not the most important market
attribute for increasing the diffusion of residential EE technologies as shown in Figure 66.

Figure 66: Ranking of Technology Cases with Technological Excellence Centric
Market Approach
Economic Advantage centric market approach increases the diffusion of all the
technology cases as it is identified as the most important contributing market attribute for
diffusion of residential EE technologies. However, the MDP increases the most for SWH
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by 12% while for DHP and TGWH the increases in MDP are 3.5% and 5.55% respectively
as shown in Figure 67.

Figure 67: Ranking of Technology Cases with Economic Advantage Centric Market
Approach
Delivery & Infrastructure superiority centric market approach is the least impactful as
it has the least effect in the diffusion of residential EE technologies as shown in Figure 68.
The MDPs of all the technology cases decreases with this approach. This helps to identify
where to allocate resources for increasing MDP.

Figure 68: Ranking of Technology Cases with Delivery & Infrastructure Superiority
Centric Market Approach
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Legal and Institutional strength centric market approach does not change the MDP of
DHP and TGWH, however, it shows an increase in MDP of SWH as modeled in Figure
69. Codes & Standard has been identified as the most important key component for
increasing the diffusion of residential EE technologies. The efficiency of SWH far exceeds
that which is required by Standards which means it complies fully with the requirement of
standards. On the contrary, for DHP and TGWH there are rooms for improvement in
efficiency, hence, strength in Legal & Market attribute does not increase their MDPs.

Figure 69: Ranking of Technology Cases with Legal & Institutional Strength
Centric Market Approach
The ranking of the three technology cases with respective to different scenario is shown
in Table 54.
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Table 54:Ranking of Technology Cases in Different Scenarios
Status
quo
Technology
Alternatives

Ductless Heat
Pump (DHP)
Water Heater

13.02
(1)

Solar Water Heater
9.06
(SWH) with
(2)
Electric Backup
Tankless Gas
8.73
Water Heater
(3)
(TGWH)

Scenarios
Consumers' Technological Economic
Delivery &
Legal &
Benefit
Excellence
Advantage Infrastructure Institutional
Centric
Centric
Centric
Superiority
Strength
Market
Market
Market
Centric
Centric
Approach
Approach
Approach
Market
Market
Approach
Approach
21.15
(1)

14.84
(1)

11.55
(1)

4.13
(1)

11.20
(2)

8.05
(3)

11.49
(3)

10.50
(2)

2.60
(3)

11.29
(1)

10.28
(2)

11.94
(2)

9.09
(3)

2.97
(2)

8.28
(3)

The scenario analysis gives interesting insights to changes in the operational level with
respect to change in the strategy level. It identifies the critical product/service values that
needs to be revamped in order to increase the diffusion of EE technologies. Also, scenario
analysis assists in formulating plans for specific technology endeavor. Some of the key
findings from this analysis are:
-

Identifying the Market Attribute where the technology is not performing well. For
example, the DHP stood the test of scenario analysis till delivery & infrastructure but
when the relative weight of Legal and Institutional is increased the total MDP decreased
which implies that there is room for improvement.

-

Similarly, when a technology case goes up in rank with respect to MDP it means that
it is performing well in that market attribute. For example, Solar water heater goes up
by a rank when the weight of Legal and Institutional market attribute is increased.
Codes and Standards have been identified as having the highest weight in the model
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among key components. Solar water heater exceeds performance efficiency and which
is the reason for a relatively higher ranking from other technology cases.
-

The other important finding from the scenario analysis is, even when the relative weight
of a market attribute is increased the relative MDP decreases from status quo or
reference case. For example, in case of Delivery and Infrastructure, MDP for all the
technology cases decreased even when the relative weight of Delivery and
Infrastructure is increased as it has the lowest relative weight among all the market
attributes in the model.

7.3 Generalizability of the Model

The Market Diffusion Potential Model is developed to assess the diffusion potential
of residential EE technologies and is applied to water heaters as technology cases. The
model can be generalized in three frontiers.
Generalizability in different organizations: Twenty – four experts from different public,
and private entities which include both energy and non-energy related organizations from
across the U.S. participated in validating the model. This allows greater acceptance and
applicability of the model in various organizational settings.
Generalizability for different EE technologies: The model can be applied to a variety of EE
technologies used in residential as well as in commercial and industrial sectors as the
tentative guideline on metrics for each key component for developing desirability curves
gives the model greater flexibility and applicability to evaluate MDP.
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Generalizability in different states: The Model can be used in different states as experts
from different states participated in validating, developing the desirability curves and
evaluating the technology cases. Each desirability curve is based on metrics that provides
the option for evaluating technology cases in different states irrespective of level of
awareness, different climate zone, supply chain cost effectiveness, level of impact of trade
allies, status of codes and standards, and pattern of incentive programs as well as for other
key elements in the model.
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CHAPTER 8: CONCUSION AND CONTRIBUTION
This section of the report describes the conclusion of the study, and also, the theoretical
and practical contribution from the study.

8.1 Conclusion
The research developed the MDP model to assess MDP of residential EE technologies.
Five market attributes and twenty key components have been identified as the most
important elements in assessing MDP of EE technologies. The relative weights of the
market attributes and the key components are identified from experts’ quantification. The
model allows to identify low rating attributes in the model and helps to improve MDP by
taking appropriate actions. Also, scenario analysis provides a snapshot of hypothetical
situations that helps decision makers to realize what to expect in case of extreme market
inclination to improve MDP of residential EE technologies.

8.2 Contribution
The research contributes in several ways to the knowledge bank on diffusion of
residential EE technologies. Firstly, it provides the definition of different product/service
values that can create market attributes through literature review. Secondly, the conceptual
framework shows how the diffusion, customer satisfaction, fulfilled expectations and
experience, product/service value and Market Diffusion Potential (MDP) are connected
and one affects the other. Thirdly, it helps to assess the diffusion from market’s perspective.
Finally, it develops a generalized framework that can be used for assessing MDP of a wide
variety of EE technologies and helps to identify areas for further research and insights.
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8.2.1 Theoretical Contribution
Theoretical contribution of the research is discussed in terms of originality of the study.
Originality is supported by incremental contribution and revelatory contribution.
Incremental contribution is how the research improves the existing theory about increasing
diffusion of residential EE technologies while the revelatory contribution is improvement
of the existing knowledge [385]. Table 55 shows the research gaps and contributions.
Table 55: Research Gaps and Contributions
GAPS
GAP 1: Residential EE technology adoption has

Research Contributions
The model shows how the different market

been analyzed from users’ viewpoint but not from

attributes and key components affect diffusion and

the perspective of market that affects the potential of

can be used to measure diffusion potential of

diffusion.

residential EE technologies.

GAP 2: Different models analyze the effect of

The desirability curves and quantified model

drivers and barriers on adoption but do not quantify

allows to consider both the impact of drivers and

the impact in the diffusion of residential EE

barriers holistically by showing relative impacts or

technologies.

weights.

GAP 3: Possible incentives, policy interventions,

Identifying low rating attributes appropriate

and behavioral modifications are mostly based on the

actions are formulated to increase the market

subjective judgment of existing barriers and drivers

diffusion potential that is measurable. Scenario

rather than objectively measuring the impact of these

analysis shows the impact of different market

actions on increasing diffusion.

approach on diffusion potential of residential EE
technologies.
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8.2.2 Practical Contribution
The results of the model can help in Programmatic Savings, Market Transformation as
well as Non-Programmatic savings initiatives. The evaluation of MDP for EE technologies
would be useful for program development, market transformation initiatives as well as feed
invaluable information to a wide array of organizations with diversified interests in energy
savings, climate change and sustainability.
Programmatic Savings by Utility Programs
The research found Market Diffusion Potential as one the most critical input for
assessing emerging energy efficiency programs [167].
The different stages of a utility program to achieve energy saving target are shown in Figure
70.

Evaluation
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Marketing

Engineering
Assessment
& Savings
Recommendation

Program
Management/
Data Tracking

Screening

Program
Design

Program
Implementation

Evaluation,
Measurement,
& Verification

Figure 70: Different Activities in Utility Program Adoption
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Program Design
An initial plan that considers all important aspects needed for successful deployment
of the program. The three steps in product design phase are:
Screening: Selection of EE technology based on technological potential.
Evaluation: Selection of EE technology based on technological, economic, environmental
potential.
Characterization: Field tests are carried out for measure development.
Program Implementation
Implementation of program is intended to achieve desired energy savings within
planned time and budget. The three phases in program implementation are:
Marketing: This phase involves promotion of the measure through awareness using various
approaches.
Engineering Assessment & Savings Recommendation: Based on energy audit, customized
EE initiatives are prescribed at this phase.
Program Management/ Data Tracking: This phase involves smooth implementation of the
program through disbursement of incentives, documenting savings and customer relation.
Evaluation, Measurement, & Verification
A thorough and concrete evidence of energy savings is needed to check on-going
program as well as planning for future improvement. Energy audit to record kilowatts per
hour or terms of saving ensures success of the program.
The present Market Diffusion Potential (MDP) model would help in selecting program
alternative, program design and Implementation phase by identifying promising EE
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technologies in terms of consumers’ utility, technological, economic, industry and legal
potential. This would also help in taking appropriate actions for deployment.
Programmatic Savings by Market Transformation
Market transformation is a deliberate attempt to change the behavior of market that
would accelerate the adoption of an EE technology. Market behavior is regulated by
customers’ perception and awareness, technological features, economic feasibility,
competition and existing law and regulations. Market transformation helps to steer the
desired diffusion of new technologies as well as technologies going through ordeal in
penetrating the market [386]. The different tasks in a market transformation project is
shown in Figure 71.
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Figure 71: Market Transformation Cycle

Market Diffusion Potential Model would identify the barriers and drivers in terms of
customers’ benefit, technological, economic, delivery, and legal and institutional aspects.
It would help to formulate appropriate programs to remove barriers and leverage existing
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drivers for new technologies. For existing technologies, it would allow to fine tune ongoing market intervention programs [171].
Non-Programmatic Savings
The “Technical energy saving potential” is the maximum savings achievable
considering all technical constraints but ignoring cost consideration and market barriers.
“Economic potential” is a subset of technical potential that considers cost effectiveness
criteria. A more feasible saving potential is “Achievable economic potential” that considers
the practicality and calculates potential that is achievable today or possible within the 20
years’ time horizon [387]. According to Navigant study, by the year 2033 lighting and
water heating has the prospect of saving 58% electric energy while heating and appliance
measures can save 8% and 9% energy, cost effectively [388]. The Cost-Effective
Achievable Potential (End Use) metric in the MDP model would enable to predict the
potential savings by an EE technology.
The MDP model would also clarify the existing Codes and Standards. Institute of
Electrical Efficiency (IECC) white paper predicts the potential savings by EE appliances
[389][390]. The different categories of codes with percentage savings for residential sector
would help to identify the potential savings by a technology or room for further efficiency
improvement.
Based on the status quo of an EE technology, it would be possible to plan tax credits
and other incentives.
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R & D Projects
The results of evaluation of EE technologies by MDP model can also help as an input
to BPA’s Road mapping projects by identifying market drivers and R & D scopes. It would
help to understand the gaps in capability [391]. Results of consumers’ utility, technological
and industry potential would also unveil the opportunity of new innovations in component,
equipment, enabling technology and system architecture [392]. R & D aids in rescuing
struggling EE technologies in the market. Electric Power Research Institute (EPRI) and
Gas Technology Institute (GTI) and organization alike could use the results for individual
or collaborative research in EE technologies.
Hence, to summarize, the results of the model would aid in determining energy
performance standards, target setting, information diffusion, capacity building, public
awareness, R & D, financial assistance as well as investment decisions [115].
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CHAPTER 9: LIMITATION
A major part of the current study uses experts’ knowledge, expertise, experience and
individuality to assess the elements that cannot be otherwise quantified. Despite careful
planning, execution, monitoring and precision, the research is susceptible to the impact of
inconsistency, disagreement, reliability, validity and bias. Steps are taken at different stages
of the research process to minimize these effects and improve the quality of the research.
The preliminary model is developed through a small-scale Delphi survey that identifies
market attributes and key components relevant to the diffusion of residential EE
technologies. However, the number of market attributes and key components are screened
due to the limitation of the number of criteria, sub criteria and alternatives that can be
handled by MCDA.
The validation of the model is done with the decision rule of 2/3rd majority of experts’
acceptance. As knowledge is subjective, without consensus among experts there is always
the doubt of leaving out or including elements in the model that may affect the validity and
reliability of the model.
At the preliminary phase of expert identification, experts are identified using SNA and
Bibliometric analysis. However, the identified experts are mostly in the academic field. To
find practitioners in the field of EE, nonprobability sampling methods are used to find the
knowledge rich person for the study. The limitation of this approach is the risk of including
experts leaving out absolutist (only one expert can have the correct answer) or multiplist
(it is not possible to ascertain which expert has the correct knowledge). To gather objective
opinion from experts, strict selection criteria are set that includes but are not limited to
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Research profile, publication, professional affiliation, experience only, other appropriate
qualitative and quantitative tools are also used to select experts.
Inconsistency and disagreement are checked and when the acceptable limit of 0.1 is
exceeded, appropriate actions are taken.
Disagreement is managed by cluster analysis and recognizing different groups with
diverging views. However, with HDM, we intend to accept final outcome based on
consensus. Hence, it is not effective for situations where preference of different groups is
important.
Debiasing approaches ae adopted as described in chapter 4 to minimize the effect of
bias.
Also, the model may need to be adapted at different times depending on environmental
uncertainties. In the event of the current Covid- 19 pandemic, the relative weights of the
model could change due to unprecedented change in daily life. Consumers would be
thinking about installing an EE appliance only in case of emergency replacement. There
will not be many cases of installation of EE appliance in new buildings. Also, due to
financial stress, it is expected that EE appliance would not be somewhere at the top of
consumers priority list of expenditure. Presumably, the economic market attribute in the
model could become more important from the existing model in the pandemic market
situation. Codes and standards and incentives would be of lesser importance for
institutions. However, because of social distancing consumers would prefer to buy
appliances online rather than in-person. Delivery and installation would be challenging as
people would not be very welcoming to allow installers work inside their homes. Hence,
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the weight of delivery and infrastructure could be more than legal and institutional market
attribute. To summarize, the model is vulnerable to changes in the environment as
explained through the example of the current pandemic situation.
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CHAPTER 10: FUTURE RESEARCH
This chapter provides few thoughts on possible research ideas based on the current
research.
The future research recommendations are directed towards eliminating some of the
limitations and also application of the model to different areas and fields.
As mentioned in the limitation part, selecting attributes in the model depends on the
subjective judgment of experts. Criteria, sub criteria, desirability curves and alternatives
for the HDM model can be generated by organizing workshops as it is done in identifying
market drivers in technology road mapping. This provides the opportunity of sharing
knowledge among experts, refining and reaching to a consensus that leads to a model more
acceptable by different actors in the market.
The scenario analysis is performed by changing relative weights at the criteria level or
market attributes. It would be interesting to use the scenario analysis at the performance
level or key components for the research, to identify the scenario of the product/service
value towards Market Diffusion Potential (MDP).
Each key component is tenable for further research and hence, HDM can be developed
to get greater insight in these key components in the model for example, non-energy
benefits, awareness, incentives and others.
Data Envelop Analysis (DEA) can be performed using the performance weights to
analyze how dominated alternative can be moved to the efficient frontier.
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To summarize, there are ample opportunities of further research in residential EE
technology diffusion by adapting, extending and modifying the MDP assessment model
developed in this research.
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APPENDIX J: Payback Period of EE Technologies
Technology
Payback Period
Condensing gas tankless water heaters
0.9 years
Occupant responsive lighting
8.5 years
Heat Pump Water Heaters
4.1 years
LED Downlight Luminaries
3.7 years
Building energy management and information systems
3.7 years
Fixed window attachments
37 years
Advanced rooftop unit controls
12 years
Plug load control devices
8.9 years
Comprehensive attic update
6.4 years
Dynamic solar control systems
55 years
Best Available Technologies in the U.S. Buildings Sector May 2018. Pacific Northwest National Laboratory U.S.
Department of Energy
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