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This paper investigates the use of smartphone technology as a tool to implement building energy audit
programmes to increase energy conservation measure (ECM) uptake and concomitant environmental and
economic benefits. The smartphone audit analysed provides an energy audit platform with: (i) quasi-real
time analysis, (ii) continuous user engagement, (iii) geospatial customization, (iv) additional ECMs, (v)
ECM ranking and user education, and (vi) the ability to constantly evolve. A case study of 157,000 homes
in Southeastern Ontario shows that 55 years is needed to complete energy audits for all dwellings in the
region following a traditional energy audit model. However, the results of the smartphone-based audit
programme accelerates this in both terms of audits completed and cumulative carbon dioxide savings over
a sensitivity range of audit effectiveness. It is concluded that an advanced and expanded home energy audit-
ing programme that uses smartphone technology could provide significant economic and environmental
benefits.

Keywords: energy audit; energy efficiency; smartphone; energy conservation measures; sustainable
architecture; residential buildings

1. Introduction

Global climate change due to anthropogenic carbon dioxide (CO,) emissions is now supported
by an overwhelming quantity of scientific evidence and is widely viewed as an urgent global issue
(IPCC 2008, Stern 2007). Although climate change is affecting regions of many countries, in
Canada the negative effects of climate change are already present throughout the entire country
and will increase climate-related risk within communities, infrastructure, and ecosystems (NRC
2007a). Within Canada, one of the primary contributors to CO, emissions comes from residential
buildings. According to Natural Resources Canada (NRC), residential buildings account for 16.3%
of total energy use in Canada (NRC 2009a). Much of these emissions could be mitigated as studies
have found that profitable energy conservation measures (ECMs) in buildings have the potential to
save on average 47% on targeted devices and 23% of the utility bill baseline (Office of Technology
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Assessment 1979, Osborn et al. 2002). One method used in both Canada and the USA, to promote
the use of these ECMs is to subsidize home energy audits so that they are more affordable for
consumers (Government of Alberta 2009, Ontario Home Energy 2010).

Current home energy audits consist of trained professionals travelling to individual residences
to obtain an estimate of the current site conditions and energy use in order to suggest where
building owners are able to reduce their energy consumption. These widely available home energy
audits, while comprehensive in evaluating heating and cooling needs, neglect many other energy-
consuming devices in the home. Appliances other than those used for heating and cooling are
generally bypassed, with the exception of some audits done directly by Energy Star who often
suggest moving to Energy Star approved appliances (US EPA and US DOE 2009). As well, some
auditors may record the number and type of toilets if an incentive for low flow units exists within
the area. Regardless, the vast majority of homes in North America have not undergone an audit
of any type. This limits the homeowner’s ability to recognize where energy savings could be
achieved through relatively simple upgrades.

Throughout a home, many other areas exist for potential energy savings, which are within the
technical scope of the average consumer. For example, a lighting systems ECM that requires
switching from incandescent light bulbs to more energy-efficient bulbs (compact fluorescent light
bulbs or light-emitting diodes) is within the ability of the average home user to complete and
would contribute significantly to energy consumption reductions (Pearce and Russill 2005, Prose
and Wortmann 1991). Whether the goal of the consumer is to reduce carbon footprint or simply to
save money in the long run, as long as the consumer can recognize the potential savings, they may
be motivated to act. The issue is a situational awareness of what to look at, what factors to consider,
and what actions are possible. Often the consumer lacks not the ability to make the changes, but
the ability to recognize which changes are possible and which have the largest potential to reduce
energy use.

One potential approach for providing ECMs to the average consumer is through the use of
software tools that guide decision making. Although such tools could be used via a desktop
computer, this poses a problem in that the tool cannot be moved around while an auditis being done;
laptops are slightly less cumbersome, but still inconvenient. Such tools are, however, potentially
deployable using the capabilities of modern smartphones. Smartphones are cellular phones that
combine, but are not limited to; voice, Internet connectivity, and the ability to add local or web-
based applications. Smartphone technology has advanced rapidly in the past decade and continues
to see unprecedented growth in user base, with smartphones making up 20% of all cellular phones
sold in North America in 2008, a 69% increase from the same time the year before (Gartner 2009,
Stevens and Pettey 2009). The global market sales of smartphones in 2009 was 172 million units
(Pettey and Tudor 2010). These phones are now often equipped with features such as cameras, GPS,
accelerometers, compasses, high-end processors, high-speed Internet connections, and intuitive
user interfaces. Programming such a device to leverage these capabilities to support on-site energy
audits by the average consumer will provide new opportunities for home energy audits. Such a
device can record existing conditions, use directed questions to guide more detailed evaluation,
provide instant feedback, and even provide an estimate of projected energy savings for a specific
upgrade, or aggregate of individual upgrades, in real time as the audit is performed.

This paper explores the potential for use of smartphone technology in home energy audits.
Combining built-in educational material to guide audit data collection and retrofit suggestions with
the ability to deliver advanced economic projections provides significant individualized decision
support in the hands of users. Such smartphone tools both inform users and help guide them to
environmentally and economically sound decisions about ECMs. First, a theoretical model of the
smartphone programme and the features that it would contain is developed, including features that
are beyond the scope of current energy audits. Next, the potential energy savings of the current
home energy audit model are quantified using an existing non-profit agency as a case study. The
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potential capabilities of these two models are then evaluated using a diffusion of innovation model
and energy savings projections and a sensitivity analysis is provided for audit effectiveness.

2. Potential of smartphone applications in energy conservation

Recent work that focuses on the fundamental differences between smartphone-based and Inter-
net applications, and how these might enhance sustainable strategies (Pitt et al. 2011) suggests
that U-commerce, or Uber-commerce, be used as a theoretical framework (Watson et al. 2002).
The characteristics of network ubiquity, universality, uniqueness, and unison developed by U-
commerce enable the decision support systems running on smartphones to have a large impact on
energy conservation on a broad scale. Smartphones have the potential to assist with some aspects
of ECM use and to automate others; such tools also may open up entirely new evaluation methods
that are simply impractical without significant sensing and computing power. Smartphone-based
decision support tools offer a number of capabilities. First, a tool might make use of the sensors in
the phone, including camera (to take pictures for including in a report and to identify equipment,
as a crude light metre and measuring device), orientation sensing (inclinometer for quantifying
roof planes for solar retrofits), compass, and GPS, to sense the general character of the physi-
cal environment (e.g. the physical characteristics of the building) or take spatial measurements.
Additional sensors and external instrumentation (IR cameras, flow sensors, etc.) could be coupled
to the smartphone through existing protocols such as Bluetooth, which is a short-range wireless
connectivity standard. Second, the tool might guide the user through a sequence of data collection
steps, similar to how wizard tools in desktop software support the use of advanced features or
installation of software. By posing a sequence of steps as simpler decisions with supporting notes
about what the intent is and what the scope of the decisions are, a user can be led through a process
that would otherwise be too daunting. The mobility of the device allows going through the steps
physically on site, providing some context and tangible representation of the actions. The goal
of such an interface is to enable data collection to be as painless as possible for the consumer
(e.g. the user identifies the room type, then works through a scripted ‘workflow wizard’ that asks
relevant questions and fills in details while checking for consistency). Third, the device can use
local or remote data, in combination with the sensed or entered information, to compute energy,
and monetary savings over time. Smartphones can be used dynamically to look up properties
of objects, e.g. by scanning bar codes or serial numbers. The ability to do each of these tasks
improves as phone technology upgrades — new sensors, better interfaces, and faster processors
only increase what can be done on the phone.

One of the main advantages of the smartphone platform as an ECM tool is its mobility. It
allows users to collect information about the home indoors as well as outdoors. With the embedded
sensors (e.g. accelerometers, compass, gyroscope), the smartphone can be used as a modelling and
measuring tool. In Thomas et al. (2010), a prototype dedicated to 3D modelling using an iPhone
3G is described. The application is specifically targeting the public at large and context where no
specific preparation is required to have the prototype work. Such an approach could be used for an
energy audit where the house dimensions, number of planar surfaces or roof sloping sides could
be included in the energy building model. Given the smartphone’s Internet connection, a remote
geospatial database could be accessed to get specific information about the house that would help
tune the local measurements. Thus, the house footprint could be retrieved from cadastral database
and help fine tune the 3D modelling of the building.

New interactive and immersive interfaces could also contribute to the engagement of users
in performing the energy audit of their house including mobile augmented reality (MAR). Aug-
mented reality is an emerging technology by which a user’s view of the real world is augmented
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with additional information from a computer model. An augmented reality application is said
to be mobile if the user is his own avatar and his position in the synthetic world follows his
displacements in the real environment (Broll et al. 2008). The first MAR applications aimed at
facilitating the repair of complex machinery by superimposing maps or instructions directly on
the actual equipment (Azuma 1997). Instructions are easier to understand when being situated
and even animated, displaying step by step the task that need to be done as you are doing it. Such
an approach may be useful to the energy audit. There are still issues (e.g. accurate registration of
the virtual graphics on the real world; computer vision processing on smartphones is still limited
by computational power) to solve before being able to use MAR interface in an energy audit, but
the recent progresses and strong emergence of augmented reality research work make it possible
to envision it in the near future.

A versatile, easy to use programme designed to run on smartphones, which could be widely
distributed, could end up increasing the effectiveness of government-sponsored energy efficiency
programmes and provide the ability to instantly respond to changing conditions within the home
retrofitting market. Fast Internet connections and the technical evolution of modern smartphones
provide an energy audit platform with additional features including: (i) quasi-real time analysis, (ii)
dynamic information sharing, (iii) geospatial customization, (iv) an enhanced catalogue of ECMs,
(v) ECM ranking and user education, and (vi) the ability to constantly evolve. An example of the
value that smartphone technology will provide for energy audits is the ability to use the camera and
a reference object to determine the size of heat loss surfaces in the home like windows (Kemans
2010). This is a fundamental advantage of using smartphone technology over a simple web
interface. As the energy audit programme is software based and only existing hardware abilities are
considered, the majority of the programme costs will be in the upfront development. Distribution
and infiltration of the market have relatively low cost as the software can be distributed freely
following free/libre/open source software (FLOSS) or free-ware models. FLOSS is licensed to
grant the right of users to use, study, change, and improve its design through the availability of its
source code. This open source approach has gained both momentum and adoption as the potential
benefits have been increasingly recognized and is exemplified in the success of software such as
the Firefox web browser, the Apache web server, and the Linux operating systems (DiBona et al.
1999, Lee et al. 2009). As is shown in Section 4, the ability of an audit programme to spread to a
wide group dictates the overall energy savings.

Traditional energy audits focus on heating systems and building envelopes/insulation. The
technical abilities of current smartphones enable several other ECMs, which include: (i) lighting,
(ii) water conservation, and (iii) appliance analysis. A lighting ECM could enable all fixtures to be
input into the programme and will output recommendations for lamp replacements (detailed in the
example ECM below). The combination of dynamic information sharing and geospatial awareness
will give the programme a unique ability to acquire accurate pricing and even suggest local
retailers. A collection of water conservation ECMs will be able to evaluate the primary uses of water
and make suggestions as to ways to reduce energy and water consumption at sinks, showers, toilets,
irrigation systems, water heaters, and washing machines. A collection of ECMs can be developed to
compare appliances to a database and return the benefits of switching to an alternative appliance.
A host of appliance ECMs could make use of camera phones to recognize types and models
of appliances, gather information from Internet databases, and recommend possible sources of
energy savings based on rigorous economics and environmental considerations. Some augmented
reality applications could then retrieve information about these domains and display additional
information superimposed on reality once the recognition is completed (e.g. what a high-efficiency
gas furnace would look like after replacing a low-efficiency oil furnace). The camera recognition
can incorporate a number of different existing software solutions including optical character
recognition (OCR), bar code/QR code, or data matrix reading or object recognition software
(Amazon 2010, Google 2010a, Occipital 2010).
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Being that image-based recognition technology will require more challenging programming
than the remaining segments of the software package, the first generation of smartphone audit
applications will probably use direct serial and model number input rather than OCR or product
image recognition. Finally, the product information can be used to query a database for technical
specifications and compare models to energy-efficient models in a database such as the Energy
Star database (Energy Star 2010b). Some of these more advanced functions will require exten-
sive software programming and integration of third party applications. Therefore, they will be
dedicated to the next models of smartphones and to the second generation of audit applications.
In summary, a potential feature list comparing the current audit system, existing technology,
and future applications to be built for smartphone (x signifies positive response) is shown in
Table 1.

2.1. Software experience

Unlike traditional audits, which first collect data and then process it by trained profession-
als off site, in a smartphone audit the calculations have the potential to be performed in real
time at the site on the device itself by inexperienced users. As a non-professional will be per-
forming the audit, the interface with the user will need to be intuitive, seamless, and easy to
use. To assist this in occurring the background energy calculations involved in a smartphone-
assisted audit need to be open and transparent in order to ensure trust in the user in the absence
of a professional auditor (Corbett ef al. 2010). Such calculations can be drawn from trusted,
government-sponsored programmes and information databases such as RetScreen, Hot3000, and
Energy Star (Energy Star 2010a, 2010b, NRC 2010a, 2009b). ECMs for solar array analysis
and whole building heating analysis that may require large computing power will have the
ability to be run using cloud computing on off site servers although basic solar applications
have already been developed for the iPhone (NJSolar 2009, SolarTools 2010). A program like
HOT3000 can be used to breakdown energy use within the home, project retrofit savings, eval-
uate specific architectural elements, and simulate heating and cooling conditions (NRC 2009b).
In addition, a program like RETScreen could provide the ability to assess the application of
renewable installations such as solar arrays and small-scale wind power (NRC 2010a). It should
be pointed out that because smartphones have a limited screen size, professional applications
such as energy service companies auditing university campuses (Pearce and Miller 2006) slightly
larger devices like tablets, which are based on smartphone technology, would be more suitable.
However, the more ubiquitous smartphone technology is more appropriate for the greatest range
of users.

2.2. Error analysis

The ability of a home user to make calculations with the aid of technology on the same level
of a trained professional is a major assumption made within this paper. This ability will be
addressed directly in the quality of instructions that the user will follow when completing the
audit using instructional videos and ‘help’ functionality. Of critical importance is the ability to
measure distances and input data into the program. This distance measurement, which is the most
time-consuming data gathering step for professional auditors (normally accomplished with a tape
measurer, low cost laser distance finder, or estimations for hard to reach areas) can be greatly
sped up with the use of the camera embedded in smartphones and a reference object. The method
uses an algorithm and lens optical information to determine the length of objects by detecting
the object contours and measuring pixel length by comparing distances to the reference object
(Suhadolnik et al. 2009).
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Table 1. A possible feature list comparing the current audit system,
existing technology and future applications to be built for smartphone.

Feature

Current Audit

Existing Software and
Information Sources

Smart Phone App V1

Smart Phone App V2

Air leakage calculation

Certified completion of retrofit

Rankings against comparable national
or regional homes

Energy consumption breakdown

Rebate suggestions: federal

Envelope heating analysis with post
retrofit energy savings projection

Rebate sugestions: provincial, civic,
commercial

Thermostat replacement analysis with
real time savings estimator

Continual project tracking, plus bill
tracking

Real time advanced economics
including energy price projections,
CO5 projections, IRR, and graphical
representation

ECM suggestions and rankings

Appliance analysis using online
databases

x!.g,h

Product recognition using camera

¥ ik

Geo-spatial awareness far local retailer
suggestion

Renewables installation return
estimator

Im

Architectual element evaluation

VCE

Software updates and expansions

X

X

Notes: x signifies positive response, V1 means generation 1, and V2 means generation 2.

2NRC (2007b).

"NRC (2009b).
“ecoEnergy (2009).
4NRC (2009c).
¢EnergyCap (2010).
"Energy Star (2010a).
gEnergy Star (2010b).
"MF Software (2009).
iAmazon (2010).
JOccipital (2010).
XGoogle (2010a).
INRC (2010a).
MSolmetric Inc. (2010).
"ESP-r.)
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2.3. Constant user engagement and geo-spatial awareness

Unlike the one time nature of traditional energy audits, the smartphone audit will be able to
run periodic simulations that account for changing conditions and alert the user when specific
conditions are met. Information is not limited to static content as there are several variables (e.g.
utility rates, new products, regulations, incentives, prices, etc.), which constantly change that
would affect the economic results for ECMs targeted by a smartphone audit. In addition to the
federal rebates that are currently included in traditional energy audits, provincial, civic, utility
specific as well as commercial offers can be included in the smartphone application and kept up
to date. Furthermore, as factors change, smartphones have the ability to push alerts to users when
ECMs rise above a given internal rate of return (IRR) or savings threshold. This has the potential
to help keep users actively involved and constantly engaged with the energy efficiency of their
homes.

All of the features of the energy audit will be enhanced by the location-aware capabilities of the
smartphone including GPS mapping (e.g. utility rates and incentives are used in the calculation
based upon the audit location automatically). This type of geo-spatial awareness could assist small
startup companies or tailored government rebate programmes. For example, in an area when many
houses need basement insulation (as determined by the completion of smartphone audits uploaded
and mapped on the server), a company could offer a discount that drops the install price below a
likely user-set threshold (e.g. 10% IRR) and encourages users to make the retrofit. Alternatively,
with two-way flows of information protected for user privacy, the government could subsidize,
for example, batting insulation in a given area to encourage retrofits and push it above a similar
threshold. Finally, positive peer-pressure may be encouraged by offering tax rebates or lucrative
coupons to streets or blocks that have 100% audit completion with maps showing audit status of
homes and facilitated through built-in social networking types features.

2.4. ECM ranking by IRR and user education

Being that all of the ECMs can be characterized by IRR and investment costs, they can be
independently ranked and categorized for comparison. This will allow users to complete the most
effective retrofits that meet their investment goals and capital abilities. The economic modelling,
which generates these IRRs needs to be open and based on rigorous data, as it is economic data that
is key to communicating to users about efficiency decisions and an integral part of the necessary
education process (Pearce and Russill 2005). For example, a study performed by Magat et al.
(1986) showed that when ECMs were presented to the homeowner in a list ranked by payback
period they were able to achieve, on average, twice the energy savings per dollar when compared
with the way information is typically presented after an energy audit. More recent work has argued
for IRRs in place of simple paybacks and has shown that educating the user about the financial
rate of return and the potential carbon dioxide (CO,) savings can encourage environmentally- and
energetically-rational decisions (Pearce er al. 2009). With the additional features now available
in smartphones, video tutorials and graphical representation of savings are also available to assist
in the educational process. An example of the type of video references available is Massachusetts
Institute of Technology Open Course Ware project (MIT 2010).

2.5. Continuous evolution

Internet connectivity allows the potential smartphone energy audit application to be updated and
added onto through its life. This will lead to an ever-improving user experience and allow users or
corporations to create their own ECMs and incorporate them into the software. This functionality
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Fixture Location: | Living Rm. S. |

me #olBubs (8 |

(House B Type [incandescent[i)

Location Average Use | |hrsiday
296 Frontenac St |K7Lass | prm——
— _.> Watlage (40 |Watis/bulb
Hoaling Source T
Organize by: | IRR
- e Pk Badroom S. 140 | CFL 215%|
285 Earl St Gas Bil (o] Upstairs Hall 135 |CFL 200%
- T— B i Track [300 | CFL 150%
= Fuel Oil Bal (o]
New Project > Kitchen #1 25 |GFL 80%
Etectricty s [NIM] Kitchen #2 250 | 18 0%

Water Bl To ) Bath #1 45 |LED 16%

Figure 1. A simplified programme outline including input/output page for a lighting fixture ECM.

will provide a challenge due to the need for future proofing and ensuring platform independence.
However, these challenges can be overcome using an open source methodology similar to how
companies are open sourcing their platforms to gain and maintain functionality (Apple 2010,
Google 2010b).

2.6. Example ECM

One example of an ECM for the smartphone application would be one for lighting lamp retrofits.
A screen view of what an ECM App could look like on an iPhone, is shown in Figure 1.

As can be seen in Figure 1, the user would choose their house, energy sources, and payment,
and then can drill down into specific ECMs such as lighting retrofits, which are shown. The
annual energy savings from the replacement of a light bulb is given by the difference in the
power consumption of the two bulbs multiplied by the number of hours used per year. Economic
analysis also requires the cost and rate structure of electricity, costs of the various types of bulbs,
and lifetime of bulb. These inputs would come from a query of available Internet databases. An
economic analysis with these inputs produces monetary savings per year, energy savings per year,
CO; savings per year, and IRR. This analysis can be done for replacements or new projects to
inform the users in order to help them make better decisions. Simplified versions of several ECMs
including one for lighting are available from Energy Star (Energy Star 2010a) and a number of
open source ECMs on green IT and other appropriate technologies are available on Appropedia
(2010). The use of a smartphone allows for many additions to these ECMs. The fast Internet
connection will also allow for real-time product pricing information, electricity prices, available
rebates and create a more holistic economic modelling tool.

3. Methodology

To assess the potential benefits of using smartphones for home energy audits, a comparison of the
resources that it would take to complete energy audits on all the homes in a given area is compared
to those from a standard energy audit. The resources that were quantified include driving time
and auditing time required for the two different types of audits in a region. The region chosen for
the case study considered is that of Hearthmakers Energy Cooperative Inc., based in Kingston,
Ontario. Hearthmakers is a member of Green Communities Canada who is licensed by NRC to
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Figure 2. Statistics Canada census subdivisions map for Hearthmakers Inc. territory.

provide standardized home energy audits. The audits are meant to assist homeowners in making
retrofit decisions to improve comfort and the energy efficiency of their homes. The area assigned to
Hearthmakers was compared to a Statistics Canada census map for subdivisions (Statistics Canada
2009). The geographic census areas used in this paper for dwelling counts were confirmed by
Cooper (2010a) on behalf of Hearthmakers and are shown in Figure 2.

Using census data (Statistics Canada 2009), the number of dwellings was found for each of
the 17 subdivisions. To find the average driving time and distance to each dwelling within a
subdivision, Google’s Maps online software was used (Google 2010c). The average driving time
inside Kingston was estimated using the location of Hearthmakers and assuming average dwelling
density inside city limits. The total driving distance, Dp, and times, Drr, to the centre of each
county were calculated from Hearthmakers home office in Kingston and totaled using

17

Dp =Y _(2NpyDy), M
n=1
and
17
Drr = Z(ZNDth), 2

n=I

where Np,, is number of dwellings in each subdivision, and Ds and D, are average driving
distance (km) and time (h), respectively, to each dwelling for the individual subdivisions. Total
fuel consumption, F; (L), was then found using the results of Equation (1) by

F. = DDCAveragev 3)

where Cayerage 18 national average fuel consumption (L/100km), which for gasoline-powered
vehicles in Canada is 9.14L/100km (NRC 2009d). Then the total emissions Et (kg) can be
calculated using the results of Equation (3) by

Er=F.G, (4)

where G is the CO, emitted by burning 1L of fuel in perfect combustion and is set as
2.34kg CO, /L of gasoline (US Department of Energy). Using the energy content of gasoline,
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and the result of Equation (3), the energy consumed (Qp) while driving can be found:
Op = F.H, ®)

where H (MJ/L) is the average energy content of a liter of gasoline of 31.7 MJ/L (Ristinen and
Kraushaar 1999, O’Hayre et al. 2009). Average yearly energy savings Qs (MJ) due to an audit
can be calculated using the average effectiveness of an audit.

QS = NDW77 QAV Pheat (6)

where 7 is average energy savings reduction fraction (i.e. 0.30 for 30% energy reduction) from
conducting an audit, Qay is the average residential energy consumption (MJ) and Ppey is the
average fractional amount of energy in a residential house that is used for heating. NRC esti-
mates average heating savings of 30% due to an energy audit when recommended actions are
performed (NRC 2010b). Average energy intensity for a single Canadian home is 111.45 GJ /year
(30,958 kW h/year) of which 62.7% is use for space heating (NRC 2009a).

The energy and emissions savings ability of the two audit programmes are compared using a
sensitivity analysis with four cases. Two cases were used to represent the emissions reduction
capabilities of traditional home energy audits (TA) in the case area:

(1) TA Case 1: The base traditional audit case will be that of Hearthmakers current performance.
This includes 900 audits per year, as confirmed by Cooper (2010b).

(2) TA Case 2: The optimistic traditional audit case accounts for the maximum amount of audits
that Hearthmakers could complete in 1 year. It assumes the all six auditors would work full
time 40 h a week, 52 weeks per year. Accounting for an average of 77 min round trip driving
time to each dwelling and 3 h required to perform an audit, gives 2914 audits per year.

Two cases were used to represent the emission reduction capabilities of a smartphone-based
auditing system. Since the uptake rate of the smartphone-based auditing software is unknown,
an estimate is made using a curve representing the diffusion of similar innovations following
the models outlined by Rogers (1983). In 2008, 74.3% of Canadian homes had mobile phone
subscriptions (CRTC 2009). Smartphones represented approximately 20% of the mobile phone
sales market in North America at the end of 2008, a 69% growth in sales for the year (Gartner
2009). This provides an innovation diffusion curve starting value of 23,330 dwellings that own
smartphones in the case area, which is bounded by 116,651 smartphone owning homes out of
the 157,000 at full penetration (Statistics Canada 2008). It should be noted that these values are
on the conservative side of smartphone penetration due to the lack of accounting for increasing
mobile phone adoption and increasing population. The adoption and use of the software is also
modelled using a diffusion curve, with the base case being zero users in the first year. The two
specific smartphone (SM) cases are:

(3) SM Case 1: The conservative smartphone case is modelled using the diffusion curve parame-
ters of the DOE-2 modelling software adoption where the innovation co-efficient (p) is 0.0005
and imitation co-efficient (g) in 0.656 (US Department of Energy 2004). In this case both
the software adoption and smartphone penetration are modelled using these co-efficients of
diffusion.
(4) SM Case 2: The slightly more optimistic case is modelled using the diffusion curve parameters
of the Low-e window adoption where p is 0.0577 and ¢ is 0.2729 (US Department of Energy
2004). In this case both the software adoption and smartphone penetration are modelled using
these co-efficients of diffusion.
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For all cases, the energy savings are assumed to be realized the year following implementation.
The cumulative energy and emissions savings of the two programmes rely heavily on the effec-
tiveness of the audit to account for energy savings. Energy savings are restricted to improvements
in heating efficiency for both cases despite a large potential for reductions in electricity use by
ECMs within the smartphone application. A sensitivity analysis was performed on the variable
effectiveness of each of the audit scenarios in order to generalize the results of this study.

4. Results

Within the case study area in southern Ontario, there are 157,000 dwellings (Statistics Canada
2008). To complete audits using the traditional audit process, an auditor has to drive to each
separate dwelling. Using Equations (1) and (2), the audit process is found to require 16,000,000 km
and 202,000 h of driving. Equations (3) and (4) show that this travel would result in 1,460,000 L
of gasoline being consumed producing 3420 tons of CO, emissions. Although the energy and
emissions due to travel are significant, it should be noted that they represent less than 1% of
energy reductions at even the lowest audit effectiveness. To complete the audits themselves would
require 472,000 h resulting in a total completion time with driving of 674,000 h of work. Based on
52 weeks a year, 40 h a week, the six auditors that Hearthmakers currently employs will require
a remarkable 55 years to complete the energy audits for all the dwellings in the region.

The results of diffusion of the auditing scenarios in the case area are shown in Figure 3. As can
be seen in Figure 3, both traditional auditing scenarios assume linear growth of audits performed
based on the limits of Hearthmakers and their area, while the smartphone-based audits are based
on a diffusion innovation curve that models how new innovations are adopted by consumers.
Although the traditional audits provide further coverage in the first few years, the smartphone-
based audits rapidly overtake traditional audits and by 20 years have more than a factor of five
or a factor of two additional audits completed depending on the choice of assumptions. It is very
important to note that the upper bound of the smartphone audits curve is based on the current
amount of mobile phones being used in the area as well as the population. These two boundaries
are subject to change in the future as mobile phones become the norm and population growth
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Figure 3. Cumulative audits performed of the four auditing cases including two traditional auditing scenarios and two
smartphone-based auditing scenarios.
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Figure 4. Cumulative CO, savings of four auditing cases including two traditional auditing scenarios and two
smartphone-based auditing scenarios. Audit effectiveness was 0.30.

Table 2. A sensitivity analysis of the four types of energy audits. Results are shown in Mt of CO; saved,
and are based on the length of time and the audit effectiveness.

20 years 30 years 50 Years
Audit efficiency 10%| 30%]| 50% 0% ] 50%]| 10%]| 30%]| 50%
SM Case 1 40 121 [ 402§
SM Case 2 74 435
TA Case 1 45 16 3 ) 292 | 1032
TA Case 2 14 194 90 319

occurs. In particular the uptake rate of smartphones is accelerating and should be viewed as a very
conservative estimate.

The cumulative CO, savings for the Hearthmakers territory and the four auditing case types
assuming an audit effectiveness of 30% are shown in Figure 4. As can be seen in Figure 4, the
cumulative CO, savings from smartphones and will out-pace traditional audits in year 13 and
year 17 for the optimistic and conservative cases, respectively, and continue decades.

Finally, the results of the sensitivity analysis on effectiveness of each of the audit scenarios are
summarized in Table 2, in order to generalize the results of this study. Table 2 shows the impact of
the four cases in Mt of CO, saved, and are based on the length of time and the audit effectiveness.
Table 2 shows that for each combination of length and audit effectiveness the highest cumulative
savings occurs using the optimistic smartphone case.

5. Discussion

The results of the case study show that the smartphone-based energy auditing system has a high
potential for accelerated energy and emissions savings, when compared with the traditional energy
auditing process that currently exists. First, the yearly savings due to reduction of driving time
alone show potential for energy consumption reduction of 12,800 MW h and emissions reduction
of 3420 ton, although they are dwarfed by the energy and emission reductions accrued from ECM
deployment in the same number of homes. The primary benefit of the smartphone-based energy
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auditing system is the parallel auditing of thousands of homes in a very short time. Although,
both the government and the home owner will end up incurring costs for the 647,000 h of work
time required to audit all the households in the area, the smartphone-based approach allows
these hours to be accomplished by many homeowners simultaneously, whereas this is unfeasible
for the traditional approach due to the lack of qualified personnel. With the current capabilities
and workforce deployed by Hearthmakers, the case study area will take 55 years to audit every
residence. This is an unacceptable amount of time with respect to global greenhouse gas emissions
targets according to current research (IPCC 2007, Richardson et al. 2009). Another advantage of
homeowner audit is they can keep on auditing their home and adjust the home changes according to
their previous ECM. With the current professional audit, this is not possible without considerable
expense.

The potential reduction of 49,000 ton of CO, per year, for the case study dwellings, based
on an effectiveness of n = 0.30 is significant. If developed properly, and applied on a larger
scale, implementation of this type of energy efficiency programme could play an integral role in
Canada’s future environmental strategy. The potential of the smartphone application to be applied
on a large scale after a short development time is one of major advantages of the programme.
Figures 3 and 4 showed that although the traditional audits provide further coverage in the first few
years the smartphone-based audits rapidly overtake traditional audits and provides substantially
more energy and emission savings over the medium term.

Innovation diffusion analysis, including a 1 year development time for the smartphone soft-
ware coding, shows that total audits completed by the smartphone case will exceed optimistic
traditional audits case at year 12. In year 2, the higher diffusion analysis shows only 321 audits
completed. A government subsidy or promotional programme that increases this initial up take
could dramatically improve these very conservative projections. The sensitivity analysis shown
in Table 2 shows the energy savings potential of both programmes for a variety of audit effec-
tiveness values. It can be seen that for the same year and effectiveness the smartphone audit in
the less conservative case has a higher reduction capability in every instance at high deployment
rates.

The primary deficiency of the smartphone audit when compared with the traditional audit is
the lack of a blower door test that is used to measure how well the house is sealed and provides
a quantitative feedback when pre- and post-retrofit audits are compared. Lacking the ability to
complete this part of the audit the smartphone will need to be coupled with information and
instructions, possibly in video format, for the home user to find cracks and seal off likely sources
of air infiltration. An example of this procedure is already outlined by Energy Star (Office of Air
and Radiation 2000). Currently in Canada subsidies for energy-efficient retrofits are awarded based
on a before and after government regulated inspections (ecoEnergy 2009). The move to a user
performed smartphone-based audit would require a different subsidy programme. A new tailored
programme would either use an across the board subsidy or individual purchasing allowance
system for energy efficient products and materials.

A considerable advantage of a smartphone-based energy audit programme is its ability to engage
users. The programme has greater impact then a one-time audit because of the continual feedback
and constant updating. A study by McClelland and Cook (1979-1980) showed that households
that received continuous feedback during the study about the monetary cost of electricity reduced
their energy consumption by 12% compared to a control group. A study by Winett and Kagel
(1984) showed that the way in which energy efficiency information is presented to the public
can yield energy use reductions as great or greater than relatively large increases in the price of
energy. The innovative user interface of many new smartphones provides an ideal way to present
energy efficiency information to engage the user in the most effective way. The recent explosion
in growth of social networks and online peer groups and the success of crowdsourcing provides
some examples of the additional utility of using a smartphone platform for energy audits.
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The estimated uptake rates of the smartphone model used in this paper are very likely conser-
vative as there is clear evidence that a strong case for faster uptakes, especially among younger
people (who make up the majority of smartphone users), via a link to social networking. Face-
book, 4square, Flicker, etc. are all social phenomena and this application is more likely to follow
a more rapid technological diffusion path than the DOE or high-performance window models
chosen within this paper.

5.1. Improving ECM adoption rates

Adoption of many energy efficient and economically beneficial technologies has been slow in the
residential market. One such technology that has been analysed is the movement to CFL bulbs
from incandescent bulbs. A low adoption rate occurs despite a common payback rate of less than
1 year (Bertoldi and Atanasiu 2006), which is an IRR of over 100% (Pearce et al. 2009). A major
deterrent to energy-efficient equipment adoption tends to be the relatively high capital costs and
the consumers inability to estimate the operating costs (Maria et al. 2010). In the case of the
smartphone energy audit — that operating cost estimation would be done for the consumer using
simple and easily understood inputs as shown in Figure 1. The main advantage, however, will
simply be education of ECM products’ existence. A study performed in Ireland on CFL bulb
adoption showed that 50% of the respondents pointed at the lack of awareness of the benefits
and the lack of awareness of even the existence of such measures as a reason for not using CFLs
(Maria et al. 2010). The study also showed that education was more positively correlated to CFL
adoption then respondents’ views on environmental protection. This is supported by comparing a
government CFL campaign in Germany (Prose and Wortmann 1991) to a personalized educational
approach (Pearce and Russill 2005). In 1990-1991 in the state of Schleswig-Holstein in Germany
a government campaign, which concentrated on households, was run through mass mailed leaflets,
newspaper articles, and a balloon release, resulted in an estimated 20,000 CFLs being purchased.
During the campaign, 8.7% of Kiel households installed CFLs for the first time and an additional
6.8% of households which already had CFLs purchased more. Thus, a total of 15.5% of a possible
48.7% that were cognizant of exposure to the campaign for a total success rate of 31.8%. In
contrast, a method focused on education was more effective having a success rate of 67% (Pearce
and Russill 2005) attributed to (a) the motives for adoption could be tailored for the individual,
(b) economic results were personalized, and (c) interpersonal contact helped to more fully explain
the concept. The smartphone energy audit shares the first of two strengths.

If the findings are assumed to apply to all types of consumer-based energy efficient technology,
several conclusions can be made: (i) educating the user about economic outlook and analysis are
integral to the success of the smartphone energy audit, and (ii) education of a population about the
possibilities and benefits that exist in energy-efficient technology are necessary for wide spread
efficient technology adoption. These two factors that dictate the success of technology adoption
are also the defining features of the smartphone software.

6. Conclusions

It is well established that building energy audits provide occupants and owners with valuable
information and tools to help reduce emissions, conserve energy, and reduce operating costs.
This paper investigated the potential effects of advances in smartphone technology as a tool to
implement building energy audit programmes to increase ECM uptake and increase the resulting
environmental and economic benefits. It is clear that a versatile, easy to use programme designed
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to run on smartphones, which could be widely distributed, could end up increasing the effective-
ness of government-sponsored energy efficiency programmes and provide the ability to instantly
respond to changing conditions within the home retrofitting market. Fast Internet connections and
the technical evolution of modern smartphones provide an energy audit platform with additional
features including: (i) quasi-real time analysis, (ii) dynamic information sharing and continuous
user engagement, (iii) geospatial customization, (iv) an enhanced catalogue of ECMs, (v) ECM
ranking and user education, and (vi) the ability to constantly evolve. A case study for Southeast-
ern Ontario of 157 thousand homes is provided that shows that 55 years is needed to complete
the energy audits for all the dwellings in the region following a traditional model. However, the
results of the smartphone-based audit programme rapidly overtakes traditional audits and by 20
years have more than a factor of two—five additional audits completed, with the cumulative carbon
dioxide savings from smartphones surpassing traditional audits between 13 and 17 years with con-
servative assumptions. This paper shows that an advanced and expanded home energy auditing
programme that uses smartphone technology could provide significant economic and environ-
mental benefits when compared with current programmes and have a significant contribution to
large-scale CO, reduction strategies.
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