Energy Reports 6 (2020) 94-106

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Research paper

Understanding the practical issues of deploying energy monitoring n
and eco-feedback technology in the wild: Lesson learned from three e
long-term deployments

Lucas Pereira*, Nuno Nunes
ITI, LARSyS, Técnico Lisboa, 1049-001 Lisbon, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 26 May 2019

Received in revised form 23 September 2019
Accepted 14 November 2019

Available online xxxx

This paper reports on the different engineering, social and financial challenges behind the building
and deploying electric energy monitoring and eco-feedback technology in real-world scenarios, which
despite being relevant to the research community are seldom reported in the literature. The objectives
of this paper are two-fold: First, discuss the technical and social constraints of real-world deployments.
This includes, for example, hardware and software requirements, and issues related to security and
intrusiveness of the monitoring solutions. Second, identify and understand the costs associated with
developing and deploying such systems. These include hardware costs and consumed energy. To
this end, we rely on over five years of experience developing and improving a non-intrusive energy
monitoring research platform to enable the deployment of long and short-term studies of eco-feedback
technology. During this time, two versions of that platform were deployed in 50 homes for periods
that lasted between 6 and 18 consecutive months. By iteratively developing and deploying our sensing
and eco-feedback infrastructures, we managed to build upon previous findings and lessons learned
to understand how to create, deploy, and maintain such systems. Concurrently, we gained insights
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regarding what are some of the most relevant costs associated with running such experiments.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The global demand for electric energy has been experiencing
a steady increase since 1990, emerging as the second most used
end-form of energy with a 17.7% share, only behind oil with
40.8% (International Energy Agency, 2014). One of the factors
leading to the growth in electricity consumption in the last years
is the notion of well-being based on personal ownership and mass
consumption. As more people in developing countries have access
to higher levels of comfort it is expected (US Energy Information
Administration, 2016) that the world demand for electricity will
continue to increase in the next decades.

Nevertheless, the improvements in the quality of life enabled
by electricity do not come without environmental costs. In fact,
evidence shows that the carbon dioxide emissions from fuel
combustion used to generate electric energy, have been steadily
increasing since 1990, and are set to grow 46% by 2040 (Interna-
tional Energy Agency, 2014). Hence, the importance of domestic
electric energy in the global context of energy over-consumption
as outlined in Pacala and Socolow (2004), where the authors men-
tion that the residential sector holds the potential for achieving
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one of the seven wedges required to stabilize carbon dioxide
emissions by 2054.

Many studies suggest that providing householders with real-
time and historical information about their consumption can lead
to potential savings between 5% and 10% (Parker et al., 2006;
Fischer, 2008; Jain et al., 2012), especially in the cases where
the feedback is enhanced with individual appliance consumption
information (Carrie Armel et al., 2013). This is commonly known
as eco-feedback technology and is defined as the technology that
provides feedback on individual or group behaviors with the goal
of reducing environmental impact (Froehlich et al., 2010).

The underlying assumption behind eco-feedback technology is
that people will be able to change their actions and consequently
reduce their consumption if they can understand which appli-
ances are responsible for their overall energy consumption. This
effect was especially noticed in Parker et al. (2006), where Parker
and colleagues evaluated two low-cost monitoring systems and
found that users quickly discovered that by merely examining
the differences in the overall demand by turning appliances ON
and OFF they could easily approximate the energy usage of each
electric device.

Therefore, there has been a substantial effort to create moni-
toring solutions that can provide the consumption figures of indi-
vidual appliances. Including, for instance, electrical sub-metering
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(i.e., installing sensors in each device) and the development of
non-intrusive load monitoring (NILM) techniques that can sense
and disaggregate energy consumption from a single sensing loca-
tion in the distribution grid (Hart, 1985).

Even though the reported results are mostly positive regarding
improved awareness and achieving savings in energy consump-
tion (Fischer, 2008), it has been reported that after an initial
period of exposure to this technology, the tendency is towards a
decrease in the attention given to the feedback leading to behav-
ior relapse (Peschiera et al., 2010; Pereira et al., 2013). This effect
is defined in the literature as response-relapse and it suggests that
to accurately assess the effectiveness of eco-feedback as a tool
for promoting sustained energy savings, future studies should be
carried for more extended periods.

Furthermore, and despite the abundance of literature in en-
ergy eco-feedback (e.g., Darby, 2006; Ehrhardt-Martinez et al.,
2010; Vine et al., 2013; Karlin et al., 2015) and NILM (e.g., Zeifman
and Roth, 2011; Zoha et al., 2012; Esa et al., 2016; Nalmpantis
and Vrakas, 2018), it was only recently that the community saw
the first publications regarding the value proposition of NILM as a
tool to reduce energy consumption (Kelly and Knottenbelt, 2016;
Batra et al., 2016), or trying to educate the research community
about the practical issues of deploying and maintaining such
systems in real-world conditions (Mayhorn et al., 2016; Kosonen
and Kim, 2016), which we believe are of crucial importance to the
large-scale adoption of such technologies in years to come.

This paper discusses the practical issues of deploying NILM
and eco-feedback systems in domestic environments. More con-
cretely, we report on the many technical, social and financial
challenges behind the building and deploying such technologies
in real-world scenarios, which despite being relevant to the re-
search community are seldom reported in the literature. To do
this, we rely on more than 5 years of experience developing
and improving a research platform that relies on non-intrusive
energy meters to enable the quick deployment of eco-feedback
technology studies, and at the same time serve as a research
platform to evaluate NILM algorithms.

By iteratively developing and deploying our sensing and eco-
feedback infrastructures we managed to build upon previous
findings and lessons learned to gain a deeper understanding of
how to create, deploy and maintain such systems. Concurrently,
we gained valuable insights regarding what are some of the most
relevant costs associated with running such experiments. When
taken together, the different insights and lessons learned from
the three deployments represent an advancement in the state of
the art in the live deployment of non-intrusive energy monitoring
and eco-feedback systems, and can certainly apply to researchers
planning similar deployments.

The remaining of this paper is organized as follows: First,
we provide an overview of the related literature. Second, we
describe our research platform, and provide details of the three
live deployments that were conducted. Third, we provide a com-
prehensive discussion of the many practical considerations of
deploying and maintaining such systems. Finally, we conclude
this paper highlighting the implications and limitations of this
work, and briefly describing how some of the lessons learned
were applied in a different research project.

2. Related literature

Literature on the practical issues of real-world deployments
is not vast, with most of the published works referring to the
early days of ubiquitous computing (Hansen et al., 2006; Konomi
and Roussos, 2007; Huang et al.,, 2007), public displays (Ojala
et al., 2012), and wireless sensor networks (Tateson et al., 2005;
Langendoen et al., 2006) in the first decade of the 21st cen-
tury. Overall, the issues reported in the different papers fall

under four broad categories: (i) technical, (ii) infrastructural, (iii)
organizational, and (iv) end-users.

Concerning the technical issues, one of the main challenges
reported is the integration of the different hardware and software
components, as well as countless communication issues (Tateson
et al.,, 2005; Langendoen et al., 2006). Another challenge that is
reported in the need for energy sources to power the devices.
Such an issue is particularly relevant in the case of wireless
sensor deployments in the wild, as reported in Langendoen et al.
(2006). Ultimately, the failure to set up proper communication
and energy sources results in tremendous data losses. For exam-
ple, in Langendoen et al. (2006) communication issues lead to
the quick dry-out of the sensor-node batteries leading to o total
failure of the sensor network.

Regarding software, the literature reveals two main concerns.
First, the possibility of debugging in case of software malfunction,
and second, how easy it is to deploy updates remotely (Lan-
gendoen et al.,, 2006; Hansen et al., 2006). Likewise, in deploy-
ments that require integration with existing infrastructures or
third-party systems, it is necessary to take into consideration
the constraints of the environment where the technology will be
deployed (e.g., the existence of firewalls) (Hansen et al., 2006;
Huang et al., 2007). Another concern that appears reported in
the literature are the potential safety issues in case of hard-
ware malfunctioning, and if such issues would interfere with
the systems already in place. Such concerns are particularly im-
portant when the deployments happen in critical scenarios like
hospitals (Hansen et al., 2006).

With respect to the infrastructural challenges, it is important
to keep space limitations in mind (Hansen et al., 2006). For ex-
ample, in indoor deployments, it may be difficult to find enough
space to install all the necessary hardware (e.g., sensing and
feedback devices). On the other hand, for outdoor deployments,
it is necessary to take into consideration the security of the
environment (e.g., the risk of theft and vandalism) and extreme
weather constraints that cannot be captured in laboratory studies.
For example, in Tateson et al. (2005) a change in the weather pre-
vented the research team from recovering the deployed sensors
on the expected day, representing a delay of 10 days.

Another challenge that was reported in the literature is related
to the organizational rules. For example, in Langendoen et al.
(2006), the project timeline was restricted to the duration of
the growing season of the crops being monitored, between mid-
May and mid-August. In the real world, security and privacy are
major issues. For example, in Hansen et al. (2006), the deployed
system handled real patient data as well as the medical staff’s
location information. As such, the system had to be shielded by
the existing firewall, and outside accesses could only be made
using virtual private networks.

Finally, literature also reveals some challenges with regard
to the end-users. First and foremost, its very likely that in the
real-world the end-users have very different priorities and mo-
tivations, which are not possible to capture in laboratory set-
tings (Huang et al.,, 2007; Ojala et al., 2012). Likewise, literature
also reveals the challenges of preparing the staff to deal with the
changes in their working routines. This was particularly evident
in settings where end-user training needs to be performed during
business as usual operation (Konomi and Roussos, 2007; Huang
et al.,, 2007). Finally, there were some concerns regarding the loss
of privacy, but surprisingly this was not among the main concerns
of the end-users. In fact, different studies reveal that when there
is a perceived benefit, people are willing to trade-off some of their
privacy (Hansen et al., 2006; Konomi and Roussos, 2007).
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3. Non-intrusive energy monitoring and eco-feedback deploy-
ments in the real-world

The research platform described here is part of a series of
sustainability research projects, which involved a team of multi-
disciplinary researchers looking at using sensing, social network-
ing, and context awareness to understand and motivate people to
reduce their energy consumption in the residential sector.

Under the umbrella of these projects, we developed a hard-
ware and software platform to simplify and reduce the costs of
deploying and maintaining energy monitoring and eco-feedback
solutions in the real-world during long periods. The failure to
find a viable commercial solution led to the development of
the two custom end-to-end unobtrusive energy monitoring and
eco-feedback platforms, which are described in this section.

During these projects, the two platforms were deployed in
three long-term energy monitoring and eco-feedback deploy-
ments that lasted between six and 18 consecutive months. The
three deployments involved a total of 50 different households
that had the system installed and running continuously in their
houses to acquire energy consumption and user-interaction data.
During that period, the system was continuously monitored and
perfected. Several eco-feedback studies, including qualitative in-
terviews and surveys, were conducted to understand how people
react and adopt energy monitoring and eco-feedback technolo-
gies (Viana, 2011; Barreto, 2014; Quintal, 2016).

Here, we focus on the practical issues of building, deploying,
and maintaining such systems for long periods, which, as we
mentioned previously, are very seldom reported in the literature.

Next, the two energy monitoring and eco-feedback research
platforms, and the three deployments are briefly described. Addi-
tional information such as pictures of the deployment process and
translations of the User Interfaces is provided as supplementary
material.

3.1. Deployments timeline

The two research platforms were successfully deployed in
three long-term energy monitoring and eco-feedback deploy-
ments that took place in Funchal, the capital city of Madeira
Island in Portugal. Altogether, the three deployments involved 50
different households.

In the first deployment, the sensors and the eco-feedback
device had to be installed directly in the main fuse box of the
houses. To this end, and since this involved specialized work,
certified electricians from the local electricity provider did all the
installations.

Altogether, considering each day with at least one installation,
we needed 16 days to complete the installation of the 23 energy
monitors that comprised the first deployment. This deployment
lasted for 658 consecutive days between the end of July 2010
when the first device was installed, and mid-May 2012 when the
last one was removed.

Regarding the second and third deployments, since the mon-
itoring platform had to be installed in the building main electric
panel the sample was recruited from several apartment buildings
in Funchal. Furthermore, due to the considerable complexity of
the building’s main electrical panels, all the installations were
also performed by qualified electricians from the local electricity
provider.

The second deployment started in the beginning of August
2012 and lasted until the end of May 2013 in a total of 298
consecutive days. As for the third deployment, it happened be-
tween the beginning of August 2013 to the end of April 2014,
when the platform was removed from the building. Overall, this
deployment lasted 268 consecutive days.

3.2. Single-house energy monitoring and eco-feedback platform

The requirements for a single-house energy monitoring and
eco-feedback system with energy disaggregation capabilities can
easily reach hundreds of Euros (each element costs between 50
to 100 Euros without the cost of integration) (Pereira et al., 2012).

As such, after several attempts with custom hardware, it was
decided to use a netbook since it provided all the required ele-
ments in a compact package that would cost between 200 and
300 Euros. The sound-card served as the data acquisition module
(two channels, one for current and another for voltage) using the
built-in Analog to Digital Converter (ADC). The mini display and
the speakers provided the feedback, while the Wi-Fi and Ethernet
cards enabled communication over the Internet. Lastly, the built-
in camera and microphone would act as low-cost sensors for
human activity sensing.

In this version of the platform (used in the first deployment)
the energy sensors were installed in the main power feed of
the houses, hence covering the entire consumption from a single
monitoring point. This platform is referred to as single-house in
the sense that every house needs to have its own energy monitor.

3.2.1. Data acquisition and load monitoring

The current waveforms were sensed using standard non-
invasive split-core (clamp-on) AC sensors. The voltage was mea-
sured with a custom-made voltage transformer that steps down
the 230 V input voltage to 0.5 V such that it could be cor-
rectly sampled by the netbook sound-card. The two sensors were
connected to the sound-card using a 3.5 mm TRS splitter.

The netbook and the sensors were installed in the main power
feed, thus covering the entire house consumption and elimi-
nating the need for additional sensing locations. The digitized
waveforms were processed and transformed into power metrics
representative of the energy consumption (e.g., apparent, real,
and reactive power). The power metrics were calculated at a rate
of 50 samples per second (i.e., the mains frequency in Portugal)
and subsequently used for power event detection. All the power
measurements were stored in a local database (aggregated at one
sample per minute) along with the detected power events for
feedback and future data analysis purposes.

It is important to remark that this solution is only viable in
single-phase installations, where only two sensors are required to
measure the load demand, i.e., one sensor for current and another
for voltage.

3.2.2. Energy eco-feedback

The energy eco-feedback was provided on-site using the built-
in display of the netbook through different custom-made ap-
plications that provided historical and real-time information on
energy consumption and power events.

The first interface consisted mostly of traditional column
charts to display the consumption information. The system shows
a column chart with the total energy consumption over the
current day and that of all the previous days. It is also possible to
compare the electricity usage of the current week with the week
earlier based on a daily average. Fig. 1 (left) provides an example
of the daily consumption in a column chart, where each column
represents the different hours of the day.

The second version was designed based on feedback received
from the deployment of the first version. This interface used a
gauge analogy to display consumption information to the user.
The interface displayed information for the hourly, weekly,
monthly, and yearly consumption organized in a tabbed menu.
The consumption levels were mapped using a color scale going
from green to dark red. A cursor hover on the gauge would
trigger the display of information regarding CO, emissions and
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Fig. 1. Eco-feedback interfaces used in deployment one: version 1 (left), version 2 (right).

the cost associated with that time slot. Fig. 1 (right) provides
a screenshot of the hourly consumption screen, where the dots
represent power events (i.e., the instants when appliances change
their operation status).

For additional information about the eco-feedback user inter-
faces used in the first deployment please refer to the following
publications (Nunes et al., 2011; Pereira et al., 2012, 2013).

3.2.3. Installation and data integration

When installing the first version of the research platform, the
current sensor had to be placed in the main fuse box. The voltage
transformer and netbook had to be connected to a power source.

Regarding the data integration, each energy meter stored all
the data locally using an SQLite! database. All the databases were
synchronized using a Dropbox? folder linked to an account shared
by all the houses in the deployment. The individual databases
were later integrated into a single data warehouse using the SQL
Server Integration Services® running in a machine also linked to
the same Dropbox folder. Finally, Teamviwer* was installed in
every computer to enable remote maintenance and updates.

Fig. 2 provides a general overview of the single-house platform
installation and data integration process.

3.3. Multi-house energy monitoring and eco-feedback platform

The hardware and software platform evolved according to
the limitations found on the first deployment. For example, in
the initial setup, the sensing and eco-feedback were installed
at the main breaker box, which raised some issues of limited
accessibility for some household members (especially children).
Because of these, the original monitoring platform has undergone
some updates. The most significant one involved the replacement
of the netbook sound-card with a more capable Data Acquisition
System (DAQ).

In this version of the platform, the energy monitors were
installed in the main lobby of the apartment buildings along with
the electric utility meters. This solution enabled the monitoring
of multiple homes from a single sensing location, thus reaching
a new level of unobtrusiveness and security since no hardware
had to be installed inside the participant houses. Furthermore,
using a multi-channel DAQ enable the possibility of deploying the
platform in two and three-phase electric systems. This platform
is referred to as multi-house since multiple houses are monitored
from a single energy monitor.

1 SQLite, https://www.sqlite.org.

2 Dropbox, https://www.dropbox.com.

3 SQL-IS, https://www.microsoft.com/en-us/sql-server/.
4 Teamviewer, https://www.teamviewer.com/.

3.3.1. Data acquisition and load monitoring

The current and voltage signals for all the monitored houses
are acquired from the building main electric panel and processed
by a single computer using a dedicated DAQ board . The com-
puter, referred to as the Energy Monitoring Base Station (EMBS),
is also responsible for storing and providing remote access to
consumption data. To this end, all the data is stored in a sin-
gle MySQL® database and a layer of REST® web-services was
implemented to enable easy access to the data.

Regarding the data acquisition hardware, the LabJack U6 DAQ’
was used. This device can scan 14 analog input signals with a bit
resolution up to 16 bit and a maximum sampling rate of 50 kHz
(to be shared among all the active input channels). The LabJack
DAQ connects to the EMBS via USB 2.0.

3.3.2. Energy eco-feedback

The multi-house energy monitoring and eco-feedback plat-
form enabled householders to access the eco-feedback in differ-
ent places of the house, or even outside the household premises
provided there was an Internet connection available. As such, to
take advantage of this feature, the eco-feedback was provided
using custom-made mobile applications running on 7” Android
tablets (see Fig. 3 - left).

The eco-feedback application used in the second deployment
involved two main modes of operation. If not used for two min-
utes the app would revert to the Energy Awareness mode, showing
the consumption mapped as a digital illustration of the local
endemic forest (see Fig. 3 — left). Once the user interacted with
the tablet, by pressing the back softkey, the system went to the
Detailed Consumption mode, showing daily, weekly and monthly
information about the home energy consumption (see Fig. 3 —
right).

As for the eco-feedback system used in the third deployment,
the Energy Awareness mode was replaced with information about
the electric energy generation in Madeira island. The developed
application was composed of a set of tabs presenting the electric
generation information, and summaries of the consumption on a
daily, weekly, and monthly basis.

The energy generation view was the default mode of the app,
and the system reverted to this visualization when no interac-
tion happened during a pre-defined period. The electric energy
generation was represented using a cumulative area chart of all
the sources of energy used during the day, their quotas relative
to each other. A forecast of the sources that would be available
for the rest of the day was also available (Fig. 4 — left). The
summary view (Fig. 4 — right) shown two charts representing
the consumption of the current day, week, and month, as well
as a comparison between homologous periods.

5 MySQL, https://www.mysql.com/.

6 REST, http://www.ics.uci.edu/~fielding/pubs/dissertation/top.htm.
7 LabJack U6, https://labjack.com/products/u6.
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Fig. 2. General overview of the single-house version of the energy monitoring platform.
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Fig. 3. Energy eco-feedback applications used in deployment two: energy awareness mode (left), detailed consumption mode (right).
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Fig. 4. Energy eco-feedback applications used in deployment three: energy generation information (left), consumption summary (right).

3.3.3. Installation and data integration

The physical installation of the multi-house platform can be
performed in different ways, depending on the number of houses
to be monitored and the desired sampling rate. For example, a
building with 11 apartments or less can be fully monitored using
a single DAQ as depicted in Fig. 5. All the three voltage phases and
the 11 current signals are sensed and digitized using the multi-
port DAQ. The digitized waveforms are then fed to the energy
monitoring software that computes the different power metrics

by combining the corresponding voltage and current waveforms
of each house.

Regarding the data integration task, the MySQL database in
each EMBS was available for remote access. This way, it was
possible to remotely access and integrate the individual databases
whenever new data was required. Moreover, to further optimize
the interactions with the databases, we maintained summary
tables on the database server (e.g., hourly, daily, weekly, and
monthly energy consumption averages).
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Fig. 5. Example of a possible configuration of the multi-house energy monitoring platform.

4. Practical deployment considerations

After describing the research platforms and the three live
deployments, we now reflect on more than five years of expe-
rience in developing and deploying NILM systems. We include
not only technical considerations but also the outcomes of several
interviews that were conducted with the participants, to identify
and clarify what we consider to be the practical issues behind
deploying and maintaining NILM and eco-feedback systems in the
wild.

First, we describe the different technical challenges faced by
researchers, like physical installation constraints and data man-
agement issues. Secondly, we discuss the different social chal-
lenges, which involve for example maintaining a steady sample
during the entire deployment. Finally, we discuss the costs associ-
ated with deploying energy monitoring systems for eco-feedback
research purposes.

4.1. Technical considerations

Technological (or physical) issues refer to the different chal-
lenges that research teams are presented when developing and
deploying this kind of systems. In our case, we have identi-
fied three main categories of technological issues, namely: (i)
installation and maintenance; (ii) communication; and (iii) data
management.

4.1.1. Installation and maintenance

Regarding the installation of the system, the main challenges
are related to the location of the breaker boxes, particularly when
deploying hardware inside the houses. For example, even though
all the homes in the first deployment had the fuse box near
the main door or in the kitchen, there were cases in which the
fuse box was located inside a bedroom , thus making the whole
process extremely intrusive. Likewise, it is also expected that in
some older houses the breaker box will be in the basement or
in the attic, which in any of the cases invalidates solutions with
built-in eco-feedback.

Additionally, we should remark that most energy monitor-
ing solutions require a constant power source. However, as we
observed in our deployments, it was not very common to find
power outlets near the breaker box. Consequently, when deploy-
ing single-house monitoring systems it is important to take into
consideration that some extra work might be required to install
all the necessary equipment.

With respect to the multi-house platform, the issues of access-
ing the breaker box were naturally avoided. However, installing
the system in the building breaker box is by far a more chal-
lenging task and should always be conducted by experienced
electricians. Nevertheless, the biggest challenge of deploying the
second platform is also related to the actual physical location
of the electrical panels and the circumstance that they are not

prepared for the installation of this kind of systems. This fact was
particularly evident in the third deployment where there was no
space to store the necessary hardware.

Lastly, the maintenance of such long-term deployments was
considerably challenging. In particular, the need to constantly
monitor all the installations to ensure that everything was work-
ing smoothly. Moreover, it should be taken into consideration
that constantly monitoring the status of the deployment will
not necessarily mean that all the failures are detected and acted
upon. As such, we argue in favor of following a pro-active main-
tenance strategy in which the monitoring solutions themselves
are responsible for at least detecting and notifying the system
administrators in case of failure.

4.1.2. Connectivity

In the wild research-platforms rely heavily on the availabil-
ity of stable network connectivity, for several reasons including
data transmission and system maintenance. This dependency was
particularly evident in our second platform since everything was
done remotely.

Yet, contrary to what one would expect, Internet connections
and particularly Wi-FI are not widely available or easily accessi-
ble. This was the case in many of the homes monitored in the
first deployment, which lead to the creation of a had-hoc Local
Area Network to provide Internet to the participants. Likewise,
Internet access was also a constraint in the second and third
deployments, since we had to contract Internet connections from
a local provider in order to connect our energy monitoring base
stations to the Internet.

Consequently, when deploying this kind of systems, it is im-
portant to take into consideration that Internet connections may
represent extra costs. This will become even more important
if the deployments happen in remote places where the only
available connections are mobile (e.g., 3G or 4G) since these are
normally more expensive than traditional DSL or cable connec-
tions.

Furthermore, it is necessary to assume that the Internet will
not be available all the time and therefore there is a need to
account for long periods without an Internet connection. Such
measures include, for example, storing the data locally when
no connection is available and uploading to the server when an
Internet collection is available without compromising the storage
of real-time data.

4.1.3. Data management

One of the most important challenges in our deployments
was to cope with the rate at which data was generated by the
deployed energy monitors. Taking as an example the power read-
ings that are stored at one sample per minute and considering the
50 households, there were 504 k records in the database after one
week, and 2.160 M after 30 days.

Consequently, making the right choice of database technol-
ogy is a crucial step when deploying such systems. There are
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Fig. 6. MySQL vs. MongoDB: database physical size.

two aspects that we consider of great importance, namely the
query performance and the physical size of the data. The former
is expected to greatly affect the performance of any systems that
rely on the stored data (e.g., eco-feedback applications), whereas
the latter plays an important role regarding the selection of the
hosting services.

Given the relevance of this issue in all the three deployments,
we have decided to go beyond the theoretical guarantees of data
storage technologies and performed a benchmark between SQL
and NoSQL database management systems. Regarding the former,
we selected MySQL, which is probably the most widely used
database management system and normally the first option of
most researchers, including us. As for the latter, we selected Mon-
goDB? since it was one of the fastest growing NoSQL solutions
at that time. This benchmark was performed using the SustData
dataset that emerged from the three deployments (Pereira et al.,
2014). For additional details about this benchmark, please refer to
the following publications (Goncalves, 2016; Pereira et al., 2018).

In one of the tests, we wanted to evaluate how much disk
space would be necessary to store the same amount of data
in both technologies. To this end, we performed the sequential
insertion of 10 million records in MySQL and MongoDB and the
results have shown that just after two million records (i.e., one
month of power measurements for the 50 households) the size
of the MongoDB database almost doubled the size of its MySQL
counterpart (0.95 GB vs. 0.4 GB). Fig. 6 shows a graphical repre-
sentation of the obtained results.

In another test, we wanted to measure how much time it
would take to query the data in each engine. To this end, we
selected the top five queries that were performed in our eco-
feedback applications and executed each one of them using the
same database sizes of the previous test. Fig. 7 shows a graphical
representation of the average time it took to complete the five
queries in each of the different database engines. As it can be
observed, MongoDB clearly outperforms MySQL especially af-
ter there are half a million records in the database (7 days
considering the same 50 households).

As we see from the results of the two tests, there is an obvious
trade-off between the two database technologies. On the one
hand, MySQL takes considerably less disk space, but just after
250 k records, the performance of the queries starts to degrade
(4.71 s in MySQL against 1.78 s on MongoDB on average). On the
contrary, MongoDB more than doubles the required disk space
but manages to keep the query times in average 5 times faster
than MySQL.

8 MongoDB, https://www.mongodb.com/.

This said, at the end of the day, the most suitable database
technology (or combination of technologies) is highly dependent
on the type of application. For instance, in our case we are
interested in providing the information to the user in the short-
est period of time possible, thus the query time is much more
relevant than the disk space.

4.2. Social considerations

By social issues, we refer to the different human-computer
interaction related challenges that researchers face when con-
ducting long-time research. More particularly, in our research
we have identified two main categories of social issues, namely:
(i) installing and maintaining a steady sample, and (ii) physical
location and security of the deployed systems.

4.2.1. Installing and maintaining a steady sample

From our experience deploying these systems in real-world
scenarios, we realize that one of the most interesting challenges
was to deal with the very different agendas of everyone involved.

This fact became particularly evident during the installation
phase of the first platform, which took 16 days to complete (and
other 16 to remove) due to the difficulties in scheduling the
visits to the houses. This was also evident when the different
research teams had to interact with the householders to conduct
the different eco-feedback research studies.

After exploring the evolution of the weekly user interactions
with the eco-feedback (i.e., number of mouse clicks and screen
touches) during the three deployments, we also found that with
time participants tend to lose interest in the topic and stop using
the devices.

The weekly interactions for each household during the de-
ployment are shown in 8, where the week number represents
the number of weeks since the system was installed in each
household (i.e., week one means that the system was installed for
an entire week, week two means that the system was installed for
two weeks, and so on).

As it can be easily observed, in the first three to four weeks of
each deployment there was a considerable number of interactions
with the feedback devices. However, as the number of weeks
increase, the number of interactions drops considerably. Like-
wise, during the first deployment, it is also possible to observe a
very significant increase in the number of interactions between
weeks 24 and 27, which corresponded with the update to the
eco-feedback user interfaces that mentioned in Section 3.2.

To further understand this effect, we also looked at the average
of weekly interactions per household, which is depicted in Fig. 9.
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As it can be seen, there are houses with very few interactions
(e.g., house 11 with only one weekly interaction), and others that
are way above average (e.g., houses 16, 18, and 19). After inter-
viewing the participants, the research teams found that some of
the participants did not have a particular interest in the research
project, and only accepted to participate to be helpful. This was
the case of house 11, that at some point ended up hiding the eco-
feedback device behind a picture frame and house 4. On the other
hand, in the families with a higher number of interactions, we
found out that at least one of the members was highly motivated
for this subject either for financial or environmental reasons.

While the reasons for this effect are out of the scope of this pa-
per (interested readers should refer to Nunes et al., 2011; Pereira
et al,, 2013; Quintal et al., 2013b), this strongly suggests that
field experiments are not just hard to implement from a technical
stand-point, but also that any findings may be very difficult to
validate and generalize, unless the sample size is large enough to
account for caveats like the inability to conduct fully controlled
trials (e.g., start and conclude an experiment with all participants
at the same time), or the sample mortality (i.e., participants that
opt to drop out, or that although remaining in the deployment do
not relevant to the trials).

4.2.2. Physical location, security and intrusiveness

The fact that the first version of the monitoring platform had
to be installed at the entrance of the monitored houses, presented
some concerns. Firstly, the system was not easily accessible to
all family members in particular children, as one of the mothers
shared with us: “She didn’t reach it” (youngest daughter with
7 years old). Additionally, the location of the netbook near the
main power feed made it harder for family members to inter-
act with the eco-feedback as some users were afraid of either
dropping it on the floor or damaging the equipment since they
considered it to be very fragile (the computer was stuck to the
wall with sticky Velcro) and they did not own the system (Pereira
et al., 2013).

Likewise, some families also expressed concerns regarding the
intrusiveness and safety of the system, even though it was prop-
erly and securely installed by qualified electricians. For instance,
some families did not allow their kids to come nearby or interact
with the devices, fearing the risk of electric shock.

Finally, with regards to the second platform, since all the
measurements were taken from the main electrical panel of the
building and the eco-feedback was provided using mobile appli-
cations, we did not observe any major concerns regarding the
security and intrusiveness of the equipment.

4.3. Appropriation of the eco-feedback technology

From the extensive interviews, we have also learned that fam-
ily members tend to have naturally defined roles. This included
the role of checking and controlling the energy consumption.

Ultimately, this made other family members feel that they did
not have to worry or use the eco-feedback systems, since some-
one (usually the husband or the person more comfortable around
computers) was taking care of it, as shared by two spouses: “There
are certain things I leave for him to do and other things I take care of
myself. I was curious to use it and I would use it but not as often as
him” and “He would check more because he would be more curious
(husband) and me I would let him give me the report of it. He would
summarize the information”.

4.3.1. Privacy and data protection concerns

Regarding privacy and data protection, our participants re-
vealed little to no concerns, as long as their identities were
not revealed. For example, when asked about possible additional
features, most of the participants responded that they would like
to know how their consumption compares with that of similar
households, even if that meant having to share their data (Quintal
et al,, 2013a). Likewise, when inquired about the tracking of the
mouse clicks and touches on the mobile applications, no concerns
were raised whatsoever.

Finally, with regard to data ownership, most participants asked
for a copy/summary of their data once the deployment was over,
but did not raise any concerns about sharing the data with the
scientific community. In order to attend to this request from our
participants, the research team compiled an hourly consumption
report (in kWh) for each participant. This was later made avail-
able in the form of a spreadsheet with pre-defined pivot tables.
Additionally, once all the three deployments were completed, all
the collected data was compiled and released to the research
community for free (Pereira et al., 2014).2

4.4. Financial considerations

In order to provide an overview of how much studies of this
nature can cost, we now report on the costs involved in our
deployments. More concretely, we explore the costs associated
with acquiring the monitoring hardware, and the energy required
to run the energy monitors.

9 SustData Dataset: http://aveiro.m-iti.org/data/sustdata.
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Table 1
Baseline hardware costs of the single- and multi-house energy monitors (prices
in Euro).

Item Unit cost Single-house Multi-house

Qt. Total Qt. Total
Netbook 230 1 230 1 230
Current sensor 10 1 10 10 100
Voltage sensor 15 1 15 3 45
Audio splitter 3 1 3 - -
LabJack U6 DAQ 338 - - 1 338
Tablet 99 - - 10 999

258 1783°

2Total per house: 170.3 (with tablet); 71.3 (without tablet).

4.4.1. Hardware acquisition

Regarding the hardware costs associated with the single- and
multi-house energy monitors, the baseline costs were estimated
based on the acquisition prices of the different components that
comprise each solution. We also consider that the multi-house
platform can monitor up to 10 houses.

The individual costs of each component are presented in Ta-
ble 1, showing a comparison between the single-house and two

different versions of the multi-house energy monitor (with and
without tablet).

As alleged, monitoring multiple houses from one single lo-
cation is significantly cheaper than installing hardware in every
house (170.30€ vs. 258€) . Furthermore, it can also be observed
that a substantial part of the costs is associated with the need
to provide eco-feedback, hence indicating that the solutions will
become much more cost-effective when eco-feedback is provided
using channels that do not require additional hardware.

In order to better understand the costs associated with energy
monitoring deployments, we also compare a multi-house solution
with a single-house monitor based on a low-cost credit card-
size embedded computer and one hypothetical multiple-sensor
smart-meter.

With regards to the multi-house solution, we consider that
the Raspberry Pi 3'° embedded computer is used as a process-
ing unit. As for the single-house solution, we consider that the
system requires a dedicated processing unit and a dedicated
DAQ board. More precisely, we assume that the single-house
monitor is comprised of the BeagleBone Black rev. C'! and the

10 Raspberry Pi, https://www.raspberrypi.org.
11 Beaglebone, https://beagleboard.org.
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Table 2
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Baseline hardware costs of the single- and Multi-house energy monitors (prices in Euro).

Item Unit cost Single-house Multi-house Multi-sensors
Qt. Total Qt. Total Qt. Total

Raspberry Pi 3 40 - - 1 40 - -
Beaglebone Black 45 1 45 - - - -
LabJack U6 DAQ 338 - - 1 338 - -
PRUDAQ 60 1 60 - - - -
Whole house meter 75 - - - - 1 75
Individual plug 31 - - - - 10 310
Current sensor 10 1 10 10 100 - -
Voltage sensor 15 1 15 3 45 - -

130 523° 385

2This is the price for 10 houses.

Table 3
Estimated energy costs of the components that compose
solutions.

the monitoring

Item Watts Day Month Year

kWh  Euro kWh Euro kWh Euro
Netbook 30 072 012 216 346 2592 42.05
Embedded computer 5 0.12 0.02 3.6 0.58 432 6.91
Individual plug 1 0.002 0.004 072 1.18 8.64 1.40

PRUDAQ!? high-speed ADC. Lastly, with respect to the multiple-
sensor smart-meter, we consider that the system is able to mon-
itor 10 different loads as well as the aggregate consumption by
means of an additional whole house smart-meter. More precisely,
we consider the CurrentCost!> smart-meter, due to the fact that it
is one of the cheapest solutions in the market. The baseline costs
for the different solutions are presented in Table 2.

As it can be easily observed, the multi-house solution is much
more cost-effective than the other solutions (e.g., it costs 60%
less than the single-house option — 52.30€ vs. 130€). On the
contrary, in a multiple-sensor solution, the information comes at
much higher costs. For example, even if we consider only two
individual plugs, the cost per house would still be higher than
the single-house version (137€ vs. 130€) (see Fig. 10).

4.4.2. Electric energy consumption

In this work, we also look at the energy that is needed to
run the energy monitoring devices, as this will impact the overall
conclusions regarding the savings produced by the eco-feedback
interventions. We considered the instantaneous power usage of
each solution and projected the total consumption in kWh and
EUR/kWh for different periods of time. To calculate the monetary
cost we assume a baseline value of 16 cents per kWh, which is
the current rate of the local provider in Portugal. The obtained
results are presented in Table 3.

Then, given these estimates, we projected the costs in energy
after one year of providing eco-feedback with a number of differ-
ent energy monitoring scenarios. More concretely, we considered
the following scenarios:

1. Single-house with a netbook (used in the first deployment),

. Multi-house with a netbook (used in the second and third
deployments),

. Single-house with an embedded computer,

. Multi-house with an embedded computer,

. Multiple sensors, considering ten plugs, and

. Ten individual plugs and a single-house meter.

N

DU AW

12 PRUDAQ, https://github.com/google/prudag.
13 CurrentCost, http://www.currentcost.com.

The obtained estimates for each case are presented in Fig. 11.
As it can be observed, even though the notebook provides all
the components needed to conduct eco-feedback research stud-
ies, the amount of energy that is consumed by that device is
much higher than all the other solutions. This is particularly
evident in the single-house solution where each monitored house
represents a monthly energy cost of 3.5 Euros.

Another relevant observation is the fact that the ability to con-
stantly monitor the energy consumption of 10 individual appli-
ances will cost 1.7 Euros per month. The higher costs associated
with multiple sensor solutions become even more evident when
compared with those associated with the NILM solutions based
on embedded computers. For example, the single-house solution
has a monthly cost of 57 cents and the multiple house solution
costs only about 5 cents a month.

5. Research implications and way forward

We now summarize the research implications of this work,
discuss its limitations and highlight some possibilities of future
work.

5.1. Research implications

We now draw some implications of this work to future re-
search in this particular or similar fields that involve monitoring
and proving eco-feedback.

On the technical side, we have found that connectivity plays
a key role in such research studies and that unfortunately, it
is not always readily available, which in the end can represent
a considerable increase to the maintenance and update costs.
Furthermore, we have also learned that on the contrary to what
many early vendors of smart-meters claim, the installation is not
necessarily straightforward, and will most likely require the work
of professional electricians. Additionally, we have observed that
conducting studies where variables are constantly monitored will
inevitably result in an explosion of data and that as a consequence
of this the choice of the right database technology is of crucial
importance particularly in terms of the user experience (i.e., time
necessary to query the data).

On the social side, we have found from our deployments that
security and intrusiveness are a major concern of the participat-
ing families, thus letting us conclude that the best way to have
participants engage in similar research studies is by providing
a combination of transparent energy monitoring and ubiquitous
eco-feedback. In other words, people would prefer not to see any
monitoring hardware, and the eco-feedback should be provided
using different communication channels. Furthermore, we have
learned that conducting and validating real-world experiments
can be very challenging due to caveats that result mostly from
the busy agendas of the participants. With respect to privacy,
our studies have reported on very little concerns from our users.
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Still, we should stress that this research was conducted before
the recent scandals of abusive personal data use in the context of
social networks. As such, privacy and personal data protection are
two topics that should always be addressed when dealing with
real-world deployments, independently of the technology and the
main research objectives.

Lastly, on the financial side, we have learned that NILM solu-
tions tend to be significantly less expensive than multiple-sensor
technologies, not only in the initial acquisition costs but also in
terms of the energy needed to run the systems. For example,
we have seen that a multiple-sensor solution with only two
individual plugs will still have a slightly higher acquisition cost
and will consume 30% more energy than a single-house NILM
system. Likewise, we have also learned that despite being lim-
ited to apartment buildings, the multi-house platform presents
several advantages when compared to the single-house platform,
in particular, the fact that more houses can be monitored from
a single location and also the fact that it has the potential to
be further expanded to monitor two and three-phase electric
systems without extra hardware. Ultimately, considering all the
costs associated with the different solutions, we believe that it
is safe to say that in the long-term, even the more conservative
NILM solutions (i.e., with a very limited number of disaggregated
appliances) tend to have higher potential as tools to save energy
than the multiple sensor solutions.

5.2. Limitations and way forward

Although we have reached the goals that were initially set
in this work, there are some limitations that we would like to
acknowledge and point out possible solutions.

First, the fact that the first deployment was conducted using a
very unconventional smart-meter may have a direct influence on
how the device was received by the householders. Furthermore,
the second and third deployments were conducted without the
need to install any hardware inside the households, which of
course did not pose any issues related to the installation and
security of the devices. As such, in future work, we should seek to
further validate the social issues related to the physical location,
security, and intrusiveness of conventional smart-meters.

A second limitation of this work is the fact that our de-
ployments were only targeted a very specific segment of con-
sumers living in a modern city, which may also have implications
on how these technologies are received and perceived by the
participants. Consequently, in future live deployments of NILM
and eco-feedback technologies we should target different con-
sumer segments as these may have different needs and percep-
tions regarding smart-meters and eco-feedback technology. These
new segments include, for example, consumers from rural areas
and most of all, consumers with micro-production installations,
e.g., solar PV systems.

Finally, the third limitation of this work is directly related to
the “in the wild” nature of our deployments, which prevented us
from conducting more controlled experiments targeting specifi-
cally the NILM problem. Consequently, we believe that in order
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to conduct more accurate studies of NILM technology when de-
ployed in the wild, future studies should be conducted in more
controlled environments. For example, in order to correctly as-
sess the value proposition of NILM as a tool that helps users
save energy, one needs to conduct A/B testing studies (Kohavi,
2015). In such studies, two randomized groups of households
are provided with energy eco-feedback through the same com-
munication channel, but only one of the groups has access to
disaggregated consumption information.

6. Conclusion

In this paper, we have reported on the different technical,
social and financial challenges behind the building and deploy-
ing energy monitoring and eco-feedback systems in real-world
scenarios.

To conclude, we describe how the insights presented in this
paper were put into practice in another real-world deployment
of energy monitoring and eco-feedback that is being conducted in
the scope of the Smart Island Energy Systems project (SMILE'4),
founded by the European Union’s Horizon 2020 research and
innovation programme (ACIF-CCIM, Prsma, EEM, M-ITI, Route
Monkey, 2017; Prsma, M-ITI, EEM, ACIF-CCIM, 2018; Hashmi
et al,, 2019).

Energy monitoring hardware: In this deployment we are using
conventional smart-meters that can be installed directly in the
breaker-box, thus making the system much more secure. For
computing we are using the Raspberry pi 3, that is powered using
a power-socket on the main breaker box. Using the raspberry pi
we reduce the energy consumption of the monitoring system, and
also achieve a loosely coupled monitoring solution.

Communications: For communications we are currently using
the built-in Wi-Fi and Ethernet, or 3/4G through a USB don-
gle. Nevertheless, this solution can be easily upgraded to use
communication technologies like LoRa'®> and NB-IoT.!6

Remote access: We are using the DWService,!” a free and open-
source software, that allows access to remote systems using a
standard web browser. Besides being fully free and open-source,
DWService is also a light-weight alternative to TeamViewer.

Proactive maintenance: Our monitoring hardware is configured
to upload data to a cloud-based server every minute. If no data is
uploaded after a pre-defined time period or if errors occur while
communicating with the smart-meter, the system automatically
logs the errors, and notifies the system administrator via e-mail.
Likewise, on the server-side, if a client does not send its data past
a pre-defined time period, the server initiates a communication
with the client and reports the results to the system administrator
via e-mail.

Database technology: We are using MongoDB to store all the
data generated by the energy monitors. Also, to further improve
the query times we resorted to caching mechanisms using Re-
dis.'®

Sample selection: The sample selection was not restricted to
the city of Funchal. Instead, participants were recruited from all
over Madeira island, and the only restriction is that they own a
solar PV installation.

Eco-feedback: The feedback is provided online using a fully
responsible web-application. This allows end-users to access in-
formation from virtually anywhere, as long as a browser and an
Internet connection is available.

14 smILE H2020, https://www.h2020smile.eu/.
15 [oRa Wireless Technology, https://www.semtech.com/technology/lora.
16 Narrow  Band [oT, http://www.huawei.com/minisite/iot/img/nb_iot_
whitepaper_en.pdf.
7 DWService, https://www.dwservice.net/en/home.html.
18 Redis, https://redis.io/.
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