<@ sustainability

Article

A Case Study of Socially-Accepted Potentials for the Use of End
User Flexibility by Home Energy Management Systems

Christian Pfeiffer *
and Lukas Gnam

check for

updates
Citation: Pfeiffer, C.; Puchegger, M.;
Maier, C.; Tomaschitz, 1.V.; Kremsner,
T.P; Gnam, L. A Case Study of Socially-
Accepted Potentials for the Use of End
User Flexibility by Home Energy
Management Systems. Sustainability
2021, 13, 132. https://dx.doi.org/10
.3390/5u13010132

Received: 20 November 2020
Accepted: 22 December 2020
Published: 25 December 2020

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional claims
in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-
censee MDPI, Basel, Switzerland. This
article is an open access article distributed
under the terms and conditions of the
Creative Commons Attribution (CC BY)
license (https:/ / creativecommons.org/
licenses /by /4.0/).

, Markus Puchegger

, Claudia Maier , Ina V. Tomaschitz ‘, Thomas P. Kremsner

Forschung Burgenland GmbH, Campus 1, 7000 Eisenstadt, Austria;
markus.puchegger@forschung-burgenland.at (M.P.); claudia.maier@forschung-burgenland.at (C.M.);
ina.tomaschitz@forschung-burgenland.at (I.V.T.); thomas.kremsner@forschung-burgenland.at (T.P.K.);
lukas.gnam@forschung-burgenland.at (L.G.)

* Correspondence: christian.pfeiffer@forschung-burgenland.at; Tel.: +43-5-7705-5433

Abstract: Due to the increase of volatile renewable energy resources, additional flexibility will be nec-
essary in the electricity system in the future to ensure a technically and economically efficient network
operation. Although home energy management systems hold potential for a supply of flexibility
to the grid, private end users often neglect or even ignore recommendations regarding beneficial
behavior. In this work, the social acceptance and requirements of a participatively developed home
energy management system with focus on (i) system support optimization, (ii) self-consumption and
self-sufficiency optimization, and (iii) additional comfort functions are determined. Subsequently,
the socially-accepted flexibility potential of the home energy management system is estimated. Us-
ing methods of online household survey, cluster analysis, and energy-economic optimization, the
socially-accepted techno-economic potential of households in a three-community cluster sample
area is computed. Results show about a third of the participants accept the developed system. This
yields a shiftable load of nearly 1.8 MW within the small sample area. Furthermore, the system yields
the considerably larger monetary surplus on the supplier-side due to its focus on system support
optimization. New electricity market opportunities are necessary to adequately reward a systemically
useful load behavior of households.

Keywords: user acceptance; social acceptance; home energy management system; end user flexibility;
flexibility potential

1. Introduction

The energy system is subject to a sustained transformation due to the increase of
volatile renewable energy resources. Additional variations of infeed and purchase, i.e., flex-
ibility [1], will be necessary in the electricity system in the future in order to continue a
technically and economically efficient and secure network operation [2].

Private end users can provide flexibility, for example, by expanding heat pumps, charg-
ing stations, and storage systems through adapting to current power requirements, thus
adapting their energy demand by shifting their loads to different times (e.g., use of washing
machine) or by feeding power back into the grid [3]. Investments in photovoltaic (PV)
systems and energy storage solutions are advantageous for both energy suppliers and
private end users, as they all profit from increased flexibility in the energy system [4].
Furthermore, home energy management systems (HEMSs) give users the opportunity
to gain insight into their energy consumption behavior and receive recommendations to
change their behavior in a sustainable way, yielding savings for both energy and costs [5].

Although HEMSs are already well accepted in general, users’ skepticism, e.g., due to
anxiety concerning new technologies, occasionally occurs [6]. This is particularly the case
if their objectives and HEMSs’ feedback concerning their energy consumption behavior
areiinrconflict (e.g., if a comfortable lifestyle needs to be changed [7]). To prevent users
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from ignoring the feedback provided by HEMSs, it is of utmost importance to increase the
awareness of the benefits and advantages provided by such systems and, subsequently,
increase user acceptance [8]. Examples of attractive benefits include cost savings, envi-
ronment protection, comfort, energy independence, and possibility to control appliances
in an innovative way, as well as social aspects, like being a role model, being part of
a community, competition, and fun [9]. However, users often value monetary benefits
higher than contributing to a community [10]. Another important factor is innovativeness
and the utility of HEMSs [11], the latter being even more important than the ease of use
when affecting the consumers’ intention to use [12]. Besides device control and energy
monitoring, one key feature of HEMSs is the prediction of energy consumption patterns, as
well as energy generation opportunities [13]. Weather forecasts enable estimation of future
energy generation, for example, through PV or solar systems. Due to this indication, home
energy usage can be scheduled automatically by the system. Alternatively, the provided
information by HEMSs empowers the users (i) to contribute to grid optimization [14]
and (ii) to optimize their self-consumption and self-sufficiency [15]. As further added
value, HEMSs provide (iii) additional comfort functions [16].

1.1. Motivation

This paper is focused on HEMSs that address these aspects, their social acceptance,
and techno-economical potentials. Therefore, the following sections give a more detailed
description of these different HEMS aspects.

1.1.1. Grid Optimization

Operating a power system with a high level of renewable energy requires devices
for grid balancing. Due to the high volatility and low predictability of renewable energy
sources, the balancing of energy production and consumption remains challenging [17].

Prosumers can use the distributed energy generation (mainly PV) to increase the direct
consumption of the objects, thereby saving network charges and taxes. In energy markets
where there is no substantial support for renewables, there is an economic incentive for
self-consumption of PV or increase of the self-sufficiency as the selling prices for PV power
are typically lower than retail prices for power [18]. For the energy supplier, the immediate
consumption of self-generated electricity by prosumers leads to lower sales and, thus, to a
lower contribution margin. The supplier could use the remaining flexibility after optimizing
the customer’s own consumption to benefit from low energy price periods in electricity
wholesale [19].

With respect to grid support, forecasts of energy consumption and generation com-
puted by HEMSs utilizing the available household data provide direct benefits. The re-
trieved data from energy suppliers give HEMSs the opportunity to reduce strain on the
grid, therefore enabling control whether and where investments in the grid are necessary
and, subsequently, optimizing the grid for consumers’ usage [14]. Moreover, due to accu-
rate predictions, energy demand peaks and times of high renewable energy production
can be identified and managed efficiently [20]. This gives energy suppliers the opportunity
to structure their supply flexibly according to demand [13]. Such an efficient management
approach, in turn, avoids energy waste. However, if users are encouraged to reschedule
appliances from peak hours to regular hours due to grid optimization activities, they may
feel restricted and perceive comfort decreases [7]. This could possibly be counteracted if
the utility offers discounts for load shifting [21].

1.1.2. Self-Consumption and Self-Sufficiency Optimization

In general, the performance of an individual household’s PV can can be characterized
by two interacting metrics: self-consumption and self-sufficiency. The former is defined
as the percentage of self-consumption relative to the total electricity production, whereas
the latter describes the percentage of self-consumption compared to the total electricity
consumption [22]. To optimize the users’ energy consumption, HEMSs recommend to shift
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their activities [23]. In combination with PV systems, these recommendations subsequently
increase both the self-consumption and the self-sufficiency. Ideally, HEMSs enable users
to avoid energy waste and monitor energy consumption, which is subject to the condition
that end users comprehend its content [24]. HEMSs either analyze the entire building,
individual rooms, or single appliances [23]. Presentation of energy consumption data at
appliance level increases users’ comprehension and processing of the shown information as
the disaggregated illustration helps end users to relate the data to their personal activities [11].
Furthermore, HEMSs support end users to identify and track devices that consume large
amounts of electricity, thus creating a cost saving potential by presenting consumption data
at appliance level [25]. A user-friendly interface that emphasizes specific data relevant for the
respective user is crucial [11]. Another feature regarding energy consumption optimization
that users expect from HEMSs is to remotely switch on and off devices that are currently not
in use [6]. Besides the self-consumption and self-sufficiency optimization component, this
offers an additional comfort function, as outlined in Section 1.1.3.

An increase of the self-sufficiency can be achieved with microgrid management ap-
proaches. A model predictive control-based energy scheduling in a smart microgrid enables
a maximized utilization of up to 90% of the production of a PV plant. Based on the available
data provided by weather forecasts and user behavior profiles, HEMSs enable the predic-
tion of energy generation and consumption of households and, therefore, a more balanced
energy management [26]. In a broader sense, HEMSs that use scheduling approaches based
on prediction parameters and consumption patterns foster the energy independence of
local energy communities with prosumers and consumers that trade energy with each
other [27].

Microgrids that include fluctuating renewable energy generation and end user-related
demand side management or demand response are considered stochastic systems. Essential
parts of scheduling approaches in such stochastic systems are robust optimization strategies
to balance forecast inaccuracies in generation or unforeseen user behavior. For example,
multi-criteria optimization models can be used to address the conflict of interest between
system support optimization, self-consumption and self-sufficiency optimization, and user
comfort [28].

1.1.3. Additional Comfort Functions

HEMSs provide several comfort factors that increase user acceptance, e.g., thermal com-
fort (temperature), humidity and airflow, air quality (CO, concentration), or visual comfort
(illumination) [16], which is perceived differently depending on the age of the individual
person. Due to a worsening of their eyesight, elderly tend to favor luminescent spaces [20].
In general, color changing lights can provide a pleasant atmosphere [29]. Additionally, auto-
matic prediction of user parameters is a possibility to increase user comfort [25], especially for
elderly or disabled persons, as it helps to interact with the system [30]. It enables relatives to
remotely control appliances in their homes [10]. HEMSs, furthermore, increase the comfort
factor by scheduling certain devices, like a washing machine, in accordance with the need
of users [31]. In addition, the security factor is increased, e.g., by switching lights on and
off automatically if residents are absent for a longer period [29] or by alarming emergency
services in case of an emergency [25]. As smart homes often require the usage of appliances
from the same vendor, users may feel restricted by HEMSs [20]. Therefore, compatibility is
also a relevant comfort factor to consider when developing HEMSs.

1.2. Problem and Research Need

HEMSs offer several benefits to the environment, to the grid, and to users. However,
the intention to follow the recommendations given by HEMSs and to adopt energy-saving
behaviors not only depend on the technology itself but also on the characteristics of the
individual person. The literature distinguishes between two ways to reduce energy con-
sumption: (i) energy conservation (users change their behavior in order to save energy in
everydayslife) and (ii) energy efficiency (implementation of new, improved, and more effi-
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cient energy saving technologies) [32]. Many social and psychological factors (e.g., attitude,
values [6]) determine whether people opt for one of the mentioned energy saving mea-
sures [33]. In addition, the economic aspect (costs vs. benefits), income level, and age group
also need to be considered [34]. Therefore, flexibility provided by PV, energy storages,
and HEMSs may only lead to theoretical potentials for a real supply of flexibility to the
electricity grid as private end users often neglect or even ignore external recommendations
of HEMSs regarding beneficial behavior [35].

To convince users to implement HEMSs and follow their recommendations, a par-
ticipatory inclusion of end users and user-friendly HEMSs are essential to tap potential
flexibility beneficial for the electricity system [36]. It is necessary to investigate the factors
that are primarily responsible for driving user acceptance concerning the use of HEMSs and
how they link to the users’ needs concerning comfort, self-consumption, and self-sufficiency
optimization with the grid’s requirements and optimization. Furthermore, the factors neg-
atively influencing the intention to use HEMSs must be considered to develop appropriate
strategies for motivating users to engage with them [6]. To use such strategies in a targeted
mannet, potential user groups can be identified. Cut-off factors, like individual motivation
(e.g., economic benefit), social motivation (e.g., environmental responsibility), and personal
characteristics (e.g., openness for innovations), can be used [12].

This work addresses the points mentioned above. To date, most of the research
results on HEMSs’ grid support focus on their technological components. For example, in
Reference [14], the impact of different control and forecasting algorithms on HEMSs was
assessed. There is a gap of knowledge for grid-supportive and socially-accepted HEMSs.
Research results on social acceptance are available in Reference [10]. The authors conducted
a qualitative research on smart meter technologies but did not analyze the flexibility
potentials given by the individual users. Based on a quantitative survey, in Reference [37],
the energy consumption in residential buildings and, subsequently, flexibility potentials
were investigated. However, the intention to use HEMSs and their flexibility potentials
were not part of the research.

Several different studies focused on the analysis of general flexibility potentials in the
power system. For example, the authors in Reference [38] simulated the grid flexibility
based on a virtual energy storage on a regional level. In Reference [39], the flexibility of
building energy systems in terms of time, power, and energy, aggregated on a city district
level, was analyzed. Nuytten et al. determined the flexibility of a combined heat and
power system coupled to a thermal energy storage solution [40]. The flexibility potentials
of industrial loads are evaluated in Reference [41] according to a process of related load-
characteristic data analysis. Due to the technical focus of the research mentioned above, an
evaluation of the social acceptance of the proposed solutions to gather a socially-accepted
flexibility potential was neglected.

The demand response flexibility of residential smart appliances was estimated in
Reference [42]. By adhering to comfort requirements of the user, the authors addressed a
social component in their estimation. However, no active user interaction with HEMSs
was part of the research. Social factors are mostly considered assumptions into the devised
models. The authors in Reference [43] developed flexibility algorithms used for HEMSs
that address stakeholder needs using a theoretical social component in their model.

To the best of the authors” knowledge, determining a realizable flexibility potential
based on actual user acceptance has not been researched extensively. Therefore, the accep-
tance of a participatively developed HEMS with focus on (i) system support optimization
by consumption in times of high renewable production and utilizing grid flexibility, (ii) self-
consumption and self-sufficiency optimization, and (iii) additional functions for increased
comfort and its requirements factors are presented. This information is used to explore
the market potential and, subsequently, the effects on system support optimization and
own-consumption of renewable production.

First, the techno-economic optimization potential of a three-community cluster sam-
plesinzeastern Austria was evaluated in this case study. Second, the user acceptance and
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requirements of the HEMS was determined by means of an online survey in the sample area.
Third, the survey results were combined with the techno-economic operation strategy of the
developed HEMS to evaluate the final socially-accepted potential for the energy-economic
deployment in the sample area.

1.3. Outline

The paper is structured as follows: Section 2 describes the framework of the case study,
the functionality of the developed HEMS, the participants that took part in the survey,
and the applied survey constructs, as well as the methods used for survey analyses and
flexibility potential estimation. The results for the techno-economic and social potential
are stated in Section 3. Section 4 shows a discussion, and Section 5 the conclusions of this
case study.

2. Materials and Methods

To assess the socially-accepted potential for the use of end user flexibility by the
participatively developed HEMS, it is necessary to initially analyze the technical and
infrastructural framework for providing flexibility in the energy system of the sample area.

2.1. Framework and HEMS Functionality

In terms of energy economic potential, previous work [44] identified thermal flexibility
linked with electrical driven space heating and hot water production as the most suitable
type of flexibility in the sample area. Due to the the basic controllability of the flexibility,
infrared heating does not play a role in the sample area. In addition, night storage heaters
are not considered, since they are not easily controlled externally without further ado.

Based on these parameters, only hot water boilers and heat pumps are considered
items with flexibility for the HEMS. Depending on the type of the application, they can
be operated in pure ON/OFF mode or power-controlled (e.g., via a 0-10 V signal cor-
responding to 0-100% of the boiler’s or heat pump’s power). The building’s internal
control works exclusively via the developed HEMS, which sends a control signal to the
hot water boiler /heat pump based on the measurement signals and external information.
The HEMS is connected via WLAN or directly to the internet and thus communicates with
the supplier’s control room, which provides grid and energy system relevant recommenda-
tions [44].

2.2. Survey Participants, Procedure, and Measures

To assess the social acceptance for the developed HEMS, a questionnaire covering
relevant acceptance and requirements factors was set up. This questionnaire was sent
by e-mail to the current 521 users of the local cluster utility. In order to achieve a better
response rate, the users could take part in a raffle for vouchers worth 50 EUR. During the
first four days, 62 customers were reached who opened the questionnaire. After five days, a
reminder e-mail was sent out. In the remaining ten days, another 34 answers were collected.
In the course of data cleansing, one duplicate answer was removed, and two other answers
were excluded due to insufficient data quality. This results in a response rate of 17.85%.
The final sample consists of n = 93 potential users of HEMSs, which leads to a sample error
of 4.61%.

Of those surveyed, the majority are male (63%) between the ages of 20 and 78. Their
mean (M) age is 50.93, with a standard deviation (SD) of 14.99. Thirty-one percent of
the respondents have a school-leaving certificate or a tertiary education as the highest
completed education. Fifteen percent have completed intermediate vocational schools,
and less than a quarter (23%) has completed an apprenticeship. Sixty-five percent live
in single-family houses with floor spaces of 177.60 m? on average (SD = 52.26), and 11%
live in two-family houses or of larger size (M = 261.30, SD = 158.75). The remaining 23%
of the participants live in flats (M = 78.00, SD = 10.98). Most frequently, the respondents’
householdsiconsist of two persons (41%); households with four or more persons are also
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common (31%). Twenty-eight percent of the households with more than one person have
children. Twenty-three percent of the participants stated that they had already installed a
PV system, typically with a rated output of 3 to 5 kWy,. Main participant sociodemographics
are stated in Table 1.

Table 1. Participant sociodemographics.

Sociodemographics M (SD) %
Gender

Female 35.90
Male 64.10
Age (years) 50.93 (14.99)

Education

Apprenticeship 23.10
Intermediate vocational school 15.30
School-leaving certificate 30.80
University degree 30.80
Housing and floor space (m?)

Flat 78.00 (10.98) 22.50
Single-family house 177.60 (52.26) 65.20
Two-family house or larger 261.30 (158.75) 11.20
Other 90.00 - 1.10
Household size

1 person 8.70
2 persons 40.90
3 persons 18.60
4 or more persons 30.80
Children living in household

None 72.00
1 child 15.80
2 children 11.00
3 or more children 1.20

n =93, M = means, SD = standard deviations.

To ensure fully representative statements, and thus a valid basis to determine the
technical and social potential for the energy-economic deployment, weighting was done
according to the standard integrated EU-SILC design [45] stated in Equation (1):

(i /7)(w;j/ o)
< ——<C.
1/C < (/) <C 1)

C is a constant trimming value (which is set to the recommended value of C = 3
according to Reference [45]) to recode extreme weights to more acceptable values, g is the
non-response correction with mean non-response 4, w is the calibration in terms of age,
gender, and level of education with mean @, and d corresponds to the design weights, each
for observationi =1, ..., n with household size j =1, ..., 4 as design characteristic with
mean d.

The sample size is considered sufficient due to (i) the relatively small sample error,
(i) the accurate representation of the population structure [46], (iii) the extensive weighting
procedure, and (iv) the exploratory character of the case study at hand.

To measure the relevant acceptance and requirements factors, proven instruments,
such as the Environmental Attitudes Inventory (EAI) [47], the Technology Usage Inventory
(TUI) [48], or the Technology Acceptance Model (TAM) [49], are used with respect to the
project context. Furthermore, scales from previous work are adopted [50].
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Personal conservation behavior. Personal conservation behavior (COB) is measured with
four items on a 1 = strongly disagree to 5 = strongly agree scale adopted from the EAI e.g., “I
always switch the light off when I don’t need it on any more” (« = 0.69).

Trust in science and technology. Trust in science and technology (TST) is measured on a
1 = strongly disagree to 5 = strongly agree scale adopted from the EAI Three items were used
to comprise the TST scale, e.g., “Modern science will be able to solve our environmental
problems” (« = 0.69).

Curiosity. Curiosity (CUR) is measured on a 1 = strongly disagree to 5 = strongly agree
scale adapted from the TUI, e.g., “I am curious about the use of innovative energy and
environmental solutions” (« = 0.89).

Interest. Interest (INR) is measured on a 1 = strongly disagree to 5 = strongly agree scale
adopted from the TUI, e.g., “In the course of my life, I have acquired a lot of technical
knowledge” (« = 0.87).

Technology anxiety. Technology anxiety (ANX) is measured with four items on a
1 = strongly disagree to 5 = strongly agree scale adapted from the TUI, e.g., “The idea of doing
something wrong when using technical equipment scares me” (a = 0.72).

Skepticism. Skepticism (SKE) is measured on a 1 = strongly disagree to 5 = strongly
agree scale adapted from the TU], e.g., “The HEMS solution will disrupt my daily routine”
(x =0.64).

Usefulness. Four items are used to measure the perceived usefulness (USF) on a
1 = strongly disagree to 5 = strongly agree scale adapted from the TAM, e.g., “Using the
HEMS solution would make many things more convenient” (x = 0.81).

Usability. The perceived ease of use, or simply usability (USB) is measured on a
1 = strongly disagree to 5 = strongly agree scale adapted from the TAM, e.g., “Using the
HEMS solution is easy to understand” (a = 0.76).

Accessibility. Accessibility (ACC) is measured on a 1 = strongly disagree to 5 = strongly
agree scale adapted from the TUI Three items are used to comprise the ACC scale, e.g., “I
think that the HEMS solution can be afforded by almost anyone” (« = 0.67).

Savings. The importance of cost savings (SAV) is measured using four items on a
1 = not important at all to 5 = very important scale taken from previous work, e.g., “To achieve
rapid cost savings with the HEMS solution” (« = 0.82).

Comfort increase. The importance of comfort increase (CMF) is measured using five
items on a 1 = not important at all to 5 = very important scale taken from previous work,
e.g., “Shutter control” (« = 0.80).

Monitoring. The importance of monitoring (MON) is measured on a 1 = not important
at all to 5 = very important scale. Seven items are used to comprise the scale taken from
previous work, e.g., “To be constantly informed about my current energy consumption”
(x =0.84).

Sustainability. The importance of sustainability (SUS) is measured using six items
on a 1 = not important at all to 5 = very important scale taken from previous work, e.g., “To
support the use of renewable energy sources” (« = 0.88).

Intention to use. Intention to use (ITU) is measured on a 1 = strongly disagree to
5 = strongly agree scale adapted from the TAM. Three items are used to comprise the ITU
scale, e.g., “I would purchase the HEMS solution” (« = 0.92).

2.3. Analysis of the Socially-Accepted Flexibility Potential

The calculation of optimization potentials for heating devices in households was done
by a MATLAB tool that uses various input and output data (e.g., electric load curves,
thermal losses, wholesale prices). A detailed description of the MATLAB tool, including
the input parameters, can be found in Reference [51]. Basic assumptions for the adoption
of optimization in households are that (i) the customer will have no comfort losses and
(ii) no financial disadvantages. As by assumption the point of time of the energy usage
does not affect the costs for households, positive financial effects can only be provided
foritheshouseholds when producing electricity on site (via PV). Nevertheless, any savings
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generated for the energy supplier could also be shared with the end users. Therefore, also
potentials on optimizing households without own production are investigated. Focus of
optimization efforts is to maximize the on-site production (if there is any) in a first step and
then using the remaining flexibility to load the hot water storages at times of low energy
prices on the wholesale market in a second step.

The potential estimation is conducted in a bottom-up manner. Therefore, typical house-
holds with heat pumps and hot water boilers were created and simulated. In the sample area
are 2821 households with a total number of 6529 inhabitants residing in 1951 buildings [46].
Of these households, 823 live in flats and 237 in single-family houses with electric water
heaters. In 2017, about 7.5% of residential units in the corresponding federal state were
heated with electric heat pumps. Applying this value to the number of buildings in the
sample area results in approximately 146 buildings heated with heat pumps [52]. For the
basic scenario, it is assumed that about 10% of the single family houses own a PV system
with a nominal power of 5 kWp,. This assumption is based on the number of buildings in
Austria, which is 2,191,280 [53], and the installed PV capacity on buildings in Austria, which
is 1037 MW, [54].

To explore the market potential of the developed HEMS, a k-means cluster analy-
sis based on the acceptance and requirements dimensions is conducted. Finally, those
clusters with the highest level of acceptance are used to estimate the socially-accepted
flexibility potential.

3. Results

The relevant housing infrastructure in the sample area is shown in Table 2. Eight
hundred and twenty-eight flats are considered. From the 237 single-family houses with
electric water boilers, 24 are equipped with a PV system and 15 buildings with heat pumps,
assuming the typical peak power of 5 kW;,. Two hundred and thirteen of the single-family
houses have neither a heat pump nor a PV system.

Table 2. Number and structure of relevant households.

Single-Family House

Household Type Flat

Type 1 Type 2 Type 3 Type 4
Heating demand @ not relevant not relevant not relevant 41 41
Space heating
Producer - - - heat pump heat pump
Thermal power ° - - - 7.0 7.0
Hot water
Producer hot water boiler hot water boiler  hot water boiler heat pump heat pump
Thermal power P 45 45 4.5 7.0 7.0
Electric power P 4.5 4.5 4.5 2.3 2.3
PV system
Peak power P - - 5.0 - 5.0
Heat storage
Water € 110 110 110 300 300
Heating buffer - - - 600 600
Number of households 823 213 24 131 15

a KkWh/m?Za, b kW, ¢ liter.

Table 3 shows the results for the techno-economic potential for households and energy
suppliers in the given setting. The baseline scenario for households is the on-off control for
the storage, where the heating device switches on when the storage reaches its minimum
and switches off when it reaches its maximum. The baseline scenario for the energy
supplier is different for households with own consumption, where it is assumed that the
households optimize their own consumption individually. Households with a PV system
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have a surplus on the customer side. The highest average surplus is achieved in household
type 4 with a heat pump and a PV system.

Table 3. Techno-economic potential of households.

Single-Family House

Household Type Flat Total
Typel Type2 Type3 Type4d

Surplus per

household

Customer-side ? - - 10.37 - 2241

Supplier-side @ 10.51 10.51 8.55 25.83 20.08

Average surplus per 1051 1051 1892 2583 4249

household @

Number of 823 213 24 131 15 1206

households

Surplus for all

households

Customer-side @ - - 24888 - 336.15 585.03

Supplier-side @ 8649.73 2238.63  205.20 3383.73  301.20 14,778.49

Owerall surplus @ 8649.73 2238.63  454.08 3383.73  637.35 15,363.52

2€/a.

With respect to the survey data, Table 4 gives a descriptive overview of the HEMS
acceptance and requirements. Thus, the most important factor for using the HEMS is the
sustainability of the solution (M = 4.16, SD = 0.65). The contribution to environmental pro-
tection, the use of renewable energies, and their increase in efficiency are considered rather
important. Another determinant motive to use is economic benefit in terms of cost savings
(M =3.99, SD = 0.74). In addition, the possibility to monitor the own energy consumption,
information from, and interaction with the HEMS are moderate to rather important criteria
(M =349, SD = 0.71). Moderate important motives are additional functions to increase the
comfort (M = 3.04, SD = 0.92), like remote control regarding illumination and surveillance.
The acceptance for the participatively developed HEMS is slightly positive. The usability is
considered comparatively best (M = 3.61, SD = 0.53), while accessibility (M = 3.25, SD = 0.59)
and usefulness (M = 3.12, SD = 0.78) are considered rather moderate. The intention to use is
also moderate on average, but the measures are slightly wider spread (M = 3.04, SD = 0.90).
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Table 4. HEMS acceptance and requirements descriptive statistics and correlations.

M SD 2 3 4 5 6 7 8 9 10 11 12 13 14
1 COB 4.46 0.42 0.25* 0.27 * —0.01 —0.09 —0.20 0.17 0.17 0.06 024+ 0.00 0.28 * 0.26 * 0.17
2 TST 3.39 0.72 041* 018* —035* —025* 033* 0.18 0.11 0.44 ** 0.32* 0.41*  0.39** 0.41 **
3 CUR 3.69 0.78 0.56 ** —0.12 -0.17 0.02 0.19 0.11 0.20 —0.10 —0.01 0.37 ** 0.18
4 INR 3.29 0.77 —029* 035** —0.16 —0.03 0.04 —0.04 —0.23 —0.06 0.11 —-0.13
5 ANX 212 0.66 0.08 0.06 —-0.29* 0.01 -0.07 0.25* 0.01 —0.16 0.05
6 SKE 2.39 0.62 -0.17 -047* -018 —-0.29* —0.13 -0.16 —-031* —-0.37**
7 USF 3.12 0.78 0.26 * 0.28 * 0.53 ** 0.65* 0.60*  0.48** 0.70 **
8 USB 3.61 0.53 0.54* 044 * 0.14 0.31* 0.42 ** 0.36 **
9 ACC 3.25 0.59 0.38 ** 0.25* 0.32* 0.38 ** 0.48 **
10 SAV 3.99 0.74 0.57*  0.79*  0.82** 0.52 **
11 CMF 3.04 0.92 0.68 **  0.35** 0.52 **
12 MON 3.49 0.71 0.62 ** 0.52 **
13 SUS 4.16 0.65 0.49 **
14 ITU 3.04 0.90

M = scale means , SD = standard deviations, correlations, * p < 0.10, * p < 0.05, ** p < 0.01, COB = personal, conservation behavior, TST = trust in science and technology, CUR = curiosity, INR = interest,
ANX = technology anxiety, SKE = skepticism, USF = usefulness, USB = usability, ACC = accessibility, SAV = savings, CMF = comfort increase, MON = monitoring, SUS = sustainability, ITU = intention to use.
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3.1. Market Potential of the Developed HEMS

To explore the market potential, a k-means cluster analysis based on the acceptance
and requirements dimensions of the developed HEMS is conducted. Thereby, five segments
were identified, as depicted in Figure 1.

SUS COB

CUR
e Willing
—&— Potentials
—o— Reserved
--&-- Refusing
--%-- Cntics
INR

USB SKE

USF

Figure 1. K-means cluster analysis illustrating user segmentation.

Segment “Willing” (17%): The prototype “Willing” is 44.86 years old (SD = 16.65), and
gender is evenly distributed. In this segment, most participants completed vocational
school without a school-leaving certificate (43%). They mainly live in single-family houses
(57%). While 47% live in two-person households, 40% live together with four or more
persons, and none of them live alone. Typical usable floor space of their homes amounts
to 158.28 m? on average (SD = 78.15). For hot water preparation, these users mainly use
electric boilers (47%), followed by heat pumps (20%), and, without exception, all of them
(100%) own hot water storage. The amount of PV system owners is rather low at only
14%. Participants are most likely to use the HEMS (M = 4.26, SD = 0.41). Their most
relevant HEMS requirements are sustainability (M = 4.91, SD = 0.20) and cost savings
(M =4.86, SD = 0.27). They evaluate the HEMS as more useful (M = 3.93, SD = 0.59), more
user-friendly (M = 4.08, SD = 0.51), and more accessible (M = 3.70, SD = 0.51) compared to
the other segments. While interest in new technologies is only moderately pronounced
(M 3.28, SD = 0.92), there is a rather high level of trust in science and technology in this

;= 4.14, SD = 0.62). Furthermore, users in this segment seek possibilities for
: a d I
- ]
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monitoring energy consumption (M = 4.24, SD = 0.47) and for increasing comfort in their
home (M = 3.80, SD = 0.62) through the HEMS.

Segment “Potentials” (18%): Typical “Potentials” are 54.29 years old (SD = 11.15) and
characterized by a slightly larger number of females (57%). In this segment, education
level is compared to the other segments rather high, 36% completed a general or vocational
school with a school-leaving certificate, and another 36% completed tertiary education.
Half of them (50%) live in single-family houses, and their typical floor space is 166.26 m?
on average (SD = 79.34). Their hot water preparation happens mostly either with electric
boilers (27%) or with solar thermal energy (27%). Seventy-seven percent use a hot water
storage, and one-third (33%) possess a PV system for energy generation. Persons in this
segment are generally open to new technological developments, as curiosity (M = 4.37,
SD = 0.47) and interest (M = 4.06, SD = 0.47) are comparatively high, and technology anxiety
(M =M =151, SD = 0.43) is rather low. However, the “Potentials” have only limited confi-
dence in the developed HEMS, particularly with regard to usefulness (M=3.09, SD = 0.60)
and usability (M = 3.66, SD = 0.48). Above all, little value is placed on additional functions
that are intended to contribute to increased comfort (M = 2.45, SD = 0.76). The intention to
use is moderate (M = 3.04, SD = 0.68).

Segment “Reserved” (39%): The prototype “Reserved” is more likely to be characterized
by female users (67%) aged 47.94, on average (SD = 13.58), who tend to have completed an
apprenticeship (53%). Persons in this segment are more likely to live in larger single-family
houses (78%), as the typical floor space of their homes amounts 158.55 m? (SD = 88.81).
They prepare hot water mostly with wood or pellet stoves (27%), and 89% possess hot
water storage. However, only 6% of this segment uses a PV system for energy generation.
“Reserved” users have comparatively high requirements towards the HEMS solution, as the
requirements of comfort increase (M = 3.55, SD = 0.44) and monitoring (M = 3.65, SD = 0.38)
are more important for users of this segment compared to other users. Their attitudes are
more defensive in terms of curiosity (M = 3.31, SD = 0.69), interest (M = 3.00, SD = 0.52),
and trust in new technologies (M = 3,34, SD = 0.43). This results in a positive evaluation
but only a moderately pronounced actual intention of use the HEMS solution (M = 3.09,
SD = 0.54). With 39% share, it is the largest target group.

Segment “Refusing” (17%): The “Refusing” user is typically male (67%), with an average
age of 55.43 (SD = 13.30), who tend to have completed an apprenticeship (69%). Persons
in this segment live either in single-family houses (53%) or apartments (47%) with floor
spaces of 134.87 m? on average (SD = 56.75). Residents in this segment mostly use either
electric boilers or solar thermal energy for hot water preparation, and 73% have hot water
storage. Twenty percent of them own a PV system. The intention to use the HEMS solution
is rather low (M = 2.03, SD = 0.36).

Segment “Critics” (9%): The prototype “Critics” is comparatively young, at 38.81 years
of age on average (SD = 14.01). There is a slight preponderance of male users within this
group (57%). They either have completed an apprenticeship (57%) or a tertiary education
(43%) and live predominantly in apartments (43%) or single-family houses (43%). Persons
in this segment tend to use either electric boilers (29%) or heat pumps (29%) to prepare hot
water, and most possess hot water storage (86%). Compared to the others, in this segment,
the share of PV system is the highest at 43%. The intention to use is rather low in this
segment (M = 1.73, SD = 0.65).

The detailed segment profiles are summarized in Table 5.
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Table 5. Profiling the user segments and dominating demographic characteristics.

Willing Potentials Reserved Refusing Critics
(17.20%) (18.28%) (38.72%) (17.20%) (8.60%)
Gender
Female @ 53.33 57.14 65.63 33.33 42.86
Male @ 46.76 42.86 34.38 66.67 57.14
Age (years) ° 44.86 (16.65) 54.29 (11.15)  47.94 (13.58)  55.43(13.30)  38.81(14.01)
Education
Apprenticeship ? 21.43 7.14 53.13 68.75 57.14
Intermediate vocational school @ 42.86 21.43 18.75 6.25 -
School-leaving certificate 21.43 35.71 12.50 12.50 -
University degree ? 14.29 35.71 15.63 12.50 42.86
Housing
Flat @ 28.57 28.57 15.63 46.67 42.86
Single-family house 2 57.14 50.00 78.13 53.33 42.86
Two-family house or larger # 14.29 21.43 6.25 - 14.29
Household size
1 person @ - 13.33 16.13 6.25 -
2 persons ? 46.67 40.00 35.48 43.75 66.67
3 persons ? 13.33 20.00 19.35 12.50 16.67
4 or more persons ? 40.00 26.67 29.03 37.50 16.67
Hot water preparation
Electric boiler ? 46.67 26.67 12.12 26.67 28.57
Heat pump @ 20.00 13.33 18.18 - 28.57
Oil @ 13.33 6.67 15.15 20.00 14.29
Wood or pellet stove @ 6.67 6.67 27.27 6.67 14.29
Solar thermal energy ? 6.67 26.67 12.12 26.67 14.29
Other @ 6.67 20.00 15.15 20.00 -
Hot water storage
yes @ 100.00 76.92 89.66 73.33 85.71
no? - 10.34 26.67 23.08 14.29
4%
yes? 14.29 33.33 6.25 20.00 42.86
no? 85.71 66.67 93.75 80.00 57.14
Acceptance scales (1 = strongly disagree, 5 = strongly agree)
Intention to use © 4.26 (0.41) 3.04 (0.68) 3.09 (0.54) 2.03 (0.36) 1.73 (0.65)
Personal conservation behavior © 4.68 (0.36) 4.41(0.51) 4.46 (0.33) 4.25 (0.45) 4.60 (0.46)
Trust in science and technology © 4.14 (0.62) 3.70 (0.67) 3.34 (0.43) 2.71 (0.45) 2.88 (0.89)
Curiosity © 4.14 (0.52) 4.37 (0.47) 3.31 (0.69) 3.30 (0.81) 4.07 (0.61)
Interest © 3.28 (0.92) 4.06 (0.47) 3.00 (0.52) 2.96 (0.68) 4.06 (0.74)
Technology anxiety © 1.87 (0.55) 1.51 (0.43) 2.39 (0.57) 2.46 (0.56) 1.84 (0.92)
Skepticism © 1.98 (0.79) 2.34 (0.44) 2.42 (0.63) 2.73 (0.36) 2.73 (0.51)
Usefulness © 3.93 (0.59) 3.09 (0.60) 3.28 (0.54) 2.26 (0.23) 1.86 (0.27)
Usability © 4.08 (0.51) 3.66 (0.48) 3.47 (0.41) 3.06 (0.38) 3.99 (0.42)
Accessibility © 3.70 (0.51) 3.20 (0.51) 3.25(0.54) 2.58 (0.43) 3.49 (0.62)
Requirements scales (1 = not important at all, 5 = very important)
Savings © 4.86 (0.27) 3.93 (0.67) 4.03 (0.34) 2.67 (0.40) 4.24 (0.57)
Comfort increase © 3.80 (0.62) 2.45 (0.76) 3.55 (0.44) 1.82 (0.61) 2.05 (0.36)
Monitoring € 4.24 (0.47) 3.29 (0.67) 3.65 (0.38) 2.41(0.27) 3.28 (0.89)
Sustainability € 4.91 (0.20) 4.36 (0.50) 4.02 (0.45) 3.14 (0.35) 4.47 (0.50)

1 = 93, 2 percentages, ® means,  scale means, figures in brackets are standard deviations; bold figures indicate notable values.
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3.2. Estimation of the Socially-Accepted Potential

In this section, the socially-accepted potential is estimated. Figure 2 represents the
economical surplus per household, which is used to estimate the socially-accepted potential
in the sample area.

30
25.83
E 25
=
e 22.41
& 20.08
=
= 20
-
b
2
215
—
8, 10.51 10.51 10.37
= 10 8.55
2
g 5
wn
0
Flat type 1 type 2 type 3 type 4
. Single-family house +
B Customer-side Supplier-side
Figure 2. Surplus per household and year.
Assuming that the target group for the developed HEMS solution consists of the
Segment “Willing” (17%) and the segment “Potentials” (18%), in total, 35% of the described
techno-economic optimization potential for households can be seen as socially-accepted
techno-economic potential. This yields the numbers in Table 6 including the shiftable
power load. Households with social acceptance and a PV system achieve a total surplus of
195.01 €/a on the customer-side.
Table 6. Socially-accepted techno-economic potential of households.
Household Type Flat Single-Family House Total
Type 1 Type 2 Type3 Type4
Number of households 823 213 24 131 15 1206
Number of households with social acceptance 288 75 8 46 5 422
Surplus for all households with social
acceptance
Customer-side # - - 82.96 - 112.05 195.01
Supplier-side # 3026.88 788.25 68.40 1188.18  100.40 5172.11
Owerall surplus ® 3026.88 788.25 151.36 1188.18  212.45 5367.12
Shiftable load
Per household 45 45 45 23 23
Per household type P 1296.0 337.5 36.0 105.8 11.5 1786.80

ag€/a, P kW.

R fyl_llsl
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4. Discussion

It is essential for the operation of the electricity system to ensure a steady balance
between production and consumption. In addition, distribution grids, which were origi-
nally designed for the distribution of energy coming from large central power plants to the
consumers, are faced with the task of being able to accommodate decentralized feed-in.
In order to master both challenges in the energy system of the future with a high proportion
of fluctuating wind and PV energy, the use of customer-side flexibility can help. In order to
be able to make use of this flexibility, on the one hand, appropriate business models based
on the technical solutions are necessary; on the other hand, the question of user acceptance
arises. Both aspects have been discussed and quantified in this paper.

The survey participants are generally rather to very environmentally conscious,
but they are only moderately interested in technological developments. However, cu-
riosity and openness towards new technologies are present on several occasions. They are
generally quite open to the developed HEMS solution, although acceptance is moderate,
in general. The most important motives of the users are sustainability and the potential
monetary benefits of the HEMS. Moderate to rather important factors for the use of the
HEMS solution are possibilities to monitor one’s own energy consumption and to increase
the comfort of the home through additional functions.

A market segmentation indicates 17% of the end users that show a high acceptance
and intention to use the developed HEMS. This target group, the “Willing”, could be
reached by highlighting the monetary advantages of the HEMS solution and the ongoing
savings potential. Since this user group puts just as much emphasis on sustainability, both
monetary and idealistic motives are addressed, which are often seen as rather contrary.
The “Willing” show also the highest trust in science and technology among all segments.
In addition, they perceive the HEMS’ usefulness as highest among all participants and
are the least skeptical. Furthermore, they also find great value in using HEMSs, with all
requirements factors being the highest among all segments (savings, comfort increase,
monitoring, and sustainability).

Additionally, the target group “Potentials”, which has a share of 18%, must be con-
sidered. Although they are generally very interested in technology and energy solutions,
their perceived usefulness of the HEMS is rather moderate. As their main motive to use
the HEMS is sustainability, this target group should be informed properly about the pos-
sibilities that HEMSs give them to save energy. The feedback function of HEMSs, which
gives advice to users in order to change energy consumption behavior in a sustainable
way, should be emphasized in communication campaigns aimed at them. Due to the
fact that one third of this segment generates energy through PV systems, the automatic
scheduling of home energy consumption adjusted to weather forecasts can be a convincing
argument for homeowners, as this function balances energy generation and consumption
in a sustainable manner.

Another target group to consider are the “Reserved”. Although they show only a
moderate intention to use HEMSs, they form the largest segment with 39%. Compared to
the other groups, their technology anxiety is slightly more noticeable, which could be the
reason of their weak intention. However, same as among the “Willing” and the “Potentials”,
their highest motivation factors are monetary savings and sustainability. To address this
target group, more effort must be made than with standard marketing campaigns. It is
recommended to conduct a dialogue with the “Reserved” to gain more insight into the
reservation factors that influence them. Due to participatory procedures, e.g., when it comes
to the development of HEMSs, this target group could be introduced to the advantages and
usefulness of HEMSs, which eventually decreases their skepticism towards this technology.

Regarding the remaining two segments (“Refusing” and “Critics”), it is likely more
difficult to motivate them to use HEMSs. First of all, possible additional functionalities of
HEMSs have to be investigated in order to provide additional benefits which could convince
these groups. In addition, careful market research needs to be conducted to find out why
skepticism'is rather high in these three segments, in order to find counter arguments for
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them. Furthermore, it has to be pointed out to these segments that the HEMS solutions are
actually affordable, since the perceived accessibility was rather low in these groups. However,
whether the effort to convince these two segments is profitable has to be considered.

Cost savings and sustainability are the most important drivers for all target groups to
use HEMSs. In general, these benefits need to be communicated precisely in marketing
campaigns. In the case study at hand, the developed HEMS solution yields the considerably
larger monetary surplus on the supplier-side, which results particularly from its system
support optimization focus. Hence, the results of the social and techno-economical analyses
are slightly contradictory. Whilst, on the supplier-side, the largest monetary surplus by the
HEMS is generated from single-family houses with installed heat pumps, on the customer-
side, only the integration of the HEMS in combination with a PV system is linked with
a monetary surplus. However, a shiftable load of nearly 1.8 MW is still notable and can
make a significant contribution to grid stability for local energy networks.

5. Conclusions

From the authors’ point of view, the following conclusions can be drawn: (i) The
monetary benefit of load shifting and the associated exploitation of low electricity prices
for the supplier or of own generation (if available) for the end user is manageable, and
the current electricity market design rewards systemically useful load behavior for house-
holds only to a very limited extent. New market opportunities (e.g., energy communities)
could improve this situation. (ii) Persons in the “Willing” segment should not only be
addressed as consumers but also as influencers with the goal to make other people in their
environment aware of the usefulness and the value of HEMSs in a broader context. In order
to encourage them to communicate the advantages of HEMSs, offering monetary benefits
in return could be an appropriate instrument. (iii) The developed HEMS is in general
accepted in 35% of the user segments, namely the “Willing” and the “Potentials”. However,
there is still room for improvement, e.g., considering the “Reserved” segment. Appropriate
market models, educational measures, and different communication strategies for each
segment could help here to unleash further socially-accepted potential for an increased use
of flexibility.

Even with the limited potential of socially-accepted techno-economic potential in
households, the shiftable load of nearly 1.8 MW supports an efficient and reliable system
operation and, thus, a sustainable energy supply using renewable energies.
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The following abbreviations are used in this manuscript:

ACC  accessibility

ANX technology anxiety

CMF  comfort increase

COB  personal conservation behavior
CUR  curiosity
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EAI Environmental Attitudes Inventory
HEMS home energy management system
INR interest

ITU intention to use

M mean

MON  monitoring

PV photovoltaic

SAV savings

SD standard deviation

SKE skepticism
SUS sustainability
TAM Technology Usage Inventory

TST trust in science and technology
USB usability
USF usefulness
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