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Abstract: A microgrid’s self-consumption rate reflects its ability to retain its own energy and decrease
its reliance on the synchronous grid. This paper investigates the empirical case of a microgrid
equipped with photovoltaic (PV) panels and identifies challenges in engaging the microgrid’s users to
increase their self-consumption. Accordingly, we explored both the physical and social dimensions of
the microgrid. The former involved mapping the electricity consumption and production through an
exploratory data analysis, and evaluating the associated price signals, while the latter involved the use
of design interventions to explore users’ perceptions of the system. We highlight the problem of price
signal impedance, the need for cost reflective pricing and the challenge in designing and extending
internal price models in settings with various actors. We address the limitations of price signals,
alongside alternative unidimensional signals, and emphasize the need for an integrated approach
to a user engagement strategy as well as the challenges that this approach entails. Our results shed
light on the complexity of energy communities such as microgrids, and why their implementation
can introduce multidimensional challenges that demand cross-disciplinary approaches.

Keywords: energy community; microgrid; price model; self-consumption; user engagement; design
methodology; playful triggers; passive prosumer

1. Introduction

Efforts in climate change mitigation are being hindered by a formidable set of chal-
lenges. Within the electricity sector, reducing carbon dioxide emissions hinges on the
ability of electricity grids to handle increasing amounts of intermittent energy. This needs
to be achieved while maintaining a high standard of reliability, improving the grid’s
overall resilience and curbing social costs. These factors, alongside calls to democratize
and decentralize the electricity system, have rendered microgrids highly relevant to the
energy transition. In recent years, microgrids have increasingly been implemented in
urban locations, in contrast to their historical use in remote settings serving small popula-
tions [1]. Lauded as a way to reduce emissions, empower communities and decentralize
the power grid, microgrids are one form of an energy community [2] that offers a range of
theoretical advantages [3,4]. Yet, as this paper aims to demonstrate, it is in their practical
implementation that unanticipated challenges become more apparent.

A defining feature of any microgrid is the ability to produce its own energy. With
photovoltaic (PV) panels or other forms of distributed electricity generation, a microgrid
is intended to function autonomously (to some degree), with little to no reliance on the
external grid [5]. One critical parameter by which microgrids can therefore be assessed is
their self-consumption rate, which is the share of produced energy that is consumed inside
a given microgrid:

SC = C/P, (1)
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where SC is the self-consumption rate of a given energy community, C is the amount of
energy from the PV panels that is consumed (kWh) during a given time period, and P is
the amount of energy produced by the PV panels (kWh) during a given time period.

This parameter is made more important by the problem of intermittency associated
with the renewable energy sources often used in microgrid settings. Variable renewable
energy sources such as wind and solar fluctuate in their supply, and if a microgrid can
neither match that supply with its demand nor store the excess electricity, it will be
forced to export that electricity to the external grid. Conversely, if there is no available
power from its own energy sources and the microgrid’s demand exceeds its supply, it will
then be forced to import electricity. The implication of this dynamic is that a microgrid
could display a superficially high productive capacity while exporting most of its own
electricity and re-importing it later, making its users no less reliant on the synchronous
grid than they were prior to connection. Accordingly, the self-consumption rate serves
as a performance measure that allows one to assess a microgrid’s ability to retain its own
energy and maximizing this self-consumption rate is a goal that is therefore implicit in
most microgrid settings.

The problem of self-consumption is fundamentally about a mismatch between the
timing of supply and demand. The supply side lever is one that is decidedly rigid, due
to the intermittent availability of power from renewable sources. One countermeasure
is to store generated electricity that is not used. While storage technologies are currently
undergoing a period of rapid development, they remain too expensive for wide-scale
adoption. The second lever, and the focus of this paper, is the demand side measure of
using behavior to shift electricity usage away from periods of excess demand towards
periods of excess production and vice versa. Microgrids are not passive networks of
electrical currents but are dynamic systems that are as responsive to the elements that
power them as they are to the actors who use them. From an economic perspective,
electricity is a commodity that is traded, bought and sold, but an everyday user may
perceive it is an unintuitive, intangible good that must be used immediately and cannot be
stored [6]. Consequently, users are not intrinsically reflective of the implications of their
consumption patterns and will not reflexively alter these patterns. Changing consumption
patterns and employing behavioral change as a means to shift the timing of electricity
usage therefore requires the engagement of users. This paper attempts to illustrate that
this is a feat of considerable difficulty, and that its resolution is central to the future of
microgrids and the energy transition at large.

Engaging electricity users and motivating them to reflect and act on the timing of their
consumption requires substantial change in how electricity is conveyed and communicated.
In the context of electricity use, the predominant medium through which information is
conveyed to and from users is the electricity market—through prices [7–10]. Reshaping
the architecture of the market is therefore one way to manipulate the signals being sent to
users [11]. Using price-based energy sharing models that alter the distribution of prices and
incentives within a microgrid could generate benefits to the community as a whole [12,13].
In some cases, a centralized planner can be eliminated and prosumers could “trade”
energy within the microgrid under a blockchain-based market [14]. While most studies on
microgrids have been based on models and simulations, studies looking at empirical cases
of more general demand response programs have indicated that the price of electricity
can play a role in helping manage demand [15–17], but the extent of this role remains
highly contested [18,19]. The short-sighted view of users as purely financially-driven and
economically rational consumers can therefore result in an overreliance on the price of
electricity as a policy instrument and limit the effect of demand response programs [20].
One meta-analysis demonstrated that financial incentives may even lead to an increase in
energy usage, a result that has previously been described as the “licensing effect”, where
users find out that their expenditures and potential savings are so modest that they then
felt “entitled to benefits from energy use because they are paying for it” [21]. Such findings,
alongside an absence of any consensus regarding whether and to what extent financial
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incentives are effective, suggest that any policy that targets user engagement should avoid
an exclusive dependence on price signals.

Demand response programs and the flexibility of household electricity consumption
have been studied from a range of perspectives. Previous demand response studies have
for example investigated the relation between flexibility and gender [22,23], households
with children [24,25], flexibility capital [26], social practices [27], temporality of everyday
life [28], user typology [29] and non-self-selected prosumers [30]. A systematic review of
consumer engagement among households for demand responsibility can be found in [31].
One way of communicating the need for flexibility is the use of electricity feedback, which
has been shown to play an equal or more important role than pricing strategies [32–34].
Feedback in the form of energy visualizations, through digital platforms for example, has
been suggested as a tool that could enable households to take greater responsibility in the
energy infrastructure by engaging in self-consumption or trading with energy [35]. As is the
case with pricing, however, feedback also has its limitations. A growing body of literature
questions the idea that making energy usage visible to households will trigger behavior
change and affect consumption [36]. Studies have shown that the simple installation of
smart meters and the provision of detailed feedback might not be sufficient to trigger
consumer engagement [37] as the technology fails to account for the more complex cultural
and social contexts that influence energy use [38]. As new technologies are introduced,
new domestic practices will also emerge, making it difficult to impose fixed forms of
communication on dynamic social contexts [39].

Moving away from the view of users as recipients of prices and feedback, and instead
viewing them as participants of the energy system might allow for new material forms
of energy citizenship to emerge within households [40], and consequently, new forms of
engagement. The term energy citizenship has developed from the historical perspective of
people as passive energy users or customers, to a more active perspective where people are
encouraged by policies to be more active, for example through price signals [40]. Exploring
potential new forms of energy citizenship alongside the possibility to empower prosumers
and households can shed light on the role they can play as active participants, democrati-
cally engaged in the sustainable energy transition [40]. Inviting users to reflect upon and
shape these roles co-creatively is one possible path to enabling a shared understanding of
needs, challenges and everyday life activities; one possibility is the use of design probes as
a method [41].

Another concept that frames people as participants is that of energy communities. An
energy community could be interconnected on a broad scale or be more geographically
concentrated, initiated by either community inhabitants or a local authority and motivated
by the pursuit of self-sufficiency, CO2 neutrality or reduced costs [42–44]. The constellation
of actors in an energy community and their motivations for participating (or not) in
these arrangements vary. Variables such as home-ownership and energy bills have been
identified as key factors that influence citizens’ willingness to participate in community
energy systems [45,46]. It should, however, not be assumed that all users want to be a
part of an active energy community, and even fewer can be expected to be interested in
controlling such a system [47]. It is therefore prudent to account for the variations of users
and consider the provision of a variety of energy citizenship roles that cater to the diversity
of skills, preferences and interests among participants. We apply the term “user” to broadly
describe any actor or stakeholder (residential, commercial or otherwise) that is (or would
be) part of an energy community. We adopt the phrase “user heterogeneity” to encompass
variations within and between these different types of users.

We explore the topics examined above in an empirical setting which consists of a
small DC microgrid equipped with photovoltaic (PV) panels. Composed of four newly
built residential buildings with 16 rental apartments ranging from 66 m2 to 95 m2, the
microgrid is also set to expand and include a set of municipal actors: an elderly home with
58 apartments, an assisted living facility (ALF) with six apartments, a 950 m2 preschool
and a caretakers’ office. The caretakers’ office and two of the residential buildings are the
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only buildings without PV panels on the roof. The housing agency behind the decision to
establish the microgrid owns the buildings set to be connected. According to the housing
agency, most of the buildings are built according to the passive housing criteria with
features such as thick walls for more energy efficiency. A total of six buildings are already
equipped with PV panels, and almost all have been exporting electricity to the synchronous
grid in varying amounts. It is a combination of these circumstances that allow us to describe
the microgrid’s users as “passive prosumers”. They are prosumers because they are part of
an entity that produces and consumes energy, but passive because they were not part of the
decision to become a prosumer. Through connecting these buildings, the housing agency’s
vision was to first maximize self-consumption and then potentially install more PV panels
in an effort to become entirely self-sufficient. While the microgrid was equipped with
battery storage, it was limited to a capacity of 21.7 kWh, far short of what was necessary to
eliminate electricity exports.

Given the context and specific circumstances, we set out to study practical and eco-
nomic aspects such as the self-consumption rate and current cost distribution along with
price signals, as well as user-centered aspects on how the microgrid was communicated,
experienced and understood. We believe that previous research has targeted various
strands of the topics discussed above, but that there is a lack of research on empirical
settings that consolidate the above topics and shed light on the interplay of the various
difficulties and challenges in their realization. We aim to offset this deficit with an empirical
multidisciplinary study of an operational microgrid that can serve as an illustrative case
and a reference point for future studies. Accordingly, our purpose with this paper is to
identify practical challenges in engaging microgrid users to increase self-consumption, and
so our contribution to the current literature is a summary of the various considerations that
must be weighed and the possible complications that may emerge, in the institution and
management of a microgrid.

The paper is structured as follows. Section 2 describes the methods used for ana-
lyzing the electricity consumption, production and its associated costs, as well as using
design interventions to explore users’ understanding and perceptions of the microgrid.
Section 3 describes the results found with these methods. Section 4 discusses the results
and summarizes our learnings as input for future research.

2. Materials and Methods

This paper aims to analyze the setting’s electricity consumption and production, study
the distribution of costs among microgrid members, and explore users’ understanding
and perceptions of the microgrid. In order to identify the challenges to increasing self-
consumption, it was necessary to study both the physical and social dimensions of the
microgrid. Physically, our aim was to quantify the electricity being produced and consumed
inside the microgrid and examine the distribution of costs alongside their associated price
signals through a cost distribution analysis. To study the social aspects of the microgrid
in relation to electricity consumption and production, we aimed to explore how these
“passive prosumers” perceived and interacted with the system.

2.1. Electricity Consumption and Production

An exploratory data analysis was carried out, quantifying the consumption and
production of electricity in each of the buildings. Hourly consumption and production data
spanning a period of January 2018 to March 2019 were collected for each building and used
to calculate rates of self-sufficiency (how much of the electricity used in a building came
from the PV panels) and self-consumption. These data were also aggregated and used to
generate mean hourly consumption profiles for each building, averaging the electricity
consumption of each given hour in a day over the duration of the entire year of 2018.
This allowed for the identification of peaks and troughs (negative peaks, or minima) in
demand. While the data was complete for the municipal buildings, around 30% of the data
for residential buildings was missing and was either imputed or filled in using data from
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2019. The details concerning this modification, as well as any other adjustments to the
data, can be found in Appendix A. These analyses were run on the existing arrangement
where municipal buildings were treated separately and the four residential buildings were
treated as one unit, since they form the present microgrid.

2.2. Cost Distribution

Given the emphasis placed on price signals in the field of demand side management
(DSM), and their common adoption as a tool in shifting user behavior (as discussed in the
literature review above), this section outlines an approach used to illustrate the detriment
of fixed and static pricing schemes, as the one currently in place in the residential buildings.
By evaluating the costs paid by residents under this fixed pricing scheme and comparing
these costs to what would have been paid under a more dynamic, cost-reflective pricing
scheme, one can verify and illustrate how price signals are impeded from reaching their end
users. Additionally, we attempt to quantify the cross-subsidies that take place among the
residential users, and the extent to which the real costs incurred by each user are masked
by the current pricing scheme.

This evaluation was not applicable for the municipal buildings, as their electricity
bills were paid for externally by the municipality. This is an important point that will be
taken up in the discussion. Apartments in the residential buildings were charged a flat
volumetric fee of EUR 0.125 /kWh, meaning that the costs incurred by an apartment were
only a function of the monthly volume (kWh) of energy they consume, irrespective of time.
Using hourly data on a set of apartments from the buildings (data was missing from one of
the apartments, see Appendix A), the residents’ monthly and annual costs were calculated.
A simulation was subsequently run, demonstrating how a different price model would
influence the distribution of costs. For clarity, this was not a sophisticated time series
forecasting model that tried to predict changes in the level of demand given different price
schemes. Instead, it was a basic but revealing simulation that took demand as a constant,
using the same hourly values for 2018, and only focused on how the distribution of costs
between units charged under different pricing schemes given this fixed level of demand.

The housing agency pays a monthly bill on behalf of the apartments and recuperates
its cost through the volumetric fee charged to the tenants. The bill paid by the housing
agency contains a fixed component as well as a real-time component that varies by the hour
(typically, users pay two electricity bills in Sweden with one going to the retailer covering
the cost of electricity procurement delivery, and the second going to the distribution system
operator (DSO) for maintaining the local grid and distributing the electricity to a user’s
home. In this case, the housing agency pays both of these bills on behalf of each user
and then charges them a single cost that covers both). This fluctuating cost is converted
into a volumetric rate paid by all tenants, irrespective of their time of use, implying cross-
subsidies that flow from some tenants (those who use electricity during less expensive
hours) to others (those who use electricity during more expensive hours). By simulating
what would have retroactively occurred under a more cost-reflective pricing scheme, the
model discussed below is used to shed light on these cross-subsidies. Based on a variant of
real-time pricing (RTP), the model was designed to transmit the real-time costs incurred by
the housing agency to the tenants and is given by the following equation:

Ch = RhCfEh, (2)

where Ch is the cost incurred by a given tenant during a given hour (EUR), Rh is the rate
paid by the housing agency to the electricity providers for a given hour (EUR/kWh), Cf is
the consumption factor, the proportion of electricity imported from the grid, and Eh is the
energy used by a given tenant during a given hour (kWh).

The model deviates from a “pure” RTP scheme in a few important aspects. The hourly
rate paid by the housing agency, the first term in Equation (2), is a term that combines
the real-time (hourly) spot price paid to a retailer, as well as the fixed fee paid to the
distribution system operator (DSO) (the DSO fixed-fee component was slightly modified,
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see Appendix B for details). The second term is a consumption factor that ranges from
0–1 and represents the proportion of electricity being imported from the synchronous
grid at a particular hour (a consumption factor of 0 means all electricity is coming from
the PV panels, and therefore free. A consumption factor of 1 means that all electricity
is coming from the external grid). This modification stems from the housing agency’s
intention to provide solar electricity to tenants free of charge, as an incentive to increase self-
consumption. The final term is the hourly consumption of a given user. The annual costs
were re-calculated on an hourly basis according to this model. They were then compared
to the baseline case of the flat volumetric fee to reveal how price signals are being blocked
and the extent to which cross-subsidization is taking place. It should be emphasized that
this is a revenue neutral price model, meaning that it is strictly an “internal” redistribution
of costs between the apartments, and does not concern the “external” pricing structure that
the housing agency is subject to. In other words, summing up the total costs under the
existing and alternative price models yields the same total value.

2.3. Design Interventions for Gathering Qualitative Findings

The issue of user engagement in energy systems has practical, economic and social
dimensions. To address this question, an integrated and cross-disciplinary approach
is needed. Self-consumption, while being a technical parameter that is dependent on
electricity flows, is essentially an effect of electricity use stemming from people’s everyday
behavior. Energy usage cannot simply be explained by payments and kilowatts, which is
why more in-depth qualitative methods are needed. As users should also be democratically
involved in small-scale energy communities, our aims were to explore (1) tenants’ drivers
and barriers to flexibility, (2) how a microgrid system could be communicated, and (3) what
engagement and being active means for actors and tenants. These questions were explored
through a humble designing approach which acknowledges uncertainty in design and
has respect for different perspectives at the core [48]. This approach was used to shape
two design interventions with the aim of gathering insights from users in the microgrid.
Design intervention [49] is a form of inquiry through which reflections are prompted
about the issue in discursive contexts rather than to arrive at closure. It uses basic design
methods such as sketching and prototyping to create playful, experimental and open-ended
frames for exploring a given topic in a new light. In our case, we used probes and playful
triggers as material manifestations of the design interventions. Design probes are usually
designed for a particular context or question and offer creative means for participants
to interact and form a response in a co-creative and empathic way [41]. Playful triggers
have the purpose of providing “information about both space and people within a specific
context—information that could complement and deepen data gathered via traditional
means” [50].

2.3.1. The Microgrid Toolbox

We aimed to explore how the functioning of the microgrid system was experienced
and what being flexible meant for the users. For that purpose, we needed to explore what
the tenants and other actors in the neighborhood thought of the microgrid and how they
currently interacted with it. We conducted this by creating a design intervention called
“the microgrid toolbox” (see Figure 1) to probe dialogue concerning the energy flows in the
microgrid, flexibility, sharing the PV electricity and identity aspects.
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Figure 1. The microgrid toolbox.

The microgrid toolbox consists of a suitcase that when opened, shows a miniature
model of the four tenant buildings along with panels, the substation containing the battery
as well as the assisted living facility (ALF). A wire with the sun can be moved across the
suitcase (east to west) and different parts of the microgrid such as the sun, the solar panels,
the buildings, the battery and the external grid can be connected to each other through
short wires with magnets. Furthermore, a black board in the other half of the suitcase
can be used to write on with chalk as well as to place magnets with icons representing
appliances, elements of the microgrid, and times of the day.

The suitcase was brought to the official inauguration of the microgrid held roughly
6 months after tenants moved in. It was used for discussion with visitors who were
interested in the project. We also used it around times when the tenants arrived home
to have short, non-intrusive dialogues with them. During the same visit, dialogues were
held with people who were either managers or highly active in everyday tasks from the
municipal actors. We chose a casual format for these dialogues (unstructured interviews,
with topics for conversation as a guideline, rather than a structured interview), in order to
let the dialogues be guided by the actors, on their own conditions. We considered such a
format to be most relevant, as we wanted to let the actors describe whether and how they
related to the microgrid, without too much guidance. The topics for conversation of these
interviews were: the uses of the buildings, whether and in what way there is awareness
of the PV panels, whether their energy performance is important for their public image,
whether they have access to their electricity bill, the potential interest in receiving energy
feedback from people in the building, what electricity demanding activities take place on
an average day and when they think that they consume most electricity.
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During the first visit, we met with a unit manager focusing on the physical environ-
ment from the preschool (male) and the manager of the elderly home (female). During a
later visit to the area, researchers also held similar dialogues with a staff member working
at the ALF (female) and caretakers at the caretakers’ office (two males). The dialogues
with municipal staff were recorded, transcribed and embedded into the qualitative data
analysis. The notes and transcripts from the dialogues, encounters and the inauguration
were gathered and iteratively categorized into themes.

2.3.2. The Microgrid Board Game

When the housing agency announced that the existing microgrid with the residential
buildings would be expanded to also include the municipal facilities in the neighborhood,
the research team decided to also involve these additional passive prosumers in the research
process, by including them in a second design intervention: The microgrid board game
(more thoroughly explained in Appendix C). An important insight from our initial visit
with the microgrid toolbox was that very few tenants were aware of the microgrid’s
existence. We therefore needed to rethink how to start a dialogue around the microgrid,
given that most actors were oblivious to its existence. To involve all actors in the extended
microgrid and gather their input on their role as participants in a microgrid, their electricity
use and their consumption profiles, we decided to conduct a meeting similar to a focus
group where representatives from all actors would be present. In order to be able to
discuss aspects of the microgrid such as production, consumption, sharing, importing and
exporting electricity, we designed a collaborative board game (see Figures 2 and 3). The
purpose of designing the board game was to inform the actors about their production and
consumption profiles, allow them to reflect on their electricity demanding activities as well
as collaboratively explore how they could address the imbalance of electricity consumption
and production through shifting or exchanging electricity with others in the microgrid. The
goal with the game was to collaboratively import as little electricity as possible, especially
during critical hours such as the morning and late afternoon (when there is a strain on the
synchronous grid). The board game did not have a “winner” as it was intended to be seen
as a conversation tool and something that the participants would collaboratively work on.
Since the elderly home had a very high electricity consumption compared to the others,
their real consumption was scaled down by a factor of five in the game version in order to
make the game playable (they still had the highest consumption).
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The game was played so that the first round would correspond to the current setup
(only tenants in microgrid, a lot of imports and exports), the second to how this setup
would change when the grid is expanded to include the municipal actors (more electricity
units can be shared) and the third to how it could look in the far future (for example, can
money be saved to invest in more panels?). In the first round, participants would obtain
access to their average daily profile, then write down what electricity-demanding activities
that were taking place during a regular day (06–21 in 3-h intervals). In order to cover their
electricity needs, they would need to obtain the electricity from either the solar panels
(yellow), the battery (green) or the grid (dark blue) in the shape of electricity units. If
their own production could not cover the consumption, the only solution was to import
electricity from the grid. Similarly, if they produced more than they consumed, their only
option was to export their solar units to the external grid. Only tenants could benefit
from having access to the battery and therefore “storing” electricity in the shape of battery
units until they were needed. In the second round, electricity could be shared or traded
between actors because of the extended microgrid. Actors could then adopt a more holistic
perspective and experience how their overproduction could be used by someone else in
the microgrid and similarly how they could be given others’ solar units when needed. As a
consequence, a lot more solar units would remain within the microgrid and stay on their
consumption profiles compared to the first round when a significant amount was exported.
At the end of each round, participants would reflect on and discuss what the critical hours
were, if there is still electricity being exported, what room there is for “moving” activities
(and what effect it would have) and ideas for any solutions. The third round would be
played with suggestions for improvements implemented, such as a larger battery or more
PV panels to discuss how far the participants think they could go (see Figure 3).

To test the board game and gain input from the different actors on how they see
their role in the microgrid system, we invited three tenants, representatives from the
caretakers, the preschool, the assisted living facility and the elderly home. Unfortunately,
all participants but one declined or cancelled their participation close to the event. We tested
the game with the manager from the elderly home and with researchers as representatives for
the other actors, where the manager reported gaining valuable insights around their everyday
electricity activities. There is always a challenge of engaging and recruiting everyday users to
be involved in research studies. However, this might be even more difficult in this context
for two reasons. First, tenants in rental apartments can have another level of engagement
with their housing than home-owners [46]. Secondly, the microgrid in this context had not
been communicated to tenants and users (see the results in Section 3 below).
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3. Results

This section begins by outlining certain properties of the microgrid’s consumption
and production profiles and presenting current self-consumption rates. This is followed
by an evaluation of the cost distribution between apartments in the residential buildings,
with the municipal actors omitted due to the fact that their bills are currently covered by
the municipality. This cost distribution is compared to a more cost-reflective price model
that is used to illustrate the complications that result from a crude volumetric tariff. The
next section then addresses the qualitative aspects of our findings, with a summary of
the themes that were revealed through the design interventions and as a result of the
unstructured interviews that were held. The diversity of the selected sections serves to
provide a multifaceted understanding of how different sets of independent challenges
can intersect in a single empirical setting. For clarity, however, these distinct sections are
presented separately below.

3.1. Electricity Consumption and Production

The residential buildings, the elderly home, the assisted living facility (ALF) and the
pre-school were all equipped with PV panels. The different capacities of each building’s
PV system meant that there were different rates of self-sufficiency between the buildings,
shown below in Figure 4, with the residential buildings reaching the highest levels during
the summer months and the elderly home having the lowest levels, despite having the
largest PV system:

1 
 

 

Figure 4. Monthly breakdown of energy produced from photovoltaic (PV) system into self-consumed energy (green) and
energy exported to the synchronous grid (orange).

Both the ALF and the elderly home had a self-consumption rate of 100% due to a
stark disparity between their consumption rates and the dimensions of their PV system
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(considered further below). The residential buildings and the pre-school on the other hand,
had self-consumption rates that would drop to around 60% during the summer months
which suggests a considerable amount of electricity exported to the synchronous grid over
the course of a year (see Figure 5). This was taking place despite the residential buildings
sharing electricity through a microgrid, which means that their self-consumption rates
would likely be lower if they were disconnected and independent.
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Using the aggregated data to generate energy consumption profiles reveals that differ-
ent buildings had different peaks and troughs (see Figure 6). The optimal consumption
profile of a microgrid is highly dependent on the empirical setting. In the case of a PV
powered microgrid, it would be advantageous to have a consumption profile that “mir-
rors” that of a PV production profile, a parabola with a maximum at noon which would
maximize self-consumption. In some settings, where capacity shortages could be an issue
and a microgrid could be subject to some form of peak pricing, one must also weigh in
the magnitude of the peaks in the consumption profile. A sharp consumption peak at
noon poses no issue so long as there is PV power, but if insolation were to be substantially
reduced (either random weather events, or more predictably, in the winter) the microgrid
would then have to import electricity from the grid at high power. If subject to peak
or capacity pricing, this could increase the costs incurred, in which case it could be ad-
vantageous to reduce the magnitude of the consumption peak, or “flatten the curve”, at
the expense of the self-consumption rate. A microgrid that combines different buildings
with different consumption profiles should lead to a “balanced” consumption profile that
averages the consumption profiles of its constituent parts. This was not the case in our
empirical setting, where the elderly home’s consumption was much higher than all the
other buildings combined as shown in Figures 6 and 7.

The magnitude of this difference has two consequences. First, combining these sets
of buildings into a microgrid would generate a collective profile that largely resembles
that of the elderly home. The extreme difference between the consumption levels of
the elderly home and those of the remaining buildings ensures that the elderly home’s
profile would “dominate” the others in a microgrid. Secondly, combining the buildings
into a microgrid would automatically yield a self-consumption rate of 100%, strictly a
consequence of the overall consumption of buildings far outweighing their levels of PV
production. This maximized self-consumption rate is not reflective of some policy success,
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but of the fact that merging all buildings into a microgrid sharply tips the balance of
consumption and production towards the former and results in a PV system that is severely
under-dimensioned. While the self-consumption rate would reach 100%, self-sufficiency
rates would have dropped from levels as high as 65% and 50% for the residential buildings
and the pre-school (Figure 4), to a meagre 35% for the combined microgrid as a whole.
Motivating users to maximize their self-consumption rates remains a relevant question, as
the problem would simply re-emerge when PV capacity is scaled up, and so the rest of the
results, while useful for general cases, will still be valuable in preemptively addressing the
self-consumption problem in this empirical case.
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3.2. Cost Distribution

Pivoting from the distribution of loads to the distribution of costs, we reiterate that un-
der the current pricing scheme, tenants pay a flat fee of 0.125 EUR/kWh. This arrangement
masks all the variability to which the housing agency itself is exposed to. This includes
both seasonal and intra-day variability.

The variations illustrated in Figure 8 embody price signals that “communicate” condi-
tions of supply and demand, with winter seasons being relatively more expensive than
summer seasons, and peak hours being relatively more expensive than trough hours. These
signals could serve as financial incentives (or disincentives) on the timing of electricity use.
When the housing agency pays a dynamic cost that reflects market conditions but then
charges the actual electricity users a flat volumetric rate, it is blocking the transmission of
these price signals, eliminating any incentive to reflect on the timing of electricity use. This
impedance of price signals is one consequence of a volumetric fee. A second consequence is
the cross-subsidization of some tenants by others. Under a volumetric fee, the distribution
of costs between apartments is solely a reflection of the distribution of the different volumes
of electricity consumption. It is not a reflection of the costs that each apartment subjects the
housing agency (and thus the community at large) to. The cost incurred by the community
is not only dependent on the amount of electricity consumed, but also the timing at which
this electricity was consumed. Ignoring this reality blocks price signals and imposes a cost
on some users on behalf of others.
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Figure 8. The annual variability of the spot market price (top) and the average aggregated hourly values (bottom) showing
intra-day variability. Prices shown in EUR, and data shown for the year of 2018.

The price model described in the preceding section recalculates the total costs for each
apartment subject to the condition that each unit pays for the hourly cost incurred by the
housing agency, not the volumetric rate. Adding up these hourly costs over the course
of the entire year and dividing by the annual electricity usage reveals the “real” average
hourly rate that each apartment actually “owed”, as shown below in Figure 9.
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Figure 9. Average hourly cost incurred by an apartment compared to the average hourly rate they
actually paid. The dashed black line shows the flat rate of 0.125 EUR/kWh paid by tenants under
the existing pricing scheme. Each bar shows the average annual cost incurred by a user, when the
share of PV electricity and the real-time market price is factored in, as in the proposed price model.
Red bars represent users who incurred more costs than they actually paid for and would have paid
more under the proposed price model. Green bars represent users who incurred less costs than they
actually paid for and would have paid less under the proposed price model. The percentage above
each bar shows the percentage change on the annual bill of a given apartment under the proposed
price model. Apartment units were anonymized and randomly assigned letters.

Apartments that have rates higher than the 0.125 EUR/kWh are those that use rel-
atively more electricity during pricier hours and/or make less use of the PV electricity
generated by the microgrid (which is provided free of charge under this model). These
users are effectively being subsidized by those with rates less than 0.125 EUR/kWh, who
use relatively less electricity during pricier hours and/or make more use of the generated
PV electricity. The price model essentially redistributes costs from the former to the latter,
resulting in a more cost-reflective allocation.

A second and perhaps equally important channel of redistribution occurs across
seasons. The microgrid’s collective electricity consumption is more expensive during the
winter than during the summer, firstly due to the reduction in insolation and sunshine
duration (which means reduced PV), but also because the market price of electricity tends
to be higher during the winter. This seasonal difference is masked when users pay a flat
rate, and the proposed price model accounts for this difference, as can be seen below in
Figure 10.

While the redistribution discussed above centered on cross-subsidies moving from
one group of users (those who incur relatively higher costs) to another (those who incur
relatively less costs), the graph above indicates that there is also a temporal transfer
that moves from all users during the summer months back to themselves during the
winter months. Under a flat rate, all users are under-paying during the expensive winter
months and over-paying during the cheaper summer months. The flat rate had likely been
selected so that these differences average out over the span of the year. This represents a
very clear block to price signals, as users currently receive no indication of this seasonal
price differential.
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3.3. Themes Uncovered through Design Interventions and Dialogues

This section describes the qualitative themes uncovered during our design interven-
tions (showing the microgrid toolbox to tenants) and unstructured interviews with the
preschool, the elderly home, the assisted living facility and the caretakers’ office.

3.3.1. Awareness Contrast

From our explorations and non-structured interviews, we discovered that the people
in the neighborhood were generally aware that they live and work in passive buildings.
Tenants we spoke to mentioned the fact that passive buildings are unique and one tenant
reported that they feel a certain pride in living in a passive building. The preschool was
also highly aware, mostly because they experienced issues with the heat in the summertime.
The preschool representative also reported that the combination of a passive preschool
with solar panels is unique in the municipality. Tenants were also aware that there were
solar panels, with one tenant even pointing out that the solar panels covered a larger area
of the roof in reality than in the researchers reconstructed model of the neighborhood in
the Microgrid Toolbox.

In contrast, no one that we talked to knew about the microgrid and that electricity that
isn’t used in one tenant building can be used in the neighbor’s building without passing
through the synchronous grid. The housing agency reported that they had not specifically
informed tenants about the fact that they were to live in a microgrid when they were
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moving in, and the moving-in brochure only mentions that a battery exists so that the
solar power can be used at a later time. When talking to the municipal actors, there were
different notions concerning the energy infrastructure. Some did not even know that they
had solar panels on the roof (elderly home) nor that they were to be incorporated into a
microgrid while others seemed to think that it was possible to store electricity from the
solar panels in their workplace (preschool):

“I mean, that this is a passive building and that you’re not supposed to open windows
in order to save energy, everybody knows that. But that there would be a connection to
[buildings] next door here, I’m not sure actually. And storage possibilities, whatever that
means and so on, I don’t think is something people know” (Preschool).

This reveals a spectrum of awareness ranging from knowing that one lives in a passive
building (almost everyone knows) to knowing that one’s building has solar panels (most
are aware) to knowing that one’s building is or will be connected to others through a
microgrid with battery storage (almost no one was aware). This is probably related to both
visibility and communication as generally, people know that they live or work in a passive
building because of the thick walls, and almost everyone has seen the solar panels on the
roof. The microgrid, however, remains hidden and not communicated which might explain
why no one was aware of its existence.

3.3.2. Conceptions around Energy Use and Consumption Patterns

A second theme from the qualitative data was the conception and understanding of en-
ergy usage along with its timing. The preschool representative reported several challenges
relating to energy use, for example, that they might need to keep the ventilation running
during nights in the summer to reach a cool enough temperature during the day. He then
pointed out the contradiction in solving the heating problem through more electricity usage.
There were different conceptions among the actors on when their electricity consumption
peak occurs, but both the preschool and the elderly home thought their peak would co-
incide with their cooking times. The director of the elderly home reported that they use
a lot of electricity and probably are the biggest electricity consumer in the neighborhood,
partly due to running a lot of laundry machines during the day. She also reported how the
daily schedule at the elderly home needs to be adapted to the elderly’s needs and daily
conditions. One of the tenants of the apartment buildings mentioned that she turns on the
dishwasher in the evening because she was informed that it was the best time to do so. The
ALF reported that their tenants have quite a strict schedule when it comes to eating dinner,
washing and so on. The representative also hesitated when asked whether someone living
there would even be remotely interested in an energy saving intervention, as they usually
are very focused on their personal interests. Similar reasoning took place in the elderly
home, and since people living in these assisted facilities need support in everyday domestic
activities such as cooking and washing, it might prove to be more difficult to engage them
in energy interventions to increase self-consumption. It was also questioned during the
inauguration by the visitors whether appliances should be running unsupervised due to
safety risks.

The caretakers of the housing agency had a clear image of when and how electricity
was being used, as this was tightly connected to their working hours during the day. As
caretakers, however, they are not just working in a building that would be part of the micro-
grid, but also with maintenance of the apartment buildings. They also expressed skepticism
at the idea that self-consumption could be increased through users changing routines:

“I think this challenge that you said, that is not unsolvable technically... But it is just
like you say, if it is anything that is difficult to implement then it is how people [behave]...
I mean we eat lunch at 12 and we eat dinner at 5–6 so it might be difficult to shift those
routines, then one probably does not think it is that interesting anymore to live and pay
rent to [the housing company] if you have to eat lunch at 2“ (Caretaker 2).
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This was, however, the only instance when someone reflected on the details of how
behavioral change would be necessary for increasing self-consumption. The caretakers also
discussed how the different actors relate to each other in terms of electricity consumption,
exemplified by when different actors have lunch.

3.3.3. On Different Types of Energy Feedback

None of the actors, except for the tenants, reported receiving any feedback on their
electricity consumption through something like an electricity bill. In all the municipality-
owned facilities, the bills go to another department within the municipality that manages
the buildings, and not to the facilities themselves. Among the tenants we spoke to, some
had seen that there was a display on the substation building (where the batteries and
technical equipment is located) showing the amount of kWhs produced by the PV panels,
while others had not. Since no tenant knew that they lived in a microgrid, it was difficult
to talk about what type of feedback they would be interested in. One tenant was interested
in learning about the amount of produced electricity, especially during the summertime.
Another tenant reported that it would be interesting to know the environmental benefits of
living in an apartment such as theirs compared to an ordinary apartment. The preschool
also wished for more environmental information to help build their image. In contrast,
when asking the elderly home about incentives, the manager reported that environmental
messages probably would impress the grandchildren more than the elderly themselves.

Lastly, the housing agency had made it clear during our conversations, that it was
their ambition to instill a sense of community and pride for the tenants living there. How
this would be closely integrated with the tenants and what type of engagement could be
encouraged remains unanswered. Similarly, the elderly home expressed a wish for opening
up their building for the local community by hosting exhibitions or activities for example,
so that people naturally would feel a connection to their facility.

4. Discussion

In this section we consider the implications of the previous results and attempt to
draw attention to a set of issues which we deem highly relevant to the topic of energy com-
munities. We set out to explore user engagement as a means to increasing self-consumption
and sequentially present the main challenges that were identified. We begin with elab-
orating on the problem of price signal impedance and the flaws of flat rate pricing. We
then consider obstacles to the extension of an internal price model to various actors in a
microgrid. We examine the limits of price signals and financial incentives that emerge
when dealing with user heterogeneity and highlight the importance of a user engagement
strategy that employs an integrated approach to user engagement. Finally, we outline how
this integrated approach requires one to consider how to instill a basic level of awareness
in an energy community, how to frame the electricity flows of a system and the impact of a
user’s behavior on this system, and how to align incentives for behavioral change through
fostering a sense of community.

4.1. Price Signal Impedance

A fundamental component of any approach to engagement is the transmission of
information. If users are to be engaged concerning their electricity consumption, they
could benefit from information on their current habits and “signals” that convey the effect
of a behavioral change. These signals could take a variety of forms, but we begin with
considering prices, and how they could be used as signals in microgrids or other similar
settings. There is no consensus on whether price signals would be acted on as “pure”
financial incentives. Regardless, they could still play an informative role in communicating
conditions of supply, demand and self-consumption. Pricing schemes that take dynamic
prices and convert them to fixed or volumetric rates, such as the case in our empirical
setting, obstruct any signal from reaching the end user. These include intraday signals
between “peak hours” and hours that have high low spot prices or high PV production,
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but they also include sizable seasonal signals, with winter months being substantially more
expensive than summer months. Additionally, they result in a regressive cross-subsidy
from some users to others. Those who use electricity from the synchronous grid at cheaper
times and/or use more PV electricity are effectively subsidizing the consumption of those
who use electricity from the synchronous grid at more expensive times and/or less PV
electricity. A more cost-reflective price model, such as the one suggested in the sections
above, would allow the transmission of these price signals. As mentioned, even if the price
model does not incite a strong demand response through a financial incentive, it could
still bolster an engagement strategy that emphasizes the importance of the timing of one’s
electricity consumption. At the very least, a more cost-reflective price model would create
a more equitable distribution of costs between the apartments, where users pay according
to both the amount of electricity they use and the timing at which they choose to use it.

4.2. Extending the Price Model to Other Actors

In the empirical context that was the subject of this paper, the price signal was strictly
applicable to the residential buildings. The municipal buildings could not be included
primarily because the costs of their electricity consumption were handled outside the
jurisdiction of the housing agency, and so whether they could formally or legally be subject
to an internally managed price model was ambiguous. This is an issue that may surface in
a more general form within energy communities and raises important questions regarding
their internal management. Even if all parties were to agree to the adoption of a price
model, there is currently no formalized legal framework for internally repricing electricity
inside a microgrid composed of different actors. Despite the housing agency owning these
buildings, the costs incurred and paid by the municipal actors were handled between the
municipality, the DSO and retailer, outside the administrative authority of the housing
agency. While it is conceivable that a commercial actor could informally agree to an internal
price model with other actors, public actors are subject to a more rigid set of rules and
regulations which may limit the extent of their participation in an energy community [2].
The need for legal frameworks that enable energy communities and support renewable
expansions has been identified and discussed, but the extent of their autonomy and their
ability to carry out policies such as the internal redistribution of costs requires further
development and evaluation.

4.3. The Limits of Price Signals

Suppose a legal framework that incorporates the different actors exists, and that
all have agreed to an internal price model that sends signals and provides economic
incentives. An arguably more important impedance to these signals is the gap that exists
between those responsible for the cost of electricity and those who use it. The price model
proposed applied to a set of apartments that were occupied by users who paid for their
electricity consumption, a situation where a financial incentive is clear, and a price signal is
transmitted. If one were to instead consider an alternative rental situation, where tenants
pay rent to owners, then including the cost of electricity in the rent would block any price
signal and remove any incentive for a tenant to shift the timing of their consumption.
This issue is even more pronounced in the case of the municipal buildings. In settings
such as preschools and elderly homes, the employees who are the end users of electricity
are not financially responsible for the costs of this usage and have limited flexibility on
deciding when to use it due to fixed schedules and rigid routines. Even if the buildings
were subjected to an alternative price model, the employees using the electricity would
only be made aware of any change through a direct and targeted intervention from the
higher levels of management responsible for these administrative functions. This is not
an issue exclusive to microgrids and energy communities but is a mismatch of incentives
that may exist in stand-alone buildings today. In the case where public actors such as the
municipal buildings do adopt alternative price models and attempt to shift the electricity
consumption of their employees, they cannot exclusively depend on a price signal, for
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the simple reason that their employees would still not be financially accountable for their
consumption. Engaging a heterogenous set of users, that includes both tenants who pay
for their electricity and employees who are solely users, alongside a more general set of
public and perhaps commercial actors, requires the consideration of other forms of signals
and incentives, and a broader, more flexible engagement strategy.

4.4. Extending the Engagement Strategy

When designing an engagement strategy that includes alternative, non-financial
components, an “environmental signal” is one reasonable candidate given the grander
context of the role renewable electricity plays in the energy transition. Indeed, some
of the actors spoken with expressed an interest in receiving information regarding the
environmental impact of the microgrid. An “environmental signal”, usually quantified
as the amount of CO2 offset or conserved by carrying out a specific action, could appeal
to certain types of users and create an incentive for those who would not be motivated
by cost reductions. Like the price signal, it is not clear whether an environmental signal
could induce a demand response on its own accord, but it could complement the price
signal and play an important motivational role in the engagement strategy. This possibility
was complicated by the outcomes of a life-cycle assessment (LCA) study performed on the
microgrid [51]. The study concluded that electricity from the synchronous grid emits less
CO2 than that from the microgrid. Despite the microgrid using PV electricity from solar
panels, its carbon footprint was higher than that of the mainly nuclear electricity (which has
lower CO2 emissions) that came from the synchronous grid. This is an important limitation,
and points to the difficulty of offering an environmental incentive when an environmental
signal cannot be condensed into the simple message of off-setting a certain amount of CO2.
This applies in any setting where a given country has a large share of renewable or nuclear
electricity in the synchronous grid. Other approaches could involve the use of alternate
forms of information and feedback, though the type of information, the sentiments to
appeal to and the format through which to convey this feedback are difficult specifications
to select given the heterogeneity of the microgrid’s users. The limitations of price-based
and environmental feedback have been discussed, but other channels include normative or
feedback on historical use, which has sometimes been employed in residential settings but
could possibly be adapted to non-residential users as well. It is worth reiterating that the
microgrid’s users range from private tenants and elderly home occupants, to caretakers,
cooks and teachers. It is difficult to envisage how an indiscriminate engagement strategy
based on a unidimensional signal of any sort could be applied to the microgrid while
resonating with all its various constituents. Appealing to a collective sense of community
however, perhaps a common denominator for all users, could be a central feature of a
multifaceted engagement strategy, and resolve some of the mentioned difficulties.

4.5. User Engagement

Instilling a sense of community and shaping a collective identity introduces a further
set of challenges in how users are introduced to and perceive their role within an energy
community. Addressing these challenges is critical in order for people to adopt the role
of energy citizens and become more democratically involved. We will here describe these
challenges and exemplify them using experiences from the design interventions.

First, we report that in our empirical case, the existence, function and advantages of a
microgrid have not been communicated to its users. Even in the most basic strategies for
engaging users, information should be distributed about what a microgrid is, why it was
built and why people should care about it. The lack of any communication explains why
no one in the microgrid knew of its inception or existence, and we argue that this basic
awareness is a fundamental preliminary step to engaging the microgrid’s users.

Secondly, it was observed that since people did not know about the microgrid’s
existence, they were unaware of the basic electricity flows in the system and unable to
form their own understanding of it. Technical representations of electricity systems such as
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wiring diagrams are not easy to understand for its everyday users (as illustrated by the
system’s wiring diagram in Figure 11). The microgrid toolbox and the microgrid board
game fulfilled their function as discussion and learning tools for the project to shape an
understanding of system technicalities and electricity flows in a more user-friendly way.
For designers, whose knowledge on electrical inverters and DC grids is very limited, the
microgrid toolbox also functioned as a translator between our mental model of the system
and its proper functions. Similarly, the board game allowed the researchers and participants
to discuss what room there is for flexibility and when and how sharing electricity with
others could work. It might be valuable to further address these human values and explore
how sharing electricity with other users and facilities is perceived and whether users can
ascribe any personal meaning to living in a microgrid. These human value and mental
model aspects are important to explore, as they can explain a lot about why users act the
way they do in relation to technologies and energy practices [52]. We encourage future
research to further explore what tools for enabling co-creative dialogue in small-scale
energy communities could look like, and also encourage cross-disciplinary research teams
to use these tools for bridging perspectives.
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Figure 11. Wiring diagram of the microgrid provided by the system developer.

Our third challenge concerns a user’s awareness of their electricity consumption
practices and how this relates to other participants’ practices. As seen from the qualitative
findings, users’ knowledge of energy intensive appliances were varied. One way of
translating this could be through their consumption profile, i.e., how much they produce
and consume, as we tried to illustrate through their average daily consumption and
production in the board game. Although this needs to be tailored to the users’ knowledge
and interest in the system, it can provide a brief understanding of what their consumption
pattern looks like during an average day. Different user roles can also be expected to have
different levels of energy awareness, literacy and motivations [29] which still is only one
part of everyday life that has an impact on energy practices. Feedback can also be given
on a more frequent basis, through digital applications or in-home displays. However,
careful consideration is needed, since simply providing energy feedback or other smart
metering technologies is argued to be insufficient to stimulate user engagement [36,37]
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and this might be particularly complicated with rental apartments [46]. It may be valuable
for users to also get a feeling for how others’ profiles look like in relation to their own
in order to encourage reflections on what their energy practices look like from a more
holistic perspective.

Fourth, if participants in an energy community are expected to alter their practices
or shift their energy usage, users need to be able to co-create their incentives for doing so.
If the incentive is further outlined to include some kind of goal for the entire community
(e.g., percentage of self-consumption rate), this needs to both be democratically agreed
upon by all users and to be realistically achievable. As exemplified by the focus group with
the board game, it may be very valuable to have a dialogue and create an understanding of
each other’s incentives and possibilities, fostering a sense of community. The collective
factor of taking part in a joint effort deserves further attention as simply being part of a
community may function as a motivating factor [42].

Lastly, we highlight the importance of working closely with users around expectations
and responsibilities and allowing more diverse forms of participation in this type of small-
scale yet diverse energy communities. Future studies could study how participatory
methods where users are involved and empowered in the development through new forms
of energy citizenship can be related to a sense of community as wished for by some of
the public actors and the housing agency. Furthermore, we recommend future research
and similar interventions to adopt a mindset of engagement and dialogue, acknowledge
people as energy citizens and allow for participation in the community on more democratic
foundations.

5. Conclusions
5.1. Summary

Microgrids are complex structures that combine a variety of actors with equally
various backgrounds. A central feature of any microgrid is the ability to produce and
harness its own energy, developing a degree of energy independence. Producing electricity
that is ejected into the synchronous grid only to be purchased back later undermines this
independence. Self-consumption is therefore a sensible metric to consider when evaluating
the performance of a microgrid. Aside from expensive and technical solutions such as
energy storage, behavioral change is one clear lever for increasing self-consumption rates,
and it relies on engaging users. Engaging users demands an understanding of the signals
and incentives that could be used for communication, differences between them and
their respective interests, as well as their subjective interpretations and understanding, as
constituents of an energy community. This range of issues has usually been addressed
separately in the previous literature. Through collectively studying these topics, we hoped
to place them in a broader context and shed light on the challenges that arise not just from
each, but from their intersection as a whole.

In this paper, we investigated an empirical case of a DC microgrid equipped with PV
panels. We sought to identify challenges in engaging the microgrid’s users and motivating
them to increase the self-consumption of PV electricity. To do so, we employed different
quantitative and qualitative approaches that allowed us to explore the physical and social
dimensions of the microgrid. We conclude that flat volumetric tariffs impede intraday
and seasonal price signals from reaching end users and create a regressive redistribution
of costs. We emphasize the need for dynamic, cost-reflective price models but recognize
the lack of a formal framework for extending these models to various types of actors and
stakeholders within a common energy community. We describe the limits on price signals
and financial incentives in settings with a heterogenous set of actors, and highlight the
need for a broader approach that incorporates a wider set of motivators while appealing
to a collective, community-based identity. We finally address the challenge of conceiving
an integrated approach to user engagement, and the significance of centering it around
awareness, an understanding of electricity flows and the impact of behavior, the co-creation
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of incentives and the importance of using participatory methods to stimulate dialogue
throughout the process.

5.2. Policy Recommendations

We firstly recommend the removal of any and all obstructions to price signals in both
residential and non-residential settings. Even in the absence of renewable energy sources,
and aside the goal of incentivizing an increase in self-consumption, the real-time price of
electricity is a signal that reflects the market conditions of supply and demand. When these
prices are not transmitted to their end users through scenarios such as “averaging out”
total costs into a flat rate, or including electricity in rents, whether to private tenants or non-
residential actors, these signals are blocked and unfair cross-subsidies between different
users take place. Energy communities should then be encouraged to design and adopt
internal price models (among other tools) that suit their collective goals (such as increasing
self-consumption). We therefore recommend the formulation of supportive legislative
frameworks that strengthen the autonomy of energy communities and their ability to
locally govern. We then recommend that increased attention be given to the problem of
user heterogeneity in energy communities, and to avoid an overreliance on prices and
financial incentives as a demand side management panacea. Policy and research should
target and investigate the potential of broader multifaceted approaches that incorporate
various tools in engagement strategies that may appeal to a diversity of users with various
motivators and barriers.

5.3. Methodological Considerations & Future Work

Each of the approaches used in the methods above could have been improved through
more elaborate and detailed designs. Specifically, from the quantitative side, a pilot study
on the implementation of the alternative price model, and a statistical evaluation of its
effect would have undoubtedly benefited the study in its identification and description of
practical challenges. The reason this was not carried out was the reluctance of the housing
agency to carry out a full-fledged intervention. Given that the price model would be
“internal”, the housing agency would be responsible for the practical implementation of
this new model, including the calculation of costs, the re-design of invoices and the com-
munication of the need and benefit to the tenants. This required a degree of commitment
and organization that was not within the capacity of the housing agency at the given time.
The reliance of the cost distribution analysis on a single year of data limited our ability to
draw general conclusions regarding the distribution of costs. The analysis itself was, as
mentioned, rather crude and amounted to a “what-if” scenario under a more cost-reflective
price model. We deemed this sufficient to express our concerns with the impedance of price
signals and the cross-subsidization of electricity costs, but a more sophisticated time-series
model could allow one to forecast how different pricing schemes could influence load
patterns and demand levels. Additionally, it would be very interesting to explore the effects
of a different price model and assess how consumption patterns change, perhaps a task for
future research.

There were several methodological constraints on our qualitative data gathering. For
the engagement aspect, more interviews and dialogues could have been held with partici-
pants to, for example, discuss their thoughts on living in a microgrid, how they view their
electricity consumption or what they experience from having PV panels. Unfortunately,
no additional dialogues were held due to limited interest from tenants. The microgrid
toolbox was designed with a more informed user in mind, resulting in a difficult situation
when trying to invite tenants for participation with it. Similarly, the board game was only
tested with one actor which means that we cannot really conclude whether it filled its pur-
pose. However, the approach of using a board game to explain and stimulate discussions
around a microgrid with its users is novel and we therefore deem it relevant to explain and
illustrate here and invite future research to explore its potential.
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Appendix A

Data Issues and Adjustments

The consumption data of the municipal buildings for the year 2018 was intact. The
residential buildings were missing the months of January, February and March 2018, but
we were provided with the hourly data for January, February and March 2019 instead.
Additionally, data for the month of April were missing for two of the four residential
buildings. Given that the nature of the investigation was exploratory, and that we intended
on investigating a full year of data, it was first decided to treat from January–March 2019
“as if” they were from the year 2018 (through manually changing the year for those specific
months) and then to impute data for the two buildings missing the month of April, using
the months prior and after. This was carried out for two reasons; the first was so that we
could create an annual consumption profile that was chronologically labelled according
to the months of the year (instead of having charts that start at April and end in March).
But more importantly, data from the municipal buildings were from the year 2018, and so
labelling these months as 2018 instead of 2019 allowed us to merge these data together to
create a crude simulation of the microgrid annual energy performance.

While we understand that these adjustments would not be acceptable in any causal,
experimental or analytical context, we stand by them firstly due to the aforementioned
explorative nature of the paper, but secondly because they ultimately have no substantial
effect on the results outlined and the conclusions drawn. The only graphs affected by this
result are Figures 4 and 5, which could have been oriented such that the same bars are
shown starting from April and ending in March. Regardless, the main result is the share of
exported energy during the summer months, which is entirely unaffected.

The data discussed above were taken from the DSO and represented data for the
entire buildings, consisting of the apartments but also public and common spaces. The
residential buildings included 16 apartments. A separate dataset obtained from the housing
agency contained the hourly consumption data for 15 of these 16 apartments, with one
missing. These data were not used for the evaluation of the total consumption and self-
consumption (as it omitted consumption in public and common spaces), but were used for
the investigation of the cost distribution. The missing apartment was dropped, and did
not affect the analysis, since the analysis compared the costs for each apartment under two
different scenarios, and is not influenced by the total number of apartments.
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Appendix B

Price Model Clarification

The “hourly rate paid by the housing agency”, seen in Equation (2), is actually com-
posed of two components. The first is a “retailer” component that is paid to electricity
retailers for the purchase and transmission of electricity. The second is a “DSO” component
(short for distribution system operator) and goes towards the distribution of electricity by
the DSO in the local grid. In our empirical case, the retailer component was the dynamic
cost that fluctuated in accordance with the hourly spot price. The DSO component was
actually a fixed monthly fee and did not fluctuate. This was to do with the particular DSO
of the local grid in our empirical setting. Other DSOs can employ dynamic pricing and
even power-tariffs. In any case, a fully “reflective” price model would have passed on
the retailer component as a dynamic hourly price, and the DSO component as a fixed cost
that does not fluctuate by the hour. Instead, the price model we used “absorbed” this
DSO component and converted it into a dynamic price. The reason being that these price
models were not just simulations used to explore the distribution of costs but were actually
being developed as tools to strengthen the incentive for users to recognize and respond
to the timing of their electricity usage. The decision to turn the fixed DSO component
into a dynamic price was carried out in order to amplify and strengthen a time-varying
price signal.

Before delving into how this was carried out, it is important to reiterate that these
price models are revenue neutral. The monthly costs paid by the housing agency to the
retailer and the DSO are taken as fixed, and no matter how costs are re-distributed among
users, they necessarily must sum up to the same monthly total that was actually paid for by
the housing agency. Maintaining revenue neutrality while strengthening the time-varying
price signal was carried out as follows. The fixed hourly component, which does not
vary in time, was dropped from the hourly cost charged to users in the price model. This
introduces a deficit which is counteracted by the insertion of a multiplicative factor, f, that
inflated the hourly spot price by a certain margin, above its actual value, so that when the
costs were summed up at the end of each month and over the span of the year, the total
costs incurred by the housing agency remains the same. To reiterate, the model outlined in
the Method Section 2 made use of an “hourly rate”, Rh, which was paid by the housing
agency to the electricity providers.

But this hourly rate could be more elaborately unpacked into the following:

Rh = f × Sh, (A1)

where Sh is the hourly spot price paid to the retailer by the housing agency (EUR/kWh),
and f is the scaling factor iteratively calculated to ensure revenue neutrality, value of 3.7
was used.

The scaling factor, f, was calculated iteratively, by starting with a value of 1, calculating
the total cost paid by all the apartments in the sample and comparing it to what was
originally paid. It was then gradually increased until a break-even point of around 3.7,
where the total costs of the price model (over the year) were equal to those of the original
volumetric scheme. So, in summary, instead of the hourly cost being composed of a
dynamic real-time component and a flat, fixed component, it only consisted of the real-time
component, and was multiplied by a value of 3.7 to make up for the deficit created by
the omission of the fixed component. The costs did not exactly even out at the end of
each month—there were slight surpluses and deficits—but the selected factor ensured they
balanced out at the end of the year to yield the same total cost. This was carried out for
no other reason than to increase the variance in price, amplify the price signal and try to
emphasize differences in different hours of use.

This digression was omitted from the body of the research paper because we do not
believe it affects the resulting conclusions in any way. The price model was an active policy
being developed and proposed for use in the microgrid, but as mentioned, was only used
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here to illustrate certain features of the cost distributions for the purposes of this paper.
Even if the hourly cost did not absorb the DSO component and left it as a fixed fee, the
impedance of price signals and the existence of cross-subsidies would still be apparent,
albeit in a weaker form. We include it here for full transparency in the goal and design of
the price model.

Appendix C. Explanation of the Microgrid Board Game

The board game consisted of a main board showing the time slots during a day
(06–21 in 3-h intervals) along with room for energy units for battery, PV panels or syn-
chronous grid. Each player also had their load profile in front of them, showing how
much energy they produced and consumed for each 3-h time interval. Below the profiles,
there was space for writing down what energy demanding activities they have ongoing
during the time intervals. The game also had a wooden piece in the shape of a person that
was moved along the main board’s 3-h intervals during each game round. Also, wooden
pieces in different colors were used to symbolize different types of energy that were either
generated by the PV panels (yellow), stored in the battery (green) or imported from the
synchronous grid (dark blue). A scoreboard in the shape of a small blackboard can also be
used to help keep track of the amount of energy used, imported and exported throughout
the game rounds.

The goal of the game was to import as little electricity as possible, especially during the
hours of 06–09 and 15–18 when there is a strain on the synchronous grid. The board game
did not have a “winner” in a traditional sense as it should rather be seen as a conversation
tool. The players would start by filling in their activities on their load profiles for each time
slot, to reflect upon what activities and appliances are turned on during the day.

The game was played through three game rounds or “days” on the main board. In
the first round, the players would act out how the current system and setup works. This
would mean that for each time interval, if they were not producing enough electricity
through their own PV panels according to their personal load profile, they would need
to import the electricity missing to cover for their consumption and hence be given dark
blue units. Similarly, if they were producing more energy than they were consuming, the
energy would need to be exported to the synchronous grid for all players except tenants
that could use the battery. Exporting would be carried out by placing their solar units at
the icon for synchronous grid on the main board. This would be repeated for all players
during all time slots. At the end of the first day, the players would reflect upon when the
critical hours are, when there is a need for import and if there were any unexpected events.

During the second day, the game would be played in the imagined near future when
the microgrid is extended to also include the municipal actors. The day would be played
through again but with the change that electricity currently not used could be given to
another player in need. The players would then reflect on what type of compensation or
information they would like to receive in relation to the exchange of electricity. Players
would also be encouraged to reflect on how this differs from the day before, if there still
are critical hours when importing energy is needed or if there is still electricity from the PV
panels that is exported to the synchronous grid.

Before round three, players were encouraged to reflect around how flexible their
practices and activities are in time, and if possible, what could motivate them to do these
activities at another time? Players were also encouraged to reflect around what changes
they would like to make in order to import even less electricity. For example, investing in
more solar panels or a larger battery? Or something else? And if they were to move their
activities in time, how much do they think that would affect their profile?

Round three is optional and might be replaced with general discussions. However,
if players want to, it could be played but with the changes made that the players agreed
upon after round two. Players are then encouraged to reflect upon how far they can go, if
they can eliminate the need for import completely? And if so, what would be needed from
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them or in terms of equipment? Lastly, players reflect and discuss if there was something
unexpected with the game, and how they think the sharing of electricity can be improved.
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