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The purpose of this paper is to provide a method for assessing the impact of direct and
indirect flexibilities on the self-consumption of office buildings. The goal is to assess how
both the human actors and technical interventions can affect or mitigate deviations in the
self-consumption level of a building from its optimal. This paper considers the Predis-MHi
platform (a living lab) as a representative case study and applies a Mixed Integer Linear
Programming optimization to manage both the direct (stationary battery charging) and
indirect flexibilities (Electric Vehicle charging when users plug and unplug their vehicles).
Our results indicate that the potential for a building’s self-consumption improvement using
indirect flexibilities does exist and can be quantified. However, this type of flexibility is
highly dependent on human actors which presents a high level of uncertainty and is
difficult to account for in all stages of a building’s development and use. Direct flexibilities
such as stationary battery storage can be used to mitigate the undesired effects of having
significant levels of indirect flexibilities on a tertiary sector building’s energy performance.
The results from this study could potentially be modeled into an indicator, which would
serve to influence occupant behavior towards a desired optimal.

Keywords: flexibility, electric vehicles, self-consumption, optimization, human in the loop, energy communities

1 INTRODUCTION

Theadoption of renewable energies has in recent years grown at an exponential rate, and this trend is
expected to continue at least in the near future.Themajor driving factors behind this rapid adoption
are environmental concerns and energy independence. However, due to their unpredictable nature,
renewable energies present a myriad of problems, especially for utility operators. For small-scale
production units such as rooftop PV installations (both at the residential and commercial/public
building scale), a viable solution to these issues would be to consume the energy at the production
point. In other words to self-consume the energy would imply a significantly reduced forecasting
error (Trujillo Serrano et al., 2013).

Considering the benefits of self-consumption for both the consumer and the grid operator,
many governments have incorporated and are promoting the concept of self-consumption, both
individual and collective. In the case of France, self-consumption was fully ratified in 2017
(Commission de Régulation de l’énergie, 2018; Aguilera Gonzalez et al., 2019). This action provides
a conduit for the development of frameworks for both individual and collective self-consumption.
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Without adopting any strategies, self-consumption rates are
usually on the lower end of the spectrum. In order to reap the
full benefits of self-producing energy, it is therefore imperative
to adopt a strategy that improves, if not maximizes the self-
consumption rate of the building (or consumer). Stationary
energy storage solutions are the most widely used strategy
(Ciocia et al., 2021) Chemical storage is one of the most suitable
and frequently adopted strategies for small-scale systems such
as rooftop solar systems for a residential building. Despite, their
widespread use and adoption, there are some downsides to
using these chemical storage solutions. For example, the lack of
regulation regarding the installation of lithium-ion batteries in
public-access buildings in France may pose a potential hindrance
for such use cases. Both the demand and human behavior
(direct and indirect flexibilities) are additional strategies that can
be implemented to complement a storage strategy to achieve
optimal self-consumption for a building or within an Energy
Community.

Energy Communities (ECs) as defined by the European
Union (EU) are a social movement that enables participative
and democratic energy process (Caramizaru and Uihlein, 2019).
ECs have a key role to play, in that they bring together like-
minded individuals and can directly influence the behavior of
participants of the community. Additionally, various studies
(Bauwens, 2014; Luthander et al., 2015) show that the addition of
Renewable Energy Resources (RERs) to the energy mix both at
the individual and collective level leads to a positive change in
behaviors related to energy use, a consequence of users becoming
more energy aware (Keirstead, 2007).

ECs by default are expected to increase RER adoption and
simultaneously contribute to more desirable energy-related
behaviors. ECs are expected to play a key role in the strive to
achieve our energy transition objectives. An EU study of 24 ECs
showed that 20 ECs were involved in generation activities, 8 ECs
in electro-mobility, and 4 ECs in flexibility and storage. the same
EU study also identified self-sufficiency and energy efficiency
(see Figure 1) as key drivers motivating participation in energy
communities, further emphasizing the role of ECs in reaching
energy transition goals. ECs can therefore take advantage of
their numbers (collective efforts) and positive behavioural
change to actively contribute towards maximizing self-
consumption at the building scale (and beyond) (Franzoi et al.,
 2021).

Figure 1 shows the key drivers motivating energy
communities (Caramizaru and Uihlein, 2019).

Battery Electric Vehicles (BEVs) (in extension electro-
mobility) are considered to be the transportation of the future.
Therefore, they have been adopted and positioned by policy
in most developed countries as a means to reducing carbon
emissions in the transportation sector (Morgan, 2020). However,
the BEVs cannot be seen as truly carbon-free without taking
into consideration the charging energy source (largely nuclear
for the French grid). Whilst growing BEV adoption implies
a reduction in transport-related CO2 emissions, one cannot
ignore the proportional growth in electricity demand and
potentially additional stress on existing grid infrastructure. In
countries where the energymix is highly fossil-fuel dependent,

a high EV uptake simply implies shifting the carbon emissions
from the transportation sector to the electricity generation
sector.

Current EU directives require that all new buildings be nearly
Zero Energy buildings (nZEBs) (Bosseboeuf et al., 2015), which
by definition are buildings that have high energy performance.
In other words, the energy requirements of an nZEB should be
covered to a significant extent by energy from renewable sources
produced on-site or nearby (D’Agostino and Mazzarella, 2019).
Whilst this directive is laudable, it only pushes Renewable
Energy Resources to be developed closer to the consumer.
The legislation however, does not warrant the consumption of
the energy at the source. Indeed, buildings can be designed to
be highly energy-efficient, even achieving net energy positive
status. ADEME (Dubilly et al., 2016) estimates that the rooftop
solar potential for France in 2050 would be approximately
1,268 TWh per annum whilst the demand would be 422 TWh
(a 3 fold excess in generation) (Wurtz and Delinchant,
 2017).

As both the adoption of RERs and BEVs increases, issues
related to grid stability (frequency and voltage control, capacity
shortages, etc.) will similarly also rise. However, these issues
can be mitigated by complementary use of the two sub-
systems: BEVs–the indirect flexibility and RES (Moura and
de Almeida, 2010), i.e., charging EVs with energy sourced from
RES at the production sites.

Office buildings present a unique opportunity for addressing
the challenges that high integration of RERs (in particular
Solar PV) and EVs bring to the grid. These buildings are
usually used during the day when there is adequate sunlight
and PV systems are producing electricity. Conversely, occupants
of these office buildings who own EVs would have their
EVs parked at the premises, or nearby for most periods of
the day. Thus, the flexibility potential in most cases already
exists.

The work described in subsequent sections of this article
propose a means of quantifying a building’s available indirect
flexibility potential.

FIGURE 1 | Drivers motivating participation in energy communities (24 case
studies) (Caramizaru and Uihlein, 2019).

Frontiers in Energy Research | www.frontiersin.org 2 June 2022 | Volume 10 | Article 874041

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Twum-Duah et al. Direct and Indirect Flexibilities Assessment

2 DEFINITION OF DIRECT AND INDIRECT
FLEXIBILITIES

Flexibilities, as considered in this article, are categorized into two
main groups: direct flexibility and indirect flexibility. We define
direct flexibility as devices within the global energy system that
can be fully automated/controlled using software or a control
signal and can significantly affect the overall performance of
the global energy system (e.g., heat pumps, batteries, etc.).
The indirect flexibility is then defined as actors in the global
system (in this context the building or member of an EC) who
cannot be controlled directly using software or control signals
(Delinchant et al., 2020). The actions of these actors however,
directly influences the energy performance of the global system
(building or EC). Thus, the indirect flexibility mainly refers to the
human actors (i.e., the human-in-the-loop) and can be influenced
using alerts or suggestions (e.g., nudges (Shahid et al., 2021)).
The plugging and unplugging of available EVs at a building site
illustrates indirect flexibilities since the availability of the EVs for
charging are subject to decisions and availability of the owner (i.e.
the “Human-in-the-loop” (Wurtz and Delinchant, 2017)).

Table 1 compares the merits and demerits of the two types of
flexibilities as suggested by (Delinchant et al., 2020).

As buildings become more efficient and occupants become
more environment and energy-aware, the influence of indirect
flexibilities (in this context connection and disconnection
times of EVs at the charging stations) on a building’s energy
systems cannot be ignored. While seemingly ideal, complete
automation of all energy subsystems in a building is bound for
failure since such a solution would not address the individual
requirements of all stakeholders in that building. In the context of
office/commercial buildings, EVs hold a lot of indirect flexibility
potential, which can be exploited and utilized taking into account
the concept of energy communities. Thus, bringing EV users
together with a common goal of maximizing the use of available
local RERs could potentially yield a positive behavioral response
from participants. Additionally, an EC with such an objective
could consequently reduce the carbon impact (i.e., the building’s
carbon footprint associated with the use of grid electricity)
EV users could potentially offer their availability and goodwill
to follow recommendations on optimal times to plug and

unplug their vehicles from the charging stations. This change in
behaviour would improve the self-consumption rate and possibly
reduce the carbon impact related to their energy use.

3 DIRECT AND INDIRECT FLEXIBILITIES
IN THE LITERATURE

The concept of self-consumption (of RERs) generally refers
to the proportion of on-site renewable electricity production
consumed at the level of a building or EC (Reynier et al., 2014).
The increased adoption of RERs across Europe and the associated
problems induced on the grid by a high RER penetration
rate have been a driving factor for the development and
adoption of self-consumption (especially for small-scale RER
installations). Collective self-consumption, a subsequent concept
has since emerged allowing for nearby buildings to “collectively”
consume the energy from a nearby RER (in the low voltage
side of the grid). Additionally, citizen collectives whose main
objective is to actively participate in the energy sector (Citizens
Energy Communities and Renewable Energy Communities
(Frieden et al., 2020)) have emerged and are considered key in
driving the transition to localized RER implementation and self-
consumption.

According to (Battaglia et al., 2017), the most effective and
highly considered approach to reduce the CO2 related to
electrifying buildings is to combine heat pump-driven systems
(thermal inertia) with solar PV systems, i.e., to increase the
self-consumption using direct flexibilities. This widely accepted
solution however ignores the high probability of a timemismatch
between the production (solar PV) and the demand (heat pump),
which could ultimately lead to a low self-consumption rate
(Franzoi et al., 2021). Further (Franzoi et al., 2021), speculate
that collective self-consumption in energy communities could
result in “net-zero energy neighborhoods”. They propose a
method for controlling the heating system of multi-family
residential buildings (in this co ntext an Energy Community)
in Italy. Each of the studied buildings had an inverter-driven
heat pump, a buffer storage (for space heating), and thermal
energy storage (for domestic hot water). The proposed control
system used a two-part control strategy; one part controlling
the heat pump (i.e., the primary loop) and the other part

TABLE 1 | Comparison of direct and indirect flexibilities (Delinchant et al., 2020).

Direct flexibility Indirect flexibility

Fast response time as the control of the device is
independent of human influence (<1 s)

Slow response time since human intervention is required
(>1 min)

Guaranteed control (flexibility) since the device only requires
a control signal to act

Flexibility not guaranteed as the flexibility is subject to the
availability of the human-in-the-loop

Possible to automate devices and processes using a control
input, timer, etc.

Cognitive strain on the human actor who has to decide
whether or not to act on the signal

High up-front equipment investment cost to upgrade
equipment

Low to no investment cost since no upgrade of equipment
is required

Narrow spectrum of loads can be considered Broad-spectrum of loads can be considered
Intrusive and requires on-site interventions. requires device
data and external control inputs

Non-intrusive influence on occupant behavior since signals
are only suggestions and can be ignored
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controlling the thermal units (i.e., the secondary loop). This
approach maximizes the self-consumption of the buildings by
utilizin g a rule-based control strategy for inverter-driven air
to water heat pumps. The study finally concluded that energy
communities are a possible solution for rationalizing energy
consumption in buildings (however, its effectiveness is subject
to acceptance by participants in the said community). Further,
combining the energy communities’ concept with demand-side
management (flexibility) and a rule-based control strategy could
yield an improvement in self-consumption by up to 15% and
conversely a load reduction of up to 12%.

Wurtz and Delinchant, (2017) indicate that using software to
manage direct flexibilities in buildings without considering the
implications the actions of occupants would have on the system
is indeed naive and consequently not an effective approach.
Building occupants, directly and indirectly, interact with all the
subsystems of the building and consequently impact the energy
demand of any building. Indeed, occupant behavior is one of
the five key factors which affect the energy consumption of
a building as identified by (De Silva and Sandanayake, 2012).
Building systems represent a set of services designed for
the comfort and security of occupants (often the building’s
owner). As such occupants interact with and often influence the
various sub-systems of a building. This makes the occupant an
important consideration which needs to be accounted for in any
optimizations and physical models proposed for the control of
flexibilities in buildings. Wurtz and Delinchant, (2017) further
indicate that the acceptance of automated systems and software by
occupants is highly dependent on their ability to understand the
behavior of that software or automated system.There is a high risk
of rejection and possibly the development of strategies to defeat
(“short-circuit) the system if this condition is notmet (Wurtz and
Delinchant, 2017). Hence, the authors proposed the concept of
the “Human-in-the-Loop” approach.

Various studies have been conducted to devise an appropriate
method of influencing indirect flexibilities (i.e., human-in-
the-loop). Nilsson et al. (2014) in their works proposed and
effectively used continuous feedback (displaying real-time
energy consumption information) to effect a positive behavioral

response. Subsequent studies have, however, shown that the
impact of feedback is subject to parameters such as socio-
economic status (Westskog et al., 2015), energy awareness
(Keirstead, 2007), and the cost of electricity (Lin et al., 2016).
Persuasive Interactive Systems (PIS) have also been shown
o be an effective means of influencing human behaviour
(Haller et al., 2017; Alyafi, 2019). PISs support sustainable
occupant behaviour by capitalizing on the perception,
understanding and action capabilities of occupants to minimize
automation efforts (Silva et al., 2021; Simoiu et al., 2021).
Shahid et al. (2021) have in their works also shown that
using nudges (in this use case SMSs), defined by Thaler
and Sunstein (2009) as any facet of choice architecture that
predictably changes the behavior of individuals without
eliminating any incentives or choices, is also an effective
technique to influence the behavior of building occupants.

Figure 2 shows the types of energy flexibility in the
experimental setup of (Shahid et al., 2021) where nudges were
used to influence the behaviour of consumers by sending
individuals nudge signals in the form of SMS messages. Day-
ahead nudge signals followed by a reminder were sent for the
expected actions, thus allowing the community ample time
to process the information and act accordingly. A graphical
feedback was given to each participating household after each
intervention. For this experimental setup, two signals were
defined:

• orange alert which signifies an increased use of thermal
generation sources and requires a reduction in electricity
consumption between 18:00 and 20:00 (load curtailment).
• green alert which signifies a high RER penetration thus

requiring an increased consumption between 12:00 and
15:00 (load shifting).

The results show that, the behavioral science based indirect
flexibility tends the pro-environment Energy Community to
curtail or shift their load in accordance with the forecasted
information of the electric grid within their default commitment.
However, no sign of habit formation can be deduced from the
results of this experiment.

FIGURE 2 | Influencing indirect flexibility in an Energy Community using nudge signals (Shahid et al., 2021).
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Whilst flexibility and emerging concepts like collective self-
consumption are effective and cheap to implement (usually
costs close to nothing if no capital expenditure is expected),
the use of battery storage is also instrumental in achieving
higher self-consumption rates. This is especially the case
in the residential sector where there is usually a mismatch
between solar PV production and the demand. Additionally,
the improvements in storage technologies and the falling cost
of acquiring the batteries make them an attractive choice for
improving self-consumption. In some economies, batteries
have reached grid parity (Barzegkar-Ntovom et al., 2020).
Hence, barring any financial and CO2 constraints (from grey
energy) battery storage is a viable strategy for optimizing self-
consumption.

Castillo-Chavez et al. (2002) in their work studied the
potential of using Active Demand Side Management (ADSM)
and storage to optimize self-consumption in residential
buildings. The underlying concept was to identify deferrable
loads (appliances whose demand could be displaced along
the day) and non-deferrable loads. The direct flexibility
from the identified deferrable loads are then used to achieve
maximum self-consumption (Castillo-Chavez et al., 2002;
Pinamonti et al., 2021). Indeed, these studies did indicate a
significant improvement using the combined strategies. However,
the application of this approach is limited to stationary household
appliances, which are inmost cases not present in office buildings.
Additionally, previous studies predict a decrease in energy
consumption (partly due to improved energy efficiency and
energy conservation measures). In this regard, EVs present a
unique opportunity, in that the energy demand from EVs is
expected to grow in the coming years.

The Vehicle to Home (V2H) concept, the use of the storage
capacity of BEVs as direct flexibility at the household level to
optimize energy bills (San Román et al., 2011), is an effective
method at reducing the electricity bill of residential buildings
(Dargahi et al., 2014). Additionally, implementing schemes
such as V2B implies increasing the usage of the otherwise
underutilized electric storage of BEVs especially since privately
owned vehicles are estimated to be parked 95% of the time.

MILP optimizers have been used in several approaches related
to the optimization of energy systems. MILP optimizers have
proven to be effective and reliable in solving optimization
problems related to energy systems. Unlike other non linear
approaches, MILP guarantees convergence and ultimately
produces a global optimum solution (thanks to the convexity of a
linear problem) (Elsido et al., 2017). Arcuri et al. (2015) stipulate
that MILP problems are infeasible only when the problem is
unbounded in the direction of the optimal solution or when
some given constraints contradict each other (i.e., bad problem
definition). However, since MILP problems by definition must
be linear, MILP approaches are able to take into account non
linear phenomena using integers. Thus parameters such as
efficiency (which in many energy systems changes with regards
to the current state of the system) must be kept constant, an
issue that can be addressed using a decomposition strategy
(Urbanucci, 2018). Additionally, Urbanucci (Urbanucci, 2018)
indicates that MILP optimizations dealing with synthesis

or design problems require that the entire time horizon
be optimized at once. Several solutions exist to tackle this
issue, these include but are not limited to simulation period
reduction (Fazlollahi et al., 2014), decomposition methods
(Yokoyama et al., 2002), and the sliding window technique
(this solution is usually applied to scheduling problems)
(Stadler et al., 2016).

4 PROBLEM STATEMENT

Previous approaches to tackle this issue of mismatch between
the load and local RER production have focused on residential
buildings and their direct flexibilities (e.g., water heaters, washing
machines, heat pumps, etc.), with the major focus being on
thermal inertia. Our work takes into account EVs, which fall into
the category of indirect flexibilities (plugging and unplugging
of the EVs), and proposes a method for assessing the available
potential from such indirect flexibilities. The decisions of EV
owners have a measurable and quantifiable impact on the global
performance of a building’s energy system. Additionally, the
behavior of drivers concerning the use of the limited available
charging space could also have a direct impact on the available
indirect flexibility. The work in this article provides a first insight
into the impact of both human behavior (the indirect flexibility)
and technical interventions (the direct flexibility–stationary
storage for this use case) have on the self-consumption rate of a
building. The contributions of this paper are as follows:

• A method for introducing indirect flexibility in the energy
management strategy of a building
• An assessment of the impact of available indirect flexibility

on an office building’s self-consumption.
• An insight into how direct flexibilities affect the use

and impact of indirect flexibilities on a building’s energy
performance.

5 METHODS

For this study, we propose a Mixed Integer Linear Programming
(MILP) approach to optimize three scenarios (i.e., direct
flexibility only, indirect flexibility only and a hybrid of both
flexibilities) with two objective functions:

• To minimize the CO2 footprint (carbon impact) related to
the use of the electric grid.
• To maximize the self-consumption of the building.

The results from optimizing these six scenarios are then
compared in terms of self-consumption and carbon impact, thus
providing a means of quantifying the available indirect flexibility
potential (charging of EVs) of the building.

5.1 The Predis-MHI Platform as a Case
Study
The Grenoble Energy-Education and Research (GreEn-ER)
building, which houses the school of Water, Environment,
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FIGURE 3 | The Predis-MHI platform (A): Pictorial depiction of GreEn-ER building showing the Predis-MHi platform (Delinchant et al., 2016) (B): Electricity system of
the Predis-MHI (represented using OmegAlpes graphical representation (Hodencq et al., 2021a)) system.

and Energy (ENSE3) of Grenoble Institute of Technology and
the Grenoble Electrical Engineering Laboratory (G2ELab) is a
smart building located in the Presqu’île district of Grenoble.
The Presqu’île district is an eco-district being developed in
the Grenoble Metropolitan area with a goal of 30% energy
reduction in comparison to current thermal regulations in France
(Ville de Grenoble, 2021). GreEn-ER is a 5-story building with
each floor having a surface area of 4500 m2 with an average
occupancy of 2000 people (Delinchant et al., 2016)]. For this
study, we consider the Predis-MHI platform, which is a platform,

dedicated to the study of building occupant behaviors and
advancement of the smart building concept. The platform was
developed to achieve Net Zero Energy Building (NZEB) status
and is used as a living lab for both teaching and research activities
(Delinchant et al., 2016).

The Predis-MHI platform has a floor area of 600 m2 that is
made up of lecture rooms, a demonstration room, a student’s
foyer, and offices located onmultiple floors of the building, as well
as EV charging stations positioned within the perimeter of the
campus, see Figure 3A. A 22 kWp (Photowatt, 2014; SMA, 2022)
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solar PV system is the only on-site RER supplying the demand of
the platform (and the building). However, there are other energy
sources on-site such as a combined heat and power plant which is
also capable of heating the platform. The demand of the platform
is made up of lighting, Heating Ventilation and Air-Conditioning
(HVAC), electrical outlets, and the EV charging stations. For this
study, the platform is considered as an office building. Figure 3B
shows the electrical layout of the platform as used in this
study.

Data related to the consumption and PV production profiles
of the Predis-MHI platform was sourced from the Building
Management System (BMS) of GreEN-er. Additionally, data
related to grid CO2 emissions was sourced from the French
transmission system operator–RTE (RTE, 2021). The CO2 data
does not take into account the embodied emissions (i.e.,
emissions related to the construction of grid infrastructure and
the extraction and transportation of fuel). The study considers
hourly data from the period 1st January 2020 to 31st December
2021 (2 years). The platform is considered to be a building for
the purpose of this study and is hereafter referred to as the
building.

Table 2 provides a summary of the data used for the study,
the annual demands (for Predis and EV charging stations) is
significantly lower in 2020 as compared to 2021. This disparity
in the consumption can be attributed to the extended periods
during which the building was unoccupied due to COVID-19
restrictions.

TABLE 2 | Summary of the Predis-MHI data.

Data 2020 2021 Total

PV Production [kWh] 20184 17315 37499
Predis demand (no chargers) [kWh] 14490 12971 27462
Charger 1 demand[kWh] 614 1605 2219
Charger 2 demand[kWh] 1345 1922 3276
Charger 3 demand[kWh] 0 1258 1258
Charger 4 demand[kWh] 0 446 446
Average Grid emissions [g CO2 eqv/kWh] 22 24 23

FIGURE 4 | EV charging data with errors (pre-processing).

5.2 Data Processing
Since the sensors used for data capture are industrial-type
cumulative energy meters with a rather low resolution of 1 kWh,
some irregularities in the charging data (Chargers 1 and 2) were
identified as depicted in Figure 4. These high peaks (outliers)
were the result of the loss of communications between the
sensor and the BMS. After communications are restored, the
accumulated energy value is transmitted to the BMS, accounting
for these periods with charging values higher than the nominal
rated power of the charging stations. Also due to the resolution
of the sensors, the idling demand (stand-by consumption) of
the chargers are reflected as 1 kWh charging instances (this is a
non-controllable consumption).

The charging data thus required some processing to eliminate
the outliers identified as well as the idling demand. For the peaks
above the nominal rated power of the chargers, a simple yet
effective strategywas employed - consumption above the nominal
charger capacity of 14kW were displaced over the previous 3 h.
Figure 5A shows the mean hourly load whilst 5B shows the
frequency of charging before and after data treatment. From
Figures 5A,B, it is observed that the general shape of both the
frequency and load factor curves (ratio of hourly average load
to peak load, during the operating hours of the building) are
preserved post-data treatment, indicating that the data treatment
should not significantly alter the results.

5.3 Data Management
To allow for further improvements, this article follows the Open
and Reproducible Use Cases for Energy (ORUCE) principles
(Hodencq et al., 2021b). The data used and associated notebooks
are available online and can be modified and used for different
use cases and scenarios.

5.4 Data Analysis
5.4.1 Behaviour of EV Users
To get some insight into the charging patterns of EV drivers,
we make a plot of the usage patterns of the EV chargers versus
the average annual PV production (show in red with right side
y-axis) recorded at the site (Figure 6A) and the EV plug-in
time (Figure 6B). From Figure 6, the charging of EVs happens
predominantly between 9:00 and 11:00 (see Figure 6A), on the
other hand, however, the energy production from the PV system
peaks between 12:00 and 15:00.Thus, it can be deduced that most
EV drivers plug in their vehicles when they arrive in themorning,
a behavior that can be deemed as sub-optimal. Additionally, some
flexibility potential does exist, implying that the self-consumption
of the building can be improved by simply adjusting the charging
times of EVs (i.e. modifying human behavior).

Figure 6 also shows that some amount of charging takes
place outside the operation hours of the GreEN-ER building
(8:00–20:00). The nighttime charging, between 20:00 and 00:00,
can be attributed to the charging of the school’s EV by staff
members who may have returned the vehicle and plugged it
in just before the closure of the building at 20:00. Charging
activity at dawn, which has the least frequency of occurrence
(approximately 5.01% for charging station 1 and 3.14% for
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FIGURE 5 | Analysis of charging data before and after data processing (A): the mean hourly charging power and (B): the frequency of charging before and after
data treatment.

charging station 2), is largely due to the communication failure
previously mentioned.

5.4.2 Self-Consumption Potential
Figure 7A shows a plot of the annual average PV production and
the annual average demandwhilstFigures 7B,C show the average
monthly production and load curves for June and December
respectively (see Supplementary Material for all months). The
average demands depicted in Figure 7 is the demand of the
building without the EV charging demand. Figure 7A indicates
that on average there is a large proportion of the solar PV energy
that is not self-consumed. This is however not the case during
the winter months as shown in Figure 7C. Thus, considering the
charging patterns of EV drivers (Figure 6) and the excess PV
there is a justifiable cause to use both the battery storage and
flexibility to maximize the self-consumption rate of the building
(particularly in the summer months - see supplementary data).

5.5 Load Factor of Charging Stations
Finally, we analyzed the monthly average load factor of the EV
chargers (see Figure 8) to show the charger utilization trends
during the evaluation period. From Figure 8 we can see that
the average load factor of the chargers increased with time,
indicating an increased uptake of EVs by the users of the GreEN-
ER building. The load factor is exceptionally low during August
because of the closure of the building for holidays.

5.6 Scenarios Considered
Excluding the base case (before any optimization is applied),
we consider two objective functions and apply these objective
functions to three scenarios, thus resulting in six scenarios that
are detailed as follows:

• Indirect–maximize self-consumption (INDSC) and
Indirect–minimize CO2 (INDCO2) are intended to
indicate the available potential of the available indirect
flexibility of EV charging stations. The two scenarios do not,
therefore, consider the 50 kWh stationary battery storage.
The plugging and unplugging of the EVs (i.e., the indirect
flexibility) is optimized based on the objective function
defined–minimize the CO2 from the grid or to maximize
the self-consumption of the building.
• Direct–maximize self-consumption (DIRSC) and

Direct–minimize CO2 (DIRCO2) provide an indication of
the magnitude of gain associated with the use of the direct
flexibility (i.e., the 50 kWh battery) as a strategy to reach the
defined objective function. These scenarios thus maintain
the historical demand curves for the EV charging stations
and only optimize the usage (charging and discharging)
of the stationary storage system to achieve either
maximum self-consumption or minimum operational
CO2.
• Indirect + Direct–maximize self-consumption (HYBSC)

and Indirect + Direct–minimize CO2 (HYBCO2) are
hybrid scenarios; they exploit both the direct and indirect
flexibility (batteries and EV charging) to achieve the defined
objective function.

Table 3 provides a summary of the considered scenarios.

5.7 Simulation Assumptions Considered
For all the scenarios discussed in Section 5.6 above, the following
assumptions were considered:

• A sliding window optimization with a horizon of 1 day
(24 h)
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• If the charging of EVs is considered flexible and is to be
optimized (optimal plug and unplug times), the optimizer
must ensure that the energy consumed at each charger for
the horizon of 1 day (24 h) is the same as was consumed
for that period in the collected historical data. This was to
ensure that the optimized scenarios were comparable to the
reference case.

Similarly, the technical parameters presented in Table 4 were
used for the optimizations:

6 MILP FORMULATION

The proposed MILP optimization approach satisfies all
operational constraints and ensures that batteries are not used
in a manner that would promote rapid deterioration.

FIGURE 6 | Overview of charging behaviour (A) Charger utilization against
annual mean PV production (B) EV plug-in time for Predis-MHI.

Given the data and parameters described in Section 5.7 above
the 2 objective functions were defined as follows:

• To minimize the CO2 related to the consumption of grid
energy

CO2Total =min∑
t
Pimport (t) ×CO2grid (t) × timestep (1)

where:

– CO2Total is the total emissions related to the energy imported
from the grid

– Pimport is the power imported from the grid at time step t
– CO2grid is the emissions related to the consumption of grid

energy in kgco2 eqv/kWh at time step t.

The formulation does not take into account the CO2 emissions
reduction due to the export of excess PV production (Pexports(t)).
Including this reduction in the optimization would consequently
lead to export having a higher priority and consequently (in the
presence of suitable conditions) lead to a lower self-consumption
rate relative to the reference case.

• To maximize the self-consumption:

Egrid =min∑
t
[Pimport (t) −Pexports (t)] × timestep (2)

where:

– Egrid refers to the sum of total energy exported and imported
to and from the grid

– Pimport refers to the power exported from Predis-MHI onto
the grid at time t.

By minimizing the net grid energy, we maximize the locally
consumed energy and reduce the degree of freedom the
export power parameter has. This formulation avoids undesired
operational behavior (e.g., cycling the export and battery
charging).

To ensure that the energy system was utilized in an effective
and technically feasible manner, the optimization was subject to
the following constraints:

• To ensure that the battery state of charge stayed within the
defined boundaries of 20–100%:

SOCMin ×Batterycapacity ≤ Ebat (t) ≤ SOCMax ×Batterycapacity
(3)

where SOCMin ×Batterycapacity and SOCMax ×Batterycapacity refers
to the to the minimum and maximum allowed battery energy
respectively andEbat(t) is the electric charge in the battery (given
in kWh) at time step t and is given by:

Ebat (t) = Ebat (t − 1) × [1−Δsd] + [Pbatin (t) × ηcharge +
Pbatout (t)
ηdischarge

]

× timestep (4)

Pbatin(t) and Pbatout(t) are defined as the charge and discharge
power (negative) of the battery respectively and similarly, ηcharge
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TABLE 3 | Summary of Predis-MHI data.

Scenario Scenario Cost Considered Equipment Considered Flexibilty Considered Objective Function

References REF None None None None
Indirect-maximize self-consumption INDSC None EV chargers Indirect max self-consumption
Indirect - minimize CO2 INDCO2 Grid CO2 EV chargers Indirect min (CO2)
Direct - maximize self-consumption DIRSC None 50 kWh battery Direct max self-consumption
Direct - minimize CO2 DIRCO2 Grid CO2 50 kWh battery Direct min CO2

Indirect + Direct- maximize self-consumption HYBSC None 50 kWh battery + EV chargers Direct + indirect max self-consumption
Indirect + Direct- minimize CO2 HYBCO2 Grid CO2 50 kWh battery + EV chargers Direct + indirect min CO2

TABLE 4 | Summary of technical parameters used in MILP optimization.

Category Parameters Value

Battery Nominal Capacity 50 kWh
Maximum charge/discharge 40.00 kW
power
Self discharge rate (per hour) 0.05%
Charging/discharging efficiency 95.00%
Maximum State of charge 100.00%
Minimum state of charge 20.00%
Charging power >0.00 (kW)
Discharge power < 0.00 (kW)

EV charging Nominal Power (chargers 1 and 2) 14.00 kW
Nominal Power (chargers 3 and 4) 44.00 kW
Permissible charge time (GreEn-
ER operating hours)

8:00–20:00

Grid connection Grid import > 0.00 (kW)
Grid export < 0.00 (kW)

and ηdischarge are the charge and discharge efficiency of the battery
and Δsd is the self-discharge rate of the battery. Additionally, since
the optimization uses a sliding window approach, the state of
charge of the battery at the end of the optimization ought to be
high enough to ensure that the optimization is feasible (especially
because self-discharge is considered and charging from the grid
is not desired), thus the final battery energy was defined as:

Ebat (T + 1) = Ebat (T) × [1−Δsd ] + [Pbatin (T) × ηcharge

+
Pbatout (T)
ηdischarge

]× timestep (5)

where T is the last time step in the set {0,1,2…T}, and the final
battery energy is constrained by:

Ebat (T + 1) ≥ 1.1× SOCMin ×Batterycapacity (6)

• To ensure that battery charging/discharging did not exceed
the set maximum value.

Pbatin (t) × Statebattery (t) ≤ PbatMaxin
(t) (7)

Pbatout (t) × [1− Statebattery (t)] ≥ PbatMaxout
(t) (8)

such that Pbatin and Pbatout are the charging and discharging power
respectively, PbatMaxin

and PbatMaxin
are the maximum charge and

discharge power of the battery and Statebattery(t) is a binary value,
used to ensure that charging and discharging actions of the
battery do not occur in the same time step. Thus, Statebattery(t)
has a value of one when the battery is being charged and 0 when
the battery is being discharged.

• For the charging of the EVs:

EchargerXoriginal
=∑

t
PchargerX (t) × timestep (9)

where EchargerXoriginal
is the energy originally consumed by charger

X (X a set of charger IDs [1, 2]) for the optimization horizon and
PchargerX(t) is the power of charger X at time t. Additionally, to
respect the time constraints imposed by the operating hours of
the building:

[Pcharger1 (t) +Pcharger2 (t)] × timestep = 0, if t < Topen or t > Tclose
(10)

Topen and Tclose refer to the opening and closing times of the
GreEN-ER building respectively.

• To ensure that the batteries will not be charged with
electricity from the grid:

Pgrid (t) ≤ Pload (t) (11)

• Lastly, to ensure a net energy balance in the energy system

Pbatout (t) −Pbatin (t) − [Pload (t) +∑
t
Pcharger X (t)] +PPV (t)

+Pimport (t) +Pexport (t) = 0 (12)

In addition to the above equations, the self-consumption
indicator as used for this study is defined mathematically as:

Self− consumption =
∫

T

t
min[PPV (t) −Pbatin (t) −Pbatout (t) − ξ (t) ,PloadTotal]

∫
T

t
PPV (t)

(13)

where ξ(t) refers to the losses in the energy system and PloadTotal is
the total electricity demand of the building.
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FIGURE 7 | Self-consumption potential for predis-MHI (A): Full period (B): Best case–June (C) Worst case–December.

FIGURE 8 | Monthly mean load factor of the EV Chargers.

7 RESULTS AND ANALYSIS

7.1 Impact of Direct and Indirect
Flexibilities
Figure 9 shows the summary of the annual results for the
various scenarios; 9A is the annual self-consumption rate and
9B is the annual carbon impact of the building. From the

results depicted in Figure 9, there exists a significant difference
between the results of 2020 and 2021. This difference is due
to the COVID-19 related restrictions (lockdown, mandatory
teleworking and online classes) in France which were highest
in 2020. Further examining Figure 9A, it can be seen that
Indirect–minimize CO2, Direct–minimize CO2 and Indirect +
Direct–minimize CO2 scenarios (i.e., (INDCO2, DIRCO2 and
HYBCO2) which had the objective function of minimizing
grid emissions (Eq. 1) resulted in a significant increase in
the self-consumption rates with respect to the reference
case.

The Indirect + Direct–maximize self-consumption and
Direct–maximize self-consumption scenarios (i.e., HYBSC
and DIRSC) yielded the highest and second-highest self-
consumption rates respectively (51% for the year 2020 and 73
and 72% for the 2021 evaluation period respectively). From
the Indirect–maximize self-consumptionscenario (INDSC), it is
possible to however deduce that there exists a potential to increase
the self-consumption of the building by 3% in 2020 and 9% in
2021.

The difference in the self-consumption results from the
Direct–maximize self-consumption scenarios and the Indirect +
Direct–maximize self-consumption scenario (DIRSC and HYBSC
respectively), however, shows that the self-consumption potential
which could be realized from the EVs is absorbed by the battery
system. This is largely because the battery was sized without
accounting for the flexibility available from charging EVs. Thus
the battery system is adequately sized for the load of the building
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FIGURE 9 | Summary of Optimization results. (see Table 3 for x-axis
interpretation). (A) Annual self-consumption rates, (B), Annual carbon impact.

(considering the historical data only) but is oversized if the EVs
are to be used for flexibility.

Similarly, the carbon intensity of the building’s consumption
is lowest for the scenarios with self-consumption as an
objective despite having an objective function to maximize
self-consumption (Eq. 2). The relatively higher carbon intensity
results from the carbon emissions scenarios can be attributed to
the efficiency of the battery, which resulted in the optimizer
avoiding the use of the battery and favoring export and as
such yields a higher carbon intensity than was realized in
the self-consumption scenarios. Comparing the charging of
EVs in the Indirect–maximize self-consumption and Indirect +
Direct–maximize self-consumption scenarios (INDSC and
HYBSC) which both have an objective function to maximize
self-consumption) in terms of the hourly charge frequency and
load factor, Figure 10B shows that for the Indirect–maximize
self-consumption (INDSC) where only the indirect flexibility was
considered, there is a significant increase in the charging between
11:00 and 16:00. This is also true for Indirect + Direct–maximize
self-consumption (HYBSC). However, the peak is smaller for
Indirect + Direct–maximize self-consumption (HYBSC), primarily
because the batteries can cater to some of the EV charging
demand. Similarly, from Figure 10A, the hourly average load
factor of the chargers improved by approximately 1.0–3.0% in
the case of the Indirect - maximize self-consumption (INDSC)

and 0.1–2.0% in the case of Indirect + Direct–maximize self-
consumption (HYBSC). Additionally, Figure 10 indicates that
08:00 is a favorable time to charge however, in reality, this is not
the case, see Figures 6, 7. This “false peak” is due to frequent
charging at 08:00 being recommended by the optimizer on days
(usually winter days) when the fixed consumption of the building
is greater or equal to the PV production (i.e., the time of charge
has no impact on the self-consumption rate).

7.2 Variation of Self-Consumption to
Increasing EV Demand
As mentioned in Section 7.1 the 50 kWh battery absorbs the
potential gains of the indirect flexibility. Also, considering that the
year-on-year growth rate of EV charging in 2021 was estimated
to be at a rate of 110% of the 2020 demand. A parametric
study was conducted using the Indirect + Direct–maximize self-
consumption scenario (since it proved to be the most effective) to
evaluate the variation of the building’s self-consumption to the
available indirect flexibility The growth in demand was achieved
by multiplying the EV charging demand by a coefficient of
growth (between 1 and 5 considered). Further, to reach a feasible
solution, especially in the case of high growth coefficients, 2
charging stations with a nominal rated power of 44 kW each were
added to the energy system of the building (in fact, this is now the
case at Predis-MHI).

Figure 11 shows the results of the parametric study on
the effect of increasing EV demand on the self-consumption
indicator.From Figure 11, it is observed that the 2020 self-
consumption curve continues to increase as the growth
coefficient increases (largely due to the fact that the demand
of 2020 is significantly smaller than that of 2021). For the 2021
curve however, the curve begins to plateau after a coefficient of
3. The 2 curves, generally show the same trend, however, since
the EV demand was significantly less in 2020 (about half of 2021s
demand) the saturation point (coefficient for which the gain in
self-consumption is not significant) is not very apparent from
this curve. Thus given the current energy system, and the annual
growth rate of 2.1, the impact of the indirect flexibility on the
building’s self-consumption would become more measurable in
the near future.

7.3 Limitations and Further Research
Most technical constraints were accounted for in the proposed
MILP model, thus ensuring a technically and physically, and
feasible scheduling of all energy sub-systems in the building.
This work is, however, based on the fundamental assumption of
optimal human behavior (from the EVusers). However, in reality,
the behaviour of human actors is not a deterministic parameter.

This study did not discount the building’s carbon impact using
the exported energy from the solar PV. The objective is to study
how direct and indirect flexibilities can be used to reduce net
energy exchange with the grid, discounting the carbon impact
(when the objective is to minimize CO2) using the exported
energy would result in export being a favourable choice (given
the right conditions). The carbon impact presented in Figure 9
can therefore be described as conservative, and only shows the
CO2 associated with the energy consumed by the building (i.e.,
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FIGURE 10 | Comparison of Optimization results and reference scenario. (A) Hourly load factor, (B) Charging frequency.

FIGURE 11 | Variation of Self-consumption with increasing EV charging
demand.

the carbon impact is the product of the grid carbon intensity and
the imported energy of the building).

Additionally, the study doesn’t consider the grey CO2
associated with the battery (embodied CO2 of the batteries
expressed over the projected life cycle of the battery). The aging
of the batteries (i.e., the State of Health) of the batteries are also
not accounted for.

Further work is required to determine the extent to which
the human-in-the-loop can be influenced towards an optimal
behaviour, the best type of signalling to use (test messages, push
notifications etc). Since energy communities have been identified
as a means of influencing human behavior, work needs to be
carried out on defining the framework for an energy community

of EV users (such as has been presented in this work). As
highlighted in Section 7.1, the battery without consideration for
the available indirect flexibility, thus a stationary battery sizing
approach which takes into account the potential available from
indirect flexibilities is also needed.

8 CONCLUSION

The study provided a method for assessing the potential impact
of indirect flexibility (EV charging in this case) on the self-
consumption of an office building (or an energy community).
The results show that the indirect flexibility could potentially
increase self-consumption rates of the building significantly
(approximately 9% in this 2021) and consequently reduce the
carbon impact of the buildings energy use (approx 38.2%
reduction with respect to the reference). Interestingly, these
benefits can be achieved with no additional financial and carbon
cost for the building and its users. The results also show that
maximizing the self-consumption has a two-fold effect,i.e. it
improves the self-consumption and effectively minimizes the
building’s carbon impact. In most cases, the reduction of the
carbon footprint was comparable if not better than minimizing
the grid carbon impact, however, for all scenarios considered this
approach did not match up to the self-consumption objective in
terms of the self-consumption indicator.

Further, the study showed that direct flexibilities (despite their
drawbacks) could be used to compensate for the undesirable
behaviors associated with human actors. The life-cycle costs
and environmental impact associated with such technical
interventions need to be taken into account to ensure that
the global energy system remains environmentally friendly. The
positive behavioural response associated with belonging to an
Energy Community could potentiallyminimize (if not eliminate)
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the need for direct flexibilities in the context of increasing self-
consumption.
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