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Abstract: Energy communities, mostly microgrid based, are a key stakeholder of modern electrical
power grids. Operating a microgrid based energy community is a challenging topic due to the
involved uncertainties, complexities and often conflicting objectives. The aim of this paper is to
present a novel methodology demonstrating that energy community flexibility can contribute to each
community member’s wellbeing when a grid fault occurs. A three-house energy community will
be modelled considering as consumption sources non-controllable and controllable devices in each
house. As power supply sources, PV systems installed in a community’s houses are considered, as
well as the power obtained from main grid. Each house’s flexibility inside the community will be
studied to improve the management of loads during a fault occurrence. Moreover, three different
scenarios will be considered with different available power in the community. With these simulations,
it was possible to understand that houses” energy flexibility can be used under a fault situation, either
to maintain the users” wellbeing or to change the energy flow. Furthermore, energy flexibility can be
used to create better energy price markets, to improve the resilience of the grid, or even to consider

electrical vehicles” connection to a community’s grid.

Keywords: energy communities; energy flexibility; scheduling appliances; grid resilience

1. Introduction

Whenever there is a fault at any part of the electrical power grid (EPG), different
levels of consequences will be generated for the entire grid [1]. Faults affecting only a
small part of the EPG, with stress-free and fast resolution, do not imply a redirection of
the energy flow through other transmission paths. However, catastrophic events may
imply the isolation of other sections of the EPG’s, thus leading to overload due to load
redistribution, and cascade failure [2—4].

Climate change and its negative impact on the environment are amongst the most
pressing challenges for the planet. Most of the produced energy (70.1%) still comes from
conventional energy sources including oil, coal, and gas with high pollution emissions [5].
According to the European Commission, energy production and heat generation from
conventional fuels will be responsible for 54% of European Union greenhouse gas emissions
by the year of 2017 [5]. Thus, renewable sources are seen as a solution, by policymakers
and governments, to creating a more competitive and sustainable energy system and to
mitigate the climate change effects [6]. In fact, European countries committed themselves to
increase the share of energy consumption to 20% by 2020 and 32% by 2030 [5]. Despite some
resistance to accepting some renewable energy related changes, promising approaches are
emerging, of which a good example is the concept of energy communities (EnC). For the
European Commission, EnC are characterized by citizens” groups, social entrepreneurs,
public authorities and community organizations that participate in the energy production,
trading, distribution, and consumption of renewable energy [7,8].
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Due to the renewable energy’s development and democratization related issues,
citizens began to be considered as an active player in the system, usually addressed as
prosumers. In general, a community is a social unit that has something in common, a group
of users that can actively participate in the consumption and production of energy [9,10].
Energy communities are established by including energy conversion, transmission, and
consumption on a community scale. Energy flow balancing, reducing peak load during
peak hours, territorial energy planning, interconnection of different energy carriers or
mitigation of environmental impacts are relevant items that EnC can cover under the
energy context [11].

Energy planning issues and on-site supply potential are key elements that lead to
an increased level of energy supply for communities [12]. Regarding EnC’s prosumers,
and the possibility of managing their energy consumption and production, the concept
of energy flexibility is an extremely important added value [13]. In a building, or in a
community, flexible loads allow the redistribution of power throughout the day to meet
different constrains and objectives [14].

A resilient engineering system is often regarded as a system with the ability to maintain
its performance during an outage, providing reliability and adaptability. However, it can
also be considered a robust system with resistance to disturbances and the ability to quickly
recover after the outage. Considering the aforementioned constrains and the resilience
definition, and using the EnC’s flexibility, the resilience of the supporting microgrid can be
improved under fault conditions. Moreover, flexibility is directly related to the community
and microgrid’s resilience, i.e., if the community’s flexibility increases, consequently the
community will become more resilient, so flexibility forecasting [15] will be extremely
useful in order to improve grid resilience.

Focusing on local energy communities, and considering that the term community
refers to a group of users/houses (preferably net-zero energy communities, which are
expected to be large scale deployed in the near future [16]) interconnected by a microgrid,
the EnC approach followed in this paper is depicted in Figure 1. EnCs’ implementation
intends to increase energy self-consumption ratios through demand response. The work
presented in [17] is intended to ensure that most of the consumption occurs during the day
(when PV plants are producing). The current paper explores the possibilities of using the
community’s energy flexibility to maintain the users’ wellbeing when a fault occurs. Inside
the community, each house is considered to have renewable energy production as well as
flexible (controllable) consumption devices.
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Figure 1. Energy community scheme.

Considering this setup, where the EnC is part of a microgrid, different types of power
failure faults can be considered. Figure 2 presents four distinct power failure conditions
that can occur inside an EnC. The first (1) denotes two distinct situations: (1a) isolation of
the whole community from the main grid in case of total outage, or (1b) power curtailment
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from the main grid to the community. The second (2) represents a storage or generation
devices’ fault. This will decrease the available power, affecting community behavior. The
last (3) denotes a cable fault inside the EnC microgrid. This power outage will isolate
some community members that will act as a new, partial, isolated EnC needing to readapt
their behavior.
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, sl Generation g Consumption -/ + Consumption
,3 Power Moter et ‘ Device | Storage Device l‘l: Device

Figure 2. Possible energy community faults.

This paper demonstrates that the usage of each EnC member’s energy flexibility will
improve the EnC microgrid’s overall resilience and will contribute to the new body of
knowledge. Appliances will be characterized using finite state machines combined with
alternative load profile computation. This will allow better control of their operational
cycle through better flexibility usage. For every power failure condition, a set of feasible
scenarios are identified within the day (appliances’ earlier, mid, or later start), taking into
account technical constraints, allowing each householder to become an active part of the
solution without compromising their wellbeing.

During the following subsections, knowledge gaps are identified, namely how to
use the EnC concept in order to maintain the users” wellbeing through the home devices’
energy flexibility.

1.1. Background

Different types of energy communities are mentioned in the literature. Some of them
consider net zero energy buildings (NZEBs) in their composition [18]; positive energy
buildings (PEBs) [19]; regular houses with controllable devices and renewable energy
production that are aggregated using their combined flexibility in the community [20];
prosumers; or even plain consumers [21].

Figure 3 illustrates the variety of distinct houses that can coexist inside an EnC. In
the case of NZEB, the EU Energy Performance in Buildings Directive [22] defines them
as “a building that has a very high energy performance and the nearly zero or very low amount of
energy required should be covered to a very significant extent by energy from renewable sources,
including energy from renewable sources produced on-site or nearby”. Normally, a period of one
year is considered in order to cover the distinct meteorological conditions [23]. In line with
Figure 3, if the global energy demand equals the amount of locally supplied energy, then
one can have a net zero energy community (NZEC).

Following the NZEB technologies and solutions development, the concept has evolved
towards positive energy buildings (PEB). When the exported energy from a building, dur-
ing a pre-defined period of time, is higher than the imported energy, the building is called
a positive-energy building (PEB) [24]. Also, as Figure 3 illustrates, a group of buildings
that actively manage their energy consumption and the energy flow between them and the
wider energy system, as well as presenting a positive annual energy balance [25], is called
a positive energy block (PEBlock) or a positive energy district (PED) [26].
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Figure 3. General Architecture of an energy community.

1.1.1. Energy Flexibility

Besides the PEBlock concept [27], it is important to deeply analyze the neighbor-
hood/community flexibility level since reliability and resilience enhancement can be
provided by the community flexibility level demand-side resources [28]. Furthermore,
a PEBlock will be able to enhance its flexibility if different resources are exploited [29].
These resources are storage devices (allowing a shift in demand in real time), controllable
household devices, or energy production devices.

The energy flexibility concept can be considered from different viewpoints. In [30],
Reynders identifies five different focuses to consider flexibility: energy infrastructure,
systems interaction with building, energy price, building performance, and electricity.
For LeDréau energy flexibility represents the ability to change the energy usage from
high to low price periods [31]. Hong considers energy flexibility as the time window
maximization where the heat pumping operation time can be shifted without affecting
comfort and hot water supply temperatures for the end-user [31]. Energy flexibility can
be characterized as a static function at every time instant, however Junker proposed a
methodology that characterizes it as a dynamic function allowing grid operators to control
the demand through the use of penalty signals, for example price or CO, emissions [14].
Penalty signals are often used as a way to characterize and use energy flexibility [14].
There are several approaches and methodologies to quantify energy flexibility already
reported in the literature. In his review paper [30], Reynders presented a list of five different
methodologies to quantify energy flexibility based on different approaches: (a) number of
hours that energy consumption can be delayed or anticipated (temporal flexibility) [30];
(b) power increase or decrease, combined with how long these changes can be maintained
(power flexibility) [31]; (c) combination of both temporal and power flexibility, together
with energy flexibility [14]; (d) amount of energy that can be shifted at a specific moment
and the respective cost compared to a base cost plan [32]; and (e) available storage capacity,
storage efficiency, and the power shifting potential [33].

To demonstrate that the usage of each energy community member’s energy flexibility
will improve the energy community microgrid’s resilience, both power and temporal
flexibility will be considered. Considering the overall community’s energy flexibility in real
time, the appliances’ working time can be adapted if necessary and the power consumption
of each community’s user can be changed. Two important issues to take into account are
the house’s energy management and the household devices to be considered. The work
in [34] presents an efficient home energy management scheme that aims to reduce energy
usage and monetary cost for smart grid communities. Also, Stephant uses game theory to
model the preferences of each user and to build a mathematical framework where each
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user individually optimizes his power profile according to these preferences in order to
improve photovoltaic self-consumption of a local energy community [35].

Olivella-Rosell describes a list of potential flexibility services to prosumers regarding
energy management [36], namely:

Time-of-use optimization: to use flexibility from high-price intervals to low-price intervals.

kWmax control: to reduce prosumer consumption peaks within a predefined duration.
Self-balancing: to use the price difference for consuming, producing, and selling
electricity favorably.

e Controlled islanding: to maintain electricity supply behind the meter during grid
outage situations.

1.1.2. Household-Devices

A typical household can have different types of energy devices, as shown in Table 1,
which can be grouped into three categories: devices without storage capabilities, storage
devices, and energy production devices.

Table 1. Household device type.

Devi . Without temporal Can be turned off Lights, TVs,
evices without displacement Computers
storage Cannot be turned off Security systems
W.lth temporal Washing machines, Dishwashers, Dryer
displacement machines
(Event-based devices)
Thermostatically Air conditioners, Heat pumps, Refrigerators,
Storage Devices controlled devices Electric water heaters
Stochastic Devices Electrical cars
Energy production Cannot be controlled Solar, Wind, Ocean
devices Can be controlled Biomass, H,

To increase the EnC’s resilience under fault conditions, the use of storage or energy
production devices is rather straightforward. One just has to use their energy to support the
community needs. Often this may not be sufficient, and the use of non-storage devices may
also be required. In order to maintain user comfort levels, even in the presence of a fault
condition, plain shut down of devices is not desirable. In this case, temporal displacement
of household devices could play a key role in enhancing the EnC’s resilience. Those
devices can be thermostatically controlled or event-based operated. The characterization of
event-based household devices considers their fixed electricity demand profile through
working cycles, ranging between minutes and hours. Example of such devices are: washing
machines, dryer machines, or dishwashers.

Generally, the demand profile of an event-based device depends on a selected working
program and its technological characteristics. Regarding the demand profile, generic
characteristics for the mentioned event-based operated flexible devices can be found
in [32,33]. Regarding their operating behavior, the starting time can be advanced or delayed
within a shifting time window, if necessary. In this context, flexible schedulable loads play
a key role in the considered energy flexibility concept and will be used to improve the
EnC’s resilience.

2. Energy Community Modelling Framework

For the sake of simplicity, Figure 4 represents a generic EnC, with N dwellings com-
prising controllable household electrical devices, as presented in Table 1, from which n are
equipped with renewable energy supply equipment, namely PV systems.
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Figure 4. Scheme of energy community under study.

This EnC modelling framework can be represented by three distinct layers: physical,
modelling, and device layer, as presented in Figure 5. The physical layer will provide
a complete description of the community including the characterization of the houses
inside the EnC (number of houses and tenants), the equipment (appliances) of each house,
and the storage and supply equipment. The modelling layer will be responsible for the
parametrization of all data collected from the first layer, as well as for the modelling of
the renewable sources, storage devices, and household devices. Finally, the device layer
manages the control of the system and the EnC flexibility. The demand, storage, and supply
of each house, as well as the entire EnC, will be controlled through the device layer.

(3
* Power Demand and Supply;
® Home devices control & management. ﬁ,&

Orchestrator
< <

Device Layer

5
a%

* Houses’ data madelling;
* Renewable sources modelling;

* EnC system parametrization.

2 ]
T
& T

* Definition of the number of houses; @@
@

Modelling Layer

* Definition of each house equipments;

* [dentification of supply equipments.

Physical Layer
A
h
\.
@

Figure 5. EnC modelling layers.

This EnC’s framework considers a 24-h active power diagram of demand and genera-
tion, and is given by Equations (1) and (2) respectively, where (d) denotes demand power
and (g) denotes generated power.

aN = [dN(l) dN(t)],te 0 —24] 1)

g =gV gV tefo—24 @

N denotes the number of the considered EnC houses and ¢ the time.
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The community’s total demand (T;) and PV total generation (Ty) are given by
Equations (3) and (4), respectively.

N
n=;wm ®3)

N
%:;wm (4)

i=
The supply and demand load of each house (including their flexibility), inside the
community as well as for the entire EnC, will be handled in the device layer. Figure 6
presents the demand and generated power (Equations (1) and (2)), along with the load
diagrams of the lights and three household-controlled devices (washing machine, dish-
washer, and dryer machine). The washing machine load, for example, starts at 9h00 and
its peak consumption is 2.5 kW, while dishwasher and dryer machine consumption reach
2 kW and their working cycle starts at 18h00 and 14h00, respectively. On Figure 6, the
total house load represents the total consumption load as well as the load of available

photovoltaic power.

- Ligths Load
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Figure 6. Example appliances load.

2.1. Photovoltaic System

The PV system is modelled using Equation (5) considering the chosen PV panel
information, the power inverter, ambient temperature (T,,,;) and solar radiation data (G).
Equation (5) provides the EnC house output power.

PPV_dc = PVPeuk_Pawer - ("‘ X PVPeak_Power ) X (Tcel - TC.STC) (5)

PVpeak_power denotes the PV system peak power, & the temperature coefficient of the
maximum output power, T, the temperature of the PV panel cells and T, ¢ the reference
cell temperature at standard test conditions (STC). The PV system’s peak power and the
PV cells’” temperature are given by Equations (6) and (7), respectively.

G

1000 < v ©)

p VPeuk_Power =
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(Te,nvoct — Ta,NoCT) G
T =T, : : 7
cel amb + ( GNOCT X 1000 ( )
In Equation (7), T, is the temperature of PV cell, T,,,;, is the ambient temperature,
T. nocT is the nominal operating cell temperature (NOCT), T, nocT and Gyocr is the
ambient temperature and the solar radiation at NOCT, respectively.

2.2. Household Devices

Amongst the flexible household devices, this study considers event-based appliances
that can be controllable and whose flexibility can be used without compromising the user’s
comfort. The time profile of controllable appliances that can be chosen by the user presents
different contours.

Controllable devices will be modelled as a generic finite state machine, as Figure 7
illustrates. The finite state machine has four different states (“Machine OFF”, “Machine
Ready”, “Machine ON” and “Machine Complete”). The change between those states is
done through a couple of signals defined by the user to characterize the appliance operation:
“Ready_work” and “Time_ON". “Appliance_Time” comes from the characteristics of each
machine and the program chosen for its operation. For the sake of simplicity, the state
machine in Figure 7 can be described with the support of the following example:

The initial state is “machine OFF”, when the appliance is turned off,

Once an appliance is ready to work the state changes to “Machine Ready” through
the signal “ready_work”, and the appliance will be prepared to start its cycle when
the time arrives,

e  Thesignal “Time_ON" is triggered when the clock equals the starting time chosen by
the user, changing the state to “Machine_ON”,

e  The appliance will work during the time provided by the signal “Appliance_Time”,
and the power that this appliance is consuming during its operation time will be the
output of the state machine,

e  When the appliance finishes its work, a signal, “complete”, is triggered that changes
the appliance to “Machine_Complete” state,

e  Finally, if the machine expects another cycle, the signal “cont_work” will be triggered
and the state machine will stay in “Machine_Ready” state until the new signal to
start working,

e  Otherwise, the state “OFF” will be turned off the machine and the state will change to
“machine_OFF”.

I K-A\ppliance time

Machine OFF ~—Ready_work=» Machine Ready

Kﬂ Cont_work J
—
PP Machine geeeCOMplete’

Complete

Time_ON————p Machine ON

Figure 7. Appliances finite state machine.

3. Proposed Methodology

In this work, the proposed methodology considers as consumption appliances the
event-based devices, such as dryer machine, washing machine, and dishwasher. The
main component of the methodology is the “orchestrator”, which will aggregate and
analyze data related to load and energy production profiles. Moreover, the orchestrator
will also act as a decision support entity regarding the configuration, coordination, and
management processes.
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With the information about the working appliances introduced by the user, the load
profile & production balance blocks compute the respective characterization of each house
and for the EnC, respectively, as represented in Figure 8. This characterization will allow
the orchestrator to configure, coordinate, and manage the EnC flexibility and needs.

Load profile & production Load profile & production
balance characterization for  balance characterization
each house for EnC

Orchestrator

Configuration Coordination Management

Figure 8. EnC decision support entity.

Starting with the EnC configuration, considering the house’s characterization, the
EnC characterization and the EnC connection to the main grid, the orchestrator analyzes
the available power. The coordination starts with the system’s evaluation in order to
understand if it is necessary to rearrange the demand. If necessary, each user’s flexibility
will be used in three different ways (appliance’s earlier, mid, or later start), considering the
restrictions presented below. In each proposed method, a permutation algorithm is used
to calculate the number of possible combinations of appliances per house (Equation (8)),
where g is the number of appliances. Afterwards, the combinations of household appliances
are calculated (Equation (9)), where V is a vector with all load appliances and [a! x a] is the
size of the matrix with all combinations for each house.

P(a) = a! 8)

Perms(V) = [a! x a] )

Finally, the same algorithm is applied to study all possible combinations in order to
have the best solution for community flexibility and the wellbeing maintenance of each
user. Only the combinations that follow the condition presented in Equation (10), where ¢
denotes time, will be considered as a possible demand rearrangement.

Demand(t) < Available_Power(t) (10)

It is not always possible to keep all appliances working at the time requested by the
user, or working at all. The appliances’ management inside the community is also done
by the orchestrator (Figure 8). This management considers an optimization process that is
presented below, considering different starting times when a fault is detected.

3.1. Restrictions
When a fault occurs or when there is insufficient power to feed the community’s grid,
the system considers the following restrictions:
e  If there are appliances already working, these ones will end their cycles whenever possible;
e Appliances that were supposed to work after the system activated will be moved to
different starting times, and each one will work alone, i.e., in each house one appliance
only starts after the previous has finished.

3.2. Optimization Process

The optimization process used in this study considers three different starting times
for the appliances whenever a fault occurs and it is necessary to change the appliance’s
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load to other possible working hours different from the ones chosen by the users. The
three different starting times, which use the same method and take into consideration the
previously mentioned restrictions, are:

Earlier Start: Each appliance’s starting time is moved to start as soon as possible
after the management system detects the fault. In this way, each house’s amount
of consumed power will be increased in order to have all appliances finish as soon
as possible.

Later Start: Each appliance’s starting time is moved to start as late as possible after
the management system detects the fault, always considering the 24-h time interval.
This approach will decrease the demand power in each house in order to have all
appliances finish as late as possible.

Mid Start: Each appliance’s starting time is moved towards a so-called midterm of
appliance work, starting every #n hours, inside the 24-h time interval and after the
management system detects the fault. For example: if n is considered equal 4, and
the fault was detected at 10h00, the mid start will work at 14h00, 18h00, and 22h00.
This approach will force the loads to use the power of each house in the middle of the
minimum, when the appliances work as late as possible, and maximum, when the
appliances work as early as possible, available power.

From Figure 9, it is possible to visualize an example of a house load for a 24-h period

where lights and the three different event-based appliances (washing machine, dish washer,
and dryer machine) were considered. The original load diagram is presented in Figure 9a.
The possible combinations of working load for the same house with an earlier, mid, and
later start, respectively, are presented in Figure 9b—d.
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Figure 9. Load profile of house 1: (a) Normal load; (b) Earlier start combinations; (¢) Mid start combinations; (d) Later
start combinations.

In this illustrative example, the failure situation was detected at 10h00. This time is

the fault time considered for all optimization process. It is possible to observe that the
earlier start, Figure 9b, initiated at 10h00. The mid start will start 2 h after the fault time,
at 12h00, and the later start began at 19h00, taking into consideration the 24 h interval, as
represented in Figure 9c and d, respectively.
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With flexibility curves of all houses belonging to the EnC, it is possible to combine
them and find the ones that present the better combination of the appliances” working
times, maintaining the wellbeing of each user in their own dwellings.

In the next chapter, the scenarios, their results, and a detailed analysis will be presented.

4. Scenarios & Results Discussion

For this work, three different houses with consumption devices were considered,
where one was equipped with a PV system and two were not, as depicted in Figure 10.

i
alig
fiwd
HIl

i@

\
] Q

-

T
Consumption L Consumption Consumption
Devices PV System Devices Devices

Figure 10. EnC system studied.

Taking into account the aforementioned system, to test the different possibilities for
the community level, three distinct scenarios are considered:

e  Scenario 1—in this scenario, the PV generation is the only available power inside the
community.

e  Scenario 2—in this scenario, the available power consists of PV generation and avail-
able power from the grid, with a general decrease of the grid’s available power.

e  Scenario 3—in this scenario the available power consists of PV generation and avail-
able power from the grid working with power cut-offs, i.e., the power from the grid
will decrease at a certain moment.

The algorithm behavior over a 24-h period (in order to study a complete day), con-
sidering the community’s necessities, is illustrated in Figure 11. First of all, the house and
EnC load’s characterization and production balances are made, considering the available
information. The algorithm takes into account: the type of fault scenario occurring, the
information given by each house’s users, and the available power production. Taking that
into consideration and, depending on the number of appliances and the needs of each
house and of the entire community when a fault occurs, different possibilities of turning
on the appliances at different moments of the day are presented.

For the simulations supporting this work, ambient temperature (T,,,;) and solar
radiation (G) data was obtained from the photovoltaic geographical information system
(PVGIS), with 15 min resolution and considering NOVA school of Science and Technology
(38°39'36" N/9°12'11" W) as the location point. The values for the parametrization of the
PV system are presented in Table 2.

Regarding household devices, the noncontrollable devices’ load is based on Richard-
son’s model [37]. As it is considered a noncontrollable device, the load used for each house
is static. The controllable devices used for this work were exclusively of the event-based
type, and their characteristics are presented in Table 3. The appliances and respective
starting time for each house are also presented in Table 4.
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Table 2. PV model & Inverter parameters used for the reference system with 4 kWp.
PV System Parameters Value Unit
A 1.60 m?
Pyppr 285 Wp
T.,NnocT 46 °C ,
Gnocr 800 Wm™
PV Panel N 0003 oc-1
T, nocT 20 °C
Te,stc 25 °C
Py 4000 A
Sunny Tripower 4.0 Ninv 97.1 %
Inverter PAC 4000 W
Table 3. Electrical appliance considered for this work.
. Cycle Duration Mean Cycle Standby Power
Appliance (min) Power (W) W) Controllable
. Usage Usage
Lights Dependent Dependent 0 No
Washing Machine
(House 1; House 2; 137 401 1 Yes
House 3)
Dryer Machine . .
(House 1; House 2; 59 [19286(2)]333’ 1 Yes
House 3)
Dishwasher [2000; 1859;
(opt 1; opt2; opt3) 5 2150] 0 Yes
Table 4. Houses’ initial characteristics.
Houses PV Washl.ng Dryer Wash ~ Dish Washer Noncont.r ollable
Machine Devices
House 1 X 9h00 8h00 10h00 v
House 2 v 10h30min 19h00 10h00 v
House 3 X 10h30min 21h00 9h30min v

For the sake of simplicity, a maximum of three appliances working per day was

considered: washing machine, dryer machine, and dish machine. Using a dedicated
application interface, as presented in Figure 12, the user can choose their corresponding
starting time (hour:minute), and state if the house has a working PV panel.

House number 1

[[] Washing Machine [] Dryer Machine [] pishwasher

Time: Time Time

] P working Finish

Figure 12. House profile.

Since batteries represent a big cost for communities at the present time, this study did
not take them into account, considering only the power source coming from the PV panel
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and from the grid. Thus, scenario 1, which considers only power from PV production, as
shown in Table 4, has some restrictions and the available power between 18h00 and 6h00 is
equal to zero. In this time window, all appliances are disabled.

Considering each house’s characteristics, Figure 13 shows their respective demand
profile, the total EnC demand, and the three different profiles of available power for
each scenario to be tested. The “Community Demand & Generation” graph (Figure 13)
presents the three scenarios, where it can be observed that a fault is detected at 10h00
and the community’s demand is higher than the available power. Under fault conditions,
the algorithm will rearrange the appliances” working time slot from 10h00 until 24h00,
considering the amount of power available. The appliances already working before the fault
occured are analyzed and, if necessary, they are put on pause and restarted when possible.

Power curve of House 1 Power curve of House 2
5000 r

=== Demand

=PV Generation
4000 F————

3000 t

=)

000 |

Power (W)

1000 |

3000 ¢

00:00 05:00 10:00 15:00 20:00 00:00 05:00 10:00 15:00 20:00
Time (hrs) Time (hrs)
Power curve of House 3 Community Demand & Generation
) 10,000
i Demand = Community Demand
A vailable Power Scenario 3

2500 ¢

2000 |

1500

1000 }

500

00:00

L 2000 t )
0 - 0

05:00

8000
~

6000 ¢

=== Available Power Scenario |
=== Available Power Scenario 2

4000

Power (W)

10:00 15:00 20:00 00:00 05:00 10:00 15:00 20:00
Time (hrs) Time (hrs)

Figure 13. House and community demand, house generation, and community power available for each scenario.

4.1. Scenario 1

The first scenario represents a particular case since the only power available for the
community is provided by the PV system. This type of scenario will occur if a total cut off
from the main grid happens and if the community does not have a storage system.

Considering the characteristics of the three houses presented in Table 4 and the solar
curve shown in Figure 13 “Power Curve of House 2” graph (that has a peak power of
4 kW), an analysis will be done of the results of this scenario.

It is important to note that in time windows 00h to ~6h00 and ~18h00 to 24h00, the PV
system does not produce, thus the community will not have power available during these
time windows. Controllable appliances will work between 6h00 and 18h00.

As seen before, on the flowchart presented in Figure 11, when it is necessary to turn off
some devices, the house with a PV system will have priority to maintain their appliances
turned on. In this case, because of reduced available power, it was necessary to turn off
the three appliances from house 1, maintaining only the noncontrollable devices, and
two appliances from house 3, maintaining the dish washer (Table 5). The appliances that
still work will have different starting times than the initial ones, since the optimization
algorithm was applied to maintain the maximum number of appliances working.
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Table 5. Houses’ final characteristics for Scenario 1.
. Noncontrollable
Houses PV niﬁl‘ﬁi ]V)V?;E}T Dish Washer Devices
(6 h-18 h)
House 1 X X X X v
House 2 v 14h 13h/12h 12h/13h v
House 3 X X X 11h v

9000

8000

7000

6000

w
(=3
(=4
S

Power (Watt)
B
=
=
(=}

3000

2000

1000

In Figure 14, it is possible to see the community’s initial demand profile, the avail-
able power, and the two possible solutions that present a load profile smaller than the
available power for the entire community. In this case, all possible solutions result in the
characteristics presented in Table 5.

Possible Community Load Curves

00:00

02:00

T T I I T T I [ [ [
‘_ == Community Inicial Demand
==Community PV Generation
=Possible Demand 1

Possible Demand 2

a1 #
L

- o 0] L] ‘- - aw omw III
04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00
Time (hours)

Figure 14. Possible solutions for the community’s demand profile regarding Scenario 1.

Despite the limitation regarding the available power to the community, and the
necessity of turning off some appliances, two different solutions are presented in order not
to turn off all the appliances of the community due to a total fault on the community’s grid.

From Figure 14, the 24-h energy is easily computed using Equation (11), and is
presented as accumulated energy during the day (Figure 15).

E(t) = /t;fP(t)dt (11)

Considering the computed energy, and by analyzing Figure 15, the available energy
corresponds to 21.4 kWh and the consumed energy corresponds to 9.39 kWh. This is the
same amount as the initial consumed energy (without any fault), but appliances are turned
on at different times of the day. This means that only 43.88% of the available energy is used.

In Figure 15, it is also possible to observe that the available energy curve is much
higher than the consumed energy curves, and this is proven by the fact that only 43.88% of
available energy is used. Despite that, the power available during the day varies, and is
lower than the power consumption necessary to change the appliances” working times. In
this specific case, the need to turn off some devices is seen in this image, since the initial
community energy is higher than the final possible solution.
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Figure 15. Community’s energy profile in Scenario 1.

4.2. Scenario 2

This scenario represents the usual working state inside the community, i.e., the avail-
able power inside the community comes from PV generation combined with power from
the electrical grid. In this case, the decrease in power from the grid is general, and during
the period of 24 h it represents 2 kW.

In contrast to scenario one, the community has power available during the entire
24 h window, but the demand is higher at 10h00. than the available power, and thus it is
necessary to redistribute the appliances in order to maintain user wellbeing. In this case, it
is possible to maintain all appliances being turned on, and 89 possible combinations can be
considered. Some appliances, like the dryer and washer from house 2 and house 3, needed
to be allocated earlier than the initial starting time since the available power at that time
was insufficient to assure their operation. Figure 16 shows the curve of available power, the
community’s demand, and the 89 possible reconfiguration combinations. It is important
to mention that in this specific case, the appliance’s starting time will be concentrated at
hours were the PV generation is higher. Moreover, the dryer washer in house 1 maintains
its starting time since it starts at 8h00 and has a 1 h cycle, which allows it to work before
the power decrease occurs.

Considering the energy computation from Figure 16 and the energy curves in Figure 17,
it is possible to establish that the community has a total amount of 69.4 kWh of available
energy and 22.59 kWh will be consumed, i.e., 32.53% of the available energy.

The behavior of different possible curves is shown in Figure 17, and compared with the
initial community energy curve. In the first hours of the day (until approximately 14h00),
the community’s flexibility is used to decrease its power consumption since the power
available is lower than necessary. From 14h00 onwards, an increase in power consumption
occurs until it matches the total amount of energy consumed during the day.
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Figure 16. Possible solutions for the community’s demand profile regarding Scenario 2.
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Figure 17. The community’s energy profile in Scenario 2.

4.3. Scenario 3

In scenario 3, the community is connected to the main grid and receives 7 kW of
power along with PV production from house 2. At 10h00, the power decreases from 7
kW to 1.6 kW, as shown in Figure 18. The power consumed is higher than the power
available, and it is necessary to use the community’s flexibility in order to maintain all
connections and users’ wellbeing. In this situation, every appliance from all three houses
was maintained on. The power was decreased in the morning compared to the initial
demand, and then increased in the afternoon in order to balance the load.
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Figure 18. Possible solutions for the community’s demand profile regarding Scenario 3.

The available and consumed energy are 113.58 kWh and 22.59 kWh, respectively, as
presented in Figure 19. Due to the initial power from the grid, the percentage of used
energy, 19.89%, is lower compared with the other two scenarios. However, as in the second
scenario, it was possible to maintain all user’s wellbeing. It is also possible to see that in
the first few hours of the day, nothing is turned on when the changes occur. This happens
because the proposed methodology considers real time actions and will only actuate from
that time onwards.
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Figure 19. The community’s energy profile in scenario 3.

4.4. Summary

An energy community with three houses was considered in this study. Noncontrol-
lable and controllable devices in each house were considered as consumption sources. PV
systems installed in the community’s houses and power coming from main grid were
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considered the power supply sources. The flexibility of each house inside the community
was studied in order to decipher the community’s global flexibility and improve the con-
trollable load management during a fault event. To assess the proposed methodology, three
different scenarios were considered, with the differences between them being related to the
available power in the community, as detailed in Table 6.

Table 6. Scenario summary.

Community Specs

Scenario 1 Scenario 2 Scenario 3

Available power

PV generation & power from PV generation & power from

PV generation only main grid with a general main grid with cut-off at

decrease 10h00
2 kW available From 7 kW to 1.6 kW
Energy Available (kWh) 21.4 69.4 113.58
Possible Curves 2 89 24
Turned off Devices 4/9 (44%) 0/9 (0%) 0/9 (0%)
Total energy used (%) 43.88 32.53 19.89
Houses’ initial
characteristics (same for House 1 House 2 House 3
3 scenarios)
PV X v X
Washing Machine 09h00 08h00 10h00
Dryer Machine 10h30min 19h00 10h00
Dish Washer 10h30min 21h00 09h30min
Noncontrollable devices v v v
Houses f.l nz'ﬂ House 1 House 2 House 3
characteristics
PV X v X
Washing Machine X 14h00 X
The same as initial The same as initial

Dryer Machine X 13h00/12h00 X
Dish Washer X 12h/13h00 11h00
Noncontrollable devices v v v
Energy consumption Housel House2 House3 Housel House2 House3 Housel House2 House3
(kWh) - 7.64 4.52 7.35 7.64 7.59 7.35 7.64 7.59

The first scenario only had available power from PV generation, implying that between
certain times there was no available power. In the second and third scenarios, the available
power comes from PV generation and the main grid. However, the second one had a
generalized decrease and the available grid power was restricted to 2 kW during the
24 period. The third scenario started with 7kW of available power from the main grid that
decreased to 1.6 kW, from 10h00 until midnight. The available energy inside EnC started at
21.4 kWh for scenario 1, increased to 69.4 kWh for scenario 2, and finished with 113.58 kWh
for scenario 3, which is what was expected since the three scenarios present different levels
of available power. The first one presents a lower level of availability due to the blackout
between ~18 h and ~6 h, since the only available power source are PV panels.

From Table 6, one can see that the three scenarios started with the same set of charac-
teristics for the EnC houses but finished with different results. In the first scenario, four
devices were disconnected, the starting time for the other devices was changed, and houses
1 and 3 presented a lower energy consumption than the same houses in scenarios 2 and 3.



Energies 2021, 14, 3403

20 of 22

Regarding scenario 1, it is also possible to see that, despite the need to disconnect devices,
only ~44% of total energy available was used, meaning that, due to the lack of storage, 56%
of available energy was wasted.

The same happened in scenarios 2 and 3. Although there was no need to disconnect
any devices, only a small amount of energy was used.

5. Conclusions & Future Work

The aim of this paper was to explore the possibility of using the community’s en-
ergy flexibility to maintain the users” wellbeing when a fault event occurs by consid-
ering an energy community with PV generation and houses with noncontrollable and
controllable devices.

The simulation results showed the necessity of turning off some devices in order to
maintain the community network when the available power is lower or experiences a small
interval during a 24 h cycle. In this study, it was also possible to understand that houses’
energy flexibility can be further used to improve the community’s load in many ways, not
only when a fault occurs and it is necessary to change the energy flow, but also for the
purposes of creating better energy price markets, improving the resilience of the grid, or
even connecting electrical vehicles to the community’s grid.

The values presented in Table 7 and the results of scenario 1, where only 44% of
available energy was used, are a good example of this. Instead of turning off four devices
and considering two blackout intervals, from 00 h to ~6 h and from ~18 h onwards, if the
surplus energy had been stored, it could be used in those intervals, allowing the users to
keep their appliances working.

Table 7. Scenario brief comparison.

Community Scenario 1 Scenario 2 Scenario 3
Energy Available (kWh) 21.4 69.4 113.58
Possible Curves 2 89 24
Turned off Devices 4/9 (44%) 0/9 (0%) 0/9 (0%)
Energy used (%) 43.88 32.53 19.89

The study performed in this research is a fundamental step towards achieving the
following goals: (i) Definition of LV grid resilience and measurement metrics that will
be used to assess the EnC resilience; (ii) Definition of KPIs to measure EnC’s energy
flexibility; (iii) Definition of smart readiness indicators (SRI) to characterize the smartness
of buildings/communities.

Moreover, when considering a real-world application of the energy community con-
cept, some issues are still open and need to be further studied, namely:

e  The integration of storage is an important issue that needs to be addressed in future
work to store excess production so that it can be used when needed;
The use of thermostatically controlled device flexibility;
Penetration of electric vehicles in the EnC;
Improved methods of studying and measuring a community’s resilience to better un-
derstand the relation between EnC flexibility and the improvement of EnC resilience.

Finally, regarding the replicability of this study, this methodology of flexibility can be
applied to every type of energy community. It enables us to maintain the users’ wellbeing
while using renewable production and sharing the available power between the users
when needed.
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