N

N

Multi-agent simulation of collective self-consumption:
Impacts of storage systems and large-scale energy
exchanges
Jérémy Albouys-Perrois, Nicolas Sabouret, Yvon Haradji, Mathieu Schumann,

Benoit Charrier, Quentin Reynaud, Francois Sempé, Christian Inard

» To cite this version:

Jérémy Albouys-Perrois, Nicolas Sabouret, Yvon Haradji, Mathieu Schumann, Benoit Charrier, et
al.. Multi-agent simulation of collective self-consumption: Impacts of storage systems and large-scale
energy exchanges. Energy and Buildings, 2022, 254, pp.111543. 10.1016/j.enbuild.2021.111543 . hal-
03505248

HAL Id: hal-03505248
https://hal.science/hal-03505248

Submitted on 5 Jan 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03505248
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0378778821008276
Manuscript_c202a769d0b066ded3164883f527cbbc

10

11

12
13
14
15
16

17

18

19

20

21

22

23

24

25

26

27

28

Multi-agent simulation of collective self-consumption: impacts of

storage systems and large-scale energy exchanges

1,2,3.4,% 4

Jérémy Albouys-Perrois , Nicolas Sabouret?, Yvon Haradji*#, Mathieu Schumann®

Benoit Charrier**, Quentin Reynaud®, Frangois Sempé®, Christian Inard'+
LaSIE, CNRS, La Rochelle Université, La Rochelle, France
2 Université Paris-Saclay, CNRS, Laboratoire Interdisciplinaire des Sciences du Numérique, 91400, Orsay,
France
SEDF R&D, Palaiseau, France
“4evLab, EDF R&D, CNRS, LaSIE, La Rochelle Université, Avenue Michel Crépeau, La Rochelle Cedex 1,
17042, France

SQRCI, Clermont-Ferrand, France

®FSCI, Paris, France
* Corresponding author at: LaSIE, Pdle Sciences et Technologie, Avenue Michel Crépeau, 17042 La Rochelle,
Cedex 1 — France
E-mail address: jeremy.albouys1 @univ-Ir.fr

Abstract

Collective self-consumption (CSC) is often presented as an approach for better energy management. This paper
proposes a multi-agent and multi-level model to analyze the impact of CSC in the residential sector. It considers
human activity as the core of electricity consumption in the household. In addition to a co-simulation between
a multi-agent model of human activity and a thermal model, we added a layer to simulate interactions within
an association of households, together with collective means of production and storage. This model was used
to perform various studies. First, CSC configurations with individual and collective storage were simulated. The
results highlight the impact of individual and collective means of storage on the way energy is consumed,
exchanged, charged or discharged in the group of households and within each household. Finally, a large
structure including energy exchanges between a set of households (neighborhood) forming a CSC was modeled.

The results clearly show the impact of energy exchange between neighborhoods on the overall CSC.

Keywords: Multi-agent simulation, human activity, collective self-consumption, storage systems
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1. Introduction

The residential sector is the largest consumer of electricity in the world (23 000 TWh in 2017'). This
consumption is mostly based on fossil resources, which are characterized by their limited availability and their
negative consequences on the environment and their role in climate change. To reduce the carbon footprint,

the development of renewable energies (RE) is widely supported in this sector.

Generating one’s own energy using a local source (e.g., photovoltaic panels, windmills) and consuming all or a
part of this energy is called individual self-consumption (ISC) (Luthander et al., 2015; Matallanas et al., 2011).
This way of producing and consuming energy is being developed around the globe, especially the use of
photovoltaic panels in the residential sector?. However, only 25% to 40% of this energy is consumed by the
producers and the surplus is generally sold to an electricity supplier (Luthander et al., 2015). This impacts the
electricity transport and distribution operators, who have to perform load balancing, which in turn leads to
additional costs and is less and less sustainable at a large scale (Tarroja et al., 2013) and is therefore an

obstacle to the development of ISC.

Several solutions exist today to accelerate the development of self-consumed energy. Luthander et al. (2015)
proposed the use of storage systems in order to stagger the use of the electricity produced, or to apply
demand-side management (DSM) to stagger the use of some appliances during the periods of energy
production. The use of individual storage systems, like batteries, to store the excess electricity and use it when
the local energy production is low is well developed alongside ISC. In addition to these individual strategies,
both Tushar et al. (2018) and Yaagoubi & Mouftah (2017) suggested sharing or exchanging the locally
generated energy between households. This is called collective self-consumption (CSC), and enables
households to absorb the excess energy produced by other households. CSC consists in regrouping households
so that the excess production is exchanged between the households of a neighborhood. Even if, from a physical
point of view, the energy distribution is continuous and accomplished by the electricity distribution network,
the energy exchange operations and the resulting financial flows in CSC are performed on a contractual basis,
at regular time steps. CSC operations can be set up in various ways by varying the available means of

production or storage, the contractual organization of energy exchange and the characteristics of the

! https://www.iea.org/
2 https://www.solarpowereurope.org/
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households (such as the type and composition of families, the characteristics of the built environment, the
electrical appliances available, etc.). Until now, however, only a limited variety of CSC configurations have been

analyzed in real settings, hence the need for a simulation to study the diversity of possible cases.

In order to develop new CSC operations, CSC stakeholders such as building owners, property developers, urban
communities, energy providers and network operators need to be informed about the various ways RE can be
consumed and exchanged between households. Our approach, based on the SMACH project (Simulation of
Activity and Consumption in Households) (Reynaud et al., 2017), consists in using multi-agent simulation (MAS)
to study the energy consumption in households and the way energy can be exchanged in a CSC operation. The
originality of this work lies in the fact that it considers human activities and their interactions as the principal
spur for energy needs, and the driver of energy consumption and energy exchange. The energy needs and
excess consumption of each household are strongly dependent on the characteristics of their inhabitants, such
as household composition, and daily activities. This makes the SMACH approach a suitable tool to study CSC

while taking into consideration the diversity of residential energy consumption.

In the next section, we will present related work on the simulation of human activity and energy exchange. In
the third section, we present the SMACH platform that we used to simulate the human activity and the
electrical consumption of the households. In the fourth section, we will describe a multi-agent multi-level
model for the simulation of CSC that addresses the limitations identified in the literature. Various cases studies
and their results are described in Section 5 to illustrate the genericity and the possibilities offered by our model.
The first focuses on the different impacts of individual and collective energy storage within a CSC association.
The second case study examines how energy is exchanged in a new, sustainable neighborhood with a collective
solar farm. The last case study illustrates the capacity of our model to simulate energy exchange not only
between households but also between different groups of households. Finally, future work will be discussed in

Section 6.

2. Background

2.1. Simulation of human activity
Planning and sizing CSC operations in the residential sector requires a precise knowledge of electricity

consumption in each household. However a realistic simulation of electricity consumption needs to take into
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account the activity of its inhabitants (Carlucci et al., 2020; Happle et al., 2018). An insufficient level of detail in
the modeling of human activity can lead to serious discrepancies between simulated and measured electricity
consumption (Clevenger & Haymaker, 2006; de Menezes et al., 2012; Norford et al., 1994; Soebarto &

Williamson, 2001).

Human activity is complex, with four principal features that must be taken into consideration in order to
simulate it precisely and derive a precise evaluation of energy consumption in households. First, human activity
is characterized by a strong variability (Kang & Scott, 2010) from one individual to another (interpersonal
variability) but also for a same individual (intrapersonal variability) (Bakaloglou & Charlier, 2019; Feldman &
Pentland, 2003). Human activity is characterized by repetitive phenomena, called routines, through which
individuals organize their activity at a low cognitive cost (Salembier et al., 2009). Finally, human activity is
characterized by its collective dimension, characterized by cooperation between individuals who live together
(Haradji et al., 2012). This cooperation is achieved through information exchange and communication between

individuals.

Several approaches that simulate human activity have been described in the literature, most of them combined
with building energy models in order to calculate the energy needs of a building associated with heating, air
conditioning, Domestic Hot Water (DHW), artificial lighting and ventilation (Fang et al., 2014; Kim & Moon,
2009; Yuan et al., 2017). The deterministic model which simulates human activity through fixed schedules and
deterministic rules (Abushakra et al., 2004; Happle et al., 2017) or the stochastic models use a probabilistic
approach to simulate dynamic decision-making (Happle et al., 2018). But these kinds of models do not take into
account all the characteristics of the human activity like the variability or the collective dimension or human

activity (Gaetani et al., 2016).

The Multi-agent models represent inhabitants of households by autonomous entities, the agents, which
interact in a given environment. Reynaud et al. (2017) highlighted the capacity of multi-agent simulation (MAS)
to simulate reactive and adaptive individuals who are able to collaborate to perform various tasks. MAS is
therefore considered as a more relevant approach that increases the realism of simulated human activity
compared to deterministic and stochastic models (Amouroux et al., 2013; Chapman et al., 2018; Ferreri et al.,
2015; Kashif et al., 2013). SMACH platform, described in Section 3, is based on three components namely (1) a

population generator based on national census data, (2) a MAS to simulate human activity (Amouroux et al.,
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2013), and (3) a co-simulation with a building energy model. SMACH applies a holistic approach that takes into
account the four principal aspects of human activity we presented, in a comprehensive manner and simulates
human activity and decision-making as the determining factors in energy consumption. However, local

production, energy storage, energy exchange and CSC have not yet been implemented in these models.

2.2. Simulation of energy exchange
Energy exchange in CSC can take different forms, and two categories of exchange are generally distinguished in

CSC modeling: distributed energy exchange and centralized energy exchange.

In distributed energy exchange, trading operations take place directly between producers and consumers
without going through a third party, households directly transmit the necessary information to each other to
exchange energy. For example Lee et al. (2014) and Yaagoubi & Mouftah (2017) use game theory to represent
these kind of energy exchange. On the contrary in centralized energy exchange, some of the decisions
concerning energy exchange are taken by a third party. The goal of this third party is to distribute energy
between the households according to precise rules. For example, Vytelingum et al. (2010) proposed the
creation of an energy market based on a continuous double auction in which buyers and sellers simultaneously

make offers to buy and sell. The market distributes energy in order to satisfy the offers as much as possible.

In CSC, an important distinction must be made between the physical layer (responsible for the distribution of
energy, i.e., the physical energy that actually transits on the electricity network), and the contractual layer
(responsible for the contractual and financial organization of energy exchange between households).
Experiments on CSC in the field rely on this distinction, as illustrated by Mengelkamp et al. (2018), who
described these two layers in the implementation of a CSC in Brooklyn. In their experiment, the centralized
contractual layer takes the form of an energy market, similar to the one described by Vytelingum et al. (2010).
Given this distinction, the model we propose focuses on the simulation of the contractual layer, which can be
applied to any organization of the physical layer. We call a collective organization of energy exchange a
situation where a central entity (e.g., a marketplace) is responsible for contractual energy exchanges. We call
an individualized organization of energy exchange a situation where households exchange energy directly,
without the intermediary of a central entity. Current CSC experiments usually use a collective organization of

energy exchange (Mengelkamp et al., 2018).
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Our contribution, presented in this article, is a multi-agent multi-level model that can be used to study different
ways to organize the contractual layer of exchange in a group of CSC households. This model is built upon the
SMACH multi-agent platform of human activity and therefore consider human activity to compute the energy
consumption of the households which is a key data to perform energy exchanges. Such a consideration is not
taken into account in the existing CSC model. Moreover, as we will show, our model is able to simulate and
study numerous CSC configurations in terms of population, storage and production equipment, or in the way
energy is exchanged between households, which is not the case for models presented in the literature. The
model presented in this paper focuses on the collective organization of energy exchange, with the presence of
a central entity responsible for managing the contractual layer, as this organization is the one commonly used

today in field experiments.

3. SMACH and single-building consumption simulation

We used the SMACH platform to simulate human activity and the electricity consumption of households that
formed a CSC. The SMACH platform combines three components in order to simulate a realistic electricity

consumption.

The first component of the SMACH platform is the Population Generator. By using national census and energy-
related data, it creates synthetic populations that are statistically representative of the studied area (e.g., a city,
a region, a whole country). Each generated household is characterized by a family profile, the age, gender and
socio-professional category of each individual, their electricity tariffs, the type of heating and DHW energy
available (electrical or non-electrical), a set of electrical appliances, as well as a building with a given surface
and energy performance. Moreover, for each inhabitant of each household, the generator provides a
provisional daily and weekly schedule containing a list of tasks that an individual tries to perform. For this
purpose, SMACH uses data from the Time Uses Surveys (TUS), carried out in France between 2009 and 2010
(Reynaud et al., 2017). These surveys consist in 27000 notebooks, on which the 18500 participants wrote their
current activity every 10 minutes over a complete week and weekend day. From these TUS notebooks, SMACH
builds a provisional schedule consistent with the profile of each inhabitant of the household. All these elements
form a static description of the daily life of a household. However, the provisional schedule alone is not enough
to forecast the activities of each simulated individual: these will be decided by the individuals themselves

during the multi-agent simulation.
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The second component of SMACH is the MAS of each household. The model transforms the static description
of the household into a dynamic simulation of human activity. Each inhabitant is represented by an agent, and
the MAS simulates their activity at a 1-minute time step. The result of this simulation is an activity diagram
describing, at each moment of the simulation, the activity performed by an inhabitant, and in which location.
The 1-minute time step was chosen by the developers of the platform in order to account for realistic human
activity and interactions between individuals. A time-step greater than 1 min could lead to a lack of precision in
the simulation of human activity, while an inferior time step does not significantly improve the realism of the
activity but leads to longer simulation times. During a SMACH simulation, the agents select a task to perform in
their provisional schedule at each time step. The selection is based on a level of dynamic priority. The priority
of a task changes depending on associated parameters like duration, preferred time step or rhythm. Other
factors like energy price, the availability of an electrical appliance or the actions of the other inhabitants also
influence a task’s priority level. Each activity performed by an occupant of the household is linked to the use,
programming or control of one or more electrical devices, thus resulting in an energy consumption metered at

each time step. The load curve of the household is therefore a consequence of the activities performed.

The last component of the SMACH platform is a co-simulation between a multi-zone thermal energy model and
the MAS. This co-simulation provides a precise computation of the indoor temperature for each zone of the
building, impacted by parameters and variables such as the exterior air temperature, how well the building is
insulated, the presence of the occupant in each room and the nominal power of electrical heaters. The
buildings are modeled with the BuildSysPro Modelica library3 developed by EDF (Plessis et al., 2014). The co-
simulation between the multi-agent system of human activity and the thermal building model is achieved using
the FMI (Functional Mock-up Interface) standard (Plessis et al., 2014). The building energy model was validated

using laboratory and field data, and compared to the IEA BESTEST benchmarks (Judkoff & Neymark, 1995).

Figure 1 presents the interaction between the three components of the SMACH platform.

3 https://github.com/EDF-TREE/BuildSysPro accessed 21/01/2020
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Figure 1 : Schematic representation of SMACH platform and its components

A specific approach was devised to validate the human-centered approach of SMACH for the simulation of both
activity and energy consumption, at both the individual and aggregated level. First, the capacity of the model to
faithfully reproduce realistically human activity was verified in a cognitive ergonomics field study using
participatory simulations with real households who were able to manipulate a dedicated SMACH human-
computer interface (Amouroux et al., 2014). The SMACH load curves were also compared to the metered load
curves of the same households and shown to be within acceptable confidence intervals. Secondly, a
macroscopic study was performed with 100 simulated households to verify that the simulations reproduced
relevant indicators at the aggregated level when compared to TUS data (e.g., average duration of the activities
per day, the number of repetitions for each activity and of a sequence of activities). Finally, aggregated load
curves of 1000 simulated households representative of Metropolitan France were compared to the annual and
weekly profiles used for the assessment of injection and withdrawal flows on the public distribution network
(DSO open data). This work validated the values and dynamics of the simulated load curves, which were

representative of the energy consumption in the residential sector (Reynaud et al., 2020, in French).

The SMACH platform is therefore a useful basis for studying CSC as it already incorporates a robust simulation
of human activity and the ability to represent statistically representative households. We therefore propose to

consider CSC as a multi-level construction, based on inhabitants in households who themselves participate in
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an energy exchange organization between households. SMACH is used to simulate the first two levels of the
CSC (individual human activity and household-level activities). We extended it to 1) incorporate individual self-
consumption (ISC) into the SMACH platform, and 2) model the energy exchange between households, as well

as the energy exchange between groups of households.

4. Model of collective self-consumption

In this section we present a multi-agent four-level model to simulate CSC. In the first level, we simulate the
individual activity of the inhabitants using the SMACH platform. The second level is a MAS which simulates the
interaction between the inhabitants and the electrical appliances in the household to calculate the load curve
of the household. In order to simulate ISC, we adapted this level by attributing a means of local energy
generation and storage to households, and including a calculation of the amount of energy that is produced
locally, and then charged or discharged at each simulation time step. We will present this ISC model in section
4.1. The third level of our model, which is also a MAS, simulates the contractual energy exchange between
households. In this level, a third-party entity carries out the contractual energy exchanges and the computes
financial flows by following the rules for a given CSC configuration. It is presented in section 4.2. The fourth
level of our model simulates energy exchange between different groups of households already using CSC. This

level is also a MAS which works like the third level of our model.

4.1. Simulation of individual self-consumption
To simulate ISC, we first adapted the SMACH platform so that each household could produce, charge and
discharge energy. The households were equipped with means of local energy production. In the current model,
this production was obtained using a model of photovoltaic (PV) panels. The PV panels were modeled with the
BuildSysPro Modelica library. Like the building, the PV panels were co-simulated with the MAS of human
activity using the FMI standard. The model simulates crystalline silicon type PV panels and computes the PV
panel temperature, electrical power generated and the cumulative PV production based on the work of Martin
& Ruiz (2001) and Luque & Hegedus (2003). The PV panels are characterized by their surface, their tilt and their
orientation. The model calculates the power produced by the PV panels at each simulation time step using the
meteorological data associated with the location studied: outdoor temperature, wind direction and speed as

well as solar radiation.
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The energy storage systems were simulated by a battery model with a linear charge and discharge curve. Such
models have already been used to study the impact of storage systems with ISC (Munkhammar et al., 2013;
Weniger et al., 2014). The batteries are characterized by their maximum capacity and the amount of energy
they can charge or discharge at each simulation time step. Charging or discharging energy impacts the battery’s
State of Charge (SoC). At each time step, the SoC, noted SoC (t), is computed according to the quantity of

energy that is charged or discharged.

To manage the produced, consumed, charged and discharged energy, we developed a new entity in the
household called the Self-Consumption Manager (SCM). The purpose of this manager is to compute the result
of all energy-related operations within a household at each simulation time step. Thus, using the household's
consumption, production and the SoC, the SCM calculates the household's energy needs and any excess, and
the amount of energy that is charged or discharged from the battery. The SCM can carry out various ISC
strategies on the energy produced by the household or its individual battery. For example, a household can
decide to use all of its energy production for itself and only exchange the excess energy it can’t consume or
store. But it can also decide to exchange all its energy production, regardless of its own consumption. An
intermediate strategy could be to set the ratio of energy available for external exchanged based on a given ISC
rate. Formally, for a simulation time step t, e.onsumedtousehota (F, t) is the amount of energy consumed by a
household h and eproqucearousenoia (M, t) the amount of energy produced by the PV panels. With this
information, and knowing the battery SoC, the SCM computes esoragenousenoa (A, t), the quantity of energy
charged or discharged from the individual battery of the household accord to the battery usage policy. Then,
with these values, the SCM computes needy ysenoia (M, t) and excesspoysenoia (M, t), the energy needs and
surplus, respectively, for a household h calculated for the simulation time step t. These values are used to
perform the energy exchange operations in the third level of the model. The precise functioning of the SCM
and the various associated equations are detailed by (Albouys-Perrois, 2021) .The Figure 2 shows the different
models that compose the complete model of a household practicing ISC with the different input and output

data.

10
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Figure 2 : Model of a self-consuming energy household

4.2. Simulation of collective self-consumption
We named the third level of the model an association of households, where the CSC operations are carried out.
An association can also produce, charge or discharge energy using the collective means of production and the
collective means of storage. An association is therefore composed of households, one or several collective
means of production, one or several means of storage and a third-party entity which will perform the

contractual energy exchanges between the households.

We denote H for "Households", the set of households in an association. For each simulation time step t, we
can evaluate excesSpoysenoa (. t) and needp,oysenoia (h, t), which are the needs and the energy surplus of a

household h calculated by its SCM.

The collective means of energy production and storage use the same model as their individual counterparts
presented in the previous section. For an association and a simulation time step t, Eoquceassso (t) is the
amount of energy produced by all the collective PV panels, Ecpargedeasso (t) the amount of energy charged and

Egischargedasso(t) the amount of energy discharged from the collective battery.

In an association, the Local Exchange Place (LEP) is the third-party entity responsible for the energy exchanges

between households. To perform these energy exchanges, the LEP inputs are:

¢ The quantity of energy produced by the collective means of production;
e The surplus energy produced but not consumed by every household;
e The energy needs for every household;

11
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¢ The amount of energy discharged from the collective means of storage.

With these values, the LEP first exchanges the energy produced by the collective means of production and the
energy surplus of the households, according to the exchange policies defined below. Then, the LEP distributes
the energy discharged from the collective means of production between the households. As CSC is modeled as
a contractual operation, CSC simulation consists in the computation of the energy allocation after the energy
has been used by the different households and electrical devices at the physical level. The simulation platform
therefore uses two-time steps. Simulation time step t triggers the calculation of the quantities of energy
consumed, produced, charged or discharged depending on human activity, local energy production and storage.
This corresponds to the physical aspects of the simulation performed by the SMACH platform at a 1-minute
time step. The Figure 3 present the different energy flow chart of a self-consuming household performed at
this time-step but also the information exchange between the thermal building model and the household (the

human activity model).

Energy produced Energy received from outside the

At = 1min household (exchange, collective battery
gengrwary
At = 1mn
- Self Consumption Manager LEP
Household Occupants’ energy use Model
At = Imin
- Energy needs and excess

t
At = 1min

HeAating;)ower: IIndoor temperature setpoint
t=1min ' v = i

: - At = 1min Charged or discharged energy
At = 1min

Thermal building model Fleating power

At = 1min

Battery model

- Information exchanged through
co-simulation

ey Energy flows

Figure 3 : Energy flow chart of the self-consuming household

The counting time-step c triggers the computation of the contractual energy allocation according to the
aggregated results of the previous accounting period the LEP is responsible to aggregate these values. This
second time step is a parameter whose value was set to 15 minutes, a common value in Europe for smart

meters.

To calculate the allocation of the energy produced within the association, the LEP follows a set of contractual
rules called energy exchange policies. The architecture of the CSC model means it can be used to study any

type of exchange policy, as long as the rules are formalized and implemented in accordance with the

12
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requirements of the model. We defined and implemented three different exchange policies based on the most

common policies identified by CSC experts and the work of Bonnardot et al. (2020, in French):

e A proportional exchange policy in which the LEP allocates a quantity of energy that is proportional to
the energy needs of each household;

e Afixed rate exchange policy where households receive a fixed share of the total available energy;

e A competitive exchange policy where households make offers to buy and sell (quantity of energy and
price). In order to manage these offers, we implemented a first price sealed-bid auction model

(McAfee & McMillan, 1987) in which the LEP plays the role of an auctioneer.

In order to divide and share the energy discharged from the collective batteries, the LEP follows a set of rules
called a collective storage policy. In a similar way, any type of collective storage policy can be implemented.
We defined a single collective storage policy, namely a proportional collective storage policy. With this policy,
the LEP divides the energy discharged from the collective batteries in proportion to the energy needs of each

household.

With these sets of rules, the LEP computes the following value for each household & in the association, at each

counting time step c:

*  epeai(h,c): the amount of energy produced locally and received by a household. This value is
computed using the exchange policy of the LEP;

*  ecoliectivestorage (N, €): the amount of energy received by a household from the collective means of
storage. This value is computed using the collective storage policy of the LEP;

*  eexternat(M, €): the amount of energy consumed by a household that comes from a source that is
external to the association. In the model this energy is provided by the electricity providers of the

households.

Moreover, the association computes its own energy surplus and needs for each simulation time step.
excess(asso,t) and need(asso, t) are the energy needs and excess production of the association asso for the
time step t. These values make it possible to establish invoicing at the level of the association, and in some
cases to study the energy exchanges in detail, and the impact of CSC policies on the consumption of the

households and the association. The Figure 4 presents the different elements that compose the complete
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model of an association with the different input and output data. In this figure we also show at which time step,

the different values related to the CSC operations are calculated.

At each counting time-step ¢

Local Exchange Place : €local(h,c)

€collectiveStorage(h,c)

Collective PV panels
models

prop(i,J)

need(h,c)
excess(h,c)

epraducedAsso (t) €external(h,c)

€producedAsso ()
Edisr'lm rgedAsso (C)

Self-consuming need(h, t)

At each simulation time-step t
households excess(h, t)

need(asso, t)

excess(asso, t)

Echargchssoc (t)
Ed ischargedAsso (t)

Input data for a model

Output data for a model

Collective battery
model

---------- 1 Data aggregated during one counting
: time-step by the LEP to perform
energy exchange

Figure 4 : Model of the Association to perform CSC

4.3. Energy exchange between multiple associations
At the level of a CSC association, the excess energy that cannot be exchanged or stored is usually sold to a
relevant third party such as an electricity provider. This is the case in our three-level model. However,
associations of households will be limited in size, and a city or region might be composed of several
associations. Energy exchange between associations could therefore be a way to maximize the consumption of
locally produced energy without selling it back to the grid. We decided to add a fourth level to our model in
order to simulate inter-association energy exchange. Similar to energy exchange within an association, energy
exchange between associations is managed by a third-party entity that we call the Central Exchange Place

(CEP).

The goal of the CEP is to evaluate the needs and excess energy of several associations at each counting time
step ¢, and to exchange the excess energy between associations. To perform these exchange operations, the
CEP follows its own specific exchange policy. When an association receives energy through an inter-association
exchange, the energy is exchanged between the households of the association by its LEP according to the
exchange policy defined by the association. Figure 5 illustrates a configuration in which three associations

exchange energy.
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Figure 5 : Example of an organization for inter-association energy exchange

Formally, a CEP takes in input:

¢ need(asso,c): the energy needs of an association asso at the end of a counting time step c;
e excess(asso,c): the excess energy produced by an association asso at the end of a counting time

step c.

For each association asso, the CEP computes €eycnangerxtasso (aSs0, €), the amount of energy received by an

association at the end of a counting time step c.

Finally, the addition of levels to this CSC model can be repeated indefinitely and used to create large structures

in which energy is exchanged at several levels, i.e. from the home to the city.

5. Results

and-study-variousCSCeonfigurations: Currently, the study and understanding of the different mechanisms of

CSC are major challenges for the main players in the energy world. Indeed, the transition to CSC will raise new
questions about the ways in which energy is consumed, exchanged or the impact of storage systems on the
consumption or activity of inhabitants... The main objective of the model developed here is to simulate CSC
configurations to address these major questions. The CSC model in this paper therefore allows experts in the
field to characterize and simulate numerous configurations with the aim of proposing and validating

hypotheses or answering scientific, technical or economic questions related to CSC. To highlight the

15



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

possibilities offered by this model, we present in the following the results of 3 different case studies based on
the same reference situation in terms of population but with changes in the means on energy production or
storage inside the association. In the first study, we assessed the impact of individual and collective storage
systems on the electricity consumption of an association of CSC households. In the second study, we analyzed
the impact of CSC on the electricity consumption of a recent, sustainable neighborhood with high-performance
buildings. In the third case study, we demonstrate the capacity of our model to simulate energy exchange

between several associations.

5.1. Simulation parameters

The parameters of the model were sorted into three categories.

The Population category comprises the parameters that describe the household, the inhabitants, the building,
and the electrical appliances. This category also defines the ISC equipment in each household, i.e. the presence

of a PV panel or an individual battery and their parameters.

The Collective Equipment category includes the parameters of the collective means of production and the

collective means of storage within an association.

The Energy Exchange category contains the energy exchange policy that the LEP will follow to exchange energy
within an association. It defines the policy for the exchange of locally produced energy as well as how to

manage the collective means of storage.

5.2. Reference situation and performance indicators
The results presented in the first two case studies are based on the same reference situation, i.e., an
association composed of 100 households. The population and buildings of the association were generated with

the SMACH platform with the following characteristics:

e Building type: apartment;

e Building insulation: statistical distribution based on French thermal regulations, chosen from 1982 to
2012,

e Electrical heating: statistical distribution between electrical and non-electrical heating in France;

e DHW production: distribution between electrical and non-electrical DHW production based on

heating type and electricity tariffs;
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e Population: statistically representative of French households based on census data;

e Location: city of La Rochelle, France.

This reference situation represents a typical French population living in an apartment. We located the
reference situation in the meteorological area of La Rochelle, situated in the South-West of France, a region in
which many PV panels have been installed.* The simulation was performed over a year. This allowed us to
observe the impact of seasonal weather on human activity and decision-making, electricity consumption, as

well as local energy production. The three energy exchange policies defined in Section 4.2 were simulated.

To analyze the results, we used two indicators in their instantaneous and integrated forms:

1. Self-sufficiency rate gives the proportion of energy consumed by a household that derives from local

production, energy exchange, and individual and collective storage:

consumptiony.q;

Tateselfsusficency = CONSUMption,eq;
ota

where consumption;,.,; is the quantity of energy consumed that was produced by PV panels, or
derived from an individual or collective means of storage, and energy exchange; and
consumption;,q4; the total energy consumed by a household;

2. Self-consumption rate gives the proportion of energy produced locally and directly consumed by the

association or by the household:

consumptionycq

rate o = - 2
selfconsumption productlontoml )

where production;,.,; is the quantity of energy produced by one association or household.

These two indicators have already been used in order to analyze ISC at the scale of households (Castillo-Cagigal
et al., 2010; Luthander et al., 2015) but also to study CSC at the scale of the neighborhood (Vinyals et al., 2018).
Other metrics exists to analyze self-consumption (Salom et al., 2011), but self-production and self-sufficiency

rates are widely used to analyze ISC and CSC, that is why only these two indicators are considered in this paper.

4 https://resources.solarbusinesshub.com/solar-industry-reports/item/global-market-outlook-for-

photovoltaics-2014-2018
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5.3. Impact of individual and collective storage systems on electricity consumption
With this first case study, we compared the impact of individual and collective storage on electricity
consumption within an association. Based on the reference situation, we defined and simulated three different
CSC configurations. In all of them, 50 households within the association were equipped with individual 3.5-
kilowatt peak (kWp) PV panels. We chose to equip only 50 households as, according to Luthander et al. (2015),
a household, equipped with PV panels, consumes between 30% and 40% of its energy production, suggesting
that an energy surplus would be available for exchange between households. In the second case study,
households owning PV panels were also equipped with individual batteries. Each battery could store 14 kWh of
energy. The maximal electrical charge or discharge power was 5 kW. We used the following battery
management rule: if the energy produced by the PV panels of the household was lower than its energy
consumption, then the battery discharged energy to meet the needs of the household. Otherwise, the battery
was charged from the excess energy produced by the PV panels. In the third case study, the association was
equipped with a collective battery. The collective storage capacity was 700 kWh i.e., equal to the entire storage

capacity of individual storage. The maximal charge or discharge power of the collective battery was 250 kW.

Self-consumption | Self-sufficiency
ISC 21% 10%
CSC without battery 48% 23%
CSC with individual batteries 70% 34%
CSC with collective battery 90% 43%

Table 1 : Annual values of self-sufficiency and self-consumption of the association for ISC and CSC without energy storage,
with individual batteries and with a collective battery with a proportional exchange policy

Table 1 gives the values of self-production and self-consumption for the association without energy exchange
(ISC) and for the three case studies (CSC without and with storage systems). Using individual or collective
storage systems resulted in an improvement in both self-consumption and self-production in the association,
i.e., more of the energy produced locally was consumed directly by the association. The self-consumption and
self-sufficiency values were the same for the 3 exchange policies we modeled because all three allocated all the
energy that could be consumed within the association. It is worth noting that, for an equivalent capacity and
charge/discharge power, collective storage produced higher self-consumption and self-production. This is

because all the households in the association could benefit from collective energy storage, in contrast to
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individual storage, where only 50 households had access to collective storage. Over a year, only 21 MWh of
energy were not consumed or stored in the association with a collective battery, which is an improvement

compared to the CSC without a battery (107 MWAh) and the CSC with individual batteries (61 MWh).

Figure 2 shows the origin of the energy consumed by the households in their association. The use of individual
storage negatively impacted energy exchange by lowering the quantity of energy exchanged between the
households. Indeed, without individual batteries, 13% of the energy consumed came from exchanges
compared with only 7% after the installation of individual batteries. On the other hand, a collective battery did
not impact the quantity of energy exchanged and more energy was consumed from the collective battery than

from the individual batteries.

Without storage system With individual batteries With a collective battery

m Individual PV panels ® Energy Exch ® Individual batteries Collective Battery  m Electricity provider

Figure 6 : Origin of energy consumed in the association without storage systems, with individual batteries and with a
collective battery

To study the impact of the individual and collective batteries on energy consumption at the household level,
we first analyzed the self-sufficiency of the 50 households that did not possess PV panels. Figure 7 presents the
distribution of this indicator for these households for each exchange policy. This box-plot representation
displays the minimum and maximum self-sufficiency, the upper and lower quartile, the median value, and the
mean. Figure 4 on the other hand, presents the self-sufficiency for the household owning PV panels for each

exchange policy.

19



455

456
457
458

459

460
461
462

463

464

465

466

467

468

469

470

471

472

100 (a) 100 (b)
90 90
80 80
R 5 £ 70 68% _69% 68%
2 2
£ o T 60 SUx 57% 57%
oy >
g S :
5 % 5% E l
d ?
g » 26% ) 30% S %0 =% 26% %
| wv
6%
10% 1%
1 L3 5% L osw 0
0 0
" Fixed rate ® Proportional » Competitive = Fixed rate = Proportional = Competitive
Figure 7 : Distribution of annual self-sufficiency levels for a household without PV panels
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Figure 8 : Distribution of annual self-sufficiency levels for a household with PV panels
(a) in an association with individual batteries
(b) in an association with collective batteries

For the three exchange policies, it is clear that the use of individual batteries led to lower self-production for
households without PV panels than with a collective battery. For example, with a proportional exchange policy,
the average self-production went from 16% with individual storage to 50% with collective storage. On the
other hand, the self-sufficiency of a household with PV panels was higher with individual storage than with
collective storage. For example, with individual batteries, for some households, annual self-sufficiency was
close to 100%. However, these are households with neither heating nor electrical DHW production and
therefore with a relatively low electricity consumption. Moreover, the use of individual batteries resulted in
large differences between the self-sufficiency levels within the association. For instance, for a proportional
exchange policy, the mean self-sufficiency of the households owning individual PV panels and owning

individual battery was 77% (Figure 8) compared with 16% (Figure 7) for a household without individual PV
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panels and owning individual batteries. However, there was no such difference between the households of the

association.
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Figure 9 : Distribution of self-consumption levels for households with PV panels

Figure 9 shows the self-consumption in the association for the households equipped with a PV panel. It is clear
that using individual batteries significantly improved the quantity of energy produced which is self-consumed
by these households. Mean self-consumption varied from 20% without storage to 60% with individual batteries.
These results are in accordance with those in the literature dealing with the use of individual storage systems
for ISC or CSC (Braun et al., 2009; Munkhammar et al., 2013). However, the use of collective batteries in the
association did not impact the self-consumption of the household owning PV panels. Indeed, this indicator only
takes into account the energy that comes from the individual systems (batteries and PV panels) of the

households. The self-consumption values were therefore identical to a configuration without collective storage.

This study shows how individual and collective storage can impact CSC operations and indicators. Individual
batteries can greatly increase the self-consumption and self-sufficiency of households that own them to the
detriment of households without production and storage equipment, which then receive a lower share of
locally produced energy. In contrast, the use of collective batteries makes it possible to distribute excess energy
among all the households in the association, and so a greater share of the local energy can be consumed within
the association. With collective storage the differences between the self-production of the households in the

association were smaller compared to an association with individual batteries.
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5.4. Impact of CSC and collective energy production on the electricity consumption of a sustainable
neighborhood

In this case study, we analyzed how CSC with a collective means of production impacted the electricity

consumption of a sustainable neighborhood. This type of neighborhood is characterized by the use of one or

more sources of renewable energy, low energy consumption and a low carbon footprint. To simulate this

sustainable neighborhood, several parameters from the reference situation were changed:

1. The buildings were energy efficient, in conformity with the French building thermal regulation
standards of 2012 (Le Muet & Machner, 2012), which improved the properties of a building (e.g.,
better thermal insulation).

2. Heating systems and DHW tanks that were previously modeled with resistive heating did not consume
electricity from the grid, but used another energy source (wood or gas, for example) which is not
included in the electricity consumption simulated by our model. Heat-pump based heating and DHW
systems have not yet been modeled.

3. The association was equipped with 100 kWc collective PV panels.

Moreover, for this case study we only simulated proportional and fixed-rate exchange organizations. Indeed,
although a competitive exchange policy is not incompatible with a collective PV panel, this case study was

inspired by a real CSC experiment in France® which did not look at competitive exchange policies.

First, the simulation results highlighted the positive impact of the neighborhood's performance on the
electricity consumption of the association. Indeed, the annual electricity consumption of the entire

neighborhood decreased from 438 MWh (from the case studies of section 5.3) to 164 MWh.

Self-consumption | Self-sufficiency

Proportional exchange policy 43% 46%

Fixed rate exchange policy 43% 45%

Table 2 : self-consumption and self-sufficiency values of a sustainable neighborhood equipped with collective PV panels

The values given in Table 2 show that self-sufficiency and self-consumption in the association were almost

identical for the two exchange policies we implemented. By comparing the second row of Table 1 (an

> https://www.energetica-india.net/news/edf-installs-frances-largest-collective-self-consumption-pv-project
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association with individual PV panels without storage systems) with the results from Table 2, the self-
sufficiency varied from 45% to 46% compared to 23% in Table 1. However, it is also clear that self-consumption
did not really change from Table 1 to Table 2. This means that the households consumed less energy from the
energy provider, but they did not consume more local energy compared to an association with individual PV
panels without storage. Indeed, by creating a sustainable neighborhood we only reduced the total electricity
consumption of the households without changing their consumer habits, which is why self-consumption at the
scale of the association was similar between this case study and the reference association with individual PV
panels and without energy storage (section 5.2).
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Figure 10 : Distribution of self-sufficiency of sustainable neighborhood households

Looking at the distribution of self-sufficiency between the households shown in Figure 10, the exchange policy
did not impact the quantity of energy received by the households of the association. The main reason is that
the annual electricity consumption of the households in the association (164 MWh) was close to the quantity
of energy produced by the collective PV panels during the same year (120 MWh). Thus, the distribution of self-
sufficiency values was similar for the two exchange policies. In this case, during the day the collective PV panels
produced enough electricity to power the households of the association most of the time and the energy

exchange policy did not fundamentally impact the quantity of energy received by each household.

However, even if the production and the consumption in the association were similar, there was still 52 MWh

of energy produced by the collective PV panels which was not consumed by the households of the association

23



534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

and which had to be sold to the electricity provider. Nevertheless, the use of individual or collective batteries

could allow the association to consume all or part of this surplus energy.

5.5. Inter-association exchange
For this case study, we focused on the impact of inter-association exchange on the electricity consumption of
several associations. We simulated 5 CSC associations of 20 households each. Each association was

characterized by specific parameters to represent different ways of consuming, producing and storing energy.

For association A 10 households were equipped with 3.5 kWp PV panels. For association B, 10 households
were equipped with 3.5 kWp PV panels and an individual battery with a capacity of 14 kWh, and an electrical
power of 5 kW. For association C, 10 households were equipped with a 3.5 kWp PV panel. This association was
also equipped with a collective battery with a capacity of 140 kWh and an electrical power of 50 kW. For
association D, the buildings were high performance and built according to the French thermal regulation
standards of 2012; these households did not use resistive heaters or DHW production. The goal of this
modification was to reduce the electricity consumption. This association was also equipped with collective 20
kWp PV panels. Association E did not have any energy production or storage equipment. These 5 associations
used a proportional exchange policy to exchange energy. This is also the exchange policy used by the CEP for
inter-association energy exchange. Figure 11 shows the origin of the energy consumed by the different

associations.
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Figure 11 : Origin of energy consumed by the five associations

Associations A, B, C and D received only a small share of energy from inter-association exchange. Indeed, these
associations already produced energy at the same time and therefore wanted to exchange their excess energy
concurrently. However, of these 4 associations, association B received more energy from inter-association
exchange than the others. This is due to the presence of individual batteries, which reduced the amount of

energy potentially exchangeable between the households of the group.

Association E was the largest consumer of energy from inter-association exchange because it had no means of
producing energy. Inter-association exchange therefore allowed it to reduce its consumption of energy from

the network. In all, 11% of the energy it consumed came from the production of other associations.

It will be of great interest to set up studies at different scales, from the neighborhood to the city, for example.
With inter-association exchange, it will be possible to study the impact of the social, economic and

technological differences between associations on energy exchange.

Conclusion

In this paper, we presented a multi-agent and multi-level model to simulate CSC in the residential sector while
taking into account the activity of the inhabitants. Specifically, we modeled the contractual layer of the CSC,
responsible for energy exchange in the form of a metering operation. The first two levels of our model simulate

human activity and electricity consumption of the households through the SMACH platform, to which we
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added ISC mechanisms. This allowed us to obtain a realistic energy consumption profile by co-simulating a MAS
of human activity and a building thermal model. The third level, the association of households, is also a MAS
that was used to simulate energy exchange between households. The fourth level of the model allowed a
simulation of energy exchange between associations. One originality of this CSC model for the residential
sector is that it relies on a realistic simulation of human activity and household electricity consumption. To our
knowledge, the incorporation of human activity in a CSC simulation has not yet been included in the various

studies dealing with the simulation of CSC.

The case studies in this paper highlighted the capacity of the model to simulate various CSC configurations and
energy exchange policies. The first case study presented in this paper focused on the different impacts of
collective and individual storage systems on the electricity consumption of CSC households. The results showed
that, at the scale of the association, the use of collective batteries increased the quantity of energy produced
locally that is consumed by the households when compared to the use of individual batteries. It also reduced
the consumption of energy from the electricity provider. These results also showed the importance of taking
into account the objectives of households when setting up a CSC in an association. For an association where
the objective is only to increase self-consumption, the use of individual storage systems is, according to our
results, a solution to consider. On the other hand, within an association seeking a form of equity in terms of
self-sufficiency between households, the use of a collective storage system is a more appropriate solution. The
second case study focused on a sustainable neighborhood characterized by low electricity consumption. The
results showed that the exchange policy did not impact the self-sufficiency of the households when their
electricity consumption was similar to the electricity production within the association. Nevertheless, the
excess energy, i.e. not consumed by the association, was still high, even for a sustainable neighborhood. The
third case study highlighted the capacity of the model to simulate energy exchange between associations with
different characteristics. With such simulations it becomes possible to simulate associations with different
social, economic or technical characteristics. Thus, the model can be used to simulate CSC at different scales

such as a group of districts, a city or several nearby towns.

These first contributions to CSC simulation leave several questions unanswered for the development of a
general framework for studying CSC configurations. The next step is to consider the impact of CSC on the

energy policy within households, i.e. their preferences and decision-making related to the use of electrical

26



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

appliances. In fact, residents could choose to adapt their activities to skew the use of certain electrical devices
such as the washing machine to be in line with the availability of renewable energy. We started to work on this
question by developing a skewing strategy in SMACH, but we still need to validate these simulated decision-
making processes with field data in real CSC campaigns. Likewise, we are starting to set up policies for the use
of storage systems in SMACH, for example with strategies for charging or discharging energy depending on the
price of electricity in the group. The impact of energy exchange between households and associations on the
energy policy of the association itself must also be considered. An association is a legal entity that will take
decisions, for example on the way the collective means of production or storage are used within the
association. The cost of storage systems, whether individual or collective, will also be a factor to be considered
in this perspective and may therefore impact decision-making at the household or group level. Indeed, for the
current version of the model, we consider the energy coming from individual battery free of charge for the
household owning them. However, it’s important to consider the relatively high-cost of battery storage system
(Hafiz et al., 2018) in terms of installation but also the operation of such system. In case of individual storage
systems, storage cost must be considered by the inhabitants or by an algorithm which can automatically
manage the charge or discharge operations of the battery (Arora & Chanana, 2014). For collective batteries,
the storage costs could be charged to the residents in accordance with the energy they consume from shared
storage systems through various pricing strategies. The model of the present study should allow to implement
and test various alternative costs for individual and collective storage systems. Furthermore, the
implementation and operation of the local exchange place has a cost that must be taken over by the
households. Two kinds of cost for such systems were identified. First, the operating costs of the local exchange
place itself and the gain wanted by the operators of the local exchange place. Some authors already consider
such cost while calculating a price paid by each household for the energy exchanged (Wu et al., 2015). The
second cost is linked to the physical energy network not currently taken into account by the model.
Nevertheless, some authors consider an energy transmission cost for each exchange operation realized in a
group of household practicing CSC (Wu et al., 2015; Yaagoubi & Mouftah, 2017). An extensive simulation of
the costs paid by each household in an association considering storage costs is an important step that we must

consider in the future versions of the model.
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Other longer-term perspectives can be considered, namely the incorporation of CSC in an environment with
dynamic price offers, or the use of electric vehicles as a source of energy consumption but also of energy
storage. The modeling of an association in which households and buildings of the tertiary sector (e.g. a
supermarket, offices, hotels) using CSC could also be a way to enrich our model. Indeed, the geographical
proximity of buildings in the residential and tertiary sectors, particularly in cities, makes them good candidates
for energy exchange. The aim is to build a comprehensive approach articulating these different interactions at
different scales, and to validate these simulations by evaluating not only energy consumption but also the
behavior associated with energy exchange. As with SMACH, this work will be part of a research program on the
multi-agent simulation of energy use in households, which requires a strong multidisciplinary approach

combining computer science, cognitive ergonomics, statistics, economics and building energy modeling.
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