Multi-Agent Systems Society
for Power and Energy Systems Simulation

Gabriel Santos?, Tiago Pinto'?, Zita Vale!

1 GECAD — Research Group on Intelligent Engineering and Computing for Advanced Innova-
tion and Development, Institute of Engineering, Polytechnic of Porto (ISEP/IPP), Portugal
{gajls, tmcfp, zav}@isep.ipp.pt

2 BISITE research group — University of Salamanca, Spain
tpinto@usal.es

Abstract. A key challenge in the power and energy field is the development of
decision-support systems that enable studying problems<as a whole: The in-
teroperability between multi-agent systems that address. specific parts of the
global problem is essential. Ontologies ease the interoperability between heter-
ogeneous systems providing semantic meaning-to ‘the” information exchanged
between the various parties. The use of ontologies within-Smart Grids has been
proposed describing the basic concepts used. in electricity transportation and
distribution. However, these ontologies are focused on the needs from large-
sized players and operators. The development of ontologies that allow the rep-
resentation of diverse knowledge sources is essential, aiming at supporting the
interaction between systems of different natures, facilitating the interoperability
between these systems. This paper proposes a set of ontologies to enable the in-
teroperability between different types of agent-based simulators, namely regard-
ing electricity markets; the smart grid, and residential energy management. A
case study based on real data shows the advantages of the proposed approach in
enabling comprehensive power system simulation studies.

Keywords: Multi-agent Simulation, Power and Energy Systems, Semantic in-
teroperability

1 Introduction

The emergence of liberalized electricity markets (EM) completely revolutionized
the'power sector business. Several challenges have been introduced during the sector's
restructuring process. It required the transformation of the conceptual models that
previously dominated the power sector [1].
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The market became more competitive, but also more complex, posing new chal-
lenges to its participants, forcing them to rethink their market strategies and conse-
quently their behaviour. The new challenges that EM restructuring produced in-
creased the importance of EM operation study. The raised complexity and competi-
tiveness of the market together with its unpredictable evolution, hardens the decision-
making process [2].

Several models have emerged trying to overcome market challenges. Despite the
guidance provided by some pioneer countries experience in what regards the imple-
mented market models' performance, it is still premature to take definitive conclu-
sions. Thereby, the use of tools that allow the study of different market mechanisms
and the relationships between market entities becomes essential. The useof simula-
tion tools becomes decisive in order to study, analyse, and test different alternatives
for markets' structure and evolution, providing entities with decision support.tools to
address the new challenges. These tools aim to deal with EM constant evolving reali-
ty, ensuring the appropriate solutions to actors adapt themselves to this new reality,
acquiring experience to operate in this changing economic, financial, and regulatory
environment. Operators must guarantee a transparent and competitive market while
market players try to minimize their costs and maximize their profits [3].

For the analysis of dynamic and complex environments, such as the EM, multi-
agent based simulators are particularly well suited [4]. Multi-agent approaches enable
an easy inclusion of: new market models and‘mechanisms, new types of market play-
ers and interactions [4]. Some reference modelling tools of this domain are: the
Agent-based Modelling of Electricity Systems (AMES) [5]; the Electricity Market
Complex Adaptive System (EMCAS) [6], the Multi-Agent Simulator of Competitive
Electricity Markets (MASCEM) [7] and Multi-Agent Smart Grid simulation Platform
(MASGTiP) [8].

These are relevant tools but are often directed to the perspective of market opera-
tors and regulators, while not providing an adequate decision support to the participat-
ing players. In this scope, AiD-EM (Adaptive Decision Support for Electricity Market
Negotiations):has been developed [9] with the objective of supporting players in their
negotiation process.

The adequate applicability of multi-agent simulation to the study of EM has al-
ready been confirmed. However, there is a lack of interoperability between the vari-
ous systems. These tools focus only on the study of the different market players and
mechanisms, and on the analysis of the relations between those entities, but they still
do-not allow interoperability with heterogeneous tools of the same domain. These
systems can benefit significantly from sharing their models with each other, allowing
agent-based players from external systems to participate in the same market environ-
ment, from which they can learn from each other. Such interoperability would allow a
strong improvement in EM studies and development EM simulators must be flexible
in order to handle this complex and evolving reality, providing players with proper
tools to adapt themselves to this dynamic reality and learn from experience. This is
discussed in [10], where a short motivation for the need of developing ontologies as a
way to enable the interoperability among heterogeneous Multi-Agent Systems (MAS)
is addressed, culminating on the discussion on the expected advantages of creating a



so-called Multi-Agent Systems Society, in which different systems interact with each
other using the ontologies as communication language, and also enabling the interac-
tion with other external systems that may arise in the future.

This paper provides a step forward in this domain, by introducing a set of ontolo-
gies, including the Electricity Markets Ontology (EMO) and specific ontologies for
the power and energy systems’ domain, designed to provide the means to achieve
interoperability between power and energy multi-agent simulation platforms. Using
these ontologies, a society of multi-agent systems is designed and developed. This
MAS society allows integrating the various MAS, which enables the simulation of
scenarios involving entities from the final consumer, through the management of
resources by aggregators, to participants and operators of wholesale EM. In this way
it is possible to undertake joint simulations between the various systems, allowing a
more comprehensive study; and to enable the joint management. of multiple
knowledge sources from different natures, by integrating the systems with the several
sources of data, through a common language.

After this introductory section, an overview of the propoesed MAS society is pro-
vided in section 2. Section 3 presents the proposed ontologies, while section 4 fea-
tures a case study based on real data from several European EM operators. Finally,
the conclusions are presented in section 5.

2 Multi-Agent Systems Society

Power and energy systems are complex and dynamic environments, characterized by
constant changes. Studying such complex. systems requires complex modelling and
simulation tools, to enable capturing the complete reality. For this purpose, this work
proposes a MAS architecture that is"'composed by multiple independent MAS, di-
rected to the study of specific parts of the system, which, through the interaction of
the involved agents, enable modelling the system as a whole.

The different MAAS. that.compose the MAS society are developed in JAVA lan-
guage and use the JADE platform to implement the agents, making the whole system
FIPA (Foundation for Intelligent Physical Agents) compliant. FIPA defines a set of
guidelines.to reach interoperability between agent-based systems. In order to achieve
the required.interoperability, it is essential that agents and MAS share a common
vocabulary and-means of communication. In order to accomplish these requirements,
agents the different MAS in this work use ontologies, which allow the sharing of vo-
cabulary-and mapping of concepts between systems, so that they can communicate.
The ontologies are formulated in OWL DL, with representation in RDF/XML and are
presented in section 3. In order to allow the interoperability between the systems,
ontologies enable them to speak the same language and to understand the same con-
cepts and terms, preventing different interpretations of the same information. Two
types of ontologies are used. The first type is conceptual ontologies, which are the
basis for communication between systems. These ontologies allow the description of
the vocabulary that is shared between the systems. The second type of ontology is
related to the procedural part of the systems (application ontology), and it is used to



describe the way the systems work through the description of its services and com-
munications, detailing inputs and outputs.

The MAS society includes several independent MAS, which cover the entire ener-
gy system, from the simulation from wholesale electricity markets until the environ-
ment inside consumers’ houses. The electricity market simulation is performed by
MASCEM [4]. MASCEM accommodates the simulation of a diversity of market
models through a multi-agent model that includes agents to represent the market op-
erator, the system operator, buyers, sellers and aggregators. MASCEM also enables
the participation of external agents in market simulations, such as small players that
are part of other systems, e.g. Smart Grid (SG) operators or other aggregators.

The decision support to market negotiations is provided by another MAS, AiD-EM
[9]. AID-EM includes agents to perform several tasks, such as the optimization of
markets participation portfolio, and the decision support in auction based markets and
in bilateral contracts.

The modelling of smaller players at the microgrid and SG'level is provided by
MASGtiP, which simulates, manages and controls the most.relevant players acting in
a SG environment [8]. This system includes fully simulated players, which interact
with software agents that control real hardware. This enables the development of a
complex system capable of performing simulations.with.an agent society that contains
both real infrastructures and simulated players, providingthe means to test alternative
approaches (Energy Resource Management (ERM) algorithms, Demand Response
(DR), negotiation procedures, amongathers) in a realistic simulation setting [11].

The Intelligent Decision Support (IDeS) MAS provides several services to external
systems, namely: forecast algorithms (i.e. artificial neural networks, SVM and fuzzy
inference systems) to be used to_forecast consumption, generation, market prices, etc;
DR programs; ERM systems.for SG_.and microgrid levels, among others. SCADA
House Intelligent Management (SHIM) is a building energy management system,
whose main goal is testing, simulating, and validating new algorithms and methodol-
ogies to apply in house/buildings’ management [16]. In order to obtain a realistic
simulation, the platform comprises real equipment such as several types of loads, mini
and micro distributed generation (photovoltaic panels, wind generator), and storage
systems that allow the simulation of the electric vehicles behaviour.

To ensure the simulation of complex scenarios, SHIM is able to control real loads
and virtual loads simulating the characteristics of the real ones. The system is com-
posed of different modules that are grouped into three different parts: the Data acqui-
sition, the Actuators, and the Intelligent Applications where is included the learning
algorithms. The detailed information of the structure can be found in [12]. The control
of physical devices is accomplished by the connection to another MAS, the
PLCMAS. The PLCMAS allows to test the scenarios in a real environment, being
able to apply the results to physical devices, making them act accordingly. These
devices are essentially lights, sockets and HVAC, and need to be connected to a Pro-
grammable Logic Controller (PLC).

Finally, an innovative tool is also used for the control and simulation of the MAS
society. The Tools Control Centre (TOOCC) allows the simulation of the various
systems/algorithms independently, as well as the joint simulation of some or all sys-



tems present in the agent society. TOOCC also facilitates the automatic analysis of
the various simulations and knowledge sources, in an integrated manner [13]. Fig. 1
shows the overall connection between the different systems.
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Fig. 1. Multi-Agent systems society [14]

The main advantage of the proposed MAS society is to enable the study and simu-
lation of diverse and complex scenarios-involving one or more systems devoted to
distinct problems. Therefore, different complex dynamics between the agents of the
different MAS can be accomplished and personalized, configured and analysed using
TOOCC. The proposed MAS: society enables modelling the power and energy system
as a whole, by representing the most relevant players through software agents, in the
respective specific MAS.

3 Ontologies for MAS interoperability

Currently, MAS in the power system’s domain are developed with their own specific
ontologies. These systems share common concepts that are differently represented
between the independently developed ontologies, and translating these concepts au-
tomatically is not straightforward. In order to take full advantage of the functionalities
of those systems, there is a growing need for knowledge exchange between them.

This paper proposes the use of ontologies for the interoperability of multi-agent
simulation platforms in the power and energy domain, which can be extended in a
way to enable the full interoperability between those systems. The ontologies provide
the means to successfully exchange meaningful information that can be easily inter-
preted by software agents.



3.1 EMO specification

The EMO incorporates abstract concepts and axioms referring to the main existing
EM. This ontology aims to be as comprehensive as possible so that it can be extended
and reused in the development of (lower level) market-specific ontologies. It was kept
as simple as possible in order to facilitate its reuse and extension independently of the
market’s features and/or rules. However, given that the suggested ontologies were
developed considering its use by agent based simulation tools, some markets’ con-
straints were also defined in EMO. EMO has expressivity ALCHIQ(D) [15]. Fig. 2
illustrates EMO’s relations between the identified classes and object and data proper-
ties. From Fig. 2 it is possible to see the object properties represented in blue'and the
data properties defined within each class with the respective data types. The orange
relations represent the inferred object properties, which are inverse properties of the
ones defined in blue in the opposite direction.
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Fig. 2. Electricity Markets Ontology (EMO)?

From the concepts shown in Fig. 2, the definition of an Area includes a string
name, a double minPrice and a double maxPrice. All the three data properties are
defined as Functional. A functional property is a property that only relates the same

2 Available online: http://www.mascem.gecad.isep.ipp.pt/ontologies/imgs/fig2.png
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subject to one single object/value. Each EM area has an identifying name and its min-
imum and maximum prices are usually defined in its market rules.

An Operator includes only a name, while the MarketOperator and SystemOp-
erator classes are extended from Operator. Other types of operators may be present
in different EM, which can be defined is each market’s ontology after importing the
EMO.

A Period is here identified only with an id and (period) number. These two proper-
ties are both Functional as well, and it has been found important to include them.in
this ontology due to simulation and data storage purposes. It is certain that a period
(of time) can also be defined with a start and end instants, but that terminology was
left open so that, if required, one can always extend its definition in the ontology by
importing EMO. Both Price and Power are defined as a set of a unit (e.g. EUR and
MW respectively) and a value in double, being these two data properties Functional
as well. An Offer, in turn, includes an id, a number and exactly a’Power and a Price
set by the object properties hasPower and hasPrice respectively.-These two object
properties are also Functional.

A Bid also includes an id, in addition to a transactionType (“buy” and “sell” only),
a single Player (set with the Functional object property placedByPlayer) and Offers
(set by the hasOffer object property). A Player includes a name, and identifies its
Area and placed Bids with the respective object properties fromArea and placesBid.
The placesBid object property is the inverse“of.placedByPlayer, being also Inverse
Functional, i.e. this property only relates the same object/value to a single subject. An
Aggregator, on the other hand, is a subclass of Player, which aggregates other Play-
ers. The aggregates object property is inverse of the aggregatedBy object property,
being this last inferred by the reasoner-when active.

A Session includes an id, a number, a date, the numberOfPeriods and the
maxNumberOfFractions data properties, and also the Periods. The date data property
is Functional, the numberOfPeriods identifies the number of periods to consider in
the simulation, while the maxNumberOfFractions determines the maximum number
of fractions (Offers) per Bid.The Periods are set with the hasPeriod object property,
which is Inverse Functional. The MarketType is defined by an id, a name, the
maxNumberOfSessions, including its Sessions and Operators. The maxNumberOf-
Sessions determines the maximum number of sessions to consider in the simulation.
The Sessions.and Operators are set with the hasSession and isOperatedBy object
properties respectively. The hasSession property is Inverse Functional and the isOp-
eratedBy isthe inverse of operates object property, which is inferred by the reasoner.

A Market comprises a name, a startDate, an endDate, a cfpTime, and its Area(s),
MarketType(s) and Operator(s). The startDate, endDate and cfpTime properties are
Functional. The startDate and endDate describe the simulation start and end dates,
from which are also determined the number of simulation days. The cfpTime sets the
call for proposal time limit a MarketOperator will wait to receive the players’ pro-
posals. The Area(s) are set through the hasArea property, the MarketType(s) by the
hasMarketType property and the Operator(s) via the hasOperator object property.

A BilateralContract includes a buyer and a seller Player, a start and an end Peri-
od, a Power amount and a Price offer. The players are set by the hasBuyer and has-



Seller Functional object properties. The start and end periods by the hasStartPeriod
and hasEndPeriod properties respectively, where both are also Functional. And the
hasPower and hasPrice properties set the Power and Price respectively.

Finally, the Area, the Operator, the Period, the Power, the Price, the Offer, the
Player, the Bid, the Session, the Market, the MarketType and the BilateralCon-
tract classes are all Disjoint Classes, meaning that none of these classes has members
in common. In other words, an element cannot be an instance of more than one of
these classes, or else it makes the ontology inconsistent.

EMO was formulated in OWL DL, using Protégé® tool, and its representation is in
RDF/XML. It is publicly available* so it can be used by third-party developers who
wish to integrate their agent-based simulators with MASCEM, taking advantage of its
simulation capabilities and market models. On the other hand, EMO may also be re-
used and extended for the development of new multi-agent simulation.

3.2  Additional modules

To enable semantic communication between the market operator and player agents,
two additional modules have been developed separately from EMO. These are: (i) the
Call For Proposal Ontology (CFP) and (ii) the Electricity Markets Results Ontology
(EMR). Although these ontologies are not detailed in this paper, they are also publicly
available®.

The CFP has the purpose of being used by the market operator agents to ask player
agents for bids to be placed in the market, and for players to send their proposals to
the respective market operators. In"turn, the EMR is the ontology used by market
operator agents to inform player agents about their results and outcomes in the mar-
ket. Both modules have expressivity ALCHIQ(D), similarly to EMO, and have also
been formulated in OWL DL, being represented in RDF/XML as well.

As in usual ontological development good practices, CFP and EMR are independ-
ent from EMO as they do not directly integrate concepts that define an electricity
market; rather concepts that are related to an electricity market.

3.3  Complementary ontologies

The electricity market ontologies are complemented by a large number of other on-
tologies that are useful not only for communication purposes, but also for knowledge
representation and sharing among the software agents. Most concepts represented by
these ontologies are shared by multiple systems, in particular the concepts referring to
smaller-sized energy resources and devices, namely the ones part of MASGriP, SHIM
and PLCMAS. These ontologies can be summarized as follows:

3 http://protege.stanford.edu/

4 http://www.mascem.gecad.isep.ipp.pt/ontologies/electricity-markets.owl

5 http://www.mascem.gecad.isep.ipp.pt/ontologies/call-for-proposal.owl,
http://www.mascem.gecad.isep.ipp.pt/ontologies/electricity-markets-results.owl
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e SEAS-ActorOntology: The SEAS Actor Ontology defined for the ITEA2 SEAS
project

e SEAS-ActorVocabulary: The Seas Actor Vocabulary defined for the ITEA2
SEAS project

e SEAS-AreaOntology: This ontology is targeted for defining structure of build-
ings (or more general facilities) and zones related to control and measurement
with links to various BIM (Building Information Model) related standards

e SEAS-BuildingCategoriesVocabulary: The SEAS Building Categories for the
ITEA2 SEAS (Smart Energy Aware Systems) project. This module presents
subcategories for classifying building related

e SEAS-EnergyFormVocabulary: This vocabulary defines forms of energy, such
as ElectricEnergy, NuclearEnergy, MagneticEnergy or ThermalEnergy

e SEAS-ElectricityPlayerOntology: This ontology defines electricity. players and
electricity market, as systems that exchange electricity

e SEAS-ElectricPowerSystemVocabulary: The SEAS Electric. Power System Vo-
cabulary defines: 1) Electric power systems that consume, produce, or store elec-
tricity, 2) electrical connections between electric power systems, where electrici-
ty is exchanged, and 3) electrical connection Points.of electric power systems,
through which electricity flows in/out the power systems

e SEAS-FlexibilityVocabulary: The SEAS Flexibility"Vocabulary defines code
lists to interpret evaluations of operating features of interest. For instance, the
value may be the minimal operating value

e SEAS-LightSystemOntology: This vocabulary defines light Systems, and their
common properties

e SEAS-ThermodynamicSystemOntology: This ontology is targeted for defining
thermodynamic systems-and their.relations

e SEAS-ThermodynamicSystemVocabulary: This vocabulary defines common
properties of thermodynamic systems, and evaluation interpretation code lists

The developed ontologies _not only enable the interoperability between different
MAS but also represent.the concepts needed to understand and use empirical data,
from different sources. These data can be acquired in real time through analys-
ers/sensors, or even databases available online. For that, the developed ontologies
allow the representation of knowledge in a common vocabulary, regardless of the
source; thus facilitating interoperability between the various heterogeneous systems
and data, information and knowledge sources, with the ultimate goal of achieving an
enhanced simulation platform for fully transactive energy systems.

4 Case Study

This case study intends to demonstrate the usefulness and advantage of using EMO to
support players’ participation in the market. The simulation scenario was created with
the intention of representing the European reality through a summarized group of
players, representing buyer and seller entities of each area of each regional market. It
includes two agents (buyer and seller) per area, practicing the average prices and ne-



gotiating the total amount of power that have been transacted in each of these areas in
the reality, for the day 16" January, 2013 (Wednesday).

Forty one areas are considered, i.e. 41 buyers and 41 sellers, resulting in a total of
82 players for this simulation. The selected market type is the symmetrical day-ahead
pool without considering any complex offer or condition.

As the simulation starts, the market operator sends a call for proposal (CfP) to each
registered player. Fig. 3 presents a snippet of the CfP sent by the market operator. The
full version can be found online®.

S [ <rdf:Description rdf:about="mibel.owl#iM-MIBEL">

& <emp:hasMarketType rdf:rescurce="mibel.owl#iMT-SPOT"/>
7 <emo: name>MIBEL</ emo: name>

8 <rdf:cype rdf:resource="mibel.owl#MIBEL"/>

g - </rdf:Description>

[F] <rdf:Description rdf:about="call-for-proposal.owl#iCFP-DayAheadSession2013-01=16-0">
41 <cfp:forElectricityMarket rdf:resource="mibel.owl#iM-MIBEL"/>

42 <rdf:type rdf:resource="call-for-proposal.owl#CallForProposad"/>

3 -  </rdf:Description>

Fig. 3. CfP RDF snippet

Analyzing Fig. 3, it is possible to observe the definition of a-CallForProposal (from
line 40 to line 43) for the EM named “MIBEL” (defined from/line 35 to 39).

After receiving the CfP, each player queries its knowledge base in order to send its
proposal to the respective market operator. Fig. 4 presents a snip of the Proposal sent
by agent Seller 38. The complete version.is available online’.

f—] <rdf:Description rdf:about="mibel.oWl#1Pricel-Pl1S9-DayAheadSession2013-01-16-0">
<emo:value rdf:datatyvpe="http://www.w3@rg/2001 /XMl.Schenafdouble">60.04</emo:value>
569 <emo:unit>EUR</emo:unit>

<rdf:type rdf:resource="electricity-marketS.owl#Price"/>
571 F  </rdf:Description>
572 [ <rdf:Description rdf:zbout="mibel.owl#iOfferl-Pl9-DayAheadSession2013-01-16-0">
3 <emo:hasPrice rdf:rg@eurce="mibel.ewl#iPricel-P19-DayAheadSession2013-01-16-0"/>
<emo:hasPower rdf:resource="mibel.owl#iPowerl-P19-DayAheadSession2013-01-16-0"/>
<emo:number rdf:datatype="http://www.w3.orq/2001/¥ML.SchemagunsignedInt">1</emo: number>
<emo:id rdf:datervpe="http: //www.w3.org/2001 /MMl Schemagnnsiognedlong">3468251671864012524</emo1id>
<rdf:type rdf:resource="electricity-markets.owlfOffer"/>
F  </rdf:Deseription>

Fig. 4. Seller 38's Proposal RDF snippet

Observing Fig. 4, it is noticeable the definition of an Offer for period 19 (between
lines 572 and 578). The Price proposed for this offer is defined from line 567 to 571.

After receiving the proposals and validating all incoming offers, the market opera-
tor<analyses the bids, and generates the RDF results to be sent to the participating
players. An excerpt of the RDF result achieved by Seller 38 is illustrated in Fig. 5.
The full version of this RDF can be found online8, where the results may be observed
with better insight.

6 http://www.mascem.gecad.isep.ipp.pt/ontologies/paper/paams/16/CfP.rdf

7 http://lwww.mascem.gecad.isep.ipp.pt/ontologies/paper/paams/16/Proposal.rdf
8  http://www.mascem.gecad.isep.ipp.pt/ontologies/paper/paams/16/Result.rdf



<emo:value rdf:datatvpe="http://www.w3.org/2001 /MLSchenafdouble">61.52</emo:valuer
<rdf:type rdf:resource="electricity-markets-results.owlf#MarketPrice"/>
</rdf:Description>

&7 E—] <rdf:Description rdf:about="electricity-markets-results.owl#iTradedPower-HourlyResult-19">
68 <emo :unit>MW</emo i unit>

a9 <emo:value rdf:datatvpe="http://www.w3.org/2001/¥MLSchenafdouble">11364.2</emo:valus>

T0 <rdf:type rdf:resource="electricity-markets-resnlts.owl#TradedPower"/>

T1  </rdf:Description>

T2 = <rdf:Description rdf:about="electricity-markets-resunlts.owl#iTradedPower-HourlyResult-8">

73 <emo :unit>MWS/emoiunit>

T4 <emo:value rdf:datatype="http://www.w3.org/2001/¥MLSchemagdouble">11351.9</emo: value>

TS <rdf:type rdf:resource="electricity-markets-results.owl#TradedPower"/>

76 F </rdf:Description>

TT = <rdf:Description rdf:about="electricity-markets-results.owl#iMarketPrice-HourlyResult-19">
T8 <emo:unit>BOR</emo:unit>

T3

80

Fig. 5. Seller 38's Result RDF snippet

By the analysis of Fig. 5 it is possible to observe the traded power of Seller. 38 (be-
tween lines 67 and 71) and market clearing price (from line 77 to line 81). of period

19.

Fig. 6 presents the results achieved by Seller 38 for each:hourly period of the con-
sidered day. As it is possible to notice, Seller 38 sold almost all its available power for
the 24 hourly periods of the day. In periods 4 and 6 Seller 38 was not able to sell any
of the offered power. In turn, in period 5, this agent is‘the one who determines the
market price (agent’s bid price is equal to the market price), being only able to sell
less than ¥4 of its available power. Market prices vary approximately between €38
(period 4) and €75 (period 10).
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5 Conclusions

In order to disseminate the development of interoperable MAS within power engi-
neering, interconnection issues must be addressed. To take full advantage of these
systems, there is a growing need for knowledge exchange with the aim at providing
full interoperability between different systems. With the objective of overcoming
these issues, the Electricity Markets Ontology (EMO) is proposed, gathering the EM
main concepts, enabling the interoperability of independent multi-agent based simula=
tion platforms.

Additionally, particular modules conceived to deal with the different communica-
tions between power and energy players have also been developed. Using these ontol-
ogies, different types of agents are able to communicate with each other, understand-
ing a common language, while providing the means for any agent from external sys-
tems to do the same, simply by importing the developed ontologies. By “speaking the
same language”, agents from different communities can understand each other and
communicate efficiently, without the need for spending unnecessary-computational
resources and execution time (essential in a simulation process) in translating messag-
es.

The developed ontology is publicly available online'so it can be easily accessed,
reused and extended by Ontology Engineers or MAS developers in the scope of EM.
This is a relevant contribution, not only to provide the participation in joint simula-
tions in the power and energy domain, but also to give the basis for the development
of other systems specific ontologies. The comparison of the system’s performance
with and without the use of ontologies is considered as future work, as well as the
conversion of RDF messages to JSON-LD®°to reduce the computational weight of
communications.

The presented case study-has shown the usefulness of using the proposed ontolo-
gies in the scope of EM simulations. The new MAS society resulting from the integra-
tion of the proposed ontologies for interoperability of several MAS simulators, pro-
vides a solid platform to study and explore the implications and consequences of new
and already existing approaches in EM. Researchers of the power systems area con-
sider tools with this type of capabilities essential in order to be prepared to deal with
the constant changes in the EM environment.
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