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ABSTRACT

Essential steps in building agent-based models ois t
conceptualize, quantitatively representing and émanting
the behavior of agents. A formal approach is preskto
model the behavior of consumers, institutions anganies
as rational decision-makers. Key element is a dener
ontology for socio-technical systems and a framé&wfor
conceptualizing actors as agents with strategictictzand
operational behavior. The approach was used tesept the
behavior of electricity producers who must decide o
investments, day-to-day operations and deal with, CO
emission-rights. This exercise amply demonstrdtesvalue

of using a formal conceptual framework in the depetent

of agent-based models.

INTRODUCTION

Infrastructures for transportation, telecommunimatinatural
gas, electricity, etc. are essential for a modewustrial
society. Infrastructure networks are technologjcatlvanced
large scale systems, which development, structurd a
operation is decided upon by a myriad of actorsesth
infrastructures arsocio-technical systemwhich are defined
as systems in which physical elements are embedded
social network of actors and institutions. The tleity
infrastructure system, for example, not only cassi the
physical infrastructure for  electricity  production,
transportation and distribution, but also spansctetgty
producers, network operators, a variety of consamer
financial institutions, knowledge and service pdwers. Its
evolution and operation is determined by discretents,
decisions by incompletely informed (ir)rational,eags on
continuously operating, interconnected systems. &s
consequence, the dynamics of this and other iméretsire
systems cannot be predicted from scientific andnemging
principles alone. Indeed, management science
psychology, sociology and economy.

uses

We believe that combining knowledge from both ergiing

and management science is required to successitilpre

the emergent behavior of these systems by simalatio

Appropriate  models for socio-technical systems must
represent a great many external factors, apparatus,

technologies or facilities and a spectrum of actdree latter
determine government policy, develop and interpret
regulations, invest under uncertainty in a glolahtinental

or regional market, respond to consumer demand and
preferences, ensure proper operation, avoid caogeahd

S0 on.

Particularly agent-based models (ABM) appear slétab
explore and gain insight in the dynamics of soeichnical,
systems: in a socio-technical system, a subsysteattors
and a technical subsystem interact on differentltevof
aggregation. Agent-based simulation models can euthe
discrete events, multi-level (disaggregate) denisi@aking,
emergent markets (Dast al, 2007; Nikolicet al, in print)
More important, ABMs offer a good way to includeeth
social and behavioral aspects. An ABM model deserithe
behavior of parts of the system, the system behaierges
from the behavior of the smaller autonomous p&eng and
Lukszo, 2006). Therefore, ABM simulations can bedufor
explorative research with different scenarios.

There is a wide range of application domains foDMABince
agent-based modeling originates from different aede
domains, such as social sciences, mathematics ramd f
artificial intelligence (Wooldridge and Jennings995;
Bussmanret al, 1998; Jennings, 2000). The agent paradigm
in agent-based research can be very conceptudiastb be
operationalised to be applicable in simulation.

A modular and flexible environment to set-up anecate
ABM simulations has been developed (Nikadital, 2004;
Nikolic et al, 2006). By using an ontology as its foundation
(Dam et al, 2006) effective representation and
implementation for a range of problems in a top-dow
procedure has become feasible. The remising ‘stioula
engine’ is suitable for doing experiments in diéet
domains.

In this paper we focus on the conceptualization and
formalization of agent behavior with respect tatgic and
operational decisions. The case study presentedessizs
part of the electricity infrastructure, notably tbéectricity
production sector where producers must deal with, CO
emission-rights trading. The main objective of tase study
was to obtain insight in the effect of the polieystrument
CO, emission-trading (CET) on the types of power ant
power producers prefer to build and the power geiter
portfolio that emerges from their decisions overti
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Figure 1. Socio-technical Power Production System
(Chappin and Dijkema, 2007b)

The main question addressed in this papeH@wv can the

decision-making process of electricity producers,
investing in and in control of power plants, be modled

for use in an agent-based model?

The remainder of the paper is structured as folldwrst the
system description and the background of the cesgigen.
Second, a generic conceptual framework for soabrtieal
systems consisting of agents and physical insiafiat is
presented. Third, the decision-making process eftetity
producers is operationalised using the presentedework.
Some results are given to illustrate the advantay¢he
approach used. Conclusions are given and some #&reas
future work are identified.

SYSTEM DESCRIPTION

The system studied is that wherein electricity picas play
a pivotal role: the electricity infrastructure. Tayd electricity
producers must effectively operate in power-exckang
markets, but also in markets for fuels, capital antssion
rights. The electricity infrastructure is a soocéahnical
system: The social network is composed of powedyetion
companies, retail companies and consumers thae toed
different markets. Governments and regulatory hodiee
also part of this network. Power generation faesit power
grids and consumers equipment form the technicalork.
Figure 1 shows the interdependencies of the scaial
technical networks. Electricity producers thus mogerate
and invest in power plants respecting current rudesl
regulations. Consumers invest and operate theirusad
equipment. Suitable power grids operated by distidin
companies and/or controlled by government conrrectwo.

Each of these must anticipate and act upon denmmarket
and regulatory developments expected in interdegrand
social and technical subsystems.

CET affects producers decisions to invest by facihe
possession of permits for emitting €(Laurikka and
Koljonen, 2006; Olsina et al., 2006). The amounpefmits
issued is limited and can be traded amongst padies
emission markets (Svendsen and Vesterdal, 2003ghkded
and Svendsen, 2004; Schleich et al., 2006). CET is
implemented because it is assumed that it would teahe
most cost effective emission reduction due to tineisible
hand” (Smith, 1776; Svendsen, 1999). Because tigetlerm
impact of CET is unknown and serious experiendadking,
we conjectured that agent-based simulations coeld to
provide insights (Chappin and Dijkema, 2007a).

The main impact of CET on total sector £@missions
would emerge from altered investment decisions @fqy
producers (Chappin and Dijkema, 2007a). Governments
implemented this instrument because it is assumadttwill
lead to a less C@ntensive generation-portfolio. However,
the producers, the agents in the electricity infeadures, are
autonomous. History shows that individual produciyaot
exhibit the same decision-behavior. Furthermoregstment
and disinvestment decisions are discrete eventst @iapital-
intensive pieces of equipment. Agent-based modeés a
suitable for explicitly simulating this. Our reselrinto CET
effects is of an exploratory nature, mainly becaafdhe lack

of historic data on emission-trading and its impact
Exploratory modeling for decision-support is veryelw
possible with agent-based modeling.

CONCEPTUAL FRAMEWORK FOR  SOCIO-
TECHNICAL SYSTEMS CONSISTING OF AGENTS
AND PHYSICAL INSTALLATIONS

The conceptual framework presented here consistthef
definition of an ontology, which is a formal spécition of
concepts from a certain domain. Here the domathas of
socio-technical systems and the ontology aims anhgbe
generic so that different application domains cae b
expressed with it. The concepts defined in thelogtoform
the communication language of the agents as welthas
framework in which the decisions of the agent®isnfalized.
The concepts are abstract descriptions of classes.

Figure 2 shows a fragment of the ontology that dless the
agents and physical installations as nodes. Agenthis

model own physical apparatus that are on the lefel
physical assets. Physical assets do not act theessas they
are passive and controlled by agents owning theéma. main
concepts from Figure 2 are introduced below:

» Agent: Representation of an actor or institution. Can be
the owner/controller of physical installations. Atge
have decision-making abilities and can interachwiher
agents, forming a social network. Examples are the
electricity production companies, the world markbg
power exchange, etc.

» Technology: A physical installation that transforms
physical flows. Technologies cannot make decisions
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Figure 2. Fragment of the ontology, showing themud&sses
of the socio-technical system (social nodes andiphly
nodes) as well as the links and properties

themselves. They operate in a certain operational
configuration, which describes which flows go indan
which flows go out. Technologies are connected with
other technologies forming the physical network.
Examples are a coal power plant, a wind farm, wrani
delivery, etc.

» Edge: connections between nodes (given that both agents

and technologies are nodes). Social nodes (such as

contracts) connect social nodes, while physical
connections (such as cables or pipes) and phyfived
(such as flows of electricity over time) can onlgcar
between physical nodes.

» Properties: Both nodes and edges can have physical,
economic and design properties. These propertigd) s
as voltage, price, or maintenance costs, desctiige t
elements that they are attached to.

This fragment of the ontology shows the specifasskes and
properties used in this model. It is only a smalitpof the
full ontology, with other classes such as data flansport
contract, industrial plot, an extensive hierarcliyabels for
goods, and more properties such as GIS locatiohasep
state, voltage, composition, distance and transpodality.

Besides this ontology structuring its conceptanedel is
proposed to structure the socio-technical systseifitin the
Three Layer Model, the social and technical sulesystare
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Figure 3. Three Layer Model (Chappin, 2006)

distinguished as well as their interaction. The eEhtLayer
Model, shown in Figure 3, defines the interdependenof
actors and their physical assets. Actors in thewead are
modeled as agents that manage on a strategicdededn an
operational level. Agents thus act on these twelte

On the strategic level agents make and plan fog f@mm

decisions that can affect their long term perforogarSuch
decisions can be investment decisions, but alseideration
of its objectives. On the level of operational ngamaent,
daily procedures are followed and decisions arertatn a
regular basis. This includes negotiation and catitrg,

buying resources and selling products, for examlecall

that actors and physical assets are in the ontokgesented
as social and physical nodes respectively, moreifsqely

as agents and technologies.

Not only the distinction between agents and its spia}
assets are apparent in this model, but also tkeaiction that
occurs between the three layers. The ontology qiscare
merged with the three layer concept to formalizés th
interaction (see Figure 4). Strategic and operation
management, as mentioned in the Three Layer Mauel,
parts of agents. Both are distinct and have detisiiteria
originating from agents identity. Those criteriafide the
agents’ management style. Interaction is translated
different types of edges (depicted as the threewarin
Figure 4).

On the top layer, the decisions of agents can teadhanges
in its identity, but also to changes in the owngrsbf
physical installations. That means tlatnerships relations
are defined at the strategic level. On the inteiatedayer,
agents negotiate and engage into agreements witér ot
agents. This interaction is structured dantracts. On the
lowest layer, interaction has a physical nature.e Th
interaction of physical assets is Ippysical exchangeof
materials. Interaction on all those levels is in the ontglog
grasped in edges.
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To summarize, social and physical nodes are dished.
Social nodes are called agents; agents act byegitat
management to change its identity and its ownerstip
physical nodes, also called technologies. Agents tac
operational management to engage in contracts hysiqgal
installations constitute a physical network in Whioaterials
are exchanged. Actions are based on economic, gathyend
design properties of the agents and physical iatitats.

OPERATIONALISING  DECISION-MAKING  OF
ELECTRICITY PRODUCERS

In this section, the decision-making of electrigitpducers is
operationalised structured according to and basedhe
presented conceptual framework. As discussed in the
previous section, agents act on two levels. Thistice
focuses on the electricity producing agents, botescemarks

are made on the other agents as well. An overviethe
agents is drawn in the inner circle of Figure S5xN®© six
electricity producers the government, consumer,erth
industry, power, fuel and emission markets and renment

are modeled as agents as well. In this sectiomtesfic
management and operational management are separatel
discussed.

Strategic management of electricity producing agest

Electricity producing agents’ strategic managemisnthe
decisions to invest or disinvest in power plants ahe
criteria to do so. In reality this is a processviiich preferred
type and timing of investments and disinvestmentsnaade
together. For practical reasons, it is chosen tit #pis
process in three consecutive parts. The followiegision
scheme is constructed:

1. deciding what power plants should be dismantled
a. because the technical lifetime is passed
b. or because it is a cause for continuous losses;

2. deciding if investing in a new power generationligcis
needed
a. because old power plants should be replaced
b. or because there is need for portfolio expansion,(e
to accommodate growing demands);
3. deciding which type of electricity generation plaist
preferred, only after the decision was made tostive

The electricity producing agents all use this (digstment
decision structure. In fact, the criteria used asédecisions
on are the same for all electricity producing agemte only
unique part is the relative importance given to diifeerent
criteria. Therefore, actual decisions can be diffiebetween
the electricity producing agents. We will now foaus part
three of the decision schendeciding on which power plant
type is preferred

It is assumed that electricity producing companiss more
than one criterion to decide on their preferred gopant
type. Therefore, a multi-criteria analysis is usednodel the
selection of the preferred power plant type. Inegah in a
multi-criteria analysis a number of alternatives avaluated
to more than one criterion. By weighing the diffareriteria,
the best scoring alternative is chosen.

The sett containsk weight factors — actual values — that
rank the importance of criteria of the multi-criteanalysis.
The ranking int is different for every electricity producer,
making the agents unique in their decisions: thayeha
unigue management style or preference. It is ingmbrto
note thatonly t is agent-dependent. The other parts of the
decision process are the same for all agents. Eheofs
factors for the multi-criteria analysis is represehin (1):

t=|: 1)

Five criteria are used, namely the yearly expected
profitability, nuclear friendliness, market adoptionuclear
fear and the availability of locations. The ageaséxd
approach makes it possible to include the sofiégréa, such

as nuclear fear. Electricity producing agents afhlgate
those five criteria, thuk equals five, but they assign different
levels of importance to these criteria. Those lkevate
grasped ir.

Let a be the alternatives that are evaluated in theyaisal
(the technologies that represent possible powantplevith

their economic, physical and design properties possible
operational configurations) and assume timatlternatives
are evaluated themcan be represented as (2):



Five alternatives are evaluated {herefore equals 5): a coal
fired power plant, a natural gas power plant, adwisrm, a
biomass power plant and a nuclear power plant. All
electricity producers evaluate the same set ofralteves.

Next, a score matris is build in which the score of each
alternative on all criteria is listed (see (3)).
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Agents have the ability to calculate what the sdsref all
evaluated alternatives on the criteria. In otherdsoagents
are able to calculates. The ontology is used in the
calculations: the data needed of the alternatives i
represented in technology objects with physicagnemic
and design properties. For instance, the expectsatlyy
profitability is calculated on basis of the economioperties
of the different power plants, fuel consumptiorelfprices,
etc. All data necessary is expressed in conceffitsedein the
ontology.

After filling S with scores, a normalization procedure is
executed in order to make the criteria comparaBler
criterion, the ‘best’ score now equals 1 and therst/ score
equals 0. So the most profitable alternative screlse least
profitable alternative scores 0. Now the scoreqateelated

to chosen units anymore and the scores on diffenéteria
are comparable. Matri8 contains the normalized values of
matrix S, represented in(4).

S, S S
S @
3*11,1 S*}n,z é!n,k

The normalization procedure is as follows. l@tbe the
subset of elements {1, 2, ..k} for which holds that the
criteriatc for all elements irC is positively oriented: a higher
scores means a better score. For the elements {1, 2k}...,
not in C this is not the case: in other words, those dsitare
negatively oriented. Given this subset c, normébratakes
place by Equation (5). The normalized scoresfill
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After normalization the scores are comparable: ‘thest’
scoring alternative has value 1, the ‘worst’ scprfternative
has value 0. Note th&* is the same for all agents, since they
evaluate the same alternatives using the sameriarite

However, the scores can now be weight by multigibca

with t, the vector containing agent-specific prefereraees.

After weighing, the alternatives; corresponding to the
highest scorg; is selected following Equations (6).
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Sincer; has the highest weight score, the chosen altemisti
the|™ element ofa (elementay). AlthoughS* not static over
time, S* is equal for all agents at a certain point in ti@aly
the weight factorst differ, possibly leading to different
selections for the preferred alternative power fptgpe, g. If
for some weight factors, 0 is chosen, the critedoes not
play any role in the decision. In this case, thigedae used
are agent-specific as well. One could therefor#) e same
structure also opt for an agent-specific set déoa.

Operational management of electricity producing agets

Besides strategic behavior, electricity produciggrds also
must exhibit operational behavior. As said in cquael

terms, by operational actions agents engage intiatign

and contracts. In general, a choice is made foratem
driven trade: negotiation always starts by theyp#rat has
demand for a good or service. Negotiation can lead
contracts and use the concepts defined in the agyohs
language. For instance, if an agent needs coaljllitask

around for contracts for the delivery of the goadled coal
(all these concepts are defined in the ontologgaltethe

previous section).

Electricity producing agents
consecutive steps:

perform the following

1. bid on power exchange
2. acquire resources
3. acquire CQemission rights

In these steps, the agents base their contraadgtanof their
physical assets: for coal power plants, for examphe
required resource is coal. This is expressed ipezational
configuration of this technology.

By interaction with the power exchange, contraces setup
to deliver electricity. More details can be founeldw. The
amount of resources needed is based on its elgctric
production and contracts are setup to acquire theect
types and amounts of resources. Electricity pradyeigents
acquire CQrights in contracts as well. This is differentriha
the other resources, since it is no physical g&idce this
process is demand driven as well, the governmeistrights
at no cost, based on an allocation scheme. Mongsrican be
bought on the emission rights market. Details docation,
which can in more detail be found in (Chappin arntdéna,
2007b).



Operational management of other agents

Non-electricity producing agents, such as the coesyare
modeled as aggregate agents: one agent represiknts a
consumers and one agent represents governmeragatits
look at their physical assets to acquire resourbesther
words, they also do step 2. The consumer, for el@mp
requires the resource ‘electricity’ for its techogy
‘consumer installation’ (a representation of thecéicity
demand) and will look for agents that have the netdgy to
supply them with this resource.

The electricity market agent accepts bids from tekdty
producing agents per installation. A set of bidatam forn
installationsa reference to the installatior),(a bidding price
(b) and the capacity of electricity to be sot. (The agents
bid marginal cost and full capacity. The electyicibarket
also requests import price, import capacity andreggte
demand.

By a market clearing model, the market algorithrtects
how much each installation) (will produce &) and at what
price () and records that in a set of contracts. The dpesl
market clearing model has been described in detail
(Chappin and Dijkema, 2007b). Based on these ocisira
which are social edges as described in the conakptu
framework, agents transfer money and operate fhmiver
plants to deliver exactly the amount of electricigntracted.

All agents are demand driven and they negotiath wiher
agents based on observations of their physicahliatibns.
The input-side of the operational configuration pdwer
plants gives information on the types and amourts o
resources needed. Agents retrieve that informatideen
needed.

The agents negotiate and they select and sign pheferred
contracts. Some assumptions were made to maketlserre
physical representation is accurate. First, thérenment is
modeled as an agent and is also demand drivenhwiéans
that it contracts all emissions. It also is the digp of air.
Next, all primary resources come from one agent
representing the world market. Those resources are
essentially unlimited and prices are exogenoustgrdgned.
Third, after negotiation, contracts are signed agdnts are
responsible for the operational actions on theiysptal
assets, such that the contracted amounts are seht a
received. The agents themselves make sure and t¢hatk
their physical flows of materials coincide with tbettings in
their physical installations (Nikoliet al, in print).

FROM PARAMETER SETS TO AGENT BEHAVIOR

In this section, a number of agents used in thetréddy case

is described (Chappin and Dijkema, 2007a; 2007km). A
overview of the model’s social and technical systexan be
found in Figure 5. This picture is structured adiog to the
Three Layers Model and the structure of interactiom
(recall Figure 3 and Figure 4). The inner circletains the
agents and physical installations are drawn irotlter circle.
The model currently contains a static number ofntge
Contracts between the agents are displayed asbitegeen
them. The establishment of contracts depends botithe

physical layer (e.g. does a facility need naturak go
produce electricity?) and the style and preferencksa
particular agent (will | invest in natural gas irpower plant,
or is a wind farm with lower return on investmetdgoaan
option). Over time, changes in the contract layerogcur
and as a result the social network is adjusted. éDstip is
shown as lines between the agents in the innetecand
those physical installations. Physical exchangeaterials is
displayed between the according physical instalfeti

Based on the contracts arranged via the power egeha
market or by bilateral agreement, agents operaiie flower
plants to supply electricity to the consumer andjuae
resources from world markets. Their discrete and
autonomous investment or disinvestment decisiond k®
changes in the physical system. Long-term, the powe
generation portfolio, overall emission levels of wao
production, electricity prices and emission creuices are
also affected.

On a disaggregate level, agents decide based anotha
criteria. Agents evolve based on their actions esitieir
decisions have long-long term effects; many facéwesused
in decision criteria, reflecting the present andtp8ecause
vectort (the set of factor values for decisions) is unifure
each electricity producer, agents evolve over unigatterns,
shaped by external factors.

The parameter sets of electricity producing agents are
defined and balanced as such that they represeitaty
companies as observed in reality. Each set defthes
management style of a company, which is part aflgstity.
Three examples are now discussed. Electricity preda is
the ‘risk aversive market-playerThis agent tries to spread
risks by investing in different technologies andhhiblding
investment until a good business case is certdactiicity
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producer 2 is a typicalgreen energy companyFor this
company, its environmental mindedness is seen pddte
consumer attraction. Cost-effectiveness is lessoitapt,
because of an expected volume effect of the pesitiveen
image of the company. Since this company expeatsGhy-
emissions are the long term environmental indigataclear
power is considered more seriously than by the rothe
companies. Grants are exploited where possiblagke a
business case. Electricity producer 3 is ‘tagional, profit-
oriented, big player’ This agent is careful to the fact that it
will rely on known facts: power plants that haveebe
profitable for the last decades will be sufficiémthe future
as well.

These three market players are characterized bir the
parameter set and, as a consequence, the agents differ as
well in their simulated behavior. That is obsenfemin the
most important emerging property: the power plantfplio

of electricity producers. The average developmerfitshe
portfolio of three electricity producers have betawn in
Figure 6. These are averages over more than 909 irun
which external developments differ. Because ofedéhces

in the investment and disinvestment decisions, tiveg the
(relative) amounts of power plant types (forminge th
portfolio) develop in a way that is characterisfar the
agent. It shows, for example, that the portfolioetdctricity
producer 2 (the green energy company) is much more
sustainable than that of electricity producer 1e (ttisk-
aversive market player). Electricity producer I3 (tational,
profit-oriented, big player) is a cause for largeissions by
using coal and natural gas as main energy sources.

Although all agents live in the same world and tlaus
impacted by the same external factors, their astiead to
very different power generation portfolios, becausk
different styles. These developments are found ® b
interdependent: the portfolio development of eleityr
producer 1 depends on the other electricity produocks a
consequence it cannot be concluded that if thergtesk a
world with only ‘green energy companies’ alike thtwer
generation would be as sustainable as shown hdre. T
decisions are disaggregately made, but not indepenof
other market players. However, since on average
differences are significant (and that is also ttesecin
reality), it is valuable to model this disaggeghate

the

Strikingly, it was found that in absolute sensebetfolio of
electricity producer 3 was largest — he had thgelsir total
capacity — and therefore had the most effect oretherging

electricity producer 1 electricity producer 2 electricity producer 3
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Figure 6. Evolution of Individual Agents’ Portfolio

total portfolio. The result was that, although #lieity

producer deviated most from the rest, it was adeggrminer
of the total portfolio, which was found quite unisable.
More model results and conclusions on the casédedaund
in (Chappin and Dijkema, 2007a; 2007b).

The parameter sets that weigh the criteria of power
producers is part of the uncertainty in the mosielce the set
of investment motives selected by power producers i
unknown. To deal with this fact, a wide variety mdwer
producers’ parameter sets was selected. However shey
are interdependent, as mentioned earlier, also ic@tibns

of style sets will be explored with scenario anialyia the
future.

CONCLUSIONS AND FINAL REMARKS

A conceptual framework, consisting of an ontologydocio-
technical systems and the interaction within it Heeen
presented and the decision-making process
operationalised for electricity producers. Eledtyic
producers are modeled as agents that own and egeveser
plants which are their physical assets in the laydayer.
The system is modeled by describing the individieaision-
making of the agents so that the system behavi@argss
from this.

was

The agent-based approach is powerful because iesnak
possible to model social interaction of agents af as an
adequate representation of the physical system. el

can easily be extended or adjusted, for examplleetémpact
of policies or to include new types of power planifie

ontology is helpful to formalize the concepts usedthe

decision-making process of the electricity prodgcagents.
A similar approach can and is followed in other ém and
the use of a shared ontology allows re-use of mglthlocks

and sharing source code of the simulation models.
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