The HOMEBOTS System and Field Test:
A Multi-Commodity Market for
Predictive Power Load M anagement

Fredrik Ygge!  HansAkkermans®  Arne Andersson?
Marko Krejic ¥ Erik Boertjes®

fEnerSearciA\B
ChalmersTeknikpark
S-41288 Gothenlurg, Sweden
fredrik.ygge@enersearch.se
http://www.enersearch.sg/gge

SFreeUniversityAmsterdamVUA
Departmenbf InformationManagemen& SoftwareEngineeringIMSE)
DeBoelelaanl081aNL-1081HV Amsterdam;The Netherlands
{boertjes,hangsa@cs.vu.nbr HansAkkermans@compuserzom
http://www.vu.cs.nl’boertjes

iUppsalaUniversity
ComputingScienceDepartment
Box 325
S-75105 UppsalaSweden
arnea@csd.uu.se
http://www.csd.uu.s€arnea

Universityof Karlskrona/Ronneby#K-R
Departmenbf ComputerSciencgIDE)
S-37225RonnebySweden
Marko.Krejic@ide.hk-ise

Paper submission to PAAM’ 99,
Topics: Businessagentdor enegy servicesNegotiation; Priceformation; Toolsandtechniques
for processontrol.

Correspondingauthor: Erik Boertjes FreeUniversityAmsterdamComputerScience/IMSE
DepartmentDe Boelelaaril081aNL-1081HV Amsterdam;The NetherlandsE-mail:
boertjes@cs.vu.nl/hansa@cs.vukdx: +31204447653;Tel: +31204447740/7700.



Abstract. We presenta systemcalled HOMEBOTS for agent-base&negy managemenser
vices realizedby networkedsmart’ industrial andhouseholdequipmentommunicatingverthe
powerline and other media. As a consequencef the deregulation of the electricity marketsin
manycountries,enegy utilities havestartedto pay high interestin offering value-addedenegy
customeiservicegatherthan meely selling electricity (kwh). We discussa numberof important
technical and businessssuesn launding sud servicesanddescribesomeadvancedsolutions.

First, we presenta new computationalmarkettheory implementedn the HOMEBOTS system.
It showshow large numbersof electrical loads can be automaticallymanagedby autonomous
agentsthat communicatend negotiatein an electonic multi-commoditynarketleadingto opti-
mal useof electricalpower Theadvantagesf this agent-basedpproac compaedto traditional
methodgor powerload managemerdre described.Secondwe demonstate throughsimulated
businessscenarioghat significantenegy costsavingscanthusbe achieved. Third, our approach
hasbeentestedin a field experimentin an enegy distribution areain the South-Easbf Sweden.
Theperformedfield testsshowthat the real-timerequirementdor agentcommunicatioroverthe
powerline in enegy servicesare well metin realisticapplicationsettings.

1 Agent-Based Energy M anagement

The electricity marketin mary countrieshasrecentlybeendereyulatedor is currently
underdergulation. At the sametime we witnessa rapid technologicaldevelopment,
particularlyin the areaof accesdetweenglobal networks(suchasthe Internet)andin-

dividual householdge.g. throughcableTV or eventhe electricalpower grid), andin the
areaof incorporatiorof microcomputersn homeappliancesThus,animportantquestion
for power utilities is how this new ability to communicatevith largenumbersof electrical
equipmen{loads)canincreasdhe competitvenesf the utility.

Value-added services. An interestingobsenationin this new settingis thatutilities can
offer new value-addedervices,suchas providing a comfortableindoor temperaturan
a public building or providing waysto save costsby enegy managementln the former
casetheutility couldhave somecontractwith the customemhich definesthe economic
termsfor differentlevels of comfort (temperature).In the latter case,one could have
contractsbetweerutilities andcustomerswith the aim to reducethe consumptiorat the
customersideat certain(peak)hours. Namely enegy demandvariesdependingon the
natureof the customempremisesandit shavs big andcostly fluctuationsover time. One
possibility to increasehe efficiengy of the enegy systemis thereforeto try andmanage
customerequipmentto reducethe temporalfluctuationsin demand. The fundamental
problemfor the utility for thesetwo examplesis the same:Whenshouldthe respectie
loadsbeatwhatconsumptiorievel (while consideringhe comfortconstraintof the pub-
lic building andthetime constraintgivenby thecontractssuchthatcostsareminimized?



Conventional power load management. This is called power load management
[1, 2, 3]. The goal of load managemenis to move demandfrom expensve hoursto
cheapethours. This reducescosts,curtails enegy systemover- or undercapacity and
enhanceshe utilization degreeof investmentsn existing enegy networkassetsEnegy
load managemenis alreadyan old ideausedon a limited scalewith large customers.
Whenbig peaksoccur utilities may be allowedto shutdown certaincustomeiprocesses
in returnfor a certainfinancialcompensationo the customer(directload management).
Or, suchactionsmaybeundertakety customershemseles(indirectloadmanagement),
oftentriggeredby contractuapenaltiesf theenegy consumptiorexceedsspecifiedceil-
ings. However, the currentapproacheso load managemenéare restrictedin scaleand
scope asthey essentiallydependn one-wayhumandecisionmakingandcontrolregard-
ing asmallnumberof enegy-consuminglevicesandprocesses.

Due to the expandingcapabilitiesof Information and CommunicationTechnology the
currentchallengeis to automaticallymanagesxtremelylarge numbersof loadssimulta-
neously In particular it shouldbecomepossibleto handleall electricalloadsbeyondthe
secondarysubstationon the 230V low voltagegrid. In Europe,atypical ‘cell’ beyond
suchsubstationcovers about250 householdsinvolving on the order of thousandsof
relevantloads. Similar numbershold for office andplantsites. This is several ordersof
magnituddargerthanin currentformsof loadmanagement.

Giventhe differentcharacteristicef differentloads,differentcustomerpreferencestc.,
andthe hugenumberof differentloads,automaticload managementanbe viewed asa
complex andhighly distributedoptimizationproblem.

Agent-based advances. HomeBots. Agentsoftwaretechnologycombinedwith recent
adwancesn telecommunicationoffersinnovative waysto solwe this problem. Electrical
devices can nowadayspossessommunicatiorand information-processingapabilities,
by supplyingthem with networkedmicroprocessors.This opensup new avenuesfor
enegy andtelecomapplicationsln everydaylanguageit is now technologicallypossible
that software-equipped@ommunicatingdevices ‘talk to’, ‘negotiate’, ‘make decisions’
and ‘cooperatewith’ one anothey over the low-voltagegrid and other media. So, we
equipevery loadin the systemwith a softwareagentthat actsasits representatie. We
call thesesoftwareagenttHOMEBOTS — anameinspiredby smartequipmenasfeatured
in thetv seriesStarTrek andin IsaacAsimow’s robotstories.Thetaskof theseagentds
to takecareof their electricaldevices,suchthatthey sene asakind of personahkssistant
to helprealizethe customers wishes.

We usethis conceptto achieve distributed load managemenin a novel fashion: by a
cooperatingsociety of intelligent devices’. It is the responsibilityof eachHOMEBOT
agentto makethe bestuseof electricity at thelowestpossiblecost. This mayberealized
by apropertiming of electricityuse by shiftingtheenegy consumptiorof therepresented
device to cheaperperiods. Of course,not mary customersvould want their tv setor



microwave oven suddenlyshutoff for saszing reasonsbut thereare mary electricloads

wheretime-of-useshiftsarewell possible Examplesaredeviceswith rechage batteries,
dishandlaundrywasherdqfor examplein their useovernight),andespeciallyspaceand

water heating/coolingequipmentbecauseheseinvolve relatively slow thermodynamic
processesvith reasonabldolerances. Importantly, the latter are responsiblefor most

(about80%in mary casespf the enegy consumptionn residenceandoffices.
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Figurel: A basicagent-base@&negy managemenscenario,depictingthe agenttasks(boxes)
andtransactiongarrows)in an electonic marketfor enegy load management.

An importantobsenation is that when eachequipmentagentwould carry out time-of-
useshiftsto cheaphoursin a completelyindividualistic fashion,a sub-optimalsituation
wouldresult:all agentsvould move towardsthesamecheapspots creatingpeakdemands
thereinstead. Hence,HomeBotequipmentagentsmustcommunicaten orderto arrive
at the desiredoverall optimumload situation. This is achieved by their actingtogether
on anelectronicmarketfor reallocatingpower by buying andselling power for different
time slots.Onepossible pasicscenaridor distributedload managemenasedn agents
actingon an electronicmarketis depictedin Figure 1. It shawvs the taskscarriedout by
softwareagentsepresentinghe utility andthe customersandthe communicatiorinks
(transactionspetweerthe agenttasks. The bid-assessveard taskclustercorrespondso
theelectronicmarketprocess.

In this paper we elaboratehis agent-basednarketfor direct power load management.
We introducea novel multi-commoditycomputationamarketdesignfor this problemin
Section2. A concreteexampleillustrating distributedload managemenis presentedn
Section3. Thesimulationsshav thatsignificantenegy costsavingscanbeachieved,thus
establishinghe businessasefor new enepgy servicessuchasagent-basetbad manage-



ment. Our HOMEBOTS systemhasbeenimplementedon top of a power-line telecom-
municationinfrastructuran an electricity distribution areain the South-Easbf Sweden.
Aim wasto testthe speedandreliability of equipmentagentcommunicationyith regard
to thereal-timerequirementsmposedon large-scaldoad managemenservices. These
testshave beenperformedn cooperatiorwith a numberof Europearutilities andsystem
providers.In Sectiord we reportonthe setupandtheresultsof thefield experiments.The
testsshav thatthe real-timerequirementganbe successfullynetwith our agent-based
approachln Section5 we summarizeour conclusionsandpoint at utureresearchopics
to betackledin bringingnew enegy serviceonthemarket;mary gobeyondagentissues
anddealwith businesgprocessandcustomelinterfaceaspects.

2 Multi-Commodity Electronic Market Design

This sectiondescribeour electronicmarketdesignfor load managementTheimportant
designissuesarethe definition of the commoditiesthe agentsandthe agentinteraction
protocol. Thedesigndealswith a multi-commoditymarket,anapproachhatrepresents
significantgeneralizatiorover earliertwo-commodity(electricityandmoney) approaches
to loadmanagemen(e.g.[4, 5]). It alsotakessomeinspirationfrom similar systemdor
otherapplicationaread6, 7,8, 9, 10]. Furthermoremorerealisticloadmodelshave been
introducedcomparedo, e.g.,[4].

2.1 Commodities

The power within differenttime slots representhe different commodities. A natural
choiceis to employtime slots of onehour, but it is well possibleto employmorefine-

grainedandvariableintervals. For example,one could considerusing 15 minute time

slotsthefirst hour, 30 minutetime slotsthe next two hours,1 hourslotsfor thefollowing

5 hours,and4 hourtime slotsfor thefollowing 40 hours,i.e. amarketof 23 commodities
over atotal time periodof 48 hours.Of course the morefine-grainedhetime scale(that

is, alargernumberof commodities)the moreaccuratehe outcome but alsothe heavier

thecomputationaburden.

For the pricesand demandf the next few periodsto be exactly correcta marketwith
an infinite numberof commodities,covering time infinitely into the future, would for-
mally berequired.Sincethisis impossiblein practice we setup areasonabl@umberof
commoditiesfor example,the 23 commoditiesdescribedabore, andlet the agentshase
their decisiondor thesetime periodson someroughestimatef future values. For the
examplehere,this comprisegoughestimatef the pricesof the 49th hourandbeyond.
In this paperwe will let the estimateof thosefuture pricesbe the price of the lasttime
periodcoveredby the market,althoughotheralternatvesarecertainlyconcevable[11].



Auctions(describedelow) canbeperformedegularly or whenrequired.Typically, with

the marketsettingdefinedabove, a new auctionwould be performedevery 15th minute.
Thereallocationof resourcess performedasdescribedy thebids of the upcomingtime
period. Thefuture pricesandallocationsareestablishedor two reasonsl) the priceand
demandor the upcomingperiodcannot be establishedvithout knowledgeaboutfuture
prices,and 2) the estimatesof future pricesand demandss usefulinformation for the
utility. Themarketoutcomeprovidesthe utility with a controlstratey for the upcoming
time period and useful predictionsaboutfuture pricesand demandsn a compactand
uniform manner

22 Agents

Every load in the systemis representedyy a computationalgent,a HOMEBOT. The
responsibilityof a HOMEBOT is to useelectricity as efficiently as possible,given the
customermreferencesthe load state,consumptiorpredictions,andthe load model. The
customerprefeencesare representeddy a customercontract. The indoor temperature
of a building, or the amountof waterin a warm waterheaterare examplesof the load
state Theconsumptiorpredictionsarepreprogrammedr learnedconsumptiorpatterns.
Physicalload characteristicssuchas time constantsare containedin the load model
Thisis illustratedin Figure2.

Customer
preferences
(contrad) \
Load state é

-

Disturbance /
predictions /
Load model m

Figure2: Theinputsandthe outputof a HOMEBOT agent.

HOMEBOT

A HOMEBOT is modeledasa utility maximizingagentwhosepreferencearegivenby a
quasi-lineautility functiont definedby

Ug(r,m) = fo(r) +m, Q)

wherer = [ry,79,...,7; IS the resource(active power) of the differenttime intervals
(1...k), fi(r) representshe benefitor cost(negative benefit),associateavith r. Thatis,

LA utility functionis essentiallya preferencerdering: a high utility for someallocationexpresseshat
this allocationis preferredover anotherallocationwith alower utility .



it captureshecustomepreferencegheloadstate consumptiorpredictionsandtheload
model. Themoney, m, correspond$o a monetaryaluein arealcurreng.

Thetaskof eachHOMEBOT is to maximizeits utility throughtradewith otheragents.in
suchtradethe HOMEBOTS are programmedo actcompetitively(equivalentto actingas
aprice-take) [12, p. 20, p. 314]. So,they treatpricesasexogenousratherthanspeculate
aboutthe effectsof their own actionson marketprices(cf. [13]).

Also uncontrollableloadsare representeddy HOMEBOTS. In this case,however, the
HOMEBOT is totally insensitve to prices.SuchaHOMEBOT canrepresenbneor anum-
ber of loads. A HOMEBOT representingin uncontrolledioad utilizes a suitablemethod
for prediction,seefor example[14, 15, 16].

Agentsrepresentingoroductionunits are modeledas profit maximizing producers,.e.
they solve the maximizationproblem:

maxp - r— cost, (1), (2

wherer is a producedamountof resourceandcost,(r) is producera’s costassociated
with producingr. Also the productionagentsareprogrammedo actcompetitively.

2.3 Market Interaction
Agent system architecture. The structureof the load managemengystemis typically

asin Figure3. The power distribution systemis inherentlyvery hierarchic,andthe struc-
ture of theload managemengystennormally reflectsthis.
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Figure 3: A typical architecture of a load managemengystem.TheHOMEBOTS are connected
to auctioneerswhich, in turn, are connectedo otherauctioneersn a hierarchic manner
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Where the agentsare physically placed,dependson communicationand computation
characteristic®f the hardware.For example,if thecommunicatioris very fastthrough-
outthesystemandif therearepowerful micro-computersteachload(e.g.‘smartrefrig-
erators’)thenit makessenseo placetheHOMEBOTS attheloadsfor modularityreasons.



Ontheotherhand,if thecommunicatiorbetweenthe HOMEBOTS andthe first auction-
eer(for exampleplacedin the secondargubstation)s relatively slow andthe processing
power at the loadsis very limited, thenall agentsbelongingto the samesecondarysub-
stationareamight be placedon the samehostfor efficiency reasons.

The agentsinteractthroughauctions In an auctionagentssubmitcompetitve bids and

anauctioneecomputesa generalkequilibrium (i.e. a setof pricessuchthatsupplymeets
demandor eachcommaodity). In a distributedsettingtypically a numberof auctioneers
areusedin anhierarchicfashion,sothatthe computationaburdenis distributedandparts

of the systemcanfunction even whenfailuresare presentseefurther[17]. The market

dynamicds depictedn Figure4.

° Auction \‘ Auction Cg?mpleted
[Reduction need? Yes] Runmng/ [Convergence? No] [Convergence? Yes] Awards Communicated
/Announce & Kick-off /Next Round /Award & Present
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Figure 4: The dynamicsof the enegy auction, in the form of a UML state diagram. Boxes
indicate states,arrows standfor statetransitions The arrow labelstell underwhat conditions
statetransitionsoccurandwhat(trans)actionsare thencarried out by the HomeBotsystemThe
solid ball (upperleft) denoteshe starting state of the auction, and the encircled balls are end
states.

More formally, with a price-orientedapproacheachagentcomputests netdemand18]
(the changein allocationit desiresat the going prices),denotedz,;(p), for agenta and
commodity: atthepricesp = [p1, po, . . ., px], Wherep; is the pricefor commodityi. An
auctioneefor aset, A, of agentshencomputesapricevectorsuchthatVi " ,c 4 zai(p) =
0.

A typical marketalgorithm for finding this price is a standardmulti-variable Newton-
Raphsorschemevhichreads:

ptt=p' —s-vz ' (p) z(p'), ©)

wherei + 1 and: denoteiterations,s is a stepsize,and syz(p) is the gradientmatrix
definedby /z;;(p) = ag"—@. The propervalue of s canbe determinedat run-time by

J

2Thisis justanexampleof a price-orientedalgorithm, but thereexist mary others.An alternatve family
of algorithmswhich is usefulfor finding theequilibriumareresouce-orientedalgorithms[19].



a backtrackingalgorithm [20, pp. 384 — 385]. As the computationalktask of the auc-
tioneerincludessummationof the n demandfunctions,solvingthe £ — 1 linear equa-
tion systemthe updatescaleswith the numberof agentsand numberof commoditiesas
O(nk?49%) [21]. Thisis, undersomesmoothnessonditions,a schemewith quadmatic
cornvergence[20]. Hence,therequirednumberof iterationsis O (log(—loge)), wheree
is theerror. Schemesisedin mary othercomputationamarkets[6, 9] have only linear
cornvergence scalingwith O(— loge).

The mary simulationswe have performedwith our marketscheme$ave shovn thatthe
HoMEBOTS approachs computationallyery fastandefficient. A typical figureis that
marketcorvergenceis achievedin just a few iterations[4, 5, 11]. The scalabilityalso
provesto be highly satisfactory:having eventhousand®f equipmentagentssimultane-
ouslyinvolvedin anauctionpresentso problemwhatsoeger.

An importantissuewhenusing generalequilibrium asa marketmechanismis the exis-
tenceand uniquenes®f the equilibrium. A sufficient condition for the equilibrium to
exist andbe uniqueis thatall demandsarecontinuousthatthe demandor a commodity
alwaysdecreasesvith the price of the commodity andthat eachagenthasgrosssub-
stitutability betweenthe commoditiescf. [22]. Without goinginto detail here,we note
thattheseconditionstypically arefulfilled (with high accurag) in anenepgy systemasa
whole[3, 11].

Market outcome. Whenmarketequilibriumhasbeenobtainedthe resourcesreallo-

cated(the awardtaskin Figurel). It canbe proven [11, Theorem3.2] thatthis alloca-
tion is a globally optimal allocation, given the time division and available information.
Thus, no otherapproachagent/market-baseat not, cando better cf. [10]. Moreover,

ary Pareto-eficient allocationwith the describedutility functionsis a globally optimal
allocation. Hence,ary marketmechanismwhich generates Pareto-eficient allocation
canbe usedfor obtaininga global optimum. Our mainreasonfor choosingthe general
equilibriumapproachs the computationakfficiency of suchanapproach.

Another salientfeatureof our market-base@pproachis that every agentcan estimate
the value of the contractit is holding, by comparinghon much money is spentwith
andwithout the contractand computethe difference. This implies thatit is possibleto
performan on-line cost/benefitainalysisfor eachandevery contractin the system— a
featurehighly attractve for enegy utilities.

3An allocationis Pareto-eficientif andonly if theredoesnotexist anallocationwhichis betterfor some
agentwithout beingworsefor ary otheragent.



3 A Load Management Example

We will now demonstratandsimulatethe marketdesignfor a specificexample.The ex-

ampleincludesone productionunit, nine warmwaterheaterspne public building anda
numberof uncontrollabldoadsasdepictedn Figure5. While we mainly aim at demon-
stratingthe generalprinciplesof the approachhere, most numericaldetails have been
omittedfor readabilityandspacereasonsbut canbe foundelseavhere[11].

Production

=7 1

Public W ater Uncontrollable
Building Heaters L oads

Figure5: A smallpart of an enegy system—a producerandits customers.

3.1 Load and Production Characteristics

We investigatea four-hourtime periodwhich canbe thoughtof asmorninghourswhere
mary peoplehave takenmorningshaoversandhave goneto work. Thus,no furtherwarm
wateris consumedhe comingfew hours.Thatis, theheaterawill atthispointstartto heat
wateruntil they arefully heated.Let ussupposehatthe utility hasa contractwith each
customerallowing the utility to switch off the loadsfor a certainamountof time during
thefour-hourperiod. Theinterestingparameterfor eachloadarehow muchit consumes

whenit is switchedon, how muchenepy it needgo be fully heatedandfor how long it
canbedisconnected.

In additionto the waterheaterssupposehereis a public building suppliedby the pro-
ducer It is assumedhatthe utility hasa contractwith the customemakingthe utility
responsibldor maintaininga certainindoortemperaturef the building for a certainan-
nualfee. If theutility causes deviationin temperaturethe utility mustpaythe customer
acompensation.

The heatingsystemconsistsof electricradiators. Thereis a lower constraint(of 10kW)

for theminimal powerthebuilding canbeassignedttheinvestigatedime periods.(This
lower constraintis often includedin load managementontractsin orderto avoid un-
pleasandraft from windows etc.) In additionto the controllableloads,thereare some



uncontrollabldoadswith the expectedconsumptiont0, 400, 100 and80kW for eachof
the comingnext four hours. Thus, thereis a significantpeakduring hourtwo. The pro-
ductioncostis assumedo be 1073r?, wherer; is the amountof producedpower attime
1.

3.2 TheHomEBOTSs and the Production Agent

We analyzea marketof four commoditiesrepresentingnehoureach.In thisexamplethe
HOMEBOTS representinghewarmwaterheatersill have autility functionasdescribed
by Eq. (1) with f;(r) = 0 whentheconsumptions suchthatthe contractedlisconnection
time is not violated,and f;(r) = —C, where(' is a large constantotherwise. Thatis,
aslong asthe contracteddisconnectioriime is not violated,thereis no costfor the load
managementut if the contractis violated,thereis arelatively high cost.

The HOMEBOT representinghe public building hasa utility functionbasednthe char
acteristicof thebuilding andthe servicecontractwith the customer(For details,se€[11,
pp. 165— 166].) Theuncontrollabldoadsarerepresentedhy a HOMEBOT with the de-
mandsl10, 400, 100 and80kW for therespectie time intervals,independentlyf prices.

3.3 TheMarket Outcome

The above agentswereimplementedogetherwith an auctioneemsinga price-oriented
Newton schemeseeEq. (3). In Figure6, theallocationsin presencendabsencef load

managemendare comparedandthe correspondingnarketpricesthatemegedfrom the

auctionareshavn. We seethatthe resultis a shift of load from time periodtwo to the

otherperiodsandthatthemarketprice of time periodtwo hasbeenreducedsignificantly

For this example,aslittle resourceaspossibles usedfor time periodtwo by all involved

controllableloads. However, it is still significantlyhigherthanthe pricesof time period

1, 3, and4, dueto thelarge contribution of uncontrollabldoads,andit couldbe profitable
to arrangeload managementontractswith more customersn orderto shift moreload

from time periodtwo to periodsl, 3, and4.

In additionto the fact that the peakhour costhasbeenreducedby approx. 33%, the
total costsummedover time decreaseby about15%, asa consequencef our electronic
market!? Thus,thereis a significantbusinesscasefor agent-baseénegy management
services.

4Thepeakhourcostin theuncontrolleccasds 1.03- 515, whereasn thecontrolledcaseit is 0.83-414.5
from productionplus 12.32 ascompensatiorto the customer Thetotal costduring the four periodsin the
uncontrolledcaseis 0.456 - 228 4+ 1.03 - 515 + 0.4 - 200 + 0.36 - 180 = 779. In the controlledcasethe
correspondindigureis 0.48 - 239.8 4 0.829-414.5+ 0.46 - 230+ 0.41 - 205.2 = 648 from productioncost
plus2.80 + 1.09 + 12.32 4+ 0.53 = 16.74 ascompensatioto the customerthatis 665 in total.
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Figure6: To theleft, the usedpowerin differenttime periodswith and withoutload control are
shown. Theresultof theload control is that load is movedfrom period two to the other periods.
During periodtwo metely 410kW are usedin the controlled case(400kW fromthe uncontollable
loadsand 10kW fromthe lower constrint of the resouceallocatedto the public building) com-
paredto 515kWin theuncontolled case To theright, the marketprices(the maminal production
cost) of the differenttime periodsare visualized. The marketprice of time period two hasbeen
reducedsignificantly Total costshavebeenreducedrom779 to 665, i.e. by approx. 15%.

4 Fidd Tests

4.1 Power Line Communication

Digital communicatiorover the power line is becominga promisingchannelfor enegy
providersto implementnew services[23]. Typical applicationsinclude remotemeter
reading,remotecontrol tasks,load managementariff-switchingetc. Smarthometech-
nologyis oneof the areaswherepower-line communications a key technology Meter
readingtariff switchingetc. areexamplesof applicationswvith ratherlow demand®nthe
communicatiorsystem.Despitethis factthereareseveral specificpropertieof thepower
line thathave to beconsideredn thedesignof reliablesystemsnvolving powerline com-
munication.The mainreasoris thatthe power line wasnot designedor communication
purposesndits propertiesasacommunicatiorchannehbrestill notfully understoodThe
power line is a noisy medium,andtheinformationbit rateit allows is still limited. The
currentstateof theartthusposesonstrainton thecommunicatiorspeedandbandwidth,
afactorto betakeninto accountn designingpracticalapplicationssuchasloadmanage-
ment,althoughtechnologicalprogresss rapid. An importantbusinessonsideratiorfor
the currentstronginterestin power line communications, however, thatno new wiring
is required,afeatureof primeimportancan local telecomaccessechnology{23].



4.2 Field Test Architecture

In thetown of Ronneby(in Blekinge,a countyin the South-Easbf Sweden)EnerSearch
is conductingagent-basetbad managementeststogetherwith a numberof European
enepy utilities andsystemsupplierssuchasABB, IBM, Iberdrola,PreussenElektrand
Sydkraft. Equipmentfor communicatiorover the power line hasbeeninstalledin Villa
Wega, a large villa usedasan office building for the university, andin 70 householdsn
Ronneby The HOMEBOTS systemhasbeenconnectedo the variouscomponent®f the
heatinginstallationof Villa Wega, consistingof 28 electricalradiators.

Communi cation Host TCPIP \/.l Control and
e — monitoring host
Power line communication(LonTalk)
Load IBM MFN Load IBM MFN
Control Communication Control Communication
Device / Device
adiator

Radiator R
Consumption m St;nwmptlon
o \ a
Meﬂ&lfe@ &), ABBICEWE Measurements 57, ABBICEWE
""' Electrical

Electrical
In total: 28 controll able radiators Meter

Meter

Figure7: Thearchitecture of the illa Wega field tests.

Eachindividual radiatoris separatelyneteredandableto communicatevith the HOME-
BoTs systemover the power line throughthe LonTalk protocol. This telecommunication
includesthecapabilitieso readthe currentioadstateof ary individual radiator to change
this stateby giving on/off switchinginstructionsover the power line, andto obtainreal-
time dataconcerningheaccumulate@negy consumptiorfor eachdevice. Theinstalled
hardwareallows all agentgo run on a secondargubstatiorcomputer(essentiallya stan-
dardIBM compatiblePC).To thisend,on eachradiatoranIBM ‘Multi FunctionalNode’
(MFN) is installed.EachMFN recevesinstructionsfrom the HOMEBOTS systemandis
ableto switch a radiatoron andoff. It is alsocapableof countingso called sO pulses.
Thesepulsesare generatedy an ABB enegy meterthatis alsoattachedo eachsepa-
rateradiator This metergenerates fixednumberof pulsesperkwH, thusindicatingthe
amountof enegy consumedy theradiator The MFN returnstheseconsumptiorvalues
to theHOMEBOTS system.Thehardwareandtelecommunicatiomarchitectureof thefield
experimentsn Villa Wegais presentedn Figure?.



4.3 Experimental Program

Performedexperimentdnvestigatedhe suitability of power-line communicatiorfor load
managemenas describedn this paper All testsoutlined belov were carriedout with

the configurationin Villa Wega of Figure7 andashave beendoneseveraltimes,during
low, normalandhighdisturbanceeriods(night, working hours).Threesetsof tests,each
aimedattestinga differentaspecbf the systemhave beencarriedout.

Tests on communication speed and reliability. A ReadlLoad Statemessagdi.e. a
requesfor anindicationof whetherthe radiatoris switchedon or off) wassentto every
MEN, for approximatelyl000timesin total. Thefollowing datawerecollected:

— Successl/typef failure;

—Delaytime;

—Loadstatevalue.

Similar testshave beenperformedfor othertypesof messagesthe AccumulatedCon-
sumptionMessagejndicating the enegy consumptionand the Write Load statemes-
sage,arequesto switchon or off theradiator Also sendingcombinationsof messages
wastested. This first test sethasprovided extensve information on functioning, speed
andreliability of IBM’ sIDAM installationfor power line communication.

Tests on the load scheduling methods. An important post-marketprocessis the
schedulingof loads,in orderto implementioad managemenin accordanceavith the out-

comesof the market. This schedulingagenttask (seeFigure 1) doesrequirepower line

communicatiorwith all individual loads. After the auctionhasbeencompletedjts out-

comesnustbescheduledn accordanc&ith theawardedpowerover someagreederiod,
say the next hour This is implementedhroughappropriateon/off switchingof thein-

volvedloadsover the power line. The awardedpower mustbe scheduledvertime, such
that(i) theagreecamountof poweris deliveredaveragedvertime, while (ii) atthesame
time fluctuationsand on/off switching costsare minimized. Computationallythis is a
matterof satisfyinganumberof simultaneougonstraintsAlso this processs carriedout

automatically and specialalgorithmshave beendevelopedfor this schedulingof power

delivery. Theaverageon/off switchinginterval cantherebybechoserasafreeparameter
Also this agentprocesshasbeentestedn ourfield experiments.

As theinitial allocation,arandomlygenerateaneis taken.Testsaimedto studywhether
theschedulingalgorithmworkedproperlyin schedulinghevariousloads.Thefollowing
datawerecollected:

—theallocatedresourcegperloadandin total);

— per time slot, the currentconsumptionfor every load, plus the sumtotal. The total
numberof time slotsis a few dozens,while a single time slot is on the order of one
minute.



The sametesthasbeenperformedbut now with a numberof (simulated)reallocations
during the processroughly every few minutes. For every reallocation the allocatedre-
sourceswere collected. The sametest hasbeenperformedagainwith different, more
severe,hardconstraintonthetotal resource.

Resour ce allocation plus scheduling full tests. Thesetestsrepresenanintegratedtest
of our wholeload managemengcheme.Again the schedulingalgorithmwastested but
now with theresourceallocationcomputedrom the utility functionsandthe associated
market. The scenarios basedon reduction(or increasey a predefinecamountof re-
sourcesThefollowing datawerecollected:

—theallocatedoower resourcegperloadandin total, at every reallocation);

— pertime slot, the currentconsumptiorfor every load, plusthe sumtotal,
—thetemperaturdor every time slot;

—theutility function.

The sametesthasalsobeenperformed pasedon a scenariovherea differentcompensa-
tion priceis offeredfor buying backpower.

44 Results

Table 1 shavs sometypical resultsfor the measuredotal communicatiortimes of the
experimentsdescribedn the previous section. Thesecommunicationtimesare defined
asacknavledgedmessage® andfrom our Java applicationcodeto the processoratthe
loads.Foravastmajority (over90%)of themessagesheresponséimeslie in theinterval
betweerD.54and0.99s, sothatthemedianis significantlybelon 1 second Averagedelay
is 1.29s andthe standarddeviation is 2.11s. The clusteringof communicatiortimesis
relatedto re-sendimer parametersThe successatewasover 98%.

| Delay(s) | Frequeny |
0.54 < d < 0.99 11929
0.99<d<1.43 473
1.43 < d < 5.00 3
5.00 < d < 5.90 395
5.90 < d < 9.48 9
9.48 < d < 10.37 134
10.37 < d < 13.06 1
13.06 < d < 13.95 257

Table 1: Sometypical experimentaldata from the HOMEBOTS field testsin an office
building, for a total of 13201 messages.

The messagebave typical lengthsof 10-160bits, including additionaldata(like CRC
info) requiredby the LonTalk protocol. Hence,althoughthe maximumpossiblebitrate



of power line telecommunications ratherlimited with currently available commercial
equipmentthetestresultsshow thatit is adequatdor power load managemerdpplica-
tions.

Thus,thevariouscommunicatiortestsclearlyshawv thattherelatively non-intensie com-
municationrequiredbetweeneachagentandits respectie load canbe successfullyper
formedover the electricalpower line. Inter-agentcommunicationn the secondarysub-
stationareais thenefficiently managedy a singlehost,andinteragentcommunication
betweenarger groupsof agentscanbe performedin a hierarchicmanneron fasternet-
works(cf. Figure3 and[17]). In sum,themainconclusionof the performedfield testsis
thatagent-andmarket-basetbadmanagemeris technologicallyfeasiblein mary realis-
tic customesettingsrresponséimesaresuficiently shortandthereliability is acceptable.

5 Conclusonsand Future Work

In this papemweintroducedanovel multi-commoditymarketdesignfor loadmanagement.
This approachto load managemenhasa numberof advantagescomparedto existing
methodgqsuchas[2, 24, 3]):

1. It providesan integratedstratey for mary differenttypesof loadsandcontracts.
They mayvary from low level contractsallowing the utility to switch off loadsfor
certainamountsof time to high level servicesl|ike indoortemperatureontrol.

2. The outcomeis of very high quality, typically a very closeapproximationof the
theoreticaloptimumis obtained.

3. It enablesaturaldecompositionboth from a softwareengineeringperspectie as
well asfrom a computationalperspectie. All local characteristicare encapsu-
latedby agentscommunicatingnly throughpricesanddemandsvhile doinglocal
optimizationcomputations.

4. It canbe efficiently implementedfor the two commoditycase,see,e.g.,[4, 17],
andfor themulti-commoditycase seee.g.,[25, 19, 11]).

5. The main abstractionsised,price anddemand are probablythe mostnaturalab-
stractiongo usefor a utility.

6. Theutility is providedwith a compactanduniform estimateof the enegy system
characteristicgpresentandfuture)in termsof pricesanddemands.

7. A local estimateof the value of the load managementontractis obtained. This
enablegheutility to do continuouson-line cost/benefianalysisof every loadman-
agementontractin the entiresystem.



Clearly, it can be arguedthat there might be competingapproachegfrom, e.g., (dis-
tributed) mathematicabptimizationor resourceallocation)that can be appliedto load
managemerifulfilling items(1), (2), (3), and(4). The problemdoesnot necessarihhave
to bemodeledasa marketin orderto setup utility functionsandperformoptimizationin a
distributedfashion.We do not disagreeawith sucha position,but amguethattheintegrated
view of all typesof loadsandcontractsthe high quality outcome the computationabnd
conceptuabdecompositiorof the global probleminto small piecesof locally optimizing
software,andthe efficientalgorithms,togetherform an attractve approacto load man-
agementThisholdsregardles®f if ourapproachs describedvith classicamathematical
optimizationandresourcellocationconceptsor if it is treatedwith marketabstractions.

Our mainargumentsfor a marketview of the systemareitems(5), (6), and(7). Rather
thanthe computationabspectsye believe the naturalnes®f the approacho be of vi-
tal importance. The successfulntegration of a load managemensysteminto the core
businessnformation managemenof a utility is heavily dependenbn how the system
is appreciatedy the peoplein the organization. Staf responsibldor enegy tradingis
very familiar with conceptsuchasdemandandprices. Therefore the metaphoof local
agentsnegotiating’ over power andtherebyobtainingmarketequilibriumis avery attrac-
tive onewhich simplifiesthe understandingf the principlesof the system.The issueof
naturalnesss alsoimportantfrom the softwareengineeringperspectie. Along the same
line of reasoningthe estimateof the enegy systemcharacteristicen termsof pricesand
demandss probablythe mostusefulonefor the utility. Furthermorewell known con-
ceptsfrom economicssuchasprice elasticityaredirectly applicable Finally, thefeature
of local evaluationof load contractdor every loadin the entiresystemis only inherentin
amarketapproachandwe believe it to be very useful. Thus,the marketdesigntightly
fits therealsituationconceptually

In summary our HOMEBOTS agentapproachto power load managemensucceedsn
reducingboth peakloadsandoverall costof power delivery andconsumption.The per
formedfield testsclearlydemonstratéhetechnicafeasibility of usingtheelectricalpower
line asa communicatiormediumfor our approach.

Thereareanumberof areaghatwe will furtherinvestigatan the nearfuture. Oneissue
is to further expandthe rangeof applicationsituations businessscenariosandcustomer
intereststhat can be handledby electronicmarkets. The HOMEBOTS technologyhas
the potentialto supportmary more applicationsthan could be pointed out here. We

will develop detailedbusinessscenarioghat sene asa way to illustrate possiblenew

interactve services. Thesescenarioswill provide a basisfor discussionswith utilities

and customerdo explore needsandto elicit feedback. On this basis,a genericformal

descriptionof new interactve serviceswill bederived.

Anotherimportanttopic concernsnformationintegration: load managemenwill be but
oneof thenew ICT-basedservicegunningon the samepower-line informationandcom-
municationinfrastructure.A significantpart of the informationinvolvedwill be needed
acrosdifferentservices.This raisesthe questionhow to connectandintegraterelevant



piecesof information.Here,reusablgserviceandsystem)modelsandarchitecturesand
(ontology) mechanismg26] for the sharingof information and meaningare to be re-

searched An issuein customerrequirementengineering—not addressedh economic
scienceor markettheory by theway—is how oneactuallydeterminesa utility curve in

a practicalandindividual case.In generalthis will dependon variousfactorsincluding
personatharacteristicef the customerthe underlyingbusinessnodels,aswell astech-
nical modelsanddataconcerninghe functioningof devices(seeFigure2. Handlingthis
aspeciproperlyin preferenceandstyle-sensitie userinterfacess a key elementin ary

new ICT-basedservice,becausat defineshow the serviceis presentedo andinteracts
with the individual customer Now thatthe underlyingsoftwareagentand markettech-
nology hassuccessfullydemonstrateds feasibility, the major next stepis thereforeto

designandexperimentwith thefull servicechainfrom utility to customer
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