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Abstract

There is an urgent neetb transformthe electricity systenso aso reduce greenhouse gas emissions
Among the possiblpathwaysfor such a transformatioythe demand &le of the electricity systeris
likely totake a more active rolthan it hashistorically As part of thisconsumerswill take onthe role

of electricity producers, through distributed generation, as well bsing more active in the
management oftheir loads throughdemandside management measureEherefore there is a need
to investigate whathis more active consumamight entail The overall aim afhe work of thisthesis

is to investigatehe potential fordemand respons€DR) i.e, the shifting ofloads in time and the
interplay between DR and distributed solar photovoltaic electri¢ity)generation in a Swedish
context.

Toassess the potential fddRin Swedishsinglefamily dwellinggSFDs)a buildingstock modelthat
employsan hourly energ balanceis used to calculate the net enerdyeatingdemandfor a set of
sample buildingswhich aretaken as representative of all Swedish SFDs with electrical heAthgpl
measuredload profiles are used for the analysis of the interplay between mRsalar PVFor the
modeling of solar technologieamodeling framework based on empirical models is used.

There is a considerable technical potential ioee DR of electric space heating in Swedish Swills,

7.3 GWof load Shifting limitsoof up to 12hours are observeduring summeyalthoughthe maximum
number ofconsecutivehours with a considerable reduction in load during winter is approximately 3
hours. Given the current Swedish electricity price to 5.5 GW of decreased load and 4.4 GW of
increased loadare observed. The modeling shows that DR shifts up to 1.46 TWh of electric heating,
corresponding to 1% dhe total Swedish electricity demand

The synergic effectsf DR and soldPV aresignificantfor the DR of hydronic loadshowing an aility

to reduce yearly electricity cobly up to 5% depending on the size of the installatidowever, due to
the seasonalmismatch between the hydronic load and PV electricity generattba impact is
diminished as PV installatioimcrease capacitio more than4.2 kW, for the average household.he
DR of appliance loadshows weak potential for improving the value of a PV investmendespite
generous shifting timdrames.

Overal] it can be said that the economic incentives for DR are low given dueteatricity prices.
However,DR might bevaluablein a future electricity system in which more flexibility is requiréake
largestshare ofthe potential of DR lies in managing the hot water and spheding loads whichmay
entail the least burdensoméehavioralchangesfor consumers.
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1. Introduction
The use of energy has enabled usteatethe complex societyn whichwe live.Since the 19 century,
akey supplier of this energy hagsen and still is fossil fuelSince fossil fuels asbundant and cheap
they drivetechnological progress at ancreasimgly rapidpace. However, the burning of fos&ikls has
brought with it environmental costsin that it constitutes the largest sarce of anthropogenic
greenhouse gas emissions andnsequentlythe main cause of climate change.

The 2€ target setout in the Copenhagen accord@ms at limitingthe global longerm average
temperature increase to no more th&°Crelative to preindustrial levels. Toreach this goal with a
likelydegree of certaintygreenhouse gasmissionswill need to be reducedby 40%-70% by 2050as

compared tathe 2010 levelfIPCC 2014As the globaénergy systemis currently dominated by fossil
fuels, achievingthese reductiongequirestransformation ofthe energysystem A major part of this
transformationneedsto be concerned withihe electricity system

In allthe scenarioconceivablefor this trangormation, the demand side, which is the main focus of
this thesis, playan important role through decreased energy usefficiency improvementsand
helpingto balan@ supply and demand in the systetigure 1 gives an overview thfe impacts of
demandside management (DSMJincedemand carbe usedboth to optimizethe use of theexisting
infrastructureandto avoid the need fomew investmentsDSMcanplayrolesin the different pathways
proposedfor a more sustainable energy systdmscenarios witthighlevelsof intermittent renewable
electricity generationfor instance those proposed byDelucchi and Jacobson (20%)d Lund and
Mathiesen (2009) DSM could helpo avoid curtailment ofgenerated electricity through shifting
demand or reducing the amount of needed generatioby introducing efficiency measures
Furthermore, DSM could play similar roles in scenariosthat propose massive expansion of the
electricity grid in orderto harvest remoterenewable energy sources scenario discusseldy
Chatzivasileiadigrnst et al. (2013br in the development of the Smart griflarhangi 2010Bcenarios
with extensive deloymentof carbon capture and storage technologias proposed byDdenberger
and Johnsson (201Qould benefittrom DSMthrough more efficient operationof power plants
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Figure 1.Different waysin whichdemandside management can help in managing the energy syst&igure taken from
(Abaravicius and Pyrko 2006)

Given the multiple benefitto be derivedfrom DSMit is highly likely that the demand sector of the
energy system will play an important role in a futumeore-sustainable energy stgm. Thereforeit is
important to investigatethe actualpotentialsof DSM

1.1 Aim and Scope

The aim of this thesis and the appendeapersis to investigatalemand response (DRyhich is a part
of the DSM conceptnd distributed generatio(DG)in the Swedish residential sectofhus, thefocus
ison:

1 ldentifying the technical potential and shetgrm economic potential of DR of electric space
heating in Swediskinglefamily dwellings (SBDandinvestigaing the behaviorthe building
stockasa meanf energy storage in terms aising timeshifting timesand capacities and

1 Investigatingand quantifyingthe potential synergetic effect®f solarphotovoltaicelectricity
generationand demand responstr Swedish householdss well as examimg the impacts
of differentelectricity pricingschemes on these synergetic effects.

Thefocushereisexclusivey on the demand side and distributegneration;the remaining supply side
is not modeled. However, possible impactstbe supply sidare discussed.

1.2 Overview

Chapter 2gives a general description of DSM/DR and distributed genera®well as aeview of
issuegelated tothe power systenthat could be handledisingDR.It alsogives an overview of
strategiesto incentivizeDR as well as DGruthermore, DR and DG in theontext of theresidential
sectoraredescribed. The methodology sectieandivided into two parts. Chaptergdves an overview
of waysto modd energy demand in the residential secemd the different methods applicabiliiy
modeling DRChapter 4givesthe rationale behindhe choice ofdemand modelingpproaches used

in Papeslandll, as well ashortdescriptiors of the approacheshat wereapplied Furthermore the
solar energy modelingsed inPapesll andlllis briefly covered Chapter5 summarizes and discusses



the main findings from the threpapers Chaptei6 containsconcluding remarksas well asome
ideasfor future studies






2. Demand response and distributed generation
In Papes | and Il, the demand response anmg Swedish residential consumers is investigated. The
concept ofDRis part ofa broaderconcept known asdemandside management (DSM).

DSMencompasses a broad set ofneasuresthat can be applied tdthe demand side of the energy
system. The objective i diminish increaseor reshape theslectricityenergydemand according to a
specific goal.Included in the conceptre: 1) energy efficiency measures, i.alecreasing total
loaddemand either through technical obehavioralchangs and fuel-switching,e.g., replacing oil
boilers with heat pumpsand 2) demand responseneasures whichaim at reshaping the demand
without necessarily changirte total demand(Gellings 1985)While the idea of influencing demand
has been arond since the 19704, is only recentlydueto increagsin intermittent renewable energy
sourcesand the emergence o&n information communication technologinfrastructure that the
interestin DSMhas grownTraditionally DSM and particularly DRave had the goabf increasngthe
efficiency of the existingeneration capacity, through increasing its load facssrwell as increasing
the utilization of grid infrastructurg thereby decreasingthe need for extra investments in peak
generation facilittsand grid reinforcement¢Strbac 2008)Thishas beerachievedthroughreducing
the load during peakhours, known agpeak clipping which decreagsthe need forpeaking capacity
andbuilding loadduring offpeak hoursknown asvalley filling, therebyincreasig the load factor of
baseload generation Therefore the main aim of DRhas been to reduce peak demairiig 2a).
However,as more intermittent generation is introduced into the power systetns not necessarily
given that a reduction in peak demandtlie desired outcome oDR Depending on the generation
profile of the intermittent sourcea buildupof larger peak demanthight be desirablgFig 2b).
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Figure 2.Difference between demand responsstrateges in a traditional electricity systen (a) and one with a
considerablelevel of intermittent generation (b)(Nyholm and Steen 2014)



The concept of distributed generationgenerallynot included indefinitions of theDSM conceptas it
is not aconsumer loadDistributed generation islefinedby Ackermann, Andersson et al. (20GE)
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Thus it is not given that distributed generation is owned and operated by consumers. The distributed
solar generation investigated ipaperll should thus be moraccuratelydefined asconsumerbased
distributed generation.

2.1 The use of demand response coupled with intermittent generation

As mentioned in théntroductionsection,DR carcontribute to the handling ofeveral issues within
the power systemin bothPapes| and I, the DR of energy on an hourly basis is investigafegerll
investigates DR fronthe consumer perspective in terms odhcreased value of selfenerated
electricity,which means thasystem aspects are not investigated Raperl, the systemimplications
of DR as well as thdenefis to consumerof individual consumers acting their owvn best interess
are investigated Additionalissues that can be handlesingDR as describefound inthe literature,
are describedelow.

On atime-scale of milliseconds to minutestability issues concernirigequencyand voltage can occur.
The posibility for usingDRto modulatesuch instabilities isutsidethe scope of this thesiglthough

it has been investigated by others.g, Short, Infield et al. (200%€pncerningrequency contralShort,
Infield et al. (2007haveconcluded that allowing refrigeratorsto react to frequency fluctuationhas
the potential toconferfrequency stability irtases involvingudden increases/decrease of demand or
generation and during fluctuationelated to wind power generatian

On longertime-scalesi.e, extendingfrom minutes to daysthe problem is that schedulépredicted
generation mustneet the predicted demandncreased intermittent generatiomtroducestwo issues
concerning thigequirement uncertainty andshortage or surpls of available generation capacity
Uncertainty ariseérom the need to predicscheduledgeneration fromintermittent sources with the
use of forecastsAnyerrors in the forecast will result in a discrepancy betwseheduéd generation
and actual genetion. This will increase the neddr generation that is traded on intrday and intra
hour markets In suchsituations DR coulde usedo handle the issuénstead ofactivatingadditional
generation.Thepossibility of using DR for managifagecast erorsis also beyond the scope of this
thesis,althoughit has been invagyated byMadaeni and Sioshansi (20E8hong othersMadaeni and
Sioshansi (2013)oncluded that DR in the form ofeaktime pricing could reduce the cost of wind
uncertainty inthe Texas electricity systefwind power making up 18% of installed capgxdity $0.20—
2.27MWh of wind power generationlepending orthe level of uncertainty anthe responsiveness of
the demand.

There is also the issu# low or highlevelsof predicted generationAs the scheduling of generation
from the intermittent sourcess dependenupon uncontrollable weathepatterns, itcannot be based
on predicted demandAs a consequence of thiand assumingthat there issufficient intermittent
generation in the system, théevel of generated electricity can béigher than the demand for
electricity.By the same tokerwhen generation from intermittent sources is ldtere is asubstantial
needfor dispatchablegeneration The difference betweedemandand intermittent generation i.e,
the demandfor electricityminus intermittent dectricity generation, i®ften referred to as thenet



load. Theloadand netloadfor the Danishsystemduring 24 (40% of electricitysupplycoming from
wind powel) are shownin Figure3. It is clear thathe net demandbecomesnegativeduring parts 6

the year indicating that generation igreater than demand whichnecessitatesurtailment of that
excess generationn the case of Denmayklthoughexcess generation can sometimes be exported to
neighboring countries, there are still howscurtailed generation

GWh/h

-tV Total electricity load |
Net electricity load

_2 1 1 1 1
0 50 100 150 200 250 300 350
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Figure3. The total and net electricityoadsin Denmark for two winter weeks in 2014.

Similarly there are periodsluring which thenet loadisalmost the same athe total demand.Inthese
situations DR can be used to shift load to hewwith curtailment and away from hours with lack of
generation yielding a higher utilizatiofcapacityfactor for the intermittent generationand reducing
the need for backup generationThe impact on utilization timebas been investigated byedegaard,
Mathiesen et al. (2012Hedegaard, Mathiesen et al. (20X@®)ncluced that DR can helfo reduce fuel
costs and CQ@ emissionsin the Danish energy systemhichcontairs 50% windpower (on @ergy
basis)through increasing the utilization of wind power atiereby, decreasing the need for fossil fuel
plant operation.

2.2 Demand response programs

DR can beémplemented throughseveral different methods/programsleperding on the intended

purpose andime-frame. InPapesland Il DR throughreakttime pricingis applied Thistool was chosen

because it is commonly regarded the primary way to activate DR in residential demaas the
“Iinstantaneous” cost passed gntontleercansumer@oreastem 2@0%,i ci t y
Borenstein 2005, Faruqui and Hledik 2009, Faruqui, Harris et al.. Z0drf)emore, following the

installation of smart meters in Swedish householdis possible for consumets partake inreaktime

pricing.



On a broad scaJ®Rcan be classified intprice-basedprogramsandincentivebasedprograms(Albadi
and ElSaadany 2008, Palensky and Dietrich 2011i¢ difference betweethesetwo programsis the
way in which consumers are guided into shifting or reducing loadptite-based programsthe
instantaneous underlyingost of generating electricity i® varying degrees passed on to teed
consumer. Thend-consumer is then free to react the price by shifting or reducing load. However,
as acting on the price signas entirely voluntary consumerinvolvement is not garanteed, i.e.
consumers can choose to pay the higlmice instead of reducing/shifting loadThus the precise
magnitudeof the load reduction is not known when usipgce-based programsn contrast, ircentive
basedprograms are based orontractualarrangements between consumers and other actorthe
electricity market (e.g.grid operators and utilitieg)and can thus beegardedas dispatchable
Gonsumerswho are enrolled inan incentivebasedprogramare paidfor either pre-contracted or
measued load reductionsAlthough m@rticipationin an incentivebasedprogram is voluntaryif pre-
contracted consumers fail to respomchen asked they usualbre penalizedAn additionaldifference
between the two DRtypes is that price-based programs cabe applied either to affect demand
continuouslyor only during criticalperiodsfor the power systemwhereasincentivebased programs
are only used during criticakriods Thetwo programs alsalivergewith regard to the time-scaleand
electricity market sgmentin whichthey operate(see below.

The United States Department of Energy (2008¢fines the following DR programs:
A.IncentivebasedDR programs

9 Direct load control (DLG¥herebythe utility or DS@ancontrol remotely costumer loads and
use them ast seesfit. In return formaking their load availabJeostumers receive fixed
paymentor electricityrate discountsregardlesof whether or notthe load is usedThe load
is primarily used on shotime-scales (>15 min).

1 Interruptible/Curtailabl¢lQ programsare related to DLQvith the differencebeingthat the
utility or DSGdoesnot have direct control ovethe consumersload. Insteadthe customers
are asked to reductheir load to anagreedupon level. If thecustomersfail to comply they
facepenalties.These programsperateon an hourlytime-scale.

9 Capacity programswvork in the sameway as IC programs i.e., customers offer load
curtailments as system capacity to replace conventional generation or delivery resources.
However, tlke customersonly receive payment for loathat is actually curtailed.Customers
typically receive dapf notice of events.

1 Ancillaryservices programare similarto capacityprograms althoughthe loadis usedon the
reserve market andustomersmust thus be readya reduce load on short notices

1 InDemand bidding/buyback progragend-users caroffer their load curtailment ata desired
price on the dayahead marketwhich isanalogous to bidingon generation capacity.

B. Pricebasedprograms

1 ForTimeof-use(TOU)pricing, electricity prices are seit different levels during a given time
period, reflecting diurnal variations, offeak and peak hourgnd even seasonal variations.
These prices are generally fixed months in advance to reflect the average generagion co
during thespecifiedperiod.



9 Critical peak pricingapplies the same pricing structure as TOU pricingh the added
possibility to change prices during extremeak hoursat short notice

1 Realtime pricingis where the customers are charged an houilyctuating electricity price.
The final electricity price can be set od@rahead basis or onr@aktime (hourahead) basis
andit is supposed to reflect the actual hourly cost of electricity generation.

2.3 Distributed generation in the residential sector

Distributed generation in the residential sector has existed since the dawn of electricity generation
with one of the first hydroelectric power statiortgeing built in the country houseof Cragside in
England in 180 (Irlam 1989) However,resicential electricity generation inowadaysdominated by
solar powerin terms of installed capacitylhe value of distributed generation can be higher for
consumers in the residential sect@scompared to other actors in the electricity systefine reason
for this is that in addition to the wholesale price of electrigigsidential consumers pay fees and taxes
on the electricitythat they purchaseln the case obG inSweden, which isonsidered ifPaperll, an
energy taxavalue added taxanda markupare alladded to the wholesale price. Furthermore, a grid
fee per unit of bought electricity has to be paid to the grid owner. Thus, electtityis generated
“behi nd tansdestepthesneed to buy electricityand thusjt has a higher vakithanif the
generated electricitywas sold on the spot marketThis difference also increases the residential
c onsumer s toengagn®Rads inereasing the setonsumption of generated electricity can
be more lucrativehan simply shifting beteenhigh-price andow-price hours.

There are several different pricing schemes for compensating residential solar PV owners for the
electricitythat they feed into the grid

1 An hourly RTP schemia similarity tothe RTP scheme describedGhapter2.2, electricity is
sold and bought by the hour.

1 Monthly electricity price electricityis still sold and bought by the hoalbeit atafixedmonthly
electricity price.

1 Net metering scheme whereby a bill/payment is received for the monthly net
consumption/geeration

1 Taxreduction as wrrently available in Sweden, for each k\éd intothe grid a fixed amount
is added to the price.

1 Feedin tariffs, wherebyconsumers receive a guaranteed price for their generatedtricity.

1 Net billing which issimilar to net metering, except thatinstead of paying for the net
consumption a discount is received on the following electricity billthis schemethe
consumer still has to pay taxes and fees othalelectricity drawn from the grid.

In Paper lithe first four schemesare investigatel. Feedin tariffs are not includegas they are only
dependentupon electricity generatd from PV panels which meanghat there is no interplay with
demand.

2.4 Demand response in the residential sector

The residential sectds made up of humrousloadsof variousmagnitudesboth in terms of specific
load size and overalevel of energy usedIn relation to these loadsdifferent potentials can be
specified In Papers | and Jithe technical potentials identified andhe economic potentiafor DR is
investigated The technicapotential constitutes the actual physical potential that is present, gl



load of space heatingand the maximum timdrame within whichit can be shifted The economic
potential is the share oftie technical potential thatan beutilized in aneconomcally optimal way.
This potential can be viewed from a system perspeciigs minimizing total system costslowever,
in Papersl andll, the economic potential is investigateahlyin part, as the supply side of the electrigi
system is consideretb be static. Since eonomic potentials are seldom reachea third type of
potential needs to be introducedachievablepotential. This potential constitutes the share of the
economic potential that iactually utilizedThe size of this potential is dependamqtonseveral factors.
For the residential sectothe factorsmay include whethethe consumer is informed of the possibility
of economic savingtrough DRor if they feel thatthe eventualincorvenience outweighs the savings
Definingthe achievable potential for DRasitsidethe scope of this thesjssany investigation of this
potentialwould require a behavioral analysBuch an analysis has not been perforniéelvertheless,
identifying the achievable potentiais useful foridentifying the gap betweenthe achievable and
economicpotentials, as well aghe measuresthat must be taken toclose this gap However,the
achievable potentialshould not beregardedas an upper limitas to what canbe attained by
implementing DRKramer 2012)

As previously statedhe residential sector consists of a myriad of differer@ds rangingfrom home
entertainment systems to heat pump3heoretically almost allof theseloads are flexible if the
electricity price issufficiently high, thus making theotal technical potentialfor DR substantial
(residential electricity demandonstitutes23% ofthe total Swediskelectricity demand) However,it

is difficult to distinguish whichesidential loads aractuallysuitable for DR and to what extent these
loadsare available for DR. As residential consumiarsontrast to industrial bcommercial consumeys
are not rationalcostminimizing entitiesdo not necessarily follow financial logi€urthemore, the
utility that one consumeextractsfrom a certain load might be totally differettian that obtained by
another consumer, i.eone personmay behappy to postponestartingthe dishwasher fod2 hours
whilst anotherindividualis always in dire need of clean cups and runs the dishwasher as soon as it is
full. The selection of loads used fitve DR inPapersl andll is based oran evaluationof the literature
regardingthe DR potential of residential loads terms of energy and powebut alsoin terms of
acceptance among consumers

Mert, SuschelBerger et al(2008)investigated consumer attitudes concerning smart appliances
appliances that have the possibility to communicatel canthus be used for DR five different EU
countries Austria, Germany, Italy, Sloveraad the United Kingdojn They foundthat consumer
acceptance for smart appliancesshigh, i.e.,consumerswvere willing to adopt smart appliancess
long as theyhadcontrol over the finishing time of the appliancehe study only investigatddadsthat
could be shifted withouhaving a strong impact dhe servicehat they provided; thus, loads(such as
cooking appliances and televisidrthat require more extensivebehavioralchangs were omitted.
Paetz, Ditschke et al. (201@)nducted a studyf consumer acceptance of smart meters, variable
tariffs, and smart appliancesvhich included all resehtial loads Similar tothe findings ofMert,
SuschelBerger et al. (2008ronsumers in the studwere generally positively inclined to adopt smart
technologies stating that their main motivations in doing so were monetary savings and
environmental benefits. Howevemaving to chang ones routine and experiencingdecreasing
personalflexibility limited the willingnes®f the subjectsto engage withsmart technologies. Thys
loadsthat must beserviedinstantly, such as lighting, cookingnd entertainmentwere often seen as
non-shiftable by consumers. Several other studies timyestigaed consumer acceptangesuch as
Hargreaves, Nye et al. (2018}ragier, Hauttekeete et al. (2013ndFell, Shipworth et al. (2014)ave
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reached the same general conclusion that consumers are not willitag make major behavioral
change. Other obstacles/feargperceived byconsumersincluded misuse ofthe measured data

Assessing thenpacts ofsuch concerns notwithin the scope ofhe presentwork but obviously needs
to be addresedif the potential forDRis to be realized.

Basedon the work ofMert, SuschelBerger et al. (2008)Se=bach, Timpe et al. (200@ssigned
residential appliance loads four qualitative classifications wittespect to their suitability for DRL)
specific load during operatiqr2) availability 3)shifting flexibility and4) convenience for consumers.
Where the specific load during operatiorlates to the size of the shiftablgpplianceload, a larger
load isobviouslybetter for DR.Availability relates to how often the load can be accessed for DR.
Shifting flexibilityrelates tohow faraheadin time the load can be shifted, where the possibility to shift
the load for a longperiod obviously is beneficialConvenience for consumeedlects thedegreeto
whichthe DR operation of thappliance is likely tavoidcausnginconvenieneto the costumerTable

1 shows the resulting indicators faine different applianced he indicators range from low (red colpor)
indicating that the specific load perfornmoorly in relation to the classification, to very high (dark
green), indicating that the load performagell in relation to the classificatio@ne further classification
that isimportant butnot explicitly shown is the total shiftable energythoughit can be extrapolated
by combiningspecific load during operatioand availability. Hectric heating(EH (investigated in
Papes | andll) and water heatindWH investigated inPaperll) are the most promising candidates.
Theremainingloadsstudiedin Paperll have both pros and conswith dishwasherdDW) washing
machines(WM), and driers(TD)allowing for a high load to be shifted although they have low
availability.For refrigerators/freezers the opposite true.

Tablel. Classification ofine different residential loads in four different aspects that are importafdr DR wtential. The

colors correspond to how well the different loadserform in relation to the different classificationsrangng fromred
(poorly) to dark green(very well). Adopted from Seebach, Timpe et al. (20Q09)

WM TD DW RF FR AC WH EH CP
Specific load during operatior] high | high | high

Availability mod.| mod. |mod.

Shifting flexibility mod.| high | mod.
Convenience for consumers mod.| high |mod.
Abbreviations:WM, Washing machineTD, tumble dier; DW, dishwasher RF, refrigerator, FR freezer AG air
conditioner, WH:water heating EH electric heating; CR circulationpump; mod., moderate

It is clearfrom these studies thatvashing machines, dryers, dishwashers, refrigerators, freetags,
water heating,and space heating are the loatleat aremost accepted by consumers for use in BR
well asbeingamongthe largest loads in the residential sectdrherefore the initial modeling and
analysis of DR in the residential sect@sfocusedon these loadsas inPaperll (all of the aboveand
Paperl (space heating)

Thedemandside of the energgystem could be used ada@ol to address several different issues that
can arise as the energy system is transformadgingfrom frequency regulation on the millisecond
scale tathe shifting of energy demand over dayssshown there are several way®tincentivize both
DR and distributed generation in the residential seclidrecombination ofthesetwo factorscould
also generate additionabenefits for consumersthrough increasing the value of the distributed
generation The possible economic benefibf such a combination ithhe Swedish context have not
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been investigatedpreviously Papes Il and 1l shed light on the possibilitiésr this combination.
Furthermorejt is showrthat electric heatindspace heating and htap-water heating) hathe largest
potential for DR in terms of energy, load, convenienead flexibility. Thus, it is of interest to
investigae the potential for DR of electric space heatiagd how it can be use@Paperl).
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3. Literature review of residential electricity demand models
Traditionally modeling of residential electricity demand has been usedeneratedemand forecasts
that can be usedor planning expansiaof the power systemWhenmodeling electricity demand for
DR purposessomerequirementsthat are not essenl for traditional demand modelingpave to be
met. First a time resolution that isufficientlyhigh to address the intended purpose of the,DR, if
the purposesto model frequency responseresolution ofmillisecondss neededwhereasfor energy
balances an hourly resolution aslequate Secondlit is desirablethat the methodis ableto generate
specifidoad profiles fodifferent enduses However it is not required to know thesprofilesin order
to model DRThird if the storage of energis to be included, e.gthrough thermal inertia of buildings
or hydronic heating systems, a description of the characteristics of that storage needs to be
represented Faurth, if a countryregionwide potential $ desiredthe modelneeds to be scalabl@his
chaptergivesa brief overview ofesidentialelectricity demand modeland theirsuitabilites for DR
modelingwith respect to these requirements. Furthermothge rationale behindhe approaches used
for DRIin the differentpapersis given These apmaches are thectualmeasuredoad profiles oran
appliance leve{in Paper [y anda model describing the thermal behavior of the Swedisiyle family
dwellings (SFMuildingstock(in Paper ). A short description of thenethodology used for solar engy
modeling(Papes Il andlll) is also given.

3.1 Overview of methodologies for modeling residential electricity demand
Electricity demand models have been reviewed extensi@wan and Ugursal 2009, Kavgic,
Mavrogianni et al. 2010, Grandjean, Adnot et al. 2012, Torriti 2G1@vever the usefulnesf these
different modelsin terms ofDR modeling has ndieen studiedBelow, the most common approaches
to demand modelingnd their applicability to DR wie presentedbriefly.

There are Wo overarching types of modeling frameworks used in demand modéetipgdown and
bottom-up. Topdown approaches make use of macroscopic daiah as GDP, appliance prevalence,
floor areg and other factors thataninfluence dectricity demandand thereby create econometric
models Such modelsare not suitable for modeling DR as thég not allow for asufficiently high
temporal resolutionso they arenot covered in thioverview

Bottom-up modelscan be broadly divided intostatistical models and engineering modelhese
modeds have in common that they, in contrast to tajpwn models, modeahe electricity demand and
profile based onindividual houses/households arlereafter scale upextrapolae to represent the
entire buiding stock or a targeted type of consumEarstatistical modelssuch house/householdad
profiles are createdhroughregression analysisnore specificallgonditionaldemand analysi§CDA)
(Parti and Parti 1980h the case of individual loadsr through evolutionary or supervised learning
algorithms.Such algorithms can hertificial neural network modelg ANN) (Park, EBharkawi et al.
1991) and support vector machinedor supervised learning ogenetic algorithmsin the case of
evolutionary algorithmsOthertypesof algorithms in conjunction witthose mentioned above have
also been usedAs ANN are the mostcommaly used,they are the only modelsovered here.
Engineering modelsvork bymodeling each enduse separatelysing datahat descrite the enduse.
The behavias of occupants can also be included. The different approaches in engineering models
include probabilistic models (Capasso, Grattieri et al. 1994hd archetype models (Mata, Sasic
Kalagasidis et al. 2013)
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The CDAnethodwas first developed bfparti and Parti (1980)n corntrast to other regression model
approachesised for demand predictiqrCDAbreaks down thecontributionsof the individual loads to
the total householdioad. Hergselected appliances are usedsasne of theindependent variables to
explain the total demad, which is set as the dependent variable. The minimum requirgdrms of
data is the total electricity demand curve for individual households and the existence -@xigiance
of appliances A dsadvantag of CDA ighat appliances with a high penetiah rate cannot be
distinguishedfrom the remaining loaddue to multicollinearity.Thisis a drawbackbecausethese
appliancesnclude a large share of appliances thought suitable forTbR time resolutiorthat can be
achievedis dependentupon the avaiable data New loads cannot be introducedsthe profiles are
extracted from existing dataFurthermore, there is no possibility to represeahergy storage
possibilities.

An ANN employsstatistics to learn the relationship betwedhe input values and @sired output
values without relyingon an actual physical descriptiofithe loads The name\NNis inspired by the
neural networks in the brains of animaBark, ESharkawi et al. (1994yere the first to usethis
method to descrile electricity demandThe methoduses several layers of what are called neurons
where thelayers can be classified as the input layer, hidden layard output layer(Fig 4). The
signal/information e.g., time of dayflows from the input layethat continue through the hidden layers
and arrive at the output layer e.g., electricity consumpth for dishwashersThe output from each
neuron, with the exception of the input neuronss generatedby passingthrough a functionthe
weightedoutput values from althe neurons in the previous layefhe values of the weightn each
layerare determired by a learning/training algorithmwhich adaptghe weightsusinganinput set and

a target output setThe weights are changed until the error between the output and the target output
becomessufficiently smallThe targeftraining output set wouldcomprise theactual measured load
curves and the input could beéhe temperature or time of dayWith this method a sufficientlyhigh
time resolutionispossible given that consumptiatataare available Similar to CD&Aew loads cannot
be introducedbecausethe profiles are extracted from existing datAurthermore,to representthe
storageinput, data thatdescrite the storage, e.gindoor temperature or water storage temperature
need to be collected
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\
Figured. The concept of a artificial neural netwak.
In engineering modeling approacheyntheticload profiles are created based on appliarared/or
buildingdata, eg., cycle times and power demarappliances or the thermdiehavias of buildings
These models canalso be coupled with functions that descrike the behavios of the household
inhabitants Models thatincorporate inhabitantbehavioron an individual household levebn be
classified agrobabilisticmodels Theseprobabilistic models aim to mimic tHeehavias of household
inhabitants, e.g.what time they leave the house or what time they use the dishwasher, and thereby
constructload curves for different endses This is done throughssigning probabilities to occupancy
and occupant behaviofThe level of detailused todescrite the behavors varies between models
Paatero and Lund (2008%d a random factor to determine occupancy lev®ithershavebasedtheir
behavioranalyseson so-called‘use of time surveys where participants are asked to keegadry of
their daily activitiestogether with information orwherethe activitieswere performed and with whom
(Capasso, Grattieri et al. 199Richardson, Thomson et al. 2010, Widén, Molin et al. 20t2%edata
arethen used tocreate a model for occupancy behavido create descriptions for a specific region
allthe households in the region are modeled and then aggregatedarsiogldoad curve The models
allow for very detailed DR modelings the actions of individual occupants are consideaed given
that the datafor appliance behavigrare available a high time resolution is possibldew loads can
be introduced to the model the technical data for themare available Theoccupantbehavior for the
newspecific load can obviously nio¢é modeled but mustinsteadbe based on assumptions. a similar

way, storagecan be addedHowever, ifthe DR inan electricity system on a caury scaleis to be
investigaed, individual occupant resolutiois not feasible.

Models that use archetypes or sampleiclude a limited number of householdssupposelly
represenative ofthe diversitywithin the region being modeled. Theparametersare then weighted
sothat the total load for the region isalculaed. In the case of archetypethis isachievedthrough
creating a set of typical representations for the load that is to be modé&egerlll is based on this
concept and useaphysical bilding model together withhe 571archetypeseveloped byMata, Sasic
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Kalagasidis et al. (2018) describe the space heating denthofthe SwedistSFDstock Occupancy
behaviorin the form of probabilistiomodels for archetypenouseholdscan be incorporatednto
archetype modelsShimoda, Fujii et al. (2004pplieda useof time studyto specify460 archetypes
composed of 23 household types and 20 dwelling typ@fie model was used tdescrile the load
profiles of enduses andhe total load for the city of Osakdime resolution can be high given that
appliancedata are available However, ifweatherdependent loadssuch as space heatingre
modeled the resolution athe available weather data woulalso limit the time resolutionStorage can
also be includedScaling up the results is eagg the archetypes are select¢o represent the region
being modeled.

Table 2 summarizebe presentedmodeling approaches, as well as thauitabilitiesfor DR modeling.

All theseapproacheswith the excegion of the top-down macroeconomiapproach,can beusedin

DR modeling. Hower, if some form ofenergystorageor new load is to be introduced engineering
approaches are the only suitable chai¢airthermore, the use of CDA or learning algorithms requires
extensivemeasureddata in order be usefdbr modeling in a larger contextherefore an archetype
engineeringapproachseemto bethe most suitable for modeling large systems.

Table2. Overview ofthe suitabilities of different electricity demand modeling approachdsr DR modeling.

Modeling Time Load Storage Scalability Suitability for
approach resolution resolution | representation DR

Top-down : Low High No Yes Not suitable
macroeconomic

CDAregression Yes, given tha Suitable,
(Parti and Parti High Medium No dataare requires
1980) representative| extensive data
Learning/genetic . .
algorithms (Park, Yes, given tha Suitable,

High High Yes dataare requires

EFSharkawi et al. . :

1991) representative| extensive data
Engineering Smaliscale
probabilistic LowHigh if orin
(Capasso, High High Yes coupled with | combination
Grattieri et al. archetypes with
1994) archetypes
Engineering

asrggityg;g\gzts%i High High Yes High Suitable

et al. 2013)

3.2 Usage of the different methodologies for demand response modeling

The choice of demand representatiendictated bythe chosen way of modeling tHeR Depending
on which potential is to be investigatgeithe approach to DR modeling can vdristed bebw aresome
examples of how the different demand modeling approaches are fsedR.

The use of CDA in combination with B&snot beendescribedin the literature. However, CDAas
beenperformedon an hourlytime-scale byAigner, Sorooshian et al. (1984he use of neural network
demand modeling to estimate the technical potential for DR has not breported previously,
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whereas ANN is widely used fordoad profile brecasting. The absenceof these two modeling
approaches for DRlikelydue tothe factthat if hourly loads for individual erdses are to be modeled
extensive dataegarding thdoad data for eaclkend-usehaveto be availableCurrently such measured
dataare not readily available.

Archetype models have been used bledegaard and Balyk (2018) model the DR of space
heating/HP and investing in accumulation tanks immark.Byinvestigaing the economic potential
for DRby incorporating it inb an energy system dispatch modehey haveconcluded that DR can
reducee the need for peak and reserve capacity investmemapaefthymiou, Hasche et al. (2012)
investigaed the economicpotential for DR of heapumps in two future German electricity systems
with RESenetrations of 36% and 47%. Thigas achievedhrough incorporatingheat pumpsinto a
mixedinteger stochastic optimization modelvhich dispatches electricity generation and includes
uncertaintyrelated tothe wind forecast. Theglid not include the investment cost for theeat pumps
but insteadevaluaed their valuein terms oftheir ability to reducethe system cost.

Probabilistic models have been used to investigate Pditero and Lund (2006ised load curves
created from their probabilistic model (based on a random factor for occupandyyéstigae the
possibility to cut peak load.hiswasachievedby generating 1@00 household load curves and then
applying predefined shifting schemeSottwalt, Ketter et al. (2011)sed hourly variable electricity
prices together with a probabilistic model to apply @household loadswidén, Molin et al. (2012)
introduced a differentDR modeling appro&g in whichthe probability of a load being activatedas

to a certain extent governed by the electricity price, resulting in more loads being initiated dwing
price periods andice versaThis enables the model to capture the actual potenéalnotallthe loads
are moved and the behavior is not deterministic.

To model DRt is not necessary to know the specific emak load profiles Sioshansi and Short (2009)
used short-term priceelasticitiesfor electricity demand to modekalktime pricingfor DR in theegion
served by theElectric Reliability Council of Texdhey investigaed the impacts of DRon the
curtailment ofwind, and concluced that it could increase utilization by% giveran elasticity of-0.3,
and therebyincreasethe value of wind generationBruninx, Patteeuw et al. (2013)sed cross
elasticities thereby capturing demand changes due to price changes in other hdhes.cross
elasticities are neededinceoncethe load is shiftecdidecrease in one hour will lead to an increase in
another hour.Theyconcluced that crosselasticities are nosuitablebecausethey give rise to erratic
unexplainable behavior.

Gils (2014performed an extensive evaluation of technical potentBDRin Europe whichincluded

all the demand sectoraind suitable loads within each sector. Each leadassighed &haracteistic

load profile based on meter data or characteristic load profiles taken from other sou@iks.
concludal that therewasa minimum load reduction potential of 61 GW and a maximum load increase
potential of 68 GW in the European electricity systemeweery hour of the year

In summaryengineering methodologieepresentthe dominant approach when modeling electricity
demand for DR purposes. This is probably due tonied for extensive measured data with a high
temporal resolutiorin CDM or ANN the potentials on a system scale are to be investigate&apers
I and 1] engineering approacheare used to model demandOne majorbenefit of the engineering
modeling approaclis that it allows fotthe inclusion of the modeling adnergystorage. Astorage of
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energy is both modeled iRaper |, through storing heat in the building structure, andHaper I,
throughthe storageof energy in water tanks, an engineering approach was required.
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4. Modeling in this work
As shown in Chapter, @ modeling famework for describing the electricity demand is neededrder
to model DRAs Papers | andaim to investigatethe DRof all SFD electric space heating in Sweden
andhousehold loads in combination with PMéspectively, a descriptiaf the loadis required. Paper
Il creates a modeling framework for several different solar energy technologiesbling a
comparison Furthermore the results from Paper Il serves am input to the description of PV
generation used in Paper Il

4.1 Demand response modeling

This work applies two types &fRmodeling.In Paperl, an archetype engineering modeling approach
is usedthat describes the Swedish SFD stddkis is because the overall DR potentiatlettricspace
heating in Swedish SFDs is investigatealan approachthat describes all of Swedish SFDs is required.
Paperll appliesan engineering modeling approach usaual measured demand profile$ Swedish
households. This the case aenly the consumer perspectivsinvestigated andthere was no neal

to scale up to a system levaHowever, the sample used should representr@sssection of
householdsThe use ofctual measured data also allows tbe inclusion of all possible loagshich
would otherwise only be possible through a detailed probstit engineering modeling approach.

In Paper ,|the technical potential of utilizing the Swedish SFD stock as energy stoiagee
introduction ofchanges to theindoor temperature is examinedrurthemore, the impact on demand
of DR caused by the aant hourly reaktime pricing scheme available to ewdnsumers is
investigated.To capture the thermal inertia of the building stock atemperaturedependent heat
losses, both of which are important factors in characterizing the DR potential, a bot@ngineering
modeling approach is used. An energy balams®lving571 archetype households/SFDs/houses
modeled and then scaled up to represent the complete Swedish building stock. The energy balance is
described byMata, Sasic Kalagasidis et al. (203)angeshat were made tothe original input data
of Mata etal. (2013)include the inclusion of hourly variations in internakhgains as well as power
ratingsfor the electric heating systen(further detailscan be found in Pape}.IUsing an archetype
model is necessary as modeling every single househaidféssible both from the model run time
and datahandlingperspecties

In Paperll, the impads on consume investment of DR coupled with solar PV for different electricity
pricing schemesare investigated. The measurementsused represent 21 different SwedislSFD
householdstaken from a previous studpy Zimmermann (2009jor evaluating energy efficiency
measures. The loads investigated concerning DR:aleshwashes; washing machinesdryers,
refrigerators freezers hot tap-water heating;and hydronic heatingl'he shiftingperiodapplied in the
case of appliances is 24 hopandin the case of cold appliancdshour either to a preceding oa
succeeding hourFor the hydronicspace heating antot-water demand, there is the possibility to
store heaf which means thathe shifting time variablés only limited by the size of the storagéhe
sizing of the storage is based adetailed description of the modeling approaakhichcan be found

in Paperll.

In both modeling approacheshe generation side of the electricity system is assumed to be constant
and unaffected by changesn the consumption side.
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4.2 Solar energy modeling

In Paperlll, an extensive modeling framewoi& presentedthat incormporates the followingdifferent
solar energy systems: ndracking photovoltaics (four different PV technologies are incluged/-Si,
mono-Si, CdTeand CIGE 2D-tracking photovoltaics high-concentration photovoltaicsflat-plate
thermal, evacuated tule thermal concentrating trough thermalkoncentrating solar combined heat
and power and hybrid concentrating photovoltaic/thermal. In the modeling empirically verified
models are used for thermal and PV collectors. However, a physical model was apptrez Hybrid
concentrated photovoltaic/thermal collectobecauseno empirical verified model was found.o
investigate thesynergetic effect®f solar PV generation and electricity demamdhich is the goal of
Paperll, it is essential to describe the R\éctricity generation with aemporal resolutionsimilar to
the investigated demancdhs well as accurately describing the electrical output fromtdmhnology
Thisrequires a modeling frameworkimilar tothe one presented abovevhich makes it possibléo
accuratelydeterminehourly electricity outputs given that dafar that resolutionare available For a
more detailed description dhe modeling procedureseePaperlil.
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5. Results and Discussion
The results presentetiere are an overview of the re$is concerning DR in the Swedish residential
sector fromPaperl and Paperll. The resultscoverthe technical and economigotentials of DR for
SFDsas well as the possible economic gains for households fher®DRs of space heating, tap water
heating and appliances.The possible synergies between solar PV generation and DR are then
presented and theapplication ofDR in the Swedish system is discus3ée. results fronfPaperlll are
used in part in the discussipbut are also fundamentalomponents othe resultspresentedin Paper
Il.

5.1 Demand response potentials in the Swedish residential sector

Technical and short-term economic potentials of DR

In Paperl, the technical andghortterm (the production side isonsideredixed) economi@otentials
for DR of space heating in Swedish SEDwestigatedFigureb showsthe total electric space heating
demandand thelevel of electric space heating demand shifted for each moaothvear 2010 as
obtained from the modeling iRaper | With approximatelyl.46 TWh out of 17.5 TWh of total electric
heating demand shiftedt is clearthat only a fractionof the availabledemand isutilized under the
current price structureand thatthe majority of the demands shifted duringhe winter months.It is
not certain that the totalelectricity demand is available for shiftiras it is dependentponthe extent
to whichhouseholds are willing tohange their indoor temperaturdn Paperll, it is shown thatthe
upper boundary of an allowed temperature increase @8°C(from 21.2°Cto 24°G only linits the
amount of load shifted to a certain hoduringa few hourswith shifting Overall,it can be said that
given thecurrentelectricity price structure th@rice of electricityis limiting the potentiabf DR

3,5 T T T T T T T T T T T T
[ |Electric space heating demand shifted
I Total electric space heating demand
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Figure 5. The total electric spabeating demandfor eachmonth for Swedish SFDs durixigar201Q and thelevelof
demand that is shiftedas obtained from the modelin@€ompiled fronthe resultsin Paper I.
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All parameterghat have an impact othe energy flux in and out oftauilding as well as its volumetric
heating capacity will influence the tirdeame forpossibleshifting. Thusthe pattern ofshiftingvaries
with the actualseason and time of dayh& maximumamount of timeobservedbetween an increase
and decrease in spadeating load is 12 hoursluring the summer During wintermonths shifting
periods become shorteras energy is lost to the surroundings at a higher ratigh the longest
observedshifting timesbeing10 hours However, the maximumnumber ofconsecutivehours witha
considerableedudion inloadduring winter is approximately 3.

Regardinghe technical potential identifiedhe installed heating capacitg 7.3 GW (assuming a fixed
COP for heat pumps) anlde building stock has the ability teetain 6.9 GWh/°Cwith a highlevel of
uncertainty due to the rough estimatesof the effective heat capacities of the buildingdn the
modeling an increasen load of up to 4.4 GWh/h and a decreansdocalof 5.5GWh/hare diserved.

In bothPape | andPaperll, the shifting of load through storing energy in the form of thermal energy
results in an increase in electricity demand. This lessonsiderably smaller for households with
hydronic heating (Paper Jscomparedwith other heating sourceslue to the possibility to store the
energy in a water tank instead within the building structure itself. The DRIuespresented in Figure
5resut in an overall electric heating demand increase of 0.952 GWH.

Economic gains from DR

In Paperl, the economic gains frorshifting electric space heatingirs/estigated whilePaperll shows

the economicgainsassociated witlshifting hydronic spackeatingand hottap-water heating as well

as appliance loads for a sample 8fwvedish SFD# both casesit is clear that for the prevailing
electricity prices and price structure the economic incentive for an individual consumer is low.
Modelingthe resultsfrom Papes| and lishowsthat taking into accounthe electricity pricen Sweden
during Year2010, the investigated year witthe highest electricity priceg64% abovehe 14-year
averageannual price foelectricityandexceedinghe average diurnal price fluctuationshe economic
incentivefor space heating in Swedish[®&¥#s in therange of 0.3%-12% (average 3%)of the yearly
electricity cost Thecorrespondngmonetary valugangeis0.9-3 30 €/ year ( c%I3espond
of the median disposable inconaf persorsliving in Swedish SFDS)milar values areeportedfor the

DR of hydronic loads iRaperll. The values foappliance DR are considerably lowetith savings of
0.3%on the annualelectricity cost

Synergies of demand response and distributed solar generation

As mentioned in Chapte2, additionalvalue can be derived througlcombining DR andonsumer
based solar generatigandthisisinvestigated irPaperll. Figureba shows theimprovementin annual
electricity cost from combining DR of hydronic loads and solamiRK {he size of installation here
represented as the arrayto-load ratio, ALR) for the households investigated Paper Il. The
improvementsare in compariso to having an hourly electricity price without DR. The maximum,
minimum, 2% and 7% percenties, as well as the mean valder the investigated households are
shown. Figuré&b shows thecorresponding datéor the DR of appliance®sshownin Figuresa, asthe
ALR increasdhe DR exhibits as-curvewith regard toits ability to improve the yearly electriciposts.
The impact otombining PV and DS negligible up to an AlRlueof 0.5 owingto the absenceof
exces electricity generation from théVpanels. As athe electricity is already being used-house
there is no extra gaito be derivedfrom shifting loadsFor all thehouseholdsdiminishing returngor
the benefit of DRare apparentat an ALR of 3'his happens even thoughe availabé shiftable load is
considerably larger than the total PV electricity generation at thisvallike with anaverageof 8100
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kWh/year of available hydronic DRompared toon averageof approximately4000 kWh/year of

electricity generated Thus, theobserveds-curve indicatesthat most of the new solar electricity
generationwith an ALR-3 occursduring hoursn which there is n@ossibility to utilizehe additional

availableDRIoads

There is a noticeable spreaid valuesamong the investigated householdwhich increases with
increasing ALRHowever, the all show the same-curve

For the appliane loads shown in Figu@b, an s-shaped curve is alsobserved, showinghe same
properties as for the hydronic DRy addition, the improvements irannualelectricity costessentially
plateaufor ALRvalues=3. Thisleveling outof the improvementshows that the technical limitatioof
the synergetic effects of appliance DR and solar generation is reached eveageitierous shifting
time of 24 hourspplied.However, it should be noted thalé largesappliancdoads, for refrigeration
and freezersare not as flexible (1 hoynvhichreducestheir usefulnessFurthermore the synergetic
effects of appliance DR and solar PVlass pronouncedhanthose of the DR of hydronic loadsyith
improvements in electricity costf <l%compared to 4.%points for the hydronic loaddHoweverthe
maximum valueshows a considerably higher increasih increasing ALR hisis attributed to one
single household anexplained bythe factthat the appliancdoad constitutes arelatively large part of
the total load of that household Thus, itexhibitsa lowerratio for generated electricityto shiftable
load, ascompared to the other households.

Improvment in yearly electricity cost (%)

a)

Sweden 2007 with Hydronic DR

======== Maximum and minimum values
— — - 25th and 75th percentiles
Mean value

Improvment in yearly electricity cost (%)

Sweden 2007 with Appliance DR

===+=+== Maximum and minimum values
— — - 25th and 75th percentiles
Mean value

b)

Figure6. Improvemens in annualelectricity coss compared to an hourly pricing scheme for different ALRs&pDR of
hydronic loadsand b) DR of appliance loadsdopted fromthe results in Paper II.
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In Figurefaandb, a pattern similar to that irFigure6 is shown albeitfor the electricity pricsin Year
2010 for Sweden (a) and Germany (b). As shovRaperll, the higher electricity pricem these years
(64% and 2% higher thanthe 14-year averageannualelectricity prices for Sweden and Germany
regpectively)generatean incentive to invest in larger Pnels.However, despite larger diurnal price
variations(which is the most relevant timérame for DR coupled with solar poweaxyer the 2 years
(on average30% for Swedem Year2010 and 60% fdGermany in YeaP010, ascomparedwith 10%
for Swedenin Year2007), the synergetic effects of combining DR aswlar PV are actually smaller
compared tothose identified for Year2007.Thisis due tothe fact that the improvement iryearly
electricity costis smallerbetween ALR O and ALR 6 for th@seears,with meanincreagsof 3.5%and
2.5%for Sweden and Germarespectivelyascompared to4.5%for Swedenn Year2007. Thisis the
case because ihoth of theseyears solar electricity generation cofides withthe higher daytime
electricity pricesthereby reducinghe marginal value of shifting electricity to these houfkus, as
long as dispatchable generatigredominates and demand is the main price settdrigher price
variationswill dampen thesynergetic effectsef DR and solar PV. The overall value of DR fa2 ftears
is nonethelesdarger, asshown inPapes | and Il and discussed above, due to the beneithieved
through shifting load fromhigh-price hours tdow-price hours.

Sweden 2010 with Hydronic DR German 2010 with Hydronic DR

10| =vemeee- Maximum and minimum values
— — - 25th and 75th percentiles
Mean value

10| =vemeee- Maximum and minimum values
— — - 25th and 75th percentiles
Mean value

Improvment in yearly electricity cost (%)
Improvment in yearly electricity cost (%)

a) b)

Figure7. Improvemeris in annual electricity cost compared to an hourly pricing scheme for different ALRs for L
hydronic loads fara) the Swedish electicity pricein Year201Q and b)the German electrcityrice in Year2010.Adopted
from the results in Paper II.

Figure8 shows theimprovemeris in yearly electricity cost from combinirige DR of hydronic loads
and solar PV for the tax reduction pricing scheme (hourly electricity price with an indnezsae of

€ 0. 0 6 Yaor édedtticity sold to the grid)lt is evident thatwith increasing ALEhe value of DRs
considerably reducedAns-shaped curvesan still be discernedis the underlying shifting limitations
described above are still therélowever, as theprice difference between selling the electricity and
using it irhouseis smallerthe incentiveto shift hydronic loads is reducedhis is the case sincthe
storage of heat results in an increased demand due to lossePaperll). Although theincrease in
impact of DRwith increasing AL small implementing the tax reduction schenym@eservedthe
incentive for DR between hours with high and lowciieity prices. For yeansith larger fluctuations
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in electricity priceretainingthe DR possibilitecanresult in savings of up ®% of the yearly electricity
cost,as can be seen in Figure.

Sweden 2007 with Tax reduction and hydronic DR

10| ==eeeees Maximum and minimum values
— — - 25th and 75th percentiles
Mean value

Improvment in yearly electricity cost (%)

Figure8. Improvemensin annualelectricity cost compared to an hourly pricing scheme for different ALRs for a tax redcution
pricing schemeouped with the DR of hydronic load#dopted fromthe results in Paper II.

5.2 The potential uses of DR in Sweden

Solar power

As shown inPaperll, the use ofa net meteringpricing schemeesults inan economically optimal
investment in solaPV for a household. Thusmaximalinstallation of PV capacity is desiregplying
such a pricing scheme would be beneficial. However, doing so wemldve allthe incentives for DR
The implementation othe tax reduction schemeliscussedabove (which isin currertly in usein
Sweden) would result ipractically the same installation sizes as net metering whitgining the
incentive for DR. Even though there are no large g&nbe madefrom combining DR and PV
generation given the tax reduction scherfgee Figured), it is importantthat the incentive for DR
between hours without PV electricity generationregained As is also shown in PaperDR has a
consideraly smaller impact on increasing the valuetloé consumets PV investment compared to the
discount ratethat they apply.Similarly, the value ahe DRof hydronic loadds comparablgo the
reduction in PV investment costenoverthe last couple of yearst(should be noted that a continuous
price reductionof the same magnitudés unlikely). Therefore future investment cost reductions are
more likely to spur investment in PV th&@an incentive to implement DRurthermore it should be
noted that at current (2014) electricity pricaavestments irPV are not profitablén their ownright.

Depending on bw electricitypricesdevel in the future,the economic benefitso be derivedfrom
the combinationof DR and solar PWill vary. If theprice of PV installations continués fall and
installations become more prevalent they could start to influencectelety prices. This ialready
happening in Germanywhich is experiening lower electricity prices during hours with high solar
generation with a solar P\Vpenetration of 6.5% ¢n anenergy basis)Sucha price structure would
reduce the overall profinssociated withinvesting in asolar panel. However,it would increase the
value of DR in combination with PMthough asdescribedabovefor ALR$3, the physical restrictions
imposedon the DRstart to reducets impact a different electricity pricatructure would notalter this
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Furthermore,the restrictionslinked withusing the hydronic space heating losmdcombination with
PVobviouslytranslatk to the electric space heating loandvestigated irPaperl. In fact the potential

is even lowerbecatse tap water heating is not included.he restrictionis also evidentwhen the

monthly DRpotentials(Fig 5) are compared with the seasonelectricity generatioroutput from solar
PV for SwederfFig.9) (results fromPaperlll). It is clear thatthe levd of electricity generation is
considerablyhigher during summeitthan duringwinter, with the monthly DR potentialshowingthe

oppositepattern (Fig.5).

Spring Summer 4

Figure 9. Seasonal electricity geatgon from one square meter of collector for a ntracking nono-Si PV system. Figur
taken fromPaperlll.

Other benefits and drawbacks

Asdiscussed abovehe skewed generation profil® f P V, cansideraby higher output during
summerthan duringthe other seasondimits theusefulness of DR dgh levés of solar P\énter the
system.The other major intermittent energy source is wind powkhne usefulnessf DRin conjunction
with wind poweris notthe focusof this work. Howeverthe valueobtainedfor the technical potential
and economic potentiah Paperl can becomparedto those forthe installed wind power capacity in
Sweden(4.4 GW and the amount of energy generated from that capadityy TWH. Thispower
capacityis of the samemagnitude as the installed heating capacltolttinen (2005)hasshown that
the longesttime periods with low €5% of installed generationapacity generation carbe up to 50
hoursin the Nordic electricity systentsiven the current installed wind capacity Swedenmand an
assumed average capacity factdr@®2, 33 GWh of storage would be needed to increttsecapacity
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factor from 0.05 to 0.2 during thBO-hour period.Such an increasavould correspond to an indoor
temperature increase oft least4.8< in all Swedish SFDs (ighoring the increase in dehaatb
increased heat transferHowever,as shown irPaperl, the maximum shifting timdor an allowed
temperature change of 2.8°C is 12 hourBus although thereis a fair amount of energy available for
shifting, the time-frame during which this energgan be shifted itoo shortcompared to theobserved
time-frame forvariations in wind output

Furthermore, it shoulde noted that the capacity available to increase and decrease space heating
load is notconstant Duringthe cold winter monthsthe potential to decrease load generdly greater

than the potential to increa® load, whereasthe opposite is true fothe summer months. This
phenomenon does not apply @ppliance loads.

The considerable power capacity noted for the electpaceheating cemand could also be used
addressseveral of thdassues presented in Chapter 2.1, etgforecast errors andb enablefrequency
stabilization Asthe change in load is instantaneqiuiscould helpto reduce the need for spinning and
non-spinning reseres used duringcontingency events. A possible43 hours of reduced load, as
describedin Paper | wouldbe sufficientfor power from the tertiary reserve market to be activated.
Howeverasthe need for contingency services in the case of a failing pgemerator or transmission
line cannot be plannecconsumers would have to accept a reduction in indoor temperature to below
the desired level if electric space heatiwgsto be used Asthe indoortemperature would haveto be
restored, any tertiary reseevactivated would need to handle this increase in demaritk seasonal
variationsin heating loadFig.5) obviouslyhampe the ability of heating loads to replace contingency
services.

Obviously other factors willhave impads on the usefulness of DRe.g., the correlation between

generation and demand and the surrounding generation systeninstancethe Swedish electricity
systemcontairs a sizeable amount oeguladable hydropower, which obviously caexecutethe same

functionsas increased use @R.This could limit the usefulness/need for DR in the systdowever,

as transmission connectivity with continental Europgcreases, restrictinghe system to Sweden
would be wrong.

The use of DR through dayead pricing for controlling the shiftiredectric spacdneating load results
in new overall system peaK$his behavior indicates that automation of the DR could require a more
centralized controkystem i.e, some form of dispatch of the DR loads.
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6. Conclusions and future work
Demand responseral distributed generation are two tools that could be used to restructure the
energy system in way that islessCQ-intensive. The work within this thesis concerned wittthe
technical potential and shotierm economic potentiabf DRof electric spacéneating in Swedish SEDs
as well ashie synergetieffects between DR and distributed solar generation

Underthe current conditionsn Swedn, the amount of electric heating demarttdat isshifted is low
with only 8% of demand being usefis tis shifting is primarily limited by economic incentivésyill
be possible to utilize the electric heating demand t@meater extent if desired. The shifting times
observed indicate thatnanagement of solar power variabilityay be the optimal strategy However,
there is a poocorrelation between heating demand and solar generation. fEenical potential for
DR of electric space heatingds83 GW and 6.9 GWh/98 terms of power and energyespectively
However, given the current Swedish electricity pricgsta’5.5 GW and 4.4 GW of this potentiaé
used for decreasing load and increasing load, respectively.

No synergetic effects are seen between distributed solar generation and BRanpALR of 0.5, as all
the generated electricity is already usedhpnuse.Upto anALR of 3increasing returnfrom DRappear
for both hydronic loads and appliance load$iowever,the skewed generation profile of solar
generationof electridty limits the synergetic effectef DR and solar P\ his limitationresuls in
diminishing returns for DRs@he ALRincreagsabove 3 asexcess electricity generation will primarily
occur during hourin whichthe possibilityfor DR has been exhausterthis effect iprominentfor the
DR of appliancbads where essentially necrease is seerfrom combining DR and Aot ALRvalues
>3.

Furthermore,the tax reductionobtainedfor excess electricityhat is sold to the grid preserves the
connection between the price arttie time period during which the electricity is generatddus as
market penetration of PV panels increamsed starts to influence electricity pricethe tax reduction
could be retainedvithout distorting the reimbursemenschemefor generated electricityThiswould
also preserve some of the incentive fmmsumerDR.

It can be concluded that the economic incentive for DR is low given current electricity. gridess
true both in relation to DRhat iscoupledto residential PV generation and DR without PV generation.
Moreover,in the case of DR of electricaspe heatingthe economic gaingepresentthe mainlimitation

to DR,which means thatonsideraby more of the identified technical potential could be utilizetis
also debatablevhether dayahead pricinghould be used as the driver for automated.DR

Overall,it is cleartthat heating load$iavethe strongesipotential as DR loads. These loddgarticular
hydronic heating loads, would also be a gaaitial steppingstone for the implementation of DRiot
least becauséhe impact on everyday life wadibe minimal

Toevaluate the full energy system potential of DR in the residential sgitterimpacts of DR othe
generation side of the energy systamed to be evaluated especially considering thaystan values
that are not reflected irthe price pad by consumers couldecomeavailable.This can bechieved
through incorporating the Ditito a wider system contexin whichmodeling of the dispatch of the
supply side is included his would also allowssessment othe benefits of DRisedin combinaton
with wind power.
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The combination ofonsumerbased distributed solar PV and energy sge in the form of batteries
with the goal ofincreasngseltconsumption also warrantsnvestigaton.
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