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FlexPower

Foreword

The FlexPower project investigates the possibility of using broadcasted dynamic
electricity prices as a simple and low cost means to activating a large humber
2F FTESEAOGES &Yl ttnmalOltS LR6SN dzyaidao
an aggregated ponse from the numerous units on a volunteer basis. The
power units could for example be electrical heating and cooling units, electrical
vehicles, industrial demand and micro generation. Each power unit can have its
own local controller and individual Biness model and objective function. The
optimisation of the local controls manvolve forecastservices requested by

the customer (such as heat for a house charging power for an electrical ve-
hicle) ¢ in terms of quantity, timing and flexibility and forecasts of the elec-
tricity prices.

The responses from the individual units to variations in the electricity prices can
be difficult to predict, but the aggregated response from a large number of units
isexpected to be relativig predictable.

Based  AYUGSNYFGA2ylf WNBFfmiAYSQ LJ2gSN
FlexPower market mechanisms deliver regulating power are designed and

tested via simulations, under laboratory conditiorsd in the field. A dedi-

cated simulation tool is developed fohnis purpose. The FlexPower regulation

can never be perfect, but is expected to be able to meet some of the present

and future growing demand for regulating power.

P'&a F a0FNIOAY3 LRAYGE | pnYAydziS L2 &SN
tion power pices, is tested.

The project expects to address the following questions:

1 How could a system with a orveay pricesignalbe designed? How can
the FlexPower mechanism be integrated into the present electricity
market, including the market for regulatingywer? (WP 1)

1 To what extentand under which conditionsan the aggregated re-
sponse from many units be predicted? (WP 2)

1 Is the use of local electricity prices an efficient way of regulating the
power flow in the power distribution system? (WP 3)

 Whichp&NJiz YR K2¢g YdzOK 2F GKS L2 oSN
power can be provided by FlexPower mechanisms? How can individual
technologiese controlled under FlexPowe(WP 4 WP5)

4 | Activating electricity demand as regulating powé&ilexPower, Testing a Market Design Proposal
30-11-2013



1 How should communication be desgphto support the FlexPower
idea? (WP 7)

1 Is the FlexPower mechanism stable and robust enough to handle dis-
turbances? Is the use of broadcasted, dynamic electrical prices an effi-
OASYyld gte 2F IOGAQlIGAY3 aYlLftmaol f
practice? (WP 6, WP 8, WP 9)

The project involveshe following partners: Ea Energy Analysis (coordinator),
the Technical University of Denma(RTU) Enfor, Actua, Eurisco, EC Power,

{ 91 { b NBAS [foynierliordjysk Elhand®l The work is divided into the
following work packages: WP 1: Market desjga), WP 2: Prediction of aggre-
gated response (DTComputg, WP 3: Advanced options (DTWECK/P 4: Con-

trol algorithms (Risg DTU), WP 5: Forecasts (Enfor), WP 6: Simulation (Actua),
WP 7: Communication (Eurisco), WP8: Laboratory tests (Risg DTU) and WP 9
Field tests (DTU EE

More information at:www.flexpower.dk.

5 | Activating electricity demand as regulating powé&ilexPower, Testing a Market Design Proposal
30-11-2013


http://www.flexpower.dk/

Regulating power

1 Introduction and background

1.1 Regulating power today

The Transmission System Operator (TSO) is responsible for the overall security
of supplyof the ekctricity system by maintaining the electrical balance in the
power system, as well as ensuriagvelHfunctioning electricity markeby de-
veloping market rule$ Electricity prodetion and consumption always hate

be in balance, and 45 minutes beforeetbperating hour the task of balancing
thesetwo in Denmarks left tothe TSOEnerginet.dk It maintains this balance

via the regulating power market, and other markets for automatic reserves.

In the hour of operation, Energinet.dk utilises severglty of reserves to en-
sure the stability of the system. The reserves can be grouped into automatic
and manual reserves. Generally speaking, the system criteria are initially man-
aged by the automatic reserves, which are activated in accordance with fre-
guencydeviationsand/or deviatiorsin the actualcompared with the planed,
exchange with neighbouring areas. Thaséomaticreserves are expensive and
have limited capacity.

To anticipate excessive use of automatic reseraed in order tore-establish

their availability, regulating power is utilised. Regulating power is a manual re-
serve and is defined as increased or decreased generation that can be fully ac-
tivated within 15 minutes. Regulating power can also be denthadl is in-
creased odecreased, as is highlightedTiablel below. Activation can start at
anytime, and the duration can vary.

Generation Demand

Up-regulation More Less
Downregulation Less More

Tablel: Definition of p and Down regulation

In the Nordic countries there is a common regulating power market managed
by the TSOs with a common merit order bidding list. The balance responsibles
(for load or production) make bids consisting of amount (MW) and price
(DKK/MWh)AII bids for delivering regulating power are collected in the com-
mon Nordic NOH8st and are sorted with increasing prices for-nrggulation
(above spot price), and decreasing prices for daegulation (below spot
price). These bids can be submitted,eded, or removed until 45 minutes be-
fore the operatioral hour. InDenmarkthe minimum bid size is 10 MW, and the

1 For more on the cuemt regulating power market please s@igang, Fock, & Togeby, 2012)
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maximum is 50 MW. Taking into consideration the potential congestions in the
transmission system, the TS@anagéehe activation of the cheagst regulat-
ing power An example of the NOI$t is displayed below iRigurel.
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Figurel: Example of the NOIS list, from 17.6.2009, CEHI80383 MW of up regulating power
was activat@, corresponding to a price of 460 SEK/MWh (Data provided by SvK).

After the day ofoperation,the costs of activating regulating power are passed
on to the balance responsible agents whom were responsible for the imbal-
ances. Both production and demandnozause imbalances, but currently it is
primarily productionunits thatcan benefit from acting in the regulating power
market. The only Danish examples for demand used as regulating power are
electricboilersin district heating networksin 2009, 54 MW foelectric boilers
participated in the regulating power market with down regulation, a figure that
is expected to increase to 300 MW.

1.2 Limitations of current regulating market

The current design has some drawbacks that if removed could make the regu-
lating power market more efficient in the future. For example, srsathle de-
mands and smalcale generations are, in practice, excluded from the market
Current requirements that hamper demand side involvement in the regulating
power market include

T A 10 MW mimmum bid size

1 A plan for the controllable load: The plan must be followed and must
exist with 5minutes values

1 Demand must be restablished after activation: In soneases this
may be difficult if special staff are needed forastablishing demand,
for example some forms of industrial productiofdohansson, 2008)
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1 Reaitime measuring of regulation units: Reahe metering is relevant
in relation to cosumers in the +10 MW claddowever, for small con-
sumers, the cost of shica requirement is prohibitivéRegional Group
Nordic, 2013)

9 The bidding process in itself requires several active actlinst,a bid
must be made, then if chosen the supplier notified, and finally the ac-
tual regulation musoccur. This is an undesirably bureaucratic process
for smaller resources and a simpler design might attract more partici-
pants(Van der Veen & De Vries, 2009)

1.3 Aspects of current regulating power market

A central reason behinihitegratingdemand response into the regulating mar-
ket (as opposed to in the spot markas thatthere is a greater need for iand
therefore more potential profit to be made in the regulating markene way

of investigating this hypothesis is to rewig¢he historic differences between
hourly regulating power and spot priceBigure 2 below displays duration
curves of theabsolutehourly differences between the spot price and regulating
power prices for DK1 (WBsand DK2 (East) from Jat} 2005 till August 10of
2010 The average spot price over the period was 309 DKK/MWh inddid1
325 DKK/MWh in DK2

DK1- Differences between regulating DK2- Differences between regulating
power prices and spot price: 2005 - 2010 power prices and spot price: 2005 - 2010
500 500
400 400
300 300
200 200
= 100 = 100
E E
g o g o
2 2
Z -100 Z 100
-200 -200
-300 -300
-400 -400
-500 -500

Figure2: Historical differences between spot and regulating power priceKin(lVest) and DK2
(East) from Jans 2005 till August 18, 2010 For ease ofllustration, the vertical axis has been
limited to ++ 500 DKK/MWh, thus excludingughly2% of hours ibboth of the graphs (se€able
2 below)

As can be seen frohigure2 and Table2, for both DK1 and DK2, on average
the absolute difference between the spot price and regulating power price has
been66 DKK/MWhHowever, there is a great deal of variation in the data, as
more than 1/3 of the hours had an absolute total difference of less than 10
DKK/MWh, and roughly 1/7 of the hours had an absolute value greater than
100 DKK/MWh.
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DK 1 DK 2

Average spt price (DKK/MWh) 309 325
Hours with differences greater than 500 DKK/MW! 1.5% 1.1%
Hours with differences less tha's00 DKK/MWh 0.5% 1.0%
Hours with a difference greater than 100 DKK/MW 7.5% 5.6%
Hours with a difference less thari00 DKK/MWh 8.5% 7.3%
Hours with a difference less than-4/ DKK/MWh 32.6% 24.8%
Maximum difference (DKK/MWh) 7,034 14,712
Minimum difference (DKK/MWh) - 6,566 -10,136
Average absolute difference (DKK/MWh) 65.5 65.5

Table2: Historical dfferences between spot and regulating power prices in DK1 (West) and DK2
(East) from Jansf. 2005 till August 18, 2010

Lastly, it is interesting to note that the tips at either end of the duration curves
are very steep, and as such while rare in fhem those hous with large varia-
tions (e.g. vey low prices) can be veigteresting for the enelse.

1.4 FRuture developments

Increased need for With the introduction of more intermittent power generation in the Nordic
regulating power & power system, it is anticipated that there will be an increased demand for reg-
fewer providers ulating power. In the Danish system, regulating power is currently provided pri-

marily by central power plants, in combination with import/export to Norway
and Sweden where there &shigh share of hydropower. As a greater portion of
the electricity provided comes from intermittent sources (i.e. wind power), less
will come from these central plants, thus further increasing the need for regu-
lating power from new sources.

Demand as mgulating One way of supplying regulating power capacity from new resources is to acti-

power vate the demand side. This could be resources such as industrial or commercial
electricity demand, as well as household electricity demand such as heat
pumps, directelectric heating, electrical vehicles and other types of demand
that can be controlled with little or no consequences to the @rsers. Electric-
ity consumption for heating or air conditioning could for example be converted
into thermal energy (heat or cd) during one hour, to provide the service (de-
sired temperature) at another hour; thus involving storage of heat or cold and
the shifting of electricity demand from one time to another.

For more orthe current and future potential use afemand responseplease
aSS a.SyS¥Aada FyR [/ KFfftSyaSa 2F 58S
6hQ/2yyStfs tAyazys.alRaSysz 3 hQal ff

_<

S
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b2NRAO ¢{hQa O2yOSLIi LJ LISNJ

In the fall 0f2012,the Balance Regulation GroupRG) of the Nordic TSOs pre-

pared a draft discussion paper to address demand side bidding in the Regula-

tion Power Market (RPMYhe paper recognised the fact that:
a! fFNHBSN) aKINS 2F NBySéglotS SySNBe
ment of conventional production will increase timeed for new balancing
resources in the Regulation Power Market (RPM). To meet this need, new
types of suppliers of balancing energy have to be found, since the traditional
suppliers of balancing energy might not be able to increase their supply in
the coming yearsThe potential of demand side bidding in the RPM has been
recognised but the complexity of the issue and the technical challenges in
implementation have delayed substantial demand side bidding in thedRM

The draft paper contained a number oftpatial alterations that would facili-
tate greater demand side participation in the regulating power market, includ-
ing:
1 Reducing the minimum bid size.
1 Relaxation of the requirement for real time measurement by allowing
for expost verification.
1 Implementatbn of automatic bids.
1 Allowing a resource owner to change the relevant consumption bid for
the next hour in the case of activation
1 Giving the owners of consumption resources a possibility to update the
bid volumes before the operational hour.
1 Introduction of some relief from firmneseequirements for consump-
tion units

All of the above changes would be beneficial for a FlexPower type system, and
as such, it is extremely positive that the BRG is attempbtireddress many of

the obstacles that currently pvent demand side resoces from participating

in the RPMEven if all these changes are not implemented in the immediate
future, the paper in of itself indicates the direction that the BRG intends to take
going forward.

Profiling system

The electricity demand for Danish endserswith a demand below 100,000
kWh/yearis recordedonly once per year, or once a month. Their hourly de-
YI'YR A& GKSNBoeée y2i | ynstuGedThshs don& S NS ¥
by first subtrating the large enelizd S NX2 & houirly/d2ngayfd from the total

demand, resulting in what is referred to as the residual demand for each hour.
This process is carried out by each grid compBiagh small endserwithin a
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INA R O2 YL thed sssigndd iSHourly demand proportional heit
demand for the entire yeaFor example, if an endser has amnnualdemand
equal to 0.01% of the totannualresidual demand, then irach hourof the
year they would be assigned 0.01% of the residwairlydemand. This is re-
ferred to asa profiling systemand results irall uses without hourly metering
sharingthe same profiledlsoknown as the residual profileAs suchthe con-
structed profile will be used for the settlement, regardless of the individual de-
mand? Theresultfor asmall enduser under the profiling systeris thatthere
exists no economic motivation to adapt thedemand b hourly electricity
prices

Interval metersin Scandinavia

In Swedenmost households have a remotely read meter and demand can be
settled hourly. In Finlanghractically all consumers will be hourly read and set-
tled by 2014. In Norway, all consumers will have an interval meter by 2017.

In Denmark, half of all endsers have a meter with remote reading, however it
is not used as an interval meter. It has bgmiitically agreed that all house-
holds shall have an interval ez, and these are expected to be in place by
20203 While the other Nordic countries hayver arein the process oplanning
standard hourly settlement for households, the electricity seatddenmark is
negotiating a different planCurrently,hourly settlement of data, e.g. for end
users with a demand above 100,000 kWh/year, requires that all data must be
ready after five working days. The Danigld companieglaim that this will be
too costly for the millions of small endsers. Instead, they suggest a special
system with a longer timeframe for verification of data and completion of trans-
actions?

This proposedsystem will make it possible for easers to buy electricity at
hourly spa prices, or use other time varying tariffs. However, the suggested
system has the consequence that demand cannot be used as regulating power.
This is due to the fact thatnbalances and regulating power are settled a few
days after the operating dajt is expected that the new system will be opera-
tional by Octobenf 2014.

2n Finland and other countries, thegdiles are defined for different types of engsers. E.g., singlamily

houseswith electric heating is one such profile. The profiles are based on detailed measurement of a sample

of representative enelsers.This setup may distribute the electricity neoaccurately between different

groups, but givess(ich as irthe Danish system) no economic motivatiom demand response.

3mM0O ¢ +n | a (Finiingmihistdiet,é2013H UBekendtgarelse om fiernaflaeste elmélere og méling af
elektricitet i slutforbrugef. (Danish Energy Agency, 2018)0 ¢ t-BBNMIRRNAFG 5mY | TNB 3y
(Energinet.dk, 2013)

“¢KS ySg aeaisSy Aa Ottt SR o ® DanEINESDY Ayt Za2ENDRLALISEY L& NJ
(Energinet.dk, 2012)

11 | Activating electricity demand as regulating powé&ilexPower, Testing a Market Design Proposal
30-11-2013



FlexPower bjectiveq
Design and testing of a
market

Coexist with the current
market structure

2 The FlexPoweconcept and design

2.1 Market and prices

The objective of FlexPower is to develnnd testa reattime market for regu-
lating power that will attract a large number of smsadlale resources (demand
and distributed energy resources) to the regulating power market. This real
time market can be created by maintaining the currepptmarketas the basis
for planningof the systemoperation, and then expanding the current regulat-
ing power market with a new systen& oneway pricesignal for regulating
power. The fundamental idea behind the FlexPower concept is that the ehark
shouldco-exist with the current market structuredge smple and straightfor-
ward for the enduser, and be technologically neutral.

Under FlexPower the current regulating power market will exist and function
as today, and as a starting point larger power plants willl gntribute with

the main volume in the regulating power market. As was highlighted above,
when the system operator selects a bid from the sorted NOIS list, the marginal
price is the most expensive bidctivated The fundamental idedehind
FlexPower ishat if a Load BalanceeRponsible (LBR) is activated in the regu-
lating power market to deliver regulating power by increasing/decreasing the
consumption from endisers, the marginal price (or a form of it) could then be
sent out as a onavay price signab end-users participating in FlexPower.

Every five minutes thiprice signal could be sent out to all participants with
controllable loads thaglect to subscribe to FlexPow&ased on historical con-
sumption data,a Balance Responsibiould bid in asper today with this bid
incorporating the anticipated FlexPower demand respq(test side ofFigure3
below). At the same time, the Balance Responsible would also sahd price
signal toits FlexPower endisers (righside d Figure3 below).

Under the current market structure, regulating power bids submitted by the

LBR must have a minimum bid size of 10 MW. In a FlexPower proposal com-
prised of many small endsers, if the minimum bid size restiimh was loos-

ened, to for example 1 MW, this could allow for a number of smaller bids of

I NBAY3 LINAOSA Fa 2LI3RaSR (2 2yS I NH
left side ofFigure3.
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Simple for enelser

Technologically neutral

Price 4 Price 4
(€/MWh) (€/MWh)

Broadcasted
price

Activated
bids

Figure3: The current market for regulating power (left) and the suggestedveme price signal
sent to the eneliser from the LBR/retailer (righffhe price curve is based on the latest activated
regulating power priceThis example represents ap tegulation.

Response to the price signalvoluntary and the price signal acts as the final
settlement price. As suchthe system is very simple seen frdime enduser
perspective as it does not require bidding, a promised reaction a compli-
cated settlement procedurdn addition, it is assumed that no manual reaction
isneeded,as a typicaénd-userset-up will include equipmenthat controls de-
mand side applianc€klectricity useand records the priceThrough this local
controller, customerpreferences are respected via predetermined set points
and/or parameters.

The endusers that could be interested in participating in this system would
have some electricity uses that are suitable for control. This could be electricity
in relation to heating (e.g. heat pumps, direct electric heating, or industrial pro-

cesses), cooling (e.g. industrial cooling, retail, air condition etc.), pumping (e.qg.

a water treatment plant) or charging of electric vehicles. In addition, micro gen-
erators could also be active in this market. This could be smalkH® or
other controllable generation

The design of the FlexPower concept is intended ttelbnologically neutral

in the sensdhat the same price signalsent toeach unit regardless of whether

it isa heating/cooling unit, electrical vehicle, industrial process, or local gener-
ation unit. However, local parameters and settings for the various units can of
course differ and be regulated by the local control device.

FlexPoweltime plan and interplay between actors
The figure below is one way of presenting the interplay between the actors in
FlexPoweP.Ly LINAYOALX ST G(GKS RSAONARLIGIAZ2Y

5 For more on the FlexPower concept, market design, interplay between actors, etc., pledBasgeFock,
& Togeby, 2011)
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Datameteringand
collection

Bidding on spot market

Bidding on regulating
power market

points, but since FlexPower is focused on intraidg more enelsers to the
regulating power market, the following deription will start with the Eminute
metered data at the endiser.

For all customers participating in FlexPower, the dad SN & O2 y & dzY LJ
read in aninterval meter each 5 minutes. Once a dHys datais sent to the
distribution system operator (DSO), whom forwaitd& the LBR. To improve

the LBRs price signal computation process, it is envisioned that a small percent-
age ofFlexPoweend-users willsend unverified Sninute data directly back to

the LBR, thus providing the LBR with immediate feedback, and alldvand3R

to continually update their price signals accordingly.

~

* Metering with 5 min interval. Sends data once a day
Revise
curves
due to
weather- ¢ Collecting data. Forwards data once a day (5 days delayed)
changes

J

~

J

¢ Calculating relation between price sighal and response in the demand. Creating ]
24 curves after spot settlement and before 24:00 (+ updating). Sends bids/offers

Revise
curves
due to
activation

~

+ Include bids & offers in NOIS list. Activates bids/offers when needed.

J

¢ Use the hourly curve to decide which price signal to forward to the end-user.
Sends price signal.

« Intelligent automation equipment responds to price signal by turning on/off.

Figured: The FlexPower process, starting wite émd-dz& SditRbeing measured and sent daily.

Based on historicalonsumptiondata, the LBR forms a prognosis for each hour

of the next day (hourly values), and this is used to bid on the spot market (be-
fore 12:00). The LBR al€bNE I 1 S& WNBf I A2y OdzNBSaQ
relation between the power available for up or down regulation and theepric

After the spot market settlement for the following day has been released
around 13:00, tk LBRincorporates this information into its continuowslue
curve calculation. These expected demand side reactions to the regulating
power price signals (the hourly curves) are converted into a series of stepwise
bids and offers for each hour. Th&Rsends the series of bids and offers for
each hour to the TSO to participate in the regulating power market. One hour
before each operating hour, an updated final version of these stepwise bids and
offers for regulating power (based on the curves) are serthe TSO. The bids
and offers and resulting price curveould resembleéhosedepicted inFigure3
above.

14 | Activating electricity demand as regulating powé&ilexPower, Testing a Market Design Proposal
30-11-2013



Activation of bids and
offers

Activation of enausers

The bids and offers for delivering up or down regulation are collectetian t
common Nordic NOII&t. All bids and offers from load balance responsible and
generation balance responsible actors are sorted in the list with increasing
prices for upregulation (above spot price), and decreasing prices for dimgn
ulation (below spb price). When an imbalance in the system occurs, bids or
offers from the list are activated by theansmission system operatof §Qand

the corresponding LBR is contacted.

Based on the activation price and the relation curvhe ilBRhen sends a price
signal to the eneusers partigating in the FlexPower systewt the FlexPower
end-user, equipment with automation will include the new price in their inter-
nal optimisation.

The locakbquipmentmayacquirea prognosis for theagulating power price to
reduce risk. If electricity demand can for example only can be disconnected for
a limited time, the expected future price is important.

FlexPower data and money streams
The financial interaction and some of the data streams betwdiéferent play-
ers can be illustrated as below kigure5.

Real time data from a small segment
of end-users (e.g. unverified data)

Activation of

regulating > minute
Price signal
power
—>
LBR End-user
TSO / Meter records
Payment Retailer ——— 3 consumption each
Billing 5 min.
T
Bid for Payment
regulating
power (based
on historical Meter datz
ape sent once a ay
Verified data sent data) Verified
daily with 5 days data sent .
v v daily with 5 DSO/Gnd
delay to compare plan dave dela
with actual consumption v v company

Figure5: Overview of the financiand datainteractiors between different players.
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Markow model

Starting in the centre dfigure5 and following the arrows:

1 LBRI/retailer sends bids/offers to TSO based on historical consumption
data.

1 When there is a need for regulating power the TSO activates bids and
offers, and there is a payment to the LBRé&ir afterwards.

i The LBR/retailer reads the curves calculated based on the historical
consumption data to determine what price signal is adequate for ob-
taining the demanded response. Thisce signal is sent to enasers.

1 The endusers respondautomaticlly to the price signal by changing
consumption. The resulting consumption is read in the meter and data
issent once a day to the DSO.

1 DSO forwards the meter data to the LBR/retailer after quality assur-
ance.

1 The LBR/retailer bills the endser.

1 The enduser pays the LBR/retailer.

Simulated prices

The FlexPower price sefrom the TSO to the balance responsidiescribed
abovealready exist today.Ths price isthe cost associated witthe mog re-
cently activatedegulating power bid, which as noted abae, become increas-
ingly expensive with each activated bidowever, thigriceis considered con-
fidential and therefore only the balance responsible whom receives an activa-
tion of a bid knows what the current regulating power priceAikerword, t is

only hourly priceghat are publishedand theseorices indicatethe cost of the
most expensive bithat hasbeen activated during each hour.

For the purpose of thiproject, artificial FlexPower pricdsavebeen generated.
The fiveminute prices consist dfvo elements:

1. The hourly spot priceand
2. An element indicating the difference between the bid for regulating
power and the spot pricé&his elementcan be positive or negative)

The spot prices are known for the next-3% hoursin advance The second
element ishowevernot known. The need for regulating power (in MW) has a
stochastic naturehowever, someutocorrelation exist; If up-regulaton isre-
quiredin one fiveminute interval (positive price correction), thlemand in the
next fiveminute interval is likdy to be similar.This factwasthe starting point
for constructing a first order auto correlated model and a Markow model.

Basedon real market data (from 1.1.2002 to 19.1.200®Markow modeivas
estimated. The difference betves the balaneng prices and spot price were
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grouped in 29 intervals of 100 DKK/MWh (10 gre/kWh) from less th®0
DKK/MWHhto more than 1,400 DKK/MWh. The cells in the Markow matrix de-
fine the probability of going from one interval to another interiakhe next
time step.

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
-5 -4 -3 -2 -1 0 1 2 3 4 5

—_ G ) e—n

Figure6. The probability of being in different intervals in the next time step, when the regulating
power corresponds teb, 0 or +5 in the time step beforEhe scale is frorl4 to +14. Only the
centrd part is shown here. E.g. if the regulating price is close to the spot price (interval 0), then
the price will increase to interval +1 in 5% of the cases.
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Figure7. The development (in 60 time steps) of the median in four st starting point:
+14, +5, 0;5. The development towards 0 is clear.
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Figure8. The development of different fractiles (60 time steps) when the stgytimg is +5.

Simulation of Eminute The first step in simulating-Binute regulating prices was investigating how

prices in line with histor- spot and regulating power prices had developed in Denmark from-2001°

ical pices The data forming the basis for the simulateaninute prices are actual spot
and regulating pries for the two Danish Norebol price areas DK1 (West of the

Great Belt) and DK2 (East of the Great Bé&le hourly historical regulating

power prices were then adjusted so that:

9 Each hourly price is repeated 12 times in order to constBdctinute da-
tasets.

9 Each simulated-Binute power price lies between the spot price and the
activated regulating power price, or is equal to the spot price in cases of no
regulation

1 The simulated Bninute price equals the regulating price at least once every
hour sincethe regulating hourly prices are the extremes (maximum in case
of up-regulation and minimum in case of doweagulation) of the actual
activated bids for the particular hour. In order to achi¢is for every hour
the twelve 5minute simulated prices are aved by a common amount so
that at least one equals the actual regulating price.

A number of other parameters were alsdgroduced with oneof the most rel-
evantbeingthe number of timesluring an hour there was a price sHifepre-
sented by r(below). Asimulation of historical regulating power prices was car-
ried out, and a sample of the results are displayedrigure9. The figuredis-
plays an example of actual spot and regulation prices for DK2, together with th
simulated 5minute prices for two different simulation setups.

6 The descrifion of the simulation of &ninute prices herein is summarised frdENFOR, 2013.d)lease
see this report for more detail. For a summary of the WP5 work, pleas@EddeOR, 2013 e)
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Simulation of
5-minute pricesfor
field study

Spot

Regulation

Sim., delta=0.9, r0=0.002
Sim., delta=0.3, r0=0.004
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Figure9: Example of actual spot and regulation prices DK2, together with the sintated 5
minute pricefor two different simulation setupENFOR, 2013.a)

Note that in the simulation depicted by the green line, the number of shifts
from the regulating power price each hour (the red line), is much higher than
under the blue scenaridrhis is due to the higher r0 value addition, he ex-
tent of the shift is also greater in this scenario.

For the demonstration phase of the FlexPower projeemiBute regulating
power prices were requiredHowever, as was highlighted above, while the ac-
tual hourly spot prices are known 135 hours in advance, the inter hotggu-
lating powerprices (those associated with the costaativatingthe latest bid)
sent fromthe TSO to a balance responsilbliee confidential As such, it was
necessary to use thgrocess outlined above to simulafeminute prices based
on actual spotpricesand hourly regulating powerprices Hourly regulating
power prices are however first published a few hours after the hour of opera-
tion, and as such, the simulated prices wer@séd on spot and regulating
power prices that had been shifted 6 hours in tindes the endusers in the
study were not paying for electricity on an hourly basis thie@r shift did not
have any effect on their electricity bill or the study resulfhie @erational
setup for the 5minute prices simulation portion of the field study is outliriad
Figurelo.

s

Nordpool data

S ) = )
Hourly downloads of Houry Export 5 minute prices

down-, and up- B iz e to ftp-server
regulation prices

Figure1O: Outline of the operational procedure applied in order to export simulatetnbte
prices. Since the actual regulation prices are delayed, the export shifts 6 hours in time in order to
be able to export prices for the upcomingnthuteinterval(ENFOR, 2013.a)
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Communication

2.2 Technical requirements

For a systensuch asFlexPower, with is reliant on reactions to continu&i
minute price signal to work in practice, a number of communication issues
must be solved. Within the project, EURISCO was the leader of the communi-
cation work packagewhich concered the tecmical specifications, design and
implementations of the data communication services.

One of the first communication tasks was to generate a mutual consensus re-
garding the actors, data communication interactions, and basic structure for
the design of the IExPower data service This structure is displayed below.

Nordpool
FlexPower

node #1

Balance FlexPower
Responsible energy management

FlexPower
node #2

FlexPower
communication
server

FlexPower

Datahub node #3

FlexPower .
prognosis .
e wiril FlexPower
Energy ( satien ) node #n

\_ forecast

providers

Figurell: Communication overvie(EURISCO, 2013 a)

The conceptual FlexPower design consists of a price server that fetches infor-
mation from:
I The ENFOR FIgerver, which included simulated pricéss described
above)as well as price forecasts,
1 The Energinet.dk price serviand
1 The FlexPower nodes (DFR nodes) in the field

7 A more detailed description of the FlexPower technical interfaces can Inel fioulnterface specification
(D7.1) and Informatio Exchange specifications (DABURISCO, 2013 &pncept design repo(EURISCO,
2013bY I YR WG KSERRNIEOHICOA1)Q
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Figurel2: System illustratiofEURISCO, 2013 b)

A database between the g server and the FlexPower webserver holds the
information to be distributed between the parties involvelhformation re-
gardingthe currentstatus of the FlexPower nodes can be viewed wigtand-

ard webbrowser, which also includes the predicted and historical price signals.

FlexPower Map Select node

oy

®
t
1I
4

| Kort | Satelit | IEDE -
3003
3004
3005
3006
3006
3007
3009
3010
012
3013
3014
3015
3016
3017
3018
3020
3021
3022 -

Cejeile

Node details Contact/Owner info
Serial: 1013 Name: Thomas Saal
Created: 2011-09-22 06:00:00 Address: Forskerparken 10
Last seen: 2012-03-12 15:41:23 (Passive) zip: 5230
Next see’ 10 [sec] City: Odense M
Lat: 55.270672 Country: DK
Lon: 14.755280 Tell.l: 83157100

Cell.-

Email.. ts@eurisco.dk

Start time: 2012-03-11 23:00:00

400

Figurel3: Web user interfaceNote the upper map displays the Danish island of Bornholm where
the demonstration phase of the project toolape(EURISCO, 2013 b)
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The web interface useBrupal 7 as th&Content Management SystenCi1S,
and the web interface itself is developed as a module for easy iatstalin
Drupal When the module isnstalled,extra rightsare needed for user®o log
in and see the map.

FlexPrice One of the most important aspects of FlexRws the actual price signal that
is sent out to the endisers! W/ 2oyliINBROSQ aA Iyl OFy 0685
mation sent to electricity producerand consumers, as an incentive to main-
tain, increase or reduce production or consumption.

In order for this to work in a broad context,veell-defined format has to be
agreed on by the parties involveahethat is generic and simple to understand
and inplement.

¢tKS FT2ft26Ay3 NBIdANBYSyGa KI @S o
format:

(¥p])
(Vo))
<

9 A structure that will support both real market price (e.g. SPOT price)
and an index level (e.g. higimedium, low)

1 A simple uncertainty value (high, low) feach price value to support
forecasts.

1 A wique ID for each price signal for traceability.

A timestamp foreach entry in the price signal.

1 A uwit definition according to ISO 4217 incl. multiplier (Wh, kWh, MWh)

=

-
@
13
=]
=
=
=
@
[=8

"

flexPriceRequest ET(—H-— IR L LT LY el
' 0.

- _
Figurel4: FlexPice request structuréEURISCO, 2012)
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Conplex control
strategies

The request can be as simple as gsecifying thdD for the requesting client
and based on a table &hown clients and their settings the server can respond
with the right signal(s)f the client is somehowmited, or the project structure

is notconfiguredto store the client settings, the client can request a specific
signal fora given period. If more than one signahéeded the client has to do
multiple requestsor the projet¢ coulduse acommaseparatedstring to send
Ydzf GALX S aAdylf¢elLISLRQa®

The response structure is very flexible and alléovs

1 Sendngabundled signal which includes (all in one response)
0 A price signal
0 A prognosis
0 An upper and a lower limit (using eith&actiles, percentage
or a high price)
o Agrid cost
1 Sendngonly the equested signal (for a given period)
0 Useful for limited clierd, such asmicrocontrollers, whickare
low on memory resources
1 Sendnga list of available signals
0 Useful for new clientand more intelligentlients thatcan au-
tomatically subscribe to new servers

2.3 Control Strategies

Having received thabovedescribedFlexPrice signal, it is then up to the local
controller to determine how the local device(s) sitt respond to this signal
Within the FlexPower project, these control strategies were investigated at two
levels, both in a more complex fashion, which will be relevant for a more ad-
vanced version of FlexPower, and in a more simple fashion that was needed for
the field test.

Advancedcontrol strategieswvere studiedanda number of papers were pub-
lished
1 dindirect regulation of many DER units through broadcasted dynamic
price signa (Ngrgaard, Sossan, & Nielsen, 2011)
1 o¢Ewluation of the performance of indirect control of many DSRs using
hardwarein-the-loop simulations (Sossan & Bindner, 2012 a)
1 A comparison of algorithms for controlling DSRs in a control be price
context using hrdwarein-the-ft 2 2 LJ & A Y(Sabshni& Bngrier
2012 b)
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Field test control
strategy for temperature
controlled devices

 a{ OKSRdzf Ayad 2F 52YSaiGA0 aimdrfgRY | St
SelfConsumption Using Model Predictive Condr¢Bossan, Kosek,
Martinenas,Marinelli, & Bindner, 2013)

1 didentification of the flexibility and control strategies for indirect con-
trolled flexible demané (Sossan, 2013)

Heating of the DTU FlexHous@s one example of a control strategy that was
tested in practice FlexHousds a 100 r office building with 10 kW electric
heating elements. The control problem has two main challenges. Tere
certainty regardingthe heat demande.g.because ofolar influx and the use
of the office spackand the exactfuture electricity price is unknowiT herefore

in practise it is impossible to perform an optimal control.

RH simulation

205 T T T T
——— Optimal
) — — Real
-] 2D = I
— . ,___J/’ R
= h\‘;—f’_’__:—x-‘-u.:i . A T P /‘—-R‘k‘
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1 9 | | | 1
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Figurel5. Control under uncertainty. In the uppgriaph,the blue line represesta theoretical
optimal soluton, while the red line ithe practical solution with uncertaintsegardingthe future
electricity price.

Due to technical constraints and for the sake of simplicity, for the WP9 field test
a more simple control strategy was required

Most appliances can only shift their electricity usagedanaximum of a few
hours, and therefore the local controller must determine whether to use elec-
tricity now, orpostpone this usagén a situation wthout any knowledge about
upcoming prices, the only way of judging whether the unit should react now or
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wait, is to look at past pricegnd determine whether the current price is high
or low relative to these past pricéslIf for example the current pricis much
higher than past prices, then there is a higher probability that the current price
is also higher than future prices will be, and therefore thé should postpone

its usage.

As such, an algorithm was installed in the SmartBoxesttasdlgaithm con-
verted the received Eminute absolute prices, into relative price® In essence,
this algorithm determind if the latest price signakas high or low relative to
the price signals it has received in the recent past. The SmartBox theedeact
to these relative prices according to the piefined settings and the state of
the device

Each time a pricevasreceived a new relative priogascalculated with equa-
tions (1.1) to (1.4presented in(Nyeng & @stergaard, 2011j the price is nor-
mally distributed, these equations standardise the values so the resulting rela-
tive values R follow a standardised normal distribution.

P— -Pru'(
Pg=—""% 1.1
: Piew ( )
At

Ru‘g.i = favg,i—1 + Al +r (P - Ru‘_(;.."—'l) (12)
Prars = Poarit + L (P Pagi) 2 — Powrii) (1.3)

var,i — L wvari—1 At + 7 avg,i var,i—1 .
Plevi = Poar,i (14)

nid Aa GKS GAYS oS dan$) B tinleNdngmbwitdzLdB-I ( S &
fault value séto 3h (36 time steps)

For the temperature control, an offset from the target temperature is needed.
To calculate this, four variables are used as shinvWAigurel6.

81t should be noted that forecasted prices were available along with the simulated prices. They cb®ered
hours in Bminute steps, were updatkevery 5 nmutes, and convergebwards the spot prices for the longer
horizons However, for the sake of simplicity, these forecasted future prices were not used in the field test.
9 TheSmartBoxes were lacking in computational power, and therefore a rather satggdathmwas re-

quired. The algorithm did not require many inputs and delivered a first order approximation of a weighted
rolling average. For more details on the algorithm, @éielsen, Zimmermann, Rasmussen, & Pedersen,
2013)

25 | Activating electricity demand as regulating powé&iexPowex, Testing a Market Design Proposal
30-11-2013



Temperature

Max temperature offset

Min relative price offset Max relative price offset

Relative price

) ~._Min temperature offset

Figurel6: Mapping between relative price and a temperature offfételsen, Zimmermann,
Rasmussen, & Pedersen, 2013)

As indicated abovehe computation of the relative price is based on bistal
prices and the parameteyris used adjust the tig horizon. In the field test, &
of 36 wasused (corresponding to a time constant®hours, 36 x 5 min. = 3
hours)

dre/kWh
are/kWh

Absprice (left) == == Relprice (right)

Abs price (left) == == Rel price (right)

Tau=100 I~

ore/kWh
ore/kwWh

——Absprice(left) == == Rel price (right) — Absprice (left) = = Rel price (right)

Figurel?. lllustration of how the absolute price is transformed to the relative prittedifferent
values of Tau. The axis for the relative price is restricted-20 +/

Figurel7 shows how different values ot change therelative price. Further
study is requiredo determine optimal values af for different types of appli-
ances
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Frequencycontrol

Avoid orerloading
of local grids

2.4 Advanced options

Within the current FlexPower project, the sole ancillary service that is looked
at is regulating powermHowever, looking further down the road, one could en-
vision a Sminute real time electricity priceystem being able to deliver a num-
ber of services

It is the responsibility of the local TSO(s) to maintain the frequency of a syn-
chronous area and it does so via purchasing automatic reserves in the market
Depending on the type, theseervices caneceive bth a reserve payment, and

an erergy payment if activated. As the name woirdicate, they are activated
automatically in accordance with frequency deviations, but are expensive and
have limited capacityA balance responsible and/aggregator with a number

of FlexPower endisers with local control devices could have frequency moni-
toring devices installed in thedecal control devices as well. In addition to
providing regulating power according temdinute price signalghese eneusers
could also (again, according to pidetermined set points) have particular de-
vices automatically increase or decrease their electricity demand

In a future with large numbers of heat pumps and electric vehiclawitig ad-
ditional electricity there could be the potential for the overloading of local
grids during peak times, and/or when there are low spot prices for electricity,
particularly if the prices in the preceding hours have been .h@yte way of
relieving hese potential local grid congestions in a dynamic fashion would be
to send an additional distribution tariff to all eadsers within the affected area,
thereby giving them a financial incentive to reduce their consumptitins ad-
ditional congestion taff could be added on to the existingrdinute price,
thereby allowing the local control system to incorporate this additional infor-
mation into its local control calculations.

In Figurel8, results of a computer simulation is shin. Six substatiosare sim-
ulated and the total capacit{depicted by the thick black liné suchthat the
existingdemand can beccommodatedn the standard case with no demand
respanse. When time varying prices drgroduced,the peak is increasedhus
exceedinghe capacity. This is driven by the fact that in this case the highest
pricesoccur a few hours before the demand peak. This can be redst@use

the prices are determinedt the price area level (i.e. DK1 or DKi#)ile specific
substaton may be dominated by e.g. residential consumés.illustrated in

the last panel oFigurel8, introducing individual reafime prices per substa-
tion largelysolvesthe problemof overloading.
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In the study, he tested pricanechanism is reactive in trsensethat it can only
increase the price when overloading of a substation is found. This s&sthe

postponement ofsomeelectricity demand.However, in this test, wving de-
mand forwardn time by lowering the price in n@bnsideredFormore details,

see(Sossan, Marinelli, Costanzo, & Bindner)
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Voltage quality
in local grids

Market for energy and
reserve capacity pro-
curement

New potential market
designs

Substations power transit
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Figurel8. Loading of six substation in three cases: a) Top: Flat prices, b) Middle: Time varying
prices, c) Bottom:ihe varying prices with real time dynamic pricing to miséngverloading of
substations.

For some local gridkeeping the voltage within the acceptable limits {(¢A.
6%) is more critical thatine potentialoverloading 6 cables and transformers

If a DSO or balance responsible has sufficient knowledge about th&meal
loads of its enelsers, and sufficient computing power, it is possible to compute
the voltage at various points in the gritl any levels become crgl, the 5
minute broadcasted price could be adjusted accordingly for the relevant end
users.

Another more advanced option that was investigated within FlexPower was the
development of a market for ener@nd reserve capacity procuremerithese
findings were detailed imDevelopment of simultaneous energy and reserve
dispatch model and corresponding pricing mechasigbelikaraoglou & Ding,
2012)

The FlexPower market design as described above is largely based on the current
electricity markets setupWithin the project, potential new electricity market
designs were also westigated in a report entitledNew organisations in elec-
tricity market (Li, Zhang, Ding, & @stergaard, 2013)
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Simulated Bminute
prices

3 Practical results

3.1 Bornholm testing

The purpose of the FlexPower field test was to assess how thapsebrked

in practice, both from a technical and practical viewpoint, and in terms of how
end-users react to Sninute simulated regulating power priceghe field test
took place on the Danish island of Bornholm, and involved four types of end
users: Bootle coolers, houses with direct electric heating, industrial applications
at a wastewater teatment plant, and diverse on/off devices. Inputs included
simulated 5minute prices (see ENFOR, 2013 a) and control strg@ts that
determined how the loal controller shold react to these prices (as described
in section2.3 previously. The practical and technical aspects are described in
detail in aWP 9report (Nielsen, Zimmermann, Rasmussen, & Pedersen, 2013)
The figure below provides a simplified overview of the elements involved in the
FlexPower field test.

Figurel9: Overview of the elements involved in the FlexPower fieldAspects in the light blue
box were investigated in the FlexPower project, but were not direct inputs in the field test.

As was discussed previously in sectibt, updated interhourly regulating
power prices are not made public, and therefore the field test utilised simulated
5-minute regulating power prices thatere based on actulahourly spot prices
and regulating power prices.

10 For a more detailed description of how these simulateuhifiture prices were produced, please see
(ENFOR, 2013.3)
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